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ABsTRACT. — Petrographic and micro-Raman
analysis of metamorphic veins occurring in
serpentinites from the Piemonte Zone (western Alps)
has allowed us to recognise seven different vein
generations, developed at different P-T-X conditions.
The first vein generation (balangeroite + magnetite
+ FeNi-alloys) formed during the Alpine prograde
evolution, whereas the second vein generation
(diopside + Ti-clinohumite + olivine + antigorite
+ Mg-chlorite) is related to the high pressure
(eclogite-facies) metamorphic peak. All the others
vein generations developed during the retrograde
evolution, at different P-T conditions, moderate
for types 3 (carlosturanite + antigorite + diopside +
garnet) and 4 (antigorite + diopside) and low or very
low for types 5 (chrysotile), 6 (tremolite + calcite)
and 7 (brucite + magnetite and talc + calcite).

Detailed petrographic analysis of the metamorphic
veins occurring in the serpentinites gives information
complementary to the conventional thermobarometric
estimates based on the associated basic rocks and
consequently is a powerful method to reconstruct the
P-T path of the ophiolitic units.

* Corresponding author, E-mail: chiara.groppo@unito.it

Riassunto. — Lo studio petrografico in sezione
sottile ed in spettroscopia micro-Raman delle vene
metamorfiche presenti nelle serpentiniti della Zona
Piemontese (Alpi Occidentali) ha permesso di
riconoscerne sette differenti generazioni, sviluppatesi
a diverse condizioni P-T-X. La prima generazione
(balangeroite + magnetite + leghe FeNi) si & formata
durante I’evoluzione prograda delle serpentiniti,
mentre la seconda (diopside + Ti-clinohumite +
olivina + antigorite + Mg-clorite) & associata al picco
metamorfico alpino in facies eclogitica. Tutte le
altre generazioni di vene si sono sviluppate durante
I’evoluzione retrograda, a differenti condizioni P-
T, moderate per le vene di tipo 3 (carlosturanite
+ antigorite + diopside + granato) e 4 (antigorite +
diopside) e basse 0 molto basse per le vene di tipo
5 (crisotilo), 6 (tremolite + calcite) e 7 (brucite +
magnetite e talco + calcite).

Lo studio petrografico di dettaglio delle
vene metamorfiche presenti nelle serpentiniti
fornisce informazioni complementari alle stime
termobarometriche convenzionali ricavabili dalle
rocce basiche associate, ed € quindi un metodo molto
valido per ricostruire le traiettorie P-T delle unita
ofiolitiche.

Kevy-worps: Piemonte Zone, serpentinites,
metamorphic veins, micro-Raman spectroscopy
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INTRODUCTION

The reconstruction of the P-T path for a
tectonometamorphic unit consisting of ultramafics
is generally difficult for the following reasons:

— most reactions in the ultramafic system are
temperature dependent and give no information
about pressure (see e.g. Evans et al., 1976; Evans,
2004);

— stability fields of serpentine minerals span a
large T-interval and are poorly constrained towards
low temperatures. Moreover, thermodynamic
properties of minerals in the MSH system are highly
uncertain and there are many lines of evidence that
chrysotile has not a true stability field but that its
development is mainly controlled by nucleation
and growth conditions (Evans, 2004);

— serpentine minerals easily recrystallize, thus
obliterating microstructural relationships acquired
during prograde metamorphism.

In the Piemonte Zone of Calcschists with meta-
ophiolites (western Alps), the relict peridotites
have been studied by Nicolas (1966), Boudier
(1971, 1976), Compagnoni et al. (1980), Bodinier,
(1988), Rossetti and Zucchetti (1988a,b) and
Piccardo et al. (2004a,b), whereas little attention
was given to serpentinite until the International
Conference on Asbestos held in Turin (Italy) in
1980 (Compagnoni et al., 1980). New minerals
were discovered in several serpentinite bodies
from the Piemonte Zone, namely balangeroite
and carlosturanite (Compagnoni et al., 1983,
1985; Mellini et al., 1985; Mellini, 1986; Ferraris
et al., 1987; Belluso and Ferraris, 1991), and
different metamorphic vein types were recognised
(Compagnoni et al., 1980; Alberico et al., 1997).
However, a petrological study of serpentinites of
the Piemonte Zone and related metamorphic veins
is still lacking.

The purpose of this paper is to describe
petrologically the different generations of
metamorphic veins occurring in the serpentinites
from the Piemonte Zone, each of them being
characterized by a distinctive paragenesis.
Microstructural relationships among these veins
have allowed interpretation of their relative
chronology and the study of their mineralogy has
permitted constraints to be applied to their genetic
P-T conditions. It is concluded that the detailed
petrographic analysis of metamorphic veins

occurring in serpentinites is a powerful method for
reconstructing the P-T path of ophiolitic units, and
for giving complementary information with respect
to the conventional thermobarometric estimates
based on the associated metabasics.

GEOLOGICAL SETTING

Most serpentinites of the western Alps crop out
in the Piemonte Zone of Calcschists with meta-
ophiolites, a remnant of the Piemontese Ocean that
opened in the Late Jurassic between the European
continent to the NW and the Apulia Plate to the
SE (see e.g. Dewey et al., 1989; Polino et al.,
1990). The Piemonte Zone (Fig. 1) mainly consists
of calcschists with intercalations of different
ophiolitic bodies. It is bounded by the blueschist-
facies Briangonnais Zone to the west and by the
eclogite facies Internal Crystalline Massifs to
the east, both derived from the thinned European
paleomargin. The studied serpentinite samples
were collected from three different portions of the
Piemonte Zone: the Lanzo Ultramafic Massif, the
Internal Piemonte Zone and the External Piemonte
Zone (Fig. 1).

The Lanzo Ultramafic Massif is located in
the innermost part of the Piemonte Zone. It is a
large body of fresh tectonitic spinel-plagioclase
Iherzolite with subordinate harzburgite and rare
dunite, partially converted to antigorite-serpentinite
at the rim and along shear zones (Nicolas, 1966;
Boudier, 1976; Compagnoni et al., 1980; Pognante
et al., 1985; Bodinier, 1988). According to many
authors (Pognante et al., 1985; Rampone and
Piccardo, 2000; Miintener et al., 2004; Piccardo et
al., 2004a,b), the Lanzo Massif is a portion of sub-
continental lithosphere emplaced at shallow levels
during the opening of the Mesozoic Piemontese-
Ligurian basin and subsequently involved in the
subduction processes associated with the closure
of the ocean. The polyphase Alpine metamorphic
evolution, well recorded inthe serpentinized portion
of the Lanzo Massif, consists of a first oceanic stage
followed by an orogenic high pressure, eclogite-
facies, peak (Compagnoni et al., 1980; Bodinier,
1988; Pognante, 1991). Petrologic studies of the
basic rocks associated with serpentinites indicate
peak conditions of 500-550°C and 15-16 kbar
(Compagnoni et al., 1980; Pognante, 1991) or
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550-620°C and pressures in excess of 20 kbar
(Pellettier and Miintener, 2006). During the post-
climax exhumation, the Lanzo Massif experienced
a clockwise P-T path from eclogite- to greenschist-
facies conditions (Compagnoni et al., 1980;
Pognante, 1991; Castelli et al., 1995).

