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Abstract
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As part of the Variscan orogen, the Pyrenean realm has undergone several rifting episodes, starting from the Permian-Carboniferous
post-orogenic collapse and culminating with mid-Cretaceous lithospheric mantle exhumation. We present the Pressure-Temperature-
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time-deformation (P-T-t-d) evolution of the tonalite bodies (here described for the first time) intruded in the late Carboniferous high

o
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pressure (HP) granulites of the Saleix Complex, forming the inner envelope of the Lherz peridotites (Aulus Basin, Ariège, France), that
is used as a proxy to reconstruct the post-Hercynian evolution of the Pyrenean continental crust. By integrating textural investigations
with metamorphic thermobarometry, and zircon and titanite U-Pb geochronology, we (i) constrain timing and thermo-baric conditions
related to the transition from magma emplacement to solid-state syn-tectonic deformation in tonalite(s); and (ii) discuss implications on
the polyphase exhumation history of the granulite host rocks. Emplacement of the Saleix tonalite(s) took place in the early Permian
1
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(ca. 281 Ma), in a thermo-baric environment (P = 0.5 ± 0.1 GPa and T = 750-880 ± 20 °C) attesting for an important thinning of the
Pyrenean crust at the end of the Variscan cycle. Solid-state deformation occurred during the mid-Cretaceous (ca. 96 Ma), at shallow
crustal depths (≤ 10 km) and under amphibolite facies metamorphic conditions. These results document that rifting events had already
thinned the Pyrenean crust prior to the Cretaceous mantle exhumation and that the lower crust was affected by ductile deformation
during the Cretaceous rifting. Our study demonstrates that in the Pyrenean realm the Permian crustal thinning played a very important
role and that mantle exhumation resulted from polyphase post-Variscan, Permian-to-Cretaceous crustal thinning episodes.
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1. Introduction
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The European Variscides recorded polyphase (late Paleozoic to Mesozoic) post-orogenic lithosphere thinning during rifting, break-up
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and fragmentation of the Pangea supercontinent (e.g. Burg et al. 1994; Ziegler & Dèzes, 2006 and references therein). Although
definition of the thermal and rheological properties of the Variscan continental crust is relevant for understanding the space-time
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evolution and the modes through which extensional tectonics operated in space and time, few constraints exist in the literature
regarding the pre-rifting crustal structure (e.g. Espurt et al. 2019 and references therein).
As part of the former Carboniferous foreland basin of the European Variscan belt (e.g. Autran et al. 1995; Matte, 2001), the Pyrenean
realm (Fig. 1) has experienced limited crustal thickening during orogenic construction (de Saint Blanquat et al. 1990; de Saint Blanquat
1993; Azambre & Guitard, 2001; de Hoym de Marien et al. 2019). Extensional tectonics started in Permian times (e.g. Bixel & Lucas,
1983; Vissers, 1992; Saspiturry et al. 2019), while some parts of the Variscan Pyrenees were possibly still experiencing
transpressional tectonics (Denèle et al., 2014; Cochelin et al. 2018; Lemirre et al., 2019), and continued throughout the Mesozoic with
several distinct rifting episodes (e.g. Puigdefabregas & Souquet, 1986; Barnolas & Chiron, 1995; Vergés & García-Senz, 2001; Vergés
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et al. 2002). The understanding of the polyphase post-Variscan evolution of the Pyrenean continental crust may therefore bear
important implications on the long-term evolution of the Iberia/Eurasia plate boundary. As a matter of fact, the Permian-Mesozoic
configuration of the Pyrenean crust played a crucial role first in determining the structural and thermal evolution of the region during
the Cretaceous rifting (Duretz et al. 2019; Lagabrielle et al. 2020; Saspiturry et al., 2021) and, subsequently, controlling the style and
modes of tectonic re-activation during the Alpine crustal shortening (e.g. Jourdon et al. 2019 and references therein).
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In the last decade, several studies focused on the mechanisms and timing of lithospheric thinning and mantle exhumation in the
Pyrenean realm during the Cretaceous (Fig. 2) (e.g. Jammes et al. 2009; Lagabrielle et al. 2010; Clerc & Lagabrielle, 2014; Masini et
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al. 2014; Tugend et al. 2014; Clerc et al. 2015, 2016; Corre et al. 2016, 2018; de Saint Blanquat et al. 2016; Teixell et al. 2018; Asti et

e

al. 2019; Saspiturry et al., 2020). However, few information is available on the pre-Cretaceous inherited structure and thickness of the
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continental crust in the region (e.g. Asti et al. 2019 and references therein). The Pyrenean realm thus provides an excellent case study
to understand the impact of Variscan inheritance on the Alpine tectonic evolution.
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In order to bring new constrains on the polyphase tectono-metamorphic evolution of the continental crust in the Pyrenean realm in
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post-Variscan times, we conducted a petrochronological study on Permian tonalite intrusives emplaced in the Variscan lower crustal
envelope of the Lherz peridotite (Aulus basin, France) (Fig. 2). We combined field work, micro-scale studies, multi-equilibrium
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thermobarometry and zircon and titanite U-Pb geochronology to define the Pressure-Temperature-time-deformation (P-T-t-d) evolution
of the tonalites that is used to refine the exhumation history of the Variscan crust (host rocks). The results allow to define an alternative
model for the polyphase post-Variscan thinning of the Pyrenean continental crust, culminating with lithospheric mantle exhumation
during the mid-Cretaceous rifting.

2. Geological setting
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The Pyrenean belt resulted from the convergence between the Iberian and the Eurasian plates between the Santonian and the
Oligocene (Roure et al. 1989; Muñoz, 1992; Ford et al. 2016). The belt is classically subdivided in three distinct structural domains
(from north to south; Choukroune, 1976; Fig. 2a): (i) the North Pyrenean Zone, which is delimitated by the North Pyrenean Frontal
Thrust to the north and by the North Pyrenean Fault to the south, which conventionally marks the boundary between the Iberian and
the European plates; (ii) the prominent Axial Zone, which is characterized by the exposure of the Pyrenean Variscan basement; and
(iii) the South Pyrenean Zone, which is enclosed between the Axial Zone to the north and the South Pyrenean Frontal Thrust to the

f
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south.
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Continental collision followed the tectonic inversion of a former mid-Cretaceous oblique rifted domain which resulted in the opening of

e

a series of pull apart/transtensional basins (e.g. Choukroune & Mattauer, 1978; Debroas, 1987, 1990) in response to the eastward drift
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of the Iberian plate with respect to the Eurasian plate (e.g. Olivet, 1996; Nirrengarten et al. 2018). The Cretaceous rifting resulted in
severe crustal thinning that led to widespread sub-continental mantle exhumation in the Pyrenean realm, which is testified by several
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ultramafic bodies exposed in the North Pyrenean Zone (Monchoux, 1970; Fabriès et al. 1991, 1998; Lagabrielle et al. 2010; SaintBlanquat et al. 2016; Fig. 2a). A well-known syn-extensional mid-Cretaceous HT-LP metamorphic event involved the pre-rift and the
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lowermost syn-rift successions that are spatially associated with the exhumed mantle in the North Pyrenean Zone (Albarède &
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Michard‐Vitrac, 1978; Montigny et al. 1986; Golberg, 1987; Golberg & Maluski, 1988; Golberg & Leyreloup, 1990; Clerc & Lagabrielle,
2014; Clerc et al. 2015). Most of this metamorphism occurred in an E-W trending corridor known as Internal Metamorphic Zone, which
is enclosed between the North Pyrenean Fault (to the south) and some Paleozoic massifs (to the north), known as North Pyrenean
Massifs (Fig. 2a). These massifs have preserved the record of the entire history of the Variscan events, from the syn-orogenic
moderate thickening, to the pervasive LP-HT metamorphism and associated magmatism, and finally, the late- (to post- ?) orogenic
Permo-Carboniferous crustal thinning (e.g. de Saint Blanquat et al. 1990; Bouhallier et al. 1991; de Saint Blanquat, 1993).
The study area for this work is located on the southern margin of the Aulus basin (Fig. 2b). This basin is part of a series of sedimentary
basins that developed between the Iberian and Eurasian plates during the mid-Cretaceous rifting and is located within the Internal
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Metamorphic Zone. It is bounded to the north by the Trois Seigneurs North Pyrenean Massif and to the south of the North Pyrenean
Fault. In the central part of the basin, several ultramafic bodies are exposed within the metamorphosed pre-rift Mesozoic series,
among which the world-famous Etang de Lers (or Lherz) ultramafic body, which represents the lherzolite type locality.
Several granulitic basement units are known in the North Pyrenean Zone, particularly in some North Pyrenean Massifs (e.g. Agly,
Castillon, Saint Barthélémy and Bessède de Sault massifs), in the Basque Ursuya massif and at the northern and southern margins of

