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f CNR - Istituto di Geologia Ambientale e Geoingegneria, Unità di Montelibretti, Area Territoriale di Ricerca di Roma 1, Strada Provinciale 35d, 9, Montelibretti (RM) I-
00010, Italy

A R T I C L E I N F O

Keywords:
Volatile element cycle
Oxygen fugacity
Continental collision
Orogeny
Subcontinental lithospheric mantle
Stable isotopes

A B S T R A C T

The ultramafic rocks of the Ulten Zone tectonic mélange experienced a well-documented multi-stage meta-
morphic history, from residence in a hot mantle wedge to down-dragging and trapping in a Variscan slab
accompanied by amphibolitisation, and finally two-stage exhumation accompanied by chloritisation and ser-
pentinisation. We use these rocks as a natural laboratory to investigate whether volatile element fluxes in
continental subduction zones promote long-term volatile element storage in the overlying mantle wedge. Here,
we obtained new data on the chemical composition, iron speciation, carbon concentrations and isotopic com-
positions of ultramafic bulk rocks, and the carbon-oxygen isotope composition of carbonates in samples from
>10 ultramafic lenses, which we combine with previously published data for additional insights.
The carbonate stable isotope compositions show a distinct provinciality, whereby rocks from the little ret-

rogressed ultramafic lenses in the NE Ulten Zone domain have lower average δ13CV-PDB and δ18OV-SMOW of
–16.8‰ to –5.7‰ and +8.0‰ to +17.8‰, respectively, than those in the more retrogressed SW domain (–11.2‰
to 0.0‰ and +12.9‰ to +20.7‰, respectively), suggesting influx of distinct crustal fluids. Bulk-rock carbon
contents range from 130 to 28,000 μg g-1, exceeding estimates for the convecting mantle, and are on average
higher in rocks from the NE domain (median 880 μg g-1), which can be modelled as Rayleigh-style dolomite
addition at ~800–700 ◦C. Rocks from the SW domain have lower C contents (median 570 μg g-1) which correlate
positively with δ13C and can be modelled as Rayleigh-style calcite addition at ~500–400 ◦C. The lowest δ13C and
C contents point to dedolomitisation during low-temperature (400 ◦C) serpentinisation, and furthermore suggest
the contribution of a 13C-depleted phase to the bulk-rock compositions.
After melt depletion during formation of the pre-Variscan continental lithosphere, the sulfur inventory was

replenished during amphibolitisation near peak-metamorphic conditions, via sulphidation during interaction
with siliceous fluid. Sulfur was markedly (re-)depleted during processes related to exhumation, reflecting low
sulfur fugacity during chloritisation and serpentinisation. The available data suggest that the high bulk-rock
Fe3+/ΣFe (median 0.18) resulted from reduction of some aqueous sulphate during amphibolitisation, accom-
panied by redox-neutral carbonation, and from carbonate reduction during chloritisation when sulfur fugacity
was low.
Ignoring exhumation-related C loss and taking near-peak metamorphic conditions as representative, signifi-

cant amounts of C in carbonates and water in amphiboles may be stored in continental mantle wedges. These are
subsequently stabilised below collisional orogens, which cover vast areas of Earth’s continents and possibly
constitute particularly volatile element-rich lithospheric mantle reservoirs.
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1. Introduction

Volatile elements (e.g., C, S, H) are known to affect the rheology of
the mantle and therefore large-scale processes, such as plate tectonics
and lithospheric stability; they are critical to mobilising ore-forming
metals; and they depress the mantle solidus, facilitating the generation
of melts and the release of climate-active magmatic gases to the atmo-
sphere (e.g., Bekaert et al., 2021; Gibson and McKenzie, 2023, and ref-
erences therein). Their role in global geodynamics and mass cycles
cannot be overemphasised, and identifying the main volatile element
reservoirs and fluxes remains one of the most important challenges in
geosciences. The consumption of ocean basins during the convergence of
continental plates eventually leads to burial of a continental slab and
collision, effectively ending convergence (Zheng and Chen, 2016).
Before the lithosphere stabilises, continental collision zones are sites of
crust-mantle interactions that may eventually lead to the long-term
storage of volatile elements in the overlying continental lithospheric
mantle. The underappreciated role of the lithospheric mantle as a
transient reservoir, which may capture volatile elements during meta-
somatic interaction with fluids (aqueous fluid, supercritical liquid or
melt) and release them during subsequent tectonic perturbations, has
been highlighted in recent studies (Gibson et al., 2020; Gibson and
McKenzie, 2023). The importance of continental lithospheric mantle in
global volatile element cycles derives also from its longevity, providing
ample time for metasomatic overprinting (e.g., Aulbach, 2019). Litho-
spheric mantle stabilises by partial melt extraction, during which most
volatile elements behave incompatibly, leaving a residue that is volatile
element-depleted. Trace quantities of volatile elements that were not
consumed during partial melting are stored in nominally volatile-free
minerals and/or in volatile-bearing minor and trace phases (e.g., hy-
drous minerals, sulphide minerals, metal, graphite/diamond or car-
bonate) that may be metasomatically added under appropriate pressure
(P), temperature (T) and oxygen fugacity (ƒO2) conditions (e.g., Peslier,
2010; Stagno et al., 2019; O’Neill, 2021).

Despite a plethora of observations from field and experimental
studies, and recent advances in thermodynamic modelling, the source
and medium for re-introduction of volatile elements into this refractory
lithospheric mantle residue, and the attendant redox interactions,
remain to be unravelled. Interaction with subduction-derived fluids is
one of the main vectors by which lithospheric mantle is re-enriched in
volatile elements (e.g. Scambelluri et al., 2016; Foley and Fischer, 2017;
Gibson and McKenzie, 2023). However, current box models reveal an
extreme degree of uncertainty regarding the role of the continental
mantle as a volatile element reservoir. As an example, estimates of C flux
into the lithosphere range from zero to 47 Mt yr− 1 (Kelemen and
Manning, 2015). The locus, speciation and extent to which S is liberated
from the slab are similarly uncertain, as thermodynamic modelling and
the message from natural samples produce conflicting results, and the
involvement of oxidised S in the observed oxidation of the mantle wedge
and arc magmas remain hotly debated (e.g., Cottrell et al., 2022; Evans
et al., 2022). Part of the uncertainty on the recycling efficiency of vol-
atile elements stems from its dependence on intensive parameters (e.g.,
P, T and ƒO2). These parameters determine the mineralogy of the
down-going slab and the speciation of C and S, the solubility and
mobility of which (in fluids) increase drastically when oxidised (e.g.,
Frezzotti et al., 2011; Tomkins and Evans, 2015).

Based on evidence for the (redox) interactions between Fe, C and S in
subduction-modified mantle rocks (e.g., Debret et al., 2014, 2020; Rielli
et al., 2017, 2018), it is clear that these multi-valent elements must be
considered in concert in order to understand the mobility and seques-
tration of volatile elements in subduction zones. Here, we study peri-
dotites and pyroxenites from the Ulten Zone tectonic mélange, which
experienced a well-constrained metamorphic evolution. Previous work
established that multiple episodes of crust-mantle interaction led to
addition of hydrous minerals, carbonates and sulphides, involving
crustal melts near peak-metamorphic conditions and crustal COH fluids

during subsequent exhumation (Godard et al., 1996; Hauzenberger
et al., 1996; Martin et al., 1998; Rampone and Morten, 2001; Tumiati
et al., 2003; Marocchi et al., 2009; also see next section, Text S1 and
Fig. 1). Accordingly, Consuma et al. (2021) successfully modelled the
Sr-S isotope compositions of Ulten Zone clinopyroxene/amphibole and
sulphide, respectively, as the result of mixing of depleted mantle with a
crustal component having high-δ34S – high-87Sr/86Sr. The aim of this
study is to constrain the nature and variability of redox interactions in
continental subduction zones that led to precipitation or removal of
carbonate and sulphide minerals. For this, we acquired new bulk-rock C
concentrations and isotope compositions as well as Fe speciation data,
combined with C and O isotope composition of the carbonate minerals
contained therein.

