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ABSTRACT

The age and P-T conditions of Variscan high pressure (HP) metamorphism in the Paleozoic basement
of the western Alps remain poorly constrained, but is nevertheless crucial to build a consistent
tectonic scenario for the southeastern domain of the Variscan Belt. We report here the results of a
structural, petrological, thermobarometric and geochronological investigation of an eclogite-bearing
unit exposed in the northeastern part of the Belledonne Massif (France). This unit is mostly composed
of metasediments, that are locally migmatized and contain decameter-to-hectometer-scale lenses of
orthogneiss and amphibolites. SIMS U-Pb dating of magmatic zircon cores in two retrogressed
ecogites yields ages at 456+4 Ma and 448+6 Ma, which are intepreted to date the emplacement of the
magmatic protoliths. The peak pressure stage in the retrogressed eclogites is estimated to be >1.4 GPa
at 690-740°C, and was followed by decompression from 1.4 to ca. 1.0 GPa at 700-800 °C. By
contrast, the investigated migmatitic metasediment does not present any trace of HP metamorphism,
but instead preserves prograde evolution from sub-solidus conditions (ca. 0.8—1.1 GPa and 600—

700 °C) to supra-solidus conditions (1.1-1.4 GPa and 700-780 °C). A later stage of retrogression
below ca. 0.5-0.8 GPa and 570-610 °C is recorded in both lithologies, and is taken to indicate cooling
and exhumation to upper crustal levels. Metamorphism was roughly coeval in the retrogressed
eclogites and in the migmatitic metasediment. Metamorphic zircon rims yield U-Pb dates scattering
between 340-310 Ma in both lithologies. In the migmatitic metasediment, a distinct younger age at
306+3 Ma is interpreted to represent late stages of melt crystallization. In the retrogressed eclogites,
zircon zoning and chemical composition (Th/U and REE) indicate initial crystallization of the rims
during the HP stage followed by protracted growth during decompression to granulitic / amphibolitic
conditions. Rutile U-Pb dating in one eclogite sample yields an age of 34011 Ma similar to the
oldest zircon ages and is interpreted to approximate the age of the peak pressure metamorphism.
Retrogression in the amphibolite facies is correlated with the development of a penetrative, N30°
subvertical mylonitic S2 foliation. Regionally, this deformation occurs in a dextral transpressive
corridor interpreted to represent a crustal-scale shear zone active during the mid-late Carboniferous.
We therefore suggest that this structure has driven the exhumation of eclogites from the lower crust

and their mixing with mid-crustal felsic lithologies devoid of HP assemblages.
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1. INTRODUCTION

High pressure (HP) metamorphic rocks, namely eclogites and HP granulites, are widespread in the
Variscan Belt of Europe (Catalan et al., 2009; Faure et al., 2009; J.-L. Paquette et al., 2017;
Schulmann et al., 2009). They are exposed in the Saxo-Thuringian zone and in the high grade
metamorphic domains of the allochtonous Galicia-Moldanubian zone, which forms the core of the
belt and exposes deep portions of the orogenic crust. These rocks only form minor portions of the
exposed high grade units, but they are nevertheless important geodynamical markers, which provide
crucial information to reconstruct the dynamics of the Variscan Belt. They are commonly associated
with small ultramafic bodies, and may represent dismembered meta-ophiolites, which could possibly
mark suture zones formed by the closure of an oceanic basin or a domain of hyperextended
continental crust, as it has been inferred for the “Leptyno-amphibolic complexes” in the French
Massif Central and in the Armorican Massif (Ballevre et al., 2009; Faure et al., 2009; Lardeaux et al.,
2014). Alternatively, some eclogite-bearing units may also represent deep portions of the orogenic
lower crust extruded during the collision, as it has been inferred for the UHT-HP granulites in the
Bohemian Massif (Schulmann et al., 2008) or in the eclogites from the Montagne Noire Axial Zone
(Roger et al., 2020; Donna L. Whitney et al., 2020).

Independently of their origin, thermobarometric and geochronological information recorded
in these HP rocks is crucial to constrain relevant parameters such as exhumation rates, age of peak
pressure, and maximal pressure and temperature reached during the collision. The ability to test
different geodynamical scenarios with thermomechanical models strongly depends on the quality of
the pressure-temperature (P-T) and geochronological data (time) obtained from these HP rocks.
However, constraining the P-T-time evolution in complex metamorphic rocks such as eclogites is far
from being trivial. Analytical developments made over the past few decades have significantly
improved the ability to extract geologically meaningful information from the metamorphic rocks. In
particular, the development of high spatial resolution techniques (particularly Secondary Ion Mass
Spectrometry (SIMS), Laser Ablation ICP-MS, and to a lesser extent Electron Microprobe) has
allowed microscale dating and trace elements analyses on mineral domains to be performed, which

can then be used to obtain multiple ages from one single sample and to correlate them with particular
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magmatic or metamorphic stages. Prior petrological and geochronological studies of eclogites, which
did not benefit from these analytical improvements, are less likely to provide geologically accurate
age information. In particular, many ages on high-grade metamorphic samples obtained by ID-TIMS
bulk zircon dating are likely a mix between metamorphic and inherited components. This has been for
example shown in the recent study of Paquette et al. (2017) for the eclogites and blueschists from the
Armorican massif. In the Massif Central, Silurian-Devonian ages (ca. 400420 Ma) inferred for the
HP stage in eclogites has recently been re-estimated at ca. 360-385 Ma by Lu-Hf dating and in situ U-
Pb dating of zircon (Benmammar et al., 2020; Lotout et al., 2018; 2020). Many eclogites in the
Variscan Belt still lack recent petrological investigation in order to solidly anchor geodynamic models
that are based on possibly outdated constraints (e.g. Regorda et al., 2019).

In the Alpine domain, numerous bodies of Variscan eclogites and HP granulites are exposed in
the Paleozoic basement, especially in the External Crystalline Massifs (ECM), which form the
exposed parts of the basement in the external Western Alps (Von Raumer et al., 2013). Most of the
geochronological data available for the HP rocks of the ECM were obtained by multigrain ID-TIMS
dating of zircon (e.g. Paquette et al., 1989; Schaltegger, 1993; Schaltegger et al., 2003), which
constrained the age of emplacement of the magmatic protoliths to the early-mid Ordovician (ca. 480-
450 Ma) and the age of HP metamorphism to the early Devonian (ca. 395-425 Ma). These age
constraints have been used in several tectonic studies (Fréville et al., 2018; Guillot & Ménot, 2009;
Von Raumer et al., 2009) to argue for the existence of a Devonian oceanic suture across the ECMs,
possibly marking the southern prolongation of the Saxo-Thuringian suture (Guillot & Ménot, 2009).
However, in the southernmost ECM of Argentera, more recent studies have re-estimated the age of
the HP stage to the early-mid Carboniferous (ca. 340 Ma, Jouffray et al., 2020; Rubatto et al., 2010),
questioning the previous geodynamic interpretation. Similar studies are lacking for the northern part
of the ECM and remain crucial for informing tectonic models. This study aims to provide new
thermobarometric and geochronological data on HP rocks and contiguous metasediments exposed in
the northeastern Belledonne massif. A detailed structural investigation of the eclogite-bearing unit has
also been undertaken in order to better constrain the tectonic setting associated with exhumation of

these rocks.

2. GEOLOGICAL SETTING
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2.1. The External Crystalline Massifs

The External Crystalline Massifs (ECM) represent exposed portions of the European Paleozoic
basement involved in the Alpine Orogeny. They form a discontinuous arcuate alignment of massifs
along the central and western external Alps, and consist, from the northeast to the south, in the
massifs of Aar-Gothard, Mont-Blanc, Aiguilles Rouges, Belledonne, Grandes-Rousses, Oisans-
Pelvoux and Argentera-Mercantour (Figure 1). They are composed of (i) various early to mid-
Paleozoic units, which were metamorphosed and intruded by granitoids during the Carboniferous and
the early Permian, and (i1) non-metamorphic late Carboniferous to Permian sediments deposited over
the older metamorphic sequences in small intra-continental basins. The basement is unconformably
covered by a thick sedimentary sequence deposited between the Triassic and the Paleogene along the
European margin of the Piemonte-Liguria Ocean (Lemoine et al., 1986). The ECM and their post-
Permian cover were deformed and metamorphosed during the Alpine collision. Post-Permian
deformation in the basement is generally localized. Stretching and thinning of the crust during the
lower Jurassic rifting sliced the ECM basement into tens of kilometers wide tilted blocks, separated
by kilometer-scale SW-NE-trending normal faults (Lemoine et al., 1986; Lemoine & Triimpy, 1987).
The Alpine collision in the External domain was accompanied by ca. 20 to 27% shortening from
South to North (Bellahsen et al., 2014). This shortening was accommodated by buckle folding and
thrusting in the sedimentary cover and by the development of an anastomosing network of decameter
to hectometer-scale shear zones in the basement, with only little tectonic reactivation of older
structures (Bellahsen et al., 2012, 2014; Bellanger et al., 2014; Marquer et al., 2006). These shear
zones delimit low-strain domains in which Paleozoic structures remained largely preserved. The
Alpine metamorphic overprint is mild: metamorphic conditions recorded in Alpine shear zones range
from the lower greenschist facies (0.3-0.4 GPa, 300-350 °C, Simon-Labric et al., 2009) in Oisans-
Pelvoux to the upper greenschist facies in the Aar-Gothard Massif (0.6 GPa, 400—450 °C, Challandes
et al., 2008).

2.2. The Belledonne massif

The Belledonne massif forms a 15-20 km wide strip of crustal basement, which extends over more

than 100 km from the southwest to the northeast (Figure 1-b). Petrographic and structural
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investigation carried out since the 1950° (e.g. Bordet, 1961; Bordet & Bordet, 1963; Gros, 1974;
Ménot, 1987; Ménot et al., 1987; Verjat, 1981; Vivier et al., 1987) has led to subdivide this massif
into three distinct tectono-stratigraphic domains, namely the western, the southwestern and the
northeastern domains, separated by late Paleozoic strike-slip faults (Guillot et al., 2009). The western
domain is composed of a series of medium to low grade micaschists with minor intercalations of
metasandstones (“Série Satinée”, Bordet & Bordet, 1963), interpreted as deriving from a thick
sequence of deep-sea turbiditic sediments. U-Pb dating of detrital zircons from this series (Fréville et
al., 2018) yielded mostly Ediacaran-Cryogenian ages (ca. 550-700 Ma), with subordinate populations
of Mesoarchean (ca. 2.8-3.1 Ga) and Paleoproterozoic (ca. 2.0-2.2 Ga) zircons and a youngest
population of late Cambrian-Ordovician age (540—463 Ma), which places the maximal deposition age
for this series to middle-lower Ordovician. The prevalence of Neoproterozoic zircons suggests this
series is mostly composed of material eroded from the peri-Gondwanan Neoproterozoic “Cadomian”
belts, with minor contribution of cratonic Gondwanan material.

The southwestern domain consists of different nappes stacked during the Variscan collisional
stages (ca. 350-330 Ma, Fréville et al., 2018; Guillot & Ménot, 2009; Ménot et al., 1987) and capped
by a sequence of mid-late Devonian metaconglomerates (Taillefer series, Fréville et al., 2018). The
uppermost unit is composed of the Chamrousse ophiolitic complex, a well-preserved witness of
Cambrian oceanic lithosphere (ca. 500 Ma, Ménot et al., 1988; Pin & Carme, 1987), and regarded as
the relic of a short-lived marginal basin that opened in a back-arc setting (Guillot et al., 1992). It is
thrusted over the late Devonian-Tournaisian magmatic complex of Rioupéroux-Livet (R.-P. Ménot,
1986, 1987) composed of a mafic-felsic bimodal suite of volcanic and plutonic rocks emplaced at ca.
360-350 Ma and attributed to continental extension in a back-arc setting (Fréville et al., 2018; Guillot
et al., 2009). This magmatic complex overlies the migmatitic gneisses of the Allemont series. The
lower series (Rioupéroux-Livet-Allemont) have been metamorphosed to amphibolite facies during the
Variscan nappe stacking events, with peak T conditions increasing from ca. 0.6 GPa and 600 °C in the
upper series to ca. 0.8 GPa and 680 °C in the lower migmatitic series (Fernandez et al., 2002; Fréville
et al., 2018; Guillot & Ménot, 2009).

