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ABSTRACT

The recycling of volatiles and incompatible elements at subduction zones is a key driver of Earth’s geochemical evolution, with metasomatic reactions governing
elemental fluxes. Rodingites, found at mafic-ultramafic interfaces, may transform into metarodingites during subduction, often accompanied by chlorite-rich
blackwall zones. While these rocks are potential geochemical reservoirs, their role in boron (B) cycling remains unclear. This study presents new in-situ 5''B data
from chlorite, along with trace element and Sr isotope analyses of clinopyroxene and clinozoisite, from metarodingite-blackwall assemblages in the Voltri Massif
(Western Ligurian Alps, Italy). The metarodingites exhibit assemblages of clinopyroxene + garnet + chlorite + epidote, consistent with rodingitization under oceanic
conditions. Preserved mantle-like ”Sr/%6Sr and REE signatures in igneous clinopyroxene cores suggest limited overprinting by seawater-derived fluids. Trace element
redistribution in metamorphic minerals (e.g., HFSE loss, Eu anomalies) points to prograde subduction overprint, and Sr isotopes suggest seawater-derived recycling
during burial. Chlorite 5''B values vary spatially in metarodingites, reflecting differences in water/rock ratios and interaction with B-rich fluids during oceanic
metasomatism. In contrast, blackwall chlorite shows more uniform 5''B, possibly due to Mg-metasomatism at high water/rock ratios and equilibration at the
mafic-ultramafic boundary. Whether these signatures are oceanic or subduction-related remains unresolved, pending geochronological constraints. These data
suggest chlorite may serve as a previously unrecognized B reservoir, releasing !'B-enriched fluids during high-pressure breakdown, thereby influencing deep volatile

cycling.

1. Introduction

Recycling of volatiles and incompatible elements at convergent
margins reflects the dynamism of our planet (Bekaert et al., 2021), a
feature distinguishing Earth from other terrestrial bodies. Prograde re-
actions within subducting slab act as geochemical filters, determining
which elements can be returned to the surface through arc volcanism
and which are retained in high and ultrahigh pressure (high-P and UHP)
minerals, influencing the geochemical refertilization of the Earth’s
interior (e.g., Cannao and Malaspina, 2018). How these reactions work
strongly depend on the lithologies involved in subduction processes,
which encompass from ultramafic-mafic sequences to (meta)sedimen-
tary and crustal rocks. The geochemical modification of these reservoirs
can occur either through metasomatic processes during their exposure
on the seafloor (e.g., Bach et al., 2013), or by fluid-mediated chemical
exchanges in subduction settings (e.g., Bebout, 2013).

At oceanic stage, metasomatism can produce Ca-rich and Si- and Na-
poor mafic rocks made of Ca-rich garnet + clinopyroxene + chlorite +
epidote + vesuvianite, the so-called rodingites (e.g., Frost, 1974; Rice,
1983). These rocks form during serpentinization of ultramafic rocks
enclosing gabbro/basaltic dikes and are commonly characterized by
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variable fluid/rock ratios (Bach and Klein, 2009). Chlorite-rich black-
wall surrounding rodingites may form along the lithological boundaries
between ultramafic and mafic rocks either during an oceanic stage or
prograde subduction evolution (Codillo et al., 2022; Frost, 1974;
Laborda-Lopez et al., 2018; Panseri et al., 2008; Shen et al., 2016;
Spandler et al., 2008; Xiong et al., 2024; Zhao et al., 2023), reflecting a
combination of infiltration and diffusion metasomatism involving fluid
flow and mass transfer. At a bigger scale, metasomatic chlorite-schists
can form along the subduction plate-interface generating mélange do-
mains (Bebout and Barton, 2002), having important implications for
plate-tectonic processes (Marschall and Schumacher, 2012).
Metamorphosed rodingites (i.e., metarodingites) and associated
chlorite blackwall represent hybrid geochemical reservoirs whose role
in subduction element recycling remain poorly constrained (Cannao
et al., 2023b; Laborda-Lopez et al., 2020; Spandler et al., 2008; Xiong
et al., 2024). This is especially relevant for boron (B), a key tracer of
surface-mantle interactions due to its high concentration in surficial
reservoirs, low mantle concentration (Marschall et al., 2017), and high
solubility in aqueous fluids (Moran et al., 1992). Boron, with two stable
isotopes (*'B and lOB), shows large isotope fractionation (Kowalski and
Wunder, 2018), providing a unique tool to investigate geological
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processes. Besides tourmalines, serpentines and micas are the two main
mineral repositories for B in subduction zones with concentrations
spanning from tens to hundreds of pg/g. Oceanic serpentinites are
commonly characterized by positive B isotope composition (5'!B)
reflecting the interaction with seawater-derived fluids (6" Bseawater ~
+39.5 %o; Spivack and Edmond, 1987), whereas serpentinites from
wedge-derivation generally display progressively negative 5!'B values,
as the result of interaction with shallow vs. deep slab-derived meta-
morphic fluids (Martin et al., 2016). Negative 5B imprints in serpen-
tinites have been recently documented also in oceanic ophicarbonates
and related to variable composition of the hydrothermal fluid system
(Cannao, 2025; Cannao et al., 2024). Micas generally have negative 5B
(Ishikawa and Nakamura, 1993; Xu et al., 2022), although their high
reactivity during metamorphic reactions in the presence of fluids may
easily change their signatures towards higher values (Halama et al.,
2020). Overall, prograde subduction reactions decrease the B inventory
of the mafic and sedimentary rocks and decrease their 5''B signatures
due to high B mobility in fluids and the preferential fractionation of the
heavy B isotope in the fluid phase (Konrad-Schmolke and Halama,
2014).

The role of chlorite as a B repository in subduction zones is poorly
investigated (Marschall et al., 2006), and it is unclear how B isotopes are
affected by chloritization (De Hoog and Savov, 2018). Chlorite is stable
at higher P and T than serpentine (Pawley, 2003; Ulmer and Tromms-
dorff, 1995), and further investigations are required to understand its
role as geochemical carrier of incompatible elements to greater depths.
Recent studies proposed that UHP subduction of chlorite-rich meta-
somatic rocks along cold geotherms may stabilize hydrous Al-rich sili-
cates, such as the 11.5 A and Mg-sursassite (Hermann and Lakey, 2021),
belonging to the so-called Dense Hydrous Magnesium silicates —- DHMSs
(Irifune et al., 1998). These phases may carry significant H2O to the deep
mantle (lwamori, 2004), influencing the deep-water cycle over geolog-
ical timescales, though their geochemical role remains poorly known
(Cannao et al., 2023a).

