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ABSTRACT The Lanzo peridotite massif is a fragment of oceanic lithosphere generated in an ocean–continent
transition context and eclogitized during alpine collision. Despite the subduction history, the massif has
preserved its sedimentary oceanic cover, suggesting that it may have preserved its oceanic structure. It is
an exceptional case for studying the evolution of a fragment of the lithosphere from its oceanization to its
subduction and then exhumation. We present a field and petrological study retracing the different
serpentinization episodes and their impact on the massif structure. The Lanzo massif is composed of
slightly serpentinized peridotites (<20% serpentinization) surrounded by an envelope of foliated
serpentinites (100% serpentinization) bordered by oceanic metabasalts and metasedimentary rocks. The
limit between peridotites and serpentinites defines the front of serpentinization. This limit is sharp: it is
marked by the presence of massive serpentinites (80% serpentinization) and, locally, by dykes of
metagabbros and mylonitic gabbros. The deformation of these gabbros is contemporaneous with the
emplacement of the magma. The presence of early lizardite in the peridotites testifies that serpentini-
zation began during the oceanization, which is confirmed by the presence of meta-ophicarbonates
bordering the foliated serpentinite envelope. Two additional generations of serpentine occur in the
ultramafic rocks. The first is a prograde antigorite that partially replaced the lizardite and the relict
primary minerals of the peridotite during subduction, indicating that serpentinization is an active process
at the ridge and in the subduction zone. Locally, this episode is followed by the deserpentinization of
antigorite at peak P–T (estimated in eclogitized metagabbros at 2–2.5 GPa and 550–620 �C): it is marked
by the crystallization of secondary olivine associated with chlorite and ⁄ or antigorite and of
clinopyroxene, amphibole and chlorite assemblages. A second antigorite formed during exhumation
partially to completely obliterating previous textures in the massive and foliated serpentinites.
Serpentinites are an important component of the oceanic lithosphere generated in slow to ultraslow
spreading settings, and in these settings, there is a serpentinization gradient with depth in the upper
mantle. The seismic Moho limit could correspond to a serpentinization front affecting the mantle. This
partially serpentinized zone constitutes a less competent level where, during subduction and exhumation,
deformation and fluid circulation are localized. In this zone, the reaction kinetics are increased and the
later steps of serpentinization obliterate the evidence of this progressive zone of serpentinization. In the
Lanzo massif, this zone fully recrystallized into serpentinite during alpine subduction and collision.
Thus, the serpentinite envelope represents the oceanic crust as defined by geophysicists, and the sharp
front of serpentinization corresponds to an eclogitized seismic palaeo-Moho.
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INTRODUCTION

High-pressure (HP) serpentinites returned from former
subduction zones and exposed in the Alps provide
information on deep geochemical and geodynamical
processes. Previous studies, based on geochemical and
structural approaches, have proposed that serpentinites
in ophiolites are relicts of a serpentinized channel,
formed during an exhumation step and composed of a

mélange between oceanic and mantle wedge serpenti-
nites (Schwartz et al., 2001; Guillot et al., 2004; Des-
champs et al., 2011). However, recent investigations on
ophiolites demonstrated the preservation of inherited
ocean–continent transition (OCT) sedimentation
(Beltrando et al., 2010; Vitale-Brovarone et al., 2011)
questioning the origin of the Alpine serpentinites. The
Lanzo massif is an exceptional case where peridotites
are surrounded by eclogitized and exhumed serpentinite
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envelope. Its study allows the reconstruction of the
different serpentinization steps from oceanization to
subduction and exhumation.

The Lanzo massif is composed of slightly serpenti-
nized spinel ⁄ plagioclase peridotites and is surrounded
by an envelope of foliated serpentinites of �3–5 km
thickness (Fig. 1; Boudier, 1978; Müntener et al., 2005;
Groppo & Compagnoni, 2007). Previous structural,
petrographic and geochemical studies (Nicolas et al.,
1972; Piccardo et al., 2007; Kaczmarek & Muntener,
2008, 2010) have shown that the oceanic exhumation
of the Lanzo massif occurred in an OCT context. U-Pb
zircon dating of magmatic intrusions in Lanzo peri-

dotites gives an age of 163.5 Ma (Rubatto et al., 2008),
contemporaneous with massif oceanic exhumation.
The Lanzo peridotites have a fertile composition with
respect to primitive mantle abundance (Piccardo et al.,
2007), and the rare gabbro and dolerite dykes cross-
cutting the ultramafic rocks show MORB composition
(Bodinier et al., 1986; Bodinier, 1988). This suggests
that the Lanzo massif is a portion of oceanic litho-
sphere generated in a magma-poor setting. In this
context, the exposure of mantle peridotite on the ocean
floor is common, as observed along slow and ultraslow
spreading ridges (Cannat et al., 1995; Dick et al., 2003;
Mével, 2003). Thus, the upper part of the oceanic
lithosphere is mainly made up of serpentinites, and the
Moho discontinuity, such as defined by seismic speeds
of Vp = 8 km s)1, cannot correspond to a petrologi-
cal transition between mantle and a magmatic crust,
but fits better with a serpentinization front affecting
the mantle (Canales et al., 2000; Mével, 2003).
The Lanzo massif also records HP Alpine subduc-

tion metamorphism between 55 and 46.5 Ma (Rubatto
et al., 2008). Despite its subduction history, the massif
largely preserves its oceanic structure. In the northwest
of the massif, a serpentinite envelope is bounded by a
metasedimentary cover of ophicarbonates, Mn-rich
metaquartzites and metabasites (Lagabrielle et al.,
1989; Pelletier & Müntener, 2006). These rocks result
from oceanic sedimentation during the exposure of the
lithospheric mantle of the Lanzo on the oceanic floor.
Pelletier & Müntener (2006) have shown that these
metasedimentary rocks record the same evolution as
the ultramafic body of the Lanzo during the Alpine
subduction. As proposed in the Zermatt zone, this
strongly suggests that this lithostratigraphic associa-
tion, consisting of post-rift sedimentary rocks above
ultramafic rocks, was preserved during the subduction
(Beltrando et al., 2010).
To clarify the origin of the contact between the

serpentinite envelope and the slightly serpentinized
peridotites, we unraveled the different serpentinization
episodes and their impact on the massif structure. The
different serpentine polymorphs were identified by
coupling petrographic study, microprobe analysis and
Raman spectroscopy. The microstructural relation-
ships between the different serpentine generations
allow us to propose a qualitative P–T evolution of
ultramafic rocks and their serpentinization history
while studying the gabbros permits us to quantify the
P–T path. From these results, a structural evolution of
the lithospheric mantle is proposed from its oceanic
floor alteration to its subduction metamorphism and
retrograde evolution during Alpine collision.

STUDIED AREA

The Lanzo massif is an eclogitized ultramafic body of
150 km2, located 30 km to the northwest of Turin (Italy)
in the westernAlps. It is bounded by the sediments of Po
plain to the east and south, by meta-ophiolites and the

Fig. 1. Geological map of Lanzo massif and its environment
(modified after Boudier, 1978). The box corresponds to the
studied area illustrated in Fig. 2.
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Schistes Lustrés unit in the west and by the HP meta-
morphic continental unit of Sesia in the north. Previous
studies (Nicolas et al., 1972; Bodinier, 1988;Kaczmarek
& Muntener, 2008) divided the Lanzo massif into three
parts separated by two partially serpentinized mylonitic
shear zones formed during its oceanic exhumation in an
OCT context. The entire massif is composed of a central
part of slightly serpentinized lherzolites (0–20% of ser-
pentine) surrounded by 3–5 km thick envelope of foli-
ated serpentinites (�100% of serpentine), with
sometimes, a thin intermediate zone (<150 m) of mas-
sive serpentinites (�80% of serpentine). Oceanic ophi-
carbonate rocks locally compose the external part of
foliated serpentinite envelope (Lagabrielle et al., 1989;
Pelletier & Müntener, 2006; Kaczmarek & Muntener,
2008). They occur as highly brecciated rocks built up of
serpentinite fragments with an irregular interlayered

carbonate matrix. Detailed mapping of the lithologies
bordering the serpentinite envelope revealed the pres-
ence of a thin sequence of metamorphosed oceanic me-
tasedimentary rocks and MORB-type volcanic rocks
associated with metaophicarbonate (Lagabrielle et al.,
1989; Pelletier &Müntener, 2006). This suggests that the
Lanzo ultramafic massif preserved its oceanic cover.

The study is focused on the northern part of the
massif (Fig. 2a) where the connection between the
metasedimentary cover and the ultramafic rocks has
been established (Lagabrielle et al., 1989; Pelletier &
Müntener, 2006). Results are presented from the
Toglie and Germagnano areas (Fig. 2) where there are
cross-sections from slightly serpentinized peridotites,
massive serpentinite to foliated serpentinite.

The Toglie cross-section to the southwest is �4 km
long (Fig. 2), with the western part of the composed of

(a)

(b)

Fig. 2. (a) Geological map of the studied area of Lanzo massif. LZXX: sample localization. (b) Two studied synthetic cross-
sections of Toglie and Germagnano. In the Toglie cross-section, the structure of the serpentinization front is partially dismantled: the
deformation affects the massive serpentinite zone, and the vegetation has covered the contact between serpentinite and peridotites. In
the Germagnano cross-section, the serpentinization front is preserved from the deformation, but the sedimentary cover has not been
observed.
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foliated serpentinites. Just above the peridotite ⁄ ser-
pentinite contact, the serpentinite foliation envelops
metric lenses of massive serpentinites. The contact be-
tween these serpentinites and the slightly serpentinized
peridotites does not outcrop. Nevertheless, the ser-
pentinization front is sharp, passing from serpentinite
to peridotites over few decametres. Towards the east, a
50 m long area of serpentinized peridotites is crossed by
decimetric dykes of mylonitic metagabbros. Those are
sometimes connected to metric to decimetric pods of
metagabbros intersected by dykes of metadolerites.