2. Geology, prior work and samples

The Ulten Zone is a tectonometamorphic complex in the Italian Alps
(Fig. 1a) that experienced Variscan continental collision but only weak
Alpine overprinting (Godard et al., 1996). Extensive prior work pre-
sented in detail in Text S1 has paved the way for the present study and
only a brief summary is provided here. In the Ulten Zone, peridotite
lenses, which likely originated as continental lithospheric mantle, occur
within a lower unit of garnet- and kyanite-bearing gneisses and an upper
unit of migmatitic gneisses (Godard et al., 1996) (Fig. 1a). Geochrono-
logical constraints summarised in Tumiati et al. (2003) suggest a
pre-Variscan protolith that became the hanging wall of a Variscan
continental subduction zone (Godard et al., 1996; Hauzenberger et al.,
1996; Martin et al., 1998).

A four-stage metamorphic evolution during Variscan collision and
post-collisional exhumation is recognised, for which conventional geo-
thermobarometry, consideration of phase stabilities and geodynamic
modelling have allowed P-T estimates to be made (Nimis and Morten,
2000). Complementary geochronological study (Tumiati et al., 2003,
and references therein) and numerical modelling constraints (Ranalli
et al., 2005) provide a timeline (Fig. 1b). The attendant mineralogical
changes, which are also visible in the pyroxenites thought to have
originated by interaction with or precipitation from mafic melts in the
hot mantle wedge (Gudelius et al., 2019, references therein), are sum-
marised in Fig. 1c. The Mt. Hochwart locality (Fig. 1a) represents the
direct contact between the peridotite lenses and the crustal gneisses
(Marocchi et al., 2009). Oxygen fugacity estimates (relative to the
Fayalite-Magnetite-Quartz buffer FMQ) for Ulten Zone garnet perido-
tites vary widely, from FMQ-2.4 to FMQ+2 (Fig. 1d), and show no
relationship with textural type (Malaspina et al., 2009; Gudelius et al.,
2019). The latter work also revealed a marked provinciality in the NE
and central Ulten Zone domains with respect to chemical and isotopic
composition (more details in Text S1).

In addition to a legacy collection at Università di Bologna, new
samples were collected during more recent field campaigns (Förster
et al., 2017; Gudelius et al., 2019) (Table S1), significantly extending the
number of studied ultramafic lenses from the Ulten Zone tectonic
mélange. Combined, they form the basis of the present study, for which
samples were selected that are representative of the various petro-
graphic peridotite types (Table S2). They are therefore considered
representative of the different evolutionary stages in
pressure-temperature space shown in Fig. 1b and mineral assemblages
shown in Fig. 1c. The samples contain multiple generations of carbonate
minerals (Fig. 1c), examples of which are shown in Fig. 2.

3. Sample preparation and analytical techniques

3.1. Sample preparation

For the production of bulk-rock powder, hand specimens of selected
samples were cut into cm-sized blocks representative of an unweathered
mineral composition of the rock, exclusive of veins. Bulk-rock powders
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were obtained by crushing the blocks into granulate using a mechanical
rock crusher and by grinding the granulate using a vibratory agate disc
mill.

3.2. Determination of bulk-rock major-/trace element compositions and
iron speciation

Twenty-two representative samples (5 coarse-grained protogranular-
porphyroclastic spinel peridotites, 1 coarse-grained peridotite with
coronitic garnet, 9 fine-grained garnet-amphibole peridotites, 7 fine-
grained garnet-free spinel-amphibole peridotites) were chosen for

bulk-rock geochemical characterisation (Table S2). Analyses of bulk-
rock major and trace elements were performed at Activation Labora-
tories (Ontario, Canada; www.actlabs.com; see website for detailed in-
formation of analytical techniques and detection limits) with the
analytical package “4Lithores” using a Perkin Elmer Sciex ELAN 6000/
6100/9000. Whole-rock major-element compositions were analysed by
ICP-AES (inductively-coupled plasma atomic emission spectroscopy).
After cold acid digestion with ammonium metavadanite and hydroflu-
oric acid, concentrations of FeO were determined by potassium di-
chromate back-titration of the reduced V, allowing to estimate bulk-rock
Fe2O3 concentration and Fe3+/ΣFe from Fe2O3

total, with estimated

Fig. 1. Geological background and metamorphic evolution of the Ulten Zone tectonic mélange. a. Map showing various peridotite lenses (green; displayed somewhat
larger than in the field for visibility; for orientation, lens 5 is at 46◦31′45″, 11◦02′13″, and lens 13 at 46◦24′38″, 10◦52′47″) concentrated at the contact between
migmatites and paragneisses, adjacent geological units, prominent alpine peaks (black triangles) and towns (red circles) in the Ulten Zone (based on Förster et al.,
2017 and Consuma et al., 2021, references therein). The assignment of individual localities to lenses is approximate. Three domains are recognised based on
geochemical and isotopic characteristics (Gudelius et al., 2019, 2022; this work). b. P-T diagram illustrating the 4-stage metamorphic evolution of Ulten Zone
peridotites. Also shown are relevant phase relations for hydrous minerals (Ctl crysotile, Lz lizardite, Atg antigorite, Chl chlorite, Brc brucite, Hbl horndblende, Tr
tremolite) and carbonate minerals (Arg aragonite, Dol dolomite, Cal calcite, Mgs magnesite), and wet and dry solidi (also: En enstatite, Per periclase, Grt garnet, Spl
spinel) (based on Consuma et al., 2021, references therein, complemented by a possible crustal path in Gudelius et al., 2019, references therein). The timing of
entrapment in the crust – during or shortly after the high-pressure stage – is controversial (Tumiati et al., 2003; Scambelluri et al., 2006). c. Summary of rock-forming
and accessory volatile-bearing minerals related to the 4 metamorphic stages of Ulten Zone peridotites (based on Consuma et al., 2021). The associated timeline is
from Tumiati et al. (2013) and Ranalli et al. (2005). d. ΔlogƒO2(FMQ) vs. P, showing speciation for CHO fluids and the CCO oxygen buffer (C + O2 = CO2) (references
in Consuma et al., 2021). Valence state transition of sulfur in basaltic to andesitic melts for various pressures at 850–1050 ◦C is from Matjuschkin et al. (2016) who
note that bulk compositional effects, while non-negligible, are smaller than P effects; the green bars depict the fO2 range where mixed valence is expected, almost all
sulfur would be reduced to the left and oxidised to the right. Distinct results (using the same oxybarometer and method to determine garnet Fe3+) for Ulten Zone
garnet peridotites obtained by Malaspina et al. (2009) and Gudelius et al. (2019) are shown for two plausible pressures, illustrating the fO2 variability of
subduction-modified peridotite even in a single tectonic mélange.
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relative uncertainties of 5% (by reference to similar methods; Gudelius
et al., 2019). Bulk-rock trace-element compositions were analysed by
ICP-MS (inductively-coupled plasma-mass spectrometry). Results are
reported in Table S3.

