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Abstract

The investigated mantle bodies from the Externgltians (Groppo di Gorro and Mt. Rocchetta)
show evidences of a complex evolution determinedamyearly high temperature metasomatism,
due to percolating melts of asthenospheric origimd a later metasomatism at relatively high
temperature by hydrothermal fluids, with formatioh rodingites. At Groppo di Gorro, the
serpentinization and chloritization processes etdied totally the pyroxenite protolith, whereas at
Mt. Rocchetta relics of peridotite and pyroxenitetpliths were preserved from serpentinization.
The rodingite parageneses consist of diopside tiwasite + garnet + calcite + chlorite at Groppo
di Gorro and garnet + diopside + serpentine + vieslite + prehnite = chlorite + pumpellyite at Mt.
Rocchetta. Fluid inclusion measurements show tbdingitization occurred at relatively high
temperatures (264—-334 °C at 500 bar and 300-38&Q iCkbar). Garnet, the first phase of rodingite
to form, consists of abundant hydrogarnet compom¢r®&roppo di Gorro, whereas it is mainly
composed of grossular and andradite at Mt. Roahdihe last stage of rodingitization is
characterized by the vesuvianite formation. Hydroganucleation requires high Ca and low silica
fluids, whereas the formation of vesuvianite does meed C@poor fluids. The formation of
calcite at Groppo di Gorro points to mildly oxidigi conditions compatible with hydrothermal
fluids; the presence of andradite associated vathentine and magnetite at Mt. Rocchetta suggests
Fe**-bearing fluids withfO, slightly higher than iron-magnetite buffer. We pose that the
formation of the studied rodingite could be relatedlifferent pulses of hydrothermal fluids mainly
occurring in an ocean-continent transitional sgtand, locally, in an accretionary prism associated

with intra-oceanic subduction.

Keywords: Rodingite; Hydrothermal alteration; Ransgectroscopy; Thermodynamic modelling;

Ligurian ophiolite; Northern Apennines



1. Introduction

Rodingites are Ca-rich, Si-undersaturated and igtikedr rocks of metasomatic origin. The
mineral association dominated by Ca-Al and Ca-Micates such as vesuvianite, diopside,
grossular, hydrogrossular, andradite and prehniteora these chemical features. Relics of
clinopyroxene, olivine and plagioclase can be pxexk in Fe- and Mg-rich and alkali-poor
protoliths (gabbros and basalts; Hatzipanagiotoal.e2003). Regardless of the initial composition
of the protolith, an advanced rodingite transfoiorateads to the crystallisation of large amounts
of diopside, garnet and chlorite.

The rodingites are invariably associated with setipéges, as lenses or boudins in serpentine
cataclasites or as metasomatic alteration zondge atontact between serpentinites and basic rocks.
They occur in different geodynamic setting incluglipresent-day seafloor, Archean greenstone
belts and fore-arc crust (Dal Piaz, 1969; Honnamed Kirst, 1975; Dal Piaz et al., 1980; Schandl et
al., 1989; Duhiska, 1995; O’Hanley, 1996; Hatzipanagiotou et 2003). Rodingitization events
associated to meta-ophiolites have been also faundestern Alps (Ferrando et al., 2010 and
references therein). Microthermometric data ondflmclusions in diopside, garnet and epidote of
rodingites from several localities suggest thapseetinization and rodingite formation mainly occur
at shallow conditionsR < 1 kbar) and temperature lower than 500 °C (Oleignl996). However,
more recently pressures up to 10 kbar have beenréd (Li et al., 2007). Schandl et al. (1989)
identified several conditions of rodingitizationdasubdivided the rodingites into three groups
characterized by increasing metamorphic gradegpg&lote-rich (with minor amounts of diopside
and titanite), grossular-rich (hydrogrossular, pit)y with minor amounts of diopside) and
diopside-rich rodingites.

The formation of rodingites and the features ofrttetasomatic fluids are widely discussed. The
common association of rodingites with serpentinded their absence in fresh peridotites support
that rodingitization and serpentinization procesaesclosely related (Coleman, 1977; O’'Hanley et
al., 1992; Duhiska, 1997; Schandl and Mittwede, 2001; Hatzipanagiet al., 2003; Frost et al.,
2008). The Ca released by pyroxene alteration dus@rpentinization is not sufficient to form the
observed assemblages dominated by Ca-silicatesachh many studies have shown that it is
necessary to invoke the presence of Ca-rich hydrothl fluids (possibly seawater-related, as
supported by stable isotope data, see Rdsli e128.]) and/or fluids leaching the associated basic
rocks (De, 1972; Hall and Ahmed, 1984; Hatzipanagiand Tsikouras, 2001). On the other hand,
Frost et al. (2008) argued that the silica actiyatsty a major role in the formation of rodingitic
assemblages, proposing that they may locally caigiby silica loss more than by Ca addition. In
any case, rodingite is the result of a multistagecg@ss where the final chemistry depends on the
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chemistry of the protolith, the composition and gedies of the fluid phase and the physico-
chemical conditions during metasomatism.

Our work is focussed on different types of rodiiegeissemblages found in the External Ligurian
ophiolites from the Northern Apennines (Northerralyf. We present new mineralogical,
geochemical and fluid inclusion data, in order tovide petrological constraints on the origin of
the investigated mineral associations. Particut@néion has been paid to the fluid/rock reactions,
in order to fingerprint the geochemical and physidaaracteristics of the hydrothermal fluids
involved. Thermodynamic modelling of the inferredctions has been carried out and implications

for the geochemical models of metasomatism in miéfé&c systems in oceanic crust are discussed.

2. Geological and petrological framework

The ophiolitic sequences from the Northern Apensiiage remnants of oceanic and transitional
lithosphere of the Ligurian Tethys, which was |lechtoetween the European and the Adriatic
plates. Continental breakup and oceanization oeduim the Lower-Middle Jurassic (Bill et al.,
2001; Tribuzio et al., 2016). In the Northern Apemas, the ophiolites occur in two distinct
structural units, i.e. Internal (IL) and ExterngklL{ Ligurian Units, which were related to different
paleogeographic domains. The ophiolites of thertrale Ligurian Units preserve their primary
stratigraphic relations and form the basement dfate Jurassic—Early Cretaceous sedimentary
sequence. An ultramafic serpentinized basement ithatiscontinuously intruded by gabbroic
plutons and covered by pillow lavas, sedimentagcbias or pelagic sediments (e.g. Abbate et al.,
1980; Cortesogno et al., 1994; Sanfilippo and Taibu 2011) characterize them. Their
lithostratigraphic characteristics reflect an int@anic setting. In particular, these ophioliessord
a pre-orogenic, ductile to brittle tectono-metanmicpevolution (Cortesogno et al., 1994; Malli,
1996; Tribuzio et al.,, 2014) and are consideredoadand analogues of oceanic lithosphere
originated at slow-spreading centres (Barrett apdo8er, 1977; Tribuzio et al., 2004, 2014).
Rodingitic assemblages were found in the gabbrosgalgneous contacts with the mantle rocks
(Cortesogno et al.,, 1994) and in the basaltic alagjipgranite dikes intruding the peridotites
(Barriga and Fyfe, 1983; Borsi et al., 1996). Tloglingitization process was associated with
relatively high-temperature ocean floor metamonphisading to nearly complete serpentinization
of the peridotites (Tribuzio et al., 2016).

The External Ligurian ophiolitic sequences occurlage slide-blocks within sedimentary
melange related to the inception of convergencated!| sedimentation in Upper Cretaceous times
(see Marroni et al., 2001 and references ther@im. ophiolites consist of exhumed subcontinental

mantle (Rampone et al., 1995; Montanini et al., 08 OR-type basalts and rare gabbroic rocks
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(Montanini et al., 2008) together with continentadust bodies locally displaying primary
relationships with the ophiolites (Marroni and Tesy 1998). This association has been interpreted
as embryonic oceanic lithosphere formed in an oceatinent setting similar to present-day
magma-poor passive margins (Marroni and Treves8;18farroni et al., 2001). The ultramafic
bodies have variable size, ranging from only soemhis of metres to a few kilometres. The
peridotites are Ti-amphibole-bearing spinel lhdtesl with a fertile geochemical signature
(Rampone et al., 1995) and widespread spinel orejgoyroxenite layers (Beccaluva et al., 1984;
Montanini et al., 2006, 2012; Borghini et al., 2D1Bhe origin of the pyroxenite layers have been
attributed to melting of recycled crustal matefidlontanini et al., 2012, Montanini and Tribuzio,
2015) or of hybrid eclogite-bearing peridotites (@uni et al.,, 2013, 2016) followed by
melt/peridotite reactions.

The External Ligurian mantle bodies represent saticental lithosphere exhumed to the ocean
floor in response to Mesozoic lithospheric thinnaxgd opening of the Jurassic Ligurian-Tethys
(Montanini et al., 2006). Evidence for an earlygstaf equilibration at deep lithospheric levels (
(1100 °C,P [2.8 GPa) was recorded by some garnet-bearing pyitese In the peridotites, the
subsolidus decompression from spinel to plagiocktaeility field was locally accomplished by
development of plagioclase-facies mylonitic defdiiora along hectometre-sized shear zones.
Several mantle bodies from the External Ligurianhiofites also record interaction and
refertilization by MOR-type melts during rifting dnocean opening, resulting in plagioclase-
enriched impregnated peridotites (Piccardo e8l04) intruded by MOR-type gabbros and basalts
of Jurassic age (Montanini et al., 2008; Tribuzicale, 2016). The high temperature deformation
recorded by plagioclase mylonites was overprintga bwidespread polyphase brittle deformation
under decreasing temperature conditions, coupleth \uydration. The reconstructed brittle
evolution includes an amphibolite-facies stage,loféd by low-temperature hydrothermal
alteration and serpentinization associated withygludse cataclasis and veining stages. The
formation of rodingite assemblages (including prehngrossular and diopside) have been
previously reported only for some gabbroic rockd basaltic dikes intruding the External Ligurian

peridotites (Montanini et al., 2008).

3. Fidd occurrence

The investigated rocks were sampled in ophioligiguences from three localities of the Northern
Apennines: Mt. Rocchetta, Campeggi quarry and GrogipGorro (Fig. 1). All the investigated

bodies belong to the Casanova Complex, a sedinyemt@iange consisting of coarse clastic
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deposits with interbedded turbidites of Lower Camaa age and slide-blocks of continental and
oceanic lithosphere (Naylor, 1982; Elter et al910

In the Taro valley, several bodies of highly setpered peridotites occur over a wide area; the
largest outcrop (Groppo di Gorro) extends betwdmntowns of Berceto and Borgotaro (Fig. 1).
Here the mantle rocks stretch over 7 km and ha¥éckness of 150-200 m (Vescovi et al., 2002).
Serpentinites have a dark green or purplish cadodrvary from massive to intensely fractured. The
protoliths are deeply transformed and relics of f@mary mantle assemblage are often
recognizable only as serpentine pseudomorphs (Vestoal., 2002). Green or black pyroxene
porphyroclasts and tiny Cr-spinels with whitish sirof altered plagioclase have been preserved in
places (Fig. 2a). Serpentinites with cataclastidute and complex serpentine (x carbonates)
veining patterns may occur along the margins ofsémpentinite blocks. Centimetre-thick, strongly
altered pyroxenite layers with large, irregularhaped, dark green spinel have been locally found.
The samples of this study have been collected framoarry located on the northeastern slopes of
Groppo di Gorro (GG), on the right side of the Tawer. The rodingites form irregular masses and
veins within the serpentinized peridotite and havigghter colour with respect to the dark green
surrounding ultramafic rocks. The size of the rgdmbodies is generally 30-60 cm, rarely uplto
1 m (Adorni, 2001). The rodingite blocks containio® of spinel-bearing, coarse grained
pyroxenites with large pyroxene porphyroclasts (Blg).

