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Insights From the Northern Iberia Inverted Paleopassive
Margin, Western Pyrenees (France)

Riccardo Asti' (), Yves Lagabrielle’, Serge Fourcade', Benjamin Corre', and Patrick Monié®

1University of Rennes, CNRS, Géosciences Rennes-UMR 6118, Rennes, France, 2Géosciences Montpellier, Université
Montpellier, UMR 5243 CNRS/INSU, Montpellier Cedex, France

Abstract Extreme crustal thinning associated with subcontinental mantle exhumation characterizes the
distal domain of some current, magma-poor continental passive margins. Since these domains lie at abyssal
depths and are hardly accessible, their internal structure and the finite strain of the stretched crust are

not directly observed and are only inferred. A detailed field study was conducted on exceptionally preserved
Cretaceous distal margin analogs in two key areas of the western Pyrenees (North Pyrenean Zone): the
Urdach and Saraillé ultramafic massifs in the Chainons Béarnais range. A tight sampling allowed us to
characterize the conditions of the ductile deformation of the continental crust exhumed together with the
mantle. New *°Ar/*°Ar dating on muscovite constrains the timing of the last deformation of the continental
crust in relation with mantle exhumation to the late Albian. We propose a new reconstruction for

the distal part of the North Iberian paleopassive margin based on the following constraints: (i) post-Silurian
Paleozoic rocks are never found in the distal domain; (ii) lower crustal levels are not found in the exhumed
crustal units; (iii) extension in the pre-Silurian series is accomplished by lenticular deformation and
pervasive ductile flattening through anastomosing extensional mylonitic shear zones at temperatures of
350-450 °C; and (iv) at the final step of exhumation, only pre-Silurian crustal lenses remained welded on the
exhumed mantle. Finally, we discuss the importance of the crustal structure inherited from previous
Paleozoic and Mesozoic tectonic events and we state that mantle exhumation was partially achieved before
the Cretaceous North Pyrenean rifting.

1. Introduction

Based on recent geophysical investigations around the world, the architecture of emblematic passive conti-
nental margins systematically appears composed of three distinct structural domains: the proximal, necking,
and distal domains. Each margin domain is associated with specific lithospheric deformation processes
finally resulting in the extreme thinning of the continental basement. It is now well established that the
necking domain accommodates most of the change in the amount of extension between the proximal and
the distal domain and that exhumation of the subcontinental lithospheric mantle frequently occurs in the
distal domain (Peron-Pinvidic & Osmundsen, 2016). However, since continental margins lie at abyssal
depths and are difficult to access, the finite state of strain and the mechanisms of deformation of the thinned
to hyperthinned continental crust are not directly observed in the necking and distal domains of present-day
passive margins and thus are only inferred.

Inverted necking and distal domains of paleopassive margins are preserved as internal tectonic units in
several Cenozoic mountain belts such as the Alps (Mohn et al., 2012), the Pyrenees (Lagabrielle et al.,
2010; Teixell et al., 2016), and the Zagros (Wrobel-Daveau et al., 2010). These domains have been recognized
also in the Appalachian-Caledonian orogenic belt (Andersen et al., 2012; Chew & van Staal, 2014). Such field
analogs represent unique geological laboratories that enable critical observations to constrain the mechan-
isms of crustal thinning and mantle exhumation during the formation of passive margins. The Pyrenean belt
results from the collision of the southern European and northern Iberian passive continental margins that
separated during a phase of transtensional deformation in the Albian-Cenomanian times. Shortening in
the Pyrenees did not exceed 150 km but was sufficient to allow the distal portions of the inverted Iberia
margin to be exhumed and uplifted and to be now exposed all along the northern flank of the belt in the
North Pyrenean Zone (NPZ).
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In this article, we provide new geological information from exceptionally preserved mantle and crustal rem-
nants, belonging to the distal part of the North-Iberian paleopassive margin, exposed in the « Chainons
Béarnais » range of the western NPZ. Our focus is the deformation of the most distal remnants of the
hyperthinned continental crust. Recent detailed reconstructions of the former margin architecture in this
region point to a relatively short necking domain passing to a subsiding domain characterized by the pre-
sence of subcontinental peridotite bodies (Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014;
Teixell et al., 2016; Teixell et al., 2018; Tugend et al., 2014). We studied juxtaposed continental and ultramafic
units exposed in two key areas: the Urdach and Saraillé massifs. These units preserve original geometrical
relationships between them, allowing reconstruction of primary structures at the scale of the entire distal
domain. A tight sampling of a great variety of Paleozoic crustal lithologies has been completed in units of
massive crustal rocks as well as in tectonosedimentary breccia deposited over the exhumed ultramafic sea-
floor. Thin section studies provide details on the petrography, microstructure, and mineralogy of more than
90 samples. The aim is to release a representative image of the finite strain pattern of the hyperthinned crust
and to determine the temperature conditions of the last stages of the mantle ascent close to the Earth surface.
We discuss the density of discontinuous ductile mylonitic shear zones in the crust and the development of
undulating detachment faults that separate less deformed crustal lenses. In addition, new “°Ar/**Ar dating
on muscovite from deformed Variscan basement rocks enable us to constrain the timing of the last ductile
extensional deformation and its relation with mantle exhumation. Finally, we discuss the importance of
the crustal structure inherited from pre-Cretaceous (Variscan and Mesozoic) events on the style of mantle
exhumation in the North-Pyrenean rift.

2. Geological Setting
2.1. The Pyrenees and the North Pyrenean Zone

The Pyrenees are an E-W trending, double-verging continental thrust-and-fold belt that developed in
response to the collision between the margins of the northern Iberia and southern Europa plates during
the Late Cretaceous-Cenozoic (Figure 1; Choukroune & ECORS team, 1989; Deramond et al., 1993;
Mufioz, 1992; Roure & Choukroune, 1998; Teixell, 1998). All along the northern flank of the Pyrenees, in
the NPZ, Triassic and Jurassic aborted rifting events preceded the development of Cretaceous rifts that
resulted in crustal separation between Iberia and Europa and in the exhumation of subcontinental litho-
spheric mantle in the rift axis (Puigdefabregas & Souquet, 1986; Vergés & Garcia-Senz, 2001; Vielzeuf &
Kornprobst, 1984). Continental rifting in the future Pyrenean belt was coeval with oceanic spreading in
the Bay of Biscay between Chron M0 and A330 (~125-83 Ma), in relation with the counterclockwise rotation
of Iberia relative to Europe (Choukroune & Mattauer, 1978; Le Pichon et al., 1970; Olivet, 1996; Sibuet et al.,
2004). Two main plate kinematic models exist for the Cretaceous movements of the Iberian plate and the
relative opening of the Bay of Biscay: (i) a model implying the opening of the Bay in a left-lateral transten-
sional setting (e.g., Le Pichon et al., 1970; Olivet, 1996) and (ii) a model claiming for a scissor-type opening of
the Bay (Sibuet et al., 2004; Srivastava et al., 2000; Vissers & Meijer, 2012). The second model implies
convergence in the Pyrenean realm during the opening of the Bay of Biscay and is inconsistent with field
observations in the Pyrenees (e.g., Nirrengarten et al., 2018, and references therein).

The NPZ is well known for the occurrence of numerous small-sized bodies of subcontinental mantle rocks,
mostly lherzolites, scattered within Mesozoic sedimentary formations, often in contact with Paleozoic rocks
(Fabries et al., 1991; Fabriés et al., 1998; Monchoux, 1970). Exhumation of subcontinental mantle following
extreme continental thinning during the mid-Cretaceous rifting event has been proposed as a general
mechanism accounting for the presence of such ultramafic material within the NPZ (Jammes et al., 2009;
Lagabrielle & Bodinier, 2008). In addition, the prerift Mesozoic sequences of the NPZ underwent low-pres-
sure-high-temperature deformation that developed in relation with thinning of the continental basement
(Golberg & Leyreloup, 1990). Chronological and geological data enhance a correlation between the distribu-
tion of the highest paleotemperatures in the prerift sedimentary cover and the loci of extreme crustal stretch-
ing (Clerc et al., 2015). This correlation led Clerc and Lagabrielle (2014) to propose a mechanism of rifting
involving the boudinage of the continental crust and the lateral extraction of the Paleozoic basement under
a mobile Mesozoic prerift cover decoupled on thick Upper Triassic (Keuper) clays and evaporites layers. As a
result, the subcontinental peridotites generally directly underlie the Mesozoic prerift metasediments. In the
NPZ, Albian-Cenomanian flysch sequences were deposited synchronously with the synmetamorphic ductile
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Figure 1. Synthetic tectonic map of the Pyrenean-Cantabrian chain showing the main tectonic structures (redrawn and
modified after Teixell et al., 2018). In the black rectangle the location of the study area. Abbreviations: AM = Agly
massif; CM = Castillon massif; LM = Labourd massif; MB = Mauléon Basin; MIM = Mendibelza and Igounze massifs;
SBM = Saint-Barthélémy massif.

deformation of the prerift sequences and acted as a blanket allowing temperature increase in the mobile
prerift cover (e.g., Lagabrielle et al., 2016). Continuous spreading of the basin floor triggered exhumation
of the metamorphic, ductilely sheared prerift cover itself (Clerc et al., 2016).

