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Abstract 

The Queyras-Monviso traverse of the Schistes Lustrés complex, is a stack of underplated 

nappes of oceanic rocks subducted from blueschist- to eclogite-facies conditions. 

This study reports on salinities and gas contents of primary fluid inclusions trapped in high 

pressure veins from metasediments and metamafic rocks (445 fluid inclusions in 22 

samples). These data provide snapshots of the compositions of fluids present at peak burial 

conditions, varying from ~30 to 80 km depth and illustrate the evolution of fluid composition 

with burial along a cold subduction zone. 

Fluid inclusions trapped in lawsonite- and carpholite-bearing veins in metasediments contain 

moderately saline aqueous fluids (average salinity of 4.6 wt% NaCl eq.) with subordinate 

amounts of CO2 and CH4 in the vapor phase. The observed salinity decrease with increasing 

grade is interpreted as reflecting progressive dilution of initial seawater-like pore fluid by low-

salinity fluids released locally by dehydration reactions. Less-frequently measured higher 

salinities in the uppermost metasedimentary-dominated tectonic unit suggest brine infiltration 

from embedded blocks of margin units containing evaporites. CO2 and CH4 (and scarce 

potential hydrocarbons) appear to be locally released from fluid interaction with carbonates 

and carbonaceous matter-rich pelitic horizons, respectively. 

Fluid inclusions in high pressure omphacite veins in metagabbros record higher salinities 

(mean salinity about 17 wt% NaCl eq.) with small amounts of N2 in eclogitic veins only, and a 

variety of minerals (calcite, white mica, salts) indicative of complex chemical systems. These 

high salinities are interpreted as partly inherited from seafloor high-temperature hydrothermal 

alteration of gabbros, resulting in phase separation and brine formation. Progressive 

breakdown of hydrothermal Cl-rich amphibole to glaucophane (blueschist-facies) and then 

omphacite (eclogite-facies) and release of brines trapped in fluid inclusions could account for 
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the high salinity fluids. Therefore, in metagabbros, fluid inclusions record progressive release 

of Cl in the fluid phase with increasing grade. 

Fluid signatures of metasediments and metamafics appear characteristic of each rock type. 

Local fluid signatures and redox conditions were preserved within units, possibly due to 

restricted and transient fluid circulation (at the hm-scale at most). 

Fluid inclusions in Alpine metasediments show salinities and gas contents comparable with 

other subducted fragments of oceanic lithosphere worldwide, whereas fluid salinities of 

Alpine metagabbros are higher than salinities recorded elsewhere, either due to (1) higher-

temperature hydrothermal alteration and brine formation in Alpine metagabbros (compared to 

metavolcanics) or (2) more restricted infiltration by sediment-derived fluids compared to 

block-in-mélange subduction complexes. 

Keywords: Fluid inclusions; Subduction fluids; Schistes Lustrés; Western Alps; Fluid-rock 

interactions; Salinity variations 

1. Introduction 

Large amounts of fluids are released in subduction zones by progressive dehydration of 

hydrothermalized portions of the oceanic lithosphere and of its sedimentary cover (Rüpke et 

al., 2004; Hacker, 2008; Schmidt and Poli, 2014). Fluid release and fluid migration have 

major mechanical and chemical consequences in rocks: the presence of a free fluid phase 

strongly impacts rheology, e.g. fracturing and intermediate-depth earthquake and slow slip 

event generation (Obara, 2002; Hacker et al., 2003; Hyndman et al., 2015); the amount and 

composition of fluids, in part controlled by permeability, dictates the magnitude of chemical 

changes and mass transfer. Characterizing major fluid sources, amounts and pathways in 

subduction zones is therefore a prerequisite to assessing their impact on subduction 

dynamics (Bebout and Penniston-Dorland, 2016). 

Fluids are elusive in essence and their compositions are mostly inferred from isotopic and 

trace element studies from exhumed fossil subduction zones (Spandler and Pirard, 2013). A 

direct access to deep fluid compositions is nevertheless provided by primary fluid inclusions 

(FI) trapped in high pressure low temperature (HP-LT) minerals (e.g., Scambelluri and 

Philippot, 2001; Touret and Frezzotti, 2003; Frezzotti and Ferrando, 2015). Despite common 

re-equilibration of FI densities during exhumation and difficulty to preserve V-X properties of 

FI trapped at prograde or peak metamorphic conditions (Vityk and Bodnar, 1995a, 1995b; 

Küster and Stöckhert, 1997; Bodnar, 2003b; Diamond, 2003; Tarantola et al., 2012; 

Raimbourg et al., 2018), several studies have shown that their pristine compositions may be 

genuinely preserved (Sterner and Bodnar, 1989; Diamond et al., 2010; Diamond and 

Tarantola, 2015). 
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Former studies of subduction FI have so far mostly focused on shallow metasediments from 

exhumed accretionary wedges (e.g., Brantley et al., 1998; Smith and Yardley, 1999; 

Raimbourg et al., 2015) or mafic and ultramafic rocks from deep eclogitic metamorphic 

terranes (e.g., Philippot and Selverstone, 1991; Giaramita and Sorensen, 1994; Fig. 1; Table 

1). As shown by the compilation of figure 1, only few studies have provided information on 

fluid compositions in blueschist-facies metapelites (Agard et al., 2000; El-Shazly and Sisson, 

2004) despite their (i) considerable fluid content stored in hydrous minerals (e.g., Bousquet 

et al. 2008; Lefeuvre et al., 2020) and (ii) potential to retain some elements to great depths 

(Busigny et al., 2003; Bebout et al., 2013), and thereby contribute to a significant fraction of 

fluids released at depth and element recycling. Moreover, the evolution of fluid compositions 

with increasing P-T conditions remains poorly documented in both sedimentary and mafic 

protoliths and somewhat ambiguous. Local dehydration and progressive dilution of pore 

water has been proposed to explain the decrease of fluid salinity in prehnite-pumpellyite- to 

blueschist-facies Franciscan metasediments (Sadofsky and Bebout, 2004), whereas 

preservation of hydrothermal salinities up to eclogite-facies conditions has been proposed for 

Alpine mafic rocks (e.g., Philippot et al., 1998). To assess wether such trends are 

representative across subduction zones, there is a need for statistical data on the evolution 

of fluid composition with depth in both mafic rocks and sediments, i.e. on a continuous 

transect of a single subduction zone. 

In the Western Alps, several tectonic slices buried from ~30 km to ~80 km during subduction 

of the Liguro-Piemont ocean are continuously exposed in the Schistes Lustrés complex (SL; 

Agard et al., 2001, 2009). They comprise oceanic metasediments with variable mafic and 

ultramafic fragments and have preserved prograde to peak metamorphic assemblages and 

abundant veins with HP minerals (Goffé and Chopin, 1986; Philippot, 1987; Lefeuvre et al., 

2020). They provide the opportunity to study the evolution of fluid compositions and 

pathways across depths along a former subduction plate interface (Agard et al., 2018). 

Isotopic and trace element data of this dominantly metasedimentary suite suggest the 

dominance of a rock-buffered system with only limited external fluid infiltration (Henry et al., 

1996; Busigny et al., 2003; Bebout et al., 2013; Cook-Kollars et al., 2014), except along 

major tectonic contacts (Spandler et al., 2011; Angiboust et al., 2011, 2014; Locatelli et al., 

2018; Jaeckel et al., 2018; Epstein et al., 2021). The current dataset of primary FI of HP 

veins shows aqueous low to moderately saline fluid compositions in the shallowest SL 

(Agard et al., 2000; locally CO2-bearing: Raimbourg et al., 2018) and moderate to highly-

saline fluids in the deep mafic and ultramafic eclogite-facies rocks (Philippot and 

Selverstone, 1991; Nadeau et al., 1993; Scambelluri et al., 1997; Philippot et al., 1998). 
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The aim of the present study is to characterize the composition of fluids trapped in FI from 

HP veins formed at or close to peak burial, across subduction depths and for two major fluid-

reservoirs/sources, i.e. metasediments and metamafic rocks. To obtain a statistically 

meaningful dataset representative of the evolution of fluid composition with burial, we report 

analyses of 445 FI in 22 samples collected along the Queyras-Monviso transect of the Alpine 

subduction zone. We then discuss possible fluid sources, evaluate the relative contributions 

of inherited sedimentary and/or hydrothermal fluids and of local devolatilization reactions 

and/or external deeper fluids, and finally discuss implications for fluid-rock interactions and 

evolution of fluid composition along the subduction plate interface. 

 

2. Geological setting 

2.1. Fragments of subducted oceanic lithosphere in the Western Alps 

The Western Alps formed as a result of an east- to south-east-dipping and slow (~1 cm/yr) 

subduction of the ~700 km wide Valais and Liguro-Piemont oceans below Adria/Apulia (Le 

Pichon et al., 1988; Schmid et al., 1996, 2017; Lapen et al., 2003; Handy et al., 2010; Agard 

and Handy, 2021). Subduction of these slow-spreading oceanic domains (Lagabrielle and 

Cannat, 1990) started in the late Cretaceous and was over by ~35 Ma (Stampfli et al., 1998; 

Schmid et al., 2017). 

Remants of subducted Liguro-Piemont oceanic lithosphere are now exposed in the internal 

domain of the Western Alps and form a nappe stack known as the Schistes Lustrés complex 

(SL; Agard et al., 2009; Agard, 2021). Metasediments are volumetrically dominant in this 

complex and range from late Jurassic (De Wever and Caby, 1981; Lagabrielle, 1987) to late 

Cretaceous (Lemoine et al., 1984; Lagabrielle, 1987). They correspond to an initial ~200-400 

m thick sequence of pelagic seafloor deposits (marls, shales and limestones metamorphosed 

as calcschists, pelites and marbles; Lemoine et al., 1984; Lemoine and Tricart, 1986; Deville 

et al., 1992; Michard et al., 1996) now embedding variable amounts of mafic and ultramafic 

rocks. During subduction, these metasediments were buried to contrasting depths and were 

intensely folded, leading to a consequent thickening of the initial sedimentary pile (Agard et 

al., 2002; Tricart and Schwartz, 2006). Agard et al. (2009) have roughly estimated that 

approximatively 30% to 50% of the sedimentary deposits were offscraped from the 

downgoing subducting plate and exhumed, whereas only ~5% of the oceanic crust and 

serpentinized mantle did. 

 

2.2. Tectono-metamorphic evolution of the Schistes Lustrés complex 
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Based on lithostratigraphic and tectono-metamorphic contrasts, several units were identified 

in the SL complex (Lagabrielle, 1987; Agard et al., 2009). A major distinction is between the 

blueschist- (BS) facies metasedimentary-dominated units and the metamafic-ultramafic-

dominant eclogite-facies units cropping out eastward of and tectonically below the BS-facies 

units (Fig. 2a; Dal Piaz, 1974; Caby et al., 1978; Droop et al., 1990; Pognante, 1991). These 

groups of units are separated by a major extensional tectonic contact (Philippot, 1990; 

Ballèvre et al., 1990; Ballèvre and Merle, 1993). Three distinct groups, from west to east, can 

be recognized in the SL complex (Fudral et al., 1987; Fudral, 1996; Lagabrielle et al., 2015; 

Plunder et al., 2012; Agard, 2021): (1) the upper units (LPU) exposed on the westernmost 

part of the SL complex are mostly made of low- to medium-temperature BS-facies 

calcschists and pelites with minor mafic-ultramafic fragments; (2) the middle units (LPM) 

comprise medium- to high-temperature BS-facies calcschists, generally more carbonate-rich, 

with more oceanic slivers than the LPU; (3) the lower units (LPL) comprise transitional BS-

eclogite-facies to eclogite-facies km-scale bodies of mafic and ultramafic rocks together with 

minor amounts of metasediments. In places, a distinction (not made in the following, for the 

sake of clarity) can be made between metasedimentary-rich tectonic slices (e.g., around 

Susa; Agard et al., 2001; Ghignone et al., 2020) and mafic/ultramafic units several km-long 

(e.g., Monviso; Lombardo, 1978; Locatelli et al., 2019a). The latter directly overly the internal 

crystalline massifs in the easternmost part of the SL complex. 

