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ARTICLE INFO ABSTRACT

Handling Editor: Sohini Ganguly The investigated mantle bodies from the External Ligurians (Groppo di Gorro and Mt. Rocchetta) show evidences
of a complex evolution determined by an early high temperature metasomatism, due to percolating melts of
asthenospheric origin, and a later metasomatism at relatively high temperature by hydrothermal fluids, with
formation of rodingites. At Groppo di Gorro, the serpentinization and chloritization processes obliterated totally
the pyroxenite protolith, whereas at Mt. Rocchetta relics of peridotite and pyroxenite protoliths were preserved
from serpentinization. The rodingite parageneses consist of diopside + vesuvianite + garnet + calcite + chlorite
at Groppo di Gorro and garnet + diopside + serpentine + vesuvianite + prehnite + chlorite 4+ pumpellyite at Mt.
Rocchetta. Fluid inclusion measurements show that rodingitization occurred at relatively high temperatures
(264-334 °C at 500 bar and 300-380 °C at 1 kbar). Garnet, the first phase of rodingite to form, consists of
abundant hydrogarnet component at Groppo di Gorro, whereas it is mainly composed of grossular and andradite
at Mt. Rocchetta. The last stage of rodingitization is characterized by the vesuvianite formation. Hydrogarnet
nucleation requires high Ca and low silica fluids, whereas the formation of vesuvianite does not need COg-poor
fluids. The formation of calcite at Groppo di Gorro points to mildly oxidizing conditions compatible with hy-
drothermal fluids; the presence of andradite associated with serpentine and magnetite at Mt. Rocchetta suggests
Fe>*-bearing fluids with fO, slightly higher than iron-magnetite buffer. We propose that the formation of the
studied rodingite could be related to different pulses of hydrothermal fluids mainly occurring in an ocean-
continent transitional setting and, locally, in an accretionary prism associated with intra-oceanic subduction.
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1. Introduction The rodingites are invariably associated with serpentinites, as lenses

or boudins in serpentine cataclasites or as metasomatic alteration zones

Rodingites are Ca-rich, Si-undersaturated and alkali-poor rocks of
metasomatic origin. The mineral association dominated by Ca-Al and
Ca-Mg silicates such as vesuvianite, diopside, grossular, hydrogrossular,
andradite and prehnite mirrors these chemical features. Relics of clino-
pyroxene, olivine and plagioclase can be preserved in Fe- and Mg-rich
and alkali-poor protoliths (gabbros and basalts; Hatzipanagiotou et al.,
2003). Regardless of the initial composition of the protolith, an advanced
rodingite transformation leads to the crystallization of large amounts of
diopside, garnet and chlorite.
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at the contact between serpentinites and basic rocks. They occur in
different geodynamic setting including present-day seafloor, Archean
greenstone belts and fore-arc crust (Dal Piaz, 1969; Honnorez and Kirst,
1975; Dal Piaz et al., 1980; Schandl et al., 1989; Dubinska, 1995;
O’Hanley, 1996; Hatzipanagiotou et al., 2003). Rodingitization events
associated to meta-ophiolites have been also found in Western Alps
(Ferrando et al., 2010 and references therein). Microthermometric data
on fluid inclusions in diopside, garnet and epidote of rodingites from
several localities suggest that serpentinization and rodingite formation
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mainly occur at shallow conditions (P < 1 kbar) and temperature lower
than 500 °C (O’Hanley, 1996). However, more recently pressures up to
10 kbar have been inferred (Li et al., 2007). Schandl et al. (1989) iden-
tified several conditions of rodingitization and subdivided the rodingites
into three groups characterized by increasing metamorphic grade, i.e.
epidote-rich (with minor amounts of diopside and titanite),
grossular-rich (hydrogrossular, prehnite, with minor amounts of diop-
side) and diopside-rich rodingites.

The formation of rodingites and the features of the metasomatic fluids
are widely discussed. The common association of rodingites with ser-
pentinites and their absence in fresh peridotites support that rodingiti-
zation and serpentinization processes are closely related (Coleman, 1977;
O’Hanley et al., 1992; Dubinska, 1997; Schandl and Mittwede, 2001;
Hatzipanagiotou et al., 2003; Frost et al., 2008). The Ca released by
pyroxene alteration during serpentinization is not sufficient to form the
observed assemblages dominated by Ca-silicates. In fact, many studies
have shown that it is necessary to invoke the presence of Ca-rich hy-
drothermal fluids (possibly seawater-related, as supported by stable
isotope data, see Rosli et al., 1991) and/or fluids leaching the associated
basic rocks (De, 1972; Hall and Ahmed, 1984; Hatzipanagiotou and
Tsikouras, 2001). On the other hand, Frost et al. (2008) argued that the
silica activity play a major role in the formation of rodingitic assem-
blages, proposing that they may locally originate by silica loss more than
by Ca addition. In any case, rodingite is the result of a multistage process
where the final chemistry depends on the chemistry of the protolith, the
composition and properties of the fluid phase and the physico-chemical
conditions during metasomatism.

