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Abstract

Eclogites hosted in sillimanite-bearing migmatites in the Montagne Noire dome (French
Massif Central) have an oceanic protolith and recorded a prograde P—T path from ~19.5 kbar,
700°C to the pressure peak at ~21 kbar, 750°C (pseudosection modelling), suggesting
metamorphism in a subduction setting. Subsequent exhumation to low-pressure high-
temperature (LP—HT) conditions (~6 kbar, 730°C) is constrained by the equilibration
conditions of the embedding migmatite. In samples of a fresh and a retrogressed eclogite, all
zircon crystals but one display similar REE patterns (no Eu anomaly, flat HREE), usually
ascribed to crystallisation under eclogite-facies conditions. Yet, the U-Pb apparent ages of
zircon crystals from both eclogites spread from c. 360 Ma to a dominant data cluster at c.
315 Ma. The c. 315-310 Ma zircon U-Pb dates obtained from the embedding migmatite are
interpreted as the age of crystallisation of the partial melt during the LP-HT metamorphic
stage. First-order geological evidence, in particular the sedimentary record, excludes the
existence of a subduction zone in the region at this period. Unless calling upon a major
reappraisal of the tectonics of the European Variscan orogen, this suggests an ambiguous
relation between REE patterns and U-Pb dates in the zircon population. Various scenarios that
could account for the observations are discussed. Combining our data with the results of a
previously published Sm-Nd dating of garnet, and regional considerations, we consider that
360 Ma is the best approximation of the minimum age of the eclogite-facies event. We
hypothesise that the eclogites formed farther north and were transferred to their present
location by lower-crustal flow. It is inferred that during the subsequent exhumation, eclogite-
facies zircon grains recrystallised and underwent partial to total resetting of their U-Pb
system, whereas the REE system remained mostly unmodified. These results caution against
the use of REE patterns as the only criterion to associate a specific zircon age with HP
metamorphism in eclogites occurring in migmatitic domes.

Keywords: eclogite; migmatite; LA-ICP-MS; zircon and monazite U-Th-Pb geochronology;
uncoupled U-Pb and REE behaviour; Variscan French Massif Central



1 INTRODUCTION

Eclogites at the Earth surface mostly testify to past subduction zones and collision
orogenesis. Understanding their formation and exhumation is therefore a major challenge
when reconstructing geodynamics through time. This involves retrieving accurate pressure
(P) and temperature (7) data, including the attained peak pressure, but also the absolute ages
of the various segments of the metamorphic evolution (or P-T path). U-Pb dating of zircon is
a powerful tool to retrace the timing of burial and exhumation of these rocks in a subduction
wedge (e.g. Rubatto, 2002; Rubatto & Hermann, 2007). The main difficulty is to associate a
given zircon domain or age with a particular portion of the P-T path (e.g. Rubatto, 2017;
Kohn & Kelly, 2018). Zircon can crystallise along the prograde part of the P-T path (e.g.
Beckman et al., 2014; Lotout, Pitra, Poujol, Anczkiewicz, & Van Den Driessche, 2018), or at
the pressure peak (e.g. Katayama, Maruyama, Parkinson, Terada, & Sano, 2001), but also
possibly during decompression, at the temperature peak, or during cooling (Kohn, Corrie, &
Markley, 2015; Kohn & Kelly, 2018). Among other approaches, the rare-earth-element (REE)
content of zircon is widely used to distinguish zircon that crystallised under eclogite-facies
conditions. Due to the abundance of garnet (that fractionates heavy REE — HREE) and lack of
plagioclase (that fractionates Eu®"), typical for eclogite-facies assemblages of metabasic
rocks, eclogitic zircon typically displays a weak or no negative Eu anomaly, and a flat
chondrite-normalised HREE pattern (Rubatto, 2002; Whitehouse & Platt, 2003). However,
the use of this criterion is not straightforward (see discussion in Kohn, 2016; Rubatto, 2017).
Furthermore, decoupling of the U-Pb and REE systems in zircon has been documented under
high-temperature conditions (e.g. Kusiak et al., 2013; Whitehouse, Ravindra Kumar, &
Rimsa, 2014; gtipské, Powell, Hacker, Holder, & Kylander-Clark, 2016; Kunz, Regis, &
Engi, 2018). Schmédicke, Will, Ling, Li, and Li (2018) have documented that only rare zircon
from fresh eclogites from the Erzgebirge (Variscan Bohemian Massif) recorded peak-pressure
conditions, whereas most data reflected post-peak reequilibration (despite the well-preserved
eclogite-facies mineral assemblage, and ‘eclogitic’ REE spectra in zircon). Consequently, this
approach can result in conflicting interpretation of the age of the HP metamorphism, and
hence of the inferred geodynamics.

As an example, based on the study of an eclogite embedded in migmatitic rocks from the
Montagne Noire (southern French Massif Central, European Variscan belt) two conflicting
interpretations were proposed. Faure et al. (2014) and Whitney, Roger, Teyssier, Rey, and
Respaut (2015) have obtained very similar dates of c. 360 Ma and c. 315 Ma. Faure et al.
(2014) consider that the 360 Ma date represents the age of the HP metamorphism, as
recognised in other parts of the European Variscan belt (e.g. Bosse et al., 2000; Kroner &
Romer, 2013; Lotout, Poujol, Pitra, Anczkiewicz, & Van Den Driessche, 2020; Paquette,
Ballevre, Peucat, & Cornen, 2017), whereas they attribute the 315 Ma date to the low-
pressure high-temperature (LP—HT) event characteristic of the late evolution of the belt
between 320-290 Ma (e.g. Gardien, Lardeaux, Ledru, Allemand, & Guillot, 1997; Kalt,
Corfu, & Wijbrans, 2000; Poujol et al., 2017; Roger et al., 2015). In contrast, Whitney et al.
(2015) claim that the 315 Ma date is the age of “the youngest Variscan eclogite”, the 360 Ma
date being the age of a “pre-eclogite facies metamorphism”. The interpretation of Faure et al.
(2014) is based on Sm-Nd dating of eclogitic garnet and regional, mainly tectonic,
considerations, whereas Whitney et al. (2015) argue that the REE patterns of the zircon grains
dated at 315 Ma (absence of Eu anomaly and flat HREE) are characteristic of the eclogite
facies. Although conflicting, both interpretations seem founded, calling for a better
understanding of the behaviour of zircon in eclogites. We approach this issue by re-
investigating the same fresh eclogite previously dated in these two studies, together with a
retrogressed eclogite, and the enclosing migmatite, following a petrological approach based
on thermodynamic modelling of phase equilibria, and a geochronological and geochemical
investigation of zircon and its relations with other metamorphic minerals. While both



previous interpretations relate the HP metamorphism to crustal thickening, our data point to a
subduction context, not previously recognized in this part of the Variscan belt. From the
discrepancy between the sedimentary and magmatic record on the one hand, and the
metamorphic and geochronological data on the other hand, we aim to exemplify the problems
related to attributing zircon ages to specific stages of a given metamorphic evolution, to
discuss the strategies of identifying the most plausible scenarios and to highlight the first-
order importance of regional geological constraints.
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Figure 1. (a) Structural map
of the southern French Massif
Central showing the
relationships between the
Montagne Noire gneiss dome
(MN), the Lévézou complex
(LV), the Stephanian-Permian
basins, and the Variscan
thrusts and nappes (modified
after Brun & Van Den
Driessche, 1994). Af: Saint-
Affrique basin, G: Graissessac
basin, Lo: Lodéve basin, TF:
location of the Terme de
Fourcaric area. Insert shows
the location of the study area
within the European Variscan
belt (modified from Pitra,
Ballévre, & Ruffet, 2010). A -
Alps, AM - Armorican
Massif, BM - Bohemian
Massif, MC - Massif Central.
B - Tepla- Barrandian, Mo -
Moldanubian, ST -
Saxothuringian, RH -
Rhenohercynian. L: Lyon; M:
Montpellier; R: Rennes. (b)
Geological map of the studied
area (modified after Demange,
Guérangé-Lozes, & Guérangg,
1996) with location of the
sampled localities (blue stars).
EP1 — ‘fresh’ eclogite (N
43°33'5.21", E 2°35'27.88"),
EP5 — sillimanite-bearing
migmatite (N 43°3320.04", E
2°35'1.95"); MN12-03 —
‘retrogressed’ eclogite (N
43°33'5.20", E 2°35'5.90").
Sample EP4 comes from the
same location as EP1. Given
the poor outcrop conditions all
samples were collected from
large (0.5—1 m) boulders.



2 GEOLOGICAL SETTING

The Montagne Noire, located in the southern part of the Variscan French Massif Central
(Figure 1), is a gneiss-migmatite dome where rare eclogites occur as boudins in sillimanite-
bearing migmatites (Demange, 1985). It is composed of a high-grade gneissic core
surrounded by mostly low-grade metasediments. The gneissic core is composed of migmatites
and augen orthogneisses, with some fine-grained gneissic intercalations that have been
interpreted as either metasediments or mylonitic zones (Bogdanoff, Donnot, & Ellenberger,
1984). Some of these intercalations contain HP-HT mafic and ultramafic metamorphic rocks,
suggesting the presence of possible major early tectonic contacts (Van Den Driessche & Brun,
1992). The migmatites, commonly sillimanite- and/or cordierite-bearing, resulted mostly from
the partial melting of sediments, but also felsic augen orthogneisses during a low-pressure
high-temperature (LP—HT) metamorphic event. Weakly deformed to undeformed anatectic
granites intrude both the orthogneisses and the migmatites. This LP-HT event and associated
plutonism occurred between c. 320 and 290 Ma (Poilvet, Poujol, Pitra, Van Den Driessche, &
Paquette, 2011; Poujol et al., 2017; Roger et al., 2015; 2020; Trap, Roger, Cenki-Tok, &
Paquette, 2017). The gneissic core is surrounded by weakly metamorphosed or
unmetamorphosed lower to middle Palaecozoic sediments that are intensely deformed by
southward verging folds and thrust faults. Late Carboniferous to Early Permian detrital
sediments unconformably overlie these tectonic units to the South. In contrast, to the North,
the E-W-trending north-dipping normal fault zone (Espinouse detachment) marks the tectonic
contact between these sediments and the dome units, and controls the development of the
Lodéve-Graissessac and Saint-Affrique basins (Figure 1; Van Den Driessche & Brun, 1992;
Burg, Van Den Driessche, & Brun, 1994). The latter separates the Montagne Noire from the
eclogite-rich Lévézou massif (e.g. Nicollet, 1978; Lotout et al., 2020; Figure 1).

As previously mentioned, the age of the eclogite-facies metamorphism is disputed. Faure
et al. (2014) propose an age of c. 360 Ma based on Sm-Nd dating of garnet and regional
considerations, whereas Whitney et al. (2015) argue that the eclogites formed at c. 315 Ma,
using the ‘eclogitic’ REE patterns of the dated (U-Pb) zircon crystals as the main argument.
For the purpose of this study, several eclogites and one migmatite were sampled at the Terme
de Fourcaric (Figure 1b), the locality where both Faure et al. (2014) and Whitney et al. (2015)
collected their samples.

3 METHODOLOGY

We implemented a petrological approach based on thermodynamic modelling of phase
equilibria, and a geochronological and geochemical investigation of zircon grains from the
different samples, and their relation with other metamorphic minerals.

3.1 Mineral compositions

Mineral compositions were measured using a Cameca SX-100 electron microprobe
(Microsonde Ouest, IFREMER, Plouzané, France) operating in a wavelength-dispersive
mode. Operating conditions were 15 kV acceleration voltage, 20 nA beam current, 10 s
counting time on the peak and a focused beam diameter of 1 pm. For a complete description
of the analytical procedure and the list of the standards used, see Pitra, Boulvais, Antonoff,
and Diot (2008).

Compositional variables (mole/atomic proportions) and other symbols used are: Xm, =
Mg/(Fe*'+Mg) (garnet, clinopyroxene, amphibole), Grs = grossular = 100 x
Ca/(Cat+Mn+Fe*+Mg), Prp = pyrope = 100 x Mg/(Ca+Mn+Fe*+Mg), Alm = almandine
=100 x Fe*"/(Ca+Mn+Fe*"+Mg), Sps = spessartine = 100 x Mn/(Ca+Mn+Fe*+Mg) (garnet),
Jd = jadeite = 100 x Na/(Na+Ca) (clinopyroxene), An = anorthite = 100 x Ca/(Ca+Na+K)
(plagioclase), weight per cent (wt%), volume per cent (vol.%), mole per cent (mol.%), pfu =



per formula unit. The symbol ‘—’ is used to describe the compositional change from core to
rim.

3.2 Whole-rock chemical composition

Large samples (5 to 10 kg) were cleaned from any weathered material, then crushed in a jaw
crusher and in an agate mortar, following a standard protocol at Géosciences Rennes
(Université Rennes 1), in order to obtain a fine powder. Major and trace elements have been
analysed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), respectively, at the Service
d’Analyse des Roches et Minéraux (SARM, CRPG-CNRS, Nancy, France), following the
procedure described in Carignan, Hild, Mevelle, Morel, & Yeghicheyan (2001). FeO (vs.
Fe,03) was analysed by wet titration in the eclogites. The results are reported in Table S5.