This contribution presents new geochemical data on chlorite from an
association of metarodingite and blackwall, developed along the contact
between metarodingite and high-P serpentinites from the Voltri Massif
(Ligurian W. Alps, Italy). The in-situ 5!'B data on chlorite, along with the
trace element inventories of rock-forming minerals and in-situ Sr isotope
composition of clinopyroxene and clinozoisite, are used to better
constrain the chemical evolution of these metasomatized lithologies.
The documented !B signature suggests that chlorite blackwall may
represent an unaccounted reservoir able of transferring 1'B-rich fluids
during dehydration at sub-arc conditions. Major implications for deep B
recycle are also discussed.

2. Geological background and sample description

The Voltri Massif (Ligurian W. Alps) is an ophiolitic complex made of
metamorphosed serpentinites and serpentinized mantle rocks associated
with metasedimentary rocks (mica-, calc-schists and marbles) interca-
lated with metavolcanics of oceanic origin (Capponi et al., 2016). Mafic
bodies of metamorphosed gabbroic and basaltic dikes are often enclosed
within ultramafic rocks and metasediments (Cannao et al., 2023b;
Malatesta et al., 2012). Rodingites dikes occur embedded within ser-
pentinites as witness of oceanic alteration on the seafloor (Cannao et al.,
2023b; Haws et al., 2021; Scambelluri and Rampone, 1999). According
to structural-petrographic and geochemical-geochronological in-
vestigations, the Voltri Massif records initial oceanic alteration at ~160
Ma, followed by eclogite-facies subduction (1.8-2.5 GPa, 450-600 °C) in
a timespan from 50 to 37 Ma, and exhumation at 35-25 Ma during the
Alpine orogeny (Federico et al., 2007; Haws et al., 2021; Rubatto and
Scambelluri, 2003; Scambelluri et al., 1995; Starr et al., 2020).

The area of study is located close to the top of the Bric Camula, north-
west of the village of Cogoleto (Genova, Italy), at approximately
820-750 m above the sea level (Supplementary Fig. S1). Variably
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deformed serpentinite is the dominant lithology in the area hosting
several bodies of metamorphosed rodingites (Fig. 1). The metarodingitic
bodies are smaller in size, from less than one meter to a few meters, and
are displaced along the main serpentinite foliation. The serpentinite
foliation is cut by olivine-bearing veins and shear bands, which testify
the partial antigorite dehydration during prograde subduction at high-P
(Fig. 1b). These field relations, similar to other occurrence within the
Voltri Massif (Cannao et al., 2016; Scambelluri et al., 1995; Scambelluri
and Rampone, 1999), indicate that (meta)rodingite bodies were asso-
ciated with serpentinites prior to the high-P stage.

Metarodingites mainly show a massive texture with garnet + clino-
pyroxene + chlorite as the main mineral assemblage (Fig. 1c, d, e, f),
giving a pinkish-green colour on hand specimens. In some area, chlorite-
rich metasomatic layers —i.e., blackwall — are observed along the contact
between the ultramafic and mafic lithologies (Fig. 1f) as well as within
the rodingitic dikes along major fractures (Fig. le). The blackwall is
dominated by chlorite with minor amount of coarse clinopyroxene and
oxides as accessory minerals. Five samples of metarodingites with var-
iable developed chlorite blackwall were collected, together with three
samples of the host serpentinites (Table 1, Supplementary Figs. 1, 2).

The serpentinites still preserve relicts of the mantle pyroxene sites
showing bastite texture made of serpentine + magnetite (Fig. 2a). The
bastite are surrounded by serpentine 4+ magnetite in mesh texture,
indicating former olivine grains. Both mesh and bastite textures are
locally overgrown by a new generation of foliated serpentine forming a
shear bands texture (Fig. 2a), indicating complex evolution from oceanic
to subduction stages. The metarodingites show preserved coarse grains
of the protolith igneous clinopyroxene (turbid), only partially recrys-
tallized along the rims (colourless and limpid; Fig. 2b, d). A second
generation of clinopyroxene (colourless and limpid, cpx2) often occur in
the matrix of the metarodingite together with the garnet (Fig. 2¢c, e, f, g)
and its genesis can be related to either an oceanic hydrothermal event or
to subduction evolution. At least two generations of garnet are recog-
nized, the first one form a heavy ground mass and is darker in colour
compared to the second generation of garnet, which is more limpid and
colourless (Fig. 2b). The second generation of garnet is smaller in size
and mostly displaced along grain boundaries or in small veins. Clino-
zoisite occurs only in the matrix of the samples BCR21-2A/B (Fig. 2c),
where limited amount of chlorite is formed. Chlorite shows massive to
foliated texture with evidence of recrystallization in both the host
metarodingite and in the blackwall (Fig. 2c, g, h). Within the blackwall,
static chlorite recrystallization is almost complete in sample BCR21-1B
(Fig. 2h), while foliated chlorite is shown in sample BCE23 (Fig. 2g),
which is coherent with the foliation of the host serpentinites (Fig. 1d).

3. Analytical methods

Mineral major element composition was determined using a JEOL
Superprobe JXA-8200 hosted at the Earth Science Department “A.
Desio”, University of Milano LA STATALE (Italy). The analyses were
conducted with a WDS system operating at 5 nA and 15.0 kV, and 1 pm
beam size. Different international reference materials were used as
standards: Mg on forsterite, Fe on fayalite, Na on omphacite, Ti on
ilmenite, Mn on rodonite, K on k-feldspar, Al, Si and Ca on anorthite, and
Cr on metallit/pure Cr, Ni on niccolite, and Cl on scapolite.

Identification of the serpentine polysome was carried out using an
XploRA PLUS Horiba micro-Raman hosted at the Dipartimento di Sci-
enze della Terra, Ambiente e Vita, University of Genova (Italy). The
instrument was equipped with 532 nm laser with nominal power of 100
mW (set to 50 %) focused on the sample by an Olympus microscope with
a 50x objective. The micro-Raman spectra were collected in the wave-
lengths corresponding to the vibration regions of the alumino-silicate
network (200-1100 cm™Y) and of the O—H bond stretching
(3600-3800 cm 1), Each spectrum results from three acquisitions of 20 s
each using grating of 2400 g/mm and analyzed by a CCD detector. A
silicon wafer was used to check the calibration of the spectrometer at
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Fig. 1. Field occurrence of serpentinites and metarodingites in the studied area. (A) Detail of a tectonite serpentinite showing main coarse trace of foliation (in
yellow; sample BCS23-1). (B) Complex veins of metamorphic olivine crosscutting the main texture of the serpentinites (sample BCS23-3). (C) Body of metarodingite
enclosed in serpentinite showing well-developed chlorite blackwall (sample BCR23). (D) Boudinated body of metarodingite (samples BCE21-1 and BCE23). (E)
Strongly chloritized body of metarodingite enclosed in serpentinites (sample BCR21-1). (F) Detail of the sample BCR21-1 showing massive texture and a sharp
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contact between metarodingite and chlorite blackwall. White grains of clinopyroxene (cpx) are visible within the garnet matrix (grt). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Sample list and their main features.