Our work is focussed on different types of rodingitic assemblages
found in the External Ligurian ophiolites from the Northern Apennines
(Northern Italy). We present new mineralogical, geochemical and fluid
inclusion data, in order to provide petrological constraints on the origin
of the investigated mineral associations. Particular attention has been
paid to the fluid/rock reactions, in order to fingerprint the geochemical
and physical characteristics of the hydrothermal fluids involved. Ther-
modynamic modelling of the inferred reactions has been carried out and
implications for the geochemical models of metasomatism in ultramafic
systems in oceanic crust are discussed.

2. Geological and petrological framework

The ophiolitic sequences from the Northern Apennines are remnants
of oceanic and transitional lithosphere of the Ligurian Tethys, which was
located between the European and the Adriatic plates. Continental
breakup and oceanization occurred in the Lower-Middle Jurassic (Bill
et al.,, 2001; Tribuzio et al., 2016). In the Northern Apennines, the
ophiolites occur in two distinct structural units, i.e. Internal (IL) and
External (EL) Ligurian Units, which were related to different paleogeo-
graphic domains. The ophiolites of the Internal Ligurian Units preserve
their primary stratigraphic relations and form the basement of a Late
Jurassic-Early Cretaceous sedimentary sequence. An ultramafic serpen-
tinized basement that is discontinuously intruded by gabbroic plutons
and covered by pillow lavas, sedimentary breccias or pelagic sediments
(e.g. Abbate et al., 1980; Cortesogno et al., 1994; Sanfilippo and Tribuzio,
2011) characterize them. Their lithostratigraphic characteristics reflect
an intra-oceanic setting. In particular, these ophiolites record a
pre-orogenic, ductile to brittle tectono-metamorphic evolution (Corte-
sogno et al., 1994; Molli, 1996; Tribuzio et al., 2014) and are considered
as on-land analogues of oceanic lithosphere originated at slow-spreading
centres (Barrett and Spooner, 1977; Tribuzio et al., 2004, 2014).
Rodingitic assemblages were found in the gabbros along igneous contacts
with the mantle rocks (Cortesogno et al., 1994) and in the basaltic and
plagiogranite dikes intruding the peridotites (Barriga and Fyfe, 1983;
Borsi et al., 1996). The rodingitization process was associated with
relatively high-temperature ocean floor metamorphism leading to nearly
complete serpentinization of the peridotites (Tribuzio et al., 2016).

The External Ligurian ophiolitic sequences occur as large slide-blocks
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within sedimentary melange related to the inception of convergence-
related sedimentation in Upper Cretaceous times (see Marroni et al.,
2001 and references therein). The ophiolites consist of exhumed sub-
continental mantle (Rampone et al., 1995; Montanini et al., 2006),
MOR-type basalts and rare gabbroic rocks (Montanini et al., 2008)
together with continental crust bodies locally displaying primary re-
lationships with the ophiolites (Marroni and Treves, 1998). This associ-
ation has been interpreted as embryonic oceanic lithosphere formed in an
ocean-continent setting similar to present-day magma-poor passive
margins (Marroni and Treves, 1998; Marroni et al., 2001). The ultramafic
bodies have variable size, ranging from only some tenths of metres to a
few kilometres. The peridotites are Ti-amphibole-bearing spinel lherzo-
lites with a fertile geochemical signature (Rampone et al., 1995) and
widespread spinel or garnet pyroxenite layers (Beccaluva et al., 1984;
Montanini et al., 2006, 2012; Borghini et al., 2016). The origin of the
pyroxenite layers have been attributed to melting of recycled crustal
material (Montanini et al., 2012; Montanini and Tribuzio, 2015) or of
hybrid eclogite-bearing peridotites (Borghini et al., 2013, 2016) followed
by melt/peridotite reactions.

The External Ligurian mantle bodies represent subcontinental litho-
sphere exhumed to the ocean floor in response to Mesozoic lithospheric
thinning and opening of the Jurassic Ligurian-Tethys (Montanini et al.,
2006). Evidence for an early stage of equilibration at deep lithospheric
levels (T ~1100 °C, P ~2.8 GPa) was recorded by some garnet-bearing
pyroxenites. In the peridotites, the subsolidus decompression from
spinel to plagioclase stability field was locally accomplished by devel-
opment of plagioclase-facies mylonitic deformation along
hectometre-sized shear zones. Several mantle bodies from the External
Ligurian ophiolites also record interaction and refertilization by
MOR-type melts during rifting and ocean opening, resulting in
plagioclase-enriched impregnated peridotites (Piccardo et al., 2004)
intruded by MOR-type gabbros and basalts of Jurassic age (Montanini
et al., 2008; Tribuzio et al., 2016). The high temperature deformation
recorded by plagioclase mylonites was overprinted by a widespread
polyphase brittle deformation under decreasing temperature conditions,
coupled with hydration. The reconstructed brittle evolution includes an
amphibolite-facies stage, followed by low-temperature hydrothermal
alteration and serpentinization associated with polyphase cataclasis and
veining stages. The formation of rodingite assemblages (including pre-
hnite, grossular and diopside) have been previously reported only for
some gabbroic rocks and basaltic dikes intruding the External Ligurian
peridotites (Montanini et al., 2008).

