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1. Curriculum Vitae  
 
 
Renaud MERLE 
 
Géologue-Géochimiste  
Spécialiste en pétrologie des laves, géochimie isotopique et géochronologie U-Pb 
appliquées aux roches terrestres et extra-terrestres.  
 
 
Nationalité française 
Né le 20 Octobre 1976 à Talence (Gironde, France). 
En couple, 1 enfant. 
Langues: Français (langue maternelle), Anglais (courant), Italien (bon), Allemand 
(notions). 
 
 
Adresse professionnelle : 
 
School of Earth and Planetary Sciences, Kent Street, Bentley, Perth, Western Australia 
6102, Australia. 
E-mail: r.merle@curtin.edu.au 
 
 
Parcours professionnel : 
 

 Depuis Mars 2018 : Affiliated Research associate, School of Earth and Planetary 
Sciences, Curtin University (Perth, Australie). 
 

 Décembre 2016-Mars 2018 : Affiliated Research associate, Research School of 
Earth Sciences, Australian National University (Canberra, Australie). 

 
 Décembre 2015-Novembre 2016 : Research associate, Research School of Earth 

Sciences, Australian National University (Canberra, Australie). Superviseur : Yuri 
Amelin. 

 
 2012-2015 : Associated lecturer (temps partiel), Department of Applied Geology, 

Curtin University (Perth, Australie). Superviseur : Alexander Nemchin. 
 

 2011: Chercheur contractuel, Dipartimento di Geoscienze, Università di Padova 
(Padoue, Italie). Superviseur : Andrea Marzoli. 

 
 Février-Août 2010 : Research associate, John De Laeter Centre of Mass 

Spectrometry, Department of Applied Physics, Curtin University (Perth, Australie).  
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 2009 : Post-doctoral fellow, School of Earth and Environment, University of 
Western Australia (Perth, Australie). Superviseurs : Peter Cawood (UWA), 
Alexander Nemchin (Curtin University). 

 
 2006-2008 : Post-doctorant, Dipartimento di Geoscienze, Università di Padova, 

(Padoue, Italie). Superviseur : Andrea Marzoli. 
 
 
Etudes supérieures : 
 
2002-2006 
Thèse de doctorat en pétrologie magmatique et géochimie isotopique (Université de 
Nantes en collaboration avec l’université de Nice-Sophia-Antipolis) : Age et origine de la 
ride Tore-Madère : Début de l’accrétion de la dorsale atlantique ou trace d’un point 
chaud ? 
Directeur de thèse : Jacques Girardeau. 
Superviseur : Urs Schärer (Université de Nice-Sophia-Antipolis). 
 
2001-2002 
DEA Géosciences Marines à l’université de Bretagne occidentale. 
Mention bien, major de promotion. 
Mémoire : Modélisation géochimique d’une chambre magmatique réalimentée et 
cristallisant en continu : cas de la ride Est pacifique 17-19°S. 
Superviseur : Martial Caroff. 
 
2000-2001 
Maîtrise en Sciences de la Terre, Université de Clermont-Ferrand. 
 
1999-2000 
Licence en Sciences de la Terre, Université de Clermont-Ferrand. 
Mention bien. 
 
 
Compétences scientifiques :  
 

 Géochronologie U-Pb sur matériaux terrestres (sphène et zircon) et extraterrestres 
(chondres) par dilution isotopique et spectrométrie de masse par thermo-ionisation 
(TIMS). 

 Géochronologie U-Pb in-situ sur zircon, apatite et opale par sonde ionique 
(Sensitive High Resolution Ion Micro-Probe, SHRIMP). 

 Traçage isotopique Sr-Nd-Pb sur minéraux séparés (isotopes du Sr et Pb sur 
plagioclase et feldspath alcalin par dilution isotopique, Hf sur zircon) et roches 
totales. 

 Traçage isotopique Re-Os par dilution isotopique et TIMS sur basaltes. 
 Mesure des isotopes du potassium par TIMS. 
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 Minéralogie, pétrologie, géochimie des éléments majeurs, mineurs et en traces 
des roches magmatiques. 

 Modélisation numérique des processus magmatiques. 
 
 
Production scientifique :  
 

 22 articles scientifiques publiés dans des journaux internationaux de rang A depuis 
2005  

 9 articles publiés en tant que premier auteur  
 Co-auteur d’un chapitre d’ouvrage collectif en 2017  
 4 articles soumis en 2018  
 298 citations, 74 en 2017, h-index = 10 (source : Scopus) 
 Contribution à 15 communications en congrés internationaux depuis 2013. 

 
 
Compétences techniques : 
 

 Instrumentation : 
 
Travail intensif avec : 
 
- TIMS MAT Finnigan 262 (mesure des isotopes de l’Os, du K et datation U-Pb par dilution 
isotopique). 
- TIMS Thomson 206 (mesure des isotopes des éléments Pb-U-Sr-Rb).  
- Microsonde électronique CAMECA SX 50 
- Microscopes électroniques à balayage Philips XL 30 et Zeiss Evo 40XVP. 
- Sonde ionique SHRIMP II (mesure in-situ des rapports isotopiques des éléments U et 
Pb). 
 
Travail occasionnel avec : 
 
- Microsondes Electroniques JEOL 8530F et JEOL JXA-8200. 
- Microscope électronique à balayage JEOL 5800. 
- MC-ICP-MS VG plasma 54 (mesure des rapports isotopiques de l’Hf). 
- LA-ICP-MS Elan DRC-E (analyse de la concentration des éléments en trace dans les 
clinopyroxènes). 
- ICP-MS à quadripôle Perkin-Elmer Elan 6000 (mesure du Re). 
- TIMS Thermo Triton (mesure des rapports isotopiques des éléments Sr-Nd-Pb et 
datation U-Pb). 
- TIMS VG 354 (mesure des rapports isotopiques du Pb). 
- TIMS VG Sector (mesure des rapports isotopiques du Sr et du Pb). 
- Sonde ionique CAMECA ims1280 (mesure in-situ des rapports isotopes des éléments 
U, Pb, Si et O). 
 

 Travail en laboratoire : 
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Travail intensif en salle blanche : 
 
- Pesée d’échantillons et des traceurs isotopiques avec microbalances. 
- Microchimie sur colonnes chromatographiques avec résines échangeuses d’ions. 
- Préparation et distillation de solutions ultra-pures. 
 
Préparation des échantillons : 
 
Découpe en vue de la préparation de lames minces, analyses pétrographiques et 
texturales, broyage, séparations minérales par liqueurs denses et séparation 
magnétique, séparation finale sous loupe binoculaire. 
 
 
Expériences de terrain :  
 

 2017 : Echantillonnage de la lithosphère océanique (basaltes et péridotites du 
manteau) de l’île Macquarie, Australie sub-antarctique (15 jours). Collaboration 
Australian Antarctic Division et Curtin University. 
 

 2014 : Echantillonnage des basaltes de la Newer Volcanic Province, western 
Victoria, Australie (1 semaine). Thèse Korien Oostingh (Curtin University). 
 

 2013 : Echantillonnage des affleurements du « Basalte de Bunbury » (point chaud 
des Kerguelen), Australie Occidentale (1 semaine). Thèse Hugo Olierook (Curtin 
University). 
 

 2006 : Echantillonnage des massifs alcalins Crétacé du Portugal (8 jours). Thèse 
Marion Grange (Université de Nice). 
 

 2003 : Echantillonnage des massifs alcalins Crétacé du Portugal (12 jours). Thèse 
(Université de Nantes). 
 

 2001 : « Université flottante », campagne d’initiation à la géologie en mer (18 jours 
à bord du Marion Dufresne).  
 

 Camp de de terrain de DEA- Université de Bretagne Occidentale : Géologie de la 
croute océanique supérieure (1 jour), Péninsule de Crozon, Finistère.  
 

 2000-2001 : Camps de terrain de Maîtrise-Université de Clermont-Ferrand :  
Cartographie en terrain volcanique (1 semaine), Mont Dore, Puy de Dôme. 
Cartographie, métamorphisme de haute-température (1 semaine), Cap Creus, Espagne. 
 

 1999-2000 : Camps de terrain de Licence-Université de Clermont-Ferrand : 
Cartographie et géologie sédimentaire (1 semaine), Pic Saint-Loup, Hérault. 
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Cartographie, structures tectoniques superficielles (1 semaine), Chainon de Lagrasse, 
Aude.  
Cartographie, analyse structurale des zones profondes (1 semaine), Ardèche. 
 
 
Financements : 
 

 Merle R., Bostock H., Jourdan F., Olierook H., Age and origin of the magmatism 
along the transpressional Australian-Pacific plate boundary, Australian 
Antarctic Science Program 2017, AUD 115005 (2017-2019). 
 

 Jourdan F., Olierook H., Merle R., Coffin M., Whittaker J., Halpin J., The 
Kerguelen Large Igneous Province: dynamics of a pulsating mantle plume, 
Australian Antarctic Science Program 2017, AUD 75553 (2017-2020). 
 

 Olierook H., Merle R., Jourdan F., Whittaker J., Time constraints on the world’s 
clearest oceanic curved fracture zone: implications for a global plate 
reorganisation in the Cretaceous, Australian and New Zealand International 
Ocean Discovery Program Consortium grant 2016, AUD 10000 (2016-2018). 

 
 Merle R., Jourdan F., Manatschal G., Magmatism on the Iberia-Newfoundland 

passive margins since 200 Ma, Australian and New Zealand International 
Ocean Discovery Program Consortium grant 2014, AUD 20000 (2014-2016). 

 
 Merle R., Cawood P., Nemchin A., Combined U-Pb, O and Hf isotope study of 

granites from New England Fold Belt (Eastern Australia): implications to growth 
of continental crust, University of Western Australia Research and 
Development Award 2010, AUD 20350 (2010-2011). 

 
 
Divers : 
 
Reviewer régulier pour Lithos, Journal of Petrology, Geochimica Cosmochimica Acta, 
Journal of Geodynamics, projets NSF (US), Fond Mardsen (NZ).  

Membre de la Geochemical Society depuis 2011.  

Membre de la section australienne de NASA’s Solar System Exploration Research Virtual 
Institute (SSERVI, www.sserviaustralia.org). 

Enseignement et encadrement de projets de recherche : 
 
Mes expériences professionnelles en enseignement m’ont amené à développer une 
approche qui consiste à être disponible pour les étudiants et d’écouter leurs questions, 
demandes spécifiques et commentaires sur le contenu de l’enseignement et la 
conception des cours et travaux pratiques pour permettre un transfert efficace du savoir 
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et une optimisation des méthodes d’acquisition. Cela implique de fournir des réponses 
précises en classe, d’organiser des rendez-vous avec les étudiants afin d’examiner plus 
en détails leurs questions et problèmes spécifiques et de fournir aux étudiants des 
commentaires détaillés après tests, travaux pratiques et examens.  
Je m’efforce aussi de mieux préparer les étudiants à leur futur emploi en leur fournissant 
un matériel pédagogique et des informations qui pourront être directement utilisables 
dans leur environnement professionnel. 
L’enseignement offre également la possibilité de repérer les étudiants les plus aptes à 
faire de la recherche et de les guider efficacement, s’ils veulent poursuivre une carrière 
académique. 
 
Activités d’enseignement : 
 
2012-2013 : « Associate Lecturer », Curtin University (192 heures par an). 
- Travaux pratiques : géologie appliquée aux sciences de l’ingénieur - 10h par semaine 
(premier semestre) ; niveau première année. 
- Travaux pratiques : géologie des ressources naturelles - 6h par semaine (second 
semestre) ; niveau première année. 
- Camp de terrain (1 semaine) : géologie structurale et métamorphique ; niveau troisième 
année. 
- Journée de terrain (1 jour) : découverte de la géologie de terrain ; niveau première 
année. 
 
2009 : « Associate Lecturer », UWA. 
- Camp de terrain (1 semaine): géologie structurale et métamorphique ; niveau troisième 
année. 
 
2004 : Vacataire, Université de Nantes (30 heures par an). 
- Travaux pratiques : Hydrologie and hydrogéologie; niveau première année. 
 
2003 : Vacataire, Université de Nantes (40 heures par an). 
- Travaux pratiques : Géodynamique des bassins sédimentaires ; approche 
multidisciplinaire (bathymétrie, géophysique, géologie régionale, étude de lames 
minces); niveau première année. 
- Travaux pratiques : Cartographie; niveau première année. 
 
Co-encadrements de thèses de doctorat : 
 
Au cours de ma carrière, j’ai été amené à travailler sur plusieurs projets impliquant des 
étudiants. Ce travail m’a permis d’acquérir de nouvelles compétences en encadrement 
de la recherche ainsi qu’en formation des étudiants J’ai contribué à l’encadrement de trois 
thèses de doctorat. Ma participation a consisté à superviser le traitement, la mise en 
forme et l’interprétation des données pétrologiques et géochimiques (éléments majeurs 
et en trace ; rapports isotopiques Sr-Nd-Pb, modélisation numérique des processus 
magmatiques). J’ai aussi contribué à la rédaction des articles publiés par les doctorants. 
Ma contribution représente environ 30% du temps total de supervision. 
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Thèses co-supervisées :  
 

 Bryant Ware, Curtin University : Kalkarindji and Karoo-Ferrar Large Igneous 
Provinces: Contrasting Origins and Climatic Impacts. Superviseur principal : F. 
Jourdan (Curtin University). Soutenue en Avril 2017. 

 Korien Oostingh, Curtin University : Geochronology and geochemistry of the 
Newer Victoria Province. Superviseur principal : F. Jourdan (Curtin University). 
Soutenue en Septembre 2016. 

 Hugo Olierook, Curtin University : Geometry and geochronology of the Bunbury 
Basalt, Western Australia. Superviseur principal : N. Timms (Curtin University). 
Soutenue en Février 2015. 

 

2. Thèmes de recherche 
 
 
Au cours de ma thèse, j’ai commencé à développer deux axes de recherche : (i) la 
pétrogénèse des laves intracontinentale incluant traçage isotopique des sources des 
magmas et (ii) la datation U-Pb sur une large variété de matériaux géologiques, par la 
technique de la dilution isotopique et analyse par spectrométrie de masse par thermo-
ionisation (TIMS). Au cours de mes dix ans d’expérience professionnelle en tant que 
chercheur en Italie puis en Australie, j’ai continué à travailler sur ces deux thématiques 
ce qui m’a amené à améliorer et étendre mes compétences analytiques et scientifiques 
en travaillant aux côtés de chercheurs renommés sur des projets variés et en utilisant 
des méthodes géochronologiques et géochimiques de pointe (système Re-Os ; datation 
U-Pb par la méthode d’abrasion chimique-dilution isotopique et TIMS ; datation U-Pb in-
situ par SIMS). L’ensemble de ma recherche peut ainsi se regrouper en six thématiques :  
 
A- Chronologie des processus de formation du système solaire primitif.  
 
Ma recherche dans ce domaine consiste en la détermination de l’âge de formation des 
premiers objets du système solaire. Je suis actuellement impliqué dans deux projets sur 
cette thématique de recherche : 
 
(1) Datation de très haute précision (erreur <0,02%) des chondres présents dans les 
météorites les plus primitives. Le but de ce projet est de déterminer la séquence 
temporelle de formation des objets les plus anciens du système solaire (chondres et 
inclusions réfractaires riches en Calcium-Aluminium connus sous l’acronyme CAI). Cette 
information est critique pour connaitre la durée et les conditions physico-chimiques de 
l’accrétion des protoplanètes durant les premiers millions d’années du système solaire. 
Ce projet implique des datations ultra-précises et ultra-fiables par la méthode U-Pb par 
attaque acide par palier (« step-leaching »), dilution isotopique et analyse par TIMS. Ce 
projet implique aussi la détermination par MC-ICP-MS (Multi-Collection Induced Coupled 
Plasma Mass Spectrometry) des rapports isotopiques 235U/238U et systématique 26Al-26Mg 
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dans le même chondre que celle datée par la méthode U-Pb. Cette approche est très peu 
répandue car jusqu’à récemment limitée par la précision requise pour produire des 
données précises et fiables et restreinte à des chondres dont la taille dépasse 5mm 
(« mégachondrules »). Une étude minéralogique et pétrographique préalable impliquant 
la détermination de la texture des chondres par microscope électronique à balayage et 
de la chimie des phases minérales par microsonde électronique, est essentielle pour 
pouvoir évaluer et interpréter les données géochimiques.  
 Les résultats et interprétations concernant un « mégachondrule » extrait de la 
météorite Allende (météorite de type CV) font l’objet d’un article dont la soumission (à 
Meteoritics and Planetary Sciences) est prévue dans les prochains mois. Collaboration 
avec : Y. Amelin et T. Ireland, ANU (Australie); Q.-Z. Yin, UC Davis (USA); K. Nagashima 
et A. Krot, Hawaii Institute of Geophysics and Planetology (USA). Un développement futur 
de ce projet sera de systématiquement pratiquer le même type d’étude (détermination 
sur le même chondre de l’âge U-Pb par step-leaching et ID-TIMS, des rapports 235U/238U 
et systématique 26Al-26Mg) sur d’autres « mégachondrules » trouvés dans la météorite 
Allende et d’autres classes de météorites pour établir si, effectivement, ces objets sont 
aussi vieux que les CAIs comme notre étude semble indiquer.  
 
(2) Géochronologie des cratères d’impact de la Lune primitive. Ce projet implique la 
datation in-situ des brèches d’impact de la Lune provenant des sites d’alunissage des 
missions Apollo 14 et 17. Collaboration avec A. Nemchin, R. Pidgeon, M. Grange (Curtin 
University) et M. Whitehouse (Museum d’Histoire Naturelle Suédois).  
 
B- Evolution tectonique et thermique des orogènes précambrien et paléozoique d’Ecosse 
et d’Australie au moyen de la datation par la méthode U-Pb.  
 
(1) Géochronologie U-Pb par sonde ionique des roches des formations Moine et 
Dalradian d’Ecosse. Ce projet avait pour but d’identifier l’origine des blocs continentaux, 
composant actuellement la croûte continentale d’Ecosse, avant leur accrétion durant 
l’orogenèse calédonienne (~450 Ma). Les résultats obtenus au cours de ce projet et leur 
interprétation ont été publiés et ce projet est maintenant terminé. 
Collaboration avec P. Cawood (Monash University, Australia) et A. Nemchin (Curtin 
University).  
 
(2) Datation in-situ par la méthode U-Pb sur SHRIMP des granites de type I (précurseurs 
ignés) et S (précurseurs sédimentaires) de la province tectonique New England Fold Belt 
(Australie orientale). Ce projet a pour but de comparer l’âge des granites dans les 
successives ceintures orogéniques exposées dans cette province afin de déterminer si 
la croissance de la croûte continentale le long de la côte Est de l’Australie a été un 
processus continu ou plutôt sporadique. Ce projet est toujours en cours. Collaboration 
avec P. Cawood (Monash University, Australia) et A. Nemchin (Curtin University). 
 
C- Modalités de formation des concrétions siliceuses.  
 
Ce projet a pour but de déterminer la cinématique de formation de concrétions siliceuses 
comme les opales ou le bois silicifié par les méthodes de datation in-situ U-Pb et les 



HDR – Renaud Merle –Juin 2018 Page 12 

déséquilibres radioactifs des isotopes de la serie de desintégration de l’U par SHRIMP et 
par la détermination des rapports isotopiques du Si et de l’O. Dans le cadre de ce projet, 
j’ai acquis les données géochronologiques et déterminé les rapports isotopiques du Si et 
O dans des bois silicifiés et des opales australiennes. Ce projet est actuellement dirigé 
par F. Tomaschek (Bonn University) en collaboration avec T. Geisler (Bonn University), 
M. Whitehouse (Museum d’Histoire Naturelle Suédois) et A. Nemchin (Curtin University).  
 
D- Calibration croisée des méthodes Rb-Sr, U-Pb, K-Ca et 40K-39Ar. 
 
L’objectif de ce projet est de déterminer avec une très grande précision la constante de 
désintégration du Potassium 40 (40K). Actuellement, la relative imprécision de cette 
constante ne permet pas une comparaison directe des âges des roches datées avec la 
méthode 40Ar/39Ar et d’autres méthodes. Je suis activement impliqué dans ce projet 
notamment pour la détermination ultra-précise de la composition isotopique du K qui est 
un paramètre essentiel pour connaitre la constante de désintégration du 40K. Les futurs 
développements de ce projet permettront la détermination de la composition isotopique 
du K dans des minéraux communs des roches magmatiques et volcaniques en vue 
d’établir avec certitude si la composition isotopique du K est homogène sur terre. 
Collaboration avec Y. Amelin (ANU). Ce projet est développé dans le cadre de l’initiative 
internationale « Earth Time » visant à améliorer les calabrations croisées entre systèmes 
isotopiques et entre laboratoires.  
 
E- Age et évolution géochimique du magmatisme le long de la limite de plaque 
convergente Australie-Pacifique. 
 
Située à environ 1500 km au sud-est de la Tasmanie, l’île Macquarie est probablement 
le seul endroit sur terre où la lithosphère océanique (croûte et manteau) a été portée au-
dessus de niveau de la mer par les mouvements des plaques tectoniques tout en étant 
non déformée et significativement préservée de toute modification chimique post-
magmatique. L’île Macquarie est la seule partie émergée de la ride Macquarie qui est un 
complexe de reliefs et monts sous-marins dont l l’âge de formation n’est pas bien connu. 
Ce complexe se situe le long de la limite de plaque Australie et Pacifique. Cette limite de 
plaque est le lieu de changements de régime tectonique relativement rapides depuis 
environ 40 millions d’années, évoluant d’un contexte de distension à celui de 
compression en passant par un stade de mouvement transformant.  
Ces changements de mouvement de cinématique de plaque ont nécessairement laissé 
une trace géochimique dans les roches volcaniques et le manteau qui forment la ride 
Macquarie. Ce projet se concentre sur la nature et l’origine des roches exposées sur l’île 
Macquarie et du complexe sous-marin de la ride Macquarie afin d’identifier la trace 
géochimique laissée par ces mouvements tectoniques récents. Ces roches offrent 
l’occasion unique d’étudier des processus géologiques au tout début d’une subduction 
alors que l’enregistrement de ces processus a été partialement ou totalement effacé au 
cours de l’évolution de la subduction et la collision continentale dans les autres contextes 
de convergence sur terre. En particulier, l’objectif de ce projet est de comprendre 
comment les changements rapides de cinématique des plaques auraient pu affecter la 
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production magmatique le long d’une zone de subduction en devenir et contribuer à créer 
des variations chimiques dans les sources de ces magmas.  
Ce projet utilise la datation de haute-précision par la méthode 40Ar/39Ar des différentes 
générations de basaltes de l’île Macquarie et des monts sous-marins directement au nord 
de celle-ci et le traçage géochimique de ces roches (analyse des éléments majeurs et en 
trace, systématique Sr-Nd-Pb-Os). Ce projet est mené en collaboration avec F. Jourdan, 
H. Olierook et K. Evans (Curtin University). 
 
F- Pétrologie et géochimie, incluant la géochimie isotopique, des basaltes intraplaques 
océaniques (Ocean Island Basalts, OIBs) et continentaux (Continental Flood Basalts, 
CFBs).  
 
Je m’intéresse en particulier à l’identification des sources mantelliques des magmas et 
des processus pétrogénétiques (degrés de fusion, processus de cristallisation, mélanges 
et contamination) les affectant par le biais des systèmes isotopiques Pb-Sr-Nd-Os. Sur 
cette thématique de recherche, je suis impliqué dans cinq projets :  
 
(1) Identification des sources des basaltes continentaux de la province magmatique du 
Karoo. L’objectif de ce projet est de confirmer l’origine lithosphérique de la source des 
magmas en utilisant le système isotopique Re-Os. Ce projet est toujours en cours et 
implique des collaborations avec L. Reisberg (CRPG-Nancy), F. Jourdan (Curtin 
University), H. Bertrand (ENS Lyon) et A. Marzoli (Universita di Padova, Italie).  
 
(2) Identification des sources mantelliques des basanites de la ligne du Cameroun. 
L’objectif principal de ce projet etait de contraindre la proportion de manteau 
lithosphérique contribuant aux caractéristiques géochimiques des laves du mont 
Bambouto. Pour ce projet, j’ai effectué les analyses isotopiques des éléments Re et Os 
(microchimie et spectrométrie de masse). Ce projet, maintenant terminé a été mené en 
collaboration avec L. Reisberg (CRPG-Nancy), F. Jourdan (Curtin University) et A. 
Marzoli (Universita di Padova, Italie).  
 
(3) Caractérisation des sources mantelliques des basaltes continentaux de la province 
magmatique de l’atlantique central (Central Atlantic Magmatic Province, CAMP) et 
identification du processus géodynamique à l’origine de cette province magmatique qui 
s’est mis en place vers 200 Ma pendant les tous premiers stades de la dislocation de la 
Pangée. Le but de ce projet est de déterminer la nature des sources (manteau profond 
et/ou lithosphérique) des laves, sills et dykes basaltiques provenant du Brésil, des USA, 
du Canada et du Maroc en utilisant les isotopes du Sr, Nd, Pb et Re et Os. La grande 
majorité des données que j’ai acquises au cours de la durée de ce projet sont maintenant 
publiées et mon role est maintenant secondaire.  
Ce travail a été effectué en collaboration avec A. Marzoli (Universita di Padova, Italie), G. 
Bellieni (Universita di Padova, Italie), H. Bertrand (ENS Lyon, France), F. Jourdan (Curtin 
University), M. Chiaradia (Université de Genève, Suisse) et L. Reisberg (CRPG-Nancy, 
France).  
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(4) Géochronologie, évolution pétrogénétique et caractérisation isotopique des laves 
alcalines de la ride Tore-Madère (Atlantique nord-est, marge ibérique). L’objectif de ce 
projet est de déterminer si le volcanisme sous-marin de la ride Tore-Madère est lié à 
l’ouverture de l’océan Atlantique ou à l’activité d’un point chaud (potentiellement celui de 
Madère). Ce projet est la continuité de mes travaux de thèse. Les premiers résultats de 
cette étude, sur les roches différenciées, ont été publiés en 2006 dans Geochimica 
Cosmochimica Acta. Cette étude est maintenant orientée vers l’interprétation de données 
isotopiques Sr-Nd-Pb acquises sur des basaltes et des âges 40Ar/39Ar obtenus sur des 
roches qui n’avaient pas été étudiées jusqu’à présent, l’identification des sources des 
magmas de la ride Tore-Madère et les possibles liens génétiques entre cette ride, le 
magmatisme alcalin du sud-ouest du Portugal et l’archipel de Madère.  
Cette étude inclut aussi un volet plus minéralogique et pétrogénétique qui se concentre 
sur les conditions de cristallisation (géobarométrie et géothermométrie), l’évolution 
chimique des laves au cours du temps et les processus dans la chambre magmatique 
(contamination, mélanges). Cette étude est toujours en cours et comporte l’analyse de la 
texture des roches, des éléments majeurs dans les principales phases minérales par 
microsonde électronique, des éléments en trace dans les pyroxènes et plagioclases par 
ICP-MS à ablation laser, l’analyse des roches totales et la modélisation géochimique des 
processus pétrogénétiques. Collaboration avec F. Jourdan (Curtin University), J. 
Girardeau (Université de Nantes, France), A. Marzoli (Universita di Padova, Italie), M. 
Chiaradia (Université de Genève, Suisse) et A. Zanetti (Universita di Pavia, Italie). 
 
(5) Géochronologie et géochimie du magmatisme basaltique crétacé de la marge passive 
de l’Australie Occidentale. Le but de cette étude est de contraindre de manière précise 
l’âge et l’origine des basaltes par l’acquisition d’âges ultra-précis (0,1%) par la méthode 
40Ar/39Ar et leur caractéristiques pétro-géochimiques. En effet, jusqu’en 2015, aucune 
donnée géochronologique fiable n’existait pour ce magmatisme et les relations entre 
celui-ci et l’activité du point chaud des Kerguelen et le rifting de la lithosphère continentale 
du Gondwana étaient spéculatives. Cette étude est l’extension de la thèse de H. Olierook 
(Curtin University).  
Ce projet est mené en collaboration avec H. Olierook et F. Jourdan (Curtin University). 
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Partie II : Thématique de recherche principale : le magmatisme 
intra-plaque des marges passives (synthèse) 
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J’ai développé cette thématique de recherche à la suite de mes travaux de thèse sur le 
magmatisme intra-plaque de la ride Tore-Madère. Mes différentes expériences 
professionnelles suivantes m’ont permis de travailler sur le magmatisme de la CAMP et 
de la marge de l’Australie occidentale tout en continuant à étudier le magmatisme des 
marges conjuguées Ibérie-Terre Neuve. Grace à plus de dix ans de travail sur ces trois 
chantiers j’ai pu : 

(1) construire une vision synthétique du magmatisme intra-plaque des marges 
conjuguées Ibérie-Terre Neuve,  

(2) établir des similitudes entre les marges passives Ibérie-Terre Neuve et d’Australie 
occidentale en termes de magmatisme et d’évolution géodynamique,  

(3) acquérir une vision critique des modèles publiés concernant les relations entre le 
magmatisme intra-plaque et l’évolution géodynamique des marges passives et  

(4) par conséquent proposer un programme de recherche nouveau basé sur des 
données plus fiables. 

Ces quatre points sont exposés et développés dans la synthèse qui suit.   
 
 
1. Problématique  
 
Comme la physique nucléaire au début du XXe siècle avec la théorie de la relativité 
générale, la géologie est entrée dans une nouvelle ère avec la formulation de la théorie 
de la tectonique des plaques au milieu des années 1960 (par ex., Wilson, 1963a). Cette 
théorie a ainsi permis d’expliquer un grand nombre de processus géologiques, 
notamment le magmatisme intraplaque grâce au concept de panache mantellique 
profond (initié par Wilson, 1963b). Cependant, le développement des moyens analytiques 
(instruments plus précis, plus fiables, plus rapides en termes de temps d’acquisition, 
techniques chimiques plus efficaces et plus rapides) depuis environ 25 ans, a permis 
l’acquisition d’une énorme base de données géochimiques et géochronologiques dont 
certaines mettent en évidence des manifestations magmatiques dont la distribution 
spatiale ou temporelle ne peut s’expliquer facilement dans le cadre de la théorie des 
panaches mantelliques. Se pose alors la question de la fiabilité des modèles, mais aussi 
des données anciennes sur lesquelles sont bâtis la plupart des modèles existants.  
 
Dans ce mémoire, la contribution des panaches mantelliques dans l’extension et la 
fracturation de la lithosphère continentale, processus majeur dans la tectonique des 
plaques, est débattu grâce à l’étude des caractéristiques chimiques et de la distribution 
spatiale et temporelle du magmatisme intraplaque associé à la formation des marges 
passives.  
 

1.1. Panaches mantelliques et extension continentale 
 
Dans le cadre de la théorie unificatrice de la tectonique des plaques, le modèle des 
panaches mantelliques profonds (conceptualisés par des remontées de matériel issu du 
manteau inférieur et plus chaud que le manteau environnant, qui perforent la lithosphère 
pour s’exprimer en surface sous la forme d’un volcan) a été universellement adoptée pour 
expliquer le magmatisme intra-plaque aussi bien continental qu’océanique (Wilson, 
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1963b ; Morgan, 1971, 1972). Le modèle actuel des panaches mantelliques a été en 
grande partie inspiré de l’étude de la chaîne volcanique partiellement immergée Hawaii-
Empereur, dont les âges diminuent vers les volcans actifs de l’archipel hawaiien. Le 
volcan actif représentant l’expression en surface du panache mantellique est 
généralement nommé point chaud. Cet alignement est l’expression du mouvement de la 
plaque océanique du Pacifique passant au-dessus du panache mantellique (Wilson, 
1963b). Selon le modèle actuel, les panaches mantelliques profonds ont une durée de 
vie de plus de 100 millions d’années (par ex. Steinberger, 2000) et un diamètre de tête 
de l’ordre de 1000 km (Campbell, 2007).  
 
Depuis l’étude de Forsyth et Uyeda (1975) sur les forces susceptibles d’être responsable 
du mouvement des plaques tectoniques, il semble établi que la convection du manteau 
supérieur ne peut être le principal moteur de la tectonique des plaques. En d’autres 
termes, les forces exercées par la convection du manteau sur les plaques lithosphériques 
ne seraient pas suffisamment puissantes pour fracturer celles-ci. Pour expliquer la 
fragmentation continentale qui est l’élément majeur de la tectonique des plaques, le 
modèle de panache mantellique profond a donc été proposé : il explique la dislocation 
des super-continents par l’étirement de la lithosphère continentale qui conduit ultimement 
à la formation d’une nouvelle lithosphère océanique (modèle dit de rifting actif, Fig. 1a).  
Ce processus de dislocation des super-continents est expliquépar l’impact de la tête d’un 
panache mantellique profond, apportant à la base d’une lithosphère, la chaleur 
nécessaire pour l’affaiblir mécaniquement puis la fracturer par l’effet de la remontée de 
matière. Ceci est en accord avec la présence de magmatisme intra-plaque très abondant 
sur les marges de divergence (Courtillot et al., 1999). Néanmoins, ce modèle de rifting 
n’est pas complètement admis et des modèles alternatifs (par ex. Turcotte et Oxburg, 
1976 ; White et McKenzie ; 1989 ; Anderson, 1994 ; Foulger, 2007) ont été proposés 
dans lesquels le panache mantellique n’a pas de rôle actif dans l’extension lithosphérique 
(modèle dit de rifting passif, Fig. 1b). 
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Figure 1 : Schémas illustrant les prémices de l’amincissement de la lithosphère, 
continentale selon la présence ou non d’un panache mantellique (rifting actif : A ; rifting 
passif : B). Adapté d’après Merle, 2011. 
 

1.2. Magmatisme intra-plaque des marges passives 
 
Les deux modèles d’extension lithosphérique évoqués précédemment ont été établis sur 
la base d’interprétations expliquant l’abondance, la distribution spatiale et temporelle ainsi 
que les caractéristiques pétrologiques et géochimiques du magmatisme intra-plaque que 
l’on trouve sur certaines marges passives. Ils constituent donc la base théorique pour les 
modèles qui visent à expliquer la formation d’un certain nombre de marges passives 
actuelles et de leur classification en deux classes. En pratique, cette classification est 
essentiellement basée sur le volume du magmatisme présent sur la marge. 
 
Dans un modèle d’extension lithosphérique impliquant un panache mantellique (rifting 
actif), l’étirement continental serait initié par l’impact de la tête du panache sous la 
lithosphère continentale. Dans ce cas, le modèle prédit l’émission d’importants volumes 
de produits basaltiques : mise en place sous la forme de successions de coulées de 
plusieurs centaines de mètres d’épaisseur, d’intrusions de plusieurs kilomètres de 
diamètre, et/ou de dykes de plusieurs dizaines de kilomètres de long. Ce phénomène se 
produirait dès les premiers stades de l’étirement de la lithosphère continentale. Les 
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magmas émis sont de type basaltique tholéiitique (tholéiites continentales) et constituent 
une grande province magmatique (ou LIP pour « Large Igneous Provinces » de type 
« Continental Flood Basalt » ou CFB).  
 
L’émission de magmas est quasi continue pendant le processus d’étirement 
lithosphérique et se poursuit jusqu'à l’initiation de l’expansion océanique et la formation 
du plancher océanique, qui marque la fin du rifting continental. L’activité magmatique se 
poursuit par un magmatisme intra-plaque océanique caractérisé par la formation de petits 
groupes de monts sous-marins. Cette activité est mise en évidence par la présence d’une 
chaîne de monts sous-marins qui devrait en théorie avoir des âges décroissant depuis la 
grande province magmatique jusqu’à un volcan actif. Ceci se vérifie par example pour le 
point chaud de Tristan da Cunha (Fig. 2).  
 

 
Figure 2 : Schéma montrant l’impact du panache de Tristan da Cunha sur les plaques 
africaines et sud-américaine. L’impact initial de la tête du panache au tout début du rifting 
forme le CFB “Parana-Etendeka”. La divergence océanique entraine la fracturation du CFB 
en deux parties situées sur chaque plaque, la tige du panache formant des volcans sous-
marins d’âge croissants depuis le CFB jusqu’au point chaud (actuel) de Walvis. D’après 
Campbell, 2007. 
 
De ce fait, un continuum en termes de caractéristiques géochimiques, en particulier de 
compositions isotopiques Sr-Nd-Pb, devrait être observé depuis les compositions des 
tholéiites continentales du LIP jusqu’à des compositions de type OIB (pour Oceanic Island 
Basalts, désignant les magmas intraplaques issus de la fusion du matériel du panache) 
dans les laves de la chaîne de monts sous-marins et du point chaud.  
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Du fait que ces marges sont marquées par de très gros volumes de produits magmatiques 
(laves et roches intrusives), elles ont été dénommées marges passives volcaniques. Les 
exemples classiques de marges passives volcaniques sont par exemple les marges de 
l’est du Groenland et des Iles Britanniques formant la province volcanique de l’Atlantique 
Nord qui est liée à l’activité du point chaud de l’Islande (Coffin et Eldholm, 1994). Ce sont 
aussi les marges du sud du Brésil et de la Namibie qui sont recouvertes par les basaltes 
de la grande province magmatique de Parana-Etendeka qui est reliée au point chaud de 
Tristan da Cunha par la dorsale de Walvis (Campbell, 2007). Un autre exemple est celui 
des marges de la Mer Rouge qui sont recouvertes par les basaltes tholéiitiques de la 
grande province magmatique Ethiopie-Yemen liée au point chaud de l’Afar (Coffin et 
Eldholm, 1994). 
 
L’autre catégorie de marge passive est au contraire caractérisée par un magmatisme peu 
abondant. Ce modèle de marge correspond aux marges dites amagmatiques ou non-
volcaniques : le magmatisme associé à une « LIP » est absent et l’activité magmatique 
est limitée à la phase la plus intense d’amincissement lithosphérique (magmatisme syn-
rift). Le magmatisme de la phase principale de rifting est volumétriquement faible, 
essentiellement représenté par des coulées de faible épaisseur et des intrusions 
n’excédant pas quelques kilomètres de diamètre. Ce magmatisme d’affinité alcaline se 
caractérise par une grande variété de types pétrographiques allant des basaltes alcalins 
aux trachytes et rhyolites et à leurs équivalents plutoniques (gabbros et granites). Vers la 
fin du rifting et juste avant l’initiation de l’expansion océanique, on peut observer une 
évolution des caractéristiques chimiques des magmas syn-rift vers des affinités de type 
MORB (pour Mid Ocean Ridge Basalt, basaltes issus de l’asthénosphère) qui est le 
magmatisme des dorsales océaniques (par ex. sur la marge ibérique ; Charpentier et al., 
1998). 
 
Sur ce type de marge, la présence d’un panache mantellique n’est pas requise pour 
générer le magmatisme pendant la phase d’amincissement lithosphérique. Cependant, 
un magmatisme intra-plaque peut se manifester soit sur la marge soit sur les domaines 
océaniques et continentaux adjacents après l’initiation de l’expansion océanique, ce 
magmatisme pouvant être l’expression d’un panache mantellique. D’après ce modèle, 
l’activité de ce panache mantellique est postérieure aux processus d’étirement 
lithosphérique, à son magmatisme associé (magmatisme syn-rift) et à l’initiation de 
l’expansion oceanique, et de fait sans connexion avec ceux-ci.  
 

1.3. Les limites des modèles existants 
 
Ces deux modèles de formation de marge passives ont été proposés il y a près de 
quarante ans à partir de l’étude d’exemples naturels (Coffin et Eldholm, 1994). 
Cependant, certaines de ces études sont basées sur un nombre limité d’échantillons, 
parfois analysés avec des méthodes et techniques qui sont désormais obsolètes (par ex. 
K/Ar, Verati et Jourdan, 2014). D’une manière générale, l’implication des panaches 
mantelliques dans le déclenchement de l’extension continentale et comme source du 
magmatisme des CFBs reste un sujet largement débattu par la communauté scientifique 
depuis plus de 30 ans (voir www.mantleplumes.org). De plus, les processus alternatifs 
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proposés pour expliquer le déclenchement du rifting continental sans recourir à un 
panache mantellique profond, comme les forces de tension aux frontières des plaques, 
ne peuvent expliquer la présence de grandes provinces magmatiques sur plusieurs 
marges passives.  
 
Les études menées sur certaines marges au cours des vingt dernières années ont 
bénéficié de l’amélioration des techniques analytiques géochimiques et 
géochronologiques, permettant l’analyse, plus rapide et plus précise d’un plus grand 
nombre d’échantillons, ce qui a conduit à mettre en évidence les limites des modèles 
existants. Grâce à ces nouvelles données géochimiques et géochronologiques, l’examen 
attentif de l’âge et de la distribution spatiale du magmatisme sur de nombreuses marges 
passives révèle qu’elles divergent toutes plus ou moins sensiblement des définitions des 
marges passives volcaniques et des marges passives non-volcaniques. Ce fait va être 
illustré grâce à deux exemples de marges passives. 
 
 
2. Etudes de cas : le magmatisme intraplaque sur les marges ouest-

ibérique et ouest-australienne 
 
Des études récentes font émerger une image complexe des marges divergentes non-
magmatiques, notamment au vu du volume du magmatisme sur les marges conjuguées 
Ibérie-Terre Neuve. Ces marges conjuguées, situées le long des côtes du Portugal et du 
Maroc à l’est, des Etats-Unis et de Terre-Neuve à l’ouest, ont longtemps été considérées 
comme l’archétype des marges non-magmatiques. Elles sont cependant marquées par 
un magmatisme intra-plaque important, représenté par un « CFB » (par ex. Marzoli et al., 
1999) et d’importants groupes de monts sous-marins (Merle et al., 2006, 2009).  
Ces travaux tendent à montrer que les marges historiquement considérées comme 
pauvres en magmatisme ne le sont pas forcément, et ont constitué le point de départ de 
la réflexion de ce mémoire. Il était dès lors fondé de penser que l’occurrence d’un 
magmatisme abondant sur une marge de divergence n’était probablement pas unique et 
pourrait avoir d’autres équivalents. C’est effectivement le cas de la marge sud-ouest de 
l’Australie Occidentale (« Western Australia », WA). En effet, les marges Ibérie-Terre 
Neuve et WA partagent des similitudes en termes d’évolution structurale et d’activité 
magmatique : 
 (1) Un très faible volume de magmas produits au cours de la phase principale de 
rifting (par ex. Boillot et al., 1989 ; Beslier et al., 2004 ; Manatschal, 2004 ; Jagoutz et al., 
2007 ; Gillard et al., 2015). 
 (2) Le rifting très lent de la lithosphère continentale entraînant l’exhumation du 
manteau sub-lithosphérique qui affleure aujourd’hui localement sous une couche de 
sédiments (par ex. Boillot et al., 1989 ; Beslier et al., 2004 ; Manatschal, 2004 ; Sutra et 
al., 2013 ; Nirrengarten et al., 2018).  
 (3) Une activité magmatique intra-plaque océanique initiée immédiatement après 
le début de l’expansion océanique (Merle 2006, 2009 ; Grange et al., 2010 ; Olierook et 
al, 2015a).  
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2.1. Les marges conjuguées Ibérie-Terre Neuve 
 
Les marges conjuguées de l’Ibérie-Terre-Neuve se sont formées par étirement 
lithosphérique, suivi du rifting qui a conduit à la séparation des plaques Ibérie et Amérique 
du Nord (par ex. Féraud et al., 1988 ; Boillot et al., 1989 ; Manatschal, 2004 ; Fig. 3) 
durant le Crétacé (~ 200-125 Ma).  
Historiquement, ces marges ont été considérées comme non-magmatiques car seul le 
magmatisme lié à la phase principale de rifting (magmatisme syn-rift) avait été 
documenté. Cependant, les travaux de Marzoli et al. (1999) ont montré que de 
nombreuses manifestations magmatiques sur la côte est des Etats Unis et au Portugal, 
considérés alors comme des manifestations magmatiques sans relation entre elles, 
faisaient partie d’une seule et même grande province magmatique (Central Atlantic 
Magmatic Province ou CAMP) mise en place vers 200 Ma donc au tout début de la 
dislocation de la Pangée.  
Plus récemment, à partir de 2006, les travaux géochronologiques sur les monts sous-
marins de la ride Tore-Madère ont mis en évidence une autre phase de magmatisme 
intra-plaque méconnue jusqu’alors et postérieure à l’initiation de l’expansion océanique 
(Geldmacher et al. 2006 ; Merle et al., 2006).  
De fait, une synthèse des travaux menés depuis environ vingt ans sur le magmatisme 
intra-plaque de cette marge, permet de constater la présence de trois phases de 
magmatisme bien distinctes en termes d’âge et de caractéristiques géochimiques.  
 

 
Figure 3 : Carte schématique de la partie nord de l’océan Atlantique montrant les marges 
conjuguées de l’Ibérie et de Terre-Neuve. Les principaux reliefs sous-marins sont aussi 
représentés. TMR : Tore-Madeira Rise (ride Tore-Madère). D’après Merle et al., 2012. 
 
Première phase : ~201-190 Ma  
 
La phase la plus ancienne datée à environ 201 Ma (Marzoli et al., 2011) est maintenant 
connue comme la Province Magmatique Centrale Atlantique (ou CAMP ; Marzoli et al., 
1999 ; Fig. 4), qui s’est mise en place au cours d’un épisode magmatique relativement 
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bref avec une phase principale d’activité qui aurait duré environ un million d’années et 
dont les dernières manifestations seraient autour de 190 Ma (Marzoli et al., 2011; 
Blackburn et al., 2013; Davies et al., 2017). Cette phase magmatique est caractérisée 
par un énorme magmatisme basaltique tholéiitique (environ 106 km3) mis en place sous 
forme de coulées épaisses, sills et dykes de plusieurs dizaines de kilomètres de long que 
l’on retrouve sur les marges en Nouvelle-Ecosse (Canada), aux US (Connecticut, New 
Jersey et Virginie), au Portugal et en France (par ex. Marzoli et al., 1999 ; McHone, 2003). 
 
De nombreuses données géochronologiques (40Ar/39Ar, U-Pb) et une grande variété de 
données géochimiques (éléments majeurs et en trace, rapports isotopiques Sr-Nd-Pb-
Os) ont été publiées sur les roches CAMP depuis plus de trente ans. Récemment, les 
âges, Ar/Ar en particulier, ont été revisités et filtrés avec attention (par ex. Jourdan et al., 
2009), notamment pour répondre à des questions liées à la calibration des étages de 
l’échelle stratigraphique internationale et leur potentielle conjonction avec des épisodes 
d’extinction (par ex. Blackburn et al., 2013). 
 
Les roches basaltiques de la CAMP présentent toutes les caractéristiques de tholéiites 
continentales c’est-à-dire : (1) des spectres d’éléments en trace incompatibles enrichis 
par rapport aux MORBs en éléments les plus incompatibles et les plus solubles (K, Rb, 
La, U, Ba, Ce) ; (2) des anomalies positives en Pb et négatives en Nb dans ces mêmes 
spectres élémentaires ; (3) des rapports Sr-Nd-Pb différents des MORBs avec des 
rapports 207Pb/204Pb et 208Pb/204Pb et 87Sr/86Sr élevés pour des rapports 206Pb/204Pb et 
143Nd/144Nd faibles. 
Ces caractéristiques ont été interprétées comme une preuve de la contamination de 
magmas issus d’un panache mantellique par la croûte continentale (par ex. Cebria et al., 
2003) alors que d’autres travaux proposaient plutôt une signature de type lithosphère 
mantellique (par ex. Alibert, 1985 ; McHone, 2000). Les études récentes utilisant le 
système isotopique Re-Os (Callegaro et al., 2013 ; Merle et al., 2014) ont permis 
d’exclure toute contamination à grand échelle des magmas CAMP par la croûte 
continentale. De fait, l’implication d’un panache mantellique dans la genèse de la CAMP 
reste discutée (par ex. Merle et al., 2014). 
 
Seconde phase : 148-~112 Ma 
 
La deuxième phase magmatique dans l’Atlantique Nord-Est s’est produite entre environ 
148 et 121 Ma (Schärer et al., 2000 ; Grange et al., 2008 ; Mata et al., 2015) soit environ 
50 millions d’années après l’événement CAMP. Ce magmatisme est lié à la principale 
phase de distension de la lithosphère continentale (magmatisme syn-rift). Cette phase 
s’est achevée vers 125 Ma avec le début de l’activité de la dorsale atlantique, selon les 
anomalies magnétiques les plus anciennes identifiées dans les bassins océaniques 
situés à l’ouest et au sud-ouest du Portugal (par ex. Olivet, 1996 ; Verhoef et al., 1996). 
Cependant il n’existe aucun consensus concernant le début de l’activité de la dorsale 
atlantique qui aurait pu également débuter vers 112 Ma (Jagoutz et al., 2007 ; Péron-
Pinvidic et al., 2007 ; Tucholke et al., 2007 ; Nirrengarten et al., 2017). 
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Figure 4 : Distribution spatiale des occurrences magmatiques de la CAMP (Central Atlantic 
Magmatique Province) vers 200 Ma. Dans l’hypothèse d’une origine liée à un panache 
mantellique profond, l’impact initial aurait eu lieu dans une zone située à la conjonction de 
la pointe de la Floride, du Guyana et de la Guinée. D’après Merle et al., 2014 et références 
incluses. 
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Cette phase se présente sous la forme de petits volumes de magmas, essentiellement 
des petites intrusions d’une grande variété de types pétrographiques (trachyandésites, 
dolérites, diorites), localisées dans le sud-ouest du Portugal et sur la partie submergée 
de la lithosphère amincie de l’Ibérie (Charpentier et al., 1998 ; Schärer et al., 2000 ; 
Grange et al., 2008 ; Miranda et al., 2009 ; Mata et al., 2015). Ces roches ont une affinité 
chimique allant d’alcaline à tholéiitique (Charpentier et al., 1998). L’âge de cette phase 
magmatique a longtemps été confondu avec celle de la CAMP (Pinheiro et al., 1996) en 
raison de données géochronologiques peu fiables obtenus par la méthode K-Ar sur roche 
totale (par exemple Ferreira et Macedo, 1983) ; méthode qui présente le désavantage de 
produire des âges potentiellement biaisés par les effets de l’altération des roches.  
 
Les données géochimiques obtenues sur les roches de cette deuxième phase 
magmatique sont rares surtout pour les roches échantillonnées en domaine océaniques 
(comme par exemple les laves provenant du banc de Galice, Charpentier et al., 1998). 
De plus, les rapports isotopiques du Sr et surtout du Pb n’ont pas été systématiquement 
mesurés, ce qui complique les interprétations et les comparaisons entre les différentes 
phases magmatiques. Néanmoins, les rapports isotopiques Sr-Nd-Pb publiés suggèrent 
une interaction complexe entre différents composants de la croûte continentale, le 
manteau lithosphérique sous-continental et l’asthénosphère (Charpentier et al., 1998 ; 
Grange et al., 2008 ; Mata et al., 2015). 
 
Troisième phase : depuis 103 Ma 
 
Cette phase correspond à la construction de la Ride Tore-Madère (Tore-Madeira Rise, 
TMR), de plusieurs monts sous-marins dans son voisinage (Seine, Ampère, Ormonde) 
et à la mise en place en domaine continental de petits volumes de roches effusives et 
intrusives alcalines au sud-ouest du Portugal (Geldmacher et al., 2006 ; Merle et al., 
2006, 2009 ; Miranda et al., 2009 ; Grange et al., 2010). TMR représente probablement 
l’objet le plus important de cette phase magmatique. En effet, TMR est un haut fond 
océanique de plus de 1000 km de long et de 50 à 70 km de large, situé à 300 km au large 
des côtes atlantiques du Portugal et du Maroc. TMR est formé par une douzaine de monts 
sous-marins qui s’étalent depuis le complexe de Tore jusqu’à l’archipel de Madère et dont 
l’alignement franchit sans décalage visible la faille Açores-Gibraltar (Fig. 5) qui est 
considérée comme la frontière actuelle entre les plaques Afrique et Eurasie. Jusqu’à 
l’étude de Merle et al. (2006), la nature des roches formant TMR, et donc l’origine de ce 
relief, étaient inconnues. 
 
Cette période magmatique aurait débuté vers 103 Ma (Merle et al., 2006, 2009 ; Fig. 5) 
c’est-à-dire après le début de l’extension océanique de la dorsale atlantique. Elle s’est 
ensuite poursuivit et continue encore aujourd’hui dans l’archipel de Madère à l’extrémité 
de TMR. L’extension temporelle et spatiale de cette phase magmatique n’a été identifiée 
que récemment avec la mise en évidence (i) d’un magmatisme alcalin post-océanisation 
formant TMR (Geldmacher et al., 2006 ; Merle et al., 2006) et (ii) d’un lien génétique entre 
TMR et le magmatisme du Portugal (Geldmacher et Hoernle, 2000 ; Geldmacher et al., 
2000 ; Merle et al., 2009 ; Grange et al., 2010) qui était déjà en partie documenté (par ex. 
Rock, 1978). 
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Figure 5 : Distribution spatiale et temporelle du magmatisme de la région de TMR et du 
Sud-Ouest du Portugal. (A) : carte bathymétrique de la région de TMR. Les principales 
structures de la marge (faille Açores-Gibraltar et autres failles lithosphériques), limite 
domaine océanique-domaine continental (ligne rouge) ainsi que les anomalies 
magnétiques sont représentées. Les âges obtenus sur les différents volcans sont aussi 
indiqués. (B) : détail de la bathymétrie du complexe de Tore avec les âges obtenus sur 
trois édifices. Ages d’après Merle et al., soumis et références incluses. Bathymétrie de 
Tore d’après Sanchez et al., en préparation. 
 
Sur TMR et les monts sous-marins voisins, les roches volcaniques draguées ont une 
affinité modérément alcaline (roches saturées ou faiblement sous-saturées en silice). Les 
types pétrographiques vont des basaltes alcalins et basanites aux trachytes (Geldmacher 
et al., 2006 ; Merle et al., 2005 ; 2006 ; 2009). Au sud-ouest du Portugal, les roches liées 
à cette phase magmatique (roches volcaniques de semi-profondeur et intrusives) ont une 
affinité alcaline à fortement alcaline (roches sous-saturées en silice, comme les syénites 
néphéliniques du massif de Monchique). Les types pétrographiques vont des basaltes et 
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gabbros à trachytes, syénites et granites (Bernard-Griffiths, 1997 ; Grange et al., 2010 ; 
Miranda et al., 2009). 
 
Depuis plus de trente ans, les monts sous-marins de TMR, Seine, Ampère, Ormonde et 
les manifestations magmatiques du Sud-Ouest du Portugal ont été datés par plusieurs 
méthodes sur roche totale (K-Ar, 40Ar/39Ar et Rb-Sr) et minéraux (K-Ar, 40Ar/39Ar et U-Pb). 
Cependant, jusqu’aux études géochronologiques de Geldmacher et al. (2006) et Merle 
et al. (2006), l’âge des roches de TMR était très mal défini, comprenant seulement 
quelques datations K-Ar sur roche totale, qui avait été effectuées sur des roches 
draguées, donc peu fiables, sur le mont Joséphine (Wendt et al., 1976). D’autre part, à 
l’échelle de cette province, de grandes variations d’âges, certains avec de larges 
incertitudes, existaient entre les données obtenues par des techniques différentes sur 
des roches provenant du même massif et pétrologiquement similaires. Par exemple, les 
datations K-Ar sur roche totale obtenues sur les gabbros de Sintra au Portugal sont plus 
jeunes de huit millions d’années (74,9 ± 1 Ma ; Storetvedt et al., 1987) que celles obtenus 
par la méthode U-Pb sur zircon (83,4 ± 0.7 Ma ; Grange et al., 2010). Ces analyses ont 
été compilées et filtrées par Merle et al. (2009) pour éliminer les données peu fiables. La 
base de données résultante montre une phase de magmatisme entre 88 Ma et 69 Ma au 
Portugal et trois phases sur TMR et les monts sous-marins voisins (103-80 Ma, 68-60 Ma 
et 32-0 Ma). 
 
Certaines études géochronologiques ont suggéré la présence d’une progression d’âge 
depuis le continent (Serra de Monchique : 70-69 Ma) vers l’archipel de Madère (5-0 Ma) 
en passant par les monts sous-marins Ormonde (65-62 Ma), Ampère (~32 Ma) et Seine 
(Geldmacher et al., 2000 ; D’Oriano et al., 2010). Ces auteurs interprètent cet alignement 
volcanique comme le résultat du passage de la plaque ibérique au-dessus du panache 
de Madère, qui serait donc la source principale du magmatisme de TMR. Cependant cette 
interprétation ne tient pas compte du magmatisme au nord de la faille Açores-Gibraltar, 
c’est-à-dire des monts sous-marins de la partie nord de TMR et des manifestations 
magmatiques continentales situées au nord de Monchique (Fig. 5). Si ces derniers sont 
considérés, il n’y a plus vraiment de progression d’âge sur l’ensemble de la région mais 
seulement localement sur quelques petits alignements magmatiques d’environ 150 km 
de long (Merle et al., 2009). 
 
Le magmatisme de TMR possède des caractéristiques géochimiques typiques du 
magmatisme océanique intraplaque (magmatisme de type OIB), c’est-à-dire (1) des 
spectres en éléments en trace incompatibles très enrichis par rapport aux MORBs, (2) 
des anomalies positives en Nd et négatives en Pb et (3) des rapports isotopiques Sr-Nd-
Pb proches des compositions observées pour les archipels de Madère et des Canaries 
(Bernard-Griffith et al., 1997 ; Geldmacher et al., 2006).  
 