Coordinate (WGS84)

Sample name Section Rock type Texture Main mineralogical assemblage N E
BCR21-1 A Rodingite Massive chl1-2 + grt + cpx1-2 44° 25'12.1” 8° 37'18.3”
B Rodingite/Blackwall Massive chl1-2 + cpx1-2 + ox
BCR23 A Rodingite Massive chl1-2 + grt + cpx1-2 44° 25'13.2” 8° 37'16.6”
B Blackwall Foliated chl1-2 + cpx1-2 + ox
BCR21-2 A Rodingite Massive (coarse texture) cpx1-2 + zo + grt + ox 44° 25'14.7” 8° 37'15.0”
B Rodingite Massive (fine texture) cpx1-2 + zo =+ grt + ox
BCE21—1 A Rodingite Massive grt + cpx1-2 + chl + ox 44° 25' 14.5” 8° 37'15.7”
B Rodingite Massive grt + cpx1-2 + chl + ox
BCE23 Rodingite/Blackwall Foliated chl1-2 + cpx1-2 + ox 44° 25'14.5” 8° 37'15.7”
BCS23-1 Serpentinite Tectonite atg + ox 44° 25'12.7” 8°37'17.3”
BCS23-2 Serpentinite Foliated atg + ox 44° 25'13.7” 8° 37'18.7”
BCS23-3 Serpentinite Tectonite atg + ox 44° 35' 05.5” 8° 27 20.4”

See Supplementary Fig. S2 for detail images of samples.

520.50 cm™.

In-situ trace element mineral composition was determined by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
hosted at the Geochemistry, Geochronology and Isotope Geology Lab-
oratory of the Earth Science Department “A. Desio”, University of
Milano LA STATALE (Italy). The instrumentation couples a 193 nm ArF
excimer laser microprobe system (Analyte Excite, Teledyne Photon
Machines) equipped with a double chamber ablation cell (HelEx II) with
a single-collector quadrupole ICP-MS (iCAP RQ, Thermo Fisher Scien-
tific). The synthetic USGS basaltic GSD-2 g glass was used as external
standard (Wilson, 2018), and 295 was adopted as internal standard
considering the SiO, wt% measured with EMPA. A laser fluence of 3.0
J/em? was used with a repetition rate of 10 Hz and the laser spot size
was set to 40 pm for all minerals. The Glitter software package (Griffin,
2008) was used for data reduction. The ARM-3 andesitic glass (Wu et al.,
2019) and the BCR-2G basaltic glass from the USGS (http://georem.
mpch-mainz.gwdg.de) were analyzed together with the unknown as
quality control. Precision and accuracy are better than 5 and 10 %,
respectively, for most of the elements (Supplementary Table 1).

The in-situ B isotope composition of chlorite were measured at the
Geochemistry, Geochronology and Isotope Geology Laboratory of the
Earth Science Department “A. Desio”, University of Milano LA STATALE
(Italy) using a multi-collector (MC-)ICP-MS (Neptune XT, Thermo Fisher
Scientific) coupled to the laser microprobe system used for trace element
determination. Ablation conditions were kept constant between stan-
dards and unknown to minimize instrumental isotope fractionation and
performed at a repetition rate of 10 Hz, fluence of 3.0 J/cm? and in
single spot mode with a diameter of 135 pm. The MC-ICP-MS is equipped
with highly sensitive X-skimmer and Jet-sample cones and the Jet pump.
Boron isotopes were simultaneously collected on two Faraday cups (!B
on H4 and °B on 1L.2) both connected to a 10'® Q resistor amplifiers. This
configuration ensures the highest signal/noise ratios, which is manda-
tory for isotopic determination in minerals with low B contents, such as
chlorite. Each analysis consisted of 156 cycles of ~0.5 s each subdivided
in 60 cycles of background acquisition, 80 cycles of signal acquisition
and 16 cycles of washing time. Data reduction was carried out offline
using an in-house spreadsheet. A 2SD (standard deviation) outliers test
was applied to obtain precise 1'B/!°B ratios. No downhole isotope ratio
fractionation was observed. The results are reported in the common
delta(8)-notation as permil (%o) and expressed relative to the isotopic
ratio of the NIST SRM951 boric acid (*'B/'B = 4.04362 + 0.00137 2;
Catanzaro et al., 1970). Hereafter, uncertainties are reported as 2
standard error (2SE) for single spot analyses and as 2SD for mean values.
Quoted uncertainties are quadratic additions of the within run precision