P-T estimates show an eastward, almost continuous increase in metamorphic grade from the 

upper (1.2 GPa-300 °C) to the lower units (~2.5 GPa-550 °C), along a ~8 °C/km 

metamorphic gradient (Agard et al., 2001; Beyssac et al., 2002; Gabalda et al., 2009; 

Plunder et al., 2012; Schwartz et al., 2013). 

Several deformation stages were identified and dated in the SL complex of the Cottian Alps 

(Agard et al., 2001, 2002; see also Ghignone et al., 2020): the first episode (D1) relates to 

the development of early fabrics, km-scale folds and crystallization of peak metamorphic 

assemblages at ~62-55 Ma. A second phase (D2) at ~51-45 Ma corresponds to the ductile 

east-vergent deformation accompanying early exhumation under BS-facies conditions. The 

third fabric (D3), between ~38 and 35 Ma, is marked by top-to-the-west ductile to brittle 

deformation associated with greenschist-facies exhumation, and coincides with the final 

ductile exhumation of large mafic-ultramafic complexes such as Monviso (Angiboust and 

Glodny, 2020). Two late fabrics (D4 and D5; Tricart and Schwartz, 2006), marked by small-

scale boudinage and west-dipping normal faulting, characterize the final ductile-brittle 

transition during late exhumation. 
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2.3. The Queyras-Monviso traverse 

This study focuses on the southern SL complex where subducted oceanic fragments buried 

at different depths are particularly well-exposed along the Queyras-Monviso traverse and 

provide access to fluid-rock interactions during subduction. In this area, four major units were 

identified (Figs. 2b, c; Lagabrielle, 1987; Lagabrielle et al., 2015). 

Peak burial conditions across the traverse were constrained by mineralogical assemblages 

of meta-ophiolitic bodies (e.g., Schwartz, 2000; Tricart and Schwartz, 2006; Angiboust et al., 

2012b; Locatelli et al., 2018) and maximum temperatures derived from the Raman 

spectroscopy of carbonaceous material (Angiboust et al., 2012b; Schwartz et al., 2013). 

From west to east, the two first units comprise metasedimentary-dominated low- to medium-

temperature blueschists, while the third one was buried up to medium- to high-temperature 

BS-facies conditions. Lithologies and P-T conditions suggest that these slices are similar to 

the LPU and LPM cropping out further north in the Cottian Alps and Savoy (Agard et al., 

2001; Plunder et al., 2012; Agard, 2021), and will be referred to below as LPU1, LPU2 and 

LPM (Figs. 2b, c; 3).The last unit on this traverse corresponds to the Monviso massif, a large 

mafic-ultramafic body comprising at least two sub-units metamorphosed at the BS- eclogite-

facies transition and lawsonite-bearing eclogite-facies (Schwartz et al., 2000; Angiboust et 

al., 2012b; Locatelli et al., 2018; Fig. 3), which can be regarded as an analogue to the LPL of 

the Cottian Alps, Savoy and Aosta-Valais (Deville et al., 1992; Agard et al., 2001; Angiboust 

et al., 2009; Plunder et al., 2012; Agard, 2021).  

After peak burial between 62 and 55 Ma for LPU and LPM (Agard et al., 2002) and around 

50-45 Ma for the Monviso LPL (Rubatto and Hermann, 2003; Rubatto and Angiboust, 2015; 

Garber et al., 2020), the four units of the Queyras-Monviso transect were exhumed from late 

Eocene to Miocene times (Schwartz et al., 2007, 2020; Angiboust and Glodny, 2020) 

 

3. High pressure metamorphic veins 

3.1. HP veins in the Schistes Lustrés complex 

Metamorphic veins, as well as mineralized fractures and shear zones, provide access to 

fluid-rock interactions and fluid circulation pathways. BS-facies metasediments of the SL 

complex contain numerous veins (Fig. 4a), as for most former subduction complexes of 

various grades (Fisher and Byrne, 1990; Vannucchi, 2001; Sadofsky and Bebout, 2004; 

Meneghini et al., 2009; Raimbourg et al., 2015; Muñoz-Montecinos et al., 2020). Cartwright 

and Buick (2000) estimated that veins can make up to 30% of outcrops and commonly 5-

10% of BS-facies metasediments in Alpine Corsica. Late veins, not studied here, are filled by 
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quartz ± calcite ± albite ± chlorite assemblages and relate to D2 and D3 exhumation events 

(Agard et al., 2000). 

In metasediments, veins formed during (peak) burial are quartz-bearing and characterized by 

HP minerals such as lawsonite and Fe-Mg carpholite (Figs. 4a-f). These hydrous minerals, 

which contain 12 wt% H2O, are abundant in the SL complex (Caron, 1974; Goffé and Chopin, 

1986; Sicard-Lochon, 1987), with lawsonite and lawsonite pseudomorphs making up to 40-

45 vol% of the host-rock in places (Lefeuvre et al., 2020). 

Fe-Mg carpholite in the schist is commonly replaced by chlorite and white mica during 

exhumation and only preserved as micrometric needles inside quartz crystals (Goffé and 

Chopin, 1986; Agard et al., 2000, 2001) or in meter-scale quartz-pods/veins subparallel to 

the main D1/D2 foliation (Agard et al., 2000). 

Lawsonite is less sensitive to retrogression and better preserved throughout the SL complex. 

Several lawsonite types were identified in the LPU of the Cottian Alps by Lefeuvre et al. 

(2020) and can be recognized across the entire SL complex. We hereafter use the 

abbreviations defined in Lefeuvre et al. (2020): (1) LwsA are mostly found in pelitic 

calcschists as dark prismatic crystals filled with inclusions of organic matter; (2) LwsB consist 

of cream-coloured elongated fibers with long axis parallel to the vein walls and aligned with 

quartz crystals ± minor ankerite; LwsB occurs in pluri-centimetric to metric veins subparallel 

to the present schistosity (Figs. 4b, c, e); (3) LwsC co-crystallizes with quartz and ankerite as 

cream-coloured fibers perpendicular to the walls of mm- to cm-large tensile veins (Figs. 4d, 

f). While LwsA crystals in the host calcschists formed early on during prograde 

metamorphism, several generations of LwsB- and LwsC-bearing veins appear to have 

formed along the prograde P-T path up to peak burial depths, through dissolution-

precipitation processes and lawsonite-forming reactions (Lefeuvre et al., 2020; Fig. 3). 

Compared to metasediments, metamafic rocks from the SL complex are almost devoid of 

veins (Figs. 4g, h). Studies reporting direct evidence of fluid circulation during burial to peak 

conditions focused on (1) glaucophane shear-bands in BS-facies metagabbroic bodies 

(Schwartz, 2000; Debret et al., 2016), (2) omphacite-bearing veins in eclogite-facies rocks of 

Monviso and Rocciavre bodies (Philippot, 1987; Philippot and Kienast, 1989; Philippot and 

Selverstone, 1991; Philippot et al., 1998), (3) eclogitic breccias of Monviso (Angiboust et al., 

2012a; Locatelli et al., 2018) and (4) kyanite-bearing veins in Zermatt-Saas eclogites (Fry 

and Barnicoat, 1987; Widmer and Thompson, 2001). 

In Monviso, brecciated Fe-Ti-metagabbros crop out in major shear zones (Intermediate and 

lower shear zones; Angiboust et al., 2012a, Locatelli et al., 2018). Different generations of 

veins and eclogitic breccia matrices were characterized (Locatelli et al., 2018) (1): the first 
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generation of vein (V1) and matrix (M1) is almost exclusively composed of omphacite 

whereas (2) the second generation of vein (V2) and matrix (M2) is filled by omphacite and 

garnet; (3) the last matrix generation (M3) is composed of lawsonite pseudomorphs and 

relics of garnet and omphacite. Thermodynamic modelling and trace elements analysis of 

omphacite and garnet in these veins and matrices allowed to identify the progressive 

opening of the system to external fluid infiltrations (Locatelli et al., 2018, 2019b): from metric 

at peak conditions (V1 veins and M1 matrix) to possibly decametric opening at early 

retrograde conditions (V2 veins and M2) and hectometric to kilometric opening at retrograde 

conditions (M3). 

 

3.2. HP veins and sampling along the Queyras-Monviso traverse 

Outcrops were selected across the LPU1, LPU2, LPM and LPL units of the Queyras-Monviso 

traverse (Table 2). HP veins can locally reach around 20-25 vol% of the outcrop (Fig. 4a). 

Fresh lawsonite-bearing veins were found in LPU1, LPU2 and LPM, and creamy-colored 

lawsonite crystals were observed in both LwsB (Figs. 4b, c, e) and LwsC veins (Figs. 4d, f). 

The abundance of lawsonite-bearing veins strongly depends on lithology (see Lefeuvre et al., 

2020): they are much more abundant in calcschists containing roughly similar amounts of 

pelites and carbonates in fine alternations than in carbonate-dominated host rocks (where 

only calcite ± ankerite veins are present). LwsB-bearing veins are abundant in LPU1, but far 

less abundant than LwsC tension gashes in LPU2 and LPM. 

Fewer Fe-Mg carpholite-bearing veins were observed along this the traverse (which is more 

carbonate-rich than that of the Cottian Alps) and only one sample containing carpholite 

needles in a syn-foliation quartz vein from LPU1 was collected. Chloritoid is present across 

most of LPM, showing that carpholite is not stable anymore (Fig. 3; as for the Cottian Alps: 

Agard et al., 2001; Bebout et al., 2013). By comparison with BS-facies metasediments, 

eclogite-facies metasediments lack diagnostic veins and/or show strongly transposed veins 

so that no clear example of peak burial vein could be found in these rocks. 

BS-facies metagabbro bodies exhibit jadeite-rich clinopyroxene-bearing peak assemblages, 

i.e. lawsonite-jadeite-glaucophane in LPU1 and zoisite-jadeite-glaucophane in LPM (Saliot, 

1979; Schwartz, 2000; Tricart and Schwartz, 2006) and cm-scale jadeite-veins that could be 

sampled (Fig. 4g). In eclogite-facies metamafics, we used samples of omphacite ± garnet 

bearing veins (Fig. 4h) and matrices of eclogitic breccias from Monviso massif of LPL unit 

(see Locatelli et al., 2018; 2019b). 
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Outcrops 1 to 4 belong to LPU1 and correspond to metasediments (Fig. 2b, Table 2; 1: east 

of Château-Queyras; 3: between Ville-Vieille and Aiguilles, Malafosse locality; 4: between 

Aiguilles and Abriès, Le Gouret locality), except for the outcrop 2 lawsonite-jadeite-

glaucophane-bearing metagabbro block (west of Ville-Vieille, close to Guil river). LPU1 

samples comprise LwsB- and LwsC-bearing veins (outcrops 1, 3 and 4), one jadeite-bearing 

vein (outcrop 2) and one carpholite-bearing vein (outcrop 3). 

Outcrops 5 and 6 belong to LPU2 (Fig. 2b, Table 2; 5: vallée de la Blanche, near Clausis 

chapel; 6: bottom of Pain de Sucre, near Col Agnel) and correspond to LwsB- and LwsC-

bearing veins in metasediments. 

Outcrops 7 to 9 belong to LPM (Fig. 2b, Table 2; 7: Pelvas d'Abries, Col d‘Urine; 8: Col 

Bouchet; 9: between Refuge du Viso and Col Valanta). LPM samples comprise LwsB- and/or 

LwsC-bearing veins in metasediments (outcrops 8 and 9) and one jadeite-bearing vein 

(outcrop 7). 

Outcrops 10 and 11 belong to LPL (Fig. 2b, Table 2; 10: Intermediate Shear Zone, near Lago 

Superiore; 11: Lower Shear Zone, east of Rifugio Quintino Sella). Both correspond to Fe-Ti 

metagabbro blocks metamorphosed, mylonitized and brecciated under eclogite-facies 

conditions. Omphacite-bearing veins V1 and V2 (see Locatelli et al., 2018; 2019b) 

crosscutting the mylonitic foliation and M2 matrix of eclogitic breccias were sampled in 

outcrop 10. M1 matrix of eclogitic breccias was studied in outcrop 11. 