The ultramafic rocks of Mt. Rocchetta and CampditiR) are exposed SW of the Mt. Penna-
Mt. Aiona ophiolitic bodies (Fig. 1). The samplimgas carried out at two different sites: on the
slope of Mt. Rocchetta, at an altitude of 1490 ng aear Campeggqi, in a former small quarry and
associated debris, at an altitude of 1020 m. Thetlmaocks of Mt. Rocchetta are mainly formed by
massive peridotites with high degree of serperdiion and local occurrence of metre-sized lenses
of relatively fresh peridotites. In places, mafmcks ranging in composition from olivine-rich
gabbro to troctolite intrude the serpentinites (@se Casnedi et al., 1993). The gabbroic intrissive
occur both as decimetre-thick lenses showing fuzmtacts with the host rocks or centimetre-thick
dikes. In the nearby Campeggi quarry, the peridotiare relatively fresh spinel-plagioclase
Iherzolite with coarse-grained porphyroclastic tegtand a well-developed foliation. Plagioclase
can occur as spinel rims or interstitial patchdsese peridotites contain frequent pyroxenite layers
concordant with the foliation of the host peridetnd ranging in thickness of 2-15 cm (Fig. 2c, d).
The pyroxenites are coarse-grained, clinopyroxeteirocks characterized by dark green spinel
elongated along the foliation and rimmed by plalgise. Locally, the pyroxenite abundance can be
as high as 20%-30%. Sharp margins between peadotd pyroxenite are observed. The rodingite

mineral assemblage occurs as veins and centime&d-gatches in peridotite and pyroxenite. They
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may be highlighted by the presence of whitish dloyash-green surfaces (with thickness up to a
few cm) where small crystals of yellow or yellowigleen (Campeggi quarry) or emerald green
garnet (Mt. Rocchetta eastern slope) are cleadiphd. As a whole, the rodingite metasomatism

seems less pervasive than in the former GroppadioGutcrops.

4. Analytical methods

Whole-rock analyses were performed at Activatiobdratories Ltd., Ancaster, Canada. Eleven
samples were selected and analysed for major @oe &lements according to Code “4 Litho”
package following lithium metaborate/tetraboratesidn. Major oxides were analysed by a
combination simultaneous/sequential Thermo Jafgi-ENVIRO 1l ICP or a VarianVista 735
ICP; calibration is performed using 7 prepared US(B8 CANMET certified reference materials
(Sparkes, 2017; Actlabs, 2018). Minor/trace elemevere analyzed by Perkin Elmer Sciex ELAN
6000, 6100 or 9000 ICP-MS; three blanks and fivetrads (three before the sample group and two
after) were analyzed per group of samples (Spa@®&k/; Actlabs, 2018). The "4 Litho" package
results in a relative standard deviation from gik analyses of <5% for major elements, and
<10% for minor/trace elements, with uncertaintissagiated with the various determinations being
+ 15% at x10 detection limit, and + 5% at x100 di&éba limit (Keighley, 2013; Actlabs, 2018).
FeO content was analysed by titration.

The mineral analyses were carried out with a J&b 5400 Scanning Electron Microscope
equipped with a windowless Oxford INCA EDS detectperating conditions were 15 kV and 1.2
nA, electron beam aboutuim in diameter and 100 s counting time; errorstaB86—5% for major
elements and 5%—10% for minor components while detection linaite[0.1 wt.%. The standards
used for calibration are Ni, V, €3, BaSQ, Cak, SrTiO;, ilmenite, chromite, glass, olivine,
augite, microcline, anorthoclase, apatite.

The micro-Raman measurements were obtained usingolan-Yvon Horiba LabRam
spectrometer equipped with a He—Ne laser (emidgien632.8 nm) and a doubled Nd:YAG laser
(473.1 nm emission line). The spectral resolutianges between 2 and 3 ¢mdepending on the
source. The confocal hole was adjusted in ordebtain a spatial (lateral and depth) resolution of
[2 um. The spectra were acquired using an ultra-longkiwg distance 50x and 100x objectives
(N.A. 0.75). The calibration was made using the.320vi* Raman line of silicon. During the
acquisition of the spectra, some emission linegas fluorescence lamps were used as standards.
The uncertainty on the Raman peak position, obtllnyeGauss-Lorentzian deconvolution, is lower
than 0.5 crt. A wide spectral range (100-3800 djnwas scanned for each inclusion. The final

acquisitions were made between 100 and 1200' dor the identification of the characteristic
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vibration of different minerals and between 3306 8800 cm, the OH-stretching region, for the
identification of the serpentine polymorphs and #waluation of OH contents in garnet. The
acquisition time for each spectral window was 12ID-8, with two accumulations. The power on
the sample surface is nearly 1 mW. The preseneenobtorized support in the X and Y directions
with a spatial resolution of aboutyin and of an autofocus system allowed the realinatiotwo-
dimensional and three-dimensional maps.

Micro-thermometric measurements on fluid inclusiarese performed using a Linkam THMSG
600 freezing/heating stage equipped with a LNP8&Zing control system and a Lynksys32 system
control and image capture software. The stage radilim was carried out with the melting
temperature of Cg CO,-clathrate, HO, the eutectic temperature ob®+tNaCl and the critical
homogenization temperature of®t the estimated precision of the data is +0.4A&fter freezing,
the heating rate was maintained at 5 °C/min uptorr temperature and then it was increased to 10
°C/min up to about 200 °C and reduced to 2 °C/mmitil total homogenization.

Thermodynamic reaction path models were calculdatednfer the evolution of fluid-rock
reactions involved in the rodingite formation. Adstep speciation, the use of implemented
thermodynamic databases and different codes weasessary for the speciation/saturation index
calculation and construction of the activity diagsa(Boschetti et al., 2016). In the first step,
physico-chemical composition of Na-Ca-Cl (Palaraind Reed, 2004) and Ca-OH (Marini and
Ottonello, 2002; Boschetti and Toscani, 2008; Be#iclet al., 2013a, b) serpentinizing fluids of
seawater and meteoric origin, respectively, weraloellated at 300 °C and 0.5 and 1 kbar by
EQ3/6 software (Wolery and Jarek, 2003). Afterwarth® dissolved species activities and the
minerals saturation indexes and volumes resultiog ffluid-basalt (diopside 0.6 — anorthite 0.4;
Morse, 1980) interaction were plotted by “React’dabAct2” tool, respectively, of The
Geochemist’s Workbench Workbench® (GWB), versioh& (Bethke and Yeakel, 2008). In these
latter cases, two original thermodynamic databasse constructed at isobaric pressure of 0.5 and
1 kbar and temperature between 50 and 400 °C, ceesply (Supplementary Materials). First,
preliminary datasets were extracted from the file lop@7.dat
(http://geopig.asu.edu/sites/default/files/slop@?.dand converted in the thermo.com.v8.r6.dat
format by DBcreate software (Kong et al., 2013)e Tdatasets were then integrated with the
thermodynamic data for hydrogrossular (Matschei att, 2007; Dilnesa et al., 2014),
hydrogarnet/katoite, tobermorite and xonotlite (Afgland Jove-Colon, 2007), lizardite (Wilson,
2010; Holland and Powell, 2011; Blanc et al., 2048}l vesuvianite (Holland and Powell, 2011).
According to Bach and Klein (2009), aqueous ionptesi as NaS©, MgSQ° (McCollom and



Shock, 1997; Blanc et al., 2012) and Al-bearingcggse(Tagirov and Scott, 2001) were also added

to the databases.

5. Results
5.1. Petrography and mineralogy

The mineral associations of all the investigatansas, both rodingite (massive and veins) and

preserved peridotite/pyroxenite, are reported ibld4.

5.1.1. Primary mantle assemblages

The ultramafic rocks of Groppo di Gorro are chadzed by widespread hydrothermal
alteration. The peridotites show massive, coaraggd granular textures. Olivine is totally
replaced by mesh-texture serpentine that, in tusn,pseudomorphosed by chlorite. Large
orthopyroxenes are usually transformed into fibrguesy serpentine (bastite). Relics of the primary
mantle assemblage are mainly represented by leggk €linopyroxenes (up to 312 vol%). Spinel
is generally altered to opaque Mg-chromite (+ dtéprout small relics of dark brown, “holly-leaf”
spinel are observed in places. Plagioclase is dlowsapletely altered to very fine-grained whitish
aggregates of grossular-rich garnet. The spinebxgnite layers are coarse-grained undeformed
rocks with extensive alteration. The original mandssemblage was most likely composed of
clinopyroxene and large green spinel, which wengiglly replaced by reaction zones containing
plagioclase + orthopyroxene (Fig. 2e, f) and okvif Cr-spinel, respectively. The association
diopside, vesuvianite, chlorite occurs as irregylaiches along cleavage traces of clinopyroxene,
symplectitic intergrowths with orthopyroxene arowtidopyroxene and coronas around spinel.

The peridotites from Mt. Rocchetta and Campeggirmyuare foliated spinel-plagioclase
Iherzolites with coarse-grained porphyroclastictdess and clinopyroxene amounts up te-122
vol%. Large porphyroclasts of ortho- and clinopyeng are surrounded by smaller polygonal or
irregularly shaped neoblasts of olivine £ pyroxergpinel £ brown amphibole (Fig. 2g, h). Mutual
pyroxene exsolutions may occur in these porphystgleOlivine shows a partial replacement by
mesh-textured serpentine + magnetite and widespedimg occur. Small amounts of disseminated
light brown amphibole (Ti-pargasite) are locallypleced by colourless tremolite (Fig. 2h). The
spinel is brownish-green to brown, partially oraltt replaced by garnet and diopside or
surrounded by an association of microcrystallinsuv@nite, chlorite, prehnite, pumpellyite and

garnet. Plagioclase, mainly altered to prehniteuce as rim around brown spinel grains. In the



altered peridotite, serpentine shows the typicabm&xture. Serpentine often occurs as veins
(millimetric to centimetric in size) with fibrougxture or as silky patinas.

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

Textural observations and mineralogy suggest d@iffeprotoliths for the rodingites from Groppo
di Gorro and Mt. Rocchetta. The inference of thesgade protoliths is mainly based on the
observed relict assemblages and/or on texturalnaimeralogical similarities with fresh samples
from the same outcrop or from similar ophioliticdoes. In particular, the rodingites from Groppo
di Gorro contain spinel pyroxenite relics (Fig. 2b$embling the fresh spinel pyroxenites from the
Mt. Gavi mantle body (Montanini et al., 2017 angublished data), whereas the rodingites from
Mt. Rocchetta contain abundant peridotite (olivineorthopyroxene + clinopyroxene + spinel)
remnants and are associated with spinel pyroxenite.close association of peridotite and spinel-
bearing pyroxenite found at Campeggi (samples CAli@ CAMS8) further supports their inference

as protoliths for the Mt. Rocchetta rodingite.

5.1.2. Rodingite assemblage

The rodingite bodies and veins at Groppo di Goherdafter GG) consist of the association
diopside + vesuvianite + garnet + calcite + chéorfFig. 3ac). At Mt. Rocchetta-Campeggi
(hereafter MR), the rodingite metasomatism was ioedf to veins and volumetrically limited
impregnations (Fig. 3d), yielding an association of garnet + diopsideserpentinet prehnitex
pumpellyitex vesuvianitet chlorite.

Garnetis widespread in the rodingite zones, where iuckavith different features. (i) Brownish
microcrystalline aggregates with cloudy appearasrgstallize around or within the oxides (often
associated with altered plagioclase) or along teavages of altered primary pyroxene (Fig. 39).
Rare aggregates of dark brown-green or emeralchggamet occur around Cr-rich spinel relics at
GG (Fig. 3h), whereas garnet in association witbhpite, pumpellyite, chlorite and serpentine
derives from the transformation of oxides and/orioé at MR. (ii) Idiomorphic to sub-idiomorphic
small garnet crystals with a birefringent rim ocaarassociation with vesuvianite and diopside;
locally, they are included in calcite at GG (Fig. & in fresh clinopyroxene at MR (Fig. 3j). (iii)
Idiomorphic garnet with birefringent rim is assdei with diopside in chlorite veins at GG (Fig.
3k). (iv) Veins of colourless and birefringent sdimmorphic garnet and of brownish and fibrous
garnet occur in totally serpentinized areas at Ig.(3l). (v) Large birefringent idiomorphic garnet
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shows oscillatory zoning with six-sector twinning MR (Fig. 3m); locally, garnet is partially
overgrown by serpentine. (vi) Small garnet crystaith irregular margins and cloudy core may
contain magnetite (Fig. 3n).