The Germagnano cross-section lies to the north
(Fig. 2b), along which there are three ultramafic
lithologies, foliated serpentinites, massive serpentinites
and slightly serpentinized peridotites. The limit be-
tween massive serpentinites and peridotites is sharp
and delimits the front of serpentinization.

PETROGRAPHY, FIELD RELATIONSHIPS AND
THERMOBAROMETRY

Method

The characterization of the different serpentine gener-
ations was determined by coupling petrographic study
with microprobe analysis and Raman spectroscopy.
This latter analytical method is commonly used to dis-
criminate serpentine structural type (Rinaudo et al.,
2003; Auzende et al., 2006; Groppo et al., 2006).

Raman spectroscopy was performed at the Labo-
ratoire des Sciences de la Terre of the ENS-Lyon, in
France, using a LabRam HR800 Raman microspec-
trometer. A light source (wavelength = 514 nm,
power = 700 lW, resolution = 600 g mm)1) was
coupled to an OlympusTM BX30 open microscope
equipped with an ·100 objective to focus the laser
beam into 1 m spot diameter. The backscattered Ra-
man signal was collected with the same objective.
Acquisition time was between 5 and 30 s. On each
spectra, a base line was fixed using the PeakFit�
software. The spectral regions from 150 to 1300 cm)1

and from 3500 to 3900 cm)1 were investigated.
According to literature data (Rinaudo et al., 2003;
Groppo et al., 2006), those frequency regions can dif-
ferentiate lizardite from antigorite. In the low-fre-
quency region, the lizardite can be clearly identified
with a weak broad peak �1080 cm)1, while the an-
tigorite presents an sharp peak �1043 cm)1. OH
stretching modes are observed between 3500 and
3750 cm)1. They are characterized in lizardite by two
broad peaks near 3670 and 3697 cm)1, and by two
principal peaks near 3685 and 3703 cm)1 in antigorite
(Rinaudo et al., 2003; Auzende et al., 2004).

In situ major element analyses of minerals of ultra-
mafic rocks have been performed with a microprobe
CAMECA SX 100 at the Laboratoire Magmas et
Volcans in Clermont Ferrand (France). For ultramafic
rocks, four samples of slightly serpentinized perido-
tites, four samples of massive serpentinites and one

sample of foliated serpentinite were analysed. For
metabasites, two samples of mylonitic metagabbros
and two metagabbro pods were analysed.
Serpentine minerals have been characterized and

compositional variation established by focusing on Fe,
Al and Cr (Dungan, 1979; Viti & Mellini, 1998; And-
reani et al., 2007). Primary mantle olivine has been
distinguished from metamorphic olivine using XMg

ratio (= Mg ⁄ (Fe + Mg)), and the variations in NiO
and MnO contents (Trommsdorff et al., 1998; Scam-
belluri et al., 1991; Nozaka, 2003), metamorphic oliv-
ine having classically a lower XMg and a higher MnO
content than mantle olivine. For pyroxene, Nozaka
(2010) proposed that metamorphic clinopyroxene is
systematically depleted in Cr2O3 and Al2O3 compared
with primary pyroxene, despite their compositional
variation due to original rock composition.

Ultramafic rocks

Slightly serpentinized peridotites

Peridotites of the Lanzo massif are mostly spinel- and
plagioclase-bearing lherzolites and have a primary
magmatic layering marked by clinopyroxenite layers
(Fig. 2a). They are composed of olivine, brown ortho-
pyroxene and green clinopyroxene in relief on the
outcrop surface (grain size between 1 mm and �1 cm)
and pluri-millimetric black spinel grains surrounded by
white corona of chlorite and tremolite. In most of the
ultramafic rocks, plagioclase is replaced during the
alpine metamorphism by HP aggregates of zoisite,
jadeite and garnet micro-crystals. However, fresh pla-
gioclase has been locally observed surrounding spinel
(Fig. 3a) and forming veinlets that have been inter-
preted as products of the incipient crystallization of
percolating melts (Piccardo et al., 2007).
In slightly serpentinized peridotites, the major ele-

ment composition of primary minerals is similar to
those reported in the literature (Piccardo et al., 2007).
The XMg of olivine is 0.86–0.90; the NiO and MnO are
between 0.26–0.40 and 0.09–0.25 wt%, respectively
(Fig. 4a). The XMg of clinopyroxene varies from 0.90
to 0.94 in the slightly serpentinized peridotites, and
Al2O3 (2.90–5.54 wt%) and Cr2O3 (1.00–1.54 wt%)
contents are high (Fig. 4b). Olivine is surrounded and
crossed by serpentine veins, which represent the first
step of serpentinization of peridotites, when hydration
is limited (Viti & Mellini, 1998). Two generations of
veins were distinguished.
The first generation (V1) has a regular shape, with

width ranging from a few to several hundred micro-
metres (Fig. 3b–d). They consist of parallel, fine elon-
gate grains, slightly orange under plane polarized light
and displaying an undulatory extinction, perpendicular
to footwalls in crossed-polarized light. Magnetite is
present within the vein centre as a fine line of micro-
metric grain aggregates. These veins also crosscut
orthopyroxene and replace orthopyroxene exsolutions
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(a) (b)

(c) (d)

(e)

Fig. 3. (a) Peridotite of Monte Magdalena showing plagioclase coronas surrounding spinel. (b–d) Microphotographs of a slightly
serpentinized peridotite of Toglie cross-section (LZC02). (b) Microphotograph (plane polarized light) of an antigorite vein (V2)
crossing lizardite vein (V1) and olivine. Note that a fine string of magnetite is present in the centre of V1; V2 boundaries contain minute
secondary olivine grains. V2 grows on V1. Mineral abbreviations are from Whitney & Evans (2010). (c) Microphotograph (cross
polarized light) of V2 crossing V1. (d) Microphotograph (plane polarized light) of an antigorite vein crossing an olivine and an
orthopyroxene. When it crosses the orthopyroxene, the vein centre is made of tremolite and clinopyroxene granulas. (e) Raman spectra
of lizardite (V1) and antigorite (V2). Corresponding Raman spots are indicated on (b) (red and blue points). Dotted lines indicate the
discriminating peaks of antigorite spectra and lizardite spectra.
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in the clinopyroxene. Raman spectra of serpentine V1
(Fig. 3e) are similar to lizardite spectra reported in
literature (Rinaudo et al., 2003; Auzende et al., 2004).
In addition, further modulations of the spectrum could
be attributable to cation substitutions. In fact, the li-
zardite veins display a large range of FeO (3.90–8.25
wt%) and Al2O3 (0.01–4.90 wt%) contents. High
Al2O3 + FeO (3.90–9.85 wt%) content have to be
accommodated by high Al or Fe substitutions for Mg
and ⁄ or Si. Thus, the unusual broad band at 3650 cm)1

could be assigned to stretching of OH bonded to
octahedral site linked to Si-Al ⁄Fe substitutions (Mel-
lini, 1982; Prietto et al., 1991). Similarly, the shift of
the 388 cm)1 vibration mode to 380 cm)1 could cor-
respond to Al or Fe substitution for Si (Groppo et al.,
2006) and the large band in the 900–950 cm)1 spectral
region could be attributed to Al or Fe substitution for
Mg in octahedral layers (Groppo et al., 2006).

Veins2 (V2) show an irregular shape with width up
to 100 lm (Fig. 3b,c). They consist of more or less
parallel coarse flakes nearly perpendicular to the vein
selvage. Magnetite is present as isolated micrometric
grains within the vein centre. Veins2 grow at the
expense of lizardite veins (Fig. 3b) and also at the
expense of primary minerals, olivine, orthopyroxene,
orthopyroxene exsolutions in clinopyroxene and
sometimes clinopyroxene. Raman spectra of serpentine
V2 (Fig. 3e) are identical to antigorite spectra reported
in literature (Rinaudo et al., 2003; Auzende et al.,
2004).