of each analysis and the reproducibility of the calibrating standard
(which was better than 0.40 %o). The NIST SRM612 synthetic glass ([B]
~ 34 pg/g, 8'1B = —0.51 + 0.52 %) was used as calibrating standard to
account for instrumental and laser-induced isotope fractionation. Due to
the lack of suitable reference materials for B isotope determination in
chlorite, potential isotope fractionation due to matrix effects were
evaluated analyzing a low [B] mylonitic antigorite-bearing serpentinite
(sample SY347, [B] ~ 6 ug/g, 5''B = +5.62 + 0.24 %o; H. Marschall,
pers. comm.) together with the unknown (Clarke et al., 2020). The
measured 8'!B for the SY347 antigorite is +4.27 + 1.92 %o (20, n = 25,
Supplementary Table 2, Supplementary Fig. 3A) and are accurate within
uncertainties, suggesting limited matrix effect for serpentine/chlorite
minerals with low B contents (see Cannao et al., 2024 for further in-
formation). The estimated mean B content for antigorite-bearing sample
SY347 of 6.1 + 2.2 pg/g (2SD, n = 25), overlapping its bulk value.
The in-situ Sr isotope compositions of clinopyroxene and epidote
were measured at the Geochemistry, Geochronology and Isotope Geol-
ogy Laboratory of the Earth Science Department “A. Desio”, University
of Milano LA STATALE (Italy) using the same LA-MC-ICP-MS instru-
mentation described above for the 3''B determination. A spot size from
110 to 65 pm was used, depending on the size of the crystals, with a
repetition rate of 10 Hz, fluence of 5.0 J/cm? and the He fluxes were set
to 0.50 and 0.35 1/min in the sample cell and in the arm of the HelEx II
system, respectively. The Sr isotopic data were simultaneous collected in
static multicollection mode, using Jet sample and X-skimmer cones to
improve instrumental sensitivity. The signal intensities on masses from
82 to 88 (central cup on mass 85) were collected with Faraday cups
connected to 10! Q resistor amplifiers, while half masses of 83.5 and
85.5 were collected with Faraday cups connected to 10'% Q resistor
amplifiers. To account for the slow response of the 10'° Q resistors, the
tau correction was applied prior to data export as implemented in the
MC-ICP-MS software. Each analyses consist of 20 s of background fol-
lowed by 60 s of signal acquisition employing an integration time of
~0.5 s, for a total of 180 cycles for each analyses. A total of 90-100
cycles were integrated to achieve the final 8Sr/%°Sr ratios. Data
reduction was conducted offline using a modified MS Excel-based
spreadsheet from Lugli et al. (2020, version 2). The final 875r/80Sr ra-
tios are corrected for the potential isobaric contribution of Rb (negli-
geable in both clinopyroxene and epidote), Kr and the double charged
ions of Er and Yb, monitored on half masses 83.5 (167Er2+) and 85.5
(71yb%h). The influence of Ca argides and dimers were not considered
(see Lugli et al., 2020 for the complete data reduction approach).
Reference clinopyroxenes (Zhao et al., 2020) were used to validate the
applied method and reported accurate 8Sr/2Sr ratios within analytical
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Fig. 2. Microphotographs of key features of the investigated samples. (A) Serpentinized bastite on former pyroxene from sample BCS23-1 surrounded by recrys-
tallized antigorite. Details of the relict igneous clinopyroxene (cpx1, turbid) surrounded by recrystallized clinopyroxene (cpx2, limpid and colourless) from samples
BCR21-1B (B), BCR21-2 A (C), BCR23B (D-E), and BCE23 (G). Weak foliation is marked by clinozoisite (czo) and garnet (grt) in sample BCR21-2 A (C), while strong
foliation made of chlorite (chl) + cpx2 + grt is displayed in samples BCR23B (E), BCR23A (F), and BCE23 (G). Static recrystallized chlorite from blackwall in sample
BCR21-1B is reported in (H).
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uncertainties: 8Sr/%6Sr = 0.70401 + 0.00014 (2SD, n = 7) for YY09-47
and ¥7sr/%%sr = 0.70331 + 0.00007 (2SD, n = 2) for YY09-04 (Sup-
plementary Table 3, Supplementary Fig. 3B). Due to the lack of epidote
reference materials for in-situ Sr isotope analyses, the plagioclase
Hrappsay 14-2 (77 % molar anorthite, ca. 240 pg/g of Sr) has been
analyzed to further check accuracy related to different mineral matrix
(Mulder et al., 2023). The measured 7Sr/%0Sr ratios of 0.70324 +
0.00018 (2SD, n = 6) are accurate within analytical uncertainties with
its reference MC-ICP-MS value of 0.703168 + 0.000018 (2SD; Mulder
et al., 2023, Supplementary Table 3, Supplementary Fig. 3B).

4. Results
4.1. Mineral chemistry

Major element compositions of the rock-forming minerals are re-
ported in the Supplementary Table 4. Relicts of preserved igneous cli-
nopyroxene, their recrystallized rims and the second generation of
clinopyroxene mostly fall in the diopside field (Fig. 3A; Morimoto et al.,
1988). Of relevance is the strong depletion in AlyO3 (from 2.9 to 0.02 wt
%), FeOyor (from 7.78 to 0.45 wt%) and TiO5 (from 0.94 to <0.01 wt%)
during clinopyroxene recrystallization. Different generations of garnet
were identified with composition displaced along the grossular-
andradite joint for most of the samples (Xgrs = 18.3-96.6 %; Fig. 3B)
with a dominant grossular component (mean Xgs = 75.8 %). Andraditic-
rich garnets (Xand up to 81.7 %) are from the BCE samples, which show
high modal amounts of Fe-bearing oxide (Supplementary Fig. S2).
Garnet from samples BCE21-1B and BCR21-2 A also show almandine-
rich composition (Xam up to 36.5 %, Fig. 3B). These latter mostly
occur within the fine matrix of the metarodingite and are commonly
overgrown by Xajm-poor and Xgs-rich garnet (Supplementary Fig. S4).
Chlorite from all the samples plot in the clinochlore field (Fig. 3C; Hey,
1954), with no significant difference between chlorite from the host
metarodingite and the blackwall. Magnesium value (Mg# = Mg/[Mg +
Fe]) in chlorite is variable, ranging from 0.82 in sample BCE21-1B to
0.99 in sample BCR23B. The low Mg# of chlorite from samples BCE
likely reflect their high modal amount of Fe-bearing oxide, suggesting
that chlorite composition is dependent upon bulk-rock chemistry.
Overall, higher Mg# values are documented for chlorite forming the
blackwall (Fig. 3C). Clinozoisite from sample BCR 21-2A show low Fe3t
contents (from 0.06 to 0.19 apfu). Serpentine has relatively homogenous
major element composition independently from texture (bastite, mesh,
foliation) and show 42.8 & 1.2 wt% of SiO,, 2.0 + 1.0 wt% of Al,Os3,
38.3 £ 0.6 wt% of MgO, FeOy of 2.3 £ 0.3 wt%; it is characterized by
high Mg# of 0.97 (£ 0.4 RSD%).

4.2. Micro-Raman spectroscopy

Micro-Raman investigations of serpentine in bastite, mesh and foli-
ated texture detect main intensity peaks at ca. 227, 376, 684 and 1046
cm ™! in the vibration region of the Al—Si network and peaks at ca. 3673
and 3702 cm™! in the O—H bond stretching region (Supplementary
Fig. S5). These features are discriminatory of the antigorite serpentine
polymorph (Auzende et al., 2004; Liu et al., 2023; Petriglieri et al.,
2015), particularly the presence of the peak at ca. 1046 cm ™}, the peak
wavenumbers of the bending mode of SiO4 tetrahedral units, at ca. 376,
and of the symmetric Si-O-Si stretching mode, at ca. 684.

4.3. In-situ trace elements

In-situ trace element concentration of the investigated minerals are
reported in the Supplementary Table 4. Relict of igneous clinopyroxene
show Rare Earth Element (REE) patterns (Fig. 4a) characterized by
depletion in light(L-)REE (Lay/Smy = 0.13 to 0.48) and almost flat
medium(M-) to heavy(H-)REE (Gdy/Luy = 0.97 to 1.30). A weak
negative Eu anomaly is documented (Eu/Eu* down to 0.67), indicating
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equilibrium conditions with igneous plagioclase at magmatic stage(s).
By contrast, both recrystallized rims (limpid and colourless, Fig. 2b, d)
and metamorphic clinopyroxene (Fig. 2e) show low REE budget (be-
tween 2 and 0.01 times the C1 values, Fig. 4a). Garnets mostly show
HREE enrichment (Gdy/Luy up to 14.74) and LREE depletion (Lay/Smy
up to 0.83) with a marked positive Eu anomaly (Eu/Eu* up to 4.90;
Fig. 4b). Despite sharing similarities, garnets from different samples
show significant REE variability. Of relevance, sample BCR21-2A has
the lowest REE budget, with LREE and HREE down to 0.01 and up to 10
times the C1 values, respectively, and limited Eu positive anomaly. From
the inner part of the metarodingite BCE23 towards the chlorite black-
wall, garnets show the wider REE variability with LREE and HREE
decreasing from 10 to 1 and from 600 to 2 times the C1 values,
respectively (Fig. 4b). This trend is associated with a pronounced in-
crease of the Eu anomaly (from 1.0 to 3.2). Clinochlore are characterized
by very low REE budgets, between 0.001 and 1 times the C1 values and
all samples show variably negative Ce anomaly (Fig. 4c). Clinozoisite
show convex-REE patterns (Fig. 4d), with a marker depletion in both
LREE (Layn/Smy = 0.09 to 0.26) and HREE (Gdy/Luy = 6.48 to 38.33),
and positive Eu anomaly (Euy/Eun™ up to 4.89).