f
o

the Aulus basin. Most of the Pyrenean granulites were equilibrated at relatively low pressure conditions (with estimates ranging 0.4-0.6
GPa; e.g. Vielzeuf, 1980a, 1984; Andrieux 1982, de Saint Blanquat et al. 1990, Lemirre 2018; Siron et al. 2020) during late-Variscan
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times (Vielzeuf & Kornprobst, 1984; Delaperrière et al. 1994; Olivier et al. 2008; Lemirre 2018; Siron et al. 2020). In the Aulus basin,

e

three main lenses of granulites crop out, two along the northern margin (Les Plagnaux and Port de Lers) and one on the southern
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margin (Port de Saleix) (Azambre & Ravier, 1978) (Fig. 2b). The highest pressures conditions known for the Pyrenean granulites (0.70.9 GPa, with most of the values ranging around 0.7 ± 0.05 GPa) are reported from this area (Vielzeuf, 1980a, 1984).

2.1
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The Saleix Complex
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The Saleix Complex is an E-W trending, ~800 m long and ~250 m large, lens of continental basement rocks, made of granulite rocks
intruded by mafic and felsic intrusives (Fig. 3). The Saleix Complex crops out in the upper part of the Saleix Valley, immediately to the
east of the Saleix Pass (Port de Saleix), along the southern margin of the Aulus basin (Fig. 2b and 3). To the north, it is bounded by
the metamorphosed Mesozoic series of the Aulus Basin, and to the south by the North Pyrenean Fault that separates it from the
Carboniferous Bassies granite and the Paleozoic metasediments of the Axial Zone (Azambre & Ravier, 1978) (Fig. 2b, 2c and 3). At
the Saleix Pass, an alkaline amphibole gabbro related to the Cretaceous Pyrenean magmatism crops out (Montigny et al., 1986).
From field relationships, it is not clear if this gabbro has intrusive relationships with the Paleozoic metasediments or if it represents a
tectonic lens within the North Pyrenean Fault.
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The granulitic suite is composed by three main rock types (for detailed descriptions see Azambre & Ravier, 1978; Vielzeuf, 1984;
Guitard et al., 1995; Ternet et al., 1997): (i) leptinites and khondalite-kinzingite gneiss (aluminous, garnet-bearing acidic rocks) (Fig. 4a
and b); (ii) charnockites, pyriclasites and clinopyroxenites (pyroxene-bearing acidic or basic rocks with variable proportions of Opx and
Cpx) (Fig. 4c and d); and (iii) olivine/spinel-bearing marbles. Peak P-T conditions have been estimated within the high-pressure (HP)
granulite facies at 0.8-1.0 GPa and 750-800 °C, whereas the retrograde amphibolite metamorphism equilibrated at 0.65-0.75 GPa and
~750 °C (Vielzeuf, 1979, 1980a). However, peak pressure conditions have been re-evaluated afterwards at 0.7 ± 0.05 GPa (Vielzeuf,
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1984; Guitard et al., 1995). The granulitic suite was intruded by basic magmas (outcropping in the eastern part of the massif; Fig. 2c
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and 3) that emplaced as a layered mafic complex at the base of the continental crust at ca. ~310 Ma (Vielzeuf, 1980b; Pin & Vielzeuf,
1983; Postaire, 1983; Vielzeuf & Kornprobst, 1984) (Fig. 2c and 4d to f). These magmas emplaced at granulite facies thermo-baric

e

conditions, in a P-T range of 700-780 °C and 0.6-0.9 GPa (Vielzeuf, 1980b).
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The Saleix Massif granulitic complex shares several lithological analogies with the well-studied Ivrea-Verbano Zone of the Southern
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Alps, which is widely accepted to represent a tilted section of the Adriatic pre-Alpine lower crust (Handy & Zingg, 1991; Henk et al.,
1997; Rutter et al., 1999). There, high grade (amphibolite to granulite) metasediments (kinzingites, stronlites and marbles) are found in
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contact with a large (meta-) mafic complex (gabbros, diorites, norites and charnockites) (Handy & Zingg, 1991; Henk et al., 1997;
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Rutter et al., 1999; Rivalenti & Mazzucchelli, 2000; Quick et al., 2009). Moreover, several mantle peridotite bodies are emplaced in the
lower crustal section in the western/northwestern part of the Ivrea-Verbano Zone (e.g. Quick et al., 1995 and references therein).
Considering these analogies, the Saleix Massif may represent the only known example in the whole Pyrenean belt where the Variscan
mafic lower crust is exposed to the surface.
After the emplacement of the layered mafic complex in the Upper Carboniferous, the Saleix granulites were further intruded by tonalitic
magmas, which are not reported by previous studies (Fig. 2c and 3). This latter magmatic stage consists of amphibole-bearing felsic
rocks, which intruded both the granulitic suite and the layered mafic complex, whose petrography and texture are here described for
the first time.
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3. Methods
A petrochronological study was carried out on representative samples of the Saleix tonalite intrusives in order to constrain their P-T-t-d
evolution in the ductile crust. Samples were selected based on structural observations in the field (see Table 1 for sample location and
constituent mineralogy). Microtextural investigations coupled with metamorphic thermobarometry were integrated to constrain the

f
o

thermobaric conditions associated to the development of the shear fabrics. The chemical composition of the mineral assemblages was
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obtained through electron microprobe analyses (EMPA; and are presented in Supplementary Tables ST1-ST6. Zircon and titanite UPb geochronology was used to constrain the timing of emplacement of the tonalite intrusion(s) and the timing of the post-emplacement

e

solid-state ductile deformation, respectively. Details on the analytical methods and protocols adopted for the U-Pb geochronology are
provided in Appendix A.1.
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Analytical methods and protocols adopted in this study are detailed in the Appendix. Hereafter, mineral abbreviations are after Whitney
& Evans (2010).

n
r
u

o
J

4. Field relationships and structural data

Despite the poor outcrop conditions across the Saleix Valley, it was possible to reconstruct the intrusion/host rock relationships
between the Saleix tonalite(s) and the granulitic host rocks. In the western part of the massif, the intrusive relationships between the
tonalites and the granulitic host is evident (see site 2 in Fig. 3). In particular, they are emplaced in-between the garnet-bearing
paragneiss (leptinites and khondalite-kinzingite gneiss) and the acidic and basic granulitic orthogneiss (charnockites and pyriclasites)
(Fig. 4, 5 and 6). Both the tonalitic intrusives and the granulitic host rock display a coherent ~E-W to ~ENE-WSW striking steeply
dipping mylonitic foliation (Fig. 5d and 6).
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In the eastern part of the massif, intrusive relationships between the tonalites and the basic charnockites (pyriclasites and
anorthosites) of the layered mafic complex are less evident in the field. However, at least in one site (site 5 in Fig. 3), the tonalitic rocks
have been observed in outcrop, emplaced within the layered mafic complex, even though the lateral transition with the host rocks is
not fully evident. Here, magmatic foliation (when visible) is sub-vertical and strikes roughly N-S (Fig. 5a to c and 6). Evidence of a
solid-state foliation is observed within cm-to-dm thick zones of ductile shear strain localization with development of S-C tectonites (cf.
Gapais, 1989; Passchier & Trouw, 2005). The main attitude of the mylonitic foliation is sub-vertical with an overall ~E-W to ~ENE-
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WSW strike (Fig. 6). This strike is consistent with the attitude of the tectonic foliation in the mafic host rock and in the western part of
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the granulitic massif as described above (Fig. 5e, 5f and 6). Unfortunately, no syn-tectonic stretching lineation was observed within the
deformation bands, hampering the full assessment of the shear strain from field data.

