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A B S T R A C T

Widespread polygonal serpentine (PS) veins occur in the ultrama+cs of the Rocciavrè meta-ophiolite, which 
consists of alternating metadunite and antigorite-serpentinite bands. The PS veins exhibit a complex polyphasic 
history that includes three PS domains (Dom 1, Dom 2 and Dom 3), porphyroblasts of aluminian-lizardite (Al-Lz) 
and minor brucite. Four steps of vein dilation have been recognized. The microstructure indicates that Dom 1 is 
constituted by a PS pseudomorph after the original olivine, the +rst mineral that heterogeneously nucleated on 
the fracture wall. Al-Lz and brucite porphyroblasts developed near the wall-rock overgrowing olivine. Dom 2 is 
constituted by an aggregate of PS + brucite that completely seals the vein. Dom 3 is constituted by the last 
generation of PS that grew as coarser-grained +ber bundles partially replacing Dom 2.

Chemical analyses showed that PS of Dom 1 and Dom 2 have a similar, very low Fe-content, whereas PS of 
Dom 3 have systematically slightly higher Fe, which is possibly responsible for the rusty color typical of 
weathered surfaces. Porphyroblastic Al-Lz has high Al and minor Fe contents. Late barite sealed fractures opened 
in correspondence of Al-Lz cleavage planes. X-ray powder diffraction and μ-Raman revealed the presence of both 
PS polytypes, PS-15, with 15 sectors, and PS-30, with 30 sectors, respectively, and minor brucite. TEM images 
showed the presence of both PS-15 and PS-30, locally associated with brucite and rare chrysotile. μ-Raman maps 
con+rmed that all domains contain the same submicroscopic association of PS-15, PS-30 and brucite, in highly 
variable ratios from point to point.

Each PS vein is bounded by two reaction zones, where the host metadunite is altered to an aggregate of liz-
ardite + magnetite + brucite + minor chlorite with accessory awaruite and heazlewoodite. Therefore, the close 
relationship between metadunite and PS veins supports a local origin for vein feeding elements. The vein 
mineralogy indicates genetic conditions characterized by CO2-free aqueous 9uid, slightly silica-undersaturated 
bulk composition, and low fO2 compatible with magnetite, Fe=Ni alloys and Ni sulphides. The PS veins are 
crossed by later chrysotile veinlets, in turn cut by very thin veins of euhedral brucite included in a +ne-grained 
carbonate aggregate, identi+ed by μ-Raman spectroscopy as a mixture of artinite and hydromagnesite.

The coeval development of PS in the vein and lizardite in the reaction zone of the host metadunite suggests 
that these two phases must have, at least in part, a superposed stability +eld and that other factors, including 
kinetics factors, must be responsible for the +brous habit of serpentine – either chrysotile or PS, since the latter 
derives from the former – in the vein.

1. Introduction

Polygonal serpentine (e.g., Baronnet and Devouard, 2005; Enju et al., 

2023; Mugnaioli et al., 2007), is a member of the serpentine group, i.e. 
1:1 phyllosilicates with ideal composition of Mg3Si2O5(OH)4. Other 
relevant members of the group are: antigorite (Capitani and Mellini, 
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2004, 2006), lizardite (e.g., Brigatti et al., 1997; Mellini, 1982), chrys-
otile (e.g., Enju et al., 2023; Whittaker and Zussman, 1956) and poly-
hedral serpentine (e.g., Baronnet et al., 2007; Cressey et al., 2008). 
Serpentine minerals are composed of a hexagonal array of corner- 
sharing SiO4 tetrahedra and a trioctahedral sheet of edge-sharing Mg- 
(O,OH) octahedra. The sheets are linked by sharing apical oxygens, and 
each layer is joined by weak hydrogen bonds. Antigorite, lizardite, and 
chrysotile are made up of repeats of wavy, 9at, and cylindrically curved 
layers, respectively. Polygonal and polyhedral serpentine include frag-
ments of structures of both lizardite and chrysotile (Baronnet et al., 
2007; Baronnet and Devouard, 2005; Mugnaioli et al., 2007). In most 
cases, several serpentine group minerals occur together in the same rock, 
testifying their very close stability +eld and/or growing conditions 
driven by kinetics factors.

Polygonal serpentine (PS) was +rst regarded as a unique variant of 
chrysotile, called “splintery chrysotile” or “Povlen-type chrysotile”, due 
to the similarity in form, occurrence, and crystallographic features. 
Later, with the advent of TEM techniques, the polygonal structure was 
directly observed and then disentangled (e.g., Baronnet and Devouard, 
2005; Mellini, 1986; Mugnaioli et al., 2007). These observations 
converged in sustaining the model by Baronnet et al. (1994), wherein 
the layers are continuous among sectors with curvature at sector 
boundaries, by shifting of the adjacent stacking layers. So far, two main 
PS variants have been reported, PS-15 and PS-30, made of +fteen and 
thirty sectors, rotated each other by 24 or 12◦, respectively (e.g., Barale 
et al., 2023; Mugnaioli et al., 2007). While the basic crystallographic 
properties of PS have been established by these previous studies, their 

variation, occurrence, and formation conditions are still poorly 
understood.

As part of a research project aimed at studying mineral veins in 
serpentinites of the Western Alps, a new type of vein characterized by 
polygonal serpentine was discovered in Monte Avic Massif in Aosta 
Valley (Barale et al., 2023). In this paper, we are dealing with the out-
comes of a new +eld survey in the Orsiera-Rocciavrè Massif, which has 
revealed in ultrama+cs the common occurrence of networks of serpen-
tine veins very similar to those studied at Monte Avic, but structurally 
more complex. The systematic study of the numerous samples collected 
has shown that they are polyphasic veins formed at different times, but 
characterized by a similar mineral assemblage including PS (PS-15 and 
PS-30) and brucite.

The widespread occurrence of these polyphase veins in the Rocciavrè 
Massif has allowed us to better understand their emplacement mecha-
nisms. Thus, PS-15 and PS-30 are no longer to be considered as miner-
alogical oddities, but rather serpentine phases that grow in late 
metamorphic veins of peculiar geological contexts, where in9uxes of 
aqueous 9uids, possibly derived from the antigorite breakdown, are 
reacting with the olivine of metadunite.

Therefore, PS veins are expected to be much more common in nature, 
provided that ophiolitic massifs such as Rocciavrè and Monte Avic, 
which experienced prograde high-pressure (HP) eclogite-facies meta-
morphism, are studied in detail using suitable techniques such as High 
Resolution Transmission Electron Microscopy (HR-TEM) and μ-Raman 
Spectroscopy.