The lizardite (V1) and antigorite (V2) veins retain
the chemical signature of their precursor. Serpentine
veins crosscutting pyroxene have higher Al and Cr
contents than serpentine veins crosscutting olivine
(Table 1). Despite their relative similarity, several dif-
ferences between antigorite and lizardite chemical
analyses were noted. As with the data of Dungan
(1979), antigorite has lower H2O content (estimated by

difference to 100) and relative high SiO2 compared
with lizardite (Table 2). Thus, the antigorite that grew
at the expense of lizardite implies a release of H2O:
lizardite � antigorite + H2O.
Where antigorite veins crosscut orthopyroxene, they

have a banded texture (Fig. 3d) with the centre com-
posed of granoblastic aggregates of clinopyroxene and
tremolite, and the boundaries of antigorite. This unu-
sual texture suggests that clinopyroxene and tremolite
assemblages were formed from antigorite. The clino-
pyroxene granoblasts have higher XMg (�0.96) and
lower Al2O3 (<0.34 wt%) and Cr2O3 (<0.18 wt%)
contents than mantle clinopyroxene (Table 1, Fig. 4b).
Locally, the antigorite veins crossing olivine show

similar textures (Fig. 5a), with the centre composed of
minute granoblastic olivine (<10 lm). This texture
suggests that this olivine is formed at the expense of the
antigorite. Raman spectra of primary olivine are sim-
ilar to a forsterite reference spectrum from the
RRUFF database (ID: R040018). However, secondary
olivine presents an unusual spectrum with additional
antigorite peaks (Fig. 5b). The secondary olivine has
similar NiO (0.25–0.34 wt%), MnO (0.10–0.19 wt%)
and XMg (0.87–0.88) to mantle olivine (Fig. 4a).
At the Toglie cross-section, the slightly serpenti-

nized peridotites are divided by a network of ser-
pentinized channels, with a width up to 2 mm, where
olivine and orthopyroxene are completely replaced by
mesh and bastite textures. Mesh textures consist of a
grey homogenous area of serpentine with undulatory
extinction delimited by fibrous rims. Bastite textures
consist of white serpentine grains elongated parallel
to the original cleavages of the pyroxene. These tex-
tures are typical of oceanic lizardite (Boudier, 1971;
Wicks & Whittaker, 1977) and are crossed by antig-
orite veins. They represent relicts of early fluid cir-
culation channels (Viti & Mellini, 1998; Andreani
et al., 2007). The Raman spectra and the major

(a) (b)

Fig. 4. (a) MnO (wt%) v. XMg contents of primary mantle olivine and secondary olivine (Ol2) in slightly serpentinized peridotites and
serpentinites. (b) Al2O3 (wt%) v. Cr2O3 (wt%) contents of primary clinopyroxene and metamorphic clinopyroxene in slightly ser-
pentinized peridotites and serpentinites.
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element content of mesh and bastite textures are
similar to lizardite veins.

To the south of the Germagnano cross-section,
peridotites are crossed by a parallel vein network with
a centimetric width and appearing in relief on outcrop

surface (Fig. 6a). The vein is orange with a white
centre, a few millimetres thick, in relief composed of
homogeneous antigorite areas (confirmed by Raman
spectroscopy, atg1), crossed by fractures in which
secondary olivine grew (Fig. 6b). The Raman spectra

Table 1. Microprobe analysis of peridotite and serpentinite minerals. Cations are normalized to seven oxygen for serpentine, four
oxygen for olivine, six oxygen for clinopyroxene and 28 oxygen for chlorite.

Peridotite Massive Serpentinite

Foliated

serpentinite

Sample LZ24 LZC02 LZ19 LZ35b LZ34c LZ34b RO3

Mineral Liz Liz Liz Liz Atg Atg Atg Cpx Cpx2 Ol Ol2 Chl Atg1 Atg2 Atg1 Atg2 Chl Chl Ol2 Chl Atg2 Atg2

Previous Opx Opx Ol Ol Opx Opx Ol Atg Atg Sp Px Px Ol Ol Sp Atg Px Ol

SiO2 36.31 39.70 40.91 43.08 44.14 41.27 43.31 50.80 55.58 40.95 40.62 29.37 40.04 43.05 43.15 43.43 29.30 34.52 40.99 35.77 42.92 43.56

TiO2 0.00 0.13 0.04 0.00 0.00 0.00 0.00 0.61 0.02 0.01 0.00 0.08 0.00 0.04 0.01 0.00 0.02 0.06 0.03 0.00 0.01 0.00

Al2O3 8.87 4.90 0.01 0.10 1.68 3.47 0.18 5.54 0.03 0.01 0.07 22.45 5.99 1.45 2.44 1.72 22.37 13.91 0.00 10.42 1.58 1.26

FeO 2.92 7.17 3.90 1.84 3.31 7.28 3.37 2.82 1.28 12.06 11.89 2.92 3.42 3.23 3.41 3.38 3.66 3.51 10.58 3.32 4.68 4.46

NiO 0.17 0.21 0.29 0.06 0.09 0.07 0.10 0.04 0.00 0.34 0.34 0.17 0.23 0.10 0.18 0.15 0.19 0.22 0.32 0.21 0.05 0.08

MnO 0.01 0.30 0.05 0.05 0.03 0.04 0.02 0.07 0.11 0.22 0.19 0.02 0.02 0.02 0.01 0.04 0.05 0.01 0.31 0.02 0.06 0.11

MgO 32.90 29.71 41.40 41.57 37.89 33.11 39.51 15.14 18.74 47.13 46.16 30.39 37.08 38.34 37.20 38.17 30.44 32.96 47.89 35.24 37.16 36.94

CaO 0.74 0.31 0.03 0.03 0.73 0.14 0.01 23.32 24.22 0.00 0.02 0.01 0.01 0.02 0.05 0.00 0.02 0.09 0.01 0.03 0.12 0.04

Na2O 0.38 0.19 0.03 0.01 0.04 0.05 0.08 0.44 0.08 0.00 0.00 0.01 0.00 0.08 0.00 0.01 0.04 0.05 0.02 0.03 0.30 0.18

K2O 0.08 0.15 0.03 0.03 0.01 0.41 0.04 0.02 0.04 0.03 0.07 0.08 0.01 0.00 0.02 0.04 0.00 0.05 0.06

Cr2O3 2.36 2.31 0.01 0.01 0.31 0.93 0.02 1.24 0.01 0.01 0.00 0.24 0.69 0.53 0.00 0.02 0.00 1.31 0.00 0.04 0.20 0.04

Total 84.74 85.07 86.69 86.77 88.24 86.79 86.64 100.05 100.11 100.71 99.29 85.69 87.56 86.94 86.46 86.93 86.09 86.69 100.15 85.09 87.14 86.72

H2O
a 15.26 14.93 13.3 13.2 11.8 13.2 13.4 14.31 12.44 13.06 13.54 13.07 13.91 13.31 14.91 12.9 13.3

Si 1.77 1.95 1.94 2.01 2.04 1.98 2.04 1.86 2.00 1.01 1.01 5.60 1.87 2.02 2.02 2.03 5.59 6.54 1.01 6.88 2.02 2.05

Al 0.51 0.28 0.00 0.01 0.09 0.20 0.01 0.24 0.00 0.00 0.00 5.05 0.33 0.08 0.14 0.09 5.03 3.11 0.00 2.36 0.09 0.07

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Fe 0.12 0.29 0.15 0.07 0.13 0.29 0.13 0.09 0.04 0.25 0.25 0.47 0.13 0.13 0.13 0.13 0.58 0.56 0.22 0.53 0.18 0.18

Ni 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.01 0.00 0.01 0.01 0.03 0.03 0.01 0.03 0.00 0.00

Mg 2.39 2.18 2.93 2.89 2.60 2.37 2.77 0.82 1.01 1.73 1.71 8.64 2.58 2.68 2.60 2.66 8.65 9.31 1.75 10.11 2.61 2.59

Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00

Na 0.04 0.02 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.01 0.03 0.02

Ca 0.04 0.02 0.00 0.00 0.04 0.01 0.00 0.91 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.00

K 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00

OH 4.00 4.00 4.00 4.00 4.00 4.00 4.00 16.00 4.00 4.00 4.00 4.00 16.00 16.00 0.01 4.00 4.00

Cr 0.09 0.09 0.00 0.00 0.01 0.04 0.00 0.04 0.00 0.00 0.00 0.04 0.03 0.02 0.00 0.00 0.00 0.20 0.00 16.00 0.01 0.00

Total 8.96 8.87 9.06 8.99 8.92 8.92 8.96 4.01 4.00 2.99 2.99 35.85 8.95 8.94 8.91 8.92 35.91 35.81 2.99 35.94 8.95 8.92

aEstimated by difference.

Table 2. Microprobe analysis of amphibole of mylonitic gabbros. Cations are normalized to 23 oxygen. Results of Ernst & Liu (1998)
thermometer are reported in �C.

Hornblende porphyroclasts Hornblende blebs Hornblende granoblasts Replacive hornblende

SiO2 43.19 43.73 44.06 43.31 43.18 42.62 42.97 42.93 43.06 43.47 45.05 46.01 45.90 43.10 43.96

TiO2 5.25 5.02 5.05 4.57 4.60 4.69 3.79 3.85 4.26 4.31 3.08 1.12 1.09 0.66 0.37

Al2O3 10.57 10.50 10.04 10.57 10.19 10.59 10.97 11.17 11.06 10.65 8.67 8.43 8.40 11.55 11.41

FeO 10.11 10.22 10.08 10.07 10.31 11.15 10.72 10.68 10.41 10.19 12.89 13.50 13.52 16.20 13.77

MnO 0.08 0.18 0.25 0.22 0.18 0.22 0.13 0.17 0.15 0.24 0.34 0.26 0.30 0.07 0.11

MgO 14.26 13.76 13.81 13.79 13.97 13.34 13.46 13.78 13.66 13.85 13.74 14.02 14.08 10.91 13.35

CaO 10.34 10.65 10.26 11.27 11.30 10.77 11.71 11.43 11.34 11.56 10.19 10.86 11.03 10.75 9.87

Na2O 3.57 3.81 3.81 3.40 3.33 3.28 3.19 2.91 3.02 3.13 4.09 3.46 2.99 3.97 3.92

K2O 0.19 0.17 0.15 0.15 0.11 0.41 0.16 0.22 0.32 0.27 0.24 0.25 0.24 0.15 0.26

Cr2O3 0.11 0.13 0.57 0.08 0.04 0.08 0.06 0.05 0.08 0.12 0.00 0.00 0.00 0.02 0.02

Total 97.67 98.16 98.08 97.44 97.22 97.15 97.17 97.19 97.36 97.78 98.30 97.91 97.57 97.37 97.02