Finally, the northeastern domain mostly consists of high grade metamorphic sequences

composed of metasediments, orthogneisses and amphibolites, with sporadic occurrence of
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retrogressed eclogites that are the main focus of this study. These sequences are intruded by
Carboniferous granitoids and overlain by low grade volcano-sedimentary sequences that post-date the
granitoids (Vivier et al., 1987). Two main generations of granitoids are identified (Debon et al., 1998;
Debon & Lemmet, 1999): a Mg-K-rich suite emplaced during Visean (ca. 340-330 Ma) and a
ferriferous low-Mg suite emplaced during upper Carboniferous-early Permian (ca. 310-295 Ma). The
Mg-K series predominates in Belledonne (Figure 1-b), and forms the largest Sept Laux, Saint-
Colomban and Lauziére plutons emplaced syn-tectonically in strike-slip shear zones (Guillot &
Meénot, 2009). Little is known about the old metamorphic sequences. The metasediments presumably
derive from a lower Paleozoic series in which mafic and felsic intrusives were emplaced during the
Ordovician. The metamorphic evolution is also poorly constrained. The eclogite relics formed at HP
were overprinted by high temperature metamorphism, which culminated with partial melting of the
most fertile metasedimentary and metaigneous protoliths. However, no quantitative thermobarometry

has been carried so far to constrain more precisely this P-T evolution in NE Belledonne.

2.3. Structural evolution in the Belledonne massif

The Variscan collision in Belledonne occurred at ca. 350-295 Ma and is characterized by a
succession of different tectono-metamorphic stages, which have been summarized in Guillot & Ménot
(2009) and more recently in Fréville et al. (2018). These authors use different labeling for the
successive tectono-metamorphic stages, which partly overlap, and also partly disagree between each
other. The choice has been made here to group them into four different stages DO to D3.

- DO (Dx in Fréville et al., 2018) is poorly constrained and corresponds to the early thrusting of the
Chamrousse ophiolitic unit, which presumably occurred during the Devonian (ca. 360-380 Ma). D1 is
an early collisional stage which formed E-W directed nappes, mainly visible in the southwestern
domain, and was associated with the development of amphibolite-facies assemblages (garnet &
kyanite + staurolite) at ca. 600—700 °C and 0.6—0.9 GPa (Fréville et al., 2018; Guillot et al., 2009).
The age of D1 is constrained between ca. 350-330 Ma by U-Pb dating on monazite and K/Ar-Ar
dating on mica and amphibole (Fréville, 2016; Fréville et al., 2018; R.-P. Ménot et al., 1987)
Following D1, D2 is a transpressive phase associated with the development of N-N30 oriented strike-

slip shear zones, which formed a penetrative steeply dipping foliation S2, mostly visible in the
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northeastern domain. It has been correlated in the ECMs as well as in the Maures-Tanneron massif
and corresponds to a regional-scale dextral shear zone system known as the East Variscan Shear Zone
(EVSZ; Corsini & Rolland, 2009; Guillot et al., 2009; Rossi et al., 2009; Simonetti et al., 2018, 2020).
Deformation in the EVSZ started from ca. 320 Ma under amphibolite-facies conditions, and lasted at
least for 10—15 Ma (Simonetti et al., 2018, 2020). Finally, a stage of D3 extension occurred at ca.
310-295 Ma, associated with the development of SW-NE oriented ductile-brittle normal faults and
shear zones (Fernandez et al., 2002). It resulted in the opening of kilometer to ten-kilometer scale
coal-bearing half-grabben and pull-apart basins, which preserved sedimentological and
paleontological evidence for syntectonic sedimentation during the late Westphalian — Stephanian

(Ballevre et al., 2018, and references therein).

3. FIELD DESCRIPTION AND STRUCTURAL ANALYSIS

3.1 Field description

The area investigated in this study is located North of the Isére Valley, in the high grade metamorphic
formations of the northeast Belledonne massif (Figure 1-b). It mostly consists of a ca. 2-3 km thick
series composed of biotite-poor metagreywackes with intercalated orthogneisses and amphibolites,
which form decameter to hectometer scale lenses elongated along the main foliation (Figure 2-a)
(Gros, 1974). Migmatization occurs mostly in the central part of the domain, and is confined to the
most fertile lithologies. This metamorphic formation is cut by a kilometer scale intrusive complex
composed of microgranites and rhyolites (Grand Mont intrusive complex). It forms steeply-dipping
sheets oriented parallel to the main foliation and crossed by N30° oriented shear bands, which argues
for a strong tectonic control of the emplacement. The retrogressed eclogites are only found in a
hectometer scale amphibolic body exposed near the Lacs de la Tempéte (Figure 2-a,b). They form
unfoliated meter-size boudins preserved in the main metamorphic foliation. The geochemical and
geochronological study (ID-TIMS bulk zircon dating) of the eclogites from the ECM done by
Paquette et al. (1989) included samples from the Lacs de la Tempéte body (reported as samples
B7751 to B7755 in the original paper). According to this study, this amphibolite body derives from
N/E-MORB like tholeiites emplaced at 473+28 Ma in a thinned continental crust, and metamorphosed
to HP (> 1.4 GPa) at 395+2 Ma. Regarding the mode of exposure of eclogites (isolated lenses within
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felsic lithologies devoid of HP assemblages) and the geochemical signature and age of the mafic
magmatic protoliths, the investigated metamorphic unit presents striking similarities with other
Variscan eclogite-bearing units in the Massif Central and the Armorican Massif, commonly referred
as “Leptyno-Amphibolic Complexes” (Ballévre et al., 2009; Faure et al., 2009; Lardeaux et al., 2014;
Ménot et al., 1988; Santallier et al., 1988). New U-Pb data presented in this paper will precise both
the age of the protolith and the peak of metamorphism.

3.2. Structural analysis

Careful investigation of structures in the field allows the identification of two generations of
metamorphic foliation and two main episodes of deformation. The foliation trajectories were mapped
and are reported on Figure 2. Field photos of the main structural features are shown on Figures 3 and
4. Labeling reflects our interpretations about how the different structures and deformation stages
correlate with the general tectonic framework presented in section 2.3.

The earliest foliation Sx is a low-angle (< 30°) North-dipping foliation (Figure 3-a), which is
interpreted to be pre-D1. It is only preserved in decameter to hectometer wide low-strain domains,
which are mostly exposed in the northeastern part of the investigated zone (Figure 2-a). Due to the
poor preservation of the structures, the deformation that generated Sx could not be precisely
characterized. Gros (1974) reported evidence of cross laminated sedimentary structures, which
suggests Sx developed at low-grade metamorphic conditions. Sx is impacted by decimeter to meter
scale P1 folding (Figure 3 b,d), which did not generate any new foliation, but formed tight upright to
slighlty overturned folds oriented N-N15°, with axes slightly plunging to the North (<20°). The
general E-W orientation of folding, and the presence of overturned E-vergent folds are consistent with
the D1 nappe stacking phase However, it cannot be excluded that these folds may be the result of
shortening during the transpressive phase D2.

The second foliation S2 is a pervasive, steeply dipping, N15-30° trending foliation that affects
the largest part of the metamorphic sequence (Figure 2) and largely overprints the former Sx, that we
associate with D2 dextral strike-slip shearing. In the northeastern part of the field area, D2 is not
pervasive and mostly formed localized brittle faults cutting through the low-strain domains. Toward

the west, it becomes increasingly intense and pervasive. In the felsic gneisses, it formed the
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blastomylonitic S2 foliation that totally obliterated the former structures, which only persist as small
lenses and microfold relics (Figures 3-c and 4-a-b). In the mafic lenses, S2 is associated with the
amphibolitization of the eclogite assemblages, which only persist in undeformed meter-scale boudins
(Figure 4-¢). Near subhorizontal stretching lineations L2 on S2 planes (Figure 4-g), shear bands and
deformed clasts (Figure 4-a-b-c) clearly indicate a dominant dextral strike-slip kinematics. The
presence of syn-folial P2 folds (Figure 4-d) with a steeply plunging axis, that developed parallel to S2,
is also consistent with this kinematics. Deformation probably initiated at high temperature in the
amphibolite facies, as indicated by: (i) the pervasive ductile deformation that affected a several
kilometers wide unit; (i1) the development of hornblende oriented parallel to S2 planes in the
amphibolites (Figure 4-f); (ii1) the presence of sheared leucosomes in the migmatites (Figure 4-b),
which suggest migmatization occurred just prior to or during shearing. D2 strike-slip shearing then
localized in decameter to hectometer wide brittle fault zones during the latest stages of deformation.
These fault zones are well visible in the western part of the metamorphic unit and near the Grand

Mont summit (Figure 2).

4. METHODS

4.1 Mineral and whole rock analyses

Backscattered electron images were acquired at [ISTerre Grenoble with a Tescan Vega 3 scanning

electron microscope operated with an accelerating voltage of 16 kV and a beam current of 10 nA.

Mineral compositions were measured using a JEOL JXA-8230 electron microprobe at [STerre
Grenoble. Different protocols were used for garnet and the other silicates. Garnet analyses were
performed with a 15 kV accelerating voltage, a 20 nA beam current and a counting times of 60s for
the peak and 30s for the background. The other silicates were analyzed with a 15 kV accelerating
voltage, a 10 nA beam current and counting times of 30s for the peak and 15s for the background. The
spot size was set to 1-3 um depending on the size of minerals and the presence of volatile elements.
X-ray element maps were acquired with a 15 kV accelerating voltage, a 100 nA beam current and a
100 ms counting time per pixel. Natural minerals and synthetic glass were used for standardization,

and the ZAF matrix procedure was applied for data reduction. X-ray maps were processed using the
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XmapTools software (Lanari et al., 2018, 2014). Details of abbreviations used for the mineral end-
members are given in Table S1 in the online supplements. The concentration of Zr and other trace
elements (Nb, Fe, Cr) in the rutile were measured in sifu with an electron microprobe at ISTerre
Grenoble. The instrument was operated with an acceleration voltage of 20 kV, a beam current of 600
nA, and a total counting time of 600s, with spot size set to 1-3 um. Standardization was done using a
synthetic TiO; glass. Accuracy check was done on standard rutile R632 (Axelsson et al., 2018), which
returned accurate Zr concentrations within £3% interval. This uncertainty is consistent with counting
error statistics returned by the JEOL microprobe software for the rutile analyses (R632 and
unknowns), which varies between 2-8% and converts into an absolute uncertainty below 40 ppm in
most of the cases. A conservative estimate of +£50 ppm is therefore retained for electron microprobe
analyses of rutile. This propagates to a ca. £ 10°C uncertainty for Zr in rutile temperatures, which is
lower than the calibration uncertainty of the thermometer equation (+ 30°C, Tomkins et al., 2007). In
addition, trace element analyses were performed by LA-ICPMS on separated rutile grains, some of
which were subsequently dated (see below). Whole rock compositions were obtained on
representative rock powders at the SARM laboratory (CNRS-CRPG) in Nancy, using a Thermo
Fisher iCap6500 ICP-OES and an iCapQ ICP-MS.

4.2. U-Pb dating and LA-ICPMS trace element analyses

Zircon and rutile were separated using conventional rock crushing and heavy liquids. Crystals were
mounted in epoxy resin and polished to expose the grain center for analysis. Charge contrast (CC)
images of zircon grains were obtained with a ZEISS EV050 scanning electron microscope at the
Institute of Geological Sciences, University of Bern, at low vacuum conditions (18 Pa), 12 kV, a
beam current of 100 mA and a working distance of 9.5 mm. It has been previously demonstrated that
CC images correlate exactly to cathodoluminescence (Watt et al., 2000), as also confirmed by checks
in the Bern laboratory. Backscatterred electron images of separated rutile grains were obtained at
Isterre Grenoble using the same instrument and analytical conditions as described above (section 4-1).
Trace element spot analysis of separated zircon and rutile was performed with a RESOlution
Laser System coupled to an Agilent 7900 quadrupole ICP-MS at the Institute of Geological Sciences

(University of Bern). A He-H2 gas mixture was used as the aerosol transport gas. Zircon trace

This article is protected by copyright. All rights reserved



element analyses were performed with laser beam diameters of 24 and 20 um, rutile with a diameter
of 38 um. The laser was set to 5 Hz repetition rate and an energy density on the sample of 4 J/cm?.
Oxide interferences were reduced by maintaining ThO/Th < 0.2. Sample analyses were calibrated
using NIST SRM 612 (Jochum et al., 2011). Accuracy was monitored using the reference material
GSD-1G (Jochum et al., 2005) and zircon 91500 (Wiedenbeck et al., 2004), and was assessed to be
better than 10% for all elements. Data reduction was performed using the software Iolite (Paton et al.,
2011).

