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Abstract

The Chenaillet Ophiolite represents a very well-preserved portion of Ligurian-

Piedmont ocean in the Western Alps. It is formed from an oceanic lithospheric

succession comprising exhumed mantle, various mafic intrusives (i.e., gabbro

sensu lato), and a world-renowned sequence of pillow basalts. Apart from

scarce breccias closely related to oceanic lithosphere, no sedimentary cover is

exposed. Historically, the Chenaillet Ophiolite has been known for its very low

temperature–low pressure Alpine metamorphism, ascribed to obduction pro-

cesses. However, studies aimed at constraining the peak pressure–temperature

(P–T) conditions of Alpine metamorphism are virtually lacking, the general

focus having been so far on its high temperature metamorphism and geochemi-

cal features. In this paper, we investigate two kinds of rocks: gabbro and

albitite/alkali syenite, whose petrographic features shed light on the complex

metamorphic history of the Chenaillet Ophiolite. Detailed analyses of mineral

assemblages, blastesis/deformation relationships, and mineral chemical data

allow two metamorphic events to be distinguished: an earlier, high tempera-

ture event (already reported in the literature) and a second, later low tempera-

ture, high pressure event, recognized here for the first time. The low

temperature, high pressure event is strikingly testified by the occurrence of

lawsonite relicts in the gabbro and of interstitial omphacite in the albitite.

Thermodynamic modelling (i.e., via isochemical phase diagrams) performed

on a gabbro sample suggests for this unit a minimum of 9 kbar and 300�C and

a maximum of 15 kbar and 450�C. Overlapping these P–T conditions with

those inferred for the albitite based on the observed mineral assemblage allows

the Alpine peak metamorphism to be constrained to 10–11 kbar and 340–
360�C. These P–T conditions suggest a thickness of the overlying nappe stack

of about 35–40 km, which is incompatible with obduction or burial processes,

and instead consistent with subduction processes related to the Alpine orogeny.
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We argue that, opposite to the common belief that the Chenaillet Ophiolite

escaped Alpine metamorphism, our new data strongly support the idea that it

experienced low temperature-blueschist-facies metamorphism, whose evidence

can still be tracked in those (few) rocks that better recorded and preserved

it. This finding generates new challenging questions regarding both subduction

and exhumation processes in complex orogens such as the Western Alps.

KEYWORD S
Alpine metamorphism, Chenaillet Ophiolite, P–T isochemical phase diagram, tectono-
metamorphic evolution, Western Alps

1 | INTRODUCTION

The Chenaillet Ophiolite (CO hereafter) exposed in the
Western Alps is a remnant of the Ligurian-Piedmont
oceanic domain (i.e., Alpine Tethys ocean), developed in
Middle to Late Jurassic between the European and
Apulian plates. It crops out as a thin (i.e., less than 1 km)
klippe-like unit at the uppermost structural levels of the
tectonic pile, above blueschist-facies unit of the Ligurian-
Piedmont ocean. It consists of serpentinized peridotites,
ophicarbonate rocks, various intrusive bodies (Mg-gab-
bro, Fe-gabbro, and alkali syenite/albitite), and large
quantities of pillow basalts and their related breccias and
dolerites, widely studied and investigated by many gener-
ations of geologists (e.g., Buffon, 1786; Chalot-Prat, 2005;
Delesse, 1848; Lewis & Smewing, 1980; Mevel, 1975;
Mevel & Velde, 1976; Michel-Lévy, 1877; Vuagnat, 1946,
1966, 1975; Vuagnat & Pusztaszeri, 1965).

The ophiolite sequence is only overprinted by weak
Alpine metamorphism and deformation so that primary
contacts and relationships among different lithologies, as
well as original magmatic textures, are well preserved
(Manatschal et al., 2011). In addition, this ophiolitic
sequence preserves syn-magmatic shear zones, exhuma-
tion detachment faults developed along the ocean floor,
and high-angle faults related to the extrusion of volcanic
rocks (Balestro et al., 2019; Manatschal et al., 2011).
Therefore, the CO has been largely regarded by the
Alpine literature as a key sector to refine genetic models
for the Ligurian-Piedmont ocean, often considering geo-
chemistry, isotope geochronology, magma genesis, and
evolution of the oceanic crust (Chalot-Pra & Bourlier,
2005; Costa & Caby, 2001; Lafay et al., 2017; Li
et al., 2013; Martin, 1984; Nicollet et al., 2022; Tribuzio
et al., 2019).

Numerous researchers have investigated the tectono-
metamorphic evolution of the Ligurian-Piedmont units of
the Western Alps; however, only a few studies focus on
the petrologic and metamorphic features of the CO and,
in particular, on its Alpine evolution (Arata et al., 1982).

Pusztaszeri (1966) first described the occurrence of the
prehnite + pumpellyite + albite + epidote + actinolite
assemblage, which was interpreted as related to a weak
(i.e., low pressure/low temperature [LT]) Alpine meta-
morphic event. Also, Mével et al. (1978), focusing on the
amphibolitized gabbro, attributed the same mineral
assemblage to low-grade Alpine metamorphism. More-
over, Arata et al. (1982) related the blastesis also of local
aegirine-augite, Mg-riebeckite, lawsonite, stilpnomelane,
titanite, and chlorite to this weak Alpine event. On the
other hand, Lewis and Smewing (1980) and Bertrand
et al. (1982) related this low-grade mineral assemblage to
late-stage crystallization of the intrusive bodies. Accord-
ing to these authors, the intrusive rocks of CO were
hydrothermally metamorphosed in two stages, at
prehnite-pumpellyite and greenschist facies metamorphic
conditions, respectively; hence, subseafloor recrystalliza-
tion predates the Alpine metamorphic event. Since then,
few studies aimed at constraining the Alpine metamor-
phic peak of this ophiolitic body, which was thought to
have escaped most of the Alpine tectono-metamorphic
history due to obduction processes (Chalot-Prat, 2005;
Lemoine, 1980; Mével et al., 1978).

Mével et al. (1978) first reported also evidence of high
temperature (HT) metamorphism in the CO. This meta-
morphic event has been variably interpreted by different
authors. Mével et al. (1978) tentatively attributed HT
metamorphism to syn-magmatic deformation, later par-
tially obliterated by amphibolite facies to low-grade meta-
morphism that occurred proximal to the sea floor. Caby
(1995) associated amphibole-rich deformed gabbros and
amphibole-bearing felsic veins to interaction with migrat-
ing seawater-derived fluids, also responsible for triggering
shear zones formation in the gabbro. According to this
hypothesis, the syn-kinematic partial melting of the
sheared gabbro would have generated SiO2-rich hydrous
melts that fed the felsic veins. Tribuzio et al. (2019) con-
ducted different chemical analyses on the sheared gabbro
and the felsic veins, combining major and trace elements
of both major minerals and whole rocks. They infer that
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the chemically evolved melts that formed such veins were
responsible for the HT metamorphism and that reactions
between melt and gabbro led to metasomatism of the
deformed gabbro. Noteworthy, they did not find any clear
evidence of seawater-derived fluids triggering either the
ductile shear zones or partial melting of the gabbro. How-
ever, recently, Nicollet et al. (2022) proposed two origins
for the hydrous SiO2-rich melts: both pervasive seawater-
derived fluids and local exsolved magmatic fluids, derived
from evolved hydrous silicate melts (infiltrated into an
already cooled gabbro body).

