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ABSTRACT
The Rocciavrè massif is a large eclogitized ophiolitic fragment exposed in the Western Alps (Piemonte, Italy) exhibiting an almost 
complete sequence of the subducted Liguro-Piemont lithosphere. Raman spectroscopy on carbonaceous material in metasedi-
ments from Rocciavrè and the juxtaposed Orsiera massif indicates maximum temperatures in the range ~510°C–550°C, whereas 
thermodynamic modelling in mafic lithologies reveals peak burial metamorphic conditions of 550°C–590°C/2.2–3.0 GPa for 
both units, suggesting the absence of a metamorphic gap between them. Late Jurassic (ca. 151–158 Ma) zircons extracted from 
Rocciavrè metagabbros reflect the crystallization age near the seafloor, and no alpine metamorphic rims have been detected. 
The garnet-omphacite-rutile–dominated Fe-Ti metagabbros are crosscut by a variety of high-pressure vein systems, including 
garnet-rich, omphacite-rich, omphacite-quartz–rich, glaucophane-quartz–rich and winchite-actinolite-talc veins. Vein textures, 
mineral assemblages and mineral compositions suggest the formation of garnet-rich and omphacite-rich veins at conditions 
close to peak burial and the successive formation of omphacite-quartz–rich and glaucophane-quartz–rich types by reopening 
former omphacite-rich veins at eclogite- to epidote-blueschist-facies conditions along the exhumation path. In contrast, winchite-
actinolite-talc veins are interpreted as retrograde greenschist-facies features. In situ U-Pb dating of monazite constrains the age 
omphacite-quartz–rich veining at 40.4 ± 0.2 Ma. Major and trace element mapping of vein assemblages shows various zoning 
patterns of omphacite and rutile crystals for a large variety of elements (e.g., Fe, Mg, Mn, Sr, Li, U and Cr). Aqueous primary 
fluid inclusions trapped in vein-filling and host-rock minerals have intermediate to high salinity values, interpreted to reflect 
the partial signature of hydrothermal alteration preserved up to eclogite-facies conditions. High fluid inclusion salinity values 
associated with the presence of N2 (± CO2) suggest the presence of fluids produced by local dehydration reactions at peak bur-
ial. In contrast, some inclusions from glaucophane-quartz–rich veins contain a low to intermediate salinity CO2-CH4–bearing 
fluid interpreted as reflecting a sedimentary contribution and a larger scale of fluid circulation. In addition, the mineralogy of 
winchite-actinolite-talc veins associated with high-salinity values suggests an ultramafic signature. The successive steps of vein 
formation are interpreted to record the evolution from a closed to open chemical system during exhumation, with late sedimen-
tary and ultramafic fluid contributions that witness the mobility of fluids within the mafic sequence and transport distances 
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likely reaching the kilometre scale. The Rocciavrè massif, which shares a similar metamorphic history to the Monviso Lago 
Superiore Unit further south, enables a precise characterization of fluid–rock interaction processes in subduction from eclogite-
facies to greenschist-facies conditions.

1   |   Introduction

In subduction zones, the increase of pressure–temperature (P–T) 
conditions during burial of the downgoing oceanic lithosphere 
causes the successive breakdown of hydrous minerals (e.g., 
Schmidt and Poli  2014). The release of fluids caused by these 
dehydration reactions affects the convergent plate boundary dy-
namics, notably by operating a key role in earthquake nucleation 
and arc magma generation (Hacker et al. 2003; Rupke et al. 2004). 
The volume of fluids and their composition are partially con-
trolled by the geochemistry of devolatilizing rocks, whereas their 
scales of migration are governed by transient changes in permea-
bility. All these factors influence the extent of fluid–rock interac-
tions and of the related rheological and chemical modifications 
(e.g., van Keken et al. 2011; Bebout and Penniston-Dorland 2016; 
Smye and England 2023). It is therefore paramount to identify 
fluid sources and pathways to assess their impact on rocks at 
depth and their importance in subduction systems.

Exhumed high-pressure low-temperature (HP-LT) meta-
morphic complexes, now exposed across worldwide orogens, 
provide snapshots of the processes that occurred millions of 
years ago along fossil subduction zones (Maruyama, Liou, and 
Terabayashi 1996; Guillot et al. 2009; Agard et al. 2009, 2018). 
By providing data at various scales, the characterization of these 
exhumed metamorphic rocks complements the geophysical ob-
servations made on active subduction zones and helps to under-
stand the processes occurring beyond the reach of deep drilling.

Because of their ability to flow, interact with rocks and lead to 
mineral crystallization once supersaturated, the fluids circulat-
ing at depths in subduction zones are particularly challenging 
to track. Metamorphic veins, i.e., mineralized fractures, are 
considered the best-preserved witnesses of fluid pathways and 
fluid–rock interactions (Oliver and Bons 2001; Bons, Elburg, and 
Gomez-Rivas 2012). Veins are particularly abundant in low-grade 
to blueschist-facies sediments of exhumed accretionary com-
plexes (Fisher et al. 1995; Fagereng 2011; Ujiie et al. 2018; Muñoz-
Montecinos et al. 2020; Cerchiari et al. 2020; Rajič et al. 2023a, 
2023b; Platt et  al.  2024) but scarcer in HP-LT rocks buried at 
greater depths. The characterization of veins containing eclogite-
facies mineral assemblages therefore gives valuable clues on fluid 
circulation processes in deep subduction environments (Spandler 
and Hermann  2006; Beinlich et  al.  2010; Spandler, Pettke, 
and Rubatto 2011; John et al. 2012; Taetz et al. 2018; Locatelli 
et al. 2019; Hoover et al. 2023). These veins also provide infor-
mation on the mechanisms of fracturing at depths where fluid 
release is expected to cause embrittlement and generate intraslab 
seismicity (Hacker et al. 2003; Kita et al. 2006; Abers et al. 2006).

In the Western Alps, the Liguro-Piemont domain corresponds 
to a nappe-stack of HP-LT units buried from ~30- to 80-km 
depths (Agard  2021) that is particularly well-suited to study 
deep subduction processes. In this complex, the Rocciavrè mas-
sif (Piemonte, Italy) is a well-exposed coherent piece of oceanic 

lithosphere buried up to eclogite-facies conditions during sub-
duction (e.g., Pognante 1985). This study aims first at refining 
the peak P–T conditions reached by the Rocciavrè eclogites, in 
order to provide a well-defined framework to investigate sub-
duction processes. Then, the main target of this work is to char-
acterize successive high-pressure veins occurring in mafic rocks 
and to analyse their petrology, geochemistry and geochronology 
in order to constrain the fluid sources and scales of fluid migra-
tion during deep oceanic crust subduction.

2   |   Geological Setting

2.1   |   The Western Alps Liguro-Piemont Domain: 
Fragments of a Slow-Spreading Oceanic Lithosphere 
Recovered From Subduction

The Western Alps were formed as a consequence of the east- to 
south-east dipping subduction of the Liguro-Piemont and Valais 
slow-spreading oceans below Adria/Apulia (Schmid et al. 1996, 
2017; Handy et al. 2010; Agard and Handy 2021; Agard 2021). 
This phase of oceanic subduction started in the Late Cretaceous 
and was followed by an episode of continental subduction 
(Chopin 1984; Compagnoni and Rolfo 2003; Bonnet et al. 2022; 
Mendes et al. 2023) that ended with the collision of Eurasia and 
Adria/Apulia, which has been ongoing for ~34–32 Myr (e.g., 
Simon-Labric et al. 2009; Bellanger et al. 2015).

Fragments of the Liguro-Piemont (ultra) slow-spreading oceanic 
lithosphere (Lagabrielle and Cannat  1990; Lagabrielle, Vitale 
Brovarone, and Ildefonse 2015; Decrausaz et al. 2021) were ex-
humed from subduction and are now continuously exposed in 
the internal zones of the Western Alps forming a nappe-stack 
known as Liguro-Piemont (or Piemonte-Liguria) domain (e.g., 
Agard  2021). In this complex, metasediments (the so-called 
Schistes Lustrés) are volumetrically dominant and embed vari-
able amounts of a generally dismembered oceanic basement 
made of mafic and ultramafic rocks (Deville et al. 1992; Herviou 
et al. 2022). Most radiochronological ages suggest the formation 
of the Liguro-Piemont discontinuous mafic crust during the 
Middle and Late Jurassic (Manatschal and Müntener 2009; Li 
et al. 2013; De Togni et al. 2024), whereas the Schistes Lustrés, 
which correspond to former pelagic–hemipelagic seafloor de-
posits, are Late Jurassic to Late Cretaceous in age (Lemoine and 
Tricart 1986; Deville et al. 1992; Lemoine 2003).

These rocks were buried between ~30- and 80-km depth during 
subduction (Berger and Bousquet  2008; Agard  2021; Herviou 
et al. 2022), reaching peak burial from ca. 60 to 40 Ma before being 
sliced off the downgoing plate and exhumed as tectonic slices 
from the Late Eocene to the Miocene (Agard et al. 2002; Rubatto 
and Hermann 2003; Schwartz et al. 2007, 2020; Angiboust and 
Glodny 2020; Dragovic, Angiboust, and Tappa 2020; Ghignone 
et  al.  2021b; Herviou and Bonnet  2023; Gyomlai et  al.  2023). 
This stack of tectonic units therefore corresponds to a deep 
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accretionary complex (see Angiboust et  al.  2022) formed by 
successive events of slab offscraping and underplating (Agard 
et al. 2009, 2018; Agard 2021; Herviou et al. 2022).

Several independent subduction slices were identified along 
transects crossing the Liguro-Piemont domain (Fudral  1996; 
Lagabrielle  1987; see Herviou et  al.  2022 for a compilation). 
Recently, the overall structure of the complex was reappraised using 
the compilation of metamorphic, structural, lithostratigraphic and 
geochronological data in each tectonic slice demonstrating a tri-
modal distribution of units with an increase of metamorphic grade 
from the Liguro-Piemont Upper (LPU, 320°C–400°C; 1.2–1.9 GPa) 
to the Middle (LPM, 415°C–475°C; 1.7–2.2 GPa) and Lower units 
(LPL, 500°C–580°C; 2.2–2.8 GPa; Figure 1a; Herviou et al. 2022). 
The LPU and LPM units metamorphosed up to blueschist-facies 
conditions are dominated by metasediments (< 90%) and separated 
from the eclogitic and much richer in mafic and ultramafic rocks 
(> 40%) LPL units by a major extensional contact (Philippot 1990; 
Ballèvre, Lagabrielle, and Merle 1990; Ballèvre and Merle 1993). 
The different stratigraphic successions of the units suggest a 
variability of slicing mechanisms with strain localization in dif-
ferent horizons of weakness (talcschists, serpentinites, pelites; 
Herviou et al. 2022; Herviou and Bonnet 2023). Furthermore, the 
peak burial depths of the LPU (~35–45 km), LPM (~55–65 km) and 
LPL (~70–80 km) units are similar to those inferred for offscrap-
ing and underplating in both modern and fossil subduction 
zones, reflecting major changes in mechanical coupling along the 

plate interface at these depth ranges (Herviou et al. 2022; Agard 
et al. 2018; Plunder et al. 2015).

2.2   |   The Rocciavrè Massif: A Large Coherent 
Slab Piece Metamorphosed up to Eclogite-Facies 
Conditions

This study focuses on the Rocciavrè massif, a large (~8 × 4 km) 
almost flat-lying mafic-ultramafic body occurring in the eclog-
itic LPL units of the Cottian Alps (Piemonte, Italy; Figure 1a–c). 
It structurally overlies the Dora-Maira internal crystalline mas-
sif, which is mostly composed of the ‘Silvery Micaschist unit’ in 
the studied locality (Sandrone et al. 1993). This massif contains 
a coherent portion of Liguro-Piemont oceanic lithosphere with 
serpentinites at its base, overlaid by a thick sequence of metagab-
bros, and in rare places by a thin sequence of oceanic metasedi-
ments occurring at the top of the pile (Figures 2a and 1b–c). Like 
in the other LPL units, this succession of sedimentary deposits is 
limited to the Late Jurassic–Early Cretaceous and devoid of the 
thick Upper Cretaceous calcschist series generally occurring in 
the blueschist-facies LPU and LPM units (Herviou et al. 2022). 
Most of the metagabbros are of Mg-Al composition and are in-
truded by scarcer Fe-Ti metagabbros occurring as dykes and 
sills (Pognante, Lombardo, and Venturelli  1982; Pognante and 
Toscani 1985; Figure 2a). Rodingite lenses, which are common in 
Alpine ultramafic massifs (e.g., Zanoni, Rebay, and Spalla 2016; 

FIGURE 1    |    Maps and cross-section of the studied area. (a) Structural map of the Western Alps focused on the Liguro-Piemont domain and 
showing the distribution of the three types of units. Modified after Herviou et al. (2022). (b) Geological map of the Rocciavrè and Orsiera massifs 
displaying the location of the studied samples and peak pressure–temperature estimations from this work and previous studies (Agard, Jolivet, and 
Goffe 2001; Beyssac et al. 2002; Gabalda 2009; Herviou et al. 2022). Modified after Servizio Geologico d'Italia (1999). (c) Schematic cross-section of 
the Orsiera and Rocciavrè units, modified after Servizio Geologico d'Italia (1999). Abbreviations: Che.: Chenaillet ophiolite; LPU: Liguro-Piemont 
Upper units; LPM: Liguro-Piemont Middle units; LPL: Liguro-Piemont Lower units; RSCM: Raman Spectroscopy on Carbonaceous Material; T. 
Modelling: thermodynamic modelling.
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Ferrando et  al.  2010), are frequently found at the lithological 
boundary between serpentinites and metagabbros (Figure 2a).