U-Pb dating of rutile was performed with the same LA-ICP-MS system at the University of
Bern with the laser operating at a repetition rate of 5 Hz and an energy density on the sample of 3.5
J/cm?. The count rate ratio for Th/U was 98-97 and the ThO/Th < 0.2. Measurements consisted of 30s
background and 30s signal acquisition sweeping through the masses 2°°Pb, 207Pb, 298Pb, 23>Th and
238U. Spot size was 50um with a pre-cleaning with a 60um beam. U-Pb ratios were standardized to
rutile R10 (1091.6+3.5 Ma, Luvizotto et al., 2009), whereas secondary reference material was rutile
R632 (496+2 Ma, Axelsson et al., 2018) which returned an average 2°°Pb/?33U of 496+11 Ma. Data
reduction was performed using the software lolite (Paton et al., 2011) running the DRS
VizualAge UcomPbine (Chew et al., 2014), although no common Pb correction was applied to the
data of either standards or unknown. The single spot 26 standard error external on the primary
standard was 7.5% and propagated in full to the unknowns.

U-Th-Pb geochronology of zircon was carried out with the SwissSIMS Cameca IMS 1280-HR
at Université de Lausanne, which is equipped with an high-brightness Hyperion H201 RF plasma
oxygen 1on source. Basic instrument set up parameters were 6-8 nA, 20 um O,- primary beam, mass
resolution M/AM ~ 5000, energy window = 40 eV. Data were acquired in mono-collection, peak-
hopping mode. U-Pb-Th data were standardized to TEM?2 zircon (417 Ma, Black et al., 2003) and
accuracy was checked with zircon standard Plesovice (337.17+0.37 Ma, Slama et al., 2008) which
were cast in the same epoxy mount as the unknowns. Data were collected over 4 analytical sessions in
which the PleSovice standard returned average ages between 335.7+2.6 and 338.543.6 Ma.
Uncertainties on standard 29°Pb/23¥U — UQO,/U calibration were between 1.0 and 1.8% for each session
and were propagated to the data. Common Pb correction was based on the measured 2°*Pb signal

(when significant relative to background) assuming the present-day model terrestrial Pb composition
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of Stacey & Kramers (1975). Radiogenic ratios and single ages were calculated using the CIPS
program compiled by Martin Whitehouse. Age calculations use the decay constant recommendations
of Steiger & Jager (1977). The IsoplotR package (Vermeesch, 2018) was employed to plot the
diagrams and calculate concordia and weighted average ages. Individual uncertainties are quoted at

lo level and the confidence level for weighted average is 95%.
4.3. Thermobarometry

The P-T evolution of the retrogressed eclogites and the migmatitic metasediments has been assessed
using a combination of Zr-in-rutile thermometry and forward thermodynamic modeling with PerpleX
6.8.4 (Connolly, 2005, 2009). Zr-in-rutile temperatures were calculated using the calibration of
Tomkins et al. (2007). Isochemical P-T phase diagrams were computed using the thermodynamic
database of Holland & Powell (2011). The solution models used are from Fuhrman & Lindsley
(1988); Green et al. (2007, 2016); Holland & Powell (1998, 2011); Newton et al. (1980); White et al.
(2000, 2014). A detailed list of the solution models used to compute each phase diagram and the
associated references is given in Table S3 in the online supplements. Input compositions used in
PerpleX were determined either by ICP-OES analysis of the bulk rock, or on a local domain using the
mineral compositions measured with the electron microprobe and mineral volume proportions
estimated by point-counting on the thin section. The method and composition used for each
calculation are summarized in Table S3. Because Perplex inputs are specific to each sample, details
about chemical systems, input composition and adjustments of fluid content and Fe3*/Fe ratios are
specified for each calculation in the Thermobarometry section.

Phase assemblage stability fields and mineral composition have been used to assess the
equilibrium P-T conditions of the different mineral assemblages. Predicted mineral compositions on
the whole P-T grid have been extracted using the werami script (PerpleX) and compared with EPMA
measurements. The match between observed and modeled mineral composition has been
quantitatively assessed by introducing a misfit function §(P,T), which measures the distance between
observed and predicted composition over the entire P-T grid. Considering p composition parameters

(1,..p,), the misfit §(P,T)for a given mineral is defined as:

i i
Xmeasured — XP,T

Xmeasured

5(P,T) = 100. anl[

This article is protected by copyright. All rights reserved



where x%cqsureq and xb 1 correspond respectively to the measured (EPMA) and predicted (PerpleX)
values at given P and T for the composition parameter i. For instance, the composition parameters
considered for garnet are the proportions of almandine, pyrope grossular and spessartine (when MnO
1s included in the calculation) end-members. Detail of all composition variables used for each mineral

is given in Table S3 in the online supplements. A panel of §(P,T) maps is given on Figure 10.

5. PETROGRAPHY AND MINERAL COMPOSITION OF THE
METAMORPHIC SAMPLES

Seven samples of retrogressed eclogite and one sample of migmatitic metasediment were collected for
petrological investigation and U-Pb dating, after careful field investigation to select only the least
retrogressed domains. The seven retrogressed eclogites (JB-18-03(A-F), JB-18-06, JB-18-49, JB-18-
50, JB-19-01 and JB-19-02) come from the large amphibolic body near the Lacs de la Tempéte.
(Figure 2). The garnet-bearing migmatitic metasediment JB-18-46 was collected in the immediate
vicinity of this mafic body. Location and main petrological features are summarized in Table 1.

Electron probe mineral analyses data are available in Table S2 in the online supplements.

5.1. Retrogressed eclogites

The retrogressed eclogites are composed of garnet, clinopyroxene, amphibole, plagioclase and quartz,
with accessory epidote-clinozoisite, actinolite, chlorite, rutile, titanite, ilmenite and rare zircon. The
collected samples display various degrees of retrogression, and only sample JB-18-50 preserved a
complete eclogitic assemblage, in a small centimeter-size fine-grained domain (Figure Sa-f).
Petrographic descriptions are therefore focused on this sample. Mineral compositions given below are
only valid for this sample, except when stated otherwise. The complete set of mineral analyses for all
the investigated samples is represented in various diagrams on Figure 7 and is also available in Table
S2 in the online supplementary data.

Garnet forms millimeter to centimeter size grains, which have been partly resorbed. Two
generations of garnet, Grt-1 and Grt-2, are identified based on composition and texture (Figures 5d,e

and 7-b). Grt-1 forms the core of the grains, and has a composition of Alms,_ssPrp5.18Grs25.31Spso1-

02- It contains various inclusions of quartz, rutile and omphacite, titanite, ilmenite, hornblende and

This article is protected by copyright. All rights reserved



rare zircon. Titanite, ilmenite and hornblende inclusions are commonly connected with cracks and
may therefore not be primary inclusions, but would have rather developed during the subsequent
metamorphic stages. In contrast, quartz, rutile, omphacite and zircon inclusions are generally isolated
within garnet and are therefore unambiguously primary inclusions that grew together with garnet. Grt-

2 forms Ca-rich inclusion-poor rims around Grt-1. It has a composition of Almyg.s51Prpi5.16Grss3o.

34Spso; and presents multiple concentric growth zones. The irregular boundary between Grt-1 and
Grt-2 (Figure 5-¢) suggests that resorption of Gt-1 occurred before the development of Grt-2 rims.

Several generations of clinopyroxene are identified (Figures 5d,f and 7a). Primary
clinopyroxene (Cpx-1) is an omphacite ( Jd,;.5¢), with a Mg/(Mg+Fe?") ratio (Mg#) between 0.71-
0.75. It was generally destabilized following the reaction Omph + Qtz — Di + PI, and formed
plagioclase + diopside (+ amphibole) symplectites. It is nevertheless preserved as relics in the fine-
grained domain and as inclusions in garnet cores (Grt-1). Clinoproxene formed by destabilization of
the primary omphacite occurs in the symplectites, and has been subdivided into two groups, Cpx-2
and Cpx-3 ,based on its jadeite content (Cpx-2: Jd .29, Mg# = 0.70-0.78, Cpx-3: Jdp3.08, Mg# =
0.70-0.78). This subdivision is somewhat artificial, as there is a continuous trend from omphacite to
diopside measured in the symplectites (Figure 6-a), but it allows identification of successive stages of
re-equilibration during the retrogression.

Amphibole occurs in different textural positions in the retrogressed eclogites (Figure 5-
a,b,d,h). It mainly forms large millimeter to centimeter size grains associated with plagioclase, which
grow in replacement of the symplectites. Amphibole-plagioclase assemblages also develop in coronas
around resorbed garnet grains, and amphibole occurs as inclusions in garnet. There is no significant
variation in Si-Al, Fe?*-Mg and Na-K composition within the same sample, but variation is more
significant between different samples (Figure 7¢). Amphibole is a magnesian hastingsite in samples
JB-18-50 and JB-18-06, whereas it mostly plots in the magnesian hornblende field in samples JB-18-
03(A-F). Ti concentration varies over quite a large range. High Ti concentration (Ti > 0.15 atom per
formula) are generally correlated with the presence of Ti-rich minerals (titanite, rutile) bounding the
amphibole grains, whereas Ti-poor grains are mostly in the symplectites. Actinolite is present in the
most retrogressed samples and generally occurs in cracks together other with greenschist-facies

minerals (chlorite, epidote, albite).
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Plagioclase occurs mostly in the symplectites and as millimeter to centimeter size grains
associated with amphibole (Figure 5-a,b,d,h). It also forms thin rims around garnet. It displays a trend
of composition in the range Ano,s in sample JB-18-50 , and over a wider range (from Anys to pure
albite) in the other samples (Figure 7f).

Rutile is the main Ti-bearing phase in the retrogressed eclogites. It forms grains of various
sizes ranging from a few tens of micrometers to 200 um (Figure 5-c,d,g,h,1). It forms inclusions in
garnet, and it is also found as inclusion in omphacite and amphibole, and within the symplectites.
Rutile was partly replaced by titanite and ilmenite during retrogression. In samples JB-18-03A-F,
ilmenite is the dominant retrogressive Ti-bearing phase (Figure 5-h,1), and partially replaces rutile ,
especially in the matrix. In sample JB-18-50 ilmenite is rare and titanite is the main retrogressive
phase, which grows forming coronas around rutile (Figure 5-c). In the latter sample, some rutile
grains are partly replaced by ilmenite, and the whole is surrounded by a corona of titanite, which
gives the following sequence for the stability of Ti-bearing phases during retrogression: Rt — I[lm —
Ttn.

Zircon is rare in the eclogites, and not all samples provided enough zircon grains for U-Pb
dating. It forms grains of various sizes ranging from <10 um to >200 um, which are found as
inclusions in different minerals (garnet, omphacite, hornblende) and within the symplectites. Detailed
description of zircon internal textures is provided in Section 7 (U-Pb geochronology).

