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Evolution of a low convergence collisional orogen: a review of Pyrenean orogenesis

Évolution d’un orogène collisionnel à faible convergence : une revue de l’orogenèse pyrénéenne

Mary Ford1* [image: orcid], Emmanuel Masini2,3, Jaume Vergés4 [image: orcid], Raphael Pik1, Sébastien Ternois1,5 [image: orcid], Julien Léger1, Armin Dielforder1,6 [image: orcid], Gianluca Frasca1,7 [image: orcid], Arjan Grool1, Constance Vinciguerra8, Thomas Bernard9, Paul Angrand10 [image: orcid], Antoine Crémades1 [image: orcid], Gianreto Manatschal11, Sébastien Chevrot10 [image: orcid], Laurent Jolivet12, Frédéric Mouthereau11 [image: orcid], Isabelle Thinon13 [image: orcid] and Sylvain Calassou14
1 
Université de Lorraine, CNRS, CRPG, UMR 7358,  Nancy,  France 

2 
 M&U SAS,  Saint-Égrève,  France 

3 
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Abstract

The Pyrenees is a collisional orogen built by inversion of an immature rift system during convergence of the Iberian and European plates from Late Cretaceous to late Cenozoic. The full mountain belt consists of the pro-foreland southern Pyrenees and the retro-foreland northern Pyrenees, where the inverted lower Cretaceous rift system is mainly preserved. Due to low overall convergence and absence of oceanic subduction, this orogen preserves one of the best geological records of early orogenesis, the transition from early convergence to main collision and the transition from collision to post-convergence. During these transitional periods major changes in orogen behavior reflect evolving lithospheric processes and tectonic drivers. Contributions by the OROGEN project have shed new light on these critical periods, on the evolution of the orogen as a whole, and in particular on the early convergence stage. By integrating results of OROGEN with those of other recent collaborative projects in the Pyrenean domain (e.g., PYRAMID, PYROPE, RGF-Pyrénées), this paper offers a synthesis of current knowledge and debate on the evolution of this immature orogen as recorded in the synorogenic basins and fold and thrust belts of both the upper European and lower Iberian plates. Expanding insight on the role of salt tectonics at local to regional scales is summarised and discussed. Uncertainties involved in data compilation across a whole orogen using different datasets are discussed, for example for deriving shortening values and distribution.

Résumé

Les Pyrénées sont un petit orogène de collision à faible convergence construit par inversion d’un système de rift immature au cours de la convergence des plaques ibérique et européenne du Crétacé supérieur au Cénozoïque. La ceinture montagneuse comprend les Pyrénées méridionales (pro-avant-pays) et les Pyrénées septentrionales (rétro-avant-pays), où le système de rift hérité du Crétacé inférieur est principalement préservé. En raison de la faible convergence globale et de l’absence de subduction océanique, l’orogène pyrénéen conserve l’un des meilleurs enregistrements géologiques de l’orogenèse précoce, de la transition de la convergence précoce à la collision principale et de la transition de la collision à la post-convergence. Ces périodes de transition enregistrent des changements majeurs dans le comportement de l’orogène, reflétant l’évolution des processus lithosphériques et des moteurs tectoniques. Les contributions du projet OROGEN ont apporté un nouvel éclairage sur ces périodes critiques, sur l’évolution de l’orogène dans son ensemble, et en particulier sur la phase de convergence précoce. En intégrant les résultats d’OROGEN aux résultats d’autres projets de recherche collaboratifs récents sur le domaine pyrénéen (PYRAMID, PYROPE, RGF-Pyrénées), cet article propose une synthèse des connaissances actuelles et des débats sur l’évolution de cet orogène immature tel qu’enregistré en particulier dans les bassins synorogéniques et les chaînes plissées des plaques européennes et ibériques. L’élargissement des connaissances sur le rôle de la tectonique salifère aux échelles locales et régionales est résumé et discuté. Les incertitudes impliquées dans la compilation des données sur l’ensemble d’un orogène à l’aide de différents ensembles de données sont discutées, par exemple pour estimer les valeurs de raccourcissement et sa distribution.

Key words: Pyrenees / foreland systems / collisional orogen / foreland basins / rift inheritance
Mots clés : Pyrénées / systèmes d’avant-pays / orogène collisionnel / Bassin d’avant pays / héritage de rift


1 Introduction
Fold and thrust belts, their flexural basins and forelands develop as integrated systems during plate convergence (DeCelles and Giles, 1996; Ford, 2004; Sinclair, 2012; DeCelles, 2012; Horton and Plate, 2018), thus preserving valuable records of interacting orogenic and surface processes in their stratigraphy and structure. The application of rapidly evolving technologies, analytical and numerical techniques to external orogenic systems over the last 20 years has led to many new insights and innovative research, nowhere more-so than in the Pyrenean orogen. The Pyrenees is one of several relatively small alpine orogens created across southern Europe during convergence of the African and European plates from Late Cretaceous to present day (Fig. 1; Platt et al., 1989; Rosenbaum et al., 2002a; Schettino and Turco, 2009, 2011; Handy et al., 2010). This small orogen has become one of the best-studied natural laboratories for collisional orogenic processes. Over the last 10 years, four major projects funded by French research agencies and industry have focused on various aspects of the Pyrenean Orogen: PYROPE (deep seismic tomography, funded by the French National Funding Agency, the ANR), PYRAMID (North Pyrenean foreland systems, funded by the ANR), the RGF-Pyrenees project (funded by the BRGM), and OROGEN (Orogenic Systems, funded by Total, CNRS and BRGM). These large collaborative projects, combined with other research programs in Spanish, French and international research institutions are driving an exceptional outpouring of new research on the Pyrenean orogen. As well as contributing to the ever-improving standard geological databases, these research efforts are building outstanding new datasets such as for passive seismic tomographic imagery of the orogen’s deep structure and physical properties (e.g., Chevrot et al., 2022) and thermochronology datasets using a variety of isotopic systems (e.g., Bosch et al., 2016; Labaume et al., 2016, Labaume et al., 2016; Vacherat et al., 2016, 2017; Bernard et al., 2019; Odlum et al., 2019; Ternois et al., 2019a, b; Fillon et al., 2020; Milesi et al., 2020; Waldner et al., 2021), that provide insight into crustal thermal evolution and deformation during orogenesis. Thermomechanical modelling also offers an increasingly powerful and effective tool to investigate complex geodynamic systems and processes and their controlling parameters (e.g., Beaumont et al., 2000; Sinclair et al., 2005; Mouthereau et al., 2014; Erdös et al., 2014a, b; Curry et al., 2019; Grool et al., 2019; Jourdon et al., 2019, 2020). Finally, major advances in our conceptual understanding of the pre-orogenic magma-poor extensional systems, salt tectonics and mantle dynamics are impacting research in the Pyrenees as well as in other orogens (e.g., Alps). New Pyrenean research is thus contributing to paradigm shifts in our global understanding of orogenesis and full Wilson cycle dynamics.
As with all orogens, the unique geodynamic characteristics of the Pyrenees can be seen as opportunities or limitations. Here, we emphasize the opportunities offered by the low convergence orogenic cycle (referred to as an immature Wilson cycle). The orogen’s notable characteristics are the following:

	No oceanic crust was produced during the separation of the Iberian and European plates by magma-poor hyperextension (although an unknown amount of upper mantle was exhumed). Hence continental collision was not preceded by oceanic subduction. A critical change in stress distribution and lithospheric deformation occurred through the initiation of continental subduction.