Les roches de la Serra de Monchique au Portugal, des monts sous-marins Ormonde, 
Ampère et Seine seraient dérivées de la même source que l’archipel de Madère, mais 
contaminées par la lithosphère continentale (Geldmacher et Hoernle, 2000). Cette 
contamination serait plus importante à Monchique où la croûte continentale est la plus 
épaisse puis diminuerait progressivement à mesure que le point chaud de Madère se 
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déplace vers le sud-ouest sous une lithosphère continentale amincie puis sous la 
lithosphère océanique. Les rapports isotopiques mesurés sur des minéraux extraits de 
roches de TMR et du Portugal ont été interprétés comme résultants de la contamination 
par le manteau lithosphérique sous-continental, de magmas issus d’une source de type 
panache mantellique (i.e. manteau enrichi par rapport à une source purement 
asthénosphérique) mais dont l’origine reste inconnue (Merle al., 2006 ; Grange et al., 
2010). Les roches de la partie sud de TMR mises en place au cours du Crétacé ont des 
signatures isotopiques proches de celles de l’archipel des Canaries alors que celles 
mises en place au cours du Tertiaire ont des signatures isotopiques proches des roches 
de l’archipel de Madère (Geldmacher et al., 2006). 
  
L’origine du magmatisme de TMR et du sud-ouest du Portugal reste encore actuellement 
mal comprise. Les premières hypothèses sur la formation de TMR suggéraient soit (i) 
l’implication d’un point chaud (Pierce et Barton, 1991), soit (ii) l’accumulation de magmas 
sous la lithosphère continentale juste avant la rupture continentale. L’émission soudaine 
de ces magmas marquerait le véritable début de l’activité de la dorsale atlantique, TMR 
constituant ainsi la première croûte océanique formée par cette dorsale (Tucholke et 
Ludwig, 1982 ; Olivet, 1996 ; Girardeau et al., 1998), potentiellement en présence d’un 
panache mantellique (Tucholke et Ludwig, 1982 ; Pierce et Barton, 1991). Cependant 
aucune de ces hypothèses n’utilise des données géochronologiques ou géochimiques. 
Elles considéraient ce magmatisme comme un phénomène complétement dissocié de 
celui du Portugal, bien que ce dernier était interprété comme résultant du mouvement de 
la plaque Ibérique et de l’ouverture du golfe de Gascogne (Rock, 1978 ; Whitmarsh et al., 
1986).  
D’autres hypothèses existent, basées notamment sur les données géochimiques et 
géochronologiques. La première invoque le passage successif du panache des Canaries 
au Crétacé puis de celui de Madère au Tertiaire (Geldmacher et al., 2006), ce dernier 
expliquant aussi la progression d’âge depuis Monchique jusqu’à l’archipel de Madère 
(Geldmacher et al., 2006 ; D’Oriano et al., 2010). La seconde lie ce phénomène à un 
magmatisme alcalin mis en place au tout début du fonctionnement de la dorsale 
atlantique mais décalé de l’axe d’accrétion et antérieur à la production de magmas de 
type MORB (Jagoutz et al., 2007). Enfin, la troisième relie le magmatisme de TMR à une 
anomalie thermique active depuis 103 Ma qui aurait produit des pulses de magmas au 
cours du temps (Merle et al., 2009). L’interaction de cette anomalie thermique avec les 
mouvements de la plaque ibérique aurait induit cinq phases magmatiques sur TMR, les 
monts sous-marins Ormonde, Ampère et Seine et au sud-ouest du Portugal où alternent 
les phases avec une progression d’âge et celles avec une distribution spatiale aléatoire 
du magmatisme (Merle et al., 2009 ; Fig. 6).  
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Figure 6 : Schémas montrant la corrélation entre les différentes phases magmatiques sur 
TMR, les monts sous-marins en périphérie et au SO du Portugal et les mouvements de la 
plaque ibérique entre 103 Ma et le présent. Ages d’après Merle et al., soumis et références 
incluses. Figure adaptée d’après Merle et al., 2009. 



HDR – Renaud Merle –Juin 2018 Page 30 

Chacune de ces hypothèses présente des faiblesses. L’hypothèse de l’action combinée 
des points chauds des Canaries puis de Madère au cours de deux phases magmatiques 
entre ~95 et 80 Ma puis entre 16 et 0.5 Ma (Geldmacher et al., 2006 ; D’Oriano et al., 
2010) ne tient compte ni des mouvements de la plaque ibérique depuis 120 Ma, ni du 
magmatisme au Nord de la faille Açores-Gibraltar. Cette hypothèse implique un 
déplacement de la plaque Ibérique vers le nord-ouest entre 68 Ma et l’actuel, ce qui est 
en contradiction avec les reconstructions géodynamiques de l’ouverture du Golfe de 
Gascogne et de la collision des Pyrénées (Sibuet et al., 2004 ; Fig. 6A). De plus, cette 
hypothèse omet la période magmatique qui a eu lieu vers 68-62 Ma (Merle et et al., 2009 ; 
Merle et al., soumis ; Fig. 6B). 
Concernant une origine de TMR liée à l’activité de la dorsale médio-atlantique (Jagoutz 
et al., 2007), on peut constater dans l’état actuel des connaissances, que le magmatisme 
le plus ancien sur TMR est postérieur d’au moins 10 millions d’années à la formation de 
la première lithosphère océanique typique (~125 Ma, anomalie J, Olivet, 1996). 
Néanmoins, la possibilité d’un magmatisme alcalin contemporain de l’initiation du 
magmatisme de la dorsale atlantique n’est pas irréaliste car seulement la partie la plus 
superficielle de TMR a été échantillonnée, ce qui rend plausible la présence de roches 
plus anciennes que 103 Ma dans les parties les plus internes des monts sous-marins. 
L’hypothèse d’une interaction entre les mouvements de la plaque ibérique et une 
anomalie thermique (Merle et al., 2009) reste la seule hypothèse capable d’expliquer la 
distribution spatiale et temporelle du magmatisme de TMR, des monts sous-marins 
avoisinant et du sud-ouest du Portugal. Cependant, cette hypothèse reste très 
dépendante des modèles géodynamiques contraignant les mouvements de la plaque 
ibérique. 
 
La phase de magmatisme alcalin débutant à 103 Ma ne se limite pas à ces manifestations 
sur la marge ibérique. En effet, il existe plusieurs groupes de volcans sous-marins situés 
sur la marge de l’Amérique du Nord tels que les monts sous-marins de Nouvelle-
Angleterre, Corner, Terre-Neuve, la ride de l’anomalie J et les intrusions alcalines forées 
par la campagne ODP 210 au site 1276 (Fig. 7).  
Dans l’état actuel des données géochronologiques, tous ces groupes de volcans sous-
marin ont débuté leur activité magmatique vers 100 Ma alors qu’ils se situaient à moins 
de 800 km de la ride Tore-Madère. Ceci suggère que ces groupes de volcans pourraient 
s’être formés au cours de la même phase magmatique que la ride TMR (Merle et al., 
2009). Toutefois, la durée de la période d’activité des volcans sous-marins situés sur la 
plaque Amérique du Nord n’est pas bien connue en raison du petit nombre d’échantillons 
étudiés, mais surtout des faibles précisions et fiabilité des âges publiés dans la littérature. 
En effet, la plupart des échantillons ont été datés par la technique K-Ar sur roches 
draguées.  
Sur la marge de Terre-Neuve, les manifestations magmatiques ont été interprétées 
comme étant les manifestations de plusieurs panaches mantelliques distincts (Duncan et 
al., 1984 ; Taras et Hart, 1987). Néanmoins, cette hypothèse repose uniquement sur 
quelques données géochimiques. Les données isotopiques publiées (Sr-Nd-Pb) sur ces 
roches magmatiques ne concernent que celles recueillies sur les monts de la Nouvelle-
Angleterre (sept données, Taras et Hart, 1987) et sur les sills alcalins forés sur le site 
ODP 1276 au sud du cap Flemish (six données, Hart et Blusztajn, 2006). 
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Si l’hypothèse d’une même période d’activité magmatique devait être confirmée et en 
prenant en compte les caractéristiques chimiques similaires pour TMR et les 
manifestations magmatiques de la marge de Terre-Neuve, l’implication de plusieurs 
panaches mantelliques actifs pendant cette même periode et situés dans un rayon de 
800 km semble peu réaliste. Au vu des connaissances actuelles, il serait ainsi raisonnable 
d’envisager une origine commune pour les roches magmatiques à affinité alcaline situées 
de part et d’autre de la ride médio-atlantique.  
 
Jusqu’à présent, chacune de ces trois phases magmatiques intra-plaques identifiées sur 
les marges conjuguées Ibérie-Terre Neuve avaient été considérées de manière 
indépendante. Dès lors, les possibles interactions entre ces différentes phases n’ont 
jamais été étudiées, comme par exemple, les effets de ré-enrichissements du manteau 
(asthénosphérique ou lithosphérique) au cours des successives phases magmatiques. 
Plus important, les processus géodynamiques à l’origine de chacune de ces périodes 
magmatiques ont toujours été envisagés indépendamment les uns des autres alors qu’il 
serait logique au contraire de proposer un lien tectonique/géodynamique dans l’éruption 
de ces magmas. . 
Par conséquent, il n’existe aucun modèle géodynamique satisfaisant pour expliquer 
l’apparition de ce magmatisme intra-plaque au cours des derniers 200 millions d’années 
dans cette partie de l’océan Atlantique. En outre, la présence d’un (ou plusieurs) panache 
mantellique dans cette partie de l’océan Atlantique soulève de nombreuses questions :  
(1) La première concerne sa contribution éventuelle à la formation de la CAMP. Cette 
hypothèse est contestée (par exemple McHone, 2000) en particulier du point de vue 
géochimique (Callegaro et al., 2013 ; Merle et al., 2014), d’autant plus qu’il n’existe 
aucune évidence de l’existence d’une évolution continue des rapports isotopiques entre 
les laves de CAMP et celles des manifestations intraplaques comme cela est prévu par 
les modèles de marges volcaniques.  
(2) La seconde pose la question des relations entre ce panache mantellique et le 
processus de rifting.  
(3) Enfin la troisième question concerne le sort du panache mantellique durant 50 millions 
d’années, période de calme magmatique entre l’événement CAMP et la phase 
magmatique syn-rift. 
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Figure 7 : Carte bathymétrique du nord de l’océan Atlantique central. Les groupes et 
chaînes de monts sous-marins d’âge Crétacé sont représentés avec leur période d’activité. 
Le groupe de monts sous-marins Atlantis-Meteor est representé car suspecté de 
représenter la position du point chaud qui aurait formé la chaîne de Nouvelle-Angleterre. 
D’après Merle et al., en préparation. 
 
 

2.2. La marge ouest-sud-ouest de l’Australie occidentale 
 
Jusqu'à récemment, l’origine et la nature du magmatisme sur la marge de l’Australie 
occidentale (Western Australia ou WA, Fig. 8) était très peu connues et les données 
géochronologiques rares. Les études successives d’Olierook et al. (2015b ; 2016 ; 2017) 
ont permis de mieux contraindre la période d’activité de ce magmatisme et donc de mieux 
comprendre les processus géodynamiques qui pourraient être à l’origine ce celui-ci. 
  
Historiquement, cette marge est considérée comme une marge passive volcanique 
(Coffin et Eldholm, 1994; Goncharov et Nelson, 2012) sur la base de : (i) la présence de 
réflecteurs sismiques sur le plateau Wallaby (Fig. 8B), dont le pendage est orienté vers 
le bassin oceanique (« seaward dipping reflectors » ou SDR) et qui pourraient 
représenter des coulées de lave intercalées entre les sédiments (par ex. Goncharov et 
Nelson, 2012) et (ii) l’échantillonnage de roches volcaniques sur le plateau Naturaliste 
(Fig. 8C). Les estimations du volume de roches volcaniques sur le plateau Wallaby ne 
sont pas bien contraintes, mais potentiellement de l’ordre de 104-105 km3 (Goncharov et 
Nelson, 2012). Ces volumes restent néanmoins modestes en comparaison des volumes 
estimés pour les « véritables » marges passives volcaniques qui sont en général 
supérieur à 105 km3 (Bryan et Ernst, 2008; Franke, 2013).  
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Les rares données géochimiques et géochronologiques suggérent que cette phase de 
magmatisme est contemporaine de la dislocation du Gondwana oriental (bloc continental 
formé par l’Inde, l’Australie et l’Antarctique). Le rifting aurait débuté à environ ~160 Ma et 
l’initiation de l’extension océanique vers ~136 Ma (par ex., Gibbons et al., 2013). 
Toutefois, la rupture lithosphérique semble retardée dans la partie sud de la marge, au 
sud du plateau Naturaliste (Fig. 8D) où l’initiation de la propagation océanique aurait pu 
survenir seulement vers 83 Ma d’après l’identification de l’anomalie magnétique la plus 
ancienne (Veevers, 2012).  
Sur cette section de la marge, le manteau lithosphérique a été exhumé au cours du très 
lent étirement lithosphérique et affleure sous une mince couche de sédiments (relief 
comparable à celui de la ride de péridotite sur la marge ibérique). En effet, des péridotites 
ont été draguées dans la zone de Diamantina, qui est une structure lithosphérique 
orientée E-W, constituée d’une succession de crêtes et de creux s’étendant vers le 
plateau Naturaliste (Fig. 8). L’origine de cette structure n’est pas encore bien comprise 
(Munschy, 1998 ; Beslier et al., 2004).  
Des roches basaltiques ont été découvertes dans seulement quatre localités : sur le 
plateau de Wallaby, le plateau Naturaliste, la zone Diamantinaet dans le bassin 
sédimentaire de Perth.  
 
Le plateau Wallaby 
 
Le plateau Wallaby est un plateau immergé d’une surface de 70000 km2, situé à 500 km 
au large du nord-ouest de l’Australie occidentale (Fig. 8B). Les connaissances limitées 
de ce plateau ont été principalement déduites de l’interprétation des profiles sismiques et 
des anomalies magnétiques dans les plaines abyssales adjacentes (Mihut et Muller, 
1998 ; Goncharov et Nelson, 2012). 
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Figure 8 : Cartes de la grande province magmatique des Kerguelen. Les manifestations 
magmatiques dans l'océan Indien et circum-Gondwana oriental interprétées comme liées 
à l’activité du point chaud des Kerguelen sont aussi représentées. D’après Beslier et al. 
(2004) et Olierook et al. (2016; 2017). 
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Le plateau Wallaby se situe sur la marge qui s’est formée, vers ~130-136 Ma, lors du 
rifting continental entre les blocs continentaux de l’Inde et de l’Australie (Gondwana 
oriental). Le plateau est formé par un haut-fond de croûte continentale recouvert par des 
épanchements volcaniques, eux-mêmes recouverts par des sédiments (par. ex. Stilwell 
et al., 2012).  
Les quelques roches échantillonnées par dragage sur le plateau Wallaby et les domaines 
océaniques avoisinants sont des basaltes altérés et des roches légèrement différenciées 
d’affinité tholéiitique (Dadd et al., 2015).  
Les premières données géochronologiques ont été obtenues récemment sur les roches 
basaltiques et volcano-clastiques provenant du flanc sud du plateau du Wallaby (Wallaby-
Zenith Fracture Zone, Fig. 8B) et du flanc est (Sonne ridge, Fig. 8B) et indiquent une 
phase magmatique vers ~124 Ma, qui serait donc postérieure d’au moins 6 millions 
d’années à la première anomalie magnétique (Olierook et al., 2015b).  
Une activité magmatique plus récente vers ~60 Ma, aussi sur le flanc est, aurait pu se 
produire (mont sous-marin Sonne, Fig. 8B) mais l’âge de cette phase magmatique est 
peu précis. En effet, l’analyse 40Ar/39Ar n’a pas pu produire de plateau de dégazage 
complet mais seulement un mini-plateau (Olierook et al., 2015b). Néanmoins, il est clair 
qu’une activité magmatique intraplaque a eu lieu sur le plateau Wallaby, peu de temps 
après le début de l’expansion océanique. Dans ce cas, le volcanisme sur le plateau 
Wallaby pourrait représenter un mini plateau océanique recouvrant un segment de croute 
continentale amincie durant le rifting (Olierook et al., 2015b). 
 
Le Bassin de Perth (Bunbury trough) 
 
Plus au sud, dans le bassin sédimentaire de Perth (« Bunbury trough », Fig. 9), les 
basaltes de Bunbury représentent de faibles volumes de magmas, limités à des coulées 
de laves basaltiques tholéiitiques et à quelques intrusions de semi-profondeur (Frey et 
al., 1996 ; Olierook et al., 2015a). Les coulées basaltiques affleurent uniquementà quatre 
localités (Fig. 9).  
 
Jusqu'à récemment, peu de données géochronologiques (seulement cinq échantillons 
datés) avaient été publiées sur ces roches. Une grande partie de ces données 
géochronologiques étaient peu fiables car obtenues par la méthode 40Ar/39Ar sur des 
fractions minérales non triées donc susceptible d’inclure des minéraux altérés. Ces 
données suggéraient néanmoins que les basaltes de Bunbury avaient été émis au cours 
de deux phases magmatiques à 132 et 123 Ma.  
Cette activité magmatique avait été alors attribuée à l’activité du panache mantellique qui 
aurait par la suite engendré le plateau et l’archipel des Kerguelen (par ex., Frey et al., 
1996 ; Coffin et al., 2002). Des âges de meilleure précision, sur fractions minérales 
selectionnées à la main sous loupe binoculaire, ont été récemment obtenus par la 
méthode 40Ar/39Ar. 
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Figure 9 : Carte géologique schématique du basin sédimentaire de Perth (Australie 
Occidentale). Les quatres zones d’affleurement du basalte de Bunbury sont indiquées en 
italique. D’après Olierook et al., 2016. 
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De plus, la grande précision de ces âges a permis d’identifier trois événements 
magmatiques distincts à 137, 132 et 130 Ma (Olierook et al., 2016). Ceci implique que la 
phase magmatique correspondant à l’extrusion des basaltes de Bunbury a eu lieu au 
cours de la phase principale d’extension continentale, et aussi qu’elle pourrait avoir 
perduré après le début de l’extension océanique. Comme le début attesté de l’activité 
magmatique sur le plateau oceanique des Kerguelen n’est pas plus ancienne que 119 
Ma (par ex., Coffin et al., 2002), elle est donc postérieure d’au moins 18 millions d’années 
à la mise place des basaltes de Bunbury. En conséquence, l’hypothèse de l’implication 
du panache mantellique du point chaud des Kerguelen dans la genèse du magmatisme 
de la marge de WA semble être difficile à concilier avec les nouvelles données 
géochronologiques (Olierook et al., 2016).  
 
Le plateau Naturaliste et la zone Diamantina 
 
Le plateau Naturaliste et la zone Diamantina sont situés sur l’emplacement du point triple 
fossile entre l’Australie, l’Inde et l’Antarctique au début de la dislocation du Gondwana 
oriental. Jusqu’au milieu des années 1990, le magmatisme de cette zone de la marge 
était seulement connu grâce à une campagne de dragage en 1972 (« Eltanin campaign », 
dragage sur le flanc nord du plateau Naturaliste, site ELT55-12) et une campagne de 
forage DSDP en 1975 (flanc sud-est du plateau, site 264). Ces deux campagnes 
d’échantillonnage ont collecté de très faibles volumes de fragments de roches 
volcaniques trés alterées et incorporées à des sédiments (Ford, 1975 ; Coleman et al., 
1982). Deux campagnes de dragage en 1994 et 1998 (par le navire de recherche Marion 
Dufresne : campagnes MD 80 et M110) sur le flanc sud du plateau Naturaliste et le long 
de la zone Diamantina ont recueillies pour la première fois de grandes quantités de 
roches volcaniques (essentiellement des basaltes tholéiitiques) et les roches du manteau 
(Chatin et al., 1998 ; Beslier et al., 2004). Ces roches constituent aujourd’hui les seuls 
échantillonnages disponibles du magmatisme du plateau Naturaliste et de la zone 
Diamantina. 
 
Jusqu'à l’étude d’Olierook et collaborateurs en 2017, une seule étude avait tenté de dater 
les basaltes de la drague ELT55-12 et du site DSDP 264 par la méthode 40Ar/39Ar (Pyle 
et al., 1995). Cependant, le résultat obtenu, sur roche totale, était assez imprécis. Cette 
datation reflète une altération en profondeur de la roche par l’eau de mer et suggére un 
âge d’éruption d’au moins 100 Ma. Dans l’étude récente d’Olierook et al. (2017), de 
nouvelles datations 40Ar/39Ar ont été effectuées sur séricite et la matrice de roches 
provenant des sites ELT55-12 et DSDP 264. Le but de ces datations est de dater 
l’altération par l’eau de mer en se basant sur le postulat que cette altération s’était  
produite peu de temps après la mise en place des roches magmatiques. Ces datations 
ont donné un âge de 127,6 ± 0,6 Ma, indiquant qu’un événement volcanique s’est produit 
il y a au moins 127 millions d’années, soit 25 millions d’années avant ce qui avait été 
précédemment envisagé (Olierook et al., 2017). Ceci suggère l’existence d’une activité 
magmatique juste avant le début de l’expansion océanique (estimée à environ 124 Ma 
dans cette zone, Olierook et al., 2017).  
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Sur la zone Diamantina, seul un basalte de la campagne MD80 a été daté à 93 ± 4 Ma 
par la méthode 40Ar/39Ar sur roche totale (Chatin et al., 1998). Cependant, il est possible 
que la chimie de la roche ait été modifiée par l’interaction avec l’eau de mer, ce qui peut 
perturber considérablement le chronomètre K-Ar (Verati et Jourdan, 2014). Jusqu'à 
présent, il n’y a pas d’âge pour les roches volcaniques recueillies au cours de la 
campagne MD110.  
 
A l’échelle de la marge de WA, les données géochimiques disponibles, notamment les 
rapports isotopiques Sr-Nd-Pb, ne sont pas assez abondantes pour permettre d’établir 
des hypothèses solides quant à la source de ces magmas. Par exemple, seulement sept 
données Sr-Nd-Pb existent pour les roches volcaniques du plateau Naturaliste provenant 
des sites d’échantillonnages ETL55-12 et DSDP site 264 (Mahoney et al., 1995). Pour le 
plateau Wallaby, seulement deux roches ont été analysées pour obtenir des rapports 
isotopiques Sr-Nd-Pb (Dadd et al., 2015).  
Sur la base de ces données géochimiques, certains auteurs ont constaté que les roches 
basaltiques provenant du plateau Naturaliste, les basaltes de Bunbury et les roches 
volcaniques du plateau Wallaby ont des caractéristiques chimiques assez similaires à 
des tholéiites continentales (Frey et al., 1996 ; Chatin et al., 1998 ; Beslier et al., 2004 ; 
Dadd et al., 2015).  
Plusieurs auteurs ont attribué le magmatisme intraplaque le long de la marge sud-ouest 
australienne comme étant l’expression du panache mantellique actuellement situé sous 
l’archipel des Kerguelen (Frey et al., 1996 ; Ingle et al., 2002 ; 2004). D’autres exemples 
de manifestation magmatique intraplaque dans l’océan Indien oriental (par ex. Ninetyeast 
ridge, Broken ridge, Fig. 8) sont contemporains de l’activité magmatique de l’archipel des 
Kerguelen et ont été interprétés comme étant aussi la manifestation de ce même panache 
mantellique.  
 
Les reconstructions géodynamiques les plus récentes qui contraignent les positions du 
panache mantellique au cours du temps et une compilation des données géochimiques 
et géochronologiques provenant de toutes les provinces magmatiques situées sur le 
pourtour du Gondwana oriental (ce qui inclus l’archipel des Kerguelen, le plateau sous-
marin des Kerguelen, Broken ridge, Ninety-east ridge, et la marge sud-ouest 
australienne) suggèrent que les caractéristiques chimiques de chacune de ces provinces 
magmatiques proviennent de diverses contributions de l’asthénosphère, de la lithosphère 
continentale (manteau et croûte) et du panache mantellique Kerguelen (par ex. Frey et 
al., 1996 ; Ingle et al., 2002 ; 2004). Cependant, la contribution chimique provenant du 
panache mantellique des Kerguelen devient évidente seulement dans la composition des 
laves les plus jeunes (<100 Ma (Olierook et al., 2017 ; Fig. 10). 
 
 



HDR – Renaud Merle –Juin 2018 Page 39 

 
Figure 10 : Variations des rapports isotopiques mesurés et initiaux des roches des sous-
provinces (symboles en légende) de la grande province magmatique des Kerguelen. 
Variation des rapports 144Nd/143Nd en fonction de 87Sr/86Sr (A) et 207Pb/204Pb en 206Pb/204Pb 
(B). D’après Olierook et al., (2017). NB : même échelle de couleur que sur la Fig 8A.  
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3. Les problèmes en suspens 
 
La distribution spatiale et temperelle du magmatisme sur les marges Ibérie-Terre-Neuve 
et les marges de l’Australie-occidentale révèlent que :  
(1) bien qu’étant considérée comme l’archétype de marge passive pauvre en magma, la 
marge ibérique affiche un magmatisme intraplaque volumétriquement important pendant 
et après le début de l’extension océanique et distribué en trois phases. 
(2) bien que la marge de WA soit considérée comme une marge passive volcanique, il 
n’existe pour l’instant aucune preuve irréfutable de la présence d’énormes volumes de 
magmas liés à sa formation. Au contraire elle montre des similarités avec la marge 
ibérique.  
 
Ces deux exemples de marges passives suggérent fortement que les modèles actuels 
de formation des marges de divergence et du magmatisme qui leur est associé ne sont 
pas satisfaisants. Les études récentes sur les marges de Ibérie-Terre Neuve et WA par 
Merle et al. (2006, 2009) et Olierook et al. (2015b, 2016, 2017) tendent à montrer qu’un 
modèle de panache mantellique classique ne parvient pas à fournir une explication 
satisfaisante pour l’âge et la distribution spatiale du magmatisme intraplaque sur ces deux 
marges. Dans l’état actuel des connaissances sur les marges Ibérie-Terre Neuve et WA, 
les questions suivantes sont toujours en suspens :  

Un panache mantellique profond est-il nécessaire à la fracturation continentale, qui 
mènera au rifting et donc à la formation de marges océaniques ?  
 
Si oui, quel est le devenir de ce panache mantellique pendant le rifting et lors de 
l’extension océanique ? Par conséquent, pourquoi certaines marges présentent de larges 
volumes de magmas et d’autres pas ? 
 
Comment les diverses phases magmatiques observées sont-elles liées les unes aux 
autres, dans l’espace et le temps ? 
 
Les marges conjuguées Ibérie-Terre Neuve et la marge d’Australie Occidentale offrent 
l’opportunité de répondre à ces questions. En effet, elles présentent à la fois des 
caractéristiques qui ont permis l’établissement des modèles de marges passives non-
volcaniques (p. ex., Boillot et al., 1995) et à la fois des caractéristiques moins communes 
qui peuvent permettre de mieux comprendre l’origine du volcanisme associé au rifting 
(« LIP » peu exprimé en Australie, volcanisme intra-plaque précédant et postérieur à 
l’initiation de l’extension océanique). L’acquisition de nouvelles données géochimiques et 
géochonologiques, complètes et avec des techniques de pointe, constituent une 
nécessité pour une bonne compréhension de ce type de marge, et donc pour palier aux 
lacunes de compréhension sur une étape géodynamique fondamentale, le rifting au sens 
large.  
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4. Programme de recherche : approche méthodologique et analytique 
 
La plupart des hypothèses et modèles proposés pour expliquer le magmatisme intra-
plaque sur les marges passives reposent sur (1) un faible nombre de données concernant 
le volume de roches magmatiques qui ont été documentées, (2) des jeux de données 
incomplets pour la géochimie des éléments majeurs, mineurs et en trace et (3) dans bien 
des cas des données isotopiques peu fiables. Sur ce dernier aspect, de nombreuses 
données ont été acquises au moyen de techniques géochronologiques et géochimiques 
qui sont maintenant considérées comme obsolètes (par exemple la méthode K-Ar pour 
dater des roches totales) ou qui n’étaient pas assez précises à l’époque pour distinguer 
différentes phases magmatiques espacées de quelques millions d’années comme cela a 
été montré pour les basaltes de Bunbury (Olierook et al., 2016). De plus, jusque dans les 
années 1990, de nombreuses données isotopiques Sr-Nd-Pb ont été publiées sans les 
concentrations de ces éléments, ce qui empêche le calcul du rapport isotopique initial. 
En conséquence, la base de données isotopiques est incomplète, ce qui exclut toute 
comparaison avec des roches dont les rapports isotopiques initiaux peuvent être calculés 
(voir par exemple, Olierook et al., 2017).  
 
De fait, il est critique de procéder à un filtrage des données déjà publiées et d’acquérir de 
nouvelles données fiables et précises en utilisant les méthodes et techniques analytiques 
les plus avancées, mais ausssi les plus adaptées aux roches échantillonnées.   
 

4.1. Approche géochronologique 
 
Pour obtenir des données fiables sur les âges, origine et distribution spatiale du 
magmatisme intraplaque des marges ibérique et ouest-australienne, une approche 
rigoureuse s’impose en termes de techniques analytiques. Il est donc necessaire de 
combiner des techniques géochronologiques et géochimiques variées et adaptées à des 
échantillons océaniques d’une grande diversité chimique, disponibles en faible quantité 
(moins de 0,5 dm3) qui, de surcroit, ont probablement subit une altération due à 
l’interaction avec de l’eau de mer.  
 
Cette altération des roches par l’eau de mer présente le principal défi pour dater des 
échantillons océaniques surtout lorsqu’ils ont été dragués. Dans ce type d’altération à 
basse température où le potassium est particulièrement mobile, les feldspaths sont les 
premiers minéraux à être affectés : ils sont transformés en séricite, ce qui rend impossible 
la détermination d’un âge de cristallisation.  
Les minéraux ferro-magnésiens riches en potassium comme les amphiboles et les 
biotites ont aussi de grandes chances d’être affectés par l’interation avec l’eau de mer et 
d’être partiellement ou totalement transformés en minéraux secondaires comme la 
chlorite. D’une manière générale, pour obtenir les meilleurs résultats et des âges fiables, 
les datations des roches doivent être effectuées sur des fractions minérales 
préalablement triées grains à grains sous loupe binoculaire, ce qui est aussi vrai pour les 
roches continentales qui peuvent aussi avoir été altérées.  
Pour les roches basiques qui contiennent feldspaths, amphiboles ou ces deux types de 
minéral, la méthode privilégiée est la méthode 40Ar/39Ar car elle permet une évaluation 
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de la qualité de la datation (Verati et Jourdan, 2014). La dernière génération de 
spectromètres de masse multi-collection à gaz rares (comme le Thermo Fisher ARGUS 
VI) permet une amélioration significative en précision par rapport à la génération 
d’instrument précédente (Fig. 11). La précision atteinte est inférieure à ± 0,5% (Olierook 
et al., 2016). L’avantage de la datation de très haute précision est la possibilité de 
distinguer différentes phases magmatiques espacées de seulement quelques centaines 
de milliers d’années (par ex. Olierook et al., 2016).  
En outre, les récentes avancées techniques en spectrométrie de masse à gaz rares ont 
amélioré la sensibilité des instruments, ce qui permet maintenant d’utiliser de petites 
quantités de matériaux pour réaliser des mesures plus précises et plus fiables par rapport 
à celles effectuées par des instruments de générations antérieures. En effet, une petite 
quantité de matériel analysée permet un meilleur contrôle de la qualité des cristaux 
sélectionnés et donc, réduit le risque d’un possible biais des résultats dus à l’altération 
par l’eau de mer. 
 
Les limites de la méthode 40Ar/39Ar (et par extension, de la méthode K-Ar) appliquée aux 
roches basiques sont (i) l’absence de minéraux riches en potassium (plagioclase, 
amphibole) et (ii) la fréquente altération de ces minéraux ou par des fluides mobilisant le 
potassium. Une méthode pour contourner cette difficulté est de déterminer l’âge de 
l’altération en datant les séricites en se basant sur le postulat que l’altération (par exemple 
par l’eau de mer pour les roches océaniques) a transformé les feldspaths magmatiques 
en séricite peu de temps après la mise en place des roches (par ex. Olierook et al., 2015). 
Cette approche ne fournit pas d’âge de cristallisation mais donne seulement une 
estimation minimale de l’âge de l’évènement magmatique.  
 
Pour les roches dépourvues de minéraux riches en potassium, deux approches sont 
possibles. La première consiste à dater la mésostase mais cette approche fournit des 
âges fiables seulement pour des roches complètement dépourvues de toute trace 
d’altération. Par conséquent, cette approche doit être le plus possible limitée aux roches 
échantillonnées en domaine continental. Pour des roches océaniques, la datation de la 
matrice ne peut jamais être considerée comme entièrement fiable et toute date obtenue 
doit être considérée comme une estimation minimale de l’âge de l’événement 
magmatique.  
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Figure 11 : Précision relative des âges obtenus sur différents minéraux par la méthode 
40Ar/39Ar au moyen d’un instrument de type Argus VI (en rouge) et un spectromètre à gaz 
à mono-collection (en vert). Ces données sont comparées à celles obtenues par la 
méthode U-Pb par abrasion chimique, dilution isotopique et thermo-ionisation (CA-ID-
TIMS U-Pb) qui constitue actuellement la méthode de datation des roches la plus précise. 
D’après Merle et al. accepté. 
 
Une autre approche pour les roches ne contenant pas de mineraux riches en potassium 
est de dater les pyroxènes. Dater le pyroxène (au lieu du plagioclase et de l’amphibole) 
est extrêmement avantageux car (1) le pyroxène est très résistant à l’altération par l’eau 
de mer, ce qui permet de dater avec précision des roches pouvant être par ailleurs très 
altérées ; (2) le pyroxène est très commun dans certains basaltes (basanites, 
ankaramites) et dans les roches du manteau qui par ailleurs contiennent rarement des 
minéraux riches en potassium. Jusqu’à récemment, l’abondance du potassium dans les 
pyroxènes était trop faible pour espérer obtenir un âge significatif avec les générations 
précédentes de spectromètres de masse. Des études préliminaires sur la datation de 
cristaux de pyroxène en utilisant un ARGUS VI ont fourni les premiers âges valides (Ware 
et Jourdan, 2018 ; Fig. 12).  
 
En datant le pyroxène dans les péridotites du manteau lithosphérique, il serait possible 
de dater le momemt où le pyroxène s’est refroidi au-dessous de sa température de 
fermeture pour l’Ar, c’est-à-dire vers 600-700°C. Cela permet de contraindre dans le 
temps, soit (1) le moment ou le manteau lithosphérique était à moins de 10 km sous le 
plancher océanique (Girardeau et al., 1988) au momment des dernières étapes de la 
distension soit (2) de dater l’âge de la dernière équilibration thermique après la fusion du 
manteau.  
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La datation des pyroxènes par la méthode 40Ar/39Ar dans les basaltes et les roches du 
manteau est toujours en cours de développement et constitue une méthose innovante et 
prometteuse pour le futur.  
 

 
Figure 12 : Résultats de datation par la méthode 40Ar/39Ar d’une roche volcanique basique 
de Tasmanie (Ware et Jourdan, sous presse). Les analyses ont été faites avec un 
spectromètre multicollection à gaz rare de type ARGUS VI installé à Curtin University. Les 
pyroxènes analysés produisent des ages plateaux contrairement aux plagioclases. 
 
Pour les roches acides (trachyandésites, trachytes, phonolites et rhyolites alcalines), la 
méthode 40Ar/39Ar est d’autant plus adaptée car ces roches contiennent généralement 
une grande variété de minéraux riches en potassium (feldspaths potassiques, 
amphiboles, biotites voire feldspathoides). L’altération des roches et minéraux reste la 
seule limitation de cette technique mais une solution alternative est la datation par U-Pb 
sur zircon qui a une précision inférieure à 0.1% (par ex. Wotzlaw et al., 2012). Ce type 
d’approche permet de dater des roches qui ont été affectées significativement par 
l’interaction avec l’eau de mer. Le zircon, minéral très commun dans les roches acides 
comme les trachytes, est au contraire, extrêmement résistant aux transformations 
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physico-chimiques de basse température comme c’est le cas pour l’altération des roches 
par l’eau de mer. En datant les zircons présents dans une roche magmatique, il est donc 
possible d’obtenir un âge magmatique fiable même pour une roche qui a été 
significativement altérée par l’eau de mer. Ce type d’approche a prouvé son efficacité 
avec les roches de TMR (Merle et al., 2006).  
 

4.2. Appproche géochimique 
 
Pour définir les caractéristiques géochimiques des magmas intraplaque que l’on 
rencontre sur les marges passives et pour déterminer leur origine, c’est-à-dire la nature 
de leur source(s), il est nécessaire de combiner plusieurs systèmes isotopiques. Au 
préalable, l’analyse des teneurs en éléments majeurs et en traces dans les roches, est 
essentielle pour (1) évaluer le degré d’altération des échantillons, (2) déterminer leur 
affinité chimique (alcaline ou tholéiitique) et (3) quantifier les effets des processus de 
fusion partielle et de cristallisation, ce qui constitue aussi la première étape vers la 
caractérisation chimique de la (ou des) source(s) mantellique(s) des magmas. 
 
L’étude des CFBs a révélé que, seules, les données isotopiques Sr-Nd-Pb ne 
permettaient pas de distinguer entre un processus de contamination des magmas par la 
croûte continentale au cours de leur ascension vers la surface et une contamination de 
la source profonde par des composants avec une affinité continentale (recyclage de la 
croute continentale dans le manteau). Par contre, le système isotopique Re-Os, grâce à 
ses propriétés chimiques, permet de distinguer entre ces deux phénomènes.  
Du fait que les péridotites du manteau contiennent entre 20 et 200 fois plus d’Os que les 
roches de la croûte continentale, une contamination d’une source peridotitique par un 
composant crustal n’affectera pas les rapports isotopiques de l’Os. Les magmas issus de 
cette péridotite contaminée auront donc un rapport isotopique de l’Os de type mantellique 
(187Os/188Os < 0,15). Par contre, les magmas issus de la fusion d’une source mantellique 
non contaminée auront initialement des rapports isotopiques de l’Os similaires à celui de 
leur source mais ils contiennent au mieux dix fois plus d’Os que la croute continentale. 
Comme celle-ci a des rapports isotopiques 187Os/188Os de l’ordre de 0,8 à 1,2 (Peucker-
Ehrenbrink et Jahn, 2001), les rapports isotopiques 187Os/188Os des magmas issus de la 
source mantellique seront significativement changés si une interaction se produit avec la 
croûte continentale au cours de leur ascension vers la surface. Les rapports isotopiques 
des magmas contaminés par un composant crustal seront typiquement supérieurs à 0,15 
(Widom, 1997).   
De plus le système Re-Os est le seul capable d’évaluer l’origine lithosphérique des 
péridotites (Carlson, 2005), et donc de retracer une contribution éventuelle de ce type de 
manteau dans les caractéristiques chimiques des magmas comme cela a été démontré 
pour les basaltes de CAMP (par ex. Merle et al., 2014). 
  
La combinaison des systèmes isotopiques Sr-Nd-Pb avec Re-Os constitue donc la base 
pour étudier les magmas intraplaques des marges passives. L’utilisation de nouvelles 
méthodes isotopiques, comme par exemple, la détermination des rapports des isotopes 
stables du Ti qui a le potentiel de tracer une contamination sédimentaire des magmas, 
permet de raffiner les informations sur les sources des magmas provenant des systèmes 
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Sr-Nd-Pb-Os. Ceci conduit à réinterpréter les données existantes et peut mettre en 
évidence des déviations subtiles mais significatives des modèles.  
 
L’utilisation des nouvelles générations de spectromètre de masse de type MC-ICP-MS 
(Multi-Collection Inductively-Coupled Plasma Mass Spectometer) comme le Thermo 
Fisher Neptune-plus (analyses des rapports isotopiques Nd et Pb) ou le MC-TIMS comme 
le Triton-plus (analyses des rapports isotopiques Sr et Os) constitue un réel avantage par 
rapport aux générations précédentes d’instruments. En effet, ses instruments modernes 
sont capables d’analyser dans un temps plus court (2h), un grand nombre d’échantillons 
avec une précision inférieure à 0.01 %. Une telle précision est nécessaire pour évaluer 
les changements minimes de compositions de source.  
 

4.3. La nécessité de filtrer les données 
 
Les analyses K-Ar (sur roche totale ou sur fraction minérale) ne permettent pas d’évaluer 
si l’âge obtenu est biaisé par effet d’une mobilisation du potassium (comme il est possible 
de le faire avec les analyses 40Ar/39Ar et le spectre du rapport Ca/K), les âges obtenus 
par la méthode K-Ar ne sont ainsi pas complétement fiables. En conséquence, ces âges 
doivent étre considérés avec précaution et donc être plutôt utilisés comme des 
estimations de l’âge de l’événement magmatique. De même, les datations Rb-Sr sur 
roches totales (isochrone formée par une série de roches en se basant sur le postulat 
que ces roches sont co-magmatiques) peuvent être biaisées par l’altération, mais aussi 
par les processus magmatiques (mélange, contamination par les roches de l’encaissant) 
et doivent être aussi considérées comme des estimations de l’âge des roches. Les 
datations Rb-Sr sur fraction minérales peuvent fournir des données fiables mais doivent 
satisfaire les critères statistiques requis pour une isochrone valide : MSWD (pour « Mean 
Square Weighted Deviation » qui mesure la dispersion des données : plus le MSWD est 
élevé plus les données sont dispersées, moins l’isochrone est statistiquement 
significative) inférieur à 2 et P (pour « Probability of Fit » : évalue la probabilité que les 
points forment une droite) supérieur à 0,05 (par ex. Merle et al., 2009).  
 
Pour les analyses 40Ar/39Ar, les spectres de dégazage d’argon doivent comprendre au 
moins 70% du total de l’argon dégazé au cours de l’analyse pour former un plateau qui 
lui-même doit satisfaire à des critères statistiques stricts (MSWD < 2 ; P > 0,05) pour 
pouvoir fournir un âge significatif (Merle et al., 2009 ; Verati et Jourdan, 2015).  
 
Pour les analyses U-Pb, les données valides doivent être concordantes (pourcentage de 
discordance inférieur à 5%, ellipses d’erreur recouvrant la courbe de concordance dans 
le diagramme exprimant la variation du rapport 206Pb/236U en fonction de la variation du 
rapport 207Pb/235U). Les âges doivent être calculés par une moyenne pondérée 
comprenant au moins cinq analyses et le résultat doit pouvoir fournir des paramètres 
statistiques traduisant sa fiabilité (MSWD < 2 ; P > 0,05). 
  
D’une manière générale, les ages ayant une incertitude supérieure à ± 5% (incertitude 
donnée à  2σ), doivent etre considérées avec précaution.  
 



HDR – Renaud Merle –Juin 2018 Page 47 

En terme de géochimie, les analyses dont les rapports initiaux ne peuvent être calculés 
(concentration en élément père, en élément fils ou les deux sont manquant, rapport père-
fils non fourni) ne peuvent être pris en compte. En effet, seuls les rapports initiaux 
traduisent la signature des sources des magmas. Même si la différence entre rapport 
mesuré et rapport initial (due à la désintégration in-situ du père) peut être faible pour des 
roches dont l’âge est inférieur à 100 Ma (les éléments considérés ont des temps de ½ vie 
de plusieurs centaines de millions voire milliards d’années), la comparaison de rapports 
mesurés et initiaux n’est pas scientifiquement correcte. L’incertitude (à  2σ) sur les 
rapports initiaux calculée par propagation d’erreur ne doit pas être supérieure à 0,5% 
pour les systèmes isotopiques Sr, Nd et Pb et de l’ordre de 5% pour les rapports de l’Os 
(par ex. Merle et al., 2014). Dans le cas contraire, les rapports initiaux sont trop imprécis 
pour être significatifs. 
 
Ces critères de sélection permettent de constituer une base de données 
géochronologique et géochimique fiable pour bâtir des modèles géodynamiques solides. 
 
 
5. Chantiers en cours et futurs développements 
 

5.1. Marges conjuguées Ibérie-Terre Neuve 
 
Sur ces marges conjuguées, deux questions majeures restent toujours sans réponse 
satisfaisantes : (1) quel est l’origine du magmatisme de TMR, des monts sous-marins 
avoisinants et du sud-ouest du Portugal et (2) quelles sont les possibles relations 
génétiques entre les manifestations magmatiques sur les plaques Ibérique et nord-
américaine. Pour répondre à ces questions, quatre chantiers sont actuellement actifs et 
de futurs développements sont en cours d’étude :  
 
Chantier A : Contraindre les caractéristiques des sources du magmatisme TMR et du SO 
Portugal.  
 
Malgré les efforts pour étudier les roches provenant des volcans de TMR, peu de données 
isotopiques ont été publiées jusqu’à présent et de fait, les sources des magmas ne sont 
pas toujours bien définies. De nouvelles données Sr-Nd-Pb acquises sur des roches de 
TMR par Merle et al. (en préparation) sont en cours d’interprétation. Ces données 
suggérent la présence d’au moins trois composants mantelliques contribuant aux 
caractéristiques géochimiques des laves de TMR (Fig. 13). Deux de ces composants ont 
une signature bien définie de type HIMU et de type asthénosphérique (« Depleted 
Mantle » ou DM). Le troisième a, par contre, une signature plus difficile à interpréter : ses 
caractéristiques isotopiques le rapprochent du pôle mantellique de type manteau enrichi 
I (« Enriched Mantle 1 » ou EMI) bien qu’il ait de de larges variations en terme de 
composition isotopique du Pb (Fig. 13).  
Le composant EMI a depuis longtemps été associé au manteau lithosphérique (Zindler 
et Hart, 1986). Dans le cas des laves de TMR, cette interprétation pose un problème 
majeur car une signature clairement distincte de EMI et interpretée comme étant le 
manteau lithosphérique de la marge ibérique a déjà été identifiée dans les laves acides 
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de TMR (Merle et al., 2006). Un axe de recherche futur serait d’acquérir des données Re-
Os sur les basaltes de TMR et du sud-ouest Portugal pour vérifier l’implication du 
manteau lithosphérique dans les caractéristiques géochimiques de ces roches.  
 
Un autre axe de recherche future serait l’analyse systématique des rapports isotopiques 
Sr-Nd-Pb-Os des basaltes les moins altérés provenant du sud-ouest du Portugal. En 
effet, ces roches représentent potentiellement les liquides parentaux des roches 
différentiées. Les caractéristiques de ces dernières ont été interprétées comme résultant 
de la contamination par le manteau lithosphérique sous-continental de magmas 
basaltiques issus d’une source sub-lithosphérique (Bernard-Griffith et al., 1997 ; Grange 
et al., 2010). La nature de cette souce sub-lithosphérique n’est pas bien contrainte car en 
partie masquée par la contamination. Les roches basaltiques auraient plus de chance 
d’avoir conservé les caractéristiques de cette source mantellique. L’utilisation du système 
isotopique Re-Os pourrait ainsi contribuer à quantifier la contribution du manteau 
lithosphérique sous-continental dans la source des roches du Portugal. 
 
Chantier B : Confirmer la période d’activité magmatique de TMR et du sud-ouest Portugal 
et mettre à l’épreuve les hypothèses de formation de TMR. 
 
L’hypothèse de formation de TMR formulée par Merle et al. (2009) reste la plus 
satisfaisante dans l’état actuel des connaissances, surtout en ce qui concerne les âges 
valides publiés. En effet, plusieurs monts de TMR n’ont toujours pas été datés de manière 
satisfaisante (Isabelle, Dragon, Lion, Fig. 6). Les derniers âges et estimations obtenus 
récemment sur les monts sous-marins de Tore Est et Isabelle (Merle et al., sous presse) 
semblent confirmer que TMR a connu une intense période d’activité magmatique vers 80 
Ma y compris dans la partie sud de la ride (Fig. 6), ce qui n’est pas en contradiction avec 
l’hypothèse de Merle et al. (2009). Ces nouvelles données permettent de tester les 
hypothèses de formation de TMR et d’envisager d’autres modèles comme par exemple, 
la flexure de la lithosphère océanique en réponse à une hypothétique subduction sous 
l’arc de Gibraltar (Merle et al., sous presse).  
 
Les futurs développements de ce chantier permettront notamment d’améliorer les 
estimations d’âge des monts Torillon, Lion, Isabelle et Dragon mais aussi des basaltes 
du sud-ouest du Portugal pour lesquels peu d’âges fiables sont disponibles.  
 
Chantier C : Mise en evidence d’une grande province magmatique Crétacé sur les 
marges Ibérie-Terre Neuve et les bassins océaniques adjacents. 
 
Ce chantier vise à confirmer par la géochronologie 40Ar/39Ar de précison et la géochimie 
isotopique l’hypothèse émise par Merle et al. (2009) suggérant que les manifestations 
magmatiques du Crétacé sur la plaque Amérique du Nord (chaîne de monts sous-marins 
de la Nouvelle-Angleterre, ride de l’anomalie J, monts sous-marins de Terre-Neuve) 
seraient liées génétiquement à la province regroupant TMR, les monts sous-marins 
Ormonde et Ampère et le sud-ouest du Portugal. Cette hypothèse se base sur une 
proximité géographique au moment de l’activité volcanique de ces manifestations. Les 
travaux récents ont eu pour but de confirmer cette hypothèse en produisant des âges 
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fiables à la fois sur les volcans de la chaîne de Nouvelle-Angleterre et de la ride de 
l’anomalie J pour laquelle il n’existait encore aucun âge. Les dernières datations 
confirment une activité autour de 80 Ma (Merle et al., en préparation). 
 
En termes de géochimie isotopique, les derniers résultats suggèrent des similarités des 
rapports isotopiques Sr-Nd-Pb entre d’une part les roches de TMR, celles du Portugal, et 
des monts sous-marins Ormonde, Ampère, Seine et d’autre part celles de la chaîne de 
Nouvelle-Angleterre. La combinaison de ces deux ensembles de données montre 
clairement que le magmatisme de la fin du Crétacé sur les deux marges conjuguées est 
dû à l’activité de la même anomalie thermique centrée sur la partie nord de l’océan 
atlantique. 
 
La faible quantité d’échantillons disponibles et leur degré avancé d’altération rendent les 
futurs développements de ce chantier difficiles à envisager dans un avenir proche. Seule 
une campagne de forage sur les volcans de la chaîne de Nouvelle-Angleterre, la ride de 
l’anomalie J et les monts sous-marins de Terre Neuve ouvrirait de nouvelles perspectives 
permettant la collecte de nouveaux échantillons. 
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Figure 13: Diagrammes isotopiques Pb-Pb et Nd-Pb des roches de TMR montrant la 
contribution d’au moins trois composants. Données d’après Merle et al., en préparation. 
Données publiées sur les roches de TMR d’après Geldmacher et al. (2005, 2006, 2008). 
Champs des roches de Ormonde-Ampere, du sud-ouest du Portugal, de Madère, des 
Canaries et des N-MORBs de la ride médio-atlantique d’après Geldmacher et Hoernle, 
(2000); Geldmacher et al. (2006); Mata et al. (1998); Bernard-Grfiffith et al. (1997) et base de 
données Georoc. 
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Chantier D : Rôle des structures lithosphériques dans la localisation et la production du 
magmatisme. 
 
Cet aspect du magmatisme a souvent été évoqué (par ex. Geldmacher et al., 2006 ; Merle 
et al., 2006 ; 2009 ; Grange et al., 2008) mais jamais vraiment étudié. L’étude des 
données bathymétriques pourrait contribuer à repondre à cette question (Sanchez et al., 
en préparation). En effet, l’analyse et l’interprétation des ces données semble indiquer 
que :  
(1) Les monts sous-marins de TMR présentent clairement des morphologies volcaniques. 
Des cônes éruptifs, des champs de coulées de lave, des fissures éruptives, des « rift 
zones » et des cicatrices d’effondrement de flancs ont été clairement identifiés sur les 
cartes bathymétriques produites récemment (Sanchez et al., en préparation).  
(2) Les édifices magmatiques et les rides volcaniques formés par les fissures éruptives 
sont systématiquement localisés soit sur, soit à proximité, des grandes structures 
lithosphériques, ce qui indique que les failles ont vraisemblablement servi de drains au 
cours de l’ascension des magmas à travers la lithosphère.  
(3) Les édifices et rides volcaniques ne montrent aucune évidence de décalage lié au 
fonctionnement des failles. Comme il est très probable que ces failles ont été actives 
depuis le Mésozoique en connexion avec les mouvements de la plaque Ibérique et la 
collision des Pyrénées, il est possible que le magmatisme ait été contemporain de 
l’activité des failles, voire qu’il ait pu contribuer à étendre et développer le système de 
failles (Sanchez et al., en préparation). 
(4) Les structures volcaniques (« rift zones », fissures et rides éruptives) montrent une 
orientation préferentielle E-W et NNE-SSW pour ce qui est l’orientation dominante des 
structures lithosphériques de la marge. Aucune orientation N-S n’est observée au nord 
de la faille Açores-Gibraltar où au moins une partie de la ride TMR repose sur la 
lithosphère continentale étirée et donc où ces structures ont plus de chance d’être 
présentes. Néanmoins, les seules orientations N-S observées dans les formations 
volcaniques se trouvent sur les monts Lion et Unicorn situés au sud de faille Açores-
Gibraltar sur une lithosphère océanique. 
 
 

5.2. Marge de l’Australie occidentale et la grande province magmatique des 
Kerguelen 

 
Ce chantier se focalise actuellement sur la datation de précision par la méthode 40Ar/39Ar 
des roches provenant de la grande province magmatique des Kerguelen. Sont en cours 
de datation des roches provenant du plateau océanique des Kerguelen et de la ride de 
90 latitude Est (« Ninetyeast ridge »).  
 
Plusieurs axes de developpement de ce chantier sont en cours d’étude. Le premier 
concerne l’analyse des rapports isotopiques de l’Os dans les basaltes de Bunbury et des 
roches les plus fraiches du plateau Naturaliste, des Kerguelen et de la « Ninetyeast 
ridge ». En effet, peu de données fiables existent, notamment pour les basaltes de 
Bunbury pour lesquelles certains rapports isotopiques 187Os/188Os sont inférieurs à 0.1 
(Ingle et al., 2004), ce qui est irréaliste pour des basaltes (Carlson, 2005). Ceci pourrait 



HDR – Renaud Merle –Juin 2018 Page 52 

résulter soit d’un problème analytique soit d’une perturbation du système Re-Os, ce qu’il 
faudrait vérifier.  
 
Un développement majeur de ce chantier serait d’étudier les échantillons prélevés (lors 
des campagnes MD80 et MD110) sur le plateau Naturaliste et la zone Diamantina car 
ces roches présentent un intérêt majeur pour l’étude des marges passives :  
(1) La collection disponible  comprend une très grande quantité de roches magmatiques 
(basaltes) et mantelliques (péridotites), représentatives du versant sud de la zone 
Diamantina et du plateau Naturaliste où les forages et opérations de dragage antérieurs 
n’ont pu récupérer que de faibles quantités de roches souvent altérées par l’eau de mer. 
(2) Ces échantillons sont a priori peu altéré ce qui est rare pour des échantillons 
océaniques et constitue une condition primordiale en préalable à toute étude 
géochimique et géochronologique fiable.  
(3) Les échantillons n’ont été que très partiellement étudié jusqu'à présent. Notamment, 
il n’y a pas d’étude isotopique sur les roches volcaniques : ni âge ni traçage de leurs 
sources mantelliques (systématiques Sr-Nd-Pb-Os).  
 
Les objectifs de ce futur chantier permettraient de :  

(1) fournir une base de données géochronologiques complète et fiable des roches 
volcaniques (basaltes) et les roches ultramafiques (péridotites) sur le plateau 
Naturaliste et la zone Diamantina pour lesquelles seulement deux données 
existent. 

(2) déterminer les caractéristiques géochimiques (systématiques isotopiques Sr-Nd-
Pb-Os) pour connaitre la nature des sources mantelliques des basaltes afin de 
tester une contribution éventuelle d’un panache mantellique.  

(3) comparer l’activité magmatique de la marge de WA avec les marges conjuguées 
Ibérie-Terre-Neuve en termes de distribution spatiale et temporelle et de 
caractéristiques chimiques des sources des roches volcaniques. 

6. Conclusions 
 
Les modèles actuels de formation des marges passives ne semblent plus être adaptés 
pour décrire la distribution spatiale et temporelle du magmatisme qui leur est associé et 
pour décrire les liens génétiques entre ce magmatisme, la fracturation lithosphérique et 
les panaches mantelliques.  
 
Les recherches menées depuis presque vingt ans sur le magmatisme intraplaque de la 
marge ibérique montrent clairement que cette marge n’est pas « non-volcanique » et ne 
peut plus être considérée comme l’archétype de ce type de marge. Le concept de marge 
non-volcanique sans l’implication d’un panache mantellique par oppositon à celui de 
marge volcanique formée par l’action d’un panache profond ne traduit qu’une réalité 
géologique tronquée par le manque de données au moment de la formulation de ces 
concepts. Les marges passives devraient être plutôt classifiées en fonction de la 
présence ou non de trois phases magmatiques : (1) CFB (magmatisme tholéiitique) au 
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début de la fracturation ; (2) magmatisme alcalin au cours de la phase principale de 
rifting ; (3) magmatisme alcalin post-rifting et en fonction de la durée de ces phases.  
 
Le problème essentiel concernant les modèles de formation des marges reste 
l’implication d’un panache mantellique à l’origine et au cours de l’évolution de la marge. 
Les modèles impliquant des panaches mantelliques restent extrémement populaires bien 
que leur implication dans la génèse des CFBs au tout début de la fracturation des 
supercontinents semble de plus en plus contestée. Plus largement, l’hypothèse de 
panaches mantelliques comme origine du magmatisme intraplaque, reste un sujet très 
débattu au sein de la communauté scientifique.  
 