Magmatic relict of clinopyroxene show positive anomalies in B, Be
and Li, and concentrations of Sr, Nd, Zr, Hf, Y and Sc higher than
primitive mantle (McDonough and Sun, 1995) values (PM, Fig. 5a).
Recrystallized rims of igneous clinopyroxene and clinopyroxene 2 show

negative anomalies in Zr and Y and lower Ba, Nd, Hf and Li concen-
trations with respect to the PM values (Fig. 5a). The depletion in HFSE is
mostly related to the loss of TiO, during recrystallization. Normalized to
PM, garnets mostly show positive anomalies in B, Nd and Y and negative
anomaly in Th (Fig. 5b). Clinochlore show positive enrichment in Cs, B,
Be and Li from 1 to 30 times the PM values (Fig. 5c). Boron concen-
tration in clinochlore has a mean value of 2.69 + 0.79 pg/g (1SD) in the
rock-suite, while Li shows wide content from 0.930 to 46.0 pg/g, with
the highest values pertaining to sample BCE21-1B (27.0 + 11.7 ug/g,
1SD). Overall, no significant geochemical variation in clinochlore from
the host metarodingite and the blackwall is documented. Clinozoisite
show positive anomaly in Ba (up to 100 times the primitive mantle
values), variable enrichments in Be, Pb and Sr and depletion in HFSE,
Th, and U (Fig. 5d).

Overall, antigorite from samples BCS23-1 and 2 show low REE and
incompatible trace element budgets (Supplementary Fig. S6). Of rele-
vance, antigorite replacing former pyroxene in bastite texture show low
B contents (from 2 to 18 pg/g) compared to foliated antigorite (from 32
to 42 nug/g).

4.4. In-situ B isotope composition of chlorite

The B isotope compositions of chlorite in the investigated samples
show positive signatures ranging from +6.9 + 3.2 %o to +28.3 £ 1.7 %o
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Fig. 5. Primitive mantle (PM)-normalized (McDonough and Sun, 1995) incompatible trace element patterns for clinopyroxene (A), garnet (B), chlorite (C) and

clinozoiste (D). Legend as in Fig. 4.

(2SE) for estimated B concentrations ranging between 1.0 and 2.0 pg/g
(Table 2). No significant large-scale B-5'!B variation between chlorite of
different generations hosted in metarodingites and the chlorite forming
the blackwall are documented (Fig. 6a). A certain degree of 5!'B vari-
ability, however, is still recorded along a profile from the host meta-
rodingite towards the blackwall in sample BCE23. In detail, the 5''B
signatures of chlorite show a marked increase from ca. +7 to +25 %o in
the metarodingite (r? = 0.70) from the core of the body towards the rim
that abruptly drops down at ca. +15 %o within the blackwall (Fig. 7, 12 =
0.18). Several trends are identified within the blackwall of sample
BCR23B, in relation to chlorite’s microstructure: chlorite close to coarse
relict clinopyroxene show high 5'!B signatures (up to +25 %o) compared
to foliated chlorite showing lower s''B imprints (down to +9 %o). In
sample BCR21-1B, chlorite in the metarodingite body show ca. 8 %o of
8B variability (from +16.0 + 2.1 %o to +24.6 + 2.0 %, 2SE, n = 3),
which is overall comparable to the 5!'B range shown by the recrystal-
lized chlorite forming the blackwall within uncertainties (from +20.5 +
2.7 %o to +28.3 & 1.7 %o, 2SE, n = 12; see Table 2).

4.5. In-situ 8Sr/%0Sr ratios in clinopyroxene and clinozoisite

The in-situ Sr isotope compositions of clinopyroxene and clinozoisite
from the investigated samples are reported in Table 3 and Fig. 6B. The Sr
isotope composition in the core of the relict clinopyroxene range from
0.70201 4+ 0.00071 to 0.70458 + 0.00027 (2SE) with a mean value of

0.7034 + 0.0018 (2SD, n = 10). The 87Sr/3%sr ratios in the recrystallized
limpid rims of magmatic pyroxene are identical within errors (from
0.70277 + 0.00082 to 0.70458 + 0.00024, 2SE) displaying a mean
value of 0.7037 + 0.0016 (2SD, n = 5). Overall, these signatures overlap
the Sr isotope compositions of gabbroic rocks from the Ligurian Apen-
nines and Ligurian W. Alps (Cannao et al., 2023b; Codillo et al., 2022;
Schwarzenbach et al., 2021), ranging from 0.70296 to 0.70457, and
interpreted to be close to the depleted MORB mantle composition of
0.7025 (Rehkamper and Hofmann, 1997) contaminated by a component
related to Jurassic seawater (Schwarzenbach et al., 2021). Metamorphic
clinopyroxene (Cpx 2) developed along the metarodingite matrix are
characterized by slightly higher 8Sr/®6Sr ratios ranging from 0.70393
+ 0.00066 to 0.70690 + 0.00080 (2SE) with a mean value of 0.7051 +
0.0022 (2SD, n = 7). Clinozoisite from sample BCR21-2 A show more
radiogenic Sr isotope composition than primary diopside relict, span-
ning from 0.70528 + 0.00056 to 0.70666 + 0.00042 (2SE), with a mean
value of 0.7059 + 0.0011 (2SD, n = 4). Overall, the Sr signatures of
metamorphic clinopyroxene and clinozoisite trend towards composi-
tions derived from Jurassic seawater (Fig. 6b) of ca. 0.7070 (McArthur
et al., 2020).
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Table 2
In-situ B isotope composition of chlorite.
Sample # B(ug/ &''B 2SE Lithology ~ Texture
analyses 2) (%) (%o)
BCR23B  Cl_chll 16 23.8 27 MR chi2 -
foliation
Cl.chl2 1.4 19.6 2.7 MR chl2 -
foliation
Cl.chl3 1.7 16.1 2.3 MR chi2 -
foliation
C2.chll 16 17.4 2.8 MR chil -
coarse
C2.chl2 15 16.6 2.9 MR chil -
coarse
C2.chi3 15 9.2 2.6 MR chi2 -
foliation
C3.chll 16 20.7 2.6 BW chl2 -
massive
C3.chl2 1.2 20.9 3.2 BW chi2 -
massive
C3.chI3 1.4 22.5 31 BW chl2 -
massive
C3_chl4 1.4 17.1 25 BW chi2 -
massive
C3.chl5 1.4 14.8 3.2 BW chi2 -
massive
C3.chl6 1.4 16.0 2.9 BW chi2 -
massive
BCE23 Cl._chll 1.0 6.9 3.2 MR chll -
coarse
Cl_chl2 11 13.0 4.0 MR chll -
coarse
Cl.chl3 1.1 75 37 MR chll -
coarse
Cl_chl4 1.1 11.3 3.7 MR chll -
coarse
L1_chll 11 185 45 MR chll -
coarse
L1_chl2 1.1 205 5.1 MR chil -
coarse
L1_chl3 1.0 26.7 44 MR chll -
coarse
L1_chl4 1.0 16.9 37 MR chil -
coarse
L1_chl5 11 22.4 37 MR chll -
coarse
L1_chl6 1.0 25.0 3.6 MR chll -
coarse
L1_chl7 1.1 223 43 MR chil -
coarse
L1_chi8 11 10.1 4.2 BW chi2 -
foliation
L1_chl9 1.6 13.0 2.2 BW chi2 -
foliation
Llchllo 15 11.6 2.5 BW chl2 -
foliation
Llchlll 1.2 13.9 3.1 BW chi2 -
foliation
Llchll2 1.3 18.8 3.3 BW chi2 -
foliation
Llchll3 16 15.6 2.3 BW chi2 -
foliation
Llchll4 1.4 9.5 3.2 BW chi2 -
foliation
Llchlls 1.3 16.9 35 BW chi2 -
foliation
BCR21-1A  C3.chl2 11 237 36 MR chil -
coarse
c3.chi3 1.2 19.6 3.3 MR chil -
coarse
C3.chl4 1.2 20.7 3.1 MR chil -