3.3. Determination of bulk-rock total carbon concentrations and carbon
isotope compositions

Following initial semi-quantitative tests with a LECO RC-412
Multiphase Carbon Determinator to obtain C mass fractions released
at 550 and 1000 ◦C (Text S1, Table S4), total elemental C concentrations
and bulk-rock C isotopic ratios were obtained for 54 representative
samples (12 coarse-type peridotites, 17 fine-grained garnet-bearing pe-
ridotites, 21 fine-grained garnet-free peridotites, 4 amphibolitised py-
roxenite samples, in addition to 4 crustal samples; Text S1). These
analyses were performed at the University of Ferrara (Italy) using a
Continuous Flow Isoprime100 Isotope Mass Spectrometer coupled to a
Micro Cube Elemental Analyzer (EA-CF-IRMS). The application of this

technique to study the C concentration and C isotopic composition in
low-C matrices such as peridotites, was described by Bianchini and
Natali (2017). The reliability of the analytical results was tested as
described in Text S1. The maximum variation of δ13C (Δ13C) for dupli-
cates is 0.54‰, which is smaller than the symbols in the δ13C diagrams.
Results, including petrographic type, are reported in Table S5. The
elemental precision, estimated by repeated standard analyses, and ac-
curacy, estimated by the comparison between reference and measured
values, were on the order of 5% of the absolute measured value. The
uncertainty increased for concentrations approaching the detection
limit (0.01 wt. %).

3.4. Determination of carbonate carbon and oxygen isotope compositions

Preparation and analysis of the O and C isotopic compositions of bulk
carbonate in peridotites, and of micro-drilled carbonates, were per-
formed at Lehigh University (USA). Peridotite whole-rock powder was
reacted with phosphoric acid at 72 ◦C resulting in the dissolution of the

Fig. 2. (a–e) Back-scattered electron images showing (a) discrete dolomite grains in the matrix of little-serpentinised fine-grained garnet-amphibole peridotites
associated with apatite (sample SBA7); (b) calcite-brucite symplectites (dedolomitization products: Förster et al., 2017), situated in the serpentine mesh texture of
serpentinised fine-grained garnet-amphibole peridotite (sample WG2); (c) interstitial anhedral dolomite and magnesite with curvilinear contacts against matrix
minerals; (d) a magnesite vein crosscutting the matrix of coarse-grained protogranular peridotite MOL1.5; (e) calcite veinlets related to magnetite situated in the
serpentine mesh texture and crosscutting garnet (sample SB3.2, serpentinised fine-grained garnet-amphibole peridotite); (f) photograph of polycrystalline aggregate
of dolomite (~5 cm length) in fine-grained garnet-amphibole peridotite VM25P11; the drill pits after micro-drilling for stable-isotope analyses are visible. Mineral
abbreviations after Whitney & Evans (2010), sf: sulphide.
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carbonate minerals in the samples. Due to the low and highly variable
modal abundance of carbonate minerals in the peridotites (based on
petrographic observations), this was preceded by extensive tests. The
aim was to determine the appropriate amount of bulk-rock powder
required for carbonate dissolution to produce as much as CO2 as needed
to yield reliable intensities (>0.5 mV) (Text S1 and Figs. S2 and S3). In
addition, carbonate minerals in different textural sites were sampled by
micro-drilling (with a 1 or 2 mm diameter bit, depending on textures)
and reacted with 0.2 ml phosphoric acid, with reaction times adjusted
for complete CO2 release accepted for pure calcite, pure dolomite and
pure magnesite of ≥ 0.5, 3 and 30 h, respectively. Isotope ratios were
measured using a Finnigan MAT 252 interfaced with a GasBench II
system. Analyses of an in-house calcite standard and the international
calcite standard NBS-19 were obtained to, respectively, monitor and
correct the isotopic data, with a standard deviation (1σ) of ≤ 0.2‰ for
both δ13C and δ18O. The notations reflect ‰ deviations from Pee Dee
Belemnite (V-PDB) and Standard Mean Ocean Water (V-SMOW),
respectively. Results are reported in Table S6.

4. Results

4.1. Bulk-rock major element compositions

Bulk-rock Al2O3 and CaO concentrations range from 1.50 to 3.71 wt.
% and 1.18–3.11 wt. %, respectively (Table S3). In general, major-
element compositions are well within the range of previously reported
compositions (Fig. S4). The LOI values, as a measure mostly of amphi-
bole, chlorite and serpentine modal abundances, with subordinate
contributions from carbonate-derived CO2 (see C concentrations in Ta-
bles S4 and S5), range from 0.25 to 7.72 wt.-% and conform to the hy-
dration degrees of the peridotites observed during petrographic
investigation (i.e. modal abundance of amphibole, chlorite, serpentine).

4.2. Bulk-peridotite carbon concentrations and isotopic compositions

The total carbon concentration in Ulten Zone ultramafic rocks was
measured in samples of different petrographic types, and ranges from
0.02 to 0.29 wt. % for measurements with the LECO multiphase carbon
determinator (Table S4; n = 51), and from 0.01 to 0.28 wt. % for
measurements with the Micro Cube Elemental Analyzer (Table S5; n =

54). The data agree well, with the majority of all samples (80%) con-
taining total carbon in the range of 0.03 to 0.10 wt. % (Fig. S5).

δ13C of the bulk-rock ultramafic rocks ranges from − 21.5‰ to
− 6.7‰, the majority of which (72%) displaying δ13C between − 15‰ to
− 10‰ (Table S5). The concentration of total C and the δ13C values do
not show any correlation to the individual petrographic types of peri-
dotite (Fig. S5). Exceptions are one coarse-grained garnet-bearing
peridotite and the amphibolitised pyroxenite samples which exhibit
very low total C concentrations and δ13C. For comparison, the crustal
rocks’ total C content (0.05 to 0.22 wt. %) is similar to that of the Ulten
Zone peridotites, whereas the δ13C is more negative (− 33.0‰ to
− 25.4‰). The variabilities of the total C content and δ13C in Ulten Zone
ultramafic rocks are related to provenance: samples from SW localities
in the Ulten Zone show strong variability of δ13C (− 21.0‰ to − 6.7‰)
and relatively low C contents (0.01 to 0.10 wt. %). Conversely, samples
from the NE of the Ulten Zone exhibit a narrower range in δ13C but
increasing total C concentrations (δ13C from − 15.1‰ to − 10.3‰, one
exception − 21.5‰, and from 0.03 to 0.28 wt. % total C). Among the
latter, two samples containing magnesite veins display the highest
concentrations (0.17 and 0.28 wt. %).

4.3. Carbon and oxygen isotopic compositions of carbonate minerals

Carbon and O isotope compositions of carbonate minerals in 128
Ulten Zone peridotite samples were determined for carbonate in whole-
rocks and micro-drilled carbonate minerals (Table S6). The δ13C of for

carbonate in whole rocks ranges from − 14.6‰ to 0.0‰ and δ18O ranges
from +9.9‰ to +20.7‰.

