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Abstract – In two companion papers we report the detailed geological and mineralogical study of two
emblematic serpentinized ultramafic bodies of the western North Pyrenean Zone (NPZ), the Urdach massif
(paper 1) and the Saraillé massif (this paper). The peridotites have been uplifted to lower crustal levels
during the Cretaceous rifting period in the future NPZ. They are associated with Mesozoic pre-rift
metamorphic sediments and small units of thinned Paleozoic basement that were deformed during the
mantle exhumation event. In the Saraillé massif, both the pre-rift cover and the thin Paleozoic crustal lenses
are involved in a Pyrenean recumbent fold having the serpentinized peridotites in its core. Based on detailed
geological cross-sections microscopic observations and microprobe mineralogical analyses, we describe the
lithology of the two major extensional fault zones that accommodated: (i) the progressive uplift of the
lherzolites upward the Cretaceous basin axis, (ii) the lateral extraction of the continental crust beneath the
rift margins and, (iii) the decoupling of the pre-rift cover along the Upper Triassic (Keuper) evaporites and
clays, allowing its gliding and conservation in the basin center. These two fault zones are the (lower) crust-
mantle detachment and the (upper) cover décollement located respectively at the crust-mantle boundary and
at the base to the detached pre-rift cover. The Saraillé peridotites were never exposed to the seafloor of the
Cretaceous NPZ basins and always remained under a thin layer of crustal mylonites. Field constraints allow
to reconstruct the strain pattern of the mantle rocks in the crust-mantle detachment. A 20–50m thick layer of
serpentinized lherzolites tectonic lenses separated by anastomosed shear zones is capped by a thin upper
damage zone made up of strongly sheared talc-chlorite schists invaded by pyrite crystallization. The cover
décollement is a few decameter-thick fault zone resulting from the brecciation of Upper Triassic layers. It
underwent strong metasomatic alteration in the greenschist facies, by multi-component fluids leading to the
crystallization of quartz, dolomite, talc, Cr-rich chlorite, amphiboles, magnesite and pyrite. These data
collectively allow to propose a reconstruction of the architecture and fluid-rock interaction history of the
distal domain of the upper Cretaceous northern Iberia margin now inverted in the NPZ.

Keywords: North Pyrenean Zone / Saraillé / mantle exhumation / fluid-rock interactions / talc-chlorite schists /
greenschist facies / detachment faults / mid-Late Cretaceous

Résumé – Exhumation du manteau au pied des marges passives pauvres en magma. Partie 2 :
Évolution tectonique et métasomatique des failles de détachement à fort déplacement dans le
domaine distal fossile (lherzolites du Saraillé, Pyrénées NW, France). Dans deux articles compagnons,
nous décrivons la géologie et la minéralogie de deux massifs de péridotites serpentinisées représentatifs de
la Zone Nord-Pyrénéenne (ZNP) occidentale, le massif d’Urdach (article 1) et le massif du Saraillé (cet
article). Les péridotites ont été portées vers des niveaux crustaux supérieurs during l’épisode de rifting
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pyrénéen crétacé qui a affecté la future ZNP. Elles sont associées à des sédiments métamorphiques pré-rift et
à des lambeaux de croûte Paléozoïque déformée durant l’exhumation. Dans le massif du Saraillé, la
couverture pré-rift et les minces lentilles de mylonites paléozoïques sont engagées dans un pli couché dont le
cœur est formé de péridotites. En s’appuyant sur des descriptions de coupes géologiques, des observations
microscopiques et des analyses de minéraux à la microsonde, nous précisons la lithologie de deux failles
extensives majeures qui ont permis : (i) la remontée des lherzolites sous l’axe du bassin, (ii) l’extraction
latérale de la croûte continentale sous les bordures du rift et (iii), le découplage et le glissement de la
couverture pré-rift le long des évaporites et argiles du Keuper. Ces deux zones de faille sont le détachement
croûte-manteau et le décollement de couverture situés respectivement à la limite croûte-manteau et à la base
de la série pré-rift glissée. Les péridotites du Saraillé n’ont jamais été mises à l’affleurement sur le fond des
bassins de la ZNP et sont toujours restées sous une mince couche de mylonites crustales. Les données de
terrain permettent de reconstituer l’état de la déformation des lherzolites dans le détachement croûte-
manteau. Un niveau de 20 à 50m d’épaisseur fait de lentilles tectoniques de serpentinites séparées par des
zones de cisaillement anastamosées est surmonté par une zone d’endommagement constituée de talcschistes
envahis par de la pyrite. Le décollement de couverture est une zone d’épaisseur pluridécamétrique résultant
de la bréchification tectonique du Trias supérieur. Il a subi une forte altération métasomatique par des fluides
à composants multiples ayant conduit à la précipitation de quartz, dolomite, talc, chlorite riche en Cr,
amphiboles, magnésite et pyrite. Cet ensemble de données sur le massif du Saraillé permet de proposer une
reconstitution au Crétacé supérieur de l’histoire des fluides et de l’architecture du domaine distal de la marge
Nord Ibérique aujourd’hui inversée dans la ZNP.

Mots clés : Zone Nord Pyrénéenne / Saraillé / exhumation du manteau / interactions fluide-roche / talc-chlorito
schistes / faciès schistes verts / faille de détachement / Crétacé moyen-supérieur

1 Introduction

Magma-poor hyper-extended rifted margins represent
extensional environments with specific thermal, rheological
and magmatic conditions. Based on recent geophysical data,
the architecture of these structures systematically appears
composed of three distinct domains, from continent to ocean:
the proximal, necking and distal domains (Peron-Pinvidic and
Manatschal, 2009). Crustal stretching is concentrated in the
necking domain and exhumation of the subcontinental mantle
lithosphere frequently occurs in the distal domain (Peron-
Pinvidic and Osmundsen, 2016). Models explaining the
structural evolution of rifted margins generally imply a
sequence of distinct fault systems during the three stages of
rifting (stretching, thinning and exhumation phases) (e.g.
Lavier and Manatschal, 2006; Sutra et al., 2013). Steep faults
with up to a few kilometers of vertical displacement
accommodate extension in the necking domain and lower-
angle faults can accommodate tens of kilometers of horizontal
motion in the distal domain. The latter extensional detachment
faults control the extreme thinning of the continental crust and,
by place, the exhumation of the subcontinental mantle up to the
seafloor.

Since current passive margins lie at abyssal depths with
difficult access, the finite state of strain and the mechanisms of
deformation of the thinned to hyper-thinned continental crust
in the necking and distal domains are not directly observed and
are most often only suspected. Away to overtake this difficulty
is to study inverted necking and distal domains of paleo-
passive margins preserved as internal units in mountain belts
such as the Alps, the Pyrenees, the Zagros and the Caledonides
(i.e. Lemoine et al., 1987; Manatschal and Nievergelt, 1997;
Manatschal, 2004; Marroni and Pandolfi, 2007; Wrobel-
Daveau et al., 2010; Andersen et al., 2012; Mohn et al., 2012;
Chew and Van Staal, 2014; Jakob et al., 2019). These field
analogues represent unique geological laboratories that allow

direct sampling of the most remote domains of continental
passive margins.

The southern European and northern Iberian passive
margins collided to form the Pyrenees, but fortunately
shortening did not exceed 150 km (Muñoz, 1992; Roure and
Choukroune, 1998; Mouthereau et al., 2014). This was
sufficient to allow the distal portions of the magma-poor
northern Iberia margin to be uplifted and now exposed all
along the northern flank of the belt, in the North Pyrenean Zone
(NPZ) (Jammes et al., 2009; Lagabrielle et al., 2010; Masini
et al., 2014; Clerc et al., 2016; Corre et al., 2016; Teixell et al.,
2016) (Fig. 1). In two companion papers, we describe and
discuss the geology of two key-areas of the western NPZ, the
Urdach and Saraillé massifs, that preserve remarkable portions
of the Iberia margin distal domain (Fig. 2).