In summary, minerals observed in the retrogressed eclogites define three successive
parageneses: (i) a relict eclogitic assemblage, (ii) a secondary amphibolite / granulitic assemblage that
forms the majority of the rocks, and (iii) a later retrograde assemblage composed of greenschist-facies
minerals. The eclogitic assemblage consists of garnet cores (Grt-1), omphacite (Cpx-1), quartz and
rutile. Amphibole was possibly stable during this stage, but extensive recrystallization which occurred
during retrogression makes the identification of possible relicts of HP amphibole difficult. The
amphibolitic / granulitic assemblage consists of garnet rims (Grt-2), amphibole (hornblende /
hastingsite), plagioclase and diopside (Cpx-2-3) + plagioclase symplectites. It is associated with
resorption of rutile (although it was still probably stable at the onset of decompression) and
development of ilmenite and then titanite. Finally, the late retrograde paragenesis was formed at

greenschist-facies conditions and consists of actinolite, epidote, chlorite, albite and titanite. In the
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least retrogressed sample (JB-18-50), this assemblage is restricted to small cracks in garnet, and to the
development of pure albite at the expense of plagioclase in symplectites, while it pervasively replaces

all the previous assemblages in the most retrogressed samples.

5.2. Migmatitic metasediment

Sample JB-18-46 is a migmatitic metasediment mostly composed of quartz, feldspar and biotite, with
millimeter-size garnet and accessory rutile and ilmenite (Figure 6). Centimeter size domains
interpreted as leucosomes are mainly composed of quartz and feldspar.

Garnet presents a complex zoning, revealed by composition profiles and backscattered
electron images (Figures 6-b and 7-d). Three domains are identified, that are from core to rim: (i) a ca.
300 um-wide core domain with nearly flat Ca-Fe profiles; (ii) a ca. 200 um-wide mantle domain with
Fe-Mg zoning and flat Ca profile; (ii1) a 200 pum-wide rim with a flat Fe profile and Ca-Mg zoning.
This zoning is interpreted as the successive growth of two garnet generations: Grt-1 forms the core
(Almgo_g5P1p19.24GrS14-15Spsp-1) and the mantle of the grains, and Grt-2 (Alms7_6oP1p21.24Grs;7.
19Spsi_») forms the rim (Figure 7-d).

Biotite does not present major compositional variation. Most of the analyzed grains display
Mg# of 0.54—0.56 and Ti concentration of 0.15-0.17 atom per formula (Figure 8-c). Feldspar is an
andesine (Anz.37). No K-feldspar was identified in this sample.

Rutile is observed both as inclusions in garnet, associated with quartz inclusions (Figure 6-a),

and in the matrix, where it grows in replacement of ilmenite (Figure 6-c,d).

6. THERMOBAROMETRY

6.1. Thermodynamic modeling

6.2.1 Retrogressed eclogite (JB-18-50)

Isochemical phase diagrams for the retrogressed eclogites have been calculated in the chemical
system NCFMASHTO. K,O has not been included because it represents a very minor proportion of

the bulk rock (ca. 0.3 wt% K,O in the bulk rock) and is concentrated in alteration phases.
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Clinopyroxene stoichiometry indicates the presence of small amounts of Fe>* (up to 5% aegirine end-
member, Figure 7-a), which could possibly affect the pressure estimation given by the proportion of
the jadeite end-member in omphacite. A small amount of excess O; (0.15 mol%) has therefore been
added, which has been adjusted so that Fe>* in modeled clinopyroxene fits with the amount estimated
by stoichiometric balance of electron microprobe analyses. This converts into a Fe’*/Fe ratio of
0.047. The reactive bulk composition has been estimated on a small (5x20 mm) texturally
homogeneous eclogitic domain which preserves relicts of omphacite (Figure 5-a). For most of the
major elements, the composition estimated for this local domain is not significantly different from the
bulk rock composition measured by ICP-OES (Table 2). It only appears to be slightly richer in Al and
Ca and poorer in Si and Ti, which suggests it contains slightly more garnet than the bulk rock. The
absence of strong chemical variation between the different grains cores (garnet and omphacite)
suggests that thermodynamic equilibrium was reached at the scale of the local domain during the
eclogitic stage. During the retrogression stages, many disequilibrium textures such as symplectites,
coronas around garnet and mineral core-rim zoning appeared by destabilization of the eclogitic
assemblage, so the assumption of thermodynamic equilibrium for the bulk domain cannot be
assumed. Two different phase diagrams have therefore been computed, respectively for the prograde
and the retrograde evolution.

The prograde P-T diagram has been computed using the composition of the local domain as
the reactive bulk composition, and assuming fluid-saturated conditions to model progressive
dehydration of the protolith during prograde metamorphism. Concerning the retrograde evolution, the
modification of the reactive volume due to garnet fractionation has been partly taken into account by
removing the garnet cores (Grt-1) from the reactive composition, but other disequilibrium may
persist, especially regarding the destabilization of omphacite in plagioclase + diopside symplectites.
H;O has been constrained to a fixed amount to prevent complete resorption of garnet and
clinopyroxene during regression. This amount has been adjusted on a P-Myy» diagram (Figure S.2 in
the supplements online) to fit with the observed modal proportions of amphibole, which is the main
OH-bearing phase in the system.

The prograde evolution is characterized by progressive dehydration of the protolith and

replacement of hydrous minerals (chlorite, epidote-clinozoisite) by garnet and omphacite. The
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observed plagioclase-free eclogitic assemblage with co-existing garnet, omphacite, quartz and rutile is
only stable above ca. 1.4 GPa and 600 °C (black contour on Figure 8-a). Small amounts of amphibole
and epidote/zoisite are predicted in the lower P-T part of this domain. Considering uncertainties due
to the calibration of solution models and to unconstrained assumptions concerning the fluid
(assumption of fluid saturation during the prograde evolution is only a working hypothesis and not a
constrained observation), the possible range of P-T conditions for the HP assemblage has been
extended to the hornblende-epidote-bearing fields. Moreover, the presence of these minerals in the
eclogitic assemblage cannot be completely ruled out based on petrographic observations (see section
5). At eclogitic conditions and with T > 600 °C, garnet and omphacite are predicted to form
respectively ca. 35-50 vol% and ca. 45-50 vol% of the assemblage, the rest being composed of quartz,
rutile, and possibly hornblende and epidote/clinozoisite (Figure 9-a). The volume fraction of
omphacite is in agreement with the observations (Table S4), assuming that the symplectites represent
destabilized grains of omphacite (35% symplectites + 15% omphacite on the thin section = ca. 50%
omphacite at HP). Predicted garnet fraction is higher than the fraction actually measured (35%), but
this discrepancy probably results from resorption of garnet during retrogression.

At eclogite-facies conditions, garnet composition varies very smoothly with P and T, and it is
therefore not a sensitive thermobarometer. There are two local minima for the misfit, one outside of
the eclogitic domain which can be excluded, and the other one at ca. 600 °C and 1.7 GPa (Figure 10).
However, the compositional isolines relatively widely spaced in the HP domain and do not allow
precise P-T estimation. The composition of omphacite depends on its textural position, and inclusions
in garnet tend to be more jadeitic than the grains in the matrix. The most jadeite-rich grain, which
corresponds to a small inclusion in garnet has a composition consistent with equilibration in the
eclogitic domain at T > 550-600°C (Figure 10). Taking the average of omphacite analyses, which
includes relic grains in the matrix, the misfit becomes higher in the eclogitic facies and is minimal just
below the Pl-out line. However, omphacite grains in the matrix show internal Na-Al / Ca-Fe-Mg
zoning which may be due to post peak-P diffusion, and the most Al-rich cores are commonly replaced
by very thin PI+Cpx symplectites (Figure 5-e-f). The composition of omphacite at peak pressure is
therefore rarely preserved in the matrix grains. The Jd-rich inclusions are taken to provide a more

reliable estimation of the peak-P composition of omphacite.
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The retrograde evolution is characterized by progressive resorption of garnet, clinopyroxene
and quartz, and the development of hornblende and plagioclase. Rutile is also destabilized at lower
pressure and is replaced by titanite and ilmenite at high temperature. However, the degree of
retrogression and the stability field of Ti phases are strongly controlled by the amount of fluid in the
system: more fluid results in larger resorption of garnet and clinopyroxene and larger development of
hornblende and plagioclase. The stability field of rutile at low pressure and ilmenite at low
temperature are also reduced at the expense of titanite for fluid-rich compositions.

The retrograde assemblage composed of garnet 2, clinopyroxene 2, hornblende, plagioclase,
titanite, rutile, rare ilmenite and without quartz appears only below 1.3—1.0 GPa and 800 °C (black
contour on Figure 8-b). The match between the observed and the modeled mineral proportions must
be assessed considering that garnet cores (garnet-1) were excluded from the reactive composition. The
recalculated mineral proportions are given on Table S4. The correspondence is not totally perfect,
except for hornblende, which has been used to adjust the amount of H,O. The amount of garnet
predicted is too low (ca. 15% instead of 25%) and the amounts of clinopyroxene and plagioclase are
slightly too high in comparison with the measured proportions (respectively 45% and 20-25%
predicted instead of 40% and 20% for the observed proportions, Figure 9-b and Table S4). These
discrepancies may result from uncertainties in the estimation of the proportion of plagioclase vs
clinopyroxene in the symplectites, and the proportion of core vs rim in garnet. Moreover, the
retrogressed eclogites present disequilibrium textures (symplectites) and were probably not in a
perfect state of thermodynamic equilibrium during retrogression.

The optimal fit for garnet composition (Grt-2) is obtained at ca. 1.3 GPa and 730 °C, but the
modeled garnet composition remains compatible with the measured values for a large range of P-T
conditions between ca. 650—800 °C and 0.9-1.4 GPa (Figure 10). Clinopyroxene Cpx-2 and Cpx-3
correspond to different stages of retrogression. Composition of Cpx-2 is compatible with a formation
at relatively HP (ca. 1.3—1.4 GPa assuming T~730 °C), and has probably developed together with Grt-
2 during the early stages of retrogression. Composition of Cpx-3 (late symplectites) is only
compatible with much lower pressure and temperature (ca. 0.5-0.8 GPa and 550-650 °C). Ti in
hornblende is strongly T-dependent and can therefore be used as a thermometer. X(Ti) in coarse grain

hornblende ranges between 0.11-0.14 (Figure 7-d), excluding abnormally Ti-rich grains in contact
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with rutile or titanite. This converts into a temperature range between ca. 740—810 °C assuming P =
1.3 GPa, consistent with the temperature estimated for Grt-2. Some hornblende in the symplectites
contains much less Ti (X(Ti)~0.06-0.07), which corresponds to T~570-610 °C, consistent with the P-

T conditions estimated for Cpx-3.

6.2.2. Migmatitic metasediment (JB-18-46)

The P-T phase diagram for sample JB-18-46 has been computed in the chemical system
MnNCKFMASHT. The addition of O,, even in small amount, results in unrealistic stabilization of
ilmenite toward high P (>1.0 GPa) at the expense of rutile, which is not supported by the petrographic
observations (in particular, garnet contains numerous inclusions of rutile but no inclusions of
ilmenite). This component has therefore been excluded. The reactive composition corresponds to the
bulk rock composition measured in sample JB-18-46. This sample is taken from a portion of the
migmatite that is predominantly composed of mesosome and only contains minor portions of

leucosome (<5%). Fractionation due to possible melt extraction has therefore been neglected. H,O

has been adjusted on a T-Mpy section (Figure S4 in the supplements) to fit with the observed amount
of biotite (15-20 vol %), which is the main hydrous phase in the system. In contrast with the
eclogites, the metasediment does not present significant disequilibrium textures. Garnet cores
represent an insignificant proportion of the whole rock (3% of the rock volume for total garnet,
probably <1% for the garnet cores), so fractionation due to garnet growth has been neglected.