 

4. Analytical strategy and methods 

 

4.1. Fluid Inclusion micro-textural analysis and selection. 

Fluid inclusion (FI) analyses were performed on 100 µm thick double-polished sections. FI 

were observed using optical microscopy, in order to characterize their morphology, gas/liquid 

ratios and textural location within crystals. To characterize the pristine fluids present during 

crystal growth, only fluid inclusions showing good textural evidences of primary entrapment 

were selected (Figs. 5 a-f; i.e., fluid inclusions either isolated or in non-planar clusters inside 

mineral grains; Roedder, 1994; Van den Kerkhof and Hein, 2001). The FI were carefully 

examined and we selected inclusions with the most regular shapes in order to avoid as much 

as possible post-entrapment modification of FI chemistry. FI aligned on trails crosscutting 

several mineral grains, considered as secondary inclusions in recrystallized fractures, were 

not considered in this study. 
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4.2. Fluid salinity: microthermometric versus Raman spectroscopy measurements 

Microthermometric measurements were carried out on a subset of quartz and omphacite fluid 

inclusions at ISTeP (Sorbonne Université) using an optical microscope equipped with a 

Linkam THMSG600 heating-freezing stage (-196 °C to +600 °C) controlled by a Linkam 

TMS-93 programmer via LinkSys software v.2.15. Ice melting and liquid-vapor 

homogenization temperatures were reproducible within 0.1 °C (~0.2 wt.% NaCl eq.) and 1 

°C, respectively. Salinity was estimated from ice-melting temperatures using the equation of 

Bodnar (1993). Eutectic temperatures were also measured in FI from omphacite veins, in 

which a complex salt system was assumed. Values are reported in Sup. mat. 1. 

In the studied samples, homogenization temperatures (Th) showed a large scatter, 

suggesting density reequilibration of FI due to deformation during exhumation (Vityk and 

Bodnar, 1995a, 1995b; Bodnar, 2003b; Diamond, 2003; Tarantola et al., 2012; Raimbourg et 

al., 2018), as already observed in fluid inclusions trapped in HP conditions in the SL complex 

(Agard et al., 2000; Philippot and Selverstone, 1991). Th and density measurements were 

not further performed since our study focuses on fluid compositions and such data would 

have been meaningless. 

Ice-melting temperatures (Tmice) were difficult to obtain for most FI due to their small size 

(most FI <10µm), and only few Tmice measurement were obtained in Monviso omphacite due 

to the FI thick walls and stretched, motionless gas bubbles. This resulted in a very limited 

number of salinity data for most samples. 

Salinity can also be determined by Raman spectroscopy with an accuracy of ± 0.4 wt% NaCl 

eq., owing to recent calibrations performed at GeoRessources laboratory (Université de 

Lorraine, Nancy; Caumon et al., 2013, 2015; Tarantola and Caumon, 2015) as the Raman 

spectrum of liquid water in the OH stretching vibrations is a function of salinity (Fig. 6). 

Raman spectroscopy data of our FI set were collected with the very same spectrometers 

used for calibration in the works above (see 4.3).   Salinities measured by both 

microthermometry and Raman spectroscopy for a subset of samples (Sup. mat. 1; Fig. 7) are 

similar within the sum of the respective uncertainties of each method (0.6 wt% NaCl eq.): 

they plot on the 1:1 line in figure 7, showing the validity and good accuracy of Raman 

spectroscopy for salinity measurements in our samples. This further shows that Raman 

spectroscopy can be confidently used to determine salinity in all our FI, which enables 

acquiring a statistically robust dataset for a large number of samples (445 FI studied in 22 

samples). 
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4.3. Raman spectroscopy for salinity, gas and mineral analysis. 

Most studied FI are two-phase (liquid-vapor) and only some contain daughter mineral phases 

(three-phase inclusions). Salinity, gas content and nature of daughter minerals of the 445 

studied FI were determined by Raman spectroscopy, by focusing the laser on the liquid 

phase, gas bubble and minerals respectively. Raman measurements were performed at 

GeoRessources laboratory (Université de Lorraine, Nancy) using a LabRAM HR and a 

LabRAM spectrometer (Horiba Jobin-Yvon®) equipped with a liquid nitrogen-cooled CCD 

detector, a 600 groove.mm-1 grating for salinity measurements and a 1800 groove.mm-1 

grating for gas analysis. The excitation light was provided by an Ar+ laser (Stabilite 2017, 

Newport Spectra-Physics) at 514.532 nm at a power of 200, 160 or 120 mW, focused on the 

sample using a 100x objective (Olympus). 

Salinities were determined using the method described in Caumon et al. (2013, 2015) and 

Tarantola and Caumon (2015). Raman spectrum of water in the studied FI were acquired 

and salinity were determined using the intensity ratio of two defined positions (3260 and 

3425 cm-1) after subtraction of a linear baseline. 

For gas analysis, Raman spectra were corrected using an ICS function (Intensity Correction 

System) to normalize the instrument response with wavelength. Gas spectra were identified 

using peak positions compiled by Frezzotti et al. (2012). CO2 was detected by the presence 

of the Fermi diad (Fermi, 1931; 1285 and 1388 cm-1 peaks, Fig. 8a), CH4 by the major band 

at 2917 cm-1 (Fig. 8a) and N2 by the major band at 2331 cm-1 (Fig. 8b). Presence of N2 in the 

inclusion was then confirmed by subtraction of the atmospheric N2 peak area on the main 

band of N2 detected in inclusion. For CO2-CH4 mixtures, peak areas were computed after 

substraction by a linear baseline. Molar proportions of each gas in the mixtures were 

determined using the respective area and the corresponding relative Raman scattering 

cross-section (RRSCS; Wopenka and Pasteris, 1987). We choose to use the recent values 

of Le et al. (2019, 2020) for RRSCS of CO2 (1.40 ± 0.03 for the 1388 cm-1 peak and 0.89 ± 

0.02 for the 1285 cm-1 peak) and CH4 (7.73 ± 0.16 for the major band at 2917 cm-1). 

Daughter minerals were identified using the data compilation of Frezzotti et al. (2012). 

 

5. Petrography and microstructural analysis of fluid inclusions 

Lawsonite-bearing veins (LPU1-LPU2-LPM) 
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All studied samples of LwsB-bearing veins contain idiomorphic-fibrous crystals of lawsonite. 

These fibers are parallel to the vein walls, generally several cm-long and mm-thick and 

always exhibit fine alternation with quartz fibers and commonly ankerite (Figs. 5a, b). 

Lawsonite is frequently pseudomorphed in the veins by fine-grained assemblages of 

phengite, chlorite and calcite, as previously reported (Sicard-Lochon, 1987; Vitale Brovarone 

et al., 2014; Lefeuvre et al., 2020). Similar features are observed in LwsC-bearing veins 

except that fibers are smaller, more often replaced by the late-greenschist facies assemblage 

(phengite, chlorite, calcite) and ankerite is always present in apparent equilibrium with quartz 

and LwsC fibers. 

FI were systematically studied in quartz co-crystallizing with lawsonite ± ankerite fibers (Figs. 

5a-c). Although FI are commonly very densely packed, hampering a correct assessment of 

their primary or secondary nature (Fig. 9a), some are found in quartz grain cores as isolated 

inclusions or in non-planar-clusters indicating primary entrapment. Inclusion sizes are 5-15 

µm and rarely reach 20 µm. These inclusions are mostly two-phase (L+V; Figs. 9b, c) with a 

vapor bubble occupying typically ~10-20% of the inclusion volume. These inclusions 

commonly show a well-defined slightly elongate shape (Figs. 9b-e), but some exhibit angular 

shapes suggesting post-entrapment modification (Fig. 9d). A small number of isolated 

primary FI are monophase (L), suggesting metastability. Out of over 250 FI from lawsonite-

bearing veins, only four (all from sample 1LwsB) are three-phased (L+V+S), with two of them 

containing a cubic highly-refractive crystal (Fig. 9e). 

Carpholite-bearing veins (LPU1) 

In the carpholite–bearing sample (outcrop 3), almost all carpholite crystals are replaced by 

retrograde chlorite. Preserved fresh carpholite occurs as needle clusters in quartz, 

highlighting co-crystallization of carpholite and quartz during BS-facies conditions (Figs. 5d-

f). 

FI were only characterized in quartz crystals hosting carpholite needles (Fig. 5f) and are very 

similar to those of lawsonite veins. Primary FI are biphase (L+V), 5-20 µm in size and occur 

as isolated or in non-planar clusters (see also Agard et al., 2000). The vapor bubble also 

represents ~10-20% of the inclusion volume, and the FI generally have regular shapes. 

Jadeite-bearing veins (LPU1 and LPM) 

Jadeite-bearing veins are composed of jadeite idiomorphic green crystals with multiple 

orientations (Fig. 9f) and few glaucophane crystals generally filling fractures. 

FI have a well-defined tubular shape and are generally small in 2Jd sample (LPU1, a few 

micrometers, rarely up to 20 µm), while slightly bigger in 7Jd sample (LPM, 5-20 µm in size, 
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rarely up to 25 µm). All these inclusions are systematically oriented parallel to the c-axis of 

jadeite crystals and occur as isolated or in non-planar clusters (Fig. 9f), suggesting primary 

entrapment. These inclusions are generally biphase (L+V) but few monophase (L), biphase 

(L+S; 2/23 in 2Jd) or triphase FI (L+V+S; 2/23 in 2Jd) were identified. The vapor bubble 

generally occupies ~5-10% of the inclusion total volume in 2Jd sample and ~20% in 7Jd 

sample. 

V1 and V2 omphacite (± garnet) bearing veins (LPL) 

V1 veins are almost parallel to the eclogitic foliation. They are filled by pluri-millimeter-long 

fibrous and euhedral omphacite crystals. These crystals are generally oriented perpendicular 

to the vein walls and show concentric-zoning. V2 veins are filled with omphacite and garnet. 

Garnet is idiomorphic, mm-sized, while omphacite crystals are slightly smaller than in V1 

veins. 

In both vein types, most primary FI are concentrated in the core of omphacite crystals, to 

which their dense clustering gives a darkish color (Fig. 9g). These inclusions occur as 

isolated or in non-planar clusters. They are tubular-shaped, typically 10-20 µm large and up 

to ~40 µm, and are always oriented parallel to the c-axis of omphacite (Figs. 9h, i). There are 

as many biphase (L+V) as triphase (L+V+S; Figs. 9h, i) inclusions, and the vapor bubble 

generally occupies 15-20% of the inclusion total volume. Triphase inclusions generally 

contain one or several transparent anisotropic solids and some a cubic-shaped darkish-

colored opaque solid. In many of these inclusions, material recrystallized on the inclusion 

borders, creating thick internal walls that squeeze the (often elongate) gas bubble. The 

refraction index suggests it could be omphacite. 

M1 omphacite-bearing and M2 omphacite-garnet-bearing matrices (LPL) 

M1 matrix of Monviso eclogitic breccias is almost entirely made of light-green idiomorphic 

crystals of omphacite with minor apatite, while M2 matrix is dominantly composed of 

euhedral omphacite crystals with idiomorphic zoned garnets. 

In M1 matrix, FI are isolated or in non-planar clusters and oriented parallel to the omphacite-

c axis, again suggesting primary entrapment. Most inclusions are 5-10 µm sized, generally 

biphase (L+V) and rarely triphase (L+V+S; 5/24), containing a colorless solid. The vapor 

bubble has an almost constant volume representing 10-15% of the inclusion total volume. 

M2 matrix primary FI are relatively similar: 5 to 15 µm in size, rarely 20 µm, parallel to the 

omphacite c-axis. These inclusions are biphase (L+V) and only two triphase (over 19; 

L+V+S) were observed, one with an opaque solid, the other with a colorless solid. The vapor 
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bubble generally occupied ~10% of the inclusion total volume. As for the omphacite-bearing 

veins, some inclusions expose thick walls of recrystallized material. 

 

6. Fluid inclusion chemistry 

276 FI from metasedimentary veins, 43 FI from BS mafic samples and 126 FI from eclogitic 

mafic samples were analyzed by Raman spectroscopy to determine fluid salinity, gas content 

and the nature of daughter minerals. 

