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You see things; and you say “Why?”

But I dream things that never were; and I say “Why not?”

George Bernard Shaw (1856–1950)

Back to Methuselah, act I, Selected Plays with Prefaces, vol. 2, p. 7 (1949)

À mes grands-parents,

Christiane et Jean





AVANT-PROPOS

Cette thèse traite de la segmentation et de l’évolution thermique des systèmes extensifs 

hyper-étirés ainsi que de leur réactivation lors de l’orogénèse en choisissant la chaîne pyrénéo-

cantabrique comme cas d’étude. Cette thèse, encadrée par Gianreto Manatschal, s’inscrit 

dans la recherche développée à Strasbourg sur l’héritage associé aux rifts hyper-étirés et leur 

préservation dans les chaînes de montagnes.

BRGM et l’INSU sur la période 2015 à 2020.





9

Résumé & Abstract

ABSTRACT

occurring during the Wilson cycle (Wilson, 1966) are now observed through the scope 

reactivation of structures inherited from previous tectonic events. During rifting and prior to 

oceanic accretion, recent studies have revealed a strong structural and thermal asymmetry that 

can lead to subcontinental mantle exhumation together with a high temperature metamorphism 

during rifting will represent the initial condition for the reactivation and the formation of the 

subsequent orogenic system.

these topics as it results from the inversion of segmented Mesozoic rift basins during the Late 

the weak Alpine overprint allowed to preserve onshore the sedimentary cover as well as the 

basement – sediment relationship established during the rifting events. Moreover, the numerous 

surface and the deep geology.

for the evolution of segmented domains. Finally, the third objective is to analyse the thermal 

evolution associated with magma-poor asymmetric rifting based on a thermo-mechanical model 

Cantabrian (Cantabrian segment) basins are located. It aims to provide further constrains on 
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with respect to the Eurasian plate during the Mesozoic. Indeed, many geodynamic models have 

been proposed and remain debated due to the controversy about the origin of the magnetic 

interpretations and well information have been performed in the study area.

rift segments. In contrast, they suggest that E-W trending mid-Cretaceous rift basins overlapped 

overlapping geometry together with the WNW-ESE striking rift structures argue for a NNE-

SSW direction of extension from Aptian to Cenomanian. As such, these results provide new 

kinematic constrains for the displacement of the Iberian plate with respect to Eurasia at mid-

cross-sections across the Basque-Cantabrian basin also show that the mid-Cretaceous rifting 

event reactivated Late Jurassic to Barremian structures, highlighting the role of inheritance for 

as a decoupling horizon between the supra-salt sedimentary cover (thin-skinned deformation) 

and the crust (thick-skinned deformation) during the syn-rift and syn-orogenic evolution. In the 

Basque-Cantabrian basin, this decoupling horizon allowed to transport the sedimentary cover 

of the former exhumed mantle domain (“Nappe des Marbres”) over the Basque massifs via the 

reactivated Leiza fault. Finally, this study highlights the allochthony of the Basque massifs with 

respect to the proximal margins of the former basins that are the present-day Aquitaine and 

Basque massifs overlain a north-dipping subducted slab composed of the former hyperextended 

crustal domain of the Basque-Cantabrian system. As such, despite a complex pre-orogenic 

crustal wedge, corresponding to the Basque massifs, overlying a north-dipping slab such as 

orogenic systems. A map of the rift domains (proximal, necking and hyperextended) have been 

performed across the study area together with present-day and restored N-S cross-sections, 

allowing to characterise newly formed and reactivated structures at both rift segments and rift 

segment boundaries. Moreover, the temporal and spatial evolution of rift domains and their role 
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the coupling point located between the brittle hyperextended domain (coupled) and the proximal 

and necking domains where ductile lower crust remains (decoupled).

underthrusting of the hyperextended domain and to the pop-up of the sedimentary cover via 

collisional phase initiates when the conjugate necking domains (landward of the coupling point) 

meet and corresponds to the formation of basement-involved thrust faults such as the Gavarnie 

shows a distinct evolution in comparison to rift segments, characterised by the formation of 

thick-skinned structures and the development of a proto-crustal wedge during the subduction 

in the Basque massifs already during the subduction phase could be responsible for the 

preservation of pre-Alpine structures and the emplacement of subcontinental mantle at crustal 

an orogenic wedge composed by the Basque massifs overlying a north-dipping subducting slab 

collisional phase is mainly controlled by orogenic processes.

order thermal architecture of rift basins. As such, a thermo-mechanical model of asymmetric 

locations. Besides, the description of the Arzacq-Mauléon rift system allows to restore the basin 

max

thermal architecture of the basin with respect to the rift polarity.
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asymmetry during rifting with a lower plate toward the south and an upper plate toward the 

the occurrence of the highest temperatures at the transition between the upper and the lower 

always located at the upper-lower plate transition despite rift migration. As such, the thermal 

asymmetry observed in the Mauléon basin can be explained by the structural asymmetry during 

hyperextension. Furthermore, the numerical model shows that rift migration towards the upper 

plate leads to the formation of extensional allochthons which migrate from the upper to the 

each extensional allochthons, suggesting that measured peak temperatures can be diachronous 

within the basins and that they may have recorded a transient and punctual thermal event in 

relation with the upper-lower plate transition. Such a complex spatial and temporal evolution 

max
 is generally not considered in thermal models of rift basins. Yet, it can 

max

to the determination of erroneous paleo-thermal gradients. Finally, this study shows that the 

hyperextended rift systems.

during the subsequent reactivation. Moreover, the role of rift-inheritance on the reactivation is 

results should be tested in analogue orogenic systems where the architecture cannot be solely 

explained by orogenic processes.
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RÉSUMÉ ÉTENDU

Les phénomènes responsables de la formation des océans et des chaînes de montagnes 

compression établis au cours du cycle de Wilson (1966) sont de plus en plus étudiés en tenant 

compte du concept d’héritage structural. Ce dernier contrôlerait l’emplacement et le mode de 

déformation au cours de ces processus par la réactivation et l’inversion des structures mises 

en place lors des précédents évènements tectoniques. Lors du rifting et avant la mise en place 

d’une croûte océanique, une importante asymétrie structurale et thermique de la lithosphère a 

été établie par les travaux récents. Elle peut mener à l’exhumation du manteau sous-continental 

associée à un métamorphisme de haute température du bassin sédimentaire sus-jacent. Le style 

de déformation et l’architecture crustale peuvent alors considérablement varier le long de l’axe 

du rift, notamment au niveau de zones de transfert. Cette architecture tridimensionnelle héritée 

des systèmes de rift représente l’état initial sur lequel la réactivation va s’initier lors du prochain 

événement tectonique.

Ainsi, trois questions se dégagent :

- Comment l’architecture du rift contrôle l’évolution orogénique ?

- Quelle est l’évolution thermique dans les systèmes hyper-étirés asymétriques ?

La cordillère pyrénéo-cantabrique représente un lieu d’étude propice pour aborder ces 

thématiques car elle résulte de l’inversion de bassins de rifts mésozoïques fortement segmentés 

lors de l’orogénèse alpine tardi-crétacée à miocène. Ces systèmes de rifts hyper-étirés ont conduit 

au Crétacé à l’exhumation du manteau en fond de bassin ainsi qu’à un métamorphisme de haute 

déformation compressive alpine a permis de préserver, à terre, la couverture sédimentaire ainsi 

projets académiques ainsi que les campagnes d’explorations pétrolières ont fourni un grand 

nombre de données sur la géologie de surface et profonde de cette région.

pyrénéo-cantabrique qui résulte de l’inversion d’un système de rift segmenté. Le deuxième 

objectif est d’analyser l’évolution thermique associée aux rifts asymétriques pauvres en magma 

à l’aide d’un modèle numérique thermomécanique et des données sur l’analogue nord pyrénéen.
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où se situe la jonction entre le bassin de Mauléon (segment pyrénéen) et le bassin Basque-

est également d’apporter des contraintes de terrain à la cinématique entre la plaque Ibérique et 

dans la zone d’étude en couplant les données de terrain, l’interprétation de lignes sismiques et 

étude a été réalisée en collaboration avec Josep Anton Muñoz (Universitat de Barcelona) 

concernant notamment l’interprétation de quelques lignes sismiques ainsi que deux jours de 

campagne de terrain.

Les résultats montrent que le bassin de Mauléon se propage vers l’ouest dans le bassin 

superposent au nord et au sud des massifs basques. Cette géométrie des bassins de rift ainsi que 

contraintes cinématiques pour le mouvement de la plaque Ibérique (ou le bloc de l’Èbre) vis-

à-vis de la plaque Eurasienne au Crétacé moyen et minimisent le rôle décrochant de la Faille 

rift crétacé moyen a réactivé des structures d’âge tardi-jurassique à crétacé inférieur, mettant en 

évidence le rôle de l’héritage pour l’initiation de la déformation. Cette étude souligne le rôle du 

sel triasique pour l’évolution syn-rift et orogénique, agissant comme une surface de découplage 

majeure entre la couverture sédimentaire (« thin-skinned ») et la déformation crustale (« thick-

du bassin Basque-Cantabre, détachée sur le sel triasique, est fortement allochtone (>20km 

de déplacement le long de la faille de Leiza) et recouvre vers le nord et le sud les massifs 
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Fig. Résumé-1: 
pyrénéen et le segment cantabrique (Pays Basque). Les deux bassins de rift (Basque-Cantabre et 
Mauléon/St-Jean-de-Luz) se superposent au nord et au sud des massifs basques (en gris). Ces derniers 

de rift crétacés détachés sur le sel triasique sont fortement allochtones sur les bassins d’avant-pays de 
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basques et le bassin d’avant-pays de l’Èbre, respectivement. De façon similaire, la couverture 

sédimentaire décollée du bassin de St-Jean-de-Luz est transportée sur le bassin d’avant-pays 

aquitain. D’un point de vue crustal, la partie sud des massifs basques présente majoritairement 

des chevauchements à vergence sud tandis que la partie nord montre des structures à vergence 

nord, le long desquels un fort taux de raccourcissement est déduit à partir des coupes géologiques. 

Ceci met en évidence l’allochtonie des massifs basques sur les domaines proximaux des marges 

d’Aquitaine et de l’Èbre par des structures crustales à pendage nord et sud, respectivement, au-

dessus d’un sous-charriage à vergence nord correspondant aux domaines crustaux hyper-étirés. 

L’architecture orogénique de la jonction pyrénéo-cantabrique correspond donc à un prisme 

crustal associé à une subduction à pendage nord (Fig. Résumé-1) tel que décrit au centre de la 

chaîne, et ce malgré une architecture pré-orogénique complexe.

Le deuxième chapitre concerne l’étude du mode de réactivation des segments de rift 

pyrénéen et cantabrique en les comparant à leur terminaison où il se superposent de part et 

d’autre des massifs basques. Cette étude tente de répondre à la question du rôle de l’héritage 

de la segmentation sur la réactivation, la formation et la propagation latérale des structures 

lors de l’inversion. Cette partie illustre ainsi le rôle de l’héritage associé à la segmentation et 

aux domaines de rifts sur l’évolution et l’architecture d’un prisme orogénique. L’établissement 

résultats du premier chapitre, ainsi que de coupes N-S actuelles et restaurées à travers la zone, 

permettent de caractériser les structures néoformées ou réactivées à l’intérieur des segments et 

à la limite entre les segments de rifts. L’évolution temporelle et spatiale des domaines de rift et 

attention particulière est portée sur le mode de déformation des domaines de rifts en fonction 

de leur position par rapport au point de couplage situé entre le domaine cassant hyper-étiré 

(couplé) et le domaine de necking où la croûte inférieure est ductile (découplé).

Les résultats montrent que deux phases distinctes peuvent être observées dans les 

segments de rift (c.à.d. à distance des zones segmentées) lors de la convergence : une phase de 

le système pyrénéo-cantabrique puisque cette phase correspond à la subduction du domaine 

hyper-étiré et la remontée de la couverture sédimentaire par la réactivation de la surface de 

décollement triasique (« thin-skinned »). La phase de collision s’installe lorsque les domaines 

de necking se rencontrent et forment les premiers chevauchements impliquant la croûte (« thick-

skinned ») représentés par les nappes imbriquées de Gavarnie et Guarga. La terminaison des 
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segments de rift (c.à.d. où les segments de rift se superposent) montre une évolution distincte 

marquée par la formation de failles chevauchantes crustales et la formation d’un proto-prisme 

déformation associée à la fermeture des bassins en recoupant les domaines non étirés, formant 

ainsi de nouvelles structures chevauchantes à pendage sud (Front de Chevauchement Nord 

à la terminaison du segment cantabrique. La formation du prisme crustal dès l’initiation de 

la réactivation serait responsable de la préservation des structures pré-alpines à l’ouest de 

la faille de transfert du Saison, tels que les détachements Sud et Nord Mauléon et le bassin 

permien de Bidarray, ainsi que de la mise en place dans la croûte du manteau sous-continental 

tel qu’observé en tomographie sismique. La phase de collision s’exprime par la formation d’un 
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Fig. Résumé-2: Blocs 3D représentant l’évolution des segments de rift pyrénéen et cantabre lors de 
la convergence. L’évolution avec (haut) et sans (bas) la couverture sédimentaire supra-salifère est 
représentée. Deux évolutions distinctes ont été reconnues lors de la phase de sous-charriage entre les 
segments de rift et leur terminaison (massifs basques). Les domaines hyper-étirés sont sous-charriés 
vers le nord dans les segments de rift où la déformation « thin-skinned » domine, tandis qu’un proto-
prisme orogénique se forme à la terminaison des segments, associé à la formation des structures « 
thick-skinned » néoformées de Roncesvalles et du NPFT. Ce proto-prisme orogénique est responsable 
de la mise en place du corps mantellique à un niveau crustal sous le bassin ouest-Mauléon ainsi que de 
la préservation des structures syn-rifts dans les massifs basques (SMD, NMD). La phase de collision 
se distingue par la formation d’un prisme orogénique et d’un sous-charriage à vergence nord de façon 
cylindrique à travers le système pyrénéo-cantabrique.
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prisme orogénique composé des massifs Basques au-dessus d’un sous-charriage à vergence 

montre que la phase de sous-charriage est fortement guidée par l’héritage de rift, tandis que la 

phase de collision est principalement contrôlée par les structures orogéniques néoformées.

Le troisième chapitre porte sur l’étude de l’évolution thermique associée à un système 

de rift asymétrique où se développent une plaque supérieure et une plaque inférieure vis-à-

vis de la faille de détachement active. La migration de la déformation dite « en-séquence » 

va entrainer le développement d’un rift structuralement asymétrique, et est responsable 

de la formation d’allochtones extensifs qui vont migrer de la plaque supérieure à la plaque 

de l’asymétrie lithosphérique pour l’évolution thermique d’un système de rift hyper-étiré. 

L’objectif est de mieux caractériser le rôle de la déformation sur l’évolution et l’architecture 

thermique de premier ordre des systèmes hyper-étirés en utilisant un modèle numérique de 

modèle numérique thermomécanique de rift asymétrique a été élaboré en collaboration avec 

parallèle, la description de l’évolution structurale et sédimentaire associée à l’ouverture du 

puits du bassin. Ces données permettent de déterminer l’architecture thermique de premier 

ordre du bassin de Mauléon et de la comparer à la polarité du système.

Dans le système fossile ouest pyrénéen, les résultats indiquent une forte asymétrie 

structurale syn-rift avec une plaque inférieure au sud et une plaque supérieure au nord. 

la distribution des valeurs de vitrinite montre une augmentation générale de la température 

pour les même unités sédimentaires du sud (puit d’Ainhice) vers le nord (puit Les Cassières 2) 

du bassin puis une forte diminution des valeurs au nord, sur l’unité du Grand Rieu. Les plus 

hautes températures ont été atteintes à la transition entre les plaques inférieure et supérieure 

maximum qui se localise tout au long de l’évolution du modèle à la transition entre les plaques 

supérieure et inférieure malgré la migration de la déformation. L’asymétrie thermique observée 

dans le bassin de Mauléon peut alors s’expliquer par l’asymétrie du système lors de l’hyper-
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Fig. Résumé-3: 
représentant l’évolution d’un rift hyper-étiré asymétrique. La partie basse du modèle montre les 

suivre leur évolution dans le temps et dans l’espace. On remarque que chaque point va successivement 
migrer de la plaque supérieure à la plaque inférieure au cours du temps, et donc traverser la limite 

l’asymétrie thermique ainsi que le diachronisme thermique pour chaque allochtone.
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étirement. De plus, le modèle numérique montre que la migration de la déformation vers la 

plaque supérieure au cours de l’hyper-étirement entraîne la migration successive de blocs 

que les pics de températures mesurés dans les bassins peuvent être diachrones et qu’ils peuvent 

avoir enregistré un évènement thermique ponctuel associé au passage des roches dans la zone de 

transition entre les plaques supérieure et inférieure (Fig. Résumé-4). Sur la plaque inférieure, où 

max
 qui seront principalement contrôlés par l’enfouissement 

(« burial ») et donc le taux de sédimentation. Une telle complexité spatiale et temporelle des 
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Fig. Résumé-4: 
centre : modèle conceptuel de l’architecture des domaines distaux d’un rift asymétrique lors de l’hyper-

qu’extrait du modèle numérique. En haut : distribution supposée des T
max

 dans le bassin. Les résultats 

localisées à la transition entre la plaque inférieure et supérieure pendant l’hyper-étirement. Ceci suggère, 
max

 dans la pile sédimentaire pendant 
l’hyper-étirement sont également enregistrées à la transition entre la plaque supérieure et inférieure. 
La migration d’allochtones extensifs de la plaque supérieure à inférieure telle qu’observée dans le 
modèle numérique suggère que les valeurs de T

max
 sur la plaque inférieure peuvent être diachrones et 

à l’échelle du bassin correspondant à l’enfouissement (« burial ») et donc principalement contrôlé par 
le taux de sédimentation.
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Résumé & Abstract

max

montre que le modèle d’évolution thermique dépendant de l’épaisseur crustale proposé par 

En conclusion, les résultats de ces travaux de doctorat proposent une nouvelle approche 

des processus opérant au cours d’un cycle de Wilson. L’évolution thermique pendant le rifting 

des bassins sédimentaires, notamment en juxtaposant des événements thermiques diachrones et 

la réactivation. Le rôle de l’héritage associé à l’épisode de rifting sur l’architecture orogénique 

est bien souvent considéré par l’analyse de coupes 2D. Cette étude montre que la segmentation 

vont accommoder le transfert de la déformation et contrôler localement l’évolution orogénique. 

