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Sulfides from lherzolite and wehrlite xenoliths from the Nógrád-Gömör Volcanic Field (NGVF), located in the
Northern Pannonian Basin, were studied to understand the behavior of chalcophile and siderophile elements
during mafic melt – peridotite interaction. We applied in situ methods to analyze the major and trace elements,
as well as Fe isotope compositions of sulfide minerals. Sulfides are more abundant in wehrlites (~0.03 vol%) and
are often enclosed in silicates,whereas in lherzolites, they are scarcer (~0.01 vol%) and predominantly interstitial.
Monosulfide solid solution and pentlandite are the most common sulfide phases in the lherzolite xenoliths,
whereas in wehrlite xenoliths it is pyrrhotite and chalcopyrite. Consequently, wehrlitic sulfides show higher
bulk Fe and Cu but lower bulk Ni and Co contents compared to the lherzolitic sulfides. Trace elements with
both chalcophile and siderophile character (Ge, Se, Te, and Re) show lower, whereas highly chalcophile elements
(Zn, Cd, Sb, and Tl) show higher concentrations in wehrlitic sulfides compared to lherzolitic ones. Highly
siderophile elements show no systematic difference between the sulfides of the two xenolith series, which sug-
gests moderate enrichment in these elements in wehrlite bulk rocks due to their higher sulfide content. Sulfide
δ56Fe signature indicates variable isotopic composition both in lherzolites (δ56Fe: −0.13 to +0.56‰) and
wehrlites (δ56Fe: −0.20 to +0.84‰) relative to the terrestrial mantle (δ56Fe: +0.025 ± 0.025‰; Craddock
et al., 2013). However, irrespectively of the xenolith lithology, there is a significant difference between the
δ56Fe of sulfides from the two sampling localities: NTB /North/: vary from −0.20 to +0.04‰ and NME /South/:
vary from +0.56 to +0.84‰. This suggests that the Fe isotopic ratios of sulfides are not modified by the
wehrlitization process. Difference in sulfide δ56Fe between the two xenolith localities is probably because of
the higher, isotopically heavier (δ56Fe: from +1.28 to +1.60‰; Ciążela et al., 2019) chalcopyrite content in sul-
fides from the NME xenoliths compared to those from the NTB xenoliths irrespectively to their lithology. Our re-
sults also indicate sulfide and chalcophile element enrichment resulting from metasomatism in the
subcontinental lithospheric mantle. We suggest that this process affected the regional metal distribution and
has implications for global metal mass balance within the subcontinental lithosphere.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Sulfides are the main hosts of elements with chalcophile (Zn, Bi, Cu,
Ag, Cd, Pb, Tl, Re, Ge, Se, Te, As, Sb) and siderophile (Os, Ir, Ru, Rh, Pt, Pd,
Au, Re, Ge, Se, Te, As, Sb) characteristics (e.g. Lorand and Luguet, 2016).
Therefore, studying sulfides in peridotites is essential to understand the
. This is an open access article under
budget of these elements in the upper mantle. In silicate-sulfide sys-
tems, sulfides start melting at relatively low temperature (<1100 °C at
1 GPa; Zhang and Hirschmann, 2016), and thusmay be involved in par-
tial melting and subsequent melt migration. Indeed, both depleted (e.g.
Luguet et al., 2007; Szabó and Bodnar, 1995) andmetasomaticallymod-
ified (e.g. Aulbach et al., 2021; Wainwright et al., 2015) sulfides were
observed in natural mantle samples from various tectonic settings. Sul-
fides also occur frequently in pyroxenites, representing immiscible sul-
fide melts (e.g. Aulbach et al., 2009). Although the average sulfide
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Simplified geological map of the Carpathian-Pannonian region. The xenolith-
bearing Neogene alkali basalt occurrences are marked using abbreviations: SBVF, Styrian
Basin Volcanic Field; LHPVF, Little Hungarian Plain Volcanic Field; BBHVF, Bakony–
Balaton Highland Volcanic Field; NGVF, Nógrád-Gömör Volcanic Field; PMVF, Perșani
Mountains Volcanic Field. (b) Alkali basalt occurrences and upper mantle xenolith
sampling locations in NGVF including Trebel'ovce (NTB), Fil'akovské Kováče (NFK),
Ratka (NFR), Mačacia (NMC), Magyarbánya (NMM) and Eresztvény (NME). Geological
maps are modified after Patkó et al. (2020) and references therein.
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abundance in the Earth's mantle is only ~0.07 vol% (Fellows and Canil,
2012), sulfides can influence physical properties of themantle, resulting
in increased density (Mungall and Su, 2005), electrical conductivity
(Ducea and Park, 2000) and lowered peridotite solidus (Zhang and
Hirschmann, 2016).

Studies onmantle sulfides have generally been focusing on the char-
acteristics of platinum group elements (PGE) and Re\\Os isotope sys-
tematics (Luguet and Reisberg, 2016 and references therein;
González-Jiménez et al., 2020), mostly based on bulk rock analyses.
However, it is evident that in situ analyses can reveal more details on
the complexity of the sulfide characteristics (e.g. Griffin et al., 2002).
In the last two decades, an increasing amount of in situ data fromman-
tle sulfides was published (Alard et al., 2000, 2011; Aulbach et al., 2019,
2021; Ciążela et al., 2018; Delpech et al., 2012; D'Errico et al., 2019;
González-Jiménez et al., 2014; Guo et al., 1999; Saunders et al., 2015,
2016; Wang et al., 2018).