	Convergence began less than 10 Myrs after the termination of rifting so that the hot, rifted lithosphere had not yet attained thermal equilibrium.


	Due to its overall low convergence, the orogen preserves not only the main collision stage but also the full record of orogenesis from onset of convergence to post-convergence stages.


	No record of syn-orogenic high-grade metamorphism and/or high temperature ductile deformation of basement nappes is observed at outcrop level. The pro and retro low-grade wedge systems therefore essentially form the full mountain belt.


	Upper Triassic evaporites play a key role in both the extensional and convergence histories of the orogen.



Due to these characteristics, the Pyrenean orogen notably preserves one of the best geological records of onset and early orogenesis, the early convergence-to-collision transition and the transition from collision to post-convergence. Much recent research has focused on the less well-known northern Pyrenees, where the inherited rift system is mainly preserved, and has thus shed new light on these critical periods and their role in progressively building the Pyrenean mountain belt. In larger orogens, these early and late records of orogenesis tend to be strongly overprinted or destroyed by collisional processes and strong post-convergence processes (e.g., rebound, relief rejuvenation, erosion) respectively.
This paper presents a synthesis of the current state of knowledge on Pyrenean orogenesis recorded in its foreland systems, their progressive evolution and controlling factors, by integrating the results of the OROGEN project (2015–2020) with the rich and continuing flow of research emerging on the Pyrenees. It is one of a collection of overview papers of the Orogen project. Readers are directed to sister papers on complimentary subjects related to the role of rift inheritance in Pyrenean orogenesis (Manatschal et al., 2021), geophysical imaging of the deep orogenic structure (Chevrot et al., 2022), Mesozoic to present-day plate tectonic processes in the western Mediterranean (Jolivet et al., 2021a) and how rheological and structural inheritance at lithospheric and crustal scales impact mountain building processes in the alpine domain (Mouthereau et al., 2021). Here, we first summarize the regional and plate tectonic setting of the Pyrenean orogen and briefly describe the pre-orogenic rift template. We then explore the evolution of retro and pro foreland basins and deformation wedges to clarify sediment supply, basin dynamics and distribution of deformation during early convergence, the early convergence-to-collision transition, main collision and, finally, the transition from collision to post-convergence. We highlight the importance of emerging research on the role of evaporite layers in deformation distribution and style, the thermal signature of early convergence and modelling of crustal scale processes that initiated subduction of the Iberian plate. Finally, we summarize the principal outcomes and wider implications of these findings and identify future challenges for research in the Pyrenees and in orogens more globally.
	[image: thumbnail]	Fig. 1 West Mediterranean and western Europe alpine orogens, and onshore synorogenic basins (Late Cretaceous-Cenozoic). Abbreviations: TB: Toulon Belt, Provence; CCR: Catalan Coastal Ranges.