Très clairement, si les modèles actuels doivent être remis en cause, voire rejetés, cela 
ne peut se faire que sur la base de nouvelles données représentatives et fiables, que je 
compte acquérir comme je viens de le proposer dans mon projet de recherche.  
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ABSTRACT
The temporal relationship between tectonic and volcanic activity on passive continental 

margins immediately before and after the initiation of mid-ocean ridge spreading is poorly 
understood because of the scarcity of volcanic samples on which to perform isotope geochro-
nology. We present the first accurate geochronological constraints from a suite of volcanic 
and volcaniclastic rocks dredged from the 70,000 km2 submerged Wallaby Plateau situated 
on the Western Australian passive margin. Plagioclase 40Ar/39Ar and zircon U-Pb sensitive 
high-resolution ion microprobe ages indicate that a portion of the plateau formed at ca. 124 
Ma. These ages are at least 6 m.y. younger than the oldest oceanic crust in adjacent abyssal 
plains (minimum = 130 Ma). Geochemical data indicate that the Wallaby Plateau volcanic 
samples are enriched tholeiitic basalt, similar to continental flood basalts, including the spa-
tially and temporally proximal Bunbury Basalt in southwestern Australia. Thus, the Wallaby 
Plateau volcanism could be regarded as a (small) flood basalt event on the order of 104–105 
km3. We suggest that magma could not erupt prior to 124 Ma because of the lack of space 
adjacent to the plateau. Eruption was made possible at 124 Ma via the opening of the Indian 
Ocean during the breakup of Greater India and Australia along the Wallaby-Zenith Fracture 
Zone. The scale of volcanism and the temporal proximity to breakup challenges the prevailing 
theory that the Western Australian margin formed as a volcanic passive margin. Given that 
the volume of volcanism is too small for typical flood basalts associated with volcanic passive 
margins, we suggest that the two end members, magma-poor and volcanic passive margins, 
should rather be treated as a continuum.

INTRODUCTION
Passive margins are the locus of complex 

tectonic and magmatic processes leading from 
continental rifting to oceanic spreading. Under-
standing these processes is critical to decipher-
ing how the continental lithosphere eventually 
breaks up and how the first oceanic lithosphere is 
generated by the mid-ocean ridge. Specifically, 
the tectonic and chronological mechanisms that 
drive the switch from rifting to spreading and 
how associated magmatism is generated are still 
not well constrained. Relatively little has been 
published on many of the known passive mar-
gins, in part due to the prohibitive cost associ-
ated with offshore sample recovery expeditions, 
including on the Western Australian passive mar-
gin that formed during the breakup of Greater 
India and Australia. The relict northeastern 
junction between Greater India and Australia is 
enigmatic. Evidence of seaward-dipping reflec-
tors and high-velocity lower crust led research-
ers to consider this margin as a volcanic passive 
margin (Coffin and Eldholm, 1994; Goncharov 
and Nelson, 2012; Symonds et al., 1998). Esti-

mations of the volume of volcanic rocks are not 
well constrained, but such volume is probably 
on the order of 104–105 km3 (Goncharov and 
Nelson, 2012), which is not as voluminous as 
“true” volcanic passive margins (Courtillot et al., 
1999; Franke, 2013). However, no high-quality 
geochronological data exist for offshore volcanic 
rocks along the Western Australian margin, and 
so the timing between breakup and magmatism 
remains poorly understood (Ludden, 1992; von 
Stackelberg et al., 1980). In this contribution, 
we present radioisotopic data on a set of volca-
nic and volcano-detrital rocks dredged from the 
Wallaby Plateau, a continental fragment that was 
once situated along the relict northeastern junc-
tion between Greater India and Australia prior 
to the breakup of eastern Gondwana. The data 
provide the first constraints on the timing of vol-
canism and new constraints on the geochemical 
composition of the Wallaby Plateau volcanic 
rocks associated with the continental breakup on 
the northeasternmost conjugate paleo–Greater 
Indian and paleo-Australian margins.

GEOLOGICAL SETTING
The Wallaby Plateau is a large bathymetric 

high with an areal extent of ~70,000 km2, ~500 
km off the northwest coast of Australia (Fig. 1) 

(Daniell et al., 2009). The current understand-
ing of the nature and evolution of the Wallaby 
Plateau is based largely on interpretations of 
seafloor-spreading magnetic anomalies (e.g., 
Gibbons et al., 2012; Mihut and Müller, 1998; 
Robb et al., 2005), seismic reflection profiles 
(e.g., Goncharov and Nelson, 2012; Rey et al., 
2008), and dredge sampling data (Colwell et al., 
1994; Daniell et al., 2009; von Stackelberg et 
al., 1980). These studies have indicated that the 
Wallaby Plateau is probably composed of con-
tinental crust thinned during lithospheric rifting, 
which is buried beneath a volcanic sequence, 
which is in turn overlain by a sedimentary cara-
pace (Daniell et al., 2009). Geochemical and pa-
leontological studies of dredged rocks indicate a 
continental origin for the Wallaby Plateau, and 
the plateau is therefore interpreted as a conti-
nental fragment (Colwell et al., 1994; Stilwell et 
al., 2012; von Stackelberg et al., 1980).

The thick volcanic sequence overlying the 
continental basement is thought to have formed 
during a magmatic event located along the adjoin-
ing northwest-southeast–trending Wallaby-Ze-
nith Fracture Zone (WZFZ) (Mihut and Müller, 
1998). Seaward-dipping reflectors interpreted on 
two-dimensional seismic reflection images indi-
cate 320,000 km3 of volcanic flows interspersed 
with sedimentary strata (Goncharov and Nelson, 
2012; Symonds et al., 1998). Volcanic rocks are 
estimated to comprise ~10%–90% of the total 

*Current address: Department of Earth, Ocean 
and Ecological Sciences, University of Liverpool, 4 
Brownlow Street, Liverpool L69 3GP, UK; E-mail: 
h.olierook@liverpool.ac.uk.
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volume, which approximates to 104–105 km3. In-
terpretations from seafloor-spreading anomalies 
imply that this volcanism could either be rift re-
lated and coeval with breakup (Robb et al., 2005) 
or be pseudo-intraplate and postdate breakup by 
~20–30 m.y. (Mihut and Müller, 1998). As there 
are no accurate ages for these volcanic rocks, it 
remains unknown whether the Wallaby Plateau 
volcanism occurred relatively quickly during 
breakup or during a prolonged and/or episodic 
period of volcanism after breakup.

RESULTS
Samples dredged from the seafloor on the 

Wallaby Plateau during the marine reconnais-
sance survey GA2746 in 2009 (Daniell et al., 
2009) provide an opportunity to improve tem-
poral constraints on magmatic activity along the 
rifted margin of northwest Australia. Zircons 
from three volcaniclastic samples were dated 
by the sensitive high-resolution ion microprobe 
(SHRIMP) U-Pb method, and plagioclase sepa-
rates from three basaltic samples were dated by 
the 40Ar/39Ar method. Four samples were ana-
lyzed for major and trace element geochemistry.

SHRIMP U-Pb Geochronology of Detrital 
Zircons from the WZFZ

Three volcaniclastic samples from two dredge 
sites (sites 53 and 61; see Fig. 1; see Table DR1 in 
the GSA Data Repository1 for full sample names) 
along the WZFZ <1 km apart were dated using 
zircon U-Pb SHRIMP. Zircons were separated 
using conventional techniques (see the Data Re-
pository for analytical techniques).

The three samples display age clusters at ca. 
124 Ma and scattered ages ranging from Paleo-
zoic to Archean (Fig. 2). Zircon grains from vol-
caniclastic samples 53-1 and 53-2 from dredge 
site 53 yielded weighted average 206Pb/238U ages 
of 123.9 ± 1.0 Ma (mean square of weighted de-
viates [MSWD] = 1.0; P = 0.42) and 123.9 ± 1.3 
Ma (MSWD = 1.8; P = 0.10), respectively (Fig. 
2). The sample from dredge site 61 produced a 
similar apparent age range, with individual spot 
206Pb/238U ages ranging from 118 to 134 Ma, but 
the MSWD and P-value of 4.9 and <0.001 indi-
cate that the data are scattered beyond statistical 
expectation for a single population and thus a re-
liable weighted mean age could not be calculated.

In the three samples, the 14 analyses yielding 
Paleozoic, Proterozoic, and Archean ages indi-
cate that the grains were derived from older con-
tinental sources, either directly available to sedi-
mentary transport at the time of deposition or via 
recycling from preexisting sedimentary units.

1 GSA Data Repository item 2015328, tabulated 
U-Pb SHRIMP, 40Ar/ 39Ar, and geochemistry results, 
zircon photomicrographs, and detailed analytical 
techniques, is available online at www.geosociety 
.org /pubs /ft2015.htm, or on request from editing@ 
geosociety .org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.

40Ar/39Ar Plagioclase Ages from the WZFZ, 
Sonne Ridge, and Sonne Seamount

Three plagioclase separates from basaltic 
samples of the Wallaby Plateau yielded statis-
tically reliable 40Ar/39Ar plateau ages (Fig. 3; 
Table DR2; see the Data Repository). The first 
sample was collected along the WZFZ (46B 
from dredge site 52; Fig. 1). Two aliquots of pla-
gioclase from this sample yielded plateau ages of 
125.12 ± 0.90 Ma (MSWD = 0.99; P = 0.45) and 
123.8 ± 1.0 Ma (MSWD = 1.80 P = 0.09) with 
at least 97% of the total 39Ar released included 

in the plateau calculation (Fig. 3). A weighted 
mean age between the two aliquots yields an 
age of 124.53 ± 0.54 Ma for this sample. The 
37Ar/39Ar ratio, a proxy for Ca/K, was abnor-
mally low (~0.1; Fig. 3), which is incompatible 
with pure plagioclase and illustrates the quasi-
complete sericitization of the crystals, a process 
commonly observed for altered basaltic samples 
(Verati and Jourdan, 2014). Therefore, this age 
is interpreted as the age of the alteration process 
(Verati and Jourdan, 2014) and thus provides a 
minimum age for the eruption of the basalt.

The second sample was collected on the 
Sonne Seamount (49B from dredge site 56; 
Fig. 1). Two aliquots of plagioclase from this 
sample yielded plateau and mini-plateau ages 
of 59.39 ± 0.64 Ma (MSWD = 1.08; P = 0.38) 
and 63.49 ± 0.79 Ma (MSWD = 1.02; P = 0.39), 
respectively, which include 94% and 69% of 
39Ar, respectively (Fig. 3). Similar to the previ-
ous sample, the 37Ar/39Ar ratio was abnormally 
low (~0.1; Fig. 3), which is interpreted to result 
from sericitic replacement of plagioclase, and 
thus these ages represent the age of the altera-
tion event(s) and provide minimum ages for the 
timing of the eruption of the host basalt.

The third sample was recovered from the 
Sonne Ridge (51A from dredge site 57; Fig. 1). 
Two aliquots of plagioclase yielded imprecise 
mini-plateau apparent ages of 120 ± 14 Ma and 
123 ± 11 Ma (Fig. 3) indicating an Early Cre-
taceous age for the Sonne Ridge samples, but 
the relatively poor resolution of the age spectra 
prevent detailed age comparison (Fig. 3).

Major and Trace Element Geochemistry 
from the WZFZ, Sonne Ridge, and Sonne 
Seamount

Two samples from the WZFZ (52 and 61), 
one sample from the Sonne Ridge (57), and one 
sample from the Sonne Seamount (56) were 
analyzed for major and trace elements (Table 
DR2; see the Data Repository). All samples 
are basaltic or slightly differentiated as shown 
by their low Mg content. Three of the samples 
show negative Nb and positive Pb anomalies, 
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Ma. Insets show weighted average ages based on 206Pb/238U for zircons younger than 140 Ma. 
MSWD—mean square of weighted deviates.

Figure 3. 40Ar/39Ar apparent age and related 
37Ar/39Ar ratio spectra of plagioclase sepa-
rates versus cumulative percentage of 39Ar re-
leased. Steps included in plateau (>70% 39Ar 
released) and mini-plateau (50%–70% 39Ar 
released) age calculation are shaded gray. 
Errors on plateau and mini-plateau ages are 
quoted at 2σ. WZFZ—Wallaby-Zenith Frac-
ture Zone; Smt.—Seamount; plat.—plateau; 
MSWD—mean square of weighted deviates.
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which are characteristic of many continental 
flood basalts. Incompatible and rare earth ele-
ment (REE) patterns are similar to those of en-
riched tholeiitic basalts such as enriched mid-
oceanic ridge basalts (Fig. 4; Dadd et al., 2015). 
They are remarkably similar to that of the ca. 
132 Ma Bunbury Basalt in southwestern Aus-
tralia (Fig. 4) (Coffin et al., 2002; Frey et al., 
1996). The sample from the Sonne Seamount 
presents a stronger light REE (LREE) enrich-
ment relative to heavy REE (HREE) compared 
to the other samples, and shows positive Nb and 
negative Pb anomalies.

DISCUSSION
The chronology of volcanism on the Wallaby 

Plateau as indicated by zircon and sericite/pla-
gioclase isotopic ages provides new constraints 
on the duration of magmatism as Greater India 
drifted away from Australia. The concordant 
U-Pb ages from volcaniclastic detrital zircon 
indicate that an episode of volcanism occurred 
along the WZFZ at ca. 124 Ma on the edge of 
the Wallaby Plateau. The sericite minimum 
40Ar/39Ar age of ≥124 Ma further west along the 
WZFZ confirms the importance of this volcanic 
phase along the WZFZ. Despite the sericitiza-
tion age being very similar to the age recorded 
by the zircon and thus indicating strong hydro-
thermal activity at the time, we note that the true 
age of the basaltic eruption could range from 
being synchronous with the alteration process 
(cf. Jourdan et al., 2009) to up to a few million 
years older (Verati and Jourdan, 2014). There-
fore, we can say with certainty that some of 
the Wallaby Plateau volcanic rocks formed at 
ca. 124 Ma, but the total duration of volcanism 
remains uncertain. The sericite 40Ar/39Ar age 
from the Sonne Seamount has indicated a much 
younger age of alteration of ≥60 Ma. As a result, 
the true age of the eruption remains elusive. The 

Sonne Seamount sample could be related to the 
rest of the Wallaby Plateau volcanism at ca. 124 
Ma and have been severely altered at ca. 60 Ma. 
However, the geochemistry of the Sonne Sea-
mount is more typical of an ocean island basalt 
(Fig. 4). Alternatively, we note that the closest 
magmatic occurrences of ca. 60 Ma are located 
in the Christmas Island Seamount Province 
(CHRISP; Hoernle et al., 2011), which was, at 
the time, only a few hundred kilometers away 
from the Sonne Seamount, suggesting a pos-
sible connection between the two. In any case, 
the difference in age and chemistry points to a 
distinct origin for the Sonne Seamount relative 
to the rest of the Wallaby Plateau.

The age of the bordering oceanic crust in 
adjacent abyssal plains is significantly older 
than that of the 124 Ma Wallaby Plateau vol-
canic rocks, taking into account the uncertain-
ties associated with the ages of the magnetic 
anomalies. Although most authors agree that the 
oldest magnetic anomalies adjacent to the Wal-
laby Plateau are M11 (Perth Abyssal Plain) and 
M10 (Cuvier Abyssal Plain), in the absence of 
isotopic ages, there is current debate about the 
absolute ages of these chrons, ranging from 136 
to 132 Ma (M11) and 134 to 130 Ma (M10) (cf. 
Heine et al., 2013). In any case, some portion 
of the volcanic rocks on the Wallaby Plateau 
erupted at least 6 m.y. after the onset of oceanic 
spreading, although the initiation of the volca-
nism on the plateau could have happened a few 
million years earlier.

Furthermore, we showed that the Wallaby 
Plateau has rocks with enriched compositions 
similar to that of continental tholeiitic basalt 
(Fig. 4). Such geochemical signatures clearly 
point to the involvement of continental material 
during the melt generation for the Wallaby Pla-
teau volcanic rocks, either by contamination of 
the basaltic melts ascending through the conti-
nental lithosphere or by derivation from a fertile 
subcontinental lithospheric mantle. Temporally 
and spatially, the closest known basalt with sim-
ilar geochemical signatures is the ca. 132 Ma 
Bunbury Basalt in southwestern Australia (Fig. 
4) (Coffin et al., 2002), although it only has a 
volume of ~102 km3 (Olierook et al., 2015). The 
Bunbury Basalt and volcanism on the Wallaby 
Plateau have a similar composition despite an 

8 m.y. gap, suggesting that both eruptive pro-
cesses share some affinities. Nevertheless, the 
volumetric approximations for the Wallaby Pla-
teau volcanism are two to three orders of mag-
nitude greater than for the Bunbury Basalt flood 
basalt (Goncharov and Nelson, 2012). Plate 
reconstruction models indicate that the position 
of the dredge samples along the WZFZ coincide 
with the opening of the Indian Ocean along this 
major lithospheric discontinuity (Gibbons et 
al., 2012; Hall et al., 2013) (Fig. 5). This would 
imply that while the Bunbury Basalt volcanism 
was restricted to southwest Australia at ca. 132 
Ma, the Wallaby Plateau could have initiated 
only when space opened sufficiently at ca. 124 
Ma that could allow basaltic lavas to flow freely 
along the WZFZ and over the Wallaby Plateau. 
The sericite age of 124 Ma could be explained 
by intense hydrothermal activity associated with 
the magmatism along the WZFZ.

Incubation of a mantle plume head under-
neath the lithosphere could provide an origin for 
the Wallaby Plateau volcanism that is consistent 
with the volcanic rock geochemistry (e.g., Xu et 
al., 2014). Upwelling plume material is stored 
at the base of the thick continental lithosphere 
below its solidus before continental breakup. 
This plume can only rise after breakup, cross-
ing its solidus and melting by decompression. 
This provides an alternative mechanism to gen-
erate plume-type magmatism after continental 
breakup and is probably the direct consequence 
of mantle melting caused by plate breakup.

Despite 104–105 km3 of basalt on the Wallaby 
Plateau, these contiguous margins are still like 
neither magma-poor (e.g., Iberia-Newfoundland, 
<103 km3) nor volcanic passive margins (e.g., 
East Greenland, 106–107 km3) (Courtillot et al., 
1999; Eldholm and Grue, 1994). We suggest that 
magma-poor and volcanic passive margins are 
only “end members” of a continuous spectrum 
for continental breakup. The age, geochemis-
try, and volume of the Wallaby Plateau volcanic 
rocks indicate that intermediate levels of volca-
nism exist within what we suggest should be a 
continuum between the two end members.

CONCLUSIONS
New zircon U-Pb and 40Ar/39Ar ages of vol-

caniclastic and volcanic rocks at 124 Ma along 

1

10

100
Average
OIB 

R
oc

k/
Pr

im
iti

ve
 M

an
tle

Average
N-MORB

Bunbury Basalt
(CFB) 

LuYTiSmNdSrPbLaNbTh YbDyEuZrPrBa

Sonne Smt. (56; differ’d)
Sonne Ridge (57; differ’d)

WZFZ (52; basalt)
WZFZ (61; basalt)

Average
E-MORB

NP

PAP

WP
ZP

CAP
AUS-

TRALIA

GREATER
INDIA

A130 Ma

NP

PAP

ZP
CAP

B120 Ma

≥124 Ma
124 Ma

WP
Wallaby–Zenith FZ

AUS-
TRALIA

500 km500 km

Figure 4. Primitive mantle–normalized in-
compatible element patterns. Primitive 
mantle normalization, average ocean island 
basalt (OIB), enriched mid-oceanic ridge ba-
salt (E-MORB), and normal MORB (N-MORB) 
values from Sun and McDonough (1989). 
Bunbury Basalt data are from Frey et al. 
(1996). Smt.—Seamount; WZFZ—Wallaby-
Zenith fracture zone; differ’d—differenti-
ated; CFB—continental flood basalt.

Figure 5. Plate reconstruc-
tions during breakup of 
Greater India from Aus-
tral-Antarctic portion of 
Gondwana, modified from 
Gibbons et al. (2012) and 
Hall et al. (2013). CAP—
Cuvier Abyssal Plain; 
PAP—Perth Abyssal 
Plain; ZP—Zenith Plateau; 
WP—Wallaby Plateau; 
NP—Naturaliste Plateau; 
FZ—fracture zone.



974 www.gsapubs.org | Volume 43 | Number 11 | GEOLOGY

the WZFZ indicate a significant magmatic event 
shortly after the onset of seafloor spreading. 
Geochemical and volume constraints indicate 
that the Wallaby Plateau volcanic rocks are part 
of a small continental flood basalt province with 
a volume of 104–105 km3. Known plate recon-
struction constraints imply that this volcanism 
occurred when space was generated as the 
northeastern Indian Ocean opened adjacent to 
the Wallaby Plateau, potentially by means of an 
incubating plume. These intermediary volumes 
of continental flood basalts related to continen-
tal breakup challenge the prevailing theory that 
passive margins are either magma poor or volca-
nic. We suggest that a continuum between these 
end members is far more suitable.

ACKNOWLEDGMENTS
We would like to thank the shipboard crew from 
Geoscience Australia marine reconnaissance sur-
vey GA2476 aboard the RV Sonne that dredged the 
rocks used in this study, and the German Ministry of 
Education and Research for funding the RV Sonne. 
This is contribution 633 of the ARC Centre of Excel-
lence for Core to Crust Fluid Systems (www.ccfs.
mq.edu.au) and 1014 of the GEMOC Key Centre 
(www.gemoc.mq.edu.au). The analytical data were 
obtained using instrumentation funded by DEST 
Systemic Infrastructure Grants, ARC LIEF, NCRIS, 
industry partners, Macquarie University, and Curtin 
University. We also thank S. Planke, J. O’Conner, 
and three anonymous reviewers for significantly 
improving the manuscript.

REFERENCES CITED
Coffin, M.F., and Eldholm, O., 1994, Large igneous 

provinces: Crustal structure, dimensions, and 
external consequences: Reviews of Geophysics, 
v. 32, p. 1–36, doi:10.1029/93RG02508.

Coffin, M.F., Pringle, M.S., Duncan, R.A., Gladc-
zenko, T.P., Storey, M., Müller, R.D., and Ga-
hagan, L.A., 2002, Kerguelen hotspot magma 
output since 130 Ma: Journal of Petrology, v. 43, 
p. 1121–1137, doi:10.1093 /petrology /43.7.1121.

Colwell, J.B., Symonds, P.A., and Crawford, A.J., 
1994, The nature of the Wallaby (Cuvier) Pla-
teau and other igneous provinces of the west 
Australian margin: AGSO Journal of Australian 
Geology & Geophysics, v. 15, p. 137–156.

Courtillot, V.E., Jaupart, C., Manighetti, I., Tapponnier, 
P., and Besse, J., 1999, On causal links between 
flood basalts and continental breakup: Earth and 
Planetary Science Letters, v. 166, p. 177–195, 
doi:10.1016/S0012 -821X (98) 00282-9.

Dadd, K.A., Kellerson, L., Borissova, I., and Nelson, 
G., 2015, Multiple sources for volcanic rocks 
dredged from the Western Australian rifted 
margin: Marine Geology, v. 368, p. 42–52, doi: 
10.1016 /j .margeo .2015 .07 .001.

Daniell, J., et al., 2009, Frontier basins of the west 
Australian continental margin: Post-survey re-
port of marine reconnaissance and geological 
sampling survey GA2476: Geoscience Australia 
Record 2009/38, 229 p.

Eldholm, O., and Grue, K., 1994, North Atlantic 
volcanic margins: Dimensions and production 
rates: Journal of Geophysical Research, v. 99, 
p. 2955–2968, doi:10.1029/93JB02879.

Franke, D., 2013, Rifting, lithosphere breakup and 
volcanism: Comparison of magma-poor and vol-
canic rifted margins: Marine and Petroleum Ge-
ology, v. 43, p. 63–87, doi:10.1016/j .marpetgeo 
.2012 .11.003.

Frey, F.A., McNaughton, N.J., Nelson, D.R., deLa-
eter, J.R., and Duncan, R.A., 1996, Petrogenesis 
of the Bunbury Basalt, Western Australia: Inter-
action between the Kerguelen plume and Gond-
wana lithosphere?: Earth and Planetary Science 
Letters, v. 144, p. 163–183, doi:10.1016/0012 
-821X (96) 00150-1.

Gibbons, A.D., Barckhausen, U., van den Bogaard, 
P., Hoernle, K., Werner, R., Whittaker, J.M., 
and Müller, R.D., 2012, Constraining the Juras-
sic extent of Greater India: Tectonic evolution 
of the West Australian margin: Geochemistry 
Geophysics Geosystems, v. 13, Q05W13, doi: 
10.1029 /2011GC003919.

Goncharov, A., and Nelson, G., 2012, From two way 
time to depth and pressure for interpretation of 
seismic velocities offshore: Methodology and 
examples from the Wallaby Plateau on the West 
Australian margin: Tectonophysics, v. 572–573, 
p. 26–37, doi:10.1016/j.tecto.2012.06.037.

Hall, L.S., Gibbons, A.D., Bernardel, G., Whittaker, 
J.M., Nicholson, C., Rollet, N., and Müller, R.D., 
2013, Structural architecture of Australia’s south-
west continental margin and implications for 
Early Cretaceous basin evolution, in Proceed-
ings, West Australian Basin Symposium 2013, 
Perth, Australia, 18–21 August: 22 p., http://
www.earthbyte.org/Resources/Pdf/Hall _etal 
_WABS2013.pdf.

Heine, C., Zoethout, J., and Müller, D.R., 2013, Ki-
nematics of the South Atlantic rift: Solid Earth 
Discussions, v. 5, p. 41–116, doi:10.5194 /sed -5 
-41-2013.

Hoernle, K., Hauff, F., Werner, R., van den Bogaard, 
P., Gibbons, A.D., Conrad, S., and Müller, R.D., 
2011, Origin of Indian Ocean Seamount Province 
by shallow recycling of continental lithosphere: 
Nature Geoscience, v. 4, p. 883–887, doi: 10.1038 
/ngeo1331.

Jourdan, F., Marzoli, A., Bertrand, H., Cirilli, S., 
Tanner, L.H., Kontak, D.J., McHone, G., Renne, 
P.R., and Bellieni, G., 2009, 40Ar/ 39Ar ages of 
CAMP in North America: Implications for the 
Triassic-Jurassic boundary and the 40K decay 
constant bias: Lithos, v. 110, p. 167–180, doi: 
10.1016 /j .lithos .2008.12.011.

Ludden, J.N., 1992, Radiometric age determina-
tions for basement from sites 765 and 766, 
Argo Abyssal Plain and northwestern Australian 
margin, in Gradstein, F.M., and Ludden, J.N., 
eds., Proceedings of Ocean Drilling Program, 
Scientific Results, Volume 123: College Station, 
Texas, Ocean Drilling Program, p. 557–559, 
doi: 10.2973 /odp .proc .sr .123 .162.1992.

Mihut, D., and Müller, R.D., 1998, Volcanic mar-
gin formation and Mesozoic rift propagators in 
the Cuvier Abyssal Plain off Western Austra-
lia: Journal of Geophysical Research, v. 103, 
p. 27,135–27,149, doi:10.1029/97JB02672.

Olierook, H.K.H., Timms, N.E., Merle, R.E., Jour-
dan, F., and Wilkes, P.G., 2015, Paleo-drainage 
and fault development in the southern Perth 
Basin, Western Australia during and after the 
breakup of Gondwana from 3D modelling of the 
Bunbury Basalt: Australian Journal of Earth Sci-
ences, v. 62, p. 289–305, doi:10.1080/08120099 
.2015 .1030774.

Rey, S.S., Planke, S., Symonds, P.A., and Faleide, 
J.I., 2008, Seismic volcanostratigraphy of the 
Gascoyne margin, Western Australia: Journal of 
Volcanology and Geothermal Research, v. 172, 
p. 112–131, doi:10.1016/j .jvolgeores .2006 .11.013.

Robb, M.S., Taylor, B., and Goodliffe, A.M., 2005, 
Re-examination of the magnetic lineations of the 
Gascoyne and Cuvier Abyssal Plains, off NW 
Australia: Geophysical Journal International, 
v. 163, p. 42–55, doi:10.1111/j.1365 -246X .2005 
.02727.x.

Stilwell, J.D., Quilty, P.G., and Mantle, D.J., 2012, 
Paleontology of Early Cretaceous deep-water 
samples dredged from the Wallaby Plateau: New 
perspectives of Gondwana break-up along the 
Western Australian margin: Australian Journal 
of Earth Sciences, v. 59, p. 29–49, doi:10.1080 
/08120099 .2011.615864.

Sun, S.-s., and McDonough, W.F., 1989, Chemical 
and isotopic systematics of oceanic basalts: Im-
plications for mantle composition and processes, 
in Saunders, A.D., and Norry, M.J., eds., Mag-
matism in the Ocean Basins: Geological Society 
of London Special Publication 42, p. 313–345, 
doi:10.1144/GSL.SP.1989.042.01.19.

Symonds, P.A., Planke, S., Frey, Ø., and Skogseid, J., 
1998, Volcanic evolution of the western Australian 
continental margin and its implications for basin 
development, in Purcell, P.G., and Purcell, R.R., 
eds., The Sedimentary Basins of Western Austra-
lia 2: Proceedings of Petroleum Exploration So-
ciety of Australia Symposium: Perth, Petroleum 
Exploration Society of Australia, p. 33−54.

Verati, C., and Jourdan, F., 2014, Modelling effect 
of sericitization of plagioclase on the 40K/40Ar 
and 40K/39Ar chronometers: Implication for dat-
ing basaltic rocks and mineral deposits, in Jour-
dan, F., et. al., eds., Advances in 40Ar/ 39Ar Dat-
ing: From Archaeology to Planetary Sciences: 
Geological Society of London Special Publica-
tion 378, p. 155–174, doi:10.1144/SP378.14.

von Stackelberg, U., Exon, N.F., von Rad, U., Quilty, P., 
Shafuk, S., Beiersdorf, H., Seibertz, E., and Veev-
ers, J.J., 1980, Geology of the Exmouth and Wal-
laby Plateaus off northwest Australia: Sampling of 
seismic consequences: AGSO Journal of Austra-
lian Geology & Geophysics, v. 5, p. 113–140.

Xu, Y.-G., Wei, X., Luo, Z.-Y., Liu, H.-Q., and Cao, 
J., 2014, The Early Permian Tarim Large Igne-
ous Province: Main characteristics and a plume 
incubation model: Lithos, v. 204, p. 20–35, doi: 
10.1016 /j .lithos .2014 .02.015.

Manuscript received 5 June 2015 
Revised manuscript received 25 August 2015 
Manuscript accepted 26 August 2015

Printed in USA



Sr, Nd, Pb and Os Isotope Systematics of
CAMP Tholeiites from Eastern North America
(ENA): Evidence of a Subduction-enriched
Mantle Source

RENAUD MERLE1*, ANDREA MARZOLI1, LAURIE REISBERG2,
HERVE¤ BERTRAND3, ALEXANDER NEMCHIN4,
MASSIMO CHIARADIA5, SARA CALLEGARO1, FREDJOURDAN4,
GIULIANO BELLIENI1, DAN KONTAK6, JOHN PUFFER7 AND
J. GREGORY McHONE8

1DIPARTIMENTO DI GEOSCIENZE, UNIVERSITA' DI PADOVA, IGG-CNR PADOVA, VIA GRADENIGO 6, 35100 PADOVA,

ITALY
2CENTRE DE RECHERCHES PETROGRAPHIQUES ET GEOCHIMIQUES (CRPG/CNRS), BP 20, 54501 VANDOEUVRE-LES-

NANCY CEDEX, FRANCE
3LABORATOIRE DE GEOLOGIE DE LYON, UMR-CNRS 5276, UNIVERSITE DE LYON 1 AND ENS LYON, 46 ALLEE D’ITALIE,

69364 LYON CEDEX 07, FRANCE
4DEPARTMENT OF APPLIED GEOLOGY, CURTIN UNIVERSITY, GPO BOX U1987, PERTH, WA 6845, AUSTRALIA
5SECTION DES SCIENCES DE LA TERRE, UNIVERSITE¤ DE GENE' VE, 13 RUE DES MARAI“CHERS, 12011 GENE' VE,

SWITZERLAND
6DEPARTMENT OF EARTH SCIENCES, LAURENTIAN UNIVERSITY, 935 RAMSEY LAKE ROAD, SUDBURY, ON, CANADA
7DEPARTMENT OF EARTH AND ENVIRONMENTAL SCIENCES, RUTGERS UNIVERSITY, SMITH HALL, NEWARK, NJ

07102, USA
89 DEXTERS LANE, GRAND MANAN, NB E5G 3A6, CANADA

RECEIVEDJUNE 4, 2012; ACCEPTED SEPTEMBER 30, 2013
ADVANCE ACCESS PUBLICATION NOVEMBER 21, 2013

The Central Atlantic Magmatic Province (CAMP) is one of the

largest igneous provinces on Earth, with an areal extent exceeding

107 km2. Here we document the geochemical characteristics of

CAMP basalts fromTriassic^Jurassic basins in northeastern USA

and Nova Scotia (Canada).The CAMP rocks occur as lava flows,

sills and dykes. All of our analysed samples show chemical character-

istics typical of CAMP basalts with low titanium content, which

include enrichment in the most incompatible elements and negative

Nb anomalies. All the basalts also show enriched Sr^Nd^Pb initial

(t¼ 201Ma) isotopic compositions (206Pb/ 204Pbini.¼18·155^
18·691, 207Pb/204Pbini.¼15·616^15·668, 208Pb/204Pbini.¼
38·160^38·616, 143Nd/144Ndini.¼ 0·512169^0·512499). On the

basis of stratigraphy, rare earth element (REE) chemistry and Sr^

Nd^Pb isotope composition, three chemical groups are defined.The

Hook Mountain group, with the lowest La/Yb ratios, initial
206Pb/204Pbini. 418·5 and 143Nd/144Ndini.40·51238, comprises

all the lastest and upper stratigraphic units. The Preakness group,

with intermediate La/Yb ratios, 206Pb/204Pbini.418·5 and

*Corresponding author. Present address: Department of Applied
Geology, Curtin University, GPO Box U1987, Perth, WA 6845,
Australia. E-mail: r.merle@curtin.edu.au

� The Author 2013. Published by Oxford University Press. All
rights reserved. For Permissions, please e-mail: journals.permissions@
oup.com

JOURNALOFPETROLOGY VOLUME 55 NUMBER1 PAGES133^180 2014 doi:10.1093/petrology/egt063

 at Curtin U
niversity Library on D

ecem
ber 13, 2013

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 



0·512334143Nd/144Ndini.40·51225, comprises the intermediate

units. The Orange Mountain group has the highest La/Yb ratios

and 143Nd/144Ndini.50·51235 and involves all the earliest and

stratigraphically lowest units, including the entire North Mountain

basalts from Nova Scotia. In this last group, three sub-groups may

be distinguished: the Rapidan sill, which has 206Pb/204Pbini.
higher than 18·5, the Shelburne sub-group, which has
143Nd/144Ndini.50·51225, and the remaining Orange Mt samples.

With the exception of one sample, the Eastern North America

(ENA) CAMP basalts display initial 187Os/188Os ratios in the

range of mantle-derived magmas (50·15). Simple modelling shows
that the composition of the ENA CAMP basalts cannot plausibly

be explained solely by crustal contamination of oceanic island basalt

(OIB), mid-ocean ridge basalt (MORB) or oceanic plateau basalt

(OPB) magmas. Mixing of such magma compositions with sub-

continental lithospheric mantle (SCLM)-derived melts followed by

crustal contamination, by either assimilation^fractional crystalliza-

tion (AFC) or assimilation through turbulent ascent (ATA) pro-

cesses is somewhat more successful. However, this latter scenario

does not reproduce the REE and isotopic composition of the ENA

CAMP in a fully satisfactory manner. Alternatively, we propose a

model in which asthenospheric mantle overlying a subducted slab

(i.e. mantle wedge) was enriched during Cambrian to Devonian

subduction by sedimentary material, isotopically equivalent to

Proterozoic^Lower Paleozoic crustal rocks. Subsequently, after sub-

duction ceased, the isotopic composition of this mantle evolved by

radioactive decay for another 170Myr until the CAMP magmatic

event. Varying amounts and compositions of the incorporated sedi-

mentary component coupled with radiogenic ingrowth over time can

account for the main geochemical characteristics of the ENA

CAMP (enriched incompatible element patterns, negative Nb

anomalies, enriched Sr^Nd^Pb isotopic composition) and the

differences between the three chemical groups.

KEY WORDS: flood basalt; subcontinental lithospheric mantle; Re^Os

isotopes

I NTRODUCTION
The Central Atlantic Magmatic Province (CAMP,
Marzoli et al., 1999) is one of the largest continental flood
basalt (CFB) provinces on Earth. The CAMP extends for
more than 7500 km from north to south, exceeds 107km2

and is distributed over four continents on both sides of the
central Atlantic Ocean (Fig. 1; Marzoli et al., 1999;
McHone, 2003). The CAMP is dominated by low-titanium
(low-Ti, with TiO2 contents lower than 2%), and rare
high-titanium (high-Ti), basaltic dykes, sills and remnants
of more extensive lava flows that are now preserved in
Triassic^Jurassic basins (Olsen et al., 2003). This magmatic
event mainly occurred at the Triassic^Jurassic boundary
at �201Ma, as constrained mostly by 40Ar/39Ar ages
[recalibrated using the decay constants proposed by
Renne et al. (2010); see Marzoli et al. (2011)]. However,

magmatism may also have occurred in distinct pulses
spaced over a few million years, with the latest volcanic
activity lasting until �190Ma (Sebai et al., 1991; Deckart
et al., 1997; Marzoli et al., 1999, 2004, 2011; Knight et al.,
2004; Nomade et al., 2007; Verati et al., 2007; Jourdan et al.,
2009). The CAMP event is linked to the break-up of
Pangaea, which resulted in incipient opening of the
Central Atlantic Ocean in the Florida^Guyana^Guinea
area, pre-dating by c. 10Myr the opening of the ocean
between the Morocco^Mauritania and Nova Scotia^
northern USA conjugate margins (Sahabi et al., 2004).
The genesis of CAMP magmatism remains controver-

sial (e.g. Bertrand et al., 1982; Alibert, 1985; Dupuy et al.,
1988; Pegram, 1990; Bertrand, 1991; Sebai et al., 1991;
Deckart et al., 1997; Marzoli et al., 1999; Hames et al., 2000;
McHone, 2000; Cebria et al., 2003; De Min et al., 2003;
Jourdan et al., 2003; Verati et al., 2005; Nomade et al., 2007)
as is true for many other CFB provinces. It has been pro-
posed that CAMP magmatism may have been induced
either by a plume head under the continental lithosphere
(May, 1971; Morgan, 1983; White & McKenzie, 1989; Hill,
1991; Wilson, 1997; Courtillot et al., 1999; Ernst & Buchan,
2002; Cebria et al., 2003) or by heat incubation under
thick continental lithosphere, possibly coupled with edge-
driven convection generated by the thickness contrast of
different lithospheric domains (McHone, 2000; De Min
et al., 2003; Puffer, 2003; McHone et al., 2005; Verati et al.,
2005; Coltice et al., 2007).
Understanding the genetic relationship of the CAMP

magmatism with continental rifting and possibly with
mantle plume impingement requires identification of its
source(s), notably through the use of isotopic tracers. A
recent Sr^Nd^Pb^Os isotopic study of Brazilian CAMP
basalts from the western part of the Maranha‹ o basin
failed to identify a clear plume source component, but in-
stead suggested that the low-Ti basaltic melts were derived
mainly from a shallow mantle source with the geochemical
characteristics of subduction-metasomatized sub-continen-
tal lithospheric mantle (SCLM; Merle et al., 2011). This
study raises the question of whether the specific geological
setting of the Maranha‹ o basin, in which small volumes of
magma erupted over 700 km from the Atlantic margin
and 2000 km from the first Pangaea break-up site, pro-
moted the local melting of the most fusible portions of the
SCLM or whether a shallow SCLM-like source can be
identified on a large (supercontinent) scale.
To further evaluate the mechanism of basalt magma

generation and its source, in particular where the volume
is substantial, we selected CAMP basalts occurring in the
Triassic^Jurassic Eastern North American (ENA) basins.
They are situated along 1000 km of the Atlantic margin.
This sampling represents a transect across a large area of
the CAMP providing a large range of chemical types.
The study area includes Connecticut, Massachusetts, New

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 1 JANUARY 2014

134

 at Curtin U
niversity Library on D

ecem
ber 13, 2013

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 



Fig. 1. (a) General map of the circum-Atlantic region at the time of CAMP emplacement and Pangea break-up [�200Ma; modified after
Deckart et al. (2005)]. Schematic maps of the Culpeper (b), Newark (c), and Hartford^Deerfield (e) basins of the eastern USA. Inset (d)
shows the Jacksonwald syncline where Orange Mountain basalt (NEW133) was sampled. (f) Schematic map of the Fundy basin of Nova Scotia
showing extent of the North Mountain Basalt and dykes (e.g. Shelburne).
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Jersey andVirginia in the eastern USA and Nova Scotia in
easternCanada. Intheseareas, thebasalts occurasthree suc-
cessive lava flow units with associated sills and feeder dykes,
separated by thick layers of sedimentary rocks of latest
Triassic to earliest Jurassic age (e.g. Webster et al., 2006;
Kontak,2008; Cirilli et al., 2009;Marzoli et al., 2011).The few
Sr^Nd^Pb isotopic studies on the ENACAMP basalts have
suggested derivation from an SCLM-type source (Pegram,
1990; Puffer,1992; Heatherington &Mueller,1999; Murphy
et al., 2011). However, these studies were provincial in extent
and, therefore, did not provide an assessment of the possibil-
ity of chemical variation along the entire ENA. Moreover,
these studies did not investigate the time-related isotopic
variationsbetween the various flow units andtheir potential
sources [SCLM-like source, asthenosphere, ocean island
basalt (OIB)-typemantle].
This study presents a comprehensive Sr^Nd^Pb^Os iso-

topic investigation of the entire ENA CAMP sub-province,
which includes the first Pb isotopic data for the Nova
Scotian CAMP basalts and the first Os isotopic data for
any basalts in the North American CAMP.

Geological setting and previous results
The ENA CAMP basaltic rocks sampled occur onshore in
Triassic^Jurassic rifted basins from Nova Scotia (Canada)
to Virginia (USA). They include, from south to north, the
Culpeper, Newark and Hartford basins in the USA, and
the Fundy basin in Nova Scotia (Figs 1 and 2). These
basins formed during the early stages of extensional activ-
ity preceding the breakup of Pangaea during the late
Triassic^earlyJurassic and are filled with fluvial^lacustrine
sedimentary rocks of Late Triassic to Early Jurassic age
(e.g. Olsen et al., 2003).

The local continental crust

TheTriassic^Jurassic rifting event affected a very complex
continental crust that was assembled during the Grenvil-
lian (�1300^1000Ma) and Appalachian^Ouachita oroge-
nies (�500^270Ma). This crust was formed by the
successive accretion of parallel slivers during the Late Pre-
cambrian to the Palaeozoic (e.g. Thomas, 2004, for an
overview). The most landward terranes, of Grenvillian
age, formed the Laurentia margin during the Appalach-
ian^Ouachita orogeny. This orogeny involved successive,
diachronous Taconic (�485^420Ma), Acadian (�420^
320Ma) and Alleghanian (�320^270Ma) phases culmi-
nating in closure of the Iapetus and Rheic Oceans and
Pangaea assembly (e.g. Drake et al., 1989; Hatcher et al.,
1989; Osberg et al., 1989; Van Staal et al., 1998; Hibbard
et al., 2002). These phases are related to the accretion of
peri-Laurentian and peri-Gondwanan ribbon-shaped
micro-continental masses (including magmatic arcs) to
the Laurentian margin, which are now found from Cape
Breton Island and Newfoundland to Alabama (e.g.
Murphy & Nance, 2002; Hibbard et al., 2007; Van Staal

et al., 2009). All of these terranes are formed of highly
diverse Mesoproterozoic to Late Palaeozoic lithologies,
which include reworked Grenvillian meta-igneous and
metasedimentary rocks. They are intruded by several gen-
erations of mafic and calc-alkaline felsic magmatic suites
formed during Palaeozoic extensional and subduction-
related magmatic phases (e.g. Ayuso & Bevier, 1991; Barr
& Hegner, 1992; Whalen et al., 1994; Samson et al., 1995;
Murphy & Keppie, 1998; Pe-Piper & Piper, 1998; Pe-Piper
& Jansa, 1999; Moench & Aleinikoff, 2002; Tomascak
et al., 2005). In Nova Scotia, and the northeastern USA,
the CAMP basalts occur within the peri-Gondwanan
Meguma, Avalonia, Gander and Carolina terranes and
several segments of the Laurentian margin or peri-Lauren-
tian terranes (Piedmont and Blue Ridge terranes; e.g. Hib-
bard et al., 2007). The Meguma, Avalonia and Carolina
terranes were the last to be accreted to the Laurentia
margin in Canada and the northern USA during the
Appalachian orogenesis (e.g. Pollock et al., 2012). Gander,
Avalonia and Carolina were once located together along
the northern margin of Gondwana and share a Neoproter-
ozoic magmatic arc-related basement (e.g. Nance &
Murphy, 1996; Murphy et al., 2004; Hibbard et al., 2007;
Schultz et al., 2008; Pollock & Hibbard, 2010).

Previous geological, geochronological and chemical data for
the CAMP in eastern North America

The CAMP basalts occur as lava flow sequences up to
450m thick, and also as dykes and sills. In the Triassic^
Jurassic basins, the lava piles consist of a maximum of
three main units, each unit comprising multiple flows. In
the USA basins, the ENA basalt units are interlayered
with latest Triassic and possibly earliest Jurassic sediment-
ary rocks. In the Culpeper basin (Virginia, USA; Fig. 2),
the CAMP lava flows comprise three main units, which,
from bottom to top, are the Mt Zion Church, the Hickory
Grove and the Sander basalts. In the Newark basin (New
Jersey and Pennsylvania, USA; Fig. 2), the CAMP lava
flow units are the Orange Mountain, Preakness and Hook
Mountain basalts (e.g. Puffer & Student, 1992). In the
Hartford basin and its northernmost extension (Connecti-
cut and Massachusetts, USA), the units, which are up to
400m thick, include, from bottom to top, the Talcott,
Holyoke (named Deerfield basalt in the Deerfield basin)
and Hampden units. These units are fed by the Higganum
or Fairhaven, Buttress and Bridgeport dykes, respectively
(Philpotts & Martello,1986; Philpotts et al.,1996; Philpotts,
1998). In the Fundy basin, located on the western side of
Nova Scotia and �500 km north of the Hartford basin,
the CAMP basaltic flows occur as the North Mountain
Basalt (NMB) and comprise three units (from bottom to
top: East Ferry, Margaretsville and Brier Island members;
Kontak, 2008), which we will refer to, respectively, as the
lower, intermediate and upper NMB. These units have an
aggregate thickness of up to 500m.
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Shallow intrusive mafic rocks also occur in the ENA
basins as thick sills and dykes, such as the Rapidan and
Belmont sills in the Culpeper basin (Woodruff et al., 1995),
the Palisades sill in the Newark basin, the French King
sill in the Hartford basin, and the Shelburne dyke in Nova
Scotia. The Palisades and Rapidan sills reach a thickness
of up to 350m.
Reliable, high-quality 40Ar/39Ar plateau ages (selection

criteria discussed by Nomade et al., 2007) for the Culpeper
and Newark sills and flows give a weighted mean age of
201·8�0·7Ma (2s; Marzoli et al., 2011), which is similar
within error to the age of the basalts from the nearby
Hartford basin in the USA and the NMB (201·6�1·1Ma)
in Nova Scotia (Jourdan et al., 2009; recalculated by
Marzoli et al., 2011). By combining the ages of the USA
and Nova Scotia basins, the peak activity of the CAMP
event in ENA occurred at 201·5�0·9Ma. This age is

similar to those obtained by thermal ionization mass spec-
trometry (TIMS) U^Pb dating for the NMB and for the
Triassic^Jurassic boundary (201·4� 0·4Ma and 201·3�
0·4Ma, respectively; Schoene et al., 2010). It should be
noted that the Hook Mt basalt (uppermost flows) yielded
a slightly younger, but statistically indistinguishable age
of 200·3�0·9Ma (Marzoli et al., 2011).
The ENACAMP basalts are quartz- and olivine-norma-

tive, low-Ti tholeiites (TiO252wt %) (Weigand &
Ragland, 1970; McHone, 2000; Heatherington & Mueller,
2003). To differentiate the high-Mg, olivine normative
tholeiites with very low Ti contents found in the southes-
tern USA, some researchers divide the low-Ti group into
low-Ti basalts (TiO251wt %) and intermediate-Ti basalts
(TiO2�1wt %; McHone, 2000; Salters et al., 2003)
The ENA CAMP basalts contain calcic plagioclase,
augitic and pigeonitic clinopyroxene and occasional
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orthopyroxene (mainly in the intrusive rocks). Olivine
microphenocrysts are rare, but can be locally abundant in
cumulus layers of the thick Rapidan and Palisades sills
(Hush, 1990; Philpotts et al., 1996). The major element and
compatible trace element trends for the lava flows and
sills can be related to fractional crystallization, mineral ac-
cumulation, and post-emplacement differentiation pro-
cesses such as compaction and gas-filter pressing
(Woodruff et al., 1995; Philpotts et al., 1996; Kontak, 2008).
These latter processes are thought to generate differen-
tiated pegmatitic or granophyric layers, which are com-
monly observed in the thick ENA flows and sills (Puffer
& Horter, 1993; Philpotts, 1998; Kontak, 2008). The most
significant geochemical trends occurring from base to top
within each sill are a decrease of MgO and Cr (e.g.
Walker, 1969; Shirley, 1987; Gorring & Naslund, 1995;
Woodruff et al., 1995; Puffer et al., 2009). Re-injection of
variably differentiated magmas has been also suggested to
explain the observed geochemical trends (Hush, 1990;
Marzoli et al., 2011). Nevertheless, overall geochemical
similarities exist between the lower part of the Palisades
sill and the Orange Mountain basalt, and between the
upper half of the sill and the Preakness basalt (Puffer
et al., 2009). As is also true for CAMP basalts from other
locations, there are no picrites or other primitive rocks in
the ENA in contrast to what is observed in other continen-
tal or oceanic large igneous provinces (LIPs).
Based on detailed field observations, biostratigraphic

data, and major- (TiO2) and trace-element chemistry
(e.g. La/Yb ratios), and despite the large variety of petro-
genetic processes that may have influenced the generation
of the ENA CAMP basalts (polybaric fractional crystal-
lization, post-magmatic differentiation, melting rate
variation, upper crust assimilation and alteration), correl-
ations can be established between the various units within
the US basins (Fig. 2; Weigand & Ragland, 1970; Tollo &
Gottfried, 1992; Fowell & Olsen, 1993; Olsen et al., 2003;
Puffer et al., 2009; Marzoli et al., 2011). The Mt Zion
Church unit is equivalent to the Orange Mountain and
Talcott basalts (lower units), and the Hickory Grove and
Sander units of the Culpeper basin (separated locally by
more than 100m of sediments of the Turkey Run forma-
tion) are equivalent to the Preakness and Holyoke basalts
(e.g. Tollo & Gottfried, 1992; Marzoli et al., 2011). The
Hook Mountain basalt from the Newark basin is equiva-
lent to the Hampden basalt from the Hartford basin
(upper units), whereas a geochemically and stratigraphic-
ally equivalent basaltic flow does not occur in the
Culpeper basin. The NMB from Nova Scotia show the
same biostratigraphic markers and paleomagnetic inter-
vals as the Orange Mt basalt group flows (Kent & Olsen,
2000; Cirilli et al., 2009), yet until now no clear geochem-
ical correlation has been established between the flows in
the USA and Nova Scotia basins.

Compared with normal mid-ocean ridge basalts
(N-MORB, basalts from mid-ocean ridges derived from
the depleted asthenosphere), the ENA CAMP basalts
show moderate enrichment in large ion lithophile elements
(LILE; e.g. Rb, Cs, Ba), systematic negative Nb anomalies,
and slightly sloped to flat heavy rare earth element
(HREE) patterns (Dostal & Dupuy, 1984; Pegram, 1990;
Dostal & Greenough, 1992; Heatherington & Mueller,
1999; Murphy et al., 2011).
The few existing Sr^Nd^Pb isotope data available for the

CAMP tholeiites from Connecticut to Florida (87Sr/86Sr¼
0·70583^0·71083, 143Nd/144Nd¼ 0·51207^0·51247, 206Pb/204

Pb¼18·26^18·63, 207Pb/204Pb¼15·57^15·65, 208Pb/204Pb¼
38·16^38·31: initial ratios recalculated at 201Ma), have been
interpreted as arguing against significant involvement of
MORB or OIB mantle components, but may indicate deriv-
ation from (or substantial contamination by) the SCLM
and/or variable contamination by the upper crust (Pegram,
1990; Puffer, 1992, 2001; Heatherington & Mueller, 1999).
Based on Pb^Pb mantle isochrons and Nd model ages, it
has been proposed that this SCLM might be derived from
a �1Ga, sediment-contaminated, sub-arc mantle related to
the Carolina and Suwannee (Avalonian) terranes that was
later incorporated into the Laurentian lithosphere
(Pegram,1990; Heatherington & Mueller, 1999).
In Nova Scotia, only a few initial Sr and Nd isotopic

ratios (87Sr/86Sr¼ 0·70443^0·71285, 143Nd/144Nd¼ 0·51203^
0·51256) are available for the CAMP tholeiites (Greenough
et al, 1989; Dostal & Durning, 1998; Murphy et al., 2011).
As for the USA CAMP basalts, the Nd model ages argue
for derivation from an SCLM source underneath the Ava-
lonia^Meguma terranes that was enriched by Neoprotero-
zoic subduction (Murphy & Dostal, 2007; Murphy et al.,
2011). The CAMP magmas derived from this source were
eventually contaminated by the Meguma terrane crust
(Murphy et al., 2011). Prior to the formation of the CAMP,
the Avalonia and Meguma terranes experienced successive
rift-related, tholeiitic magmatic episodes of Neoproterozoic
to Devonian age. It has been suggested that all of these
magmatic episodes, including CAMP, were derived from
the same Avalonia^Meguma SCLM (Murphy & Dostal,
2007; Murphy et al., 2011).Whereas this might be expected
to lead to progressive SCLM depletion, the initial eNd
values of these basalts indicate progressive enrichment of
their source (see Murphy et al., 2011). We note, however,
that contamination by the continental crust might invali-
date the Nd model ages (e.g. Arndt & Goldstein, 1987)
and thus weaken this argument favouring an SCLM
origin for the ENA CAMP basalts.

SAMPLE SELECT ION
After discarding the rocks that show obvious evidence of
alteration in thin section (large amounts of sericite and
chlorite replacing plagioclase and pyroxene, and clay
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minerals replacing the microcrystalline matrix), 132 sam-
ples of flows, sills, and dykes were selected for major and
compatible trace element analysis by X-ray fluorescence
(XRF). This set includes, from south to north, 22 samples
from the Culpeper basin, 30 samples from the Newark
basin, 29 samples from the Hartford^Deerfield basin, and
51 samples from the Fundy basin (Nova Scotia). The Nova
Scotia samples include four Shelburne dyke samples and
25 drill-hole samples (hole GAV-77-3; Kent & Olsen, 2000)
from the North Mountain Basalt.
A subset of samples with low loss on ignition

(LOI53·5wt %) and negligible optical alteration was se-
lected for REE and incompatible trace element analysis
by inductively coupled plasma mass spectrometry (ICP-
MS; 55 samples) and Sr^Nd^Pb isotopic analysis (43 sam-
ples). A subset of 20 of the least differentiated samples was
also selected for Re^Os analysis.
The detailed analytical procedures, major and trace

element analyses, and the geographic coordinates of the
samples are given in Supplementary Data Tables A1 and
A2 (supplementary data are available for downloading at
http://www.petrology.oxfordjournals.org). The Sr^Nd^Pb
isotope data are reported in Table 1 and the Re^Os data
inTable 2. All the isotopic ratios discussed in the following
sections are back-calculated to 201Ma (Jourdan et al.,
2009; Marzoli et al., 2011) using the incompatible element
contents measured by ICP-MS for the Sr^Nd^Pb isotopic
ratios and the Re and Os contents measured by isotopic
dilution for the Os isotope ratios.