5. Texture and petrography
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The tonalites dominantly display a primary igneous fabric. At the thin section scale, the tonalites show an inequigranular texture with
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the magmatic assemblages consisting of Pl1 + Amp1 + Qz + Ep1 + Kfs (with K-feldspar always < 5 vol%) and Ttn1 + Zrn + Ap ± Ilm as
accessory minerals (Table 1). The solid-state tectonic foliation is defined by the preferred orientation of recrystallized Qz ribbons, Pl2,

o
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Amp2 ± Bt ± Ep2 ± Ttn2 (Fig. 7; Table1). The microfabric is dominated by dynamic recrystallization of plagioclase, as attested by the
ubiquitous occurrence of small recrystallized Pl2 grains at the boundaries of larger igneous Pl1 porphyroclasts, which typically results in
core-mantle structures (Fig. 7a, b and e). Large Pl1 grains show undulose extinction, with recrystallization being dominantly assisted
by bulging and annealing, as documented by the polygonal to interlobate grain boundaries. Micro-cracking is also evident in the larger
Pl1 porphyroclasts (Fig. 7a-b, e-f). Also the amphibole shows evidence of polyphase growth, with large, strained porphyroclastic Amp1
being often surrounded by smaller Amp2-3 grains (Fig. 7c and d). Secondary amphibole is observed as (i) syn-tectonic metamorphic
overgrowth (Amp2) over the igneous Amp1 (both as corona textures and in pressure shadows); and (ii) diffuse late-stage (post-tectonic)
crystallization of green, fine-grained acicular-fibrous crystals (Amp3) (Fig. 7c-f).
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5.1 Titanite microfabric
Titanite is the most abundant accessory mineral and shows evidence for polyphase growth, related to the transition from magma
emplacement to solid-state ductile deformation (Table 1). Three main titanite growth stages are recognized. An early generation
consists of magmatic Ttn1 grains, generally large-sized (up to 5 mm) and euhedral, with rhomboidal to rounded shapes (Fig. 7 and 8).

f
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Ttn1 is in textural equilibrium with the magmatic assemblage and shows pre-kinematic relationships with respect to the solid-state
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shear foliation (Fig. 7a and e). In backscattered electron (BSE) imaging, Ttn1 typically shows sector zoning (Fig. 8). Two subsequent
generations of metamorphic titanite, Ttn2 and Ttn3, are recognized. Ttn2 occurs either as: (i) recrystallized domains around Ttn1, as

e

attested by dark grey BSE regions truncating the original magmatic zoning (Fig. 8); and (ii) metamorphic coronas around igneous Ilm
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(Fig. 7c and d). Ttn3 is fine grained (~10 µm in size) and occurs in textural equilibrium with the syn-tectonic mineral assemblage (Fig.
7c and d).
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6. Mineral Chemistry

o
J

In the following, the mineral chemistry of the igneous and metamorphic assemblages of the Saleix tonalite(s) are described. Mineral
compositions as obtained from EMPA and mineral formulae for primary (igneous) and secondary (metamorphic, syn- to post-tectonic)
assemblages are presented in Tables ST1 to ST6 in the Supplementary Material.
Feldspar
Igneous Pl1 shows an anorthite component (An) in the range 31-56% (average 38%, n=43; Supplementary Table ST1a). Normal
compositional zoning is seldom preserved, but where evident, An-rich cores are observed (XAn = 51-56%). Orthoclase component (Or)
is always < 1%. The rare igneous Kfs (< 5 vol%) shows only a minor Na component (Ab2-7Or95–98) (Supplementary Table ST1a).
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Secondary Pl2 is albite (Ab)-rich and can be compositionally divided in two domains: (i) oligoclase (Pl2) with An= 26-34% (average
30%, n=20; Supplementary Table ST1b) and (ii) albite (Pl3) (Ab80-98 An01-19) (average 13%, n=7; Supplementary Table ST1c).
Amphibole
Igneous Amp1 has SiO2 in the range 39.55-45.84 wt%, Al2O3 ranging 8.06-12.54 wt% (with Altot 1.43-2.30 apfu), FeO* 16.38-24.44
wt%, CaO 11.45-12.37 wt% and TiO2 0.11-0.48 wt.%, corresponding to pargasite/hastingsite and Mg-hornblende (Leake et al. 2004;
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Hawthorne et al. 2012) compositions (Fig. 9 and Supplementary Table ST2a). The syn-tectonic Amp2 (generally in equilibrium with
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Pl2+Ep2+Ttn2+Bt) has SiO2 in the range 45.75-49.57 wt%, Al2O3 5.16-7.97 wt% (with Altot 0.90-1.41 apfu), FeOTot 12.54-19.60 wt%,
CaO 11.25-12.65 wt% and TiO2 0.10-0.58 wt%, corresponding to Mg-hornblende (Leake et al. 2004; Hawthorne et al. 2012)

e

compositions (Fig. 9 and Supplementary Table ST2b). The chemistry of the post-tectonic fibrous Amp3 is characterized by a higher
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SiO2 content (48.98-55.34 wt%), Al2O3 0.81-5.46 wt% (with Altot 0.14-0.95 apfu, average value 0.60 apfu), FeOTot 7.62-18.07 wt%,
CaO 11.63-12.15 wt% and TiO2 <0.4 wt%, corresponding to tremolite (Leake et al. 2004; Hawthorne et al. 2012) compositions (Fig. 9
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and Supplementary Table ST2c). In particular, considering the #Mg (atomic ratio: Mg/[Mg + Fe2+]) in the range 0.57–0.82 and the
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average Si > 7.5 apfu (Si: 7.25-7.90 apfu), the Amp3 can be classified as actinolite (Leake et al. 1997; 2004).
Titanite

o
J

Primary (igneous) Ttn1 has TiO2 in the range 32.84-36.47 wt%, Fe2O3Tot and Al2O3 ranging 0.90-2.29 wt% and 1.59-3.08 wt%,
respectively (Supplementary Table ST3a). Ttn1 shows high content of ZrO2 (0.06-0.48 wt%), Y2O3 (up to 0.52 wt%), Nb2O5 (0.05-0.80
wt%) and LREE (0.84-2.07 wt%) (Fig. 10b-c and Supplementary Table ST3a). The Ttn2 composition has TiO2 ranging 33.67-36.74
wt%, Fe2O3Tot 0.70-1.72 wt%, and Al2O3 1.26-2.72 wt% (Supplementary Table ST3b). Ttn2 systematically shows lower content of ZrO2
(0.01-0.05 wt%), Y2O3 (0.03-0.41 wt%), Nb2O5 (0.08-0.97 wt%) and LREE (0.07-1.21 wt%) (Fig. 10b-c and Supplementary Table
ST3c). Ttn3 has TiO2 in the range 33.00-38.72 wt%, Fe2O3Tot 0.37-1.76 wt%, and Al2O3 1.27-3.30 wt% (Supplementary Table ST3c).
Ttn3 shows Y2O3 0.03-0.23 wt%, Nb2O5 0.04-1.37 wt% and LREE < 0.74 wt% (Fig. 10b-c and Supplementary Table ST3c). The ZrO2
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content is always below the detection limit of the microprobe (< 0.01 wt%). The three titanite types are therefore chemically distinct
(Fig. 10), with Zr and LREE contents being higher in igneous Ttn1 and lower in metamorphic Ttn2 and Ttn3, respectively. Transition
from igneous to metamorphic titanite growth is also characterized by the progressive enrichment in both Ti and Nb.
Epidote
Igneous (Ep1) and metamorphic epidote (Ep2) are chemically discriminated through their “pistacite” component (XPs=XFe, as atomic