2 Regional overview
2.1 European and west Mediterranean alpine orogens and syn-orogenic basins
Around the Western Mediterranean small orogens developed within the larger Alpine-Himalayan system (Fig. 1) from Late Cretaceous to present day (e.g., Roure, 2008; Vergés et al., 2002, 2019). These orogens can be described as either collisional orogens or retreating thrust belts, each type having distinctive foreland systems (Fig. 1; DeCelles, 2012). The collisional Alpine and Pyrenean orogens developed along the southern margin of the European plate, due to collision with the Apulian and Iberian plates respectively. The Basque-Cantabrian belt is the westward continuation of the Pyrenees. Each orogen has a retro and pro-foreland system. Proforeland basins (North Alpine basin, Ebro and Duero basins) develop on the downgoing plate (Europe and Iberia respectively). The North Alpine Basin shows the “classic” stratigraphic infill recording an initial marine transgression, an undersupplied, deepening marine basin (underfilled basin), evolving to a continental basin with high sediment supply from growing orogen relief (overfilled basin; e.g., Sinclair, 2012). The proforeland basins of the Pyrenean system show a more complex history, due largely to inheritance, but also to a marked late endorheic stage, which will be described below. Developing on the upper plate, the retroforeland basins (Po, Aquitaine) record low flexural subsidence during the full convergence history. They are strongly influenced by inherited crustal structure and rheology (e.g., Angrand et al., 2018; Manatschal et al., 2021).
Further south and east in southern Europe and Mediterranean regions, younger retreating thrust systems (Apennines, Betics, Rif, Tell, Carpathians, Fig. 1) developed above Tethyan rollback subduction systems. These retreating convergence zones are characterized by low relief thrust belts and broad, highly subsiding, mainly marine flexural basins on the subducting plate (DeCelles, 2012) with backarc extensional basins on the upper plate (Jolivet et al., 2021b).
Syn-orogenic intraplate basins of variable character developed across the Iberian and European plates (Fig. 1). Across the Iberian plate Mesozoic rift systems were inverted during Oligocene-Miocene convergence to create a series of local intraplate thrust belts (Iberian Range, Central System) associated with largely endorheic flexural basins (Duero, Tajo basins; Fig. 1; Vergés and Fernàndez, 2006, and references therein). In contrast, the European plate preserves two distinct families of syn-orogenic basins. The North European Basin system (Fig. 1) consists of Late Cretaceous flexural basins that developed in association with inversion of Mesozoic rift systems (Kley and Voigt, 2008; Voigt et al., 2021) while during the Late Eocene to Oligocene the European Central Rift System (ECRIS) cut across the western European plate from the Mediterranean to the North Sea during alpine collision (Bourgeois et al., 2007; Dèzes et al., 2004; Mouthereau et al., 2021). The southern branch of this rift system continued to evolve to form the Gulf of Lion and Liguro-Provencal backarc basin (e.g., Séranne, 1999; Ethève et al., 2018; Jolivet et al., 2021a, 2021b; Séranne et al., 2021 and references therein).
2.2 Santonian to Miocene Iberia-Europe Plate Kinematics
During the Mesozoic and Cenozoic, the relative motions of the African, European and North American plates were controlled by the northward propagation and opening of the Central and North Atlantic oceans (Dewey et al., 1989; Srivastava et al., 1990b; Rosenbaum et al., 2002b; Schettino and Turco, 2011; Macchiavelli et al., 2017; Hinsbergen et al., 2020; Angrand and Mouthereau, 2021). Africa-Europe plate convergence was accommodated by orogenesis distributed along the boundaries of the African (Rif, Atlas), Iberian (Betics, Pyrenees, Pyrenean-Provençal domain, Fig. 2) and Apulian plates (Alpine and Apennine domains; Fig. 2) with some belts of intraplate shortening (e.g., Iberian Range and Central System on the Iberian plate, North European Basin system; Figs. 1 and 2). From Late Cretaceous to Oligocene, deformation of the Iberian plate was principally partitioned between the Pyrenean and Betic-Rif orogenic domains. According to Macchiavelli et al. (2017), the N-S convergence rate between Africa and Europe was approx. 6.0 mm/yr from the Santonian-Campanian boundary to Late Maastrichtian and convergence was mainly accommodated along the Africa-Iberia boundary (Betics) with a minor component absorbed along the Iberia-Europe margin (∼ 1 mm/yr; early convergence). This model contrasts markedly with the earlier model of Rosenbaum et al. (2002b), which predicts a high Africa-Europe convergence during this period accommodated mainly in the Pyrenees (Fig. 2a). We here mainly refer to the model of Macchiavelli et al. (2017) and its convergence rates between Iberia and Europe across the Pyrenees as it is based on a completely new and well documented recalculation of the magnetic anomalies of the southern North Atlantic for the 83.5 Ma to 0 Ma period and is coherent with geological observations. In this model, the Iberian plate is defined as a rigid block along its current coastlines to simplify calculations and to facilitate checks. Other recent models partition the Iberian plate into 2 or 3 crustal blocks to allow the inclusion of intraplate deformation in both the Iberian Range and the Central System (Fig. 1) as well as relative movements along the main Iberia-Africa boundary (Betics) and Iberia-Europe plate boundary (Pyrenees) (Angrand and Mouthereau, 2021; Asti et al., 2022). Angrand and Mouthereau (2021) analyze the Ebro Block with motions independent of the South Iberian block, from earliest Jurassic to earliest Campanian. On a large scale, the two models are similar in recognizing three phases of N-S convergence starting in the earliest Campanian with a first period of convergence (83.5–69 Ma), a nearly quiescent tectonic period (69–56 Ma) and a main convergence period during Eocene and Oligocene. The main difference between the models is the contrasting convergence rates for the first and last periods. In the Macchiavelli et al. (2017) model, convergence occurs at rates of ∼ 0.8 mm/yr during the Late Cretaceous and ∼ 2.4 to ∼ 4.0 mm/yr during the Eocene-Oligocene. For about the same periods, Angrand and Mouthereau (2021) determine ∼ 3.2 mm/yr and ∼ 2.25 mm/yr respectively, based on the relative position of the independent Ebro block in their interpretation. Despite these differences, both approximations are quite reliable and, in any case, must be considered and integrated with quantified field observations. As will be shown later, shortening records across the orogen are more consistent with convergence estimates of Macchiavelli et al. (2017).
All plate kinematic models predict sinistral transpressional motion between Iberia and Europe during convergence, however the amount is difficult to constrain (Srivastava et al., 1990a, b; Luis, 2001; Rosenbaum et al., 2002b; Vissers and Meijer, 2012a, b; Macchiavelli et al., 2017). Reconstructions from 84 Ma to 66 Ma of Macchiavelli et al. (2017) estimate some 60 km of sinistral motion combined with slow convergence, associated with high uncertainty. The N-S convergence rate decreases laterally from 1.1 mm/a in the eastern Pyrenees (total convergence, 20 km) to 0.5 mm/a in the west (Basque-Cantabrian area; 9 km). During the Selandian and Thanetian (66–56 Ma; Fig. 2) little or no convergence occurred between Iberia and Europe and between Africa and Europe (“Paleocene standstill phase” of Roest and Srivastava, 1991 Schettino and Turco, 2011; Fig. 2). Similar Paleocene quiescence is also recorded in the Alpine orogenic belt (Fig. 2; e.g., Trümpy, 1980). Africa-Europe and Iberia-Europe convergence resumed in the Thanetian (Fig. 2). In the Pyrenees, the overall motion of Iberia relative to Europe is characterized by NW-directed transpressional movement from base Ypresian until the Lutetian and overall NNW directed convergence from Bartonian to Chattian (Macchiavelli et al., 2017). During the Eocene and Oligocene N-S Iberia-Europe convergence reached a maximum of 4 mm/a (Ypresian-Lutetian 3.2 mm/a; Bartonian-Priabonian 2.4 mm/a; Oligocene 4 mm/a; Macchiavelli et al., 2017). Plate convergence slowed down abruptly to 0.2 mm/yr in the Aquitanian in the central and eastern Pyrenees continuing into the Burdigalian in the west on the Galicia margin (Macchiavelli et al., 2017). From Oligocene onward deformation became focused into the Betic-Rif domain (Vergés and Fernàndez, 2012; Fig. 2). The Macchiavelli et al. (2017) model estimates total N-S Iberia-Europe plate convergence accommodated within the Pyrenean domain as decreasing westward from 143 km (eastern Pyrenees) to 125 km (central Pyrenees) to 85 km in the Basque-Cantabrian belt. These convergence rates will be compared with NS shortening estimates derived from cross-section restorations across the orogen.
Although pure shear models for the Pyrenean orogenic cycle currently dominate the literature, plate reconstructions clearly indicate that strike-slip deformation played an significant role during both extensional and convergence stages with variable distributions in time and space proposed along the Pyrenean plate boundary and along the Iberian Chain (Fig. 3; Beltrando et al., 2012; Angrand et al., 2020; Hinsbergen et al., 2020; Angrand and Mouthereau, 2021; Frasca et al., 2021; Asti et al., 2022), however field quantification of strike-slip deformation in both belts is an ongoing challenge.
	[image: thumbnail]	Fig. 2 Plate kinematics and distribution of deformation across the west Mediterranean. (a) North-south component of Iberia-Europe and Africa-Europe plate movement vectors from Rosenbaum et al. (2002a, b), Macchiavelli et al. (2017) and Torsvik et al. (2008). The vertical scale is the same time scale as in b. (b) Chronology of major tectonic events and evolution of orogenic relief around the western Mediterranean using the International Stratigraphic Chart (2013), IUGS. Data supporting the tectonic stages and relief of the Pyrenees and in the transition zone (Provence, Fig. 1) between the Pyrenees and Alps are presented in this paper. For the Alps see Le Breton et al. (2020) and references therein; for the Apennines see Marroni et al. (1992), Molli (2008) and Conti et al. (2020); for the Betics see Vergés and Fernàndez (2012).



