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Abstract: This study presents new field and petrological data on carbonated metasomatic rocks from
the lawsonite-eclogite units of Alpine Corsica. These rocks form along major, slab-scale lithological
boundaries of the subducted Alpine Tethys plate. Our results indicate that a large variety of rocks ranging
from metamafic/ultramafic to metafelsic can react with carbon-bearing fluids, leading to carbon
sequestration at high-pressure conditions. The process of carbonation includes both replacement of silicates
by high-pressure carbonate, and carbonate veining. The field, microstructural and mineralogical data strongly
suggest that the metasomatism was mediated by the infiltration of external fluids of mixed origin, including
both mafic/ultramafic and metasedimentary sources. Our results support the following three-step evolution:
(i) Release of aqueous fluids by lawsonite and/or antigorite breakdown at depth; (ii) Fluid channelization
along the base of the metasedimentary pile of the subducted lithospheric plate and related reactive fluid
flow leading to carbonate mineral dissolution; (iii) Further interactions of the resulting carbon-bearing fluids
with slab-forming rocks at depths of ca. 70 km and carbonation of pre-existing silicate-rich lithologies. This
study highlights the importance of carbonate-bearing fluids evolving along down-T, down-P paths, such as
along slab-parallel lithological boundaries, for the sequestration of carbon in subduction zones, and suggests
that similar processes may also operate in collisional settings.
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1. Introduction

Subduction zones control an important part of the carbon cycle by regulating the exchanges between shallow
and deep carbon reservoirs (e.g., Hammouda, 2003; Hayes and Waldbauer, 2006; Dasgupta and Hirschmann,
2010; Dasgupta, 2013; Evans, 2012; Poli, 2015). The amount of carbon that enters subduction zones is
currently estimated to range from 40 to 66 Mt C/yr (Kelemen and Manning, 2015). This carbon is dominantly
hosted in carbonate minerals present in both sediments and altered oceanic crust and mantle rocks (Plank
and Langmuir, 1998; Alt and Teagle, 1999; Jarrard, 2003; Plank, 2014).


https://www-sciencedirect-com.science/article/pii/S0024493718300367

The study of the petrological evolution of subducting carbonate-bearing rocks is therefore crucial for the
understanding of the global carbon cycle (Kerrick and Connolly, 1998, Kerrick and Connolly, 2001; Molina and
Poli, 2000; Gorman et al., 2006). Subducted carbonate may experience different mechanisms of recycling,
which are in most cases enhanced by open-system conditions and infiltration of external fluids. These
mechanisms include processes related to the reactivity between carbonates and silicates (e.g. decarbonation
reactions; Kerrick and Connolly, 1998, Kerrick and Connolly, 2001; Gorman et al., 2006), processes related to
carbonate solubility in aqueous fluids (e.g. carbonate dissolution; Frezzotti et al., 2011; Ague and Nicolescu,
2014), processes of carbonate reduction (to either solid or fluid reduced phases; Malvoisin et al., 2011; Galvez
et al., 2013; Vitale Brovarone et al., 2017), and melting (Schneider and Eggler, 1986; Hammouda, 2003; Poli,
2015). Several works have focused on the mechanism that can release carbon from subducting slabs and
transfer it to shallower reservoirs, most notably the mantle wedge and volcanic arcs above subduction zones.
Decarbonation reactions releasing CO2 are expected to be particularly efficient at forearc conditions (Kerrick
and Connolly, 1998, Kerrick and Connolly, 2001; Gorman et al., 2006), whereas carbonate dissolution has
been identified as a major process for carbon release occurring at forearc and possibly subarc depths
(Frezzotti et al., 2011; Ague and Nicolescu, 2014). Accounting for the ensemble of these processes, Kelemen
and Manning (2015) estimate deep carbon fluxes from the subducting slab into the shallow mantle of 4 to
60 Mt C/yr. Accordingly, the authors suggest that potentially most subducted carbon (40 to 66 Mt C/yr) is
released from the slab into deep fluids.

Conversely, much less is known regarding the reactivity of carbon-bearing fluids, generated by
decarbonation/dissolution processes, with silicate rocks in the subducting slab. Equivalent processes are
known at low-pressure conditions in both oceanic and on-land settings, where they can sequestrate
significant amounts of carbon, including atmospheric CO2 (e.g. Kelemen and Matter, 2008). In HP
metamorphic settings, recent studies on the exhumed eclogite-facies units of Alpine Corsica and the Western
Alps report that, during flow, carbon-bearing fluids can be extremely reactive with mafic and ultramafic rocks
and lead to high-pressure (HP) rock carbonation (Piccoli et al., 2016; Scambelluri et al., 2016). HP rock
carbonation is a newly discovered process of carbon sequestration that can contribute to counterbalance
carbon fluxes due to mobilization processes (both decarbonation and dissolution), with potential large-scale
implications for the global carbon cycle (Piccoli et al., 2016). The identification of HP carbonation in exhumed
metamorphic terranes, however, may be challenging owing to the absence of diagnostic mineral assemblages
and the effect of deformation and late metamorphic overprinting.

In this contribution, we present a detailed field and petrological dataset for several occurrences of
carbonated metasomatic rocks in the lawsonite eclogite-facies terrains of Alpine Corsica (France). The aim of
this work is threefold. Firstly to provide an exhaustive picture of the nature and diversity of these carbonated
metasomatic products and their protolith rocks. Secondly, elucidate general petrological and geochemical
features characterizing carbonate metasomatic processes at HP conditions in subduction zones. Lastly,
discuss the fluid composition and sources. A conceptual model of large-scale reactive fluid flow is then
proposed based on the field, petrological, and geochemical observations in order to better assess the impact
of this process on the carbon inventory in subduction zone reservoirs.

2. Geological setting

2.1. Geology of Alpine Corsica and the San Petrone unit



Alpine Corsica occupies the northeastern part of the island of Corsica (France) and is a segment of the Alpine
orogenic system (Jolivet et al., 1991; Molli and Malavieille, 2011; Fig. 1a). The belt is subdivided into three
domains (see Vitale Brovarone et al., 2013 for review): 1) the continent-derived units; 2) the Schistes Lustrés
complex; and 3) the uppermost thrust sheets (Nappes Supérieures) (Fig. 1b). Altogether, these units were
thrust over the western and southern part of the island, which largely escaped the Alpine subduction and
orogenesis. The Schistes Lustrés complex consists of remnants of subducted Mesozoic slow-spreading
oceanic and passive margin lithosphere of the Tethys Ocean, and shows lithostratigraphic features analogous
to those of the eclogite-facies units exposed in the Piemonte Zone of the Western Alps (e.g.
Queyras/Combin/Monviso/Rocciavré/ Zermatt—Saas area; Lagabrielle and Lemoine, 1997; Lombardo et al.,
2002; Vitale Brovarone et al., 2014a). The Schistes Lustrés complex forms a N-S antiformal stack with
metamorphic grade increasing from the top to the bottom, with the exception of the lowermost structural
unit (Castagniccia unit, Fig. 1c). The peak metamorphic grade varies from subgreenschist-facies conditions of
about 300 °Cand 0.4 GPa to lawsonite blueschist- and lawsonite eclogite-facies conditions of 500-550 °C and
~2.3 GPa (e.g. Fournier et al., 1991; Ravna et al., 2010; Vitale Brovarone et al., 2013).

In this study, we focus on the San Petrone unit, which belongs to the lawsonite eclogite-facies terrains (Vitale
Brovarone et al., 2011a) (Fig. 2a). The San Petrone unit is interpreted to represent a coherent segment of
subducted Jurassic hyper-extended passive margin or ocean-continent transitional lithosphere (Vitale
Brovarone et al., 2011a; Beltrando et al., 2014). The unit consists of a basal body of serpentinized mantle
peridotites overlain by a laterally variable lithostratigraphy comprising: i) slivers of continental basement
rocks; ii) pillow metabasalts; and iii) Mesozoic metasedimentary rocks (Fig. 2b). By analogy with present-day
passive margins, the basal serpentinized peridotites are interpreted as sub-continental mantle rocks
exhumed and altered on the seafloor during Jurassic (hyper)extension (Manatschal, 2004; Beltrando et al.,
2014 and references therein; Picazo et al., 2016). Evidence of these events is also well documented in the
San Petrone unit, such as scattered bodies of ophicarbonates found along the top of the serpentinite
testifying for mantle alteration along a paleo-seafloor (Vitale Brovarone et al., 2011a). Metagabbros are rare
in this unit and are found as small pods within the serpentinite. The continental basement slivers lie directly
upon the serpentinite (Fig. 2a,b,c-d), and contain both orthogneiss and carbonate-free paragneiss. These
continental basement slivers are interpreted as continental extensional allochthons emplaced on top of the
exhumed mantle substratum during the hyper-extension of the continental margin (Vitale Brovarone et al.,
2011a; Beltrando et al., 2014). Metabasalts form large bodies (Fig. 2a) with structural position equivalent to
the continental slivers, and never underlie or overlie them. Mesozoic metasedimentary rocks variably overlie
the serpentinite (+ ophicarbonate), the continental slivers, and/or the metabasalts (Fig. 2a,b). The base of
the Mesozoic metasedimentary suite comprises the original basal unconformity of marine sediments in the
Tethys basin (Vitale Brovarone et al., 2011a; Beltrando et al., 2014) and, therefore, was a major lithological
boundary during the Alpine subduction. The Mesozoic metasediments can be divided into early post-rift and
post-rift metasediments (Fig. 2b). The first group consists of metacherts (likely radiolarian metacherts) and
marbles of inferred Jurassic sedimentary age; the second group mainly includes calcschists sensu stricto, i.e.,
pelitic layers alternating with carbonate-rich layers of Cretaceous sedimentary age (Vitale Brovarone et al.,
2011a). This composite tectonostratigraphic sequence is folded by a series of large (km in length) N-S non-
cylindrical anticlines and synclines that locally overturn the overall upright tectonostratigraphy (Fig. 2b).
Because of the non-cylindrical folds, the entire lithostratigraphy is affected by local and discontinuous
synformal and antiformal structures with N-S trending fold axes (Fig. 2b,c,d). The whole
tectonolithostratigraphic suite of the San Petrone unit underwent consistent peak metamorphic conditions
of about 500-550 °C and ~2.2-2.4 GPa (Vitale Brovarone et al.,, 2011b) in the Late Eocene (U-Pb zircon
~34 Ma, Martin et al., 2011; Lu-Hf garnet, Vitale Brovarone and Herwartz, 2013).