 

6.1. Fluid inclusion salinity 

Lawsonite and carpholite veins (LPU1, LPU2 and LPM) 

The fluid salinity estimated in primary FI from lawsonite-bearing quartz veins generally shows 

low to intermediate salt concentrations (mean: 4.8 wt% NaCl eq.; median: 3.2 wt% NaCl eq.) 

and fairly variable values (standard deviation sd: 4.1). Detailed salinity values for lawsonite-

bearing veins in each outcrop are (mean; median; sd; in wt% NaCl eq and FI numbers): 

outcrop 1 (11 wt%; 7.8 wt%; 8.1; n = 34); outcrop 3 (1.8wt%; 1.8wt%; 1.4; n = 33); outcrop 4 

(6.4wt%; 6.3wt%; 3.2; n = 44); outcrop 5 (6.1wt%; 3.9wt%; 5.8; n = 44); outcrop 6 (2.8wt%; 

2.6wt%; 2.3; n = 44); outcrop 8 (4.3wt%; 3.2wt%; 4.1; n = 14) and outcrop 9 (1.2 wt%; 0.9 

wt%; 1.2; n = 41). No obvious salinity difference between LwsB- and LwsC-bearing veins 

was detected in any sample. The carpholite-bearing sample from outcrop 3 has a low-salinity 

range similar to the lawsonite-bearing samples from the same outcrop (2.4 wt%; 2.7 wt%; 

1.5; n = 22). 

Since a clear eastward increase in metamorphic grade is observed along this traverse (Fig. 

3), measured salinities are presented as a function of longitude (Fig. 10a). Vein salinities in 

metasedimentary rocks show a decreasing trend of average salinity towards the east, from 

outcrop 1 (11 wt% NaCl eq.) to outcrop 9 (1.2 wt% NaCl eq.). This trend is further illustrated 

in Figs. 10b-d, where salinity data are represented in cumulative bar-charts for each unit. In 

each chart, salinities follow an approximate normal Gaussian distribution truncated at low 

values and show a decreasing salinity trend at the unit scale, from LPU1 (5.8 wt%; 4.2 wt%; 

5.8; n = 133) to LPU2 (4.4 wt%; 3.1 wt%; 4,68; n = 88) and to LPM (2.0 wt%; 1.3 wt%; 2.63; 

n = 55). In LPU1, FI salinity is highly variable (sd: 5.8), particularly for outcrop 1 where 

salinities are frequently above 10 wt% NaCl eq. and even >25 wt% NaCl equivalent. 

Measured salinities for this unit are generally above early Cretaceous seawater salinity (~ 
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3.2-3.7 wt%; Hay et al., 2006), whereas in LPU2 and LPM salinities are mostly close or lower 

to seawater salinity. 

Jadeite-bearing veins (LPU1 and LPM) 

In BS-facies jadeite-bearing veins, FI salinity is generally higher than in surrounding 

metasediments (16.4wt%; 11.8 wt%; 9.4; n = 43). Intermediate values of salinity are found for 

2Jd sample from LPU1 (Figs. 10a, b; 9.1 wt%, 9.1wt%; 2.8; n = 23), while fluid salinity is 

higher in 7Jd sample from LPM (Figs. 10a, c; 24.6 wt%. 28.4wt%; 7.1; n = 20). 

V1 and V2 omphacite (± garnet) bearing veins (LPL) 

Eclogite-facies omphacite-bearing veins from LPL share similar salinity ranges. These 

salinities are intermediate to high for both V1 (Figs. 10a, e; 14.6 wt%; 13.3wt%; 5.4; n = 37) 

and V2 (Figs. 10a, e; 14.6 wt%; 14.8 wt%; 4.1; n = 46). 

Eutectic temperatures measured in 10OmpV1 sample range from -22.0 °C to -24.3 °C (Sup. 

mat. 1). These temperatures are lower than pure H2O-NaCl eutectic temperature (-21.2 °C) 

and close to H2O-NaCl-KCl eutectic temperature (-22.9 °C; Bodnar, 2003a), suggesting the 

presence of both NaCl and KCl. Minor presence of MgCl2 and/or CaCl2 could account for the 

lowest eutectic temperatures (eutectic temperatures: H2O-NaCl-MgCl2: -35 °C; H2O-NaCl-

CaCl2: -52 °C; Davis et al., 1990; Bodnar, 2003a). 

M1 Omphacite-bearing and M2 omphacite-garnet-bearing matrices (LPL) 

As in omphacite-bearing veins, salinity of fluids trapped in matrices from eclogitic breccias 

are clearly higher than seawater salinity, with high values for both M1 (Figs. 10a, e; 26.4 

wt%; 27.2 wt%; 2.6; n = 24) and M2 matrix (Figs. 10a, e; 18.9 wt%; 17.4 wt%; 4.6; n = 19). 

 

6.2. Fluid inclusion gas content 

BS-facies metasediments: lawsonite- and carpholite-bearing veins 

In FI vapor bubble from metasedimentary veins, the two peaks constituting the fermi diad of 

CO2 (1285 cm-1 and 1388 cm-1) and the 2907 cm-1 peak of CH4 were identified in most of our 

inclusions and a Raman signal strong enough to make quantitative measurements was 

obtained in 110 FI. The molar proportion of each gas in the CO2-CH4 gas mixtures is 

represented according to FI salinity (Fig. 11). LwsC-bearing vein FI generally contain 

proportionnaly more CH4 in CO2-CH4 mixtures (CO2%; Mean: 29.4%; Med: 25.4%; n = 44) 

than in LwsB- (CO2%; Mean: 67%; Med: 82%; n = 57) and carpholite-bearing veins (CO2%; 
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Mean: 88.1%; Med: 90.4%; n = 9). Contrary to salinity, gas ratios do not show any particular 

correlation with P-T conditions. 

In very few FI from LPU2 Lws-bearing veins (2 FI over 46 analyzed in 5LwsB and 5LwsC 

samples), several peaks were identified in the 2800-3000 cm-1 region (Fig. 12). These peaks 

correspond to the symmetrical and asymmetrical stretching vibrations of CH2 and CH3. These 

spectra, exclusively detected inside fluid inclusions, were carefully compared to the Raman 

spectra of the glue and oil used for sample preparation (Sup. mat. 2) and showed 

systematically different patterns. Distribution of peak positions corresponds to saturated 

hydrocarbons and fits well with pentane spectra (Sterin et al., 1980). These FI, visually 

identical to the aqueous ones (biphase, L+V), thus contain potential liquid and gaseous 

hydrocarbons (HC) heavier than CH4 without any detectable trace of water or other gas 

species. 

BS-facies metamafics: jadeite-bearing veins 

In jadeite-bearing vein samples from LPU1 and LPM, no gas (other than H2O vapor) was 

detected in the vapor bubble of aqueous inclusions. Nevertheless, potential hydrocarbon 

spectra similar to those of Lws-bearing veins were detected in 3/26 FI of 2Jd sample (LPU1) 

and in 5/24 FI of 7Jd sample (LPM). These hydrocarbons were identified in monophase (L) 

and few biphase (L+S) inclusions. 

Eclogite-facies metamafics: omphacite-bearing veins and matrices 

N2 was frequently detected in omphacite-bearing veins V1 (in 10/17 FI) and V2 (in 18/29 FI), 

in particular in triphase (L+V+S) and in few biphase (L+V) inclusions. N2 was similarly 

detected in M2 matrix (in 5/13 FI) in the biphase and the only triphase inclusions. 

Conversely, no gas (other than H2O) was detected in the bubble of analyzed aqueous FI 

from M1 matrix. 

6.3 Solids in fluid inclusions 

In Lws-bearing veins, only four FI, all from 1LwsB and showing very high salinity (i.e. salinity 

exceeding NaCl-saturation value in water at room temperature), contain solids. Calcite was 

identified by Raman analysis in two of them. The other two FI contain colorless solids 

undetectable by Raman spectroscopy, with a cubic habit resembling that of salt crystals, 

which is in good agreement with the high salinity determined for these inclusions. We posit 

that these solids are daughter minerals formed by fluid supersaturation with respect to salts 

under post-entrapment decreasing P-T conditions. Similar crystals probably failed to nucleate 

due to metastability in the other rare high salinity inclusions of this sample (Bodnar, 1994, 

2003a). 
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In Jd3 bearing-sample, calcite was detected in two aqueous FI and a white mica was 

detected in one aqueous FI and one HC-rich FI. These solids were only found in rare 

inclusions and are not systematically present in all FI of a cluster. Such crystals are regarded 

as having formed by post-trapping reactions between the fluid and the host mineral. 

In omphacite-bearing veins and matrices from Monviso, Raman spectra of the FI thick walls 

are systematically similar to host omphacite spectra but with different peak intensity ratios, 

which suggests that these walls are made of omphacite with different orientations, ie. 

omphacite recrystallized during decreasing P-T conditions. About half of the FI from V1 and 

V2 veins contain solids, calcite being the more common (19 occurrences). Calcite was 

frequently detected in clustered FI with similar phase ratio (liquid/gas/solid) suggesting that 

these solids are daughter minerals. White micas were detected in three calcite-bearing 

inclusions in these veins and could have formed by post-trapping fluid-host mineral reactions. 

Opaque cubic solids (7 occurrences in calcite-bearing FI) could not be identified because 

they were systematically too mobile under the laser. These opaque solids could have formed 

by post-trapping fluid-host mineral reactions, or were accidentally trapped in these inclusions. 

An opaque solid was also detected in one FI from M2 matrix and calcite detected in two FI 

from M1 matrix. Finally, in 12 FI, colorless solids remained undetected by Raman 

spectroscopy. Such crystals are very small and may have too low Raman signals to be 

detected. However, most of them occur in highly-saline FI (i.e., salinity close to or exceeding 

salt-saturation values in water at room temperature) from omphacite-bearing matrices and 

veins, and could therefore be salt crystals. However, during microthermometric 

measurements, none of these crystals could be dissolved in FI even at temperatures about 

450-500 °C. 

 

7. Discussion 

7.1. Validity of salinity data 

7.1.1 Possible origin for salinity variations 

Salinity data appear homogeneous for some localities (e.g., #3, 6, 9) but exhibit large 

variations in others, in both metasediments (e.g., LPU1: 1LwsB, 1LwsC; LPU2: 5LwsB, 

5LwsC; Figs. 10a-c) and metamafics (localities #7,10; LPM and LPL; Figs. 10a, e). Such 

variations may either reflect sequential trapping during vein growth of fluids with variable salt 

concentrations or post-entrapment modification of inclusions. Although the least deformed 

lawsonite-bearing HP veins were sampled, some quartz crystals in metasediments may have 

been slightly deformed during retrograde exhumation (D2, D3). This process affects fluid 
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inclusion shape and density, but chemistry is supposed to be largely preserved, at least for 

intact FI (Diamond et al., 2010). 

However, partial leakage of fluid inclusions with preferential release of small amounts of H2O 

(i.e., increasing salinity; Bakker and Jansen, 1990, 1991, 1994; Hall and Sterner, 1993) 

cannot be excluded, and could account for the few outliers with higher salinity in outcrops 2, 

5 and 8. For outcrop 5, this interpretation is also supported by the slightly irregular shapes of 

high-salinity FI indicating potential partial leakage, whereas FI with clustered salinities have a 

more regular shape. In contrast, the large salinity range observed for outcrop 1 is difficult to 

explain by post-entrapment partial leakage only since most fluid inclusions show regular 

shapes, even for LwsC vein high-salinity data, and rather suggests entrapment of a variably 

saline fluid. Note that as we only analyzed FI with the most regular shapes, the link between 

FI morphology and potential partial leakage is however too weak to allow discarding any 

outlier. All data are thus considerd in Fig. 10a-e. 

In mafic outcrop 10 from Monviso LPL, all vein and matrix generations show large salinity 

ranges (Fig. 10e). The absence of macroscopic deformation of vein and matrix omphacite 

and the higher salinities reported for low-strained omphacite, compared to mylonitic 

omphacite of the surrounding rock (Nadeau et al., 1993), likely discard a systematic 

deformation-induced salinity increase in FI. 

7.1.2 Validity of Raman salinity measurements 

A few FI from Monviso LPL veins and matrices nevertheless contain colorless crystals 

undected by Raman spectroscopy, that could be salt crystals, but could not be dissolved in 

the liquid phase even at temperatures of 450-500 °C. This was also observed on similar 

Monviso omphacite vein FI by Philippot and Selverstone (1991) and Nadeau et al. (1993), 

who reported FI decrepitation at about 500°C before any dissolution of daughter crystals. If 

these crystals are salts, these FI could have experienced deformation-induced salinity 

increase and their present-day salinities would be underestimated by Raman measurements, 

which indicate the salinity of the fluid coexisting with the salt crystal. 