The presence of a small amount of granitic liquid formed by muscovite-breakdown reactions
and the absence of K-feldspar constrains T between 700 and 800 °C (Figure 8-c). The composition of
the garnet cores is consistent with sub-solidus growth ca. 1.0-1.15 GPa and 650-700 °C, while the
composition of the garnet rims is more consistent with supra-solidus formation at ca. 1.1-1.4 GPa and
720-780 °C (Figure 10). The Ti concentration in biotite indicates temperatures between 720-740 °C
consistent with those estimated for the garnet rims. However, the Mg/Fe ratio in biotite (Mg# = 0.54-
0.56) is inconsistent with these P-T conditions, which may be due to diffusional resetting during
retrogression. The modeled stable assemblage at peak-T conditions is composed of garnet,
plagioclase, quartz, biotite, white mica and rutile, in equilibrium with ca. 5% of granitic liquid (Figure

8-c). The small amount liquid predicted is consistent with the presence of cm-size leucosomes
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observed on the thin section. White mica has not been observed, but is predicted to be present only in
small amounts (<5 vol%) at peak-T conditions, and disappears from the stable assemblage below 0.6—
1.0 GPa. It may therefore have been completely resorbed during retrogression. The amount of garnet
predicted to be stable at peak-T conditions (~8—12 vol%, Figure 9-c) is greater than the amount
actually observed in the sample (~3—4 vol%). This may result from strong resorption of garnet during
retrogression. Alternatively, it may also be due to different proportions of garnet in the thin section
and in the whole rock. Finally, the presence of ilmenite in the matrix indicates that the rock

experienced decompression down to ca. 0.6—-0.7 GPa following the HP stage (Figure 8-c).

6.2. Zr-in-rutile (ZiR) thermometry

The retrogressed eclogites contain rutile in two different textural settings, either as inclusions in the
eclogitic garnet 1 or in the matrix. /n situ analyses of rutile grains performed with the electron
microprobe show a distinction in Zr concentration between these two populations (Figure 11-a). The
rutile inclusions contain between 370-500 ppm Zr (Table S5), while matrix rutile contains more Zr
(550—670 ppm). In sample JB-18-50, a few analyses of rutile inclusions in one garnet grain yield
higher Zr concentrations, closer to those of matrix rutile. The composition of rutile grains recovered
as mineral separates and analyzed by LA-ICPMS are significantly different from matrix rutile and
present Zr concentrations closer to the rutile included in garnet. The calibration of Tomkins et al.
(2007) of the Zr-in-rutile thermometer was used to calculate temperatures, with an assumed pressure
of 1.6 GPa constrained by the stability of the eclogitic assemblage. Calculated temperatures are in the
range 690—730°C for the rutile inclusions and the separated grains, and in the range 720-740 °C for
the matrix rutile (Figure 11-b). Instrumental uncertainty for Zr concentration is below 10 ppm for LA-
ICPMS analyses and below 50 ppm for electron microprobe analyses. This propagates to an
insignificant temperature uncertainty of £1-2°C for LA-ICPMS data and £10°C for electron
microprobe data, which is in any case lower than the +30 °C uncertainty derived from the calibration
of Tomkins et al. (2007). Considering a realistic uncertainty of +30°C, the T estimates for rutile
inclusions and rutile in the matrix are thus indistinguishable and plot between 690 and 740 °C.

In the metasediment, the two rutile populations (rutile inclusions in garnet and matrix rutile

associated with ilmenite) present much larger compositional differences than in the retrogressed
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eclogites. Rutile inclusions contain ca. 450-550 ppm Zr, while matrix rutile is much poorer in Zr (ca.
50-70 ppm Zr). This yields temperatures in the range 695-715 °C for the rutile inclusions and in the
range 515-545 °C for the matrix rutile, assuming P = 1.3 GPa for the rutile inclusions and P = 0.8
GPa for the matrix rutile. For the Zr-poor rutile in the matrix, The =50 ppm on the Zr measurement
translates into a temperature uncertainty larger than +30 °C (up to =70 °C), especially for the lower

bound due to the logarithmic relation between Zr and T.

7. U-Pb GEOCHRONOLOGY

7.1. Zircon and rutile description

The zircon grains from the retrogressed eclogites are typically 100—150 um in size and have a slightly
rounded shape (Figure 12-a). Most of the grains present a CC-dark core surrounded by a CC-brighter,
10-30 um wide rim. Grain cores can present oscillatory zoning, but most crystals are characterized by
broad sector or fir-tree zoning. Metasediment JB-18-46 contains zircon crystals that vary in size
(<100 to 400 pm) and shapes from rounded to euhedral (Figure 12-b). CC imaging reveals a variety
of zoning patterns, with mainly rounded cores with sector or oscillatory zoning that are surrounded by
multiple CC-bright overgrowths. Rutile separated for U-Pb dating forms 100-250 um wide
homogeneous grains devoid of ilmenite exsolutions and containing rare inclusions of omphacite

(Figure 12-¢). Grains are often bordered by titanite and plagioclase.

7.2. Zircon composition

Thorium and Uranium content were measured during SIMS analysis and values are generally
consistent with LA-ICPMS data measured on the same domain, considering the different volume
sampled. In the retrogressed eclogites, grain cores generally have high U concentrations of 50-900
ppm and Th/U ratios > 0.1, while rims generally contain 1-50 ppm U and show various Th/U ratios,
from <0.01 to 0.5 (Figure 13-a, Table S6 in the online supplements). Some grain cores with low U
and Th/U ratios yield U-Pb dates similar to the rims, and can be considered as belonging to the same
population. In metasediment JB-18-46, zircons are richer in U than in the metabasic rocks. Zircon
rims were targeted as a priority in order to date the metamorphic events. They contain 100—2000 ppm
U with low Th/U ratios in the range 0.001-0.03. Only a few inherited cores yielded higher Th/U

ratios.
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Some of the zircons analyzed for trace elements by LA-ICPMS present an unusually high
concentration of Ti (Table S6), probably due to the sampling of micro-inclusions of rutile or other Ti-
bearing phases, and these analyses were therefore discarded. The remaining data were then sorted by
206pp/2381J dates and sampling domain (core or rim). Chondrite normalized (Palme and O’Neill 2004)
REE patterns are presented on Figure 13-b. Eu anomaly (Ew/Eu*=Eun/(Smn*Gdy)'2) and (Lu/Gd)y
are used as proxies to discriminate between different zircon populations (Figure 13-a). A summary of

trace element data in zircon is available in Table S6 in the online supplements.

In the four samples of retrogressed eclogites, a clear distinction based on REE concentration
exists between the old zircon domains (>400 Ma, mostly zircon cores) and the younger ones (300-350
Ma, mostly zircon rims): the younger zircon domains are generally poorer in REE than the older
domains and have a flatter REE patterns (Figure 13-b). Zircon cores across samples are similar in
REE composition. They have a negative Eu anomaly (Eu/Eu* = 0.5-0.8) and are enriched in HREE,
with Lu-Yb concentrations close to 1000 times chondrite and a steep positive slope of the HREE
pattern ((Lu/Gd)n = 40—-120). By contrast, zircon rims present more significant variation between
samples. Zircon rims from sample JB-19-01 display flat or nearly flat HREE profiles at around 10—
100 times chondrite composition, with moderated enrichment in HREE relative to MREE ((Lu/Gd)y
= 4-12 for the majority of analyses). Eu/Eu* could not be calculated because Sm is below detection,
but the smooth slope between Eu and Tb suggests the Eu anomaly is weak or absent. Zircon rims
from the other retrogressed eclogites (JB-19-02, JB-18-49, JB-18-50) display steeper HREE profiles
((Lu/Gd)yN >20, and up to 270 in sample JB-18-50) and have a higher content in HREE (Lu-Yb
concentrations >100 times chondrite). When it could be calculated, Eu/Eu* is close to 1 (>0.8).

In metasediment JB-18-46, inherited zircon cores also have a distinctly different REE
composition with respect to the rims (Figure 13-b). They zircon cores are ~1 order of magnitude
richer in REE than the rims, present a pronounced Eu anomaly (Eu/Eu* = 0.03—0.55) and are strongly
enriched in HREE (Lu-Yb concentration up to 5000 times chondrite). Zircon rims display important
variations, with REE profiles ranging from flat HREE with a low Eu anomaly ((Lu/Gd)y < 10, Lu-Yb

~10 times chondrite concentration and Eu/Eu* > 0.5) to enriched HREE with a more pronounced Eu
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anomaly ((Lu/Gd)y = 10-60, Lu-Yb concentration = 50—-100 times chondrite, Eu/Eu* < 0.6). There is
no clear relation between the U-Pb age and the shape of REE profiles for the rims.

The Ti content in zircon ranges between 1.8—4.2 ppm for the cores and 1.3—5.0 ppm for the
rims, with no significant difference between samples (Table S6). Using the calibration of Ferry &
Watson (2007), this yields a temperature range of 600-680 °C for the cores and 560—680 °C for the
rims (Figure 11-b). These temperatures are significantly lower than those given by Zr-in-rutile
thermometry and those estimated for the crystallization of the main metamorphic assemblages.

Possible explanations for these discrepancies are reviewed in the discussion.

7.3. Zircon U-Pb dating
7.3.1. Retrogressed eclogites

Most of the U-Pb analyses of zircon cores are more than 95% concordant and yielded 2°Pb/238U
dates in the range 440—465 Ma (Figure 14-a,b and Table S7). A few analyses yielded younger dates
around 400—430 Ma, which have been excluded from further calculation since they are significantly
discordant (up to 20% discordance) and may have been partially reset during metamorphism.
Fourteen zircon cores analyses from samples JB-19-01 and ten core analyses from sample JB-19-02
allowed to define two 20°Pb/238U weighted mean ages at respectively 4564 Ma and 448+6 Ma,
which are within uncertainty the same as the concordia ages.

Zircon rims were more challenging to analyze, because the U content is generally low (down
to 1-2 ppm, Table S7) and rims are thin and difficult to target without overlapping with the core. The
position of the SIMS spot has been checked after analysis and mixed analyses between core and rim
have been discarded. Some of the remaining data show significant common Pb content, especially in
sample JB-18-50. For this sample, uncorrected ratios are presented in a Terra-Wasserburg diagram,
where the age is defined by a regression line anchored to the common Pb composition predicted by
the model of Stacey & Kramers (1975) at 0 Ma (2°7Pb/2%5Pb = 0.8356). Given the relatively low
percent of initial Pb (206 < 10%), the choice of initial Pb composition has little bearing on the age.
Five analyses define an intercept age at 332+19 Ma (Figure 14-c). Zircon rims from samples JB-18-49
and JB-19-01 contain a lower percent of common Pb, so corrected ratios are presented in Wetherill

concordia diagrams. The zircon rim analyses from sample JB-18-49 define a weighted mean
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206pp/2381J age of 311+7 Ma (Figure 14-f). Analyses from sample JB-19-01 are over-dispersed
between 314 Ma and 335 Ma (MSWD = 3.6) and therefore a meaningful average age cannot be
calculated. (Figure 14-d-e). Finally, only two rims from sample JB-19-02 could be analyzed. They are
slightly discordant (~5% discordance) and yield 2°°Pb/?33U dates of 350+7 Ma and 351+7 Ma (Table
S7). However, two concordant data points are not enough to define a statistically robust population,

and more analyses would be needed to confirm this date.

7.3.2. Migmatitic metasediment

Zircon rims in sample JB-18-46 yield 2°°Pb/238U dates scattered between ca. 305-345 Ma (Figure 14-
g-h + Table S8). A few inherited cores have older concordant dates at ca. 466 Ma and one younger
tim analysis is discordant. The 2°6Pb/238U dates of the zircon rims that are more than 95% concordant
do not define a statistically consistent population but rather form three groups centered at ca. 305, 325
and 335 Ma (Figure 14-h). The six youngest dates are from rims with distinct CC that grew over older
rims (Figure 12-b). We therefore consider them as a distinct population with an age at 306+3 Ma. On
the other hand, the dates between 317+3 and 343+3 Ma are from domains that are similar in CC
zoning and in REE composition (Figure 13-b). In the lack of any criteria to define any sub-group, we
consider these analyses as a dispersed population, that does not form a statistically homogeneous

group and for which a geologically meaningful average age cannot be calculated.

7.4. Rutile U-Pb dating

The retrogressed eclogites derive from Fe-Ti rich tholeiites which are rather poor in U, and
consequently the U content in rutile is generally low (< 1 ppm). Only the rutile from sample JB-18-
03B contained enough U (up to 3 ppm) to be dated (Table S9). The U-Pb analyses contain significant
common Pb, so the U-Pb age has been assessed using a linear regression of the uncorrected U-Pb
ratios plotted on a Terra-Wasserburg diagram (Figure 14-1). Two data points were excluded as they
plot far from the regression line. The unconstrained regression and the regression anchored to the
common Pb composition predicted by the model of Stacey & Kramers (1975) at 0 Ma yield identical
ages within the uncertainty at 340+11 Ma (MSWD = 1.8).