In this paper, we present detailed analyses on major and trace ele-
ment, aswell as Fe isotopic compositions of enclosed and interstitial sul-
fides from upper mantle lherzolite and wehrlite xenoliths, collected in
volcanic rocks from the northern part of the Pannonian Basin. To under-
stand the behavior of siderophile and chalcophile elements during
wehrlitization, we performed detailed in situ petrographic, major and
trace element, and Fe isotope analyses of the sulfides. As observed by
Ciążela et al. (2017, 2018) in oceanic settings, especially along the
crust-mantle transition zone and uppermost mantle, the elevated
modal proportion of sulfidesmay indicate that upwardmigrating prim-
itivemelts lose a significant portion of theirmetal loadbeneath the crust
due to melt-peridotite interactions. Our results indicate that this obser-
vation can be extended to the subcontinental mantle, suggesting that
subcrustal metal enrichment along melt migration channels is a com-
mon and potentially even a global phenomenon.

2. Geological background and summary of NGVF ultramafic xenoliths

The Pannonian Basin in Central Europe is framed by the Alpine,
Carpathian and Dinaric orogenic belts (Fig. 1a). The basin started to
form with the juxtaposition of two tectonic mega-units, ALCAPA and
Tisza-Dacia, in the late Oligocene (e.g. Fodor et al., 1999). Significant ex-
tension, driven by the subduction rollback on the eastern margin of the
region, took place during the Neogene (e.g. Horváth et al., 2006). Con-
siderable thinning of the lithosphere and resulting asthenospheric dom-
ing occurred in the Pannonian Basin during the extensional period
(Horváth, 1993). Finally, the collision of the mega-units (ALCAPA and
Tisza-Dacia) with the stable European platform gradually transformed
into a compressive tectonic regime from the late Miocene (Horváth
and Cloetingh, 1996).

All stages of the basin evolution were accompanied by widespread
volcanism including silicic, calc-alkaline, and alkali products (e.g.
Szabó et al., 1992). The formation of monogenetic alkali basalts,
such as at the ones comprising the study area of Nógrád-Gömör Vol-
canic Field (NGVF) (Fig. 1b), can be explained by adiabatic decom-
pression melting of the asthenosphere related to upwelling which is
associated with the extension (~20–8 Ma) (e.g. Embey-Isztin et al.,
1993). The volcanic activity in the NGVF took place between 7.0
and 0.3 Ma based on combined U/Pb and (U\\Th)/He geochronometry
(Hurai et al., 2013).

The alkali basalts in the NGVF host a great number of ultramafic
xenoliths, which have been the focus of numerous studies in the
past decades. Therefore, a robust database is available for geochemical
compositions (e.g. Liptai et al., 2017; Patkó et al., 2020; Szabó and
Taylor, 1994), physical properties (e.g. Liptai et al., 2019) and fluid
and melt compositions (e.g. Zajacz et al., 2007) of these xenoliths.
Yet, so far only two works (Szabó and Bodnar, 1995; Zajacz and Cs,
2003) have been dedicated to the chemical characterization of sulfides
hosted by the xenoliths. Szabó and Bodnar (1995) distinguished sul-
fides trapped during metasomatic and partial melting events. They
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also revealed sulfide prevalence and geochemical difference between
partial melting derived sulfides in xenoliths with equigranular and re-
crystallized textures versus sulfides in xenoliths with protogranular/
porphyroclastic textures, meaning higher modal abundance and Ni
(+Co) - Cu enrichment in the former xenoliths. Therefore, they con-
cluded that recent deformation and recrystallization, also supported
by Liptai et al. (2019), has significantly affected the sulfides. The sul-
fides in cumulate xenoliths studied by Zajacz and Cs (2003) are
enriched in Fe and likely precipitated from a sulfide melt coexisting
with a silicate melt.

The ultramafic xenoliths hosted by the NGVF basalts can be divided
into lherzolite, wehrlite and cumulate series. Wehrlite xenoliths are
products of mantle metasomatism that took place between the perido-
tite wall rock and a mafic silicate melt (Patkó et al., 2020), whereas the
dominantly pyroxenite cumulates are crystallized products from basal-
tic melts emplaced on the boundary of the lithospheric mantle and
lower crust (Kovács et al., 2004). The wehrlites and cumulates are pet-
rographically and geochemically rather uniform; in contrast, the
lherzolites can be classified into four subgroupswith different evolution
(Liptai et al., 2017). The Group IA lherzolites show depleted character
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with a high olivineMg# (Mg/[Mg+ Fetot]) of ≥89 and low rare earth el-
ement (REE) concentrations (ΣREE <25 ppm) in clinopyroxenes, likely
representing partial melting residues (Liptai et al., 2017). The Group IIA
lherzolites, which occur only in the northern part of the NGVF, contain
Nb-poor amphiboles, and presumably formed by a subduction-related
volatile-rich silicate melt. The formation of Groups IB and IIB are linked
to two different metasomatic events. Metasomatism of Group IB xeno-
liths is characterized by U-Th-Nb-Ta- and light rare earth element
(LREE)-enrichment in amphibole and clinopyroxene, whereas Group
IIB xenoliths are enriched in Fe,Mn, Ti, and LREE in all rock formingmin-
erals (Liptai et al., 2017). In this study, we examined xenoliths of the
aforementioned non-cumulate wehrlite and three (Group IA, IB, IIB)
lherzolite groups.

