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ABSTRACT

Focused melt flow is a common phenomenon in the subcontinental lithospheric mantle. Although it exerts sig-
nificant control on the magmatic differentiation of the upper mantle, its role in metal transport remains poorly
constrained. To improve our understanding of the subcontinental mantle metallogeny, we investigated the
Balmuccia massif of the Ivrea-Verbano Zone (Italian Alps), which consists of fresh mantle peridotites that
experienced a prolonged period of multistage melt intrusions. As a result, this massif hosts two suites of py-
roxenite dykes, known as Cr-diopside and Al-augite pyroxenites, which enable us to provide undisturbed insights
into mantle metallogeny. Here, through scrutiny of the pyroxenite dykes and their contacts with mantle peri-
dotites, we provide insights into the sulfide and associated chalcophile metals (e.g., Cu and Ag) distributions. We
demonstrate that the Balmuccia mantle pyroxenites are enriched in magmatic sulfides and sulfide-loving ele-
ments compared to the Balmuccia mantle peridotites. In particular, the pyroxenites contain up to 8 times more
Cu (on average 227 + 58 ppm; 1SD; n = 8) than the mantle peridotites (29 + 20 ppm Cu; n = 20). Additionally,
we found that each sulfide phase has distinct S-Fe isotopic signatures among sulfides. Such differentiation in-
dicates that the S-Fe isotopic fractionation is most likely controlled by the mass-dependent fractionation that
follows the (re)crystallization under high-T subsolidus magmatic conditions.

The increased amount of sulfides and associated chalcophile metals (Cu and Ag) within the studied pyroxe-
nites evidence the heterogeneous distribution of sulfides and metals in the subcontinental lithospheric mantle,
similarly to observations from other pyroxenite dykes within mantle rocks and metasomatized mantle xenoliths.
Specifically, we estimate that from 12% to 42% of the Cu and from 11% to 40% of the Ag of the upper mantle
inventory could be accumulated within mantle pyroxenites. Our results indicate that mantle pyroxenites
constitute a critical metal reservoir for subcontinental lithospheric metallogeny.
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1. Introduction

Pyroxenites have been widely documented within mantle peridotites
of subcontinental mantle origin, both in xenoliths and mantle exposures
at the Earth’s surface (Dantas et al., 2007; Downes, 2007; Python et al.,
2008; van Acken et al., 2010; Xiong et al., 2014; Saunders et al., 2016;
Borghini et al., 2016; Basch et al., 2019; Zou et al., 2019; Chen et al.,
2020; Zhang et al., 2022), evidencing their common occurrence and
important role in shaping the subcontinental lithosphere. The contri-
bution of mafic—ultramafic dykes and layers to the lithospheric mantle is
estimated to range from < 2 % according to calculations based on the
depleted isotopic composition of mid-ocean ridge basalt (Petermann and
Hirschmann, 2003) to up to 10 % based on field investigations (Pearson,
1996), with the most common contribution value of 5 % (Bodinier and
Godard, 2003). The origin of pyroxenites hosted by mantle massifs or
mantle pyroxenite xenoliths is still under discussion. They are mainly
interpreted to be formed by melt-peridotite reaction (Bodinier et al.,
2008) and/or mineral accumulation from the migrating basaltic melts
(Rampone et al., 2020). Upper mantle pyroxenites can also be formed by
residual and partially molten oceanic crust recycled during subduction
(Montanini et al., 2012). Independently of genetic processes, pyroxe-
nites are often enriched in sulfides compared to the host peridotites
(Lorand, 1989a; van Acken et al., 2010; Wang and Becker, 2015b; Chen
et al., 2020; Fang et al., 2024). Therefore, sulfide-bearing mantle py-
roxenites are the prime targets for investigating the upper mantle evo-
lution and for a better understanding of metal transfer and their
potential genetic links with crustal sulfide mineralized domains.

Based on experimental studies, Wang et al. (2023) reported that the
subcontinental lithospheric mantle affected by channelized melt flows
and melt-peridotite reactions is favorable for driving upwards pm- to
mm-scale sulfide droplets. The relatively dense sulfide liquid in the
ascending silicate magmas is not prone to be transported upwards and
tends to coalesce and settle. However, recent experimental and petro-
logical observations evidence that hydrous minerals (Fzad et al., 2024a)
or carbon, as a buoyant supercritical CO, fluid (Blanks et al., 2020;
Cherdantseva et al., 2024a; Cherdantseva et al., 2024b; Ezad et al.,
2024b) might be a covert agent promoting the physical transport of
sulfides and metals upwards across the subcontinental lithospheric
mantle. Therefore, the mobilization of deeply-rooted sulfides by these
agents may facilitate the metal transport from the mantle to the lower-
to-mid continental crust (Blanks et al., 2020) and may be possibly
revealed by the presence of sulfide-rich mafic-ultramafic domains
(Garuti et al., 2001; Locmelis et al., 2016; Holwell et al., 2022; Cher-
dantseva et al., 2025).

The melts migrating through the upper mantle interact with the
peridotites triggering metasomatism and refertilization, particularly
along wall rocks of melt conduits (Wang and Becker, 2015b; Belousov
etal., 2021). Such melt migration results in compositional heterogeneity
of the mantle and can be traced by the investigation of silicates
(Montanini and Tribuzio, 2015; Borghini et al., 2020; Rampone et al.,
2020). However, little attention was paid to the role and contribution of
sulfides to this process. Additionally, the extent of sulfide-driven refer-
tilization of wall rock peridotites is fundamentally unknown and should
be addressed to constrain metal transfer better.

To elucidate the role of mantle pyroxenites in mantle metal referti-
lization, we selected the Balmuccia peridotite massif (Ivrea-Verbano
Zone, NW Italy), one of the most comprehensively studied mantle bodies
exposed at the Earth’s surface (Shervais, 1979; Shervais and Mukasa,
1991; Mukasa and Shervais, 1999; Weyer et al., 2003; Mazzucchelli
et al., 2009; Pistone et al., 2017; Beltrando, 2021; Decarlis et al., 2023).
In contrast to metasomatized mantle rocks rich in hydrous phases, such
as PIC (phlogopite, ilmenite and clinopyroxene) and MARID (mica,
amphibole, rutile, ilmenite and diopside) suites, which may be an
important reservoir for magmatic Ni-sulfide ore systems (Fzad et al.,
2024a; Blanks et al., 2025), mantle pyroxenites hosted by the Balmuccia
peridotite massif are exceptionally fresh, with lack of any evidence for
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forms of metasomatism (e.g., hydrous or carbonate) or crustal recycled
materials (Zou et al., 2019). The fresh magmatic rocks enable us to carry
out a comprehensive investigation of sulfide segregation within the
pristine mantle body (Mukasa and Shervais, 1999; Mazzucchelli et al.,
2009; Wang and Becker, 2015b). As these pyroxenites include higher
amounts of magmatic sulfides and associated metals than adjacent pe-
ridotites (Garuti et al., 1984; Wang and Becker, 2015b; Wang et al.,
2018b; Zou et al., 2019), their exposures constitute the best natural
laboratory for providing new insights into the upper mantle metal-
logeny. Even though the Balmuccia pyroxenites were previously mainly
studied utilizing whole-rock chemical and isotopic methodologies
(Garuti et al., 1984; Wang et al., 2013; Wang and Becker, 2015a; Wang
and Becker, 2015b; Wang et al., 2018b; Zou et al., 2019), their role in the
metal flux and metallogeny of the subcontinental lithospheric mantle
remains unidentified. We addressed this knowledge gap through the
sulfide-based investigations of pyroxenite-peridotite transects and
showed that mantle pyroxenites constitute a critical metal reservoir for
subcontinental lithospheric metallogeny.

Current isotopic studies report variations of S and Fe isotopes indi-
cating their fractionation among sulfide phases during magmatic cool-
ing of the melt and sulfides (re)crystallization (LaFlamme et al., 2016;
Brzozowski et al., 2021). However, none of these works reported the S-
Fe isotopic signatures for the entire polyphasic magmatic sulfide as-
semblages, including all the present sulfide phases in the mantle rocks.
For instance, the partitioning of Fe isotopes within the magmatic sulfide
assemblages, including pentlandite, is poorly understood. In this study,
we took advantage of the fact that the Balmuccia pyroxenites include
large, polyphase sulfide grains (sometimes exceeding 1 mm in size)
suitable for conducting in situ isotopic analyses, and we provided con-
straints about the fractionation of both traditional (S) and nontraditional
(Fe) stable isotopes among sulfides during the (re)crystallization of
sulfide melts. Such an approach provides previously inaccessible in-
sights into the fractionation of isotopes between the sulfide phases that
cannot be uncovered utilizing whole-rock investigations.

Altogether, through scrutiny of the distribution of sulfides and
associated metals and determining the role of pyroxenite layers and
dykes in sulfide segregation, we advanced our understanding of the
metallogeny processes in the subcontinental lithospheric mantle. The
adopted methodology also allowed us to assess how the mantle pyrox-
enites contribute to the metal budget of the subcontinental lithosphere.

2. Geological setting
2.1. Petrogenesis of studied samples

The Balmuccia peridotite massif is an NNE-trending, elongated km-
sized fragment of the subcontinental lithospheric mantle located
within the Ivrea-Verbano Zone (IVZ). It is located near the Insubric
tectonic lineament, which separates the IVZ from the Austro-Alpine
domain (Fig. 1a) (Sinigoi et al., 1983; Quick et al., 1995; Beltrando,
2021), and exposes fresh mantle rocks intruded by various generations
of dykes. The Balmuccia peridotite massif retains magmatic contacts
(known as Contact Series zone) with the surrounding lower crustal rocks
of the Mafic Complex, a km-scale gabbroic intrusion formed during the
post-collisional phase of the Variscan orogeny (Shervais and Mukasa,
1991; Mukasa and Shervais, 1999; Quick et al., 2003; Pieterek et al.,
2024). The current position of the Balmuccia peridotite massif is a
consequence of tectonic processes, such as rotation and uplift, during
Mesozoic extension and Alpine compression (Handy et al., 1999; Maz-
zucchelli et al., 2009; Pistone et al., 2017; Decarlis et al., 2023).

The Balmuccia peridotite massif is predominantly composed of fresh
lherzolites, associated with rare harzburgites and dunites, which are
crosscut by various generations of mafic-ultramafic layers and dykes
(Mukasa and Shervais, 1999; Wang and Becker, 2015b). These rocks
constitute ~ 5 vol% of the massif (Decarlis et al., 2023). The Balmuccia
peridotites were depleted by partial melting (~5-10 %; Weyer et al.,
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Fig. 1. Geological setting of the Ivrea-Verbano Zone (IVZ) and pyroxenite dykes within the Balmuccia mantle massif. (a) Simplified geological map of the IVZ,
depicting its generalized stratigraphy and main mantle peridotite bodies localized mostly near the Insubric Line. The inset displays the close-up of the geological map
of the Balmuccia mantle massif (BM) and the adjacent Mafic Complex (MC) (Sinigoi et al., 2010). (b) Geological map displaying the internal geological settings with
sampling sites corresponding to the simplified lithological profile presented in Fig. 2. The background image has been produced using ©2023 Maxar satellite image.
(c) Crosscutting relationships between two pyroxenite domains within the Balmuccia mantle massif. (d) Field image of the VS2 sampling site, displaying the sub-
parallel layers of Cr-diopside pyroxenites characterized by sharp contacts with host peridotites. (¢) An example of the investigated transect from the central part of
the pyroxenite layer through the contact, wall rock peridotite (4-cm-thick layer), and host peridotite. TS means thin-section. (f) Zoom-in image of the thin-section
billet portraying the distribution of sulfide grains within the central part of the Cr-diopside pyroxenite dyke (TS43). Only the largest sulfide grains have been marked

by dashed circles. All bright spots indicate the location of sulfide grains.