	[image: thumbnail]	Fig. 3 Simplified geological map of Pyrenees. Abbreviations in northern Pyrenees: NPFT: North Pyrenean Frontal Thrust; NPZ: North Pyrenean Zone; NPF: North Pyrenean Fault; SZ: Subpyrenean Zone; MB: Mauléon Basin; CH: Carcassonne High; CLTZ: Corbières-Languedoc Transfer Zone. North Pyrenean basement massifs: AS: Agly-Salvezines; MM: Mouthoumet; MN: Montagne Noire Massif; BS: Saint Barthelemy; 3S: Trois Seigneurs. Abbreviations in southern Pyrenees: South Central Pyrenean Units; NT: Nogueres Thrust; BT: Bóixols Thrust; MsT: Monsec Thrust; SMT: Serres Marginals Thrust; BBA: Barbastro-Balaguer Anticline; SA: Sanaüja Anticline; TR: Transverse Ranges. Blue dashed lines locate cross-sections in Figures 7 and 8 and some crustal scale cross-sections along the same lines in Figure 4. Red dashed lines ECORS deep seismic crustal cross-sections (Fig. 4) and the deep seismic tomography profile P1 (Chevrot et al., 2018) in the NW Pyrenees.



2.3 The Pyrenean orogen
The complete Iberia-Europe convergent plate boundary is over 1200 km long, encompassing from west to east the Basque-Cantabrian Belt (500 km), the Pyrenees sensu scricto (400 km) and the Pyrenean-Provencal belt in SE France (300 km) that links the Pyrenees eastward with the SW Alps (Fig. 1). The eastern Pyrenean to Provençal plate boundary was later fragmented by Oligo-Miocene backarc extension that led to the opening of the Gulf of Lion and Ligurian Ocean (Jolivet et al., 2021b and references therein). No Alpine high-grade metamorphism or high temperature ductile deformation of basement nappes are recorded in surface outcrops across the Pyrenees. Instead, the core of the eastern and central orogen (Axial Zone) consists of upper crustal Variscan basement and its Paleozoic to Lower Triassic sedimentary cover, thrust southward in a series of upper crustal imbricates. South Pyrenean thrust sheets of Cenozoic and Mesozoic strata detached on Upper Triassic evaporites restore above these basement units or may root further north (Muñoz, 1992; Vergés et al., 1992; Teixell, 1996; Vergés and Burbank, 1996; Laumonier, 2015; Teixell et al., 2018; Espurt et al., 2019a). The Axial Zone can thus be understood as a structural equivalent of the external crystalline massifs of the Western Alps (e.g., Bellahsen et al., 2012, 2014). The North Pyrenean Fault defines the northern boundary of the Axial Zone in the central and eastern Pyrenees. This steep to vertical fault terminates at depth on the North Pyrenean frontal thrust (Fig. 4; Choukroune, 1976, 1989; Roure et al., 1989). To the north, the retrowedge consists of the narrow North Pyrenean Zone and the Aquitaine foreland basin, both of which preserve inverted remnants of the pre-orogenic Mesozoic rift system.
From the onset of plate convergence in earliest Campanian (84 Ma) to Late Maastrichtian, the Pyrenean orogen accommodated distributed gentle shortening by inversion of inherited rift structures and closure of exhumed mantle domains. This stage is here referred to as early convergence. During the late Maastrichtian, Danian and Selandian, Africa-Europe plate convergence was negligible (Fig. 2; Macchiavelli et al., 2017), which correlates with a period of tectonic quiescence across the west Mediterranean region including the Pyrenees (quiescence/stasis) and the Alps. From Thanetian to Aquitanian, main Pyrenean collision was accommodated by crustal thickening. The presence of northward subducted of Iberian crust below the European plate was first imaged on deep seismic reflection profiles shot in the late 80’s across the central and western Pyrenees (ECORS lines, Fig. 4 located in Fig. 3; Choukroune, 1989; Choukroune et al., 1990; Roure et al., 1989). Strong positive Bouguer gravity anomalies indicate the presence of dense bodies below the North Pyrenean Zone, identified as slices of mantle or lower crustal material thrust into the upper European crust (Muñoz, 1992; Casas et al., 1997; Angrand et al., 2018; Wehr et al., 2018). Recent 2D passive seismic imaging along Pyrenean transects (PYROPE and OROGEN projects; Chevrot et al., 2014, 2018, 2022) have permitted high resolution mapping of seismic discontinuities in the crust and mantle as well as providing new insight into the nature and geometry of the high-density bodies below the orogen (Casas et al., 1997; Chevrot et al., 2014; García-Senz et al., 2020). They reveal along-strike variations in major lithospheric boundaries due, in part, to inherited rift segmentation but also to lateral variations in orogenic processes and amount of plate convergence. Prevalent models of crustal thickening by southward stacking of upper crustal imbricates with subduction of Iberian lower crust give relatively high estimates of total shortening along the ECORS-Central profile (120–165 km; Fig. 4a; Beaumont et al., 2000; Muñoz, 1992, 2002, 2019). Alternative models for this section propose full crustal imbrication giving lower shortening estimates (92–100 km; Roure et al., 1989; Mouthereau et al., 2014; Cochelin et al., 2018; Bellahsen et al., 2019; Waldner et al., 2021). This illustrates how uncertainties in structural interpretation and in the datasets used can strongly impact cross-sectional models (see Bond, 2015; Randle et al., 2018 for discussion). Factors contributing to differences in crustal restorations in the Pyrenees are uncertainties in displacement on basement faults in the Axial Zone, their traces, lateral linkage and timing of activity. New tomographic data along the ECORS-Central line should allow better definition of deep geometries (Chevrot et al., 2018). To the east of the ECORS-Central section, Grool et al. (2018) derive a shortening estimate of > 111 km on the Lavelanet-Pedraforca section (Fig. 4e) while further east again on the Agly-Ripoll section, Ternois et al. (2019a, b) propose very low shortening of 43 km (Fig. 4f). In this eastern sector, crust has undergone post-orogenic thinning. Evidence of underthrusting of Iberian crust is subdued due in part to overprinting by Oligocene-Miocene rifting (Diaz et al., 2018; Wehr et al., 2018; Chevrot et al., 2018, 2022; Jolivet et al., 2021a). This young rifting has also led to major uplift and deep erosion of the easternmost Pyrenees, that may contribute to very low shortening estimates based on surface geology. West of the ECORS-Central profile, a restored crustal section on the Vallée de Nestes-Huesca line (Fig. 4c) by Espurt et al. (2019a) provides a shortening estimate of 127 km, while on the ECORS Arzacq section (Fig. 4b), Teixell et al. (2016) derive a shortening of 114 km. New 2D and 3D tomographic data in the Mauléon basin (Figs. 3 and 4a) indicate the presence of a laterally restricted, dense body at shallow depth (11 km) below the Mauléon Basin (Fig. 4a; Wang et al., 2016; Chevrot et al., 2018; Lehujeur et al., 2021) corresponding to the Labourd positive Bouguer anomaly (Casas et al., 1997; Jammes et al., 2010; Wehr et al., 2018). Recent models propose that this is caused by mantle exhumed to shallow depths during Apto-Cenomanian hyper-extensional rifting and later passively integrated into the orogen above the northward subducting Iberian crust (Fig. 4a; Wang et al., 2016; Lescoutre and Manatschal, 2020; Saspiturry et al., 2020; Lehujeur et al., 2021). This model is strongly debated, for example, by Teixell et al. (2018) who instead argue that the tomographic and gravity data as well as the adjacent ECORS-Arzacq seismic reflection line (Fig. 4b) indicate the presence of an imbricate of mantle or lower crustal material thrust northward onto the European plate in the manner similar to that proposed on the ECORS-Central line (Fig. 4d; see also Lescoutre and Manatschal 2020).
	[image: thumbnail]	Fig. 4 Published crustal scale cross-sectional models across the Pyrenees from west to east, located in Figure 3. Authors estimated total shortening across the orogen is shown in brackets. (a) Interpretation of the deep seismic tomography model of Wang et al. (2016) along P1 adapted from Saspiturry et al. (2020) and Lehujeur et al. (2021). These authors do not provide a shortening estimate and do not distinguish upper and lower crust. (b) J7-S8 adapted from Teixell et al. (2016) (114 km). (c) J6-S6 adapted from Espurt et al. (2019a) (127 km). (d) J4-S4 (ECORS central deep seismic line) based on Muñoz (1992) and redrawn from Mencos et al. (2015) (147 km). (e) J3-S3 simplified from Grool et al. (2018) (> 111 km, distribution shown). (f) J2-S2 adapted from Ternois et al. (2019a, b) (43 km, distribution shown). Abbreviations: SPFT: South Pyrenean Frontal Thrust; NPFT: North Pyrenean Frontal Thrust; NPF: North Pyrenean Fault; IMZ: Internal Metamorphic Zone. The 3M Fault is identified on sections d, e and f.