coarse

Chemical Geology 697 (2025) 123125

Table 2 (continued)

Sample # B(ug/ "B 2SE Lithology  Texture
analyses 2) (%) (%o)

BCR21-1B  C3.chll 15 24.5 23 BW chi2 -
foliation

C3.chl2 1.8 20.5 2.7 BW chi2 -
foliation

C3.chi3 1.9 23.8 16 BW chi2 -
foliation

C3.chl4 1.7 235 1.9 BW chl2 -
foliation

C3chls 17 22.3 2.0 BW chi2 -
foliation

C3.chl6 1.8 23.1 1.9 BW chi2 -
foliation

C3_chl7 1.8 23.8 2.2 BW chi2 -
foliation

C3.chi8 1.9 26.5 3.0 BW chi2 -
foliation

C3.chl9 1.8 26.6 1.3 BW chi2 -
foliation

C4_chl6 17 28.3 17 MR chll -

coarse

C4_chl7 1.8 26.2 2.0 MR chil -

coarse

C4_chi8 1.9 26.8 17 MR chll -

coarse

C2.chl6 16 20.4 2.4 MR chll -

coarse

C1.chlé 17 24.6 2.0 MR chil -

coarse

C1.chl7 17 16.0 2.1 MR chll -

coarse

MR: metarodingite; BW: blackwall; B content are estimated with LA-MC-ICP-MS.
5. Discussion

5.1. Oceanic vs. subduction evolution of metarodingite and chlorite
blackwall

5.1.1. Pre- to syn-metasomatic evolution of metarodingites

The metarodingite bodies investigated in this study show a dominant
mineral assemblage made of clinopyroxene + garnet + chlorite +
epidote, as described for other metarodingites within the Voltri Massif
(Cannao et al., 2023b; Haws et al., 2021; Scambelluri and Rampone,
1999) and Western Alps (Li et al., 2004; Piccoli et al., 2024; Zanoni et al.,
2016). This mineral assemblage represents the common paragenesis
predicted by modelling to explain rodingite genesis along mafic/ultra-
mafic boundaries by serpentinization fluids at oceanic conditions (Bach
and Klein, 2009). The pre-metasomatic history recorded by these rocks
derive from the coarse clinopyroxene core, showing REE geochemistry
(Fig. 4a) comparable with that of igneous clinopyroxene from the
gabbroic sequence of the Jurassic Ligurian ophiolites (Tribuzio et al.,
2014) and, for instance, oceanic core complexes of the Mid Atlantic
Ridge (Coogan et al., 2000) and Southwest Indian Ridge (Ferrando et al.,
2021). The poorly radiogenic Sr/%0Sr isotopic ratios of these igneous
clinopyroxene relicts averaging at 0.7034 + 0.0018 (2SD, n = 10,
Fig. 6b) overlap the Sr isotope compositions of gabbroic rocks from the
Ligurian Apennines (Schwarzenbach et al., 2021), supporting their
dominant record of the pre-metasomatic geochemical imprint of the
mantle-derived igneous precursor, partially overprinted by a moderate
exchange with Jurassic seawater-derived fluids (Schwarzenbach et al.,
2021). The similarity in the Sr isotope ratio between core and rim of
igneous clinopyroxene relicts (Fig. 6b) indicates that recrystallization
occurred with limited input of external component(s), and to relatively
closed-system conditions from oceanic towards subduction evolution.
The prominent positive Eu/Eu* anomalies shown by garnet and clino-
zoisite (Fig. 4b, d), the latter only in sample BCR21-2A, mainly reflect
the reaction between primary igneous plagioclase and metasomatic fluid
at T between 200 and 300 °C. The association of clinozoisite and garnet,
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stable in sample BCR21-2 (Fig. 2c, Supplementary Fig. S4), requires a
minimum T of 300 °C, relatively high reaction progress and low water/
rock (W/R) ratio (Bach and Klein, 2009). The formation of epidote-
bearing rodingite should predate the formation of grossular-diopside-
bearing rodingite as reaction progress towards higher Ca and Mg en-
richments during oceanic metasomatism (Bach and Klein, 2009; Zanoni
et al., 2016), although other authors document that epidote-bearing
metarodingite may form at high-P conditions in response to partial to
complete dewatering of the host serpentinites (Laborda-Lopez et al.,
2018). The higher variability and radiogenic imprint shown by the
875r,/%55r isotopic ratios of both clinozoisite and of metamorphic clino-
pyroxene (cpx2, Fig. 6b) likely reflect the geochemistry of the meta-
somatic fluids during the rodingitization process, characterized by a
pervasive Jurassic seawater-like component. The low REE budget shown
by recrystallized clinopyroxene rims in coarse grains (Fig. 4a) and of