Cette évolution latérale de la déformation induite par l’héritage pourrait expliquer certaines 

anomalies lithologique ou structurales observées dans les orogènes. De tels résultats doivent 

Le chapitre I

l’héritage, la réactivation, la segmentation des rifts et l’évolution thermique lors de l’extension 

lithosphérique. Dans un second temps, les résultats majeurs ainsi que les questions concernant 

l’évolution du système pyrénéo-cantabrique sont présentées, suivis des principales questions 

développées dans ce manuscrit. Les chapitres II, III et IV correspondent aux publications 

Le chapitre II

Cantabre et présente une nouvelle interprétation structurale et cinématique de l’ouverture des 

bassins de rift au Crétacé moyen. Ce travail, intitulé « Nature, origin and evolution of the 

, va être soumis au journal International Journal of Earth 

Sciences.

Le chapitre III explore le rôle de héritage et de la segmentation associés à l’épisode 

de rifting pour l’évolution orogénique du système pyrénéo-cantabrique. De plus, il étudie le 

Tectonics avec pour titre « Role of rift-inheritance and segmentation for orogenic architecture : 

example from the Pyrenean-Cantabrian system ».

Le chapitre IV traite de l’évolution thermique des systèmes de rift hyper-étirés. Cette 
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étude combine les résultats d’un modèle numérique et des données du bassin de rift inversé de 

travail a été soumis au journal Geochemistry, Geophysics, Geosystems sous le titre « Thermal 

evolution of asymmetric hyperextended magma-poor rift systems : results from numerical 

.

Le chapitre V résume les principaux résultats de ce travail de thèse et discute leurs 

implications pour l’évolution du système pyrénéo-cantabrique et pour les systèmes géologiques 

en général.

du travail de terrain, d’interprétations sismiques à travers le bassins Basque-Cantabre, de 

nouvelles descriptions et interprétations de la carotte d’Ainhice (bassin de Mauléon), ainsi que 

des résultats préliminaires de la campagne de cartographie magnétique par drône dans le massif 

du Labourd.
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geographical and paleontological observations. However, it required almost half a century to be 

Meanwhile, based on the recognition of marine paleo-faunas in mountain chains on both sides of 

the Atlantic ocean, Wilson (1966) proposed that oceans and orogens formed at the same location 

tectonic evolution taking place during repeated cycles of divergence and convergence of tectonic 

plates. Later, Dewey & Bird (1970) recognised that orogenic systems result from the closure of 

oceanic domains and that parts of the latter can be preserved within mountain belts in ophiolites. 

boundaries as well as the reactivation of rifted margins at the initiation of orogenic formation 

emerged in the 80’s from Cohen (1982) (Fig. 

saw the development of analogue and 

numerical modelling that provided constrains 

on the physical parameters, geometry and 

kinematics occurring during extension or 

convergence (e.g. McClay, 1990). In these 

the layer-cake lithosphere or by adding a 

structural heterogeneity in the models (Fig. 

et al., 2002). However, observations from 

models presently developed cannot account 

for the along and across strike variability of 

the initial condition prior to inversion might 

Landward Seaward

Zone of thinned continental crust
Zone of incipient

crustal flexure
Site of incipient

shear failure

Moho

Zone of
crustal failure

Zone of
rethickening

Obduction

Crustal flexure
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Rethickening
zone migrates

Gravity nappes Retrocharriage

Figure I-1: Conceptual view of the formation and 
reactivation of a passive margin in the 80’s (Cohen, 
1982). Deformation during rifting was assumed to be 
solely controlled by high-angle listric normal faults 
cross-cutting the entire crust and leading to a sharp 
continent-ocean boundary. Tectonic inversion was 
governed by thick-skin tectonics via the reactivation 
of former normal faults.
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Figure I-2: Role of lithospheric inheritance for the architecture of rifted margins and collisional 
orogens based on numerical modelling experiments. Extensional models after Duretz et al. (2016) and 
contractional models after Jammes & Huismans (2012). Extensional models show the importance of pre-
rift compositional architecture for rift evolution. In the scenario with an idealized brittle crust and upper 
mantle, the rift is abrupt and symmetrical (a), whereas for the heterogeneous lithosphere composed 
of ductile and brittle rheology, rift is wider and asymmetric (b). Contractional models highlight the 

composed of crustal material. In model (d) the former rift system represents the pre-convergence initial 

and mantle rocks and involves nappe stacking in the pro-wedge. These models show that inheritance 

ignored in the study of natural examples.
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processes active during a Wilson cycle as they preserve an entire cycle encompassing the 

commonly assumed to be the weakest structure left behind from an orogen (e.g. Busch et al., 

investigate the role of rift inheritance during compressional reactivation. More precisely, this 

study will investigate the thermal evolution associated with asymmetric rifting and the role of 

rift segmentation during inversion.

2.1 Role of inheritance within the Wilson cycle: from historical concepts and 

physical models to observations

nucleates on inherited structures of pre-structured domains was developed in the 80’s based on 

the assumption that they correspond to weaknesses that are easier to reactivate than pristine 

domains. For example, reactivation of normal faults has been described in natural examples 

1987), whilst at larger scale, Jackson (1980) proposed that most of the shortening prior to the 

formation of a mountain belt is accommodated by the reactivation of rift structures. Lindholm 

(1978) showed that compressional structures are preferentially inverted during rift initiation, 

especially if the structures strike perpendicular to the direction of extension (Doré et al., 1997; 

Ring, 1994).

Barr (2000), who demonstrated that about half of the Gondwana rifted margins localised parallel 

to former orogenic belts, whilst the other half developed obliquely to former orogenic domains. 
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domains. Indeed, orogenic belts might not be reactivated if they underwent magma-rich post-

mantle (Chenin, 2016). Moreover, recent studies revealed further complexities to the concept 

of inheritance and showed that not only structures but every rheological variation may play a 

that the initial conditions are fundamental in controlling the early stages of formation and 

evolution of subsequent tectonic episodes.

In extensional systems, former models of rifted margins depicted an abrupt continent-

ocean boundary contrasting with recent models that involve a wide continent-ocean transition. 

exhumed subcontinental mantle and sparse magmatic intrusions (Boillot et al., 1987; Whitmarsh 

early convergence. In this manuscript, I will focus on how hyperextended rift systems develop 

the subsequent collisional orogen. In light of the recent high quality seismic images (Ranero & 

showed that the limits of these rift domains are often the locus of reactivation during tectonic 

inversion. In particular, the exhumed serpentinized mantle (Boillot et al., 1987) has been shown 

the thin (<10km) to thick (>10km) crust (necking domain) has been proposed to act as a buttress 

laboratory to investigate some of the processes controlling the Wilson cycle and the role of rift 
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Reston and McDermott, 2011

Ranero and Perez-Gussynie, 2010

Sutra et al., 2013

Nagel and Buck, 2004

Clerc et al., 2018

Nagel and Buck, 2007

Direen et al., 2011

Huismans and Beaumont, 2007
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domains and their boundaries during subsequent reactivation.

In this manuscript, I will address the following questions:

- May the importance of rift inheritance vary during an orogenic cycle?
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2.2 Segmentation: from a 2D towards a 3D vision of tectonic systems

Most of the tectonic concepts describing compression or extension have been developed 

en-échelon faulting (Dahlstrom, 1969) 

rotational, synthetic dip and strike-slip components allowing the extension to transfer style 

and activity along the graben” (Gibbs, 1984), and sometimes associated with a change of the 

dip of the faults (e.g. Lister et al., 1986). In extensional systems, transfer zones often refer 

to orthogonal or oblique extension accommodated by a set of relay ramps or transfer faults 

mainly described in oceanic domains to delimit segments at the spreading ridge (Wilson, 1965), 

even though they were generally extended to intra-continental strike-slip faults (Chorowicz, 

Rosendahl, 1984) were described as domains of overlapping faults or rift segment terminations 

all these cases, the control of earlier structural anisotropy or suture zones (inheritance) on the 

initiation and geometry of these structures was suggested. 

Since then, major outcomes emerged from analogue sandbox models (e.g. Acocella 

systems, transfer zones have been shown to form in relation with variation of boundary 

Figure I-3: Comparison of symmetric and asymmetric rifting. (a) Seismic interpretations in the western 

et al., 2011) depict wide margins and a ductile lower crust. (b) Seismic interpretations from the western 

progressive crust-mantle coupling and formation of an upper and lower plate with respect to the main 
active detachment fault (Sutra et al., 2013). (e) Numerical model of symmetric pure-shear rifting with 
decoupled upper and lower crust (Nagel & Buck, 2004). (f) Numerical model of asymmetric simple-
shear rifting involved by crust-mantle coupling (Huismans & Beaumont, 2007).
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conditions (basal friction, sedimentary thickness, backstop geometry or steepness) between two 

of oblique thrust ramps in the transfer zone. During extension, the architecture of transfer or 

between rift segments and on the direction of extension with respect to the orientation of the 

each other. Rift segments can rotate in their termination and be responsible for the formation 

transfer faults will be favoured in transtensional settings (Zwaan et al., 2016). Importantly, 

transtensional displacement between tectonic plates has been shown to represent the dominant 

mode of deformation for passive margins worldwide (Brune et al., 2018), representing the most 

analogues. Besides, rift segment boundaries during extension have been explored but they 

a) Overlapping rift boundary 

faults, small offset

b) Overlapping rift segments, 

large offset

Transfer zoneAccommodation zones Transform fault

relay

ramps

transfer 

fault

rotating 

block

Figure I-4: Schematic 3D representation of accommodation zones, transfer zone and transform fault 
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Figure I-5: Geological and structural maps of the Socotra Island and photograph of the Hadibo rift 

The right-lateral Hadibo transfer zone delimits an uplifted eastern domain (footwall) composed of 
unstretched basement, from a subsided western domain (hangingwall) with syn-rift normal faults and 
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- How are accommodation/transfer zones reactivated?

- Is rift segmentation responsible for the non-cylindricity of orogenic systems?

2.3 Thermal evolution of rift systems: from the McKenzie model to new thermo-

mechanical models

systems. At the lithospheric scale, the most dominant heat sources correspond to the deep 

mantle (Earth interior) and to the radiogenic heat generated by the radioactive decay of isotopes 

in the crust and the mantle, whilst heat from shear heating or exothermic reactions represent 

sources being potentially more relevant at a local scale. Heat transfer occurs by conduction 

advection. All these parameters may variably evolve during the Wilson cycle, for example in 

thickness of continental crust.

In plate divergent settings, the most popular model to assess the thermal evolution has 

under pure-shear depth-uniform extension. It is based on the assumption that passive upwelling 

Alternatively, Wernicke (1985) proposed a model of simple shear lithospheric extension that 

results in a strongly asymmetric rift evolution. In this model, Buck et al. (1988) and Issler et al. 

of the detachment fault, i.e. in the distal upper plate, raising implications for the distribution 

of magma (e.g. Lister et al., 1986), for the subsidence history and therefore also for the 

by the amount of magma (magma-rich vs. magma-poor), the shear heating in relation with 

Lucazeau & Le Douaran, 1985).
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In convergent plate settings, the heat released during collision has been shown to 

be mostly provided by shear and viscous heating related to internal deformation and crustal 

thickening, together with the radiogenic heat involved by the continental crust (Barr & Dahlen, 

orogen (Hyndman et al., 2005). In these systems, thermal energy is transported both by magma 

advection and by conduction (Burg & Gerya, 2005).

More recently, new numerical models describing lithospheric extension, and inspired 

thermal systems (Fig. I-6). A model of depth-dependent extension has been proposed by 

budget may vary across the system. An alternative model involving asymmetric rift migration 

2010) and numerical models (Brune et al., 2014). Brune et al. (2014) showed, using a numerical 

model, that the initial thermal structure and syn-rift thermal weakening partially control the 

asymmetric evolution of such systems. However, the thermal evolution associated with these 

models, where basement rock composition evolve during rifting and the base of the lithosphere 

advects and migrates through time, has been only rarely tested in basin modelling (Callies et 

al., 2018; Hart et al., 2017).

McKenzie model

Pure-shear depth-uniform

extension
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Figure I-6: New models of lithospheric extension in comparison to the typical McKenzie (1978) model 
(from Fossen, 2016). Huismans & Beaumont (2011) model corresponds to a permanent depth-dependent 
pure-shear extension with a felsic lower crust. The model shows a rather symmetrical evolution. The 

leading to an asymmetric structural evolution and rift migration due to asymmetric lower crustal 
weakening. Note the evolution of the asthenosphere-lithosphere boundary in both models.
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episode did not overprint the pre-orogenic thermal imprint, allowing to study the thermal 

evolution associated with the mid-Cretaceous hyperextension. Studies showed that an episode 

exhumation (Clerc et al., 2015; Lagabrielle et al., 2010). In these inverted basins, an apparent 

thermal asymmetry (Dauteuil & Ricou, 1989; Hart et al., 2017) and along-strike segmentation 

(“hot” and “cold” margins in Clerc et al., 2015) have been described from the present-day 

max
 values 

(maximum temperature reached by a sample rock) can be observed on sediments associated 

with exhumed mantle rocks (e.g. Mauléon basin, Corre, 2017; Aulus basin, Clerc et al., 2015). 

answer the following questions in the third chapter of this manuscript:

- Can an asymmetric model of lithospheric extension explain the thermal evolution of the 

Mauléon basin during hyperextension?

domains?

- What do T
max

 values tell us about the thermal state of rift systems? 

3.1 Choice of the study area
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b
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Figure I-7: 

the apparent along-strike variation of the HT/LP metamorphism.

studied since the 20th century. Several phases of divergence and convergence have been 

Late Cretaceous to Cenozoic orogenic episode (Ducasse et al., 1986b). All these episodes have 

been remarkably well recorded and preserved in the present-day mountain chain. However, 

many questions remain about the evolution from one episode to the other such as the crustal 

Barnett-Moore et al., 2016a; Canérot, 2016, 2017), or the formation of the Alpine orogenic belt 

laboratory that enables to investigate the role of inheritance and the processes that take place 

and structural) and allows therefore to study the syn-rift architecture and related thermal 

evolution. It has also been shown to represent a highly segmented rift system during the 
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Seismic and borehole data in Spain are available online or under request to the IGME service 

3.2 The Wilson cycle in the Pyrenean-Cantabrian system

Cantabrian system, but to provide the main information necessary to understand the questions 

addressed in this manuscript. Note that a more detailed geological description of the study 
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3.2.1 Variscan to Late Variscan orogeny (Carboniferous to Early Permian)

3.2.1.1 Geodynamic context

terranes such as Avalonia and Armorica from the N-Gondwana margin against the Laurussia 

orogenic crust, which led to the emplacement of granitic plutons in the hinterland (e.g. Ballèvre 

Figure I-9: Main stages in the evolution of the Pyrenean Wilson cycle.
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concave towards the east from the present-day NW Iberian massifs to the Armorican massifs 

melting (e.g. Aguilar et al., 2014) forming extensional migmatitic domes (e.g. Denèle et al., 

i.e. the former southern foreland basin of the orogen and its adjacent Gondwana-derived terrane 

(Fig. I-10).

3.2.1.2 Evolution of the Pyrenean-Cantabrian system

thrust belt in relation with a south to south-west direction of shortening (Autran et al., 1996; 
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Delvolvé et al., 1998; García-Sansegundo et al., 2011; Gleizes et al., 1997; Mattauer et al., 

and has been attributed either to a phase of transtensional deformation in relation with the post-

orogenic collapse of the hinterland or to a phase of transpression in relation with the formation of 

the orocline (e.g. Arthaud & Matte, 1975; Burg et al., 1994; Cochelin et al., 2017; Denèle et al., 

to granulite facies in the middle and lower crust, respectively (Aguilar et al., 2014; Guitard et 

alkaline and peraluminous plutons, a magmatism that was progressively replaced by alkaline 

et al., 2011, 2014; Gallastegui et al., 1990; Gleizes et al., 1997; Innocent et al., 1994; Lago et 

al., 2004).

with continental deposits and controlled by NNE-SSW and ESE-WNW faults in the Western 

giving rise to NE-SW to E-W trending basins and the latter leading to NW-SE striking basins 

3.2.1.3. Key features: crustal architecture and inheritance

the subsequent Alpine cycle (e.g. Arthaud & Matte, 1975). However, questions remain about 
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between the supra-structure and the infra-structure (Carreras & Capella, 1994). Moreover, the 

age of formation and the timing of exhumation of the granulites are still poorly constrained 

3.2.2 Permo-Triassic: end of the Variscan and onset of the Alpine cycle

3.2.2.1 Geodynamic context

reliefs occurred throughout western Europe (Fig. I-12; Arthaud & Matte, 1977; Doré et al., 

characterized by the formation of half-graben basins (Bixel & Lucas, 1987). It also marks the 
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3.2.2.2 Evolution of the Pyrenean-Cantabrian system

of reddish continental sandstones, conglomerates or siltstones belonging to the Germanic 

Upper Permian (266-264 Ma)

EU

IB

Figure I-12: 
Dercourt et al., 2000).
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3.2.2.3 Key features: the Lower Triassic marker horizon

represents a reasonably good marker to discriminate between deformation belonging either 

tectonic episodes.

3.2.3 Triassic rifting

3.2.3.1 Geodynamic context

3.2.3.2 Evolution of the Pyrenean-Cantabrian system

period of ill-constrained rifting that occurs along the future Iberian and Eurasian plate boundary 

(Boess & Hoppe, 1986; Doré et al., 1999; Montadert et al., 1974; Rat, 1988; Scotese & Schettino, 

2017). A transgressive event led to the formation of shallow marine carbonate and dolomite 

gypserous siltstones associated with dolomites, anhydrite and halite (Brinkmann & Logters, 
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2019).

3.2.3.3 Key features: the Upper Triassic evaporites

amount of lateral motion of the Iberian plate relative to Eurasia during Jurassic to Cretaceous 

Upper Triassic (215-212 Ma)

IB

EU

Figure I-13: 
Dercourt et al., 2000). See caption of Fig. I-12 for details.
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the overlying sedimentary cover (e.g. Jammes et al., 2010c).

