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ABSTRACT

Fossil subduction zones are key to studying the deep geochemical cycles of C, O, and S. We analysed graphite-
sulphide-bearing garnet clinopyroxenites from the External Ligurian (Northern Apennines, Italy), which serve as
indicators of deep recycling of subducted crust. These rocks are among the only three known pyroxenite oc-
currences worldwide (along with Beni Bousera, Morocco, and Ronda, Spain) that formed through the crystal-
lisation of eclogite-derived melts (P > 3 GPa and 1100 °C), following a prolonged recycling history in off-craton
mantle. In particular, a MOR-type heterogeneous gabbroic sequence was recycled into the mantle as eclogite
1.5-1.0 Ga ago, then partially melted and crystallised in the convective mantle, followed by subsolidus re-
equilibration and exhumation. We analysed the redox state of garnets and clinopyroxenes associated with
graphite and sulphides in garnet clinopyroxenites, that crystallised from a liquid produced by partial melting of
recycled eclogite. Electron Energy Loss Spectroscopy within a transmission electron microscope and Synchrotron
micro-Mossbauer analyses revealed heterogeneities in Fe>*/Fe?* distribution and its partitioning among mineral
phases (Fe>*/=Fe error is 0.03 for Electron Energy Loss Spectroscopy and 0.01-0.03 for Synchrotron micro-
Mossbauer).

The analysed clinopyroxenites display three generations of clinopyroxenes: unexsolved crystals included in
garnet cores with Fe3*/SFe — 0.16-0.38 (representative of eclogite-derived melt crystallisation in the
asthenosphere), clinoenstatite exsolution-bearing grains with Fe®>t/SFe = 0.03-0.10 (related to a first stage of
exhumation in the lithospheric mantle), and Al-poorer rims without Fe3t (related to the final stage of exhu-
mation). In contrast, garnets have Fe3+/EFe-poor cores (<0.03) and slightly higher ratios in the rims (0.04-0.07).
When considered together with the markedly higher Fe>* contents in the earliest clinopyroxene generation, this
pattern is consistent with a pressure-temperature-dependent partitioning of ferric iron from garnet to clino-
pyroxene during cooling from 1100 to 950 °C along the exhumation path. fO, calculations suggest a variation
from more oxidised samples (AFMQ = —1.25 to 0) to more reduced ones (AFMQ = —4.2 to —1.6) at 3 GPa. At
1.5 GPa, AFMQ ranges from —1.2 to —0.6 down to < —5, indicating that graphite may have formed through
reduction of a previously oxidised carbon phase. The oxidation state variations are linked to sub-solidus
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decompression, and not to S-C-related redox reactions, describing a closed system with no fluid/melt-rock
interaction. Our results show that sulphur plays no role in controlling the redox state of these graphite-
bearing mantle rocks, even over prolonged geological histories, and that variations in the redox state of car-
bon and iron in garnet and clinopyroxene can depend on pressure and temperature changes only, rather than
from redox reactions, indicating that the intensive variable fO, can be decoupled from redox processes in a closed

system.

1. Introduction

The history of Earth’s atmosphere has been defined by variations in
O, levels, which strongly affected the evolution and development of life
on the Earth (Berner, 2003). Changes of Oy and CO2 concentrations can
be closely related to the composition of volatiles released to the atmo-
sphere from magmatic activity that may occur at ocean ridges, during
intraplate magmatism (e.g. Large Igenous Provinces) or in correspon-
dence of subduction zones. Andrault et al. (2017) also proposed that the
development of stable, deep subduction systems after the Arche-
an-Proterozoic transition may have favoured the release of an excess of
oxygen to the Earth’s surface, initially trapped in the deep mantle in the
form of primordial Fe>* excess. The oxygen concentration in the at-
mosphere also depends on the long-term carbon cycle, as for example
the high O, levels and low COj levels during the Permo-Carboniferous,
shown by Berner (2003). Most of Earth’s carbon is hidden in the mantle.
Indeed, the recycling of carbon into the convecting mantle has proven to
be an efficient process, accounting for a significant fraction of the total
carbon outgassed at ridge and intraplate boundaries (Hirschmann,
2018), but we do not know the extent of the main deep reservoirs and
the mechanism by which carbon moves from one repository to another.
Also, the stability of graphite/diamond, relative to the more reactive
CO; or carbonates is controlled by the oxidation state of the mineral
assemblages and by the role of sulphur in its different oxidation states (e.
g., Gunn and Luth, 2006; Palyanov et al., 2007; Evans, 2006, 2012;
Bénard et al., 2018). For this reason, in the last decades many efforts
have been devoted to the understanding of the redox state of the
convective mantle, and in particular of mantle peridotites, both xeno-
liths and orogenic peridotites (e.g., Wood et al., 1990; Canil et al., 1994;
Brandon and Draper, 1996; Canil and O’Neill, 1996; Simakov, 1998;
Woodland et al., 2006; Malaspina et al., 2009, 2010, 2012; Foley, 2011;
Yaxley et al., 2012; Hanger et al., 2015; Rielli et al., 2017). However, the
upper mantle also includes layers of pyroxenites that may have an
important role in the element exchange and in the rheological behaviour
of mantle peridotites hosting them, particularly at the slab-mantle
interface (Berly et al., 2006; Wang et al., 2008; Malaspina et al., 2017,
2023; Pellegrino et al., 2020, 2021), in the dynamic mantle wedge
(Notini et al., 2024), and in the deep cratonic mantle (e.g., Kopylova
et al., 1999; Aulbach and Smart, 2023; Aulbach and Jacob, 2016; Aul-
bach et al., 2020, 2024).

Many of the pyroxenites from sub-cratonic mantle xenoliths and
those from off-craton orogenic mantle peridotites have been interpreted
as derived from the recycling of deep and ancient crustal materials. One
of the most extensively studied terranes include the ultramafic orogenic
massifs of Ronda (Spain) and Beni Bousera (Morocco), which belong to
the Betic-Rifian fold belt, now separated by the Alboran Basin (Davies
et al., 1993). In both ultramafic massifs layers of pyroxenites were
interpreted as derived from the crystallisation of melts from deep origin,
in turn derived from subducted eclogitic gabbros (e.g., Kornprobst et al.,
1990; Pearson et al., 1993; Pearson and Nowell, 2004; Marchesi et al.,
2013). A similar interpretation has been also proposed for the External
Ligurian pyroxenites from the northern Appennines (Italy), which occur
in the subcontinental lithospheric mantle exhumed during the opening
of the Jurassic Ligurian-Piedmontese basin (Montanini et al., 2006,
2012; Montanini and Tribuzio, 2015). Similar to Ronda and Beni Bou-
sera pyroxenites, garnet clinopyroxenites from this location contain
graphite and sulphides in equilibrium with garnet and clinopyroxene

(Montanini et al., 2010) and formed from the crystallisation of eclogite-
derived melts (Montanini et al., 2012). The precursors of these melts
were Mid Ocean Ridge (MOR-type) gabbroic protoliths which experi-
enced a long-lived evolution of recycling into the mantle (~1.0-1.5 Ga
ago, Montanini and Tribuzio, 2015). These graphite-sulphide-bearing
pyroxenites therefore represent one of the three unique case studies
worldwide as a proxy of deep carbon and sulphur recycling from crustal
materials in relation to the redox evolution of the crust in the Archean-
Proterozoic boundary, when subduction started to become the dominant
mechanism for mantle mixing and oxygen increase toward the modern
atmosphere (e.g., Andrault et al., 2017).