Fig. 1. a: Orsiera-Rocciavrè Klippe of meta-ophiolite and calc-schists, overlying the continental Dora-Maira Massif (DM). The Klippe is exposed on the divide be-
tween the Susa Valley to the North, Val Chisone to SW and Val Sangone to SE. RO: Rocciavrè Unit; SU: Lower Susa Valley – Lanzo Valleys - Orsiera Unit; CP: 
‘Calcescisti con Pietre Verdi’ (Calc-schists with meta-ophiolite) unit (after Cadoppi et al., 2002). b: Geolithological map of the examined area (after Pognante, 1979
and Cadoppi et al., 2002, modi+ed). The vein sampling areas are shown by red dashed ellipses: PS: Western Cassafrera depression; CF: Eastern Cassafrera depression; 
PR: Monte Pian Real.
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2. Geological outlines of the Orsiera-Rocciavrè Klippe

The Orsiera-Rocciavrè meta-ophiolite is a Klippe exposed on the 
divide between Val di Susa to the north and Val Chisone to the south, on 
the Italian side of the Cottian Alps (Fig. 1). The Klippe belongs to the 
internal part of the “Piemonte Zone of Calc-schists with meta-ophio-
lites”, which is characterized by an Alpine eclogite-facies metamorphic 
overprint (e.g., Piana et al., 2017, with refs. therein). It overlies the 
continental crust of the Dora-Maira Massif, which is also overprinted by 
Alpine eclogite-facies metamorphism (Fig. 1).

In the Orsiera-Rocciavrè Klippe, the Rocciavrè portion mainly con-
sists of eclogite-facies metagabbro and ultrama+cs with negligible 
metasediments (Pognante, 1979, 1985). The top of the ridge, from Punta 
Cristalliera to the west to Rocca Rossa to the east, is made of ultrama+c 
rocks that are extensively exposed on the northern slope and cliffs (Fig. 1
b). The ultrama+cs are juxtaposed to eclogite-facies metagabbros and 
the contact is marked by an alignment of rodingite boudins.

Among the most recent papers focused on the Rocciavrè Massif, 
Herviou et al. (2025) report an exhaustive study on the metamorphic 
veins of eclogites, which allows a precise characterization of the 9uid-
–rock interaction processes during subduction from the pressure peak to 
the exhumation at greenschist-facies conditions.

3. Experimental methods

The rocks were studied in polished thin sections by optical micro-
scopy and microanalysis. Chemical data were acquired with a Scanning 
Electron Microscope (SEM) JEOL JSM-IT300LV, equipped with Energy 
Dispersive Spectrometer (EDS) Oxford Instruments X-act silicon drift 
detector. Operating conditions were: E = 15 keV, working distance = 10 
mm, magni+cation = 50× (2.55 × 1.9 mm scanned area), 1024 × 768 
pixels (res = 2.5 μm), probe current = 5 nA, process time = 1 μs (105 

counts per second (CPS) with a dead time of 30 %), SmartMap dwell 
time = 10 ms. Phase maps were obtained with AZtec AutoPhaseMap 
(Oxford Instruments) from quantitative X-ray maps of individual ele-
ments calculated with AZtec QuantMap (Oxford Instruments). Sum 
spectra extracted for each main phase (Lz: lizardite, Spl: spinel, Mag: 
magnetite) were quantitatively corrected using the ZAF procedure. 
Atom concentrations per formula unit (a.p.f.u) were obtained by means 
of Lanari functions (Lanari et al., 2014).

The X-ray Powder Diffraction (XRPD) patterns were performed with 
a Rigaku Smartlab XE Bragg-Brentano diffractometer equipped with Ni- 
+ltered Cukα radiation and an X-ray tube operating at 40 kV and 30 mA. 
XRPD patterns were collected in the range 5◦

< 2θ < 85◦ with 0.01◦

steps, using a θ/2θ geometry and a HyPix3000 area detector. The 
scanning rate for micro-area (2 mm × 1 mm) measurements on polished 
rock slabs was 0.1◦/min, whereas for experiments with grinded samples, 
loaded on Si zero-background sample-holder, was 0.5◦/min. X-ray 
diffraction data were processed using Match! v.4.1 (2025) software (htt 
ps://www.crystalimpact.de/match), the Crystallography Open Data-
base (COD), and Fityk v.0.9.8 software for pattern deconvolution 
(Wojdyr, 2010).

Transmission Electron Microscopy (TEM) data were acquired at the 
Platform of Microscopy of the University of Milano-Bicocca (PMiB) with 
a JEOL JEM 2100P, operated at 200 kV and equipped with an Oxford 
EDS system for elemental analysis and a 3 k × 3 k Gatan Rio CMOS 
camera for image acquisition. EDS analyses were collected in STEM 
(scanning) mode and quanti+ed using the Cliff-Lorimer approximation 
(Conconi et al., 2023). Samples were prepared at the PMiB by ion milling 
3 mm wide disks selected on a double polished petrographic thin section 
using a Gatan PIPS-II instrument. To minimize beam damage during ion 
milling, the sample holder was cooled with liquid nitrogen. TEM-mounts 
were coated with 5 nm of graphite to avoid electrostatic charging during 
observations.

μ-Raman measurements were carried out with a green laser (532 nm) 
and a 100× objective. Only the high-wavelength region between 2600 

and 3750 cm−1 was considered in detail, because including the most 
informative part of the spectrum, characterized by peaks arising from 
the hydroxyl stretching modes. To obtain more information on the 
relative abundances of the three submicroscopic mineral phases iden-
ti+ed by TEM (PS-15, PS-30, brucite), a high number of μ-Raman 
randomly selected spot analyses were performed in two different veins. 
Given the variability of the results, due to the extremely +ne grain-size 
of the minerals, as evident from the TEM data, we proceeded to analyze 
statistically more representative μ-Raman maps (App. 1, Fig. S1). Each 
spectrum was acquired with two repetitions of one second. The back-
ground was subtracted using a 2nd degree polynomial. A reliable peak 
deconvolution was performed with a voigtian +tting of 6 bands. Spectra 
were processed using the net area of each peak (App. 1, Fig. S2). Each 
map scanned an area of ~1 mm2 (30 × 30 μm) with steps of 1 μm, for a 
total of ~960 single spectra (App. 1, Fig. S3). μ-Raman maps were 
carried out on three domains (Dom 1, Dom 2, Dom 3, see below), 
randomly selected from three different veins (labelled PS06b, PS07 and 
PS10), for a total of more than 8500 spectra. The interpretation of the 
Raman spectra was carried out taking into consideration the peak shifts 
related to the anisotropy of each mineral of the serpentine family, as 
shown by Compagnoni et al. (2021) and detailed in Appendix 1.