3.2.4 Late Jurassic to Cretaceous rifting 

3.2.4.1 Geodynamic context

with respect to Eurasia during this period remains ill-constrained (see Barnett-Moore et al., 

2016a and Nirrengarten et al., 2018 for a review). Indeed, none of the models proposed so 

far can satisfy the geophysical data (restoration of the magnetic anomalies and rotation from 

paleomagnetic data) and the geological observations at the same time. 

involves the presence of a 250km wide oceanic domain between Iberia and Eurasia before 

Aptian (M0), followed at mid-Cretaceous time by the closure of this oceanic domain and the 

of the M series magnetic anomalies in the southern North Atlantic and Bay of Biscay as well 

as the paleomagnetic data. However, paleomagnetic data on the Iberian plate are litigious from 

usable for plate reconstructions (Bronner et al., 2011; Nirrengarten et al., 2017). Moreover, this 

reconstruction involves a large subduction and collision in the Iberian range at mid-Cretaceous 
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Moreover, it suggests that no deformation occurred at the Iberia-Eurasia plate boundary from 

proposed that orthogonal extension occurred from Late Jurassic to Upper Cretaceous, implying 

the southern North Atlantic (Barnett-Moore et al., 2016b; Nirrengarten et al., 2018).

3.2.4.2 Evolution of the Pyrenean-Cantabrian system

After the Early to Middle Jurassic period, which was characterised by the formation of 

marine carbonate platforms and the deposition of marls in relation with a general transgression 

Figure I-14: 

Note the variation in the mode of deformation for each model through time and space.
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corresponds in the Cantabrian segment to the end of marine sedimentation and the formation of 

1977; Rat, 1959; Salomon et al., 1982) and can reach up to 7000m in thickness (Cadenas & 

shows the development of shallow water carbonates and marls but depicts stratigraphic variation 

deposition of polymictic carbonate breccia formed from the destabilisation of the Jurassic 

platform, whereas detritic sandstones similar to the Cantabrian Weald facies were deposited 

to propose the existence of an inherited WSW-ENE striking “faille de Bigorre” located east of 

et al., 1998).

Figure I-15: Distribution of Neocomian (Berriasian to Barremian) facies in the present-day Pyrenean 

in brown. Note the transition from marine to continental facies from east to west.
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to the formation of transgressive carbonate platforms on basin margins and deposition of marls 

Noir” of Souquet et al., 1985) while the through margin sedimentation corresponds to deltaic 

or alluvial (Utrillas Fm) facies sediments overlain by Upper Cenomanian carbonate platforms 

(e.g. Boirie & Souquet, 1982; Camara, 1997; Debroas, 1978, 1990; Feuillée, 1971; Meschede, 

exhumation of granulite and mantle rocks (Fig. I-16; Debroas et al., 2010; Jammes et al., 2009; 

1984). Depending on the authors and the location in the system, the exhumation of deep crustal 

(evaporites) (Clerc et al., 2012; Corre et al., 2016; DeFelipe et al., 2017; Jammes et al., 2010c; 

are generally represented by heterogeneously serpentinized lherzolite bodies embedded within 

et al., 2017; Lagabrielle & Bodinier, 2008; de Saint Blanquat et al., 2016; Walgenwitz, 1976) 

exhumation of mantle rocks occurred coevally with alkaline magmatism (Azambre & Monchoux, 

1998; Azambre & Rossy, 1976; Castañares et al., 2001; Castañares & Robles, 2004; Golberg 

elusive in the basement rocks (see publication of Clerc & Lagabrielle, 2014 and comments of 
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by NE-SW structures (e.g. Biteau et al., 2006; Delfaud, 1970; James et al., 1996; Jammes et 

segment, sedimentation took place in NW-SE and E-W oriented basins controlled by WNW-ESE 

basins (Debroas, 1990; Souquet et al., 1985) or in E-W trending basins bounded by WNW-ESE 

1985; Salomon et al., 1982), and controlled by major NNE-SSW transverse structures such as 

susceptibility (AMS) in the Cantabrian segment (and Cameros basin) argue for NNE-SSW 

extension from Late Jurassic to Albian except at Aptian time where E-W extension is suggested 

3.2.4.3 Key features and remaining questions

along the Iberia-Eurasia plate boundary. However, although the rift basins have been well 

preserved in the present-day orogenic domain, questions remain about their kinematics and 

their structural evolution throughout the Mesozoic. As such, this study will attempt to divide 

Among these extensional events, the Aptian to Cenomanian rifting event is largely represented 

basins remains debated. Whereas some authors (Clerc et al., 2016; Clerc & Lagabrielle, 2014; 
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others suggest an asymmetric, frictional-dominated mode of deformation (Cochelin et al., 

3.2.5 Late Cretaceous to Miocene convergence

3.2.5.1 Geodynamic context

In contrast to the Jurassic to Cenomanian geodynamic evolution, the Santonian to 

younger (e.g. Macchiavelli et al., 2017). As such, the northward migration of the African plate 

Ma (e.g. Capote et al., 2002; Macchiavelli et al., 2017; Roest & Srivastava, 1991; Rosenbaum 

boundary by NW-SE convergence until Early Miocene. 

Figure I-16: Map of rift domains prior to the onset of compression (before Santonian) in the Pyrenean-

transform faults.
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3.2.5.2 Evolution of the Pyrenean-Cantabrian system

(Fig. I-17), as attested by crustal thickening and by the exhumation of the basement recorded 

Whitchurch et al., 2011), by subsidence analysis (Gómez et al., 2002; Grool et al., 2018) and by 

al., 1985). Based on thermochronological data analysis, Whitchurch et al. (2011) proposed that 

At shallow level, contractional deformation was accommodated by the inversion of 

former rift basins (e.g. Lagabrielle & Bodinier, 2008; Roca et al., 2011; Seguret & Daignières, 

and to the formation of an asymmetric double wedge architecture (Choukroune, 1989; Muñoz, 

1992; Roure et al., 1989). At depth, part of the shortening was suggested to be accommodated 

al. (2014) suggested that the slab was composed of the hyperextended domain of the former rift 

material (Fig. I-18). Note that, west of the Santander transfer zone, the north-dipping slab 

has been proposed to face the south-dipping oceanic crust of the inverted Bay of Biscay (e.g. 
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Figure I-17: Evolution of the Eastern Pyrenees from Santonian to present-day according to Grool et 

domain followed from Paleocene to Eocene by the formation of south-vergent nappe stacking in the 

the exhumed mantle domain.
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al., 2017: 125 km; Rosenbaum et al., 2002: 206 km, Canérot, 2016: 150 km; Muñoz, 1992: 147 

al., 2016: 114 km; Rosenbaum et al., 2002: 144 km; Mattauer & Henry, 1974: 50 km; Central 

west in relation with a variation in the width of the exhumed mantle domain prior to reactivation.

3.2.5.3 Key features and remaining questions

has been challenged by recent seismic tomography showing along-strike variations (Chevrot 

skinned) remains poorly understood.

Figure I-18: 
recent lithospheric-scale models. Insert map after Teixell et al. (2018). Cross-section (a) after Tugend 
et al. (2014), (b) after Teixell et al. (2018), (c) after Pedrera et al. (2017), (d) after Quintana et al. 

architecture between (c) and (d).
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thermal evolution can vary with depth, along-dip and along-strike, and may result in a segmented 

concept, these segmented rifted margins will be eventually reactivated and integrated in an 

and rift segmentation for rifting and reactivation, and (2) characterising the thermal evolution 

be used as a natural laboratory.

models have been built based on natural examples and analogue modelling (see section I.2.1). 

Besides, the reactivation of rifted margins during the formation of a collisional orogen has 

been widely studied. However, despite being recognized in many passive margins worldwide, 

rift segmentation and related structures remain poorly understood features. As such, their fate 

been described as a reactivated highly segmented rift system. However, no study attempted 

to characterise the evolution and the architecture associated with the most striking feature 

Cantabrian segment. As such, two questions will be developed in chapter II:

At a regional scale, rift inheritance and in particular rift domain boundaries (Sutra et 

chapter III are:

vary through time in relation with inheritance?

architecture?
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thermal state of rift basins has been shown to depend on many parameters among which the 

upwelling of the asthenosphere represents the main source of heat during hyperextension. 

Yet, recent studies pointed out the decoupling between crustal thickness and location of the 

chapter IV the following two questions:

domain?

(F) What do T
max

 values tell us about the thermal state of rift systems?

Chapter I

inheritance and reactivation, the segmentation of rift systems and the thermal evolution during 

chapters II, III and IV

these questions.

Chapter II

presents a new interpretation for the structural and kinematic evolution of the mid-Cretaceous 

Nature, origin and evolution of the Pyrenean – Cantabrian 

”, will be submitted to the International Journal of Earth Sciences.

Chapter III

Cantabrian orogenic architecture. Besides, it investigates the role of rift domains on the style 

Role of rift-inheritance and segmentation for orogenic 

architecture: example from the Pyrenean-Cantabrian system” is in preparation for Tectonics.

Chapter IV deals with the thermal evolution associated with hyperextended rift 

been submitted to Geochemistry, Geophysics, Geosystems with the title “Thermal evolution 

of asymmetric hyperextended magma-poor rift systems: results from numerical modelling and 

”.

Chapter V

Cantabrian system and for geological systems in general.
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Cantabrian basin, new descriptions of the Ainhice borehole (Mauléon basin) and preliminary 
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NATURE, ORIGIN AND EVOLUTION OF THE 
PYRENEAN-CANTABRIAN JUNCTION

International Journal of Earth Sciences, in prep.

Rodolphe Lescoutre1, Gianreto Manatschal1, Josep A. Muñoz2

1IPGS, EOST-CNRS, Université de Strasbourg, Strasbourg, France
2

Facultat de Geologia, Universitat de Barcelona, Barcelona, Spain

bounded by WNW-ESE striking structures and coeval with mantle exhumation and high-

Basque-Cantabrian basin reactivated previous structures but formed an independent network of 

basins during hyperextension. Results show that no major E-W strike-slip movement may have 

fault and suggesting the existence of a relay system during Aptian to Cenomanian. During 

convergence, the thick evaporites decoupling horizon was responsible for the transport and 

allochthony of the former rift basins over large distance along the reactivated Leiza fault, the 

Crustal-scale cross-section depicts the allochthony of the Basque massifs forming a crustal 

rifting and reactivation, and provides a new syn-rift architecture which has implication for the 

Alpine reactivation. Finally, these results have strong implications for the Iberia-Eurasia plate 
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2018). While some studies propose 400km of sinistral strike-slip and pull-apart basins in the 

to Alpine structures and rock sequences are exposed in the Basque Country, allowing to analyse 

the deformation and to study the role of inheritance during subsequent rifting and reactivation. 

1988; Razin, 1989; Richard, 1986), no studies integrating small and large-scale observations 

were carried out in order to understand the timing, nature and kinematics of this system and 

as:

- How do the Pyrenean and Cantabrian systems connect? Do they interfere through time or 

do they evolve independently?

- How is the deformation partitioned in this area during both extensional and compressional 

events?

- What is the role of inheritances?

- How was reactivation controlled by the inherited rift system?

In this study, new N-S and E-W striking cross-sections and a geological map integrating 

Basque massifs and to discuss the nature, origin and evolution of the junction between the 

of inheritance in controlling the present-day architecture. Finally, we discuss the implications 

for the location and kinematics of the Iberia-Eurasia plate boundary.
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2.1 Evolution of the Cantabrian and Pyrenean systems

2.1.1 Variscan and late to post Variscan phase

are located in the foreland of the orogen (Ballèvre et al., 2014; Delvolvé et al., 1998) where 

is subsequently deformed and depict an orocline formed by the present-day Iberian, Armorican 

related to N-S to NW-SE compression (in present-day coordinates) associated with dextral 

strike-slip displacement and dome formation between Iberia-Corsica and European blocks 

volcano-sedimentary sequence and related to the emplacement of intrusive rocks (Arthaud & 

Matte, 1975; Bixel & Lucas, 1987; Lago et al., 2004).

(Bixel & Lucas, 1987). 

marine sediments are deposited without showing evidence for major aggradation. However, 
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little is known about the crustal position of the Ursuya granulites prior to onset of rifting. While 

propose a mid-Cretaceous age for the exhumation (Jammes et al., 2009; Masini et al., 2014). 

been evidenced in the study area, which question their role controlling Mesozoic rift structures.

2.1.2 Rifting episodes

of the southern North Atlantic initiating in Late Jurassic involved a sinistral displacement of 

Iberia with respect to Eurasia. It led authors (Choukroune & Mattauer, 1978; Choukroune, 1992) 

to propose a sinistral strike-slip deformation between the Iberian and Eurasian plates resulting 

in the formation of pull-apart basins belonging to a Late Jurassic to Late Cretaceous single rift 

deformation that may be responsible for the formation of Late Jurassic to Early Cretaceous 

2.1.2.1 Triassic rifting

continental detritic sandstones that are overlain by marine limestones belonging to the 

to have formed along E-W to NW-SE directed transtensional systems related to the opening of 

et al., 1999; Scotese & Schettino, 2017).
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Jurassic marks the transition to an open sea shelf environment during a period with little tectonic 

activity (Biteau et al., 2006).

2.1.2.2 Late Jurassic to Barremian rifting

western margin of the Iberian plate (Barnett-Moore et al., 2016b; Nirrengarten et al., 2018), 

occurring in various locations of Western Europe and especially in Spain and France (e.g. BCB: 

In the study area, Late Jurassic to Barremian basins have been described in the BCB 

(e.g. Delfaud, 1970) associated with the formation of bauxites on the Jurassic limestones at 

the southern margin of the basin (Chainons Béarnais), followed by formation of lignite and 

A broader basin (central BCB) with marine deposits has been described in the BCB together 

environment shows a high variability with marine to lagoonal or lacustrine deposits going from 

Souquet, 1986; Richard, 1986) suggest that these basins were related to basement subsidence 

accommodated along N10 to N50 and N110 structures. In the BCB, Salomon et al. (1982) 

showed similar orientations and geometries associated with variations in depocenter thicknesses 

that they related to subsiding rotational blocks.

Because the kinematics and structures governing these marine to continental basins are 
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hyperextension event leads locally to mantle exhumation (Lagabrielle et al., 2010), alkaline 

Zone and in the BCB is expressed in the sedimentation by the transition from Aptian carbonate 

platform and marls to thick Albian turbidite sequences, referred to as the “Flysch Noir” (Rat, 

1959; Souquet et al., 1985). 

In the study area (Fig. II-2), this hyperextension is controlled by WNW-ESE striking 

normal and detachment faults such as the South and the North Mauléon Detachment faults (SMD 

and NMD, respectively) (Masini et al., 2014) or the reactivated Barbarin thrust fault, south of 

SSW displacement along these structures (Jammes et al., 2009; Masini et al., 2014). Several 

studies proposed that most of the present-day compressional structures (e.g. Amotz, Leiza, 

Sainte Barbe, Lakoura thrust faults) rooted on former extensional faults subsequently reactivated 

they control the progressive westward opening toward the Late Albian to Cenomanian St-Jean-

faults, even though their role during Aptian to Cenomanian rifting is still poorly understood 

by the occurrence of the granulite and mantle rocks such as observed along the E-W Chainons 

Béarnais and Leiza fault (e.g. Azambre & Monchoux, 1998; DeFelipe, 2017; DeFelipe et al., 
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In the St-Jean-de-Luz basin, an enigmatic block of marmorised and scapolite-bearing Jurassic 

Late Cenomanian could represent the end of fault-controlled subsidence and the transition to 

carbonate platforms (“calcaire des Cañons”) on the margins of the Mauléon – St-Jean-de-Luz 

1989) and on the southern margin of the BCB (e.g. Feuillée & Rat, 1971; Floquet, 1998; Gräfe, 

1999) while deep water turbidites or marls are deposited above hyperextended domains (e.g. 

this time, the Basque massifs were considered to form a basement high with eventual episodes 

of emersion (Floquet et al., 1988; Mathey, 1986; Razin, 1989).  

In contrast to the Late Jurassic – Barremian rift event, the Aptian – Cenomanian 

depositional environment is mostly deep marine and the distribution of the basins follows a 

extension direction as indicated by the existing kinematic data such as N20 transfer faults (Razin, 

of any Late Jurassic – Barremian structures on the evolution of the hyperextended rift event 

is unknown and likely underestimated. Moreover, the eastern termination of the BCB and the 

been debated and remains until today unsolved (e.g. Engeser & Schwentke, 1986; Larrasoaña 

2.1.3 Convergence and collision

to the northward migration of the Africa plate with respect to Europe (e.g. Macchiavelli et 

sedimentation that initiated during Santonian in the external part of the orogen (e.g. Boillot & 
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Capdevila, 1977; Capote et al., 2002). Main crustal thickening occurred from Eocene onward 

type crustal architecture (Ábalos, 2016; Camara, 1997; Seguret, 1972). In most parts of the 

Figure II-2: Geological map of the Western Pyrenean – Eastern Cantabrian system. Location of 
boreholes, cross-sections and seismic interpretations presented in this study are shown on the map. 
Details on the distribution of the Late Cenomanian basinal vs. platform facies are provided in 
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Reactivation of WNW-ESE rift structures and closure of hyperextended domains has been 

proposed in the Mauléon, BCB and St-Jean-de-Luz basins (e.g. DeFelipe et al., 2017; Ducoux, 

this area remains unconstrained. In these basins, shortening was partially accommodated by 

Despite the recognition of reactivated normal faults, the timing of reactivation and the 

role of thin- vs. thick-skinned deformation is unrevealed in the Basque Country. In particular, 

little is known about the role of both Late Jurassic – Barremian and Aptian – Cenomanian 

structures controlling the reactivation. 

2.2 The Pamplona fault: previous interpretations and kinematic implications

(Feuillée & Rat, 1971) or “diapires Navarrais” (Richard, 1986) and concern a lineament that 

runs from Estella to the Basque massifs (Brinkmann & Logters, 1968). In this study, and in 

order to avoid overinterpretation, we will solely refer to the aligned, rounded-shape diapirs 
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of the deformation mode across the Bardos (and Ayherre) fault due to the absence of indurated 

Jurassic to Lower Cretaceous sediments on the western side of this fault. As such, and because 

(Claude, 1990; Razin, 1989), even though some authors are shifting its trace east of the Labourd 

west rise of the Moho topography has been described across the Basque Country (near Bilbao) 

hand, gravity anomaly maps highlight a shift of a shallow high-density anomaly toward the 

south-east in the Basque Country (Casas et al., 1997; Jammes al., 2010), and (Chevrot et al., 

two competing models have been proposed (Fig. II-1): 1) Normal fault in a pull-apart setting 

due to E-W transtension (suggested by  Choukroune & Mattauer, 1978; Choukroune, 1992; 

was either interpreted as a sharp or a soft transfer zone.
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1) Based on a kinematic restoration between the Iberian and Eurasian plates 

Debroas, 1987), Choukroune & Mattauer (1978) proposed a model of pull-apart basins (Fig. 

to the supposed eastward displacement and rotation of the Iberia plate relative to the Eurasian 

1989). SE-NW directed kinematics have been supported by AMS measurement within Albian 

1990; Razin, 1989). In this study we focus on the evolution of both the BCB and Mauléon basin 

based on previous geological maps, publications and our own observations (Fig. II-2). As such, 

BRGM (Genna, 2007) and the Spanish part from the geological maps of IGME (Campos et al., 
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the work of Razin (1989) and the south-west region of the Mauléon basin is from Masini et al. 