The δ13C values of the micro-drilled dolomite aggregate from the
fine-grained, garnet-bearing, slightly serpentinised sample VM25P11
(Fig. 2f) (δ13C from − 10.1‰ to − 9.6‰) are similar to the δ13C values of
dolomite in similar rocks (samples SBA 4/5/7), whereas the δ18O values
of +6.4‰ to +10.4‰ are lower than those of all other samples; Table
S6). The whole-rock carbonate δ13C value in the slightly serpentinised
coarse-grained, garnet-free sample MOL1.5 (− 10.31‰) overlaps those
of a micro-drilled dolomite grain (δ13C of − 10.1‰ and − 9.4‰) and of a
micro-drilled magnesite vein (− 10.9‰ to − 10.7‰) in the same sample.
In contrast, the isotopic compositions of a micro-drilled magnesite vein
in the serpentine-bearing, amphibole-rich sample KoD9 from the Kornigl
locality (δ13C of − 16.8‰ to − 13.8‰; δ18O of +9.8‰ to +11.0‰) differ
from those of the corresponding whole-rock carbonates (δ13C − 9.7‰,
δ18O +16.4‰).

Comparison of the C isotopic compositions of the whole-rock peri-
dotites and the carbonate minerals contained therein shows that the
whole-rock δ13C values are generally more negative than the carbonates
(Tables S5 and S6) for almost all samples.

5. Discussion

5.1. Carbonate mineralogy and isotopic composition linked to mantle
wedge evolution

The well-constrained P-T (Fig. 1b) and mineralogical (Fig. 1c) evo-
lution of the Ulten Zone peridotites, including the presence of different
carbonate minerals in different textural settings, allows delineation of
the response of δ13C and δ18O to these changes in P-T and mineralogy.
Prior work (e.g., Marocchi et al., 2009; Sapienza et al., 2009; Malaspina
and Tumiati, 2012; Förster et al., 2017; also Text S1) established that
dolomite dominantly represents an early phase. According to these
studies, dolomite was possibly precipitated already at the hot mantle
wedge stage (dolomite inclusions in primary spinel from coarse peri-
dotite). This dolomite appears to be in textural equilibrium with matrix
minerals in garnet peridotites, together with amphibole and apatite,
although secondary dolomite veins are also observed (see e.g. images in
Sapienza et al., 2009; Förster et al., 2017; Consuma et al., 2020).
Magnesite typically replaces dolomite (Stage 2; Fig. 1b) or occurs as
texturally late-stage veins (Stage 4). It is often associated with retro-
grade minerals such as serpentine, whereas calcite veinlets are always
associated with serpentinisation (stage 4), as are brucite and magnesite
intergrowth after dolomite (Fig. 2b). The 87Sr/86Sr ratios for carbonate
minerals in diverse textural positions show an evolution, with moder-
ately elevated values (~0.705) for discrete matrix dolomite vs. highly
radiogenic values (up to 0.7083) for vein dolomite (Consuma et al.,
2020). Thus, the carbonate mineral evolution qualitatively suggests an
increasing influx of crustal-derived fluid characterised by variable
CO2/H2O (Rampone and Morten, 2001; Förster et al., 2017), but
evolving to low a(CO2) during serpentinisation. The co-precipitation of
amphibole and dolomite during Stage 2 is supported by the similarity of
their 87Sr/86Sr (Consuma et al., 2021).

Amongst the studied samples, peridotites from the crust-mantle
contact at Mount Hochwart may reflect the most intense interaction of
crust-derived fluids or melts with the mantle, characterised by formation
of metasomatic reaction bands, including zircon yielding a 333 Ma U-Pb
age, identical to migmatisation of the crustal rocks (Tumiati et al., 2003,
2007). This caused the transfer of H2O, K2O and LILE from the crust and
the formation of phlogopite, anthophyllite and talc at the crust-mantle
interface (Marocchi et al., 2009). As the dolomites at Mount Hochwart
have δ13C around − 10‰, and if the crust-mantle interaction at Mount
Hochwart was mediated by a crustal fluid around 660–700 ◦C (Fig. 1b)
(Tumiati et al., 2007; Marocchi et al., 2009), the δ13C of the fluid would
have been only ~0.6‰− 0.8‰ lighter than dolomite, that is − 10.6‰ to
− 10.8‰ (Text S1). The residual pre-Variscan lithospheric mantle, which
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experienced extraction of 10–20% partial melt at minimum (Ionov et al.,
2017; Gudelius et al., 2019), would have been initially C-poor, as C is
incompatible (e.g., Shcheka et al., 2006). Thus, the narrow range of δ13C
in carbonates from Mount Hochwart (Fig. 3a) likely reflects that of the
infiltrating COH fluid. Its low δ13C may be achieved when
carbonate-equilibrated COH fluid equilibrates with graphite (e.g.,
Cook-Kollars et al., 2014) or vice versa (e.g. Tumiati et al., 2022),
particularly at high T. Conversely, the trend of relatively constant δ13C
but varying δ18O for dolomite in Mount Hochwart peridotite (Fig. 3a)
suggests initial buffering of the COH fluid δ18O to mantle values when
fluid-rock ratios were low, and its evolution to heavier δ18O at
increasing fluid-rock ratios. The fluid in equilibrium with the isotopi-
cally heaviest dolomite (δ18O of +10.4‰) would have had a δ18O of
+5.2‰ to +5.4‰ (Text S1), which is a minimum estimate if it was still
partially equilibrated with mantle oxygen. Such isotopically heavier O
may be sourced from a variety of crustal rocks, such as carbonates, clays
and sandstones (with decreasing average δ18O; Bindeman, 2008).

Late-stage calcite veinlets are not restricted to fine-grained Stage-3 or
− 4 peridotites, and are also observed in coarse-grained peridotites
representing earlier stages (Consuma et al., 2020). A given whole-rock
analysis may therefore contain several carbonate generations with
distinct C–O isotopic compositions, meaning that isotopic distinctions
between early vs. late carbonates will be muted. Nevertheless, some
regularities are evident: Calcite veins, which are always texturally late,
and calcite-brucite intergrowths after dolomite (Fig. 2b) are on average
isotopically heavier than discrete dolomite (Fig. 3a). Modelling shows
that Rayleigh-style dedolomitisation at 400 ◦C (representative of exhu-
mation; see Fig. 1b), can reproduce the trend formed by matrix dolomite
(Fig. 3a inset; see Text S1 for modelling details). Conversely, the very
low δ13C-δ18O of late magnesite veins and of dolomite associated with a
serpentine vein (Fig. 3a) may reflect formation from a late graphite- and
mantle-equilibrated fluid.