RESULTS
Major and trace elements
All the samples analysed for major and compatible and
incompatible trace elements are fairly fresh or slightly
altered and have LOI values lower than 3·5wt %.
Samples with LOI higher than 3·5% are not considered
further.
The primary mineralogy of the ENA rocks consists of

augite, plagioclase, and Fe^Ti oxides, and, in some sam-
ples, olivine and/or pigeonite. Orthopyroxene is common
in the Rapidan and Palisades Sills.
Bulk-rock compositions, recast to anhydrous values,

range from basalt to basaltic andesite (Fig. 3a) and all sam-
ples can be classified as low-Ti with TiO252wt %
(Fig. 3b). The four samples with TiO2 close to or higher
than 2wt % are evolved pyroxene-rich rocks with MgO
contents lower than 4wt % (NS19, NS23, NS24 and
CUL67A). Most samples are moderately evolved with
MgO contents between 5 and 8wt %. Sixteen samples
are less evolved with more than 8wt % MgO, but have
Ni and Co contents lower than 234 ppm and 57 ppm,
respectively, thus indicating early olivine fractionation
(Fig. 3c and d). Four samples from the Palisades Sills have
MgO between 15 and 19wt %, together with high Ni, Cr

and Co contents, owing to olivine and pyroxene accumula-
tion, as confirmed from thin-section observations.
As discussed above, field observations and geochemical

considerations allow units from the various basins to be
correlated. Three groups of effusive and intrusive samples
can be defined based on both stratigraphic position
(Fig. 2) and incompatible element composition, as best illu-
strated by the La/Yb vs TiO2 plot (Fig. 4). The strati-
graphically uppermost group has the highest TiO2

(�1·3^1·5wt%) and the lowest La/Yb (�2), and encom-
passes the Hampden and Hook Mt flow units, their
feeder dyke (Bridgeport dyke), and the French King sill.
This group is referred to hereafter as the Hook Mt group.
The group withTiO2�0·7^1·1wt % and La/Yb� 2·5^3·5
encompasses the Holyoke, Preakness, Sander and Hickory
Grove flow units and their feeder dyke (Buttress dyke)
and is referred to as the Preakness group in the following
sections. The stratigraphically lowest group, with the lar-
gest TiO2 variation (0·5^1·3wt %) and the highest La/Yb
(�4^6), includes the Talcott, Orange Mountain and
Mt Zion Church flow units and their feeder dyke
(Higganum^Fairhaven dyke) and all Nova Scotian sam-
ples, both the NMB and Shelburne dyke. In addition, the
lower part of the Palisades sill and the Culpeper basin
sills (including the Rapidan sill) belong to this group.
This group is referred to as the Orange Mt group.
In primitive mantle-normalized multi-element diagrams

all the samples display moderate enrichment of the most
incompatible elements with respect to the least incompat-
ible ones, as well as prominent positive Pb and negative
Nb anomalies (Fig. 5). The samples are all enriched in
LILE and light REE (LREE) with La/SmN¼1·38^2·71.
It should be noted that the most enriched samples, which
have La/SmN42·5, are evolved rocks (NS19 and NS23).
The parallel chondrite-normalized REE patterns (Fig. 6)
observed within a given flow unit are probably related to
fractional crystallization (e.g. the Sander unit in the
Culpeper basin).
The REE patterns of the Hook Mt group are similar to

those of the Preakness group, but distinct from those of
the Orange Mt group. Whereas the Hook Mt group
shows the least LREE enrichment (La/SmN¼1·38^1·46)
and flat HREE patterns (Dy/YbN¼1·05^1·10), the
Preakness group shows slightly more enriched LREE
patterns (La/SmN¼1·66^1·88), but similar flat HREE
patterns (Dy/YbN¼1·04^1·11). The Orange Mt group
shows the most LREE-enriched patterns (La/SmN¼1·76^
2·45; excluding the differentiated samples) and sloped
HREE patterns (Dy/YbN¼1·15^1·36). It should be noted
that among these samples, the NMB upper and intermedi-
ate flow units and the Shelburne dyke (hereafter
the Shelburne sub-group) show slightly lower Dy/YbN
(1·15^1·30), but slightly higher La/SmN (1·90^2·45) values
than the remaining samples of the Orange Mt group
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(Dy/YbN¼1·20^1·36; La/SmN¼1·76^2·21; hereafter the
lower NMB sub-group).

Sr^Nd^Pb isotopes
All data plot within the field of previously analysed CAMP
low-Ti basalts in the Sr^Nd and Pb^Pb isotope diagrams
(Figs 7^10).
In the 208Pb/204Pb and 207Pb/204Pb vs 206Pb/204Pb dia-

grams (Fig. 7), the data plot well above the Northern
Hemisphere Reference Line (NHRL) with relatively high
207Pb/204Pb and 208Pb/204Pb at low to moderate
206Pb/204Pb. The ENA samples can be distinguished on
the basis of whether their 206Pb/204Pb values are higher or
lower than 18·5. With the exception of the Rapidan sill,
all the samples of the Orange Mt group have Pb isotopic
compositions typical of low-Ti CAMP basalts
(206Pb/204Pb¼18·155^18·440; 207Pb/204Pb¼15·616^15·667;

208Pb/204Pb¼ 38·160^38·540) and form a rough trend par-
allel to the NHRL. This range of Pb isotope compositions
corresponds approximately to the average Pb isotopic
composition of low-Ti basalts from other CFBs (see Carl-
son, 1991). In contrast, with the exception of CUL25
(Sander basalt) and CUL13 (Hickory basalt), all samples
of the upper units (Hook Mt and Preakness groups), have
206Pb/204Pb418·5 and seem to be shifted towards the
NHRL (Fig. 7). Unlike the first group, these samples have
both �7/4 less than 15 and �8/4 less than 50 (Fig. 8),
where � values represent the relative vertical deviation in
207Pb/204Pb or 208Pb/204Pb from the NHRL.
In a Sr^Nd isotope diagram (Fig. 9), the ENA samples

can be subdivided into three clusters, according to their
Nd isotope composition. Samples of the Hook Mt group
have the highest Nd initial ratios (143Nd/144Nd¼
0·512388^0·512499), but similar Sr initial ratios to those

Table 2: Re^Os isotope data for the ENA CAMP basalts

Unit Sample Group MgO [Os]

(ppt)

[Re]

(ppt)

188Os

(mol g–1)

(187Os/188Os)meas. �2s 187Re/188Os (187Os/188Os)ini. �2s Error

(%)

Fundy

NMB Lower flow NS6 Orange Mt 6·64 23 495 1·50E–14 0·51197 0·00270 111 0·1387 0·0065 4·7

NMB Upper flow NS21 Orange Mt 8·90 69 326 4·74E–14 0·22522 0·00101 23·2 0·1474 0·0015 1·0

GAV Middle flow GAV81 Orange Mt 6·49 22 457 1·50E–14 0·49063 0·00423 103 0·1451 0·0068 4·7

GAV Lower flow GAV181 Orange Mt 6·18 16 462 1·08E–14 0·58827 0·01076 144 0·1058 0·0141 13·4

Shelburne dyke NS27 Orange Mt 8·46 440 458 3·06E–13 0·14695 0·00067 5·0 0·1300 0·0007 0·6

Shelburne dyke NS28 Orange Mt 6·80 85 641 5·87E–14 0·25660 0·00120 36·9 0·1329 0·0021 1·6

Newark

Palisades sill NEW3 Orange Mt 6·86 82 393 5·66E–14 0·21440 0·00128 23·3 0·1362 0·0020 1·5

Palisades sill NEW136C Orange Mt 16·82 1670 236 1·16E–12 0·13139 0·00057 0·7 0·1291 0·0006 0·4

Palisades sill NEW17 Orange Mt 12·91 744 386 5·18E–13 0·13698 0·00063 2·5 0·1286 0·0007 0·5

Orange Mt NEW69 Orange Mt 7·91 50 566 3·41E–14 0·32170 0·00156 55·8 0·1346 0·0037 2·8

Orange Mt NEW133 Orange Mt 8·20 56 599 3·82E–14 0·31357 0·00157 52·7 0·1368 0·0032 2·4

Preakness NEW68 Preakness 7·33 7·7 568 4·47E–15 1·62717 0·02042 427 0·1935 0·0319 16·5

Hook Mt NEW73 Hook Mt 5·60 5·9 1008 2·61E–15 4·52975 0·11504 1300 0·1701 0·1335 78·5

Hook Mt NEW74 Hook Mt 5·66 18 1098 1·06E–14 1·31229 0·00915 348 0·1459 0·0218 15·0

Culpeper

Mt Zion Church CUL6 Orange Mt 7·65 56 522 3·82E–14 0·28173 0·00148 45·9 0·1276 0·0029 2·3

Hickory Grove CUL13 Preakness 7·78 14 496 9·28E–15 0·79020 0·00613 180 0·1874 0·0123 6·6

Sander CUL25 Preakness 5·62 3·5 620 1·49E–15 4·94438 0·21833 1397 0·2600 0·2332 89·7

Rapidan sill CUL8 Orange Mt 11·75 369 245 2·57E–13 0·14344 0·00094 3·2 0·1327 0·0010 0·7

Os isotopic ratios were normalized to 192Os/188Os¼ 3·08271. Uncertainties for the measured 187Os/188Os ratios include
in-run 2SE, long-term 2s reproducibility of the liquid standard (�0·2%) and uncertainties on blanks (isotopic compos-
ition and quantity). All data are blank corrected, using blank values given in the Supplementary Data. Uncertainties on
initial ratios include in-run errors and uncertainties on blank corrections and on 187Re/188Os ratios and ages used for
radiogenic corrections (all 2s). Initial ratios were calculated using a decay constant l¼ 1·666� 10E–11 (Smoliar et al.,
1996).
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observed in the other samples (87Sr/88Sr� 0·7054^0·7073).
The second isotopic cluster, which has lower Nd initial
ratios (143Nd/144Nd¼ 0·512260^0·512347), includes all the
units of the Preakness group and the units of the Orange
Mt group in the USA. It also contains samples of the
lower unit of the NMB and the intermediate unit of the
GAV drill hole in the Fundy basin. In contrast, the
Shelburne sub-group, including the upper and intermedi-
ate units of the NMB flows and the Shelburne dyke, com-
pose the third isotopic cluster, which has the lowest
143Nd/144Nd (0·512169^0·512211) and relatively high
87Sr/86Sr (0·7067^0·7082). Within each group, the trend to

high 87Sr/86Sr (40·708) at nearly constant 143Nd/144Nd
(HB29, NS7 and NEW133) suggests that the 87Sr/86Sr com-
position of a few samples might have been affected by
post-emplacement alteration.
In a 143Nd/144Nd vs 206Pb/204Pb diagram (Fig. 10), the

same groups can be distinguished as in the Sr^Nd isotope
diagram. Overall, the four groups define a positive correl-
ation between Nd and Pb isotopic ratios, from the
Shelburne sub-group with the lowest Pb and Nd isotopic
ratios, which plots at the extremity of the field of the
Meguma terrane basement rocks, towards the Hook Mt
group with the highest Pb and Nd isotopic ratios. The
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et al. (2005) and Merle et al. (2011). The data have been recalculated to 100% on a volatile-free basis; cumulative rocks have been excluded.
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cluster with intermediate 143Nd/144Nd values (Preakness
group and part of the Orange Mt group) shows decreasing
206Pb/204Pb at constant or very slightly increasing
143Nd/144Nd trending through the field of the Meguma ter-
rane rocks. However, samples from the Preakness group
do not plot in the latter field; except for the two samples
from the Sander^Hickory Grove units (CUL13 and
CUL25) with 206Pb/204Pb lower than 18·5. The Hook Mt
group also shows a very approximate trend with decreas-
ing Pb and increasing Nd isotopic ratios.

Os isotopes and Re and Os concentrations
Os concentrations range from 4 to 1670 ppt, whereas Re
concentrations vary from 236 to 1098 ppt. An approximate
positive correlation is observed between Os and MgO,
whereas an approximate negative relationship exists be-
tween Re concentration and MgO (Fig. 11), consistent

with the compatible and incompatible behaviours of Os
and Re, respectively, during fractional crystallization^
accumulation processes. Measured 187Os/188Os ratios
range from 0·1314 to 4·9444 and the initial ratios from
0·1058 to 0·2600. Five samples (GAV181, NEW68, NEW73,
NEW74 and CUL25) have very low Os concentrations
(3·5^17·6 ppt) and 187Re/188Os higher than 140, which
leads to uncertainties higher than 10% on the calculated
initial ratios owing to the error propagation related to the
blank and age corrections. As a consequence, these data
are not considered precise enough and are not considered
further (Fig. 12). A sixth sample (CUL13, Hickory Grove)
also has a low Os concentration (14·4 ppt) coupled with a
more reliable elevated initial 187Os/188Os ratio
(0·1874� 0·0123). Such characteristics are observed in bas-
alts that have experienced differentiation accompanied by
contamination with material from the continental crust
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(Fig. 13). Indeed, this sample plots in the field expected
for basalts contaminated by the upper continental crust
(Fig. 13).
The remaining 12 samples have initial 187Os/188Os lower

than 0·150, which are characteristic of mantle-derived
magmas, coupled with Os concentrations ranging from
22·5 to 1670 ppt; these samples all belong to the Orange
Mountain group. The isotopic compositions of three sam-
ples (CUL6, NEW136C and NEW17) overlap with the
Primitive Upper Mantle (PUM) value at 201Ma
(0·1281� 0·0008, based on the present-day value of PUM
of 0·1296; Meisel et al., 2001; Fig. 13). Samples with Os

concentrations higher than 300 ppt have initial
187Os/188Os in the restricted range of 0·1286^0·1327 (Fig.
13) and all are intrusive (sills or dykes: NS27, CUL8,
NEW17 and NEW136C) with MgO contents higher than
8wt % reflecting olivine and pyroxene accumulation.
There are no obvious correlations between the ini-

tial isotopic ratios of Os and those of Pb and Nd
(Fig. 14). However, in the 187Os/188Os vs 143Nd/144Nd plot
(Fig. 14), the ENA samples plot close to the field of
the low-Ti CAMP basalts from Maranha‹ o basin (Merle
et al., 2011) and do not show any trend toward the
modern OIB.
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DISCUSS ION
The possible mantle sources of the CAMP
The CAMP basalts are clearly mantle-derived magmas as
shown by their unradiogenic Os isotopic compositions,
which are characteristic of mantle melts. Nevertheless,
they have negative Nb and positive Pb anomalies in

normalized trace element patterns and Sr^Nd^Pb isotopic
ratios approaching those typically found in crustal rocks.
Regardless of the geodynamic process that generated
their parental magmas, several hypotheses could ex-
plain this enigma, including the following: (i) direct deriv-
ation from a mantle plume with the trace element and
isotopic characteristics described above (Wilson, 1997);
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are from Sun & McDonough (1989).
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(ii) contamination of magmas derived from a mantle
plume by continental crust (Arndt et al., 1993); (iii)
mixing between OIB or asthenospheric melts and ultra-
alkaline mafic melts, such as lamproite, kimberlite, and
kamafugite-type liquids assumed to be derived from meta-
somatized SCLM (Arndt & Christensen, 1992; Gibson
et al., 2006; Heinonen et al., 2010), possibly followed by crus-
tal contamination; (iv) derivation from oceanic plateau
basalt (OPB)-type melts (e.g. Kerr & Mahoney, 2007); (v)
ternary mixing between OIB, MORB and SCLM-related
melts, possibly followed by crustal contamination; (vi)
direct melting of a shallow source enriched in incompatible
elements such as metasomatized SCLM or the mantle
wedge above subduction zones (Puffer, 2001; De Min et al.,
2003; Deckart et al. 2005; Dorais & Tubrett, 2008).We will
examine each of these models in turn to see which one is

most compatible with the geological and geochemical con-
straints placed by the CAMP volcanism, and in particular,
the ENA sub-province.

Plume-related origin without crustal contamination
(hypothesis i)

It has commonly been proposed that CFB are derived from
mantle plumes as the latter can provide large amounts of
heat capable of producing large volumes of melt. Plumes
may include a significant proportion of recycled crust
and/or sediment (e.g. Zindler & Hart, 1986) and it is pos-
sible that these may contribute to the enriched Sr^Nd^Pb
isotopic characteristics observed in the CAMP basalts.
However, as previously noted by Merle et al. (2011) in their
study of the Brazilian CAMP, plume-related (OIB) lavas
with the required isotopic characteristics are lacking in
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the Atlantic region. Generally, there are no OIB displaying
187Os/188Os values in the range of the ENA CAMP basalts
with 143Nd/144Nd as low as found in the CAMP basalts
(Fig. 14). The Savai’i lavas from Samoa, representing an
extreme end-member EM-II mantle component, are the

only OIB free of any shallow contamination by the contin-
ental crust but with the required negative Nb anomalies
(Jackson et al., 2007). Whereas these OIB lavas have
187Os/188Os ratios of 0·1270^0·1353 (Workman et al., 2004)
similar to the CAMP basalts, they show significantly
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higher 143Nd/144Nd, 206Pb/204Pb and 208Pb/204Pb than the
CAMP basalts. Moreover, these extreme EM-II OIB are
rare and it is difficult to imagine that a plume of this com-
position could have affected the entire Central Atlantic
region at 200Ma with no trace of it remaining today.

Plume-related origin with involvement of crustal
contamination (hypothesis ii)

The CAMP basalts could be derived from a mantle plume
with a composition close to those of central Atlantic OIB
(i.e. Cape Verde, Fernando de Noronha, Ascension,
Canaries), with their enriched continental crust-like char-
acter acquired through contamination by the continental
crust. Considering that Atlantic OIB have higher

206Pb/204Pb and 143Nd/144Nd and lower 207Pb/204Pb than
the CAMP basalts (e.g. Zindler & Hart, 1986; Halliday
et al., 1992), a large amount of crustal contamination
would be required to produce the observed isotopic com-
positions. In this case, a simple assimilation^fractional
crystallization (AFC) process would be expected to pro-
duce trends of decreasing differentiation indices (such as
MgO content) with decreasing 143Nd/144Nd among sam-
ples of each group of ENA CAMP basalts or even a part
of the dataset. However, there is no such correlation for
the dataset but instead a decrease of 143Nd/144Nd at con-
stant MgO content is observed between and within the
groups (Fig. 15). This observation argues against extensive
crustal contamination by AFC processes. Another
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argument against AFC is that this process would result in
high incompatible element contents (Aitcheson & Forrest,
1994), which are never observed for the CAMP basalts.
Perhaps the most compelling argument is that extensive
crustal contamination by AFC is not compatible with the
mantle-like Os isotopic ratios of the ENA CAMP samples.
Magmas significantly contaminated by the crust should
have initial 187Os/188Os ratios higher than 0·15 at Os con-
centrations lower than 50 ppt (e.g. Widom, 1997). Indeed,
Os is a compatible trace element, so basalts are generated
with relatively low Os concentrations that decrease rapidly

during fractional crystallization. As continental crust has
much more radiogenic Os isotopic compositions than the
mantle (187Os/188Os �1^1·5 for the crust; �0·1100^0·1500
for the mantle), Os isotopic ratios would be rapidly modi-
fied during AFC processes as basaltic Os concentration
decreases.There are no trends in the Os^Pb or Os^Nd dia-
grams from any OIB components toward crustal compos-
itions through the CAMP basalts that may be interpreted
as reflecting crustal contamination (Fig. 14).
Nevertheless, more complex models of differentiation

coupled with contamination might be considered. For
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instance, models of crystallizing magma chambers period-
ically refilled with primitive magma such as picritic liquids
cannot be fully excluded [for discussion, see Molzahn
et al. (1996)]. However, such models were designed for
CFBs in which picritic magma types are common. This
model could not be applied to the CAMP as no related pic-
rites or primitive basalts have been identified so far.
Moreover, picritic melts are not consistent with the rela-
tively low mantle potential temperatures calculated for
the CAMP (515008C; Herzberg & Gazel, 2009).
Alternatively, large amounts of assimilation of continen-

tal crust by hot and primitive mafic magmas flowing

turbulently through conduits with very limited crystalliza-
tion [assimilation through turbulent ascent (ATA);
Huppert & Sparks, 1985] suggest that the more primitive
samples should show greater evidence of crustal contamin-
ation (e.g. Kerr et al., 1995a). It should be noted that ATA
is mathematically equivalent to simple bimodal mixing
between primitive melts and the continental crust (Kerr
et al., 1995a). In this case, different isotopic compositions
should be expected between the more primitive (more
contaminated) and the more evolved samples (less con-
taminated). However, this is never observed for the ENA
CAMP basalts (Fig. 15).
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For all of the reasons stated above, the chemical charac-
teristics of the CAMP basalts and in particular the en-
riched signature seem unlikely to be related to substantial
crustal contamination of OIB- or MORB-type parental
magmas.

Mixing between OIB or asthenospheric melts and
ultra-alkaline mafic melts (hypothesis iii)

An alternative mechanism for generating enriched Sr^Nd^
Pb isotopic compositions in tholeiitic basalts would be to
mix asthenospheric or OIB-type melts with ultra-alkaline
melts derived from metasomatized SCLM (Arndt &
Christensen, 1992; Gibson et al., 2006; Heinonen et al.,
2010), followed by contamination by the continental crust.
This hypothesis is essentially based on the occurrence of
SCLM-derived ultra-alkaline mafic rocks (lamproites,
kimberlites or carbonatites) that are associated with

tholeiitic magmatism in some flood basalt provinces such
as the Parana^Etendeka province (Gibson et al., 2006).
However, no such compositions are known to be related
(spatially or temporally) with the CAMP event.
Nevertheless, this process has been modelled to see
whether it might provide a feasible explanation for the iso-
topic compositions of the ENA CAMP basalts. A two-step
process is assumed: (1) simple mixing between OIB- or
MORB-type melts and SCLM-related melts; (2) subse-
quent contamination involving components of the local
continental crust. For the contamination process, both
AFC (DePaolo, 1981) and ATA (Huppert & Sparks, 1985)
have been modeled.
Because ultra-alkaline SCLM-derived rocks are not

associated with the CAMP, we used the composition of
such rocks associated with the Mesozoic Parana¤ LIP. Our
choice is driven by the geodynamic similarity of the
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CAMP and Parana¤ , both LIPs being associated with the
opening of the Atlantic Ocean. Because there is no modern
equivalent of the hypothetical CAMP mantle plume, the
composition of the OIB end-member is poorly constrained.
Considering the large range of OIB compositions world-
wide and the fact that the results are strongly dependent

on this parameter, the best proxy needs to be constrained
by the geology of the CAMP. As a consequence, we
assumed an average OIB composition close to that
of Atlantic OIB (i.e. Cape Verde, Fernando de
Noronha, Ascension, Canaries). For the assimilation
model, we considered several components of the local
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Georoc database. The OIB data have been filtered for lithosphere contamination: samples with [Os]530 ppt and 187Os/188Os40·16 have been
discarded. It should be noted that sample CUL13 (Hickory Grove), which shows characteristics of contamination by the continental crust, is
not plotted. The fields for Brazilian CAMP basalts are from Merle et al. (2011).
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crust. The chemical characteristics of the ENACAMP bas-
alts were best reproduced using the composition of
Avalonian Neoproterozoic felsic crust (Pe-Piper & Piper,
1998).

According to the numerical modelling, mixing involving
either OIB or MORB-like parental melts followed by crus-
tal contamination partially reproduces the compositions
of the three chemical ENA CAMP groups (Figs 16^19;
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Fig. 15. Variation of initial 143Nd/144Nd and 206Pb/204Pb vs MgO for the ENACAMP basalts.The AFC trend indicates the general evolution of
the chemistry of the basalts when contaminated by average upper continental crust with a low MgO content and low 143Nd/144Nd.
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Fig. 16. Models combining mixing of OIB or MORB compositions with SCLM-derived melts followed by crustal contamination. (a)
143Nd/144Nd vs 206Pb/204Pb assuming an AFC contamination process. (b) 143Nd/144Nd vs 206Pb/204Pb assuming an ATA contamination process.
The lozenges on the mixing and AFC or ATA lines represent 10% increments. Composition of Avalonian Neoproterozoic felsic rocks is from
Pe-Piper & Piper (1998). All model parameters are given in Supplementary DataTables A4 and A5.
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143Nd/144Nd vs 187Os/188Os assuming an AFC contamination process. (b) 143Nd/144Nd vs 187Os/188Os assuming an ATA contamination process.
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from Pe-Piper & Piper (1998). All model parameters are given in Supplementary DataTables A4 and A5.
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Fig. 18. Models combining mixing of OIB or MORB compositions with SCLM-derived melts followed by crustal contamination. (a) La/SmCN
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parameters and results are given in Supplementary Data
Tables A4 and A5). In the case of mixing of OIB with
SCLM-related melts, the isotopic composition of the ENA
CAMP basalts can be modelled by mixing with 24%
(Hook Mt group) and 44% (Shelburne sub-group) of
SCLM-related melts followed by very large amounts of
assimilation of continental crust, regardless of the process
of assimilation (AFC: 13^35%; ATA: 12^32%; Figs 16^18).
However, this model presents some problems. First, the
Nd^Pb^Os isotopic compositions of the ENA CAMP

basalts can be matched only for very high Os and very
low Nd contents (2000 ppt and 100 ppm, respectively) in
the primary SCLM-related melt (Fig. 16). Second, and,
more significantly, the main problem of this modelling
concerns the incompatible elements and in particular the
REE ratios of the resulting melts.Whereas the large major-
ity of OIB and Parana' SCLM-related melts have La/
SmN42 (Sun & McDonough, 1989; Gibson et al., 1999),
most of the ENA CAMP basalts have La/Sm52 (Fig. 18).
An AFC or ATA process following the mixing would
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Fig. 19. Variation of Os concentration in ppt vs initial 187Os/188Os (at 201Ma) showing models of mixing between OIB or MORB melts and
SCLM-derived melts followed byATA involving different compositions of continental crust. (See further explanation in the text.)
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result in more enriched REE contents that would never
match the compositions of the ENACAMP basalts regard-
less of the composition of the continental crust (Fig. 18).
Moreover, the trends observed in the Nd^Pb and Os^Nd
isotopic diagrams require up to 35% of contamination by
the local continental crust (Figs 16^18). Such high degrees
of assimilation should have been observed in the MgO vs
143Nd/144Nd and MgO vs 206Pb/204Pb diagrams as trends
for an AFC process or as significant differences between
more primitive and more evolved samples for an ATA pro-
cess (Fig. 15). In addition, assimilation of more than 20%
of continental crust is thermodynamically unrealistic
(Spera & Bohrson, 2001). Consequently, the hypothesis of
a magma originating from mixing between OIB and
SCLM-related melts and further contaminated by the con-
tinental crust is unlikely.
When MORB and SCLM-related melts mix, the Nd^

Pb^Os isotopic compositions of the ENA CAMP basalts
could be matched by between 15% (Shelburne sub-group)
and 7% (Hook Mt group) of SCLM-related melts and by
assimilation of 5^20% of the local continental crust
through an AFC process and by 5^18% through an ATA
process (Figs 16^18). As for mixing between OIB- and
SCLM-related melts, the compositions of the ENA CAMP
basalts can be obtained only for very low Nd contents
(100 ppm) in the SCLM-related melt. As for the OIB^
SCLM model, the main flaw concerns the REE ratios, as
the ENA CAMP basalt compositions can be matched only
by involving depleted compositions of N-MORB and ex-
treme compositions (lowest La/Sm and Dy/Yb observed
for the ultra-alkaline melts) of the SCLM-related melts.
In the case of an AFC process, the trends observed in the

Nd^Pb and Nd^Os isotopic variations of the ENA
CAMP basalts can be matched only if a very low Pb con-
tent (5 ppm) is assumed for the local continental crust.
The main problem with this scenario concerns the discrep-
ancy between the amount of assimilation required to
match the isotopic (c. 20%) and the REE (c. 30%) com-
positions of the ENA tholeiites (Fig. 17). This issue is not
resolved when ATA is considered instead of AFC and the
same composition of continental crust is assumed. Indeed,
the Nd^Pb isotopic compositions require smaller amounts
of assimilation (less than 20%) than suggested by the Os
isotopic compositions (up to 30%) or the REE contents
(up to 50%).
This discrepancy could be eliminated by considering a

continental crust component with a slightly atypical com-
position ([La]¼ 39 ppm, [Sm]¼ 3·1ppm, [Dy]¼ 3·6 ppm,
[Yb]¼ 2 ppm), which would match the CAMP compos-
itions for approximately 20% crustal contamination (both
AFC and ATA considered). In the case of the AFC process,
the composition of the lower NMB sub-group is modelled
by assuming a crust with a very low Os concentration
([Os]¼ 2·6 ppt). Such low Os contents are rare in the

continental crust, and similar concentrations have been
found only in lower crustal plagioclase-rich cumulates
(Saal et al., 1998). However, the latter rocks have higher ini-
tial Os and Nd isotopic ratios and lower initial Pb isotopic
ratios than the composition of the crust required to model
the ENA CAMP basalts (Saal et al., 1998, and references
included). Moreover, this kind of plagioclase cumulate has
not been documented in the NE USA. In the case of an
ATA process, crust with an Os concentration up to 52 ppt
is required. Nevertheless, this process cannot produce the
Os concentrations of the ENA CAMP basalts (Fig. 19).
In conclusion, mixing between OIB and SCLM-related

melts seems rather unrealistic and can be ruled out. The
MORB^SCLM-related model seems more plausible but
also has some limitations.

Derivation from OPB-type melts (hypothesis iv)

Because most OIB compositions are extreme end-members
that result from small degrees of partial melting of the
mantle, they might not be representative of the compos-
ition produced by the large-scale melting proposed for gen-
eration of LIPs. Moreover, for continental LIP magmas,
even the least evolved, crustal contamination cannot be en-
tirely ruled out. High-MgO OPB compositions might,
therefore, be a better proxy for the primary melts derived
from a deep mantle source (Kerr et al., 1995b). In addition,
many continental flood basalts show evidence for depleted
(MORB-like) components in their sources that are not
related to a shallow contamination by the asthenosphere
(entrainment of the asthenosphere by a rising plume) but
are genuinely deep mantle components (Kerr et al., 1995b).
As a consequence, the uncontaminated magmas share
characteristics of both MORB and OIB (Kerr et al.,1995b).
We therefore tested the possibility that the ENA CAMP

basalts were derived from magmas analogous to OPB
melts that experienced crustal contamination, possibly pre-
ceded by mixing with SCLM-derived melts. For the primi-
tive parental magma composition, we used the average
compositions of primitive melts (i.e. tholeiitic, picritic and
komatiitic compositions with MgO48%) from both the
Caribbean and the Ontong^Java plateaux (e.g. Kerr &
Mahoney, 2007). Considering that no Os data are available
for the latter, we used the average 187Os/188Os initial ratio
and Os concentration of the Caribbean plateau basalts.
Because OPBs are clearly distinct from the CAMP basalts,
continental crustal contamination is required to achieve
the enriched signature observed in the latter. However,
simple crustal contamination of OPB-type primitive melts
by either ATA or AFC mechanisms fails to reproduce
the chemical characteristics of the ENA CAMP basalts
(Fig. 20). A slightly better fit is achieved if the OPB melts
are first mixed with SCLM-derived melts and then con-
taminated by the continental crust; nevertheless, in this
case also, only part of ENA CAMP compositions can be
reproduced, in particular the REE compositions of the
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Hook Mt and Preakness groups and the Pb^Nd isotopic
compositions of the Orange Mt group (Fig. 20). It should
be noted that the composition of the SCLM end-member
is similar to that used in the previous modeling, and
hence presents the same problems. Nevertheless, it is the
only composition able to partly reproduce the composition
of the CAMP basalts.
Because the OPB compositions used in this modeling are

averages it could be argued that they are not representa-
tive of the oceanic plateau and different compositions
could perhaps match the ENA CAMP basalts.
Nevertheless, extreme compositions are more rare and less
representative of large-scale mantle melting. Moreover,
tholeiitic OPB compositions are close to those of MORB,
leading to the same problems as encountered for mixing
between MORB and SCLM melts. Conversely, more en-
riched OPB compositions tend to display the same prob-
lems as observed for mixing between OIB and SCLM
melts.
As a consequence, although this model can plausibly

reproduce the compositions of the ENA CAMP basalts
it still presents some limitations.

Ternary mixing between OIB or asthenospheric melts and
ultra-alkaline mafic melts (hypothesis v)

The chemical characteristics of the ENA CAMP basalts
could result from ternary mixing between OIB, MORB
and SCLM compositions, possibly followed by crustal as-
similation (AFC or ATA). In this model the compositions
for OIB, MORB and SCLM melts are the same as for the
binary mixing models of hypothesis iii (parameters are
given in Supplementary Data Tables A4 and A5) and the
composition of the continental crust is similar to that used
in the models of MORB^SCLM mixing (see parameters
in Supplementary Data Tables A4 and A5). The isotopic
composition of the lower NMB sub-group and Preakness
group can be modeled by mixing 69% MORB, 15% OIB
and 16% SCLM melt followed by approximately 4% crus-
tal contamination (both by ATA or AFC; Fig. 21). The
Hook Mt group isotopic composition can be reproduced
by mixing 73% MORB, 16% OIB and 11% SCLM, fol-
lowed by 8% crustal contamination (ATA or AFC). The
isotopic composition of the Shelburne sub-group can be
reproduced with 63% MORB, 14% OIB and 23% SCLM
melt, followed by approximately 7% crustal contamin-
ation (ATA or AFC). In this model, the proportion of the
MORB end-member is dominant, with very limited crustal
contamination. However, this model fails to reproduce
the REE and Os contents of the lower NMB sub-group
(Fig. 22).

Melting of a metasomatized SCLM-type source
(hypothesis vi)

In this scenario, the continental crust-like isotopic charac-
teristics of the ENA CAMP basalts (e.g. high Sr and low

Nd initial isotopic ratios; negative Nb and positive Pb
anomalies) reflect the composition of the SCLM source,
without the need for significant crustal assimilation.
Indeed, except for one sample with high initial
187Os/188Os (CUL13: 187Os/188Os¼ 0·1874), all the ENA
CAMP samples have initial 187Os/188Os50·1500, which is
compatible with them being virtually uncontaminated
mantle-derived magmas. As noted above, even small
amounts of crustal contamination by AFC or ATA pro-
cesses very rapidly drive the Os isotopic composition out-
side the mantle field. Considering the intensive sampling
of the ENA province, in particular the lava units in the
Triassic^Jurassic basins, the dataset is expected to encom-
pass chemical and isotopic variations related to possible
crustal contamination. The lack of correlations between
MgO and the Nd, Os, or Pb isotopic ratios between or
within the groups (Fig. 15) precludes significant assimila-
tion of crustal rocks through an AFC process. Moreover,
most of the samples with the highest MgO (8^11wt %)
and compatible trace element contents (Co¼ 43^53 ppm,
Ni¼102^213 ppm, Cr¼ 358^850 ppm), display Sr, Pb and
Nd isotopic compositions comparable with those of the
more evolved rocks. These observations argue against ex-
tensive contamination by the continental crust by either
AFC or ATA processes and favour a mantle source with a
low 187Os/188Os. Hence, the continental crust-like charac-
teristics of the ENA CAMP rocks may directly reflect the
characteristics of their mantle source(s). Recent studies
have suggested that such contrasting chemical characteris-
tics may be derived from a metasomatized SCLM-type
source (e.g. Brauns et al., 2000). Regardless of the nature
of the source, the uncontaminated magmas need an initial
187Os/188Os that is lower than or similar to �0·1276
(Fig. 7), which is the lowest value for the ENA samples. In
this case, the Os isotopic composition of the source is
within the range of 187Os/188Os of off-cratonic SCLM
(0·1180^0·1290; Carlson, 2005).
We next consider the process that may have enriched a

shallow section of the asthenospheric mantle beneath east-
ern North America. The mantle at present underlying this
region experienced several subduction events during the
Palaeozoic related to the accretion of peri-Laurentia and
peri-Gondwana terranes such as Avalonia and Meguma
(e.g. Van Staal et al., 2009; Nance et al, 2010). As a conse-
quence, this mantle may not have been refractory during
the CAMP event. This suggestion is supported by evidence
of several episodes of tholeiitic mafic magmatism in the
Avalonia^Meguma terranes since the Late Neoproterozoic.
These mafic magmas are suspected to have originated in
the SCLM (Pe-Piper & Piper, 1999; Puffer, 2001, 2003;
Murphy et al., 2008, 2011) and show a progressive time-
related decrease in their initial eNd that could reflect a
progressive enrichment of their source (Murphy et al.,
2011). The similarities between these rocks and the ENA
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CAMP basalts in terms of Nd^Pb isotopic compositions
might suggest that the ENA basalts were derived from the
same SCLM-like source, which acquired its crustal-like
enrichment during episodes of Palaeozoic subduction
(Puffer, 2003) when the accretion of the Avalonia^
Meguma terranes to the Laurentia margin occurred.
Involvement of subduction-related sediments and fluids

is suggested by the isotopic and trace element characteris-
tics of the ENA CAMP basalts. Among the various
groups, a broadly negative correlation exists between
incompatible element ratios (IE), such as La/Sm and
Th/Yb, and initial 143Nd/144Nd (Fig. 23). The highest in-
compatible element ratios and lowest initial 143Nd/144Nd
are found in the Shelburne sub-group, whereas the lowest
incompatible element ratios and highest 143Nd/144Nd
belong to the Hook Mt group; the other Orange Mt sam-
ples and Preakness group samples plot between these
groups. Increasing Th/Yb coupled with decreasing initial
143Nd/144Nd has also been documented in present-day arc-
related lavas and suggests variable enrichment of the
mantle source by subduction of sediments. In contrast, a
decrease of initial 143Nd/144Nd at constant Th/Yb argues
for enrichment through slab-derived fluids (Woodhead
et al., 2001). Correlations between Th/Yb and 143Nd/144Nd
have been used successfully to distinguish between fluid
and sediment input in the source (SCLM-like source) of
the Karoo CFB (Jourdan et al., 2007). Because a similar
correlation is observed between initial Nd isotopic com-
position and La/Sm, the LREE enrichment within the
ENA CAMP basalts may also be related to the progressive
increase of a sedimentary contribution from the Hook
Mountain group to the Shelburne sub-group. In this sce-
nerio, the sources of the lower NMB sub-group and those
of the Preakness group would have experienced similar ex-
tents of sediment input, and the variation of Th/Yb and
La/Sm at constant initial 143Nd/144Nd (Fig. 23) would re-
flect a decreasing degree of melting from the Preakness to
the Orange group. The Shelburne sub-group has a lower
initial 143Nd/144Nd but similar Th/Yb to the lower NMB
sub-group (Fig. 23) that suggests source enrichment by an
increasing fluid contribution from the latter towards the
former.

An alternative source model for the
CAMP magmas
As demonstrated above, crustal contamination by AFC or
ATA processes of typical mantle-derived magmas
(MORB, OIB, OPB) is very unlikely to produce the geo-
chemical characteristics of the ENA CAMP basalts.
Mixing of such magmas (particularly MORB or OPB)
with lithosphere-derived melts, possibly followed by lim-
ited amounts of crustal contamination, is somewhat more
successful, but nevertheless does not produce fully satisfac-
tory results, assuming probable end-member compositions.
We therefore examine the alternative possibility that the

ENA CAMP basalts were derived from a mantle source
enriched in incompatible elements, more specifically, an
SCLM-like source that has been metasomatized by sub-
duction-related processes. This suggestion is supported by
the fact that the ENA region underwent successive epi-
sodes of subduction during the Paleozoic Era. The presum-
ably highly refractory nature of the lithospheric mantle
has been used to argue that this reservoir could not pro-
duce massive volumes of basaltic volcanism (Arndt et al.,
1993). However, significant metasomatic enrichment
events, such as earlier subduction, may facilitate melting
of the SCLM (e.g. Gallagher & Hawkesworth, 1992).
Several geochemical studies of CFBs, including the
CAMP (Pegram, 1990; Puffer, 2001, 2003; De Min et al.,
2003; Deckart et al., 2005; Merle et al., 2011; Murphy et al.,
2011) have suggested a dominant contribution from a
mantle source with geochemical characteristics similar to
metasomatized SCLM. An alternative source might be
the so-called ‘Perisphere’, which has been defined as the
less refractory, enriched and hydrated uppermost part of
the asthenosphere that is isolated from the convecting
mantle under the continents and which may share the
chemical characteristics of the SCLM (Anderson, 1994).
To determine whether such a mantle source would be

able to produce the ENA CAMP basalts we modelled the
geochemical effects of long-lasting subduction on the sub-
arc mantle, assuming a starting composition similar to
that of the depleted asthenosphere.

Modelling the effects of subduction-related metasomatism on
a section of sub-arc mantle

Geodynamic reconstructions suggest that the Avalonia^
Meguma terranes were rifted away from the Gondwana
margin and accreted to the Laurentia margin during a
complex succession of subduction episodes. However,
there is no general consensus for the timing of these
events. Nevertheless, the most recent studies suggest that
the Avalonia^Meguma terranes were separated from
Gondwana and accreted to Laurentia during one or sev-
eral events from c. 540 until c. 370Ma (e.g. Puffer, 2003;
Van Staal et al., 2009; Nance et al., 2010). This suggests that
the asthenospheric (DMM-like) sub-arc mantle under-
neath the terranes underwent progressive enrichment
owing to continuous injection of sediments, melts and
fluids between 540Ma and 370Ma. At c. 370Ma, the con-
tinental collision between Gondwana and Laurentia
occurred with cessation of subduction and isolation of the
former sub-arc mantle from more injection of material
(e.g. Murphy et al., 2006; Van Staal et al., 2009).
Considering these geodynamic reconstructions, we infer
that the source of the ENA CAMP basalts was originally
MORB-source depleted mantle (DMM) into which sub-
duction-derived melts or fluids were continuously injected
between 540 and 370Ma. This metasomatized mantle-
wedge was then isolated from further sedimentary input

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 1 JANUARY 2014

168

 at Curtin U
niversity Library on D

ecem
ber 13, 2013

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 



1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

La
C

N
/S

m
C

N

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.51220 0.51230 0.51240 0.51250

Th
/Y

b

Fluid contribution

Sediment input

143Nd/144Nd ini. (201 Ma)

Hook Mt flow
Hampden flow

H
oo

k 
M

t 
gr

ou
p

Sander flow
Hickory flow
Holyoke flow
Preakness flow

Pr
ea

kn
es

s 
gr

ou
p

O
ra

ng
e 

M
t 

gr
ou

p 

Orange Mt-Talcott-
Mt Zion Church flows

NMB upper flow
NMB interm. flow

NMB + GAV lower flows
GAV interm. flow

Shelburne dyke

Palisades sill
Rapidan sill
Belmont sill

Shelburne sub-group 

Lower NMB sub-group 

Fig. 23. Variation of La/SmNandTh/Yb vs 143Nd/144Nd initial (at 201Ma).The trends (grey arrows) represent sediment input and slab-derived
fluid contribution as discussed byWoodhead et al. (2001). The Nd isotopic data have been back-calculated to 201Ma.

MERLE et al. EASTERN NORTH AMERICAN THOLEIITES

169

 at Curtin U
niversity Library on D

ecem
ber 13, 2013

http://petrology.oxfordjournals.org/
D

ow
nloaded from

 



from 370Ma until 201Ma when the CAMP event
occurred; during this period the evolution of the Sr^Nd^
Pb^Os isotopic ratios would be due to only radioactive
decay.
Based on these considerations, we designed a mathemat-

ical mantle evolution model to evaluate the time-depend-
ent change of the Nd^Pb^Os isotopic composition of this
mantle region. The model assumes a period of 170Myr
(540^370Ma) during which sediments were progressively
incorporated into the depleted mantle wedge through a
mixing process (open-system behaviour). In terms of the
evolution of the isotopic composition during this period,
the effects of sediment addition must be integrated with
the effects of radioactive decay. The period of open-system
behaviour was followed by a period of c. 170Myr (370^
201Ma) of closed-system behaviour during which the iso-
topic composition of the sediment-contaminated mantle
was modified only by radioactive decay. The open-system
period model is approximated by a mass-balanced flux
box model. The mathematical development of the model
is presented in the Supplementary Material.
For the open-system period, we start with a sub-arc

mantle with a composition close to the average value of
the present-day DMM (see parameters in Supplementary
Data Table A5). The Nd^Pb^Os isotopic composition of
this mantle is back-calculated to the period between 540
and 370Ma in increments of 10Ma. The composition of
the subducted sediment is considered to be equivalent to
the present-day local continental crust (see parameters in
Supplementary DataTable A5) and its Nd^Pb^Os isotopic
composition is also back-calculated to the period between
540 and 370Ma, again in increments of 10Ma. All the Pb
isotopic compositions of the sediments involved in the
modelling are in the range of the values of the upper con-
tinental crust and close to those for mature arc sediments
(Zartman & Doe, 1981), which are expected for a subduc-
tion system lasting 170Myr.
The equations translating the evolution of the isotopic

composition resemble the classic binary mixing equation,
but the mixing parameter F is a function of time, sediment
input rate, and the ratio of the number of moles per unit
volume of the non-radiogenic isotope of a given element
in the depleted mantle and the sediments at 540Ma (see
details in Supplementary Material). The calculated per-
centages of sediment represent the mass of sediment accu-
mulated over a period of 170Myr in a given volume of
depleted mantle. We stress that the mantle segments into
which sediments have been incorporated are also those
that are most likely to melt (e.g. Merle et al., 2011).
According to the model, the Nd^Pb^Os isotopic com-

position of the Hook Mountain group can be reproduced
by incorporating into the depleted mantle �3% sediment
with a composition identical to that of the present-day
Avalonian Neoproterozoic felsic crust (Figs 24 and 25).

The isotopic composition of the Preakness group and the
Rapidan sill can be modelled by incorporating 5% of two
slightly different sediment components derived from the
Avalonian Neoproterozoic felsic crust close to that involved
in the source of the Hook Mt group (see Supplementary
Data Table A5). The lower NMB sub-group can be mod-
elled by incorporating 5% sediment, which would have a
present-day composition equivalent to the Meguma ter-
rane felsic rocks. The isotopic composition of the
Shelburne sub-group can be modelled by incorporating
10% sediment with a present-day composition slightly dif-
ferent from that involved in the lower NMB sub-group,
yet still within the range of the Meguma terrane rocks.
The contaminant incorporated in the Shelburne sub-
group source has a lower 143Nd/144Nd ratio and Nd content
than that which influenced the lower NMB sub-group, per-
haps reflecting the involvement of fluids or more hydrated
sediments in the source of the Shelburne sub-group.
It is worth noting that the percentages of sediment cal-

culated for the source of the ENA CAMP basalts are not
too different from those assumed for recycled sediments in
EMII-type OIB (e.g. 3^8% in Samoa^Society; Eiler et al.,
1997) or continental arc lavas (2^6%; Plank, 2005). In the
case of the source of the ENA CAMP basalts, the percent-
age of sediment input is related to a specific section of
depleted mantle. These percentages are not inconsistent
with the production of basaltic magmas.
As stated above, all of the reliable (uncertainty510%)

initial 187Os/188Os ratios but one (CUL13) are less than
0·1500 and were obtained only for the Orange Mt group
(see Fig. 24). Nevertheless, the percentage range of sedi-
ment input in the sources of the different groups would be
unable to produce very large variations of the initial
187Os/188Os ratio (Fig. 24). As has been often shown (e.g.
Chesley et al., 2004), the low Os concentrations of most
sediments are unable to substantially modify the
187Os/188Os ratios of mantle peridotites, which typically
have high Os concentrations. The differences in initial Os
isotopic composition observed between samples of the
Orange Mt group could reflect heterogeneity of the
mantle source rocks prior to sediment incorporation
and variations of the Os concentration and/or isotopic
composition of the incorporated sediments. In particular,
sediments rich in ancient mafic material or black shales
could add non-negligible amounts of radiogenic Os.
Because most of the ENA CAMP basalts have low Os
concentrations, very small amounts (2^3%) of shallow
contamination by the upper continental crust could
also lead to minor variation of the 187Os/188Os ratio
(Merle et al., 2011) without significantly affecting the other
isotope systems. Minor shallow contamination could, in
particular, explain the high initial 187Os/188Os ratio of
sample CUL13, given the very low Os concentration of
this sample.
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Consequences for the CAMP

According to our model, the isotope composition of the
CAMP basalts might originate from progressive incorpor-
ation of subducted sediments derived from the local contin-
ental crust into a depleted sub-arc mantle wedge above a
subduction zone. The age and duration of the enrichment
process during subduction (open-system phase), as well as
the duration of the subsequent isolation (radioactive
decay phase), might vary throughout the CAMP province.
For instance, by changing these parameters in the model
in a manner consistent with the geological constraints
from the Maranha‹ o basin in Brazil (subduction between
660 and 575Ma then isolation phase until 201Ma), the iso-
topic characteristics of the Brazilian CAMP basalts can
be modelled assuming the same starting mantle compos-
ition as the ENA CAMP basalts. As the isotopic compos-
ition of the local Brazilian crust is not well constrained
[for details about the geological setting of the Maranha‹ o
basin see Merle et al. (2011)], we assumed the present-day
composition of mature-arc sediments (143Nd/144Nd¼
0·51185, 206Pb/204Pb¼18·520, 207Pb/204Pb¼15·640,
208Pb/204Pb¼ 38·75, 187Os/188Os¼ 2, Nd¼ 38 ppm, Pb¼
12 ppm, Os¼ 50 ppt; Ben Othman et al., 1989; Esser &
Turekian, 1993; Fig. 26).
It should be noted that the isotopic characteristics of the

CAMP basalts in the Maranha‹ o basin are similar to
those of the majority of the CAMP basalts including
those from ENA. As a consequence, this model can be
applied to all of the CAMP sub-provinces studied to date
and is probably able to yield the isotopic compositions of
the CAMP basalts in any given area using the same par-
ameters as for the Maranha‹ o CAMP basalts. Nevertheless,
such modelling may be more accurate and geologically
meaningful by applying the correct geodynamic con-
straints (duration of the subduction, length of isolation
after continental collision for a specific area) and compos-
ition of the local crust as a proxy for the subducted
sediments.
Both the modalities of sediment incorporation into the

sub-arc mantle and the fate of the modified mantle wedge
after collision stops subduction are currently highly specu-
lative. However, this mantle segment could have been
incorporated into the lithosphere and might form an en-
riched portion of the SCLM. Alternatively, it could have
remained on top of the depleted asthenosphere as an en-
riched layer (i.e. Perisphere). In either case this mantle
would probably have been hydrated and would include
very fusible portions that could melt in response to an in-
crease in the ambient temperature (e.g. Coltice et al., 2007,
2009).

The case of CUL13
Samples CUL13 and CUL25 plot away from the other
Preakness group samples yet close to those of the Orange

0.5117

0.5121

0.5125

0.5129

0.125

0.135

0.145

17.2

17.6

18.0

15.45

15.55

200300400500600700

Maranhão
CAMP
basalts

Age (Ma)

14
3 N

d/
14

4 N
d 

in
i. 

(2
01

 M
a)

 
20

6 P
b/

20
4 P

b 
in

i. 
(2

01
 M

a)
 

18
7 O

s/
18

8 O
s 

in
i. 

(2
01

 M
a)

20
7 P

b/
20

4 P
b 

in
i. 

(2
01

 M
a)

 

Depleted mantle

Depleted mantle

Depleted mantle

Depleted mantle

Decay onlyMixing
+

decay 
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and evolving by isotopic decay (closed-system behaviour) until the
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from Merle et al. (2011).
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Mt in the Pb^Pb and initial 206Pb/204Pb vs initial
143Nd/144Nd diagrams (Figs 7 and 10). In contrast to
sample CUL25, CUL13 has a reliable high initial Os ratio
(187Os/188Os¼ 0·1874� 0·0123) and low Os content
([Os]¼ 14·4 ppt), which may be accounted for by shallow-
level contamination by the upper continental crust. We
assume that the other samples of the Preakness group rep-
resent uncontaminated or very slightly contaminated
magmas, based on the previous discussion. None of these
samples are primitive and considering that the contamin-
ation occurred in the upper crust, we consider the least
evolved of the Preakness group basalts (the Buttress
dyke sample HB102) as the parental magma composition.
We also assumed an isotopic composition of
187Os/188Os¼ 0·1282 for the uncontaminated magma,
which is that calculated at 201Ma by our sediment-
enriched mantle model for the Preakness group. Based on
these parameters, we modelled the 143Nd/144Nd and
206Pb/204Pb initial ratios of sample CUL13 through an
AFC process (Fig. 14). The modelling failed to reach the
isotopic composition of CUL13 using a contaminant com-
position similar to that of the felsic rocks of the Meguma
terrane. However, the composition of CUL13 can be
reached through an AFC process by involving c. 10% of a
contaminant with an isotopic and IE composition close to
that of Devonian plutonic rocks in New Hampshire and
Western Maine (Tomascak et al., 2005). This modelling
may also explain the slight variation in the isotopic com-
positions observed within the Preakness group samples, as
outlined above, by less than 4% of shallow contamination
by the local crust. The isotopic composition of sample
CUL25 can be explained by more than 10% contaminant
(Fig. 27).

Further remarks about the CAMP
Many features of the CAMP suggest that it might be differ-
ent from other LIPs and that the common models for LIP
generation may not be applicable. Indeed, the tectonic
context of the CAMP is difficult to reconcile with the clas-
sic mantle plume hypothesis (e.g. Campbell, 2007). CAMP
lacks geological evidence (e.g. hotspot track with decreas-
ing age toward an active volcano, radiating dyke pattern,
lithospheric uplift preceding basalt eruption, high-tem-
perature melts such as picrites and ultramafic and ultra-
alkaline liquids) for the involvement of a mantle plume
(McHone, 2000; Coltice et al., 2009). Moreover, the
mantle potential temperatures calculated for CAMP are
substantially lower than those calculated for the Deccan
or SiberianTraps (Herzberg & Gazel, 2009).
In terms of chemistry, the CAMP basalts are also dis-

tinct from other LIP basalts. Whereas several LIPs such
as Parana^Etendeka, North Atlantic or Deccan have
experienced crustal contamination by ATA (Devey &
Cox, 1987; Kerr et al., 1995a; Peate & Hawkesworth, 1996),
this process probably did not significantly affect the

CAMP basalts. The large majority of the CAMP basalts
show rather homogeneous REE contents at the scale of
the whole province. Indeed, they have flat HREE patterns,
which have been modelled as resulting from the melting
of a spinel-bearing source (e.g. Bellieni et al., 1990;
Jourdan et al., 2003; Verati et al., 2005) and are thus indica-
tive of a shallow melting zone. However, plume models
predict that as the plume head impinges on the base of
the lithosphere the initial average depth of melting is rela-
tively deep but decreases as the degree of melting increases
(White & McKenzie, 1995). This should produce compos-
itional trends that are inconsistent with the homogeneity
of the CAMP basalts (Salters et al., 2003).
The high abundance of evolved basalts and the lack of

picritic rocks might be related to the composition of the
mantle source. Indeed, during subduction recycled crustal
material might form garnet-pyroxenitic veins or layers in
the shallow mantle. Melts of these garnet-pyroxenites may
react with the ambient depleted mantle to produce fertile
spinel lherzolite that has a lower MgO content than aver-
age lherzolite and retains the signature of recycled crustal
material (Marchesi et al., 2013).
Although metasomatic or refertilization processes may

promote melting of the SCLM or the perisphere by lower-
ing the solidus, a source of heat is still needed to initiate
magma generation. Physical models suggest that large-
scale mantle warming under supercontinents such as
Pangaea, resulting from accumulation of internal heat be-
neath the insulating lithosphere, an lead to an increase in
temperature of up to 1008C that might be sufficient to
melt metasomatized SCLM (Coltice et al., 2007, 2009).
However, the timescales of melting of the SCLM by heat
conduction from the underlying convecting mantle may
be far too long to be consistent with the rapid timescales
of eruption of CFB-type magmas (Gibson et al., 2006). As
a consequence, the involvement of one or more deep-
rooted mantle plumes as heat suppliers cannot be ruled
out, and may contribute to the melting of an SCLM source.

CONCLUSIONS
New data for the ENA CAMP sills, dykes, and lava flows
define three groups (Orange Mt, Preakness and Hook Mt
groups) based on the stratigraphy and chemistry of the
units. Geochemical and Sr^Nd^Pb^Os isotopic data for se-
lected samples allow the following conclusions to be reached.

(1) The continental crust-like characteristics of the
CAMP basalts probably do not result from extensive
contamination by the upper continental crust of
plume-derived or other asthenospheric melts.
Furthermore, derivation from a plume source with an
unusual isotopic composition is also unlikely.

(2) Numerical modelling shows that mixing between two
enriched melts, such as OIB-type and SCLM-related
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melts (ultra-alkaline^ultramafic liquids), possibly fol-
lowed by limited contamination by the upper contin-
ental crust, is unlikely to produce the composition of
the ENA CAMP basalts.

(3) The mixing of MORB-like or OPB-like magmas with
melts derived from the SCLM is more plausible; how-
ever, the REE contents of the ENACAMP basalts re-
quire extreme compositions of such SCLM-derived
melts and up to 30% assimilation of upper continen-
tal crust, which is rather unrealistic.

(4) Our numerical model shows that incorporation of sub-
ducted sediments into an asthenospheric mantle wedge
during episodes of Paleozoic subduction can reconcile
the paradoxical coexistence of continental crust-like iso-
topic and trace element signatures (i.e. high 87Sr/86Sr,

high 207Pb/204Pb for moderate 206Pb/204Pb, low
143Nd/144Nd, higher LILE contents than MORB, spe-
cific Nb and Pb anomalies) with low, SCLM-like,
187Os/188Os ratios. The small range of initial 187Os/188Os
(0·128^0·15) observed in the ENA CAMP basalts could
reflect initial heterogeneity in the asthenospheric
mantle, variations in the nature and/or the amount of
subducted sediment incorporated, and a limited
amount of shallow contamination by the local crust.
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Large massifs of alkaline rocks are exposed along �250 km of the

Atlantic coast of Portugal. Their origin is still poorly understood,

including the precise timing of their emplacement and their relation-

ships with the well-constrained alkaline magmatic rocks that occur

200^1000 km offshore.To elucidate the precise timing and origin of

the alkaline magmatism in this region, magmatic rocks from the

three major alkaline massifs (Sintra, Sines, and Monchique) and

an isolated diorite intrusion (Ribamar, north of Sintra) have been

dated by the U^Pb method on titanite and zircon and characterized

based on their Pb, Sr, and Hf isotopic compositions obtained on feld-

spar and zircon. From north to south, the resulting ages are:

88·3� 0·5 Ma (95% confidence level) for Ribamar, 83·4� 0·7,
82·0� 0·7, 81·7� 0·4, and 80·1�1·0 Ma for the Sintra complex,

77·2� 0·6, 77·2� 0·4, and 76·1�1·3 Ma for the Sines massif,

and 70·0� 2·9 and 68·8�1·0 Ma for the Monchique complex.