Campos (1979, and references therein).

never crop out on top of the Ursuya granulitic unit. Moreover, no clasts of granulite rocks have 

form a continuous and only slightly deformed rim that marks the tectonic or stratigraphic contact 

they mostly appear along compressional structures (e.g. Chainons Béarnais, Nappe des 

Marbres) and along N20 structures (e.g. Saison or Iholdy transfer faults in the Mauléon basin). 

which are typical for granulite facies metamorphism, and scapolite-bearing Jurassic blocks 

part of the Aldudes massif, the Jurassic limestones and marls are missing and Aptian to Albian 

observed in the Mauléon basin and BCB and behave similar to the Jurassic limestones in the 

present-day architecture. However, they are reduced or absent in both the Nappe des Marbres, 
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massifs. WNW-ESE (N110) rift structures such as the SMD and NMD are well preserved in 

the south-west of the Mauléon basin and display a rotation toward the north when approaching 

the rift-inherited Amotz fault (Richard, 1986) shows a similar WNW-ESE orientation, while 

the reactivated Ste-Barbe back-thrust (Razin, 1989) shows a roughly WSW-ENE orientation. 

corresponding to the sediments deposited at the end of rifting and at the beginning of thermal 

subsidence. Some areas display basinal facies characterized by marls or deep water turbidite 

deposits while others show shelf environment characterized by carbonate platform deposits, 

faults) except around the Basque massifs where various thrust fault orientations are observed 

(e.g. NNE-SSW Labourd thrust, SW-NE Roncesvalles thrust). 

In the following, we describe cross-sections and seismic interpretations that correspond 

meters.

4.1 Western Mauléon basin – Labourd massif
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high density) rocks in depth is constrained by Wang et al. (2016).

the northern face of the Jara massif. Further to the north, the NMD truncates the south-dipping 

Louhossoa lineament which juxtaposes the granulite facies metamorphic rocks of the Ursuya 

the tectono-sedimentary breccias of the Bonloc through (Jammes et al., 2009; Richard, 1986). 

along a south-vergent thrust and display about 200m of Neocomian deposits unconformably 

laying on Middle Jurassic sediments (Upper Jurassic eroded) (Richard, 1986).
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Figure II-3: N-S cross-sections across the eastern (a) and western (b) Labourd massif. Note the 
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western section, no sedimentary cover is preserved on the Ursuya unit and the Labourd thrust is 

cropping out. Moreover, to the north, the Hasparren 101, Bardos 101 and Ste-Marie-de-Gosse 

mid-Albian sediments have been recorded in the Mesozoic cover of the Hasparren 101 borehole 

faults and are abruptly dipping toward the NE in the proximity of the Louhossoa fault. 

At depth, the occurrence of the autochthonous Aquitaine basement has been attested 

restore the allochthonous mid-Cretaceous Mauléon and St-Jean-de-Luz basins between the 

unstretched Labourd massif and the thick Aquitaine crust, Razin (1989) proposed a major thrust 

thin-skinned thrust can reasonably represent the thin-skinned prolongation of this crustal thrust. 

Such important loading is likely responsible for the general southward tilt of the Aquitaine 

the north-vergent Labourd thrust (Hall & Johnson, 1986; Razin, 1989; Zolnaï, 1971), which 

has been suggested based on map relationships showing the Jurassic rocks of the St-Jean-de-

Luz – Mauléon basins being overlain by the Ursuya unit on its north-western part, and by the 

large-scale folding of the Alpine structures in the basins that mimics the shape of the Labourd 

cross-section of Wang et al. (2016) that reveals a fast anomaly from about 10km depth below 

the eastern Labourd massif.

margin of the mid-Cretaceous basins) and the Mesozoic sediments that composed the Mauléon 

and St-Jean-de-Luz basins on top of the Aquitaine basin (northern margin of the St-Jean-de-

highlight the northward displacement of the Labourd massif along the Labourd thrust (>8 km 



89

Chapter II : Nature, origin and evolution of the Pyrenean-Cantabrian junction

S0 Lower Triassic S0 Apt.-Ceno. S0 Jurassic S0 Paleozoic

S1 Paleozoic

S0 Permian

N

Figure II-4: 
II-2.
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on top of the Cretaceous sediments of the Mauléon and St-Jean-de-Luz basins. Interestingly, 

very little Alpine imprint is observed throughout the massif allowing a good preservation of the 

Jean-de-Luz basins on both cross-sections shows a western domain where the Neocomian to mid-

Albian deposits are very reduced or absent in comparison to the eastern section, suggesting that 

of a basin during the Early Cretaceous such as proposed by Richard (1986).

4.2 St-Jean-de-Luz basin – northern Cinco Villas massif

Figure II-5 is a N-S cross-section across the St-Jean-de-Luz basin, north of the Cinco 

massif, the Sare basin and the St-Jean-de-Luz basin up to the Ste Barbe back-thrust (Fig. II-2). 

contractional deformation and are unconformably overlain by the deltaic Zugarramurdi 

fault that corresponds to the southern margin of the St-Jean-de-Luz basin. Here, it has been 

1985) and to the deep facies turbidites of the Flysch Noir (or locally “Flysch de Mixe”). As 

such it suggests a Late Albian to Cenomanian age for this fault. At depth (Ustaritz borehole, 

evaporites and reactivating paleo-normal faults (e.g. Ste Barbe thrust) have been described by 

same decollement level. Further to the north of this section, the Labenne 1 borehole displays the 

repetition of the Eocene deposits into the Lutetian décollement horizon Razin (1989).
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de-Luz basin that was controlled by WNW-ESE and WSW-ENE normal faults associated 

with the westward prolongation of the Mauléon basin. In the basin, Middle Jurassic to mid-

Albian sediments have not been observed and were probably never deposited as only clasts of 

Lower Jurassic sediments have been observed in the Upper Albian deposits (Richard, 1986). 

south that reactivated normal faults (e.g. Ste Barbe fault) and by north-vergent thin-skinned 

Razin (1989) based on structural considerations and basin reconstruction.
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4.3 Eastern BCB – southern Cinco Villas massif

Aralar thrust to the Ebro basin to the south. As such, the Aralar thrust can be used as a reference 

to extend the cross-section to the south-west, where seismic lines and boreholes are available. 

We used the RL40 and ALL2 seismic lines, Urbasa-2, Zuñiga-1 and Gastiain-1 boreholes, and 

subsurface data from IGME geological maps to constrain this segment.
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platform facies) and Albian to Cenomanian (calcareous turbidites) sequences unconformably 

N

S0 Lower Triassic

S0 Apt.-Ceno.

S0 Jurassic

S0 Apt.-Ceno.

S0 Apt.-Ceno.

S0 Jurassic

S0 Jurassic

S0 post-Coniacian

S0 Turono-Coniacian

Figure II-7: Geological map of the northern BCB basin and associated structural data. Black dip data 
are own measurements, purple are from Bodego et al. (2015) and red are from IGME 1/50000 maps of 
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sediments of the Nappe des Marbres show recrystallisation and dypire formation related to 

boundary of the Nappe des Marbres is represented by the south-dipping Aralar thrust, which 

are mostly represented by carbonate platforms (Feuillée, 1971; Mathey, 1986), contrasting with 

horizons of the sandstones and claystones of the Late Albian Utrillas formation (Carola, 

normal fault) is tilted toward the north. In the Ebro foreland basin, syn-convergence sediments 

involve a south-vergent crustal thrust below the Aralar thrust that would be responsible for the 

northward tilt of the Ebro basement and the rise of the top basement observed on the northern 

segment.

allochthony of the post-salt Mesozoic cover. Indeed, these sections show that at least 20km 

of northward displacement has been accommodated by the Leiza fault in order to bring the 

thick metamorphic sedimentary sequence of the Nappe des Marbres above the thinned and 
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continuously observed toward the east, where it is associated with mantle rocks  and granulites 

2012, 2017). In the most eastern part, the trace of the Leiza fault follows a N-S orientation and 

juxtaposes the metamorphic Mesozoic sediments of the Nappe des Marbres above the west-

in the evaporites, attesting that this thrust has detached into an extensional decollement level 

Marbres.

to restore back the Upper Cretaceous sediments of the hanging-wall with respect to their 

the northern margin of a Late Jurassic - Barremian basin as evidenced by the very reduced 

continental deposits or even absence of deposition in its footwall (Nappe des Marbres). At mid-

Cretaceous time, the Aralar ridge probably represented a transitional domain between a shallow 

environment, characterized by carbonate platform, and a deeper environment toward the north 

that the Barbarin thrust reactivated a normal fault controlling the deposition of the Aptian to 

deformation is observed in this allochthonous unit of the BCB except along the northern margin 

4.4 BCB – Jaca-Pamplona basin
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to 4100m). Lignite has also been described within the Neocomian sediments of the Chainons 

thickness variations up to the east of the diapirs where they reach 1400m and display a similar 

that lays upon the rather thin Late Cretaceous to Cenozoic rocks of the Ebro basin, which 

successively shallows toward the east (7500m to 5000m).

to Cenomanian sediments display similar thickness and facies on both sides of the diapirs (see 

of the Aldudes massif. However, Upper Jurassic to Barremian deposits, if deposited, have 

been eroded before Aptian east of the diapirs. As such, the change in Cretaceous sedimentary 

attributed to the Aptian – Cenomanian rifting event and might actually correspond to the eastern 

termination of a Late Jurassic to Barremian basin. Subsequent overburden could have sustained 

salt mobilization, which would be partly responsible for the thickness variation and onlap 

geometries observed within the Aptian – Cenomanian sequence of this E-W section.

formation of a structural relief once transported in the hanging-wall of the thrust. It led to the 

formation of a “hanging-wall drop fault” in the allochthonous unit and to the deposition of a 

Figure II-8: a) Structural data of the eastern part of the Nappe des Marbres. Note the Leiza fault 

Muschelkalk is embedded in the Upper Triassic evaporites on top of the Lower Triassic sandstones (in 

breccias (detached from the outcrop).
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4.5 Jaca-Pamplona basin

Figure II-10 represents a N-S seismic interpretation across the southern part of the 

boreholes for this section.

convergence sediments are thickening toward the south, showing a syncline in the hanging-

Ebro basin display overturned beds and a syncline geometry and are detached from the lower 

autochthonous succession. Below, the basement of the Ebro basin slightly dips toward the north 

at about 5000m depth.

– Barremian sediments. Here again, the Mesozoic sediments have been transported toward 
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basins (Figs. II-9 and II-10) show that both basins have been synchronously transported on top 
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5.1 Role of inheritance for the architecture of the Pyrenean – Cantabrian 

junction

very common in the study area, they cannot be linked to one particular tectonic event only. 

Indeed, it seems that this orientation guides the structural evolution of the Basque Country 

particularly well documented by the turning of the Albo-Cenomanian SMD and NMD from a 

junction. Nonetheless, we attribute an importance to inheritance in controlling the orientation 

and location of the Late Jurassic – Barremian basins (e.g. Delfaud, 1970; Feuillée & Rat, 1971; 

which depicting NNE-SSW aligned diapirs. 

In this study, we identify the north-western and south-western limits of a Late Jurassic 

of Aptian – Cenomanian hyperextended basins as indicated by the development of a thick 

areas where no Late Jurassic – Barremian deposits are observed (i.e. Nappe des Marbres; Figs. 

II-6 and II-11) shows that, apart from inheritance, the rift propagation was controlled by other 

processes as well. 

controlled the style of deformation during the multiple rifting episodes and the later convergence. 
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reactivated during the tectonic inversion resulting in a decoupling of the sedimentary cover 

(thin-skinned) from the shortening of the underlying basement (thick-skinned) (Fig. II-11). 

deformation during extension and reactivation.

5.2 Structural evolution of the Aptian – Cenomanian rift basins

a new model for the Aptian to Cenomanian rift architecture, which has strong implications for 

fault that delimited the BCB and the Mauléon basin as either E-W directed transtensional 

(see Fig. II-1). In our study, we showed that the St-Jean-de-Luz basin represented the western 

continuation of the Mauléon basin from Late Albian onwards, as indicated by the occurrence of 

basin; Figs. II-9 and II-10) where up to 1400 meters of Aptian – Cenomanian sediments have 

western and eastern continuation of the Mauléon basin and BCB respectively (Figs. II-5, II-9 

well shown by the distribution of the post-rift upper Cretaceous facies distribution (Fig. II-2) to 
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transfer faults have been described across the area. All these observations argue for a N-S to 

(Masini et al., 2014) in the Mauléon basin.

overlapping rift systems have been shown to preferentially develop during orthogonal extension 

in contrast to transform faults that mostly develop in oblique systems (Acocella, 2008), giving 

extension linking the Aquitaine with the Ebro basins.

5.3 A new model for inheritance and reactivation at the Pyrenean-Cantabrian 

junction

south of the Basque massifs and rebutting crustal decoupling between the Cantabrian and 

such system where weak rift basins overlap in the direction of shortening.

In the following, we identify and characterize the thin-skinned (supra-salt) and thick-

skinned (crustal) deformation on a N-S crustal cross-section (Fig. II-11a) and on a map view 

wedge formed by the post-salt unit (thin-skinned) and crustal unit (thick-skinned), respectively, 

during contractional deformation. As such, the location of the thin-skinned S points for the 
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Figure II-11: a) Present-day crustal cross-section across the BCB to St-Jean-de-Luz basin. Note the 

Cenomanian time depicting the architecture of the overlapped rift basins north and south of the Basque 

is based on present-day crustal thickness.

initiation and as such, corresponds at present-day to the axis between the north-vergent and 

south-vergent crustal thrusts.

and the Hasparren 101 borehole, while the Moho depth is constrained by the study of Díaz 

et al. (2012) and Daignieres et al. (1982). We also propose a restoration of the cross-section 

at a late rifting stage (i.e. Cenomanian; Fig. II-11b) and a pre-Apto-Cenomanian stage (i.e. 
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Late Barremian; Fig. II-11c) taking into account crustal volume preservation using the ImageJ 

a general map (Fig. II-12a) highlighting the main thin-skinned and thick-skinned structures of 

our study area. 

the Barbarin thrust fault that is part of the splay faults), the Leiza fault and the Aralar thrust 

(Fig. II-6). At least 15 km of southward displacement have been accommodated along the 

and II-11). Both reactivated Aptian – Cenomanian detachment faults and transport the supra-

salt sedimentary cover above the thick crusts of the Ebro and Basque massifs, respectively. 

inherited structures such as the Late Jurassic – Barremian Aralar paleo-normal fault or the 

E-W striking squeezed salt extrusion observed in the Nappe des Marbres. North of the Basque 

platform. Most of the thin-skinned thrusts that crop out at the surface at present-day are dipping 

toward the north such as the Arbéroue, Amotz and St-Barbe thrusts, which reactivated north-

Béarnais display a similar architecture as observed in the Nappe des Marbres, with E-W striking 

thrusts are observed on the southern border of the Basque massifs (DeFelipe, 2017; Ruiz et 
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function analysis, Díaz et al. (2012) imaged a continuous north-dipping “slab” from east to west 

contractional structures, might correspond to the trend of the “slab” at depth.

a sedimentary wedge at the front of the allochthonous Basque massifs (Figs. II-6 and II-11). 

Similarly, the Mauléon and St-Jean-de-Luz basins have been transported along the thin-skinned 

2.2) actually correspond to the present-day juxtaposition of the thin-skinned and thick-skinned 
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decoupling between both systems. Complexities on the cylindric reactivation pattern are brought 

N-S to NW-SE convergence direction (Macchiavelli et al., 2017) with respect to the inherited 

NNE-SSW trend in the area. In this context, the existence of a regional scale NNE-SSW crustal 

that in the western Mauléon basin, a larger amount of basement was involved in the orogenic 

mantle was transported and responsible for the present-day positive gravity anomaly (Casas et 

al., 1997).

We suggest that this peculiar structural framework results from the reactivation of the 

the intermediate crustal block formed by the Basque massifs. Indeed, hyperextended domains 

have been shown to localize the initiation of reactivation and the northward underthrusting of the 

Iberian crust (e.g. DeFelipe, 2017; Jammes et al., 2009; Masini et al., 2014; Mouthereau et al., 

basin and the eastern BCB rift systems might compete during reactivation. As a consequence, 

believe that the interpretation of Díaz et al. (2012) should be revised in the light of our study and 

new investigations about the crustal architecture of the Basque country should be undertaken.

5.4 Implications for kinematics of the Western Pyrenees

Cantabrian systems, previous kinematic scenarios imply either a Late Jurassic to Late Cretaceous 

E-W strike-slip deformation associated with formation of pull-apart basins or a N-S extension 

(see 2.2). However, none of these scenarios satisfy geophysical or geological observations 
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(Barnett-Moore et al., 2016a; Nirrengarten et al., 2018). Based on geological and geophysical 

constrains, Nirrengarten et al. (2018) propose that the Iberia and Eurasia plate kinematics can 

transtensional deformation might be distributed between the Central Iberian rift system and the 

In our study, we showed that the Aquitaine and Ebro basement were connected via 

the Basque massifs from Aptian onward and that Aptian – Cenomanian rift systems opened 

along a N-S direction of extension (Fig. II-12b). Furthermore, we did not observe evidence for 

As a consequence, the Ebro block can hardly be displaced and rotated by 400km from 

most of the sinistral strike-slip movement was supposedly accommodated, seems unlikely in 

Leiza fault (e.g. Arthaud & Matte, 1977; Combes et al., 1998; Floquet & Mathey, 1984; Hall & 

& Roger, 1977; Rat, 1988) is not corroborated by our study and would imply an even greater 

questions remain about the accommodation of the sinistral strike-slip movement. Although we 

cannot exclude that part of the movement was accommodated along NNE-SSW transfer faults 

et al., 2018), such structures certainly do not account for the proposed 400km of eastward 

displacement of Iberia with respect to Eurasia during Aptian to Albian extension.