Crystallization of other secondary phases in FI during exhumation could also account for 

changes in fluid salinity (Frezzotti and Ferrando, 2015). Indeed, most fluid inclusions in 

eclogitic veins and matrices are coated by thick walls of material crystallized from the fluid, 

reflecting decreasing mineral solubility with decreasing P-T conditions. The refraction index 

and Raman analyses suggest that most of this coating could be newly-formed omphacite, but 

a variety of other solids were also observed in these fluid inclusions, both in this study and a 

previous one on similar omphacite veins (Philippot and Selverstone, 1991). Such secondary 
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crystallization, in particular of H2O-rich white mica, may slightly modify fluid inclusion salinity 

(Frezzotti and Ferrando, 2015). 

In some FI, measured salinities exceed salt-saturation values in water at room temperature 

(Figs. 10a-e; salinities up to 30 wt.% NaCl eq., while saturation is at 23.2 wt.% NaCl eq.) 

although no salt crystal could be observed. This is true for most FI of mafic outcrops 7 and 

11 and also concerns a few FI from mafic outcrop 10 and metasedimentary outcrops 1 and 5 

(Figs. 10a-e). This could be explained by halite metastability in this salinity range. Indeed, 

halite hardly nucleates for salinities <30-35 wt.% NaCl, as shown by the restricted amount of 

microthermometrically-derived salinities in the 23-35 wt.% NaCl eq. range (Bodnar, 2003a) 

and may be sluggish in experiments even for salinities of 40 wt.% NaCl eq. (Bodnar, 1994). 

Such metastability was recently observed by Brooks et al. (2019) in FI from Sifnos, Greece. 

Alternatively, the absence of salt nucleation may truly indicate that the fluid is not saturated 

with respect to any of the salt species. Salinities are indeed calculated from Raman-derived 

chlorinities in a simplified system, considering NaCl as the unique salt species. While NaCl is 

generally the dominant species, the presence of a variety of secondary minerals in FI from 

Monviso mafic samples (in veins in particular) suggests that the salt system could be much 

more complex. Eutectic temperatures measured for sample 10OmpV1 (Sup. Mat. 1) suggest 

the presence of both NaCl and KCl, with potentially minor amounts of MgCl2 and/or CaCl2. 

The presence of other salts was similarly inferred from the low eutectic temperatures 

measured in similar omphacite veins from Monviso (Philippot and Selverstone, 1991) and 

Rocciavre (Philippot et al., 1998). 

 

7.2 Fluids in BS-facies metasediments: composition and potential sources 

7.2.1 Local vs exotic source of fluid? 

Lawsonite- and carpholite-bearing veins exhibit mostly low to moderate salinity aqueous 

fluids (in NaCl eq., mean 1.2-11 wt.%, med 0.9-7.8 wt%) with small amounts of CO2 and CH4 

in the vapor phase of some fluid inclusions. CH4 is commonly interpreted as formed by 

hydrocarbon cracking during prograde metamorphism (Mullis, 1979; Mullis et al., 1994; 

Mangenot et al., 2021) and is the dominant gas species recorded in low-temperature 

metasediments from accretionary wedges (Raimbourg et al., 2014, 2015, 2018; Vrolijk, 1987; 

Vrolijk et al., 1988; Sadofsky and Bebout, 2004). In contrast, CO2 content tends to increase 

at higher temperatures (i.e., >270 °C, Mullis et al., 1994; Tarantola et al., 2007) and may 

become dominant over CH4 below the brittle-ductile transition (Raimbourg et al., 2018). In the 

SL calcschists, CH4 and CO2 may be locally-derived, from the reduced carbonaceous 
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material of pelitic layers and from carbonate-rich horizons, respectively. CO2 may in part form 

by oxidation of CH4 (Tarantola et al., 2007, 2009), so that variations in the CO2/CH4 ratio 

among different veins may also reflect local changes in redox conditions depending on 

lithology (Tarantola et al., 2009; Cannaò and Malaspina, 2018). 

Potential hydrocarbons heavier than CH4 were identified in only two FI from metasediments, 

in both liquid and vapor phases from non-aqueous inclusions. Hydrocarbons are generally 

restricted to diagenetic conditions and undergo cracking during burial. However, liquid 

hydrocarbons (aromatic and aliphatic) and wet gas (C2H6) were found in primary FI from 

metamorphic minerals (quartz, calcite and lawsonite) in similar BS-facies metapelites from 

the Briançonnais and interpreted as preserved from metanogenesis during burial (Goffé, 

1982; Goffé and Velde, 1984; Goffé and Villey, 1984). Hydrocarbons reported here may 

therefore have been trapped early during burial (thereby escaping cracking) and liberated 

later on during lawsonite formation as a phase immiscible with the local aqueous fluid, as 

attested by the absence of water in these inclusions. Alternatively, hydrocarbons may have 

formed by polymerization of methane trapped in inclusions (Kolesnikov et al., 2009). 

Fluids analyzed in lawsonite- and carpholite-bearing veins present a wide range of salinities, 

from 1.2 to 11 wt.% NaCl eq. for mean values. Most outcrops record salinities close to or 

lower than seawater salinity (i.e., 3.5 wt.% NaCl eq. for modern seawater, 3.2-3.7 and up to 

4.2 wt.% NaCl eq. for lower Cretaceous and upper Jurassic seawater, respectively; Hay et 

al., 2006), as for FI in metasedimentary sequences from accretionary wedges (Brantley et 

al., 1988; Smith and Yardley, 1999; Yardley and Graham, 2002; Sadofsky and Bebout, 2004; 

Rossetti et al., 2006; Raimbourg et al., 2014, 2015, 2018) and unsubducted sediments 

analogous to the SL metamorphic sediments (Helmintoïdes flysch, Fig. 13a; Raimbourg et 

al., 2018). Such salinities could reflect the mixing between seawater-like fluids initially 

present in sediment pores and grain boundaries with H2O-rich fluid released upon 

dehydration during progressive burial (e.g., Raimbourg et al., 2015), hence advocating for 

locally-derived fluids. 

In contrast, outcrops 1 and 4 of LPU1 show salinities greater than that of seawater, as 

previously reported for carpholite-bearing veins of upper SL units to the north and south of 

the study area (Agard et al., 2000; mean salinity ~9 wt% NaCl eq.). Outcrop 1 presents a 

particularly wide range of salinities, with high mean values (Figs. 10a, b; mean: 11 wt% NaCl 

eq.; med: 7.8 wt% NaCl eq.; sd = 8.1) and some FI above the salt-saturation threshold (up to 

27 wt% NaCl eq.). While preferential H2O-loss during post-entrapment leakage of FI could 

explain part of the highest salinity outliers (see § 7.1; Hall and Sterner, 1993), the large 
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scatter of salinities of outcrop 1 rather reflects trapping of fluids with variable salinity, either 

derived from compositionally distinct adjacent protoliths or far-travelled. 

A potential hypothesis, to account for the higher salinity in the metasediments in LPU1, is the 

ingression of an external fluid derived from metamafics, as the latter rocks show higher 

salinities than metasediments (Figs. 10a-e). This hypothesis is nevertheless not relevant, as: 

i) LPU1 contains only few mafic bodies located far away from the studied outcrops and ii) 

where larger-scale and more abundant mafic bodies are found, as in LPM, metasediments 

trapped fluids with salinities lower than that of seawater (Figs. 10a-d). Fragments of Triassic 

Piemont metacarbonates embedded in LPU1 oceanic metasediments, which are found ~150 

m away from outcrop 1 (Fig. 2b), are a more likely source of exotic fluids: these fragments 

regarded as former extensional allochtons (with a Briançonnais affinity) are commonly 

associated with evaporate-rich deposits akin to producing saline brines during prograde 

metamorphism. The mixing of variable amounts of infiltrating brines and locally-derived low-

saline fluids could explain the wide salinity range of fluids trapped in the HP veins of LPU1 

(Fig. 13c). FI from metamorphosed continental margins also generally exhibit higher salinity 

fluids than oceanic-derived accretionary sequences (Yardley and Graham, 2002). 

Infiltration at prograde to peak burial depths, during the formation of Lws-bearing veins, by 

fluids derived from dehydrating fragments of Piemont units has tectonic implications for the 

past location of LPU1: this unit must have been located close to portions of the stretched 

continental margin units. Two alternative scenarios can be envisioned (Fig. 13b): (i) before 

tectonic slicing from the downgoing slab, the oceanic LPU1 was located next to the 

Briançonnais stretched continental margin and was subducted and detached from the slab 

last (Fig. 13b). It could even represent sequences directly deposited on a Triassic substratum 

(Lagabrielle, 1987); (ii) LPU1 was the unit furthest away from the Briançonnais margin but 

nevertheless contained extensional allochthons and/or olistostromes, such as the Piemont 

blocks to the west of LPU1 (Fig. 2b). In this case LPU1 would have been the first of the 

recovered units to have been subducted and detached from the slab, which would explain 

the tectonic stacking observed today more easily (Fig. 13b). 

 

7.2.2 Salinity reduction with increasing grade? 

In addition to local salinity variations, primary FI trapped in HP-LT metasedimentary 

assemblages show a trend of decreasing salinity with increasing burial depth: LPU1, LPU2 

and LPM yield mean fluid salinities of 5.8, 4.4 and 2.0 wt.% NaCl eq. respectively (Figs. 10a-

d). While the high salinities of LPU1 are at least in part lithologically-controlled, the salinity 
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decrease between LPU2 and LPM could reflect (i) a change in fluid salinity with increasing 

grade or (ii) initial protolith heterogeneities. 

Heterogeneities in sediment compositions are common in SL metasediments and reflected 

by m- to hm-scale variations in carbonate versus pelitic contents (Fudral, 1996; Lagabrielle et 

al., 2015). Heterogeneous chlorine concentrations and isotopic values, interpreted as 

inherited from protoliths heterogeneities (Barnes et al., 2019), could explain some of the 

salinity variations observed between LPU1, LPU2 and LPM since Cl is highly fluid-mobile 

and directly controls salinity. Contrary to subducted metasediments of the Franciscan 

complex, whose decrease in bulk-rock Cl-content with increasing grade likely reflects the 

release of Cl-rich fluids during progressive dehydration (Catalina Schist, Barnes et al., 2019), 

no systematic change was detected in the SL complex, even at depth of partial 

destabilization of the main Cl-hosts (i.e., chlorite and white mica). This advocates for Cl 

retention in rocks, consistent with the release of a low-saline aqueous fluid such as observed 

in LPU2 and LPM. 

Salinity decrease with increasing burial depth is nevertheless documented in the Franciscan 

complex (Sadofsky and Bebout, 2004) and attributed to the progressive dilution of initial 

seawater-like pore fluid by successive dehydration reactions releasing H2O (Smith and 

Yardley, 1999; Yardley and Graham, 2002; Sadofsky and Bebout, 2004; Raimbourg et al., 

2015). In the studied traverse, lawsonite is stable across grade and cannot contribute to fluid 

dilution: it starts forming early along the prograde path (~180 °C, LwsA type; Lefeuvre et al., 

2020; Fig. 3) and keeps recrystallizing in veins with incremental deformation until peak burial 

(LwsB-C types). However, progressive dilution of fluid salinity by dehydration reactions is 

expected from the breakdown of water-rich Fe-Mg carpholite (~12 wt% H2O; Agard et al., 

2001; Bebout et al., 2013; Figs. 3; 13d), which occurs at the temperatures and depths 

reached in the eastern sector of LPU2 and in LPM. This hypothesis is supported by the fact 

that the lawsonite veins selected for this study, the freshest and least deformed hence 

formed close to the peak P-T conditions of each unit, sampled the deepest fluid 

compositions. 