2.4 Precursor rift architecture
From the Triassic to Late Cretaceous Iberian plate kinematics were mainly controlled by the opening of the Tethys Ocean to the east, and from late Jurassic onward, also by the northward propagation of the southern North Atlantic Ocean to the west (Dewey et al., 1989; Srivastava et al., 1990a; Rosenbaum et al., 2002b; Schettino and Turco, 2011; Macchiavelli et al., 2017; Nirrengarten et al., 2018; Angrand et al., 2020; Hinsbergen et al., 2020; Frasca et al., 2021). During the Triassic, distributed rifting affected the Iberian block on all four sides with facies varying regionally from continental, through evaporitic to marine from west to east (e.g., Critelli et al., 2008; Martin-Rojas et al., 2009; Leleu et al., 2016). Broad shallow seaways of gentle subsidence developed across Iberia during Late Jurassic and into the mid early Cretaceous with some notable localized areas of strong subsidence, for example, locally along the Iberian Range (e.g., Cameros Basin, Fig. 3; Salas et al., 2001; Rat et al., 2019) and in the Cantabrian Ranges and margin where transtension is recorded (Cadenas et al., 2021). Plate kinematics of Iberia from Jurassic to Cenomanian is a subject of considerable debate, in particular regarding the timing, distribution and amount of sinistral strike-slip between Iberia and Europe (see discussions in Angrand et al., 2020; Manatschal et al., 2021; Mouthereau et al., 2021; Asti et al., 2022). While it is generally agreed that Iberia moved some 400 km eastward with respect to Europe during the Jurassic-early Cretaceous, exactly where and when this movement took place differ between models. Many models trace this strike-slip along the Pyrenean corridor (e.g., Olivet, 1996a, b; Sibuet et al., 2004; Vissers and Meijer, 2012a, b). Alternatively, other authors propose significant oblique movement along the NW-SE trending fault system of the Iberian Range (e.g., Angrand et al., 2020; Frasca et al., 2021), recorded by rapidly subsiding Jurassic depocentres (Tugend et al., 2014b; Cadenas et al., 2018, 2021; Nirrengarten et al., 2018; Rat et al., 2019; Manatschal et al., 2021). Most recently, Asti et al. (2022) propose Jurassic to Cenomanian diffuse transtension along a broad plate margin between the Iberian Range and the Massif Central. These differences arise from the difficulties in precisely defining Lower Cretaceous and Jurassic magnetic anomalies within the southern North Atlantic (for review see Nirrengarten et al., 2017) and in the Bay of Biscay (see Barnett-Moore et al., 2016; Nirrengarten et al., 2018; Angrand et al., 2020; Frasca et al., 2021; Le Maire et al., 2021). An additional issue relates to the restoration of conjugate rifted margin domains that can hide hundreds of kilometers of divergence preceding the formation of first oceanic crust (Sutra et al., 2013; Tugend et al., 2015; Nirrengarten et al., 2018).
From Aptian to early Cenomanian, magma-poor rifting between Europe and Iberia produced a complex network of marine depocentres, today preserved below the Aquitaine Basin (Angrand et al., 2018), in the North Pyrenean Zone, the Iberian Range and Basque-Cantabrian belt. Mesozoic basins below the Aquitaine Basin hold rich hydrocarbon resources exploited from the 1950s to 2012 (e.g., Biteau et al., 2006; Serrano et al., 2006). Reconstructions of the rift generally propose a narrow, rifted domain of some 10 s of km in width in the eastern Pyrenees, which broadens considerably to the west before branching into the Bay of Biscay oceanic domain to the NW and the Basque-Cantabrian rift system further south (see García-Senz et al., 2020; Manatschal et al., 2021). Upper Triassic evaporites also thicken westward (Curnelle et al., 1982; Serrano et al., 2006). In the NW Iberian plate a major inherited segment boundary (Pamplona Transfer Zone, Fig. 3; Saspiturry et al., 2022) links the Pyrenean and Basque-Cantabrian rift segments. The nature of this transfer zone continues to be debated (e.g., Lescoutre et al., 2021). Further east on the European plate margin a major transfer zone links the Pyrenean and Provencal rift systems (Corbières-Languedoc Transfer Zone, CLTZ, Fig. 3; Crémades et al., 2021). Although some plate tectonic models integrate a wide early Cretaceous oceanic domain between Europe and Iberia (some 300 km wide; e.g., Sibuet et al., 2004; Vissers and Meijer, 2012a, b), no evidence of oceanic crust (i.e., ophiolites) or of oceanic subduction of appropriate age (e.g., calc-alkaline volcanism) has been found. However, remnants of subcontinental mantle peridotites occur as isolated blocks up to 3 km long, or as clasts within syn-rift sediments in the North Pyrenean Zone (e.g., Lagabrielle and Bodinier, 2008; Jammes et al., 2009; Lagabrielle et al., 2010) and are interpreted as having been exhumed during Aptian-Cenomanian rifting and later integrated into the orogen. The Internal Metamorphic Zone found along the North Pyrenean Zone is defined here as areas in which Mesozoic strata record syn-rift high temperature-low pressure metamorphism (Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; de Saint Blanquat et al., 2016; Lagabrielle et al., 2020; Ducoux et al., 2021b). Similar areas recording syn-rift HT-LP metamorphism occur within the Basque-Cantabrian belt (Ducoux et al., 2019, 2021b; García-Senz et al., 2020).
Constraining the original width, form and distribution of exhumed mantle domains represents one of the major challenges for Pyrenean reconstructions (e.g., Tugend et al., 2014a, 2014b; García-Senz et al., 2020). Some models envisage exhumed mantle as a laterally continuous domain between symmetric or asymmetric hyperextended rift margins in a pure shear extensional model (e.g., Tugend et al., 2014a, 2014b; see Manatschal et al., 2021 for discussion). Given the highly segmented nature of the rift system (e.g., Jammes et al., 2009), mantle exhumation may alternatively have occurred in distinct rift segments (e.g., García-Senz et al., 2020; Lescoutre and Manatschal, 2020; Lehujeur et al., 2021) or in a patchwork of isolated transtensional or pull-apart basins if strike-slip played an important role along the Pyrenean domain (e.g., Lagabrielle and Bodinier, 2008; Canérot, 2017; Ford and Vergés, 2021; Asti et al., 2022).
The role of inherited crustal structure and the physical properties of the lithosphere were major research themes in the Orogen project (e.g., Dielforder et al., 2019; Jourdon et al., 2019, 2020; Saspiturry et al., 2019, 2022; Cadenas et al., 2021; Lescoutre et al., 2021; Miró et al., 2021). While certain aspects of these subjects are considered here, results are principally presented and discussed in Manatschal et al. (2021).
3 Foreland basins and sediment routing systems