8. DISCUSSION
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8.1. Conditions of metamorphism and P-T evolution
8.1.1. Zircon in rutile temperatures

The Zr-in-rutile (ZiR) thermometer has demonstrated to be resistant to diffusion resetting, and has
proven its ability to retain ultra-high temperature conditions above 900 °C in granulitic terranes (e.g.
Kooijman et al., 2012; Luvizotto & Zack, 2009). Therefore, the measured Zr concentration is
interpreted to reflect accurately the actual amount of Zr incorporated in rutile at formation. In the
retrogressed eclogites, rutile is stable only at HP (>1.4 GPa under water-saturated conditions, Figure
8-a). The ZiR thermometer is therefore taken to indicate temperature during the eclogitic stage. The
rutile inclusions in garnet contain about 150 ppm less Zr than the matrix rutile. This difference may be
due to the early entrapment of the rutile inclusions in garnet during the prograde to peak evolution.
Such inclusions would have then been protected from further re-equilibration, whereas matrix rutile
continued to equilibrate after peak P during decompression. The higher Zr concentration in matrix
rutile may thus result either from equilibration at higher temperature, lower pressure or lower asjoo,
all of these changes resulting in more Zr being incorporated in the rutile. The difference induced by
these effects on the calculated ZiR temperature is small (+30 °C at constant P or -0.5 GPa at constant
T), and is close to the uncertainty of the calibration (£30 °C, Tomkins et al. 2007). The temperature
range between 690—740 °C obtained by grouping all the rutiles together is taken to indicate conditions
close to the peak pressure, from the late prograde evolution to the onset of decompression.

In the metasediments, the ZiR T for the rutile inclusions in garnet is estimated between 695 and

715 °C, and is within uncertainty the same as T obtained with Ti-in biotite and garnet
thermobarometry for the supra-solidus stage. The ZiR T is interpreted as the peak T during the P-T
evolution of the metasediment. In contrast, matrix rutile, which grows by replacement of ilmenite
(Figure 5-1), records T < 550 °C. At low T, the stability field of rutile extends down to 0.6 GPa in the
metasediment (Figure 11). The partial resorption of ilmenite and its replacement by low-T rutile in the

matrix has therefore occurred during the late cooling stage, and is a retrograde feature.

8.1.2. Possible P-T paths

The thermobarometric estimates obtained by ZiR thermometry and forward thermodynamic modeling

indicate that the retrogressed eclogites and the metasediments underwent different P-T evolutions
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(Fig. 15). The retrogressed eclogites experienced HP metamorphism during the lower-mid
Carboniferous (see below), with minimal peak pressure conditions P >1.4 GPa and 690-740 °C. This
stage was followed by decompression from 1.4 to 1.0 GPa at 700-800 °C, associated with the
resorption of the eclogitic assemblage and the development of the secondary amphibolite / granulite-
facies assemblage. In contrast, the investigated metasediment does not show any trace of a HP stage at
eclogite facies. It records instead prograde evolution from sub-solidus conditions (0.8-1.1 GPa and
600-700 °C) to supra-solidus conditions (1.1-1.4 GPa and 700-780 °C) in upper amphibolite / HP
granulite-facies, roughly coeval with the HP stage in the eclogites (see below). A later stage of
retrogression in the amphibolite facies is recorded in both lithologies, associated with the
development of Na-poor clinopyroxene and Ti-poor hornblende in the eclogites at ca. 0.5-0.8 GPa
and 570-610 °C, and with retrograde replacement of ilmenite by rutile in the matrix of the
metasediment below 550 °C and 0.6-0.7 GPa. .

In gneiss units that host eclogite relics, it is quite common for the host rock to record lower
pressure than that of the enclosed eclogite lenses (Godard, 2001). Possible explanations for this
discrepancy include: (i) the obliteration of the former HP assemblage in the host gneiss during
retrogression, (ii) mixing of different crustal components with their own P-T history in a tectonic
mélange zone, or (iii) tectonic overpressure caused by a difference in strain rates between the weak
host gneiss and the stronger mafic bodies (Fig. 15).

(1) The obliteration of the HP assemblage in the host gneiss is quite plausible, especially considering
the important strain rate associated with D2 dextral shearing, which affected the weak metasediments
more intensely than the stronger mafic lenses (Figure 4). Moreover, the HP stage would not have been
characterized by a readily identifiable mineral assemblage in the metasediments (Figure 8), which
makes the identification of possible HP relics even more difficult. However, the metasediments record
a prograde evolution from P-T conditions in the mid amphibolite facies that is roughly coeval (see
below) with the development of HP assemblages in the retrogressed eclogite, which is not explained
by this scenario.

(i1) The model of tectonic mélange provides a more consistent explanation to the absence of HP relics
and the preservation of prograde evolution at lower pressure in the metasediments. The mafic

protoliths would represent deep portions of the lower crust metamorphosed at eclogite-facies
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conditions, while the felsic protoliths would represent portions of the middle crust metamorphosed at
lower pressure. These two different crustal fragments would have come together in the middle crust
during the high temperature amphibolic stage, before being exhumed to the upper crust.

(111) Finally, it is possible that the recorded pressure difference between the retrogressed eclogites and
the surrounding metasediments results from local tectonic overpressure in the mafic lenses. In terms
of rheology, the Lacs de la Tempéte unit is composed of a weak metasedimentary matrix containing
strong elliptical bodies of amphibolite, which underwent pervasive strike-slip shearing during the D2
tectonic phase. A simple mechanical model which applies to this situation has been proposed by
Moulas et al. (2014), which shows that significant deviation from the lithostatic pressure (up to one
GPa) can occur, both in the strong bodies and in the surrounding matrix. The pressure excess in the
eclogites relative to the metasediments is lower than 0.5-0.6 GPa and is therefore achievable with this
process. However, this model implies that HP metamorphism in the strong mafic boudins is coeval
with D2 dextral shearing, which is not supported by petrographic observations. Indeed, garnet in the
retrogressed eclogites is clearly ante-kinematic, while hornblende is syn-D2 (Figure 4-f). D2 is
therefore not associated with the development of the garnet-bearing HP assemblage, and more likely
took place at amphibolite-facies conditions.

We therefore consider that mixing of HP lower crustal metabasic rocks with mid-crustal felsic
gneisses in a tectonic mélange zone is the most likely scenario to explain the absence of an HP

assemblage in the investigated metasediment.
8.2. Timing of the geological evolution

8.2.1. Ordovician mafic intrusions

The Ordovician zircon cores in the eclogites present typical features of magmatic zircon. They
generally display oscillatory, broad sector or fir-tree zoning on CC images and contain more U than
the rims, and present high Th/U typical of magmatic zircon (Corfu et al., 2003; Hoskin & Schaltegger,
2003). The steep REE patterns are consistent with crystallization from a gabbroic melt (Hoskin &
Schaltegger, 2003). The magmatic cores present only a weak Eu anomaly typically observed in zircon
from metagabbros (e.g. Kaczmarek et al., 2008). The calculated TiZ for the magmatic zircon cores are

around 650 °C, which are significantly lower than what is expected for the crystallization of a
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tholeiitic melt. This apparent T underestimation may be partly due to crystallization in a TiO,
undersaturated melt. However, assuming arjop = 0.5 if ilmenite is the main stable Ti-bearing phase,
results in an increase of only ca. 50 °C in the calculated T with the equation of Ferry & Watson
(2007). Low TiZ temperatures been documented in other gabbroic rocks (e.g. Kaczmarek et al.,
2008), and are attributed to the fact that in such systems, zircon is a late crystallizing phase, and its Ti
content reflects the composition of the residual melt rather than that of the original magma. Decrease
in T1 concentration in zircon correlated with melt fractionation has for instance been documented in
MORRB series from the Atlantic Ocean (Grimes et al., 2009), where Ti concentration in zircon
decreases from 80—100 ppm in the least evolved rocks down to 5—10 ppm in the most differentiated
ones, which results in TiZ temperatures as low as 700 °C in magmatic zircons.

The Ordovician ages of 456+4 Ma and 448+6 Ma are interpreted as the age of crystallization of the
gabbroic magmatic protolith. These ages are consistent with the previous estimates at 473+28 Ma
obtained by Paquette et al. (1989) using bulk ID-TIMS analysis for the same mafic body, and remain
in the typical range of ages measured for Ordovician magmatism in the External western Alps (ca.
450-480 Ma, Bussy et al., 2011; Rubatto et al., 2001; Schaltegger & Gebauer, 1999). Similar
Ordovician tholeiitic magmatism is commonly observed in all parts of the Variscan basement (Pin &
Marini, 1993), and is generally attributed to a widespread extensional event which affected the
northern part of Gondwana and resulted in the rifting of the Rheic and Saxo-Thuringian Oceans

during the Early-Mid-Ordovician (Linnemann et al., 2007).

8.2.2. Carboniferous metamorphism

Geochronological data on zircon rims indicate that crystallization took place over an extended period
of time. Mid-Carboniferous ages between 340-300 Ma are recorded both in the metasediments and in
the retrogressed eclogites, which shows that metamorphism is roughly coeval in the two lithologies.
In the metasediments, geochronological data in zircon rims can be however deconvoluted in three
stages of crystallization with an early crystallization at around 340 Ma, a main growth stage at 320
Ma and a late stage at around 305 Ma. Geochronological data were interpreted based on trace element
compositions. Three of the retrogressed eclogites (JB-18-49, JB-18-50, JB-19-01) contain zircon rims

that are weakly zoned, have low Th/U below 0.1, low U and Th concentrations and contain 10-100
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times less REE than the cores. The zircon rims from metasediment JB-18-46 display similar features
(Th/U<1, low REE concentration) but with higher Th and U concentrations. These are typical features
of metamorphic zircons in mafic rocks and metasediments (Hoskin & Schaltegger, 2003; Rubatto,
2017). However, zircon rims display a large range of REE patterns. The flat HREE patterns with
weak or absent Eu anomaly (JB-19-01, plus one profile in JB-18-49) are characteristic of growth in
presence of garnet and in a plagioclase-poor reactive bulk (Rubatto, 2002), which suggests that the
zircon rims developed in a HP assemblage. Other REE patterns (JB-18-50, JB-18-49) display an
enrichment in HREE and a more pronounced negative Eu anomaly, which is more consistent with a
growth during garnet-breakdown reactions in presence of plagioclase. In the metasediment JB-18-46,
REE patterns also display similar variations (flat to steep HREE, weak to strong negative Eu
anomaly), although complete resorption of plagioclase is not expected in the metasediment even at
HP (Figure 8-c), and garnet is stable within a larger P-T range than the eclogite. The coronitic and
poorly equilibrated textures of the investigated samples may have prevented trace element re-
equilibration at the sample scale, thus producing variable REE patterns in zircon rims that have grown
(even at the same time) in different textural positions. Dispersion in REE composition of
metamorphic zircon has been described in other coronitic metabasic HP rocks (Lotout, 2017; Phillips
et al., 2015). The zircons which display HP signature would have crystallized in textural domains
which contain a preserved eclogitic assemblage, while the other zircons would have crystallized in
more retrogressed plagioclase-rich domains. Following this interpretation, zircon rims are considered
to start growing near peak pressure in the eclogite (U-Pb dates at 34243 Ma) and then continue during
decompression under granulitic / amphibolitic conditions. The lower T obtained by TiZ thermometer
compared to those obtained with other thermobarometers, may be due to the pressure dependence of
the TiZ thermometer (estimated to be around £50 °C/GPa, Ferry & Watson, 2007), but more
importantly to reduced TiO; and SiO; activities in the reactive bulk that can underestimate T of up to
50°C. This effect is especially relevant for the eclogites, in which quartz is unstable below 1.2—1.3
GPa and rutile unstable below 1.0—1.4 GPa, depending on H,O activity. In the metasediment, the
three distinct age populations suggest rather for episodic zircon growth than continuous protracted
growth. The distinct younger event at 306+3 Ma was constrained by analyses of distinct metamorphic

rims that grew over older rims (Figure 12). The boundary between the two rims is sharp and shown
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embayments, suggesting that the older rims were partly resorbed, likely in a melt dominated
environment, before the external rim grew. Therefore the younger age of 306+3 Ma from the external

zircon rim is attributed to the final crystallization of melt during cooling.