In this work we show the redox evolution of carbon- and sulphur-
bearing orogenic garnet clinopyroxenites from off-craton mantle,
retrieved from cutting-edge high-resolution in-situ Fe>* measurements
in both garnet and clinopyroxene. We identify different generations of
clinopyroxene, each equilibrated with sulphides, and likely two gener-
ations of carbon phases. The earliest clinopyroxene generation was
probably in equilibrium with a carbonate phase, whereas the latest ap-
pears to have equilibrated with graphite. We discuss (i) the role of Fe>*
garnet/clinopyroxene partitioning in orogenic mantle pyroxenites
(usually investigated in mantle peridotites) that recorded a long-lived
and complex history as proxy of heterogeneities in the convective
mantle, (ii) the contribution of a detailed petrologic study in retrieving
the redox evolution of deeply recycled crustal material and (iii) its role
in the carbon and sulphur cycles.

2. Geological background and sample description

The garnet clinopyroxenites studied in this work belong to the
External Ligurian ophiolites from the Alpine-Apennine belt, a litho-
spheric remnant of the Jurassic Western Tethys (Ligurian-Piedmontese
basin). Here, the pyroxenites occur as layers within fertile mantle peri-
dotite bodies (Rampone et al., 1995; Miintener et al., 2004). The
External Ligurian ophiolites were considered to have derived from the
lithosphere of the Ligurian-Piedmontese basin and its transition to the
Adria continental margin (Marroni et al., 2002). Differently, other
Alpine-Apennine ophiolites (Internal Ligurides, Lower Platta, S Tuscany
and Monte Maggiore) formed after the opening of the Ligurian Tethys in
the Middle Jurassic and display structural and compositional similarities
to the oceanic lithosphere from slow and ultra-slow spreading ridges
(Tribuzio et al., 2004; Rampone et al., 2008; Piccardo, 2008; Manatschal
and Miintener, 2009).

The External Ligurian (EL) ophiolites consist of meter to kilometre-
sized bodies of fertile spinel-plagioclase lherzolites, prevailing MOR-
type basalts and rare gabbroic rocks embedded in sedimentary
mélanges of Upper Cretaceous age (Marroni et al., 2017). The EL mantle
section has been further subdivided into three mantle domains, devel-
oped during the Mesozoic rifting evolution (Ferrari et al., 2022): (i) an
undeformed spinel tectonite domain, characterised by static plagioclase
crystallisation; (ii) a plagioclase mylonite domain recording melt-absent
deformation, and (iii) a nearly undeformed plagioclase-rich melt-
impregnated domain. The samples studied in this work belong to the
mylonite domain (i), which consists of partially serpentinised peridotites
characterised by a mylonitic fabric and large pyroxene porphyroclasts.
These peridotites host different pyroxenites layers: most frequent thin
websterites (2-10 cm thick) and rare garnet clinopyroxenites (up to 2 m
thick) that are concordant with the mylonitic foliation, sharing sharp



N. Malaspina et al.

contacts with the peridotites (Montanini et al., 2006). While the web-
sterites are generally boudinaged and stretched, the garnet clinopyrox-
enites, in the centre of the thickest layers, are mostly isotropic, coarse-
grained and only show a weak foliation in the external portions of the
layers. The garnet clinopyroxenites record an early stage of equilibration
in the subcontinental lithosphere at P = 2.8-3.0 GPa and T =
1100-1150 °C (Montanini et al., 2006). One sample of garnet clino-
pyroxenite also provided Lu—Hf and Sm—Nd mineral isochrons of 220
+ 13 Ma and 186 + 1.8 Ma, respectively, interpreted to reflect a slow
cooling evolution in response to the rifting process that led to the
opening of the Western Tethys (Montanini et al., 2006).

The studied samples (BA-X, BA-Xs, BA2-XX, BA-2A, BAR-A, AM321B,
AM384) were collected from adjacent portions of the inner part of a
metre-thick garnet clinopyroxenite layer from Rio Strega locality (see
Fig. 1 of Montanini et al., 2006). The samples mainly consist of pinkish
Al-rich clinopyroxene (augite) commonly displaying plagioclase exso-
lution lamellae. In the garnet stability field, the clinopyroxene was
characterised by high AloO3 and NayO contents (Montanini et al., 2006)
and exsolutions of clinoenstatite lamellae (see section 4.1). Clinopyr-
oxenes are slightly oriented and surround red-orange garnets, which
locally include un-exsolved Al-rich clinopyroxene and are surrounded
by greenish pyroxene + spinel kelyphitic coronas (Fig. 1a). High tem-
perature graphite in textural equilibrium with clinopyroxenes (Fig. 1b)
occurs as euhedral flakes and stack of flakes (up to 2-3 mm). The min-
eral assemblage also includes accessory Fe-Ni-Cu sulphides occurring
both as inclusions in silicates and graphite, and as interstitial grains
(Fig. 1c). Sulphides included in garnets are frequently surrounded by
haloes of tiny multiphase fluid inclusions (Fig. 1d), likely related to a
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decrepitation of a partially molten sulphide (Montanini et al., 2010).
These samples also locally contain garnet-free granoblastic domains
characterised by orthopyroxene, Al-poor clinopyroxene, plagioclase and
spinel (Montanini et al., 2006). All the samples analysed in this work are
from “type-A" garnet pyroxenites (Montanini et al., 2012), characterised
by LREE depletion and nearly flat HREE, showing a small positive Eu
anomaly.

In summary, the analysed clinopyroxenites display three generations
of clinopyroxenes: (i) high pressure (>3 GPa) un-exsolved crystals
included in garnet cores (Fig. la and Table S1), (ii) clinoenstatite
exsolution-bearing grains related to a first stage of exhumation in the
lithospheric mantle (Fig. 1a and 2) and (iii) Al-poorer rims in equilib-
rium with garnet rims related to the final stage of exhumation (1.5 GPa;
Table S1).

Geochemical and isotopic studies on these garnet clinopyroxenites
demonstrated that their origin was related to crustal recycling, involving
melting of gabbro-derived eclogites (Montanini et al., 2012). Montanini
and Tribuzio (2015) subsequently proposed the pyroxenite petrogenesis
occurred through i) recycling of a MOR-type heterogeneous gabbroic
sequence into the mantle 1.5-1.0 Ga ago; ii) melting of the eclogitised
gabbros; (iii) crystallisation in the astenospheric mantle and subsolidus
re-equilibration triggered by Mesozoic rifting. It is worth of note that
where no interaction with the host peridotites occurred, the crystal-
lisation of such melts formed garnet clinopyroxenites, whereas the
websterites record melt-peridotite hybridization processes. Notably, the
host peridotites and the other pyroxenite types in the same mantle
section do not contain any C-bearing mineral phases (Montanini et al.,
2010).