2.2. Fluid-rock interaction and metasomatism in the San Petrone unit



Previous studies have documented rocks affected by strong fluid-rock interactions and metasomatism
localized along the contact separating the serpentinized mantle rocks and the overlying lithologies (Vitale
Brovarone et al.,, 2011a, 2014b; Martin et al., 2011; Piccoli et al., 2016) (Fig. 2b—e). Two successive
metasomatic stages were identified: (i) A first event characterized by fluid-mediated lawsonite-diopside
crystallization (Stage#1 metasomatic rocks) and constrained to prograde-to-peak metamorphic conditions
(2—2.2 GPa; 500-550 °C) by petrological and geochemical data and U-Pb zircon geochronology (Martin et al.,
2011; Vitale Brovarone et al., 2014b and references therein); (ii) A second event characterized by carbonate
metasomatism and formation of carbonate-rich rocks (Stage#2 metasomatic rocks; Piccoli et al., 2016). The
second event occurred through the interplay of fluid-silicate interactions, hereafter termed silicate
carbonation, and veining. Mineral assemblages, including coexisting carbonate + omphacite + garnet, and
stable isotope geothermometry (493 + 30 °C) coupled with previous P-T-paths (Vitale Brovarone et al.,
2011b) constrain this second event to near peak metamorphic conditions (Piccoli et al., 2016). Of particular
interest for this study are Stage#2 carbonated metasomatic rocks, for which we report herein new field and
petrological data.

3. Tectonostratigraphic occurrence of carbonated metasomatic rocks

Carbonated metasomatic rocks in the San Petrone unit occur along three main types of regional lithological
interfaces (Fig. 2), which are described in the following together with their most notable structural and
lithological features. The reconstruction of the pre-metasomatism metasedimentary sequences was done by
integrating field and petrological observations from our survey and previous studies. Fig. 3 summarizes the
main field lithostratigraphic observations by means of interpretative tectonostratigraphic logs and
representative field images.

3.1. Serpentinite-Mesozoic metasediments

This regional lithological interface crops out several times over about 13 km (Fig. 2a). The best examples of
metasomatism along this type of lithological interface are exposed in the localities of Col del Prato, Punta
Favalta and Loriani (Figs. 2a,c; 3a and 4a,b,c). In these zones, the serpentinite below the contact is massive
to foliated. Only the very top centimeters of the serpentinite exhibit a marked schistosity parallel to the
contact with the overlying rocks; these schistose zones are also more weathered than unfoliated serpentinite.
At the regional scale, relicts of the Mesozoic metasedimentary rocks overlying the serpentinite and
unaffected by metasomatism commonly consist of quartz-rich, carbonate-free layers alternating with impure
marbles (Fig. 3al1,a2), followed upward by calcschists sensu stricto (pelitic layers with more or less abundant
carbonate layers). The quartz-rich layers, commonly metacherts (Fig. 3a2), are continuous and range in
thickness from a few cm to about 1 m, and are frequently observed at the base of the metasedimentary
sequence (first 3 m above the contact). Metacherts commonly contain Mn-rich minerals suggesting
transformations of Mn-bearing radiolarian metacherts typical of the lowermost portion of the Tethyan
Mesozoic sedimentary cover sequences preserved in this unit (Vitale Brovarone et al., 2011a and references
therein). The metasedimentary rocks are affected by polyphase deformation leading to non-cylindrical and
disharmonic folding and a marked composite schistosity (Fig. 3al) that locally resulted in boudinage of the
quartz-rich layers.

The contact between the serpentinite and the metasediments is commonly affected by a strongly asymmetric
metasomatic front formed at the expense of the lower part of the metasedimentary pile overlying the
serpentinite (first 1-3 m), and with no marked evidence for metasomatism in the serpentinite (Figs. 3a3,a4,
4b; Martin et al., 2011; Vitale Brovarone et al., 2014b; Piccoli et al., 2016). The metasomatic halo consists of
both diopside-lawsonite-rich rocks (Stage#l metasomatism) and carbonated metasomatic rocks (Stage#2
metasomatism). Field observations attest to the relative chronology of the two metasomatic events, with
Stage#2 carbonation partially replacing Stage#1 metasomatic rocks. These two metasomatic end-members



(diopside-lawsonite and carbonated metasomatic rocks) are observed at various scales with two main modes
of occurrence. In some cases the two rock types form a layered structure that mimics (Fig. 3a2, a4) the
structure of pristine metasedimentary sequences composed of folded impure marbles and metachert layers
(Fig. 3al,a3). Some outcrops show partial replacement of the protolith metasedimentary rocks by the
metasomatic assemblages. The most remarkable example was observed in the Loriani outcrop (Figs. 2a, 4a),
where a progressive transformation of a former metachert layer into diopside-lawsonite-rich rocks can be
clearly seen on the outcrop (Fig. 3a4). The diopside-lawsonite domains are then replaced by carbonate. This
process leads to heterogeneous consumption and segmentation of the silicate-rich layers of the initial
metasedimentary sequence (Fig. 4b). The latter process is commonly mediated through processes of
fracturing and brecciation of the Stage#1 rocks and formation of carbonate crack-seals, along with chemical
replacement of silicates by carbonate (Piccoli et al., 2016). Field and microstructural observations indicate
that both metasomatic events post-dated the main regional-scale folding event.

In the Punta Favalta area, a ~8 m thick sequence of variably metasomatized and intensely deformed rocks is
found atop the regional serpentinite. Here, the serpentinite basement is intensely folded and capped by
ophicarbonates. A small lens of metasediments is sandwiched in a tight, recumbent syncline. The outcrop is
located in the overturned limb of the fold (Fig. 2d). The rocks overlying the serpentinite are intensely
metasomatized and affected by strong deformation along a main shear zone. Fig. 4c shows the shear zone
between less deformed lawsonite-rich rocks and highly strained carbonated metasomatic rocks.

3.2. Serpentinite-continental basement rocks

Metasomatism also affected initially carbonate-free, pre-Alpine continental basement rocks resting on top
of the serpentinite (Figs. 2b, 3b,c). The extent of metasomatism most commonly inversely correlates with
the thickness of the continental basement slivers. The most notable examples of metasomatism in this
structural setting are found in the area between Punta di Caldane, Monte Muffraje and Aja Rossa (Fig. 2a,d,e).
In the southern part of the study area (Punta di Caldane; Fig. 2e), a 15—20 m thick (minimum thickness) sliver
of continental basement rock crops out discontinuously and forms patches of variable thickness. In the
vicinity of Punta di Caldane, this body mainly consists of orthogneiss (+ discontinuous paragneiss lenses; Figs.
2e, 3c2, 4d) overlying the serpentinite. The uppermost tens of cm of the serpentinite nearby the contact
show a marked schistosity parallel to the contact and no alteration halos have been observed. Above the
contact, the first 2 m of rock consist of Stage#1 diopside-lawsonite metasomatic rock formed at the expense
of the orthogneiss, as indicated by the primary structure of the orthogneiss preserved in the metasomatic
halo. In the lowermost part of the metasomatic rind, several carbonate veins cut across the metasomatized
orthogneiss (Fig. 3c4). The veins reach about 2 cm in thickness and have sharp contacts, with no alteration
selvage observable in the field. No evidence for carbonation by replacement of former silicates was observed
here.

The same contact is exposed in the Monte Muffraje area. Here, a 2 to 3 m-thick patch of metasomatic rocks
cap the serpentinite, and are followed upwards by unaltered Mesozoic calcschists. The contact between the
metasomatic rind and the serpentinite is parallel to the regional schistosity and dips gently to the west. As
for the previous cases, the serpentinite does not show marked evidence for strong fluid-rock interactions. In
the field, the distinction between metasomatized pre-Alpine and Mesozoic rocks cannot be easily made
owing to the outcrop conditions and the pervasive metasomatism. The metasomatic rind consists of both
Stage#1 and Stage#2 metasomatic rocks. Stage#1 rocks dominantly consist of diopside and lawsonite, and
occur as dismembered, partially corroded patches embedded in a Stage#2 carbonate-rich matrix (Fig. 3b4).



Stage#1 domains preserve a weak foliation inherited from the protolith. In the Stage#2 rocks, carbonate in
most cases forms rods oriented at high-angles to the regional schistosity. Carbonate and carbonate +
lawsonite veins, often with crack-seal texture, are widespread and locally discordant to the regional foliation
(Fig. 3b4). The orientation of the foliation in the patches of Stage#1 rocks is consistent at the outcrop scale
(i.e. no clast rotation) and indicates that carbonate precipitation occurred statically.

As in the previous case, in the Aja Rossa area, a thin (a few meters) slice of continental basement rocks is
extremely metasomatized (Fig. 4e). The metasomatic rind in this outcrop extends over the continental
material and also affects the overlying Mesozoic metasediments for a total thickness of ca. 8 m (Martin et
al., 2011; Vitale Brovarone et al., 2014b).

3.3. Continental crust-Mesozoic metasediments

Metasomatic rocks and HP carbonation were also observed along the top of the pre-Alpine continental
basement rocks in contact with Mesozoic metasedimentary rocks. The two most notable examples crop out
in the area of Punta di Caldane and to the East of Punta Ventosa (Fig. 2a,e). In the vicinity of Punta di Caldane,
Mesozoic metasedimentary rocks cap a 15—-20 m thick sliver of continental basement rocks, which in turn
overlie the basal serpentinite (Section 3.2). In the first 5 m above the contact with the orthogneiss, a chaotic
ensemble made of deformed clasts/blocks of mafic/ultramafic rocks dominated by green amphibole +
chlorite (+ lawsonite, + ankerite), dispersed in a carbonate-rich matrix (Figs. 3c1; 4f) (hereafter, carbonated
mafic/ultramafic rocks) is found. Some clasts are intensely strained and form discontinuous layers, with
dimensions ranging from a few cm to ca. 50 cm in diameter. Ca-carbonate crack-seals associated within green
amphibole-chlorite lenses are also observed (Fig. 4f). Furthermore, hydraulic breccias composed of blocks of
metasomatic origin (diopside + lawsonite) sealed by rod-shaped carbonate are locally observed within the
first few meters of the sequence. Quartz-rich rocks overlie the chaotic sequence of carbonated
mafic/ultramafic rocks. No unaltered protolith rocks with comparable structural features were found, with
the exception of a small body of brecciated and carbonated serpentinites (ophicarbonates) about ~150 m
from the Punta Ventosa outcrop. The metasedimentary sequence becomes more homogeneous and
dominated by calcschists from ~5 m above the contact with the continental sliver.