2.2. The Chainons Béarnais Range and Its Mantle Bodies (Western NPZ)

The Mesozoic prerift and synrift sediments of the western NPZ are exposed in the Chainons Béarnais range,
north of the western termination of the Axial Zone (Figure 1). They form a succession of three E-W trending,
parallel fold structures, the Mail Arrouy, Sarrance, and Layens anticlines, bounded by north and south ver-
ging, post-Cenomanian thrusts (Casteras et al., 1970; Figure 2). The prerift stratigraphic sequence of the
Chainons Béarnais includes basal Keuper evaporites, breccia, and ophites and is followed by Mesozoic

Quaternary [ | Cenomanian, flysch ] Eimﬁ:ﬁ%ﬁ?{e
Albian, Dogger,
Serees l:l Flysch Noir - blacgdolostone
| . — Upper Aptian, [ | Lias, limestone,
Moraine [ limestone 7 dolostone, marl
Coniacian, flysch h?zmer Aptian, [ Triassic volcanism

= i Valanginian-Barremian, Upper Triassic,
Turonian, flysch limestone meta-evaporite
Urdach Breccia I Bauxite Paleozoic
basement

Cretaceous Portlandian, dolostone, Ji
volcanism | soiomiticlmestone Il Lherzolite

Figure 2. Geological map of the Chalnons Béarnais.
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platform carbonates, both forming the original cover of the northern Iberian margin (Canérot et al., 1978;
Canérot & Delavaux, 1986). The platform carbonates include Lower Jurassic dolomites and Upper
Jurassic to Aptian platform limestones and form the present-day main relief. The Mesozoic sequence is
entirely disconnected from its former Paleozoic basement, which is known only as very small tectonic slices
or breccia fragments. Albian to Cenomanian flysch deposits are preserved within the synclines. Four main
lherzolite bodies crop out in the Chainons Béarnais: (1) two in the southern flank of the Sarrance anticline
(Saraillé and Tos de la Coustette bodies), (2) one at the western tip of the Mail Arrouy anticline (Urdach
body), and (3) one in the strongly tectonized zone of Benou, along the southern border of the Mail-Arrouy
thrust structure (Turon de la Técouere body; Figure 2).

3. Mapping and Sampling of the Saraillé and Urdach Paleozoic Units

3.1. The Saraillé Massif

3.1.1. Lithology, Structure, and Metamorphic Imprint: The Effects of the Cretaceous
Extensional Event

The Saraillé massif exposes a south verging, recumbent fold which overthrusts the southern flank of the
Sarrance anticline (Figure 2). The Saraillé fold involves various lithologies that compose a remarkably com-
plete but extremely attenuated lithospheric section including mantle rocks, continental crustal rocks, and
their Mesozoic sedimentary cover. Strongly thinned Mesozoic prerift carbonate sediments wrap an inner
lens-shaped unit (~500-m long and ~100-m thick) made of discontinuous thin slices of sheared Paleozoic
crustal rocks welded on folded serpentinized lherzolites (Figure 3; Corre et al., 2016; Fortané et al., 1986;
Thiébaut et al., 1992).

The Saraillé peridotites are made of 95% serpentinized lherzolites and minor pyroxenites, mostly websterite
(Cpx + Opx), forming numerous centimeter-thick beds within the lherzolites (Gaudichet, 1974). These
pyroxenites result from refertilization processes that were well identified in other mantle bodies of the
NPZ (Le Roux et al., 2007). Newly formed talc and chlorite aggregates are found in shear zones that separate
the ultramafic body from the Paleozoic rocks and from the Mesozoic metasediments. In particular, the con-
tact of the mantle rocks with the Jurassic dolostones corresponds to a metasomatic layer of strongly sheared,
talc-chlorite schists, up to 15-m thick and exposed over more than 300 m, which results from intense fluid
circulations coeval with mantle exhumation (Corre et al., 2018, 2016).

As described in detail in the following sections, the continental crust associated with the Saraillé mantle
rocks forms thin elongated tectonic lenses of various lithologies exposed in the hinge and in the reverse flank
of the recumbent fold. These lenses display a well-developed tectonic foliation parallel to the contact with
the peridotites. They are dominated by highly deformed quartz-rich mylonites and chlorite- or mica-rich
mylonites (Figure 4). Crustal rocks are also poorly exposed to the north of the studied area at the Latinde
Pass (Casteras et al., 1970; Figure 3). Paleozoic lenses are intruded by undeformed or partly sheared,
millimeter- to centimeter-thick albitite veins.

The upper Saraillé massif exposes a Mesozoic sequence including Triassic to Albian metasediments
(Figure 3; Canérot & Delavaux, 1986; Casteras et al., 1970; Duée et al., 1984; Fortané et al., 1986). The badly
exposed Triassic sequence is tectonically dismembered and includes a poorly organized assemblage of
various calc-schists, ophites, cellular dolomites, brecciated limestones, and dolostones. The Jurassic metase-
diments consist of variably deformed dolomitic limestones, up to 100-m thick. The Neocomian sediments
correspond to an alternation of decimetric beds of pure limestones and dolomite or phyllite-rich limestones.
Dolomitization decreases toward the top of the sequence. The Upper Aptian Urgonian facies platform
carbonates form the top and the southern flank of the Saraillé massif (Figure 3). The Jurassic to Aptian
marbles are intensively recrystallized and crosscut by numerous carbonate veins that recorded intense
brines circulation expelled from the Keuper clays and evaporites during the extensional Cretaceous event
(Corre et al., 2018; Salardon et al., 2017). The Albian “black flysch” is largely exposed on the southern flank
of the Saraillé massif. It consists of an alternation of black marls, siltstones, and limestones, some of them
strongly recrystallized and also crosscut by a network of carbonate veins.

The Saraillé carbonates are dissected by at least three generations of schistosity. In the entire Mesozoic
sequence, a dominant S1 foliation always parallels the stratigraphic bedding (S0). It is generally marked at
the thin-section scale by a homogeneous deformation defined by the alignment of sheared calcite crystals
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Figure 3. Geological map (a) and cross section (b) of the Saraillé massif with location of the analyzed samples (redrawn
and modified after Corre et al., 2018).

and by discrete shear bands paralleling SO in less deformed samples. The foliation is also defined by the
stretching of paleontological and sedimentological objects such as macrofossils, microfossils and biogenic
clasts. Numerous carbonate veins are observed at the mesoscopic and thin-section scales. The longest
veins parallel the SO and therefore also underline the foliation. These veins are often boudinaged,
indicating extension in the S0/S1 plane. These observations collectively indicate an early flattening of the
sedimentary pile that presumably occurred during the Albian-Cenomanian extensional phase in relation
with crustal thinning and subcontinental mantle exhumation (Corre et al., 2016). S2 schistosity planes are
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Figure 4. Outcrop pictures of crustal basement rocks exposed in the Saraillé and Urdach massifs illustrating some
characteristic features of their deformation. In both massifs, the mylonitic foliation in the crustal lenses is always parallel
to the contact with the mantle. (a) Example of the foliated mylonitic rocks (quartzite) outcropping in the Urdach
massif. (b) Example of the deeply foliated Paleozoic metaquarzites outcropping in the Saraillé massif. (c) Network of
millimetric albitite veinlets crosscutting the mylonitic foliation in a sample from the crustal basement of the Saraillé
massif. (d and e) Progressive extensional brittle deformation overprinting the mylonitic fabric of crustal basement rocks at
the outcrop scale. (f) Immature tectonic breccia resulting from intense brittle deformation over previously mylonitized
crustal basement rocks.

subhorizontal and crosscut the S0/S1 foliation at low angle. These occur in the core of the recumbent fold
and are parallel to its axial plane. S3 schistosity planes are steeply dipping and roughly E-W trending.
They developed in relation with the compressional stages that led to the present orogenic structure.
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The thermal conditions reached by the NPZ sediments during the Cretaceous extensional event in the
Saraillé area have been determined by Raman spectrometry analysis of graphitic carbon. Measurements
reveal maximum temperatures of 250-350 °C in the Albian flyschs with the highest values found close to
the Saraillé lherzolite (Clerc et al., 2015). This confirms previous estimates based on metamorphic assem-
blages of newly formed muscovite, chlorite, and albite by Gaudichet (1974), indicating greenschist facies
conditions in the whole Mesozoic cover of the Sarrance anticline, including the Albian flysch. An association
of talc and clinochlore, representative of greenschist facies conditions (250-350 °C), was also described by
Fortané et al. (1986) in the foliated talc-rich layer representing the detachment fault separating the lherzolite
from the Mesozoic sediments. Paleotemperatures recently deduced from the chemical compositions of the
clinochlores from this metasomatic horizon confirm a syntectonic thermal evolution between 200 °C and
350 °C (Corre et al., 2018).