3.3  Thermodynamic modelling

Pressure-temperature pseudosections (isochemical phase diagrams) and isopleths for some
key chemical variables have been calculated in the model systems NCFMASHTO and
MnNCKFMASHTO (MnO-Na,0-Ca0O-K,0-FeO-MgO-Al,03—-Si0,—-H,0-TiO,—Fe,03) for
the eclogites and the migmatite, respectively, using both Theriak/Domino (de Capitani &
Petrakakis, 2010) and THERMOCALC (Powell & Holland, 1988; Powell, Holland, &
Worley, 1998), and, in both cases, the internally consistent thermodynamic data set 5.5
(Holland & Powell 1998; updated Nov. 2003). Both programmes yield identical results (cf.
Manzotti et al., 2018), but some field boundaries are easier to calculate precisely with
THERMOCALC. Mixing models for solid solutions were taken from Diener and Powell
(2012) — amphibole (am), clinopyroxene (cpx), White, Powell, and Holland (2007) — garnet
(g), biotite (bi), granitic melt (liq), Coggon and Holland (2002) — muscovite (mu), Holland,
Baker, and Powell (1998) — chlorite (chl), Holland and Powell (2003) — plagioclase (pl),
Holland and Powell (1998) — talc (ta), epidote (ep), White, Powell, and Clarke (2002) —
magnetite (mt), and White, Powell, Holland, & Worley (2000) — haematite (hem), ilmenite
(ilm). Albite (ab), lawsonite (law), quartz (q), rutile (ru) and titanite (sphene, sph) are
considered as pure end members. The conversion of the mixing models for Theriak/Domino
was obtained from Doug Tinkham (http://dtinkham.net/peq.html). Pure aqueous fluid (H,O) is
considered in excess for the eclogites because of the dehydration character of most of the
subsolidus reactions that lead invariably to H,O saturation along the prograde evolution. For
the migmatite, the amount of H,O is set so that the system is just H,O-saturated immediately
below the solidus. The measured amount of FeO (vs. Fe;O3) was used in the eclogites. In the
migmatite (EP5), the proportion of Fe*" (out of total Fe) was set to an arbitrary low value
(3%). The bulk rock compositions used to calculate the P—T diagrams were corrected for the
presence of apatite, not considered in the calculations.

3.4  U-Th-Pb geochronology and trace-element analysis

A mineral separation procedure has been applied to concentrate zircon crystals using the
facilities available at Géosciences Rennes (for details see Ballouard et al., 2015). Zircon
crystals were then handpicked under a binocular microscope and embedded in epoxy mounts,
which were polished down to expose the centre of the grains. Zircon and monazite were also
localised in thin sections using the back-scattered electrons (BSE) mode on a Scanning
Electron Microscope (CMEBA platform, Université Rennes 1). Zircon grains were imaged by
cathodoluminescence (CL) using a Reliotron CL system equipped with a digital colour
camera (GeOHeLiS platform, Université Rennes 1) or using a cathodoluminescence detector
attached to a Scanning Electron Microscope (Magma et Volcans laboratory, Université
Clermont-Ferrand, France). Monazite crystals in thin section were imaged using BSE
(CMEBA platform, Université Rennes 1).



U-Th-Pb geochronology of zircon and monazite was conducted by in-situ laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at Géosciences Rennes
(GeOHeLiS platform) using a ESI NWRI193UC Excimer laser coupled to an Agilent
quadripole 7700x ICP-MS equipped with a dual pumping system to enhance sensitivity.
Ablation spot diameters of 25-30 pm (zircon) and 10 um (monazite) with a repetition rate of
3 Hz and a fluence of 8 J/cm? (zircon) and 6.7 J/cm? (monazite) were used. The instrumental
conditions are reported in Table S1. Further information can be found in Ballouard et al.
(2015). Data reduction was carried out with the Iolite (Paton, Hellstrom, Paul, Woodhead, &
Hergt, 2011) data-reduction scheme U-Pb Geochronology (Paton et al., 2010). For the
individual analyses (reported in Tables S6, S8, S10 and S11), the reproducibility of the
quality control reference materials has been propagated by quadratic addition as
recommended by Horstwood et al. (2016) following the equation proposed in Horstwood,
Foster, Parrish, Noble, and Nowell (2003). In the Rennes laboratory, the long-term variance
for the validation material is 1.9 %, but it was not propagated to the errors displayed for the
dates reported in Figures 7, 8, 9 and S5. However, when these dates are discussed in the text,
the error taking into account the long-term variance is also reported in italics between
brackets. Concordia diagrams and age calculations were generated using IsoplotR
(Vermeesch, 2018). All errors given in the tables and in the figures are listed at two sigma.
When Concordia ages have been calculated using Ludwig’s algorithm (Ludwig, 1998), the
reported MSWD values are for concordance and equivalence.

Trace-element analyses of zircon were performed in-situ on crystals mounted in epoxy
pucks and in-context on crystals recognised in thin sections by LA-ICP-MS in the Magma et
Volcans laboratory (Université Clermont-Ferrand, France) using a Resonetics/M-50E 193 nm
Excimer laser coupled to an Agilent 7500cs quadripole ICP-MS. Ablation spot diameter was
27 um, repetition rate of 3 Hz and fluence of 4 J/cm?. REE were measured for each dated
zircon zone, when possible. Titanium concentration in zircon has been measured together
with the REE using *Ti. Trace-element analyses of omphacite and amphibole in sample EP1
were conducted in-context in thin section by LA-ICP-MS also in the Magma et Volcans
laboratory. Ablation spot diameter was 47 pum, repetition rate of 5 Hz and fluence of 6 J/cm?.
Trace-element analyses of other rock-forming minerals (garnet, amphibole, plagioclase) were
conducted in-context in thin sections by LA-ICP-MS at Géosciences Rennes (GeOHeLiS
platform) using a EST NWR193UC Excimer laser coupled to an Agilent quadripole 7700x
ICP-MS. Ablation spot diameters of 50 pm (garnet) and 25 um (amphibole, pyroxene,
plagioclase) with a repetition rate of 5 Hz and a fluence of 6 J/cm? were used. The instrument
operating conditions are reported in Tables S2 and S3.

Although U-Pb geochronology and trace-element analyses were performed on non-
identical spots, care was taken, whenever possible, to place the analytical spots in identical
zircon domains, based on CL zoning, to infer correspondence between U-Pb dates and the
trace-element content.

4 PETROLOGY

Sample EP1 is a relatively fresh eclogite comprising garnet (~40 vol.%), omphacite
(~25 vol.%), pargasitic amphibole (~5 vol.%), rutile, and rare kyanite and quartz, interpreted
as characteristic of the ‘primary’ eclogite-facies assemblage (Figures 2 and SI).
Clinopyroxene defines a faint foliation. The primary minerals are surrounded by a very fine-
grained (1-3 pm) symplectite, the mode of which varies even at the scale of a thin section
(~10-30 vol.%). The symplectitic intergrowths are generally composed of plagioclase and
amphibole, but locally contain various proportions of diopside, orthopyroxene and spinel.
Garnet (1-5 mm) is subhedral and includes rutile, amphibole and rare quartz. It shows a core-
to-rim increase of pyrope (32—52 mol.%; Xy, = 0.43—0.60) and decrease in spessartine
(2—0 mol.%) and grossular (23—13 mol.%) (Figure 2; Table S4). A reversal of this trend is



observed in the outermost rim (~100 um), where garnet reaches the composition of
Alm39Prp47Grs14Spsl (Xmg = 0.55). Unzoned anhedral omphacite (up to 8 mm) contains
35-41 mol.% jadeite (Xmg = 0.86-0.90). Pargasitic amphibole (Si = 5.82-6.65 pfu, Na(A) =
0.52-0.82 pfu, Xpg = 0.79-0.92) occurs in two textural settings: (1) relatively large crystals
(up to 3 mm) commonly associated with garnet and, (ii) fine-grained symplectitic intergrowth
with plagioclase, typically surrounding omphacite relics. There is no systematic chemical
difference between the two occurrences. The composition of plagioclase in the symplectites is
strongly variable (An08—An61) with no clear relation to the exact textural position. Kyanite
was only found in the heavy-mineral separate. In thin sections, kyanite is replaced by an
extremely fine-grained (< 1 um) spinel-plagioclase symplectite, commonly included in garnet
(Figure Slc,h; cf. e.g. Liati & Seidel, 1996). Mg-rich ilmenite (geikielite up to 35 mol.%)
commonly surrounds or replaces rutile. Zircon (up to 320 pm, but mostly <50 um) is
commonly found as inclusions in garnet rims, but occurs also in omphacite, and in the
symplectites. Zircon in symplectites is always significantly larger than the size of the
symplectitic lamellae (Figure S2).

va“’*fx ‘Ms,m’w,,&

“F,,thrs T

Sps

500 1000 1500 2000 2500
distance (um)

Figure 2. Eclogite EP1 — photomicrographs (plane polarized light; a, b), X-ray maps for Mg (c) and Ca (d) and a
chemical profile of garnet (e; located in b — long arrow). Unlabelled arrows in (b) indicate the location of some
of the LA-ICP-MS analytical spots.

Sample EP4 is a retrogressed eclogite, collected in the same location as EP1. It was not
studied in detail either from a petrological or a geochronological point of view, but the
available whole-rock chemical composition is used in section 5. The sample comprises
anhedral garnet and amphibole in a symplectite-dominated matrix. Anhedral garnet (up to
5 mm in diameter) has an inclusion-free rim and a core rich in inclusions of rutile, ilmenite
and locally epidote. It is surrounded by a shell (up to 1 mm thick) of relatively coarse-grained
symplectite of plagioclase, orthopyroxene and amphibole. Fine-grained symplectite of
plagioclase, amphibole and locally diopside represents the major part of the matrix. No relics
of omphacite were found. Accessories comprise rutile, ilmenite, titanite, apatite and zircon.



Sample MN12-03 is a strongly retrogressed eclogite that contains garnet (~30 vol.%),
hornblende (~20 vol.%), biotite (~10 vol.%), and a relatively coarse-grained plagioclase-
amphibole symplectite (Figure 3). Accessory minerals include quartz, rutile, ilmenite, titanite,
apatite, zircon and, interestingly, monazite. Anhedral rounded garnet (up to 4 mm) includes
rutile, quartz and pargasitic amphibole (Si = 6.10-6.20 pfu, Na(A) = 0.61-0.63 pfu, Xm, =
0.78). It has a large unzoned core (pyrope 36—38 mol.%, grossular 12 mol.%, spessartine
4 mol.%, Xwmg = 0.45-0.47; Figure 3b; Table S4) and a chemically zoned rim (~150 um)
marked by a rimward increase of spessartine (up to 8 mol.%) and a decrease in pyrope
(36—20 mol.%; Xme = 0.45—0.26), interpreted in terms of diffusion zoning due to partial
resorption of the garnet rim. Matrix amphibole is magnesiohornblende. Relatively large
crystals (up to 1 mm) are less silica-rich and more sodic and magnesian (Si = 6.74-6.94 pfu,
Na(A) = 0.33-0.40 pfu, Xmg = 0.72-0.74), than amphibole in symplectites (Si = 7.25-7.41
pfu, Na(A) = 0.07-0.08 pfu, Xy = 0.68-0.72). The latter is locally intergrown with lamellae
of cummingtonite (Xm, = 0.60). Plagioclase composition ranges An34-An82, and the cores of
the crystals are systematically less anorthitic than the rims. Biotite is commonly partly
rimming garnet and is relatively rich in titanium (Ti = 0.18-0.23 pfu, Al = 1.33-1.39 pfu, Xy,
= 0.61-0.64). Zircon is present both as inclusions in garnet and in the matrix symplectites.
Monazite occurs mostly in amphibole-dominated symplectites, and locally in plagioclase-rich
rims around garnet. It was never found included in garnet.
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Figure 3. Retrogressed eclogite MN12-03 — photomicrograph (plane polarized light; a) and a chemical profile of
garnet (located by the long arrow in a). Unlabelled arrows in (a) indicate the location of some of the LA-ICP-MS
analytical spots.

Sample EPS is a biotite + garnet + sillimanite-bearing felsic migmatite (Figure 4). It has a
planar foliation marked by the orientation of biotite (Xm, = 0.30-0.33, Ti = 0.14-0.23 pfu;
Table S4), parallel to the alternation of relatively biotite-rich layers and coarser-grained layers
rich in quartz, plagioclase and K-feldspar (Ab14—-Ab16). The anorthite content in plagioclase
decreases rimwards (An19—Anl2). Fibrolitic sillimanite occurs in cm-sized nodules with
quartz. Minor anhedral muscovite is locally present. Subhedral garnet (up to 1 mm) has an
unzoned core (pyrope 9 mol.%, grossular 2 mol.%, spessartine 10 mol.%, Xme = 0.11) and a
large zoned rim (Figure 4) characterised by a progressive rimward increase in spessartine (up
to 21 mol.%) and decrease in pyrope (5 mol.%) and X, (0.07). Accessory minerals include
ilmenite, apatite and zircon.
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Figure 4. Migmatite EP5 — a) photomicrograph (plane polarized light); b) chemical profile and X-ray maps for
Mn (c) and Mg (d) of garnet.