In the region of Punta Ventosa (Fig. 2a), carbonated mafic/ultramafic rocks overlying the continental crust
are also present. In this locality, impure marble layers with abundant deep green clinopyroxene, blue
amphibole, garnet, and minor quartz (Fig. 3c3), overlie the carbonated mafic/ultramafic rocks. This kind of
carbonated rock never occurs in the metasedimentary sequence far from major lithological interfaces, where
only monotonous rocks such as calcschists are found.

The heterogeneity of the chaotic sequence in these two areas makes the identification of individual
metasomatic events and the reconstruction of a pre-metasomatism tectonostratigraphy more challenging
than the previous cases.

4. Methods

4.1. Scanning electron microscopy and electron microprobe



Petrographic thin sections were carbon coated for scanning electron microscopy (SEM). Observations were
performed at a working distance of 7.5 mm using a Zeiss Ultra 55 field emission gun SEM operated at 15 kV
with a 120 um aperture. Backscattered electron (BSE) mode was used to investigate chemical heterogeneities
using an Angle Selective Backscattered Detector (AsB) or an Energy Selective Backscattered Detector (EsB).
Energy dispersive X-ray spectrometry (EDXS) maps were acquired using an EDXS QUANTAX system equipped
with a silicon drift detector XFlash 4010 (Bruker). Data were processed with the software Esprit (Bruker).
Mineral analyses were performed on a Cameca electron microprobe (either SX-100 or SX Five) (Camparis,
Université Paris 6). Common analytical conditions were adopted for spot analyses (15 kV, 10 nA, wavelength-
dispersive spectroscopy [WDS] mode), using Fe203, MnTiO3 (Mn, Ti), diopside (Mg, Si), orthoclase (Al, K),
anorthite (Ca) and albite (Na) as standards. The automated Cameca ZAF procedure was used for
quantification. For clinopyroxene, garnet, and amphibole ferric and ferrous iron contents were calculated on
the basis of charge balance, using 6, 12 and 23 oxygens per formula unit, respectively, and with fixed cations
per formula unit: 4, 8 and 13, respectively. All iron was assumed to be Fe3+ for pumpellyite and epidote, and
Fe2+ for mica. The water content of hydrous minerals was calculated assuming stoichiometry.

5. Petrography

Here we present an overview of the characteristic microstructures of the main rock types studied, including
the protolith rocks and their metasomatic equivalents from the three types of tectonostratigraphic settings
described in the previous section. Table 1 summarizes the petrological evolution of the study samples during
Stage#1 and Stage#2 metasomatism by reporting the most characteristic mineral paragenesis for the main
metasomatic stages. Mineral modal volumes for the studied thin sections are reported in Table S1, mineral
chemistry is described in the next section, and representative analyses are reported in Table S2. Carbonates
are always compositionally pure CaCO3, unless otherwise specified. In the matrix, calcite replaces aragonite,
whereas fresh aragonite is locally preserved as inclusions in garnet and hematite.

5.1. Unaltered protolith rocks
5.1.1. Mesozoic metasediments

Relicts of Mesozoic metasediments little or unaffected by metasomatism range from metachert (sample
corl6-42d) to quartz-carbonate rich rocks (samples 1cor12-20c and 1cor14-5, Fig. 3al, a2). In thin section,
the first variety displays disjunctive schistosity (Passchier and Trouw, 2005) marked by phengite rich layers
and oriented blue amphibole alternating with coarse-grained granoblastic quartz domains (Figs. 5a, 6a). Small
euhedral garnets grew in the amphibole-phengite domains (Fig. 6a). The second rock type is characterized
by alternating mm-thick layers of carbonate and quartz (Figs. 5b, 6b). Euhedral garnet is found in the silicate-
rich domains (Fig. 6b). Iron-rich carbonate and opaque minerals form clumps wrapped by phengite, blue
amphibole, and epidote (Fig. 5b). Mn-rich epidote is also locally present (1corl4—5c, Table S1). Calcschists
sensu stricto (samples corl3—-32 and 1corl2-11q) have a marked schistosity defined by phengite flakes
embedded in a carbonate + quartz granoblastic matrix. In these samples, accessory phases are chlorite,
epidote, opagque minerals, and carbonaceous material, the latter being concentrated in the phengite-bearing
domains. Pseudomorphs after lawsonite may be present and consist mainly of white mica, chlorite, and
opague minerals.

5.1.2. Pre-Alpine gneiss



Pre-Alpine rocks forming the continental basement slices are polymetamorphic micaschists and metamafic
paragneiss intruded by Permian granitoids (now orthogneiss, Fig. 3b1,b2,c2) (Vitale Brovarone et al., 2011a
and references therein; Martin et al., 2011). The paragneiss may contain inherited HT garnet as a main
distinctive feature (Fig. 6g; Martin et al., 2011), whereas the orthogneiss commonly contains jadeite
porphyroblasts (Fig. 3c2). The identification of a pre-Alpine protolith in extremely metasomatized rocks was
done based on field relationships, such as transitional mineralogical variations statically overprinting pre-
Alpine basement rocks, or by the identification of the above diagnostic minerals as relict phases.

5.2. Carbonated metasomatic rocks
5.2.1. Serpentinite-Mesozoic metasediments contacts

Stage#2 carbonated metasomatic rocks (Piccoli et al., 2016) generally display a mm to cm-scale banded
structure of alternating carbonate-rich and silicate-rich layers (Figs. 3a3; 5c). Carbonate-rich domain contains
Ca-carbonate, together with garnet and green-pleochroic clinopyroxene (Table 1). Silicate-rich domain
contains diopside and lawsonite (Table 1), together with a variable amount of garnet, and late stage product
like green amphibole, quartz, epidote (with allanitic cores), pumpellyite and phengite (Table 1). Whenever
present, phengite and amphibole preferred orientation marks the regional foliation. The boundaries between
the two types of compositional layers range from sharp to embayed in response to different degrees of
interaction between the carbonates and the silicates (Piccoli et al., 2016). Crystal size ranges from pum to mm.
Carbonaceous material is locally found in both compositional domains. Carbonate is found as both calcite
and fresh aragonite, the latter preserved as inclusions in garnet (Piccoli et al., 2016). Ca-carbonate most
commonly forms pseudo-hexagonal rods oriented at high angle to the main rock fabric. Clinopyroxene is a
common phase in both the carbonate-rich and silicate-rich portions of the rock, and is commonly present in
multiple generations resulting from the successive stages of metasomatism (Stage#1 and Stage#2, see also
next section for compositional features). In samples 1cor12-20d and 1cor14-12b, clinopyroxene crystals form
either stubby neoblasts or fibrous aggregates (Fig. 6¢), both sub-mm in size, and with pale- to deep-green
pleochroism. Fibrous aggregates have embayed rims when in contact with the carbonate matrix. In sample
1corl2-20d, clinopyroxene crystals display a marked optical zoning between core and rim. The core, inherited
from Stage#t1 metasomatism, is pale green and commonly exhibits extensive corrosion and replacement by
Ca-carbonate (Figs. 6¢, 7a), whereas the rim —the stable clinopyroxene of Stage##2 metasomatism— is green
pleochroic (omphacite) and is in textural equilibrium with the matrix carbonate (Fig. 6c). Garnet has different
habits, from euhedral to poikilitic and skeletal, and shows strong and variable compositional zonation even
by optical microscopy (Fig. 6d,e). Poikilitic garnet contains aragonite/calcite, clinopyroxene, epidote,
carbonaceous material, chlorite, and quartz inclusions. In sample 1cor12-20d and cor13-28c, large garnet
crystals may have optical zoning with pink core and colorless rim. In other samples, garnet may display
sigmoidal or concentric zoning with colorless core and pink rim (Fig. 6d,e). BSE imaging revealed that the
garnet compositional zoning can be complex, as shown in Fig. 7e—h. In Fig. 7e—f, poikilitic garnet with quartz
and carbonate inclusions clearly shows a compositional zoning that varies as a function of the nature of the
included mineralogy: garnet around carbonate inclusions is dark grey and has lower Mn content, whereas
garnet around quartz inclusions is light grey because of higher Mn content. Fig. 7g—h show similar zoning in
skeletal garnet: when garnet is in contact with Stage#2 clinopyroxene it has lower Mn and higher Ca and Fe.
Bright garnet is preserved far from the inclusions (Fig. 7g). Lawsonite is found as either large (100-500 um,
Lws1), locally inclusion-rich prophyroclasts (with inclusions of mainly quartz, titanite, rutile and
carbonaceaous material) or smaller (<50 um in size), inclusion-free euhedral crystals (Lws2). In some samples,
clinopyroxene is not present and the dominant silicate phase is green amphibole. Pumpellyite locally replaces
Lws1, either rimming or totally replacing the lawsonite porphyroclasts, and is interpreted as a late stage
retrograde phase (sample cor13-28c, Table S2). All together, the microstructural relationships suggest that
the Stage#1 paragenesis clinopyroxenel (Cpx1) + lawsonitel (Lws1) is replaced by the Stage#2 paragenesis
composed by carbonate + clinopyroxene2 (Cpx2) + garnet + lawsonite2 (Lws2) + blue amphibole.



Metasomatic rocks from the Punta Favalta outcrop (sample 1corl4-6a) display some remarkable features
compared to other samples in the same structural position. The rock is characterized by a banded structure
with domains of quartz + blue amphibole + hematite + deerite, and domains of carbonate + clinopyroxene +
garnet + hematite + deerite with relicts of blue amphibole and epidote (Fig. 5e). A detailed description of this
sample is beyond the aim of this paper, however, key observations about carbonation deserve to be pointed
out. In carbonate-rich domains, blue amphibole is only locally found as a relict phase being replaced by
clinopyroxene and, locally, epidote is pseudomorphically replaced by garnet or rimmed by clinopyroxene (Fig.
6f). Ca-carbonate is in textural equilibrium with clinopyroxene, garnet, but also hematite and deerite (Figs.
6f and S1). Fresh aragonite was found as inclusion in hematite suggesting that carbonation took place at
oxidized conditions. Deerite is quite abundant and occurs as inclusions in both quartz (together with
hematite) and calcite. It is worth noting that the assemblage quartz + deerite + hematite has been widely
reported in quartzite and metacherts from many localities of Alpine Corsica (Vernié et al., 1986). The
microstructural relationships in carbonate-rich layers suggest that epidote and blue amphibole are
destabilized to form the peak paragenenesis composed of aragonite + clinopyroxene + garnet + hematite +
quartz + deerite (Fig. 6f).