The Rocciavrè massif is juxtaposed to the west to the Orsiera 
massif, also metamorphosed at eclogite-facies conditions but 
containing larger amounts of metasediments embedding ultra-
mafic and mafic rocks (Figure  1b,c). On its easternmost part, 
the Orsiera massif is juxtaposed to the LPM blueschist-facies 
units by a major tectonic contact, particularly well-exposed in 
the Colle delle Finestre (Figure  1b,c; e.g., Agard, Jolivet, and 
Goffe 2001; Agard 2021). In contrast to Rocciavrè, mafic rocks of 
the Orsiera massif mostly correspond to metabasalts and prasin-
ites—typical Alpine metamafics of basaltic composition, usually 
of volcano-detrital origin and that have commonly been very ret-
rogressed during exhumation (e.g., Lagabrielle and Polino 1985; 
Figure 1b,c). The difference in the nature of exposed material 
and the discordance of the stratigraphic succession with the 
almost complete Liguro-Piemont column of Rocciavrè structur-
ally on top of the Orsiera metasediments (Figure 1c) suggest that 
Orsiera and Rocciavrè massif correspond to two distinct tec-
tonic slices that were stacked during exhumation (see Herviou 
et al. 2022, their §7.1). This distinction is also supported by the 
difference of peak burial ages, with In situ high-silica phengite 
Ar-Ar ages at 61–53 Ma for Orsiera massif metasediments (Agard 
et  al.  2002) and a phengite-glaucophane-epidote-apatite Rb-Sr 
age at 46.3 ± 2.8 Ma in the Rocciavrè metagabbros (Angiboust 

and Glodny 2020). The Rocciavrè and Orsiera units might there-
fore respectively correspond to two different types of eclogitic 
LPL units, the mafic-ultramafic–dominated (MUM units of 
Agard 2021; ≥ 60% mafic-ultramafic rocks) and the sediment-
dominated units (S units of Agard 2021; ≥ 60% sediments), with 
the latter potentially representing the former cover of the mafic-
ultramafic units (Agard 2021; Herviou et al. 2022).

In the Rocciavrè tectonic slice, metamorphosed up to eclogite-
facies conditions, the eclogitic assemblages are particularly well-
expressed in the Fe-Ti metagabbros (Figures 2–3) and have been 
the subject of extensive petrographic investigations from the late 
70s to the 90s (Pognante 1979, 1981, 1984, 1985, 1991; Pognante 
and Kienast 1987). The Rocciavrè metagabbros were moderately 
affected by ductile deformation, compared with those of analogous 
neighbouring LPL units (Philippot and Kienast  1989; Philippot 
and Van Roermund 1992; Angiboust et al. 2011, 2012b; Locatelli 
et al. 2018), leading to the preservation of initial magmatic textures 
and the development of eclogitic assemblages in coronitic textures, 
except in higher strain zones (Pognante 1985). Peak P–T condi-
tions of Rocciavrè eclogites were estimated at ~450°C–500°C for 
a minimum pressure of 1.2–1.3 GPa (Pognante 1981, 1985, 1991; 
Pognante and Kienast 1987). These estimates are much lower than 
those estimated for other LPL units such as the Lago-Superiore 
unit in the Monviso massif (~550°C–580°C, 2.6–2.8 GPa; Groppo 
and Castelli  2010; Angiboust et  al.  2012b; Locatelli et  al.  2018; 

FIGURE 2    |    Stratigraphic column and field observations of high-pressure veins. (a) Stratigraphic column of the Rocciavrè unit lying on top 
of the Dora-Maira internal crystalline massif, displaying the various types of high-pressure veins observed in two main Fe-Ti metagabbro hori-
zons. (b) Omphacite-quartz–rich vein. (c) Connected omphacite-bearing veins crosscutting eclogite-facies metagabbros and showing the formation 
of omphacite-quartz–rich veins by reopening omphacite-rich veins. (d) Cm-size prismatic crystal of rutile in an omphacite-quartz–rich vein. (e) 
Omphacite-quartz–rich veins crosscutting Fe-Ti metagabbros and starting to form a brecciated texture. Abbreviations: Cont.: continental; Amp: am-
phibole; Gln: glaucophane; Grt: garnet; Omp: omphacite; Qz: quartz; Rt: rutile; Tlc: talc.
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FIGURE 3    |     Legend on next page.
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Caurant et  al.  2023), the Savoy Lower unit (~500°C–550°C, 
2.3–2.9 GPa; Plunder et al. 2012; Ghignone et al. 2021a; Herviou 
et al. 2022) and the Zermatt-Saas unit (500°C–600°C, 2.2–3.0 GPa; 
Bucher et  al.  2005; Angiboust et  al.  2009). However, no re-
evaluation of Rocciavrè eclogites peak P–T conditions has been 
conducted for decades.

In the Orsiera tectonic slice, peak P–T conditions have been es-
timated in mafic rocks at 450 ± 50°C for a minimum pressure of 
1.2 GPa (Bouffette and Caron 1991) and at 450°C–540°C/2–2.1 GPa 
for metasediments (Agard, Jolivet, and Goffe  2001; Beyssac 
et al. 2002; Gabalda et al. 2009; Herviou et al. 2022).

We herein report the occurrence of a wide variety of high-pressure 
veins including omphacite-rich, garnet-rich, omphacite-quartz–
rich, glaucophane-quartz–rich and winchite-actinolite-talc veins. 
These veins, on which this study is focused, were observed cross-
cutting the Fe-Ti metagabbros of the Rocciavrè massif. No vein 
sets have been observed in the Mg-Al metagabbros, which ap-
pear almost systematically devoid of high-pressure index miner-
als (and are therefore not suited for thermobarometric purposes).

3   |   Analytical Methods

3.1   |   Sampling Strategy

In order to investigate the petrochronological evolution and the 
high-pressure fluid records of the Rocciavrè eclogites, repre-
sentative samples containing well-preserved parageneses were 
selected and included: Fe-Ti metagabbros (RO1002, RO1703, 
RO2101, RO2103), Mg-Al metagabbros (RO1701), various types of 
metamorphic veins crosscutting the Fe-Ti metagabbros (RO1801, 
RO2102, RO2111, RO2112, RO2113, RO2114, RO2115, RO2116, 
RO2117, RO2119) and metasediments (RO1001, RO2109).

In addition, eclogite-facies metabasalts (RO2120) and metasedi-
ments (FIN1901, RO2121, RO2122) were collected in the Orsiera 
massif for thermobarometric purposes, in order to detect poten-
tial peak P–T differences between the Rocciavrè and Orsiera 
LPL units.

All the samples used in this work are displayed on the simpli-
fied geological map of Figure  1b. A list including the GPS lo-
cation and mineralogy of all samples is presented in Data  S1. 
Additional field pictures are displayed in Data S2.

3.2   |   Characterization of Mineralogy and Mineral 
Chemistry

Mineral assemblages were determined using optical micros-
copy and scanning electron microscopy (SEM; Zeiss Supra 55VP 

equipped with an SSD detector PTG Sahara for EDS analysis; 
ISTeP, Sorbonne Université, Paris). SEM-EDS maps were ac-
quired, in order to image the distribution of element zonation in 
the investigated phases. Additional microphotographs are dis-
played in Data S3.

Mineral compositions were obtained by electron probe micro-
analysis (EPMA) at Camparis (Sorbonne Université, Paris) using 
a Cameca SX-FIVE and a Cameca SX-100. Point analysis was 
conducted using classical analytical conditions (15-kV accelera-
tion voltage, 10-nA beam current allowing a ~2-μm beam size in 
wavelength-dispersive spectroscopy mode) using diopside (Ca, 
Mg, Si), MnTiO3 (Mn, Ti), orthoclase (K, Al), Fe2O3 (Fe), albite 
(Na) and Cr2O3 (Cr) as standards for calibration of elements (in 
parentheses). Representative mineral analyses are presented in 
Data S4. Monazite chemical maps were acquired with a 20-kV 
acceleration voltage and a 40-nA beam current, using diopside 
(Ca, Si), apatite (P), REE-enriched glasses (Y, REE), UO2 (U) and 
monazite (Th) as standards for calibration of elements (in paren-
theses). The signals used were Si Kα, P Kα, Ca Kα, Y Lα, La Lα, 
Ce Lα, Nd Lβ, Eu Lβ, Th Mα and U Mβ. These compositional 
maps of monazite crystals are displayed in Data S5.

3.3   |   Raman Spectroscopy on Carbonaceous 
Material Thermometry

To estimate the maximum temperature recorded by metasedi-
ments at peak burial, Raman spectra of carbonaceous material 
(RSCM) were obtained using a Renishaw inVia Spectrometer at 
ENS Paris. The excitation light was provided by a laser (Cobolt 
Fandango) at 514.5 nm and at a power of 50 mW, focused on the 
sample using a ×100 objective (Leica). Eleven to sixteen spec-
tra per sample were acquired in the range of 1000–2000 cm−1; 
acquisition time was 30–90 s with 10% of laser power following 
the spectral acquisition parameters of Beyssac et al. (2002). Peak 
position, baseline correction and band widths were determined 
using Peakfit software, and Matlab codes, and temperatures 
were determined using Beyssac et al. (2002) methodology. This 
method has an uncertainty on estimated temperatures of ap-
proximately ±50°C (Beyssac et al. 2002).

3.4   |   Whole-Rock Geochemistry 
and Thermodynamic Modelling

To conduct thermodynamic modelling, major element whole-
rock geochemistry was acquired at ALS global using an ICP-
OES spectrometer on two representative samples exposing 
well-preserved eclogite-facies mineral assemblages: a Fe-Ti 
metagabbro from the Rocciavrè massif (RO2101) and a metaba-
salt from the Orsiera tectonic slice (RO2120). Whole-rock analy-
ses are presented in Data S6.

FIGURE 3    |    Field and thin section pictures of Rocciavrè and Orsiera eclogites and of the different types of high-pressure vein. Observed in Rocciavrè 
Fe-Ti metagabbros. (a) Rocciavrè eclogite-facies Fe-Ti metagabbro (RO2101). (b) and (c) Preserved eclogite-facies domain in an Orsiera metabasalt 
showing pluri-millimetre-large lawsonite pseudomorphs (RO2120). (d) and (e) Omphacite-rich veins (RO2112). (f) and (g) Garnet-rich veins (RO2113). 
(h). Omphacite-quartz–rich vein. Note the presence of quartz inclusions in some omphacite crystals (RO2111). (i) Glaucophane-quartz–rich vein. 
Note the plastic deformation and different orientations of the blue-amphibole showing intense shearing (RO2116). (j) Blue-green amphibole-talc–rich 
vein (RO2117). Abbreviations: Amp: amphibole; Gln: glaucophane; Grt: garnet; Lws: lawsonite; Omp: omphacite; Qz: quartz; Rt: rutile; Tlc: talc.
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P–T phase equilibria diagrams for a specific bulk com-
position (pseudosections) were calculated in the range 
1.5–3.0 GPa/400°C–650°C by minimization of Gibbs free 
energy using Perple_X software version 7.0 (Connolly  1990, 
2005, 2009) and the internally consistent dataset hp04 
(Holland and Powell 1998; modified in 2004). These pseudo-
sections were conducted using the system SiO2-Al2O3-FeO-
Fe2O3-MnO-MgO-CaO-Na2O-TiO2-H2O and adding K2O for 
RO2101 containing phengite crystals. TiO2 was considered in 
the calculation because of the abundance of rutile in both sam-
ples. Solution models were selected from Holland and Powell 
(1998) for garnet, epidote/clinozoisite and phengite; Holland, 
Baker, and Powell  (1998) for chlorite; Green, Holland, and 
Powell  (2007) for omphacite; Diener et  al.  (2007) for clino-
amphiboles; Fuhrman and Lindsley  (1988) for feldspar; and 
Holland and Powell  (1991, 1998) for H2O, considered in ex-
cess. All other phases were considered as pure endmembers 
and talc as an ideal solution. XFe3+ (Fe3+/(Fe2+ + Fe3+); in 
mol.%) ratios of 0.2 and 0.3 for RO2101 and RO2120, respec-
tively, were set up considering the mass balance between Fe3+-
rich omphacite and Fe2+-rich garnet (Droop  1987; Data  S4). 
These values are in the same range as the ones used for eclog-
ites from analogous Alpine units (e.g., Locatelli et al. 2018).

3.5   |   Characterization of Fluid Inclusion 
Generations and Compositions

Fluid inclusion (FI) analyses were performed on 100-μm-thick 
double-polished sections. FIs were observed using optical mi-
croscopy, in order to characterize their morphology, gas/liquid 
ratios and textural location within crystals. To characterize the 
pristine fluid present during crystal growth, only FIs showing 
good textural evidence of primary entrapment were selected 
(i.e., either isolated or occurring in clusters oriented parallel 
to crystal growth directions; Roedder 1984; Van den Kerkhof 
and Hein 2001). FIs were carefully examined, and we selected 
inclusions with the most regular shapes in order to avoid as 
much as possible postentrapment modification of their chemis-
try (e.g., Diamond, Tarantola, and Stünitz 2010; Diamond and 
Tarantola 2015). FIs aligned on trails crosscutting several min-
eral grains, interpreted as secondary inclusions in recrystallized 
fractures, were not considered in this study.

Salinity, gas content and nature of minerals in the 265 studied 
FIs were determined by Raman spectroscopy, by focusing the 
laser on the liquid phase, on the gas bubble and on solids respec-
tively. Raman measurements were performed at GeoRessources 
laboratory (Université de Lorraine, Nancy) using a LabRAM 
HR 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 a 514.532-nm Ar+ 
laser (Stabilite 2017, Newport Spectra-Physics) at the power of 
200, 160 or 120 mW, focused on the sample using a 100× objec-
tive (Olympus).

Salinity values were determined using the method described in 
Caumon et al. (2013). Raman spectra of water in the studied FIs 
were acquired with the same spectrometers used for calibration 
by Caumon et al. (2013), and salinity was determined using the 

intensity ratio of two defined positions (3260 and 3425 cm−1) 
after subtraction of a linear baseline (Data  S7). This method 
has an uncertainty of ±0.4 wt.% NaCl eq. and is well-suited and 
accurate for the characterization of FI salinity in high-pressure 
rocks (Herviou et al. 2021).