2003; Decarlis et al., 2023) and melt extraction ca. 370 Ma (Ogunyele
et al., 2024) and underwent nearly contemporaneous variable chemical
re-equilibration processes within the mantle due to interaction with
migrating melts leading to the formation of the pyroxenite dykes (Wang
etal., 2013; Decarlis et al., 2023). Based on the mineralogy of pyroxenes
and relative crosscutting relationships, the dykes were subdivided into
two main groups: 1) an older Cr-diopside suite (websterites, olivine-
websterites, and orthopyroxenites), mostly concordant with Balmuccia
peridotite NE-SW-trending foliation (Wang et al., 2013), and 2) a
younger, syn- to post-kinematic Al-augite suite (spinel clinopyroxenite
and spinel-poor websterites) (Shervais, 1979; Sinigoi et al., 1983;
Mukasa and Shervais, 1999; Mazzucchelli et al., 2009; Wang and Becker,
2015b). Additionally, during the crustal emplacement, the external
parts of the massif, close to the Contact Series zone, were locally
intruded by a late suite of gabbroic dykes with MORB-type geochemical
signature (Voshage et al., 1988; Mayer et al., 2000; Rivalenti et al.,
1995; Pieterek et al., 2024). Regarding these dykes represent distinct
stages of origin from pyroxenite suites, they were not studied in this
contribution.

In the field, the studied pyroxenites occur as layers and dykes typi-
cally displaying sub-vertical orientation and thickness ranging from a
few mm to 1 m (Sinigoi et al., 1983; Obata and Karato, 1995; Mukasa
and Shervais, 1999). Additionally, structural relationships evidence that
studied pyroxenite suites were formed by several generations of melt
injections. The Cr-diopside pyroxenite dykes represent the first stage of
the mafic melt intrusion, possibly related to the refertilization of the
depleted peridotites. These dykes are followed by a later Al-augite py-
roxenite dyke generation. Overall, these dykes record a prolonged
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period of multistage melt intrusions into mantle peridotites before their
crustal emplacement (Rivalenti et al., 1995; Mukasa and Shervais,
1999). The pyroxenites, in general, display sharp contacts with the
enclosing peridotites (Mazzucchelli et al., 2009; Wang and Becker,
2015b). However, the contacting interface may reveal the occurrence of
a reactive layer (Mazzucchelli et al., 2009). For instance, the Al-augite
pyroxenite dykes are locally enveloped by a thin pyroxenite-reaction
rim, whereas centimetre- to decimetre-wide dunitic bands in places
occur at the contact between the Cr-diopside pyroxenite dykes and the
host peridotites. In most cases, the Cr-diopside pyroxenites have a foli-
ation that is concordant or sub-concordant to the foliation of enclosing
peridotites, and the Al-augite suite displays isoclinal folds with axial
planes (sub)parallel to the foliation (Sinigoi et al., 1983). Moreover,
Beltrando (2021) provided evidence that the observed deformation
pattern was produced entirely during the pure shear flow regime in
which the regional foliation developed.

The two pyroxenite suites were interpreted as cumulates crystallized
from S-saturated melts uprising from the asthenosphere during multi-
stage late melt influx ca. 370 Ma (Ogunyele et al., 2024) into
stretched continental lithospheric mantle (Wang and Becker, 2015b).
The Nd-Sr isotope signature of both pyroxenite suites reveal restricted
variations ranging between mid-ocean ridge basalt (MORB-) and ocean
island basalt (OIB)-like values and are similar to those obtained for the
enclosing peridotites (Sinigoi et al., 1983; Shervais and Mukasa, 1991;
Rivalenti et al., 1995; Mukasa and Shervais, 1999). These constraints are
consistent with the REE signature of clinopyroxenes investigated from
the Cr-diopside suite showing the MORB-like affinity (Ogunyele et al.,
2024). Notably, the highly siderophile and chalcophile element contents
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revealed strong fractionation of these elements between the studied
pyroxenite suites during magma transport within the mantle (Wang and
Becker, 2015b), caused by the magmatic evolution and interaction be-
tween the melts and enclosing peridotites.

2.2. Sulfide and metal content characteristics

In the Balmuccia peridotites, primary Ni-Cu-Fe polyphase sulfide
grains are associated with spinel, typically in interstitial position to
silicates, with a minor contribution of secondary sulfides (Garuti et al.,
1984). The sulfide grains rarely exceed 500 pym in size; they are unevenly
distributed throughout the rock, with an average frequency of 8-12
grains per cm?. In places, small sulfide grains (10-30 pm) are enclosed in
silicates (Wang et al., 2013; Wang et al., 2018b; Zou et al., 2019).
Additionally, Garuti et al. (1984) reported extremely fine pyrite grains
along alteration veins. The low proportion of sulfides in the peridotites is
reflected in the average whole-rock Cu content from 26.1 + 3.0 ppm (n
= 14) (Garuti et al., 1984) to 29.2 + 3.0 ppm Cu (Wang and Becker,
2015a; Huang et al., 2017).

In contrast to peridotites, the sulfides are relatively abundant in both
Balmuccia-hosted pyroxenite suites. They typically form 50 — 500 pm
polyphase grains, which locally exceed 1 mm in size. These grains
mainly comprise pentlandite, chalcopyrite, and pyrrhotite (Wang et al.,
2018b). Based on the mass balance calculations, it was documented that
sulfide grains host > 98 wt% of the Cu budget of the pyroxenites (Zou
et al., 2019). The whole-rock concentrations of S, chalcophile, and
highly siderophile elements in the Balmuccia pyroxenites were subse-
quently investigated by Garuti et al. (1984) and Wang and Becker
(2015a; 2015b). The early study of Garuti et al. (1984) reported that one
pyroxenite dyke included high concentrations of Cu (97.5 ppm) and S
(640 ppm). Consequently, the positive correlations observed between
the S and sulfide-loving metals indicate that Balmuccia pyroxenites are
sulfide- and metal-rich (see also Zou et al., 2019). Specifically, the S
concentrations are up to one order of magnitude higher in pyroxenites
(average value of 977 ppm, n = 19) than in peridotites (197 ppm (n =
11); Garuti et al. (1984) and 161 ppm (n = 9); Wang and Becker
(2015a)). The same pattern is observed for Cu, with pyroxenite con-
centrations ranging from 90 to 484 ppm (average 189 + 88 ppm (1SD),
n = 16). In contrast to pyroxenites, the dunites hosted by Balmuccia
peridotites have low S (<30 ppm) and Cu (<5 ppm) contents, except for
one sample having 73 ppm of S and 25 ppm of Cu (Wang and Becker,
2015a). The whole-rock Cu isotopic signature of Balmuccia mantle rocks
was also assessed (Huang et al., 2017; Zou et al., 2019), providing
variable §%°Cu values for peridotites (-0.13 %o to + 0.38 %o) and py-
roxenites (—0.66 %o to + 0.66 %o).

3. Methods
3.1. Sample collection and preparation

To investigate the sulfide and associated metal distributions, we
sampled 8 pyroxenite dykes comprising both Cr-diopside (6) and Al-
augite (2) suites together with their adjacent peridotites (Fig. 1b), pre-
paring 29 thin rock sections and 24 hand-sized samples for whole-rock
analyses (Table S1). Additionally, four reference peridotites from the
Balmuccia quarry, devoid of pyroxenites, were sampled and investigated
by whole-rock and in-situ methods to complete the entire set of samples
and provide a geochemical background. To prepare the pyroxenite-
peridotite transects, we cut off the slices of the entire rock samples
from which the thin section billets were cut out to prepare 50-um-thick
polished thin sections. For each pyroxenite-peridotite contact, we pre-
pared thin section including both lithologies and defined them as ~ 2-
cm-thick wall rocks. The remaining fragments of the rocks were cut into
pieces comprising the pyroxenite dyke, wall rock peridotite (4-cm thick)
and host peridotite (Fig. 1d-e). Rock subsamples defined for whole-rock
analyses were carefully cleaned with a Hermes SiC sandpaper (grit size
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P120) to remove potential saw contamination and washed in distilled
water using an ultrasonic cleaner (3 times for 10 min). The rock slices
were subsequently crushed to gravel fraction using a Retsch BB51
tungsten carbide jaw crusher. A representative portion (100-250 g) of
the crushed material was ground by a tungsten swing mill at the Institute
of Geological Sciences, University of Wroclaw, Poland.

3.2. Petrographic description and quantitative mineralogy

The general mineral composition of silicates (Table S1) and sulfide
grains (Table S2) and their abundances in polished thin sections were
determined under reflected light using Zeiss Axioplan 2 imaging optical
microscope at the Institute of Geology, Adam Mickiewicz University in
Poznan, Poland. Simultaneously with the petrographic description for
most of the described sulfides, the reflected light images were taken and
used for further analyses and calculations. Each sulfide grain was
described, including the grain position with respect to silicates, the
shape, and the approximate size (Table S2). This description allowed us
to calculate the cumulative areas of polyphase sulfide grains and the
areas of the different sulfide phases. In addition, detailed calculations of
silicate modes were performed based on the point-counting method,
utilizing the entire thin section images taken under transmitted light
(plane and cross-polarized light) at the Institute of Geological Sciences,
University of Wroctaw, Poland, and analyzed using ImageJ (Roduit,
2007) software.

3.3. Whole-rock analyses

3.3.1. Major and trace element compositions

The major element data (Table S3) for the studied samples were
determined using X-ray Fluorescence (XRF) spectroscopy at the Federal
Institute for Geosciences and Natural Resources (BGR), Hannover,
Germany. To measure the major element contents, pressed powder
pellets were prepared and comprised 1 g of sample and 5 g of LiBO,,
which were mixed and melted for 20 min at 1200 °C. The tablets were
analyzed with a wavelength-dispersive PANalytical AXIOS X-ray spec-
trometer equipped with a Rh X-ray tube. The X-ray spectrometer was
calibrated using a total of ~ 150 certified international reference ma-
terials. Total loss-on-ignition (LOI) was measured on pre-dried powders
and after ignition at 1030 °C in a muffle furnace for 10 min. Specifically,
the accuracies are mostly < 3 rel.% (RSD, relative standard deviation;
relative values refer to the measurements in relation to used reference
materials, expressing how close the measured value is to the reference
value), with two exceptional values of 5.3 and 5.6 rel.% for NayO and
MnO. Precisions are < 2 rel.% (RSD), with more varied values for Na,O
(9.1), K50 (17.4), TiO2 (9.1), and P20s (39.8 rel.%).

Trace element data (Table S3) were obtained at Activation Labora-
tories Ltd., Canada, utilizing the Ultratrace 5 analytical package, which
is a combination of Instrumental Neutron Activation Analysis (INAA)
and 4-acid digestion in a sequence of perchloric, hydrofluoric, hydro-
chloric, and nitric acids further, followed by analysis by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). For all samples (except
for WR75) > 30 g of powder was encapsulated in a polyethylene vial for
INAA measurements to counteract the heterogeneous distribution of
precious metals. A detailed description of the multi-method analysis is
available in the Ultratrace 5 — Total Digestion — ICPMS, INAA subsec-
tion of the Methods section of the Actlab website (https://www.actlabs.
com). Selected samples for the present study and Contact Series samples
were measured within the same analytical session, and therefore, the
accuracies and precisions are available in Pieterek et al. (2024),
invariably < 20 rel.%. (RSD) The correlation matrix for major and trace
elements is reported in Table S4.