Initial isotopic compositions of Pb in feldspars are in the range of

18·522^19·299 for 206Pb/204Pb, 15·555^16·007 for 207Pb/204Pb,

and 38·480^39·330 for 208Pb/204Pb. Initial 87Sr/86Sr of feldspars

varies between 0·70274 and 0·70481 and initial Hf isotope ratios

yield eHfi values between þ3·7 and þ9·6. These results, together

with major, trace, and rare earth element analyses, show that the

ages, (207Pb/204Pb)i, and (
87Sr/86Sr)i increase northward, whereas

the alkaline affinity, (206Pb/204Pb)i, and eHfi increase southward,

substantiating a north^south trend of geochemical and age variation.

The isotopic composition of the studied rocks can be explained by

partial melting of a sub-lithospheric mantle source with an enriched

DMM (Depleted MORBMantle) signature and subsequent con-

tamination by the metasomatized Iberian subcontinental lithospheric

mantle (SCLM).The north^south age trend is in agreement with

the motion of the Iberian plate between 88 and 60 Ma.The spatial

and temporal variations in the isotopic signatures are explained by

differences in the contribution of the two source components. The

sub-lithospheric mantle-derived magmas are more contaminated by

the SCLM in the northern part of the alignment, compared with the

southern part of the studied region, where the rocks have isotopic sig-

natures closer to those of enriched sub-lithospheric mantle. Our data

are incorporated into a geodynamical model that explains the overall

distribution of alkaline magmatism in this part of the eastern

Central Atlantic, and provide new constraints on the occurrence of al-

kaline magmatism along the Iberian margin and the NWAfrican

plate. The spatial distribution of the magmatism is directly corre-

lated with the motion of the Iberian plate above a deep-rooted ther-

mal anomaly (mantle plume) that has caused magmatism since the

Cretaceous.

KEY WORDS: alkaline magmatism; U^Pb geochronology; Pb^Sr^Hf

isotopes; subcontinental lithospheric mantle (SCLM); Portugal
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I NTRODUCTION
Recent geochronological and isotopic studies suggest that a
plume-related thermal anomaly below the eastern Central
Atlantic region has been the cause of widespread alkaline
magmatic activity since the Cretaceous (e.g. Geldmacher
et al., 2006; Merle et al., 2006, 2009). These manifestations
occur in the oceanic lithosphere west of North Africa and
Iberia (Fig. 1), along the SW^NE-trending Tore^Madeira
Rise (TMR), which comprises a dozen seamounts extend-
ing from the Madeira Archipelago to the submarine Tore
seamount, on the Gorringe Bank in the vicinity of the
Azores^Gibraltar fracture zone (AGFZ), 200 km SE of
Portugal, and two off-centre seamounts between the
Gorringe Bank and the Madeira Archipelago (Ampere
and Coral-Patch seamounts). Onshore, alkaline magmatic

rocks occur along the Iberian margin in Portugal, forming
three main massifs and several isolated sills and plugs.
However, a lack of age and isotopic constraints makes it
difficult to establish reliable petrogenetic relationships be-
tween the continental and the oceanic alkaline magma-
tism, despite models that suggest the southernmost massif
in Portugal (Monchique) and the eastern part of the
Gorringe Bank (Mount Ormonde) were emplaced at the
same time and originated from similar sources (Cornen,
1982; Bernard-Griffiths et al., 1997). A recent study has also
shown that the alkaline magmatism in this region (i.e.
along the TMR and the seamounts between the TMR
and the coast of the Portugal) can be geodynamically ex-
plained by the movement of the Iberian plate above a ther-
mal anomaly, which has caused intermittent magmatism
since the Cretaceous (Merle et al., 2009).

Fig. 1. Schematic bathymetric map of the eastern Central Atlantic (from Merle et al., 2009). Faults are indicated by continuous lines and
inferred faults by dashed lines; AGFZ, Azores^Gibraltar Fracture Zone. Seamount locations are indicated by triangles and their ages are those
reported by Merle et al. (2009, and references therein); following their recommendations, ages in bold represent ages obtained on minerals
(U^Pb on titanite and zircon and 40Ar^39Ar on plagioclase, hornblende and biotite) and are considered to be the most reliable, whereas the
other ages have to be considered with caution because they represent 40Ar^39Ar ages obtained on matrix samples. The ages from Porto Santo
and Madeira (shown in italic) are undifferentiated ages obtained by 40Ar^39Ar on whole-rock and mineral separates (after Geldmacher et al.,
2000).
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In this study, we investigate the precise timing of em-
placement of the Portuguese alkaline massifs, based on
U^Pb dating of zircon and titanite by isotope dilution
thermal ionization mass spectrometry (ID-TIMS). We
also characterize their magma sources using Pb^Sr and
Hf isotope systematics on feldspar and zircon, and major
and trace element analyses of whole-rock samples. We
address questions about (1) the temporal and spatial
extent of alkaline magmatism in Portugal, (2) the magma
sources, including the possible involvement and interaction
of both plume- and subcontinental lithospheric mantle
(SCLM)-derived magmas, and (3) the relationships be-
tween the continental and oceanic alkaline magmatism in
the context of eastern North Atlantic geodynamics.

GEOLOGICAL FRAMEWORK
General setting
The western Iberian margin was formed during the early
Cretaceous when the Iberian microplate separated from
Newfoundland. The 130^125 Ma magnetic anomaly
(J-anomaly) was the first magnetic anomaly formed at
the Mid-Atlantic Ridge north of the AGFZ and marks the
western limit of the continent^ocean transition zone on
the Iberian margin (Olivet, 1996). The continent^ocean
transition is characterized by the unroofing of the subcon-
tinental lithospheric mantle, which is made up of serpenti-
nized peridotites locally covered by thin sedimentary
deposits (e.g. Boillot et al., 1988; Beslier et al., 1990;
Girardeau et al., 1998). Previous studies have shown that
the Gorringe Bank is also a piece of unroofed SCLM,
tilted during North Atlantic rifting and later capped by
Cretaceous^Palaeocene alkaline magmatic rocks (e.g.
Fe¤ raud et al., 1986; Girardeau et al., 1998; Scha« rer et al.,
2000). The SCLM of the western Iberian margin may be
highly heterogeneous as a result of earlierVariscan orogen-
esis (400^250 Ma). During this orogenic cycle, the margin
experienced subduction and associated mantle metasoma-
tism, and the accretion of allochthonous terranes such as
the Cabo Ortegal complex, which is a piece of metamor-
phosed and exhumed island arc (Girardeau & Gil
Ibarguchi, 1991; Santos et al., 1996, 2002).
The AGFZ is a major oceanic transform fault that has

constituted the boundary between the African plate to the
south and the European plate to the north since about 85
Ma, and formed in response to the northward motion of
Africa (Sibuet et al., 2004). Although this fault is a major
tectonic boundary, strike-slip movements along it were
limited between Early Jurassic and Oligocene times
(Olivet, 1996). On the continent, the Messejana and
Nazare faults are considered to be reactivated Hercynian
structures connected to the AGFZ (Figs 1 and 2).
Widespread occurrences of alkaline rocks are found in

the eastern North Atlantic and in Portugal, including the
Madeira Archipelago, the TMR seamounts and the three

massifs of mainland Portugal studied here (Fig. 1). Various
isotopic methods, such as U^Pb, K^Ar and 40Ar^39Ar on
minerals and whole-rock, have been used to determine
the emplacement age of the oceanic rocks. Recently,
Merle et al. (2009) produced a comprehensive geochrono-
logical review of the TMR seamounts and their surround-
ings. The interpretation of some ages is problematic
because of the use of different isotopic systems, the unreli-
ability of some dating methods, and the possible alteration
of oceanic rocks. However, the ages reported in Fig. 1 are
considered to be reliable estimates of the timing of mag-
matic events; readers are referred to Merle et al. (2009) for
further discussion of these ages. The resulting age compil-
ation generated for the TMR seamounts shows that these
oceanic alkaline rocks were emplaced over an interval
from the late Early Cretaceous (�103 Ma) until the pre-
sent time. Merle et al. (2009) interpreted the emplacement
of the alkaline magmatic rocks to be related to the motion
of the Iberian plate above a mantle thermal anomaly.
The northward motion of the Iberian plate would have
been interrupted by the closure of the Neo-Tethys basin
and the subsequent Pyrenean orogeny, and could explain
the present-day distribution of the alkaline massifs and
seamounts.

The Portugal alkaline massifs: previous
petrological and geochemical data
The alkaline rocks occur in several massifs, several tens of
square kilometres in extent, located along the Portugal
coast from the Lisbon area to the Algarve province,
250 km to the south (Fig. 2a). The main magmatic com-
plexes are, from north to south, Sintra, the Lisbon volcanic
complex, Sines, and the Monchique massifs. Isolated
bodies also occur, such as the Ribamar intrusion (50 km
north of Sintra) and dikes in the Algarve region. The
main massifs (Sintra, Sines and Monchique) comprise a
variety of rocks with compositions ranging from granite
to SiO2-undersaturated phonolite and nepheline syenite.
Magnetic anomalies and susceptibilities confirm that the
Sintra and Sines massifs extend far into the sea, which
means that not all rock types potentially present could be
sampled (Silva et al., 2000).
Several attempts have been made over the past few dec-

ades to date the alkaline magmatism on the western coast
of Portugal and a detailed review of this earlier work has
been provided by Miranda et al. (2009). The ages reviewed
in the study of Miranda et al. (2009) are K^Ar ages on
whole-rock or separated minerals and Rb^Sr ages on
whole-rock. These methods have proven to be unreliable
for rocks older than a few million years (e.g. Baksi, 2007).
Some isolated intrusions occur north of Lisbon, includ-

ing the Ribamar dioritic intrusion and the Paco d’Ilhas
monzogabbroic^monzonitic sill (Miranda et al., 2009).
Miranda et al. (2009) proposed an age of 88·0�2·7 Ma
for the Paco d’Ilhas sill (K^Ar on biotite), whereas
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Fig. 2. Geological sketch maps of the alkaline complexes along the Portuguese coast (modified after Gonc� alves,1967; Canilho,1972): (a) the full
extent of the alkaline intrusions and in particular the Ribamar intrusion; (b) the Sintra complex; (c) the Sines complex; (d) the Monchique
complex.
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the Ribamar intrusion has not been investigated so far
(Fig. 2a). Farther south, the Lisbon volcanic complex is
composed of flows, plugs, sills and dikes comprising alkali
basalt, gabbro, dolerite, trachyandesite, trachyte, and
rhyolite (Palacios, 1985). A single attempt to date this mag-
matic activity has been made using the whole-rock K^Ar
method, leading to an unreliable age (see details given by
Miranda et al., 2009).
The Sintra subvolcanic complex is located along the

coast west of Lisbon, and has a semicircular structure
(Fig. 2b). The core is composed of syenite surrounded by
granite (e.g. Wright, 1969; Sparks & Wadge, 1975) and is
intruded by mafic rocks. No reliable ages were available
until the recent study by Miranda et al. (2009), who re-
ported an age of 79·2�0·8 Ma [95% confidence (conf.)]
from the granite, obtained by the U^Pb method on zircon
using laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). The Foz da Fonte intrusion is a
tephritic sill located between the Sintra massif and the
Sines massif. This intrusion has been recently dated by the
40Ar^39Ar step-heating method on amphibole separates
(Miranda et al., 2009). The weighted mean plateau gave
an age of 93·6�4·6 Ma (2s) and the inverse isochron an
age of 93·8�7·8 Ma.
The Sines complex occurs about 100 km to the south of

Lisbon along the coast. It displays a ring-shaped pattern
comprising syenite, diorite^gabbro, basalt, and heteroge-
neous mafic breccias (Fig. 2c; Canilho, 1972; Rock, 1978).
The syenite intrudes the gabbro and both are commonly
cut by breccia dikes with basaltic to syenitic fragments.
Several attempts to date the Sines complex have been
made over the past three decades using the K^Ar tech-
nique. The results have been summarized by Miranda
et al. (2009). AU^Pb age on zircon of 75·4� 0·6 Ma (95%
conf.) obtained by LA-ICP-MS is the most reliable age con-
straining the emplacement of this massif (Miranda et al.,
2009).
The Monchique complex is the largest massif

(63 km�16 km), with an east^west elliptical shape (Fig.
2d), and has been described as a subvolcanic laccolith
emplaced into Late Carboniferous marine sediments
(Rock, 1978). It is mainly composed of nepheline syenite,
alkali gabbro, and diorite, but also contains trachytic and
syenitic breccias that host basalt, syenite, phonolite, and
pelite fragments (Rock, 1978). This massif is intruded by
phonolite plugs and lamprophyre dikes. Previous dating
of the Monchique complex yielded K^Ar ages on minerals
and whole-rock Rb^Sr isochron ages of �72 Ma
(Miranda et al., 2009, and references therein). The nephel-
ine syenite body was emplaced at 72·3�8·4 Ma (2s)
based on a recent whole-rock Rb^Sr isochron age
(Miranda et al., 2009). The ultramafic components of the
Monchique complex yield an age at 74·4� 4·0 Ma (2s)
showing that they were probably emplaced at the same

time (40Ar^39Ar age on amphibole, Miranda et al., 2009).
At 72 Ma, whole-rock isotope analyses define initial
87Sr/86Sr (Sri) between 0·70312 and 0·70337, and initial ep-
silon Nd (eNdi) values range between þ4·3 and þ5·6
(Rock, 1976; Bernard-Griffiths et al., 1997; Miranda et al.,
2009). Initial Pb isotope ratios (Pbi) of whole-rocks
are 19·409^19·732 for 206Pb/204Pb, 15·623^15·651 for
207Pb/204Pb, and 39·38^39·80 for 208Pb/204Pb (Bernard-
Griffiths et al., 1997).
Rare basaltic dikes, between one and a few meters in

width, occur in the Algarve region; they represent signifi-
cantly smaller magmatic volumes compared with the
three main massifs. Previous geochronological data for
these dikes were obtained using the K^Ar technique on
whole-rock, yielding ages between 77�3 and 72�2 Ma
(no data published, cited by Martins, 1991). The age of
these magmatic rocks was refined to 71·8�3·8 Ma (2s)
by K^Ar dating of biotites extracted from a lamprophyre
dike sampled in the Loule¤ area (Miranda et al., 2009).

ANALYT ICAL PROCEDURES
Major and trace element analyses were carried out
using the SARM facilities (Service d’Analyses des Roches
et Mine¤ raux) at the CRPG (Centre de Recherches
Pe¤ trographiques et Ge¤ ochimiques, Nancy, France), by in-
ductively coupled plasma atomic emission spectrometry
(ICP-AES) and ICP-MS, following the procedures
described by Govindaraju & Mevelle (1987) and Carignan
et al. (2001). The precision of the major element analyses is
1^5%, except for MnO, MgO, CaO, and P2O5 (10%).
Trace element analyses have a precision of 5^10% for
450 ppm abundance, 5^15% for 10^50 ppm, 5^20% for
1^10 ppm, and 5^25% for51ppm.
Mineral separation was carried out using a Frantz

isodynamic magnetic separator, heavy liquids (CHBr3
and CH2I2), and hand-picking under a binocular micro-
scope. All chemical procedures for isotope analyses and
mass spectrometric measurements were performed at the
University of Nice^Sophia Antipolis, except for the Hf
measurements obtained on the MC-ICP-MS instruments
at the Ecole Normale Supe¤ rieure (ENS-Lyon, France).
All grains used for isotope analyses (zircon, titanite,

K-feldspar, and plagioclase) represent the most euhedral,
transparent, and inclusion- and crack-free grains of the
populations. To minimize the influence of surface alter-
ation or weathering, selected grains were abraded (zircon
and titanite) and then leached. Prior to hand-picking, zir-
cons were mechanically abraded (Krogh, 1982), washed at
1008C for 1h in 7N HNO3, rinsed in triple distilled water
and weighed. After transfer of 1^30 zircon grains to
PTF� pressure capsules, a 205Pb^233U^235U isotope tracer
solution was added and the sample dried on a hot plate.
Dissolution and homogenization with the spike solution
was achieved with 25N HF for 3 days at 2158C. After
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drying, 3N HCl was added, and the capsules were closed
and heated at 2158C for 1day to dissolve the fluorides.
This solution was then directly introduced onto AGW-1X8
200^400 mesh anion resin and chemical treatment was
performed as described by Krogh (1973). This chemical
procedure also separates U and Pb from Zr and Hf.
Hafnium contained in the 3N HCl fraction was further
processed through AGW-50X-12 cation resin� to eliminate
176Yb interferences on 176Hf (Patchett & Tatsumoto, 1980).
Because Lu/Hf is very low in zircon (e.g. Patchett et al.,
1981; Scha« rer et al., 1997), the present-day 176Hf/177Hf
values directly reflect those of the magma sources at the
time of melting. For details of the U^Pb^Hf systematics of
zircons and associated chemical procedures we refer read-
ers to Bodet & Scha« rer (2000).
For titanite, the abrasion, washing, weighing, and iso-

tope tracer addition were identical to those for zircon but
2^20 grain titanite fractions were dissolved at 1408C for
15 h with 25N HF in 2ml Savilex� beakers, followed by
drying, and then addition of 6N HCl to dissolve the fluor-
ides for 4 h at the same temperature as dissolution.The fol-
lowing chemical procedure used the same anion resin as
for zircon but an HBr chemical procedure and an add-
itional purification step for U (Manhe' s et al., 1978). This
latter chemical procedure was also used for K-feldspar
and plagioclase, which were washed with 6N HCl and
water, ground in an agate mortar and leached with a 1%
HBr solution for 1^2min (Scha« rer, 1991). After decanting
the wash solution, additional washing was performed with
triple distilled water and the 205Pb^233U^235U tracer solu-
tion was added. After drying, about 1·5ml of 25N HF was
added in 2ml Savilex� beakers and kept on the hot plate
for 15 h at 1408C. It should be noted that one-third of the
3N HCl solution volume from the U^Pb chemistry was
spiked with a 85Rb^84Sr tracer solution so that the U^Pb
and Rb^Sr isotope signatures could be measured on the
same mineral fractions. For Rb^Sr concentration analyses
on the spiked solution, Rb and Sr were separated using
Eichrom Sr-Spec resin�. Isotopic composition measure-
ments were performed on the remaining unspiked
two-thirds of the original solution volume and Rb was
separated from Sr using the Eichrom resin. Plagioclase
and K-feldspar fractions extracted from the U^Pb dated
samples and from an additional undated phonolite from
the Monchique complex (PT-22B) were analysed for
U^Pb and Rb^Sr (see Tables 4 and 5 below). Initial Pbi
and Sri ratios were obtained by correcting the measured
ratios for the in situ decay of U and Rb, measured on
the same fraction, to the time of formation defined by the
U^Pb age of the rock.
Zircon fractions vary in weight between 0·061 and

0·101mg and titanite between 0·170 and 0·360mg, repre-
senting between 1 and 30 grains per fraction for zircon
and between 2 and 20 grains for titanite. Grain sizes of

zircon were between 0·05 and 0·20mm and those of titan-
ite between 0·10 and 1·5mm. Both minerals are essentially
euhedral, transparent crystals, with zircon varying
between colorless and slightly yellow, and titanite from
yellow to brown. Opaque and transparent inclusions
reach up to about 5 vol. % and were excluded from ana-
lyses when possible.
Overall analytical uncertainties of the zircon U^Pb

dates are 1^3·5% for 206Pb/238U and 2^9% for
207Pb/235U; correlation coefficients are between 0·3 and
0·7. For titanite, the corresponding errors and correlation
coefficients are 2·5^3·5%, 4^20%, and 0·3^0·4, respective-
ly. These uncertainties include in-run precisions, correc-
tions for blanks and mass fractionation, and initial
common Pb measured in the feldspar fractions. Lead
blanks were 7^20 pg for zircon analyses and 30^60 pg for
titanite. Concordia diagrams were plotted using the
Isoplot Excel add-in (Ludwig, 2003); error ellipses in
Figs 5^7 below take into consideration the above uncer-
tainties and are plotted at the 2s level. The age assigned
to each sample corresponds to the weighted mean
206Pb/238U age of the different fractions, calculated with
Isoplot and are reported at the 95% level confidence,
unless otherwise specified.
All U^Pb and Pb isotope analyses were carried out on

single degassed (20008C) Re filaments (H3PO4/Si-gel
load) using a single secondary electron multiplier on a
Thomson 206 mass spectrometer. Mass fractionation of
0·10� 0·05% per a.m.u. was monitored by repeated ana-
lysis of the NBS-981 standard, which yielded average
ratios of 16·941�0·044 (2s) for 206Pb/204Pb, 15·501�
0·044 for 207Pb/204Pb, and 36·728�0·078 for 208Pb/204Pb.
Strontium isotope compositions were measured on a
VG-Sector instrument using single Re filaments with a
H3PO4/TaF5 load. The NBS-987 standard was regularly
analysed to monitor the accuracy of the Sr measurement
and yielded an average (87Sr/86Sr)norm of 0·710289�
0·000082 (2s). All Sr isotope measurements were normal-
ized to 86Sr/88Sr¼ 0·1194. Hafnium isotope measurements
were performed on the PlasmaVG-54 and the Nu plasma
instruments at the ENS-Lyon using the JMC-475 Hf stand-
ard for calibration, run every fourth sample (Blichert-Toft
et al., 1997). This standard yielded a mean ratio of
0·282162�0·000001 (2s). All hafnium isotope measure-
ments were normalized to 179Hf/177Hf¼ 0·7325 (Patchett &
Tatsumoto, 1980). Further comments on combined U^Pb^
Hf isotope analyses of zircon have been given by Bodet &
Scha« rer (2000). Decay constants of 238U and 235U are
those determined by Jaffey et al. (1971), the constant for
87Rb was taken from Steiger & Ja« ger (1977) and the 176Lu
decay constant is from So« derlund et al. (2004). Errors
on isotopic ratios reported throughout the text and in
Tables 4^6 (see below) correspond to analytical uncertain-
ties (i.e. 2 standard error, internal measurement statistics).
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RESULTS
Classification and petrology
Brief petrographic descriptions and petrological classifica-
tions of the studied samples are given in Table 1. Textural
variability within a single outcrop is commonly observed.
The rocks are generally fresh, with minimal alteration.
However, some samples show some visible alteration of
the plagioclase and/or K-feldspar. Altered minerals were
not selected for analysis and the leaching procedures used
allow us to establish that the isotope analyses are not
biased by any form of alteration and therefore represent
the primary isotopic composition of the magmas.

Major and trace element geochemistry
The analysed samples have a wide range of compositions
as illustrated in the Na2OþK2O vs SiO2 diagram (TAS
diagram, Fig. 3, Table 2). The Sintra samples plot in the
alkali basalt to rhyolite fields, the Sines samples in the
basalt to trachyte field, and the Monchique samples in the
basanite to phonolite field.The Ribamar intrusion has bas-
altic trachy-andesitic composition. With the exception of
the granite from the Sintra massif, all the rocks have an al-
kaline character, becoming more alkaline and SiO2-under-
saturated from north to south (i.e. from Sintra to
Monchique). Among the studied rocks, the alkali gabbro
from Monchique (PT-21A) has the most primitive and
SiO2-undersaturated composition, with MgO and CaO
contents as high as 8·5 and 13·9wt %, respectively, at
�41wt % SiO2. The most mafic rocks are variably differ-
entiated, as they have MgO contents ranging from 4 to
8·5wt %. This is reflected in their compatible trace elem-
ent contents (Ni¼ 6^75 ppm, Co¼ 22^50 ppm, Cr¼ 5^
190 ppm), which are lower than the range expected for
magmas in equilibrium with mantle sources (Ni¼ 200^
500 ppm, Co¼ 50^70 ppm, Cr¼ 500^800 ppm, e.g.
Alle' gre et al., 1977).
Chondrite-normalized rare earth element (REE) pat-

terns and primitive mantle normalized trace element pat-
terns are shown in Fig. 4 for each studied massif, from
Ribamar in the north to Monchique in the south. A
common feature in the entire set of analysed rocks is their
positive Pb anomaly. The Monchique alkali gabbro
(PT-21A) is an exception with a slightly negative Pb
anomaly, and represents the least differentiated and most
mafic rock of this study. The Ribamar alkali diorite
(PT-2A) shows a moderately steep REE pattern with (La/
Yb)N¼16, and flat heavy REE (HREE) pattern. The
trace element pattern is regular, showing no large anoma-
lies (Fig. 4a and b).
Rocks from the Sintra massif have similar-shaped REE

patterns (Fig. 4c). They are between 80 and 200 times en-
riched in the light REE (LREE) compared with chondrite,
with (La/Yb)N ranging from 5 to 19. The gabbro (PT-6A)
does not have an Eu anomaly, and has a slightly convex

pattern in the middle REE (MREE).The three other sam-
ples have concave patterns and increasingly negative Eu
anomalies, with (Eu/Eu*) of 0·62 for the syenite (PT-7A),
0·28 for the alkali granite (PT-9A), and 0·12 for the
micro-granite (PT-5A). Except for the gabbro (PT-6A),
the incompatible trace element patterns of the Sintra
rocks (Fig. 4d) show negative anomalies in Ba, Sr, P, and
Ti (increasing in the same sense as the Eu anomaly),
and similar positive anomalies in Pb. Both the syenite
(PT-7A) and the alkali granite (PT-9A) have parallel in-
compatible trace element patterns, the syenite being the
most enriched sample. Although the micro-granite appears
to be the most differentiated rock type of the massif, with
more than 77wt % SiO2 and only 0·06wt % MgO
(Table 2), it is also the least enriched rock in terms of its
REE content compared with the three other samples,
whereas the most primitive rock (alkali gabbro PT-6A) is
the most enriched in REE. The more differentiated com-
positions, as indicated by their MgO contents, are less en-
riched in REE and have more negative Eu, Ba, Sr, and P
anomalies. Moreover, the micro-granite (PT-5A) shows a
flat pattern for the HREE with (Dy/Yb)N¼ 0·90.
The three analysed samples from the Sines complex

are 200^400 times enriched in LREE compared with
chondrites, with (La/Yb)N between 9 and 19 (Fig. 4e).
The two alkali gabbros (PT-16A and PT-17A) show paral-
lel incompatible trace element patterns (Fig. 4f), although
PT-17A has a more enriched REE pattern that is slightly
convex in the MREE with a slight negative Eu anomaly
(Eu/Eu*¼ 0·86) compared with PT-16A. The syenite
(PT-19A) is more enriched in LREE than the alkali gab-
bros, and has a pronounced concave shape in the MREE.
This slight REE enrichment of the syenite compared with
the alkali gabbros is also visible in the incompatible elem-
ent pattern (Fig. 4f). All three samples show negative
anomalies in Ba, P and Ti, and positive Pb anomalies, all
being most pronounced for the syenite.
The REE patterns of the Monchique rocks are similar to

those reported in previous studies (Bernard-Griffiths et al.,
1997) with up to 400 times LREE enrichment compared
with chondrites, yielding (La/Yb)N between 19 and 34
(Fig. 4g and h). The nepheline syenite (PT-20A) has a con-
cave U-shaped REE pattern, similar to those reported for
other samples from the same massif (Rock, 1976; Cornen,
1982; Bernard-Griffiths et al., 1997). This feature is also pre-
sent in the REE pattern of the phonolite (PT-22B). In con-
trast, the alkali gabbro (PT-21A) has a convex REE
pattern. The nepheline syenite and phonolite have similar
incompatible element patterns with negative anomalies
in Ba and P, and to a lesser extent in Ti, and positive
anomalies in Pb, all being more pronounced for the neph-
eline syenite (Fig. 4h). In contrast, the alkali gabbro has
positive anomalies in Ba, Nb andTi, and a negative anom-
aly in Pb.
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Table 1: Petrographic descriptions of the studied samples from Portugal (from north to south)

Sample Locality Texture Primary phases* Alteration phases Minor phases

and accessories

Rock type

Ribamar

PT-2A quarry fine- plagioclase ! white micas oxides Alkali diorite

N 3980·093’ grained K-fsp ! sericite calcite

W 9824·800’ clinopyroxene

biotite ! chlorite

Sintra

PT-5A Biscaia micro- quartz zircon Micro-granite

N 38845·527’ village granular K-fsp ! sericite oxides

W 9828·402’ porphyric plagioclase ! white micas

sparse muscovite

PT-6A Biscaia medium- plagioclase apatite Alkali gabbro

N 38845·844’ quarry grained biotite titanite

W 9828·332’ clinopyroxene zircon

amphibole ! chlorite epidote

PT-7A N Cabo fine- K-fsp ! sericite zircon Syenite

N 38846·984’ da Roca grained biotite

W 9829·010’ amphibole ! chlorite

quartz

sparse plagioclase

PT-9A main medium- K-fsp ! sericite apatite Alkali granite

N 38845·200’ granite grained quartz zircon

W 9825·469’ intrusion biotite ! chlorite

plagioclase ! white micas

Sines

PT-16A quarry coarse- plagioclase apatite Alkali gabbro

N 37856·902’ S Sines grained clinopyroxene sparse titanite

W 8851·179’ biotite ! chlorite oxides

sparse olivine

PT-17A hill coarse- plagioclase ! white micas apatite Alkali gabbro

N 37857·086’ between grained amphibole titanite

W 8851·858’ harbor biotite zircon

and beach clinopyroxene ! amphibole oxides

sparse quartz calcite

PT-19A Pedras fine- K-fsp ! sericite apatite Micro-syenite

N 37857·968’ Negras grained sparse plagioclase ! white micas titanite

W 8852·757’ and tiny quartz zircon

vesicles amphibole oxides

biotite ! chlorite calcite

epidote

Monchique

PT-20A Navete coarse- alk. fsp ! sericite titanite Nepheline syenite

N 37818·602’ quarry grained nepheline apatite

W 8834·169’ clinopyroxene oxides

biotite ! chlorite zeolite

calcite

PT-21A east of coarse- amphibole (poikilitic) apatite Alkali gabbro

N 37818·904’ Foia hill grained plagioclase (poikilitic) titanite

W 8834·469’ porphyroid clinopyroxene oxides

nepheline

biotite

PT-22A top of microlitic alk. fsp ! sericite apatite Phonolite

N 37819·395’ Foia hill and sparse plagioclase ! white micas calcite

W 8835·178’ porphyric clinopyroxene (relics)

*Most abundant primary phases are indicated at the top of the list.
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U^Pb dating
Table 3 lists zircon and titanite U^Pb analytical results
and Figs 5^7 show the corresponding concordia plots. All
zircon and titanite ages were derived from 206Pb/238U be-
cause 207Pb/235U commonly has excessive scatter, especial-
ly for the titanite data. This scatter is a consequence of
the low U contents in titanite and therefore low radiogenic
Pb contents. Consequently, the 207Pb/235U ages are more
sensitive to common Pb correction than 206Pb/238U, and
less precise. Specific features of the concordia diagrams
for some samples are discussed below.
Six zircon fractions from the Ribamar diorite (PT-2A,

Fig. 5a) yield identically concordant ages defining a
weighted mean 206Pb/238U age of 88·3�0·5 Ma (95%
conf., MSWD¼ 0·90). These six zircon grains were not
abraded because of their very fine acicular shape, which
almost certainly would have been destroyed by abrasion.
Nevertheless, the results are concordant and provide a
very precise final age. The zircon ages obtained for the
rocks of the Sintra massif are shown in Fig. 5b^e. Seven
zircons from the micro-granite (PT-5A) give concordant
ages with one grain having a slightly younger age than
the bulk of the zircons. This grain (zircon 5) is unusually
rich in U (44570 ppm) and is most probably affected by
recent Pb loss. Excluding this grain provides a weighted
mean 206Pb/238U age of 82·0� 0·7 Ma (MSWD¼1·18)
(Fig. 5b). For the alkali gabbro (PT-6A),10 zircon fractions
yield concordant ages, showing about 10% scatter along

the concordia curve. Using the six identically concordant
fractions, an average 206Pb/238U age of 83·4� 0·7 Ma
(95% conf., MSWD¼ 0·64) is defined (Fig. 5c). The four
other zircons give younger ages between 74·9 and 81·3
Ma. For the micro-syenite (PT-7A), six zircon fractions
give identically concordant ages and three fractions are
discordant, one of them having a significantly older age at
142·1�2·1 Ma (Fig. 5d). The weighted mean 206Pb/238U
age of the six identically concordant ages is 80·1�1·0 Ma
(95% conf., MSWD¼ 2·0). Eight zircon fractions from
the granite (PT-9A) yield concordant ages and one frac-
tion (zircon 4) is about 5 Myr younger (Fig. 5e). The
weighted mean 206Pb/238U age of the eight identical frac-
tions is 81·7�0·4 Ma (95% conf., MSWD¼ 0·96).
Concordia diagrams for zircon and titanite from the

Sines massif are shown in Fig. 6. For one gabbro (PT-16A),
five zircon fractions yield identical 206Pb/238U ages
(including one fraction that is about 10% discordant; Fig.
6a) whereas one grain gives a significantly older concord-
ant age of 131·2�1·7 Ma (Table 3). The weighted mean
206Pb/238U age for the five identical fractions is 77·2�0·6
Ma (95% conf., MSWD¼ 0·19). Nine fractions from the
second gabbro (PT-17A) yield identically concordant
206Pb/238U ages (Fig. 6b), defining a weighted mean of
77·2�0·4 Ma (95% conf., MSWD¼ 0·50). Seven zircon
and five titanite fractions from the syenite (PT-19A) are
mostly concordant and give a combined weighted mean
206Pb/238U age of 75·4�1·2 Ma (95% conf.,

Fig. 3. Total alkalis vs SiO2 diagram (Le Bas et al., 1986) for the Portuguese samples. The dividing line (dashed) between alkaline and subalka-
line series is from Miyashiro (1978).
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Table 2: Major and trace element concentrations of the Portuguese alkaline rocks

Massif: Ribamar Sintra Sines Monchique

Sample (PT-): 2A 5A 6A 7A 9A 16A 17A 19A 20A 21A 22B

SiO2 (wt %) 50·39 77·19 47·72 67·51 74·23 49·45 49·59 66·15 54·66 40·87 59·30

Al2O3 16·44 12·37 17·46 15·68 13·31 15·08 17·84 16·71 21·38 11·75 17·83

FeOT 8·29 0·92 11·25 3·31 1·95 12·01 10·45 2·81 3·00 13·54 2·93

MnO 0·19 0·00 0·18 0·08 0·04 0·17 0·18 0·10 0·10 0·19 0·14

MgO 2·55 0·06 4·00 0·89 0·23 6·18 4·51 0·59 0·66 8·51 0·73

CaO 6·14 0·19 9·99 1·78 0·69 9·09 8·59 1·49 1·72 13·88 1·85

Na2O 4·12 3·54 3·47 4·52 3·74 3·38 3·63 5·37 8·27 2·43 7·37

K2O 2·99 4·65 1·28 4·77 4·75 1·65 1·68 5·18 6·61 1·59 5·79

TiO2 1·98 0·07 2·83 0·63 0·23 3·00 2·53 0·58 0·73 4·62 0·84

P2O5 0·63 5DL 1·27 0·16 0·05 0·59 0·64 0·12 0·11 0·53 0·17

LOI 6·84 0·63 0·69 0·71 0·91 0·15 0·97 1·05 2·24 1·10 2·01

Total 100·50 99·60 100·14 100·02 100·14 100·76 100·61 100·15 99·48 99·00 98·95

Na2O þ K2O 7·11 8·18 4·74 9·29 8·49 5·03 5·31 10·55 14·88 4·01 13·16

V (ppm) 93·3 0·85 222 34·2 9·46 233 183 24·4 41·7 359 38·59

Co 8·69 0·24 22·5 4·49 1·45 37·7 25·4 3·61 3·40 49·71 3·14

Cr 5·87 7·14 5·33 13·1 7·53 176 56·6 6·07 13·8 190·3 5·14

Cu 5·66 5DL 12·0 4·97 5DL 49·7 32·1 3·99 4·46 61·1 5DL

Ni 4·92 3·20 6·11 7·90 4·13 75·5 37·4 4·60 6·77 58·3 5DL

Cs 1·33 4·14 1·53 8·35 4·78 1·20 1·57 2·13 4·37 0·45 1·12

Rb 77·4 213 35·4 189 172 46·7 48·3 218 215 32·1 102

Sr 1039 12·7 951 214 63·7 618 744 306 642 1166 431

Ba 766 25·3 424 606 280 430 376 629 369 870 578

Th 9·39 21·7 4·77 20·9 21·1 5·60 6·54 31·5 28·1 4·33 11·4

U 2·42 4·36 1·52 6·83 6·63 1·67 1·91 6·72 8·76 1·01 3·53

Nb 79·5 50·2 57·9 70·4 38·7 52·4 68·8 112 125 74·9 105

Pb 7·75 27·4 6·93 29·8 30·8 5·34 6·19 16·5 24·3 2·68 10·4

Zr 380 113 452 402 191 249 246 510 557 273 357

Hf 8·76 4·95 10·1 9·51 6·19 6·02 6·69 12·3 8·3 7·40 7·52

Y 33·7 17·3 35·4 25·5 32·2 26·0 49·6 31·6 11·0 29·3 24·3

La 64·8 16·9 56·8 64·3 45·9 41·6 50·2 86·1 61·9 55·2 91·3

Ce 137 35·9 123 120 94·0 87·2 118 158 90·1 122 181

Pr 16·3 4·43 15·3 12·3 10·5 10·5 15·9 15·8 7·69 15·3 20·0

Nd 63·9 15·6 63·4 41·1 37·1 42·1 70·2 51·2 22·3 61·3 68·4

Sm 12·2 3·43 12·8 7·08 7·74 8·45 15·8 8·22 3·08 11·9 10·4

Eu 3·60 0·11 3·65 1·24 0·65 2·63 4·18 1·96 0·90 3·66 2·57

Gd 9·64 2·67 10·8 5·29 6·48 7·36 14·1 6·01 2·19 9·44 6·95

Tb 1·32 0·48 1·48 0·84 1·05 1·03 2·00 0·93 0·33 1·26 0·98

Dy 6·99 3·11 7·60 4·67 5·99 5·54 10·9 5·38 1·85 6·53 5·24

Ho 1·21 0·62 1·31 0·85 1·12 0·97 1·90 1·01 0·35 1·06 0·89

Er 3·19 1·92 3·33 2·44 3·21 2·47 4·79 2·98 1·08 2·62 2·31

Tm 0·44 0·32 0·43 0·37 0·48 0·33 0·63 0·46 0·17 0·34 0·31

Yb 2·87 2·30 2·74 2·48 3·26 2·11 3·86 3·30 1·29 2·05 1·96

Lu 0·42 0·34 0·40 0·38 0·48 0·31 0·55 0·51 0·19 0·29 0·29

(La/Yb)N 16·22 5·27 14·88 18·63 10·09 14·19 9·32 18·69 34·38 19·35 33·47

Eu/Eu* 1·02 0·12 0·95 0·62 0·28 1·02 0·86 0·85 1·05 1·06 0·92

LOI, loss on ignition; 5DL, below detection limit; major and trace element analyses were carried out at the CRPG
at Nancy (Govindaraju & Mevelle, 1987; Carignan et al., 2001). The subscript N indicates the ratio normalized to the
chondrite values (Sun & McDonough, 1989). Eu/Eu*¼ EuN/ˇ(SmN�GdN).
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Fig. 4. REE and trace element patterns of the analyzed rocks, normalized to chondritic abundances for REE and to primitive mantle for all
trace elements (Sun & McDonough, 1989).
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Table 3: U^Pb analytical results for zircon and titanite from the Portuguese alkaline rocks

Location

sample fractiona

Weight

(mg)

Content Measuredc Radiogenic Pb (at.%)d Atomic ratiosd Apparent agesd (Ma)

U (ppm) Pbb (pg) 206Pb/204Pb 206Pb 207Pb 208Pb 206Pb/238U 207Pb/235U 206Pb/238U 207Pb/235U

Ribamar

PT-2A (alkali diorite)

zircon 1e 0·0935 810·0 41 1640 46·0 2·2 51·8 0·01382 0·09065 88·5� 1·0 88·1� 1·9

zircon 2e 0·0229 666·2 48 289 45·1 2·1 52·7 0·01357 0·08727 86·9� 1·4 85·0� 2·9

zircon 3e 0·0336 588·2 65 285 44·5 2·2 53·3 0·01378 0·09143 88·2� 1·9 88·8� 3·6

zircon 4e 0·0252 631·8 27 537 48·3 2·3 46·3 0·01382 0·09172 88·5� 1·3 89·1� 2·7

zircon 5e 0·0120 882·0 10 936 38·8 1·9 59·3 0·01381 0·09199 88·4� 1·0 89·4� 1·3

zircon 6e 0·0370 731·8 16 1459 43·8 2·1 54·1 0·01382 0·09137 88·5� 0·9 88·8� 1·8

Mean (95% conf.) 88·3� 0·5 Ma

Sintra

PT-5A (micro-granite)

zircon 1 0·0453 972·3 126 305 87·7 4·1 8·2 0·01298 0·08283 83·1� 2·0 80·8� 3·2

zircon 2 0·0427 1123 140 294 87·6 4·1 8·3 0·01277 0·08150 81·8� 2·2 79·6� 3·4

zircon 3 0·0153 1291 64 266 84·9 4·0 11·1 0·01271 0·08202 81·4� 2·2 80·0� 3·6

zircon 5f 0·0213 4576 56 259 83·9 4·0 12·1 0·01209 0·07827 77·5� 2·1 76·5� 3·5

zircon 6 0·0256 1803 82 474 86·7 4·1 9·2 0·01286 0·08427 82·4� 1·4 82·2� 2·3

zircon 7 0·0209 1636 50 569 87·9 4·2 7·9 0·01282 0·08380 82·1� 1·4 81·7� 2·2

zircon 8f 0·0061 893·8 57 93 86·3 4·1 9·6 0·01239 0·08049 79·4� 2·6 78·4� 6·5

Mean (95% conf.) 82·0� 0·7 Ma

PT-6A (alkali diorite)

zircon 1 0·0622 299·7 100 182 72·3 3·5 24·2 0·01300 0·08609 83·3� 1·6 83·9� 3·4

zircon 2f 0·0311 401·8 87 132 79·2 3·6 17·2 0·01257 0·07766 80·5� 1·9 75·9� 4·5

zircon 3f 0·0201 453·1 58 136 77·3 3·8 18·9 0·01169 0·07931 74·9� 1·8 77·5� 4·5

zircon 4 0·0255 174·9 31 140 75·3 3·7 21·0 0·01327 0·08899 85·0� 2·0 86·6� 4·6

zircon 5f 0·0559 468·6 74 307 70·4 3·2 26·4 0·01270 0·07847 81·3� 1·8 76·7� 3·3

zircon 7 0·0711 368·0 27 805 72·4 3·5 24·1 0·01295 0·08665 83·0� 1·2 84·4� 1·7

zircon 8f 0·0848 438·8 161 198 75·1 3·4 21·4 0·01222 0·07695 78·3� 1·8 75·3� 3·4

zircon 9 0·0630 366·1 56 357 72·3 3·4 24·3 0·01303 0·08350 83·4� 2·1 81·4� 2·6

zircon 10 0·0644 444·3 59 417 70·4 3·3 26·3 0·01298 0·08352 83·1� 2·0 81·5� 2·5

zircon 11 0·0820 391·9 61 454 70·8 3·4 25·8 0·01298 0·08426 83·1� 1·9 82·1� 2·6

Mean (95% conf.) 83·4� 0·7 Ma

PT-7A (micro-syenite)

zircon 1 0·0201 270·2 88 67 79·3 4·4 16·3 0·01231 0·09331 78·9� 2·4 90·6� 8·0

zircon 4 0·0287 132·8 19 176 82·1 3·9 14·0 0·01274 0·08313 81·6� 1·9 81·1� 5·0

zircon 5 0·0256 340·7 29 261 95·4 4·4 0·2 0·01274 0·08034 81·6� 1·4 78·5� 3·2

zircon 6 0·0408 267·5 56 171 91·8 4·4 3·8 0·01244 0·08243 79·7� 1·3 80·4� 3·2

zircon 7f 0·0867 295·3 83 456 85·4 4·6 10·0 0·02229 0·16523 142·1� 2·0 155·3� 3·4

zircon 8 0·0347 323·0 16 578 89·0 4·3 6·7 0·01244 0·08256 79·7� 1·1 80·5� 1·7

zircon 9 0·0424 394·2 22 612 85·3 4·1 10·6 0·01241 0·08191 79·5� 1·2 79·9� 1·7

Mean (95% conf.) 80·1� 1·0 Ma

PT-9A (granite)

zircon 1 0·0985 581·0 155 320 83·7 4·0 12·3 0·01286 0·08400 82·4� 1·3 81·9� 2·6

zircon 3 0·0941 708·7 66 827 85·7 4·1 10·2 0·01266 0·08288 81·1� 1·2 80·8� 2·1

zircon 4f 0·0802 443·7 54 528 85·2 4·2 10·6 0·01200 0·08102 76·9� 1·3 79·1� 2·1

zircon 5 0·0671 444·1 32 762 85·5 4·0 10·4 0·01268 0·08232 81·3� 1·2 80·3� 2·0

zircon 6 0·0883 505·9 228 174 83·8 3·9 12·3 0·01256 0·08051 80·4� 1·9 78·6� 3·2

zircon 7 0·0770 589·1 148 270 85·0 4·1 10·9 0·01290 0·08477 82·7� 1·5 82·6� 3·2

(continued)
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Table 3: Continued

Location

sample fractiona

Weight

(mg)

Content Measuredc Radiogenic Pb (at.%)d Atomic ratiosd Apparent agesd (Ma)

U (ppm) Pbb (pg) 206Pb/204Pb 206Pb 207Pb 208Pb 206Pb/238U 207Pb/235U 206Pb/238U 207Pb/235U

zircon 8 0·0504 768·6 97 342 86·0 4·1 9·9 0·01277 0·08336 81·8� 1·3 81·3� 2·3

zircon 9 0·0643 473·2 64 399 89·4 4·3 6·3 0·01274 0·08433 81·6� 1·2 82·2� 2·5

zircon 10 0·0642 774·5 33 1246 86·1 4·2 9·8 0·01280 0·08470 82·0� 0·9 82·6� 1·6

Mean (95% conf.) 81·7� 0·4 Ma

Sines

PT-16A (alkali gabbro)

zircon 2f 0·0255 205·5 22 313 76·6 3·7 19·7 0·02057 0·13646 131·2� 1·7 129·9� 2·6

zircon 3 0·0244 666·3 20 642 76·0 3·7 20·3 0·01207 0·08041 77·3� 1·4 78·5� 2·2

zircon 4 0·0285 673·2 53 301 78·3 4·2 17·5 0·01204 0·08895 77·1� 1·8 86·5� 3·5

zircon 7 0·0275 396·5 27 321 84·4 4·1 11·5 0·01201 0·07967 77·0� 1·5 77·8� 2·5

zircon 8 0·0369 640·7 32 576 81·0 3·9 15·1 0·01198 0·07914 76·8� 1·3 77·3� 2·3

zircon 9 0·0628 410·9 27 750 78·5 3·8 17·7 0·01210 0·07934 77·5� 1·1 77·5� 1·7

Mean (95% conf.) 77·2� 0·6 Ma

PT-17A (alkali gabbro)

zircon 1 0·0930 278·6 258 95 80·9 4·0 15·2 0·01208 0·08118 77·4� 2·7 79·2� 6·9

zircon 2 0·0154 197·1 60 57 79·5 4·2 16·3 0·01207 0·08423 77·4� 3·2 82·1� 9·5

zircon 3 0·0831 240·7 37 430 83·0 4·0 13·0 0·01219 0·07962 78·1� 1·5 77·8� 2·3

zircon 4 0·0971 287·6 16 1359 78·7 3·8 17·5 0·01200 0·07849 76·9� 0·9 76·7� 1·6

zircon 5 0·0948 230·1 25 677 80·9 3·7 15·4 0·01211 0·07592 77·6� 1·7 74·3� 2·2

zircon 7 0·0818 282·4 20 883 81·4 3·8 14·8 0·01196 0·07598 76·7� 1·0 74·4� 1·7

zircon 8 0·1008 370·0 25 1156 77·4 3·7 18·9 0·01210 0·07934 77·5� 1·0 77·5� 1·6

zircon 9 0·0738 301·6 13 1305 81·2 3·9 14·9 0·01209 0·07950 77·4� 0·9 77·7� 1·6

zircon 10 0·0847 333·3 13 1722 80·2 3·8 16·0 0·01202 0·07828 77·0� 0·8 76·5� 1·5

Mean (95% conf.) 77·2� 0·4 Ma

PT-19A (micro-syenite)

titanite 1 0·2991 187·5 364 131 59·3 3·7 37·0 0·01153 0·09973 73·9� 1·8 96·5� 4·2

titanite 2 0·1728 222·6 383 94 63·1 2·9 34·0 0·01190 0·07495 76·3� 1·7 73·4� 4·7

titanite 4 0·2552 207·0 623 82 63·4 2·9 33·6 0·01162 0·07412 74·5� 2·1 72·6� 5·0

titanite 5 0·3555 197·1 1602 50 58·8 2·7 38·5 0·01122 0·07184 71·9� 2·3 70·4� 9·0

titanite 6 0·2922 215·9 940 67 61·0 2·8 36·2 0·01116 0·07071 71·5� 2·3 69·4� 8·8

Titanite mean (95% conf.) 74·0� 2·4

zircon 1 0·0966 117·7 479 37 85·7 4·4 9·9 0·01195 0·08455 76·6� 2·0 82·4� 16·0

zircon 2 0·0221 138·2 20 130 73·8 3·8 22·4 0·01184 0·08244 75·9� 2·0 80·6� 4·5

zircon 5 0·0245 199·4 23 178 73·9 4·2 21·8 0·01214 0·09429 77·8� 1·6 91·5� 3·9

zircon 7 0·0977 168·9 77 178 77·1 3·7 19·2 0·01182 0·07872 75·8� 1·8 76·9� 3·7

zircon 8 0·0894 130·8 133 83 79·8 4·1 16·1 0·01149 0·08087 73·6� 2·1 79·0� 6·6

zircon 9 0·0583 119·2 60 104 75·8 3·6 20·5 0·01156 0·07383 74·1� 1·8 72·3� 2·7

zircon 11 0·0850 114·8 13 591 84·7 4·1 11·2 0·01195 0·07932 76·6� 1·1 77·5� 1·6

Zircon mean (95% conf.) 76·1� 1·3

Mean (95% conf.) 75·4� 1·2 Ma

Monchique

PT-20A (nepheline syenite)

titanite 1 0·3496 30·22 546 33 35·0 2·4 62·6 0·01098 0·10352 70·4� 1·8 100·0� 19·6

titanite 2 0·2675 28·52 423 32 36·5 2·4 61·1 0·01066 0·09578 68·4� 2·1 92·9� 19·7

titanite 4 0·3327 30·27 582 31 35·0 2·3 62·7 0·01065 0·09495 68·3� 2·3 92·1� 19·0

titanite 7 0·2920 28·94 537 31 34·4 3·0 62·6 0·01136 0·13673 72·8� 2·0 130·1� 25·9

titanite 8 0·2632 27·73 545 30 37·7 1·8 60·5 0·01056 0·06871 67·7� 2·4 67·5� 14·4

titanite 9 0·3210 29·48 494 33 35·8 2·0 62·2 0·01060 0·08032 68·0� 1·7 78·4� 14·8

(continued)
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MSWD¼ 4·2).The average 206Pb/238U age of the titanite is
74·0�2·4Ma (95% conf., MSWD¼ 3·9) and that of zircon
is 76·1�1·3 Ma (95% conf., MSWD¼ 2·7), suggesting that
the time of crystallization for both minerals is the same
within error (Fig. 6c). Nevertheless, we consider the age
derived from the zircon analyses to date the formation of the
rock, as there is more consistency in the zircon data from
this rock. The entire range of calculated ages is between
71·5�2·3Ma (titanite 6) and 77·8�1·6Ma (zircon 5).
For the nepheline syenite from the Monchique complex

(PT-20A), the 12 titanite fractions have identical
206Pb/238U ages, whereas they show scatter in 207Pb/235U,
reaching up to 20% discordance (Fig. 7a and b). The
weighted mean 206Pb/238U age is 68·8�1·0 Ma (95%
conf., MSWD¼ 2·7). The six titanite fractions from the
alkali gabbro (PT-21A) are slightly discordant, plotting to
the right of the concordia curve and giving a weighted
mean 206Pb/238U age of 70·0�2·9 Ma (95% conf.,
MSWD¼ 4·9).

Pb, Sr and Hf isotope data
Isotopic compositions of Pb and Sr are presented in
Tables 4 and 5. Initial Pb isotope ratios (Pbi) of the rocks

are 18·522^19·299 for (206Pb/204Pb)i, 15·555^16·007 for
(207Pb/204Pb)i and 38·480^39·330 for (208Pb/204Pb)i.
Initial 87Sr/86Sr (Sri) of the feldspars lie between 0·70274
and 0·70481. Initial Hf isotope ratios of 18 zircon fractions
yield eHfi ranging between þ3·7 and þ9·6 (Table 6).
Correlation diagrams between these initial isotope signa-
tures are given in Figs 8 and 9.
In the Sintra massif, the most primitive rock (the alkali

gabbro PT-6A) exhibits the highest (207Pb/204Pb)i ratio
(Fig. 8a), whereas the most differentiated rocks have much
lower ratios, with compositions similar to mid-ocean
ridge basalt (MORB) for syenite (PT-7A). This trend is
less obvious for (87Sr/86Sr)i but still valid (Fig. 8b), with
three samples having similar elevated ratios whereas the
most differentiated rock (micro-granite PT-5A) has a
(87Sr/86Sr)i in the field of the MORB. The same trend is
observed in the rocks from the Sines and Monchique mas-
sifs: the most primitive rocks (PT-16A, -17A and -21A)
have the highest (87Sr/86Sr)i, whereas the most differen-
tiated rocks have low ratios down to the MORB field,
with the Monchique rocks plotting in the lowest part of
the MORB field. However, the Sines rocks all have similar
(207Pb/204Pb)i signatures.