Colourlessdiopsideoccurs as: (i) small prismatic crystals in assomiawith garnet in altered
plagioclase, along the boundaries of altered clnamxene and olivine and in their cleavages and
fractures; (i) crystals associated with garnetsuxéanite and chlorite to form the rodingite
association (Fig. 3a, b, d, f, j); (iii) elongatedsmatic crystals in veins of serpentine at MRy(Fi
30) and in veins of chlorite + garnet at GG (Fik).3

Vesuvianiteoccurs as prismatic crystals with pyramidal tewtion locally arranged to form
fibrous-radial aggregates (Fig.-8k f, j) associated with garnet, diopside and dtdolesuvianite
crystals from GG are larger and more abundant #dviR and the basal section of the prismatic
crystals shows a central portion with a cribroupegpance. At MR, vesuvianite sometimes occurs
as small vein crosscutting diopside (Fig. 3f).

Chlorite is widespread at GG where it shows a mesh-texsuggesting a pseudomorphic
substitution of serpentine (Chll). Chlorite at GlGoaoccurs as (i) veins of colourless needle-like
crystals (Chl2) grown perpendicularly to the wailfsthe fractures and associated with garnet and
diopside (Fig. 3k), (i) brownish fibers and (imall rounded clumps. Locally, overgrowth of
chlorite laths on diopside and garnet are obsef@dR, Fig. 3a). Chlorite is rare at MR where it is
associated with garnet, vesuvianite, prehnite amchgellyite in the alteration zone around the
oxides (Chl2). It also occurs as small laths witlhraght green colour or in colourless radially
arranged needle-like crystals on the edges of séngeand diopside veins (Chl2, Fig. 30).

Serpentineoccurs only in the MR samples, whereas at GG iteaced by pseudomorphic
chlorite. The presence of serpentine, resemblingrdite, is evidenced by the mesh-texture on
olivine, pseudomorphic substitution of pyroxenehwilignments of garnet along the cleavage
traces (Fig. 3g) and by colourless rims aroundedidrpl). The serpentine portions are crossed by
veins of fibrous type (iv)-garnet (Fig. 3l); aremgh small amount of radiating fibres of serpentine
contain idiomorphic, twinned and zoned type (v)ngar(Fig. 3m). Overgrowths of serpentine
(Srp2) on garnet (Fig. 3n) and pseudomorphic suibstn of garnet locally occur. The mm- to cm-
sized veins of serpentine (Srp2) are abundants\ezia@ deformed and cross each other supporting a
polyphase generation. Serpentine of the veins bsodis and can be associated with radially
arranged needle-like chlorite, prismatic diopsigig(30) and/or idiomorphic magnetite.

Cubic magnetiteis abundant in the serpentine veins and in theesg¢inized areas of MR

samples. Magnetite also occurs as rim of relic edpamd of Ni-Fe(-Co)-bearing sulphides (Co-
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pentlandite) and, rarely, in type (vi)-garnet (FBn). Needle-likeilmenite is associated with
magnetite in serpentine.

Prehnite and pumpellyitein association with garnet, chlorite, serpentind &esuvianite occur
sometimes around the oxides of MR.

At GG, calciteis associated with vesuvianite, diopside and ddffig. 3b, ).

5.2. Mineral chemistry

5.2.1. Primary mantle assemblage

Spinel (Table 2J and Supplementary Material S1). At GGyi€h spinel is compositionally
homogeneous (Chr 55%—-68%, Cr# 77-89, Mg# 3-11),redseat MR spinel shows large
substitution Al-Cr-F&" and Mg-Mn-F&'(-Zn) and variable compositions (Sp 46%—74%, G+&9]
Mg# 1-71) (Fig. 4a).

Pyroxenesandolivine (Table 2K, L, M and Supplementary Material S1)infary clinopyroxene
has similar composition in both localities bein@idcterized by Mg# ranging between83 (GG)
and 84-89 (MR), GOs; up to 0.86 wt.% and relatively high TiGand AbLO; contents.
Orthopyroxene has slightly higher values of Mg#-@8) and lower contents of £¥; than
clinopyroxene (up to 0.46 wt.%). Fresh olivine ascanly at MR and shows Mg# in the range 88—
90 and NiO contents up to 0.45 wt.%.

The rareplagioclasepreserved at MR has a bytownite compositionz§Ah,s, Table 2N and
Supplementary Material S1) with small content ohifFe0.18 wt.%).

Amphibole (Table 20 and Supplementary Material S1) occursraae reddish-brown Ti-
pargasite, locally replaced by colourless tremdltawthorne et al., 2012) at MR (sample MR1 and
MRZ10). Ti-pargasite shows quite high content ofCzr(up to 1.03 wt.%).

5.2.2. Rodingite assemblage

Garnet (Table 2A and Supplementary Material S1) showsrgel compositional variability,
particularly for Al, F€" and Ti, and mainly contains molecules of grossutardradite and
hydrogarnet (Fig. 4b). The end-member proporticagehbeen calculated following the procedures
of Rickwood (1968) after the determination of theltogen content and the distribution of Fand
Fe?* (cf. Barriga and Fyfe, 1983). The water contemésia the range-5.79 wt.% at GG and 0—
4.26 wt.% at MR.

The garnet of MR samples is a solid solution ofsgutar and andradite end-members, but
almost pure grossular and andradite have beenlyjodatected; garnet from GG contains high

guantity of hydrogarnet and has a more variablepmsition (Fig. 4b) depending on the primary
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transformed mineral (clinopyroxene or plagioclasespinel). MR garnets have the highest@e
and TiQ contents (up to 32.7 and 39.4 wt.%, respectiveMhereas those from GG reach the
highest concentrations of £¥; (up to 20.7 wt.%) and uvarovite (up to 51 mol%oiticalarly in the
crystals grown around Cr-spinel relics (Supplemgnitdaterial S1). Hydrogarnet is common in GG
garnets (up to 42 mol%) whereas in the MR garreasslower (up to 18 mol%, only in one case 30
mol%) or absent. MgO is low and rarely high enotmlfiorm pyrope (up to 16 mol% at GG and 9
mol% at MR). Type (iv) brownish and fibrous garoéMR has andradite-rich composition (90-95
mol% And) similarly to porous and cloudy type (garnet (up to 97 mol% And). The large
idiomorphic and birefringent type (v) garnet, wigessad in the MR rodingites, shows an oscillatory
zoning due to the variations of Al, #eand Ti contents and an andradite-rich rim (2 mi%he
core up to 44 mol% in the outermost rim, sample BRTable 2A).

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

Vesuvianite High concentration of FéQup to 9.64 wt.%) have been observed in vesuwsanit
from GG (Table 2C and Supplementary Material She fegative correlation between total Fe and
Al suggests the prevalent presence of iron d& Fe

Prehnite and pumpellyite(Table 2D, 2E and Supplementary Material S1). Themposition of
prehnite is close to the ideal formula with smalbstitution of Ca by Na (N® up to 0.40 wt.%).
Pumpellyite is Al-rich (AJOsup to 33.9 wt.%).

Chlorite (Table 2F and Supplementary Material S1). Chldrten GG is richer in Mg and Si
(pennine, rarely clinochlore) than MR chloritesir{othlore, rarely ripidolite, picnochlorite,
pennine), where Si and Mg are replaced by Al andréspectively (Fig. 4¢). The pseudomorphic
chlorite on serpentine at GG has the compositidmlofchlorite (Fig. 4c).

Serpentine (Table 2G and Supplementary Material S1). Fe ang &dntents are quite
homogeneous; Al shows the highest concentratiotl{8-0.623 Al p.f.u) in the fibrous serpentine
of the veins (Srp2) (Fig. 30) and the lowest (u®1012 Al p.f.u.) in serpentine replacing garnet
(Srp2, Fig. 3n). It consists of lizardite polymorphboth cases (see Raman spectroscopy). Small
amounts of Cr (GOsup to 2.91 wt.%) and Ni (NiO up to 0.88 wt.%) ocauiserpentine replacing
clinopyroxene and olivine, respectively.

Oxides(Table 2H, 2I and Supplementary Material S1). Thegsist of almost pure magnetite,
with small TiG, CrOs;, MgO contents (up to 1.60 wt.%, 2.95 wt.%, 1.53%ytrespectively).
lImenite is very rich in Mn (MnO 22.79-23.49 wt.%).

5.3. Raman spectroscopy
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Micro-Raman spectroscopy was applied to selectederais of the rodingite assemblages
(serpentine, garnet, vesuvianite) in order to obtsiructural characterization and additional
chemical informations.

We have analysed the serpentine occurring in medhre or in veins with fibrous appearance
associated with chlorite, diopside (Fig. 30) amaally, magnetite. In the micro-Raman spectra at
low frequencies, this serpentine shows the follgyreaks (Fig. 5a). The frequency 197 tis
ascribed to Mg-(O, OH)group vibrations, and 235 ¢ito O-H-O vibrations. The frequencies 386
cm ™ and 685 cit are ascribed to symmetric bending of the SiQ tetrahedra and Si+5i
stretching vibrations, respectively; lastly, a wemsak at 1096 cm is related to antisymmetric Si-
Onp stretching vibration (Groppo et al., 2006; Peteiglet al., 2015a). The OH stretching vibrations
in the high wavenumber range 3550-3850cane diagnostic for the recognition of the serpenti
polymorphs (Lemaire et al., 1999; Auzende et &lQ& Petriglieri et al., 2015b; Petriglieri, 2017).
In our samples, serpentine shows the doublet a6 3&7d 3702 cnat (Fig. 5b) which is
characteristic of the polymorph lizardite as alspmorted by the peaks found at low frequencies
(Fig. 5a). Sometimes, in addition to the peaksizsrtite, we found other low frequency peaks at
197, 355, 469 and 543 ¢(Fig. 5a, arrows) characteristic of the main Sibrations of chlorites
(Prieto et al., 1991; Kleppe et al., 2003; Wangakt 2015). In the spectral zone of the OH
stretching, the presence of chlorite increasepéad height at 3702 c¢h(Fig. 5b).

In addition, micro-Raman spectroscopy was useful determining the hydration degree of
garnet. In particular, grossular- and andraditb-garnets show the most significant spectra. The
MR garnets show the triplet of the Si-O stretchimgdes in the 800-900 ¢frspectral range, which
is typical of andradite (Fig. 5c) (Bersani et &009). The spectral zone of the O-H stretching
modes has a non-homogeneous behaviour, sometintesawow intensity band either between
3500 and 3600 cmm or between 3650 and 3750 ¢nfFig. 5¢). The GG samples differ significantly
from the MR ones. In fact, the band of O-H straighmodes has a much greater intensity and is
centered approximately at 3650 ¢n{Fig. 5d), thus suggesting the presence of hydssyiar
component in garnet (Kolesov and Geiger, 2005). ffipget of the Si-O stretching is less defined
and highlights the contribution of the grossulamponent to andradite (Kolesov and Geiger, 2005)
(Fig. 5d).

Raman maps of the prismatic crystals of GG vesitgashowing a cribrous core and a fresh rim
(see above), evidence that the crystals are madef @pgarnet core (mixture of andradite and
grossular) rounded by a vesuvianite rim (Fig. 6)ede features support the reaction of progressive

replacement of garnet by vesuvianite.
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5.4. Whole-rock chemistry

The whole rock chemistry of selected samples isnted in Table 3. The studied rodingites are
Si-poor and Mg- and Ca-rich. MR1 and MR3 have higipO contents, whereas GG1-2-3, MR4
and MR6 samples exhibit higher CaO angd@lcombined with lower MgO contents, in agreement
with their derivation from peridotitic and pyrox#oi protoliths, respectively (see Table 1). The
highest content of CaO shown by sample MR15 istdube widespread presence of garnet with
grossular composition.

Whole rock compositions of the investigated rodiegjiare plotted in the ACF diagram (Fig. 7),
together with rodingites from the literature. Thoelingites of Groppo di Gorro have homogenous
composition, suggesting that the metasomatic toamsftions have extensively involved the
original rock with widespread formation of vesuvtan diopside, calcite, garnet and chlorite. On
the other hand, hydrothermal/metasomatic proceaf$esting the Mt. Rocchetta-Campeggi mantle
bodies led to formation of rocks characterized layiable degree of serpentinization containing
diopside and rare garnet (samples MR1, MR3 and MRWderately metasomatized rocks with
garnet, diopside, serpentine and rare vesuviasample MR6), up to strongly metasomatized rocks
(sample MR15), consisting of dominant garnet + gtdot diopsidet vesuvianite. As a result, the
compositions are quite variable and the samplesligtebuted along a trend pointing towards the
garnet composition and supporting different deg#esetasomatism (Fig. 7).