In both the Internal and External Piemonte
Zone, serpentinite, metagabbro and metabasalt
occur at the base of the stratigraphic sequence;
they are covered by calcschists and siliceous
marbles, which include detrital horizons and
olistostromes with blocks of serpentinites and
metagabbros (Lemoine and Tricart, 1986). In the
Internal Piemonte Zone, both the basement and
the associated sediments are characterized by peak
eclogite-facies parageneses. The peak metamorphic
conditions range from 500-550°C and 15-16 kbar
in the south to 550-600°C and 25-30 kbar in the
north (Barnicoat and Fry, 1986, 1989; Reinecke,
1991, 1995; Cartwright and Barnicoat, 2002; Li
et al., 2004; Bucher et al., 2005). During the late
exhumation history, the Internal Piemonte Zone
followed a decompressional path associated with
a significant temperature decrease.

The External Piemonte Zone is characterized
by peak lawsonite to epidote-blueschist facies
parageneses. The peak metamorphic conditions
range from 350-400°C and 14-15 kbar (in the
lawsonite stability field; Oberhénsli et al., 1995;
Agard et al., 2001) to 400-500°C and P=14-15
kbar (in the epidote stability field). The exhumation
P-T path was characterized by a decompression
associated with a significant cooling (Agard et al.,
2000).

Sample localities with indications of the different
vein types recognized in the serpentinites have
been reported in Fig.1.

ANALYTICAL METHODS

Despite the relatively simple chemical
composition of the ultramafic system, serpentinites
are often difficult to interpret petrologically
because they are characterized by a wide variety of
microstructures (Wicks and Whittaker, 1975, 1977,
Wicks et al., 1977; Wicks and Plant, 1979, Wicks
and O’Hanley, 1988) and the serpentine minerals
have very similar optical properties, are often very
fine-grainedandare frequently sub-microscopically
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Fig. 1 — Simplified tectonic sketch-map of the inner part
of the Italian western Alps. Penninic Domain: Grand St.
Bernard Zone (SB), Monte Rosa (MR), Gran Paradiso
(GP) and Dora-Maira (DM) Internal Crystalline Massifs,
and Piemonte Zone of Calcschists (light grey) with meta-
Ophiolites (dark grey); Austroalpine Domain: Dent Blanche
nappe (DB), Monte Emilius nappe (ME), and Sesia Zone
(SZ); Southern Alps (black); Embrunais-Ubaye Flysch
nappe (EU); Canavese line (CL).

Sample locations and vein types (from type 1 to 7) are
indicated. Lanzo Valleys: a) Balangero, b) Lanzo, ¢) Varisella,
d) Fubina, ) M. Crusat, f) Chiampernotto, g) Balme, h)
P.ta della Rossa; Susa Valley: i) Col del Lys, j) Moncuni,
k) Trana, I) S.Ambrogio, m) Mollette, n) Mompantero, 0)
Seghino, p) Oulx, q) Argentiera; Pellice Valley: r) Villanova,
s) Col Barant; Po Valley: t) Lago Chiaretto; Varaita Valley:
u) Sampeyre OF3255.
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intergrown, especially in veins where they exhibit
a fibrous habit. As a consequence, the petrological
study of serpentinites and their metamorphic veins
requires a detailed characterization of the major
minerals using different and complementary
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analytical techniques, such as optical microscopy
(both transmitted and reflected light), scanning
electron microscopy with microanalysis (SEM-
EDS), electron microprobe analyzer (EMPA-
WDS), transmission electron microscopy (TEM),
and micro-Raman spectroscopy (1-Raman).

More than two hundred thin sections have been
observed under the polarized light microscope,
both in transmitted and reflected light. Among
them, about fifty samples were analysed with a
Cambridge Stereoscan 360 SEM equipped with
an EDS Energy 200 (Oxford Instruments) at
Dept. of Mineralogical and Petrological Sciences,
the University of Torino, Italy. The operating
conditions were: 50 s counting time and 15 kV
accelerating voltage.

Check analyses on serpentine minerals,
balangeroite and carlosturanite were also carried
out with an electron microprobe (EMPA) Jeol
JXA-8600 equipped with wavelength dispersive
spectrometers (WDS) at C.N.R. — Institute
of Geosciences and Georesources, Section of
Florence (ltaly). The operating conditions were 15
kV accelerating voltage and 10 nA beam current.
The raw data were calibrated on natural mineral
standards and corrected using the B-A method
(Bence and Albee, 1968). Si, Fe, Al, Mg and Ti
counts were collected for 15 s and Mn, Ca, Cr and
Ni counts for 40 s, respectively. SEM-EDS and
EPMA-WDS analyses on fibrous vein minerals
have been obtained on bundles of fibres rather than
on a single fibre, the fibre diameter being lower
than 1 um. However, the close similarity of the
spot analyses allows us to consider our analyses
as quantitative.

Chemical analyses of serpentine were
normalised on the basis of 7 anhydrous oxygens,
and Al has been allocated into both octahedral and
tetrahedral sites to obtain the full occupancy of the
tetrahedral site. The antigorite chemical formula
reported by Kunze (1961), based on the number
of tetrahedra along an entire wavelength (m), is
Mg, ,Si,, 0, (OH), .. Thus, when m = 17,
antigorite (that from veins of type 4) has 116
“anhydrous” oxygens and a normalization for
2 silicons would be referred to 6.824 oxygens.
However, the m parameter of antigorite was not
determined for all the samples and for this reason
all the antigorites were normalized to 7 oxygens.

This may result in a slight underestimation of the
Al content.

Balangeroite and carlosturanite chemical
analyses were normalised to 16 and 12 (Si+Al),
respectively (Mellini et al., 1985; Mellini and
Zussman, 1986; Belluso and Ferraris, 1991), and
all Fe has been considered as Fe*2. Tremolite was
normalized to 23 oxygens and 15 cations.