3. Sampling localities and studied materials

Over 80 lava-hosted xenoliths were studied from quarries in the cen-
tral part of the volcanic field, which are from north to south: Trebel'ovce
[NTB], Fil'akovské Kováče [NFK], Ratka [NFR], Mačacia [NMC],
Magyarbánya [NMM] and Eresztvény [NME] (Fig. 1b; Supplementary
Table 1). Based on the petrographic features (abundance, size, and fresh
appearance) of sulfide grains, we selected a representative set of 8
lherzolite and11wehrlite xenoliths to analyze themajor element compo-
sition of sulfideminerals. Among the 8 lherzolite xenoliths, two belong to
Group IA (NTB0307, NME1116), one to Group IB (NFR0309) and five to
Group IIB (NTB1122, NFK1115, NFR1109, NMC1309, NMM0318) accord-
ing to the classification of Liptai et al. (2017). The wehrlites include
weakly (NTB1109, NFR1119B, NMC1302B; olivine Mg# > 0.87;
clinopyroxene Mg# > 0.88 and spinel Cr# > 0.19), moderately
(NFK1137A, NMM1114, NME1110, NME1129D) and strongly
metasomatized (NTB1120, NFK1110, NFR1117A, NMM1129; olivine
Mg#< 0.86; clinopyroxeneMg#< 0.86 and spinel Cr# < 0.20) xenoliths
(Patkó et al., 2020). Theweakly and stronglymetasomatizedwehrlite xe-
noliths were formed under low (<0.3) and high (>0.3) melt/rock ratio,
respectively (Patkó et al., 2020). Trace elements and Fe stable isotopes
in sulfide minerals were analyzed in 2 lherzolites (NTB1122, NME1116)
and 4 wehrlites (NTB1109, NTB1120, NME1110, NME1129D), all from
the Trebel'ovce (NTB) and Eresztvény (NME) localities (Fig. 1b). Rock-
forming minerals of the Trebel'ovce and Eresztvény wehrlite xenoliths
display the largest variability in major (e.g. Fe, Mn, Ti) and trace element
(e.g. Nb, Ta, Hf, Zr) concentrations, which is related to the wehrlitization
(Patkó et al., 2020).

4. Analytical techniques

4.1. Polarized light and scanning electron microscopy (SEM)

The petrography of the xenoliths was studied with a Nikon Eclipse
LV100 POL polarizing microscope at the Lithosphere Fluid Research
Laboratory (LRG) and an AMRAY 1830 I/T6 scanning electron micro-
scope at the Department of Petrology and Geochemistry, Faculty of
Science of the Eötvös Loránd University (Budapest). The modal com-
position of the sulfides was determined using Corel PhotoPaint X8
program of the Corel X8 software package based on the area of the
different sulfide phases.

4.2. Electron microprobe analyses (EMPA)

Themajor element composition of the sulfide phases (monosulfide
solid solution-mss, pentlandite, pyrrhotite, chalcopyrite) were deter-
mined using CAMECA SX-50 and CAMECA SX-100 electronmicroprobes
at the CNR Institute for Geosciences and Earth Resources (IGG), Padua,
Italy and at the Institute of Mineralogy, Leibniz University of Hannover,
Germany, respectively.Theoperatingconditionswere20kVaccelerating
voltage and20nAbeamcurrent in Padua, and15kVacceleratingvoltage
and 15 nA beam current in Hannover. Counting times were 10 s at the
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peak and 5 s at the background for major elements in both laboratories.
The X-ray counts were converted into oxide weight percentages using
the PAP correction program (Pouchou and Pichoir, 1991). Calibration
was carried out based on the following standards in both laboratories:
nativemetals (Cu, Co), pyrite (S, Fe), and synthetic Ni-oxide (Ni).

4.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS)

4.3.1. Trace element analyses
Trace element concentrations of the sulfideswere obtained at the In-

stitute of Mineralogy, Leibniz University of Hannover, Germany, using
an ELEMENT-XR (Thermo Scientific, Germany) fast-scanning sector
field ICP-MS coupled to a femtosecond laser ablation (fs-LA) system
(Solstice, Spectra-Physics, USA). The wavelength of the laser was
194 nm and the yielded energy pulses at samples were < 50 μJ in the
fourth harmonic. The advantage of the ultra violet laser beam with the
ultrashort pulses is the prevention of elemental fractionation and mini-
mization of matrix effects. In fs-LA-ICP-MS systems, the energy density
is only 1.5 J/cm2 (e.g. Horn and von Blanckenburg, 2007). The femtosec-
ond pulses deposit the energy faster onto the target material than ther-
mal diffusion transports the energy away from the ablation area. This
allows ablated materials to be immediately heated to supercritical tem-
peratures. Horn and von Blanckenburg (2007) estimated elemental
fractionation to be smaller than the internal precision achievable during
fs-LA-ICP-MS analyzes (0.4%, 2SD). Repetition rates of 10 Hz and 10–28
Hz, and spot sizes of 60 μm and 30–60 μmwere used for standards and
sulfide grains, respectively. The carrier gaswasHemixedwithAr imme-
diately after its exit from the ablation cell and prior to entrance in the
ICP-MS. Oxide formationwas below0.4% based on the ThO/Th ratio dur-
ing ICP-MS tuning.