5.2. Strong provinciality of COH fluid composition

When carbonate δ13C-δ18O values are cast with respect to geographic
domain rather than carbonate type (Fig. 3b), it is evident that carbonate
minerals from localities in the SW Ulten Zone domain have higher δ13C
and δ18O (–11.2‰ to 0‰ and +12.7‰ to +20.7‰, respectively) than
carbonate minerals from localities in the NE domain (–14.6‰ to –5.7‰
and +9.9‰ to +17.8‰, respectively). Because, at the modelled condi-
tions, the observed range in carbonate δ13C-δ18O is difficult to achieve
via Rayleigh-style fractionation and devolatilisation (e.g. modelling in
Fig. 3a inset), this marked provinciality points to involvement of an
isotopically distinct COH fluid for peridotites from the SW domain, the
carbonate inventory of which is dominated by late, isotopically heavy
calcite (Fig. 3a). This interpretation is consistent with the observation
that samples from the SW domain (e.g., Malga Preghena, Malga Binasia)
tend to be more strongly retrogressed than those from the NE domain (e.
g., Samerbergalm, Mount Hochwart), and with the distinctly more
radiogenic 87Sr/86 Sr for vein dolomite than matrix dolomite (Consuma
et al., 2020). During tectonic uplift of the Ulten Zone tectonic mélange to
midcrustal levels (Ranalli et al., 2005), the peridotites in the SW domain
may have interacted with fluids locally derived from an adjacent
ophiolitic suite containing isotopically heavy ophicarbonates (those
from various localities in the Alps and Apennines have δ13C of ~0‰ ±

4‰; Collins et al., 2015; Scambelluri et al., 2016). Ophicarbonate is
exposed close to the SW domain and may represent portions of an
ancient subducted slab of old oceanic lithosphere predating the Variscan
continental collision (Martin et al., 1998, references therein). In
contrast, the peridotites from the NE domain remained largely unaf-
fected by this process, due to their greater distance to the ophiolitic
suite.

The geographic distinctness described above adds to earlier discus-
sions of a provinciality detected between ultramafic samples from
Samerbergalm vs. those from Seefeldalm and Malga Masa Murada: The

strongest fluid imprint, in the central domain, is expressed by high LILE
contents, HREE loss due to garnet-breakdown, addition of enriched Nd-
Hf and kinetically fractionated Li isotope compositions accompanying Li
addition (Gudelius et al. 2019, 2022). This shows that significant dif-
ferences exist at the scale of 10 s of km in a given tectonic mélange,
which only came to light during more recent field campaigns (Förster
et al., 2017; Gudelius et al., 2019), and highlights the necessity of
comprehensive sampling in the field.

5.3. Carbon gain during near-peak-metamorphic interaction of crustal
fluid with continental mantle wedge peridotite

Overall, the bulk C concentrations of Ulten Zone peridotites (130 to
2800 μg g-1, median 610 μg g-1) markedly exceed those of estimates for
either convecting mantle (110±40 μg g-1; Hirschmann, 2018) or average
off-cratonic continental mantle (93±61 μg g-1; Gibson and McKenzie,
2023). Combined with radiogenic Sr isotopic signatures of Ulten Zone
carbonates and similar 87Sr/86Sr in coexisting amphibole (Consuma
et al., 2020, 2021), this indicates that the lithospheric mantle wedge was
enriched by a crustal COH fluid. The four crustal samples (2 migmatites,
2 gneisses with pelite protoliths; Hauzenberger et al., 1996) have C
concentrations ranging from 500 to 2200 μg g-1 (Table S5), despite being
high-grade metamorphic rocks that are typically devolatilised (e.g.,
Cook-Kollars et al., 2014). Rayleigh distillation modelling (Text S1)
suggests that devolatilisation may have contributed to, but is insufficient
to explain, their low measured bulk-rock δ13C (− 25.4‰ to − 33.0‰).
This points to the presence of graphite in the crustal source, which is, in
fact observed in the metasedimentary rocks of the Ulten Zone (Martin
et al., 2009).

The distinctness of carbonates from the NE and SW domain perido-
tites, discussed in the previous section, is confirmed in a plot of bulk-
rock content vs. bulk δ13C (Fig. 4a). The NE-domain peridotites show
a distinct trend of strong C gain at variable δ13C. In contrast, SW-domain
peridotites show a trend of weak C gain, but significant evolution in
δ13C. They are in part overlapped by peridotites from the central
domain, the latter of which are, however, restricted to a narrower range
of values. Rayleigh fractionation modelling (see Text S1 for rationale
and details) for temperatures representative of the early Ulten Zone
evolutionary stages (800–600 ◦C; Fig. 1b) shows that the NE domain
trend is captured when dolomite is added from a moderately C-rich fluid
at high temperature (e.g., 700 ◦C), resulting in a strong carbon gain at
small δ13C variation. In contrast, the SW domain trend is captured when
calcite is added at low temperature (e.g., 400 ◦C) from a fluid having
lower CO2/H2O.

5.4. Carbon loss and increasing fraction of a 13C-depleted phase during
exhumation

A third trend in Fig. 4a, of strongly decreasing δ13C at moderately
decreasing C concentration, is plausibly associated with dedolomitisa-
tion manifested as calcite-brucite intergrowths replacing dolomite
(Förster et al., 2017), therefore assignable to Stage 4. This trend can be
modelled by Rayleigh-style calcite loss at low temperature (400 ◦C),
representative of the serpentinisation stage. Reproducing the lowest
δ13C additionally requires that a 13C-depleted component, such as
graphite, be present in the rock (Fig. 4b; see Text S1 for rationale and
details). Indeed, almost all bulk-rock δ13C values are lower than those of
associated bulk carbonate leachates (Fig. 5a). The difference is on
average higher for peridotites from the SW domain (median δ13C dif-
ference between carbonate and bulk-rock, Δ13Ccarb-WR = 3.0‰) than for
those from the NE domain (median Δ13Ccarb-WR= 2.2‰). This is taken to
indicate that, besides the carbonate minerals, one or more additional
C-bearing species occur in the Ulten Zone peridotites, which lower/s the
whole-rock δ13C signature. The greater degree of
serpentinisation-related alteration in SW-domain peridotites, possibly
attended by more reducing conditions, may be favourable to graphite
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Fig. 3. Carbon-oxygen isotope relationships in carbonate minerals from the Ulten zone shown according to a. carbonate mineral and textural setting, and b.
geographic domain (Fig 1a) (dol – dolomite, cal – calcite, obs – observed, isot – isotopically, eq - equilibrium). a. Equilibration of the COH fluid with mantle peridotite
or sediment would cause a decrease and increase in δ18O, respectively; equilibration of the fluid with graphite or carbonate would cause δ13C to decrease and
increase, respectively. Rayleigh-style devolatiliation would cause the residual dolomite to evolve to lighter isotope compositions, as shown in inset (stippled box) and
modelled for initial δ13C of − 8‰ and δ18O of +14‰; numbers next to crosses denote the %C remaining as dolomite (see Text S1 and Table S7 for modelling details).
The evolution of Mount Hochwart dolomite to higher δ18O at near-constant δ13C may reflect evolution of a sediment-equilibrated COH fluid from initial buffering to
close to peridotite δ18O values at low to increasingly higher fluid-rock ratios, whereas the δ13C of the initially C-depleted peridotite would have been instantly
overprinted. A metasomatic fluid in equilibrium with dolomite (red star) having δ18O of +10.4‰ and δ13C of − 10.0‰ would have δ18O of ~+5.3‰ and δ13C of
~− 5.0‰ at 660–700 ◦C estimated for this crust-mantle contact (Tumiati et al., 2007; Marocchi et al., 2009). Canonical mantle range for δ13C from Shirey et al. (2013;
S + 13) and for δ18O from Mattey et al. (1994; M + 94), marine inorganic and carbonate carbon from Epstein et al. (2021; E + 21). b. Distinct distributions for
carbonates from the NE vs. the SW Ulten Zone domain, whereby the carbonate inventory of the former is suggested to be dominated by dolomite whereas that of the
latter is dominated by calcite. Given the limited range of isotopic fractionation by Rayleigh-type devolatilisation (see inset), the influx of isotopically distinct fluids in
the two domains seems likely.
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Fig. 4. Bulk-rock carbon concentrations and isotopic compositions shown according to geographic domain (dol – dolomite, cal – calcite). a. Bulk-rock δ13C vs. carbon
concentration. Three trends are identified and tentatively correlated to the metamorphic evolution (stages 1–4) of Ulten Zone peridotites (see Fig. 1b). Shown for
comparison is the carbon concentration range for four Ulten Zone crustal rocks (this work, δ13C range is also indicated) and average off-cratonic continental value
from Gibson and McKenzie (2023; G23). b. Rayleigh distillation modelling designed to reproduce the suggested trends (see Text S1 and Table S7 for modelling
details): Trend 1 + 2 models Rayleigh-style dolomite addition at 700 ◦C with a starting δ13C of − 12‰ and C concentration of 0.04 wt. %, and capacity of the fluid to
precipitate 0.5 wt. % C as dolomite (higher T will result in even smaller δ13C variation whereas higher C in the fluid will result in a stronger C gain per modelled C
fraction interval); Trend 3 models Rayleigh-style calcite addition at 400 ◦C, also with a starting δ13C of − 12‰ and C concentration of 0.04 wt. %, and capacity of the
fluid to precipitate 0.1 wt. % C as calcite; Trend 4 models Rayleigh-style dedolomitisation at 400 ◦C with a starting δ13C of − 10‰ and C concentration of 0.1 wt. %
(corresponding to an initially mildly enriched rock), whereby the residue is modelled as pure inorganic C (no graphite in rock), and alternatively as a mixture of 90%
inorganic C and 10% graphite (assuming δ13C of − 27‰) in the residual rock, as one explanation to explain the δ13C difference between measured whole rocks and
their corresponding carbonates shown in Fig. 5a.