5.2.2. Serpentinite-continental crust

Samples of Stage#1 and Stage#2 metasomatic rocks were collected in the Monte Muffraje area (Fig. 2a).
Carbonated metasomatic rocks forming at the expense of Stage#1 rocks display mm-banded fabric defined
by the alternation of carbonate-rich and silicate-rich domains, the latter ones forming either continuous
layers or isolated patches with thicknesses ranging from 50 um to 5 mm (Fig. 4 in Piccoli et al., 2016). Silicate
layers are mainly composed of Stage#1 clinopyroxene + lawsonite (Lws1) + quartz. Grain size ranges from pum
to mm. Carbonate (calcite after aragonite) displays prismatic habit, with elongation axes oriented at a high
angle to the main rock fabric, and it grew either with crack-seal texture or as pods within silicate-rich domains
resulting in corrosion-like textures. Two clinopyroxene generations can be recognized by their different color
in plane-polarized light and on the basis of microstructural evidence. The first generation (Cpx1),
characteristic of Stage#1 metasomatism, comprises acicular crystals forming mm-sized fan-shape aggregates.
Cpx1 aggregates typically have embayed margins filled by carbonate. Remnants of single clinopyroxene fibers
occur within the carbonate crystals (Fig. 7b). The crystallographic orientation of these remnants relative to
the larger aggregates indicates that they formerly belonged to a single crystal. A second generation of
clinopyroxene (Cpx2), characteristic of Stage#2 metasomatism, crystallized around Cpx1 (Fig. 7b) and is also
present as isolated crystals in the carbonate domains. Lawsonite (Lwsl) in metasomatic carbonated
metasomatic rocks is found as large, inclusion-rich crystals (with dominant quartz, titanite, and rutile
inclusions), whereas lawsonite in veins is inclusion free (Lws2, see also Section 5.2.4). Garnet is present in
both carbonate and silicate-rich domains with euhedral to sub-euhedral habit. Poikiloblastic garnet includes
mainly quartz, titanite, carbonate (calcite/aragonite) and lawsonite. Garnet also forms veins and pods
together with carbonate. When present, quartz is granoblastic and is found as lens-shaped domains or
rimming clinopyroxene aggregates together with garnet. Quartz can be either coeval with respect to
carbonate and garnet (suggested by quartz rimming clinopyroxene together with garnet) or related to the
retrograde evolution. Phengite is found as a late stage product crystallizing in fractures parallel to the rock
foliation. Altogether, the microstructural relations suggest that a first paragenesis Cpx1 + Lws1 is replaced by
a second paragenesis: aragonite + Cpx2 + garnet + quartz.

The metasomatic overprint in this outcrop is pervasive, and the definition of a protolith rock is not obvious.
Nevertheless, two samples preserve features suggesting that this metasomatic halo formed at the expense
of continental basement rocks. Sample 1corl4-10d, collected within the metasomatic rind, appears



unaffected by the typical patterns of Stage#1 or Stage#2 metasomatism, and is composed of blue amphibole,
phengite, lawsonite and garnet. In this sample, garnet preserves a Mg-Fe core typical of the pre-Alpine HT
paragneiss forming the continental basement slices (Martin et al., 2011), and is overgrown by a higher Ca-Fe
component representative of the Alpine metamorphism (Fig. 6g; Table S2).

Sample 1cor14-10 g likely escaped Stage#tl metasomatism, but displays considerable evidence for Stage#2
carbonate metasomatism. The rock has a prophyroclastic fabric defined by jadeite porphyroclasts wrapped
by a foliated matrix mainly consisting of Ca-carbonate, phengite, and quartz (Fig. 5f). The jadeite clasts range
from 100 to 500 um in size. Some portions of the jadeite crystals contain tiny ameboidal quartz inclusions
(Fig. 7c). This kind of microstructure is commonly described in jadeite-bearing rocks formed by metamorphic
conversion of former albite following the prograde reaction albite = jadeite + quartz (Compagnoni et al.,
2012), and also occurs in the jadeite-bearing orthgneiss of the studied unit. The jadeite clasts are partially
replaced by Ca-carbonate and late phengite, crystallizing along fractures (Fig. 7c,d), following the same
microstructural patterns of carbonation observed for diopside in Stage#1 rocks (Fig. 5a in Piccoli et al., 2016).
Ca-carbonate is the main constituent of the matrix, found as coarse-grained granoblasts. Granoblastic quartz
forms lens-shaped domains. Late albite rims the margins of jadeite clasts and jadeite remnants in the
carbonate matrix together with phengite. The presence of jadeite-bearing orthogneiss in the same area (west
of Punta Caldane; Vitale Brovarone et al., 2011a) and the recognition of former pre-Alpine paragneiss in the
metasomatic rind (this study), lead us to propose that this sample originally was a granitic or leucocratic
igneous rock, belonging to a slice of pre-Alpine continental basement, and successively carbonated during
the HP fluid-rock interactions (see Section 8). These observations suggest that in the Monte Muffraje area,
the lower part of the metasomatic rind develops at the expense of a slice of pre-Alpine continental basement.
This continental slice is probably the lateral termination of the thicker continental sliver that crops out to the
south, in the area of Punta di Caldane.

5.2.3. Continental crust-Mesozoic metasediments

The first few meters of the metasediments overlying the continental crust consist of a chaotic sequence of
carbonated mafic/ultramafic rocks. In thin section, amphibole + chlorite cm-nodules embedded in a
carbonate-rich layer display a continuous foliation marked by chlorite and green amphibole, whereas
carbonate is interstitial. When present, clinopyroxene forms either small stubby neoblasts with deep green
pleochroism or, more rarely, larger porphyroblasts with sharp optical zoning comprising brownish cores and
deep green pleochroic rims (Fig. 5¢ in Piccoli et al., 2016). Green pleochroic clinopyroxene is also present as
inclusions in amphibole crystals together with calcite. Therefore, two generations of clinopyroxene are
distinguished: Cpx1 porphyroblast cores and Cpx2 rimming Cpx1 or forming smaller neoblasts. Based on the
microstructural relationships, only Cpx2 is considered in equilibrium with the paragenesis green amphibole
+ chlorite + carbonate. Blue amphibole, garnet and phengite may also be present in some samples.

Carbonate-quartz-rich rocks are also present within the carbonated mafic/ultramafic sequence. These rocks
display mm-banded fabric of alternating carbonate-rich and silicate-rich domains (quartz, clinopyroxenes and
blue amphibole, Fig. 3c3). A continuous schistosity (Passchier and Trouw, 2005) is marked by phengite,
clinopyroxene, blue amphibole, and epidote preferred orientation. Grain size ranges from pum to mm.
Clinopyroxene is found in sub-euhedral prismatic crystals, with deep green pleochroism. No optical zoning is
observed in the clinopyroxene (Fig. 6h). Garnet is present in mm-sized crystals, colorless in thin section. Some
samples display weakly zoned, inclusion-rich garnet (pink core and colorless rim) with dominant quartz,
calcite/aragonite, phengite, and zircon inclusions. More retrogressed samples display idioblastic crystals of



blue amphibole (mm in size), with a lavender-blue pleochroism. Phengite wraps around garnet
porphyroblasts. Epidote is present in prismatic, colorless crystals, except for local brown allanitic cores.
Lawsonite pseudomorphs may also be present. Tourmaline is an accessory mineral. Considering the more
homogeneous mineralogy and the microstructural evidence, we propose that only one equilibrium
paragenesis is present: carbonate + garnet + phengite * clinopyroxene * blue amphibole.

5.2.4. Vein material

Several types of veins are found in association with the carbonated metasomatic systems studied herein. In
all vein types, the carbonate phase is always compositionally pure Ca-carbonate with a rod-shaped habit
orientated at a high angle to the vein wall. The vein crack—seal texture suggests that the veining event is
linked to fluid-overpressure and hydrofracturing (Ramsay, 1980). This is consistent with the observation of
hydraulic breccias within the metasomatic rind and suggests brittle deformation during the fluid-rock
interactions at HP conditions (Piccoli et al., 2016).

5.2.4.1. Carbonate veins

This kind of vein is characterized by elongated carbonate crystals and small clasts of wallrock inclusions
aligned parallel to the vein wall (Fig. 8a), features typical of crack-seal (Ramsay, 1980). No vein selvage is
observed in the wallrock. This kind of vein is found within the metasomatic rind along the serpentinite-
Mesozoic metasediments contact and along the continental crust-metasediments contact (see Section 5.2.3).

5.2.4.2. Carbonate + omphacite veins

These are elongate, blocky veins (Oliver and Bons, 2001) with smaller omphacite crystals seeded on the
wallrock and outgrown by larger elongate calcite crystals (Figs. 3b3 and 8b). The observation of the growth
competition indicates that crystals grew into a fluid-filled crack, with a crack-seal mechanism (Oliver and
Bons, 2001 and references therein). This kind of vein displays a selvage in which the wallrock diopside has
omphacite rims. The vein selvage is also characterized by the presence of phengite (Fig. 8b). However,
microstructures do not establish if phengite was coeval to the carbonate precipitation in the vein. This kind
of vein is found within the metasomatic halo along serpentinite-Mesozoic metasediments contacts.

5.2.4.3. Carbonate + Lawsonite + diopside

As in the carbonate + omphacite veins, calcite crystals are elongated and parallel to the vein wall (Fig. 3b4).
Lawsonite is present as poikilitic prophyroblasts together with quartz, graphite, and rare titanite and calcite
inclusions, or as small (um in size) inclusion-free crystals (Fig. 8c). Lawsonite is optically zoned with pinkish
zones that correspond to high Cr content (Table S2; Fig. 8d). When present, clinopyroxene is found as small
(<100 um) prismatic crystals overgrowing lawsonite crystals (Fig. 8c). This kind of vein has been observed
within the metasomatic rind along the serpentinite-Mesozoic metasediments and the serpentinite-
continental crust contacts.