For gas analysis, Raman spectra were corrected using an ICS 
function (Intensity Correction System) to normalize the in-
strument response with wavelength. Gas spectra were iden-
tified using peak positions compiled by Frezzotti, Tecce, and 
Casagli (2012). CO2 was detected by the presence of the Fermi 
diad (Fermi 1931; 1285- and 1388-cm−1 peaks), N2 by its main 
peak at 2331 cm−1 and CH4 by its main peak at 2917 cm−1 
(Data S7). The presence of N2 was later confirmed by subtract-
ing the peak area of atmospheric N2 to the peak area of the N2 
potentially detected inside the inclusion.

3.6   |   LA-ICP-MS Trace Element Mapping

LA-ICP-MS trace element mapping was conducted on an 
omphacite-quartz–rich vein (RO1801) using a Resonetics M-
50-LR 193-nm excimer laser coupled to an Agilent 8900x 
Quadrupole ICP-MS at Adelaide Microscopy, University of 
Adelaide. The mapping conditions and protocols were similar 
to those outlined in Raimondo et al. (2017). Preablation of each 
raster scan was completed to minimize the effect of redeposi-
tion (25 μm, 75% overlap), followed by 20 s of washout and 10 s of 
background measurement. A beam diameter of 25 μm, line spac-
ing of 25 μm and repetition rate of 10 Hz were employed, result-
ing in an energy density of 3.5 J/cm2 on the sample. Standards 
including reference glasses NIST SRM 610 (Pearce et al. 1997; 
Jochum et  al.  2011a) and GSD-1G (Jochum et  al.  2011b) were 
analysed in duplicate every 2 h during the mapping session. 
A beam diameter of 43 μm was used for all standard analyses, 
which included five preablation shots (43 μm, 75% overlap) 
followed by 20 s of washout, 30 s of background measurement 
and 40 s of ablation. Data acquisition was performed in time-
resolved analysis mode as a single continuous experiment. Each 
analysis comprised a suite of 35 elements, and dwell times were 
as follows: 0.002 s (Na, Mg, Al, Si, K, Ca, Mn, Fe, Ni), 0.005 s 
(Sc, Ti, V, Cr, Nb, Ba, Hf, Th, U), 0.008 s (Sr, Y, Zr, REE, Ta, Pb) 
and 0.01 s (Li). The total sweep time was 0.297 s. Postacquisition 
processing was performed using the software Iolite (Woodhead 
et al. 2007; Hellstrom et al. 2008; Paton et al. 2011), with data 
reduction and image processing procedures following those out-
lined in Raimondo et al. (2017). All trace element maps are pre-
sented in Data S8.

3.7   |   In Situ U-Pb Dating of Zircon

Zircon crystals were separated from 40 kg of two representative 
vein-free metagabbros belonging to the base of the Rocciavrè 
gabbroic sequence (see sample location in Figure 1b): one eclog-
itized Fe-Ti metagabbro (RO1703) and one Mg-Al metagab-
bro (RO1701), both sampled at the Fonte Neiretto locality 
(Pognante  1985). Zircon separation was conducted using pan-
ning, first in water and then in ethanol, followed by the mag-
netic extraction of Fe-rich minerals with a Nd magnet. Finally, 
zircon crystals were handpicked using a binocular microscope. 
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The zircon grains were cast on ‘megamounts’, that is, 35-mm 
epoxy discs fixed on the front of a mount holder, to ensure that 
no metallic parts nor surface discontinuities faced the second-
ary ions extraction plate. Megamounts were then polished to ex-
pose the centre of zircon crystals. The minerals were carefully 
studied with an optical microscope (reflected and transmitted 
light) and SEM (backscattering and cathodoluminescence) prior 
to SHRIMP analyses.

Zircon crystals were analysed at the CIC-UGR with the 
IBERSIMS SHRIMP IIe/mc ion microprobe for U-Th-Pb fol-
lowing the method described by Williams and Claesson (1987). 
The mount was coated with a ~12-nm-thick gold layer. Each 
spot was rasterized with the primary beam for 120 s prior to 
analysis and then analysed for six scans following the iso-
tope peak sequence 196Zr2O, 204Pb, 204.1background, 206Pb, 
207Pb, 208Pb, 238U, 248ThO and 254UO. Each peak of each scan 
was measured sequentially 10 times, with the following total 
counting times per scan: 2 s for mass 196; 5 s for masses 238, 
248 and 254; 15 s for masses 204, 206 and 208; and 20 s for 
mass 207. The primary beam, composed of 16O−16O+, was set 
to an intensity of about 5 nA, with two Köhler apertures: (1) at 
120 μm and (2) at 70 μm, which generated 17 × 20 and 9 × 12 μm 
elliptical spots on the target to analyse zircon cores and rims, 
respectively. The secondary beam exit slit was fixed at 80 μm, 
achieving a resolution of about 5000 at 1% peak height. All cal-
ibration procedures were performed on the standards included 
on the same mount. Mass calibration was done on the REG 
zircon (ca. 2.5 Ga, very high U, Th and common lead contents). 
The analytical session started by measuring the SL13 zircon 
(Claoué-Long et al. 1995), which was used as a concentration 
standard (238 ppm U). The TEMORA 1 zircon (416.8 ± 1.1 Ma; 
Black et al. 2003), used as an isotope ratios standard, was then 
measured every four unknowns. Data reduction was done 
with the SHRIMPTOOLS software (available at www.​ugr.​es/​~​
fbea), which is a new implementation of the PRAWN software 
originally developed for the SHRIMP. Errors are reported at 
the 95% confidence interval (~2 σ). Standard errors (95% CI) on 
the 37 replicates of the TEMORA 1 standard measured during 
the analytical session were ±0.60% for 206Pb/238U and ±0.92% 
for 207Pb/206Pb. The full analytical data set is presented in 
Data  S9, and the spot location of analysed zircon crystals is 
shown in Data S10.

3.8   |   In Situ U-Pb Dating of Monazite

Monazite was analysed by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) at the University of 
British Columbia Okanagan. Monazite found in the omphacite-
quartz–rich vein (sample RO2114) was analysed In situ in order 
to preserve its petrographic context. Samples were ablated 
using a New Wave Research 193 nm Excimer ArF laser with a 
TV3 ablation cell, coupled to an Agilent 8900 triple-quadrupole 
ICP-MS system for U-Th-Pb and trace element measurement. 
Analyses were conducted at a laser fluence of 2.3 J/cm2 and 
a 12 μm spot-size. Two preablation shots were fired offline 
on the samples to remove surface contamination. The back-
ground was measured for ∼15 s. The material was then ab-
lated at 6 Hz for ∼25 s (with a full mass sweep every 0.3 s). 
Analyses of unknowns were bracketed (every 11 unknowns) 

by analyses of matrix-matched monazite reference material 
44,069 (424.86 ± 0.36 Ma, TIMS 238U/206Pb date; Aleinikoff 
et al. 2006) for U-Pb geochronology and glass standard NIST 
SRM 610 (Jochum et  al.  2011a) for trace elements. Measured 
masses were 31P, 89Y, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 
157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 206Pb, 
207Pb, 208Pb, 232Th and 238U.

Secondary U-Pb standards were included in each run as a 
monitor of accuracy. During the course of this study, we 
obtained common-Pb corrected (Stacey–Kramers itera-
tive correction in IsoplotR after Stacey and Kramers  1975; 
Vermeesch 2018) dates of 269.8 ± 1.5 Ma (n = 22) for Trebilcock 
monazite (~273 Ma; Tomascak, Krogstad, and Walker  1996) 
and 508.9 ± 2.4 Ma (n = 22) for Stern monazite (‘Bananeira’, 
~512 Ma; Kylander-Clark, Hacker, and Cottle  2013). These 
dates are accurate to within 1.2% (Trebilcock) and 0.6% (Stern) 
of the reference values. Internal standardization of trace ele-
ments was done on P (assuming 12.89 wt.% of P in monazite). 
The Iolite plug-in (Paton et al. 2011) for the WaveMetrics Igor 
Pro Software was used to correct measured isotopic ratios for 
baselines, time-dependent laser-induced fractionation and 
instrument drift. Baseline intensities were determined prior 
to each analysis. Two-sigma uncertainties on isotopic mea-
surements were extracted from Iolite. The error correlation 
between the 238U/206Pb and 207Pb/206Pb ratios was recalcu-
lated following the method of Schmitz and Schoene (2007). A 
quadratic uncertainty was added to isotopic ratios to account 
for analytical uncertainty so that the MSWD of the weighted 
means of 238U/206Pb and 207Pb/206Pb equals 1 for secondary 
matrix-matched reference materials Stern and Trebilcock 
monazite (Horstwood et  al.  2016). This correction adds rel-
ative uncertainties on the ratios of 3.8% (for 238U/206Pb) and 
1.2% (for 207Pb/206Pb). In all calculations, spots with values of 
trace element composition inconsistent with monazite analy-
ses were not considered in date calculation to avoid the con-
tamination by inclusions or matrix minerals. A common Pb 
correction was applied to all analyses, following the method 
used in Soret et al. (2022). Common-Pb-corrected analyses are 
plotted on a Tera–Wasserburg projection, and the Concordia 
age is used as implemented in IsoplotR (Vermeesch 2018). The 
full analytical data set is presented in Data S11, whereas the 
spot location and textural position of all analysed monazite 
crystals in sample RO2114 are shown in Data S12.

4   |   Petrographic and Structural Observations of 
Mafic Rocks, Metasediments and High-Pressure 
Veins

4.1   |   Metagabbros of the Rocciavrè Unit

4.1.1   |   Mg-Al Metagabbros

Mg-Al metagabbros of the Rocciavrè massif have a coarse-
grained porphyroblastic texture with epidote/clinozoisite and 
albite dominating in the former plagioclase microdomains and 
omphacite (almost systematically replaced by Ca-Na amphibole) 
in the former magmatic pyroxene microdomains. Rare parago-
nite and chlorite are also present and generally associated with 
the Ca-Na amphibole.
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4.1.2   |   Fe-Ti Metagabbros

Dykes and sills of Fe-Ti metagabbros crosscutting Rocciavrè 
Mg-Al metagabbros (Figure 2a) have a fine-grained oriented 
porphyroclastic and up to mylonitic texture containing a well-
preserved eclogite-facies assemblage mostly made of ompha-
cite (~50 vol.%), garnet (~30–40 vol.%), rutile (a few vol.%) and 

quartz (a few vol.%; Figures  2c,e and 3a,d–j). Subidioblastic 
garnet crystals are frequently atoll-shaped with either ompha-
cite or Ca-Na blue-green amphibole in their cores (Figure 4a). 
Oriented rutile crystals generally highlight the main mylo-
nitic foliation (Figure  3a,e), such as in the Monviso massif 
Fe-Ti metagabbros (Angiboust et  al.  2011, 2012b; Locatelli 
et al. 2018), and contain small phengite. Titanite and ilmenite 

FIGURE 4    |    Backscattered electron images of the Rocciavrè high-pressure veins and host Fe-Ti metagabbros. (a) Fe-Ti metagabbro with ompha-
cite, garnet and quartz in textural equilibrium and atoll-shaped garnet filled by Ca-Na blue amphibole (RO2101). (b) Replacement of omphacite by 
glaucophane in an omphacite-quartz–rich vein. Note the Ca-Na green amphibole + albite ± quartz symplectites growing at crystal boundaries and 
the quartz inclusions in both omphacite and glaucophane crystals (RO211). (c) Omphacite and quartz inclusions in the glaucophane of glaucophane-
quartz–rich veins (RO2116). (d) Ca-Na green amphibole + albite symplectites at the crystal boundaries of an omphacite-rich vein (RO2102). (e) 
Epidote/clinozoisite-apatite-quartz-glaucophane aggregates in an omphacite-quartz–rich vein (RO2114). (f) Monazite inclusions in an allanite asso-
ciated with omphacite of an omphacite-quartz–rich vein (RO2114). Abbreviations: Ab: albite; Aln: allanite; Amp: amphibole; Ap: apatite; Ep: epidote/
clinozoisite; Gln: glaucophane; Grt: garnet; Mnz: monazite; Omp: omphacite; Qz: quartz.
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are observed around rutile. Talc crystals occur at a small 
modal proportion (less than a few vol.%) and are associated 
with omphacite. In some samples, whitish layers underlining 
the foliation are formed by epidote/clinozoisite and paragonite 
(Data S2) and are classically interpreted as pseudomorphs after 
lawsonite (e.g., Angiboust and Agard  2010; see also Bonnet 
et al. 2018). Textural equilibrium observations suggest a peak 
burial omphacite + garnet + rutile + quartz + talc ± lawsonite 
paragenesis. Additional accessory minerals include sparse ap-
atite and zircon.

4.2   |   Metabasalts of the Orsiera Unit

In the Orsiera tectonic slice, metabasalt and prasinite lenses 
embedded in the volumetrically dominant metasediments 
mostly exhibit exhumation-related greenschist-facies para-
geneses. In the core of some lenses, domains preserved from 
deformation and retrogression expose a fresh eclogite-facies 
assemblage (Figure  3b,c). These domains are mostly made 
of omphacite (~50–60 vol.%), garnet (~20–30 vol.%) and pluri-
millimetre large lawsonite pseudomorphs now replaced by 
clinozoisite and paragonite (~10–20 vol.%). Accessory min-
erals include apatite and large rutile crystals (a few vol.%). 
Retrograde blue Na amphibole grows at the expense of eu-
hedral omphacite crystals. At grain boundaries either be-
tween several omphacite crystals or between omphacite and 
garnet crystals, Ca green amphibole + albite symplectites are 
observed.

4.3   |   Metasediments of the Rocciavrè 
and Orsiera Units

Schistes Lustrés from the Orsiera and Rocciavrè units expose 
the classical garnet + chloritoid association of index miner-
als typically observed in eclogite-facies metasediments from 
the Western Alps (Agard, Jolivet, and Goffe  2001; Bousquet 
et al. 2008; Herviou et al. 2022). Silica-rich phengite, quartz, 
carbonates (Ca- or Ca-Mg-Fe–bearing) and graphitic carbona-
ceous material complete the observed paragenesis. Most of the 
accessory minerals correspond to rutile crystals.