3. Field occurrence

The investigated rocks were sampled in ophiolitic sequences from
three localities of the Northern Apennines: Mt. Rocchetta, Campeggi
quarry and Groppo di Gorro (Fig. 1). All the investigated bodies belong to
the Casanova Complex, a sedimentary melange consisting of coarse
clastic deposits with interbedded turbidites of Lower Campanian age and
slide-blocks of continental and oceanic lithosphere (Naylor, 1982; Elter
et al., 1991).

In the Taro valley, several bodies of highly serpentinized peridotites
occur over a wide area; the largest outcrop (Groppo di Gorro) extends
between the towns of Berceto and Borgotaro (Fig. 1). Here the mantle
rocks stretch over 7 km and have a thickness of 150-200 m (Vescovi
et al., 2002). Serpentinites have a dark green or purplish colour and vary
from massive to intensely fractured. The protoliths are deeply trans-
formed and relics of the primary mantle assemblage are often recogniz-
able only as serpentine pseudomorphs (Vescovi et al., 2002). Green or
black pyroxene porphyroclasts and tiny Cr-spinels with whitish rims of
altered plagioclase have been preserved in places (Fig. 2a). Serpentinites
with cataclastic texture and complex serpentine (+carbonates) veining
patterns may occur along the margins of the serpentinite blocks.
Centimetre-thick, strongly altered pyroxenite layers with large, irregu-
larly shaped, dark green spinel have been locally found. The samples of
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Fig. 1. Tectonic sketch map of the Northern Apennines and main investigated ophiolite outcrops (red circles). 1 = Mt. Rocchetta, 2 = Campeggi quarry, 3 = Groppo

di Gorro.

this study have been collected from a quarry located on the northeastern
slopes of Groppo di Gorro (GG), on the right side of the Taro river. The
rodingites form irregular masses and veins within the serpentinized
peridotite and have a lighter colour with respect to the dark green sur-
rounding ultramafic rocks. The size of the rodingite bodies is generally
30-60 cm, rarely up to ~1 m (Adorni, 2001). The rodingite blocks
contain relics of spinel-bearing, coarse grained pyroxenites with large
pyroxene porphyroclasts (Fig. 2b).

The ultramafic rocks of Mt. Rocchetta and Campeggi (MR) are
exposed SW of the Mt. Penna-Mt. Aiona ophiolitic bodies (Fig. 1). The
sampling was carried out at two different sites: on the slope of Mt.
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Rocchetta, at an altitude of 1490 m, and near Campeggi, in a former small
quarry and associated debris, at an altitude of 1020 m. The mantle rocks
of Mt. Rocchetta are mainly formed by massive peridotites with high
degree of serpentinization and local occurrence of metre-sized lenses of
relatively fresh peridotites. In places, mafic rocks ranging in composition
from olivine-rich gabbro to troctolite intrude the serpentinites (see also
Casnedi et al, 1993). The gabbroic intrusives occur both as
decimetre-thick lenses showing fuzzy contacts with the host rocks or
centimetre-thick dikes. In the nearby Campeggi quarry, the peridotites
are relatively fresh spinel-plagioclase lherzolite with coarse-grained
porphyroclastic texture and a well-developed foliation. Plagioclase can
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Fig. 2. Field (a—d) and optical microscope (e-j) pho-
tographs of the protoliths and their primary para-
geneses. (a) Groppo di Gorro massive serpentinized
peridotite with rare pyroxene prorphyroclast relics
(light green) and black Cr-spinel with altered plagio-
clase rim. (b) Groppo di Gorro rodingite with pyroxe-
nite relics characterized by large pyroxenes and spinel
rimmed by whitish plagioclase. (¢) and (d) Mt. Roc-
chetta peridotites with layers of partially rodingitized
pyroxenite sub parallel to the peridotite foliation. (e)
Altered orthopyroxene lamellae (dark grey) and (f)
plagioclase (brown) formed at the expense of clino-
pyroxene as a result of reaction with percolating melts
(sample GG4), Groppo di Gorro. (g) Primary olivine
(Ol) + pyroxene (Opx) + spinel (black) in the Mt.
Rocchetta peridotite (sample MR3). (h) Ti-pargasite
(Ti-Prg) locally replaced by tremolite (Tr) associated
with neoblast of olivine (Ol) (peridotite of Mt. Roc-
chetta, sample MR1). (i) Clinopyroxene with subordi-
nate orthopyroxene and altered plagioclase and (j)
green spinel rimmed by altered plagioclase and Ti-
pargasite (pyroxenite of Mt. Rocchetta, sample
MR10). Dimensional bar 201.6 pm for (g, i, j), and
100.8 pm for (e, f, h).
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occur as spinel rims or interstitial patches. These peridotites contain
frequent pyroxenite layers concordant with the foliation of the host
peridotite and ranging in thickness of 2-15 cm (Fig. 2c and d). The py-
roxenites are coarse-grained, clinopyroxene-rich rocks characterized by
dark green spinel elongated along the foliation and rimmed by plagio-
clase. Locally, the pyroxenite abundance can be as high as 20%-30%.
Sharp margins between peridotite and pyroxenite are observed. The
rodingite mineral assemblage occurs as veins and centimetre-sized
patches in peridotite and pyroxenite. They may be highlighted by the
presence of whitish or yellowish-green surfaces (with thickness up to a
few cm) where small crystals of yellow or yellowish-green (Campeggi
quarry) or emerald green garnet (Mt. Rocchetta eastern slope) are clearly
visible. As a whole, the rodingite metasomatism seems less pervasive
than in the former Groppo di Gorro outcrops.