3.3.2. S isotopes
The whole-rock S concentrations (Tables S3 and S5) were measured
using an ELTRA CS580 carbon-sulfur analyzer at the Institut of Geology
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and Paleontology, University of Miinster, Germany. Approximately
75-100 mg of sample powder and 0.4-0.9 g of V205 were placed in a
porcelain crucible, combusted in an oxygen atmosphere at 1350 °C, and
analyzed via infrared spectroscopy. The crucibles were beforehand
heated to 1200 °C in a muffle furnace for several hours to remove po-
tential sulfur compounds. We achieved a precision of 3.3 % (double
relative standard deviation; 2RSD) and an accuracy of 3.6 % (2RSD)
based on the reference material with 1.41 % S. Especially in those
samples with low S content, the analyses have been duplicated (n = 5) to
control the heterogeneity of the sample and S concentrations. We ach-
ieved a precision of 7.0 % (2RSD). Isotopic analyses were conducted at
the same laboratory applying a sequential wet chemical technique
following Canfield et al. (1986), thereby liberating acid volatile sulfide
sulfur (AVS) and Cr-reducible sulfur (CRS). For all investigated dykes,
the S was extracted sequentially as AVS and CRS, whereas for perido-
tites, except for sample WR16, the S was extracted together as Ag>S
(Table S5). In this study, the methodology was identical as described in
Pieterek et al. (2024), using the same reference material (Vienna Canyon
Diablo Troilite) and spectrometer. The average relative uncertainty of +
0.06 %o (20) for 534S was achieved.

3.4. In-situ analyses

3.4.1. Scanning electron microscope

To characterize the microtextural relations occurring at the interface
between pyroxenite dykes and hosting peridotites, we used a scanning
electron microscope JEOL JSM-IT100 In-Touch-Scope™ with EDX Ox-
ford detector at the Institute of Geological Sciences, University of
Wroctaw, Poland. Element distribution maps (Figs. S1-S4) of single
frames were collected at a magnification of 50 times for whole sections,
automatically merged, and divided into phases. Identification of each
phase was conducted manually.

3.4.2. Electron microprobe

Major element composition of sulfides (Table S6) were determined
using a Cameca SX-Five electron microprobe (EMPA) at the Laboratory
of Electron Microscopy and Electron Probe Micro-Analysis of the Faculty
of Geology, University of Warsaw, Poland. Standard materials for sul-
fides include oxides (CoO, NiO, and Fe;03), sphalerite (S), chalcopyrite
(Cu), and tellurites (Ag). The analyses were carried out with an accel-
eration voltage of 25 kV, a current of 15nA, and a focused beam. The
detection limits, accuracy, and precision of the EPMA measurements are
provided in Table S6.

3.4.3. S isotope analyses

To acquire in-depth insights into S isotope compositions, the whole-
rock S isotope analyses were supplemented by in-situ 328 and 34S isotope
measurements (Table S7) in sulfide phases (pyrrhotite, chalcopyrite,
pentlandite, and pyrite). Analyses were conducted by Sensitive High-
Resolution Ion Microprobe (SHRIMP Ile/MC) at the Micro-area Anal-
ysis Laboratory, Polish Geological Institute — National Research Insti-
tute (PGI-NRI), Warsaw, Poland. Rock subsamples (n = 12 for the entire
profile) containing the largest sulfide grains were cut out from thin-
section billets and sample remainders and mounted along with refer-
ence materials, including the Cpyl and Cpy2 chalcopyrites (Li et al.,
2020), Sudbury pyrrhotite (Fiege et al., 2014), JC-Po pyrrhotite and IC-
Pn pentlandite (Chen et al., 2021), as well as Ruttan and Park City py-
rites. The prepared mounts were embedded in epoxy resin, polished, and
coated with gold. The analytical spots were selected using an optical
microscope and BSE images using an SU3500 SEM (Hitachi, Tokyo,
Japan) at the PGI-NRI. Analyzed sulfides were bombarded with a high
energy primary beam of Cs + ions in a high vacuum with a spot diameter
of 26 ym and a depth of < 5 ym. A different primary beam was used for
the different sulfide phases, namely 5nA for pyrrhotite, 4nA for chal-
copyrite, and 3nA for pentlandite and pyrite. The acceleration voltage of
15 kV and mass resolution (M/AM) of 2000 were used for all analyses.
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Data were reduced using the POXY software and are presented in
Table S7.

Reference materials were measured at every three analytical spots to
monitor the quality of the conducted analyses. The Sudbury pyrrhotite is
characterized by a 534S reference value of + 2.4 & 0.2 %o (16) measured
in solution using the Kiba extraction method (Ripley et al., 2011). The
obtained average value of + 2.41 + 0.14 (2SD; n = 23) with an accuracy
of 0.4 % (2RSD) and precision of 5.9 % (2RSD) matches the reference
value. The S isotopic composition of the chalcopyrite reference materials
was previously measured using secondary ion mass spectrometry by two
independent laboratories (Centre for Ore Deposit and Earth Sciences at
the University of Tasmania and Geochronology Laboratories, Chelms-
ford, MA); the 534S reference values are + 1.4 % 0.2 %o (16) for the Cpyl
standard and — 0.7 £ 0.5 %o (1 o) for the Cpy2 standard, respectively.
During the analytical session, we obtained a reference value of + 1.41 +
0.10 %o (2SD; n = 19) for Cpyl, revealing an accuracy of 0.8 % (2RSD)
and a precision of 6.9 % (2RSD). The JC-Pn reference material has a 5%4s
value of — 0.09 & 0.15 %o (2SD) (Chen et al., 2021), whereas we ob-
tained an average value of — 0.09 + 0.23 %o (2SD; n = 38) with an ac-
curacy of 0.6 % (2RSD). Although we measured two pyrite reference
materials during an analytical session, our results were standardized to
Rutan pyrite, which provided more consistent results than the Park City
pyrite, yielding an average §>*S value of 1.20 + 0.29 %o (2SD; n = 10).

3.4.4. Fe isotope analyses

The Fe isotopes of sulfides (pyrrhotite, chalcopyrite, and pentlandite)
were measured using a femtosecond laser ablation system (fs-LA) (based
on a Spectra-Physics Solstice, USA) coupled to a NeptunePlus (Thermo
Scientific, Germany) multi-collector (MC) ICP-MS at the Institute of
Earth System Sciences, Leibniz University Hannover, Germany. Mea-
surements were carried out as described by Horn et al. (2006) and Oeser
et al. (2014) and results were reported relative to IRMM-014 standard as
5°°Fe and 8°"Fe (i.e., deviations of 56Fe/54Fe and 5"Fe/*Fe relative to
the IRMM-014 standard expressed in %o). Notably, we used a Ni standard
solution (NIST SRM 986) for mass bias correction of pyrrhotite and
chalcopyrite, however, only sample-standard bracketing without Ni
mass bias monitor for pentlandite (as the latter contains a significant
amount of Ni). In addition, an in-house JM puratronic (PURA) Fe-
standard (99.995 % Puratronic, Johnson Matthey, lot No.
FE495007IF2) was measured at the beginning of and within each
analytical session to verify that both, 5°°Fe values with and without Ni
mass bias correction agree with those previously reported by Horn et al.
(2006) and Oeser et al. (2014). For each analytical session, the average
5°°Fe values of PURA, including Ni mass bias correction, is reported in
Table S8. All sulfides and standards were ablated along 45- to 60-pm-
wide lines that, in most cases, created raster to provide a stable
analytical signal. The laser frequencies of 11-20 Hz for standards and
25-125 Hz for sulfides were used. We have achieved a double standard
deviation of replicate standard measurements (2 RSE) of < 0.1 %o (in
656Fe; Table S8).

4. Results
4.1. Characteristics of peridotite-pyroxenite textural relationships

The investigated Balmuccia-hosted layers and dykes are classified as
websterites and comprise anhedral grains of clinopyroxene and ortho-
pyroxene and minor amounts of olivine, sulfides, and spinel (Fig. S1a).
Pyroxenes form anhedral, slightly elongated crystals contacting at triple-
points, whereas olivine occurs as inclusion within orthopyroxene. The
host and wall rock peridotites are formed of olivine, orthopyroxene,
clinopyroxene, and spinel, characterized by protogranular texture
(Table S1). Utilizing the EDS-based thin section maps, we reported
different textural characteristics of the peridotite-pyroxenite contacts
(Figs. 2a-c and S1-S4). Considering the contacts between the thick (>4
cm up to 20 cm) Cr-diopside websterite dykes and wall rock peridotite,
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peridotites with respect to pyroxenites, which overall display an average
content ranging from 0.0004 to 1.22 vol%o with an average value of 0.3
+ 0.3 vol%o (1SD; n = 15). Specifically, in the wall rock peridotites
adjacent to thin pyroxenite dykes (samples TS45-46 and TS48-49), the
sulfide content is 2-3 times lower than in the adjacent pyroxenites
(Fig. 4). Compared to pyroxenites, the host peridotites are characterized
by lower sulfide contents yielding a range from 0.09 to 0.33 with an
average of 0.21 + 0.10 vol%o (1SD; n = 8). The reference value for
country Balmuccia peridotites in this study is 0.12 + 0.03 vol%o. (1SD; n
= 3). However, one sample of reference peridotite collected from the
Balmuccia quarry reveals an exceptionally high value of 0.71 vol%o
(Table S2) with respect to others from the same site. The same
decreasing trend is observed for the average size of sulfides (Table 1). All
sulfide phases (pyrrhotite — Pyh, [Fe;S]; chalcopyrite — Ccp, [CuFeSs];
pentlandite — Pn, [(Ni,Fe)gSg]) are significant within the central part of
dykes and adjacent wall rock pyroxenites, displaying an average size of
61 and 49 um for Pyh, 48 and 56 um for Ccp, and 92 and 93 um for Pn,
respectively. The Balmuccia peridotites host sulfides with an average
size of 27 um for Pyh, 29 pm for Ccp, and 56 um for Pn (Table S2).
The sulfides mainly occur as polyphase grains, except rare mono-
phase pentlandite or chalcopyrite grains, forming mainly irregular and
angular grains in the interstitial positions (>95 %) to silicates. The
difference between the pyroxenite dykes and mantle peridotites is also
highlighted by the morphology of the sulfides. On average, 72 % of
sulfide grains hosted by the dykes and 71 % of the wall rock pyroxenites
have an angular morphology, with decreasing contribution in perido-
tites: from 61 % for wall rock, 56 % for host, and 49 % for reference
peridotites, respectively. Consequently, the contribution of rounded and
elongated sulfide grains increases in the opposite trend from peridotites
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(28 and 16 %, respectively) to dykes (19 and 9 %, respectively)
(Table S2). The sulfides form massive crystals typical for igneous origin
with slight alteration by secondary sulfides, e.g., pyrite and bornite were
recognized only in one sample of Al-augite pyroxenite (TS26 and 24)
and Cr-diopside pyroxenite (TS04), respectively. In addition, cubanite
(CuFe,S3) crystals occurring at the rims of sulfide grains in association
with chalcopyrite were detected in nine thin sections, mainly within the
pyroxenite dykes (Table S6). Furthermore, the dominant sulfides are
locally associated with small (<20 um) sulfide blebs or veinlets occur-
ring along the crystal contacts and fractures that have not been
accounted for in thin section-based calculations.