Fig. 5. a. Bulk-rock vs. carbonate δ13C. The mostly lower bulk-rock than carbonate δ13C suggests the presence of a 13C-depleted component, such as graphite or
methane. A single outlying value is indicated with small symbol and arrow. b. Difference Δ between δ13C measured in carbonate and that in corresponding bulk
rocks, as a measure of graphite fraction in the bulk rock, vs. bulk-rock carbon concentration (wt. %). Amphibolitisation is acccompanied by a strong increase in
carbon concentration, probably reflecting dolomite addition (dominantly NE domain; see Fig. 4), whereas serpentinitsation leads to a decrease in bulk-rock δ13C,
accompanied by a higher fraction of a 13C-depleted component, such as graphite or methane.
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stability. Overall, the co-existence of both reduced and oxidised forms of
C would be consistent with the ƒO2 estimates of Gudelius et al. (2019)
which lie near the graphite-CO2 equilibrium (Fig. 1d), bearing in mind
that in multi-component systems these univariant reaction curves will
open up into divariant fields (e.g., Tumiati and Malaspina, 2019).
However, graphite has yet to be directly identified in the assemblage.

The low-δ13C component might be present in the form of extremely
fine-grained graphite not readily observed petrographically. If so, the
average fraction of reduced C in Ulten Zone peridotites may be esti-
mated at ~10%, assuming that graphite has a δ13C of –27‰, similar to
that of the average total reduced C in ophiolite-associated peridotites
and serpentinites (Schwarzenbach et al., 2016). We note that, in the

Fig. 6. Relationships of bulk-rock sulfur abundances (μg g-1) in Ulten Zone peridotites (from Consuma et al., 2021) with various compositional and mineralogical
parameters (from Gudelius et al., 2019; this study). a. Bulk-rock sulfur (note log scale) vs. Al2O3 concentration. Shown for comparison are the quantitatively modelled
trend for melt extraction from a primitive mantle source at 3 GPa and the field for orogenic peridotites world-wide from Aulbach et al. (2016). Bulk-rock sulfur vs. b.
SiO2 concentration, possibly indicating addition during interaction with high-P siliceous fluid, and c. the ratio of amphibole modal abundance over Loss-On-Ignition
(LOI) values, as a measure of the abundance of amphibole (Amph) vs. chlorite + serpentine. In b., grey field encompasses range of concentrations in a residue of
10–20% melting commencing at 3 GPa (S from Aulbach et al., 2016; SiO2 from Herzberg, 2004), consistent with melt fraction and melting pressure estimates for
Ulten Zone peridotites of Ionov et al. (2017) and Gudelius et al. (2019). In c., range of sulfur concentrations in off-cratonic lithospheric mantle from Gibson and
McKenzie (2023; G23). d. Bulk-rock sulfur concentration vs. δ7Li (in ‰), interpreted to reflect the transient ingress of crustal fluid, with addition of fluid-mobile
elements including Li, and removal of the fluid source before isotopic equilibration could take place, leading to enrichment in 6Li over 7Li. Inset shows δ7Li vs
amph/LOI, confirming the exhumation-related nature of this event, with formation of chlorite and serpentine at the expense of amphibole. Mantle δ7Li range from
Ionov and Seitz (2008).
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rocks studied by Schwarzenbach et al. (2016), high reduced C fractions
(average ~0.5) are chemically derived, but not described as part of the
observed assemblage. Circumstantial support for the presence of a
reduced C component may come from the observation that C fractions
released at 550 ◦C (possibly dominated by graphite) vs. those released at
1000 ◦C (possibly dominated by carbonate minerals) show some cor-
relation with the difference between δ13C values measured in carbonate
vs. those in their corresponding bulk rocks (Fig. S6). Combined
consideration of Fe3+/ΣFe and C-S elemental and isotope systematics
discussed below suggest some graphite may have formed by methane
oxidation or carbonate reduction. An alternative repository of isotopi-
cally light C could be methane now trapped as fluid inclusions in min-
erals or a grain boundary component, generated from inorganic C at low
temperature (<340 ◦C), a process suggested to be ubiquitous in
olivine-bearing lithologies (Klein et al., 2019). Serpentinisation pro-
duces magnetite and hydrogen, and magnetite is thought to catalyse the
reaction of hydrogen with dissolved CO2 to produce methane (Cannat
et al., 2010). This may explain the presence of magnetite associated with
serpentine described in Consuma et al. (2021) and in this study, and
provide a pathway for methane production in the samples. As is true for
graphite, methane has yet to be identified in Ulten Zone peridotites.

Taking Δ13Ccarb-WR as a measure of the fraction of 13C-depleted
phases present in the rock, a weak but statistically significant negative
correlation with bulk C concentration (r2 = 0.23 for n = 20, p value =

0.03; Fig. 5b) seemingly confirms that increasing precipitation of
reduced, isotopically light phases is accompanied by a net loss of
isotopically heavy CO2 to a fluid via devolatilisation (dedolomitisation).

5.5. Contrasting behaviour of sulfur during near-peak-metamorphic vs.
exhumation stages

Consuma et al. (2021) investigated the δ34S of sulphides in Ulten
Zone peridotites and noted the intimate association of sulphides with
carbonates, suggesting coupled introduction of C and S from crustal fluid
carrying slightly heavy S and radiogenic Sr. Closer investigation of S
abundance relationships with other compositional and mineralogical
parameters allows to obtain ulterior insights into sulfur behaviour
during the 4-stage metamorphic evolution of the Ulten Zone peridotites.
Ionov et al. (2017) suggest that the pre-Variscan protolith to the Ulten
Zone peridotites formed by polybaric melting initiating at 2–4 GPa and
leading to a loss of 10–20% of melt, which is a minimum estimate if any
subsequent refertilisation took place (Gudelius et al., 2019). The pro-
gressive removal of melt is accompanied by depletion of S, dictated by
the sulphide solubility in the melt, and has been modelled for various
pressures by Aulbach et al. (2016). Fig. 6a shows that more than half of
the samples are as depleted as, or more depleted than, predicted for melt
extraction, whereas the remaining samples are more enriched.