The geological frame of this article is the Saraillé lherzolite
body and associated units which expose remnants of two types
of major extensional shear zones responsible for the
exhumation of continental units and subcontinental lherzolites
beneath a sequence of metamorphic pre-rift sediments
(Lagabrielle et al., 2010; Corre et al., 2016). The deepest
shear zone separates the ultramafic mantle rocks from strongly
thinned Paleozoic continental rocks and is named the crust-
mantle detachment hereafter (Fig. 3). The shallowest shear
zone marks the boundary between mantle or Paleozoic rocks
and the base of the detached pre-rift Mesozoic metasedi-
mentary cover: it is named the cover décollement (Fig. 3).
Where the hyperthinned crust is completely extracted
from beneath the cover décollement, both detachment and
décollement faults merge, and the pre-rift sediments lie in
tectonic contact on the mantle basement. Our study focuses for
the first time on the geometrical characteristics and the internal
structure of these fault zones and their mineralogical
evolution. We aim defining the state of strain of the crust-
mantle detachment and cover décollement and we attempt
characterizing syn-tectonic fluid-rock interactions along them.
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We finally envision the evolution of the entire distal domain
during the rifting of the northern Iberia margin, taking into
account the geological constraints provided by the Saraillé
massif (this study) and the nearby Urdach massif (see
companion paper, Lagabrielle et al., 2019).

2 Geological setting and models of
Pyrenean rifting evolution

2.1 The Pyrenees and the lherzolite bodies

The E-W trending Pyrenean thrust-and-fold belt results
from the collision between the margins of the northern Iberia
and southern Eurasia plates during the Late Cretaceous-
Tertiary (Choukroune and ECORS team, 1989; Roure et al.,
1989; Muñoz, 1992; Roure and Choukroune, 1998; Teixell,
1998; Mouthereau et al., 2014; Teixell et al., 2016, 2018).
It consists of a core of Paleozoic rocks forming the elevated
Axial Zone, bounded to the south by the South Pyrenean
Zone (SPZ) mostly formed by detached Mesozoic thrust-
sheets comprising synorogenic Upper Cretaceous-Tertiary
flysch and molasse sediments and to the north by the North
Pyrenean Zone (NPZ), a narrow belt of Mesozoic sediments
containing remnants of subcontinental mantle rocks
(lherzolites) (Monchoux, 1970; Debroas, 1978; Vielzeuf and
Kornprobst, 1984; Fabriès et al., 1991, 1998). The NPZ is
bounded to the south by the EW-trending North Pyrenean Fault
(NPF). Continental rifting in the Pyrenean realm occurred
coevaly with oceanic spreading in the Bay of Biscay in relation
with the counterclockwise rotation of the Iberia plate during
the Cretaceous (Le Pichon et al., 1970; Choukroune and
Mattauer, 1978; Olivet, 1996; Sibuet et al., 2004). Rifting
leading to crustal separation was accompanied by the ascent of
subcontinental lithospheric mantle in the axis of the future
NPZ (Vielzeuf and Kornprobst, 1984; Fabriès et al., 1991,
1998; Lagabrielle and Bodinier, 2008; Jammes et al., 2009).
Based on their geological setting, the small Pyrenean mantle
bodies can be classified within two types (Lagabrielle et al.,
2010). In the S-Type (sedimentary type) the lherzolite
bodies are included within clastic sedimentary formations.

Emblematic examples are the Lherz body in the Aulus
Cretaceous basin and the Bestiac-Prades bodies in the
Tarascon basin (Lagabrielle et al., 2016; Saint Blanquat
et al., 2016). In the T-type (tectonic type), the lherzolite bodies
exhibit tectonic relationships with the surrounding Mesozoic
formations of the NPZ. They are most often associated with
cataclastic Triassic rocks and with thin tectonic lenses of
Paleozoic material.

2.2 Recent models of Pyrenean rifting evolution

Exhumation of sub-continental mantle undoubtedly
appears as an important mechanism accompanying the
processes of extreme thinning of the continental crust during
plate separation all along the Pyrenean realm during the mid-
Cretaceous transtensional event (Lagabrielle and Bodinier,
2008; Jammes et al., 2009; Lagabrielle et al., 2010; Masini
et al., 2014; Tugend et al., 2014; DeFelipe et al., 2017). In
addition, correlation between metamorphic and chronological
data demonstrates that extensional deformation of the pre-rift
Mesozoic sequences and thinning of the continental basement
of the NPZ occurred under low pressure and high temperature
(LP-HT) metamorphic conditions (Golberg and Leyreloup,
1990; Clerc et al., 2015). On the basis of geological
observations, Clerc and Lagabrielle (2014) proposed a
mechanism of rifting in the future NPZ involving the lateral
extraction of the ductilely thinned and boudinaged Variscan
basement under a mobileMesozoic pre-rift cover decoupled on
clays and evaporites of Late Triassic age (Keuper deposits).
This finally resulted in the early tectonic juxtaposition of
exhumed mantle rocks against the allochthonous pre-rift
sediments. In this model, Albian-Cenomanian flysch basins
developed progressively above the deforming pre-rift cover
during the extension of the future NPZ domain and the HT
Mesozoic marbles accommodated the extension at the base of
the basin by ductile shear and boudinage. Finally, crustal
thinning occurred in a ductile mode leading to a necking
domain characterized by single slope conjugate margins
(Clerc and Lagabrielle, 2014; Teixell et al., 2016, 2018). This
evolution has been reconstructed from different sites along the

Fig. 1. Simplified structural map of the Pyrenean-Cantabrian belt and location of the study area (after Teixell et al., 2018).
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NPZ, including the Saraillé massif (Corre et al., 2016). This
model is consistent with paleomargin architectures lacking
extensional allochthons in their distal domain, thus contrasting
with former reconstructions from the western NPZ (Mauléon
basin: Jammes et al., 2009; Masini et al., 2014).

2.3 The Chaînons Béarnais and their four mantle
bodies (Fig. 2)

The Chaînons Béarnais range exposes the Mesozoic pre-
rift and synrift sediments of the western NPZ. In its western
area, it consists of three E-W trending, parallel fold
structures: the Mail Arrouy monocline, and the Sarrance
and Layens anticlines, bounded by north- and south-verging,
post-Cenomanian thrust faults (Casteras et al., 1970)
(Fig. 2). To the west, the structures plunge westward in
the Mauléon basin. The stratigraphic sequence of the
Chaînons Béarnais consists of basal brecciated metamorphic
Upper Triassic sediments (Keuper facies) and ophites,
followed by Mesozoic platform carbonates which represent
the original cover of the northern Iberian margin (Canérot
et al., 1978; Canérot and Delavaux, 1986). This sequence is
tectonically disconnected from its former Paleozoic base-
ment known only as very small tectonic slices or breccia
fragments. The platform carbonates comprise a succession of
Jurassic to upper Aptian metamorphic limestones, dolo-
stones and subordinate marls forming the current main
reliefs. Rapid thickness variations of the Mesozoic carbonate
layers are attributed to diapiric activity linked to basement

faulting starting as early as the Late Jurassic-Early
Cretaceous (James and Canérot, 1999). This platform
succession terminates with a thick (300–400m) layer of
upper Aptian limestones (Urgonian facies), and is followed
by a thick sequence of Albian to Cenomanian flysch deposits
preserved within the synclines and marking the main rifting
stage (“Flysch Noir and Flysch Gris”, Debroas, 1978;
Canérot, 2017 and references within). Four main lherzolite
bodies reside in the Chaînons Béarnais range: (1) the Saraillé
and Tos de la Coustette bodies in the southern flank of the
Sarrance anticline; (2) the Urdach body at the western tip of
the Mail Arrouy anticline; and (3) the Turon de la Técouère
body in the strongly tectonized zone of Benou, along the
southern border of the Mail-Arrouy thrust structure (Fig. 2).
The Saraillé lherzolites are highly serpentinized and lie in
tectonic contact with thin Paleozoic lenses and with ductilely
deformed Mesozoic carbonates bearing HT-LP paragenesis
(Fortané et al., 1986; Thiébault et al., 1992; Corre et al.,
2016). They represent the emblematic example of the T-type
lherzolites (Lagabrielle et al., 2010; Corre et al., 2016). The
Urdach lherzolites belong to both the T-type and S-type and
display a more complex setting involving lenses of Paleozoic
rocks and sedimentary crustal-mantle breccias stratigraph-
ically overlying the ultramafic basement. Ultramafic breccias
cemented by carbonates (ophicalcites) are observed in the
upper part of the Urdach mantle section. Both the ultramafic-
rich breccias and the ophicalcites formed as the mantle rocks
were directly exposed on the floor of the mid-Cretaceous
basin (Jammes et al., 2009, Debroas et al., 2010; Lagabrielle
et al., 2010; DeFelipe et al., 2017).

Fig. 2. Geological map of the “Chaînons Béarnais” (Corre, 2017) and location of the Saraillé lherzolite body. See location of the nearby Urdach
body studied in the companion paper Lagabrielle et al. (2019).
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3 Structure of the Saraillé massif: location
of the crust-mantle detachments and cover
décollements.