4. Analytical methods

Whole-rock analyses were performed at Activation Laboratories Ltd.,
Ancaster, Canada. Eleven samples were selected and analysed for major
and trace elements according to Code “4 Litho” package following
lithium metaborate/tetraborate fusion. Major oxides were analysed by a
combination simultaneous/sequential Thermo Jarrell-Ash ENVIRO II ICP
or a VarianVista 735 ICP; calibration is performed using 7 prepared USGS
and CANMET certified reference materials (Sparkes, 2017; Actlabs,
2018). Minor/trace elements were analysed by PerkinElmer Sciex ELAN
6000, 6100 or 9000 ICP-MS; three blanks and five controls (three before
the sample group and two after) were analysed per group of samples
(Sparkes, 2017; Actlabs, 2018). The “4 Litho” package results in a relative
standard deviation from replicate analyses of <5% for major elements,
and <10% for minor/trace elements, with uncertainties associated with
the various determinations being +15% at x 10 detection limit, and +5%
at x 100 detection limit (Keighley, 2013; Actlabs, 2018). FeO content
was analysed by titration.

The mineral analyses were carried out with a Jeol JSM 6400 Scanning
Electron Microscope equipped with a windowless Oxford INCA EDS de-
tector. Operating conditions were 15 kV and 1.2 nA, electron beam about
1 pm in diameter and 100 s counting time; errors are +2%-5% for major
elements and +5%-10% for minor components while detection limits are
~0.1 wt%. The standards used for calibration are Ni, V, Cry03, BaSQOg,
CaFg, SrTiOs, ilmenite, chromite, glass, olivine, augite, microcline,
anorthoclase, apatite.

The micro-Raman measurements were obtained using a Jobin-Yvon
Horiba LabRam spectrometer equipped with a He-Ne laser (emission
line 632.8 nm) and a doubled Nd:YAG laser (473.1 nm emission line).
The spectral resolution ranges between 2 and 3 cm™!, depending on the
source. The confocal hole was adjusted in order to obtain a spatial (lateral
and depth) resolution of ~2 pm. The spectra were acquired using an
ultra-long working distance 50 x and 100 x objectives (N.A. 0.75). The
calibration was made using the 520.7 cm ™! Raman line of silicon. During
the acquisition of the spectra, some emission lines of gas fluorescence
lamps were used as standards. The uncertainty on the Raman peak po-
sition, obtained by Gauss-Lorentzian deconvolution, is lower than 0.5
cm L. A wide spectral range (100-3800 cm ™) was scanned for each
inclusion. The final acquisitions were made between 100 and 1200 cm ™
for the identification of the characteristic vibration of different minerals
and between 3300 and 3800 cm !, the OH-stretching region, for the
identification of the serpentine polymorphs and the evaluation of OH
contents in garnet. The acquisition time for each spectral window was
120-240 s, with two accumulations. The power on the sample surface is
nearly 1 mW. The presence of a motorized support in the X and Y di-
rections with a spatial resolution of about 1 pm and of an autofocus
system allowed the realization of two-dimensional and three-
dimensional maps.

Micro-thermometric measurements on fluid inclusions were per-
formed using a Linkam THMSG 600 freezing/heating stage equipped
with a LNP95 freezing control system and a Lynksys32 system control
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and image capture software. The stage calibration was carried out with
the melting temperature of CO3, COa-clathrate, HoO, the eutectic tem-
perature of HyO-NaCl and the critical homogenization temperature of
H30; the estimated precision of the data is +£0.4 °C. After freezing, the
heating rate was maintained at 5 °C/min up to room temperature and
then it was increased to 10 °C/min up to about 200 °C and reduced to 2
°C/min until total homogenization.

Thermodynamic reaction path models were calculated to infer the
evolution of fluid-rock reactions involved in the rodingite formation. A
two-step speciation, the use of implemented thermodynamic databases
and different codes were necessary for the speciation/saturation index
calculation and construction of the activity diagrams (Boschetti et al.,
2016). In the first step, physico-chemical composition of Na-Ca—Cl
(Palandri and Reed, 2004) and Ca—OH (Boschetti et al., 2013a, 2013b;
Boschetti and Toscani, 2008; Marini and Ottonello, 2002) serpentinizing
fluids of seawater and meteoric origin, respectively, were recalculated at
300 °C and 0.5 and 1 kbar by EQ 3/6 software (Wolery and Jarek, 2003).
Afterwards, the dissolved species activities and the minerals saturation
indexes and volumes resulting from fluid-basalt (diopside 0.6 — anorthite
0.4; Morse, 1980) interaction were plotted by “React” and “Act2” tool,
respectively, of The Geochemist’s Workbench Workbench® (GWB),
version 7.0.6 (Bethke and Yeakel, 2008). In these latter cases, two orig-
inal thermodynamic databases were constructed at isobaric pressure of
0.5 and 1 kbar and temperature between 50 and 400 °C, respectively
(Supplementary Materials). First, preliminary datasets were extracted
from the file slop07.dat (http://geopig.asu.edu/sites/default/files
/slop07.dat) and converted in the thermo.com.v8.r6.dat format by
DBcreate software (Kong et al., 2013). The datasets were then integrated
with the thermodynamic data for hydrogrossular (Matschei et al., 2007;
Dilnesa et al., 2014), hydrogarnet/katoite, tobermorite and xonotlite
(Wolery and Jove-Colon, 2007), lizardite (Wilson, 2010; Holland and
Powell, 2011; Blanc et al., 2012) and vesuvianite (Holland and Powell,
2011). According to Bach and Klein (2009), aqueous ion-couples as
NaSOy, MgSOS (McCollom and Shock, 1997; Blanc et al., 2012) and
Al-bearing species (Tagirov and Scott, 2001) were also added to the
databases.