The REE patterns of the rodingites (Fig. 8) shogatieely fractionated LREE and nearly flat
MREE and HREE. Samples MR1 and MR3 have the IoWdE abundances with a slight Eu
negative anomaly in sample MR1. The highest amotiREE, particularly MREE and HREE, has
been observed in sample MR6. Samples MR4 and MRhbie similar patterns, with small Eu
negative anomalies and a slight depletion of HREEsample MR15. Profiles of GG samples
overlap each other with the exception of sample Gibg to the slightly more negatively
fractionated LREE.

Comparing the rodingite samples with their allegeatoliths, we observe that GG samples have
REE patterns very similar to the pyroxenite GAVathwa slight enrichment in HREE (Fig. 8).
Samples MR1 and MR3 are significantly depleted REE and MREE with respect to the
peridotite CAM2, while HREEs overlap. Samples MR4d aMR15 have enriched LREE and
depleted HREE patterns compared to the pyroxenA& The pattern of sample MR6 is
considerably enriched in all the REEs comparedA™E (Fig. 8).

5.5. Fluid inclusions
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Primary fluid inclusions occur in diopside and ggrfrom MR and in calcite and diopside from
GG. In the thin prismatic vesuvianite, fluid indlmss are scarce and tiny. Fluid inclusions in
diopside are abundant and elongated accordingatoscef the prismatic crystals whereas inclusions
with other shapes are rare. The size of the inmhssis variable from less tharuin to 2—14um. In
garnet, fluid inclusions are up toydn and with irregular shape. Fluid inclusions incdal of GG
are relatively large (up to 1fm) and show triangular-like shape. Regardless ef ttapping
mineral, fluid inclusions are two-phase inclusiangh quite constant Vapour/Liquid ratio (V/L =
0.2-0.4).

Few microthermometric measures were performed owdgrthe generally small size of the fluid
inclusions. The eutectic temperature Te, corresipgntd the first phase variation, is in the range
-19.9 to 21 °C, which suggests the presence aohlied NaCl in water. The remaining solid
phase melts in the range -2.8 to —0.6 °C (ice mgliemperature T@). Fluid inclusions are C£
free. Nevertheless, the presence of small amour@@f (not detectable by microthermometric
measurement) cannot be excluded at GG due thengeese# small amount of calcite in the
rodingite association. Based on ice melting tentpega the total salinity, calculated with the
software package of Bakker and Brown (2003) ancetiiation of Zhang and Frantz (1987), is in
the range 0.5-2.9 wt.% NaCl. Microthermometric data fluid inclusions from rodingites of
different localities provided salinity values beeme 1.5-8 wt.% NaCl (Schandl et al., 1990;
O’Hanley et al., 1992; Mittwede and Schandl, 19924anley, 1996).

The total homogenisation temperature ) o liquid state occurs in the range 258-292 °C fo
Groppo di Gorro and 228-284 °C for Mt. Rocchettad ahey are comparable with the
bibliographic data (196—290 °C; Schandl et al.,99'Hanley et al., 1992; Mittwede and Schandl,
1992; O’Hanley, 1996). Rodingite formation gengralccurs at shallow condition® (< 1 kbar)
and, for this reason, we calculated the trappimgptgature for pressure values of 500 bar and 1
kbar. The resulting temperatures, obtained withsibfevare package of Bakker and Brown (2003)
and the equation of state of Knight and Bodnar 9)%hd Bodnar and Vityk (1994), are in the
range 297-334 °C (500 bar) and 337-380 °C (1 WoarsG, 264-327 °C (500 bar) and 300-373
°C (1 kbar) for MR.

5.6. Mass balance calculations

The chemical variations of the protoliths during thetasomatic process have been evaluated by
mass balance calculations (Venturelli et al., 1997 with the method of isocone (Grant, 1986)
considering Al as immobile element. The mass ba&araiculations were performed on anhydrous

basis. A quantitative estimate of mass gain ansl @dshe chemical components and of the volume
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variations during metasomatic process are repdrietlable 4 and Fig. 9, where the immobile
element (Al) lies on the straight-line O value.

If compared to the pyroxenite of Mt. Gavi (GAV2)amsples GG2 and GG3 show similar
distribution with mass gain for all major elemer8s, V, Co, Y and REE (Fig. 9a). Sample GG1 is
slightly different due to the loss of k&, Ni, LREE (La, Ce, Pr) masses in addition to Cd &n
mass loss which is higher than in the other san{plakle 4 and Fig. 9a). The metasomatic process
giving the GG rodingite implies a slight increasezolume (from 22% up to 40%).

For Mt. Rocchetta, mass balance calculations haen lperformed on the rodingite samples
MR1, MR3, MR4B, MR6A and MR15. Samples MR1 and MR&e compared with the peridotite
CAM2 (Table 4 and Fig. 9b). The two samples arelamand do not differ significantly from the
protolith CAM2. The main difference is the massngai Cu (+ 3.58) shown by sample MR1. The
other samples (MR4, MR6, MR15) were compared whih pyroxenite CAM8 (Table 4 and Fig.
9c). Sample MR15 shows mass loss for all the elé&snehile sample MR6 shows mass loss of
NaO and Sr and mass gain for all the other elemeatsicularly TiQ (1.76), Pr (1.89), Nd (1.73),
MREEs (1.08-2.68) and HREEs (1.34-1.73). Sample BAvs intermediate character with mass
gain of TiG, FeOs;, MnO, MgO, Cr, Zr, LREE (except La) and loss ofkF&€a0O, Co, Ni, Cu, Ga,
Sr and La. All these features could be explainetth Wie formation of grossular garnet in sample
MR15, andradite in MR6 and abundant serpentinedamgkide in MR4. The calculated increase of
volume of MR rodingite is in the range 9%—-37% willle exception of sample MR15 which shows
a volume loss (-36%) (Table 4).

The volume variations calculated for Groppo di ®@@nd Mt. Rocchetta is closely related to the
present rodingite paragenesis. At GG and, occadondR (sample MR6), the significant volume
increase is likely related to the high abundancehydrous phases chlorite, hydrogarnet and
vesuvianite. In the sample MR15, garnet, with gussand andradite molecules, is the only

mineral of the rodingite assemblage; this is cdesiswith the observed loss of volume.

6. Discussion
6.1. The rodingitization process

Petrography, mineralogy and geochemistry of theestigated rocks highlight the great
complexity of their origin and evolution due to higemperature processes (Mintener and Piccardo,
2003; Piccardo et al., 2004) and relatively highperature polyphasic metasomatism.

The variable mineral assemblages found in the gigis (diopside + vesuvianite + garnet +

calcite + chlorite at GG; garnet + diopside + satjpee + vesuvianitex prehnitex chlorite +

17



pumpellyite at MR) also indicate that the metasanatfollowed different chemical reaction
sequences in the two outcrops (Table 5).

The absence of brucite suggests that the serpaatiom of olivine was related to silica-rich

fluids (highasiop) according to the reaction

3Fo+SiQ(aq) +4 HO =2 Srpl (2)
Serpentinization of both ortho- and clinopyroxesdéequently observed. Since the serpentinization
of the pyroxenes gives silica-rich fluids accordinghe reactions

3Cpx+6H=Srpl+3C% +4SiQ (aq) + HO (2a)

3 Opx +4 HO =2 Srpl + 2 Sie(aq) (2b)
We infer that a unique fluid cannot be responsibighe serpentinization of all the primary phases
of the investigated rocks and that serpentinizatiay have occurred in successive steps.

The serpentine of GG samples is totally replacegd®udomorphic chlorite whereas an incipient
chloritization of serpentine in MR samples is shdwnmicro-Raman spectroscopy (Fig. 5a). The
formation of chlorite implies the availability ofteminium, whose source could be the alteration of
plagioclase according to reaction

5Srpl +3Pl+6H=3Chll+3C& +7SiQ (aq) + HO (3)
with increase of Ca and silica activity in the esded fluids.

The beginning of the rodingitization process calesi with the appearance of
grossular/hydrogrossular. At Groppo di Gorro, garneay derive from the breakdown of
plagioclase (crystallized around spinel relics) aligopyroxene according to the reactions

2 Pl + 5 Cpx + KO + 8 H = Hgr + ChI2 + 4 C& + 8.5 SiQ (aq) (4)

Pl+2 C&" +3 H0 + 0.5 SiQ (aq) = Hgr + 4 H (5a)
At Mt. Rocchetta, the appearance of grossular/frgmssular is associated with fine-grained
aggregates of chlorite, rare prehnite and pumgellyivhich support the reactions proposed by
Coleman (1967)

Pl + C&" + Si0; (aq) + 2 HO = Prh +2 H (5b)

Prh + C&" + H,0 = Hgr + 2 H + 0.5 SiQ (aq) (5¢)
The C&" ions for the formation of hydrogarnet are providigthoth plagioclase and clinopyroxene.
The reaction involving clinopyroxene gives pumpigdiyas intermediate product (Koutsovitis et al.,
2018).

The formation of diopside at the expense of gaogetirs in a second stage of the metasomatic
process according to the reaction

Hgr + 6 Md* +3.5SiQ(aq) + 9HO =Di+ Chl2+2C& +12H  (6)
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where the metasomatic fluid is magnesium- andasiiich as suggested by Hatzipanagiotou et al.
(2003).

At GG, the overgrowth of chlorite on garnet andpdide (Fig. 3a) suggests the decomposition

of the first rodingite association (Koutsovitisadt, 2013), according to the reaction
Grs+5Di+4 HO +8 CQ =8 Cc + ChiI2 + 10 Si9(aq) (7)

The usual association of vesuvianite with diopsidkcates that both minerals are involved in
the final metasomatic stage. Raman maps show libatdsuvianite forms from garnet (Fig. 6), as
also suggested by Duizka (1997). At GG vesuvianite crystallizes from rgdarand calcite
according to the reaction of Hatzipanagiotou anétoisas (2001)

5Grs+Di+Chl+14 Cc +7 Sjdaq) + 2 HO =3 Ves + 14 CQ (8a)
Differently, at MR calcite is absent and vesuviargtystallizes from garnet and diopside (Fig. 3f)
according to the reaction of Li et al. (2007)

5 Grs + Di + Chl + 14 G4 + 7 SiQ (aq) + 16 HO = 3 Ves + 28 H (8b)

6.2. Thermodynamic modelling of the rodingite reatt

As shown by the suggested reactions (Table 5)athigity of Ca, Mg and silica and the pH of
the solutions are fundamental to enhance the psegrethe reactions. Thus, mass transfer is largely
driven by the activities of Ca, Mg and Si of thepsatinizing fluids. According to Bach and Klein
(2009), to understand how such compositional gradiean influence the fluid-mineral phase
relations in rodingitization, a titration reactipath model was used. In this study, a generic basal
composition (diopside 0.6 — anorthite 0.4; Mors®8d) was added as solid reactant to
serpentinizing fluids of seawater and of meteorigin. The thermodynamic models of the reaction
paths have been elaborated considering a temperafuB00 °C, that is the average of the
temperatures estimated by the data on the fluithsians (264—-380 °C) for pressurgsl kbar.
These data are in the same range as those obtmomadfluid inclusions and oxygen isotopes
(Schandl et al., 1990; O'Hanley et al., 1992; Meiti and Schandl, 1992).

Despite to the different composition and genesitheftwo serpentinizing fluids chosen as initial
composition, the reaction path modeling with basabmposition produced similar activity paths
(Fig. 10). In particular, according to Bach andiKI€2009) and Bach et al. (2013), the two fluids
are within a discrete range of dissolved silicaivagt (-3 < log[SiO)(aqg)] < -6) and
calcium/hydrogen ion activity ratio (7 < log[€&H")?] < 11.5). Moreover, the range of the
obtained magnesium/hydrogen ion activity ratio is Bg[Mg**/(H")?] < 8 (Fig. 10). Assuming the
above mentioned silica activity range, similar ealwf the calcium/ and magnesium/hydrogen ion
activity ratios are obtained from the reactions {(F&ble 5) (Supplementary Material S2).
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The serpentinization and chloritization reactiohs3 in Table 5), under equilibrium conditions
and assumingl' = 300 °C, consistent with the presence of lizardis serpentine polymorph
(Schwartz et al., 2013), have high negative valoieAG®, (-19.83/-49.27, see Supplementary
Material S2), thus they spontaneously evolve tow#né products.