Based on sulfide mode calculations, we found that the Balmuccia
peridotite-hosted sulfides are dominated by pentlandite (on average
71.0 %; n = 27). The contribution of pyrrhotite and chalcopyrite grad-
ually increases, associated with a decrease of the pentlandite proportion,
towards the pyroxenite dykes. Specifically, the inherent sulfides display
different mean assemblages: 1) Pyh;¢CcpyPny for host peridotites, 2)
Pyh;7Ccp13Pnyg for wall rock peridotites 3) Pyh;;CcpigPngy for wall
rock pyroxenites, and 4) PyhygCcpi2Pnsg for pyroxenites.

4.3. Whole-rock compositions

The degree of chemical evolution of the pyroxenite dykes is
expressed by the whole-rock Mg-number (Mg# defined as 100 x [molar
Mg/(molar Mg + molar Fe)]). In contrast to the nearly homogenous
compositions of peridotites (e.g., average Mg# of 90.0 + 0.7; 1SD; n =
22), the pyroxenite dykes display variable Mg# depending on the li-
thology. In the set of peridotites, we found two harzburgite samples with
a high Mg# of 91.7-91.8. The Al-augite pyroxenites have lower Mg#

Fig. 2. Peridotite-pyroxenite (Per-Px) contact interfaces and sulfide textures observed in this study. (a-c) Examples of the studied contacts between the Balmuccia
mantle peridotites and pyroxenites, highlighting the reactive contact interface of thick Cr-diopside websterite dyke (a), sharp contact interface of moderate thickness
dyke (b), and thin (~<1 cm) Cr-diopside websterite dyke enveloped by orthopyroxene rims (c). All panels (a-c) are scaled the same having a 4-cm length. White
arrows mark the extent of the pyroxenites whereas the white dashed lines defines the approximate margins of the studied dyke. Yellow circles mark the location of
sulfides. (d-g) Polyphasic sulfide grains of the Balmuccia peridotites (d-e) and pyroxenite dyke (f-g) comprising pentlandite (Pn), chalcopyrite (Ccp), and pyrrhotite

(Pyh) hosted interstitially to silicates. TS refers to the thin-section number.
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(83.8-88.1) than the Cr-diopside pyroxenites (88.7-91.9, with an
average of 90.1 £+ 1.1, 1SD; n = 6) (Fig. 2). Independently of Mg#
(Fig. 3a and Table S4), the increased content of sulfides in the pyroxenite
dykes and their decreasing contribution in peridotites is expressed by
the whole-rock metal contents. The sulfide-poor peridotites have on
average 150 + 81 ppm S (1SD; n = 20; ranging from 12 to 402 ppm S)
and 29 + 20 ppm Cu (1SD; n = 20; ranging from 2 to 97 ppm Cu),
whereas the pyroxenite dykes display an average ~ 7-time increase of S
content, which ranges from 491 to 1776 with an average value of 917 +
384 ppm (1SD; n = 8), and ~ 8-time increase of Cu concentration, being
between 170 and 367 ppm with an average of 227 + 58 ppm (1SD; n =
8). The same trend is also expressed by Ag, which is low in peridotites
(from below detection limits to up to 22 ppb; an average of 7 + 4 ppb;
1SD; n = 20), and relatively high in pyroxenites (27-126 ppb, with an
average of 62 + 27 ppb, 1SD; n = 8). These elements overall provide the
same trends, as expressed by high correlation values of R% = 0.98 for Cu
vs. Ag and 0.96 for Cu vs. S (Fig. 3c-d). The correlation matrix calcu-
lations also document that Sc positively correlate with S in the pyroxe-
nites (R? = 0.91). Additionally, the concentrations of Sr, Ga, Cs, Ce Zr,
and Y are higher in the pyroxenites than in the peridotites, even if the
correlation values to S are relatively low (0.46-0.72 R2). Furthermore,
the nearly homogenous composition of Se throughout all the studied
rocks (from 0.2 to 3.7 ppm) and the high S contents of the pyroxenites
result in variable S/Se ratios, with average values of 148 + 164 (1SD; n
= 20) and 897 + 761 (1SD; n = 8), for peridotites and pyroxenites,
respectively. Molybdenum and As display an opposite trend and are
prone to have higher concentrations in peridotites (0.21 + 0.15 and 1.6
+ 0.8 ppm; 1SD, n = 20) than in pyroxenites (0.15 + 0.07 and 1.3 + 0.2
ppm; 1SD, n = 8).

Notably, the distinction of the studied transects into different sectors
might be biased due to the sample cutting and the heterogeneity of rock
samples. Hence, comprehensive and simultaneous in-situ petrological
observations (Section 4.2) are crucial for assessing sulfide fertilization
quantitatively. Here, in all cases, the whole-rock metal contents follow
the microscopy-based sulfide content calculations (correlation between
Fig. 4b and g), highlighting the high quality of the conducted analysis.
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4.4. Sulfide compositions

The sulfides were analyzed for major elements throughout the
studied transects (15 thin sections with a total of ~ 1580 analyses)
(Table S6). Most Fe-rich sulfide phases are classified as pyrrhotite,
approaching a troilitic composition (FeS; inferred for > 62.5 wt% of Fe;
n = 406) with several examples (e.g., TS25 and 26) having Fe content of
< 61.7 wt% and metal/S ratio of 0.97-0.98. Whereas the Ni content in
Fe-rich pyrrhotite is homogenous and low (<0.10 wt%), the pyrrhotite
with relatively low Fe has variable Ni (0.02-0.69 wt%, n = 57). Chal-
copyrite is, on average, composed of 34.5 + 0.3 wt% S, 34.0 + 0.9 wt%
Cu, and 30.4 £ 0.8 wt% Fe, consistently displaying stoichiometric Cu/
(Cu + Fe) ratios of 0.50 & 0.01 (1SD; n = 375). In-situ measurements
also revealed the occurrence of stoichiometric cubanite within 9 thin
sections containing an average 40.4 wt% Fe and 23.4 wt% Cu providing
a Cu/(Cu + Fe) ratio of 0.34. Moreover, only one grain (two analytical
spots) of bornite CusFeS4 was measured and gave a Cu content of 58.8 wt
% and a Metal/S ratio of 1.37. Pentlandite has a metal/S ratio between
1.05 and 1.14 with an average value of 1.11 + 0.01 (1SD, n = 750), close
to the stoichiometric formula of MegSg. The Co content of pentlandite is
low in peridotites and Cr-diopside pyroxenite dykes (<0.7 wt%),
whereas it is higher in Al-augite pyroxenite dykes providing average
values of 1.7 (TS26) and 4.0 wt% (TS70). The Ni/(Ni + Fe) ratio of
pentlandite is 0.43 + 0.02 (1SD; n = 750).

4.5. Sulfur speciation and isotope system in sulfides

Sulfur extracted from the studied samples was generally bound as
sulfide-S and exhibited variable concentrations depending on lithology
(Table S5). In general, peridotites have low sulfide-S content ranging
from 14 to 220 ppm (average value of 138 ppm; n = 19), with one
extremely low content of 1 ppm and one higher of 394 ppm measured for
a wall rock peridotite. In contrast, pyroxenites are rich in sulfide-S,
displaying concentrations of 325 to 1726 ppm with an average of 849
(n = 8). We did not observe any difference between different suites of
pyroxenites. These sulfide-S concentrations are in good agreement with
total sulfur (TS) contents (ratio > 90 %) for 16 of 27 analyzed samples.

Fig. 3. Harker diagrams illustrating the correlations between contents of a selected elements in the Balmuccia peridotites and pyroxenites. (a-b) Copper vs. S and Ag
contents providing positive correlations (R? of 0.96 and 0.98, respectively). The reference data for MORBs are from Jenner and O'Neill (2012) and Jenner et al.
(2012). (c) Copper content as a function of MgO contents in the Balmuccia mantle peridotites and pyroxenites. The dashed box is enlarged at the top right inset. (d)
Corresponding schematic diagram depicting the behavior of Cu and Ag in variable magmatic rocks and processes in relation to their MgO contents. Modified from

Wang et al. (2018a).
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Fig. 4. Summary plots displaying samples lithology, distribution, and selected compositional characteristics throughout the collected transect. (a-d) Compilation of
the whole rock-based results including Mg# (a), selected chalcophile elements (Ag, Cu) and S concentrations (b), bulk S/Se ratio (c), and bulk 5% signatures (d); (e)
a simplified lithological profile presenting the distribution of the studied samples including ultramafic dykes with their wall rock and host peridotites and reference
peridotites from the Balmuccia quarry. (f) The corresponding sulfide modes and their contents (g) within studied thin sections. Note that sulfide contents correlate
with bulk S/Se ratio as well as Cu as and Ag contents. The horizontal boxes through all panels mark the position of the studied pyroxenite dykes. Violet boxes refer to
Cr-diopside pyroxenite suite, whereas the beige boxes refer to Al-augite pyroxenite suite. The yellow box in panel c refers to the mantle range of S/Se ratios (Hattori
et al., 2002). The error bars in panel d refer to the standard deviation values. The precise locations of sampling sites are provided in Fig. 1. Numbers on both sides of

the profile refers to whole rock (WR) and thin section (TS) analyses.

However, we observed that S-poor samples have a lower TS/sulfide-S
ratio (Table S5), indicating a low amount and heterogeneous distribu-
tion of sulfides within the studied rock (for TS measurements, a small
amount of rock powder is measured compared to the extraction of
sulfide-S). The sulfate extraction did not reveal any S content in the
samples. The S isotopes were determined as total bulk sulfide-S and,
separately, as AVS-S and CRS-S. The contribution in sulfide-S of AVS-S
and CRS-S differ between samples, with no systematic variations
depending on sulfide modes. The bulk rock sulfide-S 53*S range from
-0.27 to 0.97 %o throughout the entire set of the studied samples without
any systematic differences between various rock types (Table S5, Fig. 4).
Notably, the CRS-S-derived §3*S have positive values (+0.18 to + 1.96
%o0), being in contrast to AVS-S-derived 3*S, which provides negative
values (-1.21 to -0.12 %o) with one positive value of + 0.35 %o
(Table S4).

The aforementioned whole-rock %S results obtained utilizing the
sulfur extraction are supplemented by in-situ SHRIMP measurements (n
= 168) that have been performed for all sulfide phases identified within
the separated polyphase sulfide grains (Fig. 5 and Table S7). Generally,
for all sulfide grains in which pyrrhotite co-occurs with other sulfides,
either pentlandite or chalcopyrite or both, it has higher §3*S than other
phases. The entire interval of 53*S measured for pyrrhotite span from
—-2.26 to + 1.39 %o (n = 18). Notably, we found two pyrite grains in the
Al-augite pyroxenite dyke VS1 (TS 24 and 26), which provided the
highest %S values (+1.61 and + 4.69 %o). As pyrrhotite is a minor
phase in peridotites and wall rock pyroxenites, sulfide grains in these
rocks predominantly comprise pentlandite and chalcopyrite. For 7 out of
8 investigated grains, pentlandite displays higher 5°*S values than
chalcopyrite, ranging from —2.04 to + 1.02 %o (n = 86) and from -3.88
to + 0.50 %o (n = 60), respectively. In only one sample (TS04), this trend
is reversed. In most cases, the standard deviation calculated for multiple
measurements of the same sulfide phase is < 0.5 %o (17 out of 25
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measured sulfides), indicating a relatively homogenous 83*S composi-
tion of the individual sulfide phases (Table S7). Based on sulfide modes
observed under the reflected light and BSE images, the weighted bulk
sulfide 5>*S range from —1.55 to + 0.58 % for the polyphase individual
sulfide grains (Fig. 5).