In summary, we interpret that the eclogite EP1 equilibrated with an assemblage
comprising garnet, omphacite, pargasitic amphibole, kyanite and rutile, characteristic of the
eclogite facies. Quartz, preserved as inclusions in garnet and locally in the matrix, was also
present during most of the metamorphic evolution. The local and heterogeneous symplectitic
development of secondary assemblages comprising amphibole, plagioclase, diopsidic
clinopyroxene, orthopyroxene, spinel and ilmenite testifies to decompression at relatively
high temperatures. The wide range of plagioclase composition points to the preservation of
chemical potential gradients and hence incomplete equilibration. Garnet zoning, with the
rimward decrease of spessartine and increase of pyrope, is characteristic of a prograde growth
zoning (e.g. Tracy, 1982) and can be used to quantify the prograde P-T evolution. Eclogite
MNI12-03 is strongly retrogressed and displays a mostly coarsely symplectic secondary
assemblage dominated by magnesiohornblende and plagioclase. Biotite is interpreted to be
part of this assemblage, and possibly related to interaction of the eclogite with externally
derived fluids. This is compatible with the unusual presence of monazite and the coarser-
grained character of the symplectites. Abundant garnet is interpreted as the only clear relic of
the eclogite facies, but lacks growth zoning, which can be attributed to re-equilibration at
some later stage of the metamorphic evolution. Migmatite EP5 is interpreted to have
developed the assemblage quartz, plagioclase, K-feldspar, biotite, sillimanite, garnet, ilmenite
during the cooling and crystallisation of partial melt. Qualitatively, this points to conditions of
high temperature and relatively low pressure. Garnet zoning, which suggests diffusional re-
equilibration associated with partial resorption of garnet, as well as the local presence of
muscovite are compatible with late-stage evolution dominated by cooling.
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Figure 5. Geochemical classification diagrams — (a) Nb/Y-Zr/Ti plot (Pearce, 1996), (b) Co-Th plot (Hastie et
al., 2007), (¢c) Nb/Yb-TiO»/YDb (Pearce, 2008) plot and (d) Al,05-FeO-MgO plot (Pearce et al., 1977), and spider
plots — (e) for immobile elements normalised to NMORB (Sun & McDonough, 1989 in Pearce, 2014) and (f) for
REEs normalised to chondrite (Boynton, 1984).

5 WHOLE-ROCK GEOCHEMISTRY

Three eclogite samples have been analysed for major and trace elements (Table S5). They
have the composition of basalt (EP1 and EP4) and alkali basalt (MN12-03), using the robust,
immobile elements-based Nb/Y vs. Zr/Ti diagram (Pearce, 1996), appropriate for
metamorphosed and/or hydrothermally altered rocks (e.g. Janousek et al., 2014; Pearce, 2014)
(Figure 5a). They are calc-alkaline in character (Figure 5b). Based on both major and
reputedly immobile trace elements, all samples reveal an oceanic origin, of E-MORB (EP1
and EP4) or OIB (MN12-03) type (Figure 5c,d; Pearce, Gorman, & Birkett, 1977; Pearce,



2008). The samples are slightly to moderately enriched in incompatible elements, which also
points to the E-MORB (EP1 and EP4) or OIB (MN12-03) type (Figure Se; Pearce, 2008,
2014). The total REE contents are rather low (ZREE = 60.7-124.2 ppm). The chondrite-
normalised (Boynton, 1984) REE patterns (Figure 5d) show a moderate enrichment in LREE
and negligible Eu anomalies (Eu/Eu* = 0.93-0.98). The retrogressed eclogite sample MN12-
03 is significantly more enriched in LREE (Lax/Luny = 6.56) than the other two eclogites
(Lan/Luy = 2.01-2.18). This may be related to the unusual presence of monazite and

tentatively attributed to possible interaction of the eclogite with fluids derived from the
adjacent melt-bearing felsic gneiss.
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Figure 6. Representative cathodoluminescence images of zircon grains from the fresh eclogite EP1 (a-h) the
retrogressed eclogite MN12-03 (i-p) and the migmatite EP5 (q-t). The locations of laser spots (white and orange
circles for U-Pb and REE analyses, respectively) are indicated along with the spot number (Tables S6 and S7).

The corresponding **°Pb/>**U dates are quoted with 26 uncertainty. All displayed analyses are concordant at

>95% (except those in italic).
6 U-Th-Pb ZIRCON AND MONAZITE DATING

6.1  Fresh eclogite EP1

Zircon grains were analysed as separated minerals mounted in epoxy pucks (46 analyses on
20 crystals). Additionally, analyses were performed on zircon in-context directly in thin
section of the fresh eclogite. Although zircon is common in this sample (included in garnet,
omphacite and in symplectite, see above), most crystals found in the thin section were too
small, and only 10 analyses have been done on 8 crystals (Figure S2). Zircon grains are
colourless and translucent with a sub-rounded to irregular shape. The size of the dated crystals
ranges between 30 and 320 um. Cathodoluminescence (CL) imaging revealed distinct inner
and outer domains (Figure 6a-h). The textures of both inner and outer domains are similar.
The most common texture is fir-tree zoning as well as sector zoning, observable in both
domains. Some crystals show irregular concentric zoning or diffuse oscillatory zoning
(Figure 6a-c,e,f,h), whereas others lack any clear zoning or only display diffuse darker
patches. In several crystals, the interface between the inner and outer domains crosscuts the
internal zoning, which could suggest recrystallisation or partial resorption prior to the growth
of the outer part (Figure 6¢,g,h).

Among the fifty-six analyses performed on the 28 zircon crystals from the fresh eclogite
EP1, fifty-two analyses plot in a concordant position with **°Pb/>**U apparent ages that spread
between 366 = 5 and 306 + 5 Ma (Figure 7a; Table S6). A coherent group of 33 concordant
analyses yields a weighted average *°Pb/***U date of 315.5 + 1.3 ( 6.1) Ma (MSWD = 0.84;
Figure 9b).

With respect to zoned crystals, several different situations were encountered. A core
dated at c. 360 Ma surrounded by a c. 320 Ma rim was found in a grain from the epoxy puck
(Figure 8d). A small zircon crystal located in a fine-grained symplectitic intergrowth
replacing omphacite was dated in-context in the thin section at 366 + 5 Ma (Figure S2a).
Other zircon grains have c. 330 Ma cores and c. 315 Ma rims (Figure 6a,b,h) or are
homogeneous in terms of age at c. 350 Ma (Figure 6g). However, most zircon crystals yield
dates of c¢. 315 Ma, in both the inner and the outer domains (Figure 6c,e,f).
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Figure 7. (a) Wetherill Concordia diagram for all the zircon younger than 380 Ma in the fresh eclogite sample
EPI1. (b) Weighted average ***Pb/***U age calculated with all the data younger than 330 Ma (6 outliers).



The measured U and Th contents are 68—1418 ppm and 1-126 ppm, respectively, and
Th/U ratios span a range of 0.01-0.06, with one outlier at 0.16. There is no correlation
between either the position of the analytical spots (inner vs. outer domain) or the U-Pb dates,
and the Th/U ratios (Figure S3a, Table S6).

6.2 Retrogressed eclogite MN12-03

Zircon grains are subrounded to elongated, colourless and translucent, ranging from 100 to
400 pm. As in the fresh eclogite EP1, CL imaging revealed inner and outer domains and
variously complex textures (Figure 6i-p), dominated by fir-tree zoning and sector zoning,
observable in both domains. The interface between the inner and outer domains of many
crystals crosscuts the internal zoning (Figure 6i,j,1-0). Some crystals show irregular concentric
zoning or diffuse oscillatory zoning (Figure 6k).

Forty-eight analyses were performed on 20 zircon crystals. Thirty-nine analyses plot in a
concordant position and yield ***Pb/***U dates spreading between 349 + 5 and 302 + 4 Ma
(Figure 8a; Table S8). A coherent group of 41 analyses yields a weighted average **°Pb/**U
date of 314.2 + 1.1 (= 6.1) Ma (MSWD = 1.07; Figure 8b). Some crystals displaying
significantly older cores (c. 340-350 Ma) have rims dated around 315 Ma (Figure 6k-m).
Others appear homogeneous in terms of age at c. 315 Ma (Figure 6i,j,0). Rare grains with 315
Ma cores are surrounded by rims as young as 302 Ma (Figure 6p). The measured U and Th
contents range 104—573 ppm and 1-21 ppm, respectively, and Th/U ratios 0.01-0.05. As for
the fresh eclogite, there is no correlation between either the position of the analytical spots
(inner vs. outer domain) or the U-Pb dates, and the Th/U ratios, although the five oldest dates
correspond to inner domains (Figure S3b, Table S8).

Monazite found in the retrogressed eclogite (MN12-03) forms subhedral to anhedral
crystals that are either unzoned or display a relatively simple zoning, as revealed by
backscattered electron (BSE) imaging (Figure S4). Twenty-nine analyses were done on 19
monazite grains in-context directly in thin section and yield a concordia date of 311.4 + 1.2
(£ 6.0) Ma (MSWD = 1.2, n = 23) (Figure S5, Table S10). The younger apparent ages are
discussed below.
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Figure 8. (a) Wetherill Concordia diagram for all the zircon data obtained in the retrogressed eclogite sample
MN12-03. (b) Weighted average *°Pb/**U age calculated with all the data (7 outliers).



6.3  Migmatite EPS

No monazite was found in the migmatite (sample EPS5) directly adjacent to the eclogite
boudins. Zircon grains are translucent and colourless, ranging in size from 210 to 460 pm.
Most crystals are elongated, and some are sub-rounded (Figure 6g-t). CL imaging revealed
various inner and outer domains, commonly displaying concentric zones characterised by
significantly different apparent ages (Figure 6q). Forty-eight analyses were performed on
twenty-two different grains. Plotted in a Wetherill Concordia diagram (Figure 9a), the
analyses are in a concordant to discordant position, with apparent ages ranging from c. 2610
down to c. 217 Ma (Table S11). The measured U and Th contents range 48—8717 ppm (most
measures < 3500 ppm) and 1-260 ppm (most measures < 80 ppm), respectively, and Th/U
ratios 0.001-0.94. All analytical spots with **°Pb/**U dates younger than 400 Ma (n = 28)
have Th/U ratios <0.02, and there is no correlation between the U-Pb dates and the Th/U
ratios.

The youngest group of thirteen concordant dates (concordance = 100 + 2 %) was
acquired on the outermost overgrowths observed on zircon crystals (Figure 6q,r,t; green
ellipses on Figure 9b). It yields a concordia date of 310.4 + 5.0 (= 7.7) Ma (MSWD = 0.85, n
= 13). Although 98 % concordant, two analyses (26 and 27) appear to yield apparent ages that
are c. 10-15 Myr younger than the 11 remaining ones. If they are discarded from the
calculation, the eleven remaining analyses yield a concordia date of 316.2 + 5.8 (= 8.3) Ma
(MSWD = 0.34, n = 11, not shown). Although the 310.4 + 5.0 Ma and 316.2 + 5.8 Ma dates
are indistinguishable within error, we note that c. 316 Ma is strikingly similar to the 315 Ma
dates commonly found in the eclogites.

Because the analyses were performed on the outer rim of the zircon grains and, although
slightly different in absolute values, these two dates are indistinguishable within error, we
conclude that the last event recorded by the zircon grains in the migmatite is c. 315-310 Ma
old. In this scenario, the few analyses yielding younger **°Pb/**U dates (Figure 9b) are
attributed to Pb loss.
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Figure 9. (a) and (b) Wetherill Concordia diagrams for the migmatite sample EP5: (a) for all the zircon younger
than 700 Ma (n = 45/48), and (b) Concordia age calculated with the youngest analyses that are 98 % concordant
or better.



6.4  Summary of zircon data
Zircon from the eclogite samples displays various domains and textures. Locally, the interface
between the domains crosscuts the internal zoning. Yet, the zircon grains and their domains
are similar, with relatively weak zoning, which would be in line with growth in similar
conditions for all the zircon crystals. The internal patterns in the zircon crystals are similar to
zircon that crystallised at high metamorphic temperatures and pressures (Corfu, Hanchar,
Hoskin, & Kinny, 2003). Consistently, all but one Th/U ratios are lower than 0.1, also
suggesting a metamorphic origin (Rubatto, 2002; 2017). The analysed zircon grains yield a
range of concordant apparent ages that spread from 366 + 5 to 306 + 5 Ma (349 + 5t0 302 + 4
Ma in the retrogressed eclogite), with dominant data clusters that give an age of c. 315 Ma in
both the fresh (315.5 £ 1.3 Ma) and the retrogressed (314.2 + 1.1 Ma) eclogite samples.
Zircon crystals from the migmatite show abundant inherited cores. Analyses from the
rims yield a major cluster (n=13) between c. 315 and 310 Ma. In agreement with petrological
data (section 4) and phase equilibrium modelling (section 8.1, below) it is inferred that these
dates correspond to the crystallisation of partial melt during isobaric cooling at low pressure
(~6 kbar). Indeed, zircon in migmatites typically dissolves as rocks cross melting reactions,
and grows during cooling (e.g. Kelsey et al., 2008; Kelsey & Powell, 2011; Kohn et al., 2015;
Yakymchuk & Brown, 2014). This is not incompatible with the low Th/U ratios (Yakymchuk,
Kirkland, & Clark, 2018), and is also in agreement with existing data on the age of
migmatisation in the Montagne Noire region (e.g. Poujol et al., 2017; Trap et al., 2017).