The CO intrusive bodies were recently dated by Nicollet
et al. (2022). U–Pb dating on zircons dated the magmatism
to 161 ± 0.8 Ma in gabbro and 161.8 ± 1.7 Ma in albitite
veins. U–Pb dating on monazite, xenotime, and titanite
allowed the HT metamorphism to be constrained at
161.3 ± 4.0, 161.5 ± 2.4, and 158.4 ± 2.3 Ma. Previously,
similar ages were constrained via U–Pb on zircons by Li
et al. (2013) for the troctolite and albitite stocks (c. 165 Ma).

With the aim of providing new data on the metamor-
phic evolution of the CO, this paper focuses on the HP-
LT metamorphic assemblages attributed to the Alpine
orogeny and recognized in gabbroic samples from Rocca
Remolon (eastern side of the CO) and the southwestern
ridge of Le Chenaillet and in alkali syenite (i.e., albitite)
samples from the Col du Gondran (both in the south-
western portion of the massif; Figure 1). Particular atten-
tion is given to the thermodynamic modelling of the
Alpine pressure–temperature (P–T) evolution through
isochemical phase diagrams and to the distinction of the
HT metamorphism versus Alpine metamorphism.

2 | GEOLOGICAL SETTING AND
LITHOSTRATIGRAPHY

The CO (also reported as Chenaillet massif or
Montgenèvre ophiolitic complex in literature) crops out
in the Western Alps, south of the villages of Montgenèvre
and Claviere, crossing the French–Italian border over an
area of about 25–30 km2, at an altitude between 2000 and
2650 m a.s.l.

The CO is delimited to the north and to the south by
late, high-angle faults that separate it from continental
margin units (Barféty et al., 1995; Lagabrielle &
Polino, 1988; Polino et al., 1983). It forms a klippe-like
unit above the ophiolite-bearing blueschist-facies Lago
Nero unit (e.g., Burroni et al., 2003; Polino &
Lemoine, 1984), from which it is separated by a low-angle
Alpine thrust fault. According to recent studies
(Manatschal et al., 2011), this basal contact is deformed
by large-scale west-vergent folds and Alpine reactivation
of high-angle normal faults.

In contrast to the other surrounding meta-ophiolitic
units of the Western Alps, the CO is believed to have
never exceeded greenschist to prehnite-pumpellyite facies
conditions during the Alpine metamorphism (Bertrand
et al., 1982; Lewis & Smewing, 1980; Mével et al., 1978;
Pusztaszeri, 1966).

The CO is mainly made of serpentinized peridotite
(generally exposed in the eastern sector), mafic plutonic
rocks, and overlying pillow lavas (in the western sector of
the massif). Sedimentary rocks are scarce and comprise
mainly breccias, originated by reworking of mafic and
ultramafic rocks. Post-rift Late Jurassic to Cretaceous sed-
imentary rocks are absent, in contrast to the neighbour-
ing oceanic units which comprise a large amount of post-
rift meta-sedimentary rocks.

The mantle peridotite consists of strongly serpenti-
nized lherzolite and harzburgite, with minor pyroxenite,
dunite, and wehrlite (Bertrand et al., 1987; Figure 2a).
Within the highly serpentinized mantle rocks, a thin
sequence of layered troctolite and olivine-bearing gabbro
occurs, less than 1 km in diameter and cross-cut by dio-
rite, dolerite, and basalt dykes (Figure 2a,b). For this
sequence, various hypotheses have been inferred:
According to Costa and Caby (2001), the gabbroic rocks
represent remnants of the oceanic lower crust, preserving
a paleo-Moho with the mantle peridotite. On the other
hand, Manatschal et al. (2011) proved that the mafic
rocks are intrusive with respect to the mantle rocks, and
Li et al. (2013) described these rocks as small magmatic
bodies, whereas Chalot-Prat (2005) interpreted the gab-
bros as sill-like intrusions. Dolerite, diorite, and basalt
dykes usually occur within sheared gabbro, close to high-
angle normal faults. Albitite/alkali syenite bodies occur
as dykes and sills at the serpentinized peridotite–gabbro
boundary throughout the massif (Caby, 1995; Chalot-
Prat, 2005; Figure 2a–c). The well-known volcanic
sequence of the CO consists of lava flows, pillow basalts,
pillow breccias, and hyaloclastites, with strong affinities
with Mid-Oceanic Ridge Basalt series. Authors still do
not agree on whether this volcanic sequence is linked to
a single (Chalot-Prat, 2005) or several magmatic events
(Li et al., 2013; Manatschal et al., 2011).

3 | SAMPLED ROCKS

Our petrological and petrographic investigation was
focused on two lithologies: gabbro and albitite/alkali sye-
nite (Figure 2b,c). Although we sampled a large number
of lithologies from the area and observed them under
both optical and scanning electron microscopes, these
two kinds of rocks proved to be the most interesting and
the ones with the most representative mineral
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assemblages for the investigation of the Alpine metamor-
phic evolution. The basalts and pillow lavas of the CO
did not prove to be useful for this kind of investigation,
because they do not display either evidence of the HT
deformation event occurring in the gabbro bodies or
striking Alpine metamorphic peak mineral assemblages.
Their main petrographic features are reported in Support-
ing Information S1.

Gabbro is coarse grained (Figure 2b) and has been
subdivided into two types (according to Chalot-

Prat, 2005): (i) olivine-bearing gabbro, with Mg-chlorite
after pseudomorphosed olivine, albite over magmatic pla-
gioclase, and minor preserved augite, and (ii) amphibole-
bearing gabbro, with albite over magmatic plagioclase
and abundant augite, partially replaced by different gen-
erations of late-magmatic amphiboles. Each gabbro body
is made of smaller subbodies (from 1 to 10 m),
surrounded by mylonitic, sheared boundaries (i.e., flaser
gabbros) related to HT deformation during a late- to post-
magmatic stage at granulite- and/or amphibolite-facies

F I GURE 1 Schematic

geological map of the Chenaillet

Ophiolite, redrawn after

Manatschal et al. (2011) and

Chalot-Prat (2005). The red-

white dot in the inset shows the

position of the CO in the

Western Alps, whereas the red-

white stars in the geological map

show the positions of the

samples used for petrographic

and mineral chemistry analyses.