The reactions of garnet formation (4, 5a—c, Tal)lade negative log K and high to very high
positive values oAG®, (from 56.89 to 294.93 kJ md). The reactions involving plagioclase (5a—c,
Table 5) require a Garich solution (log[CAT/[H']? > 8.2/15.2 for log[Si@aq)] = -3 or
log[C&*]/[H*]? > 8.64/11.2 for log[Siglaq)] = —6; Supplementary Material S2 and Fig. 10&l
pH decreasing. The breakdown of primary clinopyrexéreaction 4, Table 5) produces garnet at
high silica activity (log[SiQaq)] > —2.3; Supplementary Material S2 and Figa)10

In the previous published rodingitization modelsa¢B and Klein, 2009; Bach et al., 2013),
grossular was considered due to the lack of theymamic data on hydrogrossular. In our model,
despite the insertion of hydrogrossular in the uds@dset, the precipitation of grossular rathen tha
hydrogrossular is obtained. This could be due te tonsidered average composition for
hydrogrossular (GAl:Sips0324dOH)s72) and the related thermodynamic data available from
literature (Matschei et al. 2007; Dilnesa et all20 Indeed, the composition of this mineral asd it
thermodynamic data can have a wide variability. @mo these limits, in Fig. 10a hydrogrossular
nucleation occurs only at low silica activity (Id§iOx(aq)]< —6) and log[C&/(H")?] > 12, as
suggested by literature (Beard and Hopkinson, 2804, references therein), which is quite higher
than in the starting fluid composition. However ffbting the concentration of aqueous silica by
hydrogrossular under the P-T condition of the dbedr model T = 300 °C,P = 1 kbar), in the
activity diagram the fields of hydrogrossular anditogarnet appear for high log[€4H")?] and
low silica activity (Fig. 10a), as suggested by leend Hopkinson (2000) and Li et al. (2004).

The diopside formation (reaction 6) requires additiof Mcf* (log[Mg®)/[H*]> > 5.2 for
log[SiOx(aq)] = -3 and log[M§]/[H*]? > 8.3 for log[SiQ(aq)] = -6; Supplementary Material S2).
In the presence of vesuvianite, diopside is fornmed reduced range of Ca and Mg activities for
higher silica activity (log[Si@aq)] = —3); on the contrary, when the vesuviarstabsent, diopside
precipitates more easily and in a greater rangdio& activity (Fig. 10).

The breakdown of garnet and diopside to form aalaitGG (reaction 7, Table 5) requires a&CO
fugacity from 10%° to 10** with increasing of aqueous silica activity (100 10°) (see
Supplementary Material S2). Calcite is formed dmyymeteoric fluids and only in the first stage of
the reaction progress (> 0.08) (Supplementary N&te€33). The carbonation reaction can be
attributed to infiltration of hydrothermal fluidsith relatively high C&/Mg** and CQ/H.0 ratios
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with mildly oxidizing conditions from less deep stal levels (Beard and Hopkinson, 2000;
Koutsovitis et al., 2013).

The vesuvianite can form spontaneously throughréaetion 8a and 8b because they have a
negative or slightly positive values AfG° (AG° =-28.37 and 16.82, respectively). The reaction
(8b) in MR needs a small amount of’C&Supplementary Material S2) and reaction (8a) & G
proceeds at any G(Q)) fugacity value. Therefore, the formation of weisnite does not necessarily
require a fluid phase with very low G@ctivity (Rice, 1983; Galuskin et al., 2003). Thigree with
the composition of serpentinizing fluid, which ubyaontain abiogenic reduced carbon as,CH
instead of CQ (Boschetti et al., 2013a, b). Anyway, the appeegast vesuvianite is favored by an
increase of Ca activity and mildly low silica adtyv(Fig. 10a).

According to the previous published rodingitizatimodels (Bach and Klein, 2009; Bach et al.,
2013), almost all fluids obtained from the modeligpow the formation of tremolite
(Supplementary Material S3). If vesuvianite pretafon is achieved, the Ca-OH meteoric-derived
fluid starts to precipitate tremolite at the fisshge of reaction progress (0.01), whereas the INa-C
seawater-derived fluid approximatively at the med@.3). Considering the lack of tremolite in the
studied rodingite paragenesis, we can deduce }liatvas back reacted to form new phases or ii)
reaction progress stopped before its precipitafianst hypothesis could be confirmed for meteoric-
derived fluid, for which talc starts to precipitathen tremolite is back reacted. However, talc
appears in activity diagrams only if log[Si@q)] > —2. Second hypothesis coincides with the
following activities in the seawater-derived reantipath: log[SiQaq)] = -3.2, log[C&/(H")] =
8.9, log[Md*/(H")?] = 6.4. In both cases, the obtained model didfai@see grossular and prehnite.
In particular, prehnite saturation is not reachiedesuvianite, the most volumetrically important
phase in the models, is included in the model.dbéihtly, if vesuvianite precipitation is precluded
(e.g. for kinetic reasons), grossular starts taciprate. In this case, reaction path is forced to
progress on the grossular-clinochlore field limigg. 10b) up to prehnite saturation (grossular
back-reaction in Supplementary Material S3). Thiéncides with the reverse of reaction 5c.
Finally, when vesuvianite is disabled from activitiagram, the field of xonotlite appears (Fig.
10b). This phase was found at GG by Biagioni (2001)

6.3. Element mobilization

Fluids rich in FeO, MnO, MgO, in addition to CaOda8i0O,, have infiltrated the ultramafic
rocks of Groppo di Gorro and Mt. Rocchetta (Figf@)ming the investigated rodingites. The mass
gain of FeOs; in the rodingites is evidenced by the occurrenteFe -bearing garnet and

vesuvianite at GG. According to Beard and Hopkin&000), the presence of andradite associated
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with serpentine and magnetite at MR suggé3tsvalues slightly higher than iron-magnetite (IM)
and several log units lower than fayalite-magnejitartz (QFM) oxygen buffer. Furthermore, this
mineral association requires activities of Ca aedakd/or the pH of the fluid higher than those of
seawater (Beard and Hopkinson, 2000). The osaijlatoning of Mt. Rocchetta garnet may be due
to fluctuation in composition of the hydrothermhlidis, variation in temperature (Jamtveit, 1999)
and increasing of oxygen fugacity during the caplstages of rodingitization (Dulska et al.,
2004).

The studied rodingites show a partial enrichmenfijrv and in some cases Zr; according to the
literature (Dubhska, 1997; Beard and Hopkinson, 2000; Knauss ,e2@0.1), alkaline fluids rich in
Ca and Mg that can be produced during serpentinizdavour the mobility of these elements.
They can be transported as, €I, PQ?, OH, SQ* and CQ* complexes. However, the
serpentine and chlorite compositions suggest thatprevailing complexes were OHCI™ and
SO, besides Cg at Groppo di Gorro, where calcite is present. Tiability of Ti in the
solutions is low (Brookins, 1988). However, it dae transported as GO and OH complexes in
alkaline solutions (Beard and Hopkinson, 2000; Kssaet al., 2001). The presence of calcite in the
rodingite of Groppo di Gorro supports the transpdfti as CQ?” complex; the formation of calcite
makes the CE~ complex unstable. Differently, the lack of calc#e Mt. Rocchetta supports the
transport of Ti and Zr as hydroxide complex. Ithocases, Ti was partitioned in garnet (7ip to
26.1 wt.% at GG and 39.5 wt.% at MR).

The samples GG1, GG2, GG3, MR6 have low LREE/HR&BS (Fig. 8) and show an increase
in the mass of REE compared to that of the infepredoliths (Figs. 8 and 9a, c¢). This indicated tha
REEs have been introduced into the system by ma@sofluids and are hosted in the minerals of
the rodingite association. The mobility of REEsmsinly conditioned by the pH value of the
solution and by the presence of ligands such a8 C8Q?*", OH (Mineyev, 1963). In particular,
REE are mobilized in medium and high pH fluids &imel LREEs form complexes preferably with
carbonate ion (Wentlandt and Harrison, 1979; Gimg@awano et al., 2000) while the HREEs with
hydroxide ion (Haas et al., 1995). In many hydrotied systems, Al-rich garnet are generally
enriched in HREE and depleted in LREE, whereasidfegarnet (Angy) contains lowe2REE
with enriched LREE and depleted HREE (Whitney ariich€ded, 1998; Smith et al., 2004; Gaspar
et al., 2008). The GG samples have REE patterms &isimilar to those of grossular-rich garnet
reported in literature for hydrothermal systemanfl@it and Hervig, 1994; Gaspar et al., 2008).
The MR samples, often containing garnet with oatolly zoning between andradite and grossular,
show REE patterns in some cases similar to thosmdfadite-bearing rocks (Smith et al., 2004,

Gaspar et al.,, 2008). REE mobilization occurs whiesm composition of metasomatic fluids is
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dominant compared to that of the protolith and tusurs when the water/rock ratio is greater than

100 (Tsikouras et al., 2009 and references therein)

6.4. A genetic model

Hydrothermal alteration of the two investigated tlersequences produced a more or less
pervasive serpentinization and crystallization afdingite assemblages in lherzolites and
pyroxenites, both in massive form and veins. Thieneged temperatures of the rodingites, based on
fluid inclusion microthermometry, are a little higghat Groppo di Gorro (318 °C at 500 bar and 362
°C at 1 kbar) than at Mt. Rocchetta (291 and 334 °C

The two investigated bodies underwent metasomatstim somewhat different features and
intensities depending on the physico-chemical dtarstics of the hydrothermal fluids. The
petrographic and mineralogical features of Groppo Gbrro rodingites indicate that the
hydrothermal alteration and metasomatic processes pervasive, with complete serpentinization
followed by chloritization of the protoliths. In e¢hinitial phase of rodingitization, small garnet
crystallized at the expense of pyroxene and pldasec and calcite precipitated from hydrothermal
fluids. Multi-stage infiltration of fluids and prohged fluid-rock interaction produced an advanced
degree of metasomatism culminating with the fororatf vesuvianite (second stage of Schandl et
al., 1989). Differently, the Mt. Rocchetta mantladly was affected by a smaller extent of rodingite
alteration and metasomatism. This is suggested(ibythe widespread occurrence of primary
mineral relics; (ii) the abundance of serpentinkicl is only locally transformed into chlorite;iii
the absence of calcite; (iv) the presence of gaasdhe only phase of the rodingite association in
some samples; (v) the subordinate amount of diepwith respect to garnet; (vi) the scarcity of
vesuvianite.

The hydrothermal processes leading to the formaiothe rodingite assemblages may have
been related to the late hydration stage associattd brittle deformation recognized for the
External Ligurian mantle sequences (Montanini et2006), i.e. the “F3 stage”, when the mantle
rocks were exhumed to the seafloor, presumablyamyBViddle Jurassic times. The occurrence of
MORB-type gabbroic bodies intruding the Monte Rattd sequence suggests that the high-T
hydrothermal conditions inferred for this body mlagve been supported by magmatic activity.
Remarkably, thermodynamic modelling has shown ithdingitization is consistent with fluids that
have interacted with basaltic flows. Primary cotgdxetween mantle rocks and the volcanic section
are lacking in the investigated area, most likedyaaconsequence of tectonic disruption during the
melange formation, but km-sized slide blocks of M@RBe basaltic rocks are widespread in the

same ophiolite melange (Casnedi et al., 1993).
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Another plausible tectonic setting for the rodiegibrmation could be the accretionary prism
associated with the Late Cretaceous intra-ocearidigction in the Ligurian Tethys. According to
the geological reconstructions, the ophiolitic slithlocks of this study originated from the
accretionary prism because of a sedimentary cafdstr event (Malavieille et al., 2016; Marroni et
al., 2017 and quoted references). The slide blstiksv a low-grade metamorphic history under
prehnite-pumpellyite facies condition$ ¢ 250 °C) which is broadly consistent with therthal
conditions of the rodingite formation inferred Byidl inclusion study. However, according to our
thermodynamic modelling, the precipitation of cedcin the Groppo di Gorro rodingites would
require CQ fugacity values compatible with the meteoric satpezing fluids adopted in the
model (see Supplementary Materials S2 and S3). Waald imply, in turn, that the Late
Cretaceous accretion brought this block of marginakanic lithosphere in a continental
environment, which is not supported by the geodynand geological evidences (Marroni et al.,
2017). An alternative explanation to obtain suafhiCQ fugacity may involve interaction between
marine fluids and former sedimentary cover of tleeamic lithosphere, i.e. carbonate sediments
occurring in the accretionary prism (“Calpionelt®’“Palombini” limestones, Casnedi et al., 1993).