4. Results

4.1. Petrography

Metadunite, the vein-hosting rock. A re-examination of the entire 
northern slope of the ridge between Punta Cristalliera and Monte Pian 
Real showed that the ultrama+c rocks are made up of plurimetric to 
pluridecametric alternating bands, reddish or greenish on weathered 
surface, and corresponding to metadunite and antigorite serpentinite, 
respectively. Only metadunites host the PS veins. Samples were 
collected along the northern wall of the ridge and in the Quaternary 
deposits lying at its feet, in three areas marked by the acronyms PS, CF 
and PR (Fig. 1 b). Metadunite consists of forsterite, antigorite, magne-
tite, Mg-chlorite and titanian hydroxylclinohumite, that is the typical 
assemblage of the Alpine eclogite-facies metamorphism in the ultra-
ma+cs of Western Alps. The ultrama+c rocks show an evident polyphase 
mylonitic fabric (App. 2, Fig. S1 a), where antigorite progressively 
transforms to forsterite. These relationships suggest that the alternation 
of the two lithologies results from the 9uids released by advanced 
(metadunite) or incipient (serpentinite) degree of antigorite to forsterite 
transformation. Olivine has a high forsterite content (~Fo88) and occurs 
as blasts strongly elongated parallel to mylonitic foliation that are in 
equilibrium with magnetite and titanian hydroxylclinohumite.

Polygonal serpentine veins. PS veins form an irregular network of 
greenish anastomosing branches, from few mm to several cm thick, 
widely variable in continuity, thickness and orientation (App. 2, Figs. S2 
a and b). As evident from Fig. 2, the internal structure of the veins is 
roughly symmetrical and consists of three main domains, labelled Dom 
1, Dom 2 and Dom 3. Dom 1 occurs on both vein selvages; Dom 2 
constitutes the main central part of the vein; Dom 3 grows discontinu-
ously from the vein selvages towards the center. On both selvages of the 
vein, Al-lizardite and minor brucite porphyroblasts locally grew inward 
(Figs. 2 a to d). Microstructural relationships indicate that Dom 1, Dom 
2 and Dom 3 grew in chronological order. Al-lizardite developed early in 
the vein history, but after the former olivine of Dom 1.

Porphyroblasts. Porphyroblasts of lizardite and brucite, almost black 
on the hand specimen (Fig. 2 e) and highlighted in green in Figs. 2 b and 
d, are colorless in thin section under plane polarized light (PPL), with 
low birefringence under crossed polarizers light (XP) (Figs. 2 g and 4 b). 
Porphyroblasts normally occur close to the vein selvages as crystals a 
few mm across (Figs. 2 a to g) with characteristic “butter9y” habit 
(Figs. 3 and 4 a, b). The size and “butter9y” habit of Al-Lz suggest a fast 
growth in a hydrous 9uid medium. Al-Lz, slightly deformed and 
corroded by Dom 2 and 3 (Figs. 3 a and b), appears to have grown later 
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than Dom 1 (Figs. 3 a, b and 5 a, b).
Domain 1. Dom 1 occurs just at the contact with the host metadunite 

as chains of roundish bodies, a few tens of micrometers to several mil-
limeters across. On the hand specimen, Dom 1 appears greenish (App. 2, 
Figs. S2 a, b) to yellowish in color (Figs. 2 a, c, e). In the thin section, 
Dom 1 is colorless and homogeneous under PPL (Figs. 4 a, c), with dark 
grey interference colors under XP and complex heterogeneous extinction 
(Fig. 5 b). Since their contours normally have polygonal shape (Figs. 4 a, 
c), these domains have been interpreted as pseudomorphs after a former 
mineral, most likely forsterite, although not identi+ed with certainty. 
Dom 1 may include small magnetite crystals; locally, it is also overgrown 
by large magnetite aggregates (Fig. 3 a).

Domain 2. Dom 2, which constitutes the central main portion of each 
vein, is pale yellowish on the hand specimen (Figs. 2 a to e) and very 
pale pinkish and optically homogeneous (Figs. 4 a, c) with very low 
birefringence in thin section (Figs. 4 b, d). Normally, the PS +bers 
cannot be resolved under the optical microscope even at high 
magni+cation.

Domain 3. Dom 3 has a greenish or orange to red-brownish color on 

the hand specimen (Fig. 2) and from dark brown (Fig. 4 a) to light brown 
(Fig. 4 c) in thin section, with color depth varying from sample to 
sample. The brownish color most likely depends on the oxidation degree 
of Fe, whose content is normally higher than in the other two domains 
(Table 1). Dom 3 occurs as discontinuous layers at the vein selvages that 
envelope Dom 1 (Figs. 4 a to d). Unlike the other domains, Dom 3 ex-
hibits the +brous microstructure of PS (Fig. 4 c), which is characterized 
by radiating bundles of +brils (Fig. 5 b) growing from the host rock 
inward by replacing and/or overgrowing Dom 2 (Figs. 3 a, b and 4 a, c).

Opaque ores. The ubiquitous opaque mineral is magnetite, which 
occurs as irregular grains and grain aggregates mostly concentrated at 
the vein - reaction zone contact (Figs. 4 c, 5 a and App. 3, Figs. S1, BSE 
image and Fe map). In the reaction zone, tiny accessory grains of Ni- 
bearing ores locally occur and have been identi+ed by X-ray maps as 
awaruite and heazlewoodite (App. 3, Fig. S1, Ni map). Both minerals 
have been reported by Manavella et al. (2021) from a “serpentine” 

(actually PS) vein of the same locality.
Latest veins. Thin veinlets cross-cutting the PS veins are +lled with 

chrysotile (App. 2, Figs. S2 a and S3 a, b). In one case, a chrysotile vein 

Fig. 2. Sample CF04. a to d: Representative images of two PS veins cutting across the host metadunite. Contacts are altered by a reaction zone, few mm to several cm 
thick, especially evident on the weathered surface (a and b) and on the polished slab (c and d). The veins are polyphasic and consist of three stages of polygonal 
serpentine emplacement, labelled in chronological order 1 (Dom 1), 2 (Dom 2), and 3 (Dom 3), together with Al-rich lizardite porphyroblasts (Al-Lz) and minor 
brucite (Brc). Three layers, labelled r1, r2 and r3, have been distinguished in the reaction zone (a, b and c, d). In sketches b and d, Al-Lz is highlighted in green; e) 
Enlarged portion of image c included in the white inset: the brownish portions, labelled 1 + 3, are Dom 3 overgrowing and replacing Dom 2. On the surface of the 
polished sample, Al-Lz appears dark. f) and g): Photomicrograph of the red inset in image c that includes the whole reaction zone from the fresh metadunite (left) to 
the PS vein (right), in which an Al-Lz porphyroblast occurs with characteristic “butter9y” habit; f: PPL (Plane Polarized Light), g: XP (crossed polarizers). (For 
interpretation of the references to color in this +gure legend, the reader is referred to the web version of this article.)
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was cut by a subparallel veinlet consisting of euhedral brucite and +ne- 
grained carbonate aggregates (App. 2, Fig. S3). Carbonate was identi+ed 
by μ-Raman spectroscopy as a mixture of artinite [Mg2(CO3)(OH)2⋅3 
(H2O)] and hydromagnesite [Mg5(CO3)4(OH)2⋅4H2O] (App. 2, Figs. S3 
a, b).