Although today, the Pyrenean orogen has distinct pro and retro foreland basins (Figs. 3 and 5a), during the Late Cretaceous and Paleocene a single large marine basin covered the whole Pyrenean realm, closing to the east (Pyrenean Trough; Fig. 6a). Several studies also demonstrate that orogenic relief developed first in the east and migrated westward, accelerating in the Eocene and in particular the late Eocene, progressively separating the pro and retroforeland basins (Puigdefàbregas et al., 1992: Sinclair et al., 2005: Whitchurch et al., 2011: Roigé et al., 2016, 2019: Vacherat et al., 2017). The stratigraphy and sediment routing systems of the pro-foreland basin have been particularly well studied and linked to a southward and westward propagation of growing orogenic relief (e.g., Puigdefàbregas et al., 1992: Sinclair et al., 2005: Whitchurch et al., 2011: Allen et al., 2013). The palinspastically restored paleogeographic maps of Figure 6 provide an overview of the distribution of major facies belts and evolution of relief during the main stages of orogenesis with a focus on creation of relief and sediment routing systems. Their construction is summarised in the Figure 6 caption.
	[image: thumbnail]	Fig. 5 (a) Present day isodepth map to base of syn-orogenic sediments in km in the onshore Ebro and Aquitaine basins compiled from Angrand et al. (2018) for the Aquitaine basin and Garcia-Castellanos et al. (2003) for the Ebro Basin. (b) Total and tectonic synorogenic subsidence curves for ten boreholes in the central and eastern Aquitaine basin. Boreholes are located in (a). Data compiled from Grool et al. (2018; 1–4), Ford et al. (2016; 5–8) and Rougier et al. (2016
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        Simplified geological map of Pyrenees. Abbreviations in northern Pyrenees: NPFT: North Pyrenean Frontal Thrust; NPZ: North Pyrenean Zone; NPF: North Pyrenean Fault; SZ: Subpyrenean Zone; MB: Mauléon Basin; CH: Carcassonne High; CLTZ: Corbières-Languedoc Transfer Zone. North Pyrenean basement massifs: AS: Agly-Salvezines; MM: Mouthoumet; MN: Montagne Noire Massif; BS: Saint Barthelemy; 3S: Trois Seigneurs. Abbreviations in southern Pyrenees: South Central Pyrenean Units; NT: Nogueres Thrust; BT: Bóixols Thrust; MsT: Monsec Thrust; SMT: Serres Marginals Thrust; BBA: Barbastro-Balaguer Anticline; SA: Sanaüja Anticline; TR: Transverse Ranges. Blue dashed lines locate cross-sections in Figures 7 and 8 and some crustal scale cross-sections along the same lines in Figure 4. Red dashed lines ECORS deep seismic crustal cross-sections (Fig. 4) and the deep seismic tomography profile P1 (Chevrot et al., 2018) in the NW Pyrenees.
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        (a) Present day isodepth map to base of syn-orogenic sediments in km in the onshore Ebro and Aquitaine basins compiled from Angrand et al. (2018) for the Aquitaine basin and Garcia-Castellanos et al. (2003) for the Ebro Basin. (b) Total and tectonic synorogenic subsidence curves for ten boreholes in the central and eastern Aquitaine basin. Boreholes are located in (a). Data compiled from Grool et al. (2018; 1–4), Ford et al. (2016; 5–8) and Rougier et al. (2016, 9–10) where details of data and calculations can be found. (c) Total and tectonic synorogenic subsidence curves for seven boreholes in the eastern Ebro basin (for details see Grool et al., 2018). Boreholes and stratigraphic logs used in these calculations are located in (a). The orogenic stages of early convergence, quiescence (stasis) and main collision are indicated by colored bands on the graphs. For abbreviations see Figure 3 caption.
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        Compilation of seven cross-sections across the Pyrenean retroforeland system from west to east and located on Figure 3. Authors’ estimates of retrowedge shortening are shown in brackets. Estimates derived from cross-section restoration are indicated with an R. Sections are simplified and adapted from (a) and (b) Labaume and Teixell (2020) and Jourdan et al. (1998) for northern basins (10–15 km), (c) Espurt et al. (2019a, b) (R ∼ 42 km), (d) Rougier et al. (2016) and Angrand et al. (2022) (R ∼ 12.5 km), (e) Ford et al. (2016) (R ∼ 30 km), (f) Grool et al. (2018) (R ∼ 19 km) and (g) Ford and Vergés (2021) (R ∼ 10–12 km). Estimates of shortening exclude emplacement of the Internal Metamorphic Zone (IMZ) and closure of exhumed mantle domains. (h) Graph of pinchout migration of the northern margin of the Aquitaine basin on sections S2 to S6. Colored bars represent orogenic stages as in Figures 5b and 5c.
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        Compilation and correlation of periods of diapiric activity with major tectonic events across inverted Pyrenean, Basque-Cantabrian and adjacent fold belts of the Iberian and European plates. Adapted and completed from Vergés et al. (2020) and Ford and Vergés (2021) integrating data from Canérot et al. (2005), López-Horgue et al. (2010), Ferrer et al. (2012), Lopez-Mir et al. (2014, 2015), Poprawski et al. (2014), Mencos et al. (2015), Saura et al. (2016), Zamora et al. (2017), Bodego et al. (2018), Ford et al. (2016), Espurt et al. (2019a, b), Ford and Vergés (2021), Labaume and Teixell (2020), Vergés et al. (2020), Burrel and Teixell (2021), Burrel et al. (2021), Crémades et al. (2021), Wicker and Ford (2021), Ducoux et al. (2022) and Ramos et al. (2022).
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        Schematic representation of results of numerical modelling of Bernard et al. (2020) simulating the transition from syn-convergence to post-convergence in four time frames, designed to represent the sedimentation and erosion record along the North Pyrenean thrust front from early Miocene to present day. Red, green and blue arrows correspond respectively to three controlling parameters, the basin influx from the orogen, lithospheric flexure (positive is uplift, negative is subsidence) and basin outflux. Numbers next to arrows indicate a percentage contribution to the basin elevation based on model results detailed in Bernard et al. (2020). The sum of these values (see inset on each cartoon) results in an increase in elevation of the foreland basin in (a) and (b), stasis in (c), and erosion leading to a decrease in elevation in (d). (a) Latest syn-orogenesis at ∼ 23 Ma (end of plate convergence). (b) Early post-orogenesis at ∼ 20 Ma when positive elevation change of the foreland basin is maximum. (c) Post-orogenesis at ∼ 15 Ma when elevation of the foreland basin is maximum. (d) Post-orogenesis at ∼ 0 Ma when elevation of both the range and foreland basin are decreasing. Black arrows indicate elevation of the mountain range (MR) and foreland basin (FB) for the specific time frame and for the previous step for comparison. Adapted from Bernard et al. (2020).