4.6. Iron isotopic composition of sulfides

The Fe isotopes of different sulfide phases were measured within
both the peridotites and the pyroxenite dykes (Fig. 6, Table S8). Pyr-
rhotite revealed consistently negative 5°°Fe values ranging from —1.44
to —0.36 %o, with an average value of —0.95 %o (n = 13) and broadly
similar average §°°Fe signature for peridotites and pyroxenites (—1.25 %o
and —0.82 %o, respectively). Chalcopyrite display positive 5°°Fe signa-
tures ranging from + 0.13 to + 0.99 %o, with an average value of + 0.42
%o (n = 17). As for pyrrhotite, there is no difference in 5°°Fe between
different lithologies. Namely, chalcopyrite has an average value of +
0.32 %o for peridotites (n = 7) and + 0.49 %o for pyroxenites (n = 10).
Pentlandite show a similar range of §°°Fe values as chalcopyrite (from
—0.33 to + 1.45 %o) with an average value of + 0.52 %o (n = 17).
Considering different lithologies, the measured pentlandite within Al-
augite pyroxenites have higher 5°°Fe values with an average of +
0.86 %o compared to the remaining pentlandites (Table S8). Based on
mass balance calculations for polyphase sulfide grains (n = 10), for
which all the identified sulfide phases were measured, the bulk sulfide
5°°Fe signatures in peridotites and pyroxenites from Balmuccia massif
range from —0.40 %o to + 0.50 %o (Fig. 6).
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Fig. 5. Compilation of the 534S signatures obtained for the ultramafic dykes within the Balmuccia massif. (a) Schematic lithological profile with locations of selected
samples for SHRIMP/Ile measurements. (b) Boxplot of the 3>*S signatures determined for all sulfide phases identified in a specific sample. The light violet band
represents mantle’s S isotopic composition considered 0 + 2 %o (Seal, 2006). n — number of analytical points. (c-e) Examples of separated sulfide grains under BSE
images with locations (dots) of analytical points and corresponding 534S values. The colors of the points correspond to the boxplots. The locations of the samples are

pointed by letters on the lithological profile.
5. Discussion
5.1. Sulfide mineralization in Balmuccia pyroxenites

The Balmuccia mantle pyroxenites were most likely formed by
mantle-derived melts exhibiting variation between OIB and MORB af-
finities, which migrated within the upper mantle, leading to its referti-
lization (Shervais and Mukasa, 1991; Rivalenti et al., 1995; Mukasa and
Shervais, 1999; Wang and Becker, 2015b; Ogunyele et al., 2024).
Although the pyroxenite-forming melts differed in composition and
temporal evolution, the primary mantle magmas originated from an
isotopically similar source region. These rocks have similar Nd-Sr iso-
topic signatures (Sinigoi et al., 1983; Shervais and Mukasa, 1991;
Rivalenti et al., 1995; Mukasa and Shervais, 1999) and our sulfide-based
studies have shown that these dykes share coherent sulfide character-
istics. These include comparable metal contents, sulfides mineralogy
(increased contribution of Pyh and Ccp in pyroxenites), abundance
(sulfide enrichment), and sulfide geochemistry (homogenous chemical
composition of sulfides) (Fig. 4). Despite these observations, Wang and
Becker (2015b) reported these two suites of pyroxenites differ in the
contents and ratios of chalcophiles and the highly siderophile elements.
This difference is likely caused by varied sulfide segregation and sulfide
melt-silicate melt partitioning during magmatic evolution and interac-
tion between the melts and peridotite in the mantle (Wang and Becker,
2015b). The adjacent mantle peridotites revealed relatively homoge-
nous sulfide contribution and mineralogy, however, distinctive from the
Balmuccia pyroxenites. In the present study, despite some differences
between the pyroxenite suites, we considered the Cr-diopside pyroxe-
nites and the Al-augite pyroxenites together to provide insights into the
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upper mantle metallogeny.

The subcontinental mantle P-T conditions (spinel facies) at the time
of pyroxenite formation enabled the melt-peridotite reaction and
segregation of the primary magmatic sulfide liquid. This liquid subse-
quently crystallized to monosulfide solid solution (MSS) and interme-
diate solid solution (ISS), which then recrystallized into low-
temperature (<650 °C) sulfide assemblages (Holwell and McDonald,
2010; Helmy et al., 2021; Mansur et al., 2021). Distinct sulfide phases
(pentlandite-pyrrhotite-chalcopyrite; Fig. 2d-g) exsolved from the MSS
and ISS upon cooling under stable conditions, and their recrystallization
was followed by subsolidus equilibration. The contribution of pent-
landite in peridotite decreases towards the dykes, as the pyrrhotite-
chalcopyrite assemblages are abundant in the pyroxenites (Fig. 4e).
This observation can be explained by the increased Ni content in the
mantle rocks, causing the MSS to be enriched in Ni and thus prone to
pentlandite crystallization. To some extent, the wall rock peridotites,
affected by the pyroxenite-forming percolating melts, display higher
contents of pyrrhotite and chalcopyrite, compared to the host peridotites
(Fig. 4). The predominantly interstitial and enclosed textural positions
of sulfides present both in the pyroxenites and peridotites, as well as the
same bulk composition of sulfides in both textural positions provide
evidence that the mantle-derived melts were supersaturated in sulfides
early upon the emplacement (Garuti et al., 1984; Patten et al., 2013;
Holwell et al., 2022). This inference is supported by the S/Se ratios and S
isotopic signatures of the pyroxenite dykes that are close to or within the
mantle values (Fig. 4) (Hattori et al., 2002), rejecting the involvement of
assimilated crustal material.

Cherdantseva et al. (2024b) suggested that volatile-rich phases
originating from carbonate melts could have facilitated enhanced sulfide
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Fig. 6. Summary of the §°°Fe signatures determined for sulfide phases in the ultramafic dykes within the Balmuccia massif. (a-c) Reflected light images of the
polyphase sulfide grains with approximated locations of measurement points and their corresponding 5°°Fe values. The insets report the mass balance calculations of
the bulk sulfide 5°°Fe signature based on the sulfide assemblage contribution. The thin section (TS) number is provided in the right top inset and refers to the
lithological profile in Fig. 4. Px — pyroxenite; Per — peridotite. (d) Compilation of the §°°Fe signatures obtained for different sulfide phases. The §°°Fe values for
pyrrhotite (Pyh) and chalcopyrite (Ccp) are scaled to the same axis, whereas pentlandite (Pn) results are shifted for better visualization. (e¢) Comparison of the 5°°Fe
signatures from this and other studies. The light violet band represents the average Fe isotopic composition (5°°Fe) of the terrestrial mantle 5°°Fe=+0.025 =+ 0.025 %o

(Weyer and Ionov, 2007; Craddock et al., 2013).

transport in magmatic processes. Hydrous minerals (e.g., phlogopite and
amphiboles) can also concentrate, for instance, Ni or Cu, effectively
controlling the metal flux (Farquhar et al., 1996; Ezad et al., 2024a). The
negligible occurrence of hydrous phases, such as amphibole, in both Cr-
diopside and Al-augite pyroxenite suites, along with the absence of
carbonate minerals, strongly suggests that sulfide transport occurred
independently of volatile-rich or carbonate melts. This interpretation is
further supported by the major and trace element compositions
observed across the pyroxenite suites, which reflect mantle-derived melt
processes with localized melt-peridotite interaction and sulfide segre-
gation. Additionally, the S and Fe isotopic signatures of sulfides from
both suites exhibit values consistent with mantle-derived processes,
further reinforcing the conclusion that metasomatism driven by volatile-
rich or carbonate melts did not play a significant role in the formation of
these dykes or associated sulfide enrichment.

On the other hand, as evidenced by an experimental study (Wang
et al., 2023), the melt flow velocity within the melt-rock reaction zones
is potentially high enough to drive sulfide droplets upwards. The higher
the melt flow and wider high-degree melt-rock reaction zones, the larger
the sulfide droplets are, and the more prone they are to be transported,
fertilizing the lithospheric mantle. Considering the lack of covert agents
promoting extended vertical sulfide transport (Cherdantseva et al.,
2024a) within the crystal mush, we asserted that sulfide migration was
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likely limited only to the subcontinental lithospheric mantle and not
further into the lower crust.

We reported the presence of negligible amounts of secondary sulfides
such as pyrite and bornite (Table S6). This observation aligns with the
sulfide mineralogy described by Garuti et al. (1984) for the Balmuccia
peridotites. We found these sulfides in both lithologies, which are more
abundant in the pyroxenites. Since these phases occur at the rims of the
primary sulfide grains, we mostly agree with Garuti et al. (1984) that
they were likely formed by the replacement and/or remobilization of
preexisting sulfide phases. Considering that these sulfide phases crys-
tallize at low temperatures, they were likely caused by shallow-depth or
near-surface alteration of the Balmuccia massif. Due to their small
amount and secondary origin, they were not considered in this study as
they do not contribute to the upper mantle metallogeny. In addition, we
also found cubanite crystals that might have exsolved from ISS below
210 °C (Mansur et al., 2021) or, in case of strong alteration which is not
the case here, represent the product of chalcopyrite replacement (Djon
and Barnes, 2012). Overall, the Balmuccia mantle rocks record pristine
sulfide mineralization, offering valuable insights into the undisturbed
mantle metallogeny.
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5.2. Refertilization of wall rock peridotites

The mantle-derived focused melts migrating throughout the sub-
continental lithospheric mantle likely interact with the hosting perido-
tites (Fig. 2a-c). This results in the reactive percolation of the melts into
the wall rock peridotites and their refertilization (Lorand, 1989a; Maz-
zucchelli et al., 2009; Borghini et al., 2020; Belousov et al., 2021; Bor-
ghini et al., 2022). This process in Balmuccia is traced by the lowering of
Mg# and Cr# in pyroxenes and spinels in peridotites at the contact with
pyroxenites (Mukasa and Shervais, 1999).

Based on the Balmuccia pyroxenites, Wang and Becker (2015b)
inferred that dissolved sulfides from the mantle peridotites may be
transported by percolating melts and subsequently precipitated, leading
to the refertilization of peridotites elsewhere in the mantle. Here,
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utilizing a detailed investigation of sulfides, we tracked the behavior of
sulfides at the interface between pyroxenites and peridotites, and
quantitatively defined the extent of sulfide fertilization into wall rock
peridotites (Fig. 7a). We observed a decreasing content of sulfides from
pyroxenites to host peridotites (Fig. 4). This trend is supported by the
whole rock geochemical analyses documenting that some of the wall
rock peridotites (4-cm-thick zone) have higher Cu, Ag, and S contents
(Fig. 3c and 4). Similar to our study, peridotites interbedded with py-
roxenite layered series in the eastern Pyrenean peridotites reveal higher
Cu and S content with respect to reference massive peridotites (Lorand,
1989a). However, this trend is not always observed for the Balmuccia
pyroxenite-peridotite association (Figs. 4 and 7). In particular, for thin
pyroxenite dykes (site VS5) we found that the wall rock peridotite
samples are depleted in sulfides with respect to both the dykes and host

Fig. 7. Contribution of mantle pyroxenites to the upper mantle metallogeny. (a) Schematic illustration showing the distribution of pyroxenite dykes within the upper
mantle with a two-scenario model of sulfide behavior during the melt-peridotite reaction (for more discussion see section 5.2). Depending on the dyke thickness, the
wall rock peridotite might have been refertilized by the percolating melts causing sulfide precipitation and thus, sulfide and chalcophile enrichment. In contrast, thin
dykes (~1 cm) highlighted by the sharp interface and reaction zone (Cr-diopside or dunite) most likely remobilized sulfides and incorporated them into the upward
migrating melts. (b) Compilation of the Cu content from various peridotite massifs and xenoliths in comparison with Cu content of mantle pyroxenites from Lanzo,
Eastern Pyrenees, Hannuoba, and Balmuccia. The error bars refer to 1SD. The grey boxes refer to the same massif, whereas the orange boxes highlight locations for
where Cu content has been determined for both lithologies. The reference value of Cu content for the mantle is from (McDonough and Sun, 1995), whereas numbers
above the symbols refer to: 1 — Garuti et al., 1984; 2 — Wang and Becker, 2015a; 3 — Lorand et al., 1993; 4 — Lorand, 1989a; 5 — Lorand et al., 1999; 6 — Wang

et al., 2018a.
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peridotites. This observation supports the notion that peridotite-hosted
sulfides might have been dissolved and remobilized due to the melt-
peridotite reaction (Fig. 7a) (Wang and Becker, 2015b). This is in
agreement with the experimental study of Wang et al. (2023), who
showed that with the increasing melt-peridotite reaction degree, dense
sulfide droplets can be easily transported upwards. In addition, Ezad
et al. (2024) and Blanks et al. (2025) demonstrated that the melting of
hydrous peridotites may occur at lower temperatures compared to dry
peridotites, controlling the metals flux and their distribution at the melt-
peridotite interface. The same trend for Cu content, as in our study, was
also reported by Lorand (1989b), who found a decreased Cu content for
wall rock peridotites of amphibole-rich dykes. These studies show that
migrating pyroxenite melts, either hydrous or not, likely affect and
control the sulfide and metal distribution in the enclosing peridotites.