The Saraillé massif (Figs. 4 and 5) exposes a remarkably
complete but extremely-thinned lithospheric section including
mantle rocks, continental crustal rocks and their Mesozoic
sedimentary cover. These various rocks are relatively well
exposed along the north-east side of the massif, from an
elevation of 960m up to the Saraillé summit at 1240m, thus
offering a 280m thick section. The Saraillé peridotites are
composed of up to 100% serpentinized lherzolites and minor
centimeter-thick veins of pyroxenites, mostly websterite
(CPXþOPX) (Gaudichet, 1974) that result of refertilization
processes of probable Permian age (Le Roux et al., 2007). The
structure of the Saraillé massif corresponds to a south-verging
recumbent fold which overthrusts the southern flank of the
Sarrance anticline (Corre et al., 2016) (Figs. 4 and 5). The fold
involves a layer of strongly thinned Mesozoic pre-rift
carbonates wrapping an elongated core of Paleozoic basement
rocks. This core is 500m long and 100m thick and consists of
an assemblage of thin elongated lenses of sheared Paleozoic
crustal rocks (e.g. sample BCOR15, Fig. 6A) welded to the
serpentinized lherzolites. The mantle rocks are separated from
the crustal lenses by the crust-mantle detachment including
intensively sheared serpentinzed, talc-rich ultramafic rocks (e.
g. sample BCOR19, Fig. 6B). The crustal lenses are exposed in
the hinge and in the reverse flank of the recumbent fold. They
are dominated by quartz-rich and chlorite- or mica-rich
mylonites (e.g. sample SAR13, Fig. 6C) and less deformed
granitoids crossed by undeformed to slightly sheared thin
albitite veinlets (Asti et al., in prep.). The mylonitic foliation of
the crustal lenses parallels the contact with the peridotites as
already emphasized by Corre et al. (2016). Some samples
display a post-mylonite tectonic brecciation (Fig. 6A), thus
recording the ductile/brittle transition as often described along
major detachment faults (i.e., Reynolds and Lister, 1987).

The cover décollement of the Saraillé massif runs at the base
of the detached Mesozoic cover. It corresponds to tectonically
dismembered Upper Triassic metasediments and meta-ophites
associated with large volumes of metasomatic rocks. The
overlying Jurassic metasediments comprise ductilely deformed

dolomitic marbles, up to 100m thick. The Neocomian sequence
corresponds to an alternation of decimetric beds of puremarbles
and dolomitic or phyllite-rich marbles. It has been ductilely
thinned during the Albian extension, but earlier thickness
reduction may have occurred during the Late Jurassic due to an
erosional phase and diapiric activity that affected the entire
region (Canérot andDelavaux, 1986). Dolomitization decreases
toward the top of the sequence (Corre et al., 2018). The Upper
AptianUrgonian facies platform carbonates form the top and the
southern flank of the Saraillé massif (Fig. 4). The Albian “flysch
noir” is largely exposed on the southern flank of themountain. It
consists of an alternation of metamorphic black marls, siltites
and limestones. The Jurassic to Albian metasediments are
intensively recrystallized and cross-cut by numerous carbonate
veins that record circulation of brines expelled from the Keuper
clays and evaporites during the extensional Cretaceous event
(Salardon et al., 2017; Corre et al., 2018).

The Saraillé carbonates are dissected by at least three
schistosities. In the entire Mesozoic sequence a S1 foliation
parallels the stratigraphic bedding (S0) and is marked by the
alignment of sheared calcite crystals and by the flattening of
macrofossils, microfossils and biogenic clasts, perpendicular
to the S0 plane. At the thin-section scale, the most deformed
sample display multiple shear bands and a mylonitic fabric
characterized by dynamic recrystallization of calcite (sample
SAR5 Fig. 6D). Numerous calcite veins are boudinaged,
indicating extension in the S0/S1 plane. These observations
collectively confirm the early tectonic flattening of the
sedimentary pile that occurred partly during the Albian-
Cenomanian extensional phase (Corre et al., 2016). Similar
observations are reported from numerous places along the NPZ
(Vauchez et al., 2013; Clerc et al., 2016; Ducoux et al., in
press). The S2 schistosity planes are subhorizontal and parallel
the axial plane of the recumbent fold. They generally cross-cut
the S0/S1 foliation at low angle. There are no age constraints
concerning the development of the Saraillé recumbent fold and
its related subhorizontal S2 schistosity. Both may have formed
immediately after the main extensional event that led to S0/S1
formation, during either the rifting period or in the early stages
of the compressional evolution. The S3 schistosity planes are
steeply dipping and trend roughly E-W. They developed in
response to the Pyrenean compression that led to the current
structure of the Sarrance anticline.

The geological environment of the T-type Saraillé
lherzolites is devoid of sedimentary breccias reworking
ultramafic material. Instead, the peridotites are only separated
by early tectonic contacts with the pre-rift cover (Canérot and
Delavaux, 1986; Lagabrielle et al., 2010). By contrast to the
Urdach lherzolites, the Saraillé lherzolites were not directly
exposed to the seafloor of the Albian basins and remained
below a blanket of hyper-thinned Variscan basement units and
pre-rift meta-sediments during the mid-Cretaceous extensional
event (Lagabrielle et al., 2010).

4 Anatomy of the crust-mantle detachment
and cover décollement in the Saraillé
massif. Microstructures and mineralogy

In the following subsections,wefirstproposeadescriptionof
the studied outcrops. The petrographic and mineralogical

Fig. 3. Cartoon showing the location of the crust-mantle detachment
and cover décollement in the distal domain of an idealized passive
margin with mantle exhumation and denudation.
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Fig. 4. Detailed geological map of the Saraillé massif (modified from Corre, 2017) and corresponding geological cross-section a–b. Location of
all studied samples.
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descriptions of samples cited in this field data section are
presented in theSupplementaryMaterial section.Locationof the
studied samples is reported on the geological map of Figure 4.

4.1 The Saraillé crust-mantle detachment and the
uppermost mantle
4.1.1 Field data

The Saraillé crust-mantle detachment corresponds to the
limit between the ultramafic rocks and the Paleozoic lenses

(see cross-section in Fig. 4). On the northern side of the
lherzolite body, it lies in a reverse position and undulates
almost horizontally parallel to a forest road joining Col de
Launde to Col de Saudarie. Here, most of the exposed
lherzolites are not deformed (samples BCOR9 and BCOR88)
and the pyroxenite layering is almost parallel to the road (see
stereonets in Corre et al., 2016). The crust-mantle detachment
is exposed only in two places, where it is crossed by the road,
on the eastern and western sides of the mantle body (samples
BCOR86, BCOR329, SAR2). A quarry located along the road

Fig. 5. Photographic plate showing some important panoramas of the Saraillé massif. A. General view looking to the east from the bottom of the
valley, near Lourdios. B. View from the base of the Saraillé summit looking toward the east. The closest outcrops are mantle lherzolites showing
undeformedpristine layering. In the background, the coverdécollement corresponds to the talcschists level.C.View toward thewest from thebaseof
the Saraillé summit.
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(Figs. 4 and 7A), close to Col de Saudarie, allows observations
in the peridotite 10–50m away from the crust-mantle
detachment. Here, the serpentinized lherzolites are cross-cut
by a network of anastomozing shear zones delineating a series
of symmetrical tectonic lenses, roughly 1–3m thick and a few
meters long (Lagabrielle et al., 2010 and Fig. 7A). The long
axes of the lenses are roughly parallel between them and dip to
the south-west. The core of the lenses is not affected by internal
shearing (sample BCOR9 and Fig. 7B) but is cut by a network
of tight N-S trending vertical fractures. Slickensides and striae
are systematically observed on the low angle serpentine fault
surfaces bounding the lenses. Along the best exposed planes,
they define a E-W trending lineation. An additional network of
discrete subvertical fault surfaces cut the lenses in the E-W
trending direction. These surfaces bear light green serpenti-
nous surfaces with a rough slickenside lineation dipping
westward by 45° (see Fig. 7 for more details). The symmetrical
geometry of the tectonic lenses suggests a coaxial deformation
regime and an overall flattening of the mantle body (Figs. 7C
and 7D). Frequent fibrous serpentine minerals that develop on
the fault surfaces indicate syn-tectonic serpentinization. Rare
carbonate veinlets are the witness of a limited carbonation. To
sum up, a 20–50m thick deformed layer of anastomozing shear

bands cutting through the serpentinized lherzolites and
displaying evidence of syn-tectonic serpentinization is
identified here. This layer is named the lenticular layer in
the following.