[Colour figure can be viewed at

wileyonlinelibrary.com]
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conditions (Caby, 1995; Mével et al., 1978; Nicollet
et al., 2022; Tribuzio et al., 2019). Gabbros have been sam-
pled both on the eastern and western sides of the CO;
among them, the gabbro from Rocca Remolon (southeast
of Punta Rascià; 44�55014.6200N 6�47022.4200E) proved to
be the most interesting. Albitite has been thoroughly
studied by Martin (1984) and displays an apparent trivial
composition with a large amount of albite (up to 90%),
minor LT amphiboles and fine-grained omphacite
(responsible for the light-green and whitish colour;
Figure 2c), large zircon crystals, allanite, and apatite.
Albitite has been sampled at the Col du Gondran
(Figure 2d), where a large albitite sill is exposed at the
peridotite-gabbro boundary (44�53040.0300N 6�43042.3500E).

4 | METHODS

4.1 | Petrography and mineral chemistry

A Scanning Electron Microscope (JEOL JSM-IT300LV)
equipped with an energy-dispersive X-ray spectrometer,

with an SDD (a silicon drift detector from Oxford Instru-
ments), hosted at the Dipartimento di Scienze della Terra
of the Università degli Studi di Torino, was used for the
determination of major elements. The experimental con-
ditions include the following: accelerating voltage 15 kV,
counting time 50 s, process time 5 μs, and a working dis-
tance of 10 mm. The measurements were conducted
under high vacuum conditions. The energy-dispersive
X-ray spectrometer-acquired spectra were corrected and
calibrated both in energy and in intensity thanks to mea-
surements performed on cobalt standard introduced in
the vacuum chamber with the samples. The Microanaly-
sis Suite Oxford INCA Energy 300, which enables spectra
visualization and elements recognition, was employed. A
ZAF data reduction program was used for spectra quanti-
fication. The resulting full quantitative analyses were per-
formed, using natural oxides and silicates from Astimex
Scientific Limited, as standards. Potassic white micas
have been classified as muscovite or phengite according
to their Altot/Si ratio (i.e., muscovite: Altot > 5.00,
Si < 3.30; phengite: Altot < 5.00, Si > 3.30). XMg of
pumpellyite is defined as Mg/(Mg + Fe2+). XZo in

F I GURE 2 (a) Simplified

stratigraphic section of the

Chenaillet ophiolite, redrawn

after Costa and Caby (2001); the

red-white stars show the

lithologies sampled for analyses;

(b) gabbro outcrop of Rocca

Remolon, characterized by

coarse-grained texture and

minor sheared flaser gabbro;

(c) albitite/alkali syenite outcrop

at the Col du Gondran; and

(d) landscape picture of the Col

du Gondran area and its

geology. [Colour figure can be

viewed at wileyonlinelibrary.

com]
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epidote-group minerals is defined as Al/(Al + Fe3+). Rep-
resentative analyses of mineral composition are reported
in Supporting Information S1. Structural formulae have
been calculated using algorithms in XMapTools (Lanari
et al., 2019 and references therein) on the basis of six oxy-
gens for clinopyroxene, eight oxygens for lawsonite and
albite, 11 oxygens for white mica, 14 oxygens for chlorite,
23 oxygens for amphiboles, 24 oxygens for prehnite, 24.5
oxygens for pumpellyite, and 25 oxygens for epidote.
Mineral abbreviations are according to Whitney and
Evans (2010) (Wm = potassic white mica).

High-resolution multispectral maps of the thin
sections used for deriving the effective bulk composition
of the investigated sample were obtained using the same
Scanning Electron Microscope with Energy Dispersive X-
ray Spectroscopy (SEM-EDS) instrument. Operative con-
ditions used for mapping the entire thin section were the
following: 15 kV accelerating voltage, 5 nA probe current,
1 μs EDS process time, 105 cnts/s, 2.5 μm point step, and
1 ms dwell time. The row data were processed using the
MultiSpec© software to obtain the modal composition.

5 | PETROGRAPHIC FEATURES
AND MINERAL CHEMISTRY OF
ANALYSED SAMPLES

This section summarizes the petrographic and mineral
chemical features of two types of rocks: gabbro and albi-
tite (i.e., alkali syenite). Although only a gabbro sample
has been used for thermodynamic modelling, also the
main features of the albitite are reported, because this
lithology proves to be useful to constrain the Alpine
metamorphism experienced by this unit. Other litholo-
gies from the area (e.g., basalts and diorites) were sam-
pled and analysed, but they proved to be less explicative
and less reactive during the Alpine metamorphic evolu-
tion. A brief petrographic description of the basalt and
pillow lava is provided in Supporting Information S1.

Gabbro

Gabbro still preserves the original, coarse-grained, mag-
matic texture (Figure 2b). Mg-gabbros are characterized
by two main micro-structural domains: (ex-)plagioclase
sites and clinopyroxene sites (Figures 3 and 4). They are
made of Ca-clinopyroxene (32–36%) + albite (23–26%)
+ HT Ca-amphiboles (11–15%) + Mg-chlorite (7–8%)
+ pumpellyite (4–9%) + LT Ca-amphiboles (4–5%)
+ lawsonite (1–6%) + epidote (0–5%) + titanite (0.5%)
+ prehnite (0–5%) ± white mica (0.5–6%) and minor
quartz, rutile, and ilmenite (<0.5% in total).

Plagioclase sites, usually rounded in shape, are now
completely replaced by fine-grained aggregates (pseudo-
morphoses) of albite, pumpellyite, and lawsonite, with
the local occurrence of sericitic white mica and epidote
(Figure 3a,b). Albite represents the majority of the site,
whereas lawsonite occurs in small (up to 100 μm) anhe-
dral crystals (Figure 4a) without any preferential orienta-
tion (Figure 4e,f). Pumpellyite, 50 μm in length, usually
grows over (or in association with) lawsonite, wrapped by
albite and oligoclase (Figure 4e). White mica occurs only
in some of the samples and seems to grow coeval with
pumpellyite over lawsonite (Figure 4e). Locally, epidote
grows together with white mica as saussurite aggregates
after lawsonite. Prehnite may be associated with epidote
in these sites, but more often it occurs in thin veins
(Figure 3c,d), locally with epidote.

Clinopyroxene sites are composed of preserved mag-
matic clinopyroxene, partially replaced by large HT Ca-
amphiboles (Figure 3a,b). HT Ca-amphiboles grow in
two micro-structural sites with respect to clinopyroxenes:
They can form large rims, up to 200–300 μm
(Figures 3a,b and 4a,b), or can grow as exsolutions inside
clinopyroxene crystals (Figures 3b and 4c,d). The clino-
pyroxene is often rimmed by LT Ca-amphiboles and Mg-
chlorite (Figures 3b and 4a,b). This assemblage can also
occur in thin veins (Figure 3c) and large pseudomorphs
after completely retrogressed olivine, as observed also by
Chalot-Prat (2005) (Figures 3c,d and 4c).