3.1.2. Sampling of the Saraillé Paleozoic Units

We collected 35 samples from the Saraillé Paleozoic basement during successive field campaigns in the
following localities (Figure 3): (1) immediately south of the Lailinde Pass and north of the Saraillé
summit; (2) in tectonic lenses belonging to the reverse flank of the Saraillé fold and forming small expo-
sures on the northern flank of the massif, between the Laiinde Pass and the Saudarie Pass; (3) in tectonic
lenses exposed in the southwest flank of the massif also belonging to the reverse limb of the Saraillé fold;
they form the largest outcrops of continental basement in the study area and offer a wide variety of
lithologies; and (4) in very thin lenses that belong to the normal limb of the Saraillé fold, close to the
talc-chlorite layer, in an area where the continental units drastically thin and completely
disappear northward.

3.2. The Urdach Massif

3.2.1. Field Evidence for Cretaceous Mantle Denudation and for the Behavior of the

Paleozoic Rocks

The Urdach body is a 1.5-km long exposure of serpentinized lherzolite located in the western termination
of the Mail Arrouy thrust sheet, at the boundary with the Albian and the Cenomanian flysch, between
the Urdach Pass and the Etche Pass (Figure 5). The Urdach massif is well known for the occurrence of
spectacular sedimentary breccia (Casteras et al., 1970), named the Urdach Breccia hereafter, composed
of meter-sized clasts of talcified and serpentinized mantle rocks mixed with fragments of sheared
Paleozoic basement rocks and minor Mesozoic metasediments. As agreed by all authors, the sedimentary
reworking of such polymictic material indicates that a composite basement of mantle lherzolites and
juxtaposed slices of continental crust has been exposed on the seafloor of the future NPZ basins during
the Upper Cretaceous (Debroas et al., 2010; Fortané et al., 1986; Jammes et al., 2009; Lagabrielle et al.,
2010). Moreover, the occurrence of ophicarbonate breccia and the presence of limestones infilling fissures
within the Urdach ultramafics, as observed in a quarry on the western side the lherzolite body (Bilatre
quarry), confirms that the mantle rocks were exposed (at least locally) on the seafloor of the former
NPZ basins (Clerc et al., 2014; DeFelipe et al., 2017; Jammes et al., 2009). Dip measurements reveal that
the Urdach Breccia and the Albian-Cenomanian flysch layers are involved in a kilometer-scale over-
turned fold with the ultramafic basement in its core.

Up to now, three major interpretations were proposed to account for the geological features of the
Urdach area. They involve the following processes: (1) emplacement of large-scale composite olistolith
of mantle-crustal basement in the Albian-Cenomanian flyschs along with coarse sedimentary breccia
(Duée et al., 1984; Fortané et al., 1986); (2) mantle denudation along the Urdach transverse (N-S) fault
scarp zone responsible for the formation of the Mid-Cretaceous Urdach composite breccia wedge
(Canérot, 2017; Debroas et al., 2010); and (3) thrusting of a slice of mantle rocks and its cover of
tectonosedimentary breccia over verticalized Cretaceous flysch strata (Jammes et al., 2009; Lagabrielle
et al., 2010).

In agreement with Debroas et al. (2010), we confirm that the western part of the Urdach body (Soum
dOmbret) consists of a sedimentary breccia, composed of a variety of rocks including clasts of serpentinized
ultramafic rocks (often talcified), numerous crustal mylonites, minor granite, gneisses, and mica schists, and
rare mafic rocks (Figure 6). A chaotic assemblage of large blocks of continental material and sheared
serpentinites is well exposed along the road cut, south of Soum dOmbret. An unsorted breccia, with
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Figure 5. Geological map (a) and cross section (b) of the Urdach massif with location of the analyzed samples.

angular basement clasts including crustal mylonites, forms meter-thick layers interbedded within graded
sandstones and pelites representing the dominant material of the Albian-Cenomanian flysch.

In various places, the mantle rocks are closely associated with hectometric lenses of intensively sheared
Paleozoic rocks, only a few meters thick, that appear immediately beneath the Urdach Breccia. The foliation
of these crustal lenses is always parallel to the geological boundary of the mantle rocks. Some of these lenses
have been reported on the geological 1/50.000 Oloron-Ste-Marie geological sheet (Casteras et al., 1970),
despite their location was not well constrained. The main lenses can be listed as follows (some of them will
be better described in section 4). (1) South of the Etche Pass, at Mer de Her, a 500-m long unit of Paleozoic
mica schists is reported as S3-2 Silurian rocks on the Oloron-Ste-Marie sheet. (2) At Soum dUnars, the peri-
dotites are in vertical contact with a unit of strongly sheared Silurian massive black schists also reported as
S3-2 Silurian rocks on the Oloron-Ste-Marie sheet. The occurrence of different crustal lithologies reworked
as loose blocks in the slopes around Soum dUnars may suggest that the lens of sheared Silurian black schists
is capped by relicts of the Urdach Breccia. (3) Along the road to the Urdach Pass the occurrence of a layer of
sheared andalusite-bearing mica schist is deduced from the presence of numerous debris derived from this
protolith. The poor outcrop conditions preclude to map the exact shape of this small lens. Exposures along
the road cut at Grange Lacues (SE of the Urdach massif) show various crustal lithologies, dominantly
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Figure 6. Outcrop pictures of the Urdach Breccia. (a and e) Characteristic aspect of the Urdach Breccia; black arrows
indicate centimetric to decimetric clasts of talcified mantle rocks reworked together with crustal lithologies in the breccia.
(b and d) Clasts of intensely foliated mylonitic crustal rocks (quartzite) reworked in the breccia. (c) Clast of foliated
mylonitic crustal rock (quartzite) overprinted by a progressive brittle deformation (as in Figures 4d and 4e) reworked in
the breccia. (f) Example of the quartz-cemented tectonic breccia; this breccia can be found reworked as clasts in the
Urdach Breccia.

mylonitized, within a reddish argillaceous matrix and confirm that the Urdach Breccia is exposed along the
southern border of the Urdach mantle body up to the Urdach Pass. (4) Some meters east of the Urdach Pass,
a small hill, referred to as “hill 488” hereafter, consists of variously sheared mica schists and porphyric
leptynites. This outcrop has been previously mapped as a granite on the 1/50.000 Oloron-Ste-Marie
geological sheet.

3.2.2. Sampling of the Urdach Paleozoic Units

We collected 56 samples from the Urdach Paleozoic basement during successive field campaigns in different
formations (Figure 5). (1) Massive rocks were sampled at three localities: (i) immediately east of the Urdach
Pass on the southern flank of hill 488, (ii) at Soum dUnars, and (iii) on the eastern flank of Soum dOmbrets
at Mer de Her. (2) Samples from various types of clasts in the Urdach Breccia were collected at different local-
ities, (i) south of Soum dOmbrets and (ii) at Bilatre.
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4. Lithology and Deformation of the Continental Basement Units
4.1. Lithology of Crustal Rocks in Contact with the Exhumed Mantle

As presented above, geological mapping shows that various types of Variscan rocks are currently lying in
direct contact with the mantle rocks. In the Saraillé massif, we observe the following lithologies in contact
with the lherzolites: (i) to the north, mylonitic andalusite-mica schists (Launde), gneisses with abundant
albitite veins (Saudarie); and (ii) on the southwestern flank, thinly banded quartzitic ultramylonite, impure
marbles, mica schists, variably mylonitized orthogneisses and chloritized paragneisses. In the Urdach mas-
sif, massive crustal units in contact with the lherzolites are (from east to west) (i) mylonitic leptynites and
paragneisses at hill 488, (ii) dominant andalusite schists and Silurian black schists at Soum dUnars, and
(iii) Silurian black schists and Ordovician quartzites at Mer de Her. In Urdach, mapping information reveals
rapid lithologic variations of the crustal rocks, suggesting a geological structure of small lenticular units.
These small units relate mostly to granitoids and amphibolite to greenschist facies metamorphic rocks, well
known in the Variscan basement of the Pyrenees.