4.2. Mineral chemistry

Domains 1, 2, 3 and Al-lizardite porphyroblasts. Dom 1 (Table 1, col-
umn E) and Dom 2 (Table 1, columns D and F) have similar compositions 

and essentially consist of Mg and Si with minor Fe (FeO = 2.4–2.6 wt%). 
These data are consistent with the composition of a homogeneous 
serpentine, as suggested by low standard deviations and closeness to +ve 
atoms per formula unit (based on 7 anhydrous oxygens). The analyses 
performed in Dom 3 are less homogeneous, and at least two different 
situations can be distinguished: i) in the +rst case (column G), despite 
the apparent homogeneity under optical microscopy, Mg is too high and 
Si too low for the presence of just one serpentine mineral. Furthermore, 
the standard deviations of Mg and Si are unusually high, and the total 
cation sum always greater than 5.0 a.p.f.u. These features indicate that 

Fig. 3. Sample CF04. a: BSE image of the contact between the vein (right) and the reaction zone (RZ) derived from the alteration of the host metadunite (left). 
Microstructural relationships indicate that Al-Lz is an earlier phase being corroded by PS of Dom 2 (2) and Dom 3 (3). b: BSE image of another Al-Lz porphyroblast 
close to the host metadunite contact (on the right, outside the picture), which is strongly corroded by PS of Dom 2 (2) and Dom 3 (3). Some (001) cleavage planes of 
Al-Lz have been +lled with barite (Brt).

Fig. 4. Sample PS06b. Photomicrographs of PS veins with evident microstructural relationships among Dom 1 (1), Dom 2 (2), Dom 3 (3), magnetite (Mag), and Al- 
lizardite (Al-Lz) porphyroblasts. a, b: On both sides of the vein, the host metadunite is retrogressed to lizardite + magnetite ± brucite. c, d: Details of Domains 1 that 
exhibit a “euhedral” habit and a complex microstructure at XP. Note the variable brownish color depths of Dom 3 and its evident +brous microstructure and Mag 
concentration at the vein-metadunite contact. PPL: left; XP: right.
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Dom 3 is a submicroscopic intergrowth of PS and brucite, as con+rmed 
by TEM (see Sections 4.4) and μ-Raman (see Sections 4.5); ii) in the 
second case, which under optical microscopy appears to consist of +ber 
bundles included in a seemingly homogeneous matrix (Fig. 5), the ma-
trix (column A) has a composition very similar to that of Dom 2 with a 
slightly higher Fe content (FeO = 3.31 wt%). The +ber bundles (Table 1, 
column B) show even higher Fe (FeO = 5.00 wt%) and small but con-
stant Mn (MnO = 0.24 wt%) contents. Since the cation sum is close to 5, 
we assume that this is the real composition of the +ber bundles in Dom 3. 
This higher Fe content probably contributes to the systematic “rusty” 

color of the weathered surface of Dom 3. Whereas brucite porphyro-
blasts have normal stoichiometric composition, Al-Lz porphyroblasts 
have Al2O3 content ~9.00 wt% (slightly lower in column C and slightly 
higher in column H), relatively high FeO content ranging from 3.84 wt% 
(column C) to 4.57 wt% (column H), and in one case also high Cr2O3 
~3.00 wt% (column C). The high Al content indicates a signi+cant solid 
solution with amesite component (Nelson and Roy, 1958). In an Al-Lz 
porphyroblast, some (001) cleavage planes are +lled with barite 
(Fig. 3 b).

These considerations on the chemical composition of the three do-
mains obtained from a number of spot analyses agree with the results of 

the elemental maps (App. 3, Fig. S1: Si and Mg maps), where PS of Dom 
1 and Dom 2, together with lizardite and antigorite of the reaction zone, 
have similar serpentine compositions (grey intensity). Some large 
magnetite aggregates have Cr content as high as Cr2O3 = 12 wt% (App. 
3, Fig. S1: Cr map, and Table 1). In the reaction zone, thin elongated 
domains of 14 Å-chlorite (App. 3, Fig. S1: Al map) and rare tiny crystals 
of awaruite, a Ni-Fe alloy with composition from Ni2Fe to Ni3Fe, and 
heazlewoodite, a S-poor Ni-sulphide with composition Ni3S2 (App. 3, 
Fig. S1: Ni map), are observed.

Metadunite/vein reaction zone. In the +eld, the PS veins are easily 
recognized for the ubiquitous presence at selvages of darker zones 
against the host metadunite (Fig. 2; App. 2, Fig. S2). The reaction zone 
consists of three layers with variable thickness and continuity, labelled 
r1, r2 and r3 (Figs. 2 a, b, c, d). In order to understand the cause of the 
chromatic zoning, a quantitative high-resolution X-ray elemental map 
(AutoPhaseMap) across the structures from the vein to the fresh meta-
dunite (Figs. 2 f and g) was performed by SEM-EDS (App. 3, Fig. S2). The 
reaction front may be sharp (Fig. 6) or uneven. Despite the three bands 
(r1, r2, r3) observed on the altered surface of some samples (Figs. 2 a to 
d), the X-ray elemental map of the whole reaction zone does not show 
chemical zoning, but the random occurrence of a mineral assemblage 

Fig. 5. Sample CF03. Photomicrographs a (PPL) and b (XP) of the three domains with radiating arrays of coarser-grained PS +ber bundles in Dom 3, growing from 
the host metadunite contact towards the inner portion of the vein and replacing Dom 2.

Table 1 
Mean oxide (wt%) chemical compositions (standard deviation every second column) and atoms per formula unit (a.p.f.u.) of serpentines representative of Domains 1, 
2, 3 and Al-lizardite (Sample PS001).

Site 1 Site 2
A B C D E F G H

Label 
(N◦ of anal.)

Dom3-Mat. 
(12)

Dom3-Fib. 
(13)

Al-Lz 
(73)

Dom2 
(16)

Dom1 
(9)

Dom2 
(8)

Dom3 
(9)

Al-Lz 
(12)

MgO 40.76 0.08 39.85 0.09 35.77 0.39 41.18 0.16 41.16 0.52 40.94 0.36 43.19 3.75 36.22 0.31
Al2O3 0.16 0.10 0.11 0.03 8.55 0.56 0.09 0.06 b.d.l. – 0.04 0.06 0.04 0.04 9.20 1.61
SiO2 42.89 0.12 42.01 0.13 35.76 0.35 43.45 0.07 43.55 0.33 43.54 0.27 39.34 3.30 37.10 1.59

Cr2O3 0.01 0.02 b.d.l. – 3.08 0.28 0.01 0.03 b.d.l. – b.d.l. – b.d.l. – 0.22 0.37
MnO 0.09 0.05 0.24 0.03 0.01 0.05 0.03 0.04 0.03 0.04 0.05 0.05 0.19 0.14 b.d.l. –

FeO 3.31 0.21 5.00 0.18 3.84 0.20 2.48 0.12 2.39 0.21 2.56 0.07 4.29 0.28 4.57 0.23
NiO b.d.l. – b.d.l. – 0.21 0.11 b.d.l. – b.d.l. – b.d.l. – 0.16 0.16 b.d.l. –

Σ 87.22 87.19 87.22 87.25 87.57 87.14 87.21 87.31
a.p.f.u.