Titanite crystals (usually occurring in the proximity of
clinopyroxene sites) grow over both magmatic ilmenite.
Rutile, although very rare and usually smaller than
10 μm (Figure 3d), grows intimately associated with
titanite and has been ascribed to the peak mineral assem-
blage, because it usually represents the Ti-bearing min-
eral phase stable at higher pressures (see Angiboust &
Harlov, 2017). A summary of the blastesis/deformation
relationships is presented in Table 1.

In Mg-gabbros, clinopyroxene plots in the Q vertex of
the Morimoto (1988), with augitic and diopsidic composi-
tions (Figure 5a,b). A confined linear correlation between
the amount of Al in the M1 site and the XNa, defined as
Na/(Na + Ca), is observed (Figure 5c). Ca-amphiboles
have been classified based on Hawthorne et al. (2012)
and Leake et al. (1997). Based on Na (a.p.f.u.) occurrence
in site B (Figure 5d), Na- and Ca/Na-amphiboles have
not been found, whereas Ca-amphiboles (Figure 5d,e)
occur as HT amphibole (with zoning composition from
pargasite to edenite/hornblende) and LT amphibole
(actinolite s.l.). Na + K in site A versus AlIV diagram
mostly points to compositions ranging from pargasite to
hornblende, with only local edenite and tschermakite
compositions (Figure 5e). XMg versus Si diagram
(Figure 5f) permits constraining amphiboles to Mg-rich
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compositions. LT amphibole occurs both as actinolite
(s.s.) and tremolite (XMg > 0.90). White mica displays
shifting (zoning) compositions (Figure 6a), from

muscovite (Si < 3.25 a.p.f.u.) up to phengite (Si from 3.25
to 3.40 a.p.f.u.). Pumpellyite, enriched in Al, has XMg
ranging from 0.60 to 0.80 (Figure 6b). The original

F I GURE 3 Representative microstructures and mineral assemblages of the gabbro from the CO. (a) Typical coarse-grained texture of

the gabbro, characterized by two main micro-structural domains: (ex-)plagioclase sites (now made of lawsonite + albite + pumpellyite) and

clinopyroxene sites (with magmatic clinopyroxene preserved and rims and patches of HT-amphiboles). Locally, Mg-chlorite + LT-amphibole

completely replace retrogressed olivine (upper-part crossed polarized light, XPL, lower part plain polarized light, PPL); (b) large

clinopyroxene crystals characterized by HT-amphibole growing both at rims and in patches inside the clinopyroxene, whereas LT-amphibole

grows as thin rims all around clinopyroxene and HT-amphiboles. Locally, the ex-plagioclase sites can be characterized by fine-grained white

mica (left-side PPL, right-side XPL); (c) complex fine-grained microstructure characterized by ex-olivine crystals (now completely replaced

by Mg-chlorite + LT-amphibole), small clinopyroxene crystals, fine-grained ex-plagioclase sites (now made of albite + lawsonite

+ pumpellyite), and a prehnite vein (right-side PPL, left-side XPL). The red polygon shows the position of the inset in (d); and (d) inset of

Figure 3c seen under SEM (backscattered electron image). Note that the prehnite vein is on the left side of the figure and the idioblastic,

small, LT-amphibole crystals are on the right-side. [Colour figure can be viewed at wileyonlinelibrary.com]
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magmatic plagioclase is usually replaced by albite; how-
ever, rare relics of less retrogressed, Ca-richer plagioclase
can still be found, with compositions up to labradorite
(Figure 6c). Epidote group minerals display a very large
range of compositions, from 100% zoisite to 85% epidote
(s.s.; Figure 6d). Chlorite, occurring both in veins and
after olivine crystals, has Mg-rich compositions with
XMg values mostly in the range 0.73–0.75.

5.1 | Albitite/alkali syenite

Albitite displays a typical ophitic texture, with large
amounts of albite, intergrown with minor clinopyroxene
and LT Ca-amphibole. It is made of albite (up to 90%),
clinopyroxene, Ca-amphibole, titanite, large zircon crys-
tals, allanite, and apatite. Clinopyroxene occurs in two
micro-structural sites: as large crystals, up to 400 μm

F I GURE 4 Representative microstructures and mineral assemblages under SEM (backscattered electron image images). (a) Typical

gabbro texture characterized by ex-plagioclase site and clinopyroxene site. Lawsonite, occurring in the plagioclase site, occurs in small

crystals (up to 100 μm), partially replaced by pumpellyite. Clinopyroxenes are usually fractured with growth of Mg-chlorite and LT-

amphibole along fractures; (b) detail of the edge of a magmatic clinopyroxene, rimmed by HT-amphibole (approximately 50 μm) and then by

thin LT-amphibole (10 μm); (c) magmatic clinopyroxene rimmed by LT-amphibole, with Mg-chlorite growing in fractures and HT-

amphibole patches. Note the aggregate of Mg-chlorite + LT-amphibole over completely replaced olivine; (d) inset referred to the red polygon

in (c), showing the intergrowths of HT-amphibole inside the clinopyroxene; (e) ex-plagioclase site made of small lawsonite crystals

(<10 μm), partially overgrown by pumpellyite and small white mica flakes, within a plagioclase matrix partially preserving HT-plagioclase

(Pl) and only locally albite replacement (inner and darker portion); and (f) ex-plagioclase crystal preserving its idioblastic shape (in the

inset), now completely retrogressed by lawsonite, pumpellyite, and albite. Note that the pumpellyite crystals are partially replacing earlier

lawsonite. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Figure 7a), intergrown with large albite crystals, or as
aggregates of small acicular crystals (Figure 7b), usually
smaller than 100 μm, grown along the albite grain
boundaries. Also, Ca-amphibole grows in two micro-
structural sites: as rims around clinopyroxene or as large
euhedral crystals, dispersed in the “albitic matrix” of
the rock.

In the albitites, clinopyroxene crystals are zoned from
Ca-rich to Ca-Na-rich compositions (Figure 5a). Mag-
matic relicts plot in the diopside-hedenbergite fields of
Morimoto (1988; Figure 5b), and a second generation of
clinopyroxene plots well within the Ca-Na clinopyroxene
field, with compositions ranging from aegirine-augite to
omphacite (Figure 5b). This second generation of clino-
pyroxene has XNa values (i.e., Na/Na + Ca a.p.f.u.) rang-
ing from 0.20 to 0.64 and Al in the M1 site linearly
increasing with increasing XNa (Figure 5c). Amphiboles
plot in the Ca-amphiboles field of Hawthorne
et al. (2012; Figure 5d,e), with low AlIV values. They
show compositions in the actinolite (s.s.) field, with a
large range of XMg from 0.4 to 0.7, increasing with the

increasing amount of Si (Figure 5f). Albite is composi-
tionally pure, with no Ca content (Figure 6c).