Si 6.30 6.36 6.41 6.35 6.35 6.30 6.34 6.32 6.32 6.35 6.61 6.77 6.78 6.48 6.53

Ti 0.58 0.55 0.55 1.83 1.77 1.85 1.91 1.94 1.91 1.83 0.34 0.12 0.12 0.07 0.04

Al 1.82 1.80 1.72 0.50 0.51 0.52 0.42 0.43 0.47 0.47 1.50 1.46 1.46 2.04 2.00

Fe 1.23 1.24 1.23 1.23 1.27 1.38 1.32 1.31 1.28 1.25 1.58 1.66 1.67 2.04 1.71

Mn 0.01 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.03 0.04 0.03 0.04 0.01 0.01

Mg 3.10 2.98 2.99 3.01 3.06 2.94 2.96 3.02 2.99 3.02 3.01 3.08 3.10 2.44 2.96

Ca 1.01 1.07 1.07 0.97 0.95 0.94 0.91 0.83 0.86 0.89 1.16 0.99 0.86 1.16 1.13

Na 1.62 1.66 1.60 1.77 1.78 1.71 1.85 1.80 1.78 1.81 1.60 1.71 1.75 1.73 1.57

K 0.04 0.03 0.03 0.03 0.02 0.08 0.03 0.04 0.06 0.05 0.04 0.05 0.04 0.03 0.05

Cr 0.01 0.01 0.07 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00

OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Total 15.72 15.73 15.70 17.73 17.74 17.76 17.76 17.72 17.71 17.72 17.90 17.88 17.82 18.00 17.99

T (�C) 1030 1032 1032 1028 1028 1030 1000 1003 1020 1022 951 700 696 616 559
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of this secondary olivine present additional lizardite
peaks similar to those described previously (Fig. 5b).
The orange part of the veins is several centimetres wide
and composed of minute olivine of �10 lm (Fig. 6c).
Corresponding olivine Raman spectra are similar to
primary mantle olivine spectra suggesting that they
correspond to primary recrystallized olivine. The
composition of secondary olivine (NiO = no data
available, MnO = 0.19–0.20 wt% and XMg = 0.88–
0.89) is similar to primary recrystallized olivine and
mantle olivine (NiO = 0.30–0.48 wt%, MnO = 0.10–
0.23 wt%, XMg = 0.90–0.91, Fig. 4a). A second gen-
eration of non-oriented antigorite lamellae (atg2) has
grown on secondary olivine, primary minerals and atg1
(Fig. 6c). Chlorite areas of several millimetres crystal-
lize on primary recrystallized olivine. Those areas
contain spinifex clinopyroxene partially amphiboli-
tized in actinolite (Fig. 6d). The Al2O3 (0.08–0.39
wt%) and Cr2O3 (0–0.01 wt%) contents and XMg

(0.90–0.93) of the spinifex clinopyroxene differ from
mantle clinopyroxene (Fig. 4b).

The peridotite ⁄ serpentinite contact of the Toglie
cross-section

The peridotite ⁄ serpentinite contact is marked by
metric to decametric lenses of massive serpentinite
surrounded by the foliation of foliated serpentinites.
They are mainly made of a dark grey serpentine matrix
containing black or white millimetric crystals of peri-
dotitic protolith (olivine <5%, clinopyroxene <5%
and spinel <1%).

Among the peridotite minerals, the clinopyroxene
and spinel are the least affected by the serpentinization.
Clinopyroxene can be totally preserved while ortho-
pyroxene has disappeared, even where it exsolved in
the clinopyroxene. In most cases, however, the clino-
pyroxene is partially replaced by serpentine lamellae
oriented parallel to its cleavages. Its composition is
zoned: the clinopyroxene core (Al2O3 = 4.11–5.21
wt%, Cr2O3 = 0.85–1.34 wt%, XMg = 0.91–0.92) has
similar composition to that of slightly serpentinized
peridotite while its rim has a low Al2O3 (0.00–0.53
wt%) and Cr2O3 (0.02–0.22 wt%, Fig. 4b) contents
and a high XMg (0.97–0.98). Spinel is surrounded by a
thin chlorite and, sometimes, tremolite corona. Rare
olivine relicts have a low NiO content (0.00–0.03 wt%)
and XMg (0.77–0.87) and a high MnO content (0.75–
1.8 wt%) suggesting that their composition (and
maybe the clinopyroxene rims) was highly modified by
chemical interaction with MORB-type melts (e.g.,
Drouin et al., 2009).
The matrix of the massive serpentinite is composed

of large homogenous grey areas of several millimetres
with a dirty appearance (atg1, Fig. 7a), a weak bire-
fringence and sometimes an undulatory extinction.
Corresponding Raman spectra are intermediate
between lizardite and antigorite (Fig. 7b). In a low-
frequency region, they are characterized by an intense
peak �1043 cm)1 (antigorite) and a weak broad peak
�1080 cm)1 (lizardite). In high-frequency region, the
spectra present two intense peaks at 3673 and
3700 cm)1 corresponding to antigorite and a weak
peak at 3685 cm)1 corresponding to lizardite. We

(a) (b)

Fig. 5. (a) Microphotograph (cross polarized light) of an antigorite vein crossing an olivine with granoblastic secondary olivine (Ol2)
at its centre. (b) Raman spectra of the granoblastic olivine. The secondary olivine possesses additional peaks (black values) corre-
sponding to antigorite (usual peak values of olivine are in grey).
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interpret this spectrum as interstratified layers of an-
tigorite and lizardite, suggesting that, locally, the
transition lizardite to antigorite is incomplete.

In these serpentinites, the atg1 precursor is hardly
preserved. Based on the Al and Cr contents, two kinds
of atg1 are distinguished (Table 1): (i) high Al and Cr
atg1 and (ii) low Al and Cr atg1. Assuming that the
chemical composition of antigorite depends on their
precursor, the group (i) corresponds to antigorite
formed from pyroxene and the group (ii) corresponds
to antigorite formed from olivine.

A second serpentine generation (atg2), composed of
micrometric lamellae (1–10 lm), grows on atg1
(Fig. 7a). When it grows on clinopyroxene, those
lamellae are oriented parallel to clinopyroxene cleav-
ages. This suggests a late serpentinization of the clin-
opyroxene. The atg2 crystallization completely
obliterates the previous texture. Corresponding Ra-
man spectra are in agreement with published antigorite
spectra (e.g. Auzende et al., 2006).

Foliated serpentinites surrounding the massive ser-
pentinite lens constitute the external envelope of the
massif. They are composed of thin oriented lamellae of
antigorite (atg2) which embed chromite within white
chlorite corona, patches of chlorite, small grains of
olivine and tremolite, and are associated with magne-
tite. The oriented lamellae of antigorite mark the
foliation of the rocks.

The composition of atg2 is homogenous at the scale
of the massif, except for the Cr content, which is
inherited from the antigorite precursor. High Cr an-
tigorite is formed from pyroxene and low Cr antigorite,
from olivine. The Al content of atg2 is homogenous
and does not depend on the antigorite precursor.

Peridotite ⁄ serpentinite contact of the Germagnano
cross-section

The peridotite ⁄ serpentinite contact of the Germag-
nano cross-section is marked by a massive serpentinite

(a) (b)

(c) (d)

Fig. 6. (a) Network of parallel veins crossing peridotites. The vein is orange with a white centre in relief. It contains angular dark blue
crystals identified in thin section as older pyroxene. (b) Microphotograph (cross polarized light) of the centre part of relief veins.
Secondary olivine grows into parallel fractures cutting early antigorite. (c) Microphotograph (cross polarized light) of primary
recrystallized olivine. Antigorite needles (Atg2) crystallized on that olivine. (d) Microphotograph (plane polarized light) of spinifex
secondary clinopyroxene associated with chlorite. Those assemblages grow at the expense of primary recrystallized olivine.
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zone (�100 m, Fig. 2b) mostly composed of antigorite
(confirmed by Raman spectroscopy; atg �80%).
Massive serpentinites contain centimetric white
pseudomorphs of clinopyroxene composed of tremolite
and chlorite (Fig. 8a). Clinopyroxene is rarely pre-
served in the centre of these aggregates. Its composi-
tion (Al2O3 = 4.26–5.73 wt%, Cr2O3 = 1.07–1.30
wt% and XMg = 0.90–0.92) is similar to primary
clinopyroxene in slightly serpentinized peridotite
(Fig. 4b). Metamorphic clinopyroxene crystallized as
fibres intermixed with chlorite and ⁄ or tremolite
(Fig. 8b) or in corona surrounding antigorite, magne-
tite and minute granoblastic olivine assemblages. It has
lower Al2O3 (0.03–0.86 wt%) and Cr2O3 (0.02–0.40
wt%) contents than mantle clinopyroxene and a highly
variable XMg (0.84–0.96, Fig. 4b). Spinel is largely re-
crystallized as chromite and chlorite. Orthopyroxene is
no longer present in these rocks.