Fig. 1. Optical micrograph (a-d) and back-scattered electron (BSE) images (b-c) of EL clinopyroxenites. (a) Plane polarized light (PPL) photograph of pink Al-rich
clinopyroxenes surrounding coarse garnet, locally rimmed by orthopyroxene+ spinel + plagioclase retrograde kelyphite. (b) BSE image of elongated graphite parallel
to the pyroxenite weak foliation, associated with iron sulphides, clinopyroxene and rare quartz. (c) BSE image of sulphides inclusions in garnet along with ortho-
pyroxene + spinel symplectites in the inclusion interface. (d) PPL image showing fluid inclusions decrepitation haloes and trails around sulphides inclusions. Ab-
breviations: Gph = graphite; Cpx = clinopyroxene; Pl = plagioclase; Grt = garnet; Opx = orthopyroxene; Sp = spinel; Po = pyrrhotite; FI = fluid inclusion. (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. 2. (a) BSE image of clinoenstatite (cEn) exsolutions in Al-rich clinopyr-
oxene (Cpx) matrix. The enlarged inset shows the position of the FIB prepara-
tion which was initially 30 pm long. (b) LM-STEM dark-field image (diffraction
contrast) of the entire FIB cut showing cEn exsolution lamellae with interfaces
decorated by dislocations from structural misfit and free dislocations in the
clinopyroxene matrix. (c) Bright field TEM image and diffraction patterns of
matrix and exsolution. The lamellae are parallel to the (100) plane of both
phases. The arrow marks areas with visible antiphase domains from the C2/c to
P2,/c transition of clinoenstatite.

3. Analytical methods
3.1. Electron microprobe analyses

Major element compositions of garnets, clinopyroxenes and retro-
grade phases, along with inclusions in garnets, were analysed by
wavelength dispersive spectrometry using a Jeol 8200 Super Probe at
the Department of Earth Sciences, University of Milano. Acceleration
voltage was set to 15 kV, beam sample current was 5 nA and 1 pm beam
diameter. Natural standards used were omphacite (Na), grossular (Ca,
Al, and Si), fayalite (Fe), olivine (Mg), orthoclase (K), rhodonite (Mn),
ilmenite (Ti), niccolite (Ni) and pure Cr (Cr). A counting time of 30 s was
used for all elements. A PhiRhoZ routine was used for matrix correction.
Representative results and the corresponding microstructural positions,
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corrected for the measured Fe®" (see below) are reported in Table S1.

3.2. Analytical transmission electron microscopy and electron energy loss
spectroscopy

Transmission Electron Microscopy (TEM) investigations were per-
formed at the Friedrich Schiller University Jena. Double polished thin
sections of clinopyroxenite samples were used for the preparation of
TEM foils. 3 mm wide Cu grid were glued onto areas of interest and then
thinned to perforation by Ar ion milling in a Gatan Duomill ion milling
machine at 4.5 kV and 1 mA and an incidence angle of 13°, until electron
transparency was reached.

Specific areas of interest in clinopyroxene and garnet were identified
by back-scattered electron (BSE) images and prepared for TEM using a
FEI Quanta 3D FEG focused ion beam (FIB-)SEM instrument at Friedrich
Schiller University Jena (Fig. 2). The Ga ion gun was operated at 30 kV
with a beam current between 30 and 0.1 nA for sample preparation. A
deposited Pt stripe was used to protect the surface. To remove amor-
phous layers on the FIB cut, the foils were cleaned at 5 kV using 48 pA
beam current.

TEM foils were imaged by conventional techniques (bright-field and
dark-field) and high-resolution techniques, in combination with selected
area electron diffraction (SAED), using a 200 kV FEI Tecnai G2 F20 TEM.
To collect complete images of the FIB sections for lattice defects and
exsolutions, we have also used the high-angle annular dark-field
(HAADF) detector at low magnification scanning transmission electron
microscopy (LM-STEM) mode with a very long camera length to obtain
diffraction contrast images. Energy-dispersive X-ray (EDX) emission
spectra were acquired to obtain the compositions of the minerals and
their exsolutions using an Oxford X-MaxN 80 T SDD system. These an-
alyses were quantified based on the principle of electroneutrality by
considering an absorption correction (van Cappellen and Doukhan,
1994; Langenhorst et al., 1995) and the Fe>*/LFe ratios measured by
Electron Energy Loss Spectroscopy (EELS). EELS was employed to
analyse clinopyroxene (both included in garnet and in the rock matrix,
along with clinoenstatite exsolutions) and garnet profiles (Fig. 3), using
a Gatan Quantum GIF mounted to the TEM. The quantification of Fe3*/
>Fe ratios was based on the white line intensities of the Fe Ly3 edges,
which are well calibrated for garnets and oxidic minerals (van Aken
et al., 1998; van Aken and Liebscher, 2002). Fe Ly3 ELNES spectra were
measured with an energy dispersion of 0.1 eV per channel in the
diffraction mode of the TEM and corrected for dark current and channel-
to-channel gain variation of the detector. The energy resolution,
measured as width of the zero-loss peak at half maximum, was 0.8-0.9
eV. To extract the pure single-scattering core-loss signal, an inverse
power-law background was subtracted, and multiple-scattering contri-
butions were removed by the Fourier-ratio technique. Errors in the
Fe3*/SFe ratio are usually estimated to be on the order of 0.03-0.04, if
the iron concentration is greater than 5 wt% (van Aken et al., 1998; van
Aken and Liebscher, 2002; Frost and Langenhorst, 2002; Malaspina
et al., 2010, 2012). For iron concentrations around 3 wt%, the uncer-
tainty, expressed as 1o, has been estimated to be 0.08 (Frost and Lan-
genhorst, 2002).

3.3. Synchrotron Mossbauer spectroscopy

In situ Synchrotron Mossbauer Spectroscopy (SMS) data (°’Fe
spectra) were collected on double polished thin sections (= 150 pm;
Table S1) at the Nuclear Resonance beamline (ID18) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) where the SMS
is based on a monochromator that uses pure nuclear reflections from an
iron borate (57FeBO3) crystal to achieve nuclear resonant resonance. The
source produces the required >’Fe resonant radiation at 14.4 keV and
within a bandwidth of 15 neV, which is tuneable over a range of
approximately 0.6 eV. The SMS’s beam of radiation has a high brilliance,
is almost entirely resonant and totally polarized and can be focused to a
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Fig. 3. Representative spectra of Fe Ls; electron energy-loss near-edge struc-
ture (ELNES) of garnet and clinopyroxenes of samples BA2-XX (a, b), and BA-X
(c). The spectra have been normalised to their maximum intensity and shifted
vertically for comparison. Dashed lines mark the energy positions for the Fe Ls
peaks representative for the Fe?" (707.8 eV) and Fe®" (709.5 eV) content. BSE
images of BA2-X and thin section photograph of BA-X reports the measurements
sites. Symp = symplectite.

spot size of 10 pm by 5 pm. The Confocal Beryllium lenses (CRLs) are
used to prefocus the X-ray beam to a lower beam width. Moreover, a
Beryllium window is placed along the beam path, which is used to
maintain the vacuum in one of the monochromator chambers and while
allowing the X-rays to pass through with the least amount of attenuation
(Potapkin et al., 2012). Both Be-window and CRLs must be considered
since iron is an element that is always present in trace amounts beryl-
lium metal, despite having an extremely low intensity due to the
extremely low iron contamination content, and this can be done by
adding a known and constant additional element during the fitting
process. Indeed, the hyperfine parameters that define the Be-
components can be manually entered in the fitting program, Syncmoss
(Yaroslavtsev, 2023). The hyperfine parameters of the clinopyroxenes
and garnets of the selected samples are reported in Table S2. The Be-
components of the lenses are: 0.091 (center shift), —0.52 (quadrupole
splitting) and 0.787 (asymmetry).