Micro-Raman spectroscopy has been used as a
technique complementary to optical microscopy
and SEM-EDS for rapid serpentine mineral
identification (Rinaudo et al., 2003; Groppo et al.,
2006). Micro-Raman spectra were acquired using
an integrated micro/macro Raman system Horiba
Jobin Yvon HR 800 at the Dept. of Mineralogical
and Petrological Sciences, the University of
Torino (Italy) and at the Dipartimento di Scienze
dell’ Ambiente e della Vita, University of Piemonte
Orientale, Alessandria (Italy). Both systems
include a microspectrometer Horiba Jobin Yvon
HR800, an Olympus BX41 microscope and a CCD
air-cooled detector. A polarised solid state Nd 80
mW laser operating at 532.11 nm was used as the
excitation source for the instrument in Torino,
whereas a HeNe 20 mW laser working at 632.8 nm
was used in Alessandria. Correct calibration of the
instruments was verified by measuring the Stokes
and anti-Stokes bands and checking the position
of the Si band at £ 520.7 cm™. Each spectrum was
acquired using a 50X objective, resulting in a laser
beam size at the sample on the order of 10 um.
To optimize the signal to noise ratio, spectra were
acquired using 10 scans of 10 seconds for each
spectral region.

Afew samples of fibrous antigorite and chrysotile
were also observed by Transmission Electron
Microscopy (TEM) using Selected Area Electron
Diffraction (SAED), in order to recognise the
possible existence of sub-microscopic intergrowths
not visible with the SEM. TEM observations were
carried out at the Dept. of Mineralogical and
Petrological Sciences, the University of Torino,
Italy, using a Philips CM12 instrument operating at
120 kV. The samples were prepared by suspending
the powder in isopropylic alcohol; fibre aggregation
was minimized by means of ultrasound treatment,
and several drops of the suspension were deposited
on carbon supported Cu grid.
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PETROGRAPHY

Serpentinite microstructures

In the Lanzo Massif and in the Piemonte Zone,
the ultramafic rocks show different degrees of
serpentinization of the peridotitic protolith and
are characterized by different microstructures:
they can either preserve relics of the peridotitic
paragenesis or be completely serpentinized.
Serpentiniteslacking deformation and therefore less
recrystallized generally show a mesh or hourglass
structure (Wicks et al., 1977; Wicks and Whittaker,
1977; Wicks and Plant, 1979) mainly consisting of
lizardite (Figs. 2a,b). Orthopyroxene is replaced
by “bastite” pseudomorphs consisting of lizardite,
antigorite (Figs. 2c,d) or fine-grained diopside
aggregates. Peridotitic clinopyroxene is generally
preserved, or partially replaced by metamorphic
diopside, olivine + Ti-clinohumite or oriented
antigorite + tremolite aggregates. Peridotitic spinel
is replaced by Cr-magnetite at the core and Mg-
chlorite at the rim (Compagnoni et al., 1980). The
most recrystallized serpentinites generally show
an interpenetrating or interlocking microstructure
consisting of antigorite + magnetite (Wicks and
Whittaker, 1977) (Figs. 2e,f). Opaque minerals
are quite abundant and consist of native metals
(Fe-Ni alloys and rare iron), oxides (magnetite)
and sulphides (pentlandite, heazlewoodite and
pyrrhotite). Fe-Ni alloys are generally limited to
partially serpentinized peridotites, their formation
being controlled by the degree of serpentinization
(Ramdohr, 1967; Eckstrand, 1975; Frost, 1985;
Rossetti et al., 1987; Rossetti and Zucchetti,
1988a,b).

Most analyzed serpentinites are crosscut by
metamorphic veins, which give information about
the metamorphic P-T conditions, the nature of the
metamorphic fluids, and their genetic deformation
mechanisms. Seven different generations of
metamorphic veins have been recognized, most of
them including fibrous minerals. Microstructural
relationships between the different vein generations
and the hosting serpentinites are described in the
following.

Metamorphic veins

Type 1 veins — Balangeroite + magnetite + Fe-Ni
alloys (+ chrysotile)

The earliest generation of metamorphic veins
consists of fibrous balangeroite (Fig. 3a) +
magnetite + Fe-Ni alloys and is limited to the
serpentinized rim of the northern Lanzo Ultramafic
Massif (Compagnoni et al., 1983; Belluso and
Ferraris, 1991); they are particularly abundant in
the Balangero asbestos mine, where balangeroite
was firstly discovered (Compagnoni et al., 1983).
These veins show slip fibres often deformed and
folded (Fig. 3b).

Balangeroite occurs as brown rigid fibres, up to
10 cm long (Fig. 3a) (Groppo et al., 2005), with a
distinct pleochroism: dark brown and yellow brown
parallel and perpendicular to the fibre elongation
[001], respectively. Careful examination of several
thin sections has allowed us to observe that fibrous
balangeroite may develop at the expense of
prismatic balangeroite, only locally preserved (Fig.
3c). Relict prismatic balangeroite often includes
antigorite flakes. TEM observations (Ferraris et
al., 1987) clearly show that fibrous balangeroite
is partially replaced by chrysotile, which starts to
develop at the junction among balangeroite fibres.

In this vein generation magnetite is the most
abundant opaque phase, but Fe-Ni alloys (awaruite
and taenite) and pentlandite are also present.
Fibrous balangeroite is statically overgrown by
metamorphic olivine and diopside (Fig. 3d),
both belonging to the peak-P eclogite-facies
assemblage.

Type 2 veins — Diopside + Ti-clinohumite + olivine
+ Mg-chlorite + antigorite + magnetite