f
o

[Fe3+/(Fe3+ + Al3+)]; Zen & Hammarstrom, 1984; Schmidt & Poli, 2004; Armbruster et al. 2006) content (Supplementary Table ST4a
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p

and ST4b, respectively). The Ep1 is characterized by higher “pistacite” component content in the range of 22–27% (average 24%,
n=25), whereas Ep2 shows lower values (XPs: 02–21%, average 14%, n=10).
Biotite
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Biotite is characterized by TiO2 content in the range 2.26-3.11 wt% and XMg (with XMg= [Mg/(Mg+Fe2+)] atomic ratio, calculated for 22
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oxygens after Henry et al. 2005) in the range 0.44-0.51 (Supplementary Table ST5).
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Ilmenite
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Ilm is characterized by MnO 1.23-2.09 wt%, NiO < 0.08 wt% and MgO 0.11-0.34 wt% (Supplementary Table ST6).

7. Thermobarometry

In order to constrain the thermobaric conditions related to the magmatic crystallization and the solid-state deformation of the Saleix
tonalite intrusives, inverse thermobarometry was applied to: (i) the primary magmatic (Pl1 + Amp1 + Ttn1 + Ep1); and (ii) the syn- (Amp2
+ Pl2 + Ttn2 + Ep2 + Bt) and post- (Amp3 + Pl3 + Ttn3) tectonic metamorphic assemblages.
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Thermobarometry calculations were based on: (i) plagioclase-amphibole thermobarometry (Pl-Hbl; Holland & Blundy, 1994; Anderson
et al. 2008); (ii) Al-in-hornblende barometry (Al-in-Hbl; Schmidt, 1992; Anderson et al. 2008); (iii) Al-in-actinolite/tremolite barometry
(Al-in-Act; Schmidt, 1992; Mutch et al. 2016); (iv) Zr-in-titanite thermometry (Zr-in-Ttn; Hayden et al. 2008); and (v) Ti-in-biotite
thermometry (Ti-in-Bt; Henry et al. 2005). The standard errors and/or approximate uncertainties reported in text are those published
for Pl-Hbl, Al-in-Hbl, Al-in-Act and Ti-in-Bt models, respectively, apart from the Zr-in-Ttn model where the pooled standard error was
here calculated. Results are shown in Fig. 11.
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The igneous Amp1 (Altot 1.43-2.30 apfu) and Pl1 (for an average composition XAn = 38%; n=43) compositions provide P = 0.4-0.5 ± 0.1
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GPa (Al-in-Hbl barometry), with an average value of 0.5 ± 0.1 GPa (n=12), and T = 670-770 ± 30 °C (Pl-Hbl thermometry; Holland &
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Blundy 1994), with an average value of T = 700 ± 30 °C (n=12). The metamorphic Amp2 (Altot 0.90-1.41 apfu) and Pl2 (for an average
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composition XAn = 30%; n=20) compositions provide P = 0.1-0.4 ± 0.1 GPa (Al-in-Hbl barometry), with an average value of 0.2 ± 0.1
GPa (n=61), and T = 590-680 ± 30 °C (Pl-Hbl thermometry), with an average value of 640 ± 30 °C (n=61). The late-stage fibrous Amp3
tot

(Al
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0.14-0.95 apfu, average value 0.60 apfu) and Pl3 (for an average composition of XAn = 13%; n=7) compositions provide P = 0.1-

0.2 ± 0.1 GPa (Al-in-Act barometry), with an average value of P = 0.1 ± 0.06 GPa (n=65), and T = 440-580 ± 30 °C (Pl-Hbl
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thermometry), with an average value of T = 540 ± 30 °C (n=65). The obtained, Ti-independent barometric estimates are used for the
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Zr-in-Ttn thermometry (Hayden et al. 2008), (i) assuming SiO2 activity of aSiO2=1.0 and TiO2 activity of aTiO2=0.75±0.25 for rutile-free
ilmenite-bearing metamorphic rocks (e.g. Hayden et al. 2008; Chambers & Kohn, 2012; Walters & Kohn, 2017); and (ii) converting the
measured ZrO2 (wt% ± S.E) as derived from the EMPA into atom (Zr ± S.E. ppm) content. To note, the EMPA measurement precision
for Zr contents in Ttn1 and Ttn2 propagates to a further uncertainty of ±2-3°C with respect to the calculated pooled standard error.
Taking into account a lithostatic pressure of 0.5 GPa as derived from the Al-in-Hbl barometry for the magmatic Amp1, the Zr content of
Ttn1 (427-3550 ± 74 ppm) provides temperature estimates in the range 750-880 ± 32 °C (n=52) for the magmatic crystallization of the
igneous Ttn1. The Zr content of metamorphic Ttn2 (78-338 ± 74 ppm), for a lithostatic pressure of 0.2 GPa (Al-in-Hbl for Amp2),
provides lower temperature estimates, ranging 630-700 ± 24 °C (n=18). The Zr content of Ttn3 is invariably below the detection limit of
the microprobe, attesting for lower temperature conditions during the late stage, post-tectonic crystallization of the Pl3-Amp3-Ttn3
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assemblage. Lastly, the Ti-in-Bt thermometry as applied to the syn-tectonic metamorphic Bt (Ti = 0.26-0.32 apfu and XMg =0.44-0.51)
provides T = 636-688 ± 24 °C (with an average value of 670 ± 24 °C; n= 19), compatible with the mean temperature estimates
obtained through Pl2-Amp2 (640±30°C) and Zr-in-Ttn2 (667±24°C) models.

8. U-Pb geochronology
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Zircon
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The zircon grains from the tonalite have been investigated through BSE and cathodoluminescence imaging (Fig. 12). Their
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morphology varies from euhedral to subhedral, with rare anhedral crystals. They often show a dark core with oscillatory zoning and
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minor patchy zoning, with a homogeneous, patchy or oscillatory zoned brighter overgrowth (Fig. 12).
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A number of forty-eight analyses have been performed on thirty different zircon grains. The U, Th and Pb contents and the resulting
Th/U values are variable, although always greater than 0.1 (Table ST7 in the Supplementary Material). Plotted in a Tera-Wasserburg
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diagram (Fig. 13a), they plot, except for one analysis (S-040618a-11, Table ST7), in a concordant position within error. In particular, a
first group of 19 concordant results yield a concordia date (as of Ludwig, 1998) of 281 ± 2 Ma (MSWD=0.59, Fig. 13a). These analyses
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were performed on the outer bright rims of the zircon crystals (Fig. 12) and yield the lowest (<0.8) Th/U values. A second group of 18
analyses performed in the core of the crystals (see Fig. 12) yield a concordia date of 300 ± 2 Ma (MSWD=0.75; Fig. 13a), with the
highest (>0.8) Th/U values. Finally, the remaining results (dotted-line grey ellipses on Fig. 13a) plot either around the two previously
described date groups or yield apparent ages of ca. 450 Ma and 550 Ma, respectively. These last four data have been systematically
obtained in zircon crystal cores (see for example Zr 12 and Zr 28 on Fig. 12).