Rutile U-Pb dating yielded an age at 34011 Ma, which overlaps within uncertainty with the
age of the oldest metamorphic zircon (<329 Ma), but is surprisingly older than most of zircon
analyses. The phase diagrams computed for the eclogites (Figure 8-a) indicate that rutile grows at P >
1.4 GPa and is resorbed with decreasing P. The peak T obtained for the HP stage and the following
decompression is >700 °C and lasted over an extended period of time possibly exceeding 20 Ma,
based on zircon ages. At these conditions, significant Pb diffusion in rutile is expected (Cherniak,
2000; Kooijman et al., 2010; Zack & Kooijman, 2017). Rutile U-Pb ages should therefore record
cooling and thus be younger than in zircon, which instead constrains high temperature metamorphism.
Given the small amount of U in the dated rutile, it is possible that the £11 Ma uncertainty has been
underestimated, and that the rutile age is within uncertainty of that of most metamorphic zircon.
However, the similarity between rutile and zircon ages indicate that Pb diffusion in rutile was
significantly inhibited. There is a possibility that rutile has retained the age of crystallization because
it is shielded in garnet. Diffusion calculations assume that the matrix around the crystal acts as a
homogeneous infinite reservoir for the diffusing species. This assumption becomes unrealistic if the
crystal is enclosed in another mineral, in which Pb diffusion is slow. In this case, Pb loss in the
inclusion would be limited by the slow diffusion of Pb in the shielding mineral. In the retrogressed
eclogites, many grains of rutile are enclosed in garnet (Figure 5-c). Electron microprobe analysis of
rutile grains in their textural position has shown that inclusions in garnet and matrix grains have
distinct Zr contents (Figure 10-a). Almost all the separated rutile analyzed by LA-ICPMS have a Zr
content of rutile inclusion indicating that they were enclosed in garnet. This preferential separation of
rutile inclusions was probably favoured by partial remplacement of rutile by ilmenite and titanite in
the strongly retrogressed matrix (Figure 5). Pb diffusion in garnet has been recognized to be slow to
insignificant below 800 °C (Burton et al., 1995; Mezger et al., 1989, 1991). It is therefore possible
that shielding by garnet has prevented Pb loss from the rutile inclusions, which would thus date the
HP crystallization, even if other case studies have shown that this principle is not systematic (Zhou et

al., 2020). Similar effects were found for preservation of REE primary compositions (magmatic and
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granulitic) for apatite shielded as inclusions in ilmenite-hemanite and garnet from the Bergen eclogite

in Norway (Janots et al., 2018).

8.3. P-T-t evolution and tectonic interpretation

The eclogite boudins and the host felsic gneisses record distinct P-T evolutions, which are roughly
coeval between 340 and 310 Ma. In the eclogites, rutile sealed in HP garnet and the oldest
metamorphic zircon rims have yielded ages at 340+£11 Ma, interpreted to date the HP stage at
eclogite-facies (>1.4 GPa, 690—740 °C) and the onset of decompression under granulitic conditions.
At the same time, the migmatitic metasediments underwent prograde metamorphism at lower pressure
in the amphibolite facies. The two lithologies were amalgamated together between ca. 335-310 Ma at
amphibolite / granulite-facies conditions (ca. 1.0-1.4 GPa, 700-780 °C) in the middle crust, and were
subsequently exhumed to upper crustal levels. During this time interval, partial melting occurred in
the most fertile metasediments and produced small amounts of leucogranite, some of which may have
been extracted from the source to form the small granite plutons emplaced syn-tectonically in the
upper crust (Figure 2-a). The younger age at 306+3 Ma recorded in the migmatitic metasediment
likely corresponds to the final crystallization of melt during cooling, and is contemporaneous with
emplacement of the ferriferous low-Mg granitoids in the ECMs (Debon & Lemmet, 1999). The
penetrative metamorphic foliation S2, which formed by dextral strike-slip shearing, is correlated with
amphibolitization of the eclogitic assemblage in the mafic boudins and partial melting in the
metasediment. Exhumation therefore occurred in transpression during the D2 tectonic phase. Because
of poor preservation of the older structures, it is difficult to correlate them with the P-T-t evolution. E-
W folding during D1 may be a relic of the main collision and nappe stacking phase, which took place
during the early Carboniferous (D1 phase between ca. 350-330 Ma). The late Carboniferous D2 phase
of transpressive dextral shearing has been recognized in the entire ECM, from Argentera-Mercantour
to the Mont-Blanc and Aiguilles Rouges massifs (Corsini & Rolland, 2009; Guillot et al., 2009), and
is associated with the orogen-wide East-Variscan shear zone, which was active during the late
Carboniferous (ca. 330-310 Ma, Simonetti et al., 2018, 2020). This shear zone was probably rooted in
the lithospheric mantle and controlled the emplacement of several granitoid plutons (Bussy et al.,
2000; Guillot et al., 2009) in the ECM, including the Mg-K rich granitoid series in the Belledonne

massif, which partially derives from a subcontinental mantle source (Debon & Lemmet, 1999). This
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shear zone may therefore have driven exhumation and mixing of various lithologies from different
crustal levels, including the lower crustal eclogite boudins and the mid crustal gneisses exposed in the

Lacs de la Tempéte unit.

8.4. Geodynamic significance of the Carboniferous HP metamorphism in the

ECM

The Variscan eclogites and HP granulites exposed in the other ECM of Argentera-Mercantour and
Aiguilles-Rouges display remarkably similar features as those of the Belledonne eclogites presented
here. They all derive from normal to enriched MORB-type tholeiites emplaced during the Ordovician
between ca. 480 and 450 Ma (Jouffray et al., 2020; J. L. Paquette et al., 1989; Rubatto et al., 2010;
Von Raumer & Bussy, 2004), presumably in a thinned continental crust during the opening of the
Rheic and Saxo-Thuringian oceans. Peak pressure is constrained between 1.3—1.8 GPa and 650—
750°C (Ferrando et al., 2008; Liégeois & Duchesne, 1981; Vanardois et al., 2020; this work), and is
followed by near-isothermal decompression to ca. 1.0-0.8 GPa and later cooling in the amphibolite-
facies below 600 °C and 0.6-0.7 GPa. The age of the HP stage is consistently recorded around 340
Ma by U-Pb chronometers (Rubatto et al., 2010; this work). Exhumation is constrained between 340—
310 Ma, coeval with migmatization in the felsic hosts (Fréville et al., 2018; Jouffray et al., 2020;
Rubatto et al., 2010; Von Raumer & Bussy, 2004)

The Carboniferous age recorded for the HP is consistent with that of other Variscan HP rocks
in the basement of the Central and Eastern Alps, where the HP stage is constrained between ca. 350-
330 Ma by Lu-Hf and U-Pb geochronology (Ladenhauf et al., 2001; Miller & Thoni, 1995; Sandmann
et al., 2014; Thoni, 2006; Tumiati et al., 2003). In the more eastern Bohemian Massif, early-mid
Carboniferous ages are also reported for the HP rocks of the Moldanubian domain and MORB-
derived eclogites in the Erzgebirge (Brocker et al., 2009; Schmédicke et al., 1995; Schulmann et al.,
2005). The Carboniferous HP rocks are widespread in the Variscan Belt, especially in the high grade
metamorphic allochthonous domains of the Galicia-Moldanubian zone, and are typically equilibrated
at HP-HT/UHT conditions of ca. 700—-1000°C and 1.4-2.2 GPa (Maierova et al., 2016; O’Brien,
2000). The Carboniferous eclogites contrast with the scarce mid-late Devonian (400-360 Ma)

eclogites that are exposed in the Saxo-Thuringian zone of the Bohemian Massif (Collett et al., 2018;
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Konopasek et al., 2019; Kryza & Fanning, 2007; Scherer et al., 2002), in the southern Armorican
Massif (Bosse et al., 2000; Paquette et al., 2017), or in the Cabo Ortegal and upper allochthon in
Iberia (Martinez Catalan et al., 2020). The latter are typically LT-MT eclogites associated with
blueschists (Figure 1-a) and are interpreted as the relics of subduction complexes along the Saxo-
Thuringian suture (e.g. Balleévre et al., 2009; Franke, 2000).

Due to their equilibration at HP-HT/UHT conditions, the Carboniferous HP rocks of the
European Variscan Belt rarely preserve prograde metamorphic evolution and only record exhumation
from deep crustal levels (O’Brien, 2000). A possible interpretation is that these HP rocks represent
deep portions of orogenic lower crust equilibrated at eclogitic/HP granulitic conditions during the
main crustal thickening phases, which were then exhumed during the later stages of the collision and
the post-orogenic collapse. In the Bohemian massif, a combination of active buckling and gravity-
driven extrusion in diapir-like structures is proposed as a mechanism for exhumation, which may
favor the mixing of eclogites and migmatites (Schulmann et al., 2005, 2009, 2014; Stipska et al.,
2004). The setting in the Western Alps is somewhat different, as no UHT nor dome-like structures
have been recognized. We speculate that the lower crust was probably too cold to produce gravity-
driven diapirs, and exhumation was more probably driven by active deformation in a transpressive
setting, presumably within the lithospheric scale East-Variscan shear zone. In this regard, eclogites
exposed in the Montagne Noire Axial Zone (French Massif Central) may be a good analogue. Indeed,
they present particularly young zircon U-Pb ages (ca. 310-315 Ma) and record HP conditions at
moderate temperature (ca. 1.5 GPa and 700 °C, Whitney et al., 2015, 2020), which is consistent with
equilibration in the orogenic lower crust, and similar to the P-T conditions recorded in the ECM
eclogites. The mechanism that drove exhumation of lower and mid crustal lithologies in the Montagne
Noire Axial Zone is still debated, and could correspond either to bulk extension or compression, but it
has been recognized that non coaxial deformation in a large dextral shear zone played an important
role (Rabin et al., 2015).

The evolution of the ECM eclogites prior to exhumation is not constrained, as no prograde
assemblage has ever been identified. These eclogites, equilibrated in the lower crust, may initially

derive from dismembered portions of a subducting slab. Deciphering the early prograde history will
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require additional geochronological constraints, possibly by Sm-Nd and Lu-Hf garnet dating of the

eclogites.

9. CONCLUSION

The eclogite-bearing amphibolite lenses exposed at the Lacs de la Tempéte, in northeast Belledonne,
derive from Ordovician mafic protoliths emplaced at ca. 450 Ma. They preserve evidence of
Carboniferous HP metamorphism under eclogitic conditions (>1.4 GPa and 690-740 °C), followed by
decompression from 1.4 to 1.0 GPa at 700-800 °C. In contrast, the associated migmatitic
metasediments are devoid of HP mineral assemblages, but records instead prograde evolution from
sub-solidus conditions (0.8—1.1 GPa and 600-700 °C) to supra-solidus conditions (1.1-1.4 GPa and
700-780 °C). Metamorphism was roughly coeval in the two lithologies, and occurred between 340—
310 Ma. Zircon zoning and chemical composition (Th/U and REE) indicate initial crystallization
during the HP stage followed by protracted growth during decompression under granulitic /
amphibolitic conditions. Rutile in one eclogite sample yields a U-Pb age of 34011 Ma, interpreted as
the age of the HP stage, assuming that diffusion was inhibited by its textural position as garnet
inclusion. Retrogression is correlated with the development of a penetrative, N30° subvertical
mylonitic S2 foliation, which is associated with the development of the orogen-wide East-Variscan
shear zone during the mid-late Carboniferous. We therefore speculate that this shear zone has driven
exhumation of the eclogites from the lower crust and their incorporation into felsic gneisses in the
middle crust. Due to the absence of preserved prograde assemblages, it was only possible to constrain
the exhumation path of the eclogites. The early pre-340 Ma history of these rocks therefore remains
unclear. Additional petrochronological investigation is needed in order to better constrain this early

evolution.
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Figure S1. Xray element maps of garnet in retrogressed eclogite JB-18-50
Figure S2. Xray element maps of clinopyroxene in retrogressed eclogite JB-18-50
Figure S3. Xray element maps of amphibole and plagioclase in retrogressed eclogite JB-18-50

Figure S4. P-MH20 diagram for eclogite JB-18-50 and T-MH2O diagram for metasediment JB-18-
46, computed with the same bulk composition as diagrams on Figure 8 (main text). Modal proportions

(vol%) of hornblende and biotite are displayed on the right.