On the east side of the quarry, we observe a few meters-
thick damage zone which structurally overlies the lenticular
layer (Figs. 8A and 8C). It consists of an assemblage of
centimeter-sized symmetrical lenses of a soft, phyllite-rich,
sheared material, separated by a network of anastomozing
conjugate shear zones associated with cataclastic layers
(samples SAR2a and SAR2d; Fig. 8A). The lenses are aligned
along a well-marked foliation gently dipping to the west
(N0W10, N120SW20, N155W26). The uppermost shear bands
display a dark-green to light-green colour whilst basal shear
bands display alternating orange, light-yellow, and white
colors (Fig. 8C). Both include lens-shaped clasts of less
deformed material. The upper green layers derive directly from
intense tectonic shearing of the serpentinized lherzolites. The
basal yellow and white layers display typical aspects of
chloritized and talcified ultramafic rocks. Some grey horizons
at the base of the outcrops apparently derive from intensively
crushed Paleozoic rocks. Kinematics criteria often indicate
opposite displacements along both sides of the tectonic lenses.

Fig. 6. Microphotographs showing some emblematic tectonic fabric in formations involved in the processes of mantle exhumation. A. Tectonic
breccia after a mylonitic gneiss in the Variscan units. This sample recorded the ductile/brittle transition (BCOR15). B. Microfolds and shear
bands in a talcified mantle rocks of the damage zone (crust-mantle detachment) (BCOR19). C. Shear fabric in a chloritized Paleozoic tectonic
lens along the crust-mantle detachment (SAR13). D. Ductile deformation in a Mesozoic marble from the pre-rift cover (SAR5).
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Therefore, no homogeneous sense of shear can be deduced at
the scale of the outcrop. Here also, a deformation regime by a
combination of layer-parallel shearing and layer perpendicular
shortening is observed. A core of 20 cm diameter of these soft
fault rocks was obtained and prepared for thin section (sample
BCOR329c, Figs. 8B and 8C).

The upper limit of the damage zone corresponds to the
boundary with the Variscan material. This limit is observed in
one place only, west of the serpentine quarry, close to Col de
Saudarie (Figs. 8D1 and 8D2). Here, the contact with the
underlying crustal gneisses is very sharp and dips to the east at
moderate angle (N10E35). The gneisses display a mylonitic

fabric paralleling the crust-mantle contact and the lenticular
fabric of the damage zone in the lherzolites. This important
geometrical characteristic is discussed in Asti et al. (2019). It
strongly suggests that a parallel foliation developed in both the
mantle and crustal material during displacement along the
crust-mantle detachment. Complementary description of the
continental material sampled all along the Saraillé crust-
mantle detachment is provided by Asti et al. (2019).

A contact zone betweenmantle and crustal rocks supposedly
exists at the northeastern corner of the Saraillé lherzolites,where
the road crosses the southern boundary of the Triassic core of the
Sarrance anticline (Fig. 4). Here, a meter-wide fault zone
exposinga consolidated cataclastic ultramafic breccia represents
the uppermost mantle (sample BCOR86). Loose blocks at the
foot of the exposure are composed of cellular dolostones and
felsicmylonitescross-cutbyveinsfilledwithgeodicalbitites that
derive from the continental basement and the pre-rift cover.

Fig. 7. The lenticular layer in the Saraillé crust-mantle detachment. A.
General view of the Col de Saudarie quarry showing the phacoidal
fabric with decameter-sized tectonic lenses. B. Detailed view of the
core of a fully serpentinized mantle lens showing undeformed
pyroxenite layering. C. Detailed view of a tectonic lens (phacoid)
exposed along the eastern edge of the quarry. Some serpentine fibers
define a local lineation (lin.) on the shallow dipping surface of the
phacoid. Lineation can be observed locally on subvertical planes (v.)
cross-cutting the phacoids. D. Detailed view of a series of tectonic
lenses cross-cut by tight N-S trending fractures. Note that some
fractures are deformed and show curvatures in relation with late
gliding along the shallow dipping surface of the phacoids. Gliding
may relate here to slope unstability. E and F. Detailed view of the
phacoidal fabric in the lenticular layer on the Saraillé western flank.

Fig. 8. Fabric and microfabric of the Saraillé crust-mantle detach-
ment: the damage zone at sites of samples SAR2a, SAR2b and
BCOR329 (road to Col de Saudarie, see Fig. 4 for localization). A.
Serpentinized and talcified sheared mantle (samples SAR2a, SAR2b).
B. Thin section of sample BCOR329c. Note the clasts of Paleozoic
material (pal.) mixed with talcschist fragments in a talc-rich gouge. C.
Tectonic lenses at site of sample BCOR329c. D1 and D2. The upper
limit of the damage zone corresponds to the boundary with the
Variscan material. It is observed west of the serpentine quarry, close to
Col de Saudarie. Note the sharp contact with the underlying crustal
gneisses (dip of contact: N10E35).
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Unfortunately, the detailed relationships between these litholo-
gies cannot be reconstructed.

The crust-mantle detachment can be followed from south
to north along the hinge and upper limb of the Saraillé
recumbent fold, in a normal position. At the northern tip of the
Variscan basement lenses, it merges with the cover décolle-
ment. From this place towards the north, the merged fault
zones run at the base of the scarps of the Saraillé summit and
separate the lherzolites from the attenuated and ductilely
deformed pre-rift sedimentary sequence (Corre et al., 2016,
2018). Along this contact, we identified a 500m-long
succession of tectonic lenses, a few meters thick and tens of
meters-long each, displaying various compositions. The lenses
consist either of strongly metasomatized protoliths or of newly
formed metasomatic lithologies. Among the first type, both
metasedimentary and ultramafic protoliths can be recognized.
The lenses composed of metasomatized ultramafic rocks
belong to the uppermost mantle and represent the damage zone
of the crust-mantle detachment: samples SAR3, SAR10a–b,
SAR11a–b, BCOR16, BCOR19, BCOR107, BCOR108,
BCOR110 (Fig. 4). The microstructure and mineralogy of
these samples are described in the section A1 Supplementary
Material. The lenses deriving from metasedimentary protoliths
are composed of talc- and chlorite-rich schists containing
dolomitic aggregates, devoid of any mantle derivation
(samples SAR8, SAR9, SAR12, SAR30, BCOR17e). These
metasomatic schists strongly reacted with Triassic-derived
fluids during the Albian-Cenomanian extensional event (Corre
et al., 2018) and we may consider that they first evolved in the
cover décollement before they came into contact with the
mantle rocks. They are considered as part of the cover
décollement and are described below in subsection B1.

4.1.2 Microscopic study and mineralogy

This section appears in section A1 of Supplementary
Material at the end of the manuscript.

4.2 The Saraillé cover décollement
4.2.1 Field data

The cover décollement of the Saraillé massif corresponds
to the base of the detached Mesozoic cover. It can be studied in
the northwestern half of the Saraillé area. Where the Triassic
beds are missing, such as on the top of the slopes east of Col de
Saudarie, the cover décollement is represented by metasomatic
schists deriving from fluid interactions with Mesozoic
sedimentary material. These schists have been sampled in
distinct exposures along a distance of 800m, beneath a
continuous layer of cataclastic Jurassic dolostones that formed
during displacement along the cover décollement (samples
SAR8, SAR9, SAR12, SAR30, BCOR17e) (Fig. 4). These
yellowish to pink talc-chlorite schists are composed of
anastomosed decimetric to centimetric tectonic lenses,
generally of symmetrical shape, locally cross-cut by a network
of carbonate veins (e.g. site of sample SAR30, Fig. 9A). They
often include lenses of brownish carbonate clastic material and
strings of brown dolomitic grains. By place, pyrite grains
aligned in the foliation planes are numerous and are locally
transformed into hematitic material (e.g. SAR30, Figs. 1SJ and
1SK). Dissolution of the iron oxides and precipitation of

hydroxides locally led to a cellular texture and the develop-
ment of bright orange-yellow colors (e.g. BCOR17e, Fig. 1SI
and SAR12, Fig. 3SA). Quartz veining is present locally in the
talc-chlorite schists and enabled study of fluid inclusions
(Corre et al., 2018). To the north-east of the study area, the talc-
chlorite schists pass to outcrops of well-bedded brown Triassic
metasomatic carbonates that can be observed along the road to
Col de Launde (site of sample SAR22, Fig. 9B). The
millimetric neoblasts of sample SAR22 are remarkably
homogeneous in size and give to this very hard rock an
equigranular aspect (Fig. 5SF).