Titanite
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Forty-one analyses have been acquired on the large magmatic Ttn 1 grains (Table ST8). They all plot in a very discordant position in
the Tera-Wasserburg diagram (Fig. 13c). Unfortunately, these data do not allow to calculate any date. Significantly, however, all the
data plot in a crisis polygon as defined by a common Pb composition (207Pb/206Pb)0 = ca 0.85 (calculated using the Stacey & Kramers
(1975) Pb evolution model for an age of ca. 300 Ma), the date yielded by the outer rims of the zircon grains (ca. 281 Ma) and the date
yielded by the metamorphic Ttn2 grains (ca. 96 Ma; see below).
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Forty analyses have been performed in the metamorphic Ttn 2 grains, overgrowing Ilm (Fig. 13b and Table ST8 in the Supplementary
Material). The U, Th and Pb contents (3-23, 1-12 and 7-43 ppm respectively) and the Th/U values (0.3-2.0) are fairly consistent for all
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the analyses. Plotted in a Tera-Wasserburg diagram (Fig. 13b), they all plot in a discordant position with variable proportion of

e

common Pb. The 40 analyses, however, define a lower intercept date of 96.5 ± 2.1 Ma (MSWD=2.1) and a (207Pb/206Pb)0 value of 0.86
± 0.01.
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9. Discussion
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Field relationships indicate that the tonalitic magmas intruded the Saleix granulitic and the layered mafic complex. Moreover, textural
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and petrographic observations show that a solid-state syn-tectonic metamorphic event locally overprinted the primary magmatic
texture.

Considering an average lithostatic gradient of 0.028 GPa/km, the P-T conditions of emplacement of the Saleix tonalite as derived from
the Al-in-Hbl barometry (on Amp1) and Zr-in-Ttn1 thermometry (P = 0.5 ± 0.1 GPa and T = 750-880 ± 32 °C) are indicative of
intermediate crustal depths (~18 km) and paleogeothermal gradient conditions higher than 45 °C/km. These emplacement depths are
significantly shallower than those estimated both for the peak metamorphism of the granulitic suite (25 ± 1.8 km; Vielzeuf, 1984) and
for the emplacement of the layered mafic complex (ca. 23-33 km; Vielzeuf,1980b) forming the host rocks.
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Taking into account the results of the conventional thermobarometry applied to the different generations of the syn-tectonic mineral
assemblage (Amp2-3, Pl2-3, Ttn2-3), the solid-state ductile deformation occurred under amphibolite facies metamorphic conditions (0.2 ±
0.1 GPa and 640-670 ± 30 °C). The observed plagioclase recrystallization microstructures (mainly bulging) are indicative of mediumgrade conditions (i.e. 400-600 °C) during solid-state ductile deformation (e.g. Gapais, 1989; Tullis & Yund, 1991; Rosenberg & Stünitz,
2003; Passchier & Trouw, 2005), consistent with the temperature estimates as derived from the mineral-chemistry thermometry
models applied to the syn-tectonic metamorphic assemblage. Assuming the same average lithostatic gradient of 0.028 GPa/km, the
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syn-tectonic, solid-state amphibolite-facies metamorphic overprint took place at shallow crustal conditions (less than ~10 km depth),
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corresponding to a perturbed geothermal gradient of ca. 80 °C/km.
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The presence of datable mineral phases associated with both the magmatic and the metamorphic syn-tectonic mineral assemblages
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allows to chronologically constrain the P-T-d history of the Saleix tonalite. The zircon U-Pb geochronology documents a bimodal age
distribution. Most of the zircon core dates cluster at ca. 300 Ma (late Carboniferous; Fig. 12 and 13a), which is in good agreement with
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the emplacement age of the layered mafic complex intruded by the tonalite (Pin & Vielzeuf, 1983; Postaire, 1983; Vielzeuf &
Kornprobst, 1984; Pin, 1989). Zircon rim dates and most of the rim/core coherent dates cluster around 281 Ma (Early Permian; Fig. 12
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and 13a), which is then interpreted as the crystallization age of the tonalitic intrusion. This interpretation is further supported by the
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Th/U values in zircon (always > 0.1; Table ST7), which are consistent with a magmatic origin (see Rubatto 2002; Kydonakis et al. 2014
and references therein). These results suggest a recycling of zircon grains of the mafic host-rocks in the crystallising tonalite. This
interpretation is consistent with other studies on xenocrystic zircon entrainment in plutons and dikes (e.g. Viskupic et al. 2005).
Another possibility would be that the tonalite was emplaced at ca. 300 Ma and that all the younger dates around 280 Ma are linked to
a slight Pb loss in the analysed zircon grains. But because of the intrusive relationship between the tonalites and the mafic complex,
this scenario seems unlikely. Whatever the scenario, the oldest apparent ages of 550 and 450 Ma are interpreted as the ages of
inherited (xenocrystic) cores. We thus infer that the tonalitic magma could have been contaminated by zircon crystals not only from the
mafic complex but also from the para-derived granulitic host-rock.
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Activation of solid-state syn-tectonic fabric is constrained by the U-Pb dating of Ttn2. The lower intercept of the Ttn2 discordia with the
concordia curve at 96 ± 2 Ma (Cenomanian; Fig. 13b) defines the minimum age for the tectonic overprint of the Pyrenean Variscan
lower crust. This Cenomanian age is well compatible with the mid-Cretaceous Pyrenean rifting event that led to the final exhumation of
the lithospheric mantle in the Pyrenean realm (e.g. Lagabrielle et al. 2010). The disturbed signal displayed by the magmatic Ttn1 (Fig.
13c) is likely due to the incomplete re-opening of the titanite U-Pb system during the activation of the Cretaceous ductile deformation
fabric, leading to variable amount of Pb loss (see Garber et al. 2017). However, it is important to note that the diffusion rate of Pb in
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titanite is quite low at T < 750 °C (see Kohn 2017; Holder et al. 2019), and it is likely that some recrystallization, rather than diffusion
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alone, occurred in these domains. The size of the laser ablation spot used in this study (35 µm) for the U-Pb dating on Ttn was indeed
too large compared to the size of the preserved/recrystallized domains to properly discriminate the magmatic event from the
metamorphic one in the disturbed magmatic Ttn1.
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9.1 Permian thinning of the Pyrenean crust
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The timing of exhumation of the lower granulitic crust in the Pyrenees and the modes through which the lower crust accommodated
deformation during the Cretaceous rifting have been a matter of debate during the last decade (e.g. Jammes et al. 2009; Clerc &
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Lagabrielle, 2014; Masini et al. 2014; Hart et al., 2016; Asti et al. 2019; Duretz et al. 2019; Espurt et al. 2019; Saspiturry et al. 2019;
Odlum & Stockli, 2020). Some authors have proposed that lower crustal granulites have been exhumed during the Albian-Cenomanian
by low-angle detachment faulting in the Labourd massif (western Pyrenees; Jammes et al. 2009; Masini et al. 2014). However, this
interpretation has been questioned by recent studies documenting the Permian exhumation of the granulitic/migmatitic Ursuya massif
at the footwall of the south-dipping Louhossoa shear zone, in relationship with the formation of the Permo-Triassic Bidarray basin in
the hanging wall (Saspiturry et al. 2019).
Although several studies have pointed out a significant Permian episode of crustal stretching and thinning in the Pyrenean realm (e.g.
de Saint Blanquat et al. 1990; Bouhallier et al. 1991; Vissers, 1992; de Saint Blanquat, 1993; Boutin et al. 2016; Saspiturry et al.
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2019), these studies did not provide proper constraints on the evolution of the post-Variscan crustal structure. A recent cross-section
restoration across the central part of the Pyrenean belt (Aure valley) suggests a thinning of the continental crust down to ~20 km as a
consequence of the Permian rifting phase (Espurt et al. 2019).
Considering the intrusive/host-rock relationships in the Saleix Complex, the pressure gap between the emplacement of the layered
mafic complex at ca. 300 Ma (at 0.6-0.9 GPa; Vielzeuf, 1980b) and intrusion of the tonalitic magmas at ca. 280 Ma (at ~0.5 GPa)
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provides evidence for a significant phase of exhumation of the lower part of the crust at the Carboniferous-Permian transition. This in
turn requires that a considerable thinning of the north Pyrenean continental crust took place during the Early Permian, with the lower
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part of the crust (represented by the Saleix Complex) exhumed from ~25-30 km to ~18 km depths within this time frame (Fig. 14a, b).
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This extensional phase is coeval with partial melting of the lower-middle crust and emplacement of gneiss domes in the middle-upper
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crust in the Pyrenean Axial Zone (e.g. Delène et al. 2012; Cochelin et al. 2017; Lemirre et al., 2019), and with low-P granulitic
metamorphism and subsequent crustal extension in the North Pyrenean Massifs (de Saint Blanquat et al. 1990; de Saint Blanquat,
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1993; Fig. 14a). In these massifs, the Permian extensional phase has been assumed to have caused up to ~10 km of thinning of the
Variscan crust (Bouhallier et al. 1991), accommodating an overall N-S oriented, top to the S stretching (de Saint Blanquat et al. 1990;
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Bouhallier et al. 1991; de Saint Blanquat, 1993). This is consistent with estimates of at least 10 km of exhumation during the same
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time frame in the Pyrenean Axial Zone, even though driven by a general E-W direction of stretching (Vissers, 1992; Cochelin et al.,
2017; Lemirre et al., 2019). Additional evidence for a significant late-/post-Variscan thinning comes from petrographic studies on the
continental mantle section(s) exhumed along the Pyrenean belt, which highlighted an important phase of lithospheric thinning before
the Triassic (Fabriès et al. 1991, 1998), likely in relationship with the Permian re-fertilization of the lithospheric mantle (Le Roux et al.
2007). Moreover, as mentioned above, this is also consistent with estimates of pre-Triassic thinning of the Pyrenean continental crust
down to ~20 km of total thickness based on a balanced cross-section across the Central Pyrenees (Espurt et al. 2019).
Our estimates of paleogeothermal gradient at the time of intrusion of the Saleix tonalite intrusives (> 45 °C/km) are coherent with other
estimates of the (late?) Variscan geothermal gradients reported by previous studies in the Pyrenean realm (40-70 °C/km; Gibson &
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Bickle, 1994; Mezger, 2005; Triboulet et al. 2005; Vilà et al. 2007; Mezger & Régnier 2016; Cochelin et al. 2018). This reinforces our
interpretation of the thermobaric conditions of emplacement of the Saleix tonalite during the Early Permian.
From a geodynamic point of view, the late-/post-Variscan Permian extensional phase can be related to the (late- ?) post-orogenic
dismantling of the Variscan belt (e.g. Malavieille et al. 1990; Van Den Driessche & Brun, 1992; Burg et al. 1994), which is coeval with
lithospheric mantle delamination at the scale of the western European portion of the belt (Ziegler et al. 2004, 2006; Ziegler & Dèzes,
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2006; Laurent et al., 2018), including the Pyrenean realm (e.g. Denèle et al. 2014; Cochelin et al. 2017). This resulted in a substantial
thinning of the whole Pyrenean continental lithosphere (e.g. Fabriès et al. 1991, 1998), which isostatically allowed the subsistence of a
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continental sedimentary setting at the Iberia/Eurasia plate boundary (and in western Europe in general) during the Permian.