Although S concentrations in Ulten Zone peridotites remain below
primitive mantle with ~250 μg g-1 S (McDonough and Sun, 1995), there
is some evidence that S was metasomatically (re-)introduced after lith-
ospheric stabilisation. Firstly, sulphide δ34S indicates that some crustal
sulphate-S was added and reduced to form sulphide (Consuma et al.,
2021). There is a, albeit weak, positive correlation of bulk-rock S with
SiO2 concentrations (Fig. 6b). This suggests addition from a siliceous
fluid during the high-P stage, when silica solubility in the fluid is higher
than at lower P (e.g., Hermann et al., 2006) or during interaction with
sediment-derived melt, as suggested for Mount Hochwart (Marocchi
et al., 2009). Taking the ratio of amphibole mode over Loss-On-Ignition
(amph/LOI) as a measure of the abundance of amphibole vs. chlorite
and serpentine suggests that chloritisation and serpentinisation entailed
S removal from the bulk rocks (Fig. 6c). This is consistent with the
appearance of metal-rich sulphides during the exhumation and serpen-
tinisation stages (Fig. 1c), which affected a greater proportion of peri-
dotites from the central than from the NE domain.

At the ƒO2 recorded by Ulten Zone peridotites, all S would be con-
tained in sulphides (Fig. 1d), suggesting that S was removed as H2S,

which is possible when sufficient amounts of fluid are available (Jégo
and Dasgupta, 2013). The positive correlation between amph/LOI and
δ7Li (Fig. 6d) documents that the fluid flow event leading to serpenti-
nisation was transient. It led to addition of fluid-mobile elements,
including Li, the isotopic composition of which was kinetically frac-
tionated (with the light isotope travelling faster/further), with removal
of the fluid before isotopic equilibration (with the heavy isotope
catching up) could occur (Gudelius et al., 2019).

5.6. Iron-sulfur-carbon redox interactions in the mantle wedge

Iron, C and S are the most abundant multivalent elements involved in
redox interactions in the mantle (e.g., Ballhaus, 1993; O’Neill et al.,
1993). The high estimated Fe2O3 contents of Ulten Zone peridotites
(average 1.7 wt. % ± 0.6 1σ) contrast with estimates for the Primitive
Mantle (0.33 wt. %; Sossi et al., 2020). Moreover, Fe3+ has low solubility
in aqueous fluids (Wykes et al., 2008), and bulk-rock total FeO contents
vary little (7.9 ± 0.6 wt. %). Combined, this suggests that the fraction of
Fe3+ was increased during redox interactions involving reduction of
oxidised components, most likely carbon and sulfur. Although redox
interactions involving several multi-valent elements are doubtlessly
complex and may vary in response to small changes in P, T, X and ƒO2,
we suggest in the following a possible sequence of events and redox
processes that takes into account all available data.

Again taking Amph/LOI as a measure for the presence of amphibole
vs. chlorite and serpentine, it is evident that these latter minerals are
associated with the highest Fe3+/ΣFe (Fig. 7a). As discussed above, S
addition occurred during the early near-peak-metamorphic stage,
characterised by addition of siliceous fluid and amphibole (Fig. 6b,c).
Combined with the presence of moderately heavy δ34S in Ulten Zone
sulphides (up to +3.43‰) and radiogenic Sr in spatially associated
carbonates (Consuma et al., 2021), this points to a crustal COH fluid and
an origin of a fraction of the sulphides by sulphate reduction, accom-
panied by oxidation of iron in peridotite minerals. Given that amphibole
formed after clinopyroxene, a possible redox reaction could be (e.g.,
Evans and Tomkins, 2022):

SO2−
4 (fluid)+8FeO(pyroxene) = S2− (sulphide)+4Fe2O3(amphibole)

(1)

Redox-neutral sulphidation and carbonation likely also played a role,
exemplified by a sample from the crust-mantle contact at Mount
Hochwart with simultaneously high sulfur and carbon concentrations,
yet low Fe3+/ΣFe. Given that sulphide in Ulten Zone peridotites is
dominantly pentlandite (Consuma et al., 2021), sulphidation may, in a
general reaction, proceed via (Bataleva et al., 2016):

S2− (fluid) + Fe,Ni (olivine) = S2− ,Fe,Ni (pentlandite) (2)

Redox-neutral carbonation may proceed via (Wyllie et al., 1983):

2 CO2 (fluid) + 2 MgSiO4 (olivine) + CaMgSi2O6 (diopside) = CaMg
(CO3)2 (dolomite) + 4 MgSiO3 (enstatite) (3)

The highest Fe3+/ΣFe are associated with low S concentrations
(Fig. 7b), which reflects desulphidation, as also indicated by the
appearance of metal-rich sulphides during the exhumation-related
metamorphic stages (Fig. 1c) (Consuma et al., 2021). This, in turn,
suggests that redox interactions involving iron oxidation during chlor-
itisitation and serpentinisation instead involved carbonate reduction,
such as, in a general reaction:

MgCO3 (magnesite) or CaCO3 (calcite) + FeO (olivine) = C (graphite) +
Fe2O3 (chlorite, serpentine) (4)

bearing in mind the late appearance of magnesite and calcite along with
chlorite and serperpentine, respectively, in the assemblage (Fig. 1c)
(Consuma et al., 2021).

This would be consistent with indirect evidence for the presence of a
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13C-depleted phase, such as graphite, which is more pronounced for the
SW-domain than for the NE-domain peridotites (Fig. 5). Thus, sulphate
reduction explains high Fe3+/ΣFe at low fractions of a 13C-depleted
phase (graphite or methane) gauged by Δ13Ccarb-WR. In contrast,

carbonate reduction, with preferential export of isotopically heavy C,
would have led to a concomitant increase in Fe3+/ΣFe and in fractions of
a 13C-depleted phase, although a trend is not recognisable (Fig. 7c). For
the case of relatively constant C concentration at variable Fe3+/ΣFe, as