As a consequence, we suggest that the strike-slip deformation took place, if it existed, 
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sections and seismic interpretations combined with drill hole data to describe the present-day 

architecture of the eastern and western termination of the BCB and Mauléon basin, respectively, 

1) Aptian – Cenomanian rifting took place along a N-S direction of extension 

controlled by WNW-ESE striking detachment faults and NNE-SSW transfer zones, associated 

NNE-SSW structures. In our study area, we showed that Aptian – Cenomanian rifting initiated 

but did not propagate at the location of Late Jurassic – Barremian basins.

consequence, we discard the occurrence of any transform fault to transfer the deformation from 

the BCB to the Mauléon rift systems.

Aquitaine and Ebro basement.

Cenomanian rift basins while thick-skinned deformation seems to shortcut the Basque area, 

eventually responsible for the preservation of the pre-Alpine structures in the Basque massifs.

overlapping rift systems north and south of the Basque massifs. As such, the tectonic evolution 

systems.

Cretaceous.
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ROLE OF RIFT-INHERITANCE AND 
SEGMENTATION FOR OROGENIC 

ARCHITECTURE: EXAMPLE FROM THE 
PYRENEAN-CANTABRIAN SYSTEM

Tectonics, in prep.

Rodolphe Lescoutre1, Gianreto Manatschal1

1IPGS, EOST-CNRS, Université de Strasbourg, Strasbourg, France

observations to propose a new map of rift domains and we provide balanced cross-sections in 

newly formed structures during inversion of two rift segments and its intermitted segment 

boundary. During convergence, two phases have been recognized within rift segment (eastern 

governed by thin-skinned deformation that reactivated the former hyperextended domains 

by thick-skinned deformation that took place once necking domains collided and formed an 

controlled by thick-skin deformation due to the formation of shortcutting thrust faults at the 

Basque massifs formed since the initiation of reactivation in this area, where the pro- and retro-

proto-wedge is responsible for the preservation of pre-Alpine structures on the Basques massifs 

and for the emplacement of subcontinental hyperextended mantle rocks at crustal level beneath 

architecture of orogenic systems. 
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In most collisional orogens worldwide, the restoration of the pre-collisional stage and 

the role of rift-inheritance have been investigated in the external, fold and thrust belt domains 

by the help of 2D balanced cross-sections. Few studies attempted to restore the internal 

parts, where the pre-collisional architecture has been intensively reactivated or subducted. A 

distal parts of rifted margins, domains that are yet poorly understood and from which fate and 

the structural evolution of internal parts of orogenic systems are the boundaries between rift 

domains, corresponding to the limit between crust thicker than 10km showing ductile levels in 

the crust; and crust thinner than 10km where the residual continental crust is brittle and the top 

mechanical coupling between mantle and crust, the coupling point may play an important role 

the coupling point may separate domains that can be subducted (hyperextended domain) from 

domains that can act as buttress and form the abutments of the future orogen (e.g. Lacombe 

& Bellahsen, 2016). While the role of the coupling point has been investigated in 2D sections 

reactivation pattern or lead to the formation of new structures that might explain the regional 

implications might account for some of the complexities encountered when dealing with 2D 

restorations and explain geological anomalies observed in orogenic systems.

system. 
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- How does 3D rift-inheritance control the orogenic architecture?

- How does a rift segment boundary behave during reactivation?

- Do coupled vs. decoupled rift domains and rift domain boundaries control the reactivation?

2.1 The Pyrenean-Cantabrian case study

France and Spain and can be described as two segments of the same orogenic event separated 

“slab” (Alonso et al., 1996; Beaumont et al., 2000; Chevrot et al., 2018; Choukroune, 1989; 

slab formed during the Late Cretaceous to Miocene N-S convergence (e.g. Macchiavelli et al., 

mid-Cretaceous rift basins, and forming the present-day mountain chain and fossil Eurasian 

oceanic crust (ophiolite) or subduction-related features (e.g. arc volcanism, back-arc basin) 

the slab is only composed of continental and serpentinized mantle rocks.



116

Formation and reactivation of the Pyrenean-Cantabrian rift system

mid-Cretaceous hyperextended basins that have been subsequently inverted (e.g. Lagabrielle et 

Instead, this terminology is replaced by WNW-ESE striking structural domains such as the 

Bilbao anticlinorium or the Biscay synclinorium, which are part of the Basque-Cantabrian 
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2.2 Formation and reactivation of rift domains

of convergence, are likely to control the evolution of orogenic systems (Chenin et al., 2017; 

rheology (Fig. III-2).

and ductile lower crusts and exhibiting local fault bounded basins and minor accommodation 

space outside these basins. At outcrop scale, this domain is characterized by thin, shallow 

ductile levels in the crust and exhibits top-basement detachment faults that can exhume mid-

crustal rocks. At outcrop scale, this domain is represented by slope to bathyal depositional 

environments onlapping onto either detachment surfaces characterized by gouges, cataclasites, 

tectono-sedimentary breccias or allochthonous crustal blocks.

divided in two sub-domains, the hyper-thinned sub-domain corresponding to a <10km thick, 

by serpentinized mantle. At outcrop scale, this domain is characterized by deep marine sediments 

~6km thick magmatic oceanic crust consisting of tholeiitic magmatic material (Anonymous, 

1972). 

During rifting, once the crust and the mantle are coupled (e.g. coupling point separating 

necking and hyperextended domains; Fig. III-2), rift evolution can develop asymmetrically and 

an upper plate and a lower plate can be distinguished, the former presenting the hangingwall 

and the latter the footwall of the main exhumation fault (e.g. Brune, 2014; Lister et al., 1986; 

will not be discussed in this paper.



118

Formation and reactivation of the Pyrenean-Cantabrian rift system

Initiation of convergence should be expected to occur in the weakest part of the margin 

N-Atlantic margins that convergence initiated in the exhumed and hyper-thinned domains, i.e. 

oceanward of the coupling point. It appears that the compressional structures tend to use existing 

structures (e.g. top basement eventually composed of serpentinized mantle) and low-angle 

frictional slip surfaces composed of hydrated material (serpentine, talk, clays etc.) (Beltrando 

et al., 2014; Hilairet et al., 2007). Since the hyperextended domain can exceed 100km in width 

(Chenin et al., 2017), it is wide enough to be pulled down into the eclogite facies, as indicated 

subduction stage, part of these domains can eventually be scraped and accreted within the 

accretionary wedge or transported within nappes (e.g. Andersen et al., 2012; Beltrando et 

al., 2014; Epin et al., 2017). Collisional processes initiate when the necking zone is entering 

subduction, i.e. when the conjugate coupling points meet. At this stage, the >10km thick crust 

wedge related to continental collision starts to develop (Mouthereau et al., 2014). At this stage, 

the singular point (S point), which corresponds to the location where one plate slides below the 

the coupling point inherited from the former margin structure. Note that the occurrence of an 

et al., 2006; Carrera et al., 2006) leading to the formation of the thrust-and-fold belt forming the 

external part of the orogen.

hampered in case of non-cylindrical along-strike variation of the rift architecture. In particular, 

along-strike and impede subduction to nucleate and can complexify the orogenic framework 

at former rift segment terminations. In this study, we aim to study the role of segmentation and 
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2.3 Along-strike segmentation

by pre-rift inheritance (e.g. Belgarde et al., 2015; Mercier de Lépinay et al., 2016). Junction 

between rift segments can occur via a transform fault (see review of Basile, 2015), a transfer 

junctions remains poorly-understood with respect to the 2D dip architecture of rifted margins. 

In an accommodation zone, rift systems overlap parallel or slightly oblique to the 

segments is much greater than the distance between the overlapping rift axis (Acocella, 2008). 

In detail, segment rotation or second order transfer zones and relay zones can accommodate 

2005), whilst the reactivation of overlapped rift systems and their implication for the orogenic 

architecture has yet to be explored.
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either be characterized by thickness (if subsidence rates equal sedimentation rates, in which case 
depositional environment remains shallow), or by a deepening of the depositional environment, in which 
case subsidence rates are higher than sedimentation rates. Thus, the proximal domain is formed by either 

by either deep water facies and/or very thick shallow marine to continental sequences. The rheological 
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along-strike was assumed to end abruptly. In a recent study, Lescoutre et al. (chapter II) showed 

that the paleogeography of the area actually corresponds to overlapping rift basins, the Mauléon 

basin propagating westward in the St-Jean-de-Luz basin whilst the BCB propagated eastward 

the consequences for the subsequent convergence.

Proximal domain

or emerged areas suggesting that these domains were also formed over crust >20km (Bodego & 

Necking domain

detachment faulting have been observed over the Mendibelza massif (Boirie & Souquet, 1982) 

and more generally on the northern margin of the Basque massifs (Johnson & Hall, 1989a, 

these transitional facies have been retrieved north of the Biscay synclinorium, south of the 

Mondejar, 1990; García-Mondejar, 1989; Gräfe, 1999; Mathey et al., 1999; Meschede, 1987). 

Figure III-3: Rift domain maps and cross-sections across the eastern Mauléon basin (rift segment) 
and the eastern BCB and St-Jean-de-Luz basin (rift segment boundary) at late rifting stage (Late 

text.
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the Grand Rieu represented a topographic high between the Arzacq basin to the north and the 

Mauléon basin to the south (Masini et al., 2014). As such, we assume that the necking domain 

extended from the north of the Arzacq basin up to the southern margin of the Grand Rieu High.

Hyperextended domain

Luz basin and Mauléon basin (e.g. Rat, 1988; Souquet et al., 1985) associated with serpentinized 

rocks (Clerc et al., 2015 and references therein) and sometimes alkaline magmatic rocks 

(Azambre & Rossy, 1976; Montigny et al., 1986).

3.2 Present-day architecture

3.2.1 Rift segments

which transports the Mauléon basin and part of the upper crust of the Axial Zone (Ebro basement) 

the reactivated thin-skinned Licq fault and the basement-involved thin-skinned Lakora thrust 

As such, the thin-skinned S point corresponds to the base of the wedge formed by 

indentation of the Aquitaine crust at mid-crustal level within the Ebro crust led to a crocodile-

of the Ebro lower plate represent the underthrust material, while the upper crust of the necking 

et al., 2000).
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2007; Quintana et al., 2015; Roca et al., 2011). Between these two major faults, the BCB shows 

internal deformation mainly governed by WNW-ESE striking folds and thrusts (e.g. Ábalos et 

density, magnetic body attributed to lower crustal or mantle rocks has been described in the 

slab is composed, in the section, by crust derived from the former southern margin of the BCB.

and Cantabrian orogenic systems as they delimit the allochthonous units of the orogenic wedge 

at rift segments.

3.2.2 Rift segment boundary

At the segment boundary, the inverted eastern BCB and St-Jean-de-Luz basin represent 

the southern and northern branch respectively, of two overlapping rift basins with the Basque 

St-Jean-de-Luz basin are passively transported above the Basque massifs and the Ebro and 

shows north-dipping thrusts south of the Basque massifs and south-dipping thrusts north of 

chapter II) juxtaposes the Basque massifs over the Ebro basement (4247meters deep in the Aoiz 

borehole; Instituto Geológico y Minero de España (IGME), 1990) whilst toward the north, the 
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al. (2014) noted that, in contrast to the eastern Mauléon basin (rift segment), the hyperextended 

basement of the western Mauléon basin, together with the subcontinental mantle responsible 

1997; Jammes et al., 2010a; Wang et al., 2016). Interestingly, at the south-western termination 

of the Mauléon basin, the South and North Mauléon Detachments (lateral equivalent to the Licq 

detachment fault) show no major Alpine overprint (Masini et al., 2014), which is also true for 

 In the eastern continuation of the BCB, the E-W striking and north-dipping 

Roncesvalles thrust fault (or “faille de Bigorre” in Souquet et al., 1977) seems to link the 

1988; Roca et al., 2011).

underthrusting of the southern margin of the BCB basin and is continuous toward the east, i.e. 

At this segment boundary, the location of the thick-skinned S point is located at the 

below the St-Jean-de-Luz basin. As a consequence, and in contrast to the rift segments, the thick-

skinned S point is not located below the inverted rift basin and the orogenic wedge is formed by 

the allochthonous BCB and St-Jean-de-Luz overlapping rift basins.
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3.3 Rift architecture

3.3.1 Rift segments

al., 2014).

Mendibelza unit corresponds to the WNW-ESE striking north-dipping Licq detachment fault (or 

South Mauléon Detachment fault in Masini et al., 2014) (Johnson & Hall, 1989a, 1989b; Masini 

belongs to a set of extensional detachment faults that exhumed basinward serpentinized mantle 

rocks underneath the detached supra-salt sedimentary cover (Corre et al., 2016; Lagabrielle et 

al., 2010) associated with deposition of deep water turbidites within the basin (Debroas, 1990; 

to syn-rift sequence toward the northern margin of the basin (Hart et al., 2017; Lescoutre et al., 

extensional fault controlled the northern margin of the basin (south of the Grand Rieu High) and 

was detached in the decoupling horizon made of evaporites.

In the BCB, the basement-sediment interface is hidden by a thick Mesozoic to Cenozoic 

1971) have been described in the Lower Cretaceous sediments of the northern Bilbao anticline, 

post-rift volcanism has been described in the Biscay synclinorium (Azambre & Rossy, 1976; 

et al., 2007).

All these observations suggest an asymmetry of the rift system, with a lower plate 

setting on the southern margin and an upper plate on the northern margin limited by north-

dipping detachment faults in both the BCB and Mauléon basin. In both basins, the pre- to 

syn-rift sedimentary cover has been detached from the underlying basement along the Upper 
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3.3.2 Rift segment boundary

However, the hyperthinned domain appears to be wider, eventually taking over the large 

thinning of the syn-rift sequence (Astrain-1 borehole; Instituto Geológico y Minero de España 

(IGME), 1990) and the apparent absence of syn-rift metamorphism (Lescoutre et al., chapter 

fault as suggested by the deposition of shallow water sandstones and conglomerates over the 

thinner than that in the main depocenter of the Mauléon basin that can be up to 4km (Masini et 

fault on the southern border of the basin, whilst the geometry of the northern border could 

roughly correspond to the present-day orientation of the reactivated WSW-ENE striking Ste-

derived from the south and the west (Razin, 1989), suggesting that the basin terminated north-

basin.

3.4 Time constraints on the contractional deformation
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system yield a Late Eocene to Miocene age of exhumation (Fitzgerald et al., 1999;  Bosch 

et al., 2016), coeval with the main subsidence episode recorded in the southern Aquitaine 

the tectonic subsidence on the Landes High suggests that the major subsidence on the northern 

margin of the basin occurred during the Early to Late Eocene (Gómez et al., 2002), eventually 

analyses on apatite and zircons on the Ursuya massif (north Basque massifs) yield ages at 

and Cantabrian systems (e.g. DeFelipe, 2017; Fitzgerald et al., 1999; Jolivet et al., 2007; Bosch 

and Aldudes massifs suggest that the exhumation of these massifs occurred already from the 

Late Cretaceous (80-60Ma) to present with a more rapid exhumation from Eocene onward 

(DeFelipe et al., 2019).

data on a sample located along the Leiza fault suggests rapid cooling prior to 40Ma (DeFelipe 

Cretaceous in age and thus potentially coeval to the E-W striking Lakora thrust located in its 

eastern prolongation.
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It results that the Eocene to Miocene collisional episode is very well dated throughout 

the underthrusting of the hyperextended crust corresponds to a phase that cannot be easily 

recognized from the stratigraphy and since the lithosphere was not thermally equilibrated at 

seems to be best recorded in the Basques massifs by thermochronological data (DeFelipe et al., 

2019) and along the Roncesvalles fault, i.e. at the termination of rift segments, which may, as 

discussed below, be related to the reactivation history of the segment boundary.

4.1 Role of rift-inheritance at the Pyrenean-Cantabrian junction

4.1.1 Structural evolution and implications for the present-day architecture

day situation. For convenience, the Landes High, Grand Rieu High and Aquitaine will be refer 

to the Eurasian plate in the following, whilst the Ebro and Duero will be refer to the Iberian 

plate.

4.1.1.1 Underthrusting stage

Iberian plate were underthrust below the Eurasian plate from the Santonian to the Early Eocene. 

accommodated the shortening of the supra-salt sedimentary cover (Figs. III-4 and III-5; Grool 

et al., 2018; Mouthereau et al., 2014). 

evaporite decoupling horizon, there was no inherited weak structure (e.g. serpentinized level) 

available to be reactivated. As such, new structures had to develop in order to accommodate the 

shortening in these domains. In the northern branch of the overlapping rift system, the north-
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vergent E-W striking Roncesvalles thrust fault transferred the deformation between the eastern 

on the geographic link and the similarities between the basement-involved Roncesvalles and 

Lakora thrusts, i.e. the E-W orientation and syn-underthrusting stage activity, we propose that 

the Lakora thrust might represent the eastward prolongation of the shortcutting Roncesvalles 

thrust. Note that the formation of new thrust faults that shortcut external domains to connect 

At this segment boundary, and in contrast to the rift segments, the Eurasian plate 

underthrust the Basque massifs and the dip of the underthrusts are in opposite direction between 

the eastern Mauléon basin (rift segment) and the western Mauléon basin (segment boundary) 

(Fig. III-4). As a consequence, in the eastern Mauléon segment, the former lower plate (Iberia) 

underthrust the upper plate (Eurasia), whereas in the western Mauléon the lower plate (Basque 

evolution allowed to emplace the subcontinental mantle at a crustal level (Fig. III-4, cross-

maps (Casas et al., 1997; Wang et al., 2016). Moreover, it allowed to keep the hyperextended 

basement of the western Mauléon basin (Masini et al., 2014) and related pre-Alpine features 

al., 1976; Masini et al., 2014). 

by rift-inheritance within rift segments (Jammes et al., 2009; Lagabrielle et al., 2010; Quintana 

formed at segment boundaries by shortcutting the area, initiating a proto-crustal wedge at the 

location of the Basque massifs (Fig. III-5) where the onset of exhumation has been propose to 

skinned deformation of the necking and proximal domains at the termination of rift segment. 