6. Mineral chemistry
6.1. Clinopyroxene

The compositional evolution of clinopyroxene displays common patterns in samples from different
tectonostratigraphic positions. Fig. 9a shows jadeite-aegirine-QUAD ternary diagrams for clinopyroxenes in



Stage#1 rocks (unaffected by Stage#2, sample 1cor12-11P) and Stage#2 carbonated metasomatic rocks from
the three types of tectonostratigraphic contacts (classification after Morimoto, 1989). In general, Stage#1
clinopyroxene compositions (in both Stage#1 rock unaffected by carbonate-metasomatism and relict Cpx1 in
Stage#2 rocks) plot in the QUAD field and are diopside (CaO ~24 wt%, MgO ~12 wt%, FeO ~8 wt%). Most
Stage#2 zoned clinopyroxene crystals (Cpx2) from samples overlying serpentinites have Na-Al enrichment
with respect to the core (Cpx1), and omphacitic compositions. However, some samples have Na-Fe3+
enrichment in the rim, and plot in the aegirine-augite field. Clinopyroxene in carbonate veins is omphacite,
whereas in carbonate + lawsonite veins it is diopside. Clinopyroxene in carbonated metasomatic rocks
formed at the expense of metasediments has high Mn content (up to ~2—-3 wt%, Table S2). Mn may be
present in the core as well as in the newly crystallized omphacite (Fig. 7a and h, respectively). Chromium in
clinopyroxene occurs in significant amounts only in two samples: cor13-21d and 1corl4-6a. In sample cor13-
21d, Cpx1 is an Al-rich diopside with higher Cr content (~1 wt%, Table S2) than Cpx2 in the rim (~0.6%). The
plausible ultramafic origin of this sample has been discussed in Piccoli et al. (2016) based on bulk-rock trace
element analysis. In sample 1lcorl4-6a, clinopyroxene is zoned; Cr rich domains have as much as ~1 wt%
Cr203.

6.2. Garnet

Fig. 9b reports the garnet composition for the carbonated metasomatic rocks in a grossular-almandine-
spessartine ternary diagram; the pyrope content is always very low (XMg ranging from ~0 to 0.03) and the
andradite component is large only in garnet cores from sample 1corl4-6a and in garnet from sample 1corl4-
12b (Table S2). Garnet in samples along the serpentinite/metasediment contact is zoned. In most cases,
garnet zoning corresponds to an increase in Ca-Fe relative to Mn (Fig. 10a,b). In some cases, (Fig. 10c,d) the
rim has a sharp enrichment in the spessartine component (with XSps rising from ~21 to ~43%, XAlm
decreasing from ~53 to ~34%, and XGrs remaining stable, see also sample 1cor12-20d in Table S2). Fig. 10d
also shows an electron microprobe map of garnet from sample 1cor12-20d: together with the increase in
MnO, the garnet rim also displays oscillatory zoning in Cr203 (Cr203 up to ~0.15 wt%). In this same sample,
smaller, euhedral crystals have a more homogeneous composition (XAlm ~25%, XSps ~36%, XGrs ~39%).
Garnet in sample 1corl14-12b displays complex compositional zonation. Mn rich garnet preserved around
quartz inclusions has an average composition of XAlm ~25%, XSps ~55%, XGrs ~15%, XAdr ~5%, whereas Ca-
richer garnet around calcite or clinopyroxene has an average composition of XAlm ~20%, XSps ~20%, XGrs
~55%, XAdr ~15%. Matrix garnet in carbonated metasomatic rocks formed at the expense of continental
basement rocks (samples corl3-22a and corl3-22c) has a Fe-Mn rich composition (XAIm ~20%, XSps ~49%,
XGrs ~31%), while anhedral crystals or garnet in veins is grossular rich (XAlm ~2.5%, XSps ~1%, XGrs ~96.5%).
Garnet in samples overlying continental basement (cor13-21b and cor13-27e) are unzoned with XSps varying
from one sample to another (Fig. 9b and Table S2).

6.3. Phengite

Potassium-rich white micas are phengites (Table S2), with Si content ranging between 3.5 and 3.6 atoms per
formula unit (a.p.f.u.). All phengites have K around 1 a.p.f.u and quite homogenous Fe2+ and Mg contents
(~0.1 and ~0.5 a.p.f.u., respectively), with the exception of sample 1cor14-10 g which has lower Fe-Mg. Fig.
9c shows phengite compositions plotted on the Sivs. (Fe2+ + Mg) (a.p.f.u.) diagram. Only phengite in samples
corl3-21b and 1corl14-10 g approach the ideal Tschermak substitution, whereas the other samples plot
above the ideal substitution line. The high Mg-Fe contents might result from a partial substitution of Al with
Fe3+, quite common in HP terranes (Miyashiro and Shido, 1984). In sample cor13-22c, phengite crystals in
the matrix have lower celadonite content than phengite replacing clinopyroxene, suggesting requilibration
of the matrix crystals at a lower P condition.



6.4. Amphibole

Carbonated metasomatic rocks formed at the top of continental basement contain abundant sodic
amphibole ranging in composition from glaucophane to ferroglaucophane (Fig. 11a). Green amphibole in the
chaotic mafic/ultramafic sequence has tremolite composition (sample cor13-21d). Sodic amphibole in
samples overlying the serpentinite basement has composition ranging from riebeckite to Mg-riebeckite,
whereas green amphibole is actinolite (Fig. 11a,b, classification after Leake et al., 1997). Amphibole structural
formula is calculated based on 23 oxygens and with Fe2+/Fe3+ estimation assuming 13 cations.

6.5. Epidote

Epidote composition is given using the ternary classification from Franz and Liebscher (2004). As Mn-bearing
compositions are common, the ternary diagram was constructed with clinozoisite, epidote and piemontite
endmembers. In sample 1cor12-20d, epidote has high Mn and Fe (XCz ~0, XEp ~0.5 and XPie ~0.5; Table S2),
but in other samples Mn-rich epidotes (XPie ~0.7) and piemontite (XPie ~1) are found (samples cor13-28c
and 1corl4-5). In sample corl3-27e, epidote is Fe rich but Mn poor (XCz ~0.6, XEp ~0.4). Generally, epidote
overgrowing lawsonite is related to retrograde evolution and has high clinozoisite content (XCz ranging from
~0.7 to ~0.9). In sample 1corl4-6a, epidote has elevated Cr203 up to ~2 wt%.

6.6. Lawsonite

Lawsonite in carbonated metasomatic rocks is close to pure composition. In some carbonate + lawsonite
veins, it is Ti-bearing (TiO2 up to ~1 wt%, Table S2) and/or Cr-bearing (Cr203 up to ~3.25 wt%, sample corl3—
29, Table S2).

6.7. Carbonate

Carbonate is always nearly pure calcium carbonate, with the only exception being iron-rich carbonate
nodules found in carbonated mafic/ultramafic lithologies together with actinolite-chlorite-rich assemblages.

6.8. Deerite

Deerite is present only in sample 1corl4-6a. It departs significantly from end member composition and has
considerable MnO (~2.4 wt%), MgO (~2 wt%), and TiO2 (~0.8 wt%), together with minor Cr203 (~0.5 wt%)
and Al203 (~0.2 wt%).

7. Discussion

Lithological boundaries, together with fracture sets or permeable layers, are structural features that facilitate
fluid channelization (e.g. Oliver, 1996; Oliver and Bons, 2001; Zack and John, 2007; Ague, 2014; Bebout and
Penniston-Dorland, 2016). The multiple metasomatic products (Stage#1 and Stage#2) described in this study
formed along the main lithological boundaries of the subducted section of oceanic/transitional lithosphere
preserved in the lawsonite eclogite-facies, i.e. the basal unconformity separating Mesozoic sediments from
the underlying rocks. Consequently, these interfaces acted as major fluid conduits for a protracted period of
time, from prograde to peak conditions and probably during early stages of exhumation as well. Field,
microstructural and geochemical data (Piccoli et al., 2016; this study) strongly indicate that carbonate



minerals (mainly Ca-carbonate) were involved in these protracted fluid-mediated processes, including
possible carbonate dissolution/decarbonation during Stage#1, and strong reactivity between the silicate
minerals and carbon-bearing fluids during Stage#2. These processes did not take place in-situ in closed
systems (e.g., dissolution-precipitation; Ferrando et al., 2017), but was mediated though large-scale reactive
fluid flow involving transient carbon mobilization and successive carbonation of initially carbon-free
lithologies. The high lithological variability of the metasomatized suites provides a good means to assess: (i)
the reactivity of different rock types to deep carbon-bearing fluids and rock carbonation; (ii) the fluid
composition; and (iii) the fluid sources and the possible scale of the reactive fluid flow. These three points
will be discussed below.

7.1. Protolith rocks
7.1.1. Evidence for extreme transformation of Mn-metacherts

In the field, incomplete metasomatic transformation and preservation of partially replaced Mn-metacherts
is only locally found (Fig. 3a4) and characterized by the progressive overgrowth of primary Mn-rich garnet by
metasomatic Ca-rich garnet. Similar trends are also observed in carbonated metasomatic rocks for which a
protolith is difficult to identify in the field. Mn-rich garnet in some carbonated metasomatic rocks is found
either in the core, rimmed by Ca-rich garnet, or as patchy compositional zones controlled by local equilibria
between relict (e.g. quartz) and metasomatic (e.g. carbonate) phases (see Figs. 7f,g,h and 10a,b). Even in the
latter case, microstructural relationships indicate that the Mn-rich garnet was the stable garnet prior to
metasomatism. The local occurrence of annuli of high Mn near the rim may result from garnet resorption
(Kohn and Spear, 2000). Alternatively, external fluid infiltration may add Mn to the system, or enhance the
breakdown of Mn-rich phases such as epidote and the internal redistribution of Mn in the rock (piemontite
or Mn-bearing epidote is very common in Alpine metacherts, e.g. sample 1cor14-5c; Yang and Rivers, 2001).
The observed epidote breakdown reaction in sample 1corl4-6a, and the presence of Mn-rich epidote (MnO
up to ~22 wt%) in some of the carbonated metasomatic samples (e.g. sample 1cor12-20d; cor13-28c) support
the hypothesis of redistribution of Mn inside the rock during fluid infiltration. Moreover, in some cases the
Mn enrichment in the garnet rim is associated with Cr-oscillatory zoning. Chromium zoning cannot be
explained by the breakdown of an internal source (i.e., Cr-bearing phases are absent). Instead, it requires the
infiltration of an external fluid, likely derived from mafic/ultramafic rocks. All together, these features
indicate that Mn-rich garnet can be used as a marker for metasomatized metacherts by both preservation of
relict Mn-rich garnet cores, or by fluid-mediated redistribution of Mn in the rock and growth of Mn-rich
garnet rims.