4.2. Lithology of Clasts in the Urdach Breccia

The Urdach Breccia provides a unique opportunity to sample a wide variety of crustal lithologies exhumed
during the Cretaceous rifting. Beside fragments of serpentinized and talcified lherzolites, the breccia con-
tains angular clasts of undeformed to cataclastic granitoids, gneissic granitoids, various types of mica schists
(some of them bearing andalusite or garnet porphyroblasts), abundant thinly layered quartz-rich mylonites
(previously considered as thinly bedded quartzites by Fortané et al., 1986), thinly foliated black schists,
chlorite schists, and rare Jurassic and Cretaceous marbles (Figure 6). Albitite clasts derived from
corundum- and zircon-bearing magmatic albitite intrusions crosscutting the ultramafic massif (Monchoux
et al., 2006; Pin et al., 2001; Pin et al., 2006) are also found reworked in the breccia. Close to Mer de Her,
to the NW of the massif, the breccia is monogenic and bears the characteristics of a tectonic breccia
(Figures 4f and 6f). It consists of an accumulation of angular clasts of likely Ordovician quartzites and is
devoid of sedimentary features. Large volumes of this breccia are strongly cemented by quartz, often geodic,
locally coated by iron oxides. The tectonic brecciation and the quartz cementation likely occurred before
exposure of the breccia to the seafloor, when the cataclastic rocks were still forming a coherent tectonic unit
within the exhumation fault system.

It is worth noting that no Paleozoic rock younger than Silurian has been found among the clasts composing
the Urdach Breccia, nor in the crustal lenses enveloping the ultramafic Urdach and Saraillé massifs.

4.3. Deformation and Microstructures of Crustal Rocks: The Saraillé and Urdach Basement Units
and a Selection of Clasts from the Urdach Breccia

A summary of the observations in thin sections from crustal samples in the Saraillé and in the Urdach
massifs, including information on the mineral assemblage as well as the intensity of the deformation, is pre-
sented in Table 1.

Crustal lithologies exposed along the contact with the mantle rocks or reworked as pebbles in the Urdach
Breccia vary from para-derived mylonitic rocks to ortho-derived rocks (see sections 4.1 and 4.2) showing
variable degrees of deformation. It is worth to note that many samples show evidence for late-mylonitic to
postmylonitic quartz and albite veining crosscutting the mylonitic foliation. Moreover, much evidence exists
for a late-mylonitic to postmylonitic event of hydrothermal fluids circulation, which led to a more or less pro-
nounced chloritization and/or albitization of the crustal rocks; the intensity of this metasomatic event some-
times resulted in a complete obliteration of the previous metamorphic textures (e.g., BCOR 115).

In the Saraillé massif, para-derived metamorphic rocks are mostly represented by mylonitic chiastolite-
bearing black mica schists; shear foliation is defined by white mica and microcrystalline quartz and wraps
around andalusite porphyroblasts, which typically show symmetric ¢-type geometry (e.g., Figure 7a) and
occasionally o-type geometry with contrasting senses of shear. Quartzitic layers on the western flank of
the massif show various degrees of deformation, ranging from almost undeformed (e.g., BCOR 37a) to S-L
tectonites (e.g., BCOR 13) with quartz dynamically recrystallized to form polycrystalline ribbons (e.g.,
Figures 8b and 8c). Minor impure marbles (amphibole-quartz-plagioclase-bearing) are also present in the
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Deformation
intensity

T max of
deformation

Quartz recrystallization
Type of devormation microstructures

Mineral composition

Rock type

Breccia/
bedrock

Massif

Sample
name

Table 1 (continued)

300-400 °C

UE, BLG, NCL

PM (not foliated)

Qz (+ Chl in fractures)

Qz-pegmatite

Urdach Breccia

BCOR273

clast

Urdach Bedrock
Urdach Bedrock
Urdach Bedrock
Urdach Bedrock

++
++
++
++

300-400 °C

UE, BLG, NCL

UE, BLG
UE, BLG

Qz, Ms (?), Kfs, P1
Qz, Ms, Pl, Kfs

(Leucocratic) Orthogneiss

(Ortho/para?)gneiss

CB4

300-400 °C

CB5a

300-400 °C

M
M

Qz, Ms, Pl, Kfs

(Ortho/para?)gneiss

Quartzite

CB5c¢
CBS8

°C

300-400

UE, BLG (?)

Qz, Ms, Chl (?) (+Fe oxides)

@
300-400

H@)

°C

UE, BLG (?)

PM

Qz, Chl, Ms (+ Zrn)

Quartzite

Urdach Bedrock

CB9

Q)

400-500 °C

++

PCR, BLG, SGR

Qz, Ms, Kfs, P1

(Leucocratic) Orthogneiss

Urdach Breccia

CB10

Clast

undeformed; PM = protomylonite; M = mylonite; UM = ultramylonite.

Note. Abbreviations for mineral names are after Whitney and Evans (2010). Abbreviations for type of deformation: UND

bulging; NCL = nucleation;

polycrystalline ribbons; BLG

monocrystalline ribbons; PCR =

Abbreviations for quartz recrystallization microstructures: UE = undulose extinction; MCR

mica fish.

= grain boundary migration; MF =

SGR = subgrain rotation; GBM

southern part of the massif, showing high degrees of deformation of the microcrystal-
line carbonate matrix resulting in sheath folds and recumbent microfolds at the scale
of the thin section.

Ortho-derived rocks in the Saraillé massif show a variety of degrees of deformation
(Figures 7c-7e), ranging from weakly deformed cataclastic/protomylonitic
granodioritic rocks to phyllonitic ultramylonites. In the weakly deformed granitoid
rocks, even though deformation was not intense enough to produce a well-developed
tectonic foliation, quartz always shows some evidence for dynamic recrystallization
(Figure 7d). In mylonitic to ultramylonitic orthogneisses, a quartz + biotite + muscovite
tectonic foliation progressively overprinted the previous magmatic texture
(Figure 7e). The shear foliation wraps around more or less sericitized feldspar
porphyroclasts to produce augen, generally showing a ¢-type and occasionally a
o-type geometry with contrasting senses of shear (Figure 7e). Feldspar response to
deformation is generally brittle, with evidence for microfracturing, undulose extinc-
tion, and bent twins; evidence for dynamic recrystallization of feldspar is limited
and, when present, it is dominantly assisted by incipient bulging at grain boundaries
(e.g., Figures 7e, 8d, and 8e). Observed feldspar microstructures are compatible with
maximum temperatures of deformation not exceeding 450 °C (e.g., Gapais, 1989;
Passchier & Trouw, 2005; Pryer, 1993). Biotite and muscovite commonly show undu-
lose extinction and form mica fishes (e.g., Figure 8e), thus pointing to relatively low
temperatures of deformation (e.g., Passchier & Trouw, 2005). Quartz dynamic recrys-
tallization is dominantly assisted by nucleation, bulging, and subgrain rotation and
induced a more or less pronounced reduction of the grain size (increasing with the
intensity of deformation) resulting in the formation of polycrystalline quartz ribbons
(Figures 8a-8c). The observed quartz microstructures are compatible with maximum
temperatures of deformation in the range of 400-500 °C (e.g.,.Drury & Urai, 1990;
Hirth & Tullis, 1992 ; Law, 2014 ; Passchier & Trouw, 2005 ; Stipp et al., 2002). In
general, in the ortho-derived rocks of the Saraillé massif, biotite has been largely
altered to chlorite during deformation.

In the Urdach massif, at hill 488 the leptynitic gneiss show a mylonitic foliation
defined by fine-grained, dynamically recrystallized quartz and white mica
(Figures 9b and 9c). Feldspar exhibits brittle behavior and locally shows evidence
for cataclastic flow at grain boundaries; the tectonic foliation wraps around feldspar
porphyroclasts to form augen, which typically show o-type geometry with a top-to-
the-ENE sense of shear (Figures 9a-9c). Large-size muscovites show undulose extinc-
tion and form mica fishes pointing to a top-to-the-ENE sense of shear coherent with
that displayed by the feldspar o types (Figures 9b and 9c), thus pointing to relatively
low temperatures of deformation (e.g., Passchier & Trouw, 2005). Dynamic recrystal-
lization of quartz is dominantly assisted by nucleation and bulging, with scarce evi-
dence for subgrain rotation recrystallization, and led to grain size reduction
(Figure 8). The observed microstructures are compatible with maximum tempera-
tures of deformation in the order of ~400 °C (e.g., Drury & Urai, 1990; Hirth &
Tullis, 1992; Law, 2014; Passchier & Trouw, 2005; Stipp et al., 2002). The leptynitic
gneisses are interfingered with highly deformed fine-grained chloritized quartzitic
mica schists, bearing feldspar and garnet porphyroclasts and displaying isoclinal
microfolds at the scale of the thin section (Figure 7h).