7. Concluding remarks

The ultramafic rocks from Groppo di Gorro and Mtodehetta underwent a complex
evolutionary history, which started at high temper@ with a mantle decompression and
concomitant interaction with melts of asthenospheorigin, producing the crystallization of
plagioclase mainly at the expense of Cr-spinel eimtbpyroxene. A relatively high-temperature
polyphasic metasomatism led to the serpentinizaifdhe primary rocks and subsequent formation
of rodingite associations with different featureghe two studied mantle bodies.

The average estimated temperatures of rodingibzadire relatively high, with slightly higher
values at Groppo di Gorro (318 and 362 °C at 5@D1®00 bar, respectively) than at Mt. Rocchetta
(291 and 334 °C at 500 and 1000 bar, respectively).

At Groppo di Gorro the alteration was pervasivehwibmplete serpentinization followed by
chloritization of the pyroxenite protolith. The asgmtion diopside + vesuvianite + garnet
(prevalently hydrogrossular) + calcite + chloritecorred through four stages. (1) formation of
hydrogrossular from fluids with high Ca and lowcal activities and pH decreasing; (2) appearance
of diopside under higher silica activity; (3) foriwa of chlorite and calcite suggesting infiltratio
of hydrothermal fluids at mildly oxidising condihe and high C&H,O ratio; (4) formation of

abundant vesuvianite from,8-rich fluids under more reduced conditions.
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At Mt Rocchetta the hydrothermal alteration wadosfer intensity and the primary minerals of
the peridotite and pyroxenite protoliths were f@ditipreserved. The rodingite association consists
of garnet + diopside + serpentine + prehnite + pelgjte + chlorite. Compared to Groppo di Gorro
the carbonation stage is absent and the last statheformation of vesuvianite is very rare.
Furthermore, prehnite, diopside and vesuvianitauoonly in the former pyroxenite levels. The
association of andradite, serpentine and magnstiggiests oxygen fugacity slightly higher than
iron-magnetite buffer, Ca and Fe activities andder pH of the fluid higher than those of seawater.
The oscillatory zoning of Mt. Rocchetta garnet isedo fluctuation in the composition of the
hydrothermal fluids owing to oxygen fugacity anchferature variations during the cooling stage.

The hydrothermal processes leading to the formadiothe rodingite assemblages may have
been related to the late hydration stage assoowtbdi) the brittle deformation recognized foeth
External Ligurian mantle sequences or (ii) the eitonary prism formed during the Late

Cretaceous intra-oceanic subduction in the LiguTiathys.
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Figure captions

Figure 1. Tectonic sketch map of the Northern Apenninesraath investigated ophiolite outcrops
(red circles). 1 = Mt. Rocchetta, 2 = Campeggi gud = Groppo di Gorro

Figure 2. Field (a-d) and optical microscope (e-j) phototyapf the protoliths and their primary
parageneses. (a) Groppo di Gorro massive serpesdiniperidotite with rare pyroxene
prorphyroclast relics (light green) and black Cmsp with altered plagioclase rim. (b) Groppo di
Gorro rodingite with pyroxenite relics charactedzBy large pyroxenes and spinel rimmed by
whitish plagioclase. (c) and (d) Mt. Rocchetta getites with layers of partially rodingitized
pyroxenite sub parallel to the peridotite foliatidqe) Altered orthopyroxene lamellae (dark grey)
and (f) plagioclase (brown) formed at the expewfselinopyroxene as a result of reaction with
percolating melts (sample GG4), Groppo di Gorrg.Rgmary olivine (Ol) + pyroxene (Opx) +
spinel (black) in the Mt. Rocchetta peridotite (pdenMR3). (h) Ti-pargasite (Ti-Prg) locally
replaced by tremolite (Tr) associated with neobtasolivine (Ol) (peridotite of Mt. Rocchetta,
sample MR1). (i) Clinopyroxene with subordinatehopiyroxene and altered plagioclase and (j)
green spinel rimmed by altered plagioclase andafrgasite (pyroxenite of Mt. Rocchetta, sample
MR10). Dimensional bar 201&n for g, i, j, and 100.8m for e, f, h

Figure 3. Optical microscope photographs showing the pamstgeassemblage of the rodingites
from Groppo di Gorro (GG) and Mt. Rocchetta (MR)datihe different types of garnet. (a)
Association of chlorite (Chl), diopside (Di) andsuwianite (Ves) (sample GG4). (b) Association of
calcite (Cc), vesuvianite and diopside (sample GG2) Garnet (Grt) with birefringent rim
associated with vesuvianite (sample GG3). (d) Vesute and diopside (sample MR15). (e) Garnet
in serpentine (Srp) (sample MR6). (f) Vesuvianissariated with garnet and diopside as vein
crossing diopside (sample MR6). (g) Type (i) micystalline aggregates of brownish garnet with
cloudy appearance along the cleavage traces ahlpaxir totally transformed pyroxene (sample
GG1) and (h) aggregates of emerald green garnendrpre-existing oxides (sample GG2). (i)
Type (ii) idiomorphic to sub-idiomorphic small ctgss of garnet in calcite (sample GG1) and (j)
idiomorphic small crystals of garnet in diopsidar{gle MR6). (k) Type (iii) idiomorphic crystals
of garnet with birefringent rim associated with ghale in the middle of chlorite vein (sample
GG2). () Vein filled by type (iv) colourless anddenish garnet in a serpentinized portion (sample
MR21). (m) Type (v) large birefringent crystals mliomorphic garnet in serpentine showing
oscillatory zoning and six-sector twinning radigtiinom the center of the crystal (sample MR15).
(n) Type (vi) small rounded crystals of garnet simgaextremely irregular shape with a cloudy core
sometimes containing magnetite (sample MR21). (enVof serpentine containing diopside
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surrounded by chlorite (sample MR4). Dimensional &&um for a, c, d, g, i, j, |, n, 2016m for
b, f, h, m, o, and 100,8m for e, k

Figure 4. (a) Ternary diagram of oxide minerals; (b) Terndiggram Hydrogrossular (Hgr) —
Grossular (Grs) — Andradite (And) of the analysacdhgts; (c) Plot of the analysed chlorite in their
classification diagram (after Hey, 1954). Symbao&sd circle, Groppo di Gorro; green square, Mt
Rocchetta

Figure 5. Raman spectra of: (a) lizardite partially transfed in chlorite (see Fig. 30), whose peaks
are marked with an arrow; (b) peaks of lizarditédH-stretching region (see Fig. 30); (c) and (d)
low- and high-frequency spectra of garnets of theingites from Mt. Rocchetta and Groppo di
Gorro, respectively

Figure 6. Two-dimensional and three-dimensional Raman méapssuvianite with a cribrous core

(Groppo di Gorro)

Figure 7. ACF diagram (A=AlOs;tFe03;—Na0O-K;0, C=CaO, F=FeO+MnO+MgO) of the
investigated rodingites (red star, Groppo di Gogieen star, Mt. Rocchetta) and of the protoliths
(blue symbols: down triangle, pyroxenites from Cagg and from Mt. Gavi; up triangle,
peridotite from Campeggi). For comparison, rodiegitassociated to ophilites from various
localities (Coleman, 1967; Capedri et al.,, 1978h&all et al., 1989; O'Hanley et al., 1992,
Dubinska, 1997; Hatzipanagiotou and Tsikouras, 2001zipabagiotou et al., 2003; Pomonis et
al., 2008; Austrheim e Prestvik, 2008; Tsikourasakt 2009; Tsikouras et al., 2013) are also
plotted. Grs/And, grossular/andradite; Prh, prehni€zo, clinozoisite; Ves, vesuvianite; Di,

diopside; Trm/Act, tremolite/actinolite; Chl, chita; Xon, xonotlite; Cc, calcite

Figure 8. REE patterns of the rodingites from Groppo di @duircle: red GG1, green GG2, blue
GG3) and Mt. Rocchetta (square: pink MR1, blue Mg&y MR4, green MR6, red MR15, white
MR21) compared to pyroxenite of Mt. Gavi (down vehitiangle) and to peridotite and pyroxenite
of Campeggi (up black and white triangle, resp&tyiv The chondritic data are from Anders and
Grevesse (1989) for REEs and from Sun (1982) &orsition elements

Figure 9. Plots for major, trace and RE elements after rbatance calculations, using the method
of Venturelli et al. (1997), assuming Al as immeb#lement during rodingite process. (a) GG
rodingites (red GG1, green GG2, blue GG3), comp&rgalyroxenite of Mt. Gavi (GAV2). (b, ¢)
MR rodingites, compared to peridotite CAM2 and pgite CAMS8, respectively (pink MR1, blue

MR3, grey MR4, green MR6, red MR15). Positive valongean gain and negative values loss
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Figure 10. Activity vs. activity diagrams obtained from theetmodynamic modelling at 300 °C
and 1 kbar. In the diagrams with silica activitye tsolid red lines show the phase relations of the
system CaO-MgO-ADs-SiO,-H,0, whereas the dashed blue lines the phases wikieOt. The
green and blue thick lines show the reaction pdtlthe serpentinizing fluids of seawater and

meteoric origin, respectively

Table Captions

Table 1. Minerals of the primary mantle assemblage, ratingnassive and veins) assemblage

Table 2. Representative analyses of minerals from rodingissemblage (garnet, diopside,
vesuvianite, prehnite, pumpellyite, oxides, ilmenithlorite, serpentine) and from the primary
mantle assemblage (pyroxene, olivine, plagioclasghibole, spinel) at Groppo di Gorro (GG) and
Mt. Rocchetta (MR)

Table 3. Whole rock analyses of rodingites from Gropp&adiro (GG) and Mt. Rocchetta (MR),
and their inferred protoliths (CAM2 = Campeggi pletite; CAM8 = Campeggi pyroxenite; GAV2
= Mt. Gavi pyroxenite)

Table4. Elemental gain (+) and loss (-) asK assuming Al immobile

Table5. Mineral reactions.

Supplementary Materiak Captions

Supplementary Material S1. Phase chemical analyses
Supplementary Material S2. Equilibria calculations (Rxn Tool of the GeochetsisVorkbench)

Supplementary Material S3. Reaction progress (React Tool of the Geochemigtiskbench)
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Table 1

Relics of the primary mantle

Rodingite assemblage

Sample assemblage Protolith
massive veins
GG1 Cpx, Al-Spl (green) pyroxenite Chl1, Chi2, Grt
GG2 Cpx, Cr-Spl (brown) pyroxenite Chl1, Di, Ves, Grt, Chl2, Cc Chi2 with Grt,
Chl2 with Grt and Di
GG3 Cpx, Cr-Spl (brown) pyroxenite Chl1, Di, Ves, Chl2, Grt, Cc
GG4 Cpx, Cr-Spl (brown) pyroxenite Chl1, Ves, Di, Grt, Chl2, Cc
GG5 Cpx, Cr-Spl (brown) pyroxenite Chl1, Di, Grt, Cc
MR1 ggf’g{ep\er:]/;:owmw green peridotite Srpl, Grt, Chl, Di, Prh, Pmp, Mt :;ZZM?”’ Srp2 with Di
MR2 Cpx, Ol, Cr-Spl (brown) peridotite Srpl, Mt, Grt
MR3 gmld?s Cr-Spl (brown), Opx, peridotite Srpl, Mt, Grt
MR4 brownish green Spl pyroxenite Srpl, Mt Di, Srp2, Chl2
MR6 Cpx, Opx, Ol pyroxenite Srp1l, Di, Grt, Ves, Srp2 Ves in Di
MR10 Cpx, Opx, Spl, Amph pyroxenite Srpl, Di Grt
MR15 Cpx pyroxenite Grt, Srpl, Chl2, £Di, +Ves Grt
MR18 Spl pyroxenite Srpl, Grt, Chl2
MR19 breccia Srpl, Grt Srp2, fibrous brown Grt
Colourless Grt, fibrous
MR21 Spl peridotite Srpl, Srp2 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)




Table2

(A) Garnet

Type (i) Type (ii) Type (i) Type (i) Type (i)  [Type (iv) Type (v) Type (vi)