According to their size, two groups of olivine
crystals can be identified: coarse grains of �100 lm
and minute grains of �5 lm (Fig. 8c). Coarse olivine
grains possess an irregular shape showing that they

have been destabilized during serpentinization epi-
sodes. Antigorite lamellae are oriented radially
around these grains. The minute olivine grains are
granoblastic and surround the coarse olivine grains
and the antigorite lamellae. This texture is compara-
ble to the actual oceanic mesh texture (Fig. 8d). On
Fig. 8c, the coarse olivine corresponds to the primary
mantle olivine, the antigorite is formed from lizardite,
and granoblastic olivine crystallized in place of an-
tigorite and magnetite. Primary mantle olivine of
massive serpentinite in the Germagnano cross-section
has similar Ni contents (NiO = 0.30–0.46 wt%),
higher Mn contents (MnO = 0.16–0.45 wt%) and
lower XMg (XMg = 0.84–0.90) than the primitive
olivine of slightly serpentinized peridotites (Fig. 4a).
The composition of metamorphic olivine
(NiO = 0.35–0.46 wt%, MnO = 0.26–0.40 wt% and
XMg = 0.84–0.89) is similar to one of relict mantle
olivine observed in the Germagnano serpentinites
(Fig. 4a).
The massive serpentinites are cross cut by several

veins with a width varying from several millimetres to

(a)

(b)

Fig. 7. (a) Microphotograph (cross polarized light) of a massive serpentinite from the Toglie cross-section. Atg2 partially replaces
Atg1. (b) Raman spectrum of Atg1 and Atg2.
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centimetres (Figs 8a & 9a,b). The smaller veins
(<1 cm) are composed of homogenous areas of an-
tigorite (Fig. 8b). The larger veins (>1 cm) are in relief
and are zoned (Fig. 9b): vein centres are composed of
granoblastic olivine (roughly 100 lm) associated with
homogenous grey areas of antigorite (atg1) or chlorite
while vein boundaries are composed of antigorite
lamellae (atg2, Fig. 9c). On Fig. 9d, the homogenous
grey area of antigorite is crossed by a vein of serpentine
with oriented lamellae and a higher birefringence. Both
textures are partially replaced by granoblastic olivine.
The newly formed olivine preserves the dirty appear-
ance of the homogenous areas, while that formed from
the oriented fibres is cleaner. At the boundaries of re-
lief veins, the antigorite lamellae grew at the expense of
secondary olivine and homogenous antigorite. The

following relative chronology can be established:
atg1 � secondary olivine � atg2.

In these veins, the secondary olivine presents an unu-
sual spectrumwith additional peaks of lizardite (Fig. 9e).
The NiO (0.27–0.50 wt%) and MnO (0.23–0.36 wt%)
contents, and XMg (0.88–0.89) of the secondary olivine
are similar to that of the host rock (Fig. 4a).

Metabasite

The slightly serpentinized peridotites of the Toglie
cross-section are crossed by coarse-grained metagab-
bro pods and dykes, metadolerite dykes and, in a 50 m
area, dykes of ultramylonitic gabbros. The metamor-
phic assemblages of the metabasites allows the P–T
evolution of Lanzo massif to be constrained.

(a) (b)

(c) (d)

Fig. 8. (a) Massive serpentinite from the Germagnano cross-section. At the outcrop, the rock has centimetric white pseudomorphs of
clinopyroxene and a network of small parallel veins. (b) Microphotograph (cross polarized light) of a small vein made of homogenous
antigorite (Atg1) partially recrystallized in late antigorite lamellae (Atg2). The host rock is composed of antigorite lamellae, tremolite,
chlorite and metamorphic clinopyroxene (CPx). (c) Microphotograph (plane polarized light) of an eclogitized mesh-like texture in a
massive serpentinite (sample LZ27a): the centre consists of coarse olivine with an irregular shape and the rims are made of minute
granoblastic olivine associated with antigorite lamellae. The two generations of olivine have the same composition. (d) Micropho-
tograph (plane polarized light) of an oceanic serpentinite from the Mid-Atlantic ridge for comparison with (c). It shows a typical mesh
as described in the literature: the mesh cells consist of a mesh rim of magnetite in string associated with lizardite and a mesh core
consisting of lizardite and chrysotile with sometimes, in the centre, a primary olivine relict with straight boundaries.
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Ultramylonitic gabbros

In a 50 m area, in the centre of the Toglie cross-
section, the peridotites are crossed by a mass of ul-
tramylonitic gabbros dykelets of several centimetres to
decimetres. These dykes can isolate peridotite lenses or

are emplaced in a conjugate facture system (Fig. 10a)
and are connected to massive metagabbro pods.
Ultramylonitic metagabbros have a porphyroclastic

texture. They consist of melanocratic bands of clino-
pyroxene, brown hornblende and olivine and leuco-
cratic bands of plagioclase (Fig. 10b). Primary

(a) (b)

(c) (d)

(e)

Fig. 9. Massive serpentinites from the Germagnano cross-section. (a) Massive serpentinite crossed by relief Alpine metamorphic veins.
(b) Relief vein with a green and orange centre and dark blue boundaries. The contact with the host rock is diffuse. (c) Microphotograph
(plane polarized light) of a relief vein crossing massive serpentinites. Vein centre is composed of granoblastic olivine and chlorite. Atg2
replaces these two minerals. (d) Microphotograph (cross polarized light) of relief veins crossing massive serpentinites. The Atg1 is
crosscut by a vein of serpentine with oriented fibres and a higher birefringence. This morphological variation occurs as the vein crosses
from serpentine to secondary olivine. (e) Raman spectra of secondary olivine. It possesses additional peaks (black values) that could
correspond to lizardite (usual peak values of olivine are in grey).
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minerals are porphyroclastic and have pressure shad-
ows composed of small grains of neoblasts of clino-
pyroxene and brown hornblende (Fig. 10c,d).

Clinopyroxene porphyroclasts have undulatory
extinction and kink bands and can contain brown
hornblende blebs. The tails of clinopyroxene and

(a) (b)

(c)

(d)(e)

Fig. 10. (a) Ultramylonitic gabbro emplaced in a conjugate fracture system crosscutting peridotites. (b) Ultramylonitic gabbros
crosscutting peridotites. They are composed of black and white bandings. (c) Microphotograph (plane polarized light) of an ultramy-
lonitic gabbro with porphyroclasts of clinopyroxene. The layering is marked by oxide lines. Leucocrate bands are composed of fine
granoblastic plagioclase.Melanocrate bands are composed of clinopyroxene porphyroclasts with pressure shadows of brown hornblende
and clinopyroxene granoblasts. (d) Microphotograph (plane polarized light) of hornblende porphyroclasts (Hbl Porph.) surrounded by
hornblende granoblasts (Hbl Gra.) and ilmenite (e) Microphotograph (plane polarized light) of hornblende porphyroclast zoning.
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brown hornblende porphyroclasts are composed of
small grains of pyroxene and ⁄ or brown hornblende
and ilmenite (Fig. 10c,d). Locally, thin coronas of ti-
tanite surround the ilmenite. Olivine is totally pre-
served suggesting that water was absent during the
later stages of metamorphic evolution. The primary
plagioclase domains are recrystallized into a thin ma-
trix of granoblastic plagioclase (<10 lm). In the ul-
tramylonitic gabbros, the HP metamorphism is limited
to very rare coronas of garnet and chlorite surrounding
hornblende porphyroclasts or fine-grained aggregates
of jadeite, quartz and needles of zoisite in the plagio-
clase domain.

The main mineralogical assemblages of ultramy-
lonitic gabbros correspond to a low-pressure (LP)
assemblage acquired during the cooling of magma.
The temperature of these LP parageneses can be cal-
culated using the amphibole thermobarometer of
Ernst & Liu (1998), based on Ti content of the M2
site that increases with increasing temperature. The
use of Ti thermometer requires an excess of Ti in the
system. We assume that this condition is realized
when Ti is present as an oxide (ilmenite, rutile) or in
titanite. The accuracy of this thermometer has been
estimated at the Institut für Mineralogie (Hannover,
Germany) using published and unpublished experi-
mental data, and temperature estimates are accurate
to ±40� (J. Koepke, pers. comm.). However, Ti
content is always higher when amphibole is in contact
with ilmenite; thus, these values were not used for
calculations.

Hornblende is divided into four types. (i) Horn-
blende blebs consist of minute grains of 10 lm
enclosed within igneous clinopyroxene and are gener-
ally elongated parallel to pyroxene cleavages. Its
composition is highly titaniferous (TiO2 = 4.40–4.79

wt%, Table 2, Fig. 11) and corresponds to temperatures
ranging from 1020 to 1030 �C. (ii) Porphyroclastic
brown hornblende is centimetric and has an irregular
zoning from dark to light brown depending on its TiO2

content (4.15–5.25 wt%, Fig. 11). The estimated for-
mation temperature varies from 1010 to 1030 �C. (iii)
Locally, the porphyroclastic brown hornblende rims
can be zoned from brown to green over 500 lm
(Fig. 10e). The TiO2 contents of replacive amphibole
vary from 3.61 wt% for the light brown hornblende to
0.32 wt% for green hornblende (Table 2 & Fig. 11).
Those temperatures of formation correspond to cool-
ing from 990 to 560 �C. The porphyroclastic and re-
placive hornblendes are crossed by HP veins of chlorite
and clinopyroxene �20 lm long needles suggesting
that their formation is oceanic. (iv) The tails of por-
phyroclastic hornblende and clinopyroxene are com-
posed of fine aggregates of granoblastic brown
hornblende, clinopyroxene and ilmenite. The TiO2

contents of hornblende granoblasts vary from 3.67 to
4.38 wt% (Fig. 11), which correspond to a formation
temperature from 990 to 1020 �C (Table 2).
In the thermobarometer of Ernst & Liu (1998), pres-

sure is obtained by combining the Al2O3 content with
the TiO2 content of amphibole. In the ultramylonitic
metagabbros of Lanzo massif, the Al2O3 content is
constant in the different hornblende types (Fig. 11,
Al2O3(blebs) = 10.19–11.62 wt%, Al2O3(porphyroclasts) =
8.62–10.57 wt%, Al2O3(granoblasts) = 9.35–11.77 wt%,
Al2O3(replacives) = 8.32–11.47 wt%), while the TiO2 is
variable. The high-Ti hornblende records pressures
ranging from negative pressure to 0.4 GPa. Those esti-
mates are poor, but coherent with the emplacement of
the gabbros at LP in the oceanic lithosphere. However,
the pressure estimates for replacive hornblende range
from 0.3 to 1.7 GPa. The model of Ernst & Liu (1998)
predicts a diminution of Al2O3 content with TiO2 con-
tent during the isobaric cooling of the oceanic crust
(Fig. 11). Ernst & Liu (1998) suggest that, during oce-
anic cooling, the replacive hornblende exsolves TiO2 as
ilmenite (Fig. 10e), while the Al2O3 is not redistributed
explaining those overly HPs.