Fig. 7. Bulk-rock Fe3+/ΣFe vs. a. Amph/LOI as a measure of amphibole vs. chlorite+serpentine, b. sulfur concentration (μg g-1), c. Δ13Ccarb-WR and d. bulk-rock
carbon concentration (wt.%). In a., both amphibolitisation during stage one and chloritisation/serpentinisation during stages 2 and 3 would lead to an increase
in Fe3+/ΣFe if accompanied by the reduction of oxidised sulfur or carbon, given that Fe3+ is considered not fluid-soluble (Wykes et al., 2008). Compared to
serpentine, chlorite dominates the Fe3+ budget owing to its potentially high total Fe content (Masci et al., 2019). In b., amphibolitisation may have been accompanied
by sulphate reduction (indicated by supra-mantle sulphide δ34S; Consuma et al., 2021); the low sulfur concentration at high Fe3+/ΣFe, coinciding with low
Amph/LOI, suggests desulphidation (low ƒS2) during exhumation-related metamorphic stages, making carbonate rather than sulphate reduction the most likely
process to increase sample Fe3+/ΣFe (at relatively constant FeOtotal, see text). This would be consistent with the presence of a graphite fraction inferred from the
difference (Δ) between δ13C measured in carbonate and that in corresponding bulk rocks shown in panel c. In contrast, increasing Fe3+/ΣFe at low Δ13Ccarb-WR would
indicate sulphate reduction and redox-neutral carbonation. Simultaneously high Δ13Ccarb-WR and low Fe3+/ΣFe may point to conditions reducing enough to permit
graphite formation from fluid-advected methane, most likely during serpentinisation, which can also explain the low carbon content at low Fe3+/ΣFe in d. because
serpentinisation is associated with decarbonation (see Fig. 4a). In d., carbonation accompanied by sulphate reduction (explaining the spatial association of sulphides
and carbonates noted by Consuma et al., 2021) or reduction of fluid-advected CO2 can explain simultaneously high carbon contents and Fe3+/ΣFe. In contrast,
increasing Fe3+/ΣFe without increasing carbon content may point to in-situ carbonate reduction catalysed by fluid, whereas low Fe3+/ΣFe and carbon content may
reflect dedolomitisation.
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seen in SW-domain peridotites (Fig. 7d), fluid-catalysed in-situ reduction
of carbonate as per Eq. (4) may be indicated. In contrast, low Fe3+/ΣFe
at high Δ13Ccarb-WR (Fig. 7c) and low bulk carbon content (Fig. 7d)
suggests the presence of a graphite fraction that may have formed due to
reduction of iron by methane oxidation. This scenario would be
permitted by reducing conditions that are frequently linked to serpen-
tinisation (e.g., Evans et al., 2023). The findings are summarised – in a
simplified manner – in Fig. 8, bearing in mind the scatter observed in
data, which is expected given that each sample is to varying extents the
product of the superposition of multiple metamorphic events.

5.7. Implications for volatile element storage in continental collisional
settings

Continental subduction zones are probable sites for the reintro-
duction of volatile elements into originally depleted lithospheric mantle,
via recycling from subducted slabs that can be probed by sampling
exhumed orogenic peridotite. If data from the Ulten Zone tectonic
mélange are representative, then processes occurring near peak-
metamorphic conditions in the mantle wedge (stages 1 and 2 in
Fig. 8) lead to a replenishment of S stored in sulphide, and to significant
enrichment of C stored in carbonate and of water stored in amphibole. If
the mantle wedge stabilises subsequent to collision, it would represent a
sizable volatile element-rich reservoir. Indeed, huge swaths of litho-
spheric mantle now underlying continental interiors stabilised in
accretionary orogens and continental collision zones, such as the
massive Central Asian and the Alpine-Himalayan orogenic belts, and
countless older examples. Stage-1, and stage-2 peridotites may also be
useful proxies of mantle wedge peridotites that are dragged down to sub-
arc depths, where they contribute to arc magmas, or recycled deeper
into the convecting mantle, where they cause compositional and
mineralogical heterogeneity. Such volatile element-enriched peridotite
may contribute to later continental magmatism and ore formation. For
example, Variscan subduction-modified mantle has been invoked to
explain the occurrence of calc-alkaline to shoshonitic Triassic magmas in
the Southern Alps (Casetta et al., 2021). This is not an isolated obser-
vation, as crustal C addition to the mantle wedge beneath the Betic
Cordillera (Spain), as a precursor to the genesis of calc-alkaline to
potassic magmas (lamproites), is similarly suggested (Bianchini et al.,
2015; Bianchini and Natali, 2017). Subduction-modified continental
lithospheric mantle has recently been implicated in the formation of
giant gold deposits in eastern China based on isotopically heavy S and
enriched Sr-Nd isotope compositions in lamprophyres (Wang et al.,
2024) – characteristics shared with the Ulten Zone peridotites.

6. Summary and conclusions

We investigated the major-element composition, Fe speciation, and C
concentration and isotope composition of ultramafic whole rocks from
the Ulten Zone, as well as the C and O isotope composition of the car-
bonate minerals they contain. These rocks experienced a four-stage
evolution encompassing (1) a precollisional stage with residence in
the hot mantle wedge, (2) a high-P stage due to down-dragging with the
subducting slab accompanied by cooling and amphibolitisation, (3)
early fast exhumation and chloritisation and (4) late slow exhumation
and serpentinisation. Combined with literature data, our main findings
are as follows:

• Bulk-rock C and Fe2O3 contents range from 130 to 28,000 μg g-1 and
from 0.8 to 3.1 wt. %, respectively, all exceeding estimates for the
convecting mantle; reported bulk-rock S contents range from 30 to
330 μg g-1, mostly remaining below estimates for the convecting
mantle, but partly higher than those expected for residual litho-
spheric mantle.

• Bulk-rock C contents are on average higher in rocks from the NE
domain (median 880 μg g-1) than for the SW domain (median 570 μg
g-1). Carbonate stable isotope compositions also show distinct iso-
topic compositions, as rocks from the NE Ulten Zone domain have
lower average δ13CV-PDB and δ18OV-SMOW (–16.8‰ to –5.7‰ and
+8.0‰ to +17.8‰, respectively) than those in the SW domain
(–11.2‰ to 0‰ and +12.9‰ to +20.7‰, respectively), likely
reflecting interaction with isotopically distinct crustally-derived
fluids.

• Texturally late-stage calcite veins are isotopically heavier than
dolomite and slightly heavier than those affected by dedolomitisa-
tion (leading to characteristic pseudomorphs of calcite + brucite
after dolomite).

• Lower δ13C values for whole rocks than for carbonate (by 2.3‰ on
average) provide indirect evidence for the presence of 13C-depleted
reduced C. This is tentatively suggested to be graphite or methane,
neither of which has been directly observed, but helps explain some
elements of the dataset for bulk-rock Fe3+/ΣFe, δ13C and C-S
concentrations.

• Bearing in mind the scatter arising from multiple metamorphic
overprints, the data in combination suggest that Fe3+/ΣFe and sul-
phide abundances increased during amphibolitisation due to sul-
phate reduction, as well as by redox-neutral sulphidation and
carbonation. In contrast, chloritisation was accompanied by an in-
crease in Fe3+/ΣFe mediated by carbonate reduction, leading to an
increase in the inferred graphite fraction. Highly reducing conditions
during serpentinisation led to a decrease in Fe3+/ΣFe, possibly via

Fig. 8. Cartoon summarising the loci of processes during the four main metamorphic stages (see Fig. 1b,c) leading to volatile element addition and removal in the
Ulten Zone continental mantle wedge, as inferred from Fe3+/ΣFe as well as sulfur-carbon elemental and isotopic relationships shown in Fig. 7.
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methane oxidation, and an increase in the inferred graphite fraction
that did not compensate the C loss caused by dedolomitisation.

• If carbonation and amphibolitisation near peak-metamorphic con-
ditions are characteristic for continental mantle wedges, their sub-
sequent stabilisation may promote long-term storage of C and H2O in
this tectonic setting, which characterises vast areas of Earth’s con-
tinents and therefore may constitute a particularly volatile element-
rich lithospheric reservoir.

• The mineralogical, geochemical and isotopic variability is observed
not only at the outcrop scale, but also regionally at the scale of 10 s of
kilometres in a single tectonic mélange. This indicates that
comprehensive sampling of multiple ultramafic lenses is necessary to
constrain the volatile element fluxes and storage associated with the
multiple metamorphic stages experienced by exhumed orogenic
peridotites.
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