SiT 2.005 0.003 1.987 0.004 1.703 0.016 2.020 0.003 2.028 0.015 2.030 0.011 1.866 0.143 1.748 0.068
AlT 0.000 0.000 0.013 0.004 0.297 0.016 0.000 0.000 b.d.l. – 0.003 0.005 0.001 0.003 0.250 0.050
FeM 0.130 0.008 0.198 0.007 0.153 0.008 0.096 0.005 0.094 0.007 0.100 0.000 0.170 0.011 0.181 0.010
MgM 2.842 0.005 2.810 0.005 2.540 0.026 2.855 0.010 2.856 0.037 2.843 0.027 3.059 0.288 2.544 0.017
CrM 0.000 0.001 b.d.l. – 0.116 0.011 0.000 0.001 b.d.l. – b.d.l. – b.d.l. – 0.008 0.014
NiM b.d.l. – b.d.l. – 0.008 0.004 b.d.l. – b.d.l. – b.d.l. – 0.006 0.005 b.d.l. –

AlM 0.009 0.005 0.000 0.001 0.183 0.019 0.005 0.003 b.d.l. – 0.000 0.000 0.000 0.000 0.260 0.050
MnM 0.004 0.002 0.009 0.001 0.000 0.002 0.001 0.002 0.000 0.000 0.001 0.004 0.008 0.007 b.d.l. –

ΣCat 4.990 0.005 5.018 0.008 4.999 0.008 4.977 0.003 4.978 0.005 4.976 0.006 5.109 0.045 4.991 0.006
XFe 0.044 0.003 0.066 0.002 0.054 0.003 0.033 0.002 0.032 0.003 0.034 0.003 0.053 0.002 0.066 0.002
XMg 0.956 0.003 0.934 0.002 0.902 0.005 0.967 0.002 0.968 0.003 0.966 0.003 0.947 0.002 0.934 0.002

b.d.l. = below detection limit.
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consisting of magnetite ± clinochlore ± brucite ± lizardite ± relict 
antigorite ± accessory awaruite and heazlewoodite. Other spot ana-
lyses, characterized by Mg-content higher than that of a serpentine 
phase, coupled with an equivalent lower Si-content, have been inter-
preted as a submicroscopic mixture of polygonal serpentine with 
brucite.

4.3. X-ray powder diffraction

The XRPD patterns of the PS veins (Table 2) were collected on 
Domain 2, which is the main portion of each vein and looks homoge-
neous under the optical microscope (cf., Figs. 2 a, b and 4 a, c). The two 
patterns correspond to two portions of the same vein (sample PS11) 
characterized by different color depth, labelled lighter and darker green, 
respectively. The interplanar spacings (dhkl) of both patterns are similar, 
but the relative intensities (I/I0) may differ, as they were obtained on 
rock slabs and not on rock powders. In Fig. 7, the pattern of the PS11 
lighter green is compared with the diffractogram of a highly crystalline 
PS-30 from the literature (Barale et al., 2023; Mugnaioli et al., 2007). 
Both patterns show the characteristic trend of PS with the two clusters of 
peaks highlighted by Mugnaioli et al. (2007). Furthermore, the com-
parison between the two patterns indicates that the Rocciavrè veins 
contain both PS-15 and PS-30, with the former prevailing over the latter. 
PS-15 is identi+able by the presence of a series of dhkl values with in-
tensities I/I0 greater than 10 at about 2.620, 2.500, 2.335, 2.150, 1.996 
Å (Table 2, peaks highlighted in bold), and PS-30 by the strong peak at 
2.450 Å (Table 2, peak highlighted in red, Fig. 7). In diffractograms of 
other samples, not reported in Table 2, the most intense brucite and 
magnetite peaks are also noted.

In conclusion, the XRPD patterns of the Rocciavrè veins con+rmed 
the systematic association at the nanoscale of the two PS types, in 
agreement with TEM and μ-Raman data.

The XRPD pattern of an Al-lizardite porphyroblast, separated from 
the matrix and +nely grinded, gave a typical diffractogram of an Al-rich 
lizardite (d = 7.185 Å), comparable to that studied by Brigatti et al. 
(1997).

4.4. Transmission electron microscopy

The TEM images were obtained from selected regions of the petro-
graphic thin sections showing the three different domains. Overall, the 
three different domains consist of a felt-like mass of PS +bers, randomly 
oriented and associated with minor phases such as brucite and relict 
antigorite (Fig. 8 a, b), along with rare chrysotile (Fig. 8 c), in accor-
dance with Raman results. In all three domains, both PS-15 and PS-30 
were detected. The diameter of the +bers, cut perpendicular to their 
elongation, generally ranges from 100 to 400 nm, whereas the cross- 

Fig. 6. Sample CF04. a: (PPL) and b (XP): Photomicrograph depicting the sharp front of the reaction zone between the PS vein (on the right, outside the picture) and 
the host metadunite (left) consisting of fresh forsterite (Fo) and relict antigorite (Atg) domains (grey at XP). In the reaction zone, olivine is mainly altered to light 
brown dusty lizardite (Lz) + very +ne-grained magnetite. All black domains are magnetite (Mag). (For interpretation of the references to color in this +gure legend, 
the reader is referred to the web version of this article.)

Table 2 
Interplanar spacing (dhkl) and relative intensities (I/I0) of XRPD patterns of two 
representative samples (PS11 lighter and darker green) from a Rocciavrè vein 
that derive from central massive portions of a Dom 2. Re9ections characteristic 
of PS-15 are in bold, whereas that typical of PS-30 is in italics. Only peaks with 
intensities greater than 1 were listed.

PS11 lighter green PS11 darker green
dobs I/I0 dobs I/I0

7.330 78 7.361 100
4.588 46 4.605 38
4.439 19 4.486 19
4.247 16 4.262 14
4.089 13 4.083 10
3.986 7 3.948 6
3.821 15 3.824 1
3.652 100 3.657 26
3.598 11
3.344 4 3.342 3
3.188 4 3.188 4
3.017 1 3.030 1
2.897 7 2.908 6
2.648 14
2.616 17 2.626 17
2.584 16
2.550 11 2.557 15
2.502 86 2.507 68
2.453 40 2.457 48
2.446 29 2.431 15
2.336 19 2.342 22
2.278 10 2.282 8
2.209 3
2.151 17 2.156 15
2.091 15 2.097 15
1.966 17 1.968 11
1.910 1 1.914 2
1.851 2
1.821 3 1.828 4
1.792 3
1.742 14 1.744 15
1.719 6
1.639 10 1.642 6
1.602 3 1.631 5
1.536 58 1.539 50
1.503 21 1.506 20
1.461 4 1.464 5
1.417 6 1.420 6
1.384 4 1.386 4
1.323 8 1.329 3
1.310 18 1.312 18
1.278 6 1.278 5
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section diameter of the chrysotile +bers is less than 50 nm. Brucite is 
abundant as discrete lamellae in Dom 3, but sporadic or even absent in 
Dom 1 and Dom 2. However, considering that TEM analysis samples 
only a small portion of the sample, we cannot exclude the presence of 
brucite in these domains. Moreover, brucite is present as aggregates of 
nanocrystals dispersed among the serpentine +bers.