For covering all elements of interest, bothNIST-610 and PGE-A refer-
ence materials were used as external standards. For internal standards,
we used the average Ni concentrations, which were previously mea-
sured with EMPA. Data reduction and drift correction was carried out
with the Matlab-based SILLS (Signal Integration for Laboratory Laser
System) software (Guillong et al., 2008). Although the accuracy is diffi-
cult to ascertain for all the elements, it can be estimated based on the
few elements occurring in both the measured standards (i.e. NIST 610
and PGE-A). For example, our accuracy for Se is ~31 % (163 ± 15 ppm
(1 SD, n = 22) measured in PGE-A in reference to NIST-610 vs.
236 ppm obtained by Lorand and Alard (2001) and our accuracy for Au
is ~16 % (234± 23 ppm (1 SD, n= 22) measured in PGE-A in reference
to NIST-610 vs. 274 ppm obtained by Lorand and Alard (2001).

The degree of potential contamination with silicates was controlled
by measurement of Si, which barely (<10% of all analyzes) reached
5 wt%. The light PGE (99Ru, 101Ru, 103Rh, 105Pd, and 106Pd) isotopes re-
quired interference correction for the argides of 66Zn, 63Cu, 65Cu, 61Ni,
and 59Co isotopes. The correction of the interferences was done bymea-
suring the ZnS (Mineralogical Association of Canada (MAC)), native Ni,
native Cu, and Co-rich pyrite (MAC) referencematerials for comparison
of the puremetal signalswith themetal argide signals. The corrected re-
sults only slightly differ from the measured raw data (<15% for Ru,
<10% for Rh and < 5% for Pd). Given that the rates of argide formations
were determined with imprecisions of 9% for Ru, 8% for Rh and 10% for
Pd, the uncertainties caused by applied corrections are 0.06% for Ru,
0.08% for Rh, and 0.5% for Pd.

We analyzed non-altered sulfides in order to avoid geochemical bias
due to late stage alteration (e.g. oxidation). We carried out analyzes on
bulk sulfides, except sulfide grain 7a in NTB1122/section 2 (Supple-
mentary Table 5). Therefore, the distribution of trace elements among
low-temperature phases do not affect our data. Since the rock-
forming silicates contain extremely low concentrations of chalcophile
and siderophile trace elements, the effect of ablation of small silicate
volumes on the concentration of the measured elements is negligible
or minor.



Fig. 2. Sulfides with different mineral composition and textural positions from the Nógrád-Gömör lherzolite and wehrlite xenoliths. (a) Partially oxidized interstitial sulfide (no.
9) between silicate grains in the NME1129D wehrlite xenolith (reflected light image). (b) Enclosed sulfides (no. 18 and 19) hosted in clinopyroxene from the NFK1137A wehrlite
xenolith (reflected light image). (c) Typical lherzolitic sulfide (no. 2) composed of mss and pentlandite in the NFR1109 lherzolite xenolith (reflected light image). (d) Typical wehrlitic
sulfide (no. 1f) with prevailing pyrrhotite in the NTB1120 wehrlite xenolith (reflected light image). (e) Pentlandite exsolutions (bright) in mss (dark) (grain no. 2) in the NTB0307
lherzolite xenolith (back-scattered SEM image). (f) Massive chalcopyrite (cpy) at the edge of the sulfide (no. 7a) in the NMM0318 lherzolite xenolith (reflected light image).
Abbreviations: mss - monosulfide solid solution; pn - pentlandite; po - pyrrhotite; cpy - chalcopyrite; ol - olivine, cpx - clinopyroxene.
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Fig. 3. Diagram of Fe (at. %) vs. Ni + Co (at. %) showing compositional ranges of
pentlandite (pn), monosulfide solid solution (mss) and pyrrhotite (po) in (a) interstitial
and (b) enclosed sulfides. Every symbol denotes an in situ data point. Modified after
Szabó and Bodnar (1995).
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4.3.2. Iron isotope analyses
In situ iron isotopes of sulfides were determined using the afore-

mentioned fs-LA system combined with a NeptunePlus (Thermo Scien-
tific, Germany) multi-collector ICP-MS operating in high resolution
mode at the Institute of Mineralogy, Leibniz University of Hannover,
Germany. Detailed instrumental andmeasurement settings were as de-
scribed by Horn and von Blanckenburg (2007) and Oeser et al. (2014).
The only difference compared to the method of these studies is that
we used standard-sample bracketing for the instrumental mass bias
correction in our study. We report our results as δ56Fe and δ57Fe
(i.e., deviations of 56Fe/54Fe and 57Fe/54Fe in ‰ relative to IRMM-014
standard) based on the following equations (Oeser et al., 2014):