The collection time for one spectrum was approximately of two
hours, which is extremely fast considering that the samples were not
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enriched in >’Fe atoms. The velocity scale of all Mossbauer spectra was
set at 5 mm/s and was calibrated relative to 25 pm-thick a-Fe foil. All
spectra were fitted using the software package Syncmoss (Yaroslavtsev,
2023). Lorentzian lines were used to fit all Mossbauer spectra, and a
linear function was applied to model the background. All spectra were fit
using the full transmission integral to avoid distortion of the area ratios
and representative fittings are reported in Table S2 and Fig. 4. The
estimated errors based on multiple iterations of spectra fitting are within
+0.01 for Grt and + 0.03 for Cpx (see Table S2).

3.4. Raman spectroscopy

Non-polarized Micro-Raman spectra were collected on some thin
sections (both double polished and mounted on glass) obtained from the
samples in a nearly backscattering geometry with a Confocal Horiba
LabRAM HR Evolution confocal spectrometer (focal length 800 mm),
using a configuration with a 600 lines mm ™ grating, a set of Bragg ultra-
low frequency filters for the rejection of the Rayleigh scattering for the
632.8 nm excitation or a dielectric edge filter for the excitation at 532
nm, and a liquid nitrogen-cooled CCD detector. An optical 100x
objective was used to obtain a spatial resolution of ~ 1 pm, with ~ 1
em™! resolution. Typical collection time for the confocal configuration
was 30 s for each acquisition, with 2—4 repetitions. The power on the
sample was kept under 10 mW using neutral density filters. Before each
measurement session, the spectral position was calibrated using the
main Raman band of silicon. On few selected regions, Raman micro-
mappings have been obtained using the motorized XY stage of the in-
strument (Fig. 5). The fitting of the Raman spectra was performed after
the background subtraction using a Gauss-Lorentzian function in the
LabSpec 5 © software. This allowed the determination of Raman spec-
trum parameters as peak position, full-width-at-half-maximum and the
area of the peak.

3.5. Thermodynamic modelling

We calculated log fO,-T sections at different pressures in the MgO +
FeO + CaO + AlxO3 + NagO + SiO3 + Sz + C system, for a fixed bulk
composition measured by X-ray Fluorescence (MgO = 12.11 wt%, FeO
= 10.46 wt%, CaO = 12.07, Al;03 = 18.74, Na0 = 1.36, SiO3 = 44.60
wt%, Sy = 0.80 wt%, C = 2.00 wt%) of a representative sample from
group “BA”, employing the Perple X software package (version 7.1.5;
Connolly, 2005). We used the internally consistent thermodynamic
database of Holland and Powell (2011) revised in 2017 and the
following solid solution models: ternary feldspars (Pl, Holland and
Powell, 2003), olivine and spinel (O, Sp, Holland and Powell, 1998),
orthopyroxene (Opx, Powell and Holland, 1999), garnet (Gt, Holland
et al., 2018), clinopyroxene (Cpx, Green et al., 2016), pyrrothite (Po,
Holland and Powell, 2011) and carbonates (Do, Franzolin et al., 2011).
No phase has been excluded.

4. Results

4.1. Mineral chemistry of clinopyroxenes and garnets, and micro-Raman
of mineral inclusions

The major element compositions of the analysed clinopyroxenes and
garnets of the selected samples, along with Fe>*/SFe and calculated
logfO,, are reported in Table S1. Representative profiles and variation
diagrams are reported in Tables S3 and S4, and in Fig. 6.

Clinopyroxenes mostly correspond to diopside and augite. Clino-
pyroxenes included in garnet that do not show exsolution lamellae have
a homogeneous composition (Table S3), whereas exsolved clinopyrox-
enes, both included in garnets and in the rock matrix, show a patchy
zonation (Fig. 6a, c) characterised by a core-to-rim increase in Ca, and
by the complementary decrease in Al and Na (all in atoms per formula
units, a.p.f.u.). The inhomogeneous zonation, characterised by local
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Fig. 4. Representative SMS spectra of clinopyroxenes and garnets from samples BA-2XX, BA-XX, BA-2 A, AM-321-B and AM-384. The black line is the raw spectrum;
the resulting fitting is the orange line. Be lenses contribution is displayed in pink, while the Fe>* and Fe?>" doublets are in blue and green, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

decrease in Ca, Al and Na, and a complementary increase in Fe and Mg
may be related to the occurrence of clinoenstatite exsolutions (Fig. 2b)
and/or to a sub-grain recrystallisation. As shown in Fig. 6e, clinopyr-
oxenes included and those at the contact with garnet show the highest
content in Na with jadeite (Jd) component higher than clinopyroxenes
in the rock matrix (22 mol% vs 3-13 mol%). The variation of Jd
composition is not correlated with Ca-Tschermak (Ca-Ts; Table S1), but
there is a correlation between total Al and 2Na (a.p.f.u.), where clino-
pyroxenes in sample AM384 and those included in graphite porphyro-
blasts reach the lowest Al—Na concentrations, indicating that they
crystallised at lower P-T conditions, during the cooling and exhumation.

The garnet compositions, considering the total iron as Fe?", show
variable almandine (Alm = 30-36 mol%), grossular (Grs =18-20 mol%)

and pyrope (Prp = 48-51 mol%) contents. Garnet measured with EELS
and SMS show slightly variable concentrations of andradite (Andr) be-
tween 0 and 1 mol% (Table S1). The Prp, Alm, Grs and spessartine (Sps)
concentrations in garnet do not show any important core-to-rim varia-
tion, except for a very thin rim at the contact with included clinopyr-
oxene and the outermost rim (Fig. 6b, d). This zonation shows an
increase in Alm and a decrease in Prp which are likely related to
retrograde equilibration and to a partitioning with clinopyroxene. All
the samples, although collected in the same meter-thick vein, show a
linear correlation between Grs and Alm, likely indicating a re-
equilibration at lower P-T conditions, similarly to clinopyroxenes
(Fig. 60).

Multiphase fluid inclusions have been analysed by micro-Raman
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Fig. 5. Optical microscope image and false-colours Raman mapping of a polyphasic inclusion (a) and optical microscope image of some minor inclusions (b).
Representative Raman spectra of the main minerals found in the inclusions: (c) magnetite, (d) pyrrhotite, (e) spectrum of the inclusion (white square ~ 20 x 30 pm)
in Fig. 5b) “as obtained”, including the spectrum of the host garnet (also reported), (f) spectrum of the chalcopyrite present in the inclusion (b) after the subtraction of
the garnet spectrum. Abbreviations: CcP = chalcopyrite; Mt. = magnetite; Po = pyrrhotite; Grt = garnet.