TEM-EDS analyses do not show signi+cant differences among the 
three domains (Table 3), except for the Fe content that increases from 
Dom 1 (0.74 at. %) to Dom 3 (1.03 at. %), in agreement with the SEM- 
EDS results (see Section 4.2). Moreover, Al and Mn, detected by SEM- 
EDS, were not detected at signi+cant level by TEM-EDS. Additionally, 
Mg appears to be slightly higher in TEM-EDS analyses in comparison to 
SEM-EDS. This feature is probably a repercussion of undetected Al and 
Mn: being the net result normalized to 100 %, any undetected minor 
cation contributes to rise up the content of those detected, affecting 
mostly the most abundant.

A STEM-EDS map of a region of Dom 3 (Fig. 9) clearly shows sub-
microscopic areas depleted in Si. Magnesium, although releasing a less 
clear contrast, is abundant in the Si depleted areas, suggesting the 
presence of brucite, which contains about one and one half more MgO 
than serpentine. Iron, expectedly low, releases a weak signal, which is, 
however, suf+cient to see that Fe is unevenly distributed and appears 
concentrated in bands within Si poor areas. It may derive from Fe-rich 
brucite lamellae.

4.5. μ-Raman

Among the many μ-Raman spectra collected, the most representative 
associations of PS-15, PS-30 and brucite observed in several, different 
sites of domains 1, 2 and 3 are shown in Fig. 10. Peak assignment was 
based on the centroid value obtained by deconvolution, as detailed in 
Section 3 (Experimental methods). Although all spectra were carried out 
over the entire 100 to 4000 cm−1 range, only the high-wavenumber 
region (3600–3750 cm−1) containing the intense OH stretching vibra-
tions was considered.

In general, the wavenumber values of PS-15 do not differ 

signi+cantly from those of PS-30, both consisting of a four-peak multi-
plet. Notwithstanding, the different intensities of the four peaks in the 
two types of polygonal serpentine yield two discriminant shapes of the 
resulting overall band pro+le: PS-15 exhibits two main peaks with that 
at ~3690 cm−1 less intense than that at ~3700 cm−1, whereas PS-30 
exhibits a distinctive multiplet characterized by two peaks and two 
shoulders with intensities progressively decreasing from 3686 cm−1 to 
3706 cm−1.

Examples 1 and 3 show similar peak shapes, consistently with a 
greater abundance of PS-15 relative to PS-30. This is supported by the 
higher intensity of peaks at ~3690 cm−1 and ~ 3670 cm−1 compared to 
those at ~3684 cm−1 and ~ 3706 cm−1 (Compagnoni et al., 2021). 
Conversely, example 2 shows a consistent progressive decrease in peak 
intensity from 3686 cm−1 to 3706 cm−1, which is characteristic of PS-30 
(Compagnoni et al., 2021). However, since the intensities of the PS-30 
peaks can vary with crystal orientation and may overlap with PS-15 
peaks, the possible presence of minor PS-15 cannot be ruled out. 
Possible effects of anisotropy do not invalidate the above conclusions, 
because the +ber orientation in the veins is random and polygonal ser-
pentines have the lowest anisotropy among the serpentine minerals 
(Compagnoni et al., 2021). Additionally, the two peaks at 3645 and 
3653 cm−1 indicate the presence of brucite, as further con+rmed in the 
low wavelength region by two weak peaks at 279 and 445 cm−1.

Overall, the results of randomly selected spot analyses from the three 
domains (Dom1, 2 and 3) converge with the statistically more signi+-
cant Raman maps, which include over 8500 spot analyses (App. 1), 
indicating that, regardless of site or domain, the veins consist of sub-
microscopic associations of PS-15 and/or PS-30 and/or brucite in highly 
variable ratios. Therefore, despite their apparent differences in hand 
specimen and thin section, the three domains are composed of the same 
mineral associations, although in highly variable ratios from point to 
point, as summarized in Table 4.

Fig. 7. Comparison between the XRPD patterns of an almost pure PS-30 with high crystallinity (grey pattern, bottom) from Mugnaioli et al. (2007) and Barale et al. 
(2023), and a mixed PS-15/PS-30 pattern representative of a Rocciavrè vein (black pattern, top), where the representative peaks of PS-15 are in black and the best PS- 
30 identi+er in red. The two spectra with real intensities are shown in the box (upper right). (For interpretation of the references to color in this +gure legend, the 
reader is referred to the web version of this article.)
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5. Discussions and conclusions

5.1. PS veins: Origin, microstructure and composition

The geological history of the Rocciavrè ultrama+cs is very similar to 
that of Monte Avic (Barale et al., 2023), because both massifs share the 
same tectono-metamorphic evolution. This includes: i) an early oceanic 
hydrothermal alteration that extensively converted the mantle perido-
tite to lizardite-serpentinites; ii) an early subduction phase of the Alpine 
orogenic cycle where Lz-serpentinites experienced a prograde HP 
metamorphism peaking at eclogite-facies conditions; iii) a post- 
collisional exhumation that only locally retrogressed the HP 

assemblages into greenschist- to sub-greenschist-facies conditions. A 
similar tectono-metamorphic evolution has also been widely described 
for the Voltri Massif, the most studied meta-ophiolite of the Western 
Alps (e.g., Barnes et al., 2014; Cannaò and Malaspina, 2018; Federico 
et al., 2005). The PS veins formed at the end of exhumation, when the 
rocks returned at the P and T conditions of the lizardite stability +eld.

The PS veins of the Rocciavrè meta-ophiolite appear similar to those 
described in the ultrama+cs of Monte Avic in the Aosta Valley (Barale 
et al., 2023), but have a more complex polyphasic history, that includes 
in addition to porphyroblastic Al-Lz and brucite, three different PS do-
mains: Dom 1, Dom 2 and Dom 3. As con+rmed by TEM and μ-Raman 
data, these three domains contain the same submicroscopic association 
of PS-15, PS-30 and brucite, in highly variable ratios from point to point. 
Like at Monte Avic, the PS veins are bounded, at the wall-rock, by two 
reaction zones, where olivine of metadunite is altered to an aggregate of 
lizardite + magnetite + brucite + minor chlorite, with accessory 
awaruite and heazlewoodite.