The second vein generation consists of diopside
+ Ti-clinohumite + olivine + Mg-chlorite +
antigorite + magnetite and is widespread all over
the Internal Piemonte Zone. These veins, from
few millimetres to several centimetres thick
(Fig. 3e), are often deformed and folded. Ti-
clinohumite is always present and locally occurs
as coarse-grained reddish-brown porphyroblasts
visible in the hand sample. Ti-clinohumite shows
a marked pleochroism, from yellow to dark
orange, and is often associated to porphyroblastic
metamorphic olivine (Fig. 3f) and, less frequently,
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Fig. 2 — Representative microstructures of serpentinites from the Piemonte Zone, western Alps, as seen under optical
microscope. (a) Lizardite with mesh structure after peridotitic olivine: the mesh rim consists of apparent fibres oriented
perpendicularly to the mesh boundaries; the mesh core mainly consists of fine grained random lizardite. OF2830, Crossed
Polarized Light (XPL). (b) Lizardite with hourglass microstructure. OF1427, XPL. (c) “Bastite” after peridotitic orthopyroxene
consisting of lizardite (Lz). The original clinopyroxene exsolutions are still visible, although totally replaced by lizardite
with different optical orientation. OF2889, XPL. (d) Oriented antigorite (Atg) flakes replacing a peridotitic clinopyroxene.
OF2874, XPL. (e) Serpentinite matrix (antigorite) with interpenetrating microstructure. OF1816, XPL. (f) Serpentinite matrix
with interlocking microstructure. OF2827, XPL.
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Fig. 3 — Representative microstructures of veins of type 1 and 2. Type 1 veins: (a) Fibrous balangeroite as seen in hand sample.
The fibres are about 10 cm long. (b) Veins of type 1 consisting of deformed and folded balangeroite (Bal), chrysotile (Ctl)
and magnetite (Mt). Idioblastic diopside (Di) statically overgrows the fold hinge. OF2838, Plane Polarized Light (PPL).
(c) Prismatic balangeroite (Bal) partially replaced by its fibrous variety. OF1645, PPL. (d) Peak metamorphic olivine (Ol)
which had statically overgrown folded fibrous balangeroite (Bal). OF3183, PPL. Type 2 veins: (e) Vein of type 2 consisting
of granoblastic olivine (Ol), Ti-clinohumite (Ticl) and minor fibrous diopside. OF2957, PPL. (f) Olivine (Ol), Ti-clinohumite
(Ticl) and antigorite (Atg) from vein of type 2. OF3186, PPL. (g) Fibrous diopside (Di) and Ti-clinohumite (Ticl). OF2954,
PPL. (h) Ti-clinohumite (Ticl) partially replaced at its margins by a radiating intergrowth of ilmenite (Ilm) + antigorite (Atg)
+ magnesite (Mag). OF3270, PPL. (f) Olivine, Ti-clinohumite and antigorite from vein of type 2. OF3186, PPL. (g) Fibrous
diopside and Ti-clinohumite. OF2954, PPL. (h) Ti-clinohumite partially replaced at its margins by a radiating intergrowth of
ilmenite + antigorite + magnesite. OF3270, PPL.
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Fig. 4 — Representative microstructures of veins of type 3. (a) Carlosturanite associated with long fiber chrysotile, as seen
on hand specimen. The fibers are about 10 cm long. (b) Carlosturanite as seen under the optical microscope (PPL). Fractures
perpendicular to the fibre elongation are evident. (c) Prismatic carlosturanite (Cst) partially replaced by fibrous carlosturanite
at the ends. OF3255, PPL. d) Fibrous diopside (Di) and garnet (Grt) associated with carlosturanite in type 3 vein. OF3077,
PPL. (e) Idioblastic diopside (Di I1) statically overgrowing carlosturanite (Cst) and diopside (Di I) of vein of type 3. OF3089,
PPL. (f) Fibrous brucite replacing carlosturanite in vein of type 3. OF3082, XPL. (g) Carlosturanite replacing a dusty
aggregate composed of Ti-clinohumite + ilmenite. OF3255, PPL. (h) Back Scattered Electron image showing carlosturanite
replacing former Ti-clinohumite.
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to paler coloured humite. Ti-clinohumite is locally
replaced at the margins by a radiating intergrowth
of elongate ilmenite + antigorite + magnesite (Fig.
3h).

Diopside is always present in this vein
generation. It generally occurs as small idioblasts
with preferred orientation and concentrated in
monomineralic domains, which alternate with
Ti-clinohumite + olivine + Mg-chlorite domains.
In most analysed samples, diopside and, though
less frequently, also Ti-clinohumite, may develop
a fibrous habit (Fig. 3g). Fibrous diopside occurs
as whitish bundles, up to several centimetres long,
brittle and rigid, locally replaced by tremolite.
Mg-chlorite and antigorite are the supplementary
minerals of the type 2 veins. Mg-chlorite, which
shows brownish anomalous interference colours,
occurs as large flakes in the Ti-clinohumite-rich
domains, whereas antigorite occurs as random
idioblastic flakes locally partially replacing Mg-
chlorite.

Type 3 veins — Carlosturanite + antigorite +
diopside + garnet (+ chrysotile + brucite)

The third vein generation, from a few
millimetres to several centimetres thick, consists
of carlosturanite + antigorite + diopside + garnet
and is widespread in the serpentinites of the
Internal Piemonte Zone, from the Viu Valley to
the north to the Maira Valley to the south (Belluso
and Ferraris, 1991). They are particularly abundant
in the serpentinites from the Auriol asbestos mine
(Sampeyre, Val Varaita), where carlosturanite was
first discovered (Compagnoni et al., 1985).

Carlosturanite and diopside are the main
constituents. Carlosturanite generally occurs
as long fibres (Fig. 4a) oriented either parallel
or perpendicular to the vein selvages, but it
has been less frequently observed as elongated
prismatic crystals, both varieties showing peculiar
(001) cleavage (Figs. 4b,c). It shows a marked
pleochroism, with orange-brownish and pale
orange-brownish parallel and perpendicular to
[010], respectively. Fibrous diopside, garnet and
antigorite are intergrown with carlosturanite, as
already reported by Compagnonietal. (1985) (Figs.
4b,d). Diopside generally occurs in two different
generations: a first fibrous diopside generation (Di
1) as long fibres closely intergrown and clearly

in equilibrium with carlosturanite, and a second
diopside generation (Di 1) as prismatic idioblasts
statically overgrowing both fibrous carlosturanite
and Di | (Fig. 4e). The more rare fibrous antigorite
appears in equilibrium with carlosturanite (see also
Belluso and Ferraris, 1991): it is preserved only in
the less retrogressed samples. An andraditic garnet
with fibrous habit is also frequently intergrown
with carlosturanite and diopside (Fig. 4d).
Locally, carlosturanite appears to replace a dusty
phase under optical microscope (Fig. 4g), which
was identified by means of SEM-EDS and micro-
Raman spectroscopy as a relict Ti-clinohumite
replaced by carlosturanite + serpentine + ilmenite
+ perovskite (Fig. 4h). Carlosturanite is often
partially replaced by chrysotile and/or brucite,
especially in the samples from the Varaita Valley.
TEM images (Mellini et al., 1985; Baronnet and
Belluso, 2002) show that chrysotile and brucite
are frequently associated. Brucite often exhibits
a fibrous habit as the result of a pseudomorphic
replacement of a single carlosturanite fibre (Fig.

41).