5. Results
5.1. Petrography and mineralogy

The mineral associations of all the investigated samples, both rodin-
gite (massive and veins) and preserved peridotite/pyroxenite, are re-
ported in Table 1.

5.1.1. Primary mantle assemblages

The ultramafic rocks of Groppo di Gorro are characterized by wide-
spread hydrothermal alteration. The peridotites show massive, coarse-
grained granular textures. Olivine is totally replaced by mesh-texture
serpentine that, in turn, is pseudomorphosed by chlorite. Large ortho-
pyroxenes are usually transformed into fibrous grey serpentine (bastite).
Relics of the primary mantle assemblage are mainly represented by large
fresh clinopyroxenes (up to 10-12 vol%). Spinel is generally altered to
opaque Mg-chromite (+chlorite) but small relics of dark brown, “holly-
leaf” spinel are observed in places. Plagioclase is almost completely
altered to very fine-grained whitish aggregates of grossular-rich garnet.
The spinel pyroxenite layers are coarse-grained undeformed rocks with
extensive alteration. The original mantle assemblage was most likely
composed of clinopyroxene and large green spinel, which were partially
replaced by reaction zones containing plagioclase + orthopyroxene
(Fig. 2e and f) and olivine + Cr-spinel, respectively. The association
diopside, vesuvianite, chlorite occurs as irregular patches along cleavage
traces of clinopyroxene, symplectitic intergrowths with orthopyroxene
around clinopyroxene and coronas around spinel.

The peridotites from Mt. Rocchetta and Campeggi quarry are foliated
spinel-plagioclase lherzolites with coarse-grained porphyroclastic
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Table 1
Minerals of the primary mantle assemblage, rodingite (massive and veins)
assemblage.

Sample  Relics of the Protolith Rodingite assemblage
;):;ren:lzar;:ntle massive veins
GG1 Cpx, Al-Spl pyroxenite Chll, Chl2,
(green) Grt
GG2 Cpx, Cr-Spl pyroxenite  Chll, Di, Chl2 with Grt
(brown) Ves, Grt, Chl2 with Grt and Di
Chl2, Cc
GG3 Cpx, Cr-Spl pyroxenite  Chll, Di,
(brown) Ves, Chl2,
Grt, Cc
GG4 Cpx, Cr-Spl pyroxenite  Chll, Ves,
(brown) Di, Grt,
Chl2, Cc
GG5 Cpx, Cr-Spl pyroxenite  Chll, Di,
(brown) Grt, Cc
MR1 Cpx, green/ peridotite Srpl, Grt, Srp2, Grt, Srp2 with
brownish green Chl, Di, Prh, Di and Mt
Spl, Ol, Amph Pmp, Mt
MR2 Cpx, O}, Cr-Spl peridotite Srpl, Mt,
(brown) Grt
MR3 Cpx, Ol, Cr-Spl peridotite Srpl, Mt,
(brown), Opx, Grt
Sulfides
MR4 brownish green pyroxenite  Srpl, Mt Di, Srp2, Chl2
Spl
MR6 Cpx, Opx, Ol pyroxenite Srpl, Di, Ves in Di
Grt, Ves,
Srp2
MR10 Cpx, Opx, Spl, pyroxenite  Srpl, Di Grt
Amph
MRI15 Cpx pyroxenite Grt, Srpl, Grt
Chl2, £Di,
+Ves
MR18 Spl pyroxenite  Srpl, Grt,
Chl2
MR19 breccia Srpl, Grt Srp2, fibrous brown
Grt
MR21 Spl peridotite Srpl, Srp2 Colourless Grt,

fibrous brown Grt
without and with
Srp2, Srp2

Chl, chlorite; Srp, serpentine; Grt, garnet; Di, diopside; Ves, vesuvianite; Prh,
prehnite; Pmp, pumpellyite; Mt, magnetite; Cpx, clinopyroxene; Ol, olivine; Opx,
ortopyroxene; Amph, amphibole (Ti-pargasite). 1, first generation (mash
texture); 2, second generation (rodingite).

textures and clinopyroxene amounts up to 12-15 vol%. Large porphyr-
oclasts of ortho- and clinopyroxene are surrounded by smaller polygonal
or irregularly shaped neoblasts of olivine + pyroxene + spinel + brown
amphibole (Fig. 2g and h). Mutual pyroxene exsolutions may occur in
these porphyroclasts. Olivine shows a partial replacement by mesh-
textured serpentine + magnetite and widespread relics occur. Small
amounts of disseminated light brown amphibole (Ti-pargasite) are
locally replaced by colourless tremolite (Fig. 2h). The spinel is brownish-
green to brown, partially or totally replaced by garnet and diopside or
surrounded by an association of microcrystalline vesuvianite, chlorite,
prehnite, pumpellyite and garnet. Plagioclase, mainly altered to prehnite,
occurs as rim around brown spinel grains. In the altered peridotite,
serpentine shows the typical mesh texture. Serpentine often occurs as
veins (millimetric to centimetric in size) with fibrous texture or as silky
patinas.