In the present study, a relatively low Cu content in the wall rock
peridotite was only observed for the thin (~1 cm thick) Cr-diopside
websterite dykes in the VS5 sampling site. Hence, we propose that the
thickness of the pyroxenite dyke controlled the products and the extent
of melt-peridotite reactions and, therefore, the distribution of sulfides.
Namely, the thick pyroxenite dykes reveal a broad reaction zone with
the enclosing peridotites, which are thus refertilized with sulfides (sce-
nario #1; Fig. 7a). The slow cooling of the thick dykes resulted in a
prolonged melt-peridotite interaction, which allowed the sulfide-rich,
pyroxenite-forming melts to percolate into and through the wall rock
peridotite. In contrast (scenario #2), the fast cooling of the thin (~1 cm)
dykes caused the interstitial sulfides hosted by wall rock peridotite,
which are prone to melting and further remobilization compared to
silicates, to be dissolved and incorporated into the migrating melts
(Fig. 7a). Although our results allow us to infer the described scenarios,
the variety and heterogeneity of pyroxenite dykes hosted by Balmuccia
massif indicate that to constrain the refertilization process of enclosing
peridotites a dedicated study is needed.

Our observations point out the complexity of sulfide distribution
controlled by the pyroxenite dykes in the upper mantle. Although the
formation of pyroxenite dykes was associated with the segregation of
sulfides and refertilization of wall rock peridotites, the same generation
of pyroxenite-forming melts could have remobilized the restitic sulfides
enhancing the sulfide contents in the migrating melts.

5.3. Isotope fractionation in sulfides

5.3.1. S isotope system

Although the within-sample distribution of sulfides in the Balmuccia
peridotite massif is heterogenous (Garuti et al., 1984; Wang and Becker,
2015a; Wang and Becker, 2015b; Zou et al., 2019), the ratio between the
TS and extracted Sulfide-S contents, especially for the S-rich pyroxe-
nites, are mostly > 90 %, with almost all samples > 75 %, and with three
exceptionally low ratios for the samples characterized by the lowest
amount of S (Table S5). Indeed, some of the discrepancies could be
caused by incomplete combustion of sulfate-S in the furnace or from
incomplete extraction of sulfur during the sequential wet chemical
extraction procedure (Oeser et al., 2012). However, our results
demonstrate that S is primarily incorporated into sulfides, which aligns
with the minimal alteration of the studied rocks. For all the pyroxenites,
we conducted the S extraction both by AVS and CRS methods, which
revealed CRS 5°4S invariably higher than AVS 54S. Theoretically, AVS is
related to monosulfide phases such as, for example, pyrrhotite, whereas
CRS includes disulfide phases such as chalcopyrite and pyrite (Oeser
et al, 2012). The difference between the AVS and CRS %S values
(A%*Savs.crs) ranges from + 0.52 to + 2.12, indicating S isotope frac-
tionation between sulfide phases. Considering the total 5>4S values, we
observed no trends along the studied transects or between the lithol-
ogies. The total 53*S overall ranges from —0.27 to 0.97 %o, being in the
interval of mantle-derived S (0 + 2 %o; Ripley and Li, 2003; Seal, 2006;
Shanks, 2013) and therefore suggesting a pristine mantle origin for the
pyroxenite-forming melts. Besides the mantle-hosted dykes, the §3*S
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signature of ultramafic rock bodies (called pipes) in the adjacent Mafic
Complex similarly reveals nearly homogeneous compositions, with
values close to zero (+-0.04 to + 2.1 %o) (Garuti et al., 1986; Garuti et al.,
2001).

To provide in-depth insights into the S isotope fingerprint of the
different sulfide phases, we examined sulfide grains cut out from the
same samples for which whole-rock sulfur extraction and isotopic
measurements were performed. The natural S isotope variability among
magmatic sulfide phases has already been highlighted by in-situ mea-
surements (Li and Liu, 2006; Seal, 2006; LaFlamme et al., 2016). The
theoretical calculations of the S isotope fractionation over the temper-
ature range from 1000 °C to crystallization indicated 3*S enrichment in
pyrrhotite compared to chalcopyrite (Li and Liu, 2006). The theoretical
considerations are consistent with our results, as pyrrhotite invariably
has higher 84S than the other magmatic sulfide phases. Notably, the
analyzed polyphase sulfide grains are Ni-rich, predominantly containing
pentlandite, and we typically observed that the 5**S of pentlandite is
higher than that of chalcopyrite and lower than that of pyrrhotite
(Fig. 5). The observed trend is consistent with the results obtained for
similar multiphase sulfide grains of Long-Victor nickel-sulfide deposit,
for which the fractionation was related to the natural affinity of 3*S to
pyrrhotite over pentlandite (LaFlamme et al., 2016). In the case of sul-
fide grains in which pentlandite coexists with pyrrhotite, the 534S dif-
ference between these phases ranges from 0.3 to 1.4 %o, with one
exceptionally high value of 2.1 %o (Table S7). The calculated A34Spyr,
thotite-pentlandite iS located in previously proposed range of 0.7-1.0 & 0.5
%o (LaFlamme et al., 2016) and supported by the results (variability of <
0.5 %o) provided for the ultramafic rock bodies in the adjacent Mafic
Complex (Fiorentini et al., 2018). Considering the §%S difference be-
tween coexisting pyrrhotite and chalcopyrite in selected samples, the
A%*S ranges from 0.2 to 1.1 %o. The calculated values of S isotope frac-
tionation between pyrrhotite and chalcopyrite is only 0.4 %o at 650 °C
(Li and Liu, 2006), a temperature of ISS recrystallization. Although the
observed §*S fractionation exceeds the theoretical values, a difference
of 3.6 %o was also reported in magmatic sulfides of the lower oceanic
crust (Pieterek et al., 2022). These results indicate that S isotopic
equilibrium was not maintained during (re)crystallization of sulfide
liquid. Subsequently, the S isotope composition might have been
disturbed by kinetic fractionation effects related to mass-dependent
fractionation processes and S diffusion between the sulfide phases
upon subsolidus (re)crystallization (Seal, 2006). Furthermore, the 533
can depend on the relative proportions of sulfide phases being in equi-
librium in the studied sulfide grain. However, such inference can be
biased by the two-dimensional nature of the conducted analyses.

Besides the typical magmatic assemblages with negligible amounts
of secondary sulfides, the selected grains for SHRIMP measurements
revealed the presence of small (~50 um) pyrite grains (Fig. 5d). Pyrite
provided 534S values that are typically at variance compared to those of
the other sulfides of clear magmatic origin. Indeed, pyrite occurs at the
margin of polyphase sulfide grains, indicating an origin by replacing
magmatic sulfides. The 53*S signature of pyrite is beyond the mantle
range (Seal, 2006), with 534S values similar to those of sulfides from
crustally contaminated ultramafic bodies at the base of the adjacent
Mafic Complex (Fiorentini et al., 2018). Some ultramafic rocks locally
provided high §%*S (>5.0 %) of the pentlandite and pyrrhotite, sug-
gesting the input of crustal contamination during the magmatic ore-
forming processes. Therefore, the 5**S of pyrite could reveal an inter-
action between fluids derived from S-bearing crustal rocks and
magmatic sulfides initially present in the mantle. Interestingly, the
comparison between the §3*S determined for different sulfide phases
and whole-rock 5°%S determined as AVS and CRS question the current
inference about the affinity of AVS to monosulfide phases and conse-
quently CRS to disulfide phases (Oeser et al., 2012). For instance,
chalcopyrite, which is disulfide, shows mainly negative 5°*S signatures
(from -3.88 to + 0.50 %o), whereas the 5°%Scgs values are positive
(+0.18 to + 1.96 %o). The whole-rock §*Scgs can be partially balanced
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by positive 53*S signatures of pyrite (+1.61 and + 4.69 %.). However,
the contribution of secondary sulfides in the studied samples is almost
negligible. The in-situ 534S values of monosulfide phases (pyrrhotite and
pentlandite) align with the range of 5%4Syys results. Altogether, our re-
sults support the persistent need for detailed analyses when small de-
viations of isotopic signatures are derived from the bulk rock analyses
(Bekker et al., 2009; LaFlamme et al., 2016).

5.3.2. Fe isotope system

Iron isotopes constitute one of the novel geochemical tools helpful in
characterizing the sulfide formation processes in the Balmuccia rocks.
The presence of large, polyphasic magmatic sulfide grains with minimal
alteration enabled us to study the §°°Fe signatures in different sulfide
phases, offering new insights into Fe isotope fractionation under sub-
continental lithospheric conditions. Brzozowski et al. (2021) and Ding
et al. (2019) documented opposite 5°°Fe values for coexisting sulfides.
Namely, negative signatures for pyrrhotite (median value of -0.61 %o
and -0.49 %o, respectively) and positive for chalcopyrite (median value
of + 0.30 %o and 0.96 %o) (Fig. 6). This trend was also observed by
Wawryk and Foden (2015), who measured 5°°Fe signatures of sulfides in
magmatic-hydrothermal deposits and obtained negative values (from
~1.0 %o to 0.0 %o) for pyrrhotite and positive (+0.28 %o to + 1.32 %o) for
chalcopyrite. These patterns for 5°°Fe in sulfides align with de-
terminations for single sulfide phases (Bilenker et al., 2018; Zhao et al.,
2019), indicating fractionation between different sulfide phases. More-
over, Brzozowski et al. (2021) highlighted that the large variability of
isotope signatures among sulfide phases may be best explained by
equilibrium isotope fractionation between the sulfide phases and their
relative portions in the samples.

The inherent segregated sulfide grains crystallized from an immis-
cible sulfide liquid, most likely being in equilibrium as base metal sul-
fides (BMS) upon cooling and subsequent re(crystallization) (Holwell
and McDonald, 2010; Mansur et al., 2021). Consequently, the Fe iso-
topes fractionated among various BMS, with the heavy isotope (°°Fe)
being preferentially incorporated into the mineral structure with the
highest bond stiffness (Schauble, 2004; Brzozowski et al., 2021 and
references therein). This resulted in the preferential incorporation of
light isotopes (>*Fe) into a MSS, which further recrystallized during
cooling (650° to 250 °C) to pyrrhotite-pentlandite assemblages. The
preferential partitioning of light Fe isotopes into MSS resulted in a re-
sidual Cu-rich liquid (which crystallized into a ISS at 900-800 °C) and
subsequently to chalcopyrite (650-250 °C) that is enriched in heavy Fe
isotopes. This is expressed by the positive 5°°Fe values determined in
this study (Fig. 6). As our samples lack MSS, which is fully recrystallized
to pyrrhotite-pentlandite or pyrrhotite-pentlandite-(chalcopyrite) as-
semblages, our constraints can be only established on the final sulfide
phases and their modal relationships recorded in thin sections.