6 | THERMODYNAMIC
MODELLING

A P–T isochemical phase diagram was calculated for the
gabbro sample LG16a. This specific gabbro sample was
selected for the thermodynamic modelling because it pre-
serves very well the Alpine peak mineral assemblage
(e.g., it contains 6% of lawsonite) and it is devoid of white
mica and epidote (both <0.5%), thus allowing to simplify
the system by neglecting K2O and Fe2O3. Isochemical
phase diagrams have not been modelled for albitites
because of their high variance mineral assemblage,
although the newly reported occurrence of metamorphic
Ca-Na clinopyroxenes provides important constraints on
the metamorphic evolution of these rocks (see below).
The bulk rock composition of sample LG16a was calcu-
lated by combining the mineral proportions obtained

TAB L E 1 Blastesis/deformation relationships of the gabbroic rocks from the Chenaillet Ophiolite.

Note: Black lines are for stable mineral phases in equilibrium with the mineral assemblage during a precise time in their evolution (dashed were inferred or
very scarce). Grey lines are for metastable mineral phases still occurring in the rocks but no more at the equilibrium with the mineral assemblage.
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from the quantitative modal estimate of SEM-EDS multi-
spectral maps, with single-point analyses acquired at
SEM-EDS (all reported in Figure 8).

The P–T pseudosection was calculated in the system
NCFMASTH (Na2O-CaO-FeO-MgO-Al2O3-SiO2-TiO2-
H2O) using Perple_X 6.9.1 (Connolly, 1990, 2005, 2009),

F I GURE 5 Mineral chemistry and classification diagrams for gabbro and albitite samples. (a) Morimoto (1988) pyroxene diagram

QUAD: Ca-Mg-Fe pyroxenes, J: 2Na, Q: Ca-Mg-Fe2+; (b) Morimoto (1988) pyroxene diagram; the Q vertex for magmatic clinopyroxene is

also reported on the right. Note the occurrence of metamorphic Na-Ca clinopyroxene in the albitite and the shifting composition of

magmatic clinopyroxene, between diopside and augite composition; (c) Al amount (a.p.f.u.) in the M1 site versus XNa (Na/Na + Ca),

showing a linear correlation both in the magmatic clinopyroxenes in the gabbro and in the albitite; (d) amphiboles composition plotted in

the Hawthorne et al. (2012) diagram NaB versus AlIV. Na-amphibole has not been found, whereas Ca-amphiboles can be distinguished

between LT (low Al content) and HT (high Al content); (e) amphiboles composition in the Hawthorne et al. (2012) diagram Na + K versus

AlIV. Although the amphiboles in the gabbro display variable compositions, from pargasite to hornblende and tremolite, the amphiboles in

the albitite plot only in the tremolite (LT) field; and (f) XMg versus Si (a.p.f.u.) diagram for amphiboles: Although LT-amphiboles from the

albitite plot in the actinolite-tremolite fields, both LT and HT amphiboles from the gabbro display higher XMg values. [Colour figure can be

viewed at wileyonlinelibrary.com]
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the internally consistent thermodynamic database of Hol-
land and Powell (2011) (ds62), and the equation of state
for H2O of Holland and Powell (1998). Fluid saturated

conditions were assumed, and the fluid was considered as
pure H2O (aH2O = 1). The fluid saturation assumption
was validated by calculating two P-M(H2O) (mol%)

F I GURE 6 Mineral chemistry and classification diagrams for gabbro and albitite samples. (a) White mica composition plotted in the Si

versus (AlIV + AlVI) diagram. Even though no distinct generations can be distinguished, compositions shift from muscovite to phengite;

(b) pumpellyite ternary diagram (Mg-Al-Fetot), showing a single generation of pumpellyite occurring in the gabbro samples; (c) plagioclase

classification diagram (after Deer et al., 1997). Although plagioclase from albitite plots only in the albite field, plagioclase from the gabbro

plots in a larger range from albite to labradorite; and (d) epidote group minerals occur only in the gabbro and display all kind of

compositions, from 100% to 15% zoisite. [Colour figure can be viewed at wileyonlinelibrary.com]

F I GURE 7 Representative microstructures and mineral assemblage of albitite seen under optical microscope. (a) Large omphacite

crystal intergrown with albite and titanite (upper part plain polarized light, lower part crossed polarized light); and (b) small acicular crystals

of omphacite growing along albite grain boundaries, partially replaced by LT-amphiboles. [Colour figure can be viewed at

wileyonlinelibrary.com]
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isochemical phase diagrams at T = 300�C and
T = 350�C, available in Figure S1a,b. MnO and K2O were
neglected because Mn- and K-bearing phases are lacking.
Fe3+ was neglected because Fe3+-rich oxides are absent,
and the amount of Fe3+ in the analysed minerals is very
low. Nevertheless, the effects of Fe+3 on the stability of
the observed peak mineral assemblage were investigated
by calculating two P-X(Fe2O3) isochemical phase dia-
grams at T = 300�C and T = 350�C, reported in
Figure S1c,d. These calculations demonstrate that the
observed peak assemblage is limited to X(Fe2O3) < 0.5
and that its stability field is shifted towards progressively
higher pressures with the increase of the oxidation state
of the system. Hence, the assumption that all Fe is biva-
lent implies that the estimated peak pressures are mini-
mum pressures.

The following solid solution models were used: bio-
tite, chlorite, garnet (White et al., 2014), clinopyroxene
(Green et al., 2007), amphibole (Green et al., 2016),
feldspar (Fuhrman & Lindsley, 1988), and epidote
(Holland & Powell, 1998). An ideal pumpellyite solution
model has been used, assuming Fe-Mg occupies two octa-
hedral (M1) sites and Al-Fe3 occupies five (M2) sites.

Quartz, lawsonite, talc, and kyanite were considered as
pure phases. The P–T evolution for the gabbro sample
was constrained based on the predicted stability fields of
the observed assemblages, as well as the predicted modal
(vol%) amounts of each mineral phase.

The isochemical phase diagram was modelled in a
wide range of P–T conditions (250–700�C and 1–15 kbar).
The unfractionated bulk composition (i.e., the measured
bulk composition reported in Figure 8b, obtained as
described in Section 4) was used for the modelling, thus
including both the magmatic and HT-related mineral
relicts (i.e., clinopyroxene and HT Ca-amphibole, respec-
tively). The same approach was used in other studies
(e.g., Bucher et al., 2005; Bucher & Grapes, 2009) on simi-
lar lithologies from other meta-ophiolitic sequences of
the Western Alps. To test the reliability of the used bulk
rock composition, the modelled sample was further
investigated by inductively coupled plasma-mass spec-
trometry (ICP-MS) conventional geochemical analysis.
Both bulk compositions were then compared with other
bulk rock compositions of (meta-)gabbro samples from
the CO (Bertrand et al., 1982; Chalot-Prat, 2005; Costa &
Caby, 2001) and from similar geological setting either in

F I GURE 8 Gabbro sample

LG16a used for thermodynamic

modelling. (a) Processed X-ray

map of the modelled sample;

and (b) bulk rock composition

(mol %) and mode % of the main

minerals of the modelled

sample. [Colour figure can be

viewed at wileyonlinelibrary.

com]

12 CORNO ET AL.

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12716 by C
hiara G

roppo - U
niversita D

i T
orino , W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


the Alps (Bocchio et al., 2000; Bucher & Grapes, 2009) or
beyond (Montanini et al., 2008; Shi et al., 2008)
(Figure 9a,b).