Pyroxenite layers, similar to those described by Borghini et al. (2016)
in the Suvero massif, are websterites with dominant clinopyroxene,
subordinate orthopyroxene and large green spinel rimmed by altered
plagioclase; trace amounts of ilmenite and Ti-amphibole may be present
(Fig. 2i and j).

Textural observations and mineralogy suggest different protoliths for
the rodingites from Groppo di Gorro and Mt. Rocchetta. The inference of
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the possible protoliths is mainly based on the observed relict assemblages
and/or on textural and mineralogical similarities with fresh samples from
the same outcrop or from similar ophiolitic bodies. In particular, the
rodingites from Groppo di Gorro contain spinel pyroxenite relics (Fig. 2b)
resembling the fresh spinel pyroxenites from the Mt. Gavi mantle body
(Montanini et al., 2017 and unpublished data), whereas the rodingites
from Mt. Rocchetta contain abundant peridotite (olivine + orthopyrox-
ene + clinopyroxene + spinel) remnants and are associated with spinel
pyroxenite. The close association of peridotite and spinel-bearing py-
roxenite found at Campeggi (samples CAM2 and CAMS) further supports
their inference as protoliths for the Mt. Rocchetta rodingite.

5.1.2. Rodingite assemblage

The rodingite bodies and veins at Groppo di Gorro (hereafter GG)
consist of the association diopside + vesuvianite + garnet + calcite +
chlorite (Fig. 3a-c). At Mt. Rocchetta-Campeggi (hereafter MR), the
rodingite metasomatism was confined to veins and volumetrically
limited impregnations (Fig. 3d-f), yielding an association of garnet +
diopside + serpentine + prehnite + pumpellyite + vesuvianite +
chlorite.

Garnet is widespread in the rodingite zones, where it occurs with
different features. (i) Brownish microcrystalline aggregates with cloudy
appearance crystallize around or within the oxides (often associated with
altered plagioclase) or along the cleavages of altered primary pyroxene
(Fig. 3g). Rare aggregates of dark brown-green or emerald green garnet
occur around Cr-rich spinel relics at GG (Fig. 3h), whereas garnet in as-
sociation with prehnite, pumpellyite, chlorite and serpentine derives
from the transformation of oxides and/or olivine at MR. (ii) Idiomorphic
to sub-idiomorphic small garnet crystals with a birefringent rim occur in
association with vesuvianite and diopside; locally, they are included in
calcite at GG (Fig. 3i) or in fresh clinopyroxene at MR (Fig. 3j). (iii)
Idiomorphic garnet with birefringent rim is associated with diopside in
chlorite veins at GG (Fig. 3k). (iv) Veins of colourless and birefringent
sub-idiomorphic garnet and of brownish and fibrous garnet occur in
totally serpentinized areas at MR (Fig. 31). (v) Large birefringent idio-
morphic garnet shows oscillatory zoning with six-sector twinning at MR
(Fig. 3m); locally, garnet is partially overgrown by serpentine. (vi) Small
garnet crystals with irregular margins and cloudy core may contain
magnetite (Fig. 3n).

Colourless diopside occurs as: (i) small prismatic crystals in association
with garnet in altered plagioclase, along the boundaries of altered cli-
nopyroxene and olivine and in their cleavages and fractures; (ii) crystals
associated with garnet, vesuvianite and chlorite to form the rodingite
association (Fig. 3a, b, d, f, j); (iii) elongated prismatic crystals in veins of
serpentine at MR (Fig. 30) and in veins of chlorite + garnet at GG
(Fig. 3k).

Vesuvianite occurs as prismatic crystals with pyramidal termination
locally arranged to form fibrous-radial aggregates (Fig. 3a—d, f, j) asso-
ciated with garnet, diopside and chlorite. Vesuvianite crystals from GG
are larger and more abundant than at MR and the basal section of the
prismatic crystals shows a central portion with a cribrous appearance. At
MR, vesuvianite sometimes occurs as small vein crosscutting diopside
(Fig. 3D).

Chlorite is widespread at GG where it shows a mesh-texture suggesting
a pseudomorphic substitution of serpentine (Chl1). Chlorite at GG also
occurs as (i) veins of colourless needle-like crystals (Chl2) grown
perpendicularly to the walls of the fractures and associated with garnet
and diopside (Fig. 3k), (ii) brownish fibers and (iii) small rounded
clumps. Locally, overgrowth of chlorite laths on diopside and garnet are
observed (Chl2, Fig. 3a). Chlorite is rare at MR where it is associated with
garnet, vesuvianite, prehnite and pumpellyite in the alteration zone
around the oxides (Chl2). It also occurs as small laths with a bright green
colour or in colourless radially arranged needle-like crystals on the edges
of serpentine and diopside veins (Chl2, Fig. 30).