An additional marker for carbonation of metacherts may be the presence of deerite-bearing assemblages,
which are usually described in carbonate-free, metamorphosed metacherts from Alpine Corsica (Vernié et
al., 1986) as well as other blueschist-facies (Franciscan, Alps, Turkey, the Aegean, and New Caledonia; Muir
Wood, 1979) and eclogite-facies terrains (Tianshan, Zhang et al., 2017). We propose that deerite and
hematite observed in sample 1corl4-6a are inherited from the protolith and indicate that, in Punta Favalta,
Mn-rich metacherts were carbonated during subduction metasomatism.

7.1.2. Evidence for extreme transformation of mafic and felsic pre-Alpine basement

Two key observations allow identification of the pre-Alpine continental basement rocks as a protolith for
some extremely metasomatized rocks. Martin et al., 2011, Martin et al., 2014 showed the preservation of
pre-Alpine, Mg-Fe-rich HT garnet in Stage#1 metasomatic rocks is a marker of replacement of former



(carbonate free) mafic paragneiss. In carbonated metasomatic rocks, no evidence for the preservation of pre-
Alpine HT garnet was found. Nevertheless, this relict garnet was found in a lens of mafic schists within the
metasomatic rind of Mt. Muffraje, which escaped both Stage#1 and Stage##2 metasomatism (1cor14-10d, Fig.
6g). Secondly, from the same outcrop, extremely carbonated rocks (sample 1corl4-10 g) contain relicts of
jadeite porphyroblasts that likely formed by prograde transformation of large albite crystals, as observed in
orthogneiss unaffected by metasomatism in the San Petrone continental basement slices. This observation
suggests that the continental crust slice in this area also contained jadeite-bearing orthogneiss. Alternatively,
the presence of albitic feldspar later converted to jadeite in carbonate-bearing rocks may be explained by an
arkosic detrital component in the original sediment. Silicoclastic metasediments are found throughout the
HP units of Alpine Corsica, known as the San Pietro di Tenda metasedimentary formation, where arkosic
layers within basaltic lavas have been reported (e.g., Caron and Delcey, 1979; Caron et al., 1981; Péquignot
et al.,, 1984; Lahondére, 1996). However, even if the origin of the rock remains unclear (metagranite or
metaarkose), the microstructures show jadeite being replaced by carbonate (Fig. 7d), thus supporting the
high reactivity, at HP conditions, between carbon-bearing fluids and clinopyroxene.

The above evidence documents that in this area, HP fluid-mediated carbonation affected both mafic
paragneiss and felsic orthogneiss belonging to a continental basement slice. Notably, the jadeite-bearing
sample indicates that carbonation also occurred without a precursor Stage#l diopside-lawsonite
metasomatic stage, and represents the first evidence for carbonation of metafelsic rocks during HP-LT
metasomatism. Thus, HP carbonation by infiltration of carbon-bearing aqueous fluids may be an important
process for deep carbon sequestration in continental subduction and collisional settings.

7.1.3. Evidence for metasomatism and carbonation of ultramafic rocks

The serpentinite basement of the San Petrone unit does not show significant metasomatic overprinting or
evidence for carbon-bearing fluid infiltration, such as carbonate, talc, and amphibole crystallization. This
suggests that either this lithology was not reactive, or fluids did not infiltrate it.

In the Punta Ventosa and Punta Caldane areas, chaotic sequences of mafic/ultramafic material embedded in
carbonate matrix overlie the continental crust sliver and show evidence for HP metasomatism. The mineral
assemblage (chlorite, actinolite, and minor clinopyroxene and ankerite) and whole rock geochemical
signature of these rocks (Piccoli et al., 2016) demonstrate their mafic/ultramafic origin. Sedimentary breccias
containing ultramafic/mafic clasts are commonly described in active slow-spreading ocean basins and their
metamorphic equivalents (Lagabrielle and Cannat, 1990; Lagabrielle et al., 2015), and are the likely protolith
for these chaotic sequences. The metasomatism of metasedimentary breccia containing serpentinite clasts
transformed into carbonate + chlorite + actinolite assemblages could potentially be caused by an increase in
XCO2 during infiltration of external carbon-bearing fluids, as suggested by abundant carbonate veins, crack-
seals, and hydraulic breccias (Figs. 4f, 8a).

The above evidence clearly shows that mafic/ultramafic rocks can be extremely reactive with carbon-bearing
fluids at HP conditions, yet the serpentinite basement is uncarbonated. This lack of carbonation might be
linked to the fluid chemistry or to low permeability to fluid infiltration. In the first hypothesis, the XCO2 of
the fluid (XCO2 = CO2/(H20 + CO2) could have been too low to destabilize the antigorite. Considering the
observed co-stability of lawsonite and aragonite in Stage#2 rocks, the reaction lawsonite + aragonite +
quartz = grossular sets a lower limit of XCO2 at 0.00125 for the fluid in equilibrium with these rocks (Fig. S2a;



see Supplementary material for modeling conditions). For this value of XCO2, antigorite in the underlying
serpentinite should be destabilized (XCO2 < 0.001 in Fig. S2a), whereas diopside in the Stage#1 rocks should
be stable (XCO2 < 0.004, Fig. S2). This observation, together with the local carbonation of ultramafic material
within the sedimentary pile, suggests that the asymmetry of the metasomatic rinds was most likely due to
permeability contrasts along lithological boundaries rather than fluid chemistry. Actually, the existence of
permeability contrasts between two adjacent lithologies has the effect of diverting the fluid flow toward
higher permeability region, leading to asymmetrical distribution of reaction progress (Breeding et al., 2003;
Ague, 2007). Consequently, we propose that large gradients in fluid fluxes, resulting from permeability
contrasts between litho-tectonic rock packages, were responsible for the formation of strongly asymmetric
metasomatic front. These permeability contrasts also probably controlled fluid flow channelization at the
regional scale along at least 10—12 km of subducted transitional lithosphere exposed in the San Petrone unit
(See Section 7.3 for further discussion).

7.2. Fluid composition and sources

The carbonated metasomatic rocks display a complex geochemical signature that suggests a multi-source
nature for the metasomatic fluids, by analogy to what has been proposed by previous studies on Stage#1
metasomatic rocks (Martin et al., 2011; Vitale Brovarone et al., 2014b).

The most striking geochemical features of Stage#2 are enrichments in Ca, C (Ca-carbonate), Na (Na-
clinopyroxene), and Cr (oscillatory zoning in garnet, lawsonite, and clinopyroxene; Cr-rich lawsonite in veins).
Ca enrichment during carbonation happens via carbonate precipitation and silicate replacement, thus
implying a combined supply of Ca and C. Processes of carbonate dissolution in aqueous fluids are expected
to release fluids with 1:1 M Ca:CO2 ratios (Ague and Nicolescu, 2014) that would easily explain the
reprecipitation of Ca-carbonate rich assemblages (Piccoli et al., 2016; this study). Carbonate-rich rocks, such
as metasediments, may therefore be considered as one among multiple fluid sources. Moreover, the carbon
isotopic signature of carbonates (~0%. vs. PDB) indicates that the source of C was likely marine
metasediments (Piccoli et al., 2016), thus further supporting this interpretation. Considering that locally
Stage#1 develops within carbonate-bearing Mesozoic metasediments, it is plausible that part of the dissolved
carbonate during Stage#1 is then transported for short distances and re-precipitated. Nevertheless, this
hypothesis cannot explain the observed carbonation of precursor rocks that were originally carbonate-free.

Enrichment in Ca and Cis in most cases accompanied by the formation of Na-rich clinopyroxene (Cpx2), such
as omphacite (Na-Al) or aegirine-augite (Na-Fe3+) depending on the nature and oxidation state of the
precursor rock. Considering the very low Na content in Stage#1 metasomatic rocks because of Na mass loss
after Stage#1 metasomatism (-80%, Vitale Brovarone et al., 2014b), we suggest that Na mass gain occurred
during carbonate metasomatism and fluid infiltration, as also indicated by omphacite formation in Stage#2
carbonate veins (Fig. 3b3). This evidence provides a robust constraint on the circulation of Na-C-Ca-bearing
fluids. Sodium mass gain during HP metasomatism is widely reported in different geological settings (Beinlich
et al., 2010; Spandler and Hermann, 2006; Galvez et al., 2013; Ague and Nicolescu, 2014; Taetz et al., 2016)
and water-rich alkalis- and carbon-bearing fluids are documented by fluid inclusion studies in eclogite-facies
oceanic suites (Monviso and Tauren Window; Philippot and Selverstone, 1991; Selverstone et al., 1992).

As is the case for Ca and C, Na can derive from devolatilization reactions in metasediments. However, if Na
were derived from the metasediments, K, Rb and Ba enrichment would also be expected. Moreover, a purely



metasediment-derived fluid would be inconsistent with the oxygen isotopic signature of metasomatic
carbonate (~10%. V-SMOW; Piccoli et al., 2016) and with Cr-rich minerals (clinopyroxene, lawsonite and
garnet; this study), characteristics that point to mafic/ultramafic sources like metagabbros and/or
serpentinite. Alternatively, altered metamafic rocks like metabasalts are possible source of Na, Ca, C, and Cr
together with isotopically light oxygen.

Experimental studies consider Cr as fluid immobile (Kogiso et al., 1997; Green and Adam, 2003). Cr
enrichment might be explained by local mobility by diffusion (Rubatto and Hermann, 2003) or residual
enrichment. Nevertheless, Cr oscillatory zoning in Stage#2 minerals such as garnet, and the very low content
of Cr in Stage#1 rocks, rule out the hypothesis of local Cr diffusion. Moreover, the formation of Cr- rich
lawsonite in carbonate veins (samples corl3-29c, 1corl4-RM), clearly document the presence of this
element in the circulating fluids at HP conditions.