Based on the experimental isotope-exchange data (Polyakov and
Soultanov, 2011), the Fe p-factor (defined as the equilibrium isotope
ratio of the substance of interest relative to the isotope ratio of disso-
ciated atoms) for troilite (iron-rich sulfide as pyrrhotite in our case)
should be smaller compared with chalcopyrite resulting in the heavy Fe
isotopes concentrated in chalcopyrite (for more detailed discussion see
Ding et al., 2019). This is in accordance with our observations as 5°Fe of
pyrrhotite ranges from —1.44 to —0.36 %o, whereas chalcopyrite displays
opposite values from + 0.13 to + 0.99 %.. Additionally, the extent of Fe
isotope fractionation between pyrrhotite and chalcopyrite is reported to
be in the range of 1.06-1.77 %o (Ding et al., 2019; Zhao et al., 2019;
Brzozowski et al., 2021) indicating Fe isotope equilibration in a cooling
sulfide liquid may persist at temperatures below 200 °C (Ding et al.,
2019). Our results fall within this range of Fe fractionation for the
pyrrhotite-chalcopyrite pairs, with values ranging from 0.93 to 2.00 %o
based on sample 5°°Fe average values (Table S8).

In magmatic sulfides, the amount of pentlandite within sulfide grains
remarkably contributes to the Fe isotope fractionation during the
recrystallization of MSS. Given that the pentlandites typically occur as
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small crystals (most often lamellae or flames), especially in the crustal
rocks (Ding et al., 2019; Jesus et al., 2020; Pieterek et al., 2022; Pieterek
et al., 2024), their 5°°Fe signatures are poorly constrained. For example,
due to the measurement limitations and small size of pentlandite crys-
tals, Ding et al. (2019) assumed that the Fe isotopic signature of pent-
landite was identical to that of measured pyrrhotite. However, as
evidenced by other studies (Bekker et al., 2009; Bilenker et al., 2018),
pentlandite is isotopically slightly heavier than pyrrhotite, by 0.06 +
0.08 %o in 5°°Fe. The §°°Fe values of pyrrhotite-pentlandite pairs that
recrystallized from MSS were also measured in gabbroic rocks from the
lower oceanic crust (Pieterek et al., 2022) and yielded the same opposite
§°CFe signatures as the pyrrhotite-chalcopyrite (MSS-ISS) pairs (Fig. 6
and Table S8). Chen et al. (2021) also found similar values, reporting
negative 5°°Fe values for JC-Po pyrrhotite (-0.34 + 0.07 %o; 2SD, n = 9)
and positive for JC-Pn pentlandite (+1.47 + 0.04 %o; 2SD, n = 4),
collected from the Jinchuan Ni-Cu-PGE sulfide deposit (North China
Craton). These results indicate that the ongoing subsolidus cooling
(650-250 °C) and subsequent recrystallization of MSS caused increasing
Fe fractionation between pyrrhotite and pentlandite. This is aligned with
the Fe p-factors determined for (Ni,Fe) S solid solution (Liu et al., 2022),
which decrease approximately linearly with the increasing Fe content.
Considering the lower Fe content in pentlandite (ranging from 33 to 39
wt%) with respect to Fe-rich pyrrhotite (>62 wt%), pentlandite should
have a higher Fe fp-factor and thus be enriched in heavy Fe isotopes
compared to co-existing pyrrhotite, which is confirmed by our results
(Fig. 6). In addition to pyroxenite-hosted sulfides, higher §°°Fe values of
pentlandites with respect to pyrrhotite (Fig. 6¢) are well detectable in
the studied Balmuccia peridotites as the amount of chalcopyrite is lower
than in pyroxenites and, therefore, MSS could have retained the parental
Fe isotope composition. In these sulfide grains, pentlandite pre-
dominates over pyrrhotite, and mostly displays positive 5°°Fe signatures
(e.g. TS24; TS15 Table S8) compared to pyrrhotite, thereby compen-
sating the bulk sulfide 5°°Fe values (Fig. 6¢).

This study also found some pyroxenite-hosted sulfide grains
comprising both pentlandite and chalcopyrite characterized by positive
5°6Fe values (sample TS14). As we may expect that these grains also
contain a higher amount of pyrrhotite (observed crystals were too small
for measurements) that has not been exposed on the thin section surface,
these results seem to be reasonable assuming the co-occurrence of pyr-
rhotite characterized by negative 5°°Fe. In addition to these observa-
tions, we measured the §°°Fe signatures in one peridotite sulfide grain
(sample TS15) consisting of pentlandite (~70 %) and chalcopyrite (~30
%) with no evidence for pyrrhotite, which display contrasting values
(~0.10 %o (n = 1) and on average + 0.32 %o (n = 3), respectively). Using
the Fe B-factor calculations provided by Liu et al. (2022), the lower Fe
content in chalcopyrite (ranging from 29 to 33 wt%) compared to
pentlandite should result in a higher Fe $-factor, and consequently, may
explain the higher 5°6Fe values observed for chalcopyrite. This indicates
that in the case of MSS recrystallization only to pentlandite, the pent-
landite likely retains the initial §°°Fe values provided during MSS-ISS
fractionation.

Given that the chalcopyrite as an ISS recrystallization product pref-
erentially incorporates heavy Fe isotopes, thus lowering the §°°Fe of co-
crystallizing MSS, which further recrystallizes to two sulfide phases
characterized by opposite §°°Fe, the Fe fractionation between the sulfide
grain assemblages is controlled by subsolidus cooling and the modal
amount of crystallized the sulfide phases and, therefore, also indirectly
by the chemical composition of the segregated sulfide liquid. Addi-
tionally, the §°°Fe values of pyrrhotite could have been affected by low-
temperature (<140 °C) exsolutions of troilite, which is isotopically light
relative to coexisting metal phases (Williams et al., 2006). Although the
troilite exsolutions have been found in the adjacent Contact Series rocks,
at the contact between the Balmuccia massif and Mafic Complex
(Pieterek et al., 2024), we did not observe any of them based on
petrographical observations in the studied samples. However, we cannot
exclude their presence, as the homogenous chemical composition of Fe-
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rich pyrrhotite (metal/S ratio of 0.98-0.99) is close to the stoichiometric
composition of troilite. The present study characterizes the Fe isotopic
signature of different sulfide phases of clear magmatic origin, doc-
umenting the 5°6Fe fractionation at various stages of BMS (re)crystal-
lization from segregated sulfide liquid. Despite the distinct §°°Fe values
for different sulfide phases, the mass balance calculations indicate a
relatively homogenous Fe isotope composition of mantle-derived sulfide
liquid (Fig. 6). We thus support the inference that Fe isotopes fractionate
at all stages of the sulfide (re)crystallization (Brzozowski et al., 2021).
To provide in-depth insights into Fe isotope fractionation among sul-
fides, the 5°°Fe compositions of coexisting silicates and spinel must be
addressed which is beyond the scope of this study.

5.4. Role of mantle pyroxenites in the metal transfer

The effective metal transfer throughout the lithospheric mantle and
crust is one of the most important factors controlling the formation of
the largest mineralizing systems on Earth. The Cu endowment is solely
controlled by sulfides (Blanks et al. 2025), whose distribution depends
on source composition and degree of mantle melting. Given that the IVZ
zone represents one of the best-preserved exposed sections of the lower
continental crust section with fresh mantle bodies devoid of any evi-
dence for metasomatism or crustal recycled materials, which has no
considerable porphyry ore deposits in the upper crust section, we have
an unprecedented opportunity to witness undisturbed, primary sulfide
mineralization and metallogeny of the subcontinental lithospheric
mantle and lower crust section. Primary mantle melts are considered to
contain higher concentrations of Cu (80-120 ppm; (Jenner et al., 2012;
Ding and Dasgupta, 2017) than the bulk lower continental crust (26 ppm
Cu; Rudnick and Fountain, 1995) and the Earth’s mantle (30 + 5 ppm;
McDonough and Sun, 1995). The difference between the Cu content
between the source melts and the considered lithospheric sections in-
dicates the crucial role of magmatic differentiation in sulfide segregation
and metallogeny (Fig. 7b). To explain the discrepancy in the Cu content
between mantle melts and lower continental crust, the formation of
deep-rooted sulfide-bearing cumulates was postulated (Lee et al., 2012;
Chen et al., 2020; Pieterek et al., 2024). Although these Cu-rich rocks
together with unevenly distributed crustal cumulates in the Mafic
Complex and overlying Kinzigite Formation (Garuti et al., 1986; Garuti
et al., 2001; Locmelis et al., 2016; Fiorentini et al., 2018; Locmelis et al.,
2021; Holwell et al., 2022) most likely constitute an important reservoir
of metals, their occurrence cannot fully explain the missing Cu content
due to their unclear structural relationship and insufficient contribution
in the lithospheric sequence. This implies that a remarkable proportion
of metals may be trapped and accumulated in the subcontinental lith-
ospheric mantle, thereby not reaching the crustal section (Fig. 7).
Therefore, the Balmuccia mantle body together with its pyroxenite
dykes constitutes an ideal exposure, defining the Cu metal budget of the
upper mantle. It may also highlights the substantial contribution of
pyroxenites for metal flux through crust-mantle transition, which was
previously overlooked and not accounted for in global metal budget
calculations.

Infiltration of the metal-enriched mantle pyroxenites in the upper
mantle could have served as a potential source for the younger, Cu-rich
domains (called ultramafic pipes) aged at 290-250 Ma and situated in
the lower crust of IVZ (Garuti et al., 2001; Locmelis et al., 2016; Fior-
entini et al., 2018). The crustal sulfide-bearing domains and our samples
reveal a similarity in mantle-derived sulfur isotope compositions, which
fall within a narrow range of ~ 0-1 %o (Garuti et al., 2001). However,
there is no direct evidence linking these crustal Cu-rich domains to the
studied mantle pyroxenite dykes. For instance, Garuti et al. (2001)
suggested that the crustal pyroxenites were formed by very low-degree
melting at the root or core of the subcontinental mantle plume that
caused the underplating event in IVZ. In addition, based on the ages of
the crustal pyroxenites, Locmelis et al. (2016) proposed a temporal gap
between mantle metasomatism and the partial melting that generated
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the parental melts for the crustal pyroxenites. This implies that metals
had to be stored in the subcontinental lithospheric mantle. However,
besides these inferences, there is no evidence for Balmuccia pyroxenite
dykes to have undergone any partial melting process after their forma-
tion and emplacement. As suggested by Locmelis et al. (2016, 2021), the
mantle source of the ultramafic pipes could be hydrous in response to a
metasomatic process that occurred during the Variscan subduction. The
ultramafic pipes are characterized by different Nd-Sr isotopic signatures
(E200nd = — 1.9 to + 3.7 and ¥Sr/%0Sr = 0.7044-0.7063 (Garuti et al.,
2001)) with respect to Balmuccia-type pyroxenites (E270nq = +5.5 to +
6.8 and ¥7sr/%0Sr = 0.7030-0.7038 (Voshage et al., 1988)). These
findings, particularly the Nd-Sr isotopic signatures and the nearly
anhydrous nature of the Balmuccia-type mantle section strongly refute a
genetic link with the ultramafic pipes of the Mafic Complex. Instead, the
observed isotopic and geochemical disparities underscore the indepen-
dent evolution of these systems within the subcontinental lithospheric
mantle.