Serpentine occurs only in the MR samples, whereas at GG it is replaced
by pseudomorphic chlorite. The presence of serpentine, resembling
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Fig. 3. Optical microscope photographs showing the paragenetic assemblage of the rodingites from Groppo di Gorro (GG) and Mt. Rocchetta (MR) and the different
types of garnet. (a) Association of chlorite (Chl), diopside (Di) and vesuvianite (Ves) (sample GG4). (b) Association of calcite (Cc), vesuvianite and diopside (sample
GG2). (¢) Garnet (Grt) with birefringent rim associated with vesuvianite (sample GG3). (d) Vesuvianite and diopside (sample MR15). (e) Garnet in serpentine (Srp)
(sample MR®6). (f) Vesuvianite associated with garnet and diopside as vein crossing diopside (sample MR6). (g) Type (i) microcrystalline aggregates of brownish garnet
with cloudy appearance along the cleavage traces of partially or totally transformed pyroxene (sample GG1) and (h) aggregates of emerald green garnet around pre-
existing oxides (sample GG2). (i) Type (ii) idiomorphic to sub-idiomorphic small crystals of garnet in calcite (sample GG1) and (j) idiomorphic small crystals of garnet
in diopside (sample MR6). (k) Type (iii) idiomorphic crystals of garnet with birefringent rim associated with diopside in the middle of chlorite vein (sample GG2). (1)
Vein filled by type (iv) colourless and brownish garnet in a serpentinized portion (sample MR21). (m) Type (v) large birefringent crystals of idiomorphic garnet in
serpentine showing oscillatory zoning and six-sector twinning radiating from the center of the crystal (sample MR15). (n) Type (vi) small rounded crystals of garnet
showing extremely irregular shape with a cloudy core sometimes containing magnetite (sample MR21). (o) Vein of serpentine containing diopside surrounded by
chlorite (sample MR4). Dimensional bar 50 pm for (a, ¢, d, g, i, j, 1, n), 201.6 pm for (b, f, h, m, o), and 100.8 pm for (e, k).
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lizardite, is evidenced by the mesh-texture on olivine, pseudomorphic
substitution of pyroxene with alignments of garnet along the cleavage
traces (Fig. 3g) and by colourless rims around spinel (Srpl). The
serpentine portions are crossed by veins of fibrous type (iv)-garnet
(Fig. 31); areas with small amount of radiating fibres of serpentine
contain idiomorphic, twinned and zoned type (v)-garnet (Fig. 3m).
Overgrowths of serpentine (Srp2) on garnet (Fig. 3n) and pseudomorphic
substitution of garnet locally occur. The mm-to cm-sized veins of
serpentine (Srp2) are abundant; veins are deformed and cross each other
supporting a polyphase generation. Serpentine of the veins is fibrous and
can be associated with radially arranged needle-like chlorite, prismatic
diopside (Fig. 30) and/or idiomorphic magnetite.

Cubic magnetite is abundant in the serpentine veins and in the ser-
pentinized areas of MR samples. Magnetite also occurs as rim of relic
spinel and of Ni-Fe(-Co)-bearing sulphides (Co-pentlandite) and, rarely,
in type (vi)-garnet (Fig. 3n). Needle-like ilmenite is associated with
magnetite in serpentine.

Prehnite and pumpellyite in association with garnet, chlorite, serpen-
tine and vesuvianite occur sometimes around the oxides of MR.

At GG, calcite is associated with vesuvianite, diopside and garnet
(Fig. 3b, i).

5.2. Mineral chemistry

5.2.1. Primary mantle assemblage

Spinel (Table 2J and Supplementary Material S1). At GG, Cr-rich
spinel is compositionally homogeneous (Chr 55%-68%, Cr# 77-89,
Mg# 3-11), whereas at MR spinel shows large substitution Al-Cr-Fe>*
and Mg—Mn—Fe2+(-Zn) and variable compositions (Sp 46%-74%, Cr#
1-99, Mg# 1-71) (Fig. 4a).

Pyroxenes and olivine (Table 2K, L, M and Supplementary Material S1).
Primary clinopyroxene has similar composition in both localities being
characterized by Mg# 83-89 (GG) and 84-89 (MR), Cry03 up to 0.86
wt.% and relatively high TiO, and Al;O3 contents. Orthopyroxene has
slightly higher values of Mg# (88-90) and lower contents of Cr,O3 than
clinopyroxene (up to 0.46 wt.%). Fresh olivine occurs only at MR and
shows Mg# in the range 88-90 and NiO contents up to 0.45 wt.%.

The rare plagioclase preserved at MR has a bytownite composition
(AnysAbsys, Table 2N and Supplementary Material S1) with small content
of iron (FeO' 0.18 wt.%).

Amphibole (Table 20 and Supplementary Material S1) occurs as rare
reddish-brown Ti-pargasite, locally replaced by colourless tremolite
(Hawthorne et al., 2012) at MR (sample MR1 and MR10). Ti-pargasite
shows quite high content of Cry03 (up to 1.03 wt.%).