In the Urdach Breccia, most of the para-derived samples are analog to the metasedi-
mentary Paleozoic rocks exposed in the crustal lenses to the NW and to the south of
the massif, and also to the metasedimentary layers intercalated with the leptynitic
gneiss at hill 488. In chiastolite-bearing dark mica schists (e.g., BCOR 117) andalusite
porphyroblasts are wrapped by the metamorphic foliation and produce ¢@-type
geometries. In mica schist pebbles, quartz microstructures are hardly decipherable;
however, grain size reduction of quartz seems to have been dominantly assisted by
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Figure 7. Thin section pictures of representative examples of crustal basement rocks from the Saraillé and Urdach
massifs. (a) Mica schist with partially boudinaged ¢-type andalusite porphyroclasts embedded in the foliation (crossed
polarizers). (b) Mica schist with small ¢-type feldspar porphyroclasts embedded in the foliation (crossed polarizers).
(c) Almost undeformed granitoid sample from the Saraillé massif (crossed polarizers); the only traces of deformation are
represented by undulose extinction and incipient subgrain rotation recrystallization in quartz. (d) Protomylonitic
granitoid from the Saraillé massif (crossed polarizers); development of an incipient foliation is assisted by dynamic
recrystallization of quartz mainly by subgrain rotation. (e) Mylonitic orthogneiss from the Saraillé massif (crossed
polarizers); ¢-type feldspar porphyroclasts are embedded in a strained foliation made of recrystallized quartz ribbons
(deformation in quartz is dominantly assisted by subgrain rotation recrystallization). (f) Gneiss with ¢-type amphibole
porphyroclasts embedded in the foliation from the Urdach Breccia (plane polarized light). (g) Ultramylonitic quartzite
from the Urdach Breccia with alternating monocrystalline and polycrystalline quartz ribbons (crossed polarizers).

(h) Isoclinal microfolds in a quartzit/mica schist sample from the crustal basement of the Urdach massif (crossed
polarizers).
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Figure 8. Examples of recrystallization microstructures in mylonitic crustal rocks sampled in the Urdach and Saraillé
massifs. (a) Example of bulging recrystallization at crystal boundaries of quartz with undulose extinction (low tempera-
ture). (b and c) Examples of subgrain rotation recrystallization in quartz (medium temperature). (d and e) The o-type
feldspar porphyroclasts embedded in a strained foliation defined by stretched quartz and white mica with dextral sense of
shear; quartz recrystallization is dominantly assisted by bulging and subgrain rotation (medium temperature). In (e), note
bent twins in feldspar porphyroclast (indicated by black arrow). (f) Muscovite mica fish embedded in stretched quartz
dominantly recrystallized via grain boundary migration (high temperature).

nucleation and bulging recrystallization. In the most quartzitic layers (e.g., BCOR 123b), quartz shows
evidence for dynamic recrystallization also assisted by incipient subgrain rotation. The observed
microstructures point to maximum temperatures of deformation in the order of ~400 °C (e.g., Drury &
Urai, 1990; Hirth & Tullis, 1992; Law, 2014; Passchier & Trouw, 2005; Stipp et al., 2002).

The ortho-derived pebbles exposed in the Urdach Breccia show variable degrees of deformation. The most
deformed mylonitic orthogneisses (e.g., BCOR 174) are akin to those sampled at hill 488. The less deformed
magmatic pebbles vary from undeformed granitoids (e.g., BCOR 128) to cataclastic/protomylonitic grani-
toids (e.g., BCOR 131), where dynamic recrystallization of quartz was dominantly assisted by nucleation,
bulging and, in some cases, subgrain rotation (e.g., BCOR 138), but shearing was not intense enough to pro-
duce a well-developed tectonic foliation; these rocks are comparable to the nonfoliated granitoid rocks
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Figure 9. Some characteristics of the leucocratic orthogneiss sample from the southeastern side of the Urdach massif
(hill 488) used for Oar/¥Ar dating on muscovite (URD 24b). (a) Hand specimen picture. Note millimetric muscovite
crystals indicated by black arrows; OAr/°Ar dating was performed on a similar handpicked muscovite crystal. (b) Thin
section picture, plane polarized light. (c) Microstructure observed in crossed polarized light. Large muscovite crystals form
mica fish and are embedded in a strained recrystallized foliation together with o-type feldspar porphyroclasts. Shear
foliation is defined by recrystallized quartz and mica; quartz recrystallization is dominantly assisted by grain boundary
bulging and nucleation (low T fabric). Sense of shear is dextral. (d) 3Ar release spectrum of a handpicked muscovite
(see Table 2 for the related data set).

exposed in the Saraillé massif. According to the observed quartz microstructures (Drury & Urai, 1990; Hirth
& Tullis, 1992; Law, 2014; Passchier & Trouw, 2005; Stipp et al., 2002) the maximum temperature reached by
these rocks during foliation development was of the order of ~400-450 °C. As a general observation, in the
granitoid rocks exposed in the Urdach massif and in the Urdach Breccia biotite seem to be less chloritized
than in the Saraillé massif.

5. Geochronological Data
5.1. “*Ar/**Ar Dating of a Leptynitic Gneiss (Urdach, URD24b)

During this work, a mylonitic leptynitic gneiss was collected at the Urdach Pass (hill 488, see section 3.2.1)
for “°Ar/*°Ar dating (Figure 9). A large single grain of muscovite was analyzed with the laser probe
“OAr/*¥Ar step-heating technique using an analytical procedure similar to that described in Clerc et al.
(2015). Argon was released on 15 heating steps and 9 of them yield a plateau age of 105.2 + 0.5 Ma for
78% of the total amount of *’Ar (Figure 9d and Table 2). The first heating steps show evidence of excess argon
probably related to the trapping of late “°Ar enriched fluids. Because of a huge radiogenic yield, the isotope
correlation plot does not provide a precise value of the initial *’Ar/>°Ar ratio.

The dated muscovite is a large porphyroclast (up to 0.5 mm in diameter), and thus, the meaning of the
~105 Ma plateau age has to be discussed considering the conditions of mylonitization. According to micro-
textural features, temperature is estimated to be in the range ~350-400 °C during deformation, which is
below the assumed closure temperature for argon in muscovite (Harrison et al., 2009). For such thermal con-
ditions, and also given its large size, muscovite should have suffered no or only partial resetting during
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Table 2

“0Ar/*° Ar Data on Muscovite From Sample URD 24b

Step nb

36Ar (atm) (FA)  *7Ar (Ca) (fA) 33Ar (CD) (fA)

PAr (K) (tA)

“Oar (rad) (fA) Age (Ma) Error (Ma) Percent “OAr (rad) Percent Ar

O 00 N0 Ul AW

e e e
(S, N UV SR i )

0.18231
0.01175
0.33235
0.00552
0.00300
0.00325
0.00372
0.00349
0.00243
0.00631
0.00681
0.00260
0.00163
0.00299
0.00682

0.03651
0.00000
0.00000
0.00000
0.00000
0,00000
0.00000
0.12667
0.00000
0.00000
0.00000
0.00000
0.11023
0.00000
0.00000

0.09774
0.00000
0.01870
0.00000
0.00000
0.03824
0.01208
0.00000
0.03448
0.00066
0.01135
0.00561
0.00000
0.00000
0.01622

0.63588
1.02822
2.20171
5.07211
6.17248
12.54272
9.16205
9,37042
3.43353
32.15598
21.36579
8.02215
4.71259
2.77686
6.11579

5.8225
24.6195
28.0410
67.1030
76.4500

148.8023
102.0813
105.0218
37.9562
355.4451
236.9482
89.1251
52.5782
31.0833
67.1935

87.27
219.88
120.28
124.78
117.07
112.29
105.65
106.26
104.85
104.84
105.17
105.36
105.79
106.13
104.22

13.58
10.46
5.97
1.33
1.02
0.59
0.68
0.72
2.85
0.41
0.53
1.24
212
3.56
1.62

9.75
87.61
22.21
97.56
98.78
99.28
98.85
98.94
98.06
99.39
99.07
99.06
99.01
97.15
97.00

0.51
0.82
1.76
4.07
4.95
10.05
7.34
7.51
2.75
25.77
17.12
6.43
3.78
2.23
4.90

J =0.005400

Total gas age: 108.53 + 0.51 Ma Plateau age: 105.25 + 0.54 Ma

mylonitization (Warren et al., 2012), thus providing a plateau age or a staircase age spectrum. Accordingly,
the muscovite age at 105 Ma predates the age of deformation that could be responsible for the presence of a
loosely bound excess argon component released during the first heating steps on the age spectrum.
Leptynitic gneiss analog to the dated sample are found reworked in the late Albian Urdach Breccia, so the
mylonitic deformation is well bracketed between ~105 and ~100 Ma. The age of 105 Ma coincides with
the age of metasomatic activity all along the Pyrenean belt (i.e., between ~112 and ~92 Ma; e.g., Boutin
et al., 2015; Fallourd et al., 2014; Poujol et al., 2010; Schirer et al., 1999) that could have been followed in
Urdach by mylonitization some million years later.