Fig. 9. The cover décollement and the cataclastic Triassic breccias in
the Saraillé area: some field aspects. A. 20–30m thick strongly
sheared pink chlorite-talcschists at site of sample SAR30. B. Well-
bedded Upper Triassic carbonates entirely changed into a 3–5m thick
magnesitite level (site of sample SAR22). C. Polymictic Triassic
tectonic breccias (site of samples SAR17a and SAR17b). D.
Brecciated meta-ophite (site of sample SAR14). E. Polymictic
Triassic tectonic breccia including clasts of meta-ophite (green),
Paleozoic schist (black) and cellular dolostone (“cargneules”) (site of
sample BCOR250c).
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In the region north and east of the Saraillé summit, the
Triassic beds are systematically dismembered and the original
stratigraphical succession is never preserved. The cover
décollement corresponds to discontinuous exposures of
disrupted material with dominating brown to yellow-orange
colors. Two main types (a and b) can be distinguished. (a)
Yellow talc-rich calcschists with granular aggregates of brown
dolomite and oxidized pyrite grains (samples BCOR8,
SAR15a, SAR15b, BCOR249 and BCOR252a, Fig. 4); (b)
Cataclastic breccias composed of angular clasts made of brown
dolomite, various proportions of light-green altered meta-
ophites and grey felsic rocks deriving from a Variscan
basement in a matrix of thinly recrystallized carbonates
(samples SAR17a–b, SAR20a–b and BCOR109, Fig. 9C). The
largest carbonate clasts most often correspond to brecciated
brown dolostones cross-cut by numerous calcite veins
(hydrofractured breccia, sample BCOR252b, Fig. 4SH).
Recent rock-slide on the west side of the main road, about
one km south of Col de Launde, allowed significant sampling
of the cover décollement. Here, the Triassic cataclasites are
dominated by hydrofractured brown dolomites (sample
BCOR250b, Fig. 6SD) cemented by a thin-grained polymictic
breccia including centimetric angular fragments of dark-brown
and orange dolomites and rare light green meta-ophite (sample
BCOR250c) (Fig. 9E and Figs. 4SE and 4SF). Between the
largest dolomitic clasts, the breccia cement is coarser and
includes centimetric fragments of various origins. One of these
fragments is a chloritized meta-ophite (BCOR250a, Fig. 5SE).
We collected additional thinly crystallized meta-ophites
(samples SAR14, Fig. 9D, SAR20c and BCOR5).

4.2.2 Microscopic study and mineralogy

This section appears in section A2 of Supplementary
Material at the end of the manuscript.

5 Discussion

In the following sections, we first propose a synthesis of the
crust-mantle detachment and cover décollement internal
structure based on the geological observations listed above.
We then discuss the significance of the pervasive serpentini-
zation of the Saraillé body, attempting to integrate this
metasomatic hydration at the scale of the entire passive margin.
We finally discuss the fluid/rock interactions that led to the
synkinematic metasomatic transformations along the crust-
mantle detachment and cover décollement.

5.1 Structure of the Saraillé crust-mantle detachment
and cover décollement: geodynamical implication for
rifting processes
5.1.1 Crust-mantle detachment

In the Saraillé recumbent fold, the reconstructed crust-
mantle detachment appears composed of two layers from base
to top: a 20–50m thick deformed layer of anastomosed shear
bands defining a lenticular fabric in the serpentinized
lherzolites, followed by a few meter thick damage zone
consisting of centimeter-sized symmetrical tectonic lenses
where the serpentinized mantle rocks are intensively sheared

and talcified. Both layers show a deformation regime by a
combination of layer-parallel shearing and layer perpendicular
shortening. In one place along the damage zone, we found
microscopic Paleozoic and Triassic clasts that were incorpo-
rated during high-distance displacement along this exhumation
contact (samples BCOR329c and BCOR86, Fig. 8 and Fig.
1S).

The synthetic map and cartoons in Figure 10 provide
interpretations of the crust-mantle detachment structure. Field
observations along sections 1, 2 and 3 (Fig. 10) allow us to
constrain the main characteristics of the lenticular layer and
damage zone, and help designing the simplified sketches of
Figures 10B and 10C. Cartoon in B shows the tectonic lenses
of the lenticular layer affected by vertical fracturing, and the
transition toward the damage zone characterized by talc
breccia (gouges), beneath the felsic mylonitic crust. Metaso-
matic processes including mainly talcification and carbonation
of the serpentinized mantle are shown. Local development of
talc-chlorite paragenesis is indicated. The numerous serpentine
slickensides and fibers observed on the fault surfaces bounding
the tectonic lenses of the lenticular layer confirm that
serpentinization has been active during displacement along
this fault zone (Fig. 10).

Direct constraints for the thermal conditions of deforma-
tion in the distal margin domain are provided by the fabric of
the Paleozoic basement rocks. Based on quartz microfabric,
temperature conditions of 300–450 °C are obtained for the
deformation of the Saraillé and Urdach Paleozoic mylonites by
Asti et al. (2019). As argued by these authors, the parallel
attitude of the foliation in the Saraillé Paleozoic mylonites and
in the crust-mantle detachment strongly suggests a mechanical
coupling between the mantle lenticular layer and the crustal
mylonites during the extension. In addition, dating of the
mylonitic event in a crustal lens of the Urdach massif (sample
URD24a, Ar/Ar on single muscovite) confirms that the crust-
mantle detachment was active atþ/�105Ma, that is during the
NPZ Albian extensional event (Asti et al., 2019). These data
collectively indicate that the mantle lenticular layer started
deforming at maximum temperatures of 450 °C, synchronously
with the pervasive deformation of the crust. We note that these
conditions are compatible with active serpentinization, as
discussed in the following section. Temperatures deduced here
are slightly higher than those obtained for the rifting of the
West-Iberia margin. Indeed, based on oxygen stable isotopes,
Skelton and Valley (2000) have shown that the onset of
serpentinization of the Iberia mantle during the Aptian rifting,
in relation with the southern North Atlantic Ocean opening,
was associated with gouge formation and occurred at
temperatures below 300 °C. It was followed by secondary
fluid infiltration of cooler seawater (below 100 °C) along
normal fault scarps which occurred during seafloor exhuma-
tion of the serpentinized mantle.

The transition from the lenticular layer to the damage zone
represents a significant change in the strain regime along the
crust-mantle detachment, passing from a 20–50m thick
deforming zone to a thin localized fault zone. In the Saraillé
damage zone, microstructures and mineralogy indicate
successive deformation mode: (i) gliding along anastomosed
talc-rich surfaces in greenschist facies conditions and, (ii)
brittle behaviour of the talcified fault rocks with rotation of
rigid micro-blocks that indicates deformation in colder
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conditions (talc gouges). A similar two-fold deformation
mechanism is described along shallow detachment surfaces of
oceanic core complexes (OCC) of the Mid-Atlantic ridge and
in ophiolitic massifs, with late cold gouges superimposed to
greenschist facies soft fault-rock assemblages (e.g. Boschi
et al., 2006; Picazo et al., 2012). Strain localization in
greenschist facies conditions is driven by a significant fluid
input allowing long-lived gliding and the correlated growth of
weakening hydrous minerals (chlorite and talc), as exemplified
along the San Andreas fault (Moore and Lockner, 2008). Based
on these references, we may infer that the initiation of the
Saraillé damage zone started in very shallow conditions, when
the thickness of the hyper-thinned crustal units decreased to
their current values, that is 100–50mmaximum, as constrained
by field data. Therefore, fluid circulations at the top of the

lenticular layer followed by embrittlement in shallow and cold
conditions allowed an efficient weakening at the crust-mantle
boundary that probably accelerated the final stages of the
margin evolution.