Considering the Balmuccia peridotite massif, the contribution of
pyroxenites was estimated as ~ 5 % (Ueda et al., 2020; Decarlis et al.,
2023), thereby allowing us to evaluate the metal budget of this massif
and to what extent the pyroxenites contribute to the metal inventory of
the subcontinental lithospheric mantle (Table 2). The pyroxenites are
enriched in sulfides and associated metals, especially Cu and Ag (up to
367 ppm and 126 ppb, respectively), compared to the enclosing peri-
dotites (29 + 20 ppm Cu; 7 + 4 ppb Ag), and are therefore expected to
substantially contribute to the metal budget of the Balmuccia mantle
body (Fig. 7b). For our calculations, we used the average Cu content for
Balmuccia peridotites (29 ppm) and enclosed pyroxenites (227 ppm),
obtaining that the pyroxenite contribution to the Cu metal budget of the
mantle body is 26 % (Table 2, scenario #1). Given that a similar
enrichment was reported for the Balmuccia pyroxenites (Wang and
Becker, 2015b; Wang and Becker, 2015a; Wang et al., 2018b; Zou et al.,
2019), our calculations indicate that almost a quarter of the Cu in-
ventory in the upper mantle can be accumulated within sulfide-bearing
mantle pyroxenites. Considering the Ag enrichment of Balmuccia mantle
pyroxenites (62 + 27 ppb), we performed similar calculations (Table 2)
finding that they store 29 % of the mantle Ag budget.

Contents of sulfides in pyroxenites and metasomatized peridotites
are often higher compared with those in non-metasomatized peridotites
(Shaw, 1997; Lee et al., 2012; Wang and Becker, 2015b; Saunders et al.,
2016; Ciazela et al., 2017; Ciazela et al., 2018; Patké et al., 2021; Fang
et al., 2024). This disproportion indicates the critical role of migrating,
mantle-derived melts in the metallogeny of the subcontinental litho-
spheric mantle (Fig. 7). This observation matches current isotopic re-
sults showing that a high degree of mantle metasomatism promotes the
fertilization of primary magmas in metals (Zhao et al., 2024) that might
constitute the source for the formation of magmatic Ni-Cu deposits.
Hence, the widespread occurrence of sulfide-bearing pyroxenites im-
plies that these rocks must be accounted for in the metal budget of the
lithospheric mantle. Specifically, metal contents (i.e., Cu and Ag) in
mantle pyroxenites, in most cases, are poorly studied, but the available
datasets show that, for example, Pyrenean alkali and garnet pyroxenites
contain up to ~ 240 ppm Cu (Lorand, 1989b; Lorand and Luguet, 2016
and references therein). In addition, Lorand et al. (1993) demonstrated
that spinel websterite dykes occurring in the Lanzo massif contain, on
average, 69 ppm Cu (~2.5 times more than the hosting peridotites). The
Cu concentrations reported for pyroxenites contrast with mantle peri-
dotites that show low and relatively consistent Cu content (Fig. 7b)
ranging from ~ 7 ppm in Lanzo massif (Garuti et al., 1984) to ~ 35 ppm
in Western Pyrenees (Wang and Becker, 2015a). Similarly to Cu con-
tents, in general, peridotites also reveal low concentrations of Ag (~9
ppb) with respect to our pyroxenites (Wang and Becker, 2015a).
Currently, the contribution of pyroxenites in the mantle is constrained to
range from < 2 % (Petermann and Hirschmann, 2003) to 5 % (Pearson
et al., 1993; Bodinier and Godard, 2003; Decarlis et al., 2023) and can
locally reach up to 10 % (i.e., in Beni Bousera; Pearson, 1996). Assuming
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Table 2
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Estimations of the Cu and Ag metal budget in the Balmuccia mantle massif including the contribution of mantle pyroxenites.

Scenario #1

Scenario #2 Scenario #3 Scenario #4

Upper mantle

Contribution of peridotites [%] 95
Contribution of pyroxenites [%] 5
Average Cu content in pyroxenites [ppm] 227
Excess Cu content” [ppm] 198
Contribution to the Cu budget” [% x ppm] 990
[%] 26.0
Average Cu content in peridotites [ppm] 29
Contribution to the Cu budget” [% x ppm] 2755
[%] 74.0
Average Ag content in pyroxenites [ppb] 62
Excess Ag content [ppb] 55
Contribution to the Ag budget” [% x ppb] 275
[%] 29.3
Average Ag content in peridotites [ppbl 7
Contribution to the Ag budget” [% x ppb] 665
[%] 70.7

98 95 90

2 5 10
227 227 227
197 197 197
394 985 1970
11.8 25.7 42.2
30 30 30
2940 2850 2700
88.2 74.3 57.8
62 62 62
53 53 53
106 265 530
10.7 23.7 39.6
9 9 9
882 855 810
89.3 76.3 60.4

Scenario #1 — calculated accounting Cu and Ag contents obtained for Balmuccia mantle massif in this study.
Scenario #2-4 — calculated accounting reference Cu values for upper mantle (McDonough and Sun, 1995) and Ag content (Wang & Becker, 2015a).

@ The average Cu content of the Balmuccia pyroxenites minus the average Cu content for the Balmuccia peridotites (e.g., 227 ppm — 29 pm = 198 ppm). Accordingly,
it has also been calculated utilizing the average global Cu content in the upper mantle (e.g., 227 ppm - 30 ppm = 197 ppm).

b The contribution to the metal budget has been calculated both for the Balmuccia peridotites and pyroxenites. For the Balmuccia mantle peridotites, we have
multiplied the contribution of peridotites within the massif and average Cu content (e.g., 95 %x 29 ppm = 2755 % x ppm), while for the Balmuccia mantle pyroxenites
the excess content was multiplied with the contribution of pyroxenites within the Balmuccia massif (e.g., 5% x 198 ppm = 990 % x ppm). Only the excess content is
used to estimate the metal contribution of mantle pyroxenites because a portion of Cu in the mantle pyroxenites sequence is the background value (assumed to be an
average content in the Balmuccia mantle peridotites). Similarly, the same methodology was adopted for Ag.

the typical character of sulfide- and associated metal-enrichment in
mantle pyroxenites at a similar level to the Balmuccia example (Lorand
et al., 1993; Sen et al., 2010; Lorand and Luguet, 2016), the budget of
the upper mantle for some chalcophile elements such as Cu might have
been underestimated (Table 2; scenarios #2-4), in the range of 12 % to
42 % (for 2 % and 10 % pyroxenite contribution, respectively). Similar
underestimation values are obtained for Ag. Besides some local excep-
tions (e.g., Galan et al. (2016) reported higher amounts of sulfides in
lherzolites than in harzburgites and websterites for the xenoliths from
the Neogene-Quaternary volcanic zone of Catalonia, NE Spain), our
estimations highlight a need for comprehensive investigations of mantle
massifs to quantitatively constrain the contribution of mantle pyroxe-
nites to the upper mantle metallogeny.

The studied Balmuccia massif represents the fresh mantle body
whose eastern external contact is highlighted by the crustal Contact
Series rocks (Fig. 1). Given the crust-mantle transition zone documented
in Balmuccia can constitute another metal reservoir (Pieterek et al.,
2024), the relation between mantle pyroxenites and Contact Series rocks
should be discussed in terms of metal contents and their budget. The
Balmuccia pyroxenites are genetically unrelated to the adjacent, sulfide-
rich Contact Series cumulates. The mantle pyroxenites and the Contact
Series rocks represent distinct stages of Balmuccia mantle evolution
(Shervais and Mukasa, 1991; Mukasa and Shervais, 1999). The Contact
Series rocks most likely crystallized in the early Permian, whereas the
pyroxenites represent a melt influx event of late Devonian age
(Ogunyele et al., 2024). Considering the sulfide mineralogy and
composition between these two different suites, it is evident that sulfides
hosted by the Contact Series contain mainly Fe-rich sulfides, whereas
pentlandites dominate mantle pyroxenite sulfides. Moreover, Contact
Series rocks reveal lower Mg# ranging from 51 to 75 with respect to
mantle pyroxenites (83-90) indicating that these rocks crystallized from
more evolved melts. Therefore, the melts responsible for the formation
of these rocks cannot be related to each other. Despite these
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considerations, the rocks contain similar enrichment in sulfides and
associated metals, for instance, the average Cu content is 227 ppm in the
Balmuccia pyroxenites vs. 141 ppm in the Contact Series. This demon-
strates that the crystallization of chemically primitive mantle melts
(producing cumulates, either within the mantle or at the mantle-crust
transition) can be associated with extensive segregation of sulfides
affecting the metallogeny of the subcontinental lithospheric mantle.
Therefore, comprehensive sulfide-based studies need to be addressed for
other mantle peridotite massifs to provide a robust assessment of py-
roxenite contribution to metals inventories.

6. Conclusions

We provide evidence for higher contents of sulfides and chalcophile
metals (e.g., Cu, Ag) in mantle pyroxenites compared to host Balmuccia
mantle peridotites, pointing out that pyroxenite may play a key role
regarding the sulfide inventory of the subcontinental lithospheric
mantle. The sulfide-based analyses confirm that the pyroxenite-forming
melts were sulfide-saturated before their emplacement and could
refertilized the adjacent wall rock peridotites. Our results support the
evidence of the heterogenous distribution of sulfides and metals in the
subcontinental lithospheric mantle section that should be globally
addressed.

The spatial relationships between the pyroxenites and adjacent pe-
ridotites allowed us to identify two contrasting trends of sulfide distri-
bution, highlighting the impact of melt-peridotite reactions and mantle
refertilization on sulfides. Based on sulfide and associated metals dis-
tributions, we show that thick (>4 cm) pyroxenite dykes can fertilize the
wall rock peridotites in sulfides. Conversely, the thin pyroxenite dykes
(<1 cm) are enveloped by sulfide-depleted layers which record the
melting of wall rock peridotite sulfides by reheating and their subse-
quent remobilization. This evidences complex and heterogeneous sul-
fide segregation during the migration of sulfide-saturated pyroxenite-
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forming melts in the subcontinental lithospheric mantle.

We documented and characterized the isotope fractionation among
sulfide phases during (re)crystallization of sulfide liquid. We reported
that each sulfide phase in polyphase grains has a distinct S and Fe iso-
topic signature. This isotope fractionation is most likely driven by mass-
dependent isotope fractionation cooling, following sulfide (re)crystalli-
zation under high-T subsolidus magmatic conditions. The provided
isotopic characteristics can aid isotopic studies and the robust assess-
ment of S and Fe isotope fractionations.

Our results demonstrate that the migration of sulfide-bearing py-
roxenite dykes affects the sulfide segregation and related metallogeny
within the Balmuccia peridotite massif. We calculated that the reported
sulfide enrichment contributes to up to 26 % of Cu and Ag of the local
scale metals budget. Although the role of mantle pyroxenites has been
mostly overlooked and not adequately addressed in previous studies, we
assert that they should have been considered in the metals budget cal-
culations of the subcontinental lithospheric mantle. Our estimations
based on global-scale extrapolations of mantle pyroxenites contribution
in the subcontinental lithospheric mantle highlight that these rocks can
incorporate from 12 % to 42 % of the Cu and Ag inventory of the sub-
continental lithospheric mantle, thereby providing crucial implications
for the global-scale lithospheric metallogeny.
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