(Fig. 5). We measured different kinds of inclusions, small ones, with few
micrometres of diameter, and larger ones, with metallic aspect. In every
case, the Raman spectra were dominated by the signal of the host garnet,
typical of a pyralspite with pyrope as the main endmember (main peaks
at 916, 360, 858, 559 cm’l), as determined using the “Miragem” soft-
ware (Bersani et al., 2009). The main peaks of pyroxenes were some-
times present too. After a proper subtraction of the garnet spectral
features, the minor inclusions usually show the Raman features of
chalcopyrite (Fig. 5f). Larger inclusions usually are composed of
different phases including magnetite (Fig. 5c¢), pyrrhotite (Fig. 5d) and
chalcopyrite (Fig. 5f). A Raman micro-map was acquired in one of those
large inclusions and the results are shown in false colours in Fig. 5a.

4.2. Fe>/3Fe of clinopyroxenes and garnets

The analysed garnet clinopyroxenites show at least three generations
of clinopyroxenes: (i) un-exsolved crystals included in the garnet cores,
with homogeneous and higher Jd concentration, (ii) clinoenstatite
exsolution-bearing grains (both included in garnet and occurring in the
rock matrix) and (iii) Al-poorer rims along with tiny crystals included in
graphite (Fig. 6e). As shown in Table S1, EELS and SMS measurements
show that clinopyroxenes included in garnets have relatively high Fe>*/
YFe ratios (0.16-0.38), the matrix crystals show a zonation with higher
Fe®*/XFe in the cores (0.03-0.10) and no detectable Fe3* in the rims
(Fig. 3c and 4), and the clinoenstatite exsolution has Fe3t/SFe ranging
between below detection limit and 0.02 (Fig. 3c). Fig. 7a displays a
poorly defined and scattered relationship between Fe3*/SFe and the Jd
component in clinopyroxenes. Two rim analyses deviate from this trend,
showing relatively high Jd mol.% but Fe>*/SFe below detection limits.

This can be the result of a bias in the recalculation, considering that Na
may be incorporated both as Aeg and Jd components (Woodland, 2009;
Malaspina et al., 2012). Indeed, the increase of Jd content does not
follow the 1:1 dashed correlation line. Figs. 7a, b and d also include data
for samples of pyroxenites, gabbro-derived eclogites and variable Mg-
Ca-bearing eclogites from Zimbabwe and Siberia sub-cratonic xeno-
liths reported by Aulbach et al. (2020, 2022). Although cratonic xeno-
liths represent a different tectonic setting, they also originated as deeply
subducted oceanic crust (Aulbach and Smart, 2023) and illustrate the
behaviour of garnets and clinopyroxenes at great depths, allowing a
comparison to our Fe>" measurements of garnets and clinopyroxenes
from off-craton mantle pyroxenites. Note that pyroxenites from Orapa
(green squares) fall in a good trend with our samples (Fig. 7a). The
relationship between calculated AFMQ (see section 5.1) and ALY in our
clinopyroxenes is weak within our dataset because Al'Y remains nearly
constant in most samples, except for AM-384 and two analyses from BA-
X (Fig. 7b). However, when compared with clinopyroxenes from Orapa
and Udachnaya, the relative evolution of AFMQ with decreasing tem-
perature is similar. The apparent flattening of the trend in our samples
reflects their much higher AlY values (0.13-0.26) compared to cratonic
xenoliths (0.00-0.05), which shifts the correlation to a different
compositional range.

Differently from clinopyroxenes, garnets show Fe>*/SFe poor cores
(bdl-0.03) and higher ratios in mantle and rims (0.04-0.07). The nega-
tive correlation between Fe>' and Al (a.p.f.u.), related to their substi-
tution in the garnet octahedral site is evidenced in Fig. 7c and fall along
the same correlation with other samples of subduction-derived meta-
somatic orthopyroxenites and websterites from Maowu ultramafic
complex (China) and Bardane in the Norwegian Western Gneiss Region.
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Fig. 6. (a, b, ¢, d) Compositional profiles of representative clinopyroxenes and garnets: (a) exsolved clinopyroxene included in porphyroblastic garnet (b), where the
right boarder of clinopyroxene is in contact with the left boarder of the enclosing garnet; (c) exsolved coarse clinopyroxene in the rock matrix, in contact with
porphyroblastic garnet (d). The line analyses and micrographs of the relative positions are reported in Table S2. (e) Variation diagram (total Al vs 2Na in atoms per
formula units) of all the analysed samples and relative microstructural positions. Inc. = inclusion; c. = core; m. = mantle; r. = rim. (f) Variation diagram (grossular vs
almandine mole percentage, calculated considering total iron as Fe?") of all the analysed samples. The complete datasets are reported in Tables S3 and S4.

As said before, the complementary core-to-rim decrease and increase of
Fe3*/SFe in clinopyroxenes and garnets, respectively, of EL samples
may be related to a decrease of P and T during the exhumation from (at
least) 3 GPa and 1100 °C to 1.5 GPa and 950 °C, leading to the formation
of spinel + plagioclase symplectites between garnet and clinopyroxene
(Montanini et al., 2006). This partitioning related to different equili-
bration conditions is well shown in Fig. 7d, that displays the Fe>*/SFe in
clinopyroxene and garnet couples at microstructural equilibrium and
the relative andradite and aegirine components in the inset. The samples
from cratonic xenoliths also show a strong partitioning of Fe' into
clinopyroxene with respect to garnet, indicating that the use of Fe>*
content only in garnet to retrieve the fO2 could be strongly biased.
Indeed, Woodland (2009) modelled the garnet-clinopyroxene equilib-
rium in garnet peridotites as a temperature-dependent partitioning of

Fe>', with increasing incorporation of Fe*' into garnet at higher tem-
peratures. In contrast, the high-temperature stage recorded by our
samples shows preferential incorporation of Fe3* into clinopyroxene
(Fig. 7d). The subsequent decrease in temperature during equilibration,
however, results in a progressive increase of Fe>" in garnet rims and a
decrease in clinopyroxenes, indicating a shift of partitioning toward
garnet at lower temperatures. This apparent contrast with the trend
described for cratonic peridotite and eclogite xenoliths can be explained
by the fundamentally different P-T trajectories recorded by our samples.
Unlike xenoliths equilibrated along cold, conductive cratonic geo-
therms, where P and T increase together and Fe> redistribution may be
partly pressure-controlled (Jennings and Holland, 2015), the EL clino-
pyroxenites record a high-T/P exhumation path from the asthenospheric
to the lithospheric mantle. Their strongly decoupled temperature and
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Fig. 7. Variation diagrams of clinopyroxenes (a, b) and garnets (c) of the studied samples. (d) reports Fe®*/sFe and the andradite and aegirine components of
clinopyroxene/garnet couples at microstructural equilibrium (see text or explanation, Table S1). Our data are compared with clinopyroxenes from subcratonic
pyroxenite and eclogite xenoliths from Orapa, Zimbabwe and Udachnaya, Siberia (Aulbach et al., 2020, 2022), and garnets from subduction-related metasomatic
garnet-orthopyroxenites from Maowu, China (Malaspina et al., 2017) and websterites from Bardane, Norway (Tumiati and Malaspina, 2019). Abbreviations: EL =
External Ligurian, ecl = eclogite, Maj = majoritic garnet, g.b. = grain boundary (see Malaspina et al., 2010 for details about Bardane samples).

pressure evolution results in a Fe>* partitioning trend dominated by
cooling at nearly constant pressure, rather than by pressure variations.
This resolves the apparent discrepancy with cratonic xenoliths and re-
flects the contrasting geodynamic environments and equilibration
regimes.