Metagabbros and dolerites

Two kinds of metagabbro pods along the Toglie cross-
section were observed, foliated and massive meta-
gabbros. Foliated metagabbros are composed of green
millimetric to centimetric jadeitic clinopyroxene and
white areas corresponding to the plagioclase domain
(Fig. 12a). They have a foliation varying from N030 to
N050 with a dip of E70. Meta-doleritic dykes with
planar structure, parallel to the selvages and inter-
preted as magmatic fluidity, crosscut the foliation of
metagabbro pods (Fig. 12b). This demonstrates that
the deformation of these metagabbros, along with
ultramylonitic gabbros, is oceanic.
Massive metagabbros record a HP metamorphism

that induced a partial or total recrystallization of

Fig. 11. TiO2 (wt%) v. Al2O3 (wt%) contents of hornblende
from mylonitic gabbros. The black dotted arrow shows the
theoretical evolution of TiO2 and Al2O3 contents of hornblende
predicted by Ernst & Liu (1998) model during the isobaric
cooling of the oceanic lithosphere.
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magmatic domains. The plagioclase domain is highly
recrystallized into HP microcrystalline assemblages
mostly composed of epidote needles of 20–50 lm,
jadeite ⁄ omphacite, quartz and kyanite grains of
20 lm. Occasionally, in the centre of the microcrys-
talline aggregate, the jadeite ⁄ omphacite and quartz are
partially destabilized into fine crystallized areas of
oligoclase. Primary magmatic augite (Table 3) can be
preserved as black centimetric prisms (Fig. 12c).
Mostly, it is replaced by actinolite crystals of �50 lm
diameter surrounded by a glaucophane corona of
�10 lm width. The actinolite crystals are oriented in
the clinopyroxene domain suggesting an epitaxial
crystallization of the amphibole from the clinopyrox-
ene. Olivine domains are composed of microcrystalline
aggregates of tremolite, chlorite, omphacite, glauco-
phane, talc and quartz of �50 lm in diameter. The
olivine and plagioclase domains are separated by a
double corona composed of black micrometric glau-

cophane crystals towards olivine and of rounded red
garnet crystals of �200 lm in diameter towards pla-
gioclase (Fig. 12d).

The primitive domains of the metagabbros have
been replaced by micrometric assemblages containing
garnet and omphacite. To constrain the equilibration
temperature of the metagabbros, the thermometers of
Ellis & Green (1979) and Powell (1985), based on
Mg ⁄Fe exchange between omphacite and garnet were
used. The garnet displays a slight chemical zoning from
core to rim (Table 3) and the composition of ompha-
cite microcrystals is homogenous at millimetric scale
(Table 3) suggesting that those minerals are in equi-
librium at this scale. The garnet ⁄ omphacite couples
were selected in a 100 lm2 area. Ryburn et al. (1975)
have shown that a significant amount of Fe3+ in
clinopyroxene composition can cause a large error in
temperature calculation. The Fe3+ content of om-
phacite was estimated by stoichiometry to determinate

(a) (b)

(c) (d)

Fig. 12. (a) Foliated metagabbros made of green jadeitic crystals and a white matrix. The crystal size varies rapidly from the millimetre
to the centimetre. (b) A dyke of metadolerite with a flow structure crosscutting foliated metagabbro pod. (c) Coarse grain metagabbro.
Olivine domains are brown ⁄ yellow. In contact with the plagioclase domain, they show a black corona of glaucophane and a red corona
of garnet. Black prisms of magmatic pyroxene are preserved. (d) Backscattered electron image of a coarse grain metagabbro. The
olivine domain (Ol-domain) is separated from plagioclase domain by a double corona of glaucophane and garnet.
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the distribution coefficient between clinopyroxene and
garnet.

Temperatures obtained are between 540 (at
0.5 GPa) and 590 �C (at 2.5 GPa) for the Ellis &
Green (1979) thermometer and between 520 (at
0.5 GPa) and 560 �C (at 2.5 GPa) for the Powell
(1985) thermometer. From these values, the barometer
of Holland (1983), based on jadeite content of om-
phacite, was used. This barometer depends on
albite � jadeite + quartz reaction. However, albite is
no longer present in the samples, and so the 1.36–
1.78 GPa range given by the Holland (1983) barometer
is a minimum estimate. Pelletier & Müntener (2006)
indicated a peak of metamorphism at 550–620 �C and
2.0–2.5 GPa for the Lanzo massif. These values were
obtained for kyanite + talc + chloritoid and
talc + chloritoid + garnet domains in metagabbro
dykes by thermodynamic calculation (see Pelletier &
Müntener, 2006 for further details). Although our
temperature and minimum pressure estimates are in
agreement with those of Pelletier & Müntener (2006),
their more precisely constrained values will be used as
the reference values for the metamorphic peak.

DISCUSSION

The magmatic and metamorphic evolution of the
metagabbros

The succession of different serpentine generations
permits the reconstruction of a qualitative P–T path of
oceanic cooling, subduction and then exhumation. The
early emplacement of gabbros and dolerites in the

peridotites means that they have recorded the same
metamorphic evolution as ultramafic rocks and allows
the P–T path of the massif to be quantified. Two
contrasting parageneses have been found in these
magmatic rocks. Dykes of mylonitic gabbros are
composed of clinopyroxene, olivine, plagioclase,
hornblende, ilmenite and titanite. This corresponds to
a LP and high-temperature (HT) paragenesis; the high-
pressure–low-temperature (HP–LT) metamorphic
overprint is very limited in these rocks. On the other
hand, the paragenesis of metagabbro pods is mainly
eclogitic with a few LP mineral assemblages consisting
of actinolite, chlorite, albite and epidote and a few
relicts of magmatic augite.
Lanzo (meta)gabbros have MORB compositions

(Bodinier, 1988) demonstrating their oceanic origin.
In the mylonitic gabbros, the porphyroclastic brown
hornblende displays high TiO2 contents (4.15–5.25
wt%) showing that they are magmatic. The formation
of hornblende blebs enclosed into magmatic por-
phyroclasts of clinopyroxene suggests that they
formed by silicate melt trapped during magmatic
crystallization (Coogan et al., 2001). This is consistent
with their TiO2 contents (4.40–4.79 wt%) that corre-
spond to suprasolidus formation temperature (1020–
1030 �C).
The TiO2 content of hornblende granoblasts (3.67–

4.38 wt%) is lower than that of magmatic porphyro-
clasts and blebs (Fig. 11). Corresponding temperature
estimates are between 990 and 1020 �C. Thus, the dy-
namic recrystallization, which leads to the formation
of the hornblende granoblasts, occurs at HT just after
the crystallization of the magma. It suggests that the

Table 3. Microprobe analysis of metagabbros minerals separated by crystallographic domains. Cations are normalized to four oxygen
for olivine, six oxygen for clinopyroxene and 28 oxygen for chlorite.

Ol-domain Cpx domain Act Pl-domain

Grt core Grt rim Gln Tlc Act Chl Cpx Cpx Cpx Act Gln Pg Gln Ep Cpx Ky

SiO2 38.74 38.95 60.02 62.02 56.02 29.86 55.18 56.54 54.81 57.67 58.35 47.76 58.32 40.24 59.56 37.54

TiO2 0.09 0.01 0.00 0.03 0.07 0.00 1.57 0.11 0.05 0.00 0.05 0.06 0.07 0.07 0.00 0.01

Al2O3 21.94 22.07 12.36 0.74 1.69 20.20 8.10 9.94 0.32 1.00 10.44 40.71 11.59 32.90 24.26 62.94

FeO 27.42 27.45 4.44 5.01 7.36 13.47 3.76 3.34 5.34 5.84 6.69 0.22 7.06 0.88 0.72 0.12

MnO 0.89 0.65 0.05 0.02 0.07 0.13 0.10 0.00 0.17 0.08 0.06 0.00 0.04 0.00 0.02 0.03

MgO 4.59 4.75 13.12 27.59 18.51 25.11 10.56 10.12 15.46 20.05 13.13 0.30 12.44 0.01 0.96 0.01

CaO 7.38 7.86 0.75 0.05 11.92 0.01 16.10 14.52 24.40 12.52 2.93 0.12 2.11 24.62 1.88 0.06

Na2O 0.00 0.01 7.01 0.15 0.75 0.00 5.09 6.00 0.15 0.56 5.85 7.35 6.31 0.09 13.32 0.00