Since such zones can preserve embryonic stages of convergence, they represent critical domains 

to date the initiation of reactivation.
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4.1.1.2 Collisional stage

to the development of thick-skinned thrusts such as the imbricated north-dipping Gavarnie and 

Guarga thrusts (Figs. III-4 and III-5) and associated with an episode of subsidence of the southern 

initiated when the coupling points intersected. It was also synchronous with the onset of the 

formation of the orogenic wedge (Mouthereau et al., 2014; Sinclair et al., 2005), whose pro- 

is formed by the former upper crust of the necking domain. Note that the related S point will 

migrate through time due to the progressive indentation of the Eurasian crust at a mid-crustal 

level (i.e. ductile-brittle transition) within the Iberian crust (Fig. III-4). At depth, the former 

hyperextended domain and the lower crust of the necking domain of the Iberian plate form the 

underthrusting slab. In the Cantabrian segment, the thick-skinned deformation is controlled 

and necking domains of the Iberian plate.

could correspond to the westward continuation of the Gavarnie thrust. As such, the width of 

initiation of reactivation, a unique orogenic wedge formed ultimately on top of a north-dipping 

4.1.2 Role of structural and thermal inheritance at segment boundaries

and preservation of pre-Alpine structures have been described (Jammes et al., 2009; Masini 

et al., 2014; Wang et al., 2016). Moreover, we identify an along-strike change of the main 
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structural change cannot be easily explained by reactivation of former rift structures as it did 

not reactivate the north-dipping detachments associated with mantle exhumation (e.g. North 

thrusts can emerge between shifted reactivated extensional faults in the transfer zone. However, 

to our knowledge, the tectonic inversion has not been tested for overlapping rift systems in 

which extensional faults of opposite dip direction could complexify the reactivation pattern. 

Besides the structural control, one can suggest that the thermal state related to hyperextension 

role on the reactivation of this system. Indeed, the thermal inheritance involved by the two 

segments. However, in order to make prediction on the control of the thermal structure at onset 
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evolution during the subduction (Santonian – Paleocene) and collisional (Eocene – Miocene) phases. 
The uppermost 3D block diagrams show the evolution with the decoupled sedimentary basins while the 
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4.2 Implications for the reactivation of hyperextended rift systems

4.2.1 Role of 3D rift-inheritance for the 2D architecture of orogenic systems

structures might be preserved whilst new structures might form in order to accommodate along-

strike complexities. Dealing with 2D balanced cross-sections in these areas without considering 

the lateral evolution may lead to unpredicted reactivation patterns. In particular, sampling of 

mantle or lower crustal rocks in orogenic systems might be favoured by along-strike structural 

reorganisation related to segment boundaries as suggested in this study (Fig. III-4). 

studies working on orogenic systems have considered the role of rift segmentation to account 

We believe that further studies are needed to better investigate the role and importance 

of rift-inheritance (structural, compositional and thermal) associated to rift segment boundaries 

systems.

4.2.2 Relative control of inheritance on the contractional deformation through time

domains) rift segment evolution is controlled by the reactivation of the hyperextended domain, 

i.e. oceanward of the coupling point, where the crust and upper mantle deformation is governed 

necking domains collide (i.e. coupling points overlap) ductile rheology is implemented to the 

system and the upper crust and mantle are decoupled in the ductile lower crust. At this stage, 

rift inheritance is not anymore the main parameter controlling the orogenic evolution. New 

contractional structures, perpendicular to the shortening direction are created following the 

controlled by rift-inheritance, and a second “collisional” stage governed by orogenic processes.

evolution is opposite to that described during extension. Indeed, during rifting the formation 
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of the proximal and necking domains have been shown to be mainly controlled by pre-rift 

inheritance, whereas the formation of the hyperextended and oceanic domains represent new 

real estate domains that are mostly controlled by large-scale rift-induced processes such as 

hydration and magmatic processes (Manatschal et al., 2015).

We showed that reactivation can be divided in two phases controlled by rift inheritance 

the other hand, when conjugate necking domains meet, the contraction is governed by thick-

the Eurasian (Landes) and Iberian (Ebro) plates.

lack of hyperextended domains and therefore weak decoupling levels (e.g. serpentinized levels) 

wedge at the rift junction that corresponds to the Basques massifs. At this stage, we suggest 

that the E-W striking basement-involved thin-skinned Lakora thrust might represent the eastern 

continuation of the shortcutting Roncesvalles thrust. Moreover, we propose that this precursor 

pop-up structure (orogenic wedge) is responsible for the preservation of pre-Alpine structures 

and the emplacement of subcontinental mantle rocks at a crustal level at the southern margin of 

the western Mauléon basin (north-western Basque massifs). 

by a second collisional phase controlled by orogenic processes.
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asymmetric thermal evolution during hyperextension. 

• Asymmetric rift basins can record diachronous heat peaks resulting from 

• Determination of thermal gradients from peak temperatures is misleading as the 

thermal architecture results from a diachronous evolution.

We investigate the thermal and structural evolution of asymmetric rifted margin 

formation using numerical modelling and geological observations derived from the Western 

upper-lower plate transition resulting in a strong thermal asymmetry during rifting. Results of 

to existing data sets from this basin reveal a strong asymmetry in the distribution of peak heat 
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max

predicted by numerical models. Furthermore, numerical modelling results also suggest that 

max
 distribution could arise when hanging-wall derived extensional allochthons 

become part of the lower plate and are transported away from the upper-lower plate transition. 

the limitations of integrating punctual thermal data from pre- to syn-rift sedimentary sequences, 

which is often done in order to describe the rift-related thermal evolution and paleothermal 

gradients at the scale of a rift basin or margin.

thanks to the combination of geological observations and numerical experiments (Duretz et al., 

al., 2016; Frasca et al., 2016; Masini et al., 2014) brought new constrains on their tectonic and 

Lavier & Manatschal, 2006) helped to decipher some of the physical processes that control 

hyperextension. 

rift domains, one of which being referred to as the “hyperextended domain”. Hyperextended 

rift systems have been reproduced in various numerical experiments, which demonstrated that 

these systems show an overall asymmetry of the conjugate margin architecture and a shift of 

the rising asthenosphere (Brune et al., 2014; Jammes & Lavier, 2016; Svartman Dias et al., 

sedimentary sequence as indicated by the migration of the syn-tectonic sequence towards the 

Manatschal, 2010).

2010; Lucazeau et al., 2008) and fossil rift systems (Beltrando et al., 2015; Chelalou et al., 
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architecture of hyperextended rift basins. However, despite these recent studies, the thermal 

evolution and architecture of rifted margins and especially the consequence of asymmetric 

rifting remain poorly understood. Notably, the spatial and temporal evolution of rift systems 

at present unconstrained. Simple correlations between isolated, punctual observations within 

a rift system and the overall thermal architecture and evolution of the entire basin are not 

only and ask for a better understanding of the processes controlling the thermal evolution 

during rifting and particularly during extreme crustal thinning and mantle exhumation. From 

an industrial perspective, understanding the processes controlling the thermal evolution of 

basins is fundamental to model and predict petroleum systems that could be in asymmetric 

pre- to syn-rift sedimentary sequence, which is a prerequisite to unravel the thermal evolution 

of these systems during their formation.

In parallel, we investigate the thermal structure of the fossil asymmetric Arzacq-Mauléon rift 

max
) acquired by 

model predictions and to discuss some geological and thermal complexities using a natural 

example. We then emphasize implications of the numerical model concerning the thermal 

evolution of extensional allochthons, or more generally of allochthonous extensional units. 

basin. 
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Numerous examples of conjugate asymmetric rift systems have been observed and 

described worldwide across the North and South Atlantic margins (e.g. Chian et al., 1995; 

generally wider crustal taper, mainly exhibiting oceanward dipping detachment faults rooting 

conjugate margin generally shows a sharper crustal taper and a complex structural pattern with 

relatively to a major (or a succession of) detachment fault system(s), respectively corresponding 

to the hanging wall and footwall of the major active detachment fault. 

Recent studies suggest that this asymmetry is mainly acquired during the formation 

of the hyperextended domain (e.g. Nirrengarten et al. 2016), bounded landward by the necking 

mainly controlled by the extensional rate and the rheology (Huismans & Beaumont, 2002). In 

associated with progressive rift migration and sequential normal faulting (Brune et al., 2014; 

al., 2015). Furthermore, applying the critical Coulomb wedge theory to predict deformation in 

hyperextended domains, Nirrengarten et al. (2016) show that extensional allochthons can form 

complex structural evolution with out-of-sequence faulting (Gillard et al., 2016).

Coincident with this asymmetric crustal structure, the overlying stratigraphic 

terminology used to describe the syn-hyperextension (syn-HE) stratigraphic sequence (Masini 

by intra-crustal extension associated with simultaneous detachment faulting on the conjugate 
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Figure IV-1: 

As such, sediments deposited onto the upper plate are progressively stacked and include pre- to 

in complex stratigraphic architectures combining classical growth strata and subhorizontal 



146

Formation and reactivation of the Pyrenean-Cantabrian rift system

fault are younging towards the hanging-wall (i.e. upper plate) and are mainly syn- to post-

tectonic. During the exhumation process, crustal blocks can be pulled out from the upper plate 

extensional allochthons is complex (e.g. Masini et al., 2011) as they can preserve pre- to syn-rift 

sediments over exhumed surfaces and they are often overlain passively by post-rift sediments.

and abundant accommodation space, generally associated with a wider zone of exhumed deep 

by typical syn-tectonic sedimentary wedges associated with tilted blocks and little syn-tectonic 
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Figure IV-2: a: Concept of upper/lower plate showing the related asymmetric crustal and sedimentary 
architecture. In this model, no decoupling level is considered between the sediments and the basement. 

blocks are progressively delaminated and migrate from the upper to the lower plate (Nirrengarten et 
al., 2016). b: Wheeler diagram showing the expected stratigraphic architecture of pre-, syn- and post-
hyperextension (HE) sediments. The top of the pre-tectonic sequence delimits sediments that are not 

active exhumation fault.
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3.1 Setup, inputs and updates

associated evolution of lithospheric stress (Brune et al., 2012, 2016). Brittle deformation is 

represented through Mohr-Coulomb plasticity and localisation of faults is further facilitated via 

lie within the possible range suggested by geophysical models of neighbouring less-deformed 

poorly constrained model parameters.

these top and bottom boundary conditions, the initial thermal state is controlled by heat 

during crustal and lithospheric thinning and is derived from the vertical thermal gradient at each 

location.
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boundary is controlled by lithospheric thinning due to a prescribed full extension velocity of 

small amount of initial strain is used to break the symmetry such that the fault orientation 

and distribution is not predetermined by the model and asymmetric rifting can freely proceed. 

Evolution of topography is allowed via a free surface boundary condition and the isostatic 

equilibrium at the bottom boundary is controlled by the Winkler foundation including in and 

In order to keep the model as transparent and simple as possible and to stay general 

not included in the model, as their volumes are highly limited in magma-poor rift systems. Also, 

impulse involved by the formation of oceanic crust and to consider only the thermal evolution 

associated to rifting, the modelled extension stops shortly prior to lithospheric breakup inducing 

thermal relaxation that lasts until the end of the model run. In the following, we describe the 

3.2 Thermal evolution of rifted margins: numerical model results

localises onto major asymmetric border faults while shearing occurs in the ductile layers of the 

model. It should be noted that the top of the crust always displays an elasto-plastic behaviour 

in the model. Rapid rheological coupling accounts for the formation of in-sequence faulting 

associated with upwelling of the lithosphere-asthenosphere boundary at the tip of the active 

fault. Antithetic normal faults control the deformation of the brittle upper crust in the hanging-

wall of the active extensional fault, while a low-viscosity pocket forms in the lower crust (Fig. 

strength gradient between the low-viscosity pocket (exhumation channel) and the cooling 
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the deformation toward the upper plate via in-sequence detachment faulting. Note the position of the 
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mantle at the footwall of the active fault. As a consequence, the rift shows a typical upper-lower 

<10km at the centre of the basin. 

Regarding the displacement of markers A, B and C, we can see that A is moving toward the left 

(with the lower plate) from X=240 km to X=220 km between stages 1 and 2, while B and C 

for about 25 km toward the left while C is only slightly displaced.

of the basin is constantly increasing with time due to the successive thinning of the lithosphere. 

markers from the right side of the main detachment fault to the left (i.e. from upper to lower 

are eventually transferred to the lower plate where they form extensional allochthons (Brune 

above the location of maximum strain rate, i.e. at the immediate hanging wall of the detachment 

fault system along which deep crustal and mantle rocks are exhumed. It is important to note 
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In summary, numerical modelling illustrates a strong asymmetry on the distribution 

exhumation fault (exhumation front), which corresponds to the upper-lower plate transition 

of the thermal structure.
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4.1 Geological context

Few examples exist where the thermal record of asymmetric rifted margins can be 

accessed and compared to results from numerical modelling experiments. Here, we focus on 

an onshore fossil example of an asymmetric hyperextended rift system: the Arzacq-Mauléon 

1994; Seguret, 1972) enabled the exposure of rift-related sedimentary and basement rocks and 

partial preservation of several rift structures, allowing the restoration of the former asymmetric 

end of rifting was associated with an alkaline magmatic activity (Montigny et al., 1986) and 

an increasing amount of data aiming to investigate the rift-related thermal structure of this basin 

max
) from Raman 
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observations). The locations of RSCM data (T

max
) from subsurface rocks (Fig. S4 in annexes) and 

Geological map of the Pyrenees with location of the study area. Coordinates are in decimal degrees 

Masini et al. (2014). Note that part of the pre-HE sedimentary cover is composed of the Late Triassic 
evaporites responsible for the thickness variation.



154

Formation and reactivation of the Pyrenean-Cantabrian rift system

medium to high geothermal gradients associated with mantle exhumation and a thick pre-HE 

4.2 Rift evolution and former architecture

Based on previous studies (e.g. Ducasse et al., 1986a; Jammes et al., 2009; Johnson 

the Arzacq-Mauléon basin developed asymmetrically via north-dipping detachment faults, 

implying the formation of a upper-lower plate architecture. Masini et al. (2014) evidenced two 

main detachment faults along the southern border of the Mauléon basin, referred to as the South 

Upper Aptian to Albian sediments record the progressive creation of accommodation space. 

Masini et al. (2014) proposed, based on the migration of the syn-tectonic sedimentary facies 

tracts, a northward migration of the deformation associated with these north-dipping detachment 

accessible due to the thick Albo-Cenomanian cover. However, Jammes et al. (2009) and Masini 

et al. (2014) suggested that the Labourd massif might represent the western lateral prolongation 

of the basement located below the northern Mauléon basin. In this area, the authors described 

breccias, diagnostic of extensional detachment faults in hyperextended settings (Jammes et al., 

Albo-Cenomanian sediments and exhumed mid crustal granulites (Jammes et al., 2009) and the 

reworking of these granulites in the overlying sediments argue for laterally discontinuous and 

observations have been interpreted as evidence for extensional detachment faulting leading to 
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Figure IV-6: 

illustrating the main rift geometries preserved for the lower plate and square (c) for the upper plate.

exhumation of deeper crustal and mantle levels in the Mauléon basin (Jammes et al., 2009). 

occurrence, at present-day, of a positive gravimetric anomaly in the Mauléon basin, attributed 

to a high density body at shallow depth below the basin, has been interpreted by some authors 

2016) as the evidence for extreme crustal thinning and likely mantle exhumation during rifting. 

Moreover, magmatism within Albo-Cenomanian sediments in the northern part of the Mauléon 
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of accommodation space and the exhumation of crustal and mantle rocks linked to basinward 

estimated from subsidence analysis (Brunet, 1984), suggesting that the crust beneath the Arzacq 

basin has been less thinned than the Mauléon basin (Masini et al., 2014), the latter reaching 

mantle exhumation. Drill holes located between the Arzacq and the Mauléon basins (e.g. Le 

detachment fault at this place, as it is the case for basement highs in the southern Mauléon basin 

between the sub- and supra-evaporite sedimentary cover (i.e. from Jurassic to Aptian) (Jammes, 

Manatschal, et al., 2010; Lagabrielle et al., 2010; Masini et al., 2014). However, the overall 

preservation of the pre-HE stratigraphy, together with little, observable rift deformation and 

minor crustal thinning suggests a typical upper plate architecture for the northern margin of the 

max
)

4.3.1 Data set and method

and provide information about the sedimentary and basement architecture of both the upper and 

to distal in the hyperextended domain that has not been strongly inverted during convergence 

max
) of sedimentary 

max
 reached by the samples within the stratigraphic log 
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Mauléon (Ainhice 1, Uhart-Mixe 1, Les Cassières 2) and Arzacq basins (Le Rouat 1). Le Rouat 

4.3.2 Borehole description

400m thick chaotic evaporitic layer composed of shales, evaporites and ophites, unconformably 

of the value with depth even though strong variations are observed within the log (Um 1 on Fig. 

is characterized by rounded clasts of dolostones, limestones and red mudstones attributed to 

the Devonian.
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compression (i.e. before Santonian), with approximate location of the boreholes.
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4.3.3 Results

From south to north, we observe a deepening of the Mauléon basin associated with crustal 

) shows a downward 

sedimentary sequence at the base of the Early Jurassic is due to a northward thrust fault located 

at about 1700 meters and may control the overlying erosion. At the bottom of the borehole, 

the existence of an extensional contact north of the Jara block, which can be related to the NMD 

rocks has been observed in few boreholes from the Mauléon basin (e.g. Moncayolle).

Eocene sedimentary sequence displays a constant increase from top to bottom but merely reach 

max
 that has not been overprinted by the mid-Cretaceous thermal event. 

max
 (in 

max
 are observed at the 

max

and thermal relationship points to a general asymmetry of the Arzacq-Mauléon rift system that 

is not consistent with symmetrical rifting.
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5.1 First order rift-related thermal structure and evolution of hyperextended 

systems

5.1.1 Thermal asymmetry

is controlled by the upwelling of hot asthenospheric mantle as a consequence of asymmetric 

lithospheric thinning due to major detachment fault activity (Brune et al., 2014). Note that 

lithospheric thinning and asthenospheric upwelling. 