10

metamorphic clinopyroxene displaced along the metarodingite foliation
(Fig. 2e, f) is associated with the loss of HFSE (Fig. 5a), suggesting their
mobilization since the oceanic hydrothermal event(s). The correlation
between depletion in HFSE and Ti loss in diopside indicates the domi-
nant role of the clinopyroxene composition (i.e., TiOy content) in
mobilizing these elements in the hydrous ultramafic-mafic system. The
liberated HFSE can be easily redistributed in Ti-bearing accessory
minerals (Spandler et al., 2003), such as rutile, ilmenite and titanite, that
are common in this petrologic system (Piccoli et al., 2024), or zircon
(only during recrystallization at high-P conditions). Potentially, HFSE
can be also incorporated in Ti-bearing humites in the enclosing ser-
pentinites at both oceanic (e.g., Scambelluri and Rampone, 1999) and
subduction (e.g., Garrido et al., 2005) settings. Textural evidence in-
dicates that recrystallization of clinopyroxene 2, displaced along the
prograde foliation, is likely associated to the subduction evolution
during prograde and/or peak conditions, even though no geochrono-
logical constraints are available yet. If a subduction system recrystalli-
zation is considered, the trace element and Sr isotope investigations
trend towards prograde to peak metamorphic internal recycle and
redistribution of elements and isotopic fingerprints initially acquired
during the oceanic metasomatic event (Spandler et al., 2003).

5.1.2. Boron isotope systematics and fluid-rock interaction

The high 5'!B imprint shown by chlorite within the metarodingites,
dissimilar to the MORB value of —7.1 & 0.9 %o (Marschall et al., 2017),
reflects the input of seawater-derived fluid, which is characterized by a
1B rich signature of +39.5 %o (Spivack and Edmond, 1987). The
prominent negative Ce anomaly in the Cl-normalized REE pattern
(Fig. 4c), typical of seawater (Douville et al., 2002), likely supports the
formation of chlorite during the oceanic stage. This finding agrees with
the Sr isotopic ratios of both clinopyroxene and clinozoisite. The in-
crease in the 5!'B composition shown by chlorite in sample BCE23 as it
approaches the blackwall boundary can indeed be used to better unravel
B isotope behaviour as rodingitization progresses during the oceanic
stage (Fig. 7). Geochemical modelling agrees that rodingitization of
mafic bodies is a fluid-driven metasomatic process characterized by
steep Si-Ca-activity gradients (Fig. 8) advancing from the contact with
the ultramafic rocks into the mafic rocks (Austrheim and Prestvik, 2008;
Bach and Klein, 2009; Frost, 1974; Laborda-Lépez et al., 2020, 2018).
During this chemical exchange, B is added to the mafic rock leading to a
modification of the initial B isotope composition of the MORB-like
signature towards higher values (Fig. 8). As reaction progresses, the
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Table 3
In-situ Sr isotope composition of clinopyroxene and clinozoisite.
Sample # analyses 8751 /568t 2SE Sr (V) 85Rb/38sr Lithology Mineral Texture
BCR21-2A Cl_cpxl 0.70458 0.00027 0.56 0.0033 MR Cpx Relict igneous core (turbide)
Cl_cpx2 0.70458 0.00024 0.59 0.0032 MR Cpx Relict igneous rim (turbide)
Cl_zo4 0.70666 0.00042 0.34 0.0245 MR Czo Czo dispaced along foliation
Cl_zo5 0.70528 0.00056 0.23 0.0006 MR Czo Czo dispaced along foliation
Cl_zo6 0.70593 0.00048 0.26 <0.0001 MR Czo Czo dispaced along foliation
C2_cpx1 0.70350 0.00064 0.24 0.0021 MR Cpx Relict igneous core
C2_cpx2 0.70410 0.00065 0.25 0.0023 MR Cpx Relict igneous core
C2_z03 0.70583 0.00036 0.42 <0.0001 MR Czo Czo dispaced along foliation
BCE23 Cl_cpxl 0.70271 0.00080 0.25 <0.0001 MR Cpx Relict igneous core (turbide)
C1_cpx5c 0.70216 0.00061 0.22 <0.0001 MR Cpx Relict igneous core (turbide)
C1_cpx5r 0.70312 0.00093 0.16 <0.0001 MR Cpx Relict igneous rim (turbide)
L1 _cpx-c 0.70403 0.00051 0.27 <0.0001 MR Cpx Metamorphic cpx
L1_cpx-r 0.70343 0.00056 0.25 <0.0001 MR Cpx Metamorphic cpx
L1_cpx4 0.70441 0.00051 0.30 <0.0001 MR Cpx Metamorphic cpx
L1 _cpx2 0.70513 0.00055 0.25 <0.0001 MR Cpx Metamorphic cpx
BCR23B C1_cpxl 0.70202 0.00071 0.16 0.0008 MR Cpx Relict igneous core (turbide)
Cl_cpx2 0.70435 0.00072 0.17 <0.0001 MR Cpx Relict igneous rim (turbide)
C2_cpx1 0.70308 0.00080 0.16 0.0008 MR Cpx Relict igneous core
C2_cpx2 0.70411 0.00042 0.32 0.0010 MR Cpx Relict igneous rim (limpid)
BCR21-1A C1_cpxl 0.70451 0.00060 0.22 0.0010 MR Cpx Relict igneous core (turbide)
Cl_cpx2 0.70321 0.00070 0.20 <0.0001 MR Cpx Relict igneous core (turbide)
Cl_cpx3 0.70619 0.00116 0.10 <0.0001 MR Cpx Metamorphic cpx
C2_cpx1 0.70299 0.00049 0.25 0.0005 MR Cpx Relict igneous core (turbide)
C2_cpx2 0.70277 0.00082 0.22 0.0029 MR Cpx Relict igneous rim (turbide)