Table 3: Continued

Location

sample fractiona

Weight

(mg)

Content Measuredc Radiogenic Pb (at.%)d Atomic ratiosd Apparent agesd (Ma)

U (ppm) Pbb (pg) 206Pb/204Pb 206Pb 207Pb 208Pb 206Pb/238U 207Pb/235U 206Pb/238U 207Pb/235U

titanite 10 0·1937 28·43 292 31 37·1 1·4 61·6 0·01043 0·05286 66·9� 2·1 —

titanite 11 0·3298 29·08 564 31 33·3 2·0 64·7 0·01050 0·08674 67·3� 2·1 84·5� 17·9

titanite 13 0·2316 27·52 492 28 40·8 1·6 57·6 0·01061 0·05654 68·0� 2·2 —

titanite 14 0·3593 27·40 678 29 35·5 1·2 63·4 0·01086 0·04928 69·6� 2·1 —

titanite 17 0·2856 29·53 813 26 35·1 2·1 62·8 0·01058 0·08838 67·8� 1·9 86·0� 18·3

titanite 18 0·3240 27·20 470 32 36·8 1·9 61·2 0·01087 0·07884 69·7� 1·7 77·1� 14·3

Mean (95% conf.) 68·8� 1·0 Ma

PT-21A (alkali gabbro)

titanite 1 0·3193 11·58 225 30 30·2 2·1 67·7 0·01047 0·09944 67·1� 2·8 96·3� 18·0

titanite 2 0·2995 16·66 188 37 32·4 1·8 65·8 0·01077 0·08293 69·0� 2·5 80·9� 15·1

titanite 3 0·2796 14·55 297 28 34·7 2·3 63·0 0·01034 0·09356 66·3� 2·5 90·8� 19·5

titanite 4 0·2650 13·97 105 44 35·7 1·9 62·4 0·01144 0·08133 73·3� 2·3 79·4� 10·0

titanite 5 0·2168 11·35 71 43 30·6 1·8 67·5 0·01121 0·09101 71·9� 2·5 88·4� 10·3

titanite 6 0·2453 12·65 89 43 35·4 2·1 62·6 0·01105 0·08821 70·8� 2·3 85·8� 10·4

Mean (95% conf.) 70·0� 2·9 Ma

aAnalyses were performed on crack-free and euhedral zircons and titanites.
bTotal amount of blankþ initial Pb.
cRatios corrected for mass-discrimination and isotope tracer contribution.
dRatios corrected for mass-discrimination, isotope tracer contribution, blank, and initial common Pb determined in
feldspars of the same rock (Table 4). Single errors are given at 2s level. The mean age is the weighted mean average
of the entire set of fractions, excluding some indexed f, given at 95% confidence level.
eNot abraded fractions.
fFractions not used for age calculation (see text for further details).
(For further details, see ‘Analytical procedures’.)
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Fig. 5. Concordia diagrams showing U^Pb analytical data for zircons from the Ribamar alkali diorite (a) and for the Sintra massif: (b)
micro-granite, (c) alkali gabbro, (d) syenite and (e) granite. Ellipses correspond to analytical uncertainties. Dashed ellipses correspond to ana-
lyses not taken into account for the age calculation (see text for further details).
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In addition to the intra-massif isotopic variation,
there are also important variations in Pbi and Sri between
massifs (inter-massifs). From Sintra to Sines and then
to Monchique, the rocks have progressively lower
(207Pb/204Pb)i and (87Sr/86Sr)i and higher (206Pb/204Pb)i.
The Monchique rocks exhibit both the highest

(206Pb/204Pb)i (PT-20A at �19·30) and the lowest
(207Pb/204Pb)i and (87Sr/86Sr)i values (respectively PT-21A
at 15·55 and PT-22B at 0·70274). They plot within the
North Atlantic MORB field, similar to previous data ob-
tained from Monchique rocks (Bernard-Griffiths et al.,
1997) and from the Tore seamounts (NW Tore, Merle
et al., 2006). Following this general trend of isotopic vari-
ation, the Sines rocks have less radiogenic (206Pb/204Pb)i
and more radiogenic (207Pb/204Pb)i and (87Sr/86Sr)i com-
pared with the Monchique rocks. They are similar to the
North Atlantic MORB field in (207Pb/204Pb)i (Fig. 8). The
isotopic compositions of the Ribamar sample (PT-2A)
plot between the Sines and Sintra samples. The Sintra
rocks have the highest (207Pb/204Pb)i and (87Sr/86Sr)i and
the lowest (206Pb/204Pb)i. Figure 8 also shows the field of
Cabo Ortegal ultramafic rocks (Santos et al., 2002), recal-
culated at 80 Ma, as a proxy for the Iberian SCLM, and
data from Jurassic alkaline rocks, emplaced during the
Atlantic Ocean pre-rift period and interpreted to originate

Fig. 6. Concordia diagrams showing U^Pb analytical data for zir-
cons and titanites from: (a, b) two alkali gabbros and (c) the syenite
of the Sines massif. Ellipses correspond to analytical uncertainties.
Grey shaded ellipses correspond to analyses on titanites.
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from the metasomatized SCLM (Grange et al., 2008). The
new data from this study are similar in (206Pb/204Pb)i to
the Cabo Ortegal field, but some rocks from the Sintra
massif are substantially higher in (207Pb/204Pb)i, similar to
the trend defined by theJurassic rocks (JRS, Fig. 8); where-
as all the massifs contain some rocks lower in (87Sr/86Sr)i
than the Cabo Ortegal field.
Hafnium isotopic data, correlated with age of emplace-

ment and Pbi, are shown in Fig. 9, using the epsilon (e) no-
tation relative to chondritic uniform reservoir (CHUR),
calculated for the time of crystallization of the rocks
(eHfi). Figure 9a also shows the evolution of the Depleted
Mantle (DM) through time, which represents the evolu-
tion of the depleted asthenospheric mantle. The Hf isotope
data were acquired on the zircon fractions used for U^Pb
geochronology, although the samples from the Monchique
massif did not contain any zircons and therefore no Hf
data are available for these rocks. All the eHfi values are
positive (Fig. 9), ranging between þ3·7 and þ9·6, and plot
between the CHUR and the DM evolution lines. These

data indicate that the magma source(s) is (are) more en-
riched than the asthenosphere. The eHfi signatures in-
crease progressively from the Ribamar intrusion to the
Sines massif (i.e. from north to south). The variations in
eHfi vs (206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i
(Fig 9b^d) show that the studied samples have significant-
ly lower eHfi than the fields of Atlantic MORB and the
Tore Madeira Rise rocks. Our data plot in the field
of worldwide ocean island basalt (OIB) and they show
the same initial Hf signatures as the Mbuji-Mayi kimber-
lites from Zaire (Weis & Demaiffe, 1985; Scha« rer et al.
1997). As there are very few data with combined Pb and
Hf isotopic analyses for rocks representing the SCLM
(such as mantle xenoliths), this kimberlite field is taken as
a proxy for the composition of the SCLM. An important
characteristic of the Hf data is the large variation within
the same sample of up to 4 epsilon units for Sintra sample
PT-9A. These variations are well outside the single analyt-
ical uncertainties and are therefore considered to be
significant.

Table 4: Initial Pb isotope ratios of feldspars from the Portuguese alkaline rocks

Location

sample

Weight

(mg)

Concentrationa mb Initial isotope ratiosc Sourced signatures

U (ppm) Pb (ppm) (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i m o k

Ribamar

PT-2A 10·5 0·068 6·47 0·675 18·861� 0·010 15·639� 0·007 38·920� 0·019 9·41 38·0 4·03

Sintra

PT-5A 9·88 0·156 22·8 0·436 18·522� 0·092 15·818� 0·045 38·669� 0·121 9·07 36·9 4·07

PT-6A 10·9 0·050 4·18 0·778 19·237� 0·087 16·007� 0·053 39·330� 0·125 9·78 39·6 4·05

PT-7A 16·7 0·968 7·93 7·858 18·906� 0·008 15·628� 0·005 38·629� 0·013 9·45 36·7 3·89

PT-9A 9·98 0·034 23·4 0·093 18·664� 0·008 15·668� 0·004 38·480� 0·008 9·21 36·2 3·93

Sines

PT-16A 12·6 0·450 5·12 5·661 18·953� 0·018 15·628� 0·010 38·849� 0·019 9·49 37·6 3·96

PT-17A 10·7 0·023 2·83 0·510 18·801� 0·014 15·627� 0·013 38·653� 0·030 9·34 36·8 3·94

PT-19A 7·30 0·100 7·60 0·845 19·052� 0·008 15·623� 0·007 38·768� 0·015 9·58 37·3 3·89

Monchique

PT-20A 10·9 0·018 7·37 0·155 19·299� 0·016 15·589� 0·014 39·153� 0·034 9·82 38·8 3·95

PT-21A 6·84 0·005 3·73 0·089 19·237� 0·014 15·555� 0·014 38·918� 0·025 9·76 37·8 3·88

PT-22B* 9·93 0·056 4·25 0·856 19·113� 0·014 15·660� 0·012 38·857� 0·027 9·64 37·6 3·90

aCorrected for mass-discrimination, blank and isotope tracer contribution.
bm¼ 238U/204Pb, used for correction of in situ decay of U.
cRatios corrected for mass-discrimination, blank, isotope tracer contribution, and in situ decay of U using the U–Pb ages
(Table 3); (208Pb/204Pb)i is corrected for in situ decay of 232Th estimated from m and from 208Pb/206Pb measured in
feldspars.
dm¼ (238U/204Pb), o¼ (232Th/204Pb), k¼ (232Th/238U) were calculated using the single-stage evolution model of the
Earth mantle (Holmes, 1946) with an age of 4·56 Ga (Allègre et al., 1995). Primordial Pb isotopic compositions are taken
from Tatsumoto et al. (1973).
*Not dated, age taken from PT-20A.
(For further details see ‘Analytical procedures’.)
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DISCUSS ION
Geochronological data
The U^Pb ages of the magmatic zircon and titanite can be
considered to date the crystallization of these minerals
from the magmas (e.g. Krogh, 1973; Zhang & Scha« rer,
1996). Our new ages significantly refine the intrusion ages
along the western coast of Portugal; they are in the same
range as those obtained by Miranda et al. (2009), but are
more precise. The 10 new ages clearly substantiate alkaline
magma emplacement between 88·2�0·5 and 68·9�1·1
Ma, covering a period of about 20 Myr in the Late
Cretaceous, during Coniacian^Maastrichtian times
(Gradstein et al., 2004).
Some zircon fractions yield slightly different ages com-

pared with the bulk zircon fractions used for the mean
age calculation of the rock (e.g. PT-5A, PT-6A, PT-7A,
PT-9A, PT-16A and PT-19A). The reason for these differ-
ences is not clear; however, the presence of a small
amount of inherited radiogenic Pb in zircon could account
for the older ages given by some zircons (PT-7A and
PT-16A). Another explanation could be a slight difference
between the initial Pb isotope composition of the zircon
(and titanite) and the feldspar. As the zircon (and titanite)
ages have been corrected with the initial Pb measured in

the feldspar, a difference could result in minor discord-
ance. This interpretation is the most likely explanation
for the 207Pb/235U discordance in titanite from sample
PT-21A. Lastly, a recent loss of Pb from some of the
grains could lead to a younger fraction of zircons (e.g.
PT-5A, PT-6A and PT-9A).
Our new U^Pb ages for the alkaline massifs define a

clear north^south age trend (Fig. 10a), from the Ribamar
intrusion at �88 Ma to the Monchique complex emplaced
around 69 Ma. The four massifs therefore constitute a dis-
tinct 200 km NNW^SSE alignment of alkaline rocks paral-
lel to the Portuguese coast.
Alkaline magmatism of similar age and chemical com-

position is also present in the oceanic domain, westward
of this alignment (Fig. 1). Within the Mount Ormonde
massif (constituting the eastern part of the Gorringe
Bank), some alkaline rocks intrude SCLM peridotites and
have been dated at 65^62 Ma (40Ar^39Ar on amphiboles
from diorites, Fe¤ raud et al., 1982, 1986; see discussion by
Merle et al., 2009). Widespread occurrences of alkaline
magmatic rocks have also been documented along the
TMR, ranging in age from �103 Ma to Pleistocene
(Geldmacher et al., 2006; Merle et al., 2006, 2009). In par-
ticular, the trachytic magmatic rocks of the Tore sea-
mounts, located about 500 km WNW of the Ribamar

Table 5: Rb^Sr compositions of feldspars from the Portuguese alkaline rocks

Location

sample

Weight

(mg)

Concentrations 87Rb/86Sr Age (Ma)

206Pb/238U

Isotope ratiosa

Sr (ppm) Rb(ppm) (87Sr/86Sr)norm (87Sr/86Sr)i

Ribamar

PT-2A 10·5 435 35 0·235 88·3 0·70433� 3 0·70404

Sintra

PT-5A 9·88 13·7 79 16·77 82·0 0·72286� 11 0·70329

PT-6A 10·9 724 2·4 0·010 83·4 0·70455� 4 0·70454

PT-7A 11·0 204 14 0·194 80·1 0·70479� 10 0·70457

PT-9A 10·0 42·6 77 5·275 81·7 0·71094� 7 0·70481

Sines

PT-16A 12·6 595 12 0·060 77·2 0·70378� 3 0·70371

PT-17A 10·7 727 1·5 0·006 77·2 0·70392� 9 0·70391

PT-19A 7·30 348 28 0·236 76·1 0·70364� 7 0·70339

Monchique

PT-20A 10·9 500 101 0·592 68·8 0·70391� 6 0·70333

PT-21A 6·84 1350 14 0·031 70·0 0·70359� 10 0·70356

PT-22B* 9·93 44·2 69 4·580 68·8 0·70722� 8 0·70274

aRatios corrected for isotope tracer contribution and for in situ decay of Rb using the U–Pb ages (Table 3).
*Not dated, age taken from PT-20A.
(For further details see‘Analytical procedures’.)
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intrusion (Fig. 1), have been dated by the U^Pb method at
88·3�3·8 Ma (Merle et al., 2006), which is similar to our
oldest age obtained from the Ribamar intrusion. Our new
ages suggest that the period of magmatic activity on the

western coast of Portugal overlaps with that of the north-
ern part of the TMR. The combined geochronological
data from the alkaline magmatic rocks of the TMR, the
Ormonde seamount and our new U^Pb ages from the al-
kaline massifs in western Portugal bracket the timing of
an important alkaline magmatic event in the eastern part
of the North Atlantic Ocean over �26 Myr, between 88
and 62 Ma.

Magmatic differentiation
The analysed samples show large variations in whole-rock
chemistry, with SiO2 and MgO varyring from 40·9 to
77·2wt % and 0·06 to 8·5wt % respectively. The most
evolved rocks (phonolite, trachyte and granite) were prob-
ably produced by a fractional crystallization process as
shown by the negative anomalies in the incompatible elem-
ent patterns (Fig. 4). The negative anomalies in Ba, Sr and
Eu can be explained by the fractionation of plagioclase,
whereas those for P and Ti may be related to the fraction-
ation of apatite and ilmenite, and/or titanite respectively.
In the most mafic rocks (MgO44wt %, PT-6A, PT-16A,
PT-17A and PT-21A), the concentrations of compatible
trace elements (Ni, Cr and Co) preclude the possibility
that these rocks are representative of primitive magmas.
Moreover, some of the rocks display convex MREE pat-
terns that could be explained by amphibole and titanite ac-
cumulation (samples PT-6A, PT-17A, PT-21A). This
feature has already been noted by Rock (1976) and
Cornen (1982) in explaining the petrogenesis of the Serra
de Monchique rocks. The U-shaped MREE patterns
observed in the most evolved samples (PT-5A, PT-19A,
PT-20A and PT-22B) are probably explained by amphi-
bole fractionation as already documented for the Serra de
Monchique samples (Cornen, 1982).
All these observations suggest that the chemical compos-

itions of the studied samples reflect fractional crystalliza-
tion^accumulation processes. Considering the relatively
limited dataset for each massif and the absence of inter-
mediate members of the differentiation series (i.e. granodi-
orite^trachyandesite), it is difficult to constrain the
possible petrogenetic linkage between the mafic rocks and
the most evolved samples through a fractional crystalliza-
tion process. Moreover, as the mafic samples themselves
show evidence for crystal accumulation, it is unlikely that
they represent the parental magma. This precludes model-
ling of fractional crystallization processes using these sam-
ples to simulate the composition of the evolved rocks.
Nevertheless, significant crystal fractionation must have
occurred to produce the most evolved rocks. The charac-
teristics of the REE patterns from the Sintra massif (i.e.
the most evolved composition has the lowest enrichment
in REE, Fig. 4c) can be explained by significant crystal
fractionation. This process was sufficiently important that
the incompatible REE were incorporated into the solid
phases (such as zircon, which fractionates REE) before

Table 6: Initial Hf isotopic composition of zircons from the

Portuguese alkaline rocks

Location

sample fraction

(176Hf/177Hf)norm
a (206Pb/238U)

age (Ma)

eHfi
b

Ribamar

PT-2A

zircon 2 0·282837� 3 88·3 4·1� 0·1

zircon 3 0·282885� 10 88·3 5·8� 0·4

Sintra

PT-5A

zircon 8 0·282859� 4 82·0 4·9� 0·1

zircon 9 0·282880� 3 82·0 5·6� 0·1

PT-6A

zircon 1 0·282921� 7 83·4 7·1� 0·3

zircon 11 0·282940� 4 83·4 7·8� 0·1

PT-7A

zircon 1 0·282910� 7 80·1 6·7� 0·2

zircon 2 0·282899� 10 80·1 6·3� 0·4

PT-9A

zircon 1 0·282941� 4 81·7 7·8� 0·2

zircon 2 0·282823� 5 81·7 3·6� 0·2

zircon 10 0·282874� 3 81·7 5·4� 0·1

Sines

PT-16A

zircon 1 0·282922� 8 77·2 7·1� 0·3

zircon 9 0·282941� 5 77·2 7·8� 0·2

PT-17A

zircon 1 0·282966� 5 77·2 8·7� 0·2

zircon 2 0·282918� 7 77·2 7·0� 0·2

zircon 10 0·282974� 5 77·2 9·0� 0·2

PT-19A

zircon 1 0·282994� 9 76·1 9·7� 0·3

zircon 12 0·282982� 6 76·1 9·3� 0·2

aUncertainties for (176Hf/177Hf)norm are given relative to the
last digits.
bTo calculate eHfi from (176Hf/177Hf)norm the following
constants were used: age of the Earth¼ 4·56 Ga;
present-day ð176Lu=177HfÞ0CHUR ¼ 0·0332� 2; present-day
ð176Hf=177HfÞ0CHUR ¼ 0·282772� 29 (Blichert-Toft &
Albarède, 1997); (eHf)Tsample ¼ [(176Hf/177Hf)Tsample/
(176Hf/177Hf)TCHUR – 1] � 104, with (176Hf/177Hf)TCHUR ¼
ð176Hf=177HfÞ0CHUR – ð176Lu=177HfÞ0CHUR � (e�T – 1)
(Patchett et al., 1981); �Lu¼ 1·867� 10�11 a�1 (Söderlund
et al., 2004), with T being the U–Pb age of the zircon.
(For further details see ‘Analytical procedures’.)
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Fig. 8. (a) Variation of (207Pb/204Pb)i vs (
206Pb/204Pb)i, (b) (

87Sr/86Sr)i vs (
206Pb/204Pb)i and (c) (87Sr/86Sr)i vs (

207Pb/204Pb)i for primary mag-
matic feldspars. Data fromTable 3. Symbols are larger than the analytical uncertainties. For comparison the following fields are shown: (1) initial
isotopic compositions of Atlantic N-MORB (GEOROC and PetDB databases); (2) previously published data for Monchique rocks
(Bernard-Griffiths et al., 1997); (3) northTore and NW Tore seamounts (Merle et al., 2006); (4) field for the subcontinental lithospheric mantle
(SCLM) at Cabo Ortegal (Santos et al., 2002) recalculated at 80 Ma using the decay constants from Steiger & Ja« ger (1977).The isotopic compos-
itions of Jurassic igneous rocks (JRS) that originated from the SCLM of Portugal are also shown (three data points linked by a dashed line;
Grange et al., 2008). The geochron is the model of Holmes (1946) using a 4·56 Ga age for the Earth and primordial Pb measured in the
Canyon Diablo troilite (Tatsumoto et al., 1973).
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final solidification of the melts, leading to the most evolved
liquid (represented by the granite PT-5A) being the least
enriched in REE but highly differentiated, as indicated by
its relative enrichment in the most incompatible elements
such as U, Th and Rb. However, the rocks from the Sines
massif may be linked through fractional crystallization.
The REE patterns of both alkali gabbros (PT-16A and
PT-17A) are consistent with their petrological types and
major element compositions; that is, PT-16A is the least
evolved rock, with olivine relics and �6·2wt % MgO,
whereas PT-17A is more differentiated, containing quartz
and only 4·5wt % MgO. The parallel trace element pat-
terns of these two samples may indicate that PT-17A is
derived from a magma similar to PT-16A by fractional
crystallization.

Magma sources
Constraints from the most primitive rocks

To constrain the source(s) of the Portuguese magmatic
rocks, we focus on the most primitive mafic rocks for each
massif (i.e. PT-6A for Sintra, PT-16A and 17A for Sines,
and PT-21A for Monchique). Within each massif, these
rocks have the highest MgO and lowest SiO2 contents
(Table 2) and are also the oldest (i.e. the first to be
emplaced; Table 3). These rocks also appear to have under-
gone the least amount of crystal fractionation, as indicated
by their REE and incompatible trace element patterns
(Fig. 4). These features suggest that the magmas that
formed these rocks had minimal interaction with any con-
taminant, such as the continental lithosphere (the SCLM
and/or the crust) and therefore their isotopic characteris-
tics are probably the closest to those of the source of the
magmas. Consequently, we investigate these rocks first,
from Sintra and Sines and then to Monchique.
The most primitive rocks from Sintra, and to a lesser

extent from Sines, have the highest (207Pb/204Pb)i within
their respective massifs, moderate (206Pb/204Pb)i and mod-
erate to low Sri (with a maximum at 0·70454 for PT-6A).
Moreover, their initial Hf signatures are all positive and
are consistent with a derivation from a mantle source
slightly less depleted than the source of MORB (i.e. the as-
thenosphere). The association of moderate to low Sri to-
gether with high (207Pb/204Pb)i is inconsistent with a
model of mantle-derived magmas contaminated by the
upper continental crust, as this interaction would produce

Fig. 9. Initial Hf isotopic compositions (eHfi) measured in zircons.
(a) eHfi as a function of age compared with the evolution of the chon-
dritic uniform reservoir (CHUR) and the continuously LILE^
HFSE-depleted mantle (DM). (b^d) correlation diagrams between
eHfi and Pb initial isotopic compositions measured in feldspars. For

comparison are shown the fields of initial compositions of (1) Atlantic
MORB (GEOROC database; Salters & White, 1998), (2) worldwide
OIB (Salters & White, 1998; Lassiter et al., 2003), (3) the Mbuji Mayi
kimberlite, representing the only combined Pb^Hf data available for
the subcontinental mantle (Weis & Demaiffe, 1985; Scha« rer et al.,
1997), and (4) the Tore^Madeira Rise, including the Cretaceous sea-
mounts in its northern sector (Merle et al., 2006) and younger sea-
mounts of the southern part (Geldmacher et al., 2006). The symbols
are larger than analytical uncertainties and are defined in Fig. 8.
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Fig. 10. (a) Synthesis of the data obtained in this study, showing the variations in the ages, alkalinity and isotopic signatures with the location of
the samples. The arrows point in the direction of increasing isotope ratios and alkalinity. (b) Sketch of a geodynamic model consistent with
the observed results: the north^south geochemical variations are explained by the involvement of two source components (enriched
sub-lithospheric mantle þ SCLM), with SCLM contamination of melts derived from the deep mantle source becoming less significant through
time; that is, from north to south (see text for details). The white arrows point towards increasing influence of enriched sub-lithospheric and
SCLM components.
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both high (207Pb/204Pb)i and high Sri. Moreover, signifi-
cant contamination by the continental crust would be
required to produce such high (207Pb/204Pb)i leading to
negative eHfi. Our samples all display positive eHfi up to
þ9·6. Indeed, contamination by the continental crust
would also lead to high initial (87Sr/86Sr)i, especially for
those rocks with the highest (207Pb/204Pb)i (16·007�0·053
for PT-6A for only 0·70454 Sri).
Alkaline rocks with high (207Pb/204Pb)i associated with

relatively low (206Pb/204Pb)i and moderate to low Sri are
observed amongst the rocks from the Ormonde^Ampere
and TMR seamounts, as well as in the Jurassic alkaline
magmatic rocks occurring on the continental margin con-
temporaneous with Central Atlantic continental rifting
(Bernard-Griffith et al., 1997; Geldmacher & Hoernle,
2000; Merle et al., 2006; Grange et al., 2008). It is worth
noting that an increase in (207Pb/204Pb)i is observed from
the Madeira Archipelago toward the continental alkaline
massif of Monchique through the Ampere and Ormonde
seamounts (Geldmacher & Hoernle, 2000). Merle et al.
(2006) also reported highly radiogenic (207Pb/204Pb)i from
trachytes sampled on the Sponge Bob seamount
(TMD4-3 at 15·714� 0·020 and TMD4-8 at
15·828�0·040) associated with Sri as low as 0·70231. The
highest (207Pb/204Pb)i in the region has been identified in
Jurassic continental alkaline rocks (syn-rift magmatism)
with a value of 15·925�0·013 (Grange et al., 2008; sample
PT-35B, Soure). Considering that these isotopic character-
istics cannot be explained by contamination of
mantle-derived magmas by the continental crust for the
reasons explained above, and because the continental
crust is not a likely contaminant for the rocks emplaced in
the oceanic domain (TMR, Ormonde), we propose that
these isotopic signatures are induced by interaction
with the SCLM, which is characterized by low Rb/Sr and
high 207Pb/204Pb at moderate 206Pb/204Pb. Geldmacher
& Hoernle (2000) explained the trend of increasing
(207Pb/204Pb)i towards the continent in terms of progres-
sive contamination by the SCLM of magmas derived
from an OIB-type mantle source. Merle et al. (2006) also
invoked the interaction of magmas from an OIB-type
source (deep mantle plume component) with material
from the SCLM of the Iberian margin, as the SCLM peri-
dotites from the Galicia Bank have Sri as low as 0·70210
(Chazot et al., 2005). Grange et al. (2008) were unable to
identify a significant crustal component and deduced that
the high (207Pb/204Pb)i signature was produced by partial
melting of the SCLM. However, we note here that the posi-
tive Pb anomaly characterizing the incompatible elements
patterns of the most primitive rocks from Portugal could
be a feature induced by the contamination of the magmas
by the continental crust. Nevertheless, the isotopic data
allow us to rule out any contamination from this source.
Therefore, we suggest that interaction with the SCLM

created this positive Pb anomaly, as suggested for the
basaltic rocks erupted as part of the Central Atlantic
Magmatic Province (CAMP) activity in southern
Portugal (Marzoli et al., 2006, and unpublished data).
However, although the origin of this anomaly can be ex-
plained by the source itself, it is also possible that it is cre-
ated or enhanced by crystal fractionation processes as the
rocks considered here are not the crystallization products
of primitive magmas and do not reflect the parental
magma composition.
We conclude that an isotopic signature with high

(207Pb/204Pb)i, moderate (206Pb/204Pb)i, low to moderate
Sri and positive eHfi in the igneous rocks from Sintra and
Sines can be explained by a large contribution of the
SCLM in the source of these rocks. The most primitive
rock from Monchique (PT-21A), however, must have a dif-
ferent petrogenesis because it has the lowest (207Pb/204Pb)i
but the highest Sri among the samples from the massif,
within the range of MORB and the Tore seamounts
(Merle et al., 2006). In addition, all the rocks from the
Monchique massif have (206Pb/204Pb)i higher than 19·1,
plotting in the most enriched part of the MORB field.
The mean value for enriched Depleted MORB Mantle
(i.e. enriched DMM) in (206Pb/204Pb)i is 18·977, for a
(207Pb/204Pb)i of 15·568 and a (87Sr/86Sr)i of 0·70307
(Workman & Hart, 2005). Those MORB (Fig. 8) that dis-
play higher Pbi signatures than those of the average en-
riched DMM may represent either an extremely enriched
DMM or a mixture between a DMM-type source and an
OIB-type component, such as the rocks in the North
Atlantic region sampled in the vicinity of some hotspots
(e.g. Dosso et al., 1999). The primitive alkali gabbro
PT-21A from Monchique has high (206Pb/204Pb)i, with a
low (207Pb/204Pb)i and low Sri signature, similar to that ex-
pected for the most enriched MORB. This rock is also the
only one displaying a negative Pb anomaly. Following the
same arguments as above for the Sintra and Sines rocks,
this anomaly could reflect a lesser contribution from the
SCLM in the magma source. However, as already noted
above for the Sintra and Sines rocks, this feature could
reflect crystal fractionation processes and not source char-
acteristics. Regardless of this anomaly, and considering
the low (207Pb/204Pb)i, similar to the low (207Pb/204Pb)i
observed in MORB, for such a high (206Pb/204Pb)i (Fig.
8a), the component with radiogenic (207Pb/204Pb)i identi-
fied in the Sintra massif is not present in the isotopic signa-
ture of this alkali gabbro from Monchique. As a
consequence, the Monchique rocks are more likely to be
produced from a source displaying enriched DMM-like
features. The isotopic characteristics of this source,
(206Pb/204Pb)i419·1 and Sri� 0·7031, are very similar to
the source for the Monchique and Ormonde massifs identi-
fied by Bernard-Griffiths et al. (1997) as a sub-lithospheric
deep mantle source (OIB-type source). This source was

GRANGE et al. CRETACEOUSMAGMATISM, PORTUGAL

23

 at C
urtin U

niversity of Technology on M
ay 2, 2010 

http://petrology.oxfordjournals.org
D

ow
nloaded from

 



also identified in the isotopic signatures of the NW Tore
seamount, which plot in the field of the Madeira
Archipelago rocks, inferred to be plume-related (Merle
et al., 2006).
Several studies have suggested that this region of the

eastern Central Atlantic is affected by a deep thermal
anomaly (e.g. Montelli et al., 2004) that could have sus-
tained the alkaline volcanic activity in the oceanic
domain for more than 100 Myr; this anomaly is interpreted
to be related to the Madeira hotspot (e.g. Geldmacher &
Hoernle, 2000; Geldmacher et al., 2006; Merle et al., 2006,
2009). Therefore, the enriched DMM-like component
that we identify in the source of the Monchique rocks
could either be a mantle plume with an enriched DMM
signature or the ambient sub-lithospheric mantle (astheno-
sphere) enriched by a deep mantle plume. Both possibili-
ties can account for the relatively high (206Pb/204Pb)i
observed in the rocks. However, in both cases, the involve-
ment of a deep-rooted heat source (deep mantle plume) is
required to produce such widespread magmatism since
100 Ma.

Constraints from the evolved rocks

The study of the most primitive rocks from each massif
shows that there are two components involved in the gen-
esis of the rocks. The first component is the SCLM, which
dominates the isotopic signatures of the samples from
Sintra (i.e. earlier in time and at the northern extent of
the magmatic alignment); it is responsible for the highest
(207Pb/204Pb)i signatures. The second is a sub-lithospheric
component with an enriched DMM isotopic signature
[i.e. relatively high (206Pb/204Pb)i at low (207Pb/204Pb)i].
This latter component is clearly identified in the samples
from Monchique (i.e. later in the emplacement of the in-
trusive rocks and at the southern extent of the magmatic
alignment).
The presence of an SCLM component in the source is

further documented by the evolved rocks from the Sintra
and Sines massifs. These massifs are the only locations
where zircons having ages older than the mean emplace-
ment age of the rocks (PT-7A and PT-16A, Table 3) and
showing maximum variations in Hf signature of 4 and 2
epsilon units (PT-9A and PT-17A, respectively; Table 6)
are found. However, these heterogeneities are not observed
within the same rocks. An obvious explanation is that the
oldest zircon fractions (zircon 7 for PT-7A and zircon 2
for PT-16A, Table 3) were not selected for Hf analysis
(Table 6) and some U^Pb age measurements failed, result-
ing in fractions used for Hf tracing having no U^Pb ages.
The only rock for which there is a complete dataset is
PT-17A (alkali gabbro from Sines), for which all the
zircon fractions selected for Hf analysis were also success-
fully dated. This rock shows that the zircon fractions
with eHfi varying within a range of 2 units have the same
U^Pb age within error. However, as zircon grains with

visible inherited cores or xenocrysts were either discarded
during hand-picking or not observed, and as most of the
fractions showing outlier ages have not been analysed for
Hf and vice versa, the mechanism producing these hetero-
geneities is difficult to explain. Nevertheless, we consider
that such heterogeneities within the zircon population
from the same rock most probably reflect heterogeneity
within the source, as they cannot be produced by any crys-
tallization^fractionation processes.
Zircon must have crystallized from magmas with het-

erogeneous Lu/Hf and U/Pb, resulting, in particular, in
variable 176Hf/177Hf that would be incorporated into the
zircon grains. These heterogeneities in Hf and Pb are
most probably explained by heterogeneities in the SCLM
component, resulting from pervasive infiltration of fluids
(metasomatism) over time and modification of the mantle
composition by re-enrichment in the most incompatible
elements. These periods of metasomatism of the Iberian
SCLM can be associated with orogeny^subduction cycles
identified in the latest Archean (�2·3 Ga), Paleo^
Neoproterozoic (�1·9 and 0·6 Ga) and Hercynian (0·4^
0·3 Ga) times (e.g. Kuijper et al., 1982; Peucat et al., 1990;
Santos et al., 1996), and possibly by percolating magmas
associated with the Atlantic pre- and syn-rift period
(Charpentier et al., 1998; Chazot et al., 2005). These succes-
sive phases of metasomatism would enrich the SCLM in
large ion lithophile elements (LILE) and high field
strength elements (HFSE) as the enriched magmatic
fluids percolated through the lithosphere. As a result, poly-
phase enrichment of the SCLM is likely to have produced
varying time-integrated Rb/Sr, Sm/Nd, Lu/Hf, U/Pb and
Th/Pb values. Therefore, the inherited radiogenic Pb and
heterogeneous eHfi in the alkaline massifs probably result
from contamination of the alkaline parental magmas gen-
erated in the sub-lithospheric mantle during their ascent
through the SCLM. This interpretation is supported by
the observation that the oldest zircon fraction from the
Sintra syenite (PT-7A) yields an age of 142 Ma, which is
the same age as the pre-rift alkaline magmatism that origi-
nated from the SCLM (Grange et al., 2008).
The data also indicate that the relative proportion of the

SCLM and the sub-lithospheric mantle components vary
from the Sintra to the Monchique massifs (i.e. from north
to south) and also vary through time. The rocks from
Sintra have the highest (207Pb/204Pb)i, inherited Pb, and
eHfi varying by up to 4 units; features all attributed to in-
volvement of the SCLM. The rocks from Sines have lower
(207Pb/204Pb)i, eHfi variation of only 2 units and no obvi-
ous inherited Pb. Although no Hf data are available for
the rocks from Monchique, they show the smallest SCLM
component with the lowest (207Pb/204Pb)i for the highest
(206Pb/204Pb)i and no inherited Pb. Therefore, these iso-
tope characteristics suggest that the contribution of the
SCLM within the source decreases from north to south,
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and also through time. Indeed, the average signatures in
(206Pb/204Pb)i and eHfi increase from Sintra (18·832 and
þ6·1, respectively) to Sines (18·935 and þ8·4, respectively)
and then to Monchique (19·216). The Sri ratios also de-
crease from north to south to reach an average value of
0·70321 for the Monchique rocks, which is close to the
value proposed by Bernard-Griffiths et al. (1997) for their
deep sub-lithospheric mantle source (�0·7031).

GEODYNAMIC IMPL ICAT IONS
Origin of the north^south age trend
The magmatic intrusions along the Portuguese continental
margin were emplaced during a period of about 20 Myr
along a north^south trend, with the oldest rocks, dated
at 88 Ma, occurring to the north and the youngest rocks
(69 Ma) emplaced in the south. Such age-related trends
have been described for a number of seamount chains
(e.g. Hawaii^Emperor chain, Walvis Ridge) and have
been related to fixed, deep-rooted mantle plumes (hot-
spots) above which the lithospheric plates move, tracking
the record of hotspot activity through time. In this case, if
the observed age progression is ascribed to plate motion,
it would require that the Iberian Peninsula moved about
200 km toward the NNW between �88 and 69 Ma.
According to the geodynamic model proposed by Sibuet
et al. (2004), the motion of the Iberian plate was toward
the NE prior to 88 Ma, at which time its kinematics chan-
ged owing to the closure of the oceanic domain between
Iberia and Europe. This event resulted in a period of qui-
escence in Iberian plate motion from 88 Ma until �81^80
Ma. At this time, subduction of the Iberian plate under
Europe was initiated, resulting in NNW motion of the
plate that continues today (Sibuet et al., 2004). Our age
data are consistent with the plate kinematics between
88^80 Ma and 68^60 Ma, when the Iberian plate was
moving towards the NNW. The plate motion model pro-
posed by Sibuet et al. (2004) has already been shown to be
in accordance with the overall distribution of alkaline
magmatism in the region, including the occurrences of
alkaline magmatism on the continent. Indeed, the distri-
bution of the magmatism has been interpreted to be a
result of the interaction between a mantle plume emitting
pulses of magma and the complex motion of the Iberian
plate (Merle et al., 2009). Our data agree with this geody-
namic model and therefore confirm the preliminary data
of Grange et al. (2007) used by Merle et al. (2009).
The emplacement of the alkaline complexes in Portugal

along a NNW^SSE trend may have occurred along major
lithospheric discontinuities, as the magmatic rocks both
onshore and offshore are located close to such structures.
These major faults, such as the Messejana and Nazare
faults (Fig. 1), are Late Hercynian structures reactivated
during the extensional rifting phases of the continent
during the Jurassic and are connected to the AGFZ system

(Fig. 1). The role of these faults has already been invoked
to explain the emplacement of the alkaline Jurassic
magmas (syn-rift magmatism) in Portugal (Grange et al.,
2008) and the Cretaceous alkaline rocks of the Gorringe
Bank and of the Tore seamounts (Fe¤ raud et al., 1986;
Geldmacher et al., 2006; Merle et al., 2006).

Origin of the north^south isotopic trend
A model to explain the spatial and temporal variations in
the proportion of the SCLM and the sub-lithospheric
mantle in the petrogenesis of the magmas is schematically
shown in Fig. 10a, in which data from this study are sum-
marized and the isotopic and age variation with latitude
is shown. In Fig. 10b, a schematic illustration of the sources
and emplacement mechanism of the alkaline rocks is pro-
vided and can be described as follows. During the initial
stage (Ribamar and Sintra massif), slow ascent rates of
magmas derived from the sub-lithospheric mantle through
the less permeable SCLM resulted in significant chemical
interaction between those two components. Consequently,
the magmas inherited Pb and Hf components from the
SCLM, as evidenced by some zircon fractions from the
Sintra massif. Over time, magmas that originated
from the sub-lithospheric mantle thermally ‘erode’ the
SCLM and follow a more direct path towards the surface.
This model implies that magmas coming from the deep
mantle have a shorter residence time in the SCLM, and
thus acquire a weaker isotopic fingerprint of the SCLM
component (e.g. Sines rocks). Therefore, the isotopic signa-
tures of the rocks change towards compositions closer to
the sub-lithospheric component (Monchique massif).
These variations are induced by the northward motion
of the Iberian plate, resulting in the southward migration
of the alkaline magmatism. The pathways of the
deep magmas toward the surface become better de-
veloped through time, reducing the contamination by the
SCLM.
An alternative way to explain the observed isotopic vari-

ations is to invoke a progressive variation in the compos-
ition of the sub-lithospheric component with time instead
of variable contamination by the SCLM. Regardless of
the composition of the enriched DMM-like component
(deep mantle plume or a mixture of the asthenosphere
with an OIB-like mantle plume), this explanation
would probably imply variable degrees of melting,
magma production and, therefore, variations in heat pro-
duction within the plume for which we have no evidence.
The contamination of parental magmas derived from a
sub-lithospheric mantle source by various amount of
SCLM is the most straightforward way in our opinion to
explain the data, although we cannot exclude the possibil-
ity of coeval variation within the deep mantle source
component.

GRANGE et al. CRETACEOUSMAGMATISM, PORTUGAL

25

 at C
urtin U

niversity of Technology on M
ay 2, 2010 

http://petrology.oxfordjournals.org
D

ow
nloaded from

 



SUMMARY AND CONCLUSIONS
The alkaline massifs located along the Atlantic coast of
Portugal originated from magmas that were generated
from a sub-lithospheric mantle source with an enriched
DMM-like isotopic signature and were contaminated
on their way to the surface by the SCLM. An important
finding of this study is the correlation between ages, initial
isotope signatures and spatial location of the studied intru-
sions, which probably reflects variations in the amount of
contamination by the SCLM of the magmas from the
sub-lithospheric source. This deep mantle source involved
in the genesis of the alkaline continental rocks is most
probably the same as that required to produce the mag-
matic rocks from the TMR and surrounding seamounts.
Several geodynamical models have been proposed to ex-
plain the origin of this alkaline magmatism (e.g.
Geldmacher et al., 2000, 2001) but only the model proposed
by Merle et al. (2009) takes into account the petrogenesis
of the alkaline magmatism occurring on both oceanic and
continental lithosphere and the complex motion of the
Iberian plate. This model has been further constrained by
the results of the present study; in particular, we have es-
tablished the age of the onshore alkaline magmatism and
confirmed that the period of alkaline magmatism extends
almost continuously from the Cretaceous to the present
day, from the north of the TMR to the active Madeira
Archipelago. Our study shows that the alkaline magma-
tism of westernmost Portugal belongs to the same alkaline
province as that described in the neighbouring oceanic
domain west of the continent and thus provides important
constraints in the reconstruction of the geodynamic history
of the Central Atlantic Ocean.
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Evidence of multi-phase Cretaceous to Quaternary alkaline magmatism on

Tore–Madeira Rise and neighbouring seamounts from 40Ar/39Ar ages

RENAUD MERLE1,2* , FRED JOURDAN3,4, ANDREA MARZOLI1, PAUL R. RENNE3,5,

MARION GRANGE6 & JACQUES GIRARDEAU7

1Dipartimento de Geoscienze, Universita di Padova, Via Giotto 1, 35137 Padova, Italy
2Present address: University of Western Australia, School of Earth and Geographical Sciences, 35 Stirling Highway,

Crawley, WA 6009, Australia
3Berkeley Geochronology Center, 2455 Ridge Road, Berkeley, CA 94709, USA

4Western Australian Argon Isotope Facility, Department of Applied Geology and JdL-CMS, Curtin University of

Technology, GPO Box U1987, Perth, WA 6845, Australia
5Department of Earth and Planetary Science, University of California, Berkeley, CA 94720, USA

6Department of Applied Geology, Curtin University of Technology, GPO Box U1987, Perth, WA 6845, Australia
7Laboratoire de Planétologie et Géodynamique, UMR-CNRS 6112, Université de Nantes, 2 rue de la Houssinère, 44322

Nantes cedex 3, France

*Corresponding author (e-mail: rmerle@cyllene.uwa.edu.au)

Abstract: The Tore–Madeira Rise is a seamount chain located 300 km off the Portugal and Morocco coasts

attributed to hotspot activity. U–Pb ages of lavas from the northern and central Tore–Madeira Rise range

between 103 and 80.5 Ma whereas 40Ar/39Ar ages from the central and southern Tore–Madeira Rise yield

ages ranging from 94.5 to 0.5 Ma. We performed new 40Ar/39Ar measurements to better understand the

geodynamic history of the Tore–Madeira Rise. Plagioclase ages from the Bikini Bottom and Torillon

seamounts suggest ages of .90 Ma and >60 Ma, respectively. Amphiboles from the Seine seamount yield an

age of 24.0 � 0.8 Ma. Biotites from lavas of the Ashton seamount give ages of 97.4 � 1.1 Ma and 97.8 �
1.1 Ma. The geochronological database available on the Tore–Madeira Rise has been filtered on statistical

criteria to eliminate unreliable ages. The resulting database reveals three pulses of alkaline magmatism on the

Tore–Madeira Rise at 103–80.5 Ma, at c. 68 Ma and between 30 Ma and the present. The magmatism was

continuous from 103 Ma until c. 68 Ma and from c. 30 Ma until the present on the Tore–Madeira Rise, the

surrounding seamounts and the Portugal coast. We suggest that the space–time distribution of this magmatism

results from the interaction between a wide thermal anomaly emitting magmatic pulses and the complex

motion of the Iberian plate.

Supplementary material: A detailed Ar measurements dataset is available at http://www.geolsoc.org.uk/

The Tore–Madeira Rise is a 1000 km long by 50 km wide

seamount chain, oriented NNE–SSW along the Atlantic coast of

Portugal and Morocco (Fig. 1a). It includes a dozen seamounts

extending from the Tore seamount, located 300 km west of

Lisbon, to the Madeira archipelago. For several decades, the

nature of the rocks forming this aseismic ridge was almost

unknown, and only very few samples were available. Two

dredging campaigns were carried out in 2001 (R.V. Meteor

expedition M51/1; Tore–Madeira Rise cruise, R.V. Atalante) to

constrain the age and the main chemical characteristics of the

rocks constituting the rise and to decipher the geodynamical

process leading to its construction. Abundant alkaline lavas

displaying similar chemical characteristics were dredged along

the whole rise and at surrounding alkaline magmatism occur-

rences (Fig. 1). Two sets of contrasting ages were obtained on

lavas from seamounts along the rise. Titanite and zircon U–Pb

ages from differentiated lavas of the northern and central part

of the rise ranged between c. 104 and c. 80 Ma (Merle et al.

2006); 40Ar/39Ar measurements carried out on groundmass and

mineral separates from central and southern Tore–Madeira Rise

seamounts yielded Cretaceous (94 Ma) to Pleistocene ages

(Geldmacher et al. 2005, 2006, 2008). These studies argued for

a hotspot as the source of the Tore–Madeira Rise but it is still

unclear if the Tore–Madeira Rise magmatism was related to the

Madeira and/or Canary plumes (Geldmacher et al. 2006) or to a

deep-rooted thermal anomaly feeding the Azores, Madeira and

Canaries hotspots (Merle et al. 2006). Alternative hypotheses

are accretion-related off-axis magmatic activity (Jagoutz et al.

2007) or shallow mantle upwelling (Geldmacher et al. 2008).

These hypotheses are, however, strongly dependent on the

reliability of the ages of the various seamounts. Moreover, no

ages are available for some seamounts, in particular those

located slightly off the main Tore–Madeira Rise alignment. As

a consequence, the geodynamic process that triggered the

magmatism on the Tore–Madeira Rise and in the surrounding

area is still debated and additional geochronological data are

required for the entire area.

The aim of this work is to document new 40Ar/39Ar dating

performed on plagioclase, biotite and amphibole separates from

lavas of four seamounts to improve the reliability of the two

SUP18359.



Fig. 1. (a) Bathymetric map of the eastern part of the northern central Atlantic (From Sibuet et al. 2004a). TAP, Tagus Abyssal Plain. (b) Bathymetric

map of the study region showing the main structural units. Continuous lines represent faults, and dashed lines inferred faults. AGFZ, Azores–Gibraltar

Fracture Zone. Triangles indicate seamounts where dating has been performed. Ages of Ormonde THR, Monchique, Madeira, Porto Santo, Ampère,

Josephine, Unicorn and Seine are from Wendt et al. (1976), Féraud et al. (1982, 1986), Bernard-Griffiths et al. (1997), Geldmacher et al. (2000, 2005,

2006, 2008) and Merle et al. (2006). The geochronological data from this study are indicated in bold. Location of the J anomaly after Olivet (1996).
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contrasting age sets mentioned above. New and carefully selected

published ages, and geochemical and isotopic data are discussed

and combined to obtain a more complete overview of the

construction of the Tore–Madeira Rise. We give a new geody-

namic interpretation of the Tore–Madeira Rise and the magmatic

occurrences of this part of the Atlantic Ocean.

Geological setting

The Tore–Madeira Rise ranges roughly from 40820’N to

32830’N and from 11830’W to 17840’W. It displays a NNE–

SSW-trending alignment of mounts, which is surrounded by

scattered seamounts (Fig. 1a). The northern limit of the rise is

the c. 2500 m high Tore seamount, which rims an elliptical

(120 km 3 90 km) depression lying at 5000 m below sea level.

The scattered seamounts occurring in the vicinity of the main

alignment are the Bikini Bottom seamount, located to the NNW

of Tore; Torillon, around 100 km to the WSW of Tore; and the

Unicorn and Seine seamounts (Fig. 1b). Most of the seamounts

are at least 30 km in diameter (Seine reaches 48 km) with a

height of over 3000 m above the sea floor. Considering the

dimensions of the Tore–Madeira Rise (1000 km long by 50 km

wide, and 2 km high), the estimated volume of magma emitted

could reach 105 km3. The Tore–Madeira Rise has been consid-

ered as one of the main structures in the northern central Atlantic

Ocean.

The Azores–Gibraltar Fracture Zone, separating the Eurasian

and African plates, is an important Atlantic transform fault,

which splits into three branches towards the Tore seamounts,

Gorringe Bank, and Ampère–Coral Patch seamounts (e.g.

Laughton et al. 1975; Jiménez-Munt et al. 2001; Fig. 1). Since

Oligocene times, movements along the branches of the Azores–

Gibraltar Fracture Zone seem to be transpressive, with a slight

dextral component (Le Gall et al. 1997; J. Malod, pers. comm.),

whereas movements were very limited from Early Jurassic to

Oligocene times (Olivet 1996).

Seamounts to the north of the Azores–Gibraltar Fracture Zone

lie along the J anomaly, which is the first magnetic anomaly

created by the Atlantic spreading centre along the Iberia margin

(M0 to M3 magnetic anomalies, 125–130 Ma; Gradstein et al.

2004; Fig. 1b). This anomaly corresponds to the boundary

between true oceanic crust and a transitional domain composed

of continental lithosphere peridotites exhumed during rifting and

stretching of the Iberian margin (Boillot et al. 1989; Beslier et

al. 1993; Girardeau et al. 1998). To the south beyond the central

branch of the Azores–Gibraltar Fracture Zone, magnetic anoma-

lies older than J seem to be present in the Seine Abyssal Plain

(Roest et al. 1992), implying that some seamounts of the Tore–

Madeira Rise could be emplaced onto oceanic lithosphere.

The geodynamical process leading to the construction of the

Tore–Madeira Rise is still debated. Several explanations have

been put forward, such as a hotspot probably active coevally with

spreading (Tucholke & Ludwig 1982; Pierce & Barton 1991;

Geldmacher et al. 2006; Merle et al. 2006), accretion-related off-

axis magmatic activity (Jagoutz et al. 2007) or shallow mantle

upwelling (Geldmacher et al. 2008). It has been proposed that

the Tore–Madeira Rise was built up by two magmatic phases,

the earliest during Cretaceous times (Merle et al. 2006) forming

the basement of the rise, capped by late Tertiary to recent

magmas (Geldmacher et al. 2006). The magmas may have been

focused along the lithospheric discontinuities, which facilitated

magma ascent through the lithosphere (van der Linden 1979;

Geldmacher et al. 2006; Merle et al. 2006).

In the neighbouring region of the Tore–Madeira Rise (within

,1000 km; Fig. 1b), widespread alkaline magmatism occurs on

the Ormonde seamount (62–68 Ma, 40Ar/39Ar ages on both

matrix and minerals; Féraud et al. 1982, 1986), the Ampère–

Coral Patch seamounts (c. 31 Ma, 40Ar/39Ar ages on whole-rock

samples; Geldmacher et al. 2000) and on the continent (Serra de

Monchique complex: 69–70 Ma; Sines complex: 73–77 Ma;

Sintra complex: 80–83 Ma; Ribamar intrusion: c. 88 Ma; U–Pb

ages on titanite and zircon; Grange et al. 2007). All these

magmatic occurrences as well as Tore–Madeira Rise samples

display ocean island basalt (OIB)-like geochemical character-

istics; in particular, a positive Nb anomaly (Bernard-Griffiths et

al. 1997; Geldmacher et al. 2006, 2008; Merle 2006). The

isotopic characteristics of the Tore–Madeira Rise rocks and the

surrounding alkaline occurrences are interpreted to be derived

from the same OIB-type (mantle plume-like) source (Geldmacher

& Hoernle 2000; Geldmacher et al. 2006; Merle et al. 2006).

However, isotopic heterogeneities exist both between the sea-

mounts and within a single edifice. The isotopic compositions of

the lavas from the Godzilla seamount (Fig. 1) are clearly distinct

from those of the other seamounts of the Tore–Madeira Rise

(see Geldmacher et al. 2006, 2008). The Cretaceous lavas display

different isotopic characteristics from the Late Cenozoic volcanic

rocks (Geldmacher et al. 2006) and a significant variation of the

isotopic signature is observed among the Seine seamount

samples (Geldmacher et al. 2005).

Previous geochronological data from the
Tore–Madeira Rise seamounts

As already emphasized, two datasets of contrasting ages were

obtained on lavas along the whole rise (see Fig. 1b). All the

previous 40Ar/39Ar measurements were performed using the

Taylor Creek Rhyolite sanidine standard (TCRs), for which the

researchers adopted an age of 27.92 Ma (Dalrymple & Duffield

1988; Duffield & Dalrymple 1990). All the previous geochrono-

logical data from the Tore–Madeira Rise are given in the

supplementary material, together with analytical methods, rock

types, material dated, ages with errors and standards used.

The lavas from the northern seamounts (Tore, Sponge Bob and

Ashton) have been dated by the U–Pb method on titanite and

zircon from 80.5 � 0.9 Ma to 104.4 � 1.4 Ma (Merle et al.

2006).

In the central part of the rise, evolved lavas from Gago

Coutinho seamount (also named Teresa by Geldmacher et al.

2006) have been dated between 92.3 � 3.8 Ma and

94.5 � 0.4 Ma (Geldmacher et al. 2006; Merle et al. 2006).

Basic rocks dredged on Josephine North (Fig. 1) have been

dated by 40Ar/39Ar on whole-rock between 0.5 � 0.1 Ma and

7.4 � 0.5 Ma (Geldmacher et al. 2006) and those from the

Josephine seamount have yielded ages between 8.2 � 0.2 Ma and

15.8 � 0.9 Ma (Wendt et al. 1976; Geldmacher et al. 2006). The

basaltic rocks dredged on the Jo Sister seamount (also named

Erik by Geldmacher et al. 2006), dated by 40Ar/39Ar on matrix,

have yielded an age of 3.62 � 0.32 Ma (Geldmacher et al. 2006)

whereas the dredged evolved lavas have been dated between

86.5 � 3.4 Ma and 89.3 � 2.3 Ma by U–Pb on titanite (Merle et

al. 2006).

Seamounts in the southern part of the Tore–Madeira Rise have

been dated by 40Ar/39Ar, except the altered basaltic samples

dredged on the Lion seamount, estimated by a foraminifera fauna

at c. 80 Ma (Geldmacher et al. 2006). The basaltic lavas dredged

on the Dragon seamount are dated between 3.9 � 0.3 Ma and

1.18 � 0.18 Ma (Geldmacher et al. 2006), and those dredged on

the Seine, Unicorn and Godzilla seamounts have yielded
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40Ar/39Ar ages of 21.7 � 0.2 Ma, 27.4 � 2.4 Ma and around

66 Ma, respectively (Geldmacher et al. 2005, 2008).

The 40Ar/39Ar ages of whole-rock and separated plagioclase

grains from the Madeira archipelago lavas range from

14.3 � 0.2 Ma to 0.2 � 0.1 Ma (Geldmacher et al. 2000, and

references therein).

Analytical procedures

Mineral and whole-rock analyses

Electron microprobe analysis (EMPA) of magmatic phases was

performed with a Cameca SX50 automated electron microprobe

(Microsonde Ouest, Brest), using an acceleration voltage of 15

kV, a beam current of 15 nA, a counting time of 6 s and

correction by the ZAF method. Concentrations of ,0.3 wt% are

considered qualitative. Major and trace element analyses were

carried out by inductively coupled plasma atomic emission

spectrometry (ICP-AES) and inductively coupled plasma mass

spectrometry (ICP-MS) at the University of Brest and the CRPG

at Nancy (following analytical procedures of Govindaraju &

Mevelle (1987) and Carignan et al. (2001)). For the samples

analysed at the University of Brest, details of the analytical

methods and sample preparation have been given by Cotten et al.

(1995).

40Ar/39Ar geochronology

Plagioclase grains were separated from either the 100–200 �m
or the 200–315 �m fraction using a Frantz isodynamic magnetic

separator. The plagioclase grains recovered in the 2 A non-

magnetic fraction were selected by hand-picking under a

binocular microscope. The amphibole and biotite grains were

separated using heavy liquids (CH3Br3 and CH2I2, respectively)

and were hand-picked using a binocular microscope. Plagioclase

and amphibole were further leached using diluted HF (2N) for 5

min and thoroughly rinsed in distilled water. The samples were

loaded into aluminium discs along with the Fish Canyon sanidine

standard (FCs ¼ 28.03 � 0.08 Ma; Jourdan & Renne 2007) and

irradiated for 10 h in the CLICIT facility at the TRIGA reactor,

Oregon.
40Ar/39Ar analyses were performed at the Berkeley Geochro-

nology Center. Both single-grain and multi-grain aliquots were

degassed by step heating using a CO2 laser with focused lenses

and beam-integrator lens, respectively. Ar isotopes were meas-

ured in static mode using a MAP 215-50 mass spectrometer.

Mass discrimination was monitored several times a day and

yielded a mean D-value of 1.00633 � 0.00175 per a.m.u. based

on a power-law correction. Blank measurements were generally

obtained after every three sample runs. J-values were calculated

as the mean and standard deviation of the wells bracketing the

samples (see, e.g. Jourdan & Renne 2007) and yielded a value of

0.002630 � 0.000014 (0.54%). Ages were calculated using the

decay constants recommended by Steiger & Jäger (1977), and

step-heating details, together with Ar isotopic data corrected for

blank, mass discrimination and radioactive decay, are given in

the supplementary material (errors are given at 1� level).

Our criteria for the determination of plateau ages are as

follows: plateaus must include at least 70% of the 39Ar released;

they should be distributed over a minimum of three consecutive

steps indistinguishable at 95% confidence level; they should

satisfy a probability of fit of at least 0.05. Plateau ages are given

at the 2� level and are calculated using the mean of all the

plateau steps, each weighted by the inverse variance of its

analytical error. Integrated ages (2�) are calculated using the

total gas released for each Ar isotope. Inverse isochrons include

the maximum number of consecutive steps with a probability of

fit >0.05. The uncertainties on the 40Ar*/39Ar* ratios of the

monitor are included in the calculation of the plateau age

uncertainties but not the errors on the age of the monitor and on

the decay constants (internal errors only).

Results

This paper presents new ages for four samples dredged during

the Tore–Madeira Rise cruise. They come from the Bikini

Bottom, Torillon and Seine seamounts, located off the main trend

of the Tore–Madeira Rise. In addition, biotites from a trachyte

dredged on the Ashton seamount have also been dated to test a

previous U–Pb age obtained on possibly inherited zircon grains

(Merle et al. 2006) given that the Ashton seamount is located on

the very edge of the continental lithosphere (Fig. 1b). Coordi-

nates and water depths of sampling sites are given in Table 1.

Petrological notes

The EMPA data for mineral phases from the Tore–Madeira Rise

samples are available in the supplementary material. All but one

sample (Ashton trachyte; TMD 14-9) display evidence of sea-

water interaction occurring as carbonate, Fe–Mn hydroxides,

brown–green clays and rare zeolites (K-zeolites: phillipsite and

erionite) invading the groundmass and filling cracks and vesicles.