δ56Fe ¼ ð56Fe=54FeÞsample

ð56Fe=54FeÞreference

 !
−1

" #
x1000 δ57Fe ¼ ð57Fe=54FeÞsample

ð57Fe=54FeÞreference

 !
−1

" #
x1000

During every analytical session, an in-house JM puratronic (PURA) Fe-
standard (99.995% Puratronic, Johnson Matthey, lot No. FE495007IF2)
was repeatedly measured (Supplementary Table 6) to make sure that
the operating conditions were optimal. All samples and the PURA stan-
dard were analyzed with a repetition rate of 3 Hz, whereas it was 11 Hz
for the IRMM-014 standard measurements. We used a laser beamwith
a diameter of 20–40 μm for sulfides and 60 μm for standards (Supple-
mentary Table 6). Only results that follow terrestrial fractionation line
of δ56Fe and δ57Fe were reported. The size of the sulfide grains (domi-
nantly <40 μm in diameter) requires spot rather than raster analysis,
which limits themeasurement time to 30–40 s, lowers the counting sta-
tistic and increases the relative standard error (RSE). The RSE in this
studywas up to 0.13‰ and up to 0.38‰ for δ56Fe and δ57Fe, respectively
(Supplementary Table 6).

5. Sulfide petrography

Sulfide minerals occur as accessory phases in the studied lherzolite
and wehrlite xenoliths, with narrower (0.005–0.03 with an average of
~0.01 vol%) and wider (0.005–0.07 with an average of ~0.03 vol%)
modal ranges, respectively (Supplementary Table 2). The weakly
metasomatized wehrlite xenoliths have lower (~0.02 vol%) sulfide
contents compared to the moderately (~0.04 vol%) and strongly
metasomatized (~0.03 vol%) wehrlite xenoliths (Supplementary
Table 2). Sulfides are present in two textural positions: interstitial to
or enclosed in rock-forming minerals. The interstitial sulfides are up
to 500 μm in size with lobate boundaries and typically occur in
triple-junctions among rock-forming minerals (Fig. 2a). The enclosed
sulfides are usually isometric, rounded, or negative crystal-shaped with a
size of 5–80 μm(Fig. 2b). The size of the texturally identical sulfides is sim-
ilar in both the lherzolitic and the wehrlitic xenolith series. The enclosed
sulfides have similar abundance in wehrlites compared to the lherzolites
(29 and 27% of all sulfides, respectively) (Supplementary Table 2). The
enclosed sulfides are hosted mostly in olivine or clinopyroxene, and
rarely in orthopyroxene or spinel (Supplementary Table 2).

Sulfides consist of mss, pentlandite, pyrrhotite and chalcopyrite in
various volume fractions (Fig. 3; Supplementary Table 3) formed by
crystallization and exsolution during cooling. Mss and pentlandite are
the most common in the lherzolite (Fig. 2c), whereas pyrrhotite
(Fig. 2d) is more abundant in the wehrlite xenoliths. Pentlandite and
pyrrhotite often show exsolution lamellae with a length of 2–4 μm
after former mss in lherzolite xenoliths (Fig. 2e). Chalcopyrite typically
appears on the rim of the sulfide grains in subordinate amount (domi-
nantly <15 vol%) (Fig. 2f) and is usually slightly altered, forming iron
hydroxide. Enclosed sulfides almost totally lack pyrrhotite in lherzolite
xenoliths, however, it is a common phase in enclosed sulfides in
the wehrlite xenoliths (Fig. 3b). In interstitial sulfides, pentlandite,
mss and pyrrhotite are all present both in lherzolite and wehrlite
xenoliths (Fig. 3a).
5

Rarely, small (up to 5 μm) sulfide inclusions are present alonghealed
fractures close to host basalts, however, theywere not considered in this
study since they are usually linked to trails of secondary fluid and sili-
cate melt inclusions (Supplementary Fig. 1a). These sulfide inclusions
were likely trapped during the ascent of the host magma. In addition,
some sulfides are completely altered to iron hydroxides, especially in
host basalt-derived patches (Supplementary Fig. 1b) or along cracks
(Supplementary Fig. 1c), which were not considered.

6. Sulfide geochemistry

6.1. Major elements

Themajor element compositions of different phases of sulfide grains
in wehrlite and lherzolite xenoliths are summarized in Supplementary
Table 4. Mss, pentlandite, pyrrhotite and chalcopyrite show minor dif-
ferences in major element concentrations in lherzolite and wehrlite xe-
nolith series. However, there is greater geochemical difference between
sulfides occurring in different textural positions. On average, mss in in-
terstitial sulfides shows slightly lower Fe (49.2 ± 5.1 wt%; hereafter
standard deviation is 1σ), higher Ni (11.1 ± 4.9 wt%), and similar Co
(0.16 ± 0.10 wt%) compared to mss in enclosed sulfides (51.0 ± 3.4;
9.3 ± 3.6 and 0.12± 012wt%, respectively) independently of the xeno-
lith lithology (Fig. 3). The largest difference is shown by pentlandite in
enclosed sulfides, which is richer in Ni (32.3 ± 6.1 wt%), Co (0.68 ±
0.24 wt%), and more depleted in Fe (29.6 ± 4 wt% Fe) in the lherzolites