4.4   |   High-Pressure Veins in Rocciavrè Fe-Ti 
Metagabbros

The presence of eclogite-facies omphacite-bearing veins, 
comparable with those observed in the Monviso massif (e.g., 
Philippot 1987; Locatelli et al. 2019), have been previously re-
ported in the Rocciavrè massif (Brenan et al. 1994; Philippot, 
Agrinier, and Scambelluri  1998), but they have not been de-
scribed yet. We herein report the occurrence of millimetre- to 
centimetre-thick omphacite-rich, garnet-rich, quartz-rich and 
blue-green amphibole-talc veins crosscutting at variable angles 
the main, gentle, flat-lying foliation visible in the Rocciavrè 
Fe-Ti metagabbros (Figures 2a–e and 3d–j; see also Data S2). 
A greater proportion of the quartz-rich veins (associated with 
garnet, omphacite or blue amphibole) and of the blue-green 
amphibole-talc veins has been noted in the lower half of the 

metagabbroic sequence, as displayed on a simplified summary 
of vein distribution in Figure 2a. In the amphibole-talc veins, 
fibrous amphibole crystals are characterized by bluish and Ca-
Na–bearing cores, whereas the rims are greenish and calcic 
(Figure 3j; Data S3). No vein thicker than 3 cm was observed 
during field investigations. Some of the observed quartz-rich 
vein systems exhibit a previous generation of coarse-grained 
omphacite covering the walls and are often characterized by 
broken habits (Figure 2c,e and Data S3). Similarly, garnet has 
also been observed covering the walls of a vein ultimately filled 
by quartz (Data S2). Thus, quartz seems to occur as a phase that 
post-dates pure omphacite and garnet-bearing early vein sets. 
Widespread quartz inclusions in omphacite from omphacite-
quartz–rich veins (Figures  3h and 4b) however suggest that 
part of the omphacite crystallization occurs synchronously to 
quartz precipitation. Similarly, quartz inclusions in blue am-
phibole from blue amphibole-quartz–rich veins suggest co-
crystallization of blue amphibole and quartz (Figure 4b,c). In 
these veins, omphacite inclusions in the core of the same blue 
amphibole crystals suggest crystallization of amphibole at the 
expense of omphacite (Figure 4c). Garnet-rich and omphacite-
rich vein sets generally have an irregular tortuous structure 
(Figure  3e–g). The orientation of omphacite crystals perpen-
dicular to the walls in omphacite-rich veins suggests vein for-
mation by Mode I tensile opening (Figure 3d–e). In contrast, 
quartz-rich veins commonly display a marked plastic deforma-
tion, indicated by quartz dynamic recrystallization (subgrain 
rotations and grain boundary migrations; e.g., Stipp et al. 2002) 
and by embedded blue-amphibole/omphacite crystals paral-
lelized to the vein walls (Figure 3i and Data S3). Retrogression 
is marked in omphacite-bearing veins by the replacement of 
omphacite by blue amphibole and in all veins by the formation 
along grain boundaries of a symplectitic assemblage mostly 
made of albite and blue-green Ca-Na amphibole (Figure 4b,d).

In Rocciavrè veins, the accessory phases include spectacular 
prismatic rutile crystals, which are generally millimetre long 
and up to pluri-centimetre long, embedded within omphacite-
quartz–rich veins (Figures  2d and 3h), as already reported by 
Brenan et al. (1994). Locally, epidote/clinozoisite together with 
apatite, quartz and blue amphibole aggregates are observed in 
two of the studied omphacite-quartz–rich and blue amphibole-
quartz–rich veins (Figure  4e; see also sample RO16-01 from 
Angiboust and Glodny  2020). Several allanite crystals were 
observed associated with omphacite and quartz in the same 
omphacite-quartz–rich vein. In this sample (RO2114), monazite 
crystals occur as inclusions within allanite and omphacite 
(Figure 4f and Data S12). Zircon has not been observed in the 
studied set of veins.

5   |   Mineral Chemical Compositions

To investigate mineral chemical compositions, different types 
of samples including Fe-Ti metagabbros and high-pressure 
veins from the Rocciavrè unit and metabasalts from the 
Orsiera Unit were selected. Plots of chemical compositions 
and SEM-EDS chemical maps are displayed in Figures 5a–d 
and 6a–i, respectively. Representative mineral analyses are 
presented in Data S4.
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5.1   |   Garnet

Garnet crystals from the Fe-Ti metagabbros are zoned with cores 
richer in Mn and Ca and depleted in Mg and Fe compared with 
rims (Figures 5a and 6a–b; average core: Alm66Grs24Prp6Sps4; 
average rim: Alm74Grs16Prp9Sps1). In these samples, garnet 
rims with the highest XMg have pyrope contents ranging be-
tween 12% and 14%. In garnet-rich veins, garnet crystals are 
zoned with cores having a slight enrichment in grossular con-
tent and a slight depletion in pyrope content compared to rims 
(Figures  5a and 6c; average core: Alm68Grs23Prp7Sps2; aver-
age rim: Alm71Grs15Prp13Sps1). Finally, in the Orsiera meta-
basalts, garnet has rims richer in Mg and Ca, depleted in Mn 
and slightly depleted in Fe compared with cores (Figures  5a 
and 6d; average core: Alm71Grs11Prp9Sps9; average rim: 
Alm69Grs12Prp14Sps5) with maximum pyrope contents in the 
range 15%–17%.

5.2   |   Omphacite

Omphacite crystals from Fe-Ti metagabbros, metabasalts, 
omphacite-rich veins and omphacite-quartz–rich veins are 

all zoned with a general increase in jadeite and aegirine con-
tents from core to rim (Figures 5a and 6e–g). Some omphacite 
crystals from omphacite-bearing veins and in particular from 
omphacite-quartz–rich veins display much more complex zon-
ing patterns, in patches (Figure 6h).

5.3   |   Amphiboles

In blue amphibole-quartz–rich veins, the analysed amphiboles 
plot in the glaucophane field and are zoned with core richer in Mg 
(average XMg = 0.71) compared with rims (average XMg = 0.63; 
Figures 5d and 6i). Blue amphibole replacing omphacite crystals in 
omphacite-quartz–rich veins (Figure 4b) and in metabasalts also 
plot in the glaucophane field (Figure 5d). In the amphibole-talc 
veins, the bluish Ca-Na cores plot in the winchite field, whereas 
the green Ca rims plot in the actinolite/tremolite field (Figure 5d). 
The elevated Fe content of these amphibole cores (Data S4) sug-
gests that they can be classified as actinolite rather than tremolite. 
Blue amphibole in the core of atoll garnets from Fe-Ti metagabbros 
also plots in the winchite field, whereas late-amphibole in the sym-
plectites observed at grain boundaries in omphacite-quartz–rich 
veins plots in the barroisite/katophorite field.

FIGURE 5    |    Chemical composition of vein- and host-rock-forming minerals. (a) Ternary diagram of garnet compositions. (b) Ternary diagram 
of omphacite compositions. (c) Ca versus XMg in omphacite. (d) B-site Na versus T-site Al in amphiboles following Hawthorne et al. (2012) classifi-
cation. Arrows in al plots correspond to core to rim trends in zoned crystals. Abbreviations: Amp: amphibole; Gln: glaucophane; Grt: garnet; Omp: 
omphacite; Qz: quartz.
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5.4   |   Phengite

Phengite crystals spatially associated with rutile crystals in Fe-Ti 
metagabbros are silica-rich highlighting important Tschermak 
substitution. The most substituted phengite analyses have a Si 
a.p.f.u. range of 3.67–3.73 for structural formulas calculated on 
an 11-oxygen basis.

5.5   |   Epidote/Clinozoisite

Epidote/clinozoisite from omphacite-quartz–rich veins have an 
average XEpidote of 0.61.

5.6   |   Talc

Talc from Fe-Ti metagabbros have an average XMg of 0.85, whereas 
talc from amphibole-talc veins have an average XMg of 0.87.

5.7   |   Monazite

Monazite crystals always correspond to Ce-Monazite and are 
homogeneous in composition (Data S5).

6   |   Thermobarometric Estimations

6.1   |   Raman Spectroscopy on Carbonaceous 
Material

Temperatures of 509°C and 549°C were obtained by RSCM in 
the two samples from the Rocciavrè unit (Table 1 and Figure 1b). 
For the Orsiera unit, estimated temperatures lie between 511°C 
and 553°C (Table 1) and are in the same range as those previ-
ously estimated in the same unit, using the same methodol-
ogy (503°C–542°C; Figure  1b; Beyssac et  al.  2002; Gabalda 
et al. 2009; Herviou et al. 2022).

6.2   |   Thermodynamic Modelling

6.2.1   |   Rocciavrè Fe-Ti Metagabbro

For the selected sample RO2101 and in the range 
1.5–3.0 GPa/400°C–650°C, two pseudosection fields reproduce 
the mineral assemblages globally observed in Rocciavrè Fe-Ti 
metagabbros: garnet-omphacite-lawsonite-rutile-talc-quartz-
phengite and garnet-omphacite-rutile-talc-quartz-phengite 
(Figure  7a). Considering that the RO2101 sample is devoid of 
lawsonite relicts, the second field with no lawsonite was selected. 

FIGURE 6    |    SEM-EDS compositional maps in high-pressure veins and host rocks. (a) and (b) CaO and MgO content of garnet in a Rocciavrè Fe-Ti 
metagabbro (RO2101). (c) CaO content of garnet in a garnet-rich vein (RO2113). (d) MgO content of garnet in an Orsiera metabasalt (RO2120). (e) MgO 
content of garnet in an Orsiera metabasalt (RO2120). (f) Al2O3 content of omphacite in an omphacite-rich vein (RO2112). (g) and (h) Al2O3 content 
of omphacite in two omphacite-quartz–rich vein (RO2111 and RO2114, respectively). FeO content of glaucophane in a glaucophane-quartz–rich vein 
(RO2116). Abbreviations: Gln: glaucophane; Grt: garnet; Omp: omphacite.
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The best-fit box constraining the peak P–T conditions was deter-
mined by using the range of pyrope content for the Mg-richest 
garnet rims (XPrp = 0.12–0.14) and the range of silica content 
for the most substituted phengite (Si = 3.67–3.73 a.p.f.u.) and by 
plotting the corresponding isopleths (Figure 7a). In the obtained 
P–T field, the estimated modal phase proportions of omphacite 
(53 vol.%), garnet (37 vol.%), rutile (5 vol.%), talc (2.8 vol.%), quartz 
(2 vol.%) and phengite (0.2 vol.%) are consistent with the observa-
tions made in the sample despite a slight overestimation of the 
talc proportion. The estimated P–T conditions of 2.6–2.9 GPa and 
~545°C–570°C fits within the range of temperature estimated 

by RSCM (509°C–549°C with an uncertainty of ±50°C; Beyssac 
et  al.  2002; Table  1) and extends at pressure higher than the 
quartz–coesite transition (Figure 7a). Although coesite crystals 
have not been observed in the studied samples, growing evidence 
of coesite occurrences in analogous LPL units (Lago di Cignana: 
Reinecke 1991, 1998; Groppo, Beltrando, and Compagnoni 2009; 
Monviso: Ghignone et al. 2023; Susa valley: Ghignone et al. 2024) 
suggest that the initial presence of coesite, now transformed 
back into quartz, should not be ruled out. Using grossular and 
spessartine content isopleths, the prograde growth of the Mn-
Ca–rich garnet cores is estimated at ~480°C/2.3 GPa (Figure 7a).

TABLE 1    |    Raman spectroscopy on carbonaceous material temperatures.

Sample Unit n spectra Mean T°C SD SE mean R2 R2 ratio SD R2 ratio

RO1001 Rocciavrè 11 549 11 3 0.99 0.21 0.02

RO2109 Rocciavrè 15 509 20 5 0.98 0.30 0.05

FIN1901 Orsiera 16 553 47 12 0.97 0.20 0.11

RO2121 Orsiera 14 522 29 8 0.97 0.27 0.06

RO2122 Orsiera 15 511 15 4 0.98 0.29 0.03

FIGURE 7    |    Pressure–temperature (P–T) estimations for Rocciavrè and Orsiera eclogites. (a) P–T pseudosection for a Fe-Ti metagabbro of the 
Rocciavrè unit (RO2101) for a bulk composition of (in wt.% oxide) SiO2 (45.30); Al2O3 (11.80); FeO (14.90); Fe2O3 (4.14); MnO (0.31); MgO (5.56); CaO 
(9.52); K2O (0.02); Na2O (3.19); TiO2 (5.61); H2O (in excess). (b) P–T pseudosection for a metabasalt of the Orsiera unit (RO2120) for a bulk composition 
of (in wt.% oxide) SiO2 (48.50); Al2O3 (15.35); FeO (7.40); Fe2O3 (3.53); MnO (0.18); MgO (4.29); CaO (11.90); Na2O (5.26); TiO2 (1.68); H2O (in excess). 
For both pseudosections, major dehydration reactions are represented by colour lines, isopleths by dashed lines and mineral modal proportions (in 
vol.%) by pie charts. Mineral assemblages in (a) 1: Grt Gln Cam2 Cam3 Chl Omp Tlc Lws Rt Stp; 2: Grt Gln Cam2 Cam3 Chl Omp Ph Lws Rt; 3: Grt Gln 
Chl Omp Tlc Lws Rt Stp; 4: Grt Chl Omp Tlc Lws Rt Stp; 5: Grt Gln Chl Omp Tlc Ph Lws Rt Stp; 6: Grt Gln Cam2 Cam3 Chl Omp Tlc Ph Lws Rt; 7: Grt 
Gln Cam2 Chl Omp Tlc Ph Lws Rt; 8: Grt Gln Omp Tlc Ph Lws Rt; 9: Grt Gln Cam2 Omp Tlc Ph Lws Rt; 10: Grt Gln Cam2 Omp Ph Lws Rt; 11: Grt Gln 
Cam2 Omp Tlc Ph Lws Qz Rt; 12: Grt Gln Cam2 Chl Omp Lws Qz Rt Stp; 13: Grt Gln Cam2 Chl Omp Ph Lws Qz Rt Stp; 14: Grt Gln Cam2 Chl Omp 
Ph Lws Ttn Qz Rt; 15: Grt Gln Cam2 Chl Omp Lws Ttn Qz Rt Stp; 16: Grt Ep Chl Omp Ph Lws Ttn Qz Rt; 17: Grt Ep Chl Omp Ph Lws Qz Rt; 18: Grt 
Ep Chl Omp Ph Ttn Qz Rt; 19: Grt Ep Gln Chl Omp Ph Lws Ttn Qz Rt; 20: Grt Ep Gln Chl Omp Ph Ttn Qz Rt; 21: Grt Chl Omp Ph Qz Rt; 22: Grt Ep 
Gln Cam2 Chl Omp Ph Qz Rt; 23: Grt Ep Gln Cam2 Chl Omp Ph Rt; 24: Grt Ep Gln Cam2 Omp Ph Rt; 25: Grt Gln Chl Omp Tlc Ph Lws Rt Stp; 26: Grt 
Ep Gln Omp Ph Qz Rt. Abbreviations: Cam: clinoamphibole; Chl: chlorite; Coe: coesite; Ep: epidote/clinozoisite; Gln: glaucophane; Grt: garnet; Ilm: 
ilmenite; Lws: lawsonite; Omp: omphacite; Pg: paragonite; Ph: phengite; Qz: quartz; Rt: rutile; Stp: stilpnomelane; Tlc: talc; Ttn: titanite Zo: zoisite.
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6.2.2   |   Orsiera Metabasalt