4.3. FIB-TEM analyses of clinopyroxene exsolutions

Garnet-facies porphyroclastic clinopyroxene in BA2-XX shows
numerous exsolution lamellae with a width of usually less than 1 pm and
a spacing of few micrometres. The host clinopyroxene has about 10 mol
% Jd and 20 mol% Ca-Ts components with minor Ti. The lamellae
appear brighter than the matrix in BSE images with a length of about
10-20 pm (Fig. 2a) but can also look patchy if they are at a low angle to
the sample surface. Selected area electron diffraction (Fig. 2¢) confirms
that the exsolutions are clinoenstatite with space group P2;/c and a

coherent orientation to the clinopyroxene host. The exsolution lamellae
are parallel to the (100) plane of clinopyroxene and numerous disloca-
tions are decorating the interface resulting from the lattice mismatch
between the two phases. Antiphase domains from the C2/c - P2;/c
displacive transition are well visible in bright field image near zone axis
conditions (Fig. 2¢). The exsolutions contain no Na and Ti and only very
little Ca (~1 mol% Di component). The Al content is still elevated which
must be expressed as Mg-Tschermak of about 17 mol% and a small
amount of Mg-Eskola component both indicating that the exsolution
occurred at still elevated pressures.
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5. Discussion and conclusions pyroxenite samples that do not contain olivine or free SiO5 is a
demanding task. For this reason, we preferred to retrieve the redox state

5.1. Oxygen fugacity and redox evolution of the studied C-S-bearing of the studied samples using a forward modelling, exploiting the Fe>*
clinopyroxenites content of clinopyroxenes and garnets in terms of Aeg and Andr com-
ponents, and assuming a closed system from the crystallisation condi-

The calculation of oxygen fugacity using oxybarometers in mantle tions to the exhumation. This assumption is supported by the preserved

Fig. 8. log fO.-T section at 3 GPa (a) and 1.5 GPa (b) of pyroxenites BA samples. Grey and red dashed lines (and relative numbers) in the stable phase assemblage
area represent isopleths of andradite and aegirine (mol.%), respectively. Note that the model illustrates the subsolidus redox evolution of the solid assemblage. Melt
does not appear because the modelled stage corresponds to post-crystallisation cooling under fully solid conditions and at lower dry solidus temperatures. Magnetite
is not an equilibrium phase in the rocks but occurs only within sulphide-bearing inclusions. Abbreviations with capital letters refer to abbreviations of solid solution
models as reported in the solution_model.dat of Perple_X. Mineral abbreviations: q = quartz, hem = hematite, any = anhydrite, ky = kyanite, dol = dolomite, pyr =
pyrite, gph = graphite, coe = coesite. Red, grey and blue curves refer to the hematite-magnetite (HM), fayalite-magnetite-quartz (FMQ) and carbon-CO, (CCO)
buffers. Garnets (squares) and clinopyroxenes (circles) colours refer to samples as in Fig. 7. (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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clinopyroxene-garnet-sulphide assemblage, the lack of secondary alter-
ation or replacement textures, the coherent inclusion-rim microstruc-
tures (e.g., clinopyroxene included in garnet cores, exsolution features,
etc.), and the presence of graphite at microstructural equilibrium
without evidence for external fluid infiltration. Fig. 8 shows two iso-
chemical T-fO, sections calculated at 3 and 1.5 GPa. The stable mineral
assemblages as shown by microstructures correspond to garnet + cli-
nopyroxene + pyrrhotite + graphite at 3 GPa starting from a T-logfO2
range of ~970 °C and — 18 bar to ~1025 °C and — 8.25 bar (Fig. 8a),
and plagioclase + spinel + garnet (rim) + clinopyroxene + pyrrhotite +
graphite at 1.5 GPa starting from a T-logfO, range of ~925 °C and — 18
bar to ~960 °C and — 10.5 bar (Fig. 8b). We emphasise that, differently
from ultramafic systems (peridotites), the mafic system characteristics
of mantle clinopyroxenites may show different pressure-temperature
conditions and some overlaps in the stability of garnet, spinel and
plagioclase (e.g., Borghini and Fumagalli, 2018). For the sake of
simplicity, we did not report the isomodes of the different minerals in
the field of interest, considering that the occurrence of spinel and
plagioclase is constrained in the kelyphitic microdomains. These field

Fig. 9. Ranges values of AFMQ = (log fO sample - log fO, fayalite-magnetite-
quartz buffer) for the studied garnet clinopyroxenites (samples colours refer to
Fig. 7) plotted as a function of pressure. They are compared with selected ex-
amples of subcratonic pyroxenite and eclogite xenoliths from Orapa and
Udachnaya (corrected from Aulbach et al.,, 2019, 2022 Mikhailenko et al.,
2020; Aulbach personal communication), subduction-derived orogenic ortho-
pyroxenites from Maowu (Malaspina et al., 2017) and websterites from Bar-
dane, Norway (Malaspina et al., 2010), and metapyroxenites from continental
(Australia, Rio Grande rift, Spitsbergen) and oceanic (Tahiti, Hawaii, Canary
Islands) xenoliths (Amundsen and Neumann, 1992). The red-to-blue grada-
tional field represents the fO,-P space where mantle sulphides and carbonated
melt or phases can coexist in a peridotite system, along with the transition
between sulphides and sulphates (from Chowdhury and Dasgupta, 2020). Ab-
breviations: Ud.H-Mg = Udachnaya high Mg eclogites; Ud.H-Ca = Udachnaya
high Ca eclogites; H-Ca = Orapa high Ca eclogites; O.pyroxenites = Orapa
pyroxenites; L-Mg = Orapa low Mg eclogites; C-metapyroxenite = continental
pyroxenite xenoliths; O-metapyroxenite = oceanic pyroxenite xenoliths; WM =
wustite-magnetite buffer; HM = hematite-magnetite buffer; CCO = C-CO,
buffer (calculated at an average temperature of 1000 °C, see Malaspina et al.,
2010). (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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assemblages are also consistent with equilibration temperatures of 1100
and 950 °C previously calculated by Montanini et al. (2006) and now
corrected for the presence of Fe®>' in garnets and clinopyroxenes. They
are also consistent with the amount of Fe>* measured in clinopyroxenes
and garnets in terms of Aeg and Andr mol.% (Fig. 7d), that in Fig. 8 are
reported as isopleths in the red and grey dashed lines, respectively.
Results are shown with coloured dots (clinopyroxene) and squares
(garnet), where colours refer to the same colours of different samples
reported in Fig. 7. At 3 GPa the fO, values of garnet cores in equilibrium
with the included and exsolved matrix clinopyroxenes (Table S1) range
from the more oxidised sample BA2-XX with AFMQ = —1.25--0 to the
more reduced BA-XX with AFMQ = —4.2+ — 1.6 at 3 GPa (Figs. 8 and 9).
At 1.5 GPa the fO, values of garnet rims in equilibrium with clinopyr-
oxene rims range from AFMQ = —1.2+ — 0.6 (BA-X) to —2.2+ — 1.6
(BA2-XX), down to AFMQ < —5 for those grains that do not contain
Fe’*.