7 REE SPECTRA

With the exception of one analysis, all zircon spectra in the fresh eclogite EP1 show similar
patterns (Figure 10a), marked by the absence of a negative Eu anomaly (Eun/Eu* = 0.84—
1.15) and a flat HREE trend. Gdx/Lux ranges 0.62—1.39 (n = 45) with five outliers (0.41,
1.59-2.19; Figure S6). In more detail, the spectra cover a range of normalised HREE
concentrations (~10-80) and the individual patterns are not exactly the same, as some have a
slightly negative and others slightly positive HREE slope. There is no correlation, however,
with the corresponding dates or the positions of the analytical spots (inner vs. outer zone;
Figures 10a and S6a). One zircon core that could not be dated because of a fracture in the
crystal has a negative Eu anomaly (Eun/Eu* = 0.15) and an HREE-enriched spectrum
(Gdn/Lun = 0.07) (Figures 10a and 11a, Table S7 #51).
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Figure 10. Chondrite-normalized REE spectra, colour-coded by the corresponding ***Pb/***U date, for all zircon

analyses from the fresh eclogite EP1 (a) and the retrogressed eclogite MN12-03 (b). All spectra are similar with
flat HREE and no negative Eu anomaly, except for one core analysis. Many spectra in the retrogressed eclogite

MN12-03 have a slight bell shape with highest values at Gd and Tb and a weak negative slope towards heavier

HREE (cf. Figure S6). Chondrite values of McDonough and Sun (1995).



Similarly, in the retrogressed sample MN12-03, zircon REE spectra show neither a
negative Eu anomaly (Eun/Eu* = 0.77-1.05; with one outlier at 1.16) nor enrichment in
HREE (Gdn/Luxy ranges 0.86-3.81; Figures 10b, S6b). This span of Gdn/Lun values
corresponds to a range of spectra between those with a flat HREE pattern and those
displaying a “humped” pattern with a maximum at Gd and Tb, and negatively sloping HREE.
However, there is no correlation between the shapes of the REE patterns and the
corresponding dates or the positions of the analytical spots, although the inner zircon zones
tend to show more negatively sloping HREE patterns (Figure S6b).

Garnet in the fresh eclogite EP1 shows a strong rimward decrease in HREE (Dy
19.0—3.3 ppm, Yb 13.3—0.4 ppm) and a weak irregular variation of Sm (0.7-1.9 ppm;
Figure S7, Table S12). Garnet in the retrogressed eclogite MN12-03 has significantly lower
REE abundances and the trend is less pronounced. Garnet in both samples is enriched in
HREE with respect to LREE and lacks a negative Eu anomaly. The slope of the chondrite-
normalised HREE is flat in the core and negatively sloping in the rim (Figure S7f).
Amphibole and clinopyroxene show a bell-shaped pattern with a maximum at Nd and Sm,
and depleted HREE (Figure S8, Table S13). Primary amphibole in sample EP1 has no
negative Eu anomaly (Figure S8a), whereas amphibole from symplectites in the retrogressed
eclogite MN12-03 has a marked negative Eu anomaly (Figure S8c). Plagioclase from MN12-
03 has a characteristic positive peak in Eu (Figure S8d).

To test the chemical equilibrium between zircon and garnet, partition coefficients
between the two phases (Drgrzircon/garnet) have been calculated and represented in array
plots (as proposed by Taylor et al., 2017) as well as in classic REE plots (Figure S9). The
shape, slope and absolute values of the REE plots depend strongly on the garnet composition
(core, rim) used. When the zircon medium-to-heavy-REE values are normalized to those of
the garnet cores (Figure S9a,c), the partitioning pattern displays a concave-up shape that
progressively flattens towards the heavier REE. This pattern is comparable to the
experimental results of Taylor et al. (2015), conducted at relatively low pressures (7 kbar).
When the same zircon data are compared to the values of the garnet rim (Figure S9e¢), they
yield a pattern with a positive slope from Gd to Lu with a marked preference of zircon for the
HREE (D, = 6.6-34.3). This pattern is comparable with the experimental results of Rubatto
and Hermann (2007) conducted at high pressures (20 kbar). However, regardless of the garnet
composition used, zircon data form a cloud of points on the array plots (rather than a linear
trend), whatever the corresponding U-Pb date of the analyses (Figure S9b,d). Although this
lack of correlation could question the crystallisation of zircon in equilibrium with garnet, the
relatively low temperatures reached by the rocks and the strong chemical zoning of garnet
make the use of the array plot unfortunately inappropriate (Harley & Taylor, personal
communication during the review process).

Figure 11 sums up the observations. There is no correlation between the REE patterns
and apparent U-Pb ages in zircon from the eclogites. A significant interval of U-Pb zircon
dates spreading from 366 Ma to 306 Ma corresponds to one trend in REE spectra for the fresh
eclogite (EP1). The same REE pattern is associated with dates ranging from 349 to 302 Ma in
the retrogressed eclogite (MN12-03). Unfortunately, the zone characterised by the HREE-
enriched spectrum with a negative Eu anomaly (Figure 11a) could not be dated because of the
presence of a crack in the grain.
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Figure 11. Absence of correlation between U-Pb dates and REE patterns in zoned zircons from eclogites (EP1:
a-b; MN12-03: c-d). Zircon zones yield various dates, but similar REE patterns with flat HREE and no negative
Eu anomaly, typical for eclogite-facies equilibration.

8 P-T ESTIMATIONS

8.1  Pseudosections

In the P-T pseudosection (Figure 12), the dominant assemblage of sample EP1 (garnet,
omphacite, amphibole, kyanite, rutile, quartz) is stable at P > 17 kbar and T > 670°C. Using
garnet chemical zoning and calculated compositional isopleths, it is inferred that the
composition of the garnet core (X = 0.44, Grs = 23) corresponds to equilibration conditions
of ~19.5 kbar, 700°C. Garnet crystallised along a prograde P-T path that reached peak
pressure conditions at ~21 kbar and 750°C (Xm, = 0.58-0.60; Grs = 12-15) in the field g-cpx-
am-q-ru-ky (Figure 6). The conditions correspond to the eclogite facies and are close to the
quartz- and amphibole-out lines, in agreement with the low proportion of both minerals in the
dominant assemblage. Removing the contribution of the zoned garnet core from the effective
bulk composition does not significantly modify the results (Figure 12b), but provides an even
better fit with the observed garnet rim composition. Subsequent development of plagioclase-
bearing symplectite and the replacement of rutile by ilmenite testify to decompression during
exhumation. The presence of spinel and orthopyroxene in the symplectites and the unusually
high Mg content of ilmenite suggest high temperatures (e.g. Chu, Ague, Axler, & Tian, 2016).
In the pseudosection calculated for the bulk composition without the garnet cores at low
pressures (Figure S10), the symplectitic matrix assemblage plagioclase, amphibole, diopsidic
clinopyroxene, ilmenite + rutile is stable at P < 7.5kbar and T > 750°C. However,
orthopyroxene and spinel are not modelled in this diagram. Indeed, given the local and
domainal development of the symplectitic assemblages, phase diagrams calculated for the
whole-rock composition can indicate the general qualitative trends, but are not appropriate for
constraining the P—T conditions quantitatively.

None of the various pseudosections for the retrogressed eclogite MN12-03 (calculated for
the analysed whole-rock composition, thin section-scale bulk composition, including or not
the garnet core; not presented) yielded useful results. At best, the calcic amphibole,
cummingtonite, plagioclase, biotite, quartz, ilmenite assemblage is stable at pressures lower
than ~8 kbar, without yielding constraints on the temperature conditions. The observed core-
to-rim increase of anorthite is compatible with an evolution dominated by decompression.
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Figure 12. P-T pseudosections and garnet compositional isopleths for the fresh eclogite EP1, calculated for (a)
the analysed bulk composition (indicated in mol.%) and (b) a composition that results from the removal of the
garnet cores from the analysed composition (a). H,O is in excess. Only main fields are labelled. Xyz(g) = molar
Mg/(Mg+Fe®"), grossular = molar Ca/(Ca+Mg+Fe”"). Arrows indicate the inferred PT path based on the
composition of the garnet core (grey dot in a) and rim (dark grey dot in b) and the garnet growth zoning.
Decompression is qualitative only and is inferred from the development of plagioclase-bearing symplectites at
the expense of garnet and clinopyroxene, the replacement of rutile by ilmenite (Figure S2) and the P-T'
conditions of the surrounding migmatite (Figure 13).

In the P-T pseudosection calculated for the composition of the migmatite EPS5
(Figure 13), the assemblage quartz, plagioclase, K-feldspar, biotite, sillimanite, garnet,
ilmenite + melt is stable at 650-750°C, 3-9 kbar. Using the calculated compositional
isopleths, the composition of the garnet and plagioclase core (Grs = 2, Sps = 10; Anl9)
suggests equilibration at ~6 kbar, 730°C. The partial resorption of garnet, accompanied by the
increase of spessartine, the decrease of the anorthite proportion in plagioclase (down to
Anl2), and the local crystallisation of muscovite are compatible with an isobaric cooling to
~690°C.

8.2 Ti-in-zircon thermometry

Titanium concentration in zircon has been measured in the zircon crystals together with the
REE by LA-ICP-MS. Zircon from the eclogite EP1 has Ti contents ranging between 4.3 and
16.0 ppm, with two outliers at 57.4 and 2716.3 ppm. Using the calibration of Watson, Wark,
and Thomas (2006), this corresponds to a range of 672—784°C, in good agreement with
temperature estimates from the phase diagrams. Similarly, zircon from the retrogressed
eclogite MN12-03 has Ti concentrations between 4.2 and 16.4 ppm. The calibration of
Watson et al. (2006), yields a temperature range of 669—786°C. In each of the samples, there
is no correlation between the calculated temperatures and the position of the analyses (core or
rim), or the corresponding U-Pb date (Figure S11).
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Figure 13. P-T pseudosections, and garnet and plagioclase compositional isopleths, calculated for the analysed
bulk composition (indicated in mol.%) of the migmatite EP5. The amount of H,O is estimated so that the rock is
just saturated in aqueous fluid (aq) immediately below the solidus.

9 GEOLOGICAL CONSTRAINTS

The studied eclogites have oceanic protoliths and recorded a part of a prograde P—T path from
~19.5 kbar, 700°C to the pressure peak at ~21 kbar, 750°C. Subsequent exhumation to
~6 kbar, 730°C is constrained by the equilibration conditions of the embedding migmatite
(and compatible with the qualitative inferences from the symplectites of the eclogite). Zircon
overgrowths from the surrounding sillimanite-bearing migmatite yield a U-Pb age of c. 315—
310 Ma interpreted as the age of the crystallisation of the partial melt during cooling at low
pressures (~6 kbar).

In both the fresh and the retrogressed eclogitic samples, and independently from the
nature of the analysed zircon domain, all the zircon REE spectra but one are characterised by
the absence of Eu anomaly and flat HREE patterns, a trend usually interpreted as typical for
eclogite-facies conditions (e.g. Rubatto, 2002; Whitehouse & Platt, 2003; Rubatto, 2017).
Yet, the apparent U-Pb ages of zircon crystals from both eclogites spread from c. 360 Ma to a
dominant data cluster in both samples at c. 315 Ma. At face value, this suggests the existence
of an oceanic subduction leading to a prolonged eclogite-facies metamorphism from
c. 360 Ma to the eclogite-facies pressure peak at c. 315 Ma, followed by fast exhumation
(Figure 14a). However, there is no evidence either in the regional sedimentary or magmatic
record for an oceanic subduction in the Montagne Noire area during this period.

Although high-grade metamorphic rocks including migmatites outcrop within its core,
the Montagne Noire massif belongs to the southern external zones of the European Variscan
belt, which are mainly composed of low- to non-metamorphic Palaeozoic sediments (e.g.
Arthaud, Burg, & Matte, 1976; Burg & Matte, 1978; Franke, Doublier, Klama, Potel, &
Wemmer, 2011, Padel et al., 2017). More precisely, from 360 Ma to 340 Ma, the Montagne
Noire area was a shallow-marine carbonate platform that progressively deepened and merged
into a foreland basin (e.g. Engel, Feist, & Franke, 1981). The basin fill ranges from deep
clastic terrigenous sediments to paralic shales from 340 Ma to 320 Ma, respectively, showing
progressive overfilling. Palaeozoic olistholiths embedded in a Late-Visean to Serpukhovian



flysch of the basin attest to active tectonics during this period, resulting in the thrust-and-fold
pattern of the Palacozoic sedimentary units south of the Montagne Noire (Arthaud, 1970;
Burg & Matte, 1978; Engel et al., 1981; Vachard, Izart, & Coézar, 2017). Finally, clastic
continental Gzhelian and Lower-Permian deposits unconformably overlay these tectono-
sedimentary units (e.g. Becq-Giraudon & Van Den Driessche, 1994; Chateauneuf, 1989). The
only gap of ~5 Myr (from 320 to 315 Ma) in the sedimentation record can hardly account for
the lack of evidence for a protracted subduction until 315 Ma.