High Cr contents and oscillatory zoning in eclogite-facies fluid-mediated rocks such as veins have been
reported in several settings including the Stage#1 metasomatic rocks studied in the San Petrone unit. These
features are generally interpreted as tracers of mafic/ultramafic-derived fluids equilibrated with metagabbro
and/or serpentinite (e.g. Tsujimori et al., 2006; Spandler et al., 2011; Tsujimori and Ernst, 2014; Angiboust et
al., 2014; Vitale Brovarone et al., 2014b). Lawsonite breakdown in metagabbros may be a possible source for
low 6180, Cr-bearing aqueous fluids. Nevertheless, metagabbros are not observed in the San Petrone unit;
thus, we consider it unlikely that this lithology was a local fluid source. Another possible source of low 6180
aqueous fluids is the breakdown of antigorite serpentinite, which is expected to happen though successive
stages from 400 to 700 °C and 1 to 3 GPa (e.g., Ulmer and Trommsdorff, 1995; Riipke et al., 2004).
Serpentinite-derived fluids can account for the observed Na and Cr enrichment. For example, Scambelluri et
al. (1997) reported high salinity fluid inclusions in eclogitized hydrous peridotite (Erro-Tobbio peridotite,
Western Alps). The key point to emphasize is that an external and deeper source of water-rich fluids
(metabasalts, metagabbros and/or serpentinite) must have been present to account for the mafic/ultramafic
geochemical fingerprint of the carbonated metasomatic rocks.

7.3. Fluid evolution migration pathways

The aqueous nature of the infiltrating fluid, together with the dominant low 6180 isotopic signature of
carbonate in Stage#2 metasomatic rocks points to ultramafic/mafic rocks (serpentinite and metabasites) as
the main source of water. However, major dehydration reactions in hydrated mafic/ultramafic systems are
not predicted at the P-T conditions of the San Petrone unit (~500 °C and 2 GPa), with the exception of partial
antigorite breakdown in the presence of brucite (Trommsdorff and Evans, 1980; Scambelluri et al., 1995).
More significant dehydration reactions in these systems are expected to take place at higher P-T
metamorphic conditions, in the range of 700 °C and 3 GPa, including lawsonite breakdown in metabasite and
the antigorite-out reaction in serpentinite (Fig. 12a,b). That is to say, fluid release reactions would happen in
a zone between ~10-30 km deeper than the estimated conditions for metasomatism and carbonation in the
study area (Fig. 12a,b). Fluids produced in the deeper part of the slab can then migrate upslope along major
discontinuities/permeable layer (Faccenda, 2014; Wilson et al., 2014), and cause metasomatism at lower P
conditions (e.g., Bebout and Barton, 1993; Herms et al., 2012; Angiboust et al., 2014). In Section 7.1.3, we
concluded that, in our case study, the serpentinite was less permeable than the overlying metasedimentary
or gneissic rocks, and this permeability contrast favored fluid channelization along the contact between the
serpentinite basement and the overlying metasediments. This conclusion is supported by several studies
demonstrating that fluids are channelized by permeable layers or structural features like fold axes, leading



to high metamorphic fluid fluxes (i.e. Rye et al., 1976; Yardley and Lloyd, 1995; Skelton et al., 1995; Ague,
2014). Moreover, the fluid-rock interaction during Stage#1 may have enhanced the permeability of the
metasomatic zone (Yardley and Balashov, 1998) with respect to the overlaying metasediments, thus further
favoring the channelization of fluids along this permeable layer. This happened along a major interface of the
subducting slab, thus allowing slab-parallel fluid flow along several kilometers (at least 10—12 in the study
area, and probably more). Extremely channelized fluid flow at regional scale is also consistent with the lack
of pervasive isotopic homogenization at the scale of the Corsican metaophiolite (Miller et al., 2001).

Compared to analogous models in mélange-type plate interfaces (Bebout and Barton, 1989, Bebout and
Barton, 1993; Bebout and Penniston-Dorland, 2016), our study points to two important conclusions. Firstly,
the structural localization of metasomatism along the basal unconformity of the subducted metasedimentary
pile suggests an important role exerted by major inherited lithospheric lithological discontinuities for the
channelization and upward migration of deep fluids. This does not contradict the possible equivalent role
played by the plate interface, but suggests that fluid can be channelized at different levels within the
subducting slab. Secondly, the results of the study of carbonated metasomatic rocks demonstrate that the
composition of the fluid responsible for metasomatism derived by multiple sources from mafic/ultramafic
rocks as well as metasediments. The evidence for the multi-source nature of HP fluid allows us to construct
an updated model for the evolution of deep fluids by reactive fluid flow.

The model is illustrated in Fig. 12a, which summarizes the main stages of fluid release and fluid-rock
interactions bearing on the origin of HP carbonation in the units of Alpine Corsica. Lawsonite and antigorite
breakdown releases large amounts of aqueous fluids with light §180 signatures (“1” in Fig. 12a) and
characteristic mantle tracers such as Cr. Some fraction of these fluids can be channelized along the basal
unconformity of the metasedimentary pile (“2” in Fig. 12a). Channelized fluid flow, parallel to the slab and
along a down-T, down-P geothermal gradient as well as along lithological contrasts gives the necessary
chemical potential for reactive fluid flow (Fig. 12b). When water-rich fluids initially infiltrate altered oceanic
crust and/or metasediments, they can dissolve carbonates, becoming enriched in Ca, C, as well as leak other
elements like Na ("2" in Fig. 12a, and b).

Successively, carbon-bearing fluids infiltrate silicate-rich rocks and drive carbonation reactions. During HP
carbonation, carbonates are precipitated in veins and silicates are dissolved and replaced by carbonates (“3”
in Fig. 12a). Together with the clear evidence for the infiltration of carbon-bearing fluids, the dissolution of
silicates during this phase of fluid-rock interaction might have enhanced a positive feedback for carbonation.
As recently proposed by Tumiati et al. (2017), silicate dissolution at HP conditions may be accompanied by
the formation of organic complexes in the fluid, which promotes a decrease of water activity and an
associated increase of XCO2. This increase of XCO2 can further favor the stability of carbonate mineral and
potentially, enhance carbonation reactions.

The above model is built on observations from an Alpine-type slab characterized by slow-spreading and
transitional lithosphere. Its applicability to the global range of subducting slabs will require additional work
and the consideration of the specific nature of individual subducting plates, thermal regime, and the
associated metasedimentary suites. Nevertheless, our findings, together with reported carbonation
processes in greenschist (Nishiyama, 1990; Skelton et al., 1997), blueschist (Kleine et al., 2014) and eclogite
facies terrains (Piccoli et al., 2016; Scambelluri et al., 2016; this study), demonstrate that rock carbonation
may have a larger impact on the carbon budget in subduction zones than previously estimated, particularly
given its apparent efficiency over a wide range of P-T conditions. Furthermore, the reactivity of metafelsic



lithologies such as orthogneiss to carbon-bearing fluids opens new perspectives for the evaluation of
carbonation processes happening during continental subduction in collisional settings.

8. Conclusions

This work provides a structural, microstructural and geochemical overview of carbonate metasomatism in
lawsonite-eclogite facies rocks from Alpine Corsica. Reactive fluid flow along major lithospheric lithological
interfaces is evidenced by pervasive metasomatism and carbonation accompanied by multiple veining
events. Our tectonostratigraphic and petrological study of carbonated metasomatic rocks facilitates
inferences regarding the nature of the protolith rock, and provides tools to identify HP carbonation processes
in other metamorphic terranes. Carbonate metasomatism is characterized by field evidence for fluid
overpressure, including hydraulic breccias and crack-seal veining, and by reaction rinds between disparate
lithologies. In most of the cases, the resulting structural and microstructural relationships give corrosion-like
textures, notably with heterogeneous consumption and segmentation of silicate-rich domains. Fluid-rock
interactions are recorded by microstructures (e.g. atoll-like minerals or embayed crystal rims), mineral
zoning, and isotopic changes. Geochemical and isotopic data make us propose that the final fluid composition
results from successive equilibration during reactive fluid flow. We propose that deeper fluids produced by
major dehydration reactions can percolate parallel to the slab and chemically evolve by reactive flow (Fig.
12a). Importantly, we demonstrate that a large set of rock composition is reactive with COH fluids, ranging
from ultramafic to metafelsic.
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Table 1. Summary table reporting mineral paragenesis of the study rocks.
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Fig. 1. Geological setting of the study area. a) Simplified regional setting of Alpine Corsica (France) in the
Western Mediterranean region. Modified after Molli and Malavieille (2011). b-c) Simplified tectono-
stratigraphic and metamorphism maps of Alpine Corsica. The black box indicates the location of the San
Petrone unit, belonging to the lawsonite-eclogite terrains. Modified after Vitale Brovarone et al. (2014a).
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Fig. 2. a) Simplified geological map of the San Petrone unit. Modified after Vitale Brovarone et al. (2014a).
Outcrops location is indicated by yellow dots. Black solid lines indicate the orientation of geological cross
sections. b,c,d,e) Geological cross sections. Dashed red line indicates metasomatized lithological boundaries.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

-r'."
B B’
() 5 o .
1150 Satiant
[m] ;
) Fig.3a3
4 v
‘-‘\ | . g&lcxhisﬁ 55
‘~ % -'='-:0uarm rich metapelite
= * f—
* . %, 1 ECarﬁmamﬂ metasomatic rocks
* G " o . !
2] -, \‘\ - \‘;\\ g l:climp}rwmne+ Lawsonite roc
i . ‘\\\ +] v ESHMﬁHHE
1145 b
{d} [ 1:1 [
E W
[} Afa R Punta Faval
1400 \io Rossa nta Favalta
13004
(b}
(e)
im] Punta di Caldane

1:5000



Reconstructed tectonostratigraphy of unaltered

Tectonostratigraphy of metasomatic rocks

arly post-rift  §
etasediements

= |Calcschists s.s. E Early post-rift metasediments ?}) Para;lgneiss Serpentinite
S S i ' Orthogneiss
S L~ a) Ultramafic chaotic sequence A ) 9

Diopside+lawsonite rock |- Banded carbonated Quartz, blue amphibole bearing
(Stage#1metasomatism) matesomatic rocks carbonated matesomatic rocks
1 (Stage#2 metasomatism) (Stage#2 metasomatism)