Type 4 veins — Antigorite + diopside

The fourth vein type, consisting of fibrous
antigorite * diopside is the most widespread vein
type in the serpentinites from both the Internal and
External Piemonte Zone (Groppo and Compagnoni,
2007). These veins, typically 1 to 20 cm thick and a
few centimetres to several decimetres long, consist
of rigid and brittle bundles of fibres with massive
appearance in the hand specimen (Fig. 5a), light
greyish-whitish to pale green in colour and with a
splintery fracture. The contact with the host rocks
is sharp and the fibres, up to 15-20 cm in length,
are generally oriented perpendicularly to the vein
selvages (Figs. 5b-d). In thin section, the fibrous
antigorite-bearing veins show a peculiar banded
structure parallel to the vein selvages, very similar
to that described by Riordon (1955), Viti (1995),
and Viti and Mellini (1996) (Figs. 5c¢,d). Small
random diopside idioblasts locally occur in the
centre of the vein (Fig. 5b). Elongated magnetite
crystals may be present between adjacent fibres or
at the vein selvages. These veins are often crosscut
by slip and/or cross fibre chrysotile veins.

Two representative antigorite samples were
observed by TEM using SAED. The average
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supercell periodicities of the two studied specimens,
measured on different SAED patterns, were 43.8
and 43.0 A, respectively, which correspond to m
values of 17 on the base of the data from Mellini
et al. (1987). This m value is the most frequent
value reported by Mellini et al. (1987), Wunder et
al. (2001), Bromiley and Powley (2003) and Evans
(2004) for antigorite formed under greenschist
facies conditions.

Type 5 veins — Chrysotile

The fifth vein generation consists of chrysotile
+ magnetite. These veins, a few millimetre thick,
are particularly abundant in the northern portion
of the Lanzo Massif, where they were exploited
in the Balangero asbestos mine. Chrysotile fibres
may be oriented either perpendicular or parallel to
the vein selvages and in some cases show a banded
microstructure (Fig. 5e-h), similar to that described
by Andreani et al. (2004).

Type 6 veins — Tremolite + calcite

The last vein generation consists of tremolite +
calcite and occurs both in the small serpentinite
lenses embedded within the calcschists of the
External Piemonte Zone and in the eclogite-facies
serpentinites from the Internal Piemonte Zone.
Tremolite occurs as white soft fibres (Fig. 6a),
up to few centimetres long and generally oriented
perpendicular to the vein selvages (Fig. 6b), often
associated with calcite. The vein - host rock contact
is sharp.

Other vein types: brucite + magnetite (type 7a)
and talc + calcite (type 7b)

Occasionally, two other vein types have been
observed, both relatively late in the serpentinite
evolution. Brucite + magnetite veins (Fig. 6c)
have been observed both in the Balangero asbestos
mine and in the Monviso serpentinites. Brucite
occurs as oriented flakes always associated with
idoblastic magnetite. The talc + calcite veins (Fig.
6d) have been rarely recognised in the Monviso
serpentinites. They are several millimetres thick
and both talc and calcite occur with a fibrous habit,
fibres being oriented perpendicularly to the vein
selvages.

MINERAL CHEMISTRY

Chrysotile and antigorite

Chrysotile and antigorite from types 1, 2, 3,
4 and 5 veins are generally characterized by
different (only partially overlapped) compositional
fields, which can be clearly shown in a Al vs. Si/(2
octahedral cations) diagram (Fig. 7).

SEM-EDS and WDS analyses show that the
long fibre chrysotile replacing balangeroite and
carlosturanite in type 1 and 3 veins, respectively,
is characterized by high ALO, content (up to 4-
5 wt%), rarely reported in the geologic literature
(Albino, 1995) (Fig. 7a and Table 2). Normalizing
the microprobe analyses to 7 anhydrous oxygens,
about half of this Al is allocated into the tetrahedral
site (up to 0.18 a.p.f.u.). In contrast, chrysotile
from type 5 veins shows a variable chemical
composition (Fig. 7c), which probably reflects the
local bulk rock composition: its ALLO, and FeO
contents range from less than 1.0 wt% up to 4.5-
5.5 wt% and from less than 1.0 wt% up to 4.0-5.0
wt%, respectively. Also the Ni content may be
relatively high (up to 1.5 wt%) (Table 2).

Antigorite flakes occurring in type 2 veins has
a relatively high Al and Fe contents (up to 0.14
and 0.13 a.p.f.u., respectively, on the basis of
7 anhydrous oxygens) (Fig. 7b and Table 4),
whereas antigorite associated with carlosturanite
in type 3 veins is chemically homogeneous and
contains very little Al (Fig. 7b), all allocated into
the octahedral sites (normalization on the basis of
7 anhydrous oxygens) (Table 4).

Chemical SEM-EDS and EMPA-WDS analyses
from different samples of fibrous antigorite in type
4 veins are quite homogeneous and consistent with
literature data (Wicks and Whittaker, 1975, 1977,
Wicks and Plant, 1979; Dungan, 1979; Mellini
et al., 1987; Viti, 1995; Viti and Mellini, 1996).
Its Al content in the tetrahedral sites is very low
(AI'V'=0.00-0.08 a.p.f.u.) and Mg in the octahedral
sites is partly replaced by Al (0.04-0.15 a.p.f.u.)
and Fe (0.07-0.22 a.p.f.u.) (Fig. 7d and Table 4).
Cr is rarely present, whereas Ni has been detected
in few samples only by means of WDS, being
below the EDS detection limit (NiO = 0.14-0.15
wt%). This fibrous antigorite from type 4 veins
is characterized by lower Fe and Al contents with
respect to antigorite from type 2 veins.
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Fig. 5 — Representative microstructures of veins of type 4 and 5. Type 4 veins: (a) Fibrous antigorite veins as seen on the
outcrop. The camera cap is 6 cm wide. (b) Type 4 vein consisting of fibrous antigorite (Atg) and idioblastic diopside (Di) in
the centre of the vein. Magnetite (Mt) locally occurs as needle-like crystals grown parallel to the antigorite fibers. OF2831,
XPL. (c) Fibrous antigorite vein with a banded structure parallel to the vein selvages. OF2956, XPL. (d) Fibrous antigorite
vein with a banded structure which is parallel to the vein selvages. OF3204, XPL. Type 5 veins: (e) Chrysotile veins as seen on
the outcrop. (f) Slip chrysotile vein of type 5 crosscutting an antigorite (Atg) serpentinite with interlocking structure. OF2827,
XPL. (g) Cross fiber chrysotile vein with a banded structure parallel to the vein selvages. OF2874, XPL. (h) Cross fiber
chrysotile (Ctl) in a crack-seal vein of type 5. The vein is characterized by a banded structure parallel to the vein selvages.
Magnetite (Mt) is concentrated at the vein selvages or is grown parallel to chrysotile fibres. OF2892, XPL.
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Fig. 6 — Representative microstructures of veins of types 6 and 7. Type 6 veins: (a) Fibrous tremolite (Tr) veins as seen on the

outcrop. (b) Cross fibre tremolite vein crosscutting a foliated antigorite (Atg) matrix. OF3200, XPL. Type 7 veins: (c) Type
7a brucite (Brc) + magnetite vein. OF2946, XPL. (d) Type 7b talc (Tlc) + calcite (Cal) vein in an antigorite matrix (Atg).