GG1 GG2 GG5 MR1 MR6 MR6 MR10 MR21 MR15 MR21

core ext rim int rim
wt.%
SiO, 38.03 3151 33.31 26.21 36.65 3171 38.43 36.61 38.52 36.63 36.82 3354 33.31 40.39 35.94 34.59 38.60 36.36 35.98 34.94
TiO, - 0.40 5.27 0.53 013 - 017 0.11 - - - 013 26.12 0.26 - - 1.69 0.59 6.11 0.15
Al,Oq 15.76 6.31 9.47 9.10 2352 22.55 14.36 12.00 12.41 2315 21.34 14.54 6.43 10.40 1.46 - 20.24 11.53 11.75 0.54
FeOt 9.25 20.14 12.19 3.46 0.46 1.26 10.78 13.61 13.42 0.41 2.89 12.37 1.60 13.12 26.50 28.46 0.73 13.57 9.05 27.76
MnO - 0.26 - 0.21 - - 0.20 0.14 - 0.15 0.21 0.23 - - 0.23 0.12 - - - -
MgO - 0.27 1.40 0.82 - 0.10 - 5.16 - - - 0.16 - 1.47 - 0.21 - 0.14 0.10 0.54
CaO 36.42 35.48 36.48 39.36 37.45 39.31 3511 31.04 35.26 37.71 36.79 36.21 31.30 33.60 33.78 33.69 36.94 36.01 36.52 33.48
Cr,03 - - 0.85 14.84 - 0.15 - - - - - - 1.03 - - - 0.87 0.77 0.33 -
H,0* 0.41 2.62 1.42 5.79 1.59 3.49 0.00 1.53 0.00 1.42 118 2.26 0.00 0.00 017 0.78 0.00 0.72 0.00 0.65
Total 99.88 96.98 100.39 100.32 99.80 98.58 99.04 100.20 99.60 99.47 99.23 99.44 99.79 99.24 98.09 97.84 99.06 99.68 99.84 98.06
Structural formula on the basis of 24 O
Si 5.989 5.416 5.351 4.006 5.405 4.694 6.174 5.733 6.237 5.446 5575 5.308 5211 6.518 6.453 6.277 5.910 5.901 5.789 6.297
Ti - 0.052 0.637 0.060 0.014 - 0.021 0.013 - - - 0.016 3.073 0.032 - - 0.194 0.073 0.739 0.020
Al 2.926 1.278 1.793 1.639 4.088 3.934 2.719 2.215 2.368 4.057 3.808 2.712 1.186 1.978 0.310 - 3.653 2.205 2.228 0.116
Fe** 1.190 2.895 1.638 0.443 0.000 0.156 1.378 1.783 1.751 0.000 0.259 1511 0.210 1771 3.979 4.319 0.093 1.842 1.218 4.184
Fe* 0.028 0.000 0.000 0.000 0.057 0.000 0.070 0.000 0.066 0.051 0.107 0.125 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn - 0.038 - 0.027 - - 0.027 0.018 - 0.019 0.026 0.031 - - 0.035 0.018 - - - -
Mg - 0.068 0.334 0.187 - 0.022 - 1.203 - - - 0.038 - 0.354 - 0.057 - 0.033 0.023 0.144
Ca 6.146 6.534 6.281 6.445 5.917 6.235 6.043 5.208 6.118 6.008 5.968 6.141 5.247 5.809 6.499 6.551 6.060 6.262 6.297 6.465
Cr - - 0.108 1.792 - 0.017 - - - - - - 0.127 - - - 0.105 0.098 0.042 -
H, 0.185 1172 0.636 2.503 0.713 1.564 0.000 0.684 0.000 0.638 0.526 1.012 0.000 0.000 0.074 0.348 0.000 0.321 0.000 0.292
16.464 17.454 16.779 17.192 16.194 16.623 16.432 16.857 16.540 16.219 16.271 16.895 15.053 16.461 17.349 17.570 16.014 16.735 16.337 8574

Uvr 0.0 0.0 3.0 44.0 0.0 0.4 0.1 0.0 0.2 0.0 0.0 0.0 8.3 0.0 0.0 0.0 2.7 2.4 12 0.0
And 28.9 69.4 46.3 12.0 0.0 38 33.6 44.6 424 0.0 6.4 357 13.8 47.2 92.8 93.9 2.4 44.4 34.9 94.0
Pyr 0.0 11 6.3 15 0.0 0.4 0.2 20.1 0.1 0.0 0.0 0.6 0.0 6.3 0.0 0.0 0.0 05 0.4 2.0
Sps 0.0 0.6 0.2 0.0 0.0 01 0.4 03 0.0 03 0.4 05 0.3 0.0 0.6 0.0 0.0 0.0 0.0 0.0
Hgr 3.0 18.7 12.0 42.3 11.9 25.4 0.0 114 0.0 10.5 8.6 15.9 0.0 0.0 11 5.1 0.0 5.2 0.0 4.0
Grs 67.6 10.2 32.2 0.2 87.1 69.9 64.6 236 56.2 88.4 82.8 451 77.6 465 55 1.0 94.8 475 63.4 0.0
Alm 05 0.0 0.0 0.0 0.9 0.0 11 0.0 11 0.8 17 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sch 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO' = total iron; --, below detection limit. Fe*" calculated from Deer et al. (1992) [Droop (1987)]. End member calculation for garnet following Barriga and Fyfe (1983). * core of Vesuvianite; * H,O calculated following Barriga and Fyfe (1983). Uvr = uvarovite, And = andradite,
Pyr = pyrope, Sps = spessartine, Hgr = hydrogarnet, Grs = grossular, AlIm = almandine, Sch = schorlomite
Table 2 - continued

(B) Diopside (C) Vesuvianite (D) Prh (E) Pmp  |(F) Chlorite (G) Serpentine (H) Oxides (1) llm

GG1 GG3 MR1 MR3 MR18 MR4 MR21 MR1 MR3 MR3




wt.%
Sio,
TiO,
Al,O,
FeOt
MnO
MgO
CaO
Na,O
Cr,03

NiO

Total

0.77

0.40

18.53

25.88

100.78

0.25

0.11

18.54

25.77

100.13

36.41

17.10

3.67

3.06

35.66

0.10

95.99

37.12

0.21

15.03

9.64

35.41

0.11

97.52

37.06

0.81

17.45

3.44

215

35.84

96.74

44.28

27.78

0.23

98.23

34.00

30.78

0.35

30.90

0.22

96.25

Structural formula on the basis of 6 O Diopside, 24 (O,0H) Prh, 14 (O,0H) Pmp, 28 O Chlorite, 9

1.986

0.023

0.000

0.012

0.994

0.998

4.013

97.7

49.5

49.3

11

1.999

0.002

0.005

0.003

0.996

0.995

4.001

99.3

49.8

49.8

0.4

18.061

0.000

9.995

1.493

0.000

2.263

18.952

0.039

50.808

18.654

0.079

0.000

8.904

3.983

19.064

0.111

50.794

18.201

0.298

0.000

10.101

1.402

1572

18.863

50.438

6.458

1.542

2917

4.342

0.065

15.323

3.049

0.000

3.253

0.026

2.969

0.038

9.334

34.69

0.14

16.47

0.94

87.54

34.46

16.00

111

0.22

35.67

87.46

31.07

19.70

751

0.36

27.62

0.34

86.59

39.09

9.87

4.62

0.22

35.59

0.15

89.54

28.52

21.44

771

26.63

0.15

84.91

26.96

18.12

28.94

0.52

13.75

0.20

88.48

(O,0H) Serpentine, 4 O Oxides, 3 O limenite, 50 cations Vesuvianite

6.383

0.019

1.617

1.956

0.145

19.801

6.365

1.635

1.850

0.172

0.035

9.820

19.876

5.996

2.004

2.476

1.212

0.059

7.943

0.070

19.761

7.153

0.847

1.282

0.707

0.033

9.707

0.030

19.759

5.631

2.369

2.620

1.273

19.833

5.743

2257

2.294

5.156

0.094

4.365

0.045

19.955

39.73

0.14

5.70

3.79

85.70

2428

0.006

0.411

0.194

6.350

3.78

0.26

38.56

0.17

86.73

2.653

0.191

0.013

3.469

0.011

6.344

44.83]

5.25,

36.99

87.08

2.703

0.264

0.002

3.323

6.290

Sio,
Tio,
AlLO;
Cry,03
FeOt
MnO
MgO
CaO

Total

Sp
Mg-Chr
Mg-Fer
Hrc
Chr
Usp

Mt

0.28

0.55

1.31

91.37

0.33

0.15

93.99

0.014

0.021

0.052

1.893

1.011

0.014

0.011

3.015

0.2

0.7

0.0

0.0

13

2.0

95.9

1.45

0.17

1.33

86.77

0.32

1.39

91.43

0.073

0.006

0.053

1.838

0.968

0.014

0.104

3.056

0.0

21

6.1

0.0

0.0

0.5

91.3

0.36

0.14

0.31

94.69

0.21

0.22

95.91

0.018

0.008

0.012

1.954

0.998

0.009

0.016

3.013

0.3

0.5

0.4

0.0

0.0

0.2

98.6

1.80

49.80

0.26

0.15

22.48

23.38

211

99.98

0.045

0.929

0.008

0.003

0.064

0.398

0.491

0.078

2.014

Blank, not analyzed. Mg# = 100*Mg/(Mg+Fe). Prh = prehnite, Pmp = pumpellyite, llm = ilmenite, Wo = wollastonite, En = enstatite, Fs = ferrosilite, Sp = spinel, Chr = chromite, Fer = ferrite, Hrc = hercynite, Usp = ulvospinel, Mt = magnetite. Chlorite of GG also contains Cl up to 1.15 wt% and SO; up

to 0.84 wt%; serpentine of MR SOj; up to 0.25 wt%

Table 2 - continued

(J) Spinel

(K) Clinopyroxene

(L) Orthopx

(M) Olivine

(O) Amph

MDA

MR2

MB1

MR1



wt.%
Sio,
TiO,
AlLO,
Cr,03
FeOt
MnO
MgO
CaO

Total

0.27

2.82

3.74

46.42

37.33

5.12

0.77

0.27

96.73

0.14

54.03

10.59

16.45

0.29

17.37

98.87

0.26

0.11

64.44

1.58

14.33

0.37

18.70

99.80

0.32

39.96

26.22

18.51

0.29

14.03

99.33

Sio,
TiO,
Al,O,
FeOt
MnO
Mgo
CaO
Na,O
K,0
Cry,03
NiO

Total

51.15

0.78

4.62

4.76

0.10

15.07

22.40

0.43

0.80

100.11

51.37

1.10

491

3.50

15.52

23.03

0.11

0.56

100.10

49.56

0.90

5.75

3.09

13.06

24.47

0.64

1.09

98.56

Structural formula on the basis of 4 O Spinel and Olivine, 6 O Pyroxene, 80 Plagioclase, 23 O Amphibole

Si

Ti

Al
Cr
Fe**
Fe”*
Mn
Mg
Ca

Cr#
Mg#
Sp
Mg-Chr
Mg-Fer
Hrc
Chr
Usp

Mt

0.010

0.079

0.164

1.367

0.206

0.927

0.162

0.043

0.011

2.967

89.3

35

42

0.0

0.0

3.9

67.9

122

11.8

0.004

1711

0.225

0.049

0.318

0.007

0.696

3.010

11.6

65.3

69.2

0.0

0.0

15.9

11.2

0.6

3.0

0.007

0.002

1.931

0.032

0.000

0.305

0.008

0.708

2.992

16

69.9

711

0.0

0.0

25.8

16

0.7

0.8

0.007

1.356

0.599

0.042

0.401]