It must be noted that with this approach one should expect an
intersection of Aeg and Andr isopleths to retrieve T-fO, conditions,
where garnet cores, clinopyroxene inclusions and exsolved clinopyrox-
enes are at equilibrium (same for garnet and clinopyroxene rims). This
means that intensive variable (fO;) and extensive variable (moles of
Fe3* in terms of Aeg and Andr components) are in principle considered
monotonic functions of the number of moles of Oy in the system. As
already discussed by Evans (2006) and demonstrated by Malaspina et al.
(2009, 2012, 2017) and Tumiati and Malaspina (2019) we know very
little about the correlation between net bulk oxidation (redox budget) of
the system, the fO, and the Fe>" partitioning between the mineral
phases, the two last ones strongly depending on the temperature and
pressure conditions. In fact, at least in eclogite, Fe>" partitioning be-
tween garnet and clinopyroxene appears to be itself dependent on fO,
(see Fig. 6a in Aulbach et al., 2022). The isochemical sections reported
in Fig. 8 are not based on a redox equilibrium previously determined
from experiments (i.e. oxybarometer) but just report what could be the
Fe3* content of clinopyroxene and garnet based on a fixed bulk
composition and pressure, at variable temperature and oxygen fugacity.
The apparent lack of correlation between Fe>* contents in garnet and
clinopyroxene and the calculated fO5 does not reflect a decoupling from
redox conditions. Instead, it results from the redistribution of Fe3* be-
tween the two minerals during successive stages of P-T re-equilibration.
Because Fe3" partitioning between garnet and clinopyroxene is strongly
temperature- and pressure-dependent, the final Fe>* contents primarily
record the P-T evolution rather than the absolute fO,. Even without
proper experimental oxybarometers available for these rock composi-
tions and considering all the limitations of forward modelling (minerals
thermodynamic database and solid solution models), the results re-
ported in Fig. 8 are consistent with other pyroxenite xenoliths from both
lithospheric oceanic and continental mantle, as well as with orogenic
metasomatic pyroxenites from the slab-mantle interface (Fig. 9). Also,
the occurrence of reduced carbon and sulphur phases agrees with the
redox conditions calculated for our samples, as shown by the field where
mantle sulphides and carbonates (i.e., oxidised carbon species) can
coexist in a peridotite system (Chowdhury and Dasgupta, 2020). Only
the most oxidised samples (BA2-XX and AM384) at peak pressure fall in
the carbonate/COs-sulphide stability (Figs. 8a and 9). This may imply
that graphite in our samples could have derived from the reduction of a
previous oxidised form of carbon during the retrogression. The micro-
structure of the coarse flakes of graphite (Fig. 1b) that include those
clinopyroxenes recording lower P-T conditions (Fig. 6e) agrees with the
hypothesis that its crystallisation occurred during the late stages of
equilibration, considering the garnet clinopyroxenite lenses as closed
system. Unfortunately, we do not have any petrographic evidence of a
previous C**-bearing phase (carbonate or CO-fluid), but we could
speculate about the peculiar two-phase inclusions along the decrepita-
tion haloes shown in Figs. 1d and 5b. The clear and transparent portion
of the inclusions that does not show any Raman signal could have hosted
a COy-bearing fluid separated from an earlier sulphide melt, leaked after
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the decrepitation occurred during the exhumation, or with such low
density that it cannot be detected by Raman spectroscopy. The
assumption of the occurrence of an oxidised form of carbon (as immis-
cible fluids-silicate melt, sulphide melt and supercritical COy; e.g.,
Andersen et al., 1987; Roedder, 1992; Andersen and Neumann, 2001),
seems to be confirmed by the occurrence of magnetite in equilibrium
with the sulphides included in the garnets (Fig. 5a and c). Indeed, the
redox conditions recorded by some garnets and clinopyroxenes of
samples BA2-XX and AM384 fall above the FMQ buffer and CCO
(Fig. 8a), consistent with the magnetite stability in the inclusions.

5.2. Geodynamic and petrological evolution of the EL clinopyroxenites

The petrological and geochemical work of Montanini et al. (2006)
reconstructed the sub-solidus evolution of the EL pyroxenites (and the
enclosing peridotites) from 3 GPa and 1100 °C, in the sub-continental
lithosphere, to an early decompression stage at 1.5 GPa and 950 °C,
possibly related to Late Carboniferous — Early Permian continental
extension. The subsequent decompression, including plagioclase-facies
shearing occurring at 0.4-0.5 GPa, was likely related to the initiation
of the Mesozoic rifting event that led to the formation of the Ligurian-
Piedmontese ocean in the Middle Jurassic (Ferrari et al., 2022). Dur-
ing this evolution the studied samples did not experience any fluid/melt
rock interaction. Particularly, the occurrence of graphite in the pyrox-
enites is not related to any external fluid, considering the lack of late-
stage fractures or microfractures in the pyroxenite and the absence of
carbon- bearing phases in the hosting peridotites. Also, the §!°C = —4.3
+ —4.6 typical of mantle values, along with the high temperature
structure of the graphite (Montanini et al., 2010) preclude the possibility
of a crystallisation related to late stage, shallow crustal carbon-bearing
fluids. The occurrence of Fe-Ni-Cu interstitial sulphides and rounded
sulphide blebs included in garnet (Montanini et al., 2010; Fig. 1c, d) are
consistent with crystallisation of the garnet clinopyroxenites from
sulphur-saturated melts (see also Montanini et al., 2025). The coexis-
tence of pyrrhotite + chalcopyrite + magnetite in the multiphase in-
clusions derived from sulphide decrepitation (Figs. 1d and 5) may reflect
crystallisation from an O-bearing sulphide melt.

The occurrence of clinoenstatite lamellae in the exsolved clinopyr-
oxenes (Fig. 2) could indicate that in the garnet facies stability field the
clinopyroxenites crystallised or equilibrated at pressures >3 GPa.
Woodland (1998) discussed the stability of a second C2/c pyroxene
polymorph in the system Mg-Fe-Si-O at mantle conditions. The cli-
noenstatite lamellae in the P2;/c space-group symmetry of our pyrox-
enes, containing nanometre-scale antiphase domains, could have
originally precipitated from a C2/c space-group symmetry pyroxene.
However, very little is known about the variation of the P-T conditions
of the C2/c to P2;/c transition when other cations are added in the
pyroxene structure, such as Al as in our samples. Indeed, Woodland
(1998) demonstrated that the substitution of Fe stabilises the high-P
monoclinic polymorph to lower pressure, even if still higher than 3
GPa at 1100 °C. On the other hand, the experimental work of Ulmer and
Stalder (2001) did not make any distinction between samples quenched
from the high pressure and low pressure clinoenstatite stability fields,
precluding the possibility to use exsolution lamellae as geobarometer.
The Al content of our clinoenstatite lamellae is expressed as Mg-
Tschermak of about 17 mol% and a small amount of Mg-Eskola
component, both indicating that the exsolution occurred at still
elevated pressures (Knapp et al., 2013). This likely deepens the forma-
tion of the EL pyroxenites in the asthenospheric mantle in off-craton
environments, usually thinner than cratonic lithospheric mantle
(Fig. 10).