For the Orsiera metabasalt pseudosection, the garnet-omphacite-
lawsonite-rutile assemblage observed in the RO2120 sam-
ple is reproduced over a large P–T field at around 2–3 GPa and 
530°C–640°C. With no phengite, the studied sample lacks good 
pressure-dependent isopleths for estimating relatively precise 
P–T fields. The intersection between the maximum pyrope con-
tent isopleths in garnet rims and the range of XMg and jadeitite 
content in omphacite cores give a best-fit box broadly estimated at 
2.2–3.0 GPa and 575°C–590°C. This range fits our RSCM tempera-
ture estimates in the same unit (511°C–553°C ± 50°C; Table 1). In 
this P–T field, the estimated mineral modal proportions are con-
sistent with those observed in the sample: omphacite (64 vol.%), 
garnet (19 vol.%), lawsonite (15.5 vol.%) and rutile (1.5 vol.%).

7   |   Fluid Inclusion Petrography and Chemistry

7.1   |   Petrographic Observations of Fluid 
Inclusions

FIs were characterized in 11 selected samples including one host 
Fe-Ti metagabbro, one garnet-rich vein, two omphacite-rich veins, 
four omphacite-quartz–rich veins, one glaucophane-quartz–rich 
vein, one winchite-actinolite-talc vein and one Orsiera metaba-
salt. The 265 studied inclusions are hosted in omphacite (veins, 
host Fe-Ti metagabbro, metabasalt), garnet (veins, metabasalt), 
glaucophane (vein) and winchite-actinolite (vein) crystals.

In omphacite crystals from omphacite-rich veins, omphacite-
quartz–rich veins and the host Fe-Ti metagabbro, FIs are aque-
ous, tubular-shaped, typically 5–20 μm long and up to 35–40 μm 

long (Figure  8a,b). They occur isolated or in clusters and are 
always oriented parallel to the c-axis of omphacite, suggesting 
their primary entrapment. Most inclusions are two-phase con-
taining a liquid and a vapour bubble, but several three-phase 
inclusions with a single transparent anisotropic crystal were 
observed in omphacite-rich veins and omphacite-quartz–rich 
veins (Figure 8a,b). The vapour bubble generally occupies ~10%–
20% of the total inclusion volume.

Primary FIs in garnet from garnet-rich veins and from the me-
tabasalt occur either isolated or in small inclusion clusters, have 
a slightly elongated shape with a typical size of 5–20 μm long 
and are aqueous (Figure 8c,d). Most of these inclusions are two-
phase (liquid + vapour) with only one three-phase inclusion 
(liquid + vapour + solid) containing a single transparent aniso-
tropic crystal observed in a garnet-rich vein. The vapour bubble 
is large, occupying ~20%–30% of the total volume (Figure 8c,d).

In the glaucophane and winchite-actinolite crystals, respectively 
from the glaucophane-quartz–rich and winchite-actinolite-talc 
veins, FIs are aqueous, tubular-shaped and typically 5–15 μm 
long (Figure 8e,f). These inclusions occur isolated or in small 
clusters and are always oriented parallel to the c-axis of amphi-
bole crystals suggesting their primary entrapment (Figure 8e,f). 
All observed inclusions are two-phase (liquid + vapour) with 
vapour bubbles generally occupying ~10% of the total inclusion 
volume.

7.2   |   Fluid Inclusion Gas Content

A strong N2 signal (peak at 2331 cm−1) was detected in most 
analysed inclusion bubbles (Figure  9a) except for garnet from 

FIGURE 8    |    Microphotographs of primary fluid inclusions. (a) and (b) Two-phase (liquid + vapour) and three-phase (liquid + vapour + solid) tubu-
lar fluid inclusions oriented parallel to the omphacite c-axis in omphacite-quartz–rich vein (RO2114, RO2111). (c) Two-phase fluid inclusion hosted 
in a garnet crystal from an Orsiera eclogitic metabasalt (RO2120). (d) Isolated two-phase fluid inclusion in a garnet from a garnet-rich vein (RO2102). 
(e) Two-phase fluid inclusion oriented parallel to the glaucophane c-axis in a glaucophane-quartz–rich vein (RO2116). (f) Two-phase fluid inclusion 
oriented parallel to the winchite c-axis in a winchite-actinolite-talc vein (RO2117). Abbreviations: Gln: glaucophane; Grt: garnet; Omp: omphacite; 
Wnc: winchite.
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garnet-rich veins where the small size of the inclusions (~5 μm) 
prevented good gas analyses. Gas analyses were also challenging 
in the small winchite-actinolite FIs, and N2 was detected in only 
one inclusion of this vein type. The Fermi diad of CO2 (peaks at 
1285 and 1388 cm−1) was detected in two N2-bearing FIs hosted 
in garnet crystals from the Orsiera metabasalt. Finally, CO2 and 
CH4 (peak at 2917 cm−1) peaks were simultaneously observed in 
two inclusions from the glaucophane-quartz–rich vein where no 
N2 was detected (Figure 9b and Data S7).

7.3   |   Solids in Fluid Inclusions

With peaks at 284, 711 and 1085 cm−1 overprinting the host 
signal, all solids observed in three-phase inclusions from om-
phacite in the veins and the one solid observed in a garnet-rich 
vein were identified as calcite crystals (Figure 9c; e.g., Frezzotti, 
Tecce, and Casagli  2012). No OH-bearing step-daughter min-
eral was observed. When present, these minerals, which are 

formed by the interaction between host minerals and trapped 
fluid, can affect the initial salinity of the fluid (e.g., Frezzotti 
and Ferrando 2015).

7.4   |   Fluid Inclusion Salinity

The estimated salinity of the 265 characterized FIs is displayed 
by a sample in the histogram of Figure 9d and by sample type in 
the box plots of Figure 9e. The mean, median and standard devi-
ation of the estimated salinity, as well as the number of studied FI 
types by sample and by type of sample, are displayed in Table 2.

High salinity values are generally estimated for FIs in (mean; 
median; sd; in wt.% NaCl eq. and FI numbers): the host Fe-Ti 
metagabbros (18.5 wt.%; 18.5 wt.%; 2.2; n = 30), the garnet-rich 
veins (22.4 wt.%; 22.5 wt.%; 3.9; n = 25), the omphacite-rich veins 
(15.1 wt.%; 15.7 wt.%; 4.7 n = 50) and the omphacite-quartz–rich 
veins (19.2 wt.%; 20.0 wt.%; 3.9; n = 33). Winchite-actinolite-talc 

FIGURE 9    |    Chemistry of primary fluid inclusions (FI). (a) and (b) Raman gas spectra in vapour bubbles of fluid inclusions: N2 in an omphacite-
hosted inclusion from an omphacite-rich vein (RO2112) and CO2 in a glaucophane-hosted inclusion from a glaucophane-quartz–rich vein (RO2116), 
respectively. (c) Raman spectra of a calcite crystal in a fluid inclusion overprinting the signal of the host omphacite; omphacite-rich vein (RO2112). 
(d) Histogram of estimated fluid inclusion salinity for all analysed samples. The Late Jurassic seawater salinity is after Hay et al. (2006). Box plots of 
estimated fluid inclusion salinity grouped by sample type. Abbreviations: Amp: amphibole; Cal: calcite; Gab.: gabbro; Gln: glaucophane; Grt: garnet; 
Omp: omphacite; Qz: quartz; Tlc: talc.
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veins have the highest FI salinity (23.2 wt.%; 25.8 wt.%; 6.8; n = 17), 
whereas glaucophane-quartz–rich veins have more intermediate 
salinity values (13.1 wt.%; 12.7 wt.%; 4.3; n = 33). Among all sam-
ples, the metabasalts have the lowest values (8.3 wt.%; 8.8 wt.%; 
3.8; n = 30) with garnet-hosted inclusions generally having a more 
saline fluid than omphacite-hosted FIs (Figure 9d). All samples 
have salinity values much higher than those estimated for Late 
Jurassic seawater (~3.7–4.2 wt.%; Hay et al. 2006; Figure 9d,e).

8   |   Trace Element Mapping

LA-ICP-MS trace element maps were acquired from an 
omphacite-quartz–rich vein (RO1801). Selected maps are pre-
sented in Figure  10, and maps for all collected elements are 
displayed in Data S8. A mineral index map obtained after exam-
ining the relative abundance of major elements and creating a 
mask for each mineral phase is also provided in Figure 10.

FIGURE 10    |    LA-ICP-MS trace element maps in rutile and omphacite of an omphacite-quartz–rich vein. The distinction between rutile and om-
phacite crystals is shown on the first panel. Abbreviations: Omp: omphacite; Rt: rutile. A compilation of all trace element maps acquired is provided 
in Data S8.
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Omphacite crystals mostly show oscillatory zoning patterns 
associated with some sector zoning in Mn, Sr, Li, Sc, V, Cr, Ni 
and the middle to heavy REE (Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu). A thin rim exhibiting oscillatory enrichments in Cr, en-
riched in U and depleted in V compared with cores is observed 
in rutile crystals. Hourglass zoning is also observed in rutile for 
some HFSE (Nb, Ta, Zr).

Enrichments in some elements observed at grain boundaries 
are interpreted as smearing artefacts exaggerating the size 
of small inclusions (e.g., Raimondo et  al.  2017; Hyppolito 
et al. 2019).

9   |   In Situ U-Pb Dating of Zircon

9.1   |   Fe-Ti Metagabbro

The studied Fe-Ti metagabbro (RO1703) contains abundant 
zircons. These crystals are translucent with a whitish co-
lour, stubby, euhedral and equant to elongated bipyramidal 
prisms, although the main grains show broken morphol-
ogies resulting from sample preparation, with sizes rang-
ing from 400 μm × 250 μm to 100 μm × 50 μm (Figure  11a). 
Cathodoluminescence images reveal different internal 
morphologies: some grains having a fine magmatic oscilla-
tory zoning, some having a patchy zoning pattern and some 
having unzoned grains (Figure  11a). Thirty-seven U-Th-Pb 
measurements on 37 different zircon yielded variable concen-
trations of U (28–2495 ppm) and Th (5–2009 ppm) with Th/U 
ratios ranging between 0.13 and 1.18 and have a common lead 
contribution (f206 = 0.04%–34.99%; Data  S9). Some analyses 
were discordant (discordance of −0.2%–50.08%; Data S9). We 
therefore applied a 208Pb-based correction algorithm (Ludwig 
2009 that corrected the majority of data to Concordia. The 24 
concordant data (208Pb-corrected discordance of −8–9.8) give 
a weighted mean (errors reported at 2 σ) of the 208-corrected 
206Pb/238U age of 151 ± 4 Ma (MSWD = 6.29) virtually iden-
tical to 207Pb-corrected age of 150 ± 4 Ma (MSWD = 5.16; 
Figure 11a).

9.2   |   Mg-Al Metagabbro

The Mg-Al metagabbro sample (RO1701) contains few zircons, 
and only 12 grains were collected after the separation process. 
Grains are colourless, free of inclusions, euhedral short bipyra-
midal prisms with dimensions ranging from 200 μm × 100 μm 
to 100 μm × 50 μm (Figure  11b). Under the cathodolumines-
cence microscope, they show a sector to concentric oscillatory 
zoning with high cathodoluminescent bands and darker ones 
(Figure 11b). Thirteen measurements in 12 grains have low U 
(9–180 ppm) and Th (4–417 ppm) with Th/U ratio of 0.4–2.38 
(Data  S9). These zircon crystals have a common lead contri-
bution (f206 = 0.3%–8.5%) and yield large discordant values 
(discordance of 5.6%–49%). They are however aligned in a 
Discordia line providing a lower intersection age of 150 ± 6 Ma 
(MSWD = 1.68; Data S9). We applied the 208Pb-based correction 
and seven concordant data (discordance of −6.4%–10%) yield 
same age within error with a 208-corrected 206Pb/238U age of 
158 ± 4 Ma (MSWD = 1.15) virtually identical to 207Pb-corrected 
age of 158 ± 4 Ma (MSWD = 0.93; Figure 11b).

10   |   In Situ U-Pb Dating of Monazite

U-Pb in monazite crystals from the omphacite-quartz–rich 
vein RO2114 (Figure  12) gave a well-constrained isochron of 
40.4 ± 0.2 Ma (n = 91). All monazite crystals have a similar REE 
pattern suggesting that they belong to a unique generation 
(Figure 12), such as supported by their homogeneous composi-
tion (Data S5).