OF3265, PPL.

Balangeroite and carlosturanite

Thechemical composition of fibrousbalangeroite
from type 1 veins is quite homogeneous, whereas
relict prismatic balangeroite shows a wider
compositional range, suggesting a solid solution
series between a Mg-rich and a Fe-rich end-
member (Fig. 8a and Table 1). Chemical analyses,
normalized to 16 (Sit+Al), give a Z(M cations) of
about 42, in agreement with the structural formula
proposed by Compagnoni et al. (1983). A Fe*®
content of about 20% of Fe_, has been determined
using Maossbauer spectroscopy (Deriu et al.,
1994).

Carlosturanite occurring in type 3 veins from the
Vil Valley shows the highest Ti content, whereas

carlosturanite from the Pellice Valley has the
highest Mg content (Fig. 8b). Chemical analyses,
normalized to 12 (Si+Al), give X(M cations) in
the range 21.1-23.3 and the highest £(M cations)
values have been observed in the prismatic variety
(Table 1). These (M cations) values are higher
than those proposed by Compagnoni et al. (1983)
and Belluso and Ferraris (1991) (structural formula:
M,,[T,,0,,(OH),](OH),-H,0) and are more similar
to those reported by Kaolitsch et al. (2003), which
proposed the structural formula M,,T,,0,,(OH),,
(M=Mg,Fe,Ti,Mn; T=Si,Al). A Fe*® content of
about 38% of Fe,, has been determined using
Maosshauer spectroscopy (Deriu et al., 1994).
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TABLE 2
Representative SEM-EDS analyses of chrysotile

Vein type Type 1 Type 3 Type 5

Sample OF2837 OF2838 OF3077 OF3213 OF2827 OF2863 OF2866 OF2889 OF2892 OF3271
Locality (®) (a) (u) (u) (a) (d) (d) 0 @ ®
Analyses 15 44 5.8 4.6 5.4 1.1 11 1.1 12 3.7
Sio, 39.85 41.00 40.41 40.45 42.24 39.04 4044 4371 43.84 40.09
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.50 0.44 0.00 0.00 0.00
ALO, 5.35 2.60 4.17 3.50 2.93 4.47 4.67 0.83 0.77 3.73
FeO 3.33 4.69 3.37 3.15 2.50 4.92 3.05 1.87 2.27 2.85
MgO 38.54 38.98 37.55 38.99 39.35 37.01 38.64  40.65 40.32 39.49
NiO 0.00 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.00 0.00
Total 87.07 87.28 86.64 86.66 87.02 87.40 87.23 87.06 87.20 86.16
Si 1.87 1.93 1.91 101 1.98 1.86 1.90 2.05 2.05 1.90
AV 0.13 0.07 0.09 0.09 0.02 0.14 0.10 0.00 0.00 0.10
AV 0.17 0.08 0.14 0.10 0.15 0.11 0.16 0.05 0.04 0.10
Fe* 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Fe? 0.13 0.18 0.13 0.12 0.10 0.20 0.12 0.07 0.09 0.11
Mg 2.70 2.74 2.64 2.74 2.76 2.62 2.71 2.84 2.81 2.78
Cr 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00
Ni 0.00 0.00 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.00

Olivine, Ti-clinohumite and Mg-chlorite

Metamorphic olivine from type 2 veins shows
a forsterite content ranging from Fo,, to Fo,,,
depending on bulk chemical composition (Table
3). The Ti content of the Ti-clinohumite associated
to this olivine is highly variable, from 0.14 to 0.81
a.p.f.u. (on the basis of 4 oxygens) (Table 3). Mg-
chlorite from type 2 veins has a quite homogeneous
chemical composition, plotting in the penninite
field according to Hey (1954).

Diopside and tremolite

Diopside from types 2, 3 and 4 veins always
shows a composition very close to the pure end-
member (Table 3). Tremolite from type 6 veins
has a composition close to the end member (i.e.
Ca/EM=0.4), with only little Fe (Fe? up to 0.40
a.p.f.u.) for Mg substitution (Fig. 8c and Table 3).
The Fe-richer tremolite is generally greenish in
colour and shows more rigid habit.

MIcrRo-RAMAN SPECTROSCOPY

Micro-Raman spectroscopy is useful for the
rapid, reliable identification of serpentine minerals
(lizardite, antigorite and chrysotile) (Rinaudo et
al., 2003; Groppo et al., 2006), especially when
they are fibrous and microscopically intergrown.
For these reasons, this technique has been applied
to the same thin sections previously examined by
optical and electron microscopy. All the studied
fibrous minerals from the different vein generations,
i.e. balangeroite, carlosturanite, antigorite,
chrysotile, tremolite, diopside, talc and brucite, are
characterized by peculiar micro-Raman spectra
(Table 5); only the most intense peaks are briefly
described in the following. It is worthy to note
that the intensity of the Raman peaks is strongly
related to the sample orientation with respect to
the laser incident beam, especially in the low-
frequency region. A detailed spectral interpretation
was reported by Rinaudo et al. (2003), Auzende at
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al. (2004) and Groppo et al. (2006) for chrysotile
and fibrous antigorite, Rinaudo et al. (2004) for
tremolite, Huang et al. (2000) for diopside, Belluso
et al. (2007) for carlosturanite and Rosasco and
Blaha (1978) for talc.

Antigorite and chrysotile

In both fibrous antigorite and chrysotile the main
peaks in the Raman spectrum are related to the
symmetric Si-O,-Si stretching and SiO, bending
modes, which occur at about 680 and 380 cm™*
in antigorite, and 692 and 390 cm* in chrysotile,
respectively (Rinaudo et al., 2003; Groppo et
al., 2006). Furthermore, antigorite may also be
easily distinguished from chrysotile on the basis
of the 1045 cm* antisymmetric Si-O,-Si stretching
mode (Figs. 9a,c). Two strong peaks at 230 cm'?
in antigorite and 235 cm in chrysotile are related
to the O-H-O vibrational modes. In the OH
vibrational region antigorite and chrysotile are also
characterized by different micro-Raman spectra.
Antigorite shows two main bands at about 3668
and 3698 cm*, whereas chrysotile shows a major,
asymmetric band at about 3684 cm, with a tail
toward lower frequencies, and a less pronounced
peak at about 3704 cm™ (see also Auzende at al.,
2004) (Figs. 9b,d).