We compiled field views of lenticular layer from three
mantle bodies from the NPZ: Bestiac (east-central Pyrenees:
de Saint Blanquat et al., 2016), Moncaup (central Pyrenees:
Lagabrielle et al., 2010) and Moncaut (eastern Chaînons
Béarnais) (Fig. 11). Comparison with photographs in Figure 7
shows that the lenticular fabric of the Saraillé crust-mantle-
detachment is very similar to fabrics observed in these massifs.
A similar conclusion arises from the study of the Urdach body
(see companion paper Lagabrielle et al., 2019). As a
consequence, further studies would check that the develop-
ment of a 20–50m thick shear zone in the serpentinized mantle

Fig. 10. The Saraillé crust-mantle detachment and cover décollement: a tentative of representation of field relationships and conceptual
reconstructions. Map in A shows the location of logs used in C to propose the 2D reconstruction of the various terrannes involved in the mantle
exhumation process. Cartoon in B (see location in C) is a detail of the crust-mantle detachment. Refer to detailed explanations in text.
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during its exhumation to upper crustal levels during the
Albian-Cenomanian extension appears as an ubiquitous
characteristic along the entire NPZ.

5.1.2 Cover décollement

The cover décollement is a 5–10m-thick deformed zone
corresponding to the tectonic sole of the detached pre-rift
Mesozoic cover (Fig. 10). It merges with the crust-mantle
detachment at the northern tip of the Saraillé Paleozoic lenses
where the continental crust has been completely extracted as a
final result of the mid-Cretaceous rifting. Our field and
microscopic study shows that the cover décollement appears
composed of tectonic and metasomatic rocks belonging to
three distinct types. (1) Where the Triassic material has been
tectonically removed, it corresponds to metasomatic pyrite-
rich, pink talc-chlorite schists forming successive tectonic
lenses, up to a few meters thick, directly overlying the mantle
rocks in the continuation of the crust-mantle detachment.
Where Triassic elements still remain and can be easily
recognized, the cover décollement can be divided into two
types, as follows: (2) metasomatic yellow talc-rich calcschists
with granular brown dolomites and oxidized pyrite grains; and
(3) tectonic breccias of dominant orange-coloured dolomitic
material including clasts of cellular dolomites, meta-ophites
and fluid-inclusion bearing euhedral quartz of Keuper
derivation in a matrix of thinly recrystallized chlorite and
talc. In addition, the cover décollement also sampled a number
of distinct Paleozoic lithologies.

By contrast with the damage zone of the crust-mantle
detachment, deformation of the cover décollement is not
localized, but is distributed between tectonic breccia corridors

and anastomosed shear zones separating the lenses of
metasomatic schists. It is important to conceive that this
relatively thin fault-rock layer, as observed today, is the result
of the tectonic disaggregation and fluid dissolution of a more
than 1000m thick initial layer of clays and evaporites
representing huge volumes of Keuper deposits (James and
Canérot, 1999; Saura et al., 2016; Orti et al., 2017; Soto et al.,
2017). This conclusion concerns not only the Saraillé case, but
also applies to the entire Chaînons Béarnais, and more broadly,
to the entire NPZ as illustrated by some field examples in
Figure 12 (Jammes et al., 2009; Lagabrielle et al., 2010). This
specific behaviour of the Triassic sequence is probably the
main parameter that controlled the mode of stretching of the
passive Iberia margin because it allowed the crust to thin
ductilely beneath the detached pre-rift cover, as early discussed
in Clerc and Lagabrielle (2014) and numerically modelized by
Duretz et al. (2019). The behaviour of salt layers during
continental rifting has been addressed and discussed by
numerous researchers since it controls major aspects of the
final margin architecture (e.g. Rowan 2014, with references
therein; Soto et al., 2017).

To sum up, displacement along the cover décollement
during Albian-Cenomanian rifting locally led to the complete
elision of the Triassic sequence with Dogger dolomites
directly overlying the mantle rocks, as observed along the
Saraillé fold (upper limb) and in the col d’Urdach section (see
companion paper Lagabrielle et al., 2019). Therefore, the
truncation, boudinage and cataclastic brecciation of the
Triassic sequence compose the major structural pattern of the
cover décollement at the regional scale. In addition, by place,
the crystallization of metasomatic minerals from fluids
circulating in this high-displacement contact zone led to

Fig. 11. Fabric of the crust-mantle detachment in various bodies along the NPZ. A. Moncaup (central Pyrenees). B. Montaut (eastern Chaînons
Béarnais). C and D. Bestiac (central-eastern Pyrenees).
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the formation of few meter-thick, newly crystallized fault
rocks (e.g. pink talc-chlorite schists). This behaviour of the
Upper Triassic layer controls important properties of the
entire pre-rift sedimentary sequence. These properties, which
include tectonic thinning, basal truncation and boudinage of
the pre-rift sediments, have been gathered in the synthetic
sketches of Figure 10.

5.1.3 Differences between the Saraillé and Urdach
massifs

The Albian flysch of the Saraillé massif is strongly sheared
and affected by a S0/S1 early foliation indicating that it has
been buried under a thick flysch pile and suffered extensional
deformation in relation with mantle exhumation processes
during the mid- to Late Cretaceous times as depicted by Clerc
et al. (2016). RAMAN spectroscopy of carbonaceous material
(RSCM) indicates maximum temperatures of 250–350 °C in
the Saraillé Albian flyschs with the highest values found close
to the Saraillé lherzolite (Clerc, 2012; Clerc et al., 2015; Corre,
2017). This strongly differs from the Urdach massif setting. In
this massif, the mantle rocks were exposed to the seafloor
during the Late Albian times and the temperatures of the
flyschs are colder (250 °C max) (Corre, 2017). Conceptual
cross-sections of the distal margin in Figure 11 are designed to
highlight these differences. They illustrate a two-steps scenario
for the evolution of the distal margin during a 20Myr time
span, from 108 to 88Ma (Albian to Turonian). This scenario is
based on one hypothesis and one statement. (i) Our hypothesis
is that the region of active tectonics is not steady-state but
moves continentward. As a result, when extension initiates in
the Saraillé region, it already ceased in the Urdach area. (ii)
Our statement is that extension is active during flysch
sedimentation. As a result, extension in the Saraillé region
occurs under a cover of recently deposited Upper Albian and
Cenomanian flyschs. Finally, sedimentary burial and thermal
blanketing effect over the Saraillé area allow the preservation
of greenschist facies conditions at the base of the syn-rift flysch
pile, in the pre-rift sediments, and in the hyper-stretched crust.
Such moderate thermal conditions favour a ductile mode of
thinning in the crustal basement of basin regions suffering the
highest subsidence rates.

5.2 Serpentinization of the Saraillé and Chaînons
Béarnais mantle bodies: insights on the processes of
peridotite hydration during (the last stages of) rifting

Serpentinites result from the hydration of ultramafic rocks
at low (100 °C) to intermediate (500 °C max) temperature.
Pervasive serpentinization of mantle rocks during passive
margin formation is an ubiquitous process that involves a
considerable volume of seawater (Wenner and Taylor, 1971;
Evans, 2004). The Saraillé peridotites show a 50 to 100%
serpentinization with rare relicts of primary minerals
(Gaudichet, 1974). Despite this high rate of serpentinization,
pristine high temperature mantle structures such as the
pyroxenitic layering can be traced along tens of meters
without crossing any shear zone or fault in the core of the
massif. Our observation of the internal fabric of the Saraillé
body confirms that the early pervasive serpentinization is not
associated with deforming zones. Static pervasive serpentini-
zation is also documented in the core of the nearby Urdach
massif (see companion paper Lagabrielle et al., 2019). In
marked contrast, the Turon de la Tecouére massif located some
tens of km eastward, is entirely composed of highly deformed
lherzolites that suffered progressive mylonitization associated
with the transformation from spinel- to plagioclase-bearing
assemblages in the range of 800–600 °Cwith pressure less than
800–600Mpa, corresponding to depths of 30–20 km (Vissers
et al., 1997). These peridotites are remarkably fresh and show
only very local serpentinization along discrete planes. We thus
conclude that: (1) serpentinization of the Chaînons Béarnais
bodies is not necessarily linked to deformation zones in the
mantle; (2) some medium-temperature (> 500 °C) deforming
zones escaped hydration and serpentinization during the
margin evolution and; (3) these medium-T deforming zones
are not ubiquitous in the Chaînons Béarnais peridotites and
preserve undeformed mantle volumes between them.

The mylonitization mechanism of the Turon de la Técouère
peridotites implies high-stress dislocation creep and dynamic
recrystallization followed by incipient brittle behaviour in
shear zones in relation with uplift and cooling (Vissers et al.,
1997). This result is consistent with temperature estimates by
Fabriès et al. (1991), who concluded that mylonitic deforma-
tion in the western Pyrenean peridotites occurred during

Fig. 12. Field aspect of the cover décollement along the NPZ. A. Tectonic breccia close to Etang de Lherz mantle body. B. Tectonic breccia
against the St Barthélémy massif, close to the Bestiac lherzolite body. C. Tectonic breccia at the base of the pre-rift cover close to the Moncaup-
Arguenos lherzolite body.
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cooling from temperatures in the range of 950 °C down to 600–
650 °C. These discrete mylonite zones have thus accommo-
dated the very early stages of the peridotite uplift and were
active prior to extensive serpentinization of the subcontinental
mantle margin.