MR: metarodingite; Cpx and Czo refer to clinopyroxene and clinozoisite, respectively.
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W/R ratio generally increases along the contact with the serpentinized
ultramafic host compared to the core of the metasomatized mafic body
(Bach and Klein, 2009). In the past years several modelling attempts
have been done to unravel how W/R ratio may control the B isotope
composition in ultramafic systems (e.g., Cannao and Debret, 2024; Pri-
gent et al., 2018), and results overall agree to a general increase of the
8B imprint of the hydrous minerals with the increase of the W/R ratio
of the system at the beginning of the process. This behaviour can
reasonably explain the B isotopic signatures of chlorite displaced along
the profile documented in BCE23 (Fig. 7), as schematically illustrated in
Fig. 8. As long as the gradient in the W/R ratio is present, chlorite in the
host metarodingite is able to record different 5''B signatures. The lack of
clear trends in the 8'!B values measured for the other metarodingite
bodies (e.g., BCR21-1) can conceivably be explained by considering a
relatively steady W/R ratio condition associated with the rodingitization
process at the oceanic stage. The more homogeneous &!'B imprints of
these rocks may also reflect a pronounced Ca-metasomatism affecting
these mafic bodies compared to BCE samples. In fact, sample BCE21-1,
showing higher modal amounts of oxides (Fig. 1d, Supplementary
Fig. 2) due to a more differentiated mafic protolith, indicates indeed that
the magmatic history of mafic bodies prior to oceanic alteration may
also influence their ability to acquire variable 5''B imprints (e.g., Can-
nao et al., 2023b). The development of the chlorite blackwall along the
contact between metarodingite and serpentinites (Fig. 1) exhibits more
homogeneous 5''B signatures (sample BCE23), likely reflecting a higher
W/R ratio associated with Mg-metasomatism (Figs. 7, 8), following the
rodingitization process. Such a chlorite-rich layer can form either during
the oceanic stage (e.g., Barriga and Fyfe, 1983; Dubinska et al., 2004) or
during subduction zone metamorphism (e.g., Piccoli et al., 2024; Shen
et al., 2016), the latter as the results of high fluid flux driven by Mg-rich
aqueous fluid derived from the surrounding dehydrating serpentinites.
The intense metasomatic modification of both metarodingite and chlo-
rite blackwall associated with fluid-rock interaction processes is also
recorded by the extremely low §2°Mg isotope shown by these lithologies
exposed in the Voltri Massif (Xiong et al., 2024). Based on data pre-
sented in this study and the lack of detailed geochronological informa-
tion, the development of chlorite-blackwall is interpreted to derive from
the oceanic alteration stage. To date, there are no strong arguments
supporting a clear development of the chlorite blackwall during pro-
grade subduction processes, although blackwall foliation is consistent
with the prograde foliation in serpentinite overgrown by high-P olivine
veins (Fig. 1a, d). Considering the !!'B-enrichment of serpentinite-
derived fluids at high-P (Cannao, 2020; Li et al., 2022), the formation
of chlorite blackwall during prograde to peak metamorphism is expected
to be enriched in !B, likely overlapping the oceanic signatures.
Currently, further investigations aimed to better unravel the B parti-
tioning between chlorite and fluids are difficult due to the lack of in-
formation on the B behaviour in chlorite during rodingitization and,
more importantly, B isotope fractionation between chlorite and fluids.
Specific works are required to address these open questions.

5.2. Implications for deep B recycling

Chlorite is an important mineral in mafic-ultramafic systems due to
its wide stability at high-P (Pawley, 2003), allowing it to transport sig-
nificant amounts of aqueous fluids beyond arc depths. Its behaviour in
subduction zones has recently been revisited, particularly in chlorite-
rich metasomatic rocks, with particular attention to its destabilization
at UHP conditions. This destabilization leads to the formation of DHMSs,
such as 11.5 A and Mg-sursassite (Hermann and Lakey, 2021). These
phase transitions have been identified as an unaccounted reservoir
governing the deep-water cycle on geological timescale. Despite its
importance, geochemical information about chlorite in high-P regimes is
poorly known (Marschall et al., 2006), particular with reference to its B
isotope inventory. Similarly, the geochemical behaviour of B and other
incompatible elements in chlorite-related DHMSs is still largely
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unconstrained (Cannao et al., 2023a). The geochemical results pre-
sented in this study indicate that, although chlorite hosts less B
compared to the surrounding antigorite-bearing serpentinites, its B
content is still several orders of magnitude higher than that of depleted
mantle values (Marschall et al., 2017). Furthermore, the B isotopic
signature of chlorite in metarodingites is enriched in the heavy 'B
isotope, with !B signatures 15 to 30 %o higher than the mantle base-
line. This evidence suggests that chlorite destabilization could reason-
ably release 'B-rich fluids beyond sub-arc depths.

Chlorite-rich mélanges in subduction zones commonly form through
intense metasomatic reactions induced by slab-derived fluids migrating
along the slab-mantle interface (Bebout and Penniston-Dorland, 2016).
These hydrous fluids, released during progressive dehydration of the
subducting oceanic crust and sediments (Hacker, 2008), react with
overlying ultramafic and mafic rocks, stabilizing chlorite and other
hydrous minerals such as amphibole and talc under high-P conditions
(Codillo et al., 2022; Easthouse et al., 2025; Marschall and Schumacher,
2012; Spandler et al., 2008; Xiong et al., 2024). The resulting chlorite-
bearing mélange domains serve as major fluid conduits and mechani-
cal decoupling horizons, playing a critical role in element transport,
deformation localization, and the geochemical evolution of the mantle
wedge (Bebout and Barton, 2002; Cannao and Malaspina, 2018; Hoover
et al., 2022; Spandler and Pirard, 2013). From a B isotope perspective,
the B isotope composition in such chlorite-rich mélange can be strongly
influenced by fluid-rock chemical exchanges. This isotopic modification
reflects the extent of fluid infiltration and metasomatic overprinting,
providing key insights into the timing, source, and pathways of slab-
derived fluid migrating along the subduction interface, with important
implications for B recycling both at volcanic arcs and in deeper mantle
region(s).

6. Conclusions

This work presents new geochemical data on chlorite from an asso-
ciation of metarodingite and blackwall developed along the contact
between metarodingite and high-P serpentinites from the Voltri Massif
in the Western Ligurian Alps (Italy). The main point of this contribution
can be summarized as follows: (i) the metarodingite bodies exhibit a
common assemblage of clinopyroxene + garnet + chlorite + epidote,
consistent with rodingitization along mafic/ultramafic boundaries at
oceanic conditions. In-situ Sr/30Sr ratios and REE signatures of igneous
clinopyroxene cores indicate preservation of pre-metasomatic mantle-
derived geochemistry, with limited overprinting by seawater-derived
fluids; (ii) the 5''B values documented in chlorite vary across samples
and spatially within metarodingites, reflecting gradients in W/R ratio
and the influence of seawater-derived B-rich fluids during oceanic
alteration. The chlorite-blackwall layers display more homogeneous
5!1B signatures, likely due to Mg-metasomatism and high W/R condi-
tions at the mafic-ultramafic interface. Whether this signature was
inherited from the oceanic stage or development during prograde sub-
duction remains unresolved; (iii) metamorphic clinopyroxene and cli-
nozoisite show evidence of trace element redistribution (e.g., HFSE loss,
positive Eu anomalies), likely due to prograde metamorphism during
subduction. However, Sr isotopes largely reflect oceanic-stage meta-
somatism, suggesting a closed-system evolution with limited input of
external fluids during subduction; (iv) chlorite destabilization at high-P
conditions could release !'B-rich fluids, while its B isotope composition
in mélange zones - shaped by fluid-rock exchange — might provide
critical insights into deep fluid pathways and B recycling from arcs to the
deeper mantle.
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