9.2 Implications for the Cretaceous rifting
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As constrained by the syn-tectonic growth of metamorphic Ttn2 (dated at 96 ± 2 Ma), the solid-state deformation fabric documented in
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the Saleix Complex occurred during the regional-scale mid-Cretaceous rifting event (Fig. 14c). At this stage, the Pyrenean continental
crust was already extremely thinned, with the lower part of the Variscan crust having been already exhumed at shallow depths (≤ 0.2
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GPa; see Section 7). Consequently, at the onset of the Cretaceous rifting, the thickness of the Variscan crust might have been the
cumulative result of multiple rifting events throughout the Mesozoic. Indeed, between the Lower Permian extensional phase and the
Cretaceous rifting, it is likely that the crust was progressively and incrementally thinned during the several aborted rifting episodes that
affected the Pyrenean realm between the Upper Permian/Triassic and the Aptian (e.g. Puigdefabregas & Souquet, 1986; Barnolas &
Chiron, 1995; Vergés & García-Senz, 2001; Vergés et al. 2002; Espurt et al. 2019). Additional evidence for a pre-Cretaceous thinning
of the Pyrenean crust comes from the P-T-t-d evolution of the exhumed lithospheric mantle outcropping in the North Pyrenean Zone.
Indeed, the Cretaceous extensional mylonitic shear zone of the Turon de la Técouère ultramafic massif (western Pyrenees) developed
at relatively shallow depths, at pressures as low as ~0.5 GPa (Fabriès et al. 1998; Newman et al. 1999).
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During the Cretaceous rifting, the Pyrenean realm experienced a well know thermal event, documented by the high temperature/low
pressure (HT/LP) metamorphism on the Mesozoic pre- and syn-rift series (Albarède & Michard‐Vitrac, 1978; Montigny et al. 1986;
Golberg, 1987; Golberg & Maluski, 1988; Golberg & Leyreloup, 1990; Clerc et al. 2015). In this regard, our paleogeothermal estimates
of > 80 °C/km is in agreement with other estimates dealing with the Cretaceous Pyrenean rifting (e.g. Vacherat et al. 2014; Corre,
2017; Hart et al. 2017; Saspiturry et al., 2020), supporting our interpretation of the P-T-t-d history of the Saleix Complex.
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Several studies in the last decade have inferred that ductile deformation localized in the exhumed lower granulitic crust during the
Cretaceous mantle exhumation, and not only in the middle/upper part of the crust (e.g. Clerc & Lagabrielle, 2014; Asti et al. 2019;
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Duretz et al. 2019). The Cretaceous ductile deformation described in this study fits well in this scenario. In this regard, our dataset
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demonstrates that during the Cretaceous Pyrenean rifting the deformation of the lower part of the continental crust was assisted by
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ductile flow. This evidence is in contrast with models of crustal thinning proposed for other types of rifted margins, where the lower
granulitic crust is considered to be dominated by brittle deformation mechanisms and ductile flow mechanisms are assumed to be
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localised in the middle crust, which represents a decoupling horizon between the brittle upper and lower crust (e.g. Péron-Pinvidic &
Manatschal, 2009; Mohn et al., 2012). The peculiar rheological behaviour of the Pyrenean crust during the Cretaceous rifting has been
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recently referred to the pre-rift mechanical configuration of the crust, which is characterized by the presence of a thick weak
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decoupling layer at the base of the sedimentary cover consisting in the Keuper evaporitic series (e.g. Lagabrielle et al., 2020;
Saspiturry et al., 2021). This pre-rift crustal structure allowed the ductile deformation to localize at all levels in the continental crust
during the Cretaceous rifting (Duretz et al. 2019).

Conclusion
The petrochronological study presented in this paper allows to reconstruct the long-term P-T-t-d history of the Saleix tonalites and of
its granulitic host rocks, with important inferences on the long-term evolution of the post-Variscan Pyrenean continental crust. The
main conclusions of this work can be summarized as follows:
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The emplacement of the Saleix tonalite in the Variscan crust occurred at 281 ± 2 Ma (Early Permian), ca. 20-30 Myr after mafic
magma underplating at the base of the granulitic crust.