In the Chaînons Béarnais, serpentinization is pervasive in
mantle bodies that were exposed to the seafloor (Urdach), as
well as in bodies associated with a drastically thinned crust,
including its pre-rift cover (Saraillé). By contrast, the thickest
and non-attenuated pre-rift sequence of the western NPZ, the
Mail Arrouy unit, overlies the non-serpentinized Turon de la
Técouère lherzolites associated with thin Paleozoic remnants.
Therefore, a link may exist between high serpentinization rate
and drastic tectonic attenuation of the pre-rift sedimentary pile.
However, this hypothesis remains speculative since we lack
information relative to the thickness of the basement rocks at
the scale of the entire Chaînons Béarnais area during the final
mantle exhumation stage (Fig. 13).

During the Cretaceous rifting event, the medium-T shear
zones observed in the Turon de Técouère body probably
connected to the precursors of the crust-mantle detachment and
progressively focused the relative displacements between the
peridotites and the Paleozoic basement. Unfortunately, due to
extremely poor constraints from the small mantle bodies
widespread in the Chaînons Béarnais, we lack information on
the way these connections were made possible. We may only
infer that drastic changes in the deforming system occurred
when seawater got access to the mantle, allowing peridotite

serpentinization and subsequent drastic weakening of the
uppermost mantle.

According to the volumetric importance of the serpenti-
nization in the Saraillé and Urdach bodies, the hydrothermal
system that drove the pervasive mantle hydration has to be
considered at the scale of the entire margin. All hydration
models view seawater as a fluid entering the input branches of
the serpentinization cells. In the conceptual margin recon-
struction of Figure 14, we infer that seawater enters the passive
margin exhumation system through two possible and non-
exclusive pathways.

A first pathway is represented by the main faults of the
necking domain. In a conceptual model, Guillot et al. (2015),
propose that these faults offset the entire continental crust,
offering direct access to the subcontinental mantle. The
Albian-Cenomanian Trimouns fault in the St Barthelemy
massif (central Pyrenees; Schärer et al., 1999) could represent
an example of such a major fault. A similar plumbing system is
also well established in the case of the Alpine Tethys paleo-
margins (Pinto et al., 2015). The Guillot et al. (2015)’s model
implies a plumbing connection between the brittle crust and the
crust-mantle detachment throughout volumes of crust that
behave ductilely during mantle exhumation. This connection is
difficult to conceive theoretically and would imply massive
hydration of the ductilely deformed Paleozoic rocks, a process
which is not supported by our data (Asti et al., 2019).

The second pathway is located in the distal margin domain
where the detached pre-rift cover and underlying Paleozoic

Fig. 13. A two-steps evolution of the North Iberia distal margin from geological constraints provided by the Urdach and Saraillé mantle bodies
and adjacent formations (see companion paper Lagabrielle et al., 2019, for data relative to the Urdach massif). Syn-metamorphic extensional
deformation continued in the Saraillé area (beneath a cover of Albian-Cenomanian flysch) once extension ceased in the Urdach area (See Clerc
et al., 2016 for more details of such evolution).
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basement suffered intense necking (Saraillé) culminating in the
exhumed mantle domain where peridotites are exposed
directly to the seafloor (Urdach) (Fig. 13). It is noteworthy
from the Saraillé example that serpentinization of subconti-
nental mantle may occur indeed under a thin layer of ductilely
deformed crustal rocks. Finally, as early proposed, we may
conclude that seawater access to the uplifting mantle is likely
facilitated through disconnected windows corresponding to
regions of attenuated pre-rift sequences and hyper-thinned
Paleozoic basement units.

The discussion above focuses on the strongly sheared rocks
of the fault zones. However, some poorly deformed ultramafic

rocks underwent carbonation and/or talcification preserving
their internal pristine mantle texture (e.g. samples BCOR107,
BCOR108 and BCOR110). This implies that fluid circulation
is not restricted to the high strain zone of the crust-mantle
detachment. Metasomatic fluids may circulate pervasively out
of the main pathways, through undeformed mantle volumes.
Therefore, we assume that the base of the serpentinized mantle
(the serpentinization front) progressively extended toward
deeper levels (Fig. 14). This front might correspond to a
relatively sharp boundary and to a major rheological limit that
will be used as a décollement level during the compressional
Pyrenean phase.

Fig. 14. A reconstruction of the North Iberia distal margin with emphasis on fluid pathways in the crust-mantle detachment and cover
décollement as reconstructed from geological and mineralogical studies in the Saraillé massif (detailed comments in text).
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5.3 Fluid-rock interaction along the crust-mantle
detachment and cover décollement

In the following, we discuss the significance of the
metasomatic assemblages of the studied fault zones and we
address the question of the origin and evolution of their
parental fluids.

5.3.1 Crust-mantle detachment

Strong metasomatic transformations along the crust-mantle
detachment of the Saraillé massif are documented by
serpentinization, carbonation (either calcitic or dolomitic),
talcification, chloritization and abundant pyrite precipitation.
The presence of dolomite during mantle carbonation is reported
from the alpine Chenaillet ophiolitic massif where it indicates
low carbonation rates (Lafay et al., 2017). Along the Saraillé
crust-mantle detachment, we can distinguish a carbonate-free
and a carbonate-bearing talcification (Fig. 10). The first one
concentrates under Paleozoic units and the second one develops
beneath the detached pre-rift sediments. This might reflect
difference in fluid composition and the direct influence of the
lithology of the hanging wall providing Si-bearing fluids either
enrichedordepleted inCa. Inaddition, theCr content of chlorites
from thecarbonated reactional rocks is the indisputable evidence
of their ultramafic derivation.

Talc crystallization in fault zones results from the reaction
of ultramafic rocks with silica-saturated hydrothermal fluids
(Boschi et al., 2006; Moore and Lockner, 2008). Therefore,
talcification of the damage zone of the Saraillé lherzolites
requires either extensive Mg-leaching or the circulation of Si-
bearing-fluids in this Mg-rich medium. Such fluids can be
produced by the serpentinization reactions and may be a
consequence of the syn-kinematic serpentinization-carbon-
ation we observe. However, in the slow-spreading ridges
settings, talcification is not a characteristic of an ultramafic-
dominated environment, as reported from the Lost City field
and from the South West Indian Ridge. Rather, these
environments are devoid of talc precipitates (Sauter et al.,
2013; Rouméjon et al., 2015). Talcification generally implies a
nearby, more silica-rich source able to provide Si-rich fluids as
exemplified by the Atlantis site (Bach et al., 2004; Rouméjon
et al., 2018). Our data from the crustal lenses welded on the
Saraillé mantle body indicate that fluids circulating in the
deforming crust participated in the crystallization of numerous
albitite veinlets. Concomitant extraction of silica from this
basement may provide Si required for talcification. Therefore,
the crustal lenses vs. mantle lithological duality likely worked
as source and sink of Si, respectively, by means of fluids
convective cells in producing the albitization-talcification
metasomatic transformations. In addition to a source of Si, a
source of S and Fe (widespread pyritization) is required for the
metasomatizing fluid. This suggests the involvement of
seawater þ/� Triassic derived fluids together with a possible
sulfate–sufide reduction process.

5.3.2 Cover décollement

The complete metasomatic assemblage found in the Saraillé
cover décollement includes: talc, Cr-rich or Cr-free chlorite,
albite, calcite, dolomite,whitemicas,magnesite (withorthoclase

inclusions), green amphiboles (in meta-ophites), typical of
greenschist facies conditions, and almost ubiquitous pyrite.
Similar assemblages are described along the NPZ and are
ascribed to theCretaceousPyreneanmetamorphic event (Ravier,
1959; Albarède and Michard-Vitrac, 1978; Bernus-Maury,
1984; Golberg and Leyreloup, 1990; Clerc et al., 2015). Paleo-
temperatures deduced from clinochlore compositions indicate
conditions of 200–350 °C during metasomatism in the Saraillé
cover décollement (Corre et al., 2018), in agreement with
previous estimates of 250–350 °C by Fortané et al. (1986).
RSCM yielded maximum temperatures of 250–350 °C in the
Albian flyschs (Clerc et al., 2015; Corre et al., in prep.). This
confirms previous estimates basedonmetamorphic assemblages
of neoformed muscovite, chlorite and albite by Gaudichet
(1974), indicating greenschist facies conditions in the whole
Mesozoic cover of the Sarrance anticline (including the Albian
flyschs) and agrees with the re-equilibration temperature
obtained on ophicalcitic veins in the Urdach massif, using
clumped isotopes (DeFelipe et al., 2017).