 

7.3 Fluids in BS- and eclogite-facies metamafics: composition and potential sources 

7.3.1 Preservation of hydrothermal signatures? 

In BS-facies metamafic blocks, FI in jadeite-bearing veins are dominantly aqueous with 

salinities higher than in the surrounding sediments (mean values: 9.1 in LPU1 and 24.6 wt.% 

NaCl eq. in LPM; Figs. 10a, b, d). High salinities are also recorded in fluids trapped in 
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omphacite-bearing veins and matrices from Monviso (17.5 wt.% NaCl eq.; Figs. 10a, e). The 

low eutectic temperatures associated to a variety of secondary minerals (calcite, white mica, 

salt crystals) as well as fluid salinities above the water NaCl-saturation threshold in some FI 

lacking salt crystals (see § 7.1) suggest entrapment of a various salt-rich fluid (NaCl-KCl ± 

minor amounts of MgCl2 and/or CaCl2) in BS- and eclogite-facies metamafics. 

Similar highly saline fluids in omphacite-bearing samples from Monviso (vein and whole-rock; 

Philippot and Selverstone, 1991; Nadeau et al., 1993) and low-strain omphacite from 

Rocciavre (Philippot et al., 1998) were interpreted as inherited from hydrothermal alteration 

based on: (i) the similar δ18O values (of pyroxene and whole-rock) in eclogites and 

hydrothermally altered crust, (ii) the similar δD of hydrothermal chlorite and amphibole in 

non-subducted mafic rocks (Chenaillet gabbros) and of omphacite in Monviso veins (Nadeau 

et al., 1993), (iii) the similarity between FI salinity and δ18O signature of eclogitic veins and 

those of altered oceanic crust and unmetamorphosed ophiolites (Philippot et al., 1998). 

Near-ridge high-temperature (> 500 °C) hydrothermal alteration of gabbros in reaction zones 

is classically accompanied by phase separation leading to the formation of brines (up to ~40-

50 wt.% NaCl eq.) and vapor phases (e.g., Delaney et al., 1987; Kelley & Delaney 1987; 

Vanko, 1988; Nehlig, 1991; Kelley et al., 1992; Alt et al., 2010; Castelain et al., 2014; 

Verlaguet et al., 2020). In contrast to the upward migration of low-density vapor phases, less-

buoyant brines may be stored at depth in gabbro porosity (Fontaine and Wilcock, 2006; 

Fontaine et al., 2007) and trapped as fluid inclusions in newly-formed amphibole (and 

epidote). Hydrothermal amphibole commonly hosts several tenths of wt% of Cl, and up to 4 

wt% were analyzed in hydrothermal amphiboles from oceanic gabbros (Ito and Anderson, 

1983; Vanko, 1986). Significant amounts of chlorine were found in amphibole from the 

Chenaillet ophiolite and in relict hydrothermal amphibole from LPU1 and LPU2 BS-facies 

metagabbros (up to 0.3 wt%; Debret et al., 2016). 

During subduction of hydrothermally-altered gabbros up to BS-facies conditions, progressive 

breakdown of amphibole + plagioclase (± chlorite, epidote) to glaucophane + jadeite + 

lawsonite/zoisite will release only small fluid amounts (if any). The fluid released is expected 

to be Cl-rich, since glaucophane and lawsonite contain less Cl than hydrothermal amphibole 

(Debret et al., 2016), and may therefore have a high salinity. Mixing of this Cl-rich fluid with 

small volumes of brines released from amphibole FI could account for the high and variable 

salinity of BS-facies jadeite veins (Figs. 10a, b, d). 

A much larger fluid release is expected during glaucophane and lawsonite breakdown to 

omphacite + garnet in eclogite-facies rocks (Fig. 3; Angiboust and Agard, 2010). This fluid 

probably has a lower salinity than that released under BS-facies conditions since 
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glaucophane and lawsonite contain only moderate amounts of Cl and brines provided by the 

final destabilization of relictual hydrothermal amphibole are volumetrically insignificant. The 

moderate salinity of some omphacite-bearing veins and matrices in Monviso (Figs. 10a, e) 

may reflect dilution of the high-salinity BS-facies fluid by progressive glaucophane 

breakdown into omphacite. 

While no gas other than H2O vapor was detected in BS-facies metamafics, N2 is present in 

some FI from Monviso eclogites. N2 is frequently detected in eclogite-facies FI (Andersen et 

al., 1989, 1990, 1993; Selverstone et al., 1992; Klemd et al., 1992; Mukherjee and Sachan, 

2009) and generally interpreted as inherited from the breakdown of pre-eclogitic minerals 

hosting NH4+ (e.g., amphibole, feldspar). Ammonium, bound as NH4+ in K-Na-Ca-bearing 

minerals, was found in BS-facies metagabbros along the investigated SL traverse (Busigny 

et al., 2011). N2 may therefore have been retained in glaucophane under BS-facies 

conditions (as NH4+ substituting for Na) and later released and trapped in FI when 

glaucophane broke down to omphacite under eclogite-facies conditions (Fig. 3). 

The intermediate-to-high salinity and gas content detected in our FI in metamafics could 

therefore in part be inherited from variations in the degree of hydrothermal alteration 

predating subduction, thereby explaining the contrasts between samples (i.e., between 7Jd 

and 2Jd, or between Monviso outcrops 10 and 11; Figs. 10a, b, d, e). This conclusion is 

supported by the δ37Cl and δ65Cu signature of relictual hydrothermal amphibole, which 

attests to the preservation of the hydrothermal imprint throughout Alpine subduction (Busigny 

et al., 2011, 2018; Selverstone and Sharp, 2013). 

 

7.3.2 Mixing with externally-derived fluids? 

Several FI in BS-facies metagabbros contain potential hydrocarbons heavier than CH4 

without water, which did not mix with the local high-salinity fluid (i.e., eight FI in samples 2Jd 

and 7Jd, similar to the two FI in outcrop 5 lawsonite-bearing veins). This likely advocates for 

fluid infiltration from surrounding metasediments since metamafic rocks are generally devoid 

of organic matter (Fig. 13c). Dissolution and mobilization of carbonaceous material in the 

fluid was identified at metasediments-metamafics contacts in the SL complex (Vitale 

Brovarone et al., 2020b). Previous trace element and isotopic studies on these Queyras 

metamafic blocks furthermore argued for infiltration of volatiles from the surrounding 

metasediments (Lafay et al., 2013; Debret et al., 2016, 2018; Inglis et al., 2017). However, 

fluid infiltration from metasediments was probably limited, since mafic blocks and 

surrounding metasediments still have different salinities (Figs. 10a-e), and likely restricted to 

block rims and deformed zones (Schwartz, 2000, Debret et al., 2016), as suggested by the 
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preservation of rare magmatic pyroxene and hydrothermal amphibole in block cores 

(Philippot et al., 1998, Debret et al., 2016). 

Hydrocarbons, whether or not derived from sedimentary fluids, could result from deep abiotic 

generation by polymerization of methane through a reversible reaction (forming ethane, 

propane, butane; Kolesnikov et al., 2009). Recent experimental and field data have 

suggested that CH4 and other hydrocarbons can be stable at HP conditions and up to deep 

upper-mantle conditions (McCollom, 2013; Sverjensky et al., 2020; and references therein). 

Saturated hydrocarbons are formed in HP experiments by carbonate reduction (Tao et al., 

2018) or transformation of dissolved organic species (Huang et al., 2017; Li, 2017). 

Immiscible abiotic CH4 produced by carbonate reduction (Vitale Brovarone et al., 2017) and 

deep serpentinization (Vitale Brovarone et al., 2020a) was reported in HP ultramafic rocks 

from the Western Alps. Dissolved organic molecules, still present at UHP metamorphic 

conditions as shown by aqueous FI in deeply subducted metasediments (Frezzotti et al., 

2011; Frezzotti, 2019), could also contribute to form hydrocarbons at BS-facies conditions. 

Monviso Fe-Ti-metagabbros allow studying fluid ingression during progressive brecciation 

and strain localization at eclogite-facies conditions (Angiboust et al., 2012a; Locatelli et al., 

2018). Thermodynamic modelling and trace element compositions suggest that omphacite 

crystallization in V1 veins and M1 matrix reflects final glaucophane and lawsonite breakdown 

in Mg-rich gabbros, while the omphacite from V2 veins and M2 matrix formed at incipient 

retrograde conditions without local fluid production and in the presence of some serpentinite-

derived fluids (Locatelli et al., 2019b). The salinity of V2 and M2 omphacite FI does not 

deviate significantly, however, from that of V1 veins, suggesting either remobilization and 

entrapment of local remnant fluids (i.e., FI or grain boundary fluids) or that external fluid input 

was minimal (consistent with only incipient opening of the system; Locatelli et al., 2019b) 

and/or had a similar salinity. In ultramafic rocks, deserpentinization through the brucite-out 

reaction (as is the case in Monviso; Gilio et al., 2020) was shown to result in the formation of 

highly saline FI (Scambelluri et al., 1997), whereas the antigorite-out reaction produces less 

saline FI (Scambelluri et al., 2001). 

 

7.4. Implications on fluid circulation during subduction of the SL complex 

This study shows that salinities and gas signatures of HP metasedimentary FI can be 

accounted for by the progressive dilution of a local residual pore seawater-like fluid by 

successive dehydration reactions accompanying subduction. There is no strong evidence for 

infiltration of external fluids, except in LPU1 where high salinity fluids reflect hm-scale fluid 

circulation of brines from nearby Piemont blocks. This concurs with the conclusions from 
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whole-rock trace element and isotopic studies that SL metasediments represent a rock-

buffered system with only limited external fluid infiltration (Henry et al., 1996; Bebout et al., 

2013; Cook-Kollars et al., 2014; Barnes et al., 2019; Epstein et al., 2020). 

Gas contents do not show systematic variations with increasing grade but the CO2/(CO2-

CH4) ratio does with lawsonite vein type in all metasedimentary units (Fig. 11). In particular, 

LwsC crack veins reflecting cm-scale element transport from vein walls (Figs. 4d, f), mostly 

restricted to pelite-rich horizons, systematically contain higher CH4 amounts. This suggests 

local fluid derivation from reduced carbonaceous material contained in pelites. Conversely, 

the larger LwsB-bearing veins (up to dm-wide, m-long; Figs. 4a-c, e) systematically higher 

CO2/(CO2-CH4) ratios suggest that the fluid produced by dehydration of pelitic horizons 

interacted with more distant carbonate layers, as also recorded by in-situ trace element 

signatures (Lefeuvre, 2020) 

This spatial control on gas contents points to local variations of the redox state in the fluid, 

which hardly homogenizes at the m-scale. We interprete the small cm-scale LwsC tensile 

veins, which preserve their redox/CH4-rich signature, as short-lived tectonic events 

accompanied by local fluid-rock interaction. In contrast, mass transfer and element 

redistribution across lithological horizons (Lefeuvre et al., 2020) could operate through fluid 

circulation in networks outlined by the larger-scale, longer-lived Lws-B veins, thereby 

explaining the calcite isotopic homogenization at the hm-scale (Henry et al., 1996; Cook-

Kollars et al., 2014). There is however no evidence for larger scale infiltration of external fluid 

inside the SL units (Henry et al., 1996; Bebout et al., 2013; Cook-Kollars et al., 2014; Barnes 

et al., 2019; Epstein et al., 2020) and high fluid flow seems restricted to contacts between 

units (e.g., Jaeckel et al., 2018; Epstein et al., 2021). Although the presence of potential 

hydrocarbons hints towards element transfer between metasediments and metamafics, fluid 

circulations were probably more restricted in metamafic blocks, as suggested by the 

preservation of magmatic pyroxene in the undeformed cores of metagabbro blocks and 

locally-derived high-salinity fluids. This conclusion is strengthened by trace element data in 

metagabbros and serpentinites of the Monviso LPL unit, suggesting rather closed-system 

conditions upon burial and up to peak conditions (Spandler et al., 2011; Lafay et al., 2013; 

Locatelli et al., 2019b). 

 

7.5. Comparison with other subduction zones 

Fluid compositions trapped at peak burial in FI of the SL units are compared to those from 

other oceanic subducted fragments worldwide (Fig. 14; Table 1). Studies of shallow 

subduction depths mostly rely on metasediments (< 430 °C, about 20 kbar) whereas studies 
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of eclogite-facies conditions mostly do on metamafic samples (reflecting processes 

controlling rock recovery in subduction zones; Agard et al., 2018). 