However, it is worth noting that the phenocrysts are usually well

preserved. The sample from Bikini Bottom (TMD 2-1) is a

slightly altered basaltic trachyandesite containing well-preserved

phenocrysts of abundant (30% modal) plagioclase (2–8 mm in

size), rare clinopyroxene (,1 mm), Fe–Ti oxides and iddingsi-

tized olivine (1–2 mm in size). The groundmass is composed of

feldspar laths and grains of Fe–Ti oxides. The basic sample from

the Torillon seamount (TMD 12b-1) contains phenocrysts of

iddingsitized olivine and scarce well-preserved plagioclase

(.10 mm size). The groundmass is composed of feldspar laths,

grains of Fe–Ti oxides and altered rare olivine grains. The TMD

14-9 sample is a fresh highly porphyritic trachyte containing

K-feldspars, subordinate biotite, and sparse clinopyroxene and

Fe–Ti oxide grains. The groundmass is composed of the same

Table 1. Sampling sites and dredging operations parameters

Seamount Dredge Beginning End Maximum
depth (m)

Minimum
depth (m)

Distance
covered (m)

Height
covered (m)

Bikini Bottom TMD 2 40803.74’N, 14824.50’W 40807.90’N, 13839.31’W 3514 2234 4074 1280
Torillon TMD 12b 39810.63’N, 15812.81’W 39811.75’N, 15810.51’W 3884 3126 2960 758
Ashton TMD 14 38801.29’N, 13823.71’W 38801.54’N, 13822.66’W 2803 2395 3900 408
Seine TMD 21 33850.83’N, 14815.71’W 33851.18’N, 14817.22’W 1975 1677 1020 298
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minerals (Merle et al. 2006). A detailed description of this

sample has been given by Merle et al. (2006). Sample TMD 21-

2 from the Seine seamount is a basanite containing phenocrysts

of clinopyroxene (c. 5% modal), iddingsitized olivine (c. 5%

modal), microphenocrysts of Fe–Ti oxides and subordinate

brown amphibole (c. 1% modal) up to 4 mm in size. The

groundmass is composed of feldspar laths, clinopyroxene, Fe–Ti

oxide grains and olivine.

Major and trace elements

The whole-rock analyses of samples TMD 2-1, TMD 12b-1 and

TMD 21-2 are given in Table 2. Sample TMD 14-9 has been

described by Merle et al. (2006). It is a very well-preserved

trachyte (loss on ignition (LOI): 2 wt%) whose incompatible

element patterns display Ba, Sr and Ti negative anomalies as a

result of feldspar and Fe–Ti oxide fractionation. Apart from this

sample, the others show moderate to high loss on ignition (LOI

¼ 3.0–11.0 wt%). Samples TMD 2-1 and TMD 21-2, with LOI

,4.5 wt%, can be more confidently plotted in the total alkalis–

silica (TAS) diagram (not shown) and plot in the field of basaltic

trachyandesite and basanite, respectively. However, this result

should be considered with caution, as seawater alteration has

probably modified the chemistry of the rocks, especially the

potassium content (see discussion below). All the samples

described here display steep multi-element patterns with signifi-

cant enrichment in the most incompatible elements (light rare

earth elements, large ion lithophile elements, Th, Nb), typical of

OIB-type lavas (Fig. 2). In particular, sample TMD 21-2 displays

a positive Nb anomaly and its pattern shows similarities to the

previously described Seine samples (Geldmacher et al. 2005;

Fig. 2). Generally, positive K and P anomalies such as observed

in the pattern of sample TMD 12b-1 (Fig. 2) could correspond to

feldspar and apatite mineral accumulation, but as neither of these

minerals is observed these anomalies are more probably related

to seawater interaction. The data points from the studied samples

plot in the field of the previously analysed Tore–Madeira Rise

volcanic rocks in the Zr/Y v. Th/Nb diagram (Fig. 3), suggesting

that these rocks belong to the same magmatic events as those

described by Geldmacher et al. (2005, 2006).

40Ar/39Ar geochronology

Summarized 40Ar/39Ar results are shown in Table 3.

Plagioclase analyses from TMD 2-1 (Bikini Bottom) show a

U-shaped age spectrum with the oldest steps defining a weighted

mean .90 Ma (Fig. 4a). The Ca/K ratio of this sample calculated

from 37Ar/39Ar mimics the pattern of the age spectrum. The Ca/

K of these plagioclase grains obtained by EMPA is significantly

higher, which indicates the presence of a K-rich phase compo-

nent in the 40Ar/39Ar results (Fig. 4a). These observations

suggest that the plagioclase grains locally underwent partial

alteration leading to recrystallization of a K-rich phase such as

adularia. A minimum age of 90 Ma could be estimated from the

heating steps having the highest Ca/K (Fig. 4a). Similarly, 40Ar/
39Ar measurements carried out on TMD 12b-1 (Torillon) plagio-

clase did not yield a plateau age (Fig. 4b). As for sample TMD

2-1, the Ca/K spectrum mimics the pattern of the age spectrum

Table 2. Major and trace element analyses of Tore–Madeira Rise samples

Sample: TMD 2-1 TMD 12b-1 TMD 21-2
Petrographic type: Basaltic

trachyandesite
Basalt Basanite

wt%
SiO2 48.50 40.22 41.10
TiO2 3.09 3.22 3.84
Al2O3 19.20 18.21 13.50
Fe2O3* 10.86 13.38 14.10
MnO 0.20 0.16 0.15
MgO 0.93 1.29 5.75
CaO 6.40 5.58 11.25
NaO 3.79 2.66 2.62
K2O 2.84 2.81 1.78
P2O5 0.81 1.35 1.02
LOI 3.03 11.04 4.39
Total 99.65 99.92 99.50
ppm
Rb 34.0 22.3 36.0
Sr 770 503 645
Ba 295 300 425
Sc 15.8 – 26.0
V 220.0 276 368.0
Cr 17.0 93.8 272.0
Co 17.00 33.4 34.50
Ni 9.5 66 112.0
Y 34.5 35.9 40.0
Zr 372 298 322
Nb 53.5 56.9 68.0
La 40.5 46 58.5
Ce 92.0 93.6 110.0
Nd 52.0 46.6 61.0
Sm 11.3 9.92 11.6
Eu 3.60 3.02 3.33
Gd 9.50 8.7 10.40
Dy 7.20 6.24 7.25
Er 3.10 2.88 3.40
Yb 2.41 2.61 2.36
Th 4.30 5.51 6.90

Major and trace elements of samples TMD 2-1 and TMD 21-2 were obtained by
ICP-AES at Brest (Université de Bretagne Occidentale) following the method
described by Cotten et al. (1995). Relative standard deviations are ,2% for major
elements, Rb and Sr, and ,5% for other trace elements. Analyses of sample TMD
12b-1 were performed at Nancy (SARM, CRPG-CNRS). Major elements were
obtained by ICP-AES following the method described by Govindaraju & Mevelle
(1987) and trace elements by ICP-MS following the method of Carignan et al.
(2001). Analytical precision is 1–5% for major elements, except for MnO, MgO,
Ca2O and P2O5 (10%). For trace elements, analytical precision is in the range 5–
10% for abundances .50 ppm, 5–15% between 50 and 10 ppm, 5–20% between
10 and 1 ppm, and 5–25% for abundances ,1 ppm. LOI, loss on ignition. BE-N,
AC-E, PM-S and WS-E were used as standards.
*Total iron expressed as Fe2O3.

Fig. 2. Primitive mantle-normalized trace elements patterns.

Normalization values from Sun & McDonough (1989). Average N-

MORB pattern from Sun & McDonough (1989). Pattern of previously

studied samples from the Seine seamount after Geldmacher et al. (2005).
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but displays only slight perturbation (Fig. 4b). EMPA yielded a

mean Ca/K value well within error of the Ca/K ratio derived

from the Ar experiments and suggested only negligible perturba-

tion. Nevertheless, sample TMD 12b-1 failed to provide a plateau

age, and based on steps associated with the highest Ca/K ratio

can be interpreted only as a minimum age of c. 60 Ma (Fig. 4b).

Two statistically indistinguishable biotite plateau ages have

been obtained for sample TMD 14-9 (Ashton). We obtained an

age of 97.4 � 1.1 Ma (MSWD ¼ 1.07; P ¼ 0.38) on a single

biotite grain and 97.8 � 1.1 Ma (MSWD ¼ 0.8; P ¼ 0.78) on a

multi-grain aliquot (Fig. 4c and d). These two 40Ar/39Ar ages are

indistinguishable from the U–Pb age at 96.30 � 1 Ma obtained

by Merle et al. (2006) on titanite and zircon fractions from the

same sample. 40Ar/39Ar dating of amphibole crystals from

sample TMD 21-1 from the Seine seamount yielded three

indistinguishable plateau ages at 24.4 � 0.4 Ma (MSWD ¼ 0.23;

P ¼ 1.0) and 24.4 � 0.5 Ma (MSWD ¼ 1.24; P ¼ 0.26) for the

single-grain measurements (Fig. 4e and f) and 24.8 � 0.3 Ma

(MSWD ¼ 1.72; P ¼ 0.13) for the multi-grain aliquot measure-

ments (Fig. 4g). These ages are slightly older than the previous

age at 22.0 � 0.2 Ma (recalculated using an age of 28.34 Ma for

the TCs standard; Renne et al. 1998) obtained on groundmass by

Geldmacher et al. (2005). For the two first aliquots, the 40Ar/
36Ar intercept values on the inverse isochron diagrams are

similar to the atmospheric ratio. The third aliquot displays a

value higher than the atmospheric ratio and a much greater

scatter of the data, suggesting that some heterogeneously dis-

tributed excess 40Ar* might be present (Figs 4 and 5). The third

aliquot is therefore not included in the mean age calculation of

TMD 21-1 (Table 4).

Discussion

Significance of the new 40Ar/39Ar ages

The activity on the northernmost Bikini Bottom seamount

estimated at .90 Ma may be related to the Cretaceous phase

already indicated by previous studies (Geldmacher et al. 2006;

Merle et al. 2006) but the poor quality of the age data prevents

us from further speculation. Similar poor data quality for the

Torillon seamount suggests magmatic activity at >60 Ma in this

Fig. 3. Zr/Y v. Th/Nb plot for the data points of the Tore–Madeira Rise

samples. Fields of Canary archipelago and Madeira archipelago basalts

and Atlantic N-MORBs from Georoc and PetDB databases. Field of

previously studied Tore–Madeira Rise samples from Geldmacher et al.

(2005, 2006, 2008).
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locality. The 40Ar/39Ar biotite ages obtained from the trachyte

TMD 14-9 sampled on the Ashton seamount are indistinguish-

able from the U–Pb age (96.3 � 1.0 Ma, Merle et al. 2006)

yielded by titanite and zircon fractions extracted from the same

rock. This implies that the zircon grains extracted from this

alkaline lava have a magmatic origin as proposed by Merle et al.

(2006) and are not inherited from the continental lithosphere.

Nevertheless, this does not exclude the occurrence of the

continental lithosphere beneath the seamount, as Ashton is

located at its very edge (Fig. 1b). Considering that the 40Ar/39Ar

ages only marginally allow the expected c. 1% intercalibration

bias with U–Pb ages within errors (Min et al. 2000; Mundil et

al. 2006), the data also seem to indicate minimal pre-eruptive

magma residence times (e.g. Simon et al. 2008). Our new ages

obtained on the lavas from the Seine seamount (24.4 � 0.5 Ma)

are reliable for sub-million year high-precision geochronology

and confirm the occurrence of magmatic activity during the Late

Oligocene.

Tore–Madeira Rise and surroundings age reliability

Precise and accurate radio-isotopic data play a critical role in

obtaining the timing, duration, and rates of magmatic processes

occurring on the Tore–Madeira Rise. The new data given here

confirm a long-lasting and geographically extended magmatic

activity during the Cretaceous and the early Palaeocene. How-

ever, any geodynamical discussion must be based on a reliable

age database and must exclude statistically and geologically

untrustworthy measurements. It was not possible to calculate the

alteration index (AI, Baksi 2007) to test the accuracy of the
40Ar/39Ar measurements, as the detailed 40Ar/39Ar dataset

(%39Ar released, 40Ar*/39ArK, apparent age for each step) of the

previously dated samples (Geldmacher et al. 2005, 2006, 2008)

was not published.
40Ar/39Ar geochronology performed on whole-rock and

groundmass may be an interesting alternative when K-rich

phenocryst phases are absent, provided that whole-rock acid

etching is performed before measurements. This technique can in

some cases yield good results (e.g. Pringle et al. 1991). Never-

theless, it becomes increasingly clear that K–Ar and 40Ar/39Ar

measurement on groundmass displays technical limitations for

high-precision and accuracy geochronology (except when rocks

are only a couple of million years old; e.g. Hofmann et al. 2000;

Baksi 2007; Jourdan et al. 2007a). These limitations are as

follows.

(1) The freshness of the samples is untestable using the Ca/K

Fig. 4. Plagioclase, biotite and amphibole 40Ar/39Ar apparent age and related Ca/K ratio spectra of the plagioclase separates v. cumulative percentage of
39Ar released. Errors on plateau (.70% 39Ar released) and mini-plateau (50–70% 39Ar released) ages are quoted at 2� and do not include systematic

errors (i.e. uncertainties on the age of the monitor and on the decay constant). MSWD and probability are indicated. Ages in bold represent the most

reliable ages for each sample.
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ratio, because different minerals with different chemical compo-

sitions and activation energies will degas their Ar at various

temperatures yielding complex Ca/K spectra.

(2) 40Ar/36Ar fractionation in the extraction line and sample

chamber is known to yield older apparent ages (McDougall &

Harrison 1999).

(3) The existence of fast neutron activation-induced 39Ar and
37Ar recoil and possible ejection (Turner & Cadogan 1974)

creates significant 39Ar and 37Ar loss at the edge of a grain. In

most cases, this will result in apparent older age because of the

dominant effect of the 39Ar loss (e.g. Onstott et al. 1995; Paine

et al. 2006; Jourdan et al. 2007b), but for samples with high Ca/

K and significant atmospheric contamination the recoil of 37Ar

may produce younger apparent ages because of recoil fractiona-

tion of Ca-derived 37Ar and 36Ar (e.g. Jourdan et al. 2007b). The

recoil phenomenon may also involve a complex redistribution of

the daughter atoms in different lattice sites.

Basaltic groundmass samples are generally enriched in potas-

sium relative to the high Ca/K plagioclase phases, yielding age

with better precision compared with mineral separates (as a

result of low Ca interference correction and the larger Ar-ion

beam). This is evidenced by our amphibole age (24.4 � 0.4 Ma)

from the Seine seamount (Figs 1 and 4), which is less precise

than the earlier matrix age (22.0 � 0.2 Ma; Geldmacher et al.

2005). However, it has been shown than in most cases for rocks

older than a couple of million years, the accuracy of the age

obtained on the groundmass may be questionable (e.g. Hofmann

et al. 2000; Jourdan et al. 2007a). Here, we suggest that the age

of c. 22 Ma obtained by Geldmacher et al. (2005) is c. 2 Ma

younger because of the occurrence of cryptic alteration phases in

the groundmass.

Furthermore, in basaltic rocks, the fine-grained groundmass

carries most of the potassium (Mankinen & Dalrymple 1972)

and thus renders the K–Ar and 40Ar/39Ar measurements largely

dependent on the mobility of potassium during any geological

event. This limitation is exacerbated for dredged rocks because

they are strongly suspected to have undergone severe and

pervasive rock–seawater interaction for millions of years, which

has led to systematic chemical effects on the rock chemistry.

These effects are illustrated by the geochemical composition of

the Tore–Madeira Rise samples, in which the pervasive sea-

water–rock interaction led to crystallization of potassium-rich

secondary phases such as zeolites (erionites, phillipsites), clay

minerals (celadonite–dioctahedral clays mixture) and carbonates

in voids and groundmass of the rocks (Fig. 6; Merle 2006). The

crystallization of these alteration phases (brownstone facies,

Cann 1979) implies an overall hydration of the samples and the

mobility of alkaline elements such as potassium (e.g. Honnorez

1981). The potassium behaviour can be monitored in the Tore–

Madeira Rise samples by a K2O v. LOI diagram in which the

LOI values can be used as a proxy for the alteration index. For a

LOI value higher than 4.5%, the K2O content of the Tore–

Madeira Rise rocks displays a positive co-variation with increas-

ing LOI (Fig. 7). This co-variation trend has already been found

in submarine samples and interpreted as a potassium accumula-

tion from seawater in the samples (e.g. Honnorez 1981). There-

fore, the potassium content of the groundmass of Tore–Madeira

Rise samples might reflect both magmatic composition and

seawater interaction. The potassium mobility in basaltic rocks

related to seawater interaction might occur even for LOI values

lower than 2% (Caroff et al. 1995). As illustrated by the Tore–

Madeira Rise samples, the most careful selection of fresh rock

fragments based on optical methods is inadequate because

alteration phases are almost inevitably present (see Fig. 6).

Pervasive seawater alteration may affect the chemistry of the

rocks so deeply that its effects are unlikely to be removed by any

acid etching, thus compromising groundmass K–Ar and 40Ar/
39Ar analyses.

Filtered age database and standard recalibration

To produce a robust age database to support the geodynamical

discussion, 40Ar/39Ar total fusion measurements as well as K–Ar

ages are rejected, as there is no means to check the validity of

the age with internal criteria (e.g. age spectrum). Because our

new step-heating Ar–Ar amphibole age from the Seine seamount

is close to the previously published step-heating Ar–Ar matrix

age, we consider that the step-heating matrix 40Ar/39Ar ages,

although unreliable for high-precision geochronology, might have

a geological significance and they are taken into consideration.

We take into account only the 40Ar/39Ar plateaux (.70% of 39Ar

released) and mini-plateaux (between 50 and 70% of 39Ar

released). 40Ar/39Ar step-heating measurements having less than

50% of 39Ar are considered as invalid (e.g. Baksi 1999;

McDougall & Harrison 1999) and are rejected.

U–Pb and 40Ar/39Ar age data were tested using goodness of fit

parameters such as the mean squared weighted deviation

(MSWD) and probability of fit (P). These parameters were

Fig. 5. Inverse correlation isochron plot of 36Ar/40Ar v. 39Ar/40Ar for two

step-heated samples. MSWD and probability, and 40Ar/36Ar intercept are

indicated. Excluded steps are indicated in grey.
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calculated when lacking and are reported in Table 4 along with

the filtered database. Interestingly, all the groundmass 40Ar/39Ar

measurements fit the statistical test; however, as stated above,

they still have to be considered with caution. In the following

geodynamical discussion, groundmass 40Ar/39Ar data will be

considered as a good estimate, but care must be taken if these

data need to be used for very high-precision geochronology. All

the 40Ar/39Ar data reported in Table 4 are calculated for an age

of 28.03 Ma for FCs (Jourdan & Renne 2007) corresponding to

an age of 28.34 Ma for TCRs.

Age and duration of magmatic activity on the Tore–
Madeira Rise and in the surrounding area

Considering the available filtered Tore–Madeira Rise age data-

base, it seems that three pulses of alkaline magmatism occurred

from the end of the Early Cretaceous until the Late Palaeogene

(Fig. 8). The oldest magmatic phase occurred between 103 and

80.5 Ma (magmatic phase 1) in the northern and the central part

of the Tore–Madeira Rise (Fig. 1). The activity on the northern-

most Bikini Bottom seamount estimated at c. 90 Ma could be

related to this phase. It is also possible that this magmatic phase

occurred in the southern part of the Tore–Madeira Rise, as the

age of the Lion seamount has been estimated at c. 80 Ma

(Geldmacher et al. 2006).

A second pulse of magmatism occurred on the Tore–Madeira

Rise during the Late Cretaceous–Early Palaeocene (magmatic

phase 2) between c. 70 and c. 60 Ma (Fig. 8). This phase could

be limited to the southern part of the Tore–Madeira Rise and on

the Godzilla seamount, but it could also have occurred in the

northern part of the Tore–Madeira Rise, as the age of magmatic

activity on the Torillon seamount has been estimated to be

>60 Ma (Fig. 1). However, the existence of this phase is based

on relatively few data, and additional data are desirable to

constrain the timing and duration of this phase as a significant

magmatic event at the Tore–Madeira Rise scale. Considering the

few samples collected, we do not exclude the possibility that

continuous magmatism could have occurred from 103 to c.

60 Ma with a lack of sampling for the 80–60 Ma period.

The last magmatic phase on the Tore–Madeira Rise (magmatic

phase 3) began around 28 Ma in the southern part of the Tore–

Madeira Rise (Seine–Unicorn area, Figs 1 and 8). The duration

of this magmatic pulse relies upon a number of groundmass
40Ar/39Ar analyses, and it seems to persist until the present in the

central part (Josephine area, Fig. 1) and southern part of the rise,

leading to the construction of the Madeira archipelago.

Considering the magmatic activity that occurred between 88

and 69 Ma (n ¼ 10) on the coast of Portugal (Grange et al. 2007)

and at 65–62 Ma (n ¼ 3) on the Ormonde seamount (Féraud et

al. 1982, 1986; Table 4), magmas were emitted continuously

Table 4. Filtered geochronological data from Tore–Madeira Rise and surrounding area

Reference Sample name Location Phase analysed Age (Ma) Error (2�) (Ma) MSWD P

This study TMD 2-1 Bikini Bottom plag c. 90
Merle et al. 2006 TMD 10c-1 Tore N titanite 88.30 3.30 0.34 0.89
Merle et al. 2006 TMD 10c-2 Tore N titanite 88.30 3.80 1.01 0.39
Merle et al. 2006 TMD 3b-2 Tore NW titanite + zrc 80.48 0.90 0.86 0.54
This study TMD 12b-1 Torillon plag c. 60
Merle et al. 2006 TMD 4-3 Sponge Bob titanite + zrc 102.77 0.71 0.38 0.91
Merle et al. 2006 TMD 14-9 Ashton titanite + zrc 96.30 1.00 0.60 0.81
This study TMD 14-9 Ashton biot 97.40 1.20 1.20 0.28
This study TMD 14-9 Ashton biot 97.80 1.10 0.80 0.71
Merle et al. 2006 TMD 15-5 Gago Coutinho titanite 92.30 3.70 0.25 0.91
Geldmacher et al. 2006 403 DR-5 Gago Coutinho hbl 94.90 0.44 2.00 0.05
Geldmacher et al. 2006 399 DR-1 Josephine N (Pico Pia) matrix 0.53 0.45 0.60 0.83
Geldmacher et al. 2006 406 DR-7 Josephine N (Toblerone Ridge) gls 1.42 0.61 0.70 0.74
Geldmacher et al. 2006 406 DR-7 Josephine N (Toblerone Ridge) matrix 0.47 0.13 1.50 0.07
Geldmacher et al. 2006 407 DR-4 Josephine N (Pico Julia) matrix 7.09 0.72 0.70 0.74
Geldmacher et al. 2006 407 DR-4 Josephine N (Pico Julia) matrix 7.50 0.47 0.60 0.80
Geldmacher et al. 2006 408 DR-2 Josephine matrix 16.08 0.87 1.00 0.45
Geldmacher et al. 2006 408 DR-2 Josephine matrix 13.83 0.65 1.40 0.14
Geldmacher et al. 2006 409 DR-1 Josephine matrix 11.75 0.73 1.30 0.22
Geldmacher et al. 2006 409 DR-1 Josephine matrix 11.59 0.65 0.50 0.89
Geldmacher et al. 2006 410 DR-4 Josephine matrix 13.35 0.63 0.70 0.78
Geldmacher et al. 2006 410 DR-4 Josephine matrix 13.14 0.30 1.60 0.07
Merle et al. 2006 TMD 16-1 Jo Sister titanite 86.50 3.40 0.13 0.97
Merle et al. 2006 TMD 16-2 Jo Sister titanite 89.30 2.30 0.76 0.64
Geldmacher et al. 2006 412 DR-2 Jo Sister matrix 3.67 0.32 1.70 0.07
Geldmacher et al. 2006 429 DR-1 Dragon matrix 1.45 0.43 0.90 0.57
Geldmacher et al. 2006 429 DR-1 Dragon matrix 1.14 0.20 0.60 0.73
Geldmacher et al. 2006 431 DR-1 Dragon matrix 4.00 0.30 1.30 0.19
Geldmacher et al. 2008 428 DR-1 Godzilla biot 67.68 0.17 2.10 0.05
Geldmacher et al. 2005 423 DR-1 Unicorn matrix 27.81 2.44 0.70 0.73
Geldmacher et al. 2005 426 DR-1 Seine matrix 22.03 0.20 1.20 0.29
This study TMD 21-1 Seine plag 24.40 0.40 0.30 0.98
This study TMD 21-1 Seine plag 24.40 0.50 1.20 0.26
Geldmacher et al. 2000 DS-797-1 Ampère matrix 31.67 0.20 1.33 0.19
Féraud et al. 1982 DR-06-03 Ormonde biot 64.30 1.10 0.65 0.74
Féraud et al. 1982 DR-06-18 Ormonde matrix 61.60 2.40 0.26 0.91
Féraud et al. 1986 CY14-2 Ormonde biot 65.07 0.65 1.30 0.25

Bold type indicates age results reliable for sub-million year high-precision geochronology. zrc, zircon; biot, biotite; hbl, hornblende; gls, glass; plag, plagioclase.
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from 103 to 62 Ma in the northern central Atlantic (Fig. 1). A

U–Pb age of 77 Ma was obtained on a diorite from Ormonde

(Schärer et al. 2000), which is significantly older than the

numerous previous 40Ar/39Ar ages (Féraud et al. 1982, 1986).

This sample was collected on the top of the Ormonde seamount

among dropstones of various continental petrographic types

(Schärer et al. 2000) and displays geochemical characteristics

(similar REE and multi-element patterns, same initial Hf isotopic

composition) and age (within uncertainties) similar to the diorites

of the Sines complex described by Grange et al. (2007). As a

consequence, this sample is most probably a dropstone from the

Sines complex, not related to the alkaline activity on the

Ormonde seamount. Magmatic activity might have occurred

around 32 Ma on the Ampère–Coral Patch seamounts. However,

this age was obtained on groundmass of a dredged sample

(Geldmacher et al. 2000) and would require confirmation by
40Ar/39Ar on mineral separates. It emerges from this age

compilation that a gap in magmatic activity occurred between

around 60 and 32 Ma, at least considering the available dataset.

Refining the geodynamical model of the Tore–Madeira
Rise origin

An OIB-type origin for the Tore–Madeira Rise

All the studied Tore–Madeira Rise lavas have unambiguous

OIB-type geochemical characteristics. The enriched nature of the

magmatism is likely to be inherited from the melting of enriched

mantle domains (Geldmacher et al. 2005, 2006, 2008; Merle

2006). Such a geochemical signature argues for a hotspot-like

nature for the origin of the Tore–Madeira Rise (Geldmacher et

al. 2006; Merle et al. 2006). An OIB-type magmatism rules out

any accretion-related off-axis magmatic activity (Jagoutz et al.

2007), as this model suggests the shallow melting of astheno-

sphere-like depleted mantle source. Moreover, the emplacement

of the Tore–Madeira Rise seamounts postdates by at least 20 Ma

the activity of the accreting centre in the region.

Considering that the Tore–Madeira Rise magmatism is volu-

metrically important (c. 100 3 103 km3) and comparable with

the Canary Archipelago magmatism (150 3 103 km3), it is

unlikely that it originates from shallow melting processes, such

as edge-driven convection or adiabatic partial melting of magma

occurring along transform faults. Furthermore, edge-driven con-

vection would require thick cratonic lithosphere in the vicinity

(King & Ritsema 2000), which has not been evidenced beneath

Iberia and northwestern Africa.

During the Tore–Madeira Rise magmatic activity (103 Ma–

Fig. 6. Photographs of thin sections of basic and less evolved lavas

dredged on the Tore–Madeira Rise. The vesicles are filled by clay

minerals, zeolites and carbonates. The groundmass also shows overall

oxidation as a result of seawater percolation.

Fig. 7. Variation of potassium content as function of seawater alteration

expressed as LOI (loss on ignition). The discrepancy observed for LOI

higher than 4.5% is related to potassium mobility.
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present), this part of the Iberian margin and the adjacent oceanic

area underwent a major compression (e.g. Olivet 1996; Sibuet et

al. 2004b). A strong heat source is then required to maintain a

melting anomaly over the entire region for more than 100 Ma. In

the case of a Hawaiian hotspot model, an increase of the ages

along the seamounts chain is expected. In the Tore–Madeira Rise

case, this simple feature is most probably complicated by the

complex motion of the Iberian plate since the Early Cretaceous.

Problems of the previous models proposed for the
Tore–Madeira Rise origin

The lack of a clear space–time correlation over the whole area

(although local trends may exist) and the simultaneous magmatic

activity observed at several places, such as on the Tore and Jo

Sister seamounts and on the continent (Ribamar intrusion) at c.

88 Ma, seem to exclude a simple Hawaiian-type hotspot for the

origin of the Tore–Madeira Rise. A recent study proposed that

the Tore–Madeira Rise could have been built during two phases

of magmatism, the older one of Cretaceous age being capped by

a Miocene–Pleistocene phase (Geldmacher et al. 2006). The first

phase would be due to the interaction between the Canary

hotspot and the Mid-Atlantic Ridge, leading to the construction

of an oceanic plateau, together with the J-Anomaly Ridge

(located on the south of the Grand Banks of Newfoundland). The

Tore–Madeira Rise and the J-Anomaly Ridge would constitute

the basement of the second, Miocene–Pleistocene magmatic

phase induced by the activity of the Madeira hotspot (Geldma-

cher et al. 2006). In spite of the advantage of providing an

attractive geodynamical interpretation, this model presents some

problems. (1) According to this model, the Cretaceous basement

would correspond to the deepest part of the Tore–Madeira Rise

and all the Miocene–Pleistocene rocks would be dredged from

shallower depths. However, the dredging depth cannot be used to

postulate any stratigraphic relations between Cretaceous and

Miocene–Pleistocene rocks. Moreover, Cretaceous rocks were

sometimes recovered at shallower depth than Miocene–Pleisto-

cene rocks. For instance, the samples from Jo Sister (86–89 Ma)

documented by Merle et al. (2006) were dredged between �2224

and �1960 m whereas the rocks from the eastern slope of the

Josephine seamount (14–16 Ma) were dredged between �3600

and �3000 m. (2) The Tore–Madeira Rise and the J-Anomaly

Ridge would be formed near the ridge axis around 125–130 Ma.

Even if the possibility of an interaction with the Mid-Atlantic

Ridge has been suspected for the oldest part of the Tore–

Madeira Rise (Sponge Bob seamount, Merle et al. 2006), the

magmatic activity exclusively younger than 103 Ma documented

on the Tore–Madeira Rise post-dates the spreading of the Mid-

Atlantic Ridge by at least 22 Ma. Moreover, the age of the

emplacement of the J-Anomaly Ridge is not constrained by any

isotopic age data. (3) The main problem of this model concerns

the seamounts located to the north of the Azores–Gibraltar

Fracture Zone, which are not taken into account in the proposed

geodynamical interpretation of Geldmacher et al. (2006). If they

are included in the proposed plate reconstruction, these sea-

mounts would be in a position to originate from the Madeira

hotspot and not from the Canary hotspot as proposed, thus

contradicting the interpretation of the isotopic signatures (see

Geldmacher et al. 2006, fig. 9 and discussion concerning the

isotopic data). Therefore, if the magmatism of the northern part

of the Tore–Madeira Rise is taken into account, it is necessary to

consider the kinematics of the Iberian plate, which would

necessarily influence the spatial distribution of the seamounts as

they lie on the Iberian plate. (4) Finally, this model does not

include the magmatic alkaline activity occurring on the Portugal

coast between 88 and 69 Ma.

A wide, deep-rooted thermal anomaly located beneath the

Azores, the Canaries and Madeira (Montelli et al. 2004) that

could possibly have fed the Tore–Madeira Rise has also been

proposed as a possible source of magmas leading to the

construction of the Tore–Madeira Rise (Merle et al. 2006). This

model, however, gives no details concerning the space–time-

related emission of magmas.

New interpretation of the Tore–Madeira Rise geodynamics

Considering that three temporally and spatially distinct magmatic

phases occurred on the Tore–Madeira Rise and display hetero-

geneous isotopic signatures (Geldmacher et al. 2005, 2006, 2008;

this study), we suggest that short-lived, small-sized (less than

100 km in diameter) magma pulses were emitted from a thermal

anomaly located under the Tore–Madeira Rise–Azores–

Fig. 8. Age frequency histogram (error bars

not included) and probability density

distribution diagram (PDD; error bars

included in the curve calculation; PDD

increment is 0.5 Ma) for the Tore–Madeira

Rise lavas. Calculated using AgeDisplay

Excel macro (Sircombe 2004).
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Madeira–Canary area. These magmatic pulses do not seem to be

emitted randomly, as two local trends are observed between the

Sponge Bob and Jo Sister seamounts (103–86 Ma) and between

Ribamar and Serra de Monchique on the continent (88–69 Ma;

Fig. 1b). The oceanic trend is oriented NE–SW, suggesting a

northeastward motion of the Iberian plate. The continental trend

is oriented NNW–SSE, suggesting a NNW motion of the Iberian

plate. The movement of the Iberian plate since the Late Jurassic

has been debated for three decades. However, a recent compre-

hensive geodynamical reconstruction of the Iberia plate motion

and the Pyrenees orogenic formation (Sibuet et al. 2004b)

suggests a plate motion toward the NE from 125 to around

83 Ma and toward the NNW from 83 Ma until the present (Fig.

9a). This model reconciles the onland data from the Pyrenees

orogen formation and the offshore data from the Iberian margin

and the Bay of Biscay. It suggests that a part of the Neo-Tethys

Ocean was located between Iberia and Europe during the Late

Jurassic–Early Cretaceous. This geodynamical reconstruction of

the Iberian region (Sibuet et al. 2004b) together with our data

allow us to propose a geodynamical model that involves an

interaction between a thermal anomaly emitting magmatic pulses

and the motion of the Iberia plate.

Stage 1, 103–88 Ma. The Iberia plate moved in a NE direction

as a result of the subduction of the Neo-Tethys Ocean beneath

Europe (Fig. 9a). During this period, Iberia behaved as a part of

the African plate and the plate boundary was located in the Bay

of Biscay and the Pyrenees. A magmatic pulse occurring during

this period resulted in the age trend observed from Sponge Bob

to Jo Sister (Fig. 9b), corresponding to the magmatic phase 1 on

the Tore–Madeira Rise.

Stage 2, c. 88–81 Ma. The kinematics of the Iberian plate

changed drastically around 83 Ma. Spreading of the Bay of

Biscay ceased and subduction of the Neo-Tethys Ocean was

completed (Fig. 9a). The motion of the Iberia plate shifted from

SW–NE to SSE–NNE, leading to little or no movement during

this stage. A period of several million years would be required

for this change to take place, and it led to a heat accumulation in

the mantle because of the blanketing effect of the lithosphere. As

a consequence, the thermal anomaly became greater, and induced

several magmatic pulses at various locations on the Tore–

Madeira Rise as well as the Portugal coast. This may explain the

occurrence of randomly located magmatism between 88 and

81 Ma, which ended the magmatic phase 1 on the Tore–Madeira

Rise (Fig. 9b). It is possible that the lithospheric structures may

have drained the ascending magmas.

Stage 3, 80–69 Ma. As the continental subduction of Iberia

under Europe began, the Iberian plate started moving toward the

NNW (Fig. 9a). The magmatic pulse already emitted during the

previous stage along the Portugal coast produced an age trend

from the Ribamar intrusion to the Serra de Monchique complex

(Fig. 9b; Grange et al. 2007).

Stage 4, c. 68–60 Ma. A second period of randomly located

magmatism occurred, corresponding to the magmatic phase 2 on

the Tore–Madeira Rise (Fig. 9b). As for stage 2, this phase could

be associated with a period of quiescence in the motion of the

Iberia plate, leading again to the accumulation of heat under the

lithosphere and the occurrence of several magmatic pulses. Such

a motionless phase has not been described in the model proposed

by Sibuet et al. (2004b; see Fig. 9a). However, considering the

duration of the NNW motion phase in this model (c. 85 Ma to

present), a brief motionless period may have occurred as

identified between 69 and 56 Ma by Roest & Srivastava (1991).

Stage 5, 56–33 Ma. During this period, no magmatism is

identified either on the continent or in the oceanic domain (Fig.

9b). This period corresponds to the main compression phase of

the Pyrenees orogenesis (Olivet 1996; Sibuet et al. 2004b).

During this period, a 90 km long slab of the oceanic lithosphere

of the Bay of Biscay was subducted beneath the northern coast

of the Iberian peninsula, along the North Iberian trough (Olivet

1996, and references therein). This subduction led to a thrust

zone extending from the Pyrenees oceanward to the side of the

Galicia Bank (e.g. Olivet 1996; Thinon et al. 2001). It is likely

that an extensive and strong compression affected both the

oceanic and continental lithosphere to the south of the Galicia

Bank, as evidenced by the northward thrust of the Gorringe Bank

on the Tagus Abyssal Plain in Early Tertiary times (Olivet 1996;

Le Gall et al. 1997). This widespread compression, which

affected both oceanic and continental lithosphere, may have

prevented the ascent of the magmas toward the surface.

Stage 6, c. 32 Ma to the present. The Pyrenees orogen was

built and the plate boundary between the European and African

plates was at this stage the Azores–Gibraltar Fracture Zone (Fig.

9a). The Iberian plate now behaved as part of the European plate.

The convergence between Europe and Africa, which involved an

overall compression on the Iberia peninsula, was still continuing

(Jiménez-Munt et al. 2001). This period is related to another

phase of randomly located magmatic pulses. This magmatic

activity corresponds to the magmatic phase 3 on the Tore–

Madeira Rise. The compression on Iberia may have prevented

the emission of magma at the surface and may explain the

localization of magmatism on the African plate. The very slow

motion of the African plate (, 2 mm a�1; Stich et al. 2006) may

have favoured heat accumulation under the lithosphere by a

blanketing effect and led to an increase of magmatic pulse

emissions. The position of the magmatic occurrences close to the

branches of the Azores–Gibraltar Fracture Zone (Fig. 9b) sug-

gests that these lithospheric structures may have played the role

of conduits to drain magmas to the surface.

Considering the geochronological, geochemical and isotopic

data published on the Tore–Madeira Rise and the new 40Ar/39Ar

data presented here, the magmatic phases on the Tore–Madeira

Rise are mirrored by the interaction of a wide thermal anomaly

beneath the lithosphere and the Iberia plate motion driven by

orogenic and tectonic activity of the Pyrenees. This model

satisfies the geodynamical constraints imposed by the kinematics

of the Iberia plate.

A single magmatic province in the northern central
Atlantic?

On the American plate, several seamount groups (Corner

seamounts: 80–76 Ma; Newfoundland seamounts: 98 Ma; sills

drilled on Ocean Drilling Program (ODP) Leg 210, Site 1276:

105–98 Ma; New England seamounts: 103–82 Ma) had mag-

matic activity contemporaneous with that of the Tore–Madeira

Rise (Fig. 10) and were located at that time less than 1000 km

from the Tore–Madeira Rise. Although most of these ages were

obtained by either K–Ar or 40Ar/39Ar on groundmass, they

suggest that a widespread magmatic activity occurred around

105 Ma in the northern central Atlantic. It is not excluded that

the Azores Archipelago (from c. 85 Ma to present) and the

Canary magmatic province (from 55 Ma and possibly 68 Ma to

the present; Geldmacher et al. 2005) were also active at the same

time as the Tore–Madeira Rise (Fig. 10). All these magmatic

occurrences have previously been considered as independent

magmatic provinces. They are relatively close in space to one

another (less than 500 km) and seem to have been emplaced

during the same period. It has been proposed in recent geochem-
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Fig. 9. Geodynamical model for the space–time distribution of magmatism on Tore–Madeira Rise and in the surrounding area. (a) Locations of the

Iberian plate since 125 Ma relative to Europe considered to be fixed (adapted from Sibuet et al. 2004b). The light grey domains are areas in extension and

dark grey domains are areas under compression. The double lines in the Bay of Biscay at 83 Ma indicate the proto-ridge. J, A33 and A34 are magnetic

anomalies. The black arrows indicate the direction of convergence, and the white arrows the direction of extension. EU, Europe plate; IB, Iberian plate;

NA, North America plate. Pyr suture, Pyrenees suture. NGFZ, Newfoundland–Gibraltar Fracture Zone. (b) Interpretation of magmatic activity on the

Tore–Madeira Rise and in the surrounding area as different stages corresponding to the phases of the Iberian plate motion and Pyrenees orogenesis. Grey

arrows indicate the magmatic trends.
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ical studies that these provinces may share similar isotopic

characteristics and thus, similar mantle source. For instance, the

isotopic compositions of the Madeira and Canary archipelagos,

New England seamounts and some Tore–Madeira Rise lavas

tend to converge to a restricted composition corresponding to a

HIMU-like mantle component (low-velocity component (LVC),

defined by Hoernle et al. 1995; see also Taras & Hart 1987;

Geldmacher & Hoernle 2000; Geldmacher et al. 2006). The

similar source and coeval period of magmatic activity in the

northern central Atlantic Ocean together with the thermal

anomaly imaged by seismic tomography (Montelli et al. 2004)

argue for a single magmatic province fed by a wide thermal

anomaly as previously proposed for the SW Portugal–Canary–

Madeira magmatism (Hoernle et al. 1995; Lustrino & Wilson

2007).

However, an isotopic heterogeneity is observed both between

provinces and within a given province; for example, there is

strong isotopic heterogeneity on São Miguel Island in the Azores

(Widom et al. 1997); an EMI signature for Godzilla but HIMU

for Josephine on the Tore–Madeira Rise (Geldmacher et al.

2006, 2008); and a clear EMII component in the ODP Leg 210

sills (Hart & Blusztajn 2006). A hypothesis to reconcile these

data is to invoke a wide mantle plume or thermal anomaly that

produced scattered magmatic pulses over a very large area that

nevertheless formed a single large volcanic province.

Conclusions

Our new 40Ar/39Ar measurements of plagioclase, amphibole and

biotite separates from the Bikini Bottom, Torillon, Ashton and

Seine seamounts provide new constraints on the construction of

the Tore–Madeira Rise. The filtered database argues for three

magmatic phases on the Tore–Madeira Rise (103–80 Ma, c.

68 Ma and from c. 28 Ma until the present). Considering the

magmatism that occurred on the Ampère–Coral Patch sea-

mounts, Ormonde seamount and Portugal coast, the magmatic

activity was continuous from 103 to c. 60 Ma and from c. 32 Ma

to the present. Based on the space and time distribution of the

magmatism on the Tore–Madeira Rise and in the surrounding

area, we suggest that the Tore–Madeira Rise magmatism resulted

from interaction between the complex motion of the Iberian plate

as a result of the Pyrenees formation and a wide thermal

anomaly located beneath the Canary–Madeira area. This thermal

anomaly produced short-lived, small-scale (.100 km in dia-

meter) magmatic pulses, which created seamount alignments

during the phases of motion of the Iberian plate between 103 and

80 Ma and between 80 and 70 Ma. During the periods of

quiescence of the Iberian plate, the blanketing effect of the

lithosphere (continental and/or oceanic) would cause an accumu-

lation of heat in the mantle, leading to an increase of magma

emissions. These periods correspond to the randomly located

occurrence of magmatism between 88 and 81 Ma, 67 and 60 Ma

and from 31 Ma to the present. During the main compression

phase associated with the Pyrenees formation, between 56 and

33 Ma, no magmatism occurred. The overall compression that

affected the Iberian plate would prevent magma emission at the

surface.

The Tore–Madeira Rise magmatism could be related to the

same geodynamic process that led to the genesis of several

magmatic provinces in the northern central Atlantic such as the

Newfoundland, Corner and New England seamounts, and the

Azores and Canary Archipelagos, which were emplaced during

the same period. All these magmatic occurrences could be the

surface expressions of the thermal anomaly now located beneath

the Canary–Azores area.
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Hofmann, C., Féraud, G. & Courtillot, V. 2000. 40Ar/39Ar dating of mineral

separates and whole rocks from the Western Ghats lava pile: further

constraints on duration and age of the Deccan traps. Earth and Planetary

Science Letters, 180, 13–27.

Honnorez, J. 1981. The aging of the oceanic crust at low temperature. In:

Emiliani, C. (ed.) The Sea: the Oceanic Lithosphere. Wiley, New York, 525–

587.

Jagoutz, O., Müntener, O., Manatschal, G., Rubatto, D., Péron-Pinvidic,
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Abstract

To elucidate the age and origin of seamounts in the eastern North Atlantic, 54 titanite and 10 zircon fractions were dated by the U–Pb
chronometer, and initial Pb, Sr, and Hf isotope ratios were measured in feldspars and zircon, respectively. Rocks analyzed are essentially
trachy-andesites and trachytes dredged during the ‘‘Tore Madeira’’ cruise of the Atalante in 2001. The ages reveal different pulses of alka-
line magmatism occurring at 104.4 ± 1.4 (2r) Ma and 102.8 ± 0.7 Ma on the Sponge Bob seamount, at 96.3 ± 1.0 Ma on Ashton sea-
mount, at 92.3 ± 3.8 Ma on the Gago Coutinho seamount, at 89.3 ± 2.3 Ma and 86.5 ± 3.4 Ma on the Jo Sister volcanic complex, and at
88.3 ± 3.3 Ma, 88.2 ± 3.9, and 80.5 ± 0.9 Ma on the Tore locality. No space–time correlation is observed for alkaline volcanism in the
northern section of the Tore-Madeira Rise, which occurred 20–30 m.y. after opening of the eastern North Atlantic. Initial isotope sig-
natures are: 19.139–19.620 for 206Pb/204Pb, 15.544–15.828 for 207Pb/204Pb, 38.750–39.936 for 208Pb/204Pb, 0.70231–0.70340 for 87Sr/86Sr,
and +6.9 to +12.9 for initial epsilon Hf. These signatures are different from Atlantic MORB, the Madeira Archipelago and the Azores,
but they lie in the field of worldwide OIB. The Cretaceous seamounts therefore seem to be generated by melts from a OIB-type source
that interact with continental lithospheric mantle lying formerly beneath Iberia and presently within the ocean–continent transition zone.
Inheritance in zircon and high 207Pb of initial Pb substantiate the presence of very minor amounts of continental material in the litho-
spheric mantle. A long-lived thermal anomaly is the most plausible explanation for alkaline magmatism since 104 Ma and it could well be
that the same anomaly is still the driving force for tertiary and quaternary alkaline magmatism in the eastern North Atlantic region. This
hypothesis is agreement with the plate-tectonic position of the region since Cretaceous time, including an about 30� anti-clockwise rota-
tion of Iberia.
� 2006 Elsevier Inc. All rights reserved.

1. Introduction

The seamounts studied lie in the northern and central
part of the Tore-Madeira Rise, which extends over about
1000 km in SW–NE direction, roughly matching the oldest,
approximately 125–130 Ma old Atlantic magnetic anomaly
of oceanic crust in this region (Fig. 1; J anomaly; Pitman
and Talwani, 1972; Gradstein et al., 2004). Several hypoth-
esis were put forward to explain the origin of the rise;
however, none of them is sufficiently supported by geo-
chronological and geochemical data. Earlier explanations
are: (1) emplacement of late tertiary to recent magmas em-

placed along shear zones, related to N–S compression of
the Iberian margin (Van der Linden, 1979; Geldmacher
et al., in press), (2) volcanism occurring in relation to first
oceanic lithosphere creation at 130–125 Ma, as suggested
by its vicinity with the oldest Atlantic oceanic magnetic
anomaly (Tucholke and Ludwig, 1982; Peirce and Barton,
1991; Olivet, 1996; Girardeau et al., 1998; Geldmacher
et al., in press), (3) volcanism, ascribed to the accumulation
of magmas underneath an unusually slow Atlantic ridge
(Olivet, 1996; Girardeau et al., 1998), and (4) magmatism
related to a ‘‘hot-spot-like’’ feature, active coevally with
spreading (Tucholke and Ludwig, 1982; Peirce and Barton,
1991; Geldmacher et al., 2001; Geldmacher et al., in press).

Prior to this study, only a few geochronological or tracer
isotope data were available for volcanoes emplaced

0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.gca.2006.07.004
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between the Tore seamounts in the north, and Jo-Sister in
the south (Fig. 1, Wendt et al., 1976; Geldmacher et al., in
press). Rocks were collected by dredging during the 2001
‘‘Tore-Madeira’’ cruise of the Atalante. Samples of kg-size
were recovered, including basalts, trachy-andesites and
trachytes with the latter two lithologies being as abundant
as alkali basalts among the dredged rocks. The extent of
seawater alteration is high in most rocks precluding sys-
tematic 40Ar/39Ar dating and isotope tracing of whole-rock
samples. Given the strong degrees of alteration, only anal-
yses of grain-by-grain selected mineral separates were pos-
sible, and as far as dating is concerned, the occurrence of
primary magmatic titanite in most trachy-andesites and
trachytes made it possible to use the U–Pb method. A
few samples also contained very small amounts of zircon
used for combined titanite–zircon dating and Hf isotope
tracing on the same zircon grains. Fresh feldspar, either
K-feldspar or plagioclase, was used for U–Pb (Pb–Pb)
and Sr isotope analyses.

2. Geological framework

The Tore-Madeira Rise is a morphologically defined ob-
ject. The Tore seamounts form a �120 · 90 km wide
elliptic complex at its northern end having summits reach-
ing �2500 m over the �5000 m deep Tore depression
(Fig. 1). The southernmost seamount studied here is Jo
Sister lying at �500 km distance from the Tore locality.
It culminates at about 4000 m above sea floor. Other
seamounts investigated here are, from North to South,
Sponge Bob, Ashton and Gago Couthino, reaching
3000 m, 3500 m, and 3200 m above the �5000 m deep
seafloor, respectively (Fig. 1). Jo Sister has also been
named Erik and Gago Couthino, Teresa (Hoernle et al.,
2003; Geldmacher et al., in press) but none of these names
has been ratified so far. An important structure is the
Azores-Gibraltar Fracture Zone (AGFZ) which is an
Atlantic transform fault separating the Eurasian and
African plates. Its eastern end appears to split into three
branches towards the Tore, Gorringe, and Ampere-Coral
Patch seamounts (e.g., Laughton et al., 1975; Jiménez-
Munt et al., 2001). Dextral strike-slip movements along
this fracture zone seem to be absent or very small on the
plate scale since the J anomaly is not visibly displaced
(Fig. 1). Since Oligocene times, movements along the main
branch and the branches to the North and South of the
AGFZ seem to be transpressive, with a slight dextral
component along the main fracture due to extension in
the Azores region evidenced by the modeling of focal
mechanisms (Olivet, 1996; Malod, personal commun.).

Volcanoes to the North of the AGFZ lie along the first
Atlantic magnetic anomaly (J anomaly, 125–130 Ma) in
this region. This anomaly corresponds to the boundary be-
tween true oceanic crust and a transitional domain being
composed of rifted and stretched Iberian continental mar-
gin, unroofed lithospheric peridotites (e.g., peridotite ridge;
Fig. 1) detached from lowermost continental crust (Boillot

et al., 1989; Beslier et al., 1993). This transitional zone has
locally been intruded by syn-rift basaltic dikes and gabbros
(Beslier et al., 1988; Boillot et al., 1995; Schärer et al., 1995,
2000). North to 41�300N (Fig. 1), the J anomaly is not iden-
tified (south of Galicia Bank), implying that initial Atlantic
opening along the Galicia Bank occurred later. To the
South of the southern branch of the AGFZ, magnetic
anomalies older than J seem to be present in the Seine
Abyssal Plain (Roest et al., 1992) implying that some vol-
canoes to the South could be emplaced into oceanic litho-
sphere including the southern part of the Tore Madeira
Rise.

Geophysical investigations show the rise substratum to
be about 10 km thick, hypothetically containing some
underplated magmas (Mauffret et al., 1989; Peirce and Bar-
ton, 1991; Pinheiro et al., 1992). It has also been suggested
that formation of the rise represents a major event during
opening of the Central and North Atlantic ocean (Olivet,
1996). This correlates with small-amplitude gravity anoma-
lies suggesting that it is isostatically compensated on both
the local and regional scale (Peirce and Barton, 1991).

A magmatic event distinct from ocean spreading is the
emplacement of syn-rift related magmas prior or during
the very early stages of Atlantic opening in the Iberia mar-
gin. Such gabbro and dolerite emplacement occurred at 121
Ma along the Galicia Bank (Féraud et al., 1988; Schärer
et al., 1995, 2000) and at 138 Ma in the Gorringe Bank
(Girardeau et al., 1998; Cornen et al., 1999; Schärer
et al., 2000). These syn-rift subcontinental magmas have
MORB source signatures and were most likely derived
from the asthenosphere at that time.

Regionally important alkaline rocks, distinct from
both syn-rift magmatism and 130–125 Ma Atlantic open-
ing occur on the peridotitic–gabbroic Ormonde sea-
mount, the Ampere-Coral Patch seamounts, as well as
on the continent (Fig. 1). Rb–Sr, U–Pb and 40Ar/39Ar
ages for these rocks range between 67–77 and 31 Ma
(Rock, 1976; Féraud et al., 1982, 1986; McIntyre and
Berger, 1982; Bernard-Griffiths et al., 1997; Geldmacher
et al., 2000; Schärer et al., 2000). We will show that such
alkaline magmatism is also a major component of the
northern Tore-Madeira Rise, where differentiated alkaline
rocks have been recognized.

3. Alkaline magmatism: previous studies

3.1. The Madeira archipelago

The 14 Ma to recent Madeira Archipelago is composed
of volcanic and intrusive rocks of mostly alkaline affinity,
where basalts range from tholeiites to basanites. 40Ar/39Ar
ages on whole-rocks (total fusion) and plagioclase range
from 4.63 ± 0.10 Ma to 0.18 ± 0.08 Ma (Geldmacher
et al., 2000). The Desertas Islands of the archipelago are
considered to be the N–S arm of the Madeira rift system
for which 40Ar/39Ar whole-rock ages of basaltic lithologies
range from 3.62 ± 0.24 to 3.25 ± 0.08 Ma (Geldmacher
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et al., 2000). For Porto Santo Island located 45 km to the
north-east of Madeira, alkali basalts to trachytic rocks
(Geldmacher and Hoernle, 2000) have Ar whole-rock ages
of 13.1 ± 0.4 and 12.3 ± 0.4 Ma (Féraud et al., 1981) and
14.31 ± 0.22 and 11.07 ± 0.10 Ma for plagioclase (Geldm-
acher et al., 2000). To explain source characteristics of
Madeira volcanism contrasting hypothesis were proposed,
(1) interaction of a high-238U/204Pb (HIMU) plume com-
ponent with N-MORB-like asthenosphere and oceanic lith-
osphere (Hoernle et al., 1991, 1995), (2) interaction of
MORB source mantle with a mixture of HIMU and
EMI-type mantle plume material (Mata et al., 1998), (3)
recycling of relatively young oceanic crust (Thirlwall,
1997), (4) mixing of plume material containing a relatively
young (�1.2 Ga) recycled oceanic crust and shallow
MORB sources with a component of Paleozoic oceanic
crust (Widom et al., 1999), (5) progressive melting of plume
material containing relatively young (<1 Ga) recycled oce-
anic lithosphere from which enriched altered oceanic crust
and depleted lower crust and lithospheric mantle were de-
rived (Geldmacher and Hoernle, 2000, 2001), and (6) melt-
ing of metamorphosed oceanic lithosphere shortly after its
formation (Halliday et al., 1992, 1993, 1995).

3.2. The Josephine, Seine, Unicorn, and Ampere-Coral Patch

seamounts

Based on geochemical analyses and K–Ar whole-rock
dating (12.6 ± 0.4 Ma; 8.2 ± 0.2 Ma) of the Josephine sea-
mount it was originally suggested that the volcanoes build-
ing up the submarine mountain range between Josephine
and the Tore localities reflect a Miocene magmatic event
(Wendt et al., 1976). Further chemical analyses of Jose-
phine lavas confirm its alkaline character (Merle et al.,
2005).

Previous studies of three other volcanic complexes at
Seine, Unicorn, and Ampere-Coral Patch (Fig. 1) yield
whole-rock 40Ar/39Ar ages of 21.7 ± 0.2 Ma, 27.4 ± 2.4
Ma, and 31.20 ± 0.20 Ma, respectively (Geldmacher et al.,
2000, 2005). It is important to note that they all lie signifi-
cantly to the East of the Tore-Madeira Rise. The samples
analyzed for these seamounts are olivine–phyric basanites
and nephelinites with incompatible element characteristics
similar to the volcanic rocks of the Madeira Archipelago.
Initial Pb, Sr and Nd isotopic compositions of the Seine,
Unicorn and Ampere-Coral Patch seamounts are interpret-
ed as the result of interaction of Madeira plume melts with
the overlying lithosphere, which contains continental
lithospheric components (Geldmacher and Hoernle, 2000;
Geldmacher et al., 2005).

3.3. The Ormonde seamount

This seamount marks the eastern summit of the
Gorringe Bank. It is composed of peridotites that are
intruded by 138 ± 1 and 136 ± 1 Ma old gabbros, and
67–77 Ma old alkaline lavas on top of the bank (Féraud

et al., 1982, 1986; Cornen, 1982; Cornen et al., 1999; Schä-
rer et al., 2000). The alkaline lavas show two magmatic
trends (1) highly alkalic, silica-undersaturated rocks, rang-
ing from nephelinites to phonolites and (2) mildly alkaline,
silica-saturated volcanics ranging from alkali basalt and
basanites to trachytes (Cornen, 1982). The alkaline rocks
from the Ormonde seamount are interpreted on the basis
of initial Pb, Sr,Nd andHf (on zircon) isotopic compositions
to be derived from sub-lithospheric mantle melts (OIB-like
source) contaminated by ancient Rb-depleted and LREE-
enriched lithospheric mantle detached during passive conti-
nental rifting (Bernard-Griffiths et al., 1997; Schärer et al.,
2000).