11   |   Discussion

11.1   |   The Rocciavrè Massif: A True Analogue 
of the Monviso Lago Superiore Unit?

Estimated RSCM temperature in the range 509°C–549°C for 
the Rocciavrè unit and 511°C–553°C for Orsiera (Table  1) are 
fitting those previously estimated in the literature for Orsiera 

FIGURE 11    |    Wetherill Concordia U-Pb plots with 208Pb-corrected for zircon crystals of (a) a Fe-Ti metagabbro (RO1703) and a Mg-Al metagabbro 
(RO1701).
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metasediments (503°C–542°C; Beyssac et  al.  2002; Gabalda 
et al. 2009; Herviou et al. 2022) and are consistent with the peak 
P–T conditions that we estimated independently in mafic rocks 
using thermodynamic modelling (~545°C–570°C/2.6–2.9 GPa 
for Rocciavrè and 575°C–590°C/2.2–3.0 GPa for Orsiera). No 
metamorphic gradient through the units such as observed in 
the blueschist-facies LPU and LPM units (Herviou et al. 2022) 
is detected, and no metamorphic gap is observed between the 
two studied LPL slices, having relatively consistent peak P–T es-
timations. However, although an absence of a temperature gap 
is likely considering the same range of RSCM temperature, a po-
tential peak pressure gap between the two units may have been 
undetected because of the poorly constrained pressure estimates 
in the Orsiera metabasalt (Figure  7b). These peak P–T condi-
tions are significantly higher than those previously estimated 
for Rocciavrè (~450°C–500°C/> 1.2–1.4 GPa; e.g., Pognante and 
Kienast  1987) and Orsiera eclogites (400°C–500°C/> 1.2 GPa; 
Bouffette and Caron 1991) but are in a range closer to previous es-
timates for Orsiera metasediments (~500°C–540°C/2.2–2.5 GPa; 
Agard, Jolivet, and Goffe 2001; Herviou et al. 2022).

These new estimates fit well the peak P–T conditions estimated 
for LPL units exposed south and north of the studied area, such 
as the Lago Superiore unit of the Monviso massif (~550°C–580°C, 
2.6–2.8 GPa; Groppo and Castelli  2010; Angiboust et  al.  2012b; 
Locatelli et  al.  2018) and the eclogites of the Savoy-Susa region 
(~500°C–550°C, 2.3–2.9 GPa; Plunder et  al.  2012; Ghignone 
et  al.  2021a, 2024; Herviou et  al.  2022). In both of latter ex-
amples, thermobarometric estimates initially predicted a po-
tential peak burial at conditions close to the quartz–coesite 
transition (Angiboust et al. 2012b; Locatelli et al. 2018; Ghignone 

et al. 2021a) later confirmed by the observation of coesite in the 
Monviso massif (Ghignone et  al.  2023) and in the Susa valley 
(Ghignone et al. 2024). Whereas coesite crystals have not been ob-
served in our samples, peak P–T conditions estimated by thermo-
dynamic modelling overlap both the quartz and coesite stability 
fields (Figure 7a,b), suggesting that coesite may have occurred in 
Rocciavrè and Orsiera units at peak burial. In addition, the pres-
ence of lawsonite pseudomorphs in Orsiera eclogitic metabasalts 
and in some Rocciavrè eclogites suggest a peak burial within or 
close to the lawsonite-eclogite-facies such as suggested in other 
LPL units (Lago Superiore: Groppo and Castelli 2010; Angiboust 
et al. 2011, 2012b; Zermatt-Saas Angiboust and Agard 2010).

In the Monviso eclogites from the Lago Superiore unit, zircon 
cores suggest the crystallization of Fe-Ti gabbros during the 
Late Jurassic (ca. 163 Ma), whereas their rims suggest a peak 
burial at ca. 50–45 Ma (Rubatto and Hermann 2003; Rubatto and 
Angiboust 2015; Garber et al. 2020). In the Rocciavrè massif, our 
zircon U-Pb analyses in Mg-Al and Fe-Ti gabbros give ages of 
158 ± 4 Ma and 151 ± 4 Ma, respectively (Figure 11a–b; note that the 
age for the Fe-Ti gabbro is more reliable that the Mg-Al one thanks 
to (1) the larger number of analyses and (2) a smaller effect of the 
common Pb correction), suggesting a synchronous formation of 
oceanic crust in both units. These new ages globally fit the global 
range of U-Pb ages in magmatic zircon from Alpine mafic rocks 
(ca. 170–150 Ma; e.g., Manatschal and Müntener  2009; Li et  al. 
2013). The Fe-Ti metagabbro age is slightly younger than the peak 
of magmatic accretion estimated for the Liguro-Piemont domain 
(ca. 165–160 Ma) but fits recently collected U-Pb zircon ages in the 
nearby Susa and Lanzo valleys (De Togni et al. 2024). Although 
no metamorphic rims were observed around Rocciavrè zircon 

FIGURE 12    |    Tera–Wasserburg Concordia U-Pb plot and trace element pattern in monazite crystals of an omphacite-quartz–rich vein. The colour 
scale ranging from dark blue to yellow corresponds to Y concentration in monazite.
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crystals, a phengite-glaucophane-epidote-apatite Rb-Sr isochron 
age at 46.3 ± 2.8 in Rocciavrè metagabbros (mostly constrained by 
peak phengite analyses) also suggests overlapping peak burial ages 
for the Lago Superiore unit and Rocciavrè LPL units (Angiboust 
and Glodny 2020).

With a similar lithostratigraphic content (volumetrically dom-
inant gabbros and serpentinites overlaid by a thin sedimentary 
series restricted to Upper Jurassic sediments; e.g., Herviou 
et al. 2022), overlapping magmatic and metamorphic ages and 
peak P–T conditions in the same range, the Rocciavrè and 
Lago Superiore LPL units can be considered as true analogues. 
These different characteristics are globally shared by all mafic-
ultramafic–dominated LPL units (Lago Superiore, Rocciavrè, 
Savoy Lower unit, Avic, Zermatt-Saas), suggesting their simi-
lar initial palaeogeography close to the continental margin and 
equivalent mechanical processes controlling their slicing at 
depth of ~70–80 km, during a short-lived period prior to conti-
nental subduction (Agard 2021; Herviou et al. 2022).

11.2   |   Different Fluid Sources Detected During 
Oceanic Crust Subduction

Metamorphic veins reflect crystal growth in fractures and are 
generally considered the best rock record of fossil fluid circu-
lation and fluid–rock interactions (e.g., Oliver and Bons 2001). 
Their mineralogy and geochemistry therefore give valuable 
clues on fluid sources responsible for vein formation and, in con-
sequence, on the scales of fluid migration (e.g., Spandler, Pettke, 
and Rubatto 2011; Locatelli et al. 2019). In the following points, 
mineral assemblages, mineral compositions and FI chemistry 
(salinity, gas content, solids) of the high-pressure veins and 
their host rocks are used to discuss potential fluid sources. P–T 
conditions of the different steps of vein formation, presented in 
Figure 13a–e, are briefly addressed here and detailed in the fol-
lowing discussion section.

11.2.1   |   Evidence From Vein Mineral Assemblages 
and Their Compositions

Omphacite-rich veins and garnet-rich veins contain minerals 
(omphacite or garnet ± rutile; Figures 2c and 3d–g) occurring in 
the peak burial eclogite-facies assemblage preserved in host Fe-
Ti metagabbros (Figures 3a and 7a). In these veins, omphacite 
and garnet crystals have compositions and zoning patterns simi-
lar to the same minerals in Fe-Ti metagabbros (Figures 5a–c and 
6a,b,d,f), suggesting vein formation at or close to peak burial 
and a potential local fluid source (Figure 13a,e). In addition, the 
folded and tortuous structure of these veins suggests their early 
formation (Figure 3e,g). Similar omphacite-rich and omphacite-
garnet–rich veins and breccia matrices from the Monviso massif 
are interpreted to form at eclogite-facies conditions and to be 
related to a local fluid transfer, at least for the majority of them 
(Spandler, Pettke, and Rubatto 2011; Locatelli et al. 2018, 2019; 
Herviou et al. 2021).

In contrast to omphacite-rich veins, omphacite-quartz–rich 
veins contain large amounts of quartz (Figures 2b–e and 3h), 
which is only a minor phase in Rocciavrè Fe-Ti metagabbros 

(modal proportion reaching a few vol.% at most), suggesting that 
the fluid was Si-rich. These veins also contain centimetre-long 
prisms of rutile (Figure 2d) and have omphacite zoning patterns 
different from those observed in the host rocks (Figures 6g–h 
and 10; see also Figure 5). In omphacite-quartz veins, the pres-
ence of quartz, allanite, monazite and the U enrichment of 
rutile crystal rims suggests that the fluid was enriched in ele-
ments (Si, REE, U, P, Ca) that can be mobilized in high-pressure 
fluids (e.g., Ague  2017) and previously interpreted as likely 
to reflect a sedimentary source because of their high concen-
trations in sediments (e.g., Bebout and Barton  1989; Gyomlai 
et al. 2021; Herviou and Bonnet 2023; Figures 4f, 10 and 13b). 
The oscillatory Cr-rich zoning pattern near the rims of rutile 
crystals (Figure  10) could reflect an ultramafic contribution 
(e.g., Spandler, Pettke, and Rubatto 2011; Angiboust et al. 2014) 
or a contribution from less differentiated metagabbros (closer 
to a Mg-Al composition; Locatelli et al. 2019). Hourglass (sec-
tor) zoning patterns for some HFSE in rutile likely evidence 
a differential uptake of elements on some crystal faces, con-
trolled by the crystal structure (Dowty  1976; Van Hinsberg 
et  al. 2006; Lefeuvre et  al.  2024), whereas oscillatory zoning 
patterns of omphacite may reflect the local breakdown of hy-
drous minerals (such as already documented in the Monviso 
eclogitic vugs; Angiboust and Raimondo  2022). Vein textures 
(i.e., coarse-grain omphacite crystals close to the veins walls 
with broken textures and prismatic omphacite crystals hosting 
quartz inclusions close to the vein cores) and field relationships 
suggest that omphacite-quartz–rich veins likely correspond to 
former omphacite-rich veins that were reopened (Figures  2c 
and 13b). Considering that omphacite-rich veins likely formed 
at conditions close to peak burial, the formation of omphacite-
quartz–rich veins therefore occurred at a later stage during 
the early part of the retrograde P–T path. Precise P–T condi-
tions for the formation of these veins are challenging to esti-
mate considering their high variance mineral assemblage. 
However, they are expected to occur somewhere on the retro-
grade P–T path between peak burial and the jadeite-out reac-
tion (jadeite + quartz = albite reaction; Figure 13e). The absence 
of glaucophane, except in late features such as replacing om-
phacite crystals (Figure 4b) and in epidote/clinozoisite-apatite-
glaucophane-quartz aggregates (Figure 4e), likely suggests the 
formation of the omphacite-quartz–rich veins before entering in 
the epidote-blueschist-facies (Figure 13e). The early retrograde 
character of these high-pressure veins is demonstrated by our 
monazite U-Pb age of 40.4 ± 0.2 Ma (Figure  12), significantly 
younger than the 46.3 ± 2.8 Ma age considered for peak burial 
(Angiboust and Glodny 2020).

The mineralogical content of glaucophane-quartz–rich 
veins resembles that of omphacite-quartz–rich veins, except 
that glaucophane occurs instead of omphacite (Figure  3i). 
Omphacite inclusions in glaucophane crystals suggest that 
glaucophane-quartz–rich veins may correspond to former 
omphacite-quartz–rich veins in which anhydrous clinopy-
roxene was replaced by a hydrous phase of close chemistry 
(i.e., glaucophane) during an episode of fluid infiltration 
(Figure  13c). The association of epidote/clinozoisite with 
glaucophane crystals suggests that crystallization of epidote/
clinozoisite-apatite-glaucophane-quartz aggregates was con-
temporaneous to vein formation and that the fluid was carry-
ing elements such as Si, P and Ca. Although petrological clues 
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are limited to determining a precise fluid source, there is no 
evidence of any major fluid change compared with omphacite-
quartz–rich veins. The widespread crystallization of glau-
cophane, locally at the expense of vein omphacite crystals 

associated with epidote/clinozoisite, suggests the formation 
of the glaucophane-quartz–rich veins along the retrograde 
path and at epidote-blueschist-facies conditions (Evans 1990; 
Figure 13e).