0.007

0.602

3.013

30.6

57.5

59.9

0.0,

0.0,

7.6

29.8

0.7

21

Si

Mg#

Wo
En
Fs
Fo
Fa
An
Ab

Kfs

1.877

0.022

0.123

0.076

0.016

0.130

0.003

0.824

0.881

0.030

0.023

4.005

84.9

47.9

44.8

73

1.872

0.030

0.128

0.083

0.000

0.107

0.843

0.899

0.008

0.016

3.986

88.8

48.6

45.6

5.8

1.849

0.025

0.151

0.102

0.019

0.077

0.726

0.978

0.046

0.032

4.006

88.3

54.7

40.6

4.8

51.11

0.63

6.21

3.84

0.15

15.98

21.16

0.45

0.28

99.81

1.861

0.017

0.139

0.128

0.000

0.117

0.005

0.867

0.826

0.032

0.008

4.000

88.1

45.6

47.9

6.5

55.00

0.22

3.00

8.14

0.47

32.58

0.78

0.46

0.13

100.77

1.909

0.006

0.091

0.032

0.053

0.182

0.014

1.685

0.029

0.013

0.004

4.017

87.7

15

88.0

10.5

56.31

0.25

1.65

6.71

0.21

34.32

0.44

0.38

100.27

1.944

0.006

0.056

0.011

0.032

0.161

0.006

1.766

0.016

0.010

4.010

90.1

0.8

90.3

8.8

53.48

0.29

4.03

8.33

0.40

33.16

0.87

0.17

100.72

1.862

0.008

0.138

0.027

0.136

0.104

0.012

1.720

0.032

0.005

4.043

87.6

17

90.4

7.9

0.45

100.45

0.993

0.009

3.003

87.6

87.6

12.4

10.02

0.24

48.96

0.25

100.09

0.996

0.205

0.005

1.789

0.005

3.001

89.7

89.5

10.5

47.78

33.67

0.18

15.78

2.93

100.33

2.183

1.813

0.007

0.773

0.259

5.039

74.9

25.1

0.0

Trm

57.85

0.57

4.02

21.93

13.69

98.07

7.944

0.056

0.037

0.005

0.456

0.008

4.488

2.014

15.001

90.7

Ti-Prg

42.09

3.82

12.86

5.94

0.11

16.14

12.09

4.04

1.03

98.12

6.056

0.413

1.944

0.237

0.000

0.717

0.014

3.460

1.864

1.126

0.117

15.948

829

Ti-Prg

43.39

2.82

13.26

5.19

0.13

17.09

11.87

3.00

0.61

97.36

6.209

0.304

1.791

0.445

0.048

0.573

0.016

3.644

1.820

0.832

0.069

15.750

85.4

For amphibole Fe** calculated following Hawthorne et al. (2012). Cr# = 100*Cr/(Cr+Al). Pl = plagioclase, Amph = amphibole, Fo = forsterite, Fa = fayalite, An = anorthite, Ab = albite, Kfs = K-feldspar, Trm = tremolite, Prg = pargasite



Table 3

GG1 GG2

Major elements wt%

Sio, 39.72 39.88
TiO, 0.25 0.25
Al,O4 10.48 9.16
Fe,0, 1.38 2.62
FeO 5.30 4.00
MnO 0.15 0.12
MgO 21.83 21.99
Ccao 12.25 13.08
Na,O 0.19 0.32
K,O 0.04 0.01
P,05 - -
LOI 6.99 6.77
Total 99.17 98.64
Trace elements and REEs ppm

Sc 39 28
Be - --
\Y 143 113
Cr 1070 1460
Co 42 54
Ni 480 710
Cu 60 40
Zn 40 50
Ga 4 5
Ge - 1
As - --
Rb - -
Sr 3

Y 8

Zr 5

Nb - -
Mo - --
Ag -- -

In - -

Sn 4 4

GG3

39.36
0.26
9.52
2.73
3.90
0.12

22.47

12.67
0.32
0.03

7.17
98.98

30

114
1820
51
700

MR1

38.91
0.08
2.68
3.79
2.80
0.12

36.56
115
0.14

1990
60
1240

MR1 vein

37.63
0.04
3.13
4.46
3.60
0.06

36.54
0.71
0.23
0.02

12.34
99.16

19
60
35
620

MR3

40.53
0.10
2.68
2.02
5.60
0.12

38.99
2.58
0.13
0.04

5.68
99.09

11

39
1890
81
1340

MR4

36.92
0.41
9.40
2.48
2.60
0.15

29.94
6.94
0.17

42

141
2240
27
480

MR4 vein

44.69
0.02
3.35
112
1.20
0.13

30.04

11.28
0.18

17
90
13
270

MR 6

42.66
0.57
7.89
1.46
4.80
0.15

21.53

14.07
0.15

36

241
1290
49
760

MR
15

38.46
0.35
17.15
119
1.60
0.07
1151
24.06
0.15

162
560

14
140

MR
21

38.74
0.01
2.29
5.59
2.90
0.07

37.01
117

11
320
104

1650

CAM 2

40.61
0.15
3.24
3.77
4.70
0.13

35.51
2.79
0.07

2350
92
1710

CAM 8

44.95
0.29
11.05
1.33
4.10
0.15
18.05
15.37
0.33
0.03

4.09
99.74

46

186
1320
41
720
100

GAV2*

38.04
0.23
12.77
2.22
4.30
0.12
22.01
11.38
0.14
0.08

8.46
99.75

17

115
2570
53
900

15
4.9
10



Sb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W
Tl
Pb
Bi
Th
u

0.14
11
0.5

0.28
0.8
0.2
12
0.3
0.8

0.12
0.8

0.13
0.3

0.21
14
0.6

0.29
0.8
0.2
11
0.2
0.7

0.11
0.7

0.11
0.3

0.21
14
0.6

0.26
0.8
0.2
11
0.2
0.7
0.1
0.6
0.1
0.3

0.06
0.4
0.2

0.07
0.3

0.08
0.5
0.2

0.09
0.3

0.32
2.4

0.32
14
0.3
19
0.4
12

0.18
1.2

0.19
0.7

0.6
0.5

0.6
172
0.55

3.2
217

0.916
2.67
0.52
341
0.76
2.23

0.384

2.8

0.414

18
0.18

12
0.13

0.31
2.2
0.8

0.27
11
0.2
15
0.3
0.9

0.13
0.8

0.11
0.3

0.31
0.81
0.29
1.44
0.76

0.308
0.51
0.09
0.58
0.13
0.49

0.103

0.8
0.134
0.8
0.14
0.9

0.12
0.8
0.3

0.12
0.4

0.6
0.1
0.4
0.05
0.3
0.05

0.8

0.6
12
0.26
16
0.9
0.34
13
0.3

0.5
13
0.21
14
0.24
0.3

0.37
14
0.22
1.26
0.48
0.226
0.74
0.13
0.92
0.19
0.52
0.078
0.56
0.09
0.3

Data from * Montanini et al. (2017). FeO calculated by titration. Blank, not analysed

; -, below detection limit



Table 4

Precursor CAM2 CAMS8 GAV2

Rodingite MR1 MR3 MR4 MR6 MR15 GG1 GG2 GG3
SiO, 0.158 0.207 -0.034 0.329 -0.449 0.272 0.461 0.388
TiO, -0.300 -0.158 0.669 1.757 -0.217 0.303 0.515 0.522
Fe,05 0.215 -0.352 1.192 0.537 -0.424 -0.243 0.645 0.649
FeO -0.280 0.440 -0.255 0.640 -0.749 0.502 0.297 0.219
MnO 0.105 0.152 0.183 0.354 -0.699 0.503 0.338 0.298
MgO 0.245 0.327 0.950 0.671 -0.589 0.208 0.393 0.369
CaO -0.502 0.118 -0.469 0.282 0.009 0.312 0.602 0.493
Na,O 1.418 1.245 -0.394 -0.363 -0.707 0.654 2.186 2.066
KO -0.391 -0.826 -0.497
Sc 0.058 0.044 -0.0.1 0.069 -0.349 1.804 1.300 1.370
\% -0.513 -0.341 -0.171 0.770 -0.445 0.520 0.372 0.331
Cr -0.030 -0.008 0.856 0.335 -0.730 -0.491 -0.207 -0.049
Co -0.253 0.086 -0.280 0.632 -0.783 -0.031 0.422 0.292
Ni -0.169 -0.034 -0.271 0.442 -0.876 -0.348 0.101 0.044
Cu 3.584 0.233 -0.891 -0.044

Zn 0.146 0.233

Ga -0.236 0.233 -0.375 0.366 -0.454

Sr 0.233 -0.993 -0.944 -0.755 -0.721 -0.194
Y 0.146 -0.074 0.597 -0.608 0.996 0.710 0.918
Zr 0.515 0.366 -0.461 -0.389 0.117 -0.194
La -0.692 -0.453 0.366 -0.575 -0.339 0.132 0.089
Ce -0.509 -0.295 0.367 0.958 -0.257 -0.389 0.197 0.055
Pr -0.427 -0.178 0.346 1.889 -0.241 -0.222 0.333 0.282
Nd -0.427 -0.229 0.641 1.731 -0.124 0.067 0.551 0.492
Sm -0.236 -0.178 0.216 2.293 -0.434 0.273 0.745 0.678
Eu -0.331 -0.075 0.030 2.679 -0.494 0.514 0.791 0.545
Gd -0.140 -0.075 0.178 1.805 -0.461 0.322 0.509 0.451
Tb 0.094 1.367 -0.575 0.881 1.148 1.066
Dy -0.236 -0.178 0.039 1.329 -0.522 0.594 0.669 0.605
Ho 0.146 -0.125 1.076 -0.618 0.930 0.470 0.413
Er -0.140 -0.075 0.010 1.343 -0.559 0.881 0.879 0.807
Tm -0.062 1.497 -0.606 0.881 0.969 0.721
Yb 0.146 0.233 -0.062 1.731 -0.636 0.746 0.745 0.439
Lu 0.146 0.233 -0.134 1.356 -0.708 0.766 0.706 0.492
AM (vol%) 14.6 23.3 9.4 36.6 -36.3 22.2 39.6 34.3

Ki-1 according to Venturelli et al. (1997), AM according to Grant (1986)



Table 5

Minerals Chemical formula Abbreviations
Forsterite Mg,SiO, Fo
Clinopyroxene, Diopside CaMgSi,O¢ Cpx, Di
Orthopyroxene Mg,Si,O¢ Opx
Serpentine Mg3Si,05(0OH), Srp
Plagioclase CaAl,Si,0g PI
Chlorite MgsAI(AISiz0,0)(OH)g Chl
Hydrogrossular CazAl,Si; 5019(0OH), Hgr
Grossular CazAlLSiz04, Grs
Prehnite CayAl,Siz040(0OH), Prh
Vesuvianite CayMgLAlL(SiO4)s(Sin07)2(0OH), Ves

Mineral reactions

Serpentinization
(1) 3Fo + SiO, (aq) + 4 H,0O = 2 Srpl

(2a) 3 Cpx +6 H" = Srpl + 3 Ca®* + 4 SiO, (aq) + H,0
(2b) 3 Opx + 4 H,O = 2 Srpl + 2 SO, (aq)

(3)5Srpl + 3Pl +6H" =3 Chll +3 Ca® + 7 SiO, (aq) + 2 H,0

First stage of rodingitization

(4) 2 Pl +5Cpx +H,0+8H"=Hgr + Chl2 + 4 Ca® + 8.5 SiO, (aq)
(5a) Pl +2 Ca*" + 0.5 SiO, (ag) + 3H,0 = Hgr + 4 H"
(5b) PI + Ca* + SiO, (aq) + 2 H,0 = Prh +2 H*

(5¢) Prh + Ca?* + H,0 = Grs + 2 H" + 0.5 SiO, (aq)

Second stage of rodingitization

(6) Hgr + 6 Mg?* + 3.5 Si0, (ag) + 9 H,O = Di + Chl2 + 2 Ca®* + 12 H'
Decomposition and carbonation stage

(7) Grs +5Di + 4 H,0 + 8 CO, =8 Cc + Chl2 + 10 SiO, (aq)

Last stage of rodingitization

(8a) 5 Grs + Di + Chl + 14 Cc + 7 SiO, (aq) + 2 H,0 = 3 Ves + 14 CO,

(8b) 5 Grs + Di + Chl + 14 Ca®* + 7 SiO, (ag) + 16 H,0 = 3 Ves + 28 H"

Reaction occurring at: (i) GG and MR (black), (ii) prevalently GG and subordinately MR (blue),

(iii) GG (red), (iv) MR (green)
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Three rodingite occurrences from the Northern Apennine ophiolites are investigated
Pyroxenites and peridotites are the involved protoliths

Hydrogarnet, diopside and vesuvianite are the main rodingite mineral phases
Rodingite-forming processes occurred through a multistage evolution

Minerals and fluids are traced by reaction path modelling and activity diagrams
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