5.2.2. Rodingite assemblage

Garnet (Table 2A and Supplementary Material S1) shows a large
compositional variability, particularly for Al, Fe>* and Ti, and mainly
contains molecules of grossular, andradite and hydrogarnet (Fig. 4b). The
end-member proportions have been calculated following the procedures
of Rickwood (1968) after the determination of the hydrogen content and
the distribution of Fe®>* and Fe?* (cf. Barriga and Fyfe, 1983). The water
contents are in the range 0-5.79 wt.% at GG and 0-4.26 wt.% at MR.

The garnet of MR samples is a solid solution of grossular and andra-
dite end-members, but almost pure grossular and andradite have been
locally detected; garnet from GG contains high quantity of hydrogarnet
and has a more variable composition (Fig. 4b) depending on the primary
transformed mineral (clinopyroxene or plagioclase or spinel). MR garnets
have the highest Fe;O3 and TiO5 contents (up to 32.7 and 39.4 wt.%,
respectively), whereas those from GG reach the highest concentrations of
Cry03 (up to 20.7 wt.%) and uvarovite (up to 51 mol%) particularly in
the crystals grown around Cr-spinel relics (Supplementary Material S1).
Hydrogarnet is common in GG garnets (up to 42 mol%) whereas in the
MR garnets it is lower (up to 18 mol%, only in one case 30 mol%) or
absent. MgO is low and rarely high enough to form pyrope (up to 16 mol
% at GG and 9 mol% at MR). Type (iv) brownish and fibrous garnet of MR
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has andradite-rich composition (90-95 mol% And) similarly to porous
and cloudy type (vi) garnet (up to 97 mol% And). The large idiomorphic
and birefringent type (v) garnet, widespread in the MR rodingites, shows
an oscillatory zoning due to the variations of Al, Fe>* and Ti contents and
an andradite-rich rim (2 mol% in the core up to 44 mol% in the outermost
rim, sample MR15) (Table 2A).

Diopside (Table 2B and Supplementary Material S1). Diopside from
GG has a homogenous composition (Mg# 96-99) whereas that of MR is
more variable (Mg# 89-100).

Vesuvianite. High concentration of FeO' (up to 9.64 wt.%) have been
observed in vesuvianite from GG (Table 2C and Supplementary Material
S1). The negative correlation between total Fe and Al suggests the
prevalent presence of iron as Fe>™.

Prehnite and pumpellyite (Tables 2D and 2E and Supplementary Ma-
terial S1). The composition of prehnite is close to the ideal formula with
small substitution of Ca by Na (NazO up to 0.40 wt.%). Pumpellyite is Al-
rich (Al;03 up to 33.9 wt.%).

Chlorite (Table 2F and Supplementary Material S1). Chlorite from GG
is richer in Mg and Si (pennine, rarely clinochlore) than MR chlorites
(clinochlore, rarely ripidolite, picnochlorite, pennine), where Si and Mg
are replaced by Al and Fe, respectively (Fig. 4c). The pseudomorphic
chlorite on serpentine at GG has the composition of talc-chlorite (Fig. 4c).

Serpentine (Table 2G and Supplementary Material S1). Fe and Mg
contents are quite homogeneous; Al shows the highest concentration
(0.411-0.623 Al a.p.f.u) in the fibrous serpentine of the veins (Srp2)
(Fig. 30) and the lowest (up to 0.012 Al a.p.f.u.) in serpentine replacing
garnet (Srp2) (Fig. 3n). It consists of lizardite polymorph in both cases
(see Raman spectroscopy). Small amounts of Cr (Cr203 up to 2.91 wt.%)
and Ni (NiO up to 0.88 wt.%) occur in serpentine replacing clinopyrox-
ene and olivine, respectively.

Oxides (Tables 2H and 2I and Supplementary Material S1). They
consist of almost pure magnetite, with small TiO,, Cr,O3, MgO contents
(up to 1.60 wt.%, 2.95 wt.%, 1.53 wt.%, respectively). Ilmenite is very
rich in Mn (MnO 22.79-23.49 wt.%).

5.3. Raman spectroscopy

Micro-Raman spectroscopy was applied to selected minerals of the
rodingite assemblages (serpentine, garnet, vesuvianite) in order to obtain
structural characterization and additional chemical informations.

We have analysed the serpentine occurring in mesh texture or in veins
with fibrous appearance associated with chlorite, diopside (Fig. 30) and,
locally, magnetite. In the micro-Raman spectra at low frequencies, this
serpentine shows the following peaks (Fig. 5a). The frequency 197 cm™*
is ascribed to Mg-(0, OH)g group vibrations, and 235 em™! to O-H-O
vibrations. The frequencies 386 cm™! and 685 cm ™! are ascribed to
symmetric bending vs of the SiO4 tetrahedra and Si-Oy-Si stretching vi-
brations, respectively; lastly, a weak peak at 1096 cm™! is related to
antisymmetric Si-Opp stretching vibration (Groppo et al., 2006; Petri-
glieri et al., 2015a). The OH stretching vibrations in the high wave-
number range 3550-3850 cm ™! are diagnostic for the recognition of the
serpentine polymorphs (Lemaire et al., 1999; Auzende et al., 2004; Pet-
riglieri et al., 2015b; Petriglieri, 2017). In our samples, serpentine shows
the doublet at 3676 and 3702 cm™! (Fig. 5b) which is characteristic of
the polymorph lizardite as also supported by the peaks found at low
frequencies (Fig. 5a). Sometimes, 