The results of the modelling are shown in
Figure 10a,b; geotherms typical of subduction settings
(Agard, 2021; Agard et al., 2001), ranging from 7�C/km
to 25�C/km, are shown in the same figure because they
are useful for interpreting the P–T evolution of the stud-
ied rocks. The isochemical phase diagrams in
Figure 10a,b are matched with pie charts (Figure 10c) for
the predicted volume% of each mineral at specific P–T
conditions (yellow dots in Figure 10a,b); Figure 9d illus-
trates the variation in mineral modes along a hypotheti-
cal isothermal exhumation path (marked by yellow dots
in Figure 10a,b). Isochemical phase diagrams with the
predicted volume% of the main Alpine mineral phases
are reported in Figure S2.

The modelled isochemical phase diagram is domi-
nated by tri- and quadri-variant fields (Figures 10a,b),
with minor narrow divariant fields. The lawsonite-
epidote transition is marked by a discontinuous reaction
(yellow curve in Figure 10b) with a steep positive slope.
Pumpellyite is predicted in a limited sector of the phase
diagram, for T < 400�C and P between 11 and 3 kbar
(lilac curve). A clinopyroxene with diopsidic composition
(Cpx) is predicted to be stable in all the investigated P–T
range, and a second clinopyroxene (Omp) is predicted at
extremely LTs (T < 300�C and P > 7 kbar). LT Ca-amphi-
bole, mainly actinolite (Amp1), is predicted to be stable
in almost in every field of the phase diagram (green

curve), whereas at T > 500�C, a second, pargasitic amphi-
bole (Amp2) is predicted to occur (dark green curve).

The original magmatic mineral assemblage, already
affected by HT metamorphism, is modelled by a small
field at P < 2 kbar and T > 700�C (lower right corner of
Figure 10a,b), consistently with the results of previous
studies (e.g., Nicollet et al., 2022). This field is character-
ized by diopsidic/augitic clinopyroxene, pargasitic amphi-
bole, ilmenite, and plagioclase.

The current mineral assemblage is the result of a
complex sequence of metamorphic assemblages devel-
oped during decompression from P > 11 kbar to
P < 3 kbar at a nearly constant temperature of around
350–300�C:

• At peak P–T conditions, the studied gabbro still con-
tained abundant magmatic clinopyroxene (Cpx: 60% in
absolute volume), only partially replaced by actinolite
(Amp1: 19.5% in absolute volume) + chlorite (3%);
lawsonite (17%) grew at the expenses of magmatic pla-
gioclase, and titanite (0.5%) completely replaced mag-
matic ilmenite. This assemblage (Cpx + Amp1 + Chl
+ Lws + Ttn) allows predicting a range of P–T
conditions from a minimum of 9 kbar and 350�C to a
maximum of 15 kbar and 450�C, which are compatible
with a geothermal gradient of 8–10�C/km
(Figure 10a,b).

• At about 9 kbar and 350�C (i.e., 12�C/km geothermal
gradient), the breakdown of lawsonite occurred, which
was retrogressed mainly to pumpellyite (22% in

F I GURE 9 (a, b) Bulk-rock composition diagrams (wt%) comparing the bulk rock composition of the gabbro sample LG16a used for

thermodynamic modelling with other gabbros from the same area, the Alps and other geological setting. (a) Fetot versus SiO2 diagram;

(b) Na2O + K2O-MgO-Fetot ternary diagram. In both diagrams, SEM-EDS label stands for “calculated by combining the mineral proportions

obtained from the quantitative modal estimate of SEM-EDS multispectral maps, with single-point analyses acquired at SEM-EDS”, whereas
“Geochem” label stands for “acquired with ICP-MS conventional geochemistry.” [Colour figure can be viewed at wileyonlinelibrary.com]

CORNO ET AL. 13

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12716 by C
hiara G

roppo - U
niversita D

i T
orino , W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


absolute volume). At this stage, chlorite was no longer
stable and was partially replaced mainly by actinolite
(30.5%) and very low amounts of quartz (1%), which
grew also at the expense of HT Ca-amphibole and
diopsidic clinopyroxene.

• At approximately 7 kbar, 350�C (i.e., 15�C/km geother-
mal gradient), albite grew (18% in absolute volume) in
the plagioclase domains and partially replaced

pumpellyite (16.5%). At this stage, chlorite started
growing again (8%), partially over actinolite and clino-
pyroxene (48%).

• At 5 kbar (i.e., 20�C/km geothermal gradient),
pumpellyite was no longer stable and was replaced by
clinozoisite (11.5% in absolute volume), which also
overgrew the metastable preserved lawsonite relics.
The amount of stable LT-amphibole decreased (to 4%),

F I GURE 1 0 (a, b) P–T isochemical phase diagrams calculated for the modelled sample LG16a, using the bulk rock composition

reported in Figure 8b. Yellow dots correspond to P–T conditions at which pie charts in Figure 9c were calculated. The phase-in and phase-

out boundaries for the main minerals are reported in (b); colour coded according to legend on the right; (c) pie charts for predicted volume%

of each mineral phase, calculated at the specific P–T conditions reported by the yellow dots in (a) and (b); and (d) variation of mineral

modes along a hypothetical isothermal exhumation path, marked by yellow dots in (a) and (b). [Colour figure can be viewed at

wileyonlinelibrary.com]
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whereas albite and chlorite increased (to 20% and 10%,
respectively). At 3 kbar, this trend continued, with
decreasing amount of actinolite (2.5%) and (slightly)
increasing amounts of albite (21%) and chlorite (11%),
whereas clinozoisite amount remained unchanged (11%).

• Finally, along a 25–30�C/km gradient was responsible
for the appearance of prehnite, overgrowing epidote
and actinolite, and growing inside veins.

7 | DISCUSSION

The CO is a portion of the oceanic lithosphere exhumed
at the seafloor of the Alpine Tethys (i.e., the Ligurian-
Piedmont ocean) in the Late Jurassic (Manatschal
et al., 2022, and references therein). Studies based on
mantle compositions through various units of the Alpine
Tethys suggest that the CO could belong to the most
ocean-ward part of the hyper-extended margin, rather
than to a true ocean (Picazo et al., 2016; Rampone &
Piccardo, 2000). The opening of the Alpine Tethys has
been linked to the development of transform faults and
oceanic core complexes along slow-spreading Mid Ocean
Ridges (Chalot-Prat & Bourlier, 2005; Festa et al., 2015;
Lagabrielle et al., 2015; Lagabrielle & Lemoine, 1997;
Manatschal et al., 2011).