Similar salinity ranges and gas contents are recorded in trapped primary FI from BS-facies 

metasediments worldwide (Agard et al., 2000; Sadofsky and Bebout, 2004; Sachan et al., 

2017; Raimbourg et al., 2018). Rather low-salinity fluids (< 5 wt% NaCl eq.) characterize low-

grade to BS-facies metasedimentary rocks from accretionary wedges (Brantley et al., 1998; 

Smith and Yardley, 1999; Sadofsky and Bebout, 2004; Rossetti et al., 2006; Raimbourg et 

al., 2015, 2018). The evolution of fluid compositions in metasediments beyond BS-facies 

conditions remains uncertain due to only few studies. It may involve progressive dilution by 

locally-derived dehydration fluids, as observed in SL metasediments (this study) or in the 

Franciscan complex (Sadofsky and Bebout, 2004). Yet FI in Himalayan BS-facies 

metasediments record higher salinities (about 12 wt% NaCl eq.; Fig. 14; Sachan et al., 

2017). 

Metamafics from the various eclogitic terranes seem to be characterized by medium to highly 

saline primary FI (Luckscheiter and Morteani, 1980; Philippot and Selverstone, 1991; 

Selverstone et al., 1992; Nadeau et al., 1993; Philippot et al., 1998; Yoshida et al., 2015). 

They show a diverse set of solid inclusions (this study; Philippot and Selverstone, 1991; 

Selverstone et al., 1992), indicative of complex salt systems (NaCl ± KCl ± CaCl2 ± FeCl2 ± 

MgCl2), and eclogites from oceanic and continental subduction commonly contain N2 or CO2 

in the FI bubble (Andersen et al., 1989; Selverstone et al., 1992; El-Shazly and Sisson, 

1999). Cogenetic monophase gaseous N2-CO2 ± CH4-bearing FI were interpreted as 

representing immiscible fluids at peak burial conditions (Andersen et al., 1990; Andersen et 

al., 1993; Selverstone et al., 1992; Klemd et al., 1992; Mukherjee and Sachan, 2009). 

FI from Alpine metagabbros are by far the most studied and record the highest salinities 

under both BS-facies and eclogitic conditions (10-45 wt% NaCl eq.; this study; Nadeau et al., 

1993; Philippot and Selverstone, 1991; Philippot et al., 1998), reflecting at least partial 

inheritance from high-temperature amphibolite-facies hydrothermal alteration (Nadeau et al., 

1993; Philippot et al., 1998). In comparison, ultramafic rocks having experienced antigorite 

breakdown above 600 °C exhibit lower salinity FI (Cerro de Amirez, Scambelluri et al., 2001) 

than only partially dehydrated serpentinites (Erro Tobbio, Scambelluri et al., 1997). 

Localities outside the Alps (Fig. 14; e.g., Tianshan, Dominican Republic, Syros, Franciscan 

complex; Barr, 1990; Giaramita and Sorensen, 1994; Gao and Klemd, 2001; Kawamoto et 

al., 2018) record significantly lower fluid salinities (2-7 wt% NaCl eq.; Fig. 14), though still 

higher than for metasediments. Contrary to the Alpine case study, eclogites from the 

Franciscan complex, Samana Peninsula (Giaramita and Sorensen, 1994) and Rio San Juan 
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jadeitites (Kawamoto et al., 2018) correspond to mafic blocks in subduction mélanges (Agard 

et al., 2018): they may have experienced greater fluid circulation, thereby explaining the 

lower salinity values. In the Franciscan complex, eclogitic mafic blocks show slightly higher 

salinities than surrounding metasediments (Giaramita and Sorensen, 1994; Sadofsky and 

Bebout, 2004), suggesting that their initial fluid salinity was higher than that of the infiltrating 

sediment-derived (low-saline) fluids. Alternatively, since these mafic blocks are mostly 

metavolcanics they may have trapped initially low-salinity seawater-like fluids (Philippot et al., 

1998): hydrothermalization of basalts indeed generally occurs under greenschist-facies 

conditions, preventing phase separation, brine trapping and formation of Cl-rich phases. 

 

Conclusions 

This study reports on salinities and gas contents of primary fluid inclusions (FI) trapped in 

high pressure veins from metasediments and metamafic rocks along the Queyras-Monviso 

traverse of the Schistes Lustrés complex (Western Alps). Results provide snapshots of fluids 

present at peak burial conditions from ~30 to 80 km depth, along a cold subduction zone. 

Fluids trapped in metasediments are moderately saline aqueous fluids (mean salinity of 4.6 

wt% NaCl eq.) with small amounts of CO2 and CH4 in the vapor phase. FI in metamafic HP 

veins record higher salinities (mean salinity about 17 wt% NaCl eq.) with small amounts of N2 

in eclogitic veins only, and a variety of daughter minerals (calcite, white mica, salts) indicative 

of complex chemical systems. These fluid signatures are consistent with literature data and 

appear characteristic of each rock type. 

Salinity decreases with increasing grade in the studied metasediments, which is interpreted 

to reflect progressive dilution of initial seawater-like pore fluid by fresh fluids released locally 

by successive dehydration reactions. Higher salinities in the uppermost metasedimentary-

dominated tectonic unit suggest brine infiltration from embedded continental margin 

fragments of former extensional allochtons, which are commonly associated with evaporate-

rich deposits. CO2 and CH4 (and scarce potential hydrocarbons) appear to be locally 

released from fluid interaction with carbonates and carbonaceous matter-rich pelitic horizons, 

respectively. 

In metagabbros, high salinities are interpreted as partly inherited from seafloor high-

temperature hydrothermal alteration resulting in brine formation. Progressive breakdown of 

hydrothermal Cl-rich amphiboles to glaucophane (BS-facies) and then omphacite (eclogite-

facies) and release of trapped FI brines could account for the high salinity fluids trapped in 

FI. Therefore, fluid inclusions record progressive release of Cl in the fluid phase with 

increasing grade. 
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FI in Alpine metasediments show salinities and gas contents comparable with other 

subducted fragments of oceanic lithosphere worldwide, whereas fluid salinities of Alpine 

metagabbros are higher than salinities recorded elsewhere. These higher salinities may 

result from (1) higher-temperature hydrothermal alteration and brine formation in Alpine 

metagabbros (compared to metavolcanics) or (2) more restricted infiltration by sediment-

derived fluids compared to block-in-mélange subduction complexes. 

This study suggests that fluids released in subduction zones from the different rock 

reservoirs are mostly aqueous but present variable salinities and gas contents. Characteristic 

local fluid signatures and redox conditions within units reflect restricted and transient fluid 

circulation. Conversely, lithological contrasts, often localizing fluid circulations, may take part 

in fluid mixing. 
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Figure 1: Compilation of exhumed oceanic subduction rocks for which primary FI were 

analyzed in the literature, placed on a schematic subduction zone according to their 

estimated burial depth. The scope of this study is represented by red-border rectangles. 

References for studies of both fluid inclusions and P-T estimates are reported in Table 1. The 

size of the circles corresponds to the number of salinity values from primary FI available for 

each oceanic subduction compiled in Table 1. The lower bound of the smallest circle 

corresponds to 0 or unspecified in the corresponding studies. 

Figure 2: Map and cross-section of the studied area. A) Simplified geological map of the 

Western Alps with focus on the Schistes Lustrés complex and the distribution of 

metamorphic facies within. The studied area is outlined by the black dashed square. DB: 

Dent Blanche; MR: Monte Rosa; GP: Gran Paradiso; DM: Dora Maira; Brianç: Briançonnais; 

Che.: Chenaillet. B) Simplified geological map of the studied area with distribution of 

tectonometamorphic units after Lagabrielle (1987). Studied outcrops are localized by stars 

and described in Table 2. C) Schematic cross-section of the studied traverse and eastward-

increasing gradient of peak metamorphic conditions (modified after Lagabrielle, 1987) with P-

T estimates from Agard et al. (2001), Schwartz et al. (2013) and Angiboust et al. (2012b). 

Figure 3: Metamorphic evolution of the Schistes Lustrés complex units. P-T estimates are 

from Agard et al. (2001), Schwartz et al. (2013) and Angiboust et al. (2012b). Lawsonite and 

carpholite stability fields for metasediments are reported from Lefeuvre et al. (2020), Bebout 

et al. (2013) and Pourteau et al. (2014). Garnet-omphacite stability field for metamafic rocks 

is after Angiboust and Agard (2010). Fluid release associated with carpholite or lawsonite 

breakdown, or garnet formation, is indicative and corresponds to generalized P-T conditions. 

Lws: lawsonite; Car: carpholite; Jd: jadeite; Qz: quartz; Ab: albite. 

Figure 4: Field observations. A) Metapelitic outcrop from LPU1 exposing a huge density of 

veins. B), C) Quartz-lawsonite-ankerite vein showing elongated creamy-coloured LwsB 

crystals parallel to vein walls. D) Small tensile LwsC vein with ankerite and quartz. E) Closer-

view of C sample exposing the association of LwsB fibers with ankerite and quartz. F) Close-

up view of LwsC ‗en échelon‘ veins illustrating the association of LwsC with quartz and 

ankerite. G) Metagabbroic blueschist-facies block from LPU1 containing few veins of 

greenish-jadeite. H) Close view of omphacite-bearing veins crosscutting an eclogite-facies 
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garnet-rich metagabbro from LPL. Lws: lawsonite; Ank: ankerite; Qz: quartz; Gln: 

glaucophane. 

Figure 5: Microphotographs of veins illustrating mineral crystallization textures and trapped 

primary fluid inclusions. A) Thick-section of LwsB-bearing vein from LPU1. B) Closer-view of 

A) showing textural equilibrium between lawsonite (Lws) and quartz (Qz) fibers. C) Closer-

view of B) showing isolated primary fluid inclusions in the quartz co-crystallizing with 

lawsonite. D) Thick section of carpholite (Car)-bearing vein sample from LPU1. E) Closer-

view of D) exposing quartz full of carpholite needles. F) Closer-view of E) showing an 

isolated primary fluid inclusion in quartz co-crystallizing with carpholite. 

Figure 6: Raman spectra of the liquid phase of three fluid different inclusions in quartz of 

LwsB-bearing veins and in omphacite from eclogitic breccia matrices. The variable shape of 

the chlorinity band allows calculation of salinity following the method of Caumon et al. (2013). 

a.u.: arbitrary unit. 

Figure 7: Salinity estimated by microthermometry versus salinity estimated by Raman 

spectroscopy in the same inclusions. Taking into account the respective uncertainties of 

these methods (0.2 wt% NaCl eq. for microthermometry and 0.4 wt% NaCl eq. for Raman 

considering the methodology of Caumon et al., 2013) all points are crossing the 1:1 line 

showing the validity and accuracy of Caumon et al. (2013) method in our samples. 

Figure 8: Raman spectra of the main gases identified FI vapor bubbles. a) CO2 presence 

was detected by identification of the Fermi diad (Fermi, 1931; 1285 and 1388 cm-1 peaks) 

and CH4 by appearance of the 2917 cm-1 peak (Frezzotti et al., 2012). b) N2 is characterized 

by a peak at 2331 cm-1 (Frezzotti et al., 2012) and calculated by substraction of 

atmospherical N2 peak area (outside the FI). a.u.: arbitrary unit. 

Figure 9: Microphotographs of fluid inclusions. A) FI-rich quartz (Qz) showing textural 

equilibrium with LwsB fibers. B) and C) Biphase (liquid L + vapor V) well-defined inclusions in 

quartz from lawsonite (Lws)-bearing veins. D) Biphase (L+V) fluid inclusion with irregular 

shape, in quartz from a lawsonite-bearing vein. E) Rare triphase (L+V+ solid S) fluid inclusion 

in quartz from LwsB outcrop1 vein. F) Distribution of FI clusters in jadeite crystals. All these 

primary inclusions are oriented parallel to c-axis of the clinopyroxene. G) Zoned crystal of 

omphacite (Omp) from a V2 vein. Note the presence of the FI-rich dark core. H) Biphase and 

triphase FI in omphacite from V1 vein. The inclusions are oriented parallel to omphacite c-

axis and triphase inclusions contain various colorless and opaque solids. I) Triphase 25 µm-

long fluid inclusion from a V2 vein. The FI is oriented parallel to omphacite c-axis and 

contains four colorless solids. 