6. Discussion: Mode of Thinning of the North Iberia Crustal Basement During
Mantle Exhumation

So far, rock samples from the basement of distal passive margin domains were only collected at few localities
such as the Iberia-Newfoundland conjugate passive margins, the Bay of Biscay margins, and the southwes-
tern Australian margin, confirming exposures of exhumed lower crust as well as of large areas of serpenti-
nized subcontinental mantle (Beslier et al., 2004; Boillot et al., 1987; Espurt et al., 2012; Péron-Pinvidic &
Manatschal, 2009; Tucholke & Sibuet, 2007). Apart from these cases, the basement composition and defor-
mation history of the distal domain of rifted margins remains poorly constrained and highly questionable.
Therefore, the geological and geochronological data obtained from the Paleozoic lithologies intimately asso-
ciated with the Saraillé and Urdach peridotites represent a unique data set providing new parameters to bet-
ter constrain the processes of extreme crustal thinning and the mechanisms leading to the exposure of
subcontinental mantle rocks at distal passive margins in general.

6.1. Implications of Geological Observations and Chronological Data From the Saraillé and
Urdach Massifs for the Reconstruction of the Distal Iberian Palemargin

6.1.1. Temperature and Time Constraints for Crustal Thinning

The large strain that affected the continental crust during its last shearing event is testified by the strongly
elongate quartz ribbons found in numerous mylonitic samples. The quartz microstructures reported in
section 4 above indicate temperatures in the range of ~300-450 °C for the mylonitic event. All our sam-
ples indicate that feldspars deformed brittlely, which indicates that maximum temperatures of deforma-
tion did not exceed ~450 °C. In addition, no evidence for a Cretaceous migmatitization has been found
during this study nor is this reported in the literature from areas adjacent to the study area. Therefore,
we did not find any direct evidence for synextensional partial melting of the continental crust. These
observations show that the ductile thinning of the continental crust occurred under greenschist facies
conditions. These conditions may correspond either to those characterizing the middle crust, in the case
of a stable continental crust with a standard thermal gradient (~30 °C/km), or to those of the upper crust
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during a phase of positive thermal anomaly, which resulted in a transient increase of the geothermal
gradient.

The greenschist facies mylonitic shearing that we describe in this study may concern andalusite-,
amphibole-, or garnet-bearing mica schists, which are typical of amphibolite facies conditions. Thus, this last
mylonitic episode has affected metamorphic rocks that originally equilibrated at higher P and T conditions
during the Variscan cycle. Interestingly, our sampling set is devoid of rocks deriving from higher grade con-
ditions that might have equilibrated at lower crustal levels such as acidic or basic granulites (kinzigites, char-
nockites, and pyriclasites). In the western Pyrenees, rocks from this group are easily distinguished and
include orthogneisses and paragneisses with garnet, sillimanite, and cordierite in kinzigites and plagioclase
and pyroxene in pyriclasites. These rocks are largely exposed in the Ursuya massif to the west of the study
area (Boissonnas et al., 1974).

A critical observation from both the Saraillé and Urdach areas is that the long axes of the crustal tectonic
lenses as well as their internal foliation always parallel the uppermost boundary of the mantle bodies. In
addition, the internal fabric of the crustal lenses parallels the phacoidal fabric of the major detachment zone
in the uppermost mantle. This observation strongly suggests that the final fabric of both the continental crust
and subcontinental mantle units has been achieved during the same shearing event. The new geochronolo-
gical data presented in this study have to be combined with the parallel orientation of the crustal mylonitic
foliation with the upper limit of the exhumed lherzolite bodies. This demonstrates that the last ductile thin-
ning of the continental crust took place during the Late Albian (105-100 Ma) in relation with subcontinental
mantle exhumation. Moreover, the ductile deformation observed at hill 488 is also kinematically consistent
with a mylonitic shear zone developed in the lithospheric mantle during its exhumation (750-850 °C and
0.5-1.1 GPa), which is exposed in the Turon de la Técouere massif, ~10 km to the east in the Chainons
Béarnais (Newman et al., 1999; Vissers et al., 1997).

In the North-Pyrenean Saint-Barthélémy massif (Eastern Pyrenees), Costa and Maluski (1988) reported
“OAr/*Ar biotite ages of 100-110 Ma for more or less intensely mylonitized rocks at the base of the
Trimouns talc quarry. These ages are consistent with the “’Ar/>’Ar age of hydrothermal phlogopite from
the alteration rim of a pegmatite (Clerc et al., 2015) as well as with U-Pb ages obtained on minerals related
to the talc formation such as monazite, xenotime, rutile, and titanite in the Trimouns talc orebody (Boutin
et al., 2015; Schérer et al., 1999). This suggests a genetic relationship between the (re?) activation of shear
bands in the thinned Variscan basement of the massif and the penetration and circulation of hydrothermal
fluids in its Paleozoic cover. Temperature of mylonitisation in the basement gneiss and granulites is esti-
mated between 400 and 500 °C (Boutin et al., 2015; deSaint Blanquat, 1993), which is well above the tem-
perature needed for the complete argon resetting of Variscan biotite for which a closure temperature of
300-350 °C is assumed (Harrison et al., 1985). These data show that age and temperature of the last mylonitic
deformation in the Saint-Barthélémy massif perfectly fit with our estimates for the deformation of the crustal
basement exposed in the Urdach and Saraillé massifs.

6.1.2. Overall Deformation Pattern in the Thinned Crust

Field relationships in the Urdach and Saraillé massifs show that the exhumed mantle exposed in the distal
domain of the northern Iberian margin was intimately associated with strongly sheared lenses of various
crustal lithologies. These lenses display a phacoidal shape with undulating shear contacts between them.
The overall pattern of the crustal basement rocks lying over the subcontinental mantle prior to the final
stages of its exhumation was represented by a stacking of thin hectometric tectonic lenses. This lenticular
mode of deformation allowed the juxtaposition of different lithologies that normally lie at separate levels
in the crust, via an anastomosing multidetachment system. The development of multidetachment systems
in an extending continental lithosphere is an efficient mechanism to account for the juxtaposition of differ-
ent crustal layers (e.g., Duretz et al., 2016).

A major information from our petrological study is the abundance of mylonitic continental rocks both in the
Urdach Breccia and in the massive units of the Saraillé and Urdach sites. Table 1 displays the proportions of
lithological types and strain intensity at both Saraillé and Urdach massifs. At Saraillé, 26 out of 35 samples
display a mylonitic to ultramylonitic deformation. At Urdach, 39 out of 56 samples are more or less myloni-
tized. This leads to an average proportion of 70% of mylonitic samples, which enlightens the relationship
between ductilely deformed crust and exhumed mantle. This observation cannot be used to quantify pre-
cisely the volume of mylonitic rocks in the extended crust welded on the exhumed mantle of the distal
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margin domain but indicates that mylonitic deformation has affected a large proportion of the crustal lithol-
ogies. A second important information is that this mylonitic deformation did not equally affect the entire
crust. Volumes of less deformed material occur in the most internal domains of some of the crustal lenses
and often correspond to granitoid plutons and part of their rims of thermal contact metamorphism. These
granitoid rocks are reminiscent of those commonly exposed throughout the Axial Zone of the Pyrenees, such
as the nearby Eaux-Chaudes and Cauterets plutons. This suggests that the hyperthinned crust that deformed
during mantle ascent was not different from the Variscan terranes presently exposed in the unstretched
Axial Zone.

It is worth noting that most of the observed mylonitic deformation show evidence for coaxial flattening (e.g.,
@-type structures) achieved during pure-shear conditions of deformation, while evidence for a noncoaxial
extensional deformation (e.g., sample URD 24b at hill 488) under simple-shear conditions is very rare and
localized. This is in agreement with a tectonic scenario during extreme crustal thinning characterized by tec-
tonic lenses with weak internal deformation (i.e., undeformed Paleozoic granitoids) or with purely coaxial
flattening, separated by localized noncoaxial ductile shear zones. Such large-scale phacoidal fabric in the
extending continental crust have been already imaged by seismic reflection profiles in several regions world-
wide, both in the middle crust (e.g., Hamilton, 1987) and in the lower crust (e.g., Reston, 1988) when
stretched under pure shear conditions. A scenario with anastomosing mylonitic shear zones separating less
deformed internal domains (as the one we describe in this study based on field observations) would explain
the peculiar seismic reflectivity of the lower crust observed in some deep-penetration seismic reflection
profiles, as already envisaged by Reston (1990).