In the present tectonic nappe system of Ligurian-
Piedmont units, the CO and its underlying Lago Nero
unit have been distinguished on the basis of the Alpine
mineral assemblages, that in the meta-mafic rocks of the
Lago Nero unit are marked by the occurrence of Na-clin-
opyroxene, phengite, glaucophane, and lawsonite
(Koehn & Vuagnat, 1970; Polino et al., 2002). The peak
Alpine P–T conditions of the units surrounding the CO
have been constrained at 14–18 kbar and 300–400�C for
the Lago Nero unit (e.g., Agard et al., 2001; Beyssac
et al., 2002) and 4.0–7.5 kbar and 250–300�C for the
adjacent continental units of the Houillère Zone
(Briançonnais domain; e.g., Lanari et al., 2012). The com-
mon hypothesis, reported in Manatschal et al. (2011), to
explain the weak Alpine overprint and consequently the
excellent preservation of oceanic contacts within the CO,
is that it escaped subduction during Alpine convergence
and, instead, was thrusted (obducted) onto the proximal
European margin and other meta-ophiolite-bearing units.

Our study sheds light on two important aspects con-
cerning the evolution of the CO recording both HT and
Alpine (LT-HP) metamorphism: (i) The HT metamor-
phism and the LT-HP metamorphism are characterized
by different micro-structures that developed at different
times and (ii) the CO experienced peak metamorphic
conditions during the Alpine orogeny at pressures signifi-
cantly higher than those previously assumed.

7.1 | HT versus Alpine metamorphism

Our petrographic and mineral chemistry data demon-
strate that HT metamorphism was recorded only by
small bodies of gabbro and other minor plutonic rocks.
No evidence of HT micro-structures or mineral assem-
blages have been found either in the volcanic rocks or
in the albitite (i.e., alkali syenite; see Supporting Infor-
mation S1 for additional details). Therefore, we argue
that the HT metamorphism was localized in the small
gabbroic bodies bordered by HT shear zones (Nicollet
et al., 2022; Tribuzio et al., 2019) and that this HT
metamorphic event preceded the volcanic activity.
Consequently, the complete absence of a HT metamor-
phic assemblage in albitites and basalts suggests that
they experienced only a LT-HP event. In the Alpine set-
ting in which the CO is set, this LT-HP metamorphism
can be linked to subduction processes of inferred
Alpine age.

Figure 11 shows the schematic evolution of the
gabbro, from its magmatic origin (Figure 11b) to the HT
(Figure 11c) and Alpine metamorphism (Figure 11d–g).
The HT metamorphism in these rocks was responsible
for the widespread blastesis of HT Ca-amphibole
(pargasite to hornblende) (Figure 11a–c); further pieces
of evidence of HT metamorphism, if any, have been pre-
sumably destroyed by Alpine metamorphism.

Our detailed microstructural investigation implies
that the low-grade metamorphic minerals pumpellyite,
chlorite, actinolite, and prehnite, often interpreted as the
product of oceanic seafloor metamorphism (Bertrand
et al., 1982; Lewis & Smewing, 1980; Mével et al., 1978;
Pusztaszeri, 1966), are instead related to an Alpine low
pressure metamorphic event, because they overgrow
and/or replace the diagnostic Alpine HP mineral phases
(i.e., lawsonite). Although not preserved equally in all
the lithologies, the Alpine-related mineral phases occur
both in the plutonic and in the volcanic rocks of
the CO.

7.2 | Alpine event

In the CO, the Alpine event developed and was better
preserved in the lithologies characterized by a low-
variant mineral assemblage (i.e., gabbro). In these rocks,
the presently observed mineral assemblage is the product
of a complex history, consisting of (i) the (partial) preser-
vation of the magmatic mineral assemblage (Figure 11b),
(ii) a (presumably Late Jurassic) HT metamorphic event
(Figure 11c), and (iii) a multi-stage Alpine metamorphic
history consisting of at least four evolutionary steps
(Figure 11a,d–g).
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F I GURE 1 1 Schematic evolution of the gabbro from the Chenaillet Ophiolite. (a) Same isochemical phase diagram reported in

Figure 10a,b comprising both the HT-metamorphic event (HT mmp) and the Alpine evolution. The phase-in boundaries modelled for the

gabbro sample studied in this work are reported with solid lines, whereas phase-in curves from other authors are reported with dashed lines.

Stability curves for lawsonite, pumpellyite, omphacite, and epidote are reported in colours for clearness. The red ellipse shows the

constrained P–T conditions for the HT event, based on mineral assemblage. The large, red field in the upper left of the diagram shows the

P–T peak conditions inferred for the gabbro sample LG16a based on the results of thermodynamic modelling. Alpine peak P–T conditions

are further constrained by the overlap with the P–T peak conditions estimated for the albitite sample (blue field), delimited by the phase-in

curves defined for the mafic system according to Harlow et al. (2015) (see text for further details). Letters from (c) to (g) in white circles

represent the corresponding stages in the tectono-metamorphic evolution of the rock, reported in the correspondent figures on the right;

(b) schematic sketch for the original, magmatic texture of the studied gabbro; (c) HT event in the gabbro, leading to the blastesis of HT-

amphiboles over clinopyroxene and olivine; (d) first stage of Alpine metamorphism, characterized by the development of the peak mineral

assemblage. Lawsonite grows within the plagioclase sites, whereas Mg-chlorite and LT-amphibole completely replace olivine crystals and

grow at the rim of clinopyroxene (+HT-amphibole) crystals; (e) second stage of the Alpine event. Pumpellyite starts to overgrow lawsonite

crystals inside plagioclase sites, whereas Mg-chlorite and LT-amphibole continue to grow at rims of clinopyroxene; (f) third stage of the

Alpine event. Albite replaces magmatic plagioclase and epidote and white mica starts to grow over lawsonite. In clinopyroxene sites, chlorite

and LT-amphibole starts to grow also in fractures; and (g) fourth and last stage of the Alpine event, at the brittle-ductile transition, with

blastesis of prehnite in veins cross-cutting the rock. [Colour figure can be viewed at wileyonlinelibrary.com]
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The first stage of Alpine metamorphism
(Figure 11a,d) is marked by the blastesis of lawsonite in
the micro-structural sites of plagioclase in gabbroic
rocks and chlorite + actinolite at the expense of HT-
amphibole, as well as of magmatic clinopyroxene and
olivine crystals. This stage represents the peak P–T con-
ditions reached by the CO and can be constrained to a
range of P–T conditions from a minimum of 9 kbar and
300�C to a maximum of 15 kbar and 450�C. These
blueschist-facies conditions are further confirmed by
the mineral assemblage observed in the albitite of the
Col du Gondran, in which the coexistence of albite and
omphacite is documented. As reported by Harlow et al.
(2015) for the mafic system (Figure 11a), the coexis-
tence of omphacite and albite is limited at P–T condi-
tions lying below and to the left of the omphacite-in
curve and below the jadeite-in curve. The absence of
lawsonite in the albitite further constrains the P–T con-
ditions on the right side of the lawsonite-in curve,
defining a narrow T interval of 340–360�C and
P < 11 kbar. Overlapping the peak P–T conditions
inferred for the albitite with the large stability field of
the gabbro assemblage predicted by thermodynamic
modelling further constrains peak Alpine metamor-
phism at 10–11 kbar and 340–360�C (Figure 11d). The
predicted peak P–T conditions for the CO plot above
the stability curve of omphacite (Figure 11a) as defined
in the literature (different reactions: Evans, 1990;
Holland, 1980; Konilov et al., 2011; Poli &
Schmidt, 1998; Tsujimori & Mattinson, 2021). Hence,
based on an average geothermal gradient of 8–10�C/
km, we can infer that the CO reached a depth of 35–
40 km, which cannot be related to any burial process
but must be linked to subduction.