As shown from microscopic observations, the Saraillé
cover décollement assemblage displays two types of talc-
dolomite intergrowths. Besides a syn-kinematic generation,
another one is static and made of cogenetic acicular talc and
large dolomite poikiloblasts. A two-phased metasomatism is
possible that would account for that observation, but the
simplest interpretation calls for successive gliding steps along
the cover décollement with temperature inertia after the main
thermal crisis. It is well established indeed that a long-lived
thermal anomaly lasted after the extensional climax in the
Mauléon basin during the Late Cretaceous allowing syn-
kinematic (Vacherat et al., 2014; Bosch et al., 2016).

The metasomatic assemblage in the Saraillé cover
décollement is dominated by the crystallization of dolomite
and talc-chlorite association with minor calcite and quartz. The
overall dolomitization and the large amount of euhedral
dolomites in the newly-formed assemblage favors a local
origin form the metasomatic fluids by mobilization of the in
situ Triassic and nearby Jurassic dolostones. However
additional contribution of mantle-derived fluids is indicated
by the presence of Cr-bearing clinochlores at various localities.
The fluid-rock interactions inside the Saraillé cover décolle-
ment and the overlying Mesozoic cover have been previously
studied earlier through analyses of fluid inclusions in various
types of calcite and quartz veins, revealing the dominant effect
of fluids from Triassic evaporites (Corre et al., 2018).
Therefore, the Mg-rich metasomatism that characterizes the
Saraillé cover décollement certainly results from at least two
sources: (i) dissolution of local Triassic and nearby Jurassic
dolomites and (ii) serpentinization of the mantle rocks. These
two types of fluids may interact with fluids deriving directly
from the Triassic evaporites undergoing active deformation
(primary brines) (Corre et al., 2018). These various fluid
pathways have been compiled and simply illustrated on the
distal margin reconstruction of Figure 14.

Our interpretation of the origin and main pathways of the
cover décollement Saraillé fluids can be compared to the results
obtained from the study of the Urdach cover décollement along
the “ball trap” section (see companion paper Lagabrielle et al.,
2019). The Urdach cover décollement is a preferential pathway
for serpentinizationandcarbonation-relatedfluidsduringmantle
exhumation, triggering the co-crystallization of serpentine and
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calcite and involving large amount of seawater. Other types of
fluids are recognized, notably continental-derived fluids
enriched in Si and K leading to the formation of listvenites.
Like in the Saraillé, the presence of metasomatic rocks and
cataclastic breccias involving Triassic material (ophites,
dolomites) in the Urdach cover-décollement highlights the deep
transformation that occurred in the sole of the detached pre-rift
cover during its displacement along this fault.

6 Conclusions

Our geological investigations in the Saraillé ultramafic
massif of thewestern Pyrenees focused on two extensional shear
zones that controlled the exhumation of the subcontinental
mantle beneath the Albian-Cenomanian basins of the NPZ. The
crust-mantle detachment is the deepest one and separates the
serpentinized lherzolites from the strongly thinned Paleozoic
rocks. The cover décollement is the shallowest one and runs at
the base of the detached pre-rift Mesozoic metasedimentary
cover. Both fault zones merge where the thickness of the
Variscan basement has been reduced to zero following extreme
crustal stretching.Based on the results exposed in this article, we
highlight the following conclusions:
– the crust-mantle detachment is a 50 to 100m thick shear
zone with a basal lenticular layer of serpentinized mantle
phacoids separated by anastomozing shear zones and a thin
upper damage zone of strongly sheared talc-chlorite schists
displaying pyrite concentrations. Serpentinization was
active during displacement in the lenticular layer with a
combination of layer-parallel shear and layer perpendicular
shortening. This layer appears as an active pathway for the
serpentization fluids. Mantle rocks in the crust-mantle
detachment exhibit evidence of local pervasive carbon-
ation with silicates replaced in situ by calcite and/or
dolomite associated with Cr-rich chlorites. Displacement
and deformation along both the lenticular layer and the
damage zone occurred in P-T conditions of the greenschist
facies (T< 500 °C). Talcification and mineralization of the
damage zone requires the circulation of hydrothermal
fluids with high Si, Mg–Fe, and S concentrations. These
fluids may originate from the continental crust undergoing
active deformation and albitization, with a possible
contribution of Triassic-derived fluids. The progressive
development of hydrated minerals in the uppermost
exhumed mantle (talc and chlorites) is critical to the
mechanical weakening of the damage zone and helps
focusing displacements along this sharp boundary;

– the cover décollement is a 5–10m thick fault zone
corresponding to the tectonic sole of the pre-rift detached
cover. It results from the brecciation of upper Triassic layers
and their metasomatic alteration by a multi-component fluid
ending with static crystallization of dolþ talcþ chlþ pyr,
also in the greenschist facies conditions. Important features
are the general dolomitization along the cover décollement,
thus recording circulation of Mg-saturated fluids;

– we highlight that mantle serpentinization in the Saraillé
massif occurred under a thin cover of strongly attenuated
continental crust. This strongly suggests that mantle
exposure to the sea-floor is not a necessary condition for
pervasive serpentinization.Moreover, static serpentinization

of large undeformed volumes of the ultramafic body shows
that this process does not occur only along extensional
structures acting as efficient fluid pathways, but also by
hydration of the passively exhuming mantle domains that
remain undeformed during exhumation. Comparison with
the Turon de la Técouère massif suggests that serpentiniza-
tion of the mantle is not pervasive when the pre-rift
sedimentary cover is not drastically attenuated.

Finally, this study provides geological constraints show-
ing that the distal Iberia margin encompassed: (1) syn-rift km-
scale cover décollement; (2) ductile thinning of the crustal
basement and; (3) mantle exhumation in the distal domain. It
shows that the presence of a thick pre-rift evaporitic layer
(Keuper) at the base of a pre-rift sedimentary pile played an
active role in determining the style of mantle exhumation in
the western Pyrenean realm. This represents a new
contribution to our understanding of the evolution of
continental passive margins with pre-rift salt (e.g. Rowan,
2014) and notably reveals a non-suspected relationship
between evaporite-rich pre-rift series and the deformation
mode at the lithospheric-scale. The temperature conditions of
the deformation in the Saraillé crustal basement and in the
pre-rift sediments are not as high as those reported from the
Central and Eastern NPZ. These latter portions of the NPZ are
characterized by high thermal paleo-geotherms with Tmax in
Mesozoic carbonates reaching almost 600 °C (Golberg and
Leyreloup, 1990; Vauchez et al., 2013; Clerc et al., 2015). As
a consequence, ductile deformation in the upper crustal levels
might develop even in rift regions characterized by moderate
geotherms. It thus appears that the key-factor controlling the
NPZ mode of crustal stretching is the decoupling of the
detached Mesozoic pre-rift along the thick Triassic clays and
evaporites layer acting as a thermal blanket in the basin
center, with additional sedimentary burial beneath the syn-rift
series. Both processes allow the preservation of greenschist
facies conditions in the pre-rift sedimentary pile and in the
hyper-stretched crust.

Supplementary Material

Figure S1: Microscopic aspects of the crust-mantle detach-
ment and cover décollement in the Saraillé massif.
Figure S2:Microscopic aspects of the Saraillé talcified mantle
rock from the crust-mantle detachment (sample SAR2a).
Figure S3: Microscopic aspects of the cover décollement in
the western part of Saraillé massif.
Figure S4: Mineralogical transformations of the Upper
Triassic material in the cover décollement of the Saraillé
massif: microscopic aspects (part 1).
Figure S5: Mineralogical transformations of the Upper
Triassic material in the cover décollement of the Saraillé
massif: microscopic aspects (part 2).
Figure S6: Mineralogical transformations of the Upper
Triassic material in the cover décollement of the Saraillé
massif: microscopic aspects (part 3).
Tables 1–5: Microprobe mineralogical analyses.

The Supplementary Material is available at http://www.bsgf.fr/
10.1051/bsgf/2019013/olm.
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