The pressure gap between the emplacement of the Saleix tonalite (ca. 0.5 GPa) and its lower crustal host rock (0.6-0.9 GPa)
provides evidence for a significant thinning of the Pyrenean crust (~20 km of total thickness) between the end of the
Carboniferous and the Early Permian.
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Solid-state ductile deformation is documented in the Variscan lower crust during the mid-Cretaceous rifting event that
culminated with lithospheric mantle exhumation.
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At the onset of the Cretaceous rifting, the Pyrenean continental crust was already extremely thinned by rifting events that
localized in this domain since the end of the Variscan cycle.
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More generally, this study confirms the importance of structural inheritance (in space and time) during the deformation of the
continental crust. As a matter of fact, the peculiar evolution of the Pyrenean crust and lithosphere was possibly due to its position in
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the Carboniferous foreland basin of the Hercynian orogen of western Europe, a domain that experienced a peculiar syn-, late- and
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post-Variscan evolution. This complex evolution was characterized by limited syn-orogenic thickening, but important late-/postorogenic crustal thinning and mantle delamination. Inheritance of these events had a strong impact on the Mesozoic and Cenozoic
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evolution of a region that accommodated the deformation at the boundary between the Iberian and Eurasian plates over a very long
period of time.
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Appendix A. Analytical methods and protocols
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A.1. U-Pb geochronology
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After the rock sample was crushed, zircon grains were concentrated using a Wifley table then the heavy liquors and magnetic
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techniques available at Géosciences Rennes (France). The zircon grains were randomly selected to be mounted in epoxy mounts,
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and then polished in order to obtain a smooth flat internal surface. In order to inspect the internal structure and choose the potential
internal target sites for the U-Pb laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) dating,
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cathodoluminescence imagery were acquired.
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For the titanite dating, the in-situ LA-ICP-MS analyses were performed in-context, directly in thin sections.
The U-Pb geochronology was conducted at using an ESI NWR193UC Excimer laser coupled to a quadripole Agilent 7700x ICP-MS, a
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GeOHeLiS platform facility. The instrumental conditions are reported in Supplementary Table ST9. The ablated material is carried into
helium, and then mixed with nitrogen and argon, before injection into the plasma source. The alignment of the instrument and mass
calibration was performed before each analytical session using the NIST SRM 612 reference glass, by inspecting the 238U signal and
by minimizing the ThO+/Th+ ratio (<0.5%). During the course of an analysis, the signals of

204

(Pb+Hg), 206Pb, 207Pb, 208Pb, 232Th and

238

U masses are acquired. The occurrence of common Pb in the sample can be monitored by the evolution of the 204(Pb+Hg) signal

intensity, but no common Pb correction was applied owing to the large isobaric interference with Hg. Single analyses consisted of 20 s
of background integration followed by 60 s integration with the laser firing. Ablation spot diameters of 25 µm (zircon) and 35 µm
(titanite) with repetition rates of 4 Hz and a fluence of 6.8J/cm2 were used. Data were corrected for U-Pb and Th-Pb fractionation and
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for the mass bias by standard bracketing with repeated measurements of the zircon reference material GJ-1 (for zircon dating;
Jackson et al. 2004) and titanite reference material Khan (for titanite dating; Heaman, 2009). Along with the unknowns, zircon
standard Plešovice (337 Ma, Sláma et al. 2008) and titanite standard LAC (520 Ma, Pedersen et al. 1989) were measured to monitor
precision and accuracy of the analyses and yield precise with low bias ages of 336.4 ± 3.6 Ma and 512 ± 9 Ma respectively (Table ST9
in Supplementary Material). Data reduction was performed using Iolite (Paton et al. 2010; 2011) with the VizualAge U–Pb data
reduction package for zircon (Petrus & Kamber, 2012) and VizualAge_UcomPbine for titanite (Chew et al. 2014). For data processing,
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we used a 235U/238U ratio of 137.818 (Hiess et al. 2012). All the concordia diagrams and age calculations (Fig. 13) were produced
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using IsoplotR (Vermeesch, 2018). All errors are provided at 2 sigma.

A.2. Electron microprobe analysis (EMPA)
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The major elements composition of the main mineral components was determined by EMPA, by using a CAMECA SX100 microprobe
at the Service Commun de Microsonde Ouest (SCMO), Plouzané (France). Microprobe operated at 15 kV, 20nA, spot size 5 μm and
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10 s counting time on peak and 5 s on background. The microprobe was equipped with five WDS detectors with LIF, PET, and TAP
crystals, and all elements were assigned to specific detectors to be measured 5 + 5 concurrently per run of ~30 s total time. Used

o
J

standards were natural albite (Na, Si), orthoclase (K), corundum (Al), wollastonite (Ca), forsterite (Mg), MnTiO 3 (Mn, Ti), andradite (Fe)
and chromite (Cr). Raw spectral data were ZAF-corrected using the phi-rho-Z protocol of Pouchou & Pichoir (1984) known as ‘PAP’.
Element contents were recalculated to oxides by stoichiometry, total iron content is represented as FeO. Detection limits are: 0.01 wt%
for Mn, Ti, Fe, Ni and Cr; 0.05 wt% for Ca, Si and K; 0.10 wt% for Al, Mg and Na.
The chemical composition of Ttn was measured by a Cameca SX100 microprobe at the Institut für Anorganische Chemie, Universität
Stuttgart, Germany. The REE La, Ce, Pr, Nd, and Sm were measured applying LIF/LLif diffraction crystals, using synthetic
orthophosphates (Jarosewich & Boatnar 1991; Donovan et al. 2003) as standards. Additional elements were analysed with the
following standards: synthetic BaF2 (F), synthetic corundum (Al; P&H Developments), natural wollastonite (Si, Ca; P&H
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Developments, England), natural graftonite (P), synthetic rutile (Ti; P&H Developments), natural rhodonite (Mn; P&H Developments),
natural hematite (Fe; P&H Developments), synthetic YPO4 (Y; Jarosewich & Boatnar 1991), and synthetic Nb (P&H Developments).
Operating conditions of the microprobe were 15 or 20 kV, 100 nA, 5 µm spot size. With these conditions, REE, Zr, Y and Nb have
detection limits as based on counting statistics and 1sigma uncertainties in the range of 0.01 to 0.03 wt.%, 0.01 wt%, 0.02 wt% and
0.02 wt% of the elements, respectively.

f
o

Feldspar, epidote, biotite and ilmenite structural formulae were calculated using the Calcmin_32 Excel spreadsheet (Brandelik, 2009).
Amphibole formulae (normalization scheme: 15-NK) were calculated through the ACES2013 Excel spreadsheet (Locock, 2014).
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Mineral abbreviations follow Whitney & Evans (2010).
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Fig. 1: Structural map of the western European Variscides (on a Permian plate configuration) with representation of the Mediterranean
Carboniferous foreland basin (in blue). Redrawn and modified after Franke (2000, 2006) and Matte (2001).
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Fig. 2: (a) Synthetic structural map of the Pyrenean belt with location of the main outcropping ultramafic bodies and distribution of the
terranes affected by the Cretaceous HT/LP metamorphism (redrawn and modified after Corre et al. 2018). Acronyms: AM, Agly massif;
BB, Bidarray basin; CM, Castillon massif; NPFT, North Pyrenean Frontal Thrust; NPZ, North Pyrenean Zone; SBM, Saint Barthélémy
massif; SPFT, South Pyrenean Frontal Thrust; SPZ, South Pyrenean Zone; TSM, Trois Seigneurs massif; UM, Ursuya massif. (b)
Geological map of the central part of the Aulus Basin (modified after Lagabrielle et al. 2016) with location of the study area. (c)
Schematic representation of the tectono-stratigraphic relationships between the different lithologies in the Saleix Complex.
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Fig. 3: Simplified geological map of the Saleix Massif redrawn and modified after Vielzeuf (1980a). Numbers in circles indicate sites of
structural analysis reported in figure 6. Samples dated in this study (SAL D2 and SAL E) where collected at site 2.
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Fig. 4: Some examples of granulitic lithotypes outcropping in the Saleix Massif. (a, b) Sub-vertical tectonic foliation in granulitic
paragneiss (site 1 on Fig. 3). (c) Steeply dipping, E-W striking tectonic foliation in granulitic gneiss (site 3 in Fig. 3). (d) Mafic
charnockite boudin (dark brown) in granulites (light brown; close to site 3 in Fig. 3). (e, f) Sub-vertical E-W striking tectonic foliation in
the layered mafic complex (mafic charnockites), eastern part of the Saleix Massif (site 6 in Fig. 3; plane view).
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Fig. 5: Structures of the Saleix tonalites at the outcrop scale. (a) Magmatic (primary) foliation in the Saleix tonalite (left side)
overprinted by a sub-vertical solid-state tectonic (mylonitic) foliation (right side); plane view. (b) Example of S-C fabric developed in the
Saleix Complex with the shear foliation defined by metamorphic amphibole locally surrounding porphyroclastic magmatic plagioclase;