K2O 0.02 0.00 0.00 0.11 0.03 0.06 0.01 0.02 0.00 0.00 0.01 0.40 0.01 0.00 0.03 0.00

Cr2O3 0.00 0.00 0.07 0.00 0.00 0.04 0.00 0.02 0.03 0.03 0.11 0.00 0.00 0.02 0.06 0.00

Total 101.07 101.75 97.83 95.80 96.46 88.93 100.49 100.64 100.72 97.75 97.66 96.92 97.95 98.83 100.82 100.70

Si 6.00 5.99 7.98 7.98 7.93 5.79 1.97 1.99 2.00 7.99 7.92 5.98 7.89 3.03 2.00 4.03

Ti 0.01 0.00 1.94 0.11 0.28 4.62 0.34 0.41 0.01 0.16 1.67 6.01 1.85 2.92 0.96 0.00

Al 4.01 4.00 0.00 0.00 0.01 0.00 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 7.95

Fe2+ 3.55 3.53 0.49 0.54 0.87 2.18 0.11 0.10 0.16 0.68 0.76 0.02 0.80 0.00 0.02 0.01

Fe3+a <0.01 0.01 <0.01 <0.01 <0.01 <0.01

Mn 0.12 0.08 0.01 0.00 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Mg 1.06 1.09 2.60 5.29 3.91 7.26 0.56 0.53 0.84 4.14 2.66 0.06 2.51 0.00 0.00 0.00

Ca 1.23 1.30 0.11 0.01 1.81 0.00 0.62 0.55 0.95 1.86 0.43 0.02 0.31 0.00 0.00 0.01

Na 0.00 0.00 1.81 0.04 0.20 0.00 0.35 0.41 0.01 0.15 1.54 1.78 1.65 0.00 0.05 0.00

K 0.00 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.87 0.00

Cr 0.00 0.00 0.01 0.00 0.00 16.00 0.00 0.00 0.01 0.00 0.00 0.00 0.07

OH 2.00 4.00 2.00 0.01 0.00 0.00 2.00 2.00 4.00 2.00 1.00 0.00

Total 15.98 16.01 16.95 17.98 17.02 35.90 4.00 4.00 3.99 17.00 17.00 17.94 17.01 7.01 3.96 12.00

aEstimated by stoichiometry.
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magma has been emplaced in fractures of the litho-
sphere during tectonic activity.

The rare zoning of hornblende porphyroclasts from
light brown to green with low TiO2 content (0.32–3.61
wt%) indicates that water circulation was limited after
the HT stage and the mylonitic gabbros record little
evidence of the cooling of the lithosphere.

In the metagabbro pods, the crystallization of LP
(actinolite and chlorite) and then HP assemblages
(omphacite, garnet, kyanite, talc, glaucophane, zoisite
and quartz) at the expense of igneous or previous LP
phases reveals an evolution from greenschist facies
conditions to eclogite facies conditions. Phase rela-
tionships of these different facies allow us to propose
the following geodynamic evolution (Fig. 13): (i)
actinolite, hornblende, tremolite and chlorite crystal-
lization at the expense of igneous phases are attributed
to LP oceanic metamorphism during oceanic exhu-
mation. As is classically described (e.g. Messiga &
Tribuzio, 1991), olivine, reacting with plagioclase, is
replaced by chlorite ⁄ tremolite aggregates, whereas
augite is replaced by actinolite and ⁄ or green horn-
blende during oceanic lithosphere cooling. (ii) During
subduction, the crystallization of HP assemblages

(omphacite, garnet, kyanite, talc, glaucophane, zoisite,
quartz) at the expense of igneous and LP metamorphic
phases is attributed to the burial of the massif to
eclogite facies conditions. (iii) Retrograde evolution
during massif exhumation, from subduction to a col-
lision context, is limited to a discrete omphacite
destabilization into albite and epidote.

The HP–LT metamorphism of the gabbros is con-
trolled by the presence of hydrous oceanic phases. Ul-
tramylonitic metagabbros do not record the alpine
metamorphism because the water circulation might
have been limited in these rocks during oceanic
spreading. On the other hand, the metagabbro pods
largely record the Alpine metamorphism, with the
crystallization of HP hydrous phases (glaucophane,
talc). This suggests thatmetagabbro podswere hydrated
and largely metamorphosed during oceanic step.

Three steps of serpentinization in ultramafic rocks

According to field work observations and the P–T path
obtained from the associated metagabbros, the ultra-
mafic rocks of Lanzo massif have recorded four geo-
dynamic steps (Fig. 13): (i) oceanic exhumation of the

Fig. 13. P–T path of mafic and ultramafic rocks of the Lanzo massif. During oceanic exhumation in an OCT context, the mantle
passes the transition from spinel lherzolite to plagioclase lherzolite (1). Then, during LP cooling (2), the peridotites and the meta-
gabbros cross, in the presence of H2O, successive reactions leading to the disappearance of primary phases (olivine, pyroxene and
plagioclase). At high temperature (HT), the mylonitic gabbros record the beginning of the cooling of the oceanic lithosphere: grey bold
dots correspond to hornblende temperature estimates (Table 2). At lower temperature, plagioclase and spinel react with pyroxene and
olivine to form chlorite and chlorite ⁄ tremolite assemblages. From 400 �C, peridotites are partially to fully serpentinized to lizardite (2)
at the expense of olivine and orthopyroxene (F: Martin & Fyfe, 1970). During alpine subduction (3), the lizardite breaks down to
antigorite (E: Evans, 2004). In the metagabbros, the prograde metamorphism is marked by the destabilization of igneous and LP ⁄ low-
temperature (LT) metamorphic phases to high-pressure ⁄HT phases of eclogite facies. At P–T metamorphic peak (4), Al-poor ser-
pentine is replaced by secondary olivine (B: Bromiley & Pawley, 2003) and the paragenesis Cpx + Chl + ⁄ ) Amph is stable in
ultramafic rocks (FP: Fumagalli & Poli, 2005). During the retrograde path, a new antigorite generation is formed at the expense of
other phases (5) while in metagabbros quartz and jadeite are transformed into albite. A later serpentinization step could correspond to
the crystallization of antigorite and lizardite micro-phases (6) on secondary olivine at LP ⁄LT.
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peridotite in OCT context; (ii) ocean floor cooling and
partial hydration; (iii) subduction; and (iv) exhumation
during subduction or continent collision. The different
geodynamic steps produced three serpentine genera-
tions in the ultramafic rocks.

Plagioclase dykelets and coronas surrounding spinel
show that spinel peridotites of Lanzo massif are par-
tially equilibrated in the plagioclase lherzolite domain
and intruded by basic magmas during massif oceanic
exhumation in an OCT context (Bodinier, 1988;
Muntener et al., 2004; Piccardo et al., 2007). This
event is rarely preserved because plagioclase is desta-
bilized during oceanic expansion or subduction: in
most rocks, it is recrystallized into chlorite and actin-
olite and ⁄ or into garnet, zoisite and omphacite
assemblages.

Serpentinite resulted from hydrothermal alteration
of ultramafic rocks at 100 �C < T < 700 �C
(Bromiley & Pawley, 2003; Andreani et al., 2007).
During oceanic expansion, peridotites, in contact with
oceanic water, at temperatures below 400 �C (Agrinier
& Cannat, 1997; Bach et al., 2004), were largely hy-
drated and transformed into serpentinite mostly
composed of lizardite (Mével, 2003; Evans, 2004;
Andreani et al., 2007). This step is largely preserved in
slightly serpentinized peridotites where lizardite crys-
tallizes in veins crossing the olivine and orthopyrox-
ene and locally, when the hydration is more
important, into mesh and bastite texture (Viti &
Mellini, 1998). Slightly serpentinized peridotites also
contain antigorite veins growing across lizardite veins
and primary minerals. Even if lizardite ⁄ antigorite
transition does not depend much on pressure, it is
admitted that antigorite is the higher pressure form of
the serpentine (Scambelluri et al., 1995; Ulmer &
Trommsdorff, 1995; Wunder & Schreyer, 1997; Auz-
ende et al., 2006; Groppo & Compagnoni, 2007).
Thus, this structural relationship suggests that lizar-
dite recrystallization into antigorite occurs during the
alpine subduction.

In ultramafic rocks, the two antigorite generations
(atg1 and atg2) are separated by the crystallization of
secondary olivine.

(1) The first generation of antigorite (atg1) crystallized
from all previous minerals. In massive serpenti-
nites, it is sometimes represented as an intermediate
Raman spectrum between lizardite and antigorite.
This suggests that, in serpentinites, the alpine ser-
pentinization (antigorite) overprints the oceanic
serpentinization (lizardite, Fig. 13).

(2) The secondary olivine grew from the early antigorite
in the slightly serpentinized peridotites and in mas-
sive serpentinites. This antigorite breakdown into
olivine has already been observed in previous works
(Scambelluri et al., 1995; Trommsdorff et al., 1998;
Hermann et al., 2000; Nozaka, 2003; Padron-Nav-
arta et al., 2008), where it was interpreted as antig-
orite dehydration during prograde metamorphism

(Fig. 11). The crystallization of secondary olivine is
associated with chlorite, but never with orthopy-
roxene. This suggests that the classical reaction Atg
= Ol + Opx + H2O (e.g. Garrido et al., 2006) is
incomplete in the Lanzo massif.