Crustal rocks exposed in the Urdach massif recorded the transition from ductile to brittle deformation
during the Cretaceous rifting. Examples of such transition can be observed at Mer de Her (to the NW of
the Urdach massif) or at Soum dUnars (at the southern tip of the massif), where mylonitic Silurian schists
pass to cataclastic breccia cemented by quartz. Similar transitions are frequently observed in isolated breccia
clasts at the outcrop scale (Figure 6¢) and at the thin section scale, as illustrated in section 4.2. Reworking of
various types of mylonite fragments as small clasts as well as large blocks of massive mylonites in the first
beds of the Late Albian flysch at Urdach likey results from the denudation and subsequent disaggregation
by sedimentary processes of a tectonic breccia. Our mapping shows that the Urdach Breccia lies geologically
at the same level as the lenses of massive crustal mylonites, both forming the original cover of the exhumed
mantle rocks. This suggests a transition between the massive rocks to the breccia through increasing brittle
behavior during extension, which led to the formation of a tectonosedimentary breccia. The shallow dipping
shear zones have been progressively exhumed and evolved into cataclastic zones when they reached the
brittle field in a way similar to that described by Jolivet et al. (2004, 2010). This process led to a final geometry
consisting in boudins of variable size, separated by interboudin necks that pass to exhumed
cataclastic breccia.

6.2. Extreme Thinning of the North Iberia Margin in Relation With Mantle Exhumation: A
Conceptual Model Based on Geological Observations

Our geological results lead us to define a new configuration for the crust of the North Iberia distal passive
margin now inverted in the western NPZ (Figure 10). This configuration, which may vary laterally, is based
on the following constraints: (i) post-Silurian Paleozoic rocks are never found in the distal domain; (ii) lower
crustal levels did not reach the Earths surface, at least along the studied paleomargin transect; (iii) extension
in the exhumed part of the crust is characterized by lenticular deformation and internal flattening of crustal
lenses separated by anastomozing extensional mylonitic shear zones; (iv) at the final step of continental
breakup, only crustal lenses derived from pre-Devonian rocks remained welded on the exhumed mantle.

We are well aware that this crustal configuration probably does not apply to all the western north Pyrenean
margin for two reasons. (1) Reworked granulitic rocks are reported from the Larau Saint-Engrace
Cretaceous formations (Ducasse et al., 1986), to the east of the study area. (2) Lower crustal formations were
possibly exposed in the Labourd basement of the Mauléon basin following the Cretaceous extensional epi-
sode (Ursuya granulites, Jammes et al., 2009). Therefore, it cannot be excluded that granulites locally
reached upper crustal levels during the Cretaceous extension in the western NPZ, such as at Banc Le
Danois at the northern margin of the inverted Cantabrian basin (Fiigenschuh et al., 2003) and in the
Estella Diapir at the SE corner of the basin (Pflug & Schéll, 1976). A lateral segmentation of the North
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Mendibelza-like Saraillé-like Urdach-like

I:l Syn-rift succession EI Post-Silurian bedrock - Granulitic lower crust

- Detached pre-rift Mesozoic succession I:I Pre-Silurian bedrock - Lithospheric mantle

I:I Late Triassic (evaporite-rich - Keuper)

Figure 10. Conceptual reconstruction of the distal domain of the North Iberian paleopassive margin at mid-Cretaceous
times as constrained from the data presented in this study. Thin mylonitic pre-Silurian crustal lenses are exhumed
together with the mantle at the floor of the Albian-Cenomanian basin; these are locally reworked together in in clastic
deposits interfingered with the late Albian tubidites (e.g., Urdach Breccia). The granulitic lower crust is extracted laterally
and is left behind in the proximal margin domain. The Mesozoic prerift cover glide on a decollement layer represented
by the late Triassic evaporites (Keuper) and are locally put in direct contact with the exhumed mantle in the distal domain
(e.g., Saraillé massif). Clastic deposits reworking post-Silurian and Mesozoic prerift deposits (e.g., Mendibelza conglom-
erate) onlap the proximal margin that is simply tilted basinward, without the development of major tilted blocks.

Pyrenean margin has to be considered, as reported from many other margins worldwide. Granulites are also
forming the basal crustal levels of some North Pyrenean massifs (e.g., Castillon, Saint Barthelemy, and
Agly), but there is no evidence for their exposure to the seafloor during the Mid-Cretaceous although
some of them have recorded mylonitic deformation during this time (Costa & Maluski, 1988).

In order to complete the reconstruction of the crustal configuration along a transect representative of the
North Iberia margin crust, information on the composition and structure of the proximal margin domain
has to be integrated. Critical constraints derive from the geology of the nearby Igountze and Mendibelza units
that expose Devonian rocks stratigraphically underlying Mesozoic sediments belonging to the upper margin
domain (Masini et al., 2014; Teixell, 1998). During the late Albian extension, syntectonic conglomerates and
immature turbidite systems building a few kilometer-wide fan delta system were deposited at the foot of steep
slopes of the northern Iberia margin. These deposits, known as the Poudingues de Mendibelza, stratigraphi-
cally onlap the Paleozoic formations of the Igountze and Mendibelza massifs composed of thin allochthonous
units of late Paleozoic and Mesozoic crustal rocks mainly consisting of Devonian and Carboniferous schists,
quartzites and limestones, Permian siltites and conglomerates, Triassic sandstones, and Albian limestones.
The composition of the basal chaotic levels (“bréches chaotiques”) of the Mendibelza conglomerate, as well
as the unsorted upper levels, directly reflects the nature of their basement. They contain dominantly post-
Silurian Paleozoic rocks (Carboniferous schists, quartzites, Devonian limestones, Permian red siltites, and
conglomerates) and do not rework deeper levels such as gneisses, granitoids, mica schists from amphibolite
facies conditions, or the granulitic lower crust (Boirie & Souquet, 1982). This indicates that during the
Albian extension, the crust of the proximal margin was not dissected by major normal faults able to drive
the exhumation of pre-Devonian lithologies. This precludes the development of large fault surfaces such as
those required for the formation of upper crustal extensional allochthons, as proposed in alternative recon-
struction of the Northern Iberia paleomargin (i.e., Masini et al., 2014).

As discussed in previous works, the peculiar behavior of the Northern Iberia margin during the Cretaceous
rifting might have been possible because the necking and distal margin domains have deformed under an
almost continuous blanket made of the detached prerift Mesozoic sediments and its overlying Cretaceous
flysch cover (Clerc et al., 2015; Clerc & Lagabrielle, 2014; Jammes et al., 2010). Decoupling of the prerift sedi-
ments along the Triassic evaporites level is a major feature that allowed crustal deformation under relatively
hot conditions (Clerc et al., 2015).
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Figure 11. Conceptual reconstruction of the North Iberian paleopassive margin at mid-Cretaceous times as constrained
by the data presented in this study with schematic representation of three different hypotheses for the internal structure
of the prehyperextended continental crust. For the sake of simplicity, in the proximal domain only pre-Cretaceous
structures have been represented. (a) The prehyperextension continental crust has a standard equilibrated thickness
(~30 km), with the uppermost crust composed of post-Silurian Paleozoic deposits decoupled from the midcrustal pre-
Silurian bedrock at the level of the Silurian black schist; in this configuration, the crustal lenses exhumed with the mantle
derive from the middle crust. (b) The prehyperextension continental crust has a standard equilibrated thickness (~30 km),
but with pre-Silurian lithologies already exhumed in some domains and thus representing the upper crust rather

than the middle. (c) The prehyperextension continental crust has been already indefinitely thinned during pre-Cretaceous
events, with the mantle laying already at depths <30 km before the Cretaceous. See text (section 6.3) for further
explanation.

EI Late Triassic evaporites (Keuper) - Silurian black schists

In our model, the subcontinental mantle, which behaves as a cooling rigid body, is extracted from below a
complex of upper/middle crustal tectonic lenses whose basal portion remains welded on the moving mantle.
The lower crustal levels are not mobilized probably due to large scale boudinage. Crustal-scale boudinage
would explain that rare bodies of lower crust have been locally exhumed to form units such as the Ursuya
granulites, to the west of the Mauléon basin. Due to lateral extraction of the ductile part of the crust toward
the distal margin domain, the uppermost crust is not dissected by numerous normal faults but is rather tilted
basinward, so that the Mendibelza conglomerates progressively onlap the tilted surface exposing mainly
Devonian, Carboniferous, and Permo-Triassic rocks. Due to progressive opening of the rift, the decoupled
prerift Mesozoic cover remains on top of the deepening axial regions, thus avoiding complete exposure of
the exhumed mantle and the ductile crustal lenses to the seafloor. Only some windows, such as in the
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Urdach region, have been opened within the detached cover allowing cataclastic crustal units and subcon-
tinental mantle to be directly covered by the first « black flysch » turbidites as early as the Late Albian times.