The onset of decompression is witnessed
(Figure 11e) by the breakdown of lawsonite, which was
mostly overgrown by pumpellyite; this phase presum-
ably occurred at around 9 (±1) kbar and 350 (±25)�C
and approximately at 30 km of depth. With the pro-
ceeding of decompression, two important reactions
occurred (Figure 10a,b,f) which led to the appearance
of albite and epidote the (Ab-in and the Ep-in reac-
tions). In the same stage, the clinopyroxene sites expe-
rienced the most pervasive retrogression, with the
widespread growth of (Mg-)chlorite and actinolite. This
event occurred at around 5 ± 1 kbar and 350 ± 25�C, at
20 km of depth. The last effect of Alpine metamor-
phism is represented by the growth of metamorphic
minerals at the brittle-ductile transition, mostly repre-
sented by the development of prehnite veins cross-
cutting through the rock, at T around 300�C and P
lower than 3 kbar (Figure 11g).

8 | CONCLUSIONS AND OPEN
QUESTIONS

Thermodynamic modelling performed on a gabbro sam-
ple from the CO suggests a minimum of 9 kbar and
300�C and a maximum of 15 kbar and 450�C. Overlap-
ping these P–T conditions with those inferred for the
albitite (based on the observed mineral assemblage)
allows the Alpine peak metamorphism to be constrained
at 10–11 kbar and 340–360�C.

These results point to an Alpine metamorphic history
at P–T conditions significantly higher than the (lower)
greenschist-facies conditions suggested by a few previous
authors (Bertrand et al., 1982; Lewis & Smewing, 1980;
Mével et al., 1978; Pusztaszeri, 1966), reaching the LT
blueschist-facies conditions for the CO.

This finding opens a series of challenging questions,
whose answers require further studies:

i. Evidence of the Alpine HP metamorphism in the CO
(marked by the lawsonite and omphacite occurrence)
has been found only in the gabbroic and plutonic
rocks occurring on top of the serpentinized mantle
and below the volcanic cover. Hence, further studies
are needed to understand whether these peak P–T
conditions can be widened to the whole unit or if the
CO actually includes an upper less-metamorphic and
a lower more-metamorphic portion.

ii. Alpine metamorphism in the CO seems to have
occurred only as static blastesis of HP minerals,
without the development of a pervasive schistosity.
This requires reconsideration of the relationships
between metamorphic evolution and related defor-
mation, possibly also in other external units of the
Alpine chain.

iii. The HP Alpine metamorphic evolution of the CO
(occurring on top of the nappe stack of Alpine units)
opens also a series of implications in terms of models
to explain and describe the subduction and exhuma-
tion processes of the oceanic units in this sector of
the Western Alps.
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SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Appendix S1. Description of the main petrographic, tex-
tural and mineral chemical features of pillow basalt and
dolerite dikes and sills.
Figure S1. a-b) P-M(H2O) (mol%) isochemical phase dia-
grams calculated at T = 300�C (a) and T = 350�C (b) for
sample LG16a. The observed peak mineral assemblage
(red fields) is stable only at H2O-saturated conditions
(blue dotted area) or at very slight H2O-undersaturated
conditions; c-d) P-X (Fe2O3) isochemical phase diagrams
calculated at T = 300�C (c) and T = 350�C (d) for sample
LG16a. X (Fe2O3) is defined as Fe2O3/(FeO + Fe2O3)
[i.e. X (Fe2O3) = 0 means that all Fe is bivalent]. The two
diagrams show that, increasing the oxidation state of the
system, the observed peak mineral assemblage (red field)
is stable at progressively higher P and it is no more stable
for X (Fe2O3).
Figure S2. Modelled volume% of each mineral phase.
The colour coded scalebar is proportional for each min-
eral, from its minimum to its maximum amount, and it is
not fixed. Corresponding minimum-maximum values for
each mineral phase are reported above each diagram.
This figure helps to better constrain the exhumation
path, supporting of pie diagrams of Figure 10c. Please
refer to Figure 10a,b for the labels of each field. Numeric
key: 1 = Cpx + Chl + Omp + Amp1 + Lws + Ttn;
2 = Cpx + Amp1 + Chl + Lws + Ttn; 3 = Cpx + Amp1
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+ Chl + Zo + Ttn; 4 = Cpx + Amp1 + Amp2 + Zo
+ Ttn; 5 = Cpx + Amp2 + Plg + Zo + Ttn + Qz;
6 = Cpx + Amp2 + Zo + Ttn + Qz; 7 = Cpx + Amp1
+ Amp2 + Ep + Ttn + Qz; 8 = Cpx + Amp2 + Plg
+ Ttn + Qz; 9 = Cpx + Amp1 + Amp2 + Ab+Ep
+ Ttn + Qz; 10 = Cpx + Amp1 + Amp2 + Plg + Zo
+ Ttn; 11 = Cpx + Amp1 + Amp2 + Ab+Ttn + Zo;
12 = Cpx + Amp1 + Chl + Ttn + Ab+Ep; 13 = Cpx
+ Pmp + Amp1 + Ttn + Qz; 14 = Cpx + Omp
+ Amp1 + Pmp + Ttn + Qz; 15 = Cpx + Amp1 + Pmp
+ Chl + Ttn + Ab; 16 = Cpx + Amp1 + Chl + Czo
+ Ttn + Ab; 17 = Cpx + Amp1 + Chl + Prh + Ttn
+ Ab; 18 = Cpx + Amp1 + Amp2 + Plg + Ttn;
19 = Cpx + Amp2 + Plg + Ttn; 20 = Cpx + Amp2
+ Plg + Ilm.
Table S1. Clinopyroxene representative analyses.

Table S2. Lawsonite representative analyses.
Table S3. Amphibole representative analyses.
Table S4. Pumpellyite representative analyses.
Table S5. Chlorite and white mica representative
analyses.
Table S6. Plagioclase and epidote representative
analyses.
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