FIGURE 13    |    (a) to (e) Different steps of fluid transfer and vein formation during burial and exhumation of the Rocciavrè unit in sub-
duction. Step 1 corresponds to the formation of omphacite-rich and garnet-rich veins during local fluid transfer (cm-dm-scale) at peak buri-
al (~545°C–570°C/2.6–2.9 GPa; 46.3 ± 2.8 Ma). Step 2 corresponds to the formation of omphacite-quartz–rich veins by the reopening of former 
omphacite-rich veins. This step records the infiltration of external sediment-derived (± ultramafic-derived) fluids, during exhumation at eclogite-
facies conditions (40.4 ± 0.2 Ma). Step 3 corresponds to the formation of glaucophane-quartz–rich veins by reopening former omphacite-rich (and/
or omphacite-quartz–rich veins) during exhumation in the epidote-blueschist-facies (ca. 38–36 Ma). These veins record the km-scale infiltration of 
sediment-derived fluids likely coming from the underlying and subducting Briançonnais micro-continent. Step 4 corresponds to the formation of 
winchite-actinolite-talc veins recording the infiltration of ultramafic-derived fluids at greenschist-facies conditions during exhumation and slice 
stacking (ca. 35–32 Ma). The different types of high-pressure veins observed in the Rocciavrè eclogitic massif therefore record the evolution of flu-
id migration scales in the subducted oceanic lithosphere, from local fluids transferred over small distance at peak burial to large kilometre-scale 
circulation and infiltration of external fluids during exhumation. The orientation and position of the blue arrows illustrating the fluids in (b) to (d) 
do not aim to characterize a preferential fluid pathway. Abbreviations: Act: actinolite; AM: amphibolite-facies; BS: blueschist-facies; Coe: coesite; 
EBS: epidote-blueschist-facies; EA: epidote-amphibolite-facies; EC: eclogite-facies; Ep/Czo: epidote/clinozoisite; Gln: glaucophane; Grt: garnet; GS: 
greenschist-facies Jd: jadeite; LPU: Liguro-Piemont Upper units; LPM: Liguro-Piemont Middle units; LPL: Liguro-Piemont Lower units; Omp: om-
phacite; Lws-EC: lawsonite-eclogite-facies; Qz: quartz; RSCM: Raman Spectroscopy on Carbonaceous Material; Sed.: sediment; Tlc: talc; UHP-EC: 
ultra-high-pressure-eclogite-facies; Umaf.: ultramafic; Wnc: winchite.
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Finally, winchite-actinolite-talc veins have a very distinct min-
eral assemblage compared with the other vein types. The pres-
ence of these three phases having high magnesium contents 
suggests that the fluid was Mg-rich. In addition, talc and ac-
tinolite are ubiquitous phases in altered ultramafic rocks (e.g., 
Spandler et  al.  2008; Herviou and Bonnet  2023; Nishiyama 
et  al.  2023), also commonly observed in sheared Mg-Al 
metagabbros suggesting an ultramafic or Mg-Al gabbro fluid 
source (Figure 13d). Amphibole and talc crystals are generally 
millimetre-long, automorphous and with almost no evidence of 
plastic deformation (Figure  3j) supporting a late formation of 
these veins during exhumation. Although talc is stable over a 
very large range of P–T conditions across subduction gradients 
(e.g., Peacock and Wang 2021), winchite and actinolite crystalli-
zation along retrograde HP-LT P–T paths generally occurs from 
the blueschist-greenschist-facies transition to greenschist-facies 
conditions (Banno and Sakai  1989; Otsuki and Banno  1990; 
Wintsch, Byrne, and Toriumi 1999; Figure 13e).

11.2.2   |   Evidence From Fluid Inclusion Salinity

Salinity values estimated for FIs hosted in the Fe-Ti metagab-
bro (mean: 18.5 wt.% NaCl eq.), in the garnet-rich vein (mean: 
22.4 wt.% NaCl eq.), in the omphacite-rich veins (mean: 15.1 wt.% 
NaCl eq.), in the omphacite-quartz–rich veins (mean: 19.2 wt.% 
NaCl eq.) and in the winchite-actinolite-talc vein (mean: 
23.2 wt.% NaCl eq.) are elevated and significantly higher than 
the values considered for Late Jurassic seawater (~3.7–4.2 wt.% 
NaCl eq.; Hay et al. 2006; Figure 9d–e and Table 2).

Such high salinity values have previously been reported in 
blueschist- and eclogite-facies Alpine metagabbros and asso-
ciated high-pressure veins (Philippot and Selverstone  1991; 
Selverstone et  al.  1992; Nadeau, Philippot, and Pineau  1993; 
Vallis and Scambelluri  1996; Philippot, Agrinier, and 
Scambelluri  1998; Herviou et  al.  2021), also in Alpine ser-
pentinites (Scambelluri et  al.  1997). Similar δ18O values be-
tween pyroxene crystals and whole rocks of Alpine metagabbros 
compared with hydrothermally altered ophiolites led authors to 
propose that estimated high salinity values are at least partially 
inherited from hydrothermal alteration on the seafloor (e.g., 
Philippot, Agrinier, and Scambelluri  1998; Scambelluri and 
Philippot  2001). Indeed, during near-ridge high-temperature 
hydrothermal alteration of gabbros, phase separation leading 
to the formation of brine-rich (up to > 50 wt.% NaCl eq.) and 
vapour-rich fluids is generally observed in FIs (e.g., Vanko 1988; 
Kelley, Robinson, and Malpas  1992; Kelley and Delaney  1987; 
Verlaguet et al. 2020). In addition, the storage of large chlorine 
concentrations in minerals and at mineral grain boundaries of 
mafic and ultramafic rocks is recognized to occur during hy-
drothermal alteration (e.g., Sharp and Barnes  2004; Bonifacie 
et  al.  2008; Barnes and Cisneros  2012). In the Western Alps, 
evidence of intensive hydrothermal alteration that affected the 
slow-spreading (Lagabrielle and Cannat  1990) oceanic litho-
sphere are notably highlighted not only by hydrothermal phase 
relicts and their high Cl-content (Debret et al. 2016) but also by 
hydrothermal isotopic signatures (δ18O, δ37Cl, δ11B, δ65Cu) pre-
served up to eclogite-facies conditions (Nadeau, Philippot, and 
Pineau  1993; Busigny, Cartigny, and Philippot  2011; Busigny 
et  al.  2018; Selverstone and Sharp  2013; Martin et  al.  2020; 

Cannaò et al. 2023). The high salinity values observed in Alpine 
metagabbros and related high-pressure veins are therefore in-
terpreted to record a hydrothermal signature potentially related 
to a partitioning of the inherited high chlorine content in the 
fluid phase during minor dehydration reactions (such as con-
sidered for the brucite-out reaction in serpentinites; Scambelluri 
et  al.  1997) and to the partial recycling of the brines initially 
trapped on the seafloor (Nadeau, Philippot, and Pineau 1993).

It is worth noting that (i) limited dehydration of the subducted 
hydrothermally altered Alpine metagabbros is predicted to 
have occurred prior to chlorite- and lawsonite-out reactions 
(Figure 7a; Herviou et al. 2021; their §7.3) and (ii) the salinity 
values recorded in our Fe-Ti metagabbros and high-pressure 
veins (such as for the equivalent veins of the Monviso massif; 
Philippot and Selverstone  1991; Herviou et  al.  2021) are ele-
vated but significantly lower than those of hydrothermal brines 
(e.g., Kelley and Delaney 1987) or those previously estimated in 
Rocciavrè for low-strained metagabbros with preserved mag-
matic textures (Philippot, Agrinier, and Scambelluri  1998). 
These two points suggest that high salinity may be preserved up 
to eclogite-facies conditions and that the dehydration reactions 
encountered may have lowered the initial salinity of hydrother-
mal fluids that may only have been preserved in undeformed 
and less metamorphosed rocks.

In contrast to the Fe-Ti metagabbro sample and most high-
pressure veins, primary FI salinity values are significantly 
lower in the Orsiera metabasalt (mean: 8.3 wt.% NaCl eq.) 
and in the glaucophane-quartz–rich vein (mean: 13.1 wt.% 
NaCl eq.), yet still higher than the Late Jurassic seawater 
(Figure 9d–e and Table 2). Hydrothermal alteration generally 
occurs at lower temperature in basalts compared with gabbros, 
preventing phase separation and brine formation (e.g., Kelley, 
Robinson, and Malpas 1992). Metabasalts are therefore not ex-
pected to preserve highly saline fluids inherited from hydro-
thermal processes (Philippot, Agrinier, and Scambelluri 1998; 
Herviou et al. 2021), which might explain the lower salinity 
values of FIs from our Orsiera sample. However, glaucophane-
quartz–rich veins are cross-cutting Fe-Ti metagabbros and 
locally produced fluids are expected to be highly saline. The 
lower salinity values of these veins might therefore record 
an external fluid source. The fluids produced during devol-
atilization at high pressure of the Liguro-Piemont metased-
iments have a low to intermediate salinity generally lower 
than 10 wt.% NaCl eq. (Agard et al. 2000; Herviou et al. 2021; 
Herviou and Bonnet 2023). The salinity values recorded in the 
glaucophane-quartz–rich veins may therefore record a mixing 
between the highly saline fluids produced locally and exter-
nally derived low saline fluids, potentially coming from a sed-
imentary source.

11.2.3   |   Evidence From Fluid Inclusion Gas Content 
and Solids

A strong N2 signal was detected in most FIs (Figure 9a). N2 is 
a gas species commonly detected in eclogite-facies FIs, gener-
ally interpreted as inherited from the breakdown of pre-eclogitic 
NH4

+-bearing minerals such as amphiboles, feldspar and micas 
(Andersen, Burke, and Austrheim 1989; Andersen, Austrheim, 
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and Burke 1990; Andersen et al. 1993; Klemd, Van den Kerkhof, 
and Horn 1992; Mukherjee and Sachan 2009). In the Western 
Alps, N2 was recently detected in primary FIs from eclogite-
facies omphacite-bearing veins and breccia matrices from the 
Monviso Lago Superiore unit (Herviou et  al.  2021), analogous 
to the Rocciavrè unit. In addition, although N is considered as 
being retained up to subarc depths in Liguro-Piemont sediments 
(Busigny et al. 2003; Philippot et al. 2007; Bebout et al. 2013); 
omphacite-bearing veins of the Monviso have higher N concen-
trations than their host Fe-Ti metagabbros (Busigny, Cartigny, 
and Philippot 2011; Busigny et al. 2018), suggesting that N2 is 
likely released in the fluids by prograde to peak dehydration re-
actions in the gabbros but not during sediment devolatilization. 
Therefore, N in the form NH4

+ might have been transported by 
K-Na-Ca–bearing minerals such as glaucophane during sub-
duction (e.g., Halama et  al. 2017; Halama and Bebout 2021) 
and later released and trapped in FIs as N2 during their break-
down at eclogite-facies conditions (Herviou et al. 2021). In the 
Rocciavrè Fe-Ti metagabbros, the glaucophane-out reaction is 
predicted to occur at around 520°C–550°C/2.3–2.5 GPa along a 
~7°C–8°C/km gradient (Figure  7a) such as considered for the 
Alpine oceanic subduction (e.g., Agard, Jolivet, and Goffe 2001; 
Agard 2021; Herviou et al. 2022). The N2 signature detected in 
our samples is thus considered as reflecting the local devolatil-
ization of mafic rocks at conditions close to peak burial.

The presence of CO2 (1285 and 1388 cm−1 peaks) was also de-
tected in two N2-bearing aqueous FIs from garnet of the Orsiera 
metabasalt. CO2-bearing fluids have already been described 
in primary FIs from eclogites (e.g., El-Shazly and Sisson 1999) 
sometimes associated with N2 (e.g., Selverstone et al. 1992). In 
addition to the association of CO2 and N2 in a few primary FIs, 
the presence of a solid phase identified as calcite in numerous 
FIs from omphacite-bearing veins and one FI from a garnet-rich 
vein suggest the presence of an initial N2-CO2–bearing aqueous 
fluid at peak burial conditions. In similar omphacite-bearing 
veins and Fe-Ti metagabbro host from the Monviso, the occur-
rence of various carbonates in primary FIs was also interpreted 
as reflecting the initial presence of CO2 in the fluids (Philippot 
and Selverstone 1991; Herviou et al. 2021).

Finally, CO2 and CH4 peaks were simultaneously observed in 
two inclusions from the glaucophane-quartz–rich vein where 
no N2 was detected (Figure 9b). Thus, this sample, which con-
tains FIs with significantly different salinity values compared 
with the other vein types, also has a distinct gas content, sug-
gesting a different fluid source. Low-to-intermediate salinity 
aqueous CO2-CH4–bearing fluids have been identified in law-
sonite- and Fe-Mg carpholite-bearing high-pressure veins from 
the surrounding Liguro-Piemont sediments (Agard et al. 2000; 
Raimbourg et al. 2018. Herviou et al. 2021). This signature was 
interpreted to reflect local fluids produced by dehydration re-
actions and interacting with carbonate- and carbonaceous 
material–rich horizons of the sediments (Herviou et al.  2021). 
The exact same fluid composition was also identified in pri-
mary FIs from former ultramafic horizons transformed by the 
infiltration of sediment-derived fluids at peak burial (Herviou 
and Bonnet 2023). Therefore, the glaucophane-quartz–rich FIs 
likely records an external fluid migration from a sedimentary 
fluid source, occurring during exhumation of the Rocciavrè LPL 
unit at epidote-blueschist-facies conditions.

11.3   |   Successive Steps of Vein Formation: 
Implications for Scales of Fluid Transfer 
in Subduction, for Strain Localization 
and for Exhumation of Alpine Oceanic Units

Based on structural, petrological, geochemical and geochrono-
logical evidence, several steps of vein formation occurring in 
subduction during burial and exhumation of the Rocciavrè LPL 
unit are identified. We hereafter describe the successive steps of 
veining and assess the potential impacts of our results on strain 
localization and on the exhumation of Alpine oceanic units.

After the crystallization of its mafic crust during the Late Jurassic 
(Figure  11a–b), the first high-pressure fluid transfer event re-
corded in the Rocciavrè massif corresponds to the formation of 
omphacite-rich and garnet-rich veins (Step 1; Figure 13a,e). As 
suggested by the similar mineralogical content of these veins with 
respect to the host Fe-Ti metagabbros, this episode occurred in the 
(lawsonite-) eclogite-facies at or close to peak burial conditions 
(~545°C–570°C/2.6–2.9 GPa; Figure 7a and Table  1). Therefore, 
these veins likely formed at around 46.3 ± 2.8 Ma (Angiboust 
and Glodny 2020) when the Rocciavrè LPL unit was being sliced 
off the downgoing plate. At this time, the Orsiera LPL unit 
was already exhuming and the LPM and LPU blueschist-facies 
units were either exhuming or already underplated at the base 
of Adria/Apulia continental crust (Agard et  al.  2002; Herviou 
et al. 2022; Gyomlai et al. 2023; Figure 13a). In addition to the ob-
served mineral assemblages, the high FI salinity accompanied by 
the presence of N2 ± CO2 (calcite crystals in FIs; Figure 9a,c,d,e 
and Table 2) suggests that the fluids were produced by local de-
hydration reactions occurring in the Fe-Ti metagabbros. Highly 
saline brines (up to > 50 wt.% NaCl eq.), trapped as chlorine in 
minerals and in inclusions during hydrothermal alteration, were 
likely diluted during breakdown of hydrous minerals, explaining 
the ~15–20 wt.% NaCl eq. salinity values estimated in omphacite-
rich and garnet-rich veins (Figure 9d–e and Table 2). With Alpine 
glaucophane likely containing N bound as NH4

+ (Herviou 
et al. 2021) and high chlorine concentrations (Debret et al. 2016), 
the glaucophane-out reaction, occurring at conditions close to 
peak burial (at ~520°C–550°C/2.3–2.5 GPa for a ~7°C–8°C/km 
gradient; Figure 7a), is a good candidate. Fluid migration is there-
fore expected to have occurred at a multicentimetre to multime-
tre scale (Figure 13a).