Fig. 4. Calculated bulk composition of (a) interstitial and (b) enclosed sulfides from theNógrád-Gömör lherzolite andwehrlite xenoliths shown in the Cu-/Ni+Co/-Fe system. The stability
relationswere determined from the experiments of Craig and Kullerud (1969) carried out at 1000 °C and atmospheric pressure. The fields of the Nógrád-Gömör lherzolites and cumulates
are from Szabó and Bodnar (1995) and Zajacz and Cs (2003). Mss and LNi+Cu denote the monosulfide solid solution and Ni- and Cu-rich liquid phase, respectively.
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compared to thewehrlites (30.6 ± 2.7; 0.62 ± 0.26 and 31.7 ± 2.6 wt%
for Fe, Ni and Co, respectively) (Fig. 3b).

We estimated the pre-cooling bulk compositions of the studied sul-
fides using mass-balance calculations (estimation based on the mineral
composition of sulfides and chemical compositions of single sulfide
phases) (Supplementary Table 2; Figs. 4 and 5). There are often signifi-
cant variations (10–15 wt%) in the Fe and Ni content of sulfides even
within a single xenolith. Generally, the lherzolitic sulfides are Fe-poor
(46.4 ± 6.7 wt%) and Ni-rich (13.8 ± 6.2 wt%), in comparison with
thewehrlitic ones (49.3±6.6 and 9.5±7.4wt%, respectively). Further-
more, the Co content is higher (0.21 ± 0.13 wt%), whereas the Cu is
lower (1.7 ± 1.7 wt%) in sulfides in the lherzolites compared to those
in wehrlites (0.15 ± 0.10 and 2.7 ± 2.7 wt%, respectively). The average
formulae of the sulfides are the following:

Fe0.3633±0.0499Ni0.1033±0.0469Co0.0016±0.0010Cu0.0122±0.0122S0.5225±0.0136

for lherzolitic and Fe0.3846±0.0484Ni0.0714±0.0570Co0.0011±0.008Cu0.0190±
0.0190S0.5261±0.0152 for wehrlitic sulfides.

The interstitial sulfides have slightly lower Fe (48.1 ± 7.0 wt%) and
somewhat higher Ni (11.6 ± 7.8 wt%) and Co contents (0.18 ± 0.13
wt%) than the enclosed ones (48.9 ± 5.9, 9.2 ± 5.5 and 0.16 ± 0.09
wt%, respectively) in both xenolith series (Figs. 4 and 5). The average
formulae of the interstitial and enclosed sulfides, irrespectively of the li-
thology, are the following:

Fe0.3759±0.0518Ni0.0869±0.0600Co0.0013±0.0009Cu0.0146±0.0146S0.5245±0.0163

for interstitial and Fe0.3822±0.0442Ni0.0688±0.0413Co0.0012±0.007Cu0.0218±
0.0205S0.5260±0.0099 for enclosed sulfides.

Enclosed sulfides have the same composition independently of the
hosting phase (Supplementary Table 2).

Themetal/sulfur ratio is slightly higher in lherzolitic (0.86–1.06with
an average of 0.92) than inwehrlitic sulfides (0.82–1.08with an average
of 0.90) (Fig. 6). This ratio shows no systematic difference between in-
terstitial and enclosed sulfides (Fig. 6).

6.2. Trace elements

Trace element compositions of the studied sulfide minerals in two
lherzolite (NTB1122, NME1116) and four representative wehrlite
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xenoliths (NTB1109, NTB1120, NME1129D, NME1110) are summarized
in Supplementary Table 5.

Highly siderophile elements (HSE) exhibit a flat distribution for Ir-
group platinum group elements (including Os, Ir, Ru) and Rh (Fig. 7).
In contrast, Pt and partly, Pd show depletion with respect to the rest
of the PGE. The Au contents in sulfides scatter dominantly around the
CI chondrite value. The highly siderophile elements have similar con-
centration ranges in lherzolitic and wehrlitic sulfides (Fig. 7). The only
exceptions are two analyses from sulfide grain number 2 in the
lherzolite NTB1122/section 2, which show higher PGE concentrations
compared to the rest of the sulfides, except for Os (Fig. 7.).

Tin and Ga, which are known for their siderophile, chalcophile and
lithophile affinities, show dominantly lower concentrations compared
to the CI chondrite values (Fig. 8). The lherzolitic and wehrlitic sulfides
show similar compositional ranges in terms of these elements (Fig. 9).

Elementswith both chalcophile-siderophile character (Re, Ge, Se, Te,
As, Sb) mostly show higher values compared to the CI chondrite, with
the exception of Ge (Fig. 8). Most of these elements have lower concen-
trations in thewehrlitic sulfides (Re: 0.05–1with an average of 0.3 ppm;
Ge: 1–5.9 with an average of 2.7 ppm; Se: 20–263with an average of 65
ppm; Te: 0.6–62 with an average of 8.9 ppm) compared to the
lherzolitic sulfides (Re: 0.4–0.5 with an average of 0.4 ppm; Ge: 2.8–5
with an average of 3.9 ppm; Se: 13–147 with an average of 102 ppm;
Te: 3.2–64 with an average of 18 ppm) (Fig. 9). In contrast, Sb content
is higher in wehrlitic (0.5–9.6 with an average of 3.2 ppm) than in
lherzolitic sulfides (0.6–1.9 with an average of 1 ppm) (Fig. 9). Arsenic
shows similar concentrations in sulfides of both xenolith series (Fig. 9).