Similarly, Variscan magmatism that develops in the Montagne Noire massif and adjacent
areas is dominated by peraluminous granitoids associated with low-pressure migmatites that
result from the partial melting of a sialic crust between 320 and 290 Ma (e.g. Poilvet et al.,
2011; Poujol et al., 2017; Roger et al., 2015; Trap et al., 2017) and does not show any
significant contamination from mantle sources as would be expected in the context of a long-
lived oceanic subduction. Thus, there is definitely no geological evidence for an active
oceanic subduction between 360 and 315 Ma in the Montagne Noire area. Finally, the
existence of an active oceanic subduction at 315 Ma in the Variscan orogen challenges the
generally accepted plate-tectonic reconstructions at the scale of the European Variscan belt
(e.g. Ballévre et al.,, 2014; Franke, Cocks, & Torsvik, 2017; Kroner & Romer, 2013;
Lardeaux, 2014; Matte, 2001; Stampfli, Hochard, Vérard, Wilhem, & von Raumer, 2013). On
the other hand, abundant eclogites with peak-pressure ages of ¢. 360 Ma are known from the
Lévézou massif (Lotout et al., 2020), situated immediately to the north of the Montagne Noire
massif (Figure 1).

10 DISCUSSION

Facing the conflict between the simplest explanation of our data and the regional geological
constraints, alternative models are discussed below.

10.1 Eclogite P-T conditions

P-T conditions inferred for the fresh eclogite EP1 in this study are in the same temperature
range (~750°C) but indicate significantly higher pressures for the eclogite-facies peak (21 vs.
14 kbar) than the estimations of Whitney et al. (2015). This difference cannot be accounted
for by the absolute uncertainties related to the estimation of P-T conditions from calculated
phase diagrams, which are of the order of +I kbar and +50°C, comparable to those of
conventional thermobarometry (Palin, Weller, Waters, & Dyck, 2016). The absolute
uncertainties are difficult to estimate precisely, and have numerous sources, including
uncertainties on the thermodynamic data of mineral end-members, a—x relations, and,
importantly, the uncertainty related to the estimation of the effective bulk-rock composition
(e.g. Powell & Holland, 2008). However, the relative uncertainties are significantly reduced
when different metamorphic stages are compared for the same rock within the same chemical
model system (cf. Worley & Powell, 2000). The strength of the phase-diagram approach is
that, despite the absolute uncertainties, the relative position of the mineral-assemblage fields
as well as the trends of the various isopleths are relatively robust. And so are the inferences on
the P—T evolution, provided the petrography is carefully done (e.g. Powell & Holland, 2008).
P-T pseudosections and associated compositional isopleths calculated for sample EP1 show a
very good agreement with the observed mineral assemblages and the measured garnet
compositions. They are also relatively insensitive to moderate variations of the bulk
composition (cp. Figures 12a and b). This suggests that the inferred P—7 conditions are robust
and can be treated with a relatively high degree of confidence. The inferred peak pressure
(~21 kbar) is incompatible with crustal thickening and implies the origin of the eclogites in a
subduction zone.



The temperature estimates, both from the pseudosections (~700-750°C) and the Ti-in-
zircon thermometry (~670-780°C), are compatible with the results of the Zr-in-rutile
thermometer of Tomkins, Powell, and Ellis (2007) obtained by Whitney et al. (2015; ~670—
780°C). On the other hand, the markedly lower pressure inferred by Whitney et al. (2015;
2020) can be related to the use of an inappropriate chemical system (not including Fe’* and
H,0) and/or outdated mixing models (especially for clinopyroxene). In particular, considering
an H,O-absent system results in overestimating the stability of anhydrous assemblages
towards low temperatures and pressures, and a generally unrealistic topology (e.g.
orthopyroxene stable at 16 kbar 600°C in Figure 6b of Whitney et al., 2015). Importantly, the
reasoning behind the pseudosections being calculated under anhydrous conditions, or with
extremely low H,O contents, is conceptually incorrect. Most metamorphic rocks undergo
progressive dehydration during the prograde evolution, because of the dehydration character
of most metamorphic reactions. Grain boundaries are consequently constantly filled with
aqueous fluid, in equilibrium with the anhydrous minerals. Excess fluid leaves the system for
mechanical reasons only. At high temperatures rocks are then by definition dehydrated (i.e.
mostly composed of anhydrous minerals), but the absence of hydrous minerals does not mean
that the system was H,O-undersaturated. In the present case, H,O saturation is also supported
by the presence of amphibole as part of the prograde and peak mineral assemblage, and the
consistency between observed and modelled mineral assemblages and mineral chemical
compositions and zoning.

The unsuccessful calculations for the retrogressed eclogite MN12-03 could be attributed
to the largely retrogressed, yet symplectic (i.e. not entirely equilibrated even at the thin
section-scale) character of the sample, possibly at least partly modified by fluid-rock
interaction (cf. section 5). This is supported by the presence of biotite and monazite and the
rather unusual LREE enrichment, and leads to difficult estimation of the appropriate effective
bulk rock composition for the calculation of isochemical phase diagrams.

The migmatites have recorded isobaric cooling from ~730°C to ~690°C at ~6 kbar. Since
the eclogites are enclosed in the migmatites, these P-T conditions are inferred to represent
also those that the eclogites reached following the decompression. However, the available
data do not allow to determine whether the decompression was roughly isothermal or
accompanied by cooling or heating.

10.2 Ages and REE patterns

Zircon data from the eclogite samples show a spread of U-Pb dates from c. 360 Ma to a
dominant data cluster in both samples at c. 315 Ma. Yet, they are all characterised by a unique
type of REE spectra (no Eu anomaly and flat HREE trend; Figure 11), characteristic of
crystallisation under high-pressure, eclogite-facies conditions. Petrological data only support
the existence of one eclogite-facies event rather than a successive burial-exhumation “yo-yo
subduction” pattern as proposed for example by Rubatto et al. (2011) for the Western Alps.
This would then signify that the studied samples have recorded a prolonged oceanic
subduction and associated eclogite-facies metamorphism during more than 45 Myr, peaking at
c. 315 Ma. However, this scenario, that is admittedly the simplest explanation of the
geochronological, geochemical and petrological data, is not supported by regional geological
constraints, and challenges the generally accepted plate-tectonic reconstructions at the scale of
the European Variscan belt (see above).

In such a situation, it may be worthwhile to explore other possible explanations and, in
particular, scrutinise the inferences from the U-Pb and REE data of zircon. As a matter of
fact, it has been reported that the U-Pb system can evolve independently of the REE during
the metamorphic evolution subsequent to zircon crystallisation (e.g. Peters, Ayers, Gao, &
Liu, 2013; Stipska et al., 2016). In a recent study, Schmédicke et al. (2018) reported a case of
fresh eclogites, where most zircon with ‘eclogitic’ REE spectra recorded a post-peak



reequilibration age, rather than the age of the eclogite-facies metamorphism. In the case of the
present study, four end-member scenarios can be considered to account for the results (Figure
14). They result from the combination of two factors: the mode of zircon formation
(prolonged zircon crystallisation vs. partial recrystallisation), and the P—T conditions (zircon
recording the prograde segment of the P—T path vs. the decompression).

progressive zircon crystallisation partial zircon recrystallisation
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Figure 14. P-T—t sketches of the possible scenarios for zircon crystallisation in the Montagne Noire eclogites.
Blue-violet crystals represent zircon; different colours correspond to different apparent ages (light blue — ¢. 360
Ma, violet — c. 315 Ma, dark blue — intermediate) of zircon formed at different P—7 conditions (a and b) or
affected to various degrees by recrystallisation-related Pb loss (¢ and d). Green arrow corresponds to the inferred
P-T path. Lighter-coloured P—T path in (d) that involves cooling during decompression is intended to only
convey the idea that the evolution could have been more complex than a simple isothermal decompression. See
text for details.

10.2.1 Prolonged zircon growth

Given the spread of zircon U-Pb dates in the eclogite samples, zircon would have crystallised
in several pulses or continuously between c. 360 and 315 Ma at different stages of the
metamorphic evolution, corresponding to different P—7 conditions. This could correspond to a



crystallisation along the prograde P-T path reaching the eclogite-facies pressure peak at c.
315 Ma (Figure 14a). Alternatively, zircon could crystallise progressively during
decompression between the eclogite-facies pressure peak (reached at c. 360 Ma) and the low-
pressure conditions characterising the surrounding migmatites, reached by c. 315 Ma (Figure
14b; cf. Kohn et al., 2015). In both cases, zircon crystals grown at different times would be
expected to develop different trace-element patterns due to the progressively changing
temperature and/or pressure, and/or sequestration of the HREE in the contemporaneously
crystallising garnet, and/or the evolving mineral assemblage.

In the most straightforward scenario, both the REE spectra and the U-Pb data give
accurate information, and record a continuous growth of zircon at P-7 conditions
progressively evolving in the eclogite-facies domain (Figure 14a). The persistence of HP
conditions such as determined before would imply an active oceanic subduction from c. 360
to c. 315 Ma in the Montagne Noire area. This is incompatible with first-order geological
constraints, discussed above. Nevertheless, if this hypothesis were correct, zircon crystals
grown at different times would be expected to develop different trace-element patterns due to
the progressively increasing temperature and sequestration of the HREE in the
contemporaneously crystallising garnet. Indeed, garnet shows prograde growth zoning in both
major and trace elements (Figures 2, S7). In particular, HREE are concentrated in the core and
progressively depleted rimwards; the degree of depletion increases with the atomic number,
resulting in progressively decreasing (Yb/Gd)y ratios (and increasing (Gd/Lu)y ratios) and the
slope of the HREE spectra that evolves from flat to negatively sloping (Figure S7, Table S).
Consequently, younger zircon should be more depleted in HREE and a correlation should be
observed between the apparent age of the different zircon domains and the (Gd/Lu)y ratios.
Yet, our data do not support such a correlation (Figure S6). Similarly, there is no correlation
between the apparent age and the Ti-in-zircon temperature (Figure S11). Finally, this scenario
calls upon continued volumetric zircon growth, which seems unlikely. After the dissolution of
baddeleyite, ilmenite and epidote, possible sources of zirconium (Beckman et al., 2014;
Bingen, Austrheim, & Whitehouse, 2001; Frei, Liebscher, Franz, & Dulski, 2004), the
mineral composition of the rock does not change significantly in the eclogite facies (Figure
12) and no clear sources of Zr can therefore be identified (cf. Kohn et al., 2015).
Consequently, trace-element data do not support the scenario of a prolonged (> 45 Myr)
progressive zircon crystallisation under eclogite-facies conditions, in particular in equilibrium
with garnet.

In the second scenario (Figure 14b), zircon still crystallised in several pulses or
continuously between c. 360 and 315 Ma, according to the U-Pb data, but during
decompression. Zirconium could be provided by the partial resorption of rutile, for example
(e.g. Kohn et al., 2015). The apparent age of c. 315 Ma would correspond to zircon
crystallisation at LP-HT rather than at eclogite-facies conditions. The °‘eclogitic’ REE
patterns, similar in all zircon domains, would have been imposed by other factors, and are not
representative of the P—T conditions that prevailed during zircon crystallisation.

However, if this scenario is correct, why would the zircon crystals be carrying a REE
signature typical for eclogite-facies conditions (flat HREE pattern and lack a negative Eu
anomaly) if they did not crystallise in the eclogite facies? The flat HREE pattern is easily
explained by the metastable persistence of garnet in low-pressure conditions (cf. Kohn, 2016).
Since garnet concentrates the HREE (Figure S7), no significant enrichment in HREE is
possible in any newly formed zircon as long as the bulk of the rock’s HREE content remains
sequestered in garnet. However, the absence of negative Eu anomaly, classically interpreted
by the absence of plagioclase in the stable mineral assemblage (e.g. Hoskin, Kinny, Wyborn,
& Chappell, 2000; Hoskin & Schaltegger, 2003; Murali, Parthasarathy, Mahadevan, & Das,
1983; Rubatto, 2002; Snyder, Taylor, & Crozaz, 1993) is more difficult to explain, in
particular in the retrogressed eclogite, where amphibole in the coarse plagioclase-bearing



symplectites does develop a negative Eu anomaly (Figure S8). Furthermore, in mostly fresh
eclogite EP1, zircon grains included in symplectites are significantly larger than the size of
the symplectitic lamellae. Since in general zircon tends to be smaller than the main rock-
forming minerals, this suggests that zircon crystals were initially included in the eclogite-
facies minerals (now partly replaced by symplectites) rather than growing during the
development of the symplectites. Consequently, none of the two scenarios where zircon
would have crystallised between c. 360 and c. 315 Ma at different stages of the metamorphic
evolution, be it along the prograde, eclogite-facies part of the P-T7 path, or during
decompression, including the LP—HT stage, is supported by the observations.

10.2.2 Zircon recrystallisation

In this scenario, all the zircon grains would have crystallised in the eclogite facies, in
agreement with their REE signatures. This is compatible with the observation that the zircon
grains and their domains are similar, with relatively weak zoning, which would be in line with
growth in very similar conditions for all the zircon crystals. The oldest dates found at c.
360 Ma would then correspond to the minimum age of this HP event. At c. 315 Ma, the zircon
U-Pb systems were partly to totally reset. This could have happened either at the eclogite-
facies peak (Figure l4c) or at low pressures (Figure 14d). If the U-Pb systems were reset
totally, the grains would yield an age of 315 Ma, which is the case for most of the grains from
the eclogite samples (Figures 7 and 8). If this scenario is correct, the position of the remaining
data (i.e. between 360 and 315 Ma) would be linked to an incomplete reset of their U-Pb
system. Indeed, given the relatively small difference in terms of absolute age between the two
metamorphic events (360 Ma for the HP-HT and 315 Ma for the LP-HT), the uncertainty
(several percent) on the individual analyses and the shape of the concordia curve for this time
interval (Figures 7 and 8), a 315 Ma Pb loss affecting a 360 Ma old zircon grain, with
different degrees of resetting, would produce data that are concordant within error although
the individual apparent ages are meaningless (see Figure S12 for a mathematical simulation of
this phenomenon).