(3) A late antigorite (atg2) crystallized from previous
minerals (primary minerals, early antigorite and
secondary olivine) in the massive and foliated
serpentinites. Its crystallization could correspond
to a retrograde serpentinization episode during
massif exhumation (Fig. 13). This serpentinization
step is accompanied by a strong deformation
obliterating previous structures at outcrop and
thin-section scale.

The HP stability of antigorite relative to secondary
olivine is controlled by its composition. According to
Bromiley & Pawley (2003), a few wt% of Al2O3 in
antigorite is enough to stabilize its structure at higher
temperatures and pressures: low Al antigorite is stable
until 550 �C while high Al antigorite break down is
completed at higher temperature (700 �C). In the
ultramafic rocks of the Lanzo massif, the P–T condi-
tions of peak metamorphism (2.0–2.5 GPa and 550–
620 �C) is in the divariant field over which antigorite
breaks down into enstatite + olivine + chlo-
rite + H2O (Fig. 13). The absence of orthopyroxene
suggest that this dehydration reaction may be stopped
after an intermediate step.
Microprobe analysis of mantle and secondary oliv-

ine in ultramafic rocks shows significant variation in
MnO content and XMg as a function of rock lithology
(peridotite or serpentinite). These compositional vari-
ations are summarized in Fig. 4a. The MnO content of
olivine increases progressively from peridotite to ser-
pentinite while the XMg decreases. This suggests that its
composition was modified by external fluid during
oceanization. However, in each rock type, it is
impossible to distinguish the two olivine groups: there
is an overlapping range of composition between pri-
mary and metamorphic olivine. The similar composi-
tion of mantle and secondary olivine in the
serpentinites or peridotites suggests that the serpenti-
nization and deserpentinization processes during sub-
duction evolved in a closed system. As suggested in
Fig. 8c, the formation of metamorphic olivine requires
the involvement of Fe-oxide (magnetite) during antig-
orite breakdown. In that case, the metamorphic olivine
composition can be explained by the reaction: mag-
netite + antigorite � olivine2 + H2O.
In the same way, other secondary minerals can be

associated with this dehydration step. Metamorphic
clinopyroxene crystallization was observed coexisting
with tremolite and ⁄ or chlorite. Fumagalli & Poli
(2005) observed experimentally this three-phase
assemblage at similar P–T conditions (2.2 GPa and
700 �C) in olivine-poor lherzolite.
The retrograde evolution is essentially marked by

the crystallization of a late antigorite in the massive
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and foliated serpentinites composing the envelope of
the massif. The Raman spectra of secondary olivine are
associated with a serpentine structure (lizardite or an-
tigorite). The origin of this serpentine micro-phase
remains unclear. It could represent relicts of the pro-
grade serpentine that is destabilized into secondary
olivine at the metamorphic peak. On the other hand, it
could be interpreted as retrograde serpentine crystal-
lization on secondary olivine, during massif exhuma-
tion, reacting with just the water contained in this
olivine. Indeed, it has been shown, in mantle peridotite
xenoliths (Matsyuk & Langer, 2004) and in experi-
mental studies (e.g. Keppler & Bolfan-Casanova,
2006), that a �large� amount of water can be dissolved
in olivine. Solubility of water in olivine is function of
temperature, pressure and olivine composition (Zhao
et al., 2004; Keppler & Bolfan-Casanova, 2006). At P–
T conditions similar to the peak of Lanzo metamor-
phism, Mosenfelder et al. (2005) showed that olivine
can contain up to 375 ppm of water. Thus, the late
crystallization of serpentine on secondary olivine could
be the result of olivine re-equilibration to lower P–T
during massif exhumation.

The prograde evolution is well preserved in massive
ultramafic rocks that provide a good reconstitution of
the different serpentinization steps. On the other hand,
the formation of the retrograde antigorite is abundant
in the foliated serpentinite of the envelope. In this
zone, the deformation increases the reaction kinetics
and leads to the obliteration of all previous textures
and the prograde history.

The serpentinization front of the Lanzo massif: a preserved
palaeo-Moho of slow spreading ridge

The Lanzo massif preserved its oceanic sedimentary
cover and ophicarbonate during subduction (Laga-
brielle et al., 1989; Pelletier & Müntener, 2006)
attesting that it constituted the oceanic floor of the
Palaeo-Tethys and that the serpentinization started
during an oceanic step. This is confirmed by the
presence of early lizardite in the slightly serpentinized
peridotite (Fig. 3b). Furthermore, the petrological
study shows that the massive serpentinites, defining
the front of serpentinization, preserved eclogitized
characteristic textures of the oceanic alteration
(Fig. 8c) and traces of lizardite within prograde an-
tigorite structure (Fig. 7b). This testifies that the
eclogitized serpentinization front of the Lanzo massif
is inherited from the oceanic alteration and consti-
tutes a palaeo-Moho. This is in good agreement with
the thickness of the external envelope of serpentinite
of 3–5 km that is similar to the thickness of a ser-
pentinized oceanic lithosphere (3–6 km). However,
the seismic profiles carried out in intra-oceanic con-
text show a progressive increase of the seismic speed
with depth which is interpreted as a progressive in-
crease of mantle serpentinization, from the mantle
peridotites to the ocean floor (Fig. 14). In the Lanzo

massif, the peridotite ⁄ serpentinite limit is sharp: the
peridotites are completely serpentinized from the
supposed paleo-oceanic floor, marked by the pres-
ence of ophicalcites, to the slightly serpentinized
peridotites at the serpentinization front.

The rheological behaviour of a serpentinized peri-
dotite depends on its serpentinization degree. The
presence of 15% serpentine reduces the strength of an
altered peridotite to that of a pure serpentine (Es-
cartin et al., 2001). Thus, the 15% serpentinization
horizon located at a depth of �3 km in the oceanic
lithosphere (Fig. 14; Canales et al., 2000) constitutes
a mechanical decoupling layer. This layer can corre-
spond to the serpentinite ⁄ peridotite limit in the
Lanzo massif, beneath which the slightly serpenti-
nized peridotites (<20%) have been preserved from
deformation, thus preserving oceanic textures. Above
this layer, the serpentinized peridotites (serpentiniza-
tion >20%) of the oceanic lithosphere constitutes a
less competent level with a rheological behaviour
similar to that of pure serpentine that should pref-
erentially accommodate the deformation from oceanic
(Escartin et al., 2001) to subduction context (Chernak
& Hirth, 2010). During subduction and then exhu-
mation, this deformation zone also favours water
circulation and the completion of the serpentinization
reactions; the new serpentinization stage of the peri-
dotite minerals obliterating the oceanic serpentiniza-
tion gradient (Fig. 14). As suggested by the similar
composition of primary and metamorphic olivine
(Fig. 4a), the massif could have evolved in a relatively
closed system during subduction. Indeed, the lizardite
to antigorite transition is a dehydration reaction,
which released new fluid, permitting the following
serpentinization process without any new external
provision of fluid.

As suggested by this study, the subduction and the
exhumation of the oceanic lithosphere are influenced
by its initial structure. Most of the alpine ophiolites
came from the Tethyan Ocean, which is an analogue
to the modern central Atlantic Ocean (Lagabrielle &
Cannat, 1990; Cannat et al., 1995). Indeed, remnants
of oceanic lithosphere are sometimes rich in mag-
matic rocks (e.g. MonViso) and sometimes made of
serpentinized mantle peridotites, almost exclusively
(e.g. Monte Maggiore, Corsica or Lanzo). During
subduction, the oceanic structure influences the
location of rheological threshold and corresponding
decollement permitting the exhumation of the ophi-
olite. For the magmatic unit, the decollement occurs
at the base of gabbroic crust (e.g. MonViso, An-
giboust et al., 2011). For a partially serpentinized
peridotite unit, the decollement should occur close to
the serpentinization front. This explains why serp-
entinites are rarely associated with peridotites in the
Alps. The Lanzo massif is thus an exceptional case
where the serpentinization front and the oceanic
structure of the OCT are preserved during the sub-
duction.
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CONCLUSIONS

According to the metamorphic history of the Lanzo
massif, three serpentine generations have been identified
in ultramafic rocks. The first one is characterized by the
crystallization of the low P–T serpentine species (lizar-
dite) with other accessory phases (magnetite), formed in
oceanic context, and preserved in slightly serpentinized
peridotites. This serpentinization episode is the most
extensive. The serpentinization front dates from this
event. During subduction, a prograde antigorite re-
placed the lizardite and to lesser extent primaryminerals
of peridotites: this episode affected preferentially the
serpentinites. The final stage of this step ismarked by the
incipient deserpentinization of antigorite to secondary
olivine (and clinopyroxene, chlorite and tremolite) at the
peak P–T conditions. During exhumation of the massif,
the pervasive deformation completely obliterated the
previous textures of minerals which are reoriented
according to the strong foliation formed by the crystal-
lization of retrograde antigorite in massive and foliated
serpentinites.

On the basis of petrological and field work obser-
vations, we propose that the serpentinite to peridotite
transition corresponds to a palaeo-Moho preserved
during alpine subduction and collision. In this case, if
the scheme of a progressive serpentinization with depth
during oceanization is accepted, the successive episodes
of serpentinization and deformation could affect this
zone preferentially (Fig. 14). This zone constitutes a
less competent level, where rheological behaviour of
the rock is similar to serpentinite and where the
deformation is localized during subduction and exhu-
mation. Thus, during the subduction and then exhu-
mation, the alpine deformation will focus the later
steps of serpentinization in this zone and obliterate the
gradient of serpentinization.
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