In the Arzacq-Mauléon basin, the asymmetry is also well expressed in the distribution 

max max
 values 

were located at the upper and lower plate transition, associated with deep crustal and mantle 

max
 values. 

max
 in rift basins, 

Howe rise conjugates (Gaina et al., 1998).
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5.1.2 Formation of extensional allochthons, role of sedimentation and T
max

 distribution

max

they can, at any time, become part of the lower plate (e.g. allochthon formation) where they are 

Syn- to post-tectonic (syn-HE) sediments that seal the extensional allochthons can 

max
 

max
 from 
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Figure IV-8: Figure showing conceptually the distribution of T
max

extensional evolution in an asymmetric rift system. Warm colours represent relative high T
max

 or high 
max

max
 distribution onto the typical Wheeler diagram 

T
max

 between the lower and the upper plate is represented. We suggest a steep horizontal T
max

 gradient 
on the upper plate due to the rapid crustal thinning and the proximity to the active exhumation domain 

max
 are recorded at the 

upper-lower plate transition. Blocks originating from the upper plate and transported as extensional 
allochthon blocks onto the lower plate represent T

max
 anomalies. While the pre-tectonic sequence shows 

post-tectonic sediments are in addition also controlled by burial. Thus, the main signal investigated in 
this study is recorded in the basal, pre- to syn-HE sequence of the hyperextended basin.
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these two thermal events can be juxtaposed on the lower plate and result in very sharp limits 

max

max
 values recorded by syn- 

max
 values recorded in the 

max
 recorded 

in the allochthon and in the overlaying sedimentary sequence is expected. As a consequence, 

paleothermal gradients determined from such data sets might not be representative and may 

In case of high sedimentation rates, the burial related thermal event might eventually 

max

in erroneous determinations of paleothermal gradients and the overestimation of the global heat 

these extreme cases. 
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Figure IV-9: Role of sedimentation rates on the thermal architecture of hyperextended domains at the 
end of rifting. T

max
 in the pre-tectonic sediments (extensional allochthon) have been recorded at the 

upper-lower plate transition and transported onto the lower plate. T
max

 within the syn- to post-tectonic 
sediments are diachronous and depend on sedimentation rate (burial) during hyperextension. Gradient 

determination of the paleothermal gradient using T
max

 can be misleading. In high sedimentation rate 
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5.1.3 T
max

max

is the main controlling factor. However, data from numerical models imply a more complex 

architecture, where diachronous thermal and tectonic histories might be juxtaposed on a single 

vertical section.

rifting but their locations might vary due to rift migration. Especially in asymmetrical rift basins, 

a strong variation of the thermal gradient from the lower to the upper plate must be expected. 

al., 1996; Souche et al., 2014; Boulvais, 2016) or magmatic additions at various time leading to 

max

1985; Souche et al., 2017). However, in low sedimentation rate systems, the top basement 

sequence, future work is necessary to isolate the thermal evolution of the post-HE sequence, 

max
 is commonly used to constrain paleothermal gradient and thermal architecture 

of fossil rift basins. However, our analysis highlights that the maximum temperature reached 

max

gradient extracted with these two values might be unrealistically high and does not represent a 

real paleothermal gradient at any time of the rift evolution.

From this study, we can assume that the thermal asymmetry observed in pre- to syn-HE 

max
 values could suggest the occurrence of an 

allochthonous extensional unit on top of a detachment fault in a lower plate setting.
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5.2 Implications and limitations derived from the Pyrenean case

max
 distribution within the pre- to syn-HE sequence of the basin, likely due to asymmetric 

max
 are not exposed but are buried deeper in the northern 

part of the Mauléon basin. Its south-western shift within the Basque-Cantabrian basin is 

Although we demonstrate a structural and thermal asymmetry of the Arzacq-Mauléon 

rift system similar to the numerical model, the complexity raised by allochthons has not 

been evidenced in our study area. We suggest that gravity gliding and migration of the pre-

the tectonic and thermal history. Such a process has been recently proposed by Lagabrielle et 

max
 in the basin by homogenisation 

max
 located at the upper-lower plate transition. Numerical model 

hyperextended magma-poor rifted margins.

We suggest that the peak heat in sedimentary rift basins is controlled by the relative 

importance of two processes:

- A local and short-lived thermal event located above the focus of hot asthenospheric 
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max
 values might be transferred during rift migration from the upper to the lower plate. 

lower plate transition migrates further away.

Both thermal events can be juxtaposed on the lower plate after the formation of 

allochthons and may lead to unrealistic or not representative paleothermal gradients in case 

of low sedimentation rates. Such a diachronous and asymmetrical evolution of the thermal 

max

max
 values.
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during rifting and reactivation, as well as the thermal evolution associated with hyperextension.

system, from both a structural and thermal point of view, that has been subsequently reactivated 

However, the architecture and evolution of these rift segment boundaries have never been 

carefully studied and little is known about how they formed and the deformation during the 

boundaries and adjacent rift segments during the subsequent orogenic evolution remains ill-

constrained, despite along-strike structural and thermal changes have been recognized (Chevrot 

been proven to fail in predicting the thermal state of hyperextended domains (e.g. Callies et al., 

2018), the recently proposed thermo-mechanical lithospheric models have not been rigorously 

systems in general.

general kinematic framework of the Iberia-Eurasia plate boundary. Moreover, the comparison 

between the rift segment architecture and their lateral terminations permits to analyse the mode 

boundaries and the role of rift domains on the orogenic architecture. Finally, the restoration of 

the thermal state of the asymmetric Mauléon basin coupled to a numerical model allow to assess 

discussed using the main results that came out of the study. 



170

Formation and reactivation of the Pyrenean-Cantabrian rift system

and the integration of results and observations from both the eastern Cantabrian and western 

decoupled the deformation between the sedimentary cover and the underlying basement. As 

such, the allochthonous BCB and St-Jean-de-Luz basin were passively uplifted and transported 

role of the inherited evaporites as well as the strong decoupling between thin-skinned (supra-

junction.

evaporites have been displaced toward the area during the Late Jurassic to Cretaceous tectonic 

evolution, is questioned.

by indirect observations such as the alignment of salt diapirs, the change in thrust vergence, the 



171

Chapter V : General discussion

N
PFT

Leiza

Roncesvalles ?

S
P
F
T

Aoiz

0 10 20 30 40 50 60 70

0

2,5

5

7,5

10

Depth

(km)

20

30

40

50

80 90 100 110 120

Ebro Aquitaine

BCB Basque massifs
St-Jean-de-Luz

basin NorthSouth

Pre-orogenic sedimentary cover

Upper Triassic evaporites - Decoupling horizon

Lower Triassic

Upper crust

Lower crustSyn-orogenic (post-Coniacian)

Mantle

Serpentinized mantle

Undefined rocks

Thin-skinned thrust

Thick-skinned thrust

Syn-rift extensional fault

Thin-skinned S point

Thick-skinned S point

Thin-skinned thrust/supposed

Thick-skinned thrust/supposed

Thin-skinned S point

Thick-skinned S point

S
a
is

o
n

Guarga

Lakoura

Landes High

Biscay Massif

Cinco
Villas

La
bo

ur
d

Aldudes

ArbaillesMendibelza

SPBT

NPFT

Grand Rieu High

Roncesvalles

Ollin

La
bo

ur
d

Aoiz

BCB

MauléonBasin

NPFT

Oyarzun

Ainhoa

Ald
ud

es

Figure V-1: Equilibrated crustal cross-section and structural map of the present-day Pyrenean-



172

Formation and reactivation of the Pyrenean-Cantabrian rift system

the Basque massifs, respectively, and that no strike-slip deformation may have occurred in the 

Basque massifs. As such, the geometry of the area corresponded to an accommodation zone 

such as observed, for example, in the East African rift system at present-day (e.g. Corti, 2012; 

Zwaan et al., 2016) or at oceanic spreading centres (e.g. Acocella, 2008; Bubeck et al., 2017). 

such as observed for the South and North Mauléon detachments at the vicinity of the Labourd 

massif (see Fig. II-2).

the reactivation of hyperextended domains followed by the collision of the thick crust of the 

deformation at the junction of rift segments was accommodated by the formation of new 

shortcutting structures around the Basque massifs. As such, a proto-orogenic wedge formed 

(western BCB and eastern Mauléon basin) were facing subduction of the hyperextended domains 
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stage will occur earlier in these locations or may even occur right at the initiation of convergence. 

While it may be important during the early subduction and transition to the collision phase, it 

Basque Country was responsible for the emplacement of subcontinental mantle at a mid-crustal 

level as attested by the gravity anomaly and the seismic anisotropy underneath the western 

Mauléon basin (Casas et al., 1997; Jammes et al., 2010a; Wang et al., 2016). Moreover, it 

is also responsible for the preservation of the pre-Alpine architecture west of the Saison 

areas for reactivation. However, they may not be easily recognizable due to the subsequent 
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contractional imprint or because they may be obliterated by second-order structures such as 

criteria to recognize them as segmentation can exhibit a multitude of types of architectures 

(Chevrot et al., 2018), or in the Santander area, at the western termination of the BCB.

domains that have been subsequently subducted. It appears that this phase can be preferentially 

It provides as such a unique opportunity to date the initiation of convergence.

apply anymore. As such, the exhumed mantle domain is often assumed to have experienced 

max
) and highest thermal gradient such as proposed in the 

2016). However, the syn-rift lithospheric evolution is rarely consider to account for the thermal 

evolution in these models.

Numerical models show that in case of asymmetric lithospheric hyperextension, 

asymmetric, i.e. not necessarily related to the exhumed mantle domain. An asymmetric rift 

However, future work is needed to see if such an asymmetric model is also able to predict 

(Ducoux, 2017; Roca et al., 2011).
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Another key observation is that asymmetric rift models show the migration of the 

thermal peak, resulting in a complex and diachronous thermal evolution of the distal parts of 

these basins. Indeed, rift migration implies that extensional allochthons may form successively 

because the evaporite decoupling layer impeded allochthons to migrate.
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5.1 Aptian to Cenomanian

strongly argues in favour of a NNE-SSW direction of extension from Aptian (or Late Aptian?) 

aligned along a WNW-ESE orientation (Clerc et al., 2015) in relation with WNW-ESE striking 

rift structures such as the north-dipping South and North Mauléon detachments, Amotz fault 

al., 2014; Razin, 1989). Moreover, the overlapping rift geometry can provide constrains for 

kinematics as suggested by analogue and numerical models. Indeed, the structural architecture at 

overlapping systems preferentially develop in case of orthogonal or slightly oblique extension 

(Acocella, 2008; Zwaan et al., 2016).

opposition with kinematic models constrained by restoration of the N-Atlantic margins based 

on the use of the M series magnetic anomalies (e.g. Nirrengarten et al., 2018) and argues against 

Mattauer, 1978) or with lozenge-shaped or pull-apart Albo-Cenomanian basins such as proposed 

5.2 Late Jurassic to Barremian

clear basin bounding structures have been recognized in this work, except potentially the 

relation with these basins as suggested in chapter II or by Feuillée & Rat (1971), but further 
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studies are necessary to investigate if these aligned diapirs initiated because they correspond to 

Aptian-Cenomanian rift structures.

Beyond local considerations, the analysis of the distribution of the Late Jurassic-

Barremian basins between France and Spain depicts a very wide area perforated by non-

successions deposited in shallow marine to continental environments (e.g. ~7km in Cameros, 

characteristics are strongly contrasting with the Aptian-Cenomanian deep marine sediments 

potentially in relation with the left-lateral motion of Iberia.

6.1 Reactivation of segmented rift systems

phases can be distinguished during the reactivation of hyperextended rift systems in general (e.g. 

domain, i.e. basinward of the coupling point, while the collisional phase corresponds to the 

collision of conjugate necking and proximal domains located landward of the coupling point, 

processes resulting in the formation of new structures, well recorded in collisional systems. 

However, the subduction phase consists of the reactivation and inversion of rift structures and 

phase of deformation but becomes marginal once the system becomes mature. Such relative 

control of inheritance through time has also been suggested during extension in relation with 

the formation of the hyperextended domain, i.e. basinward of the coupling point (Manatschal 

et al., 2015).
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boundaries, tectonic inversion may lead to anomalous architecture in relation with shortcutting 

laterally evolve due to structural reorganisation (e.g. thin- to thick-skinned thrust faults), making 

numerical models even for those assuming pre-convergence rift-inheritance (e.g. Jammes et 

al., 2014). However, they fail in representing intermediate stages where inheritance and along-

Cantabrian junction for the subduction phase.

domains. Besides, results of this manuscript show that lithospheric evolution can be strongly 

transition. During rift migration (Brune et al., 2014), extensional allochthons and associated 

pre- to syn-tectonic sediments will be transported from the upper to the lower plate and as 

max

lower plate, syn- to post-tectonic sediments can be deposited onto the extensional allochthon 

max
 values. As such, 

an asymmetric thermal and structural evolution may lead to a complex thermal architecture, 

especially in sediment starved systems, where sediment burial is less likely to overprint the syn-

max
 from various thermal events can eventually be superposed on a vertical 

max
 values should not be extrapolated to assess the syn-

has to be taken into account to understand the thermal evolution of a hyperextended rift basin. 
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junction, 2) the orogenic evolution associated with the reactivation of rift segment boundaries, 

Cantabrian system represents a natural laboratory to explore the questions of segmentation, 

fault across the Basque massifs. Instead, the structural pattern depicts a wide accommodation 

zone characterised by overlapping rift systems north and south of the Basque massifs during 

Aptian to Cenomanian time.

the overlapping geometry, strongly argue for NNE-SSW direction of extension during Aptian 

(or Late Aptian?) to Cenomanian, providing kinematic constrains for the Iberia-Eurasia plate 

for this time laps.

crust (thick-skinned) and the supra-salt sedimentary cover (thin-skinned), allowing to transport 

the basins over the thick proximal domains.

depicts an orogenic wedge, represented by the Basque massifs, overlying the Eurasian and 

Iberian (Ebro) plates, and a subducting slab composed of the hyperextended domain of the 

former BCB.

• Rift domain and structural mapping as well as geological cross-sections from 

from one segment to the other. At rift segments (eastern Mauléon and central BCB), two 



184

Formation and reactivation of the Pyrenean-Cantabrian rift system

controlled by rift inheritance, reactivated the rift structures via the northward subduction of the 

domains), the collisional phase initiated (Eocene to Miocene), governed by orogenic processes, 

and led to the formation of new thick-skinned structures and to the development of an orogenic 

wedge.

faults (thick-skinned) formed during the subduction phase to transfer the shortening from one 

to accommodate the change from north-dipping underthrusting in the Eastern Mauléon basin to 

south-dipping in the Western Mauléon basin.

the emplacement at crustal level of subcontinental mantle rocks and the preservation of pre-

the Mauléon basin allow to investigate the thermal evolution of asymmetric hyperextended 

max

located at the upper-lower plate transition.

extensional allochthons as they migrate from the upper to the lower plate during rift migration. 

max
 can be recorded at the upper-lower plate transition and transported 

onto the lower plate.

max

architecture (e.g. paleo-thermal gradient) may lead to erroneous results in complex diachronous 

and allochthonous extensional settings.

structural evolution. Such results would require to be tested in present-day asymmetric rifted 

margins such as the Iberia-Newfoundland or the Labrador-West Greenland passive margins.
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Besides, this study highlights the role of rift segmentation for the reactivation pattern. 

order to constrain the timing of deformation and the implication for the orogenic architecture. 

It could allow to identify criteria that are representative of inverted rift segments and help 
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and their relationship with inheritance. Seismic tomography has revealed to represent a powerful 

Cantabrian segments.

towards rift segment boundaries such as the emplacement of subcontinental mantle at crustal 

levels and the switch in the dip of the underthrusting direction during the subduction phase 

responsible for the preservation of the pre-orogenic structures. However, the processes going 

on during extension and reactivation of overlapping rift systems remain poorly known and 

of overlapping rift systems have shown that various structural evolutions can occur in 

sedimentary rocks), the lower crust can be re-mobilized at transfer zones and may spread to 

accommodate hyperextension. Such models provide new thermal and structural constrains on 

the evolution of rift segments and should be tested for reactivation in order to determine the 

might also provide new models to explain the present-day architecture of the Basque Country 

and the exhumation of the granulite rocks.
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development of a wide lower plate and a sharp upper plate (rift polarity). However, little is 

strike variation of the orogenic architecture (Chevrot et al., 2018) where both seem to occur in 

with geological cross-sections might help decipher the role of upper-lower plate architecture on 

the orogenic architecture.

constrains for the Iberia – Eurasia plate boundary, arguing for NNE-SSW direction of extension 

solution has been partly proposed by Nirrengarten et al. (2018) who suggested that part of the 

strike-slip component was accommodated along the Iberian range, i.e. south of the Ebro block. 

mostly NNE-SSW extension from Late Jurassic to Cenomanian, the left-lateral displacement 

these results need to be integrated in geodynamic models and be confronted again to geological 

observations.

high geothermal gradient and can behave ductile in comparison to the lower plate. In case of 
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tectonic inversion, this thermal and rheological state might control the reactivation pattern and 

the architecture of the subsequent orogen. As such, future models should be performed in order 

to test the role of asymmetric structural and thermal evolution during reactivation and their 

Restored cross-sections of chapter III indicate that the syn-rift architecture of the BCB 

and Mauléon basin was characterised by abrupt crustal thinning resulting in a zone of necking 

and hyperextension that was about 60km wide, which is short in comparison to the world 

average of magma-poor passive margins that is ~170km wide (Chenin et al., 2017). However, 

the reasons for such abruptness have been only little investigated (Jammes et al., 2009; 2010b). 

As such, future research should focus on scenarios to explain such abrupt crustal thinning:

However, little is known about the pre-Aptian kinematics.

Corre, 2017; Lagabrielle et al., 2016). Indeed, the latter implies very wide crustal domains and 

can barely reach mantle exhumation (Brune et al., 2017). However, despite brittle deformation 

has been attested in the study area, the large occurrence of meta-sediments constituting the 

basins.

- Inheritance has been shown to weaken the crust and localize the deformation 

or related strike-slip structures have been proposed to represent such weakness that could be 

used to localize deformation during Albo-Cenomanian hyperextension (e.g. Cochelin et al., 

2018; Jammes et al., 2010a). However, such structure may not have existed in the eastern BCB 
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Figure S1: Carte des faciès du Cénomanien Supérieur autour des massifs basques à partir des données 
de puits, de littérature et des cartes géologiques.
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Supporting Information for
Thermal evolution of asymmetric hyperextended magma-poor rift systems: results from numerical 

Rodolphe Lescoutre1 , Sascha Brune4,5, Emmanuel Masini , 

Gianreto Manatschal1

1IPGS, EOST-CNRS, Université de Strasbourg, Strasbourg, France
2Sorbonne Université, CNRS-INSU, Institut des Sciences de la Terre Paris, ISTeP UMR 7193, F-75005 Paris, 
France.
3Total R&D, CSTJF, Pau, France
4

5Institute of Earth and Environmental Sciences, University of Potsdam, Germany

Table S1

Figure S2: Numerical model with sediments.