The second veining episode recorded in the rocks corre-
sponds to the formation of omphacite-quartz–rich veins (Step 
2 Figure  13b,e). During this step, we interpret that former 
omphacite-rich veins are intensively sheared and likely re-
opened leading to the crystallization of new omphacite crystals 
and quartz. Omphacite-quartz–rich veins formed at conditions 
close to peak burial, suggesting that this later step occurred 
along the retrograde P–T paths somewhere in the eclogite-
facies (Figure  13e), as attested by our monazite U-Pb age of 
40.4 ± 0.2 Ma (Figure 12). At this time, the continental subduc-
tion is well established; all Liguro-Piemont units of the studied 
area are exhuming or being underplated to Adria/Apulia con-
tinental crust (Agard et al. 2002; Angiboust and Glodny 2020; 
Ghignone et  al.  2021b; Gyomlai et  al.  2023), whereas units 
from the Briançonnais microcontinent (Briançonnais s. s. and 
Internal Crystalline Massifs) are starting to get scrapped off the 
continental slab (e.g., Bonnet et  al. 2022; Mendes et  al.  2023). 
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The new age falls halfway between the ages considered for 
Rocciavrè peak burial and exhumation in epidote-blueschist-
facies conditions (46.3 ± 2.8 Ma and ca. 38–36 Ma, respectively; 
Angiboust and Glodny 2020), suggesting that mafic-ultramafic–
dominated LPL units such as Rocciavrè or the Monviso-Lago 
Superiore started to exhume before the offscraping of Dora-
Maira Brossasco-Isasca ultra-high-pressure unit (ca. 35–34 Ma; 
Rubatto and Hermann  2001) and that exhumation of these 
eclogitized oceanic lithosphere portions was not only driven by 
the positive buoyancy of the continental units. The large amount 
of quartz, the occurrence of accessory minerals not observed in 
omphacite-rich veins (monazite, allanite; Figure  4f) and the 
presence of U-rich rims of rutile crystals (Figure 10) suggest a 
potential change in the fluid source during this event compared 
with first step of vein formation, and we think that it most likely 
that these characteristics are caused by the contribution of an 
infiltrating externally derived fluid. We therefore propose that 
the main fluid source involved corresponds to sediment-derived 
fluids enriched in elements such as Si, REE, U and P and likely 
derived from the Briançonnais microcontinent underlying the 
exhuming Rocciavrè unit at this time. N2-bearing (±CO2) saline 
aqueous fluids characterized by FI study (Figure  9a,c,d,e and 
Table  2) from these veins suggest that local fluids released by 
the metagabbros were also involved in this event. Finally, the 
Cr-rich rims of rutile crystals (Figure 10) also suggest a partial 
fluid contribution from ultramafic rocks or metagabbros closer 
in composition to a Mg-Al endmember (e.g., Spandler, Pettke, 
and Rubatto 2011; Angiboust et al. 2014; Locatelli et al. 2019). 
Fluid circulation is expected to have occurred at a significantly 
larger scale compared with the first step. Although the typical 
transportation range occurs on the centimetre/decimetre scale 
for the local mafic contribution as documented for Monviso 
by Spandler, Pettke, and Rubatto  (2011) and Angiboust and 
Raimondo (2022), fluid flow on the order of hectometre scale for 
the ultramafic/Mg-Al gabbros contribution to kilometre scale is 
proposed for the continental sediment contribution (Figure 13a).

The third recorded fluid–rock interaction episode corresponds to 
the formation of glaucophane-quartz–rich veins during the exhu-
mation of the Rocciavrè unit (Step 3; Figure 13c,e). This episode 
likely occurred in epidote-blueschist-facies conditions as sug-
gested by the presence of glaucophane and epidote/clinozoisite. 
In Rocciavrè and Monviso massifs, epidote-blueschist-facies 
retrograde conditions have already been documented by the ob-
servation of a glaucophane-bearing west–east lineation and the 
crystallization of a new phengite generation in metasediments. 
The Rb-Sr dating of this generation of white mica crystals sug-
gests the crossing of the epidote-blueschist-facies along Rocciavrè 
and Monviso exhumation paths at ca. 38–36 Ma (Angiboust and 
Glodny 2020). The same age range obtained in several shear zones 
bounding the tectonic slices and the shear bands in the neighbour-
ing units suggests that the Liguro-Piemont units started to get 
stacked together in this time range (Agard et al. 2002; Angiboust 
and Glodny  2020; Herviou and Bonnet  2023; Figure  13c), 
whereas most Briançonnais units, including Dora-Maira ones, 
were being scrapped off the downgoing plate (e.g., Strzerzynski 
et al. 2012; Bonnet et al. 2022; Mendes et al. 2023). During this 
retrograde event, former omphacite-quartz–rich (or omphacite-
rich) veins are again highly sheared and reopened, leading to the 
crystallization of quartz, epidote/clinozoisite, apatite and glauco-
phane (growing locally around omphacite crystals; Figure 13c). 

The different mineral assemblage of these veins, containing large 
amounts of quartz compared with the host Fe-Ti metagabbros 
and to the peak veins (omphacite-rich and garnet-rich), suggests 
again a contribution from a different fluid source. In addition, 
the low-to-intermediate salinity CO2-CH4–bearing aqueous flu-
ids identified in primary FIs (Figure 9b,d,e and Table 2) have a 
similar composition to those previously characterized in high-
pressure veins from the surrounding Liguro-Piemont metasedi-
ments (Herviou et al. 2021; Herviou and Bonnet 2023), suggesting 
a sediment-derived fluid source. We therefore propose that the 
glaucophane-quartz–rich veins likely record the infiltration of 
external fluids coming from continental sediments of the under-
lying Briançonnais margin during exhumation of the Rocciavrè 
unit (Figure 13a,d). Fluid migration would thus have reached a 
kilometric scale during this third step. Such a large-scale fluid 
migration event is consistent with widespread vein formation in 
LPU-LPM sediments and titanite recrystallization in talcschists, 
both dated at the same age (ca. 38–35 Ma; Agard et  al.  2000; 
Herviou and Bonnet  2023). A continental margin sediment 
source is supported by the 87Sr- and Ar-rich fluids leading to the 
recrystallization of Orsiera metasediment phengite crystals at ca. 
38 Ma (Gyomlai et al. 2023). Finally, the slightly higher salinity 
values recorded in FIs from these veins, compared with Liguro-
Piemont sediments, may reflect (i) a redistribution of the local 
fluids trapped in minerals (chlorine, FIs) during external fluid 
infiltration, (ii) an increase of the residual fluid salinity during 
the formation of hydrous minerals (i.e., glaucophane and epidote; 
e.g., Brooks et al. 2019) and (iii) simply the signal of continental 
margin sediment fluids, having a greater evaporite content com-
pared with oceanic sediments (Yardley and Graham 2002; Barré 
et al. 2017; Herviou et al. 2021).

The final step of vein formation corresponds to the development 
of winchite-actinolite-talc veins (Step 4; Figure 13d,e). Although 
the precise timing and P–T conditions of this episode are chal-
lenging to constrain, the presence of winchite and actinolite sug-
gests a late vein formation in greenschist-facies conditions, thus 
likely after ca. 35 Ma when all oceanic and continental units 
are stacked together at the base of Adria/Apulia continental 
crust (~30 km depth; Angiboust and Glodny 2020; Agard 2021; 
Bonnet et  al. 2022). Around this time, the Briançonnais units 
were stacked against the Liguro-Piemont metamorphic duplex, 
leading to the preservation of a continental subduction inter-
face (Mendes et al. 2023; Figure 13d) and to the orogenic style 
change from continental subduction to collision (Simon-Labric 
et al. 2009). In serpentinites, the partitioning of the hydrother-
mally inherited high chlorine concentrations in the fluid during 
the brucite-out reaction generally leads to high salinity fluids 
trapped in FIs, whereas during the antigorite-out reaction, chlo-
rine is diluted in the larger volumes of H2O released, leading to 
the trapping of low salinity fluids in FIs (Scambelluri et al. 1997, 
2001, 2004; Scambelluri, Pettke, and Cannaò  2015; Kendrick 
et al. 2011). Our winchite-actinolite-talc veins have the highest 
FI salinity values among our samples (Figure 9d,e and Table 2), 
suggesting that the fluids responsible for its formation may be 
external and could have interacted with the underlying ser-
pentinite sole, or the Mg-Al metagabbros. Fluid migration from 
the Rocciavrè basal serpentinites to the Fe-Ti metagabbros 
would therefore be at a hectometre scale (Figure 13d). The pres-
ence of N2 detected in one FI is interpreted as reflecting a local 
contribution from Fe-Ti metagabbros.
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Previous isotopic, trace element and FI studies suggest a glob-
ally closed-system behaviour with limited external fluid in-
filtration during subduction of the Liguro-Piemont oceanic 
lithosphere at prograde to peak burial conditions (Philippot and 
Selverstone  1991; Henry, Burkhard, and Goffé  1996; Bebout 
et  al.  2013; Epstein et  al.  2020; Herviou et  al.  2021; Hoover 
et al. 2023). A rather pervasive flow of fluids compatible with 
a relatively limited scale (outcrop-scale) of fluid circulation in 
these units during subduction is also supported by the distribu-
tion of high-pressure veins across outcrops (Herviou et al. 2023). 
In contrast, larger scale fluid circulation is recorded along 
major lithological boundaries and tectonic contacts (Angiboust 
et al. 2014, Debret et al. 2016, 2018; Inglis et al. 2017; Jaeckel, 
Bebout, and Angiboust  2018; Locatelli et  al.  2019; Gilio et  al. 
2020; Epstein, Bebout, and Angiboust  2021; Herviou and 
Bonnet 2023). This study suggests that successive steps of high-
pressure vein formation observed in the Rocciavrè eclogites 
record the evolution of fluid migration scales in the subducted 
oceanic lithosphere, from local fluids transferred over small 
distances at near-peak burial to large kilometre-scale circu-
lation and infiltration of external fluids during exhumation 
(Figure  13a–e). This change of behaviour likely started early 
along the retrograde path, as suggested by the omphacite-
quartz–rich vein formation (Figure 13b,e).

Finally, the successive reopening of former omphacite-rich 
veins during the formation of omphacite-quartz–rich and 
glaucophane-quartz–rich veins, as well as the highly sheared 
aspect of these quartz-bearing veins, suggests that veins acted 
as weaker zones where fracturing preferentially occurred. 
Although preexisting veins likely helped to localize strain in the 
rocks, the crystallization of large volumes of quartz may have 
had an important rheological effect, leading to a weakening of 
the Fe-Ti metagabbros and to the development of breccia-like 
textures (Figure  2e). Successive events of strain localization 
and fracturing of these veins could lead to the formation of 
high-pressure breccias such as observed in the Monviso mas-
sif (Angiboust et  al.  2011, 2012a; Locatelli et  al.  2018, 2019), 
in the Mt. Emilius continental unit (Angiboust et  al.  2017, 
Hertgen et al. 2017), in the Voltri Massif (Malatesta et al. 2018), 
in Calabria (Vitale et  al.  2019) and in the Zagros suture zone 
(Muñoz-Montecinos et al. 2023).

12   |   Conclusion

This study reports new petrochronological estimates for the 
Rocciavrè massif, a large and coherent oceanic lithosphere 
fragment exposed in the Western Alps (Piemonte, Italy) that 
was buried up to eclogite-facies conditions during subduction. 
Thermodynamic modelling conducted in mafic rocks from 
Rocciavrè and from the nearby Orsiera unit indicates peak P–T 
conditions in the range 550°C–590°C/2.2–3.0 GPa, whereas 
Raman spectroscopy on carbonaceous material in metasedi-
ments yields temperatures of ~510°C–550°C. No metamorphic 
gap is detected between these two juxtaposed eclogitic units. 
Zircon crystals separated from Rocciavrè Fe-Ti and Mg-Al 
metagabbros dated using U-Pb geochronology give Late Jurassic 
ages (ca. 151–158 Ma), thus reflecting crystallization on the 
seafloor.

In addition to these new P–T–t constraints, a variety of high-
pressure veins were identified crosscutting the foliation 
of Rocciavrè Fe-Ti metagabbros and include garnet-rich, 
omphacite-rich, omphacite-quartz–rich, glaucophane-quartz–
rich and winchite-actinolite-talc varieties. Vein textures 
and mineralogy suggest the formation of garnet-rich and 
omphacite-rich veins in the eclogite-facies at or close to peak 
burial conditions. In contrast, omphacite-quartz–rich and 
glaucophane-quartz–rich veins are interpreted to form by 
the reopening of former omphacite-rich veins at eclogite- to 
epidote-blueschist-facies conditions along the exhumation 
path. In  situ U-Pb dating of monazite in omphacite-quartz–
rich veins yields a constraint on the age at 40.4 ± 0.2 Ma. 
Winchite-actinolite-talc veins are considered as late retrograde 
greenschist-facies features. Major and trace element mapping 
of vein minerals and primary FI geochemistry suggests the evo-
lution from a closed to an open chemical system during the suc-
cessive steps of vein formation from peak burial to exhumation. 
Late sedimentary and ultramafic fluid contributions identified 
in retrograde high-pressure veins witness the mobility of flu-
ids through the oceanic lithosphere during subduction, likely 
reaching kilometre-scale transport distances. We conclude that 
the Rocciavrè massif, which shares a similar metamorphic his-
tory to the Monviso Lago Superiore Unit further south, enables 
a precise characterization of fluid–rock interaction processes in 
subduction from eclogite-facies to epidote-blueschist-facies and 
greenschist-facies conditions.
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