Figure 10: Raman spectroscopy-derived salinity of analyzed fluid inclusions in 

metasediments and metamafic rocks. A) Measured fluid inclusion salinity for each outcrop, 

plotted with increasing longitude. Rock units on the Queyras-Monviso transect are 

characterized by increasing P-T conditions from West (on the left of the graph) to East (right 

of the graph), thus increasing longitude reflects increasing burial depth. A general salinity-

decrease trend with increasing burial depth is observed in metasediments from LPU1 to 

LPM, while metamafics are generally more saline in both blueschist- and eclogite-facies 

slices. A 0.4 wt% NaCl eq. uncertainty for salinity values is represented after Caumon et al. 

(2013). B to E) Cumulative Bar-chart of salinity for each tectonometamorphic unit illustrating 

the salinity-decrease trend with increasing burial depth in metasediments and the highest 

salinities in metamafics. 

Figure 11: Salinity versus gas content in fluid inclusions from metasediments. Salinity of the 

liquid phase and amount (mol%) of CO2 in the CO2-CH4 gas mixtures of vapor bubbles were 
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determined from Raman spectroscopy analyses. LwsB- and Car-bearing veins generally 

contain more CO2 than CH4, while LwsC-bearing vein gas content is dominated by CH4. A 

0.4 wt% NaCl eq. uncertainty for salinity values is represented after Caumon et al. (2013). 

Simplified graph with all veins in black and white color is on lower right with same units and 

axes. 

Figure 12: Raman spectra of potential hydrocarbons identified in the liquid phase of a FI 

from quartz of LwsB-bearing vein. CH2 is identified by its characteristic symmetrical (~2850) 

and asymmetrical (~2890) stretching vibrations while CH3 is identified by its characteristic 

symmetrical (~2920-2930) and asymmetrical (~2960-2970) stretching vibrations. Peak 

distribution is very consistent with saturated hydrocarbon spectra and especially pentane 

(Sterin et al., 1980). a.u.: arbitrary unit. 

Figure 13: Tentative model of fluid circulation in the Schistes Lustrés complex and 

geodynamic implications. A) Sketch of W. Alps subduction zone at ~45 Ma. Fluids from 

blueschist-facies metasediments are low saline with small amounts of CO2 and CH4 and 

expose a decreasing trend of salinity values along depth. In metagabbros, primary fluids are 

highly saline and can contain small amounts of N2 in eclogites. By comparison, unsubducted 

Helmyntoïdes Flyschs from the alpine accretionary wedge contain low saline fluids with low 

CH4 content (Raimbourg et al., 2018). B) Reconstruction of the two possible slicing and 

stacking sequences of Schistes Lustrés complex units. Its structural upper position in the 

present day Schistes Lustrés suggests that LPU1 could have been the first detached unit. 

However, the presence of margin blocks embedded in LPU1 sugest that LPU1 could also 

correspond to the oceanic units closest to the Piemont margin, thus the latest to be buried 

and detached from the subducting slab. C) and D) Schematic fluid circulation in LPU1 and 

LPM at peak burial conditions. FI: fluid inclusions; Sed./Sedim: sediments; Maf.: mafic rocks; 

Atg-: antigorite-out reaction; Carb.: carbonate-rich layer; Lws: lawsonite; Car: carpholite; Jd: 

jadeite; Ctd: chloritoide. 

Figure 14: Compilation of fluid salinity in primary fluid inclusions from exhumed oceanic 

subduction rocks. Salinity data series are represented as boxplots and plotted depending on 

the estimated peak pressure conditions of host rocks. A simplified graph representing mean 

salinity depending on peak pressure is at the top of the figure. Data series from our study 

have red names. References for the FI studies and corresponding P-T conditions data are 

reported in Table 1. Maf.: metamafic rocks; Sed.: metasediments. 

 

Table 1: List of exhumed oceanic subduction zones compiled in figures 1 and 14 and 

corresponding references for fluid inclusion and P-T estimate studies. 

n° Locality FI references 
P 
(kbar
)  

T 
(°C) 

P-T references 

1 
Helmyntoïdes Flysch, 
W. Alps 

Raimbourg et al. (2018) 
? 

~27
0 

Raimbourg et al. (2018) 

2 
Robertson Bay, 
Antarctica Rossetti et al. (2006) 2 

200-
250 Rossetti et al. (2006) 

3 
Chugach Complex, 
Alaska Sisson et al. (1989)  2.5 

400-
650 Sisson et al. (1989)  

4 
Kodiak, Alaska 

Brantley et al. (1998); Vrolijk 
(1987); Vrolijk et al. (1988) 

2.6 ± 
0.4 

269 
Brantley et al. (1998) 

5 

Costal Belt, 
Franciscan Complex, 
USA Sadofsky and Bebout (2004) <3  

~12
5 

Blake et al. (1988); 
Terabayashi and Maruyama 
(1998) 

6 
Shimanto Belt, Japan 

Raimbourg et al. (2014, 2015, 
2018) 3-5 

~25
0 

Toriumi and Teruya (1988); 
Raimbourg et al. (2014) 
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7 
Franciscan Complex - 
Central Belt, USA 

Sadofsky and Bebout (2004) 
3-5.6 

150-
260 

Blake et al. (1988); 
Terabayashi and Maruyama 
(1998) 

8 
Otago Schist, New 
Zealand 

Smith and Yardley (1999) 
4-5 

~39
0 

Yardley (1982); Jamieson and 
Craw (1987) 

9 
Southern Appenines, 
Italy  

Invernizzi et al. (2008)  
6-8 

250-
350 

Monaco and Tortorici (1995) 

10 Franciscan Complex - 
Eastern Belt 

Sadofsky and Bebout (2004) 
6-8.3 

180-
330 

Blake et al. (1988); 
Terabayashi and Maruyama 
(1998) 

11 
Franciscan Complex - 
Diablo Range  

Sadofsky and Bebout (2004) 
7.4-
10.5 

130-
260 

Ernst (1993); Terabayashi and 
Maruyama (1998) 

12 
Schistes Lustrés LPU, 
W. Alps 

Agard et al. (2000); Raimbourg et 
al. (2018)  

12-
13 

300-
350 

Agard et al. (2001) 

13 
Rio San Juan 
Complex, Rep. Dom.  

Kawamoto et al. (2018) 
12-
17 

350-
500 

Shertl et al. (2012); Hertwig et 
al. (2016)  

14 
Cerro de Almirez, 
Betic Cordillera Scambelluri et al. (2001) 

16-
19 

680-
710 Padrón-Navarta et al. (2010) 

15 
Sapi-Shergol, 
Himalaya 

Sachan et al. (2017) 
~19 

~47
0 

Groppo et al. (2016) 

16 Tianshan, China  Gao and Klemd (2001) 
18-
21 

480-
600 

Gao et al. (1999); Gao and 
Klemd (2000) 

17 
Tauern Window, E. 
Alps  

Luckscheiter and Morteani 
(1980); Selverstone et al. (1992) 

19.5 
± 2.5 

590 
± 20 

Spear and Franz (1986); 
Holland (1979) 

18 
Sanbagawa eclogites, 
Japan 

Yoshida et al. (2015) 
~20.5  

525-
565 

Endo (2010)  

19 Syros, Cyclades Barr (1990) 
22 ± 
2 

530 
± 30 

Laurent et al. (2018) 

20 
Erro-Tobbio, Ligurian 
Alps 

Scambelluri et al. (1997) 
20-
25 

550-
600 

Messiga et al. (1995)  

21 
Samana Peninsula, 
Rep. Dom.  

Giaramita and Sorensen (1994) 
22-
24 

610-
625 

Escuder-Viruete and Pérez-
Estaún (2006)  

22 
Franciscan Complex 
eclogites, USA 

Giaramita and Sorensen (1994) 
22-
25 

550-
620 

Tsujimori et al. (2006) 

23 
Voltri eclogites, 
Ligurian Alps Vallis and Scambelluri (1996)  

23-
25 

500-
525 Starr et al. (2020)  

24 + 
24bis Monviso, W. Alps 

Philippot and Selverstone (1991) 
+ Nadeau et al. (1993) 26 550 Angiboust et al. (2011) 

25 Rocciavre, W. Alps Philippot et al. (1998) 
25-
29 

460-
610 

Ghignone et al. (2020) 

26 
Lago di Cignana, W. 
Alps  

Frezzotti et al. (2011, 2014); 
Frezzotti (2019) >32 

590-
605 

Groppo et al. (2009) 

 

Table 2: Studied samples and corresponding outcrop localities and estimated P-T conditions 

P-T conditions estimated from host-rock and segregation parageneses in: (1) Schwartz et al. 

(2013); (2) Agard et al. (2001); (3) Locatelli et al. (2018). Lws: lawsonite; Qz: quartz; Ank: 

ankerite; Chl: chlorite; Ph: phengite; Jd: jadeite; Gln: glaucophane; Cal: calcite; Omp: 

omphacite; Grt: garnet; Ap: apatite; Rt: rutile. 

 

Outcrop 
Uni
t 

Peak T / P 
Sample 
# 

Host 
rock  

Segregation mineralogy 
Longit
ude 

Latitud
e  

1. Château-
Queyras 

LP
U1 

332°C
(1)

/ ~10-13 
kbar

(2)
 

1LwsB 
Calcsch
ist 

Lws-Qz-Ank + late Chl 
and Ph 

6.793
083 

44.757
933 

" " " 1LwsC " " " " 

2. Guil river " 
328°C

(1)
/ ~10-13 

kbar
(2)

 
2Jd 

Metaga
bbro 

Jd-Gln + late Cal  
6.817
350 

44.761
550 

3. Malafosse  " 
336°C

(1)
/ ~10-13 

kbar
(2)

 3LwsB 
Calcsch
ist 

Lws-Qz + late Chl and 
Ph 

6.840
083 

44.771
133 

" " " 3LwsC " Lws-Qz-Ank " " 
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" " " 3Car " Car-Qz + late Chl " " 

4. Gouret " 
336-367°C

(1)
/ ~10-

13 kbar
(2)

 
4LwsB " 

Lws-Qz-Ank + late Chl 
and Ph 

6.887
066 

44.788
583 

" " " 4LwsC " " " " 

5. Blanche 
LP
U2 

356°C
(1)

/ ~12-13 
kbar

(2)
 

5LwsB 
Calcsch
ist 

Lws-Qz-Ank-Cal + late 
Chl and Ph 

6.925
016 

44.662
983 

" " " 5LwsC " " " " 
6. Pain de 
Sucre " 

373°C
(1)

/ ~13-16 
kbar

(2)
 

6LwsB " " 
6.990
050 

44.693
683 

" " " 6LwsC " 
Lws-Qz-Ank + late Chl, 
Ph and Cal " " 

7. Pelvas 
LP
M 

389-402°C
(1)

/ ~18-
20 kbar

(2)
 

7Jd 
Metaga
bbro 

Jd-Gln  
6.995
666 

44.796
806 

8. Bric 
Bouchet " 

402°C
(1)

/ ~18-20 
kbar

(2)
 

8LwsC 
Calcsch
ist 

Lws-Qz-Ank + late Chl 
and Ph 

7.015
416 

44.811
850 

9. Valanta  " 
469°C

(1)
/ ~20 

kbar
(2)

 
9LwsB " 

Lws-Qz-Ank + late Chl, 
Ph and Cal 

7.063
700 

44.683
667 

" " " 9LwsC " 
Lws-Qz-Ank + late Chl 
and Ph " " 

10. ISZ 
LP
L 

580°C/ 27 kbar
(3)

 
10Omp
V1a 

Metaga
bbro 

Omp-Ap 
7.087
500 

44.693
889 

" " " 
10Omp
V1b " " " " 

" " 560°C/ 24 kbar
(3)

 
10Omp
V2a " Omp-Grt " " 

" " " 
10Omp
V2b " " " " 

" " " 
10Omp
M2 " " " " 

11. LSZ " 580°C/ 27 kbar
(3)

 
11Omp
M1 " Omp-Rt 

7.134
166 

44.670
000 
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Highlights: 

 Moderately saline aqueous fluids with CO2 and CH4 in BS-facies metasediments 

 High salinity fluids with solids and N2 in eclogites fluid inclusions 

 Decreasing trend of fluid inclusion salinity along grade in metasediments 

 Prograde brine infiltration from continental margin rocks in oceanic metasediments 

 High salinity in mafic rocks inherited from seafloor hydrothermal alteration? 
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