Variations in the chemical composition of
chrysotile and antigorite do not significantly
influence the position of these main peaks, which
are only shifted of 2-3 cm™. Nevertheless, it had
been observed (Groppo et al., 2006) that serpentine
minerals with significant Al substituting for Mg
in the octahedral layer show a large band in the
900-950 cm* spectral region, clearly related to the
presence of Al in the octahedral sites.

Balangeroite and carlosturanite

Micro-Raman spectra of balangeroite and
carlosturanite have been acquired for both fibrous
and prismatic varieties and their interpretation is
still in progress (see also Belluso et al., 2007). Two
main peaks appear in the balangeroite spectrum, at
685 and 984 cm? (Fig. 10a), whereas in the more
complex carlosturanite spectrum the main peaks
appear at 672, 703 and 776 cm™ (Fig. 10c). In both

minerals these peaks are probably related to Si-O-
Si stretching modes. In the fibrous varieties of both
balangeroite and carlosturanite which are partially
replaced by chrysotile, the main peaks of chrysotile
(390 and 692 cm) may partially overlap those of
balangeroite and carlosturanite. For this reason
the spectra acquired on the prismatic samples are
reported as reference.

Balangeroite and carlosturanite spectra differ
from those of associated antigorite and chrysotile
also in the OH vibrational region. In particular,
balangeroite shows several peaks in the 3500-
3700 cm? frequency range, the strongest peaks
being at 3569, 3558 and 3509 cm™ (Fig. 10b). The
carlosturanite spectrum is more simple and shows
two main peaks at 3585 and 3685 cm* (Fig. 10d).

Diopside and tremolite

The main peaks in the micro-Raman spectrum of
fibrous diopside occur at about 1015 and 670 cm™!
and correspond to the symmetric Si-O-Si stretching
and O-Si-O bending modes, respectively (Fig.
11c). The Mg-O stretching modes give relatively
intense peaks at 142, 327 and 394 cm™ (Huang et
al., 2000).

Symmetric and antisymmetric Si-O-Si stretching
modes of fibrous tremolite give peaks at about 676,
935 cm* and 1032, 1062 cm, respectively, which
are also the strongest peaks (Fig. 11a). O-H-O
vibrations produce two other strong peaks at about
225 and 234 cm* (Rinaudo et al., 2004). In the OH
vibrational region tremolite shows only two peaks,
the most intense at 3675 cm, and the second at
3662 cm™ (Fig. 11b).

Brucite and talc

Brucite shows two main peaks at 281 and 444
cm? and two peaks at 3644 and 3651 cm in
the OH-vibrational region (Figs. 1le,f). Talc is
characterized by a sharp peak at 197 cm; the 365,
678 and 1054 cm™ peaks (Fig. 11d) are related to
the symmetric SiO, bending, Si-O,-Si stretching
and Si-O -Si stretching modes, respectively
(Rosasco and Blaha, 1978). In the OH vibrational
region the main peak occurs at 3675 cm™,
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Fig. 7 — Al vs. Si/(X octahedral cations) diagram for chrysotile occurring in veins of type 1, 3 (a) and 5 (c¢) and fibrous

TABLE 5
Diagnostic peaks in micro-Raman spectra of fibrous minerals

Antigorite 230 380 680
Chrysotile 235 390 692
Balangeroite 685
Carlosturanite 672703-776
Diopside 142 327 394 670
Tremolite 224-234 676

Talc 196 365 678

Brucite 281 444

3668 3698
3684 3704
984 3509 3558-3569
3587 3685
1015
935 1032 1062 3662 3675
3660 3675 3698
3651

DIScuUSSION: GENETIC CONDITIONS OF METAMORPHIC
VEINS OCCURRING IN SERPENTINITES

\eins 1 — Balangeroite + magnetite + Fe-Ni alloys
(+ chrysotile)

The balangeroite stability field is still unknown

due to the lack of experimental data, but genetic
conditions for type 1 veins may be inferred from
their mineral assemblages and microstructural
relationships with the other vein generations. Relict
prismatic balangeroite often includes antigorite
flakes, thus suggesting that balangeroite was stable
together with antigorite. Fibrous balangeroite is
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partially replaced by chrysotile, most probably
according to the reaction:

Mg,,0,(CH), (S1,0,,),+12Si0,+8H,0= 14Mg,Si,O,(OH),
balangeroite chrysotile
as suggested by Ferraris et al. (1987). The

presence of the Fe-Ni alloys awaruite and taenite
associated with balangeroite suggests low f(O,)
during its development. A further constraint is that
metamorphic olivine and diopside belonging to
the peak paragenesis statically overgrow fibrous
balangeroite (Fig. 3d). The above observations
suggest that type 1 veins formed during prograde
high pressure metamorphism within the antigorite
stability field and under reducing conditions.

Veins 2 — Diopside + Ti-clinohumite + olivine +
Mg-chlorite + antigorite + magnetite

Though Ti-clinohumite has a wide stability
field (Rahn and Bucher, 1998), the assemblage
diopside + Ti-clinohumite + olivine + Mg-chlorite
+ antigorite + magnetite of type 2 veins in the
Alps is typical of eclogite-facies metamorphism,
as observed by Compagnoni et al. (1980) and
Scambelluri et al. (1991) for the serpentinites from
the Lanzo and Voltri Massifs, respectively. The
stability field of the peak assemblage is limited
towards lower temperatures by the reaction

Atg + Brc = Ol + H,0 D),
and towards higher temperatures by the reaction
Atg=0Il+Tlc+H,0 (2).

In a serpentinite sample from the Monviso meta-
ophiolite (Val Pellice), ilmenite and antigorite (+
magnesite) have been observed as the breakdown
products of Ti-clinohumite (Fig. 3h), according to
the reaction suggested by Trommsdorff and Evans
(1980):

17 Ti-cH+107 H,0+80 CO,=4 Atg+80 Mag+17 IIm (3).

This reaction is entirely inside the stability field
of antigorite, thus suggesting that the retrograde
P-T path, necessary for the development of
ilmenite + antigorite + magnesite at the expense
of Ti-clinohumite must have occurred within the
antigorite stability field, i.e. at T<650°C. The peak
conditions inferred from the associated metabasite
(550-550°C, 1.5-1.6 GPa — Pognante, 1991) and
metagabbro (550-620°C, 2.0 GPa — Pelletier and
Miintener, 2006) from the Internal Piemonte Zone
are in good agreement with the stability field of the
peak paragenesis.
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Fig. 8 — (a) (Mg+Mn) vs. (Fe**+Fe*®) diagram for
prismatic and fibrous balangeroite of veins of type 1. (b)
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carlosturanite of veins of type 3. (c) Si vs. Mg/(Mg+Fe*?)
diagram for tremolite of veins of type 6. In the inset the
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is reported.