Movie S3

evolution (snapshots extracted from the movie).

Table S4: RSCM datasets of the Mauléon basin compiled for this study.

Figure S5

Summary

literature for the Mauléon-Arzacq basin.



225

Annexes

Table S1: Thermo-mechanical parameters. During frictional and viscous strain softening, µ and BDisloc 
respectively vary linearly for brittle and viscous strain between 0 and 1. For strains larger than 1, they 

factor that is 30 times larger than the listed value, representing a modest viscosity decrease between 0.3 
and 0.4 if compared to unstrained material (Brune et al., 2014). We mimic the heterogeneous distribution 
of faults by randomizing the initial strain distribution between values of 0 and 0.2, which results in an 
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Figure S2: Role of sediments on the mode of deformation. a) The model is identical to the setup shown 

similar brittle asymmetric deformation. b) Sediment thickness (LoadHeight in km) is represented along 
the aborted rift system at 25My. Note that the deepest part (upper-lower plate transition) records about 
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Figure S3: See caption below.
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Figure S3: See caption below.
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Figure S3: See caption below.
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Figure S3: 
evolution.
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Table S4: RSCM datasets compiled for this study. Longitudes (x) and latitudes (y) are in Lambert 93 
coordinate system (in meters).
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Figure S5: See caption below.
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Figure S5: See caption below.
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Figure S5: See caption below.
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Figure S5: 
measurements for each depth and the number of samples are shown. We also present the histograms 
provided by the Total company.
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Une interprétation de certaines données sismiques disponibles dans le bassin Basque-

Cantabre est proposée ici (Fig. 1). L’intérêt de ce travail est avant tout de produire une 

qualité des données, les horizons n’ont pas été suivis de façon rigoureuse mais peuvent être 

corrélés aux cartes géologiques de surface et aux données de puits.

à partir des lignes sismiques et des données de puits mis à disposition par l’IGME (©Instituto 

L’échelle verticale des coupes sismiques étant en seconde (temps de parcours aller-

Les horizons de couleurs correspondent au « top » de la séquence sédimentaire considérée (voir 

Fig. 2 pour la légende des horizons). Les intersections avec les autres lignes sismiques sont 

indiquées par les croix sur les sections.
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Figure 1: Carte de localisation des lignes sismiques interprétées
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Figure 2: 
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Figure 3: 

Figure 4: Ligne sismique RL75
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Figure 5: 

Figure 6: 
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Figure 7: 

Figure 8: 
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Figure 9: 

Figure 10: 
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Figure 11: 

Figure 12: Ligne sismique RL74
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Figure 13: 

Figure 14: 
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Figure 15: Ligne sismique PF

Figure 16: Ligne sismique DP3
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Figure 17: 

Figure 18: Ligne sismique DP17
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Figure 19: Ligne sismique DP15

Figure 20: Ligne sismique OS-13
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4.1 Exhumation des granulites de l’Ursuya

déterminer les relations entre le massif du Labourd et l’unité des granulites de l’Ursuya (Fig. 

terrain à proximité du village du Louhossoa viennent compléter le panorama.

de Bidarray (Fig. II-4). Ces séries sont basculées vers le nord à nord-est en s’approchant du 

dans l’unité granulitique d’Ursuya. Ce linéament de Louhossoa apparait dans la topographie de 

Shear zone

? ?
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Artzamendi

Laxia valley

NS

S N

S1: 2
02/49

NWSE

Trace of 

eye-shape 

quartz-rich clast
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Sud Louhossoa: 43.313012, -1.348740

Figure 1: 
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un minimum de 20 mètres, se compose de schistes altérées rougeâtres dont le plan de schistosité 

Ces lentilles de quartz (et feldspaths?) se déforment de façon ductile dans la direction de la 

schistosité de la matrice argileuse puis sont recoupées par une déformation cassante qui se 

caractérise par des failles normales orientées approximativement vers le nord.

Ces observations suggèrent qu’une déformation ductile puis cassante, probablement 

du Labourd et les granulites de l’Ursuya. Cet épisode pourrait être partiellement responsable 

de l’exhumation des granulites et du basculement vers le nord (nord-est en relation avec des 

failles secondaires orientées N-S à faible rejet) des séries triasiques dans le toit de la zone 

de cisaillement. Ainsi, l’âge de la structure de Louhossoa devrait être postérieur aux dépôts 

contraindre l’âge relatif des déformations.
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Figure 2: Carte de localisation des coupes

Figure 3: 

Figure 4: 
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Figure 5: 

Figure 6: 
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5.1 Rapport d’observation des carottes du puit d’Ainhice-1 à Boussens

Participants : Emmanuel Masini, Julie Tugend, Maxime Ducoux, Rodolphe Lescoutre

Les observations correspondent au premier ordre avec le rapport des activités de sondages 

décrivant une alternance d’ophites tardi-triasiques avec des ardoises indurées. Les carottes 

montrent des changements abruptes de pendages ainsi que des déformations compressives de 

types boudinage, plis et failles inverses suggérant au minimum deux phases de déformations. 

cisaillement, structures S-C) remplies par de la calcite parfois de couleur verdâtre (Fig. 2). La 

Nos commentaires sont que les roches observées, très indurées et plissées, ne 

correspondent pas aux évaporites triasiques tel qu’énoncées dans le rapport de sondage. Nous 

supposons que la présence d’ophites ainsi que l’absence des grès triasiques inférieurs plus 

Figure 1: 
pour ce rapport.
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Nous proposons que ces carottes soient constituées de roches du socle paléozoïque  

limite socle-couverture à un niveau plus haut dans le puit où, notons, aucune évidence de grès 

triasique (Buntsandstein) n’a été relevée. Ces observations, couplées au fait que la déformation 

couverture pourrait correspondre à une surface tectonique de type extensive. 

Figure 2: Échantillons de carottes montrant les veines de calcites remplissant les failles et les fractures.

5.2 Rapport d’observation des cuttings

indiquée sur les rapport d’activité de sondage à ~2900m de profondeur. Cette limite pourrait 

correspondre au contact tectonique suggéré dans le paragraphe précédent.

Les observations de cuttings montrent une transition abrupte entre les ardoises indurées 

(l’intervalle n’étant pas disponible). Aucune structure de déformation n’a été observée sur les 

quelques échantillons d’ardoises. Les anhydrites sont parfois associées avec des argiles vertes 

Ces observations suggèrent que le contact entre les ardoises (probablement paléozoïques) 

tectonique.
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d’études et interprétations ont été principalement guidés par les résultats et observations de mon 

travail de thèse.

6.1 Objectif et lieu d’étude

L’objectif de la mission était de caractériser et localiser certaines structures et objets 

Ainsi, l’étude de carte de l’intensité de l’anomalie magnétique dans ces zones 

permettrait de mieux localiser et caractériser ces zones clefs pour la compression du système 

6.2 Contexte général

Le système pyrénéo-cantabrique, qui s’étend au nord de l’Espagne selon une 

orientation est-ouest, résulte de la fermeture des bassins de rift crétacés lors de l’orogénèse 

disposition générale en éventail dissymétrique associée à une subduction à pendage nord de la 

tectoniques ont façonné l’architecture lithosphérique et crustale (ex : orogenèse varisque, rifts 

triasique et crétacé). De nombreux témoins de ces épisodes sont préservés dans la chaîne ainsi 

que dans les domaines externes.

La carte des anomalies magnétiques à l’échelle du système pyrénéo-cantabrique est 

linéaires (2D). Les principaux objets ponctuels sont localisés prés de Bilbao et d’Aurignac 
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Figure 1: Carte géologique (a), carte des anomalies magnétiques (b), et carte du signal analytique (c) 
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(Nabighian, 1972 ; Roest et al., 1992 ; Salem et al., 2002) ont été faites sur ces deux anomalies 

De façon générale, le domaine est-pyrénéen présente de nombreuses anomalies orientées 

moins nombreuses (deux linéations principales) dans la partie ouest. De faibles anomalies sont 

observées dans les bassins de l’Èbre et Aquitain. Notons cependant l’existence d’une anomalie 

attribuée aux épisodes tardi-varisque à triasique.

certains levés détaillés.

- L’anomalie au sud, de haute fréquence et de plus forte intensité, indique que la 

source est proche de la surface. La carte géologique nous indique la présence d’ophite dans la 

zone que l’on pourrait donc rapprocher à cette anomalie ponctuelle.

Figure 2: Carte géologique au 1/106 (BRGM) et cartes des anomalies magnétiques montrant les 
anomalies ponctuelles associées au massif du Labourd.
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- Au centre, on aperçoit une anomalie de plus grande longueur d’onde et de plus 

faible intensité, dont la géométrie semble s’accorder avec la limite nord du massif du Labourd.

Cependant, on remarque qu’aucune anomalie ne semble associée au linéament 

6.3 Description des zones cartographiées

sont :

1) Hasparren (entre Hasparren en Cambo-les-bains)

La zone sélectionnée recouvre le chevauchement du Labourd qui superpose les roches 

à facies métamorphique « granulite » de l’unité d’Ursuya sur les sédiments non métamorphiques 

du bassin de Mauléon. L’unité d’Ursuya est composée de métasediments et migmatites 

(facies granulites et protolithe inconnu) ainsi que de gabbros. La formation des gabbros et 

bassin de Mauléon ont des lithologies variables (sel, calcaires, marnes, et turbidites calcaires) 

d’âge tardi-triasique à crétacé supérieur. Le chevauchement du Labourd, bien qu’observé 

indirectement par l’étude des déformations dans les bassins de Mauléon et St-Jean-de-Luz et 

déplacement accommodé par le chevauchement ne sont pas bien contrains.

2) Louhossoa, au pied du mont Baïgoura

La zone d’étude se situe au pied nord du massif du Baïgoura, sur la structure de 

Louhossoa qui juxtapose les granulites de l’unité d’Ursuya (cf. zone d’Hasparren) aux roches 

paléozoïques et triasiques du Baïgoura. Les roches du Baïgoura se composent de métasédiments 

Une augmentation du métamorphisme est observée du haut du massif du Baïgoura vers la 

structure de Louhossoa en contrebas. Cette structure de Louhossoa a été décrite comme une 

faille ou zone de cisaillement extensive à pendage sud accommodant une partie de l’exhumation 

des granulites de l’Ursuya. Cependant, l’âge et l’angle de cette structure restent peu connus. 

Les précédentes estimations de son angle, basées sur les interprétations géologiques, varient de 

granulites (Louhossoa seule ou faille d’exhumation à pendage nord).
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Il se situe au nord de l’unité granulitique de l’Ursuya, dans la vallée située au sud du village 

implications pour l’architecture crustale synrift crétacée sont largement discutées : péridotite 

mantellique (= croûte très amincie) ou cumulât (magma associé à la mise en place des gabbros). 

dans la croûte reste incertaine : 1) Fenêtre sur le manteau sous-continental, auquel cas le contact 

granulite-manteau représenterait ici le Moho crétacé ; 2) Lentille de manteau insérée dans la 

croûte inférieure à  moyenne lors d’un précédent événement tectonique.

Ainsi, une cartographie de l’étendue et profondeur du manteau de Sohano permettrait 

à priori d’argumenter en faveur de l’un ou de l’autre scénario.

Figure 3: Carte géologique du massif du Labourd, avec les 3 zones étudiées.
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6.4 Méthode

La cartographie magnétique par drone permet d’obtenir un jeu de données de haute 

résolution sur les anomalies magnétiques localisées à faible profondeur correspondant à 

l’échelle des structures observées sur le terrain. De plus, elle permet de couvrir de vastes zones 

éventuellement inaccessibles à pied.

L’acquisition en drone a été réalisée avec une électronique de type 15F1 (15F1000). 

partir du milieu du drone) à l’avant du drone. Le porteur de l’équipement est le drone M210 

Figure 4: Le drone avec le système magnétique.

Les conditions météorologiques doivent être bonnes (pas de vent, pluie). Les vols ont 

été faits de façon manuelle et automatique, selon le contexte et l’altitude (Fig. 5).
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6.5 Résultats de la campagne aéromagnétique

1) Hasparren

Les résultats (Fig. 6) montrent un gradient positif vers le nord, mais l’anomalie n’est 

présence de chevauchement du Labourd où le contact granulites - sédiments ne semble être 

associé à aucune anomalie magnétique de haute fréquence.

Ces résultats peuvent être mis en perspective par rapport à une première mission de 

(carrière de Garralda). A cet endroit, le même contact lithologique existe (granulite – sédiments 

Ainsi, si l’on souhaite cartographier magnétiquement ce contact, il est nécessaire que 

le capteur soit placé à quelques mètres du sol.

Figure 5: Tableau des paramètres de vols.

Figure 6: Carte géologique (Iholdy 1/50000, BRGM) et carte de l’intensité de l’anomalie magnétique 
pour la zone d’Hasparren.
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2) Louhossoa

Les cartes magnétiques ne montrent pas d’anomalie corrélées à la géologie que ce soit 

mais aucun objet géologique n’est mesuré. Ce constat peut être expliqué par deux hypothèses :

- Un contraste faible des propriétés magnétiques entre l’infra-structure (granulites) 

et la supra-structure (métasédiments paléozoïques).

devrait potentiellement être étendu.

Figure 7: Carte géologique (a) (Iholdy 1/50000, BRGM) et carte des anomalies magnétiques par drone 
(b) et au sol (c) pour la zone de Louhossoa.

l’on peut associer aux roches de manteau serpentinisé décrites sur la carte géologique comme 

d’une anomalie de grande longueur d’onde qui ne semble pas corrélée aux orientations de la 

la carte. Il semble parallèle au tracé d’une faille inverse de la carte géologique.
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6.6 Conclusion générale et perspectives

L’analyse à l’échelle du système pyrénéo-cantabrique des cartes magnétiques (EMAG2) 

d’architecture entre l’est et l’ouest.

anomalies ne sont plus aussi linéaires. Dans le cas du chevauchement du Labourd, une anomalie 

semble dessiner son contact nord. Cependant, le linéament de Louhossoa ne semble pas être 

associé à une anomalie magnétique.

Avec des données de haute résolution, nous avons mis en évidence que les anomalies 

magnétiques pouvaient être corrélées plus facilement avec les objets géologiques cartographiés.

Cette étude préliminaire met en évidence que le magnétisme permet de mieux 

caractériser les structures à toutes les échelles du système.

serait intéressant de combiner ces données aux données géophysiques existantes ainsi qu’aux 

cantabrique.

Les données plus hautes résolutions (aéromagnétisme et drone) permettent de faire le 

lien avec la géologie de surface. Une campagne de plus haute résolution permettrait de mieux 

(végétation dense, urbanisation, données géophysiques pas assez résolutives).

Figure 8: Carte géologique (Iholdy 1/50000, BRGM) et cartes de l’intensité de l’anomalie magnétique 
pour la zone de Sohano.
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Formation et réactivation du système de rift pyrénéo-cantabrique : 
héritage, segmentation et évolution thermique 

Résumé 

Cette étude vise à décrire le rôle de l’héritage et de la segmentation associé au rifting pour la 
réactivation ainsi qu’à étudier l’importance de l’asymétrie tectonique sur l’évolution thermique syn-rift, 
en utilisant le système de rift pyrénéo-cantabrique comme laboratoire naturel. 

L’architecture de la jonction entre les segments pyrénéen et cantabrique a été décrite grâce à 
l’établissement de coupes géologiques, d’interprétations sismiques et de données de puits. Elle 
montre un découplage important entre la déformation « thin-skinned » et « thick-skinned ». Les 
résultats infirment l’hypothèse d’une faille transformante de Pampelune au Crétacé moyen et mettent 
en évidence une zone d’accommodation, où les segments de rifts se propagent au nord et au sud 
des massifs basques, associée à une direction d’extension globalement nord-sud. 

L’établissement d’une carte des domaines de rift et de coupes restaurées montrent que deux 
phases peuvent être observées lors de la convergence dans les segments de rift en fonction du 
point de couplage : une phase de subduction et une phase de collision. Cependant, à la jonction 
entre les segments, un proto-prisme orogénique bordé par des structures néoformées s’est 
développé dès la phase de subduction. Ces résultats soulignent l’importance de l’héritage 3D pour 
l’initiation de la réactivation et l’architecture locale de la chaîne orogénique. 

L’évolution thermique associée aux rifts hyper-étirés asymétriques a été étudiée en utilisant 
un modèle numérique et l’analogue du bassin de Mauléon. Les résultats montrent que l’asymétrie 
structurale est associée à une évolution thermique asymétrique et diachrone. Ils soulignent 
l’importance de comprendre l’évolution lithosphérique afin de contraindre l’architecture thermique. 

 

Mots clefs : héritage, segmentation, réactivation, Pyrénées, évolution thermique, hyper-extension 

 

Abstract 

This study aims to describe the role of rift-inheritance and segmentation for reactivation and to 
investigate the influence of asymmetric rifting on the syn-rift thermal evolution, using the Pyrenean-
Cantabrian system as a natural laboratory. 

The architecture of the Pyrenean-Cantabrian junction has been described thanks to geological 
cross-sections, seismic interpretations and borehole data. It shows a strong decoupling between the 
thin- and thick-skinned deformations. Results argue against the existence of a Pamplona transform 
fault at mid-Cretaceous time and describe an accommodation zone where rift segments overlapped 
north and south of the Basque massifs, in relation with a roughly north-south direction of extension. 

Rift domain mapping and restored cross-sections show that two phases can be recognized 
with respect to the coupling point during the reactivation of rift segments: a subduction and a 
collisional phase. However, at rift segment boundaries, a proto-crustal wedge bounded by newly 
formed structures already developed during the subduction phase. These results highlight the 
importance of 3D inheritance for the initiation of reactivation and the local architecture. 

The thermal evolution associated with asymmetric hyperextended rifting has been 
investigated using numerical modelling and the Mauléon rift basin analogue. Results show that 
structural asymmetry is associated with asymmetric and diachronous thermal evolution, and highlight 
the importance of understanding lithospheric evolution to better constrain the thermal architecture. 

 

Keywords: rift-inheritance, segmentation, reactivation, Pyrenees, thermal evolution, hyperextension 