3.4. Continental Serra de Monchique

This complex (Fig. 1) is a sub-volcanic nepheline syenite
body interpreted as belonging to the Late Cretaceous
Iberian Alkaline Igneous Province, related to late stages
of opening of the Bay of Biscay (McIntyre, 1977; Cornen,
1982; McIntyre and Berger, 1982; Rock, 1982; Whitmarsh
et al., 1986). Dominant lithologies are nepheline syenites
and micro-syenites with minor gabbros and lamprophyres,
having incompatible elements patterns similar to the alkali
lavas on the Ormonde seamount. These rocks do not exhibit
any chemical or isotope signatures for the assimilation of
continental crust (Bernard-Griffiths et al., 1997). A whole
rock-mineral Rb–Sr age for Serra de Monchique, and
K–Ar mineral measurements yield an age of 72 ± 2 Ma
(Rock, 1976; McIntyre and Berger, 1982; Bernard-Griffiths
et al., 1997). Similar model for magma genesis are proposed
for Ormonde and Monchique (Bernard-Griffiths et al.,
1997).

4. Samples descriptions

4.1. Overview

Samples collected during the ‘‘Tore-Madeira Rise’’
cruise represent 40 different dredge sites located along the
flanks of the different seamounts. Magmatic rocks were
recovered in 22 dredges with exclusively basaltic lithologies
to the south of the Jo-Sister locality, and significantly differ-
entiated lithologies to the north (Fig. 1). Individual dredge
depth of our samples are given in Table 1, ranging from
�5007 to �1560 m representing seamount flank sections
between about 1 and 6 km, taking into account individual
seamount slopesmeasured at the sample localities. Although
the depth of sections are different among the seamounts, the
sampled rocks cover basal sections, intermediate levels, and
top sections of the 3000–4000 m high seamounts. We there-
fore consider that sampling is representative for lithologies
constituting the different seamounts, even if not all mounts
could be sampled from the bottom to the top.

Since most magmatic rocks have suffered significant
low-temperature alteration by seawater, dating accessory
minerals by the U–Pb chronometers was potentially the

U–Pb ages and Pb–Sr–Hf isotopes from northern Tore-Madeira Rise 4953
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most promising method to avoid alteration-induced bias
on the ages. Seawater alteration partly transformed the
crypto-crystalline groundmass to clay minerals, and facili-
tated Fe–Mn hydroxide in-filling of cracks and vesicles.
In examining all differentiated rocks, only 5 trachytes and
4 trachy-andesites contained primary magmatic titanite
and in consequence, our investigation was limited to these
samples representing six seamounts (Fig. 1). Zircon was
recovered from three of the titanite-bearing alkaline volca-
nics allowing combined U–Pb zircon–titanite dating and
Hf isotope measurements on zircon.

4.2. Detailed sample description

The principal petrographical and mineralogical charac-
teristics of the samples (thin sections and Electron Probe
Microanalyses) are given in Table 1. The groundmasses
of these samples show microlitic fluidal textures consisting
of laths of feldspars. A trachyte (TMD3b-2, 0.5 kg in
weight) dredged at NW-Tore is almost aphyric, displaying
rare mm-size feldspar phenocrysts, euhedral titanites and
few zircons. The matrix underwent alteration characterized
by Fe–Mn hydroxides lining the inner walls of vesicles. The
two samples from the northern part of Tore seamount
(TMD10c-1; TMD10c-2, 1.4 and 0.2 kg in weight, respec-
tively) are trachy-andesites, being slightly plagioclase-phy-
ric and carrying sparse brown amphiboles. Alteration is
characterized by Fe–Mn hydroxides, coating inner walls
of vesicles. Titanite is less abundant in TMD10c-2 than
in TMD10c-1 and no zircon could be seen.

The two Sponge Bob trachyte samples (TMD4-3, 1 kg in
weight; TMD4-8, 2.5 kg in weight) are porphyritic in mm-
size K-feldspar phenocrysts containing abundant titanite.
TMD4-3 contains also a few zircons. The Ashton sample
(TMD14-9, 1 kg in weight) is a fresh highly porphyritic tra-
chyte yielding abundant titanite and large zircons reaching
more than 1 mm in length. Zircon and titanite contain fre-
quent inclusions of apatite and oxides. The trachyte dredged
on the Gago Coutinho seamount (TMD15-5, 1 kg in
weight) is almost aphyric containing rare euhedral pheno-
crysts of zoned feldspars. Alteration is characterized by
Fe–Mn hydroxides along cracks. Titanite is abundant and
typically contains oxide inclusions; but zircon was absent.

The trachy-andesite samples from the Jo Sister sea-
mount (TMD16-1; TMD16-2, 4 and 1.5 kg in weight
respectively) are the most altered of all our samples. Bor-
ders of all TMD16-1 fragments are yellow-orange colored,
due to palagonization of the groundmass, whereas the inte-
rior is light grey. Sample TMD16-2 contains rare hasting-
site–kaersutite phenocryst and abundant grains of titanite
but no zircon. Alteration phases are hydroxides and clay
minerals partly replacing the groundmass.

Fifty-four abraded and non-abraded titanite and 10 zir-
con fractions were selected from nine different trachy-ande-
sites and trachytes for U–Pb geochronology. To search for
heterogeneities, overgrowths, and inclusions, all popula-
tions were examined by optical microscopy, back-scattered

electrons (BSE), and cathodoluminescence (CL) as dis-
played in Fig. 2. Grain-by-grain selection of the essentially
transparent titanites and zircons covers the full range of
habits constituting the populations (Figs. 2a–e). Titanites
are pale to dark yellow and occasionally light brown
reflecting pleochroism. Opaque inclusions are abundant
and most fractions analyzed contained such inclusions
(Figs. 2f, g and i), as well as some transparent colorless
euhedral crystals (probably apatites). Zircons are colorless
and also contain transparent and opaque inclusions (Figs.
2d and e). No significant growth heterogeneities, over-
growth or old cores could be detected.

5. Analytical procedures

Mineral separation was carried out using Franz isody-
namic magnetic separator, heavy liquids (CHBr3 and
CH2I2), and grain-by-grain hand-picking under the binoc-
ular microscope. Major and trace element analyses were
carried out by ICP-AES and ICP-MS at the University
of Brest (analytical procedures in Cotten et al., 1995) and
the CRPG at Nancy (analytical procedures in Govindaraju
and Mevelle, 1987 and Carignan et al., 2001). U–Pb and Pb
isotope measurements were performed on a Thomson 206
mass-spectrometer using a SEM for U–Pb analyses, and
a Faraday cage for Pb. Sr composition measurements were
made on the VG-Sector mass-spectrometer. Lead and U
isotopic ratios were corrected for 0.10 ± 0.05%/amu of
mass-fractionation on the SEM, as determined from
repeated runs of a mixed NBS-981 Pb/NBS-960 U
standard, as well as the gravimetrically calibrated
233U/235U spike (NBS-995/NBS-993). For NBS-981 Pb
our mean ratios (n = 8) corrected for mass-discrimination
are: 16.941 ± 0.004 (2-sigma-STERR) for 206Pb/204Pb,
15.501 ± 0.004 for 207Pb/204Pb, and 36.728 ± 0.009 for
208Pb/204Pb. For Faraday measurements, mass-fraction-
ation on Pb is 0.10 ± 0.03%/amu. Repeated measurements
of total Pb blanks (2004–2005) yielded 60 ± 30% pg for
titanite and 20 ± 60% pg for zircon, with less than 1 pg
blank U for both procedures. Zircon and titanite grains
were mechanically abraded to eliminate potentially altered
crystal surfaces (Krogh, 1982). Prior to dissolution in pure
>50% HF, titanite, zircon, and plagiclase were spiked with
a mixed 205Pb/235U solution, whereas K-feldspar, devoid of
U, was measured for composition only. Zircons were dis-
solved at 215 �C for 3 days in Teflon bombs followed by
anion exchange chemistry (modified from Krogh, 1973).
Titanite and feldspar was dissolved in PFA Teflon beakers
at 180 �C (�18 h). An HBr procedure was used, for separa-
tion and purification of U and Pb from titanite and plagio-
clase, modified after Manhès et al. (1978). For U–Pb, Pb
and Sr analyses, grain-by-grain selected feldspars were
washed in HCl 6 N, ground in an agate mortar, and
leached with 1% HF/HBr 1 N for a few minutes in the
ultrasonic bath (e.g., Schärer, 1991) prior to dissolution.

Strontium composition measurements on size-fractions
of grain-by-grain selected feldspars were done on unspiked

U–Pb ages and Pb–Sr–Hf isotopes from northern Tore-Madeira Rise 4955



aliquots on 2/3 of the total sample solution, reserving 1/3
of the parent solution for spiking with a mixed 85Rb/84Sr
tracer for Rb–Sr concentration determination. For Sr
chemical separation, we employed Eichrom Sr-Spec. resin
while Rb separation was done with the AGW50-X12 cation
resin. Sr measurement accuracy was monitored using NBS-
987 standard yielding a mean (n = 8) ratio of
0.71026 ± 0.00005 (2-sigma-STERR). Hafnium isotope
measurements were performed on the Plasma-54 instru-
ment at the Ecole Normale Supérieure at Lyon using the
JMC-475 Hf standard for calibration after each sample
(Blichert-Toft et al., 1997). All data were normalized to
176Hf/177Hf = 0.282161 based on replicate analyses of
JMC 475, run before and after each analysis. For Hf iso-
tope analyses, the 3 N HCl fraction from the U–Pb proce-

dure was treated on the AGW50-X8 resin to avoid
interferences from 176Yb (e.g. Patchett and Tatsumoto,
1980; Bodet and Schärer, 2000). Isochrons were calculated
after Minster et al. (1979) and Ludwig (2003) with the latter
also used for constructing concordia plots.

6. Major and trace element results

6.1. Major elements

Compositions range in SiO2 from 56 to 63 wt% and be-
tween 0.21 and 0.67 wt% for MgO (Table 2), being consis-
tent with trachy-andesites to trachytes. The wide range of
alteration is reflected by their Loss On Ignition (LOI:
0.58–8.36 wt%). In the total-alkali vs. SiO2 diagram

Fig. 2. Photomicrographs, CL and BSE images illustrating titanite and zircon grains. (a) prismatic fragments and a euhedral crystal of titanite; (b) and (c)
two different types of euhedral crystals of titanites; (d) and (e) zircons with opaque and transparent inclusions; (f) (transmitted light) zircon with
transparent inclusions; (g) zircon grain showing a well crystallized transparent inclusion, probably an apatite; (h) BSE image of a polished titanite grain
showing regular oscillatory growth zoning; (i) cathodoluminescence (CL) image of a polished zircon grain showing well-developed regular oscillatory
zoning, a well-crystallized inclusion is outlined; (j) CL image of a polished zircon grain showing well-developed regular oscillatory zoning.

4956 R. Merle et al. 70 (2006) 4950–4976



(Fig. 3; TAS, Le Bas et al., 1986), all rocks lie either in the
trachyte or trachy-andesite fields corroborating their alka-
line affinity. One rock (TMD16-2) plots in the tephri-pho-
nolite field. This classification has to be considered to be
influenced by the high degrees of seawater alteration. The
freshest rocks are trachytes having less than 2 wt% of
LOI, being devoid of CIPW normative corundum (Table
2, TMD3b-2; TMD4-8; TMD14-9). They are moderately
alkaline (Na2O + K2O: 10–13 wt%), sodi-potassic, and
slightly under-saturated or saturated in SiO2 such as ob-
served for trachytes on the Ormonde seamount (Bernard-
Griffiths et al., 1997), where alkali magmatism was dated
at 67–77 Ma (Féraud et al., 1982, 1986; Schärer et al.,

2000). The other rocks contain CIPW normative corundum
(<5 wt%), associated in two rocks with significant CIPW
normative quartz, which most likely is the direct result of
seawater alteration.

6.2. Trace elements

Compatible trace element contents are low (Table 2;
Ni < 53 ppm, Cr < 5.5 ppm, Co < 21 ppm, V < 36 ppm)
which is in agreement with values expected for evolved la-
vas (Table 2). Cobalt content in the Gago Coutinho sample
(TMD15-5) is high with respect to the other samples where
compatible elements contents are low. This feature could

Table 2
Major and trace element analytical results of rock samples from the different seamounts

Sample: TMD3b-2 TMD10c-1 TMD10c-2 TMD4-3 TMD4-8 TMD14-9 TMD15-5 TMD16-1 TMD16-2
Seamount: Tore (NW) Tore (N) Tore (N) Sponge Bob Sponge Bob Ashton Gago Coutinho Jo Sister Jo Sister

SiO2 (wt%) 62.00 58.18 58.45 62.98 63.40 60.25 62.20 56.40 56.67
TiO2 0.38 0.70 0.71 0.35 0.48 0.60 0.26 0.43 0.39
Al2O3 18.75 19.64 19.30 18.06 18.60 17.84 19.35 19.55 18.25
Fe2O3* 2.86 3.94 3.87 2.33 2.11 2.53 2.08 3.10 2.96
MnO 0.23 0.22 0.29 0.10 0.06 0.11 0.12 0.28 0.20
MgO 0.38 0.59 0.58 0.31 0.21 0.41 0.28 0.67 0.55
CaO 2.43 2.69 2.65 0.39 0.35 3.66 1.09 0.93 2.11
Na2O 6.75 6.18 6.20 6.61 6.45 6.10 6.75 4.95 5.37
K2O 4.60 4.10 3.85 5.59 6.85 5.91 5.30 5.15 6.55
P2O5 0.08 0.19 0.11 0.09 0.06 0.53 0.03 0.06 0.67
LOI 1.07 3.54 4.00 3.07 1.29 1.99 2.44 8.36 6.19
Total 99.53 99.97 100.02 99.88 99.86 99.93 99.90 99.88 99.90
Na2O+K2O 11.35 10.28 10.05 12.20 13.30 12.01 12.05 10.10 11.92
Q 0.05 — — 1.89 — — — 4.21 —
Cor — 0.62 0.40 0.66 0.08 — 0.62 4.69 0.10
Ne — — — — 1.34 3.12 — — 4.10
Rb (ppm) 76.0 60.7 43.5 211.0 185.0 105.0 105.0 62.0 105.0
Sr 692 862 835 26 63 377 392 98 338
Ba 1200.0 987.0 1025.0 14.3 240.0 643.0 0240.0 265.0 240.0
V 19 18 20 36 32 19 12 15 15
Cr 5.5 — 2.0 — 4.0 — 2.5 2.0 —
Co 1.5 1.2 1.0 0.4 0.8 1.6 21.0 1.0 1.9
Ni 11.0 24.6 37.0 — 2.5 5.5 10.0 53.0 31.3
Y 11.0 22.5 12.8 86.8 57.0 31.2 5.2 20.5 25.0
Zr 355 387 502 1007 1235 637 262 955 899
Nb 81 114 122 173 261 129 48 227 188
La 97 59 39 187 180 110 33 117 112
Ce 213 186 190 283 290 182 136 213 183
Nd 40.0 50.1 30.5 106.0 72.0 68.1 18.0 50.0 46.0
Sm 5.10 8.09 5.15 16.20 9.60 11.00 2.10 6.65 6.28
Eu 1.55 2.94 2.12 3.30 2.18 2.76 0.74 1.43 1.19
Gd 3.10 6.20 3.85 12.80 8.50 7.16 1.40 4.80 4.32
Dy 2.10 4.68 2.85 13.80 8.20 6.84 0.90 3.95 4.49
Er 1.10 2.06 1.30 9.52 5.80 3.11 0.50 2.20 2.50
Yb 1.09 1.69 1.14 16.60 6.40 3.64 0.47 2.10 2.97
Th 13.7 13.8 13.2 49.5 29.0 14.1 19.3 29.0 25.4
Eu/Eu* 1.19 1.27 1.46 0.70 0.74 0.95 1.32 0.77 0.70

Major and trace elements of samples TMD 3b-2, TMD4-8, TMD10c-2, TMD15-5 and TMD16-1 were obtained by ICP-AES at Brest (Université de
Bretagne Occidentale) following the method described in Cotten et al. (1995). Relative standard deviations are <2% for major elements, Rb and Sr, and
<5% for other trace elements. Analyses of samples TMD4-3, TMD10c-1, TMD14-9 and TMD16-2 were performed at Nancy (CRPG-CNRS). Major
elements were obtained by ICP-AES following the method described in Govindaraju and Mevelle (1987) and trace elements by ICP-MS following the
method in Carignan et al. (2001). Analytical precision is at 1–5% for major elements, except for MnO, MgO, Ca2O and P2O5 (10%). For trace elements,
analytical precision is in the range 5–10% for abundances >50 ppm, 5–15% between 50 and 10 ppm, 5–20% between 10 and 1 ppm and 5–25% for
abundances <1 ppm. Fe2O3*, total iron expressed as Fe2O3. LOI, loss on ignition. Eu/Eu* = EuN/

p
(SmN · GdN). CIPW norms calculated with adjusting

Fe3+/Fe2+ ratio after Middlemost (1989). Q, normative quartz; Cor, normative corundum; Ne, normative nepheline.
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be related to seawater alteration of Fe–Mn hydroxides that
incorporated Co. The incompatible element patterns of our
samples (Fig. 4) are very similar to these of trachytes from
Ormonde and Madeira which are interpreted to be pro-
duced by fractional crystallization from basaltic parental
melts.

Five samples show negative anomalies in Sr and Ba
(TMD4-3, TMD4-8, TMD14-9, TMD16-1 and TMD16-
2). Although these rocks underwent various degrees of
alteration the amplitude of trace element abundances do
not seem to be correlated with alteration; they seem to be
partly magmatic. Slightly negative Eu anomalies (Fig. 5)
suggest fractionation of sodi-potassic feldspars during late
stages of crystallization (Villemant et al., 1980). Rocks
without Sr and Ba anomalies show weak positive Eu anom-
alies indicating that plagioclase is a cumulate phase in these
rocks.

The concave shape of REE patterns is consistent with
removal of amphibole and apatite from the magma
(Fig. 5). The trachyte from Gago Coutinho (TMD15-5)
displays significant depletion in moderately and slightly
incompatible elements relative to trachytes from the
Madeira Archipelago and Ormonde trachytes (Figs. 4
and 5). This suggests very evolved stages of crystallization
including apatite fractionation causing magma depleted in
middle REE and Y, and titanite producing depletion in
middle REE and Nb. Fractionation of the latter phase is
evidenced by Nb depletion. Such depletion also occurred
in the TMD3b-2 lava (Tore NW). Three samples display
Ce anomalies that could be related to the filling of vesicles
and cracks by Fe–Mn hydroxides.

7. Geochronological and isotope results

7.1. General

The Tables 3 and 4 lists U–Pb analytical results of tita-
nites and zircons, Table 5 gives initial Pb composition of

feldspars, Table 6 lists Rb–Sr analytical results for feld-
spars, and Table 7 shows initial Hf isotope compositions
of zircon. For more analytical details we refer to the corre-
sponding footnotes. Concordia and isochron diagrams for
U–Pb analytical results are given in the Figs. 6–8. Initial Pb
isotopic composition of feldspars are shown in Fig. 9, rel-
ative to the evolution of continental crust, the MORB-type
mantle, and isotope signatures measured in magmatic
rocks related to seamount formation in the Central Atlan-
tic region (Fig. 10).

Given the fact that all titanites from the seamounts have
significant amounts of initial common Pb, relative to
radiogenic Pb, data are presented in both the Concordia
(207Pb/235Uvs. 206Pb/238U) and isochron diagrams (238U/204Pb
vs. 206Pb/204Pb). The fundamental difference with this ap-
proach is that data of the Concordia plot are corrected
for initial Pb, whereas the isochron data include initial
Pb reflecting two different ways to derive ages. Since the
titanite populations are young and poor in U, and conse-
quently poor in radiogenic Pb, all ages are based on the
206Pb/238U chronometer because 207Pb/235U is not precise
enough; however, the latter ratios serve to test whether
the U–Pb chronometer behaved within analytical limits
as a closed system since crystallization. Some of the ellip-
ses (e.g., Figs. 6e and 8a) plot slightly to the left of the con-
cordia curve, which can be explained by the uncertainty in
common Pb correction due to real differences of intial Pb
compositions in titanite, not identical to that measured in
cogenetic feldspars.

7.2. U–Pb dating

7.2.1. Tore seamounts

From the northernmost expression of the volcanic range
at Tore (Fig. 1) two samples were analyzed for titanite, and
a third rock for titanite and zircon. In all populations, crys-
tal surfaces are well developed and devoid of any corrosion
features. From the TMD3b-2 trachyte from NW Tore, a
series of 5 abraded and unabraded titanite and 4 zircon size
fractions were analyzed. Titanites yield identically concor-
dant data (Fig. 6a), defining an average 206Pb/238U age of
80.5 ± 0.9 Ma (2r STERR). The same data produce
together with initial Pb of cogenetic plagioclase an iso-
chron age of 82.1 ± 2.4 Ma (Fig. 6b). The four zircon frac-
tions yield one concordant and 2 very slightly discordant
fractions with 206Pb/238U ages within error of the titanites.
The fourth fraction plots about 10% discordant yielding a
slightly older age around 99 Ma. These dates were not
included in age calculation.

Six titanite fractions from the trachy-andesite
(TMD10c-1) from north Tore yield identically concordant
and very slightly discordant data defining a mean
206Pb/238U age of 88.3 ± 3.3 Ma (Fig. 6c). Plotted together
with Pb data from plagioclase they yield a 238U/204Pb vs.
206Pb/204Pb isochron age of 87.8 ± 1.6 Ma (Fig. 6d). The
third sample (TMD10c-2) is also a trachy-andesite from
the same locality, for which four titanite fractions yield 3
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identically concordant dates and a slightly discordant frac-
tion defining together a mean age of 88.3 ± 3.9 Ma
(Fig. 6e). Regressed with initial Pb of plagioclase they yield
a 238U/204Pb– 206Pb/204Pb isochron age of 88.0 ± 4.5 Ma
(Fig. 6f).

7.2.2. Sponge Bob seamount

Six titanite size-fractions from the Sponge Bob trachyte
TMD4-3 yield identically concordant ages defining a mean
age of 102.8 ± 0.7 Ma (Fig. 7a) and 3 zircon fractions give
concordant to slightly discordant dates, with two fractions
within error of the mean titanite age. The most discordant

fraction yields a slightly older age of about 111 Ma.
Regressed together with K-fsp. the 6 titanite fractions give
a isochron age of 102.7 ± 0.7 Ma (Fig. 7b). Six titanite
fractions from the other trachyte (TMD4-8) yield equally
concordant data defining a mean titanite age of
104.4 ± 1.4 Ma in the concordia plot (Fig. 7c) and
107.2 ± 3.4 Ma together with K-fsp. in the
238U/204Pb–206Pb/204Pb isochron treatment (Fig. 7d).

7.2.3. Ashton seamount

Eight size-fractions of titanite from a trachyte (TMD
14-9) plot identically concordant defining an mean age of
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94.3 ± 2.4 Ma, and two zircon fractions plot equally con-
cordant (Fig. 7e). A third zircon analysis is about 2% dis-
cordant. The mean 206Pb/238U age of 96.8 ± 1.1 Ma for
the three zircon fractions is identical to the titanite age.
The full set of titanite and zircon data yields a mean age
of 96.3 ± 1.0 Ma. The eight titanite fractions define togeth-
er with K-fsp. a 238U/204Pb–206Pb/204Pb isochron age of
93.7 ± 0.7 Ma (Fig. 7f).

7.2.4. Gago Coutinho seamount

Two of the five titanite fractions from a trachyte
(TDM15-5) yield identically concordant ages, whereas the
other three analyses plot by 2–4% discordant having slightly
older 207Pb/235U ages (Fig. 8a). The mean 206Pb/238U age of
all fractions is 92.3 ± 3.8 Ma. Their 238U/204Pb–206Pb/204Pb

isochron age including K-fsp. is 93.8 ± 1.5 Ma (Fig. 8b).
These titanite ages agree within error with two new horn-
blende ages from other rocks of this seamount yielding
92.9 ± 0.6 and 94.5 ± 0.4 Ma obtained by the 40Ar/39Ar
method (Geldmacher et al., in press).

7.2.5. Jo Sister seamount

Four titanite fractions from the trachy-andesite
TMD16-1 plot identically concordant, whereas a fifth frac-
tion lies about 2% discordant (Fig. 8c). Their mean
206Pb/238U age is 86.5 ± 3.4 Ma. All fractions regressed
together with initial Pb measured in K-fsp. yield an iso-
chron age of 86.7 ± 0.9 Ma (Fig. 8d). The tephri-phonolite
sample (TMD16-2) yielded eight identically concordant
titanite analyses, and a slightly discordant data defining a
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Table 4
Isochron U–Pb data for the titanite fractions from the rock samples from the different seamounts

Samples Concentration Pb comm. (ppm) 206Pb/204Pb(a) (a) Error in % (2r-STERR) 238/204(a) (l) Error in % (2r-STERR)

TMD 3b-2 (NW Tore)

(1) Titanite 0.357 49.29 1.03 2467 1.11
(2) Titanite 0.257 64.66 0.65 3418 1.50
(3) Titanite 0.286 61.59 0.42 3360 4.74
(4) Titanite 0.231 74.94 0.87 4344 1.50
(5) Titanite 0.075 181.85 0.64 12761 1.82
(6) Plag. 19.14 0.07 — —

TMD 10c-1 (N Tore)

(7) Titanite 0.433 38.64 0.81 1443 0.96
(8) Titanite 0.099 109.01 1.47 6411 1.57
(9) Titanite 0.076 134.09 0.83 8425 0.50
(10) Titanite 0.158 72.72 1.14 3743 0.91
(11) Titanite 0.117 90.84 0.78 5287 0.54
(12) Titanite 0.134 91.67 0.59 5168 0.71
(13) Plag. 19.50 0.11 — —

TMD 10c-2 (N Tore)

(14) Titanite 0.543 35.22 0.57 1101 0.87
(15) Titanite 0.304 48.21 1.63 2072 1.47
(16) Titanite 0.938 29.17 0.35 737.1 0.62
(17) Plag. 19.34 0.08 — —

TMD 4-3 (Sponge Bob)

(18) Titanite 0.829 31.21 1.02 722.3 1.32
(19) Titanite 0.775 35.43 0.43 989.8 0.36
(20) Titanite 0.745 36.19 0.44 1045 0.50
(21) Titanite 0.736 36.23 0.74 1053 0.51
(22) Titanite 0.718 37.05 1.19 1072 1.32
(23) Titanite 0.842 34.63 0.71 942.6 1.33
(24) K-fsp 19.47 0.13 — —

TMD 4-8 (Sponge Bob)

(24) Titanite 3.43 23.27 0.66 223.3 0.98
(25) Titanite 3.83 22.98 0.52 215.3 1.13
(26) Titanite 4.32 22.75 0.32 197.7 1.13
(27) Titanite 2.49 25.19 0.55 340.6 0.88
(28) Titanite 1.26 30.00 0.54 640.2 0.51
(29) Titanite 1.85 26.93 0.17 429.9 0.50
(30) K-fsp 19.62 0.21 — —

TMD 14-9 (Ashton)

(31) Titanite 0.503 38.20 0.74 1291 0.48
(32) Titanite 0.394 39.35 0.42 1374 0.50
(33) Titanite 0.563 33.54 0.52 974.9 0.41
(34) Titanite 0.496 36.56 0.96 1172 0.61
(35) Titanite 0.556 34.59 0.54 1027 0.72
(36) Titanite 0.437 38.66 0.93 1305 1.15
(37) Titanite 0.516 35.32 0.94 1066 1.09
(38) K-fsp 19.36 0.04 — —

TMD 15-5 (Gago Coutinho)

(39) Titanite 0.977 32.63 0.65 941.3 0.38
(40) Titanite 0.309 60.50 0.24 2775 0.36
(41) Titanite 0.368 50.01 0.97 2145 1.17
(42) Titanite 0.482 48.27 0.55 1958 0.41
(43) Titanite 0.309 64.24 0.34 3110 0.91
(44) K-fsp 19.44 0.03 — —

TMD 16-1 (Jo Sister)

(45) Titanite 0.241 56.61 0.60 2730 0.50
(46) Titanite 0.316 47.97 0.51 2084 0.45
(47) Titanite 0.242 58.44 0.81 2914 0.97
(48) Titanite 0.288 52.45 0.78 2465 0.52
(49) K-fsp 19.50 0.05 — —

TMD 16-2 (Jo Sister)

(49) Titanite 9 0.572 36.81 0.42 1234 0.55
(continued on next page)
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mean 206Pb/238U age of 89.3 ± 2.3 Ma (Fig. 8e). The tita-
nite–K-fsp. 238U/204Pb–206Pb/204Pb isochron age is
88.3 ± 1.3 Ma (Fig. 8f).

7.3. Pb–Sr–Hf isotope results

Pb, Sr, and Hf isotope data are summarized in the Ta-
bles 5–7, and plotted in the Figs. 9–12 together with data
fields for Atlantic MORB, the latest Miocene to Quaterna-
ry São Miguel Island, the 14 Ma to recent Madeira Archi-
pelago, and in particular, Ormonde and Monchique
Cretaceous alkaline magmatism (Fig. 1). Where appropri-
ate, data for worldwide OIB were also included as well as
data from the Ampere, Seine, and Unicorn seamounts
(Fig. 1). Initial Hf signatures are plotted vs. time in
Fig. 11, together with evolution model curves for depleted
MORB mantle (DM) and chondrite uniform mantle reser-
voir (CHUR).

8. Discussion

8.1. Geochronology

Since the U–Pb chronometer in zircon and titanite be-
have as closed systems at temperatures in excess to
700 �C (e.g., Krogh, 1973; Zhang and Schärer, 1996), all
ages given in both the Concordia and isochron diagrams
can be interpreted to date the crystallization of these min-
erals either in the magma chamber from where magmas
were extracted or in situ, within the solidifying lava. Time
intervals between chamber or lava crystallization can be
considered to be short, compared to analytical uncertain-
ties on the ages. Investigations of magma transfer kinetics
show that these processes are very rapid occurring on the
order of 100–200 ky (e.g. Condomines et al., 1982). Zircon
data from two trachytes (Figs. 6a and 7a) substantiate the
presence of very small amounts of older inherited zircon

Table 4 (continued)

Samples Concentration Pb comm. (ppm) 206Pb/204Pb(a) (a) Error in % (2r-STERR) 238/204(a) (l) Error in % (2r-STERR)

(50) Titanite 10 0.661 34.85 0.88 1069 1.04
(51) Titanite 11 0.770 32.71 0.98 928.7 1.42
(52) Titanite 12 0.597 34.53 0.30 1095 0.33
(53) Titanite 17 0.349 46.96 0.82 2028 4.06
(54) Titanite 19 0.449 39.45 0.89 1517 1.29
(55) Titanite 20 0.311 53.93 0.99 2523 1.03
(56) Titanite 22 0.332 47.44 1.74 2062 0.95
(57) K-fsp 19.50 0.06 — —

For each rock, initial Pb ratios were measured in plagioclases and K-fsp from the same rock (Table 5). (a) Ratio corrected for mass discrimination, isotopic
tracer contribution, and Pb blank.

Table 5
Pb analytical results for feldspars of the different dated seamounts

Samples Mineral (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i Source

l x j

Tore seamount

TMD3b-2 Plag 19.139 ± 0.013 15.544 ± 0.012 38.750 ± 0.030 9.68 37.23 3.85
TMD10c-1 Plag 19.496 ± 0.021 15.611 ± 0.021 39.281 ± 0.050 10.04 39.42 3.93
TMD10c-2 Plag 19.343 ± 0.016 15.642 ± 0.014 39.310 ± 0.025 9.89 39.54 4.00

Sponge Bob seamount

TMD4-3 K-fsp 19.471 ± 0.025 15.714 ± 0.020 39.496 ± 0.049 10.04 40.41 4.03
TMD4-8 K-fsp 19.620 ± 0.042 15.828 ± 0.040 39.936 ± 0.109 10.19 42.19 4.14

Ashton seamount

TMD14-9 K-fsp 19.363 ± 0.007 15.636 ± 0.006 39.179 ± 0.015 9.92 39.08 3.94

Gago Coutinho seamount

TMD15-5 K-fsp 19.440 ± 0.006 15.661 ± 0.010 39.377 ± 0.028 9.99 39.84 3.99

Jo Sister seamount

TMD16-1 K-fsp (microlite) 19.497 ± 0.009 15.652 ± 0.007 39.517 ± 0.016 10.04 40.36 4.02
TMD16-2 K-fsp (microlite) 19.496 ± 0.012 15.669 ± 0.009 39.552 ± 0.026 10.04 40.52 4.04

Plagioclases were spiked with the 233U–235U–205Pb tracers to U/Pb. No significant amount of U was detected. Isotopic ratios were determinated with a VG
sector instrument using a Faraday cup and a Thomson 206 instrument using a Faraday cup and an electron multiplier system. For both instruments, the
Faraday cups were used. All l (238U/204Pb), x (232Th/204Pb) and j (232Th/238U) values were calculated for the U–Pb Concordia age of the same rock
(Table 3) using a single-stage evolution model of the Earth mantle (Holmes, 1946). For these calculations, constants used are recommended by IUGS
(Steiger and Jäger, 1977); an age of 4.56 Ga was used for the Earth (Allègre et al., 1995) and initial Pb composition measured in Canyon Diablo iron
meteorite (Tatsumoto et al., 1973).
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incorporated into the host magma. Such inheritance in
mantle-derived rocks has also been observed for dikes
intruding the ultramafic–mafic complex of the Ligurian
Alps, where relic zircons appears to have been extracted
from the subcontinental lithospheric mantle, tapped by
asthenospheric magmas (Borsi et al., 1996). Alkali lavas
(77 Ma) on top of the Ormonde seamount also shows zir-
con inheritance (Schärer et al., 2000).

The available U–Pb dates show that seamount genesis
along the continent–ocean transition of the Iberian margin
(Fig. 1) occurred over a period of at least 23.9 ± 1.2 m.y.

bracketed by the oldest seamount dated at 104.4 ± 1.4
Ma (107.2 ± 3.4 Ma for isochron), and 80.5 ± 0.9 Ma
(82.0 ± 2.4 Ma for isochron) for the youngest. This implies
that alkaline magmatism occurred roughly 21 m.y. after
formation of the first Atlantic oceanic crust around 125–
130 Ma (Gradstein et al., 2004). In consequence, construc-
tion of the seamounts cannot be attributed to Atlantic
spreading as proposed earlier; they should be considered
to reflect an exclusively intra-plate phenomena. An impor-
tant time gap of about 70 m.y. exists between 104–81 Ma
seamount emplacement along the northern segment of

Table 6
Rb–Sr analytical results for feldspars from the different seamount samples

Samples Weight (mg) Concentrations 87Rb/86Sr ±2% Concordia age (Ma) 87Sr/86Sr measured (87Sr/86Sr)i

Sr (ppm) Rb (ppm)

Tore seamount

TMD3b-2 9.95 459 2.39 0.0152 80.5 0.70308 ± 1 0.70306
TMD10c-1 9.34 630 0.51 0.0024 88.3 0.70341 ± 1 0.70340
TMD10c-2 8.03 705 0.53 0.0022 88.2 0.70294 ± 2 0.70294

Sponge Bob seamount

TMD4-3 8.95 14.3 49.7 10.2 102.8 0.70869 ± 2 0.69396*
Duplicate 8.31 11.8 39.0 9.70 102.8 0.70928 ± 2 0.69528*
TMD4-8 8.46 72.7 23.6 0.951 104.4 0.70371 ± 3 0.70231

Ashton seamount

TMD14-9 9.30 257 8.22 0.0935 96.3 0.70321 ± 1 0.70309

Gago Coutinho seamount

TMD15-5 9.00 372 3.73 0.0294 92.3 0.70309 ± 1 0.70305

Jo Sister seamount

TMD16-1 8.13 113 25.5 0.6596 86.5 0.70360 ± 4 0.70280
TMD16-2 9.20 69.4 29.9 1.26 89.3 0.70401 ± 3 0.70243

Measured 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194. Analytical uncertainties are ± 2% for 87Rb/86Sr. Uncertainties for measured 87Sr/86Sr are
given in table relative to the last digits. The 87Rb decay constant used to calculate 87Sr/86Sr(i) is 1.42 · 10�11y�1(Steiger and Jäger, 1977). Rb and Sr
concentration were performed on a Thomson 206 mass-spectrometer using electron multiplier and a single Faraday cup. Isotopic compositions of Sr were
performed on a VG sector mass-spectrometer using a single Faraday cup. *, overcorrection from high 87Rb/86Sr.

Table 7
Hf isotope analytical results for the dated zircons of the different seamount samples

Samples 176Hf/177Hf measured Concordia age (Ma) eHf0 (present day) eHfi

Tore seamount

TMD 3b-2 Z1 0.282983 ± 8 80.5 7.5 9.3 ± 0.3
TMD 3b-2 Z2 0.283084 ± 7 80.5 11.0 12.9 ± 0.2
TMD 3b-2 Z3 0.282996 ± 11 80.5 7.9 9.7 ± 0.4

Sponge Bob seamount

TMD 4-3 Z1 0.282966 ± 8 102.8 6.9 9.2 ± 0.3
TMD 4-3 Z2 0.282901 ± 8 102.8 4.6 6.9 ± 0.3

Ashton seamount

TMD 14-9 Z1 0.282965 ± 5 96.3 6.8 9.0 ± 0.2
TMD 14-9 Z2 0.282953 ± 8 96.3 6.4 8.6 ± 0.3
TMD 14-9 Z3 0.282942 ± 7 96.3 6.0 8.2 ± 0.2

Measured 176Hf/177Hf are corrected for mass-discrimination using 179Hf/177Hf = 0.7325 (Patchett and Tatsumoto, 1980). JMC- 475 Hf standard:
176Hf/177Hf = 0.282163 ± 9 (Blichert-Toft et al., 1997). To calculate epsilon values (eHf0 and eHfi) the following constants were used: age of the
Earth = 4.56 Ga; ð176Lu=177HfÞ0CHUR ¼ 0:0332� 2; (176Hf/177Hf)CHUR today = 0.282772 ± 29; (176Hf/177Hf)CHUR at 4.56 Ga = 0.279718 ± 29 (Blic-
hert-Toft and Albarède, 1997); eHfTsample ¼ ½ð176Hf=177HfÞTsample=ð176Hf=177HfÞTCHUR � 1� � 104, with ð176Hf=177HfÞTCHUR ¼ ð176Hf=177HfÞ0CHUR�
ð176Lu=177HfÞ0CHUR � ðekT � 1Þ (Patchett et al., 1981); kLu = 1.93 · 10�2 Ga�1 (Sguigna et al., 1982).
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the Tore-Madeira Rise, and the much younger, 14 Ma to
recent formation of the Madeira Archipelago. The Creta-
ceous volcanic phases dated in this study could potentially
be followed by Miocene to recent volcanism, as suggested
by earlier K–Ar dating of Wendt et al. (1976) from the
Josephine seamount. New 40Ar/39Ar data from this sea-
mount and a further two seamounts south of Josephine

give ages between 0.5 and 16 Ma (Geldmacher et al., in
press). These date corroborate the genesis of the Tore
Madeira rise to be significantly more complex than previ-
ously thought. For instance, very contrasting ages of 86–
89 Ma vs. 4 Ma indicate two very distinct phases of Jo Sis-
ter magmatic activity in Late Cretaceous and Pliocene
times. Considering the sensitivity of whole-rock matrix to
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seawater interactions, K–Ar and 40Ar/39Ar whole-rock
ages from these seamounts require confirmation.

8.2. Petrogenesis of samples

All samples studied here are evolved alkaline lavas
whose compositions range from trachy-andesite to tra-

chyte, which cannot be derived by simple partial melting
of peridotites. To explain their origin the following options
have to be considered: (1) differentiation by crystal frac-
tionation from an originally alkali-basaltic liquid, (2) small
degrees of melting of non-peridotite sources, and (3) mix-
ing of alkali-basaltic liquids with highly differentiated mag-
mas having SiO2 above 65 wt%. Note that the most evolved
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rock analyzed here is a trachyte with 63.4 wt% SiO2 (Table
2). To evaluate these possibilities it is useful to recall the
following: (a) about half of the dredged samples are tra-
chy-andesites and trachytes, whereas the remaining rocks
are basanites and alkali-basalts; (b) the lavas studied here
have experienced different degrees of crystal fractionation
prior to extrusion, as indicated by anomalies in Ti, P, Sr

and Ba (Fig. 4). These anomalies can be ascribed to frac-
tional crystallization of Fe–Ti oxides, apatite and feldspar.
Plagioclase fractionation is corroborated by strong deple-
tion in Sr and modestly negative Eu anomalies in some
samples (Figs. 4 and 5). Some of the lavas are plagioclase
cumulative as indicated by their slightly positive Eu
anomalies.

180

140

100

60

20

0.00

0.01

0.02

0.03

Jo Sister seamount
TMD16-2

(tephri-phonolite)

9 titanite fractions

180

140

100

60

20

0.00

0.01

0.02

Gago Coutinho seamount
TMD15-5

(trachyte)

5 titanite fractions

180

140

100

60

20

0.01

0.02

0.03

Jo sister seamount
TMD16-1

(trachy-andesite)

5 titanite fractions

86.5 ± 3.4 Ma

0.00 0.04 0.08 0.12 0.16 0.20 0.24

92.3 ± 3.8 Ma

89.3 ± 2.3 Ma

10

30

50

70

0 1000 2000 3000

10

20

30

40

50

60

70

0 1000 2000 3000

10

20

30

40

50

60

0 1000 2000 3000

Jo sister seamount
TMD16-1

(trachy-andesite)

Jo Sister seamount
TMD16-2

(tephri-phonolite)

Gago Coutinho seamount
TMD15-5

(trachyte)

K-fsp

K-fsp

K-fsp

93.8 ± 1.5 Ma
 (206Pb/204Pb)i = 19.440 ± 0.024

MSWD = 16.0

86.7 ± 0.9 Ma
 (206Pb/204Pb)i = 19.497 ± 0.017

MSWD = 3.5

 88.3 ± 1.3 Ma 
 (206Pb/204Pb)i = 19.496 ± 0.033

MSWD = 7.4

0.03

207Pb
235U

238U (μ)
204Pb

206Pb
238U

206Pb (α)
204Pb

a

c

e f

d

b

Fig. 8. Concordia and isochron plots of U–Pb analytical results of titanite and zircon. Ellipses correspond to 2r-STERR. Symbols in the isochron plots
are two times larger than relative errors.

4970 R. Merle et al. 70 (2006) 4950–4976



Storage for a considerable period of time of liquids in
magma chambers may lead to wallrock assimilation, in
particular the Iberian subcontinental mantle. Alternatively,
‘‘en route’’ contamination during magma ascent through
this lithosphere could also occur. Arguments in favor of
this are (1) the small components of inherited Pb present
in a few zircons (Figs. 6a and 7a), (2) differences in initial
Hf among zircons from a single rock (Fig. 11), and (3) rel-
atively radiogenic common Pb, in particular 207Pb which
does not match any MORB or OIB mantle reservoir. Cases
of high initial 207Pb/204Pb of subcontinental mantle are also
reported for lherzolithe xenoliths of recent volcanic rocks
from Tanzania, E-Africa (Cohen et al., 1984).

8.3. Isotope characteristics

Initial Pb isotopic compositions (Fig. 9) are significantly
more radiogenic than a single stage model (Geochron) and
they roughly plot at the end or beyond the model evolution
curve for upper continental crust (Zartman and Doe,
1981). Their variation is relatively limited in 206Pb/204Pb
ranging from 19.139 to 19.620, whereas variations in
207Pb/204Pb are significantly larger lying between 15.544
and 15.828. Plotted in an 206Pb/204Pb–207Pb/204Pb diagram
(Fig. 10a) the data range from the Atlantic field for NW-
Tore to significantly more radiogenic values. The same
data trends are present in the 206Pb/204Pb–208Pb/204Pb dia-
gram (Fig. 10b) lying sub-parallel to data field from São
Miguel Island of the Azores Archipelago (Widom et al.,
1997; Moreira et al., 1999). A heterogeneous plume, con-
taining in addition an old subcontinental lithospheric man-
tle was proposed for the origin of the São Miguel Island
(Widom et al., 1997; Moreira et al., 1999). Lead of 3 sea-

mounts (NW and N-Tore and Ashton) lies in the field of
Atlantic MORB. Most initial 87Sr/86Sr values range from
0.70232 to 0.70340. A sample yields unreasonable low ra-
tios below 0.70 (TMD4-3, Table 6). Since our single feld-
spars grains show very weak alteration features, it may
be that apparent opening of the Rb–Sr system could be
related to seawater alteration. In our case such alteration
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caused an increase in Rb/Sr leading to over-corrected ini-
tial ratio.

A plot of initial Sr and Pb isotope signatures reveals that
three of our seamount samples (Jo Sister and Sponge Bob)
are more radiogenic in 206Pb than MORB, and two samples
are less radiogenic in 87Sr. These three rocks are a trachy-
andesite (TMD16-1), a tephri-phonolite (TMD16-2), and a
trachyte (TMD4-8). To evaluate the influence of potential
bias by seawater alteration, we have calculated maximal
shifts of initial 87Sr/86Sr. We used 5–10% Rb/Sr fraction-
ation that corresponds to the extent of maximal observed
feldspar alteration. This test shows that the ratios are
affected to a very low degree only. For example, sample
TMD16-1 corrected for 10% Rb/Sr-fractionation yields a
minimum (87Sr/86Sr)i of 0.70271 and a maximum
(87Sr/86Sr)i of 0.70287, compared to the original value of
0.70280 (Table 6). The other five trachy-andesites and
trachytes plot in the Atlantic MORB field as do Pb–Sr data
from Ormonde and Serra de Monchique (Fig. 10c).

Zircons from three of the dated rocks were analyzed for
their initial Hf isotope composition to help constrain po-
tential magma sources. Three zircon fractions were mea-
sured for the trachyte samples TMD3b-2 and TMD14-9,
and two for the TMD4-3 trachyte. Initial epsilon Hf values
(eHfi) ranging from +6.9 to +12.9 (Table 7; Fig. 11) lie in-
between the CHUR evolution line and a MORB type res-
ervoir (DM). It is important to note that differences exist
in epsilon Hf between zircon fractions of a given sample
that are much in excess of the analytical uncertainty. These
differences could result from: (1) mixing of magma batches,
each containing zircon crystals at the time of mixing, (2)
incorporation of xenocrystic zircon by extraction from
adjacent wallrocks in a magma already containing zircon,
and (3) a successively adding relatively small volume of iso-
topically distinct melts to a large volume of magma with a
uniform isotope composition, coupled with new zircon
growth at, or shortly after the time of mixing. In any case,

this observation of differences in initial Hf signatures of zir-
con is consistent with the presence of small inherited radio-
genic Pb components necessarily carried by relic zircons
(Figs. 6a and 7a) that also requires extraction of grains from
a different host. This host must have been significantly older
than the magma, to explain inheritance in zircon, already
observed in the 77Ma old alkali rock on Ormonde (Fig. 11).
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Fig. 12 shows correlations between initial Hf and Pb iso-
tope signatures measured in the seamounts, plotted relative
to the fields of Atlantic MORB, worldwide Ocean Island
Basalts (OIB), and São Miguel Island. All our alkaline vol-
canic lavas are distinct from both Atlantic MORB and São
Miguel volcanic rocks but they lie within the field of OIB
sources.

8.4. Geodynamic context of magmatism

From a regional point of view, Cretaceous volcanoes
roughly follow the significantly older J anomaly but also
the different branches of the Azores-Gibraltar Fracture
Zone (AGFZ; Fig. 1). This suggests these structures have
played a major role for enabling magma ascent. An age
difference of 7.8 ± 4.2 Ma observed for the two localities
of the Tore seamount complex substantiates the hypoth-
esis that its construction includes at least two distinct
magmatic pulses. Since the two localities lie in the vicin-
ity of the northern branch of the Azores-Gibraltar Frac-
ture Zone (AGFZ in Fig. 1), magmatic activity could
have been focused along the fault. It may also be that
age gradients exist along faults such as suggested earlier
by Féraud et al. (1977). Another useful observation is
that formation of the seamounts between Tore and Jo
Sister, and possibly up to the Madeira Archipelago,
approximately follows the main direction of initial ocean
spreading marked by the J anomaly (125–130 Ma)
formed about 20 m.y. prior to first alkaline volcanism
at 104 ± 1 Ma (Fig. 1). The boundary between the
stretched continental lithosphere of Iberia and the ocean-
ic lithosphere can be considered as a zone of weakness,
and magmas can preferentially percolate through this
zone, compared to normal oceanic or continental litho-
sphere. It is likley that this zone of weakness served as
a guide for magma ascent and orientation of seamount
emplacement. In extrapolating the actual spreading rate
of 2.2 cm/y (DeMets et al., 1990) to Upper Cretaceous
time, the Atlantic ridge would have been located about
460 km to the west at the time of volcanism at 104
Ma, using the 125–130 Ma initiation age for beginning
Atlantic opening (Gradstein et al., 2004). On the other
hand, if a very slow initial spreading rate of 0.67 cm/y
is used (Srivastava et al., 2000) the distance would have
been only 134 km.

From our new ages we cannot see any significant region-
al age trend along the seamount chain lying to the north of
the Azores-Gibraltar-Fracture-Zone (AGFZ; Fig. 1). The
same is true if we include the earlier dated 77 Ma old alka-
line magmas on the Ormonde seamount and the 72 Ma old
Serra de Monchique on the continent (Fig. 1). Given ana-
lytical uncertainties on these ages some minor regional age-
trends may exist; however, they necessarily would lie within
a few million years. An illustration for this are the three
ages of the Tore seamounts (88.2 ± 3.9; 88.3 ± 3.3;
80.5 ± 0.9 Ma) where any age trend is necessarily limited
to a few million years. Moreover, potential migration of

volcanism north of the AGFZ must be compatible with
motions of the Iberian plate at that time. Different hypoth-
eses were proposed for movements of Iberia between 120
and 80 Ma, converging toward an agreement that it moved
in southeast direction by about 800 km (e.g., Malod, 1989;
Olivet, 1996; Sibuet et al., 2004b). Since we cannot see the
corresponding age trend in our volcanoes, i.e., the absence
of ages becoming increasingly younger towards the north-
west, a Hawaiian-type plume model can be ruled out. This
excludes the northern part of the Tore-Madeira Rise to be
the simple volcanic trace of Iberian motion over such a hot
spot between 120 and 80 Ma. Concerning the Tore-Madei-
ra Rise region to the south of the AGFZ, the Oligocene–
Miocene Unicorn, Ampere, and Seine volcanoes do not
match the axis of the rise, lying significantly to the east
(Fig. 1). Their emplacement most likely reflects a particular
geodynamic context, possibly in relation to lithospheric
discontinuities such as expressed by the large E–W striking
faults in this region (Fig. 1) as suggested previously by
Geldmacher et al. (2005). An alternative hypothesis consid-
ers these seamounts to belong to the Madeira hot-spot
track across the African plate, spanning the Madeira
Archipelago through the Unicorn, Seine, Ampere and Or-
monde seamounts to the Serra de Monchique alkaline
complex (Geldmacher et al., 2000, 2005; Geldmacher and
Hoernle, 2000).

To explain the large extent of alkaline magmatism in
the eastern North Atlantic (Fig. 1) migration of melting
within the head region of a long lived thermal anomaly
seems to be the most likely model. Such activity since
at least 104 Ma (oldest seamount) to recent times
(Madeira Archipelago) would be consistent with the per-
sistent existence of large plumes, reaching life times of
130 m.y. (e.g., Courtillot et al., 2003). This would mean
that the same thermal anomaly was/is periodically active
underneath the Atlantic oceanic crust, the transition
zone, and the continental margin of Iberia. Finite-fre-
quency tomography indicates the presence of a deep-
rooted plume (>1000 km depth) having maxima P-wave
anomalies at about 300 km depth, underneath the
Azores, Canary, and Madeira complexes (Montelli
et al., 2004). This assumption is also valid in space
and time if the about 300 km W–E anti-clockwise rota-
tion of the Iberian Peninsula is considered.

8.5. Origin of magmas

In considering the full set of new data it seems that 104–
81 Ma alkaline magmas were derived from sources having
a component with: (1) low Rb/Sr, (2) relatively high
epsilon Hf and (3) relatively high 207Pb/204Pb at a given
206Pb/204Pb (Figs. 10–12). To acquire such isotopic signa-
tures, the magma sources must have evolved in isolation
for several hundred million years. In any model explaining
the genesis of our alkaline magmas, a contribution of crust-
al material is required to explain radiogenic Pb, and in par-
ticular the presence of inherited old radiogenic Pb
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discovered in zircon (Figs. 6a and 7a). The most likely
explanation is the incorporation of very minor amounts
of detrital sediments, assimilation of lower continental
crust or lithospheric mantle containing relic detrital sedi-
ments. The observed decoupling of Hf–Sr from Pb signa-
tures is entirely consistent with the fact that mantle melts
can very easily be shifted in Pb by addition of even very
small amounts (a few %) of continental material (e.g.,
Schärer, 1991). This is not the case for Hf and Sr for which
mantle melts have a strong buffering effect.

Interaction of OIB-type magmas with material from
the Iberian lithospheric mantle seems to be the most
plausible interpretation, satisfying the presence of Rb-de-
pleted lithospheric mantle, highly radiogenic Pb, and
inherited Pb in zircon. Supporting evidence in favor of
this hypothesis are Sr data from the peridotite ridge
about 500 km off the coast of Iberia (Fig. 1) where
87Sr/86Sr as low as 0.7021 were observed in Cpx in lherz-
olites, representing potential contaminating material of
our magmas (Chazot et al., 2005). It has been shown that
isotopic heterogeneity of Iberian margin ultramafic rocks
were already present at the time of rifting, reflecting a long
and complex history of depletion and enrichment events
affecting oldmantle (Chazot et al., 2005).We emphasize that
this model concerns alkaline volcanic activity investigated
here, i.e., the northern section of the Tore-Madeira Rise
north of the Azores-Gibraltar Fracture Zone (Fig. 1). It is
also be valid for the origin of the contemporaneous alkaline
rocks on Ormonde and at continentalMonchique, as well as
the seamounts Ampere, Seine and Unicorn (Bernard-Grif-
fiths et al., 1997; Geldmacher and Hoernle, 2000; Schärer
et al., 2000; Geldmacher et al., 2005).

Given the geochemical and isotopic data for the
northern part of Tore-Madeira Rise (Figs. 9, 10 and
12) we cannot reliably deduce mixing proportion between
the OIB-type component, materials from the Iberian
lithospheric mantle, and the necessarily very small
amounts of crustal components present within or at-
tached to the lithospheric mantle. This three components
hypothesis applies to the seamounts composing the
northern Tore Madeira rise volcanoes. On the other
hand, sources of alkaline magmas to the South may
vary, either along the rise or in neighbouring regions
where alkaline volcanism occurs such as Seine, Ampere,
and Ormonde (Fig. 1). Such differences were proposed
for the origin of the latter seamounts as well as the
Madeira Archipelago, where the involvement of a young
high-U/Pb plume was proposed, interacting with en-
riched material present in the oceanic lithosphere possi-
bly containing some continental material (Geldmacher
and Hoernle, 2000; Geldmacher et al., 2005).

9. Major conclusions

(1) U–Pb ages of six seamount complexes emplaced
along an about 500 km long segment of the northern
Tore-Madeira Rise yield ages between 104 and 81

Ma, being significantly different in age than previous-
ly assumed. Their origin is not related to 130–125 Ma
initiation of opening of the Atlantic ocean.

(2) A long-lived thermal anomaly, present underneath
the continental plate margin since at least 104 Ma
seems required to explain mantle melting and related
volcanism. At the time of alkaline volcanism, the
active Atlantic spreading center was located between
136 and 460 km to the West, corresponding to poten-
tial minimum and actually measured spreading rates
of 0.67 and 2.2 cm/yr, respectively.

(3) Magmas were probably generated in the head of a
mantle plume (OIB-type magmas) with time–space
migrating domains of melting under the oceanic lith-
osphere, the ocean–continent transition zone and the
continent. Small portions of continental material
have also been incorporated in the magmas.
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Jiménez-Munt, I., Fernàndez, M., Torne, M., Bird, P., 2001. The
transition from linear to diffuse plate boundary in the Azore-Gibraltar
region: results from a thin-sheet model. Earth Planet. Sci. Lett. 192,
175–189.

Krogh, T.E., 1973. A low contamination method for hydrothermal
decomposition of zircon and extraction of U and Pb for isotopic ages
determination. Geochim. Cosmochim. Acta 37, 485–494.

Krogh, T.E., 1982. Improved accuracy of U–Pb zircon ages by the
creation of more concordant systems using air abrasion technique.
Geochim. Cosmochim. Acta 46, 637–649.

Lassiter, J.C., Blichert-Toft, J., Hauri, E.H., Barsczus, H.G., 2003. Isotope
and trace elements variations in lavas from Raivavae and Rapa, Cook-
Austral islands: constraints on the nature of the HIMU-and EM-
mantle and the origin of mid-plate volcanism in French Polynesia.
Chem. Geol. 202, 115–138.

Laughton, A.V., Roberts, D.G., Graves, R., 1975. Bathymetry of the
northeast Atlantic: mid-Atlantic ridge to southwest Europe. Deep Sea

Res. 22, 791–810.
Le Bas, M.J., Le Maitre, R.W., Streckeisen, A., Zanettin, B., 1986. A

chemical classification of volcanic rocks based on the total alkali-silica
diagram. J. Petrol. 27, 745–750.

U–Pb ages and Pb–Sr–Hf isotopes from northern Tore-Madeira Rise 4975



Ludwig, K.R., 2003. User’s Manual for Isoplot 3.00. Berkeley Geochro-
nology Center Special Publication, 74pp.

Malod, J.A., 1989. Ibérides et plaque ibérique. Bull. Soc. Géol. France 5,
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