Fig. 3. Interpretative logs of the metasomatized lithological contacts and relatively outcrop images. In each
log, the left side represents the unaltered tectonostratigraphic sequence (observed or reconstructed),
whereas the right side is the metasomatic equivalent as observed in the field. a) Serpentinite-early post rift
metasediments contact and metasomatic equivalent. al) Unaltered early post-rift metasediments sequence
composed by alternating quartz-rich and carbonate rich layers. a2) Preserved quartz-blue amphibole bearing



metachert. a3) Banded carbonated metasomatic rock from Col del Prato area. a4) Preserved metachert level
in carbonated metasomatic rock. Note that preserved metachert is pinkish colored while the border is green
indicated a partial rock transformation. b) Serpentinite-thin continental crust sliver contact. Note that in the
metasomatic equivalent, marbles, veins and crack-seals occur. bl) Pre-Alpine paragneiss. b2) Leucocratic
dyke intruding a paragneiss (Photo from Vitale Brovarone et al., 2011a). b3) Omphacite + carbonate vein. b4)
Fresh cut of a banded carbonated metasomatic rock cut across by a carbonate + lawsonite vein (Mt. Muffraje
area). c) Serpentinite-thick continental crust sliver contact. c1) Ultramafic nodule with ankerite in marble
level (Punta Ventosa area). c2) Orthogneiss. c3) Detail of a quartz, blue amphibole bearing carbonated
metasomatic rock with metasomatized ultramafic nodules (Punta Caldane area). c4) Detail of the
metasomatic rind at the base of an orthogneiss sliver in contact with the serpentinite (west of Punta di
Caldane): the lowermost part of the metasomatic rind displays pervasive carbonate veins, discordant to the
rock foliation. Mineral abbreviations from Kretz (1983). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Outcrop of carbonated metasomatic rocks along different lithological contacts. a) Loriani outcrop. Here
the metasomatic rind width ranges between 1 m and 2.5 m. b) Detail of Loriani outcrop showing the
heterogeneous carbonation of the silicate rock. c) Shear zone in the metasomatized contact in Punta Favalta
area. The dashed red lines indicate the carbonated metasomatic rock level, the detail of which is reported in
the white box. d) Metasomatic rind on the orthogneiss in contact with serpentinite nearby Punta Caldane. e)
Aja Rossa outcrop and simplified geological cross section (modified after Vitale Brovarone et al., 2014b). f)
Outcrop in Punta Caldane area: mafic block embedded in carbonate matrix. A detail of a carbonate crack-
seal opening within the mafic block is reported in the white box. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Thin section scans. a) Non-metasomatized metachert from Loriani outcrop (sample cor16-42d).
Phengite and blue amphibole levels are highlighted with colors. b) Quartz-carbonate-rich metasediment from
Col del Prato area (sample 1cor12-20c). Minerals are shaded with colors. Carbonate and quartz domains are
shaded in yellow and grey respectively. Epidote, blue amphibole, garnet and ankerite are shaded in yellow,
blue, red, and brown, respectively. c) Banded carbonated metasomatic rock from Col del Prato. The scan
shows the occurrence of silicate rich levels composed by omphacite, garnet and carbonate (bands delimited
by dashed red lines). Note that large garnet porphyroblasts are present in both carbonate and silicate rich
domain (sample 1cor12-20d). d) Banded carbonated metasomatic rock from Aja Rossa area. Note that
carbonate cracks open in the diopside + lawsonite domain (delimited by the dashed red line). e) Banded
carbonated metasomatic rock from the shear zone in Punta Favalta area (sample 1corl14-6a). The dashed red



line marks the compositional banding. f) Jadeite-bearing carbonated metasomatic rock from Mt. Muffraje
area (sample 1cor14-10 g). Jadeite crystals are partially replaced by carbonate and phengite and embedded
in a matrix composed by carbonate + quartz + phengite. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Thin section photomicrographs depicting the microstructural characteristics of both unaltered and
metasomatic rock. a) Garnet + phengite level in metachert (sample cor16-42d). b) Quartz-carbonate-rich
metasediment (sample 1cor12-20c). c) Microstructural relationship between two clinopyroxene generations



and carbonate (sample 1cor12-20d). Note that Cpx2 forms euhedral crystals in textural equilibrium with
carbonate. d) Snowball garnet with sigmoidal-shape zoning (sample 1corl4-2). e) Garnet with sieve texture
and optical concentric zoning (sample 1cor14-2). Note the textural equilibrium between epidote and quartz.
f) Epidote being rimmed and replaced by clinopyroxene (sample 1corl4-6a). Hematite is found as large
prismatic crystals. g) Atoll-like garnet in sample 1corl4-10d together with BSE image showing chemical
zoning. The dark zone is Mg rich and is a remnant of pre-Alpine HT metamorphism. (see also Martin et al.,
2011) h) Clinopyroxene and ferroglaucophane in metasomatic marble overlying the continental crust (sample
corl3-21b).
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Fig. 7. Backscattered electron (BSE) images and EDX maps obtained by SEM depicting microstructural
evidences of bulk composition changes during metasomatic events. a) BSE image of a skeletal clinopyroxene
in sample 1cor12-20d. The image well shows the oriented remnants of Cpx1 preserved in calcite crystals,



thus suggesting dissolution of Cpx1 and precipitation of carbonate + Cpx2. b) Fibrous clinopyroxene
aggregate with embayed rims (sample corl3-22c). The small, aligned fragments preserved in carbonate
crystal have Cpx1l composition. The microstructure suggests dissolution of Cpx1 and precipitation of
carbonate + Cpx2. c) BSE image showing a detail of a jadeite clast with quartz inclusions, being replaced by
carbonate and late stage phengite. d) EDX map of jadeite clast replaced by carbonate and phengite (sample
1cor14-10 g). Some remnants of jadeite are preserved in the carbonate matrix. e) BSE image of complex
chemical zonation in garnet (sample 1corl4-12b). Note that garnet around carbonate inclusion is dark grey,
whereas it is bright gray when far from carbonate inclusions, or around quartz inclusions. The transition
between chemical zones is sharp. f) EDX maps of garnet around quartz and carbonate inclusions. Chemical
zoning is linked to different content in Mn and Ca. Garnet zones free of carbonate inclusions always have
higher Mn content, whereas garnet around carbonate has higher Ca content. The former is interpreted as
out of equilibrium composition, whereas Ca rich garnet crystallizes during the metasomatic stage. g) BSE
image clinopyroxene and carbonate inclusion in garnet. Arrows indicate the high Mn content in garnet far
from calcite inclusions. The preservation of the pre-metamorphism garnet shows the crystal failed in
achieving the equilibrium with the matrix. h) EDX maps of clinopyroxene in garnet showing garnet
compositional changes associated with mineral inclusions. Garnet in contact with clinopyroxene is Ca rich.
Moreover, clinopyroxene has high Mn content suggesting that Mn is exchanged between garnet and
clinopyroxene.




Fig. 8. Photomicrographs of vein materials. a) Carbonate crack-seal in mafic clast (sample cor13-27c). Vein
carbonate is prismatic (rods are highlighted by dashed white lines) and oriented at high angle to the rock
foliation, marked by chlorite preferred orientation. Ankerite porphyroclast is wrapped around by phengite
(marked with dotted green lines). b) Omphacite + carbonate vein and vein selvage (sample 2corl4-3b).
Omphacite crystals seed on the wallrock and are outgrown by calcite. Note the occurrence of well-crystallized
phengite crystals in the vein selvage. c) Lawsonite + carbonate vein (sample 1cor14-RM). Small prismatic
clinopyroxene crystals crystallize around lawsonite. d) Detail of lawsonite in a lawsonite + carbonate vein
showing the optical zoning in lawsonite given by high Cr content. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Mineral chemistry. a) Ternary diagram for clinopyroxene compositions. For each sample, Cpx1 and
Cpx2 are reported with the same color, but different symbols (circle and diamond respectively). b) Ternary
diagram for garnet compositions. Analyses of garnet core/mantle/rim of the same sample are reported with
same color and different symbol (circle, diamond, square, respectively). c) Phengite composition plotted on
the Si vs. (Fe + Mg) diagram. The solid line represents the ideal celadonitic substitution. Si is given as atoms
per formula units (a.p.f.u.) on the basis of 11 oxygens.

Fig. 10. Garnet compositional zoning. a-b) BSE image and EDX map of zoned garnet from sample 1corl4-2.
Garnet has a Mn-rich core and a Ca-Fe-rich rim, this latter in equilibrium with carbonate. c) BSE image of
zoned garnet from sample 1lcor12-20d. The white box indicates the location of the microprobe map. d)
Microprobe maps highlighting the presence of Mn zoning together with Cr oscillatory zoning in the rim (maps
treatment with XMapTools software, Lanari et al., 2014).
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Fig. 11. Mineral chemistry. a) Classification diagram for sodic amphiboles; b) Classification diagram for
calcic amphiboles. Classification after Leak et al. (1997).
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Fig. 12. a) Conceptual model of the genesis, migration and evolution of the metamorphic fluids responsible
for HP rock carbonation. Aqueous fluids are released by lawsonite and antigorite breakdown at depth of ca.
100 km (1). Part of the fluids that migrate upward can be channelized in permeable metasomatic horizons
formed along major discontinuities like lithological boundaries (2). Aqueous fluids interact with carbonate-
bearing rocks (altered oceanic crust and metasediments) at condition of high carbonate solubility (Fig. 12b),
leading to carbonate dissolution and fluid enrichment in Ca-C and alkali. Fluids equilibrated at depth, will
become oversaturated in carbonates during decompression and will precipitate carbonates through veining
and/or silicate dissolution, which increases the XCO2 of the fluid favoring carbonate precipitation (3). b) P-T
diagram reporting the predicted P-T path for active subduction (D80 model, Syracuse et al., 2010) together
with the main fluid-releasing reactions for basalt+H20 (lawsonite breakdown) and peridotite+H20 systems
(antigorite+brucite, antigorite and chlorite breakdown) (Poli and Schmidt, 2002). Dashed red lines indicate



the carbon contours in parts per million for aqueous fluid saturated in CaCO3 (Kelemen and Manning, 2015).
The dashed black arrow indicates the trajectory for a cold subduction, whereas the blue arrow indicates the
upslope fluids path. This diagram shows how a fluid, equilibrated with carbonates at depth, will become
oversaturated in carbonate when decompressing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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