Microstructural relationships among the three domains (Dom 1, Dom 
2, Dom 3) and porphyroblastic Al-Lz + brucite allowed us to reconstruct 
their chronological growth sequence and to attempt the reconstruction 
of the vein history. The polygonal habit of Dom 1 indicates that PS is 
pseudomorphic after a pre-existing mineral with an equant habit. Even 
though no relics of the original mineral have been preserved, it is 
reasonable to envisage it was forsterite, a phase consistent with its 
alteration to serpentine (± brucite) and compatible with the chemistry 
of the host ultrama+te.

The veins are of extensional type, with simultaneous and symmet-
rical biaxial mineral growth (Bons, 2000, Bons et al., 2012 with refs. 

Fig. 8. Low magni+cation TEM bright +eld (BF) images of the serpentine vein of the Rocciavrè meta-ophiolite, showing a felt of randomly oriented PS +bers, 
together with relict antigorite (Atg) blade (a) and brucite (Brc) aggregates (b). c) BF image of PS-15 associated with small chrysotile (Ctl) +bers. d) BF image of a PS- 
30 +ber.

Table 3 
Average TEM-EDS analyses (n. of averaged analysis in square brackets) of the 
three PS domains (standard deviation in brackets). a.p.f.u. are recalculated on 
the basis of 7 oxygens.

Dom 1 [10] Dom 2 [11] Dom 3 [10]
atom %

O 58.22 (0.21) 58.31 (0.30) 58.19 (0.21)
Mg 24.60 (0.68) 24.11 (0.95) 24.40 (0.77)
Si 16.45 (0.42) 16.61 (0.61) 16.38 (0.41)
Fe 0.74 (0.09) 0.97 (0.15) 1.03 (0.30)

a.p.f.u.
Mg 2.96 2.90 2.94
Si 1.98 1.99 1.97
Fe 0.09 0.12 0.12

ΣCat 5.03 5.01 5.03
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therein). At least four steps of dilation have been recognized: i) olivine 
crystals heterogeneously nucleated on the fracture walls; ii) Al-Lz and 
brucite porphyroblasts developed near the wall-rock, overgrowing the 
PS pseudomorphs after olivine; iii) aggregates of randomly oriented 
polygonal serpentine +bers + brucite +lled the open space, sealing the 
vein; iv) a new generation of PS grew as radial arrays of coarser-grained 
+ber bundles partly replacing the PS of the third step. During the reac-
tion process, the involved aqueous 9uids were likely channelized along 
the original contact between wall-rock and vein.

The ubiquitous Al-Lz (and brucite) porphyroblasts developed later 
than forsterite, but earlier than Dom 2 being corroded and partly 
replaced by PS. Their peculiar “butter9y” habit suggests rapid growth in 
the open space of an active fracture +lled with an aqueous 9uid.

The main central part of the veins is made up by Dom 2, which 

Fig. 9. BF-STEM image (left) and EDS maps (right) of Dom 3 polygonal serpentine (PS) showing areas clearly depleted in Si and slightly enriched in Mg, suggesting 
brucite (Brc). The Fe signal, expectedly low, appears uneven distributed, concentrated in thin bands within Si poor areas.

Fig. 10. Three examples of μ-Raman spectra representative of the most common associations of PS-15, PS-30 and brucite observed in different sites of domains 1, 2 
and 3. The band frequencies reported refer to the centroid value obtained by deconvolution. For explanation see text.

Table 4 
Mineral identi+cation and approximate evaluation of their relative abundances 
as resulting from μ-Raman spot analyses summarized in the 3 examples of Fig. 10
and from the results of the μ-Raman maps (see App. 1). Symbol abbreviations: 
No Brc: no brucite; (R-Atg): relict antigorite from the host metadunite; PS-15(?): 
small amount of PS-15 is possible but not certain.

Sample PS06b PS07 PS10
Dom 1 PS-15 

No Brc, No PS-30
PS-15 > Brc >> PS-30 

(R-Atg)
PS-15 
No Brc

Dom 2 PS-15 H ≈ Brc >> PS-30 
(R-Atg)

PS-30 >> Brc 
(R-Atg)

PS-30 
No Brc

Dom 3 PS-30 > Brc PS-15 > PS-30 > Brc PS-30 + PS-15 (?) 
No Brc
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appears homogeneous under the polarizing optical microscope. Since 
Dom 2 corrodes and partially replaces Al-Lz, it is evident that the two 
minerals are not in equilibrium. Dom 3 is highly variable in both color 
and microstructure; it grows from the contact with the wall-rock (now 
“reaction zone”) towards the vein center, forming radial +ber bundles 
that overgrow Dom 2 and further corrode Al-Lz. The highly variable 
color of Dom 3 in the thin section from pale to dark brown is interpreted 
as due to oxidation of Fe, higher in Dom 3 than in the other two domains.

The PS veins are crossed by late chrysotile veinlets, which are in turn 
cut by very thin veins consisting of euhedral brucite included in a +ne- 
grained carbonate aggregate, identi+ed by μ-Raman as a mixture of 
artinite and hydromagnesite.

The systematic intergrowth of serpentine and brucite at all scales 
indicates that the two minerals are in equilibrium for the reaction: Srp +
H2O = 3 Brc + 2 SiO2, that is stable at T < ~380 ◦C. At a P of 1 kb 
(reasonable for this type of serpentinization), this assemblage is char-
acterized by a very low silica activity, which progressively decreases 
from −2.5 to −3.7 (log aSiO2) between 380 and 100 ◦C (Frost and Beard, 
2007, 2008). As regards the fO2, the occurrence in both PS veins and a 
reaction zone of awaruite (an Fe-Ni alloys) and heazlewoodite (an S- 
poor Ni-sul+de), suggests extremely low values for both fO2 and fS2. In 
fact, as noted by Frost (1985), fS2 in metamorphic rocks is a function of 
fO2 because S is present dominantly as H2S or SO2 (rather than S2), 
whose fugacities are related by the reaction: 2H₂S + 3O₂ = 2SO₂ + 2H₂O. 
Sul+des are a “sensitive monitor” of fO2 because of the reaction: 2S₂ +
2H₂O = 2H₂S + O₂. As fO2 falls, the sul+de minerals stable with 
magnetite become increasingly poorer in S. The low fO2 in the PS veins is 
consistent with the presence of heazlewoodite instead of millerite and 
pentlandite (Frost, 1985).

Finally, the very late occurrence of hydrated Mg‑carbonate veins 
indicates that carbon dioxide entered the 9uid only after the end of the 
serpentinization process, locally following the discontinuities previously 
+lled by chrysotile.

5.2. P-T conditions of PS-vein formation

Since the original Dom 1 consisted of forsterite, the temperature of 
the mineralizing 9uids must have been in the stability +eld of olivine, at 
a value around 400 ◦C for a pressure of 0.1 GPa (e.g., Afanasyev et al., 
2014). Conversely, the PS growth in Dom 2 and Dom 3 and in the for-
sterite pseudomorphs after Dom 1, must have occurred in the lizardite 
stability +eld, suggesting a drop of at least 100 ◦C in the mineralizing 
9uids down to a T equal to or lower than ~300 ◦C (Andreani et al., 
2004). At the current state of knowledge, it is impossible to constrain the 
low temperatures at which polygonal serpentines formed, because, 
similarly to chrysotile, kinetics appears to be more important than 
thermobaric conditions. However, the discovery in the Voltri massif of 
PS veins cutting across conglomerates of the ophiolitic cover (Piana 
et al., 2026) suggests that this uncommon type of serpentine can also 
form under diagenetic conditions.