Journal Pre-proof
plane view. (c) Example of syn-metamorphic amphibole-bearing shear band in the Saleix tonalites. Pictures a, b and c are taken from
the eastern part of the Saleix Massif (site 5 in Fig. 3), where the tonalites intrude the mafic complex. (d) Example of intensely foliated
tonalite, with sub-vertical E-W striking foliation (granulitic complex in the western part of the massif; site 2 in Fig. 3).
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Fig. 6: Equal area stereoplots (Schmidt net, lower hemisphere) showing the attitude of the magmatic (dashed lines in stereoplot#5)
and syn-metamorphic tectonic (solid lines) foliations in the Saleix Complex. Numbers on the top left of the stereonets refer to locations
of structural analysis sites reported in figure 3.
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Fig. 7: Magmatic and solid-state textures of the Saleix tonalite observed at the thin section scale (mineral abbreviations after Withney
& Evans, 2010). (a) Magmatic texture overprinted by syn-metamorphic Pl recrystallization resulting in an inequigranular texture. The
magmatic mineralogical assemblage consists in Qz-Pl1-Amp1 and large euhedral to subhedral Ttn1 crystals (sample SAL D2; crossed
polars). (b) Core-mantle structures in plagioclase resulting from recrystallization of metamorphic Pl 2 by bulging (nucleation and growth
of small polygonal grains) from magmatic Pl1 (sample SAL D2; crossed polars). (c-d) Core-mantle structures in amphibole resulting
from recrystallization of metamorphic Amp2-3 over magmatic Amp1 and of metamorphic Ttn2 over magmatic Ilm. Small Ttn3 grains

f
o

occur in the recrystallized Pl2-Amp2-3 bands (sample SAL E; natural light). (e) Magmatic texture overprinted by solid-state fabric

o
r
p

(sample SAL E; crossed polars). Note core-mantle structures in Pl, with undulose extinction in magmatic Pl1 crystals, strained
magmatic Amp1 and preferred orientation of metamorphic Amp2. (f) Magmatic Pl1 porphyroclasts embedded in the syn-metamorphic

e

Amp2-Pl2 shear foliation (sample SAL E; crossed polars). Note dynamic recrystallization of small Pl2 grains after magmatic Pl1
porphyroclasts.
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Fig. 8: BSE images showing overgrowth of metamorphic Ttn2 on magmatic Ilm (a) and Ttn1 (b; darker rim over brighter core). Note (i)
the reduction of REE content when moving from the magmatic Ttn 1 to the metamorphic Ttn2.
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Fig. 9: Composition of Ca-amphiboles in the studied samples. Calcium amphibole names and their compositional boundaries are after
Hawthorne et al. (2012).
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Fig. 10: Titanite chemistry. (a) Representative qualitative compositional map showing variations in cation distribution in titanites
(cation: Al, Fe, Y, Ce). (b-c) EMPA compositional data. The enrichment of Zr and LREE discriminates between magmatic Ttn 1 and
mend metamorphic titanites (Ttn2-3).
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Fig. 11: A summary of the results obtained from thermobarometry models applied to magmatic and metamorphic assemblages from
the Saleix tonalites. Green- and pink-shaded fields represent the pressure-temperature domains of crystallization of magmatic (Ttn1)
and metamorphic (Ttn2) titanites, respectively. Blue-shaded field show the results of Ti-in-Bt thermometry. Pressure-temperature fields
representative of crystallization of magmatic and metamorphic amphiboles are also indicated in the diagram.
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Fig. 12: Representative cathodoluminescence images of the dated zircon grains from the Saleix tonalite (Sample Sal-E). Morphology
varies from euhedral to subhedral, with rare anhedral crystals. Zircon crystals dominantly show oscillatory cores with brighter
overgrowths at the rims. White circles show the location of LA-ICP-MS spots with the relative 206Pb/238U ages and their 1σ error (see
Table ST8 for details). Note that rim ages are always ~280 Ma.
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Fig. 13: Tera-Wasserburg diagrams for zircon and titanite U-Pb data (ages are quoted at 2 absolute). (a) Zircon data. All the points

e

are concordant; all the rim ages cluster around 281 ± 2 Ma and most of the core ages cluster around 300 ± 2 Ma. (b) Metamorphic

r
P

Ttn2 data. All the analytical data are aligned along a discordia line which yields a (207Pb/206Pb)0 value of 0.86 ± 0.01 and a lower
intercept date of 96 ± 2 Ma (MSWD=2.1). (c) Magmatic Ttn1 data. All the data are very discordant and plot in a crisis polygon defined

l
a

by the common Pb composition (207Pb/206Pb)0 = ca 0.85, the date yielded by the outer rims of the zircon grains (ca. 281 Ma) and the
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u

date yielded by the metamorphic Ttn2 grains (ca. 96 Ma).
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Fig. 14: Conceptual tectonic model for the polyphase evolution of the Variscan continental crust and Cretaceous mantle exhumation in
the Pyrenean realm. Towards the end of the Variscan cycle (~310 to ~300 Ma) mafic magma underplating at the base of the crust is
synchronous with granulitization and partial melting of the felsic crust and emplacement of gneiss domes in the middle-upper crust.
Latest Carboniferous to Early Permian extension (~280 Ma) results in a relevant thinning of the continental crust, as testified by the
emplacement of the Saleix tonalite(s) in the lower part of the crust at ~0.5 GPa (i.e. ~18 km). The mid-Cretaceous rifting (~100 Ma)
leads to the final exhumation of the sub-continental mantle, solid-state ductile deformation localizes in the continental crust at very
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shallow depths (~0.2 GPa, i.e. <10 km). The considerable pre-Cretaceous thinning of the continental crust results from the cumulated
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p

effects of the extensional events that took place in the Pyrenean realm between the Permian and the Early Cretaceous.
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Table 1. List of selected tonalite samples with constituent mineralogy and analytical technique adopted. All samples were collected at site 2 in Fig. 3 (N 42° 46' 56,8'' ; E 01° 24'
29,1'')
Sample
SAL C

Mineral assemblage
(2)

(3)

(4)

(5)

(1)

(2)

(3)

(4)

(5)

(1)

(2)

(4)

(5)

(1)

(2)

(4)

(5)

Qz-Pl -Amp -Kfs-Bt -Ep + Ilm + Ttn + Zrc + Ap

X

n
r
u

SAL D1

Qz-Pl -Amp -Kfs-Bt -Ep + Ilm + Ttn + Zrc + Ap

SAL D2

Qz-Pl -Amp -Kfs-Ep + Ilm + Ttn + Zrc + Ap + Scp X

SAL E

l
a

EMPA Ttn U–(Th)–Pb geochronology Zrc U–(Th)–Pb geochronology

(1)

o
J

Qz-Pl -Amp -Kfs-Ep + Ilm + Ttn + Zrc + Ap

X
X

(1)

Including magmatic (Pl1) and metamorphic (Pl2) plagioclase

(2)

Including magmatic (Amp1) and metamorphic (Amp2-3) amphibole

(3)

Biotite belongs to the secondary (metamorphic) assemblage

(4)

Including magmatic (Ep1) and metamorphic (Ep2) epidote

(5)

Including magmatic (Ttn1) and metamorphic (Ttn2-3) titanite

X
X

Highlights


Tonalite intrusive(s) emplaced in the lower Pyrenean crust during Early Permian

X
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The Saleix tonalite(s) emplaced in a partially exhumed lower crust at ca. 281 Ma
Cretaceous amphibolite facies solid-state fabric overprint Permian magmatic fabric
Ductile deformation of Saleix Massif occurred at ≤10 km depths during Cretaceous
Pyrenean crustal thinning is polyphase and starts at the end of the Variscan cycle
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