      

    

  
OEBPS/bsgf220010-fig9_small.jpg





OEBPS/bsgf220010-fig4_small.jpg









OEBPS/bsgf220010-fig7_small.jpg





OEBPS/bsgf220010-fig5_small.jpg





OEBPS/bsgf220010-fig2_small.jpg





OEBPS/bsgf220010-fig3_small.jpg





OEBPS/bsgf220010-fig10.jpg
E

European Plate

Iberian Plate

il £ PyrExtension/  Pyr Minor riftpostrift phases

(5102 '9102) e 10 Hn-zodo]

Extension S g
Tr Tethys: Major rifting
(@.Liony  PyrConvergence m Tanstension ys: Maj 9
8 129 oy ooy I 5
5 (1202) PIod 3 ¥ 2
2 —— 5
a (6102) 'l 1o unds3 H
e E— s
= $8191G400 (81.02) ‘18 12 Pio3 ‘(1202) ‘18 10 Sapews) 2
3 -
28 g — setinoue op inegues || &
&g & zavuases
£ g ueuBnong £
£  3s Zdvwases || S
54 =g Jeono ooy-oneL H
= S8 ey §
g
€ —— £
2 " (0202) llexioL 3 swneqe  srewesg suoureyd ||
88
e N — -
€2 (5002) 12101019020 c
2q — O — useg boezry -
(1202) fe1e xnoong g
o H
25— swery 2
@ (2102) Te10 Jouegy o
53
= 5
K
g g
3 — £
38 5
Sa (0202) e 10 59610\ 2
H
T— Useg BAUBIO
T (1202) Te1e joung (5402) Te1e soouaN
£ S Seuble Saues § 09suo §
32 (1202) 1oL B oung -3
£8 sewo s m
3a BiBIdos:
& (9102) 10 BINES. H
=

m W oveg (p102) e e ismedod

k] o el 0ouD (8102) e 0bapog

w 2 sauEy
e (0402) e 1o enbiokzad0)

g

& (2202) o0 sourey

<

58 — —

ga (2£402) Te1e BI10WERZ

i






OEBPS/bsgf220010-fig11.jpg
MR @23 Ma

FB@23Ma
Base level

(a) Late syn-convergence (~23 Ma)

(b) Post-convergence (~20 Ma)
Maximum basin elevation change

R R0

MR@23 Ma
MR@20 Ma

| g FB@20Ma
@ FB@23 Ma

Base level

(c) Post-convergence (~15 Ma)
Maximum basin elevation

Base level

(d) Late post-convergence (~0 Ma)

4% Basin sediment influx 4} Lithosphere flexure 4% Basin sediment outflux

MR@15 Ma
MR@0 Ma

FB@15Ma
FB@0Ma

Base level





OEBPS/bsgf220010-fig8_small.jpg





OEBPS/bsgf220010-fig11_small.jpg





OEBPS/bsgf220010-fig2.jpg
Betics

WestSin Apennines
Zone Alps P!

Transition

Pyrenees

(b)

(@)

1031

433y

1031

433y

1031

4373

1031

o= TR L ——
nuo Ape3 | iasod [ CHRIEI

3015912y 11| | [N S

1531
=
2 @ oo g3 - -
Selw . f 8 I8 5 aom « oN0 o = om @ o o
~ S - - m w
SECA cow ]y 8 RRBs § 886 8§ R 2838 8 c &
< ey Slc AE e T e <
w || 53258 &5 |S\5 £| 5 \255|2| 5 [2E g E| £ £
5 | =] 218 T 7 2| & 8l 3 2
|| gel92es Bl g |8g £ 5558 £ |2g8 8| = -3
= eSS 6|2 218 3| 2 ERS 2] S |58le[ &
= (=
S P[HE  ovoow | ©BI0 au203 odleq 21 e
%,
KoY auaboan auaboajey snoadejan)
28
Zsg sg. %
=Eel .wm.q g
Yo R8s 38
o= £2% 88
,mm S5= /(
<& o
£8
wa el =
> 2 g g
ze se. £ 2
=D WM| H T
22 28 I, 2.
c¥ €28 38 iz
Mm EH &8 28
L] NN






OEBPS/bsgf220010-fig3.jpg
=1 Neogene-Quaternary (post-orogenic)
[ Eocene-Miocene (Main orogenic phase)
[ Eocene-Oligocene (Main orogenic phase)
[ Late Cretaceous-Paleocene (Early Orogenic phase)
I Jurassic - Early Cretaceous (syn/post rift)
@ Upper Triassic evaporites
[ Paleozoic crystalline basement & metasediments