Figure S5. P-T diagram with mineral isopleths for the prograde stage in the eclogites
Figure S6. P-T diagram with mineral isopleths for the retrorade stage in the eclogites
Figure S7. P-T diagram with mineral isopleths for the migmatitic metasediment
Table S1. Abbreviations used for mineral end-members

Table S2. Mineral EPMA data for the retrogressed eclogites and metasediment JB-18-46. (a) Garnet; -
(b) Clinopyroxene; - (¢) Amphibole; (d) Feldspar

Table S3. Settings and solution models used in PerpleX to compute the phase diagrams

Table S4. Observed mineral proportions (vol%)
Table S5. Summary of rutile analyses and zircon-in-rutile temperatures calculated with the calibration

of Tomkins et al. (2007)

Table S6. Summary of trace element analyses in zircon, with Ti-in-zircon temperatures calculated

with the calibration of Ferry and Watson (2007)

Table S7. SIMS U-Pb analyses of zircon in eclogites
Table S8. SIMS U-Pb analyses of zircon in metasediment
Table S9. LA-ICPMS U-Pb analyses of rutile

FIGURES AND TABLE CAPTIONS

Figure 1. (a) Tectonic map of the Variscan belt of Europe, with marked the main position of the
External Crystalline Massifs (ECM) and the main exposures of HP rocks (dots). (b) Geological map

of the Paleozoic basement in the External Crystalline massifs, with marked the main locations where
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HP rocks are exposed (red stars). modified from Guillot & Ménot (2009).

Figure 2. (a) Geological map of the studied area (modified from Gros (1974), showing the direction of
planar structures and relationship between the early metamorphic foliation Sx and the steep S2 fabric.
Position of the interpretative profile is also indicated. (b) Structural cross section showing the

deformation in the metamorphic basement and its relationship with the Mesozoic cover.

Figure 3. Field photographs illustrating typical structural features of the early metamorphic foliation
Sx. (a) - low angle open folds in Sx; (b) — East-verging P1 folds deforming Sx; (c) — Deformation of
the early foliation Sx by D2 dextral shearing, resulting in the formation of a second S2 planar fabric;
(d) - P1 upright fold

Figure 4. Field photographs illustrating typical structural features of the metamorphic foliation S2. (a)
- Sx relics between S2 planes; (b) - contact between a leucocratic orthogneiss layer and migmatitic
metasediments. The metasediments contain sheared leucosomes indicating a dextral strike-slip
kinematics; (c)-(d) — S/C fabrics and P2 drag folds associated with D2 dextral shearing; (¢) —
preserved eclogitic boudin surrounded by foliated amphibolites; (f) — S2 fabrics in a deformed
retrogressed eclogite. Hornblende growth is syn-D2, while garnet is ante-kinematic; (g) — L2
stretching lineation in a mylonitic orthogneiss.

Figure 5. Petrological features of the retrogressed eclogite samples JB-18-50 (a-g) and JB-18-03B (h-
1). (a) — Scan image of a thin section of sample JB-18-50, which displays two textural domains; (i) a
retrogressed coarse-grained domain and (ii) a fine-grained domain which preserved the relics of an
eclogitic assemblage; (b) Microscope photograph in the fine-grained domain; (c) — Garnet grain
containing numerous inclusions of quartz, omphacite and rutile. Rutile is partially resorbed and
replaced by titanite; (d) - Backscattered electron image taken in the thin-grained eclogitic domain.
Coarse grain omphacite is partially replaced by clinopyroxene-plagioclase-(hornblende) symplectites.
Garnet contains numerous inclusions (see text for description); (e) — Xray map of grossular content in
garnet, which shows the distinction between the Ca-poor inclusion-rich garnet core and the Ca-rich
garnet rim. Additional Xray maps for other elements are available in the online supplements (Figures

S1-3); (f) — Xray map of Na in clinopyroxene, which shows the distinction between coarse-grained
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Na-rich omphacite and Na-poor augite in the symplectites; (g) — Backscattered electron image
showing rutile grains in different textural positions, enclosed in garnet and in the matrix. Ilmenite and
titanite developed at the expense of rutile during retrogression; (h) — Microscope photograph of the
matrix in retrogressed eclogite sample JB-18-03B. Primary omphacite has almost been completely
resorbed and replaced by the symplectites. Rutile is being replaced by titanite; — (i) Backscattered
electron image of a garnet grain with large rutile inclusions.

Figure 6. Petrological features of the migmatitic metasediment JB-18-46. (a) Thin section scan of the
migmatitic metasediment. The quartz-feldspar rich domain in the center is interpreted as a leucosome,
and biotite-rich surrounding domains form the mesosome; (b) — Backscattered electron image of a
garnet grains. Contrast has been increased to reveal internal zoning; (c) — Backscattered electron
image of garnet containing inclusions of quartz and rutile; (d) — Backscattered electron image of a
rutile grain in the matrix, which grows over ilmenite.

Figure 7. Mineral composition in the retrogressed eclogites and in the migmatitic metasediment.
Figure 8. Isochemical P-T phase diagrams computed with PerpleX for the prograde stage in the
eclogites (a), the retrograde stage in the eclogites (b) and the metasediment (c); Gray tones represent
the variance within each field. The P-T domain corresponding to the observed assemblage is
highlighted with a bold line contour. T range obtained from Zr-in-Rutile thermometry is highlighted
in purple.

Figure 9. Phase proportions computed with PerpleX for the P-T diagrams on Figure 8. Contour labels
indicate the volume proportion (%) of the phase present in the system. Color scales also give a
qualitative indication on the amount of the phase stable (the darker the tone, the greater amount of the
phase). On each panel, the P-T domain corresponding to the observed assemblage is highlighted with
a bold line contour.

Figure 10. Misfit 6(P,T) between observed and predicted mineral composition for the P-T phase
diagrams on Figure 8. Yellow corresponds to good fit with the measured composition, blue to poor fit.
On each panel, the P-T domain corresponding to the observed assemblage is highlighted with a bold
line contour. EP: Eclogite Prograde (Figure 8-a); ER: Eclogite Retrograde (Figure 8-b); MS:
Metasediment (Figure 8-c). End-members considered in the calculation are given in Table S3 in the

online supplements
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Figure 11. Distribution of Zr concentration measured in rutile (a) and Ti-in-zircon and Zr-in-rutile
temperatures (b), estimated with the calibration of Ferry & Watson (2007) for zircon and Tomkins et
al. (2007) for rutile. Eclogites are figured with green tones, and the metasediment in orange.
Considering the calibration uncertainty of the Zr-in-rutile thermometer (£30°C), the calculated T are
indistinguishable for the different populations in the eclogites, which have therefore been merged
together.

Figure 12. CC images of representative zircon grains separated from the retrogressed eclogites (a) and
from the metasediment (b). (c) — Backscattered electron images of representative rutile grains
separated from the retrogressed eclogites and analyzed for trace elements and U-Pb isotopes.

Figure 13. Th-U and REE composition of zircon cores and rims in both rock types. (a) — plots of Th
vs U and (Lu/Gd)y vs Eu anomaly in analyzed zircon cores and rims. (b) — Chondrite normalized
patterns for REE in zircon. The color scale indicates the common Pb corrected 2°Pb/>38U date
obtained by SIMS dating of the same domain.

Figure 14. Summary of U-Pb analyses in zircon and rutile plotted on Wetherill and Terra-Wasserburg
(ratios uncorrected for common Pb) diagrams using the IsoplotR R package (Vermeesch, 2018); (a)-
(b) — eclogite zircon cores; (¢),(d),(f) — eclogite zircon rims; (g) — metasediment; (e),(h) — probability
distribution and histogram of 2°°Pb/2*3U dates in zircon rims from eclogite JB-19-01 (e) and
metasediment JB-18-46 (h); (i) — rutile from the retrogressed eclogite JB-18-03B. In the Tera-
Wasserburg diagram of (c), the regression is forced to the 2°7Pb/?%Pb value of present-day common
Pb according to Stacey & Kramers (1975). Analyses excluded from age calculation are shown with
dotted contours.

Figure 15. Possible P-T evolution for the eclogitic lenses and the surrounding gneisses corresponding
to the three presented scenarios. See discussion in text.

Table 1. List of collected samples, with summary of age and P-T data

JB-18-03
Sample AP JB-18-06 JB-18-49 JB-19-01 JB-19-02 JB-18-50 JB-18-46
Migmatitic
Lithology Retrogressed Eclogites
Metasediment
Core of an Border of
Field Core of an Core of an Core of an
. . . . |eclogite not in place not in place . . the large
Relations eclogite boudin| eclogite boudin . eclogite boudin oo
boudin Amphibolitic lense
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Long ° 6.53014 6.53072 6.52928 6.52928 6.53014 6.52928 6.52975
Coordinates
Lat° 45.62189 45.62250 45.62131 45.62131 45.62189 45.62131 45.62069
WGS84
Alt (m) 2026 2066 2051 2051 2026 2051 2013
I — eclogitic assemblage: Grt-1+Omp+Qtz+Rt (+Hbl)
Main
Assemblage:
II - HT amphibolitic / granulitic assemblage:
Qtz+PI+Bt
Grt-2+Cpx-2+HbH+PIH+IIm/Ttn (+Rt)
+Grt+Rt+Ilm
Mineralogy
III — retromorphic greenschist assemblage:
Accessory
Act+Ep+Chl+Ab+Ttn
Minerals:
Ap, Zrc, Mnz
Accessory minerals: Zrc, Ap
Zrc core - - - 448 £ 6 456 +4 - -
U-Pb ages 317-343
Zrc rim - - 311+7 314-335 - 332+19
(Ma) 305+3
Rt 340+ 11 - - - - - -
0.8-1.1 GPa
Prograde |- - - - - -
600-700 °C
P-T >1.4 GPa
Peak P - - - - - Same as peak T
Estimates 690-740 °C
0.8-1.4 GPa 1.1-1.4 GPa
Peak T - - - - -
700-800 °C 700-780 °C

Table 2. Bulk compositions measured by ICP-OES on the bulk rock and determined by re-integration
of electron microprobe analyses on a local domain, in oxyde weight %. Compositions used as input in

PerpleX are given below in oxide mole %.

Sample JB-18-50 JB-18-50 JB-18-50 JB-18-46
Microdomain
Microdomain
Domain Bulk rock (Fig.5-a) Bulk rock
(Fig.5-a)
Without Grtl
Method ICP-OES EPMA EPMA ICP-OES

Measured compositions (wt % )

Si02 48.85 46.79 49.91 62.34
TiO2 1.95 1.15 1.58 0.96
AI203 13.47 14.84 12.52 15.10
FeO 13.61 14.65 10.61 7.09
MnO 0.26 0.30 0.21 0.13
MgO 6.60 6.50 7.15 3.78
CaO 11.00 13.49 14.99 2.67
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Na20 2.13 2.18 2.95 2.55
K20 0.28 0.08 0.08 2.67
P205 0.14 not analyzed not analyzed 0.18
LO.L 0.32 not analyzed not analyzed 1.50
Total 98.61 99.99 100.00 98.97
Perplex input (mol%)

Si02 - 49.14 51.22 65.11
TiO2 - 0.91 1.22 0.75
AI203 - 9.18 7.57 9.29
FeO - 12.87 9.11 6.19
MnO - excluded excluded 0.11
MgO - 10.18 10.94 5.89
CaO - 15.18 16.48 2.99
Na20 - 222 2.94 2.58
K20 - excluded excluded 1.78
P205 - excluded excluded excluded
H20 - excess 0.80 3.50

02 - 0.15 0.15 excluded
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Scenario 1: obliteration of HP assemblage
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Scenario 3: tectonic overpressure

600 700 800 900
T°C



	1