Many of the pyroxenites from sub-cratonic mantle xenoliths and
those from off-craton orogenic mantle peridotites may be interpreted as
derived from (i) redox melting of the mantle, (ii) recycled blocks by
delamination of the lower oceanic lithosphere or (iii) deep recycling of
an ancient oceanic crust (Foley, 2011). Considering the long-term
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Fig. 10. Schematic cartoon showing various redox conditions of the convective
mantle at different depths (km), modified from Foley (2011). Relative pro-
portions are not to scale; numbers in brackets and relative colours in the legend
are the values of AFMQ. Data are a compilation from Foley (2011) and Cannao
and Malaspina (2018). Abbreviations: IAB = island arc basalts. Note that this
sketch is not representative of the regional geological reconstruction of the EL
mantle section.

evolution (1.5 Ga) of the gabbroic protolith of the studied samples,
melted after subduction and recycled back by the convective mantle
(Montanini et al., 2012, 2025), it is likely that the recycling occurred in
the deepest portions of the upper mantle. This crust-derived material
may have preserved its redox budget from the time of its detachment
from the slab to the crystallisation in the asthenospheric/lithospheric
mantle.

5.3. Decoupling of C—S phases from redox evolution in closed-system
recycled crust

The different oxygen fugacity conditions recorded by the convective
mantle suggest that its oxidation states vary along short distances and
there is significant potential for redox-driven reactions, including
melting processes (Foley, 2011). As shown in Fig. 10, while the crust and
the upper mantle look homogeneously oxidised and reduced, respec-
tively, subduction zones are strongly heterogeneous in terms of oxygen
fugacity, reflecting the different chemical and mineralogical composi-
tions of slab lithologies. Similarly, the asthenospheric mantle far from
subduction zones also shows heterogeneities in terms of redox condi-
tions, related to layers of pyroxenites and slab-recycled material, which
may have an important role in the element exchange and in the deep
recycling of redox-sensitive elements such as carbon and sulphur.
Indeed, there is still a strong debate about whether carbon is recycled
into the deep mantle in the form of carbonates or diamond, CO5 or CHy,
and the role that S-bearing phases or fluids may have in its oxidation
state. As discussed by Kiseeva et al. (2012), it is widely accepted that at
least some carbonate in altered oceanic crust can be stable during sub-
duction and transported deeper into the mantle. Dehydration reactions
or partial melting may leave a residue of anhydrous and relatively stable
carbonate-bearing eclogite able to be subducted into the deeper upper
mantle or even beyond. Poli (2015) experimentally demonstrated that a
strongly carbonated gabbro melts at relatively low temperature and
pressure (870-900 °C at 120 km of depth), producing a carbonatitic
liquid able to metasomatise and oxidise the overlying mantle. At greater
depths, recent experimental results indicate that magnesite (magnesite
+ silicate glass or magnesite + olivine, different from a mafic system)
remains stable throughout the mantle but begins to decompose or melt
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under specific pressure-temperature conditions (Libon et al., 2024). In
particular, magnesite is no longer stable at shallow lower mantle depths
(~700 km), where it either melts or reduces to form diamond depending
on redox conditions. This suggests that carbonate recycling into the deep
mantle may be limited by its reactivity with ambient mantle phases but
can be transported at depth if the system is closed.

The stability of carbonates even at very reduced conditions and at
pressures and temperatures reaching those of the deep lower mantle has
been also demonstrated by Dorfman et al. (2018). They performed ex-
periments on dolomite + iron sandwiches (more similar to a mafic
system), where carbon-iron redox interactions destabilised the MgCO3
component, producing a mixture of diamond, Fe;Cs, and (Mg,Fe)O, but
with CaCOs still preserved. A substantial amount of carbon in the form
of tetracarbonates can be incorporated also in silicate melts (ideally a
completely melted slab) at the core-mantle boundary, contributing to
the polymerisation of silicate melts at those conditions, and favouring
the chemical exchange and carbon transport between lower and upper
mantle (Cerantola et al., 2023).

The interaction between carbon and sulphur and the role of S-
bearing phases in the oxidation or reduction of C-bearing fluids or
minerals strongly depend on the geodynamic environment. As discussed
by Evans (2012), there is a strong agreement that S®* in anhydrite
(reducing to S'~ in pyrite, for example) oxidises both Fe and C in li-
thologies of subduction zones, particularly at high fluid/rock ratios,
anhydrite being very soluble in aqueous fluids. Bénard et al. (2018)
provided direct evidence for oxidised melts generated at mantle condi-
tions in subduction zones. Their results support the idea that slab-
derived oxidised agents, such as sulphates from subducted serpentin-
ites, can migrate through the mantle wedge while maintaining their
redox potential, ultimately contributing to the oxidised nature of arc
magmas. On the other hand, altered oceanic basalts are already more
enriched in hydrothermal pyrite than anhydrite (e.g., Patten et al.,
2016) and the fate of sulphur in the form of solid phases will not change
its oxidation state during the subduction path. In addition, magmatic
sulphides are common accessory minerals in the oceanic crust (Evans
et al., 2014). This implies that without fluid/mediated reactions, S and C
can in principle keep their stability without interacting, up to very high
pressures. Different is the role of Fe-S-O melts when they interact with a
C-bearing peridotite. Such melts are able to reduce carbonate into
graphite/diamond and dissolve oxygen to allow the reaction (Gunn and
Luth, 2006).

Our results suggest that the EL clinopyroxenites derived from a
previous sulphide-bearing gabbro that was probably metasomatised at
oxidising conditions by C-bearing fluids during subduction. Such a
metasomatism could be also responsible of the oxidation of Fe-bearing
phases (e.g. clinopyroxene), transforming these rocks into carbonated
eclogites that could have preserved their redox budget from subduction
up to their melting in the deep mantle. These carbonate/COz-bearing, S-
saturated silicate melts likely crystallised in the asthenospheric mantle.
The segregation of carbonate/CO from the melt at high pressure and
more oxidising conditions may have been followed by graphite crys-
tallisation at lower pressures, temperatures, and redox conditions
(Fig. 8). Indeed, the AFMQ variations recorded by our samples is related
to the partitioning of Fe*>' in clinopyroxenes due to the temperature
decrease from 1100 to 950 °C. Being an intensive variable, the change in
fO, recorded by different Fe3* /Fe?* ratios in clinopyroxenes and garnets
is purely related to a sub-solidus decompression path from the
asthenospheric to the lithospheric mantle (Fig. 10). Carbon may be
recycled as carbonate phase also at ultrahigh pressures, reducing to
diamond or more likely to graphite at lower pressure and temperature
conditions without changing the bulk redox conditions of the host sys-
tem. Overall, our results show that, once crystallised and isolated from
fluid—melt interaction, S- and C-bearing recycled lithologies can evolve
as effectively closed systems, in which fO, variations reflect
P-T-dependent Fe3" partitioning rather than redox reactions involving
sulphur or carbon. This finding contrasts with the widely held view that
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sulphur phases play a dominant role in the oxidation state of recycled
crust, and thus provides a new perspective on how carbon and sulphur
may be transported through the convective mantle without modifying
its redox state.
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