5.3. Origin of the aqueous ?uids

Ultrama+c rocks that experienced oceanic hydrothermal alterations, 
during subduction to eclogite-facies conditions can release large 
amounts (up to 12–13 wt%) of aqueous 9uids derived from the anti-
gorite breakdown. Therefore, antigorite is commonly considered the 
most important source of water in subduction zones (e.g. Donoso-Tapia 
et al., 2025; Hattori and Guillot, 2003; Ulmer and Trommsdorff, 1995).

A recent paper by Herviou et al. (2025) on Fe-Ti metagabbros 
juxtaposed to the ultrama+cs of the Rocciavrè Massif, reports a petro-
chronological study of a variety of metamorphic veins that focuses on 
the 9uid–rock interaction processes from the early eclogite-facies sub-
duction to the last greenschist-facies exhumation. Primary aqueous 9uid 
inclusions trapped in both vein and host-rock minerals, characterized by 
intermediate to high salinity values, are interpreted “to re9ect the 

partial signature of hydrothermal alteration preserved up to eclogite- 
facies conditions”; other high-salinity 9uid inclusions, associated with 
N2 (±CO2) “suggest the presence of 9uids produced by local dehydration 
reactions at peak burial”. The Herviou et al. (2025) data indicate that the 
original hydrothermal signature acquired on the ocean 9oor is not 
erased during the complex tectono-metamorphic evolution of the whole 
Alpine orogenic cycle, but only partly modi+ed by the arrival of sub-
sequent 9uids.

In the case of the PS veins, it is more dif+cult to trace the origin of the 
aqueous 9uids, because serpentine minerals are unsuitable for the 
microthermometric study, being devoid of 9uid inclusions. However, as 
for the Rocciavrè metagabbros studied by Herviou et al. (2025), it can be 
speculated that even the associated ultrama+c rocks could have pre-
served the signature of the initial ocean-9oor serpentinization. Never-
theless, it cannot be excluded that 9uids of meteoric origin contributed 
in part or in full to the formation of the PS veins.

In this respect, Evans and coworkers, in a series of recent studies of 
the Troodos Ophiolite (Greece) (Evans et al., 2024a, 2024b, 2025), by 
means of sophisticated geochemical and isotopic analysis, such as high- 
resolution mapping combined with in situ boron isotope analyses and 
progressive leaching experiments coupled with 87Sr/86Sr signature 
measurements, evidenced a multistage alteration process characterized 
by an early serpentinization episode operated by 9uids sourced from the 
dehydration of the subducting slab, followed by a second episode 
characterized by progressive recrystallisation and leaching mediated by 
meteoric waters.

Even though these results come from a geological context that 
experienced a completely different tectono-metamorphic history – the 
Troodos Ophiolite did not undergo an early pervasive ocean-9oor hy-
drothermal alteration and the entire alpine collisional orogenic cycle as 
did the Rocciavrè Ophiolite, for instance – they substantiate that a 
further re+nement of the current picture of the Rocciavrè Ophiolite 
serpentinization may come from a targeted geochemical and isotopic 
study.

5.4. Chrysotile vs. polygonal serpentine: Differences and similarities

Chrysotile mineralizations do not show interaction with the wall- 
serpentinite, as evident from the sharp vein contacts. In an exhaustive 
paper dealing with the chrysotile stability +eld, Evans (2004) concluded 
that the mineral is “metastable”, since its “growth is favored in isotropic 
stress microenvironments of 9uid-+lled voids and pores (….) and in 
veins”. However, chrysotile does not always form in isotropic stress 
microenvironments. For example, in the former mine of Balangero, the 
“slip” chrysotile +bers of late fracture-+lling veinlets show preferred 
orientation parallel to direction and sense of movement along the frac-
ture plane, where the stress is unlikely to have been isotropic 
(Compagnoni et al., 1980; Groppo and Compagnoni, 2007). Therefore, 
we believe that at least in this example, the development of chrysotile is 
linked more to kinetics than to energetic factors, in agreement with the 
results of laboratory experiments that show that synthetic chrysotile, 
regardless of T and P, is usually the +rst serpentine mineral to form and 
only later transforms into lizardite or antigorite, depending on the 
planned experimental conditions (e.g., Lafay et al., 2013; Roy and Roy, 
1954; Yada and Iishi, 1974).

Unlike chrysotile, polygonal serpentine veins show clear reaction 
zones at the wall-rock, whose widths are roughly proportional to the 
vein thicknesses. This close correlation between metadunite and 
polygonal serpentine veins, however, does not explain why lizardite 
forms in the wall-rock, while polygonal serpentine in the vein. Even in 
this case, one could advance the explanation proposed by Evans (2004)
for chrysotile, i.e. polygonal serpentine forms only in 9uid-+lled open 
fractures where stress is isotropic as well.

In a recent paper Enju et al. (2023) proposed a model in which the 
structure of PS results from the structure of the primitive chrysotile: 
orthochrysotile tends to grow into a PS-15 ortho-type and 
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clinochrysotile tends to grow into a PS-30 clino-type. In turn, the 
structure of the primitive chrysotile may depend on other factors, such 
as pressure: it is suggested that clinochrysotile forms at lower pressure, 
whereas orthochrysotile forms at high pressure. Our +ndings neither 
con+rm nor deny the model proposed by Enju et al. (2023), because the 
poor resolution of our TEM data does not allow distinction between 
clino- and ortho-types. However, the occurrence of both PS-15 and PS- 
30 within the same domain in the same TEM mount and the fact that 
PS-15 is unlikely to convert to PS-30 (Baronnet and Devouard, 2005), 
probably suggest that pressure was not a piloting factor. Therefore, even 
in this case, kinetics factors seem to have played the main role.

In conclusion, the history of the Rocciavrè PS veins is very similar to, 
but more complex than that described at Monte Avic (Barale et al., 
2023), and likewise the mineralizing 9uids, must be metamorphic in 
origin and continental crust-derived. However, it is very unlikely that 
the aqueous 9uids could be derived from the antigorite breakdown 
during subduction, because the PS veins formed at the very end of the 
exhumation process connected to continental collision, when the entire 
orogenic belt is uplifting and cooling. Conversely, since the PS veins 
formed at shallow depths, it is possible that the mineralizing 9uids in 
part or entirely derived from waters of meteoric origin. A reliable answer 
on the origin of these 9uids can only be given after a geochemical and 
isotopic study on these veins, which appear much more widespread than 
previously thought.
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