\eins 3 — Carlosturanite + antigorite + diopside +
garnet (+ chrysotile + brucite)

As for balangeroite, the stability field of
carlosturanite is still unknown, but possible
genetic conditions for type 3 veins may be inferred
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Fig. 9 — p-Raman spectra (green laser) of fibrous antigorite and chrysotile from veins of type 4 (a, b) and 5 (c,d) in the
frequency ranges 100-1200 cm* and 3300-3800 cm, respectively.

from both their paragenesis and microstructural
relationships with the other vein generations. As
suggested by the vein assemblage, carlosturanite
developed in the diopside + antigorite stability
field, and is replaced by the chrysotile + brucite
assemblage (Mellini et al., 1985; Baronnet and
Belluso, 2002). Furthermore, the discovery of relict
Ti-clinohumite partially replaced by carlosturanite
(Figs. 4g,h) is a clear evidence that type 3 veins
developed at the expense of the high pressure peak
paragenesis. Therefore, it can be concluded that
type 3 veins formed within the antigorite stability
field during the early retrograde portion of the
exhumation P-T path.

\eins 4 — Antigorite + diopside

Microstructural relationships with the other
vein generations suggest that fibrous antigorite
has formed during the decompressional evolution
of Piemonte Zone serpentinites, later than the
carlosturanite-bearing type 3 veins, but prior
to the development of the chrysotile asbestos
veins (Groppo and Compagnoni, 2007). Fibrous
antigorite veins, in fact, are often crosscut by slip
and/or cross fibre chrysotile veins, which probably
formed during later vein opening events in a very
shallow environment.

The antigorite a parameter of 43.0-43.8 A,
determined by TEM-SAED, corresponds to m = 17
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on the base of the data from Mellini et al. (1987).
Taking into consideration the results of Mellini
et al. (1987) and Wunder et al. (2001) it may be
suggested that the studied fibrous antigorite formed
at T = 350-450°C. This suggestion, however, must
be considered with care, since the m-value of
antigorite is not only dependent on P and T but also
on additional factors, such as mineral assemblage,
water activity, and bulk chemical composition,
especially the Al and Fe contents (Wunder et al.,
2001).

The fibrous habit of antigorite may be explained
as the result of two different mechanisms, i.e.
the crack-seal and the dissolution-precipitation

creep. These processes are equally able to explain
the banded structure of the studied veins and are
compatible with the estimated P-T conditions of
formation (Groppo and Compagnoni, 2007). A
third possibility, i.e. the epitaxial replacement of
former chrysotile veins (Laurent and Hébert, 1979;
Baronnet et al., 1994; Baronnet and Devouard,
1996), also exists. However, this mechanism can be
excluded for the type 4 veins, since microstructural
observations clearly show that fibrous antigorite
veins developed during the exhumation history
of the serpentinites, earlier than the chrysotile
vein formation. The antigorite replacement of
chrysotile implies a prograde evolution, which
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is exactly the opposite of the observed P-T path.
Thus, the fibrous habit of antigorite is not due to
the replacement of a former fibrous mineral, but to
the mechanisms of vein formation by crack-seal or
dissolution-precipitation creep.

\eins 5 — Chrysotile

Microstructural relationships with the other vein
generations suggest that type 5 veins formed late in
the serpentinite evolution, just before the tremolite-
bearing type 6 veins. Most likely the chrysotile
veins formed at very shallow levels (Compagnoni
etal., 1980; Pognante et al., 1985) during the brittle
deformation of serpentinites, since chrysotile
grows as vein-filling cross- and slip-type fibres. As
suggested by Evans (2004), the growth of either
slip or cross-fibre chrysotile is closely related to
the extension processes. Porosity together with the
presence of a fluid phase oversaturated in Mg and
Si are indicated as the key factors controlling the
growth of chrysotile (Evans, 2004).

\eins 6 — Tremolite * calcite

Microstructural observations clearly show that
the tremolite-bearing veins are the last generation
of metamorphic veins in the serpentinites of both
External and Internal Piemonte Zone, since they
crosscut both the antigorite type 4 and the chrysotile
type 5 veins. The occurrence of calcite suggests
that the tremolite development is controlled by
the presence of CO, in the fluid phase and by the
bulk chemical composition. The relative stability
of tremolite + calcite (Tr + Cal) with respect to
diopside + calcite (Di + Cal) has been investigated
by means of the p(Ca**/Mg**) vs. uSiO, diagrams
at different X(CO,) contents in the fluid phase
(Fig. 12). These diagrams show that at very low
X(CO,) the Tr + Cal assemblage is favoured by
lower p(Ca?*/Mg?) and uSiO,, whereas at higher
X(CO,) [X(CO,)>0.01] the assemblage Di + Cal
is not stable. At increasing X(CO,) values the
paragenesis talc + calcite becomes progressively
more stable.
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Other vein types : brucite + magnetite and talc +
calcite

Microstructural observations suggest that both
brucite + magnetite and talc + calcite veins are
relatively late in the serpentinite evolution. Their
formation is most likely due to the local occurrence
of special conditions. As for the tremolite-bearing
veins, the development of talc + calcite assemblage
is favoured by relatively high X(CO,) values in the
fluid phase (Fig.12).

CONCLUSIONS

On the basis of the reported petrological and
microstructural data, it may be concluded that:

0] Seven different vein generations,
developed at different P-T-X conditions, have been
recognised in the serpentinites from the Piemonte
Zone. The first vein generation (balangeroite
+ magnetite + FeNi-alloys) formed during the
serpentinite prograde evolution, whereas the
second vein generation (diopside + Ti-clinohumite
+ olivine + antigorite + Mg-chlorite) is related to
the high pressure peak metamorphic event. All
the others vein generations developed during the
retrograde serpentinite evolution, at different P-T
conditions, moderate for types 3 and 4 and low or
very low for types 5, 6 and 7.

(i) Serpentinites are generally very fine
grained and recrystallize very easily, obliterating
the older microstructural relationships. On the
contrary, the metamorphic veins crosscutting
serpentinites often preserve mineral assemblages
which are indicative of different stages of the P-T
evolution. Metamorphic veins are then much more
informative than the host rock in reconstructing
the serpentinite evolution.

(iii) Micro-Raman spectroscopy may
be applied routinely as a successful technique
complementary to optical and electron microscopy
for a quick and reliable identification of fibrous
minerals occurring in serpentinites, since the
laser resolution is comparable to the fibre cross
dimension.
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