Pb loss in zircon can be related to Pb diffusion or to zircon recrystallisation. Pb diffusion
may not affect the internal crystal structure or the REE signature (e.g. Cherniak, Hanchar, &
Watson, 1997; Cherniak & Watson, 2003; Kunz et al., 2018; Kusiak et al., 2013; Stipska et
al., 2016; Whitehouse et al., 2014). However, the inferred temperature of the HP peak or the
LP event (~750°C) is significantly lower than the one generally admitted for an efficient Pb
diffusion in zircon (~900°C; e.g. Cherniak & Watson, 2001; Lee, Williams, & Ellis, 1997).
Although the temperatures reached during the decompression of the eclogites are unknown,
significantly higher temperatures seem unlikely, given the lack of recrystallisation and the
preservation of garnet growth zoning, in particular in the fresh eclogite. Pb loss in zircon can
also be related to recrystallisation (e.g. Cherniak & Watson, 2001; Hoskin & Black, 2000).
This could be supported by the local crosscutting relationships between inner and outer part in
several grains. Although other typical features (recrystallisation fronts, chaotic CL zoning)
have not been clearly observed, recrystallisation is not always efficient enough to completely
obliterate the affected grains and pre-existing textural features may be preserved (Hoskin &
Black, 2000). In that case, these grains will keep a memory of their trace elements and
isotopic composition, yielding mixed U-Pb apparent ages, such as the crystals presenting
apparent ages between 360 and 315 Ma in this study. Consequently, the scenario compatible
with most observations invokes one episode of zircon crystallisation, at c¢. 360 Ma, under
eclogite-facies conditions, and a subsequent partial or total recrystallisation of most zircon
crystals at c. 315 Ma. Yet, using sample-scale observations only, it is not possible to tell
whether the recrystallisation occurred also under eclogite-facies conditions (Figure 14c¢) or at
low pressures (Figure 14d). Geological constraints discussed above suggest that a subduction-
related eclogite-facies event at c. 315 Ma is unlikely not only in the Montagne Noire but also



at the scale of the entire Variscan orogen. On the other hand, the age of c¢. 315 Ma is close to
the age of the LP-HT metamorphism inferred from the embedding migmatite (see above).
Widespread partial melting (documented at the scale of the entire Montagne Noire massif in
the period between c. 320 and 290 Ma) and the associated fluid and melt percolation could
enhance zircon recrystallisation at that moment. Such a percolation-enhanced recrystallisation
could have affected all crystals present in the rock. If limited to the outer few um of each
crystal, though, it would have a greater effect proportionally on smaller crystals (like zircon)
than on larger ones. To sum up, although other options cannot be firmly excluded, the
scenario of zircon crystallisation at c. 360 Ma under eclogite-facies conditions, and its
recrystallisation under LP-HT conditions at c. 315 Ma (Figure 14d) offers the best
compromise between sample-scale, regional and orogen-scale constraints.

10.3  Significance of eclogite dates younger than 315 Ma

As argued above, the dominant c. 315 Ma dates are interpreted to result from partial to total
resetting of the U-Pb system of zircon crystallised earlier under eclogite-facies conditions.
The resetting is attributed to the LP-HT metamorphism, involving partial melting, as recorded
in the migmatite enclosing the eclogite. In this scenario, the dates younger than c. 315-
310 Ma can be attributed to further resetting due to either another melting event, or the long-
lasting character of the same event. Indeed, Poujol et al. (2017) proposed that a second
melting event affected the Montagne Noire at c. 295 Ma. Alternatively, Trap et al. (2017)
argued for a protracted partial melting that would “have started at ca. 315 Ma and lasted 15—
10 Myr”. It could also be directly related to the emplacement of granitic intrusions at 300-305
Ma (e.g. Poilvet et al., 2011; Roger et al., 2015) and in particular the Anglés granite (Trap et
al., 2017), immediately adjacent to the sampling locality (Figure 1b).

The coarse-grained character of the symplectites in the retrogressed eclogite MN12-03, as
well as the abundance of biotite and monazite, unusual in this type of rock, suggest that
external fluids may have interacted with this eclogite at a late stage of the metamorphic
evolution. The crystallisation of the surrounding migmatites could have been a possible
source for these fluids. Monazite is known to (re)crystallise easily in the presence of fluids
(e.g. Kelly, Harley, & Modller, 2012; Parrish, 1990; Spear & Pyle, 2002; Tartese, Ruffet,
Poujol, Boulvais, & Ireland, 2011). Consequently, we infer that the crystallisation of monazite
either post-dated the c. 315 Ma recrystallisation of zircon in the retrogressed eclogite, or that
monazite continued to recrystallise longer than zircon. This is compatible with the prolonged
character of the Late-Carboniferous LP-HT event in the Montagne Noire that would have led
to further local resetting of the U-Pb system in both the zircon and the monazite and would
explain the occurrence of scarce dates younger than the main clusters (Figures 7, 8 and S5).

10.4 Age of the HP metamorphism

The data presented above suggest that the c¢. 315 Ma date is related to the LP-HT event,
whereas the age of the eclogite-facies metamorphism would be around 360 Ma. The oldest
concordant zircon date of 366 + 5 Ma, recorded in the fresh eclogite, is identical within error
to the Sm-Nd garnet age found in an eclogite from the same locality and interpreted as the age
of the eclogite-facies metamorphism (357.5 + 8.6 Ma, Faure et al., 2014). Whitney et al.
(2015) rejected this age as that of the eclogite-facies metamorphism, arguing that the garnet
rims (commonly containing most of the Sm and Nd) were not adequately represented in the
dated aliquots. They consequently re-interpreted this date as corresponding to the age of a
pre-eclogitic (likely amphibolite-facies) event. Our data show, however, that the garnet cores
crystallised in the eclogite facies. Moreover, garnet only shows negligible zoning with respect
to Sm and Nd, implying that dating the garnet is still representative of the age of the pressure
peak. Consequently, in the absence of better data (such as Lu-Hf dating of garnet from the
fresh eclogite), we consider that 360 Ma is the best available approximation of the minimum
age of the high-pressure event in the studied eclogites.



The corollary of this is that despite its general robustness, zircon may, under certain
circumstances, undergo significant recrystallisation that leads to decoupling the U-Pb and the
REE record and consequently possibly deceptive inferences about the age of HP
metamorphism. Such recrystallisation, probably fluid-driven, may preferentially affect the
accessory phases of small size, such as zircon, whereas the main rock-forming minerals,
subject to relatively inefficient intracrystalline diffusion, are not significantly affected.
Accordingly, garnet appears to retain the original growth zoning, both in REE and in major
elements in the fresh eclogite, and preserves the potential of yielding reliable P-T and age
(Sm-Nd, Lu-Hf) information. Mostly recrystallised zircon preserves the REE signature of its
original formation under eclogite-facies conditions, but the U-Pb system mostly reflects the
low-pressure metamorphic stage.

10.5 Origin of the Montagne Noire eclogites

The last point is that as much as the geological constraints discussed above do not support
eclogite-facies metamorphism in the Montagne Noire at 315 Ma, nor do they support it at
360 Ma. Consequently, the eclogites must have formed elsewhere. Eclogites related to
oceanic subduction zones have been identified since long in the French Massif Central (e.g.
Burg & Matte, 1978; Matte, 1986; Pin, 1990). With respect to the Montagne Noire, the closest
area, where such rocks are found, is the Lévézou massif, at present located ~50 km to the
north. It is noteworthy that the Montagne Noire eclogites bear striking similarities with those
of the Lévézou massif. The Lévézou eclogites have similar geochemical characteristics
(oceanic protolith), and reached similar P-T conditions (18-23 kbar, 680—800°C; Lotout et
al., 2020) at a similar time (c. 360 Ma, Lu-Hf on garnet; Lotout et al., 2020). Furthermore,
both massifs are separated by the Stephanian-Permian Saint-Affrique basin, and were
consequently very close to one another before the late-Variscan collapse of the orogen and the
associated Late Carboniferous-Permian extension (Burg et al., 1994). This suggests that the
eclogites of the Montagne Noire originated in the same subduction zone as the eclogites of the
Lévézou massif, at 360 Ma (Lotout et al., 2020). This subduction zone developed in the
French Massif Central some 200 km north from the present location of the Lévézou massif
(Burg & Matte, 1978; Matte, 1986).

The Lévézou eclogites were rapidly exhumed from nearly 70 km to 30 km at c. 350 Ma
(Lotout et al., 2020). This exhumation was favoured by the thinning of the upper plate during
slab rollback. The later collisional stage is responsible for crustal-scale southward thrusting
resulting in the complex folded nappe of the Lévézou massif as a whole (e.g. Burg & Matte,
1978; Burg, Delor, Leyreloup, & Romney, 1989; Duguet & Faure, 2004; Matte, 1986).

The Montagne Noire eclogites may represent some part of the Lévézou eclogites that
were only partly exhumed and translated further south by ductile flow during compressive
tectonics, then to their present location in the Montagne Noire massif. Post-thickening
extension, which started at c. 320 Ma and lasted until ¢. 290 Ma (Poujol et al., 2017) and was
associated with widespread partial melting, is responsible for further exhumation of high-
grade rocks of the Montagne Noire gneiss dome (Pfeifer, Soreghan, Pochat, Van Den
Driessche & Thomson, 2016), including the eclogites, stacked at mid-crustal depths before
the beginning of this event. The P-T path followed by the eclogites during such a tectonic
evolution is unknown, but could have been more complex than a simple isothermal
decompression (Figure 14d).

Whatever the exact P-T path, all zircon crystals in the eclogites would have crystallised
in the eclogite facies, in agreement with their REE signatures. The oldest dates found at c. 360
Ma would correspond to the minimum age of this HP event. The younger dates, in particular
at c. 315 Ma, which is intriguingly close to the age of the LP-HT metamorphism inferred
from the embedding migmatite, would result from the partial to total resetting of the zircon U-



Pb systems. If so, dating zircon with ‘eclogitic’ REE patterns, would not unequivocally
provide the age of a HP event.

11 CONCLUDING REMARKS

Unless appealing to an elusive major reappraisal of the geodynamics of the European
Variscan belt, invoking an unsuspected north-dipping subduction zone far to the south of the
Montagne Noire, geological constraints do not presently support the existence of a persistent
subduction process up to 315 Ma, of which the Montagne Noire eclogites would be the relics.
Alternatively, the universal pertinence of the usually accepted unequivocal relation between
REE patterns in zircon and the age of the different major stages of the metamorphic evolution
can be questioned, particularly in the case of migmatites-hosted eclogites. To date we do not
have a definitive answer to this issue, as both hypotheses require a major questioning in their
respective domains of investigation.
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Figure S1. Eclogite EP1 — scan (unpolarized light), X-ray maps and a BSE image of the

analysed thin section.

Figure S2. BSE and CL images of zircon analysed in-context in the thin section of the fresh

eclogite EP1.

Figure S3. Th/U ratios plotted against **’Pb/***U dates in the eclogite samples EP1 (a) and
MN12-3 (b).

Figure S4. BSE images of monazite analysed in-context in the thin section of the retrogressed

eclogite MN12-03.
Figure SS. Concordia diagrams for the monazite data in the retrogressed eclogite MN12-03.
Figure S6. Zircon (Gd/Lu)y ratios plotted against **°Pb/>**U dates.

Figure S7. Chemical profiles of selected trace elements and corresponding chondrite-

normalized REE spectra in garnet.
Figure S8. Chondrite-normalized REE spectra of amphibole, omphacite and plagioclase.

Figure S9. REE partitioning between garnet and zircon displayed on traditional REE plots

and on array plots.

Figure S10. P-T pseudosection and isopleths of the anorthite proportion in plagioclase at low

pressures for the eclogite EP1.
Figure S11. Ti-in-zircon temperatures from eclogites as a function of ***Pb/***U dates.

Tables S1-S3. Operating conditions for the LA-ICP-MS equipment (U-Pb dating and trace

elements analyses).

Table S4. Representative microprobe analyses.
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Table S6. U-Pb dating analyses on zircon in the fresh eclogite EP1.

Table S7. REE analyses on zircon in the fresh eclogite EP1.

Table S8. U-Pb dating analyses on zircon in the retrogressed eclogite MN12-03.

Table S9. REE analyses on zircon in the retrogressed eclogite MN12-03.

Table S10. U-Th-Pb dating analyses on monazite in the retrogressed eclogite MN12-03.
Table S11. U-Pb dating analyses on zircon in the embedding migmatite EP5.

Table S12. REE analyses of garnet from the eclogites.