Bay of Biscay

N

g e
o Massif C
g

s6!
Ebro Basin

®Zzaragoza

- Salt anticline 3 .
— Thrust Mediterranean Sea

—— Normal fault Valencia Trough

+ = Limit of Keuper salt 50 100 km
(tick on salt side) z ——






OEBPS/bsgf220010-fig4.jpg
(a) P1, Mauleon-Pamplona section Aquitaine  (b) S7-J7, Pau-Jaca Section

Mauleon Basin ~ Basin Axial Zone o NPFT Aquitaine
|

s Pamplona Basin S’TFT S. Pyr. Zone Basin

Mantle Lithosphere
Mantle Lithosphere

[ Cenozoic strata (main collision) (c) S6-J6, Vallée de Nestes-Huesca section

- U. Cretaceous strata (early converg.) Ebro Basin Axial Zone NPE

[l Jurassic-lower Cretaceous s South Pyrenean Zone Aquitaine
[] Upper Triassic evaporites " SPFT . Basin
'] @ Internal Metamorphic Zone (IMZ) ZN ) 2

N

Pro Retro

Upper crust

Lower crust Mantle Lithosphere

\\ Thrust faults
\\ Normal faults

X 3M Fault
(d) J4-S4, ECORS Deep seismic profile NPF
S EbroBasin  South Pyrenean ’,Axml Zong l Northzlf))areenean LN
. Nogueres IMZ Aquitaine
SPFT 7 RN NPI Basin
Mantle Lithosphere
(e) S3-J3, Lavelanet-Petraforca Section (f) $1-J2, Agly-Ripoll Section
Axial Zone  NPF Axial Zone

-69 km | -23km | -19 km A 30 km . A3 km

Aquitaine

NPF
NPFT  Basin T 'OA

o), ¢

9 NpFT
|

Lithosphere





OEBPS/bsgf220010-fig7.jpg
(a) S8 (Labaume and Teixell, 2020)

Saraillé

iherzolite
ko s Sarrance A. Oloron A.
R =7 N Arzacq B/Lacq A.
o |1gounze "\
i i Albian S
74 Audi
7 7 o g/
10 High 7

(b) S7 (Labaume and Teixell, 2020)

Tres Crouts
S NPF  structure & IMZ

Tarbes Basin

(c) S6 (Espurt et al., 2019)

Avezac
Baronnies Iherzolite
Gensac A. Aquitaine Basin

Montillet 'MZ

IMZ
Auch N

(d) S5 (Rougier et al., 2016; Angrand et al., 2022)

Subpyrenean Zone

Ballongue IMZ
Moncaup Iherzolite Comminges Basin
Mirande Basin

90 80 40 km 30 20

70 60 50

Toulouse Fault m— s S,
Cenozoic (stasis + main collision)

[
(e) S4 (ECORS-Central) (Ford et al., 2016) [ ] campanian-Maastrichtian (early convergence)
[

Camarade Cenomanian-Santonian (black, magmatic) (post-rift)

Aulus IMZ
' Basin Aptian to Lower Cenomanian (black, magmatic)
sy NP/ Lherzlnerzolte [ [ty

; NPFT
. StGirons IMZ ./ SPT [ Jurassic-Barremian

I Triassic evaporites
Palaeozoic basement

il Internal Metamorphic Zone (IM2)

-10
7 0 5° 4 kmo 30 2 B 0 I Mantle o Lower Crust
(f) S3 (Grool et al.,, 2018) _~ Thrusts © Peridotite outcrops
st. Barthel -~ Normal Faults ~ North Pyrenean Fault
. Barthelem,
CamuraciMz - SeEetem " Inverted normal faults " 3\ Fault

Fougax Basin S3 NNE
iy 0 (h) Aquitaine Basin Pinchout Migration

o]
km zua

5 < Nl
70 60 50 40  km 30 20 10 o 'C";‘I"‘sion jg
< 50
(9) S2 (Ford and Vergés, 2021) s [0
Boucheville IMZ early 70
S Iherzolite converg. [ 80
Salvezines Massif  Mouthoumet poset 190
NPF, ‘/ NPFT Massif Alagic A N 52,53, 54 east of Toulouse Fault 100
0 $5,56 west of Toulouse Fault | Rifting ['479

0 " 20 40 "6 ' 80 100 120
Distance from reference point (km)






OEBPS/bsgf220010-fig8.jpg
(a) J8 (Munoz-Jiménez & Casas-Sainz 1997; Larrasoana et al. 2003)

Cameros Basin
Tafalla Thrust

Cameros Thrust Aok rdiesn M pamplona Syncline

de Arga's.

(unf) uopens3
o o

0 20 km 40 60 80 100

(b) J7 (Teixell, 1996)

s External Sierras Jaca Bain Internal Sierras  Axial Zone  North Pyrenean
SPTF L Zone
Hecho Lama akora
EboBasin Sano  Guarga Syndine Jaca with mégabeds  Thrus ThUSt jgunize L
Domingo A. Carpcute P T"J’“" . L Masst Faut
\ mpod oo

o

~
Guarga =

(w») uoneas|g
&b

Gavarnie

(c) J6 (Espurt et al., 2019)

Barbastro-Balaguer A

Cotiella Thrust sheet

Naval Clamosa

0 20 km 40 60 80

Axial Zone

0 20 km 40 60 80

(d) J5 (Teixell & Munoz, 2000)

s Barbastro-Balaguer A. South Pyrenean Unit Axial ZoNne
M Ebosasn  STTF 2m
30 02
g2 23
25 5=
0 20 km 40 60 80
(e) J4 south (Burrel & Teixell 2021)

Montrlg_ Sant Mamet Anicine Ager Synciine  Montsec Thrust Tremp Synciine

og
RS
238
3F
3
(f) J4 (ECORS Central, Meigs & Burbank 1997, Vergés, 1993)
Zoom in (d)
Sant Mamet A. Sant Cemelli A N
m g:;:;::’n SPTF pubios.  Agers ™" T"mYsr‘emp Syndinﬁ%‘ﬁ: / SenaFeS. Iy
o 0 _ . s ger . . (2 i
5= 28
> -
=5 53
20 20 40km 60 80 =
Bbo: Barbastro evaporite Fm
(g) J3 (Vergés et al. 1998, Grool et al. 2018)
SSE Catalan siria cagw|S Tt Luepotsorea
Coastal Ranges e i Puigreig U cadi \\\Up.Tm(mm

LR

\
CardonaFm SPTF |

m SPTF salt dome 2
i R .
52 2
S

=5 5
ER 7

(wn) uonene|3

N

(wy) uoneas|3

o 20km 40 60 80 100

|
[E oligocene-Miocene (0range: conglomerates) [ Companian-Maastrichtian-Paleocene

B Cocene Oligocene
(pink: evapori