Except for Zn, highly chalcophile trace elements (Ag, Cd, Pb, Tl, Bi)
show generally higher values compared to the CI chondrite (Fig. 8).
Most of these elements have higher concentrations in wehrlitic (Zn:
2.7–413 with an average of 61 ppm; Cd: 0.3–4.6 with an average of
2 ppm; Sb: 0.5–9.6 with an average of 3.2 ppm; Tl: 0.05–3.1 with an av-
erage of 0.8 ppm) compared to lherzolitic sulfides (Zn: 3.5–30 with an
average of 15 ppm; Cd: 0.2–1.4 with an average of 0.8 ppm; Sb:
0.6–1.9 with an average of 1 ppm; Tl: 0.03–0.6 with an average of
0.2 ppm) (Fig. 9). Lead and Bi show similar concentrations in sulfides
of both xenolith series (Fig. 9).



Fig. 5. Calculated bulk composition of (a) interstitial and (b) enclosed sulfides from Nógrád-Gömör lherzolite and wehrlite xenoliths shown in the Cu-S-Fe-/Ni + Co/ system at
atmospheric pressure. The stability fields are based on the experiments of Kullerud et al. (1969). The fields of the Nógrád-Gömör lherzolites and cumulates are from Szabó and Bodnar
(1995) and Zajacz and Cs (2003). Mss is the monosulfide solid solution.
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6.3. Fe stable isotopes

In situ Fe stable isotopes (54Fe, 56Fe, 57Fe) measurements have been
carried out on sulfide grains from two lherzolite (NTB1122 and
Fig. 6. Bulkmetal/sulfur (Metal/S) vs. Ni/(Ni+ Fe) for (a) interstitial and (b) enclosed individu
Gömör lherzolites and cumulates are from Szabó and Bodnar (1995) and Zajacz and Cs (2003)
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NME1116) and four wehrlite xenoliths (NTB1109, NTB1120, NME1110
and NME1129D) (Supplementary Table 6). The δ56Fe values range
from −0.13 to +0.56‰ (average: +0.10‰) and from −0.20 to
+0.84‰ (average: +0.33‰), whereas δ57Fe values are between
al sulfide grains, where bulkmetal is the sum of Fe, Ni, Co and Cu. The fields of the Nógrád-
, respectively.



Fig. 7. Highly siderophile element patterns normalized to CI chondrite (McDonough and Sun, 1995) of bulk sulfides (with the exception for two, pentlandite- and pyrrhotite-dominated
parts of a single sulfide (no. 7a in lherzolite NTB1122)with higher PGE concentrations; further information is in the Supplementary Table 5) in the Nógrád-Gömör lherzolite andwehrlite
xenoliths.
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−0.16 and+0.76‰ (average:+0.14‰), aswell as−0.26 and+1.22‰
(average: +0.47‰) for lherzolites and wehrlites, respectively (Fig. 10).
The Fe stable isotope signatures show no correlation with the bulk sul-
fide Fe contents (Supplementary Fig. 2). Based on the δ56Fe data, sul-
fides in xenoliths collected from the NTB (Trebel'ovce) locality
(NTB1122 lherzolite and NTB1109 and NTB1120 wehrlite xenoliths)
have lower values (from −0.20 to +0.06‰ with an average of
−0.08‰), whereas those from NME (Eresztvény) locality (NME1116
lherzolite and NME1110 and NME1129D wehrlite xenoliths) show
higher values (from +0.56 to +0.84‰ with an average of +0.72‰)
(Supplementary Table 6; Fig. 10).

7. Discussion

7.1. Physical and chemical characteristics of sulfide formation

Our petrographic and geochemical investigations were aimed at de-
termining the origin of the sulfides in theNGVF xenoliths. Uppermantle
sulfides may represent trapped grains in the residue after partial melt-
ing events (e.g. Luguet et al., 2007; Szabó and Bodnar, 1995) and/or
Fig. 8. Trace element patterns normalized to CI chondrite (McDonough and Sun, 1995) of
bulk sulfides (with the exception for two, pentlandite- and pyrrhotite-dominated parts of
a single sulfide (no. 7a in lherzolite NTB1122); further information is in the
Supplementary Table 5) in the Nógrád-Gömör lherzolite and wehrlite xenoliths.
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sulfide melt drops crystallized during melt metasomatic events (e.g.
Lorand et al., 2004; Wainwright et al., 2015). The textural distribution
in the sulfides of the studied NGVF xenoliths shows no relationship
with the host basalt or its infiltrations. It can also be noted that the
enclosed and interstitial sulfides show similar geochemical characteris-
tics in the investigated xenoliths (Fig. 4; 5), although the latter could po-
tentially be modified by fluids and melts migrating along the grain
boundaries. These observations indicate that all the studied sulfides
were formed in the mantle before xenolith entrapment in the basalt
and transport to the surface.
7.1.1. Origin of sulfides in lherzolite xenoliths
The evolution of the lherzoliticmantle beneath the NGVF is complex,

with ancient depletion and subsequentmultiple episodes ofmetasoma-
tism (Liptai et al., 2017) that may imply complex evolution of the sul-
fides as well.