Table S13. REE analyses of omphacite, amphibole and plagioclase from the eclogites.
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Figure S1. a) Scan (unpolarized light) of the analyzed thin section of sample EP1. Dark green domains

correspond to the secondary amphibole + plagioclase-dominated symplectites. b-g) Thin section-scale X-ray



maps. Red spots in the Si map (b) indicate the location of quartz crystals. Red spots in the Al map (c; arrow)
correspond to symplectitic pseudomorphs after kyanite. Note the well preserved garnet zoning in Mg, Ca,
Mn (d-f). Na-rich patches in (g) correspond to the location of preserved omphacite crystals. h) Back-
scattered electron image of the spinel-plagioclase pseudomorph after kyanite (located by an arrow in c),

included in garnet. Note also the presence of orthopyroxene at the rim of primary amphibole.
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Figure S2. BSE (left) and CL (right) images of zircon analysed in-context in the thin section of the fresh
eclogite EP1. BSE images show the location of the zircon crystals (brightest spots) with respect to the other
minerals or symplectites. The locations of laser spots (white and orange circles for U-Pb and REE analyses,
respectively) are indicated along with the spot number (Tables S6 and S7). The corresponding 2*°Pb/***U
dates are quoted with +2¢ uncertainty. All displayed analyses are concordant at >95% (except those in

italic).
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Figure S3. Th/U ratios plotted against *’°Pb/***U dates in the samples EP1 (a) and MN12-3 (b). The data are

colour-coded by position of analytical spot in zircon (inner vs. outer domains).
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Figure S4. BSE images of monazite analysed in-context in the thin section of the retrogressed eclogite
MN12-03. The locations of laser spots for U-Th-Pb analyses is indicated along with the spot number (Table

S$10). The corresponding ***Pb/>**U dates are quoted with £2c uncertainty.
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Figure S5. Concordia diagrams for the monazite data in the retrogressed eclogite MN12-03. (a) overview of

all data, (b) close-up on the major cluster of concordant data.
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Figure S6. (Gd/Lu)y ratios plotted against **°Pb/***U dates in the fresh eclogite EP1 (a) and the retrogressed

eclogite MN12-03 (b); the data are colour-coded by position (inner / outer domain) of analytical spot in

zircon.



EP1-garnet 1

100 1

0] s ®
Tl * x
& 16 | 10
= 14 ] X

X X

Y 12 X 1
& 10
° 1 core A rim
c 8 0.1 1
B X
© 6 A

4 A A 0.01 4

0 - | , r Y e . 0.001

-1 1-2 13 14 15 1-6 1-7 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

points (step c. 100 um)

EP1-garnet 2

20 | 100 1
=18 —x @
£ 16 . A 10 1
Q14 x X X
8 12 X 1
510 X X
g core rim —
> A A '
2 &
4 A A 001 1
2 -
0 . — — . . 0.001
241 22 23 2-4 25 26 27 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
points (step c. 100 um)
MN12-03
20 - 100
e - G
= ]
a 16 10 -
2 14 1
Y 12 1
g -
€ 10 core rim 1
2 81
=1 i A A A A A A A
o 6 0.1 -
© 4 4 X
2 1 ® @ IO
0 . : . . . . . 0.01
3-1 32 33 34 35 36 3-7 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
points (step ¢. 120 um)
—1 —2 3 4 5 6 —7
Yo ADy eSm xZr core > rim

Figure S7. Chemical profiles of selected trace elements (a-c) and corresponding chrondrite-normalized
REE spectra (d-f) of two garnet crystals from EP1 and one from sample MN12-03. Data and location of
analytical spots in Table S12. The profile in a) corresponds to the left half of the profile from Fig. 2 (see
also Figure S21), the profile in c) to the upper half of the profile from Fig. 3. Zirconium contents of analyses
I,2and 3 inc) (1110, 26 and 58 ppm respectively) are not represented. “Core” and “rim” are inferred

qualitatively from the the major element zoning (Fig. 2). Chondrite values of McDonough and Sun (1995).
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Figure S8. Chrondrite-normalized REE spectra of amphibole (a) and omphacite (b) from EP1 and
amphibole (¢) and plagioclase (d) from MN12-03. Chondrite values of McDonough and Sun (1995).
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Figure S9. REE partitioning between garnet and zircon, Drgg(zircon/garnet), displayed on a traditional REE
plot (a, c, e) and on an array plot together with the experimental data (as of Taylor et al., 2017) (b, d, ) for
the eclogite EP1. The garnet composition (Table S10) is that of the garnet core (a-b: analysis 1-1, c-d:

analysis 1-3) and rim (c-d: analysis 1-6).
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Figure S10. P-T pseudosection and isopleths of the anorthite proportion in plagioclase (orange lines) for
the fresh eclogite EP1, calculated for the composition that results from the removal of the garnet cores from

the analysed composition (as in Fig. 12b). H,O is in excess. Only main fields are labelled.
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Figure S11. Ti-in-zircon (Watson et al., 2006) temperatures as a function of the *’°Pb/***U date of the
corresponding domain, and the position of the analysis (inner or outer zircon zone) for the samples EP1 (a)

and MN12-03 (b).
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Figure S12. Theoretical position of zircon analyses considering grains that crystallized 360 Ma ago and
consecutively underwent Pb-loss due to a HT-LP metamorphic event 315 Ma ago. Ellipse A corresponds to
a 0% Pb-loss, ellipse B to a 100% (full-reset) Pb-loss. Every other ellipse was generated with a 10% Pb-loss
increment. Errors are 2.5% for the *’Pb/>*°U ratios and 1.5% for the ***Pb/***U ratios. The Rho value was

set at 0.5. Black dots correspond the centres of the ellipses.



TABLES

Table S1. Operating conditions for the LA-ICP-MS equipment (U-Pb dating)

Laboratory & Sample Preparation

Laboratory name

GeOHeLiS Analytical Platform, Géosciences Rennes/OSUR, Univ. Rennes

Sample type/mineral

Zircon (Zrn) and Monazite (Mnz)

Sample preparation

Conventional mineral separation, 1-inch resin mount, 1 wm polish to finish
and thin sections

Imaging

CL: RELION CL instrument, Olympus Microscope BX51WI, Leica Color
Camera DFC 420C

Laser ablation system

Make, Model & type ESINWR193UC, Excimer
Ablation cell ESINWR TwoVol2

Laser wavelength 193 nm

Pulse width <5ns

Fluence 6.7 J/em® (Mnz) or 8 J/cm® (Zrn)
Repetition rate 3Hz

Spot size

10 um (Mnz) or 25-30 um (Zrn)

Sampling mode / pattern

Single spot

Carrier gas 100% He, Ar make-up gas and N2 (3 ml/mn) combined using in-house
smoothing device

Background collection 20 seconds

Ablation duration 60 seconds

Wash-out delay 15 seconds

Cell carrier gas flow (He) | 0.75 I/min

ICP-MS Instrument

Make, Model & type

Agilent 7700x, Q-ICP-MS

Sample introduction

Via conventional tubing

RF power 1350 W
Sampler, skimmer cones | Ni
Extraction lenses X type
Make-up gas flow (Ar) 0.85 I/min

Detection system

Single collector secondary electron multiplier

Data acquisition protocol

Time-resolved analysis

Scanning mode

Peak hopping, one point per peak

Detector mode

Pulse counting, dead time correction applied, and analog mode when signal
intensity > ~ 10° cps

Masses measured

204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U

Integration time per peak

10-30 ms

Sensitivity / Efficiency

28000 cps/ppm Pb (50 um, 10 Hz)




Data Processing

Gas blank

20 seconds on-peak

Calibration strategy

GJ1 zircon and Moacir monazite standards used as primary reference
materials, PleSovice zircon and Managoutry monazite used as secondary
reference materials (quality control)

Reference Material info

GJ1 (Jackson et al., 2004)

Moacir (Gasquet et al., 2010)

Plesovice (Slama et al., 2008)
Manangoutry (Paquette and Tiepolo, 2007)

Data processing package
used

Iolite (Paton et al., 2010; 2011)

Mass discrimination

Standard-sample bracketing with **’Pb/**°Pb and *"°Pb/***U (***Pb/***Th for
Mnz) normalized to reference material GJ1 and Moacir

Common Pb correction

No common Pb correction

Uncertainty level and
propagation

Ages are quoted at 2 sigma absolute, propagation is by quadratic addition
according to Horstwood et al. (2003). Reproducibility and age uncertainty
of reference material are propagated.

Quality control /
Validation

Plesovice: 338.1 £ 1.9 Ma (N=18; MSWD=1.00)
Manangoutry : 558.7 + 4.1 Ma (N=6, MSWD=0.65)




Table S2. Operating conditions for the LA-ICP-MS equipment (Trace elements analyses, Magma et

Volcans laboratory, Université Clermont-Ferrand, France)

Laboratory & Sample
Preparation

Laboratory name

Laboratoire Magmas & Volcans, Clermont-Ferrand, France

Sample type/mineral

Zircon, amphibole, clinopyroxene

Sample preparation

Conventional mineral separation, 1 inch resin mount, 1 wm polish to finish
and thin sections

Imaging

CL, Jeol JSM-5910 LV, 15 kV, 19 mm working distance

Laser ablation system

Make, Model & type

Resonetics/M-50E 193nm, Excimer

Ablation cell & volume

Laurin Cell ® two volumes cell, Laurin Technic Ltd., volume ca. 1-2 cm’

Laser wavelength

193 nm

Pulse width <4 ns

Fluence 4 J/em® (zircon), 6 J/em” (amphibole, pyroxene)
Repetition rate 3 Hz (zircon), 5 Hz (amphibole, pyroxene)
Spot size 27 um (zircon), 47 um (amphibole, pyroxene)

Sampling mode / pattern

Single spot

Carrier gas

100% He, Ar make-up gas and N, combined using the Squid® device from
RESOlution Instruments.

Background collection 30 secs
Ablation duration 60 secs
Wash-out delay 30 secs
Cell carrier gas flow 0.75 1/min

ICP-MS Instrument

Make, Model & type

Agilent 7500cs, Q-ICP-MS

Sample introduction

Via conventional tubing

RF power

1350 W

Make-up gas flow

0.87 I/min Ar

Detection system

Single collector secondary electron multiplier

Masses measured

29Si (Zrn), 44Ca (Amp, CpX), 49Ti, 89Y, 90Zr, 93Nb '39La, 140C3, ]41PI', 146Nd,
147Sm’ 153Eu, 157Gd, lngb, 163Dy, 165H0, 166Er5 169Tm, 172Yb, 175Lu, 178Hf,
lSlTa, 208Pb, 232Th, 238U.

Integration time per peak

Total integration time per
reading

Sensitivity / Efficiency

20000 cps/ppm Pb (44 um, 10 Hz)

Dead time

35ns

Data Processing

Gas blank

30 second on-peak

Calibration strategy

Zrmn: NIST 612 as external standard and *’Si as internal standard (Si
concentration used is 33.6061 wt%). *’Si in unknowns was considered at
14.76 wt%.

Amp and Cpx: NIST 612 as external standard and **Ca as internal standard.
(Ca concentration used is 8.5002 wt%) **Ca values for unknowns are from
microprobe measurements

Reference Material info

NIST 612 (GeoRem Database)

Data processing package
used / Correction for
LIEF

GLITTER ® (van Achterbergh et al., 2001)




Table S3. Operating conditions for the LA-ICP-MS equipment (Trace elements analyses, Géosciences

Rennes)

Laboratory & Sample Preparation

Laboratory name

GeOHeLiS Analytical Platform, Géosciences Rennes/OSUR, Univ. Rennes

Sample type/mineral

Garnet, amphibole, plagioclase, pyroxene

Sample preparation

Thin sections

Laser ablation system

Make, Model & type

ESINWR193UC, Excimer

Ablation cell ESINWR TwoVol2

Laser wavelength 193 nm

Pulse width <5ns

Fluence 6 J/em’

Repetition rate 5Hz

Spot size 50 um (garnet); 25 pm (amphibole, pyroxene, plagioclase)

Sampling mode / pattern

Single spot

Carrier gas

100% He, Ar make-up gas and N2 (3 ml/mn) combined using in-house
smoothing device

Background collection 15 seconds
Ablation duration 45 seconds
Wash-out delay 15 seconds
Cell carrier gas flow (He) | 0.75 I/min

ICP-MS Instrument

Make, Model & type

Agilent 7700x, Q-ICP-MS

Sample introduction

Via conventional tubing

RF power 1350 W
Sampler, skimmer cones | Ni
Extraction lenses X type
Make-up gas flow (Ar) 0.85 I/min

Detection system

Single collector secondary electron multiplier

Data acquisition protocol

Time-resolved analysis

Scanning mode

Peak hopping, one point per peak

Detector mode

Pulse counting, dead time correction applied, and analog mode when signal
intensity > ~ 10° cps

Masses measured

2 43 89 90 139 140 141 146 147 153 15 159
Al Ca, ¥Y, PZr, *°La, "°Ce, "'Pr, "**Nd, "’Sm, ' *Eu, "’Gd, "’ Tb,
163 165 166 169 172 175

Dy, 'Ho, '®Er, '“Tm, '?Yb, '”Lu

Integration time per peak

30 ms

Data Processing

Calibration strategy

NIST 612 as external standard and >’ Al as internal standard (Al
concentration used is 1.1167 wt%). >’Al values of unknowns are from
microprobe measurements

Reference Material info

GeoRem database

Data processing package
used

IOLITE software using “Trace elements IS” data reduction scheme
(Paton et al., 2011)




Table S4. Representative microprobe analyses. The amount of ferric iron was calculated from
stoichiometric constraints using the Tim Holland’s programme AX
(https://filedn.com/IU1GlyFhv3UuXg5E9dbnWFF/TJBHpages/ax.html). For amphibole, the Fe’* content
corresponds to the average from minimum and maximum constraints (Holland & Blundy, 1994). ¢ — core, r
— rim, mx — matrix, incl — inclusion, sympl — symplectite.