6.3. Insights on the Prerift Crustal Structure in the Pyrenean Realm

Once the architecture of the distal part of the margin has been reconstructed, an important issue is to deter-
mine which were the crustal structure and thickness before the mid-Cretaceous rifting event. As a matter of
fact, the starting conditions definitely change the way the continental crust thinned and the significance of
the crustal remnants exhumed along with the subcontinental mantle. Considering the available data, there
are three reasonable possible pre-Cretaceous configurations as regard to the state of the continental crust
(Figure 11): (i) a standard equilibrated thickness (~30 km), with the uppermost crust composed of post-
Silurian Paleozoic succession mechanically decoupled from the midcrustal pre-Silurian succession at the
level of the Silurian black schist (Figure 11a); (ii) a standard equilibrated thickness (~30 km), but with
pre-Silurian lithologies already exhumed in some domains and thus representing the upper crust rather than
the middle (Figure 11b); and (iii) an indefinitely prethinned continental crust, with the mantle lying already
at depths <30 km before the Cretaceous because of earlier thinning events (Figure 11c).

In the first case, the continental crust would be composed of a lower granulitic layer, a middle crust consist-
ing in the pre-Devonian sequences, and an upper crust consisting of post-Silurian sequences, with the
Silurian black schists having an overall horizontal attitude. In this scenario, the Silurian black schists act
as an efficient decoupling layer between the upper and the middle crust because of its weak rheological char-
acteristics (Figure 11a). This layer had in fact already acted efficiently as a decollement level during the
Variscan orogeny and as rooting layer for the extensional faults controlling the Stephano-Permian basins
(e.g., Vissers, 1992; Zwart, 1979). In this case, the ductile crustal lenses exhumed together with the mantle
in the study area would represent midcrustal levels exhumed from their original equilibration depth during
the mid-Cretaceous rifting. Elision of the granulitic crust mainly results from boudinage of a rigid lower
crust, between the subcontinental mantle and the ductile middle crust, and is left behind in the proximal
part of the margin. Also the upper crust, comprised between two very efficient decoupling layers (the
Silurian schists and the Keuper evaporites), is left behind in the proximal part of the margin.

However, in the Pyrenean domain there is evidence, at least locally, for a pre-Cretaceous exhumation of the pre-
Silurian Paleozoic series. Vissers (1992) already proposed the exhumation to the surface of amphibolite facies
Paleozoic rocks during a Stephano-Permian denudation phase. As a matter of fact, in the Axial Zone of the cen-
tral Pyrenees, there is evidence for sedimentary reworking of amphibolite facies Cambro-Ordovician metasedi-
ments (de Bresser et al., 1986) and of upper crustal Permian granodioritic intrusions (Nagtegaal, 1969) in Early
Triassic conglomerates. Additional evidence comes from the Labourd massif, to the west on the Mauléon
basin, where Permo-Triassic sediments unconformably overlay Ordovician (meta)sediments with strati-
graphic contacts (Boissonnas et al., 1974), thus demonstrating an early post-Variscan exposure of such lithol-
ogies. Considering these constraints, it is possible to propose a second scenario, where all the Paleozoic series
and related magmatic intrusions would represent together the upper and middle crust and would behave
ductilely as a whole, or at least in its lower portion, below a mobile prerift cover, in the distal part of the mar-
gin (Figure 11b). In this hypothesis, too, the granulitic lower crust is boudinaged between the exhuming litho-
spheric mantle and the ductile upper/middle crust, thus remaining below the proximal part of the margin.

Both models presented above rely on the assumption that the continental crust in the Pyrenees was at stan-
dard re-equilibrated conditions before the mid-Cretaceous rifting. However, evidence exists for an early pre-
Cretaceous thinning of the continental crust. In the North Pyrenean Massifs there is evidence for a relevant
Permian mylonitic extensional event (e.g., Saint Blanquat, 1993; Saint Blanquat et al., 1990), which may
have produced up to ~10 km of thinning of the Variscan crust in the Pyrenean realm (Bouhallier et al.,
1991). A similar amount of post-Variscan thinning has been proposed by Vissers (1992), who documented
the exhumation of amphibolite facies Paleozoic rocks during the aforementioned Stephano-Permian denu-
dation phase that might have accounted for up to 10 km of exhumation. Additional evidence comes from the
granulitic units exposed in the NPZ. The lowermost crustal units exposed in outcrop are characterized by
low-P granulites which are thought to have equilibrated during Variscan times (Vielzeuf & Kornprobst,
1984) in a range of pressures between 3.5 and 7.5 kbar (e.g., Vielzeuf, 1980, 1984). Crustal rocks that equili-
brated at depths >25 km are thus unknown in the Pyrenean realm. Late Triassic-early Jurassic “°Ar/*’Ar
ages on biotite (interpreted as cooling ages below ~300 °C) are documented in the Ursuya massif
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granulites, to the west of the Mauléon basin (Masini et al., 2014). Besides, during the whole Mesozoic, espe-
cially during the Triassic and the Liassic periods, several episodes of rifting affected the Pyrenean domain
(e.g., Debrand-Passard et al., 1995, and references therein) in response to the more or less continuous relative
eastward drift of Iberia with respect to Europe and possibly to the dynamics of the opening of the Liguro-
Piemontese domain to the east. However, the amount of crustal thinning inherited from these extensional
events remains very poorly constrained and might be largely underestimated in our present vision of the
crustal structure at the moment of the mid-Cretaceous rifting. All this evidence points to an/some
unquantified but likely unneglectable episode(s) of continental crust thinning in the Pyrenean realm before
the mid-Cretaceous extensional event, which might have also resulted in a pre-Cretaceous exhumation of
the granulitic Variscan lower crust. We can thus envision a third scenario where the Pyrenean crustal
thickness did not re-equilibrate after the pre-Cretaceous thinning episode(s), with the granulitic lower crust
being locally exhumed (at least partially) and with the subcontinental mantle already lying at depths >20 km
(Figure 11c). In this scenario, the ductile deformation may localize in the entire continental crust in the
distal domain. The lithology of the continental units that are exhumed welded on the lithospheric mantle
only depends on their position in the crust inherited from prerifting events.

Considering the available data, the third scenario is the most likely. This implies that constraining the crus-
tal structure inherited from previous tectonic events is a fundamental issue to quantify the amount and the
style of the Pyrenean Cretaceous lithospheric thinning and definitely deserves further investigation. More in
general, determining the role of the inherited crustal structure in the style of lithospheric thinning at diver-
ging plate boundaries is a fundamental issue worldwide. Indeed, attempts to apply general models built from
some case studies often fail to account for the structure of other margins, possibly because they neglect dif-
ferences in the initial conditions inherited from events that precede mantle exhumation.

7. Conclusion

Due to the presence of exceptional exposures deriving from the north Iberia passive margin domains, the
western NPZ exemplifies the mechanisms of crustal hyperextension from the microscopic to the regional
scale. In this article, we provide several clues issued from a detailed geological survey and the mineralogical
study of the two emblematic Saraillé and Urdach massifs that help to better understand the partitioning of
the deformation in the continental crust of the North-Iberian margin during hyperextension. Indisputable
constraints for the behavior of the distal margin domain preserved in the Chainons Béarnais during the crus-
tal hyperextension and the ascent of the subcontinental mantle are evidenced and can be summarized as fol-
lows: (i) post-Silurian Paleozoic rocks are never found in the distal domain; (ii) extension in the crust is
accomplished by lenticular deformation and pervasive ductile flattening through anastomozing extensional
mylonitic shear zones at low temperature (350450 °C maximum); (iii) granulitic rocks are not found in the
studied units suggesting early boudinage and lateral extraction of the lower crustal levels; and (iv) at the final
step of continental breakup, only pre-Silurian crustal lenses remained welded on the exhumed mantle.

More in general, this study shed light on details of the lithology and structure of the distal part of passive
margin that normally lies at abyssal depths. It reveals details of the lithology and structure of distal units that
were never reported before. It points to a discrepancy between geological observations from the western
Pyrenean analogs and current models of distal margins that can explain some of the differences observed
in the first order crustal architectures of many present-day rifted margins. The unique field analog of the
Saraillé and Urdach massifs bears a strong potential for the seismic interpretation of hyperextended margins
and provides parameters that may constrain the lithologies, the deformation mechanisms, and the strain
intensity in units of strongly thinned crust that form significant seismically imaged volumes on some seismic
lines from distal margin domains. These new constraints have also to be tested and incorporated into further
thermomechanical models for lithospheric stretching and plate separation.
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