Sample EP1

Min g g cpx cpx am am pl pl ilm
anal. # map53  map04 2802 2805 301 3503 1007 3509 3005
position c r inclg sympl sympl sympl mx
Si02 38.95 40.82  55.69 5540 44.59 42.92 64.66 53.56 0.04
TiO2 0.10 0.10 0.16 0.18 0.39 0.63 0.04 0.00 57.19
Al203 22.29 2295 10.84 9.66 13.82 18.66 22.33 29.64 0.02
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe203 1.11 1.10 0.00 0.00 5.05 0.12 0.25 0.25 0.00
FeO 20.00 16.78 2.89 2.30 4.65 3.80 0.00 0.00 33.03
MnO 0.75 0.28 0.00 0.01 0.06 0.00 0.01 0.00 0.33
MgO 8.38 14.39 9.79 11.13 17.15 15.60 0.14 0.01 9.86
CaO 8.54 482 1462 16.11 8.64 11.64 3.18 11.90 0.00
Na20 0.00 0.00 5.55 4.84 3.38 3.82 9.75 4.72 0.00
K20 0.00 0.01 0.00 0.00 0.36 0.07 0.03 0.01 0.00
Total 100.12  101.25  99.54  99.63 98.08 9726  100.39 100.09 100.47
Oxygens 12 12 6 6 23 23 8 8 3
Si 2.963 2978 1979 1971 6.324 6.073 2.838 2418 0.001
Ti 0.005 0.006  0.004 0.005 0.041 0.067 0.001 0.000 1.002
Al 2.000 1.974  0.454 0.405 2311 3.112 1.156 1.578 0.001
Cr 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3 0.063 0.060  0.000 0.000 0.539 0.012 0.008 0.009 0.000
Fe2 1.273 1.024  0.086 0.068 0.552 0.450 0.000 0.000 0.644
Mn 0.048 0.017 ~ 0.000  0.000 0.007 0.000 0.000 0.000 0.007
Mg 0.951 1.564  0.518 0.590 3.625 3.289 0.009 0.001 0.342
Ca 0.696 0.377  0.557 0.614 1.312 1.764 0.149 0.576 0.000
Na 0.000 0.000 0.382 0.334 0.929 1.048 0.830 0.413 0.000
K 0.000 0.001  0.000 0.000 0.066 0.013 0.002 0.000 0.000
Sum 8.000 8.000 3981 3989 15.893 15.832 4.994 4.995 1.997
XMg/ An 0.43 0.60  0.86  0.90 0.87 0.88 0.15 0.58 0.35
XNa 0.41 0.35 0.85 0.42

Alm 0.43 0.34

Prp 0.32 0.52

Grs 0.23 0.13

Sps 0.02 0.01



Table S4. (continued)

Sample MN12-03 EP5

Min g g am am am am pl pl bi g g bi kfs pl pl
anal. # p26 p49 912 113 302 303 405 408 308 PO116 PO125 708 706 705 709
position c r incl g mx sympl sympl c r mx c r r c
SiO2 39.67 3843 4330 4690 5096 54.03 59.81 48.07 36.98 36.64 36.73 3441 65.06 64.69 63.04
TiO2 0.05 0.07 0.37 0.85 0.56 0.08 0.00 0.00 3.67 0.02 0.04 244 0.00 0.03 0.01
Al203 2254 21.68 18.02 10.28 5.16 0.56 25.09 32.81 1541 20.75 21.25 20.12 18.44 22.11 22.88
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe203 0.75 0.71 4.51 3.85 2.00 0.00 0.16 0.27  0.00 1.48 0.58  0.00 0.00 0.01 0.00
FeO 22.46  26.56 6.57 9.37 991 2094 0.00 0.00 14.95 3447 31.17 23.17 0.00 0.00 0.00
MnO 1.71 3.68 0.16 0.42 0.42 1.10  0.00 0.06 0.10 421 9.25 033 0.00 0.00 0.00
MgO 9.88 533 13.11 13.78 1536 17.81 0.00 0.02 14.22 2.29 133 546 0.01 0.03 0.00
CaO 4.43 486 10.28 11.38 11.21 1.19  7.19 16.85 0.05 0.77 0.76  0.04 0.00 2.68 3.87
Na20 0.00 0.00 2.72 1.39 0.69 0.06 7.66 222 038 0.00 0.00 0.16 1.74  9.77 8091
K20 0.00 0.00 0.29 0.31 0.18 0.00 0.09 0.04 8.62 0.01 003 9.64 1507 034 028
Total 101.50 101.30 99.33 9851 96.45 9577 99.99 100.34 94.39 100.63 101.13 95.78 100.31 99.67 98.99
Oxygens 12 12 23 23 23 23 8 8 11 12 12 11 8 8 8
Si 2978 2983 6.105 6.740 7396 7.992 2.668 2200 2.778 2965 2969 2.661 2991 2.857 2.809
Ti 0.003  0.004 0.039 0.092 0.061 0.009 0.000 0.000 0.207 0.001  0.003 0.142 0.000 0.001 0.000
Al 1.995 1984 2995 1.741 0.883 0.098 1.319 1.770 1.365 1.980 2.024 1.835 0.999 1.151 1.202
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000
Fe3 0.042 0.041 0478 0416 0.219 0.000 0.005 0.009 0.000 0.090 0.035 0.000 0.000 0.000 0.000
Fe2 1.410 1.725 0775 1.126 1.203 2.590 0.000 0.000 0.939 2332 2.107 1.499 0.000 0.000 0.000
Mn 0.109 0.242 0.019 0.051 0.052 0.137 0.000 0.002 0.007 0.288 0.633 0.022 0.000 0.000 0.000
Mg 1.105 0.616 2755 2951 3.322 3.927 0.000 0.001 1.592 0276 0.160 0.630 0.000 0.002 0.000
Ca 0356 0.404 1.553 1.752 1.742 0.189 0.343 0.827 0.004 0.067 0.066 0.003 0.000 0.127 0.185
Na 0.000 0.000 0.743 0386 0.194 0.017 0.662 0.197 0.056 0.001  0.000 0.024 0.155 0.837 0.770
K 0.000 0.000 0.053 0.057 0.034 0.000 0.005 0.002 0.826 0.001 0.003 0.951 0.884 0.019 0.016
Sum 8.000 8.000 15.679 15.451 15.178 14.959 5.003 5.009 7.774 8.000 8.000 7.768 5.030 4.995 4.983
XMg/ An 0.44 0.26 0.78 0.72 0.73 0.60 034 0.81 0.63 0.11 0.07 030 0.13  0.19
XNa 0.66 0.19 0.15 085 0.79
Alm 0.47 0.58 0.79 0.71

Prp 0.37 0.21 0.09 0.05

Grs 0.12 0.14 0.02 0.02

Sps 0.04 0.08 0.10 0.21



Table SS5. Whole-rock chemical composition of eclogite samples from the Terme de Fourcaric locality,
Montagne Noire (major — wt.% and trace elements — ppm). Fe203(tot) - total Fe; FeO* - determined by wet
titration; ‘—" = Not determined; bdl = below detection limit.

Sample EPI1 EP4 | MN12-03 Sample EPI1 EP4 | MN12-03
Si02 47.10 46.37 44.80 Rb 0.6 53 12.3
AI203 15.85 16.24 16.15 Cs 0.2 1.4 34
Fe203(tot) 10.50 11.20 16.20 Ba bdl 15.7 90.9
FeO* 8.40 9.26 13.42 Be 1.0 0.9 1.3
MnO 0.16 0.17 0.64 Sr 107.2 109.2 224.2
MgO 11.49 11.24 8.87 Th 0.5 0.7 1.2
CaO 11.05 10.57 9.09 U 0.3 0.3 0.7
Na20 2.45 1.83 1.25 Zr 113.5 117.9 136.7
K20 bdl 0.11 0.30 Hf 2.9 3.1 34
TiO2 1.25 1.38 1.70 Nb 5.9 7.2 47.8
P205 0.18 0.18 0.48 Ta 0.5 0.6 3.9
LOI 0.00 0.32 0.68 Sc 33.9 36.8 -
Total 100.02 99.61 100.14 Cr 715.4 699.6 659.1
Ni 303.3 2433 298.8
Co 48.8 47.8 56.9
v 181.3 188.6 265.7
Mo 0.7 0.6 0.8
W 25 2.2 3.1
Ge 1.5 1.5 1.9
Sn 1.6 1.9 3.6
Pb 1.2 1.2 3.3
Ga 15.4 15.2 18.0
In 0.1 0.1 0.1
Zn 81.4 84.2 132.8
Cu 68.9 71.6 71.7
As 3.8 4.8 21.8
Sb 0.1 0.1 0.2
Bi bdl bdl 0.1
cd 0.1 0.1 0.2
Y 24.2 275 30.2
La 7.3 7.7 19.7
Ce 18.4 18.9 44.8
Pr 2.6 2.6 5.9
Nd 12.3 12.1 25.5
Sm 3.5 3.5 6.4
Eu 1.2 1.2 1.9
Gd 3.9 43 6.4
Tb 0.7 0.8 1.0
Dy 43 5.0 5.8
Ho 0.9 1.1 1.1
Er 25 2.9 2.7
Tm 0.4 0.4 0.3
Yb 2.4 2.7 2.2
Lu 0.4 0.4 0.3
YREE 60.7 63.5 124.2
LaN/LuN 2.18 2.01 6.56
Euw/Eu* 0.98 0.96 0.93
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Table S6. U-Pb dating analyses on zircon in the fresh eclogite EP1.

Table S7. REE analyses on zircon in the fresh eclogite EP1.

Table S8. U-Pb dating analyses on zircon in the retrogressed eclogite MN12-03.

Table S9. REE analyses on zircon in the retrogressed eclogite MN12-03.

Table S10. U-Th-Pb dating analyses on monazite in the retrogressed eclogite MN12-03.
Table S11. U-Pb dating analyses on zircon in the embedding migmatite EPS.

Table S12. REE analyses of garnet from the eclogites.

Table S13. REE analyses of omphacite, amphibole and plagioclase from the eclogites.

References

Gasquet, D., Bertrand, J.M., Paquette, J.L., Lehmann, J., Ratzov, G., De Ascencao Guedes, R., ... Nomade, S. (2010).
Miocene to Messinian deformation and hydrothermal activity in a pre-Alpine basement massif of the French
western Alps: new U-Th-Pb and argon ages from the Lauziére massif. Bulletin de la Société Géologique de
France, 181(3), 227-241.

Holland, T. J. B., & Blundy, J. D. (1994). Non-ideal interactions in calcic amphiboles and their bearing on amphibole-
plagioclase thermometry. Contributions to Mineralogy and Petrology, 116, 433-447.

Horstwood, M. S. A., Foster, G. L., Parrish, R. R., Noble, S. R., & Nowell, G. M. (2003). Common-Pb corrected in
situ U-Pb accessory mineral geochronology by LA-MC-ICP-MS. Journal of Analytical Atomic Spectrometry,
18(8), 837-846. doi: 10.1039/B304365G

Jackson, S.E., Pearson, N.J., Griffin, W.L. & Belousova, E.A. (2004). The application of laser ablation-inductively
coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology. Chemical Geology, 211(1-2), 47-69.

McDonough, W. F., & Sun, S. S. (1995). The composition of the Earth. Chemical Geology, 120(3), 223-253. doi:
10.1016/0009-2541(94)00140-4

Paquette, J.L. and Tiepolo, M. (2007). High resolution (5 pum) U-Th—PDb isotope dating of monazite with excimer
laser ablation (ELA)-ICPMS. Chemical Geology, 240(3-4), 222-237.

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., & Hergt, J. (2011). Iolite: Freeware for the visualisation and
processing of mass spectrometric data. Journal of Analytical Atomic Spectrometry, 26,2508, doi: 10.1039/
cljal0172b.

Rubatto, D., & Hermann, J. (2007). Experimental zircon/melt and zircon/garnet trace element partitioning and
implications for the geochronology of crustal rocks. Chemical Geology, 241(1-2), 38-61.

Slama, J., Kosler, J., Condon, D.J., Crowley, J.L., Gerdes, A., Hanchar, J.M., ... Schaltegger, U. (2008). PleSovice
zircon—a new natural reference material for U-Pb and Hf isotopic microanalysis. Chemical Geology, 249(1-2), 1-
35.

Taylor, R. J. M., Harley, S. L., Hinton, R. W., Elphick, S., Clark, C., & Kelly, N. M. (2015). Experimental
determination of REE partition coefficients between zircon, garnet and melt: a key to understanding high-T crustal
processes. Journal of Metamorphic Geology, 33(3), 231-248. doi: 10.1111/jmg.12118

Taylor, R. J. M., Clark, C., Harley, S. L., Kylander-Clark, A. R. C., Hacker, B. R., & Kinny, P. D. (2017). Interpreting
granulite facies events through rare earth element partitioning arrays. Journal of Metamorphic Geology, 35(7),
759-775. doi: 10.1111/jmg.12254

van Achterbergh, E., Ryan, C. G., Jackson, S. E., & Griffin, W. L. (2001). Data reduction software for LA-ICP-MS:
appendix. In P. J. Sylvester (Ed.), Laser Ablation - ICP - mass spectrometry in the earth sciences: principles and
applications, Mineralogical Association of Canada (MAC) Short Course Series, pp. 239-243. Ottawa.

Watson, E., Wark, D., & Thomas, J. (2006). Crystallization thermometers for zircon and rutile. Contributions to
Mineralogy and Petrology, 151(4), 413-433.