The two measured interstitial sulfide grains from the only Group IB
member, metasomatized lherzolite xenolith (NFR0309), are not suffi-
cient to define compositional fields. Both the interstitial and enclosed
sulfide grains in Groups IA (depleted) and IIB (metasomatized)
lherzolite xenoliths (Supplementary Table 2) have similarly wide com-
position ranges (Supplementary Figs. 3 and 4). The observed heteroge-
neity indicates that both residual, Fe-depleted (Ni + Co-rich) and
metasomatized, Fe-enriched (Ni + Co-poor) sulfides can be found
among both IA and IIB lherzolites. The variable trace element character-
istics of the lherzolitic sulfides also indicate their complex origin (Figs. 9
and 12). Sulfides with different origin appear even within single
lherzolite xenoliths (cf. Alard et al., 2000), which is further illustrated
by PGE concentrations (Supplementary Table 5). The Ir-group platinum
group elements (IPGE; including Os, Ir, Ru) are highly compatible,
whereas the Pd-group platinum group elements (PPGE; including Pd,
Pt, Rh) are less compatible (Luguet and Reisberg, 2016). Therefore, re-
sidual sulfides are expected to show subchondritic PPGE/IPGE, which
is the case for 75% of the sulfide grains in lherzolite xenoliths (Supple-
mentary Table 7). The major element composition of sulfides in
lherzolites overlap with previously studied lherzolitic sulfides from
the NGVF (Figs. 4, 5, and 11), whichwere also proposed to have formed
dominantly during partial melting and occasionally by metasomatism
(Szabó and Bodnar, 1995).

The chemically different sulfides appearing in lherzolite xenoliths
can be divided into at least two populations. The first and larger



Fig. 9. Box and whisker diagrams of the CI chondrite-normalized (McDonough and Sun, 1995) major and trace elements of sulfide grains in the Nógrád-Gömör lherzolite and wehrlite
xenoliths. Data of major elements (marked in italic and with asterisks) are based on calculated bulk sulfide results. The reference fields are based on in situ analyses of various bulk
sulfide grains in peridotites: depleted sulfides (González-Jiménez et al., 2014; Guo et al., 1999; Saunders et al., 2015, 2016; Westner et al., 2019), metasomatic sulfides (Alard et al.,
2011; Delpech et al., 2012; González-Jiménez et al., 2014; Saunders et al., 2015; Westner et al., 2019) and sulfides precipitated after melt crystallization (D'Errico et al., 2019; Guo
et al., 1999; Saunders et al., 2016).
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population is represented by residual sulfides formed after partial melt-
ing. The second, smaller population is linked to metasomatism, which
was, however, not pervasive in contrast to the wehrlitization, which
led to intensive overprinting of the modal and chemical composition
of the precursor (Patkó et al., 2020). This suggests that sulfides from
the various lherzolite groups represent a population which differs
from sulfide population in wehrlite xenoliths. Thus, comparing
lherzolitic towehrlitic sulfides,whichwere formed by a single intensive
metasomatic event, allows us to understand the metasomatic imprint
on the metal budget.
7.1.2. Origin of sulfides in wehrlite xenoliths
Several lines of evidence support the idea that at least part of the

identified sulfide grains in the wehrlite xenoliths were formed by the
same metasomatic melt that modified the rock-forming mineral com-
position. These observations are: (1) the higher sulfide content of
wehrlite (~0.03 vol%) compared to the precursor lherzolite xenoliths
(~0.01 vol%) (Supplementary Table 2); (2) enclosed sulfides appearing
dominantly (94%) in olivine and clinopyroxene in wehrlite xenoliths
(Supplementary Table 2), which were both formed during the
wehrlitization (Patkó et al., 2020); (3) the wehrlitic sulfides having
higher bulk Fe and lower Ni and Co contents compared to the lherzolitic
sulfides (Figs. 4, 5 and), which is consistent with the Fe enrichment of
the rock-forming minerals (Patkó et al., 2020); (4) Fe- and Ni contents
of the wehrlitic sulfides and silicates showing a positive and a negative
correlation, respectively (Fig. 11); (5) pyrrhotites are in disequilibrium
with ultramafic rocks due to their little Ni contents (dominantly <3
wt%; Fig. 3) (e.g. Lorand and Grégoire, 2006); (6) trace element trends
of wehrlitic sulfides plotting in the field defined by sulfides crystallized
frommafic melts (D'Errico et al., 2019; Guo et al., 1999; Saunders et al.,
2016) (Fig. 12),which indicates that sulfide formation inwehrlite xeno-
liths is linked to a mafic melt.
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The formation of sulfides during wehrlitization is related to the for-
mation of minerals enriched in Fe (olivine, clinopyroxene) (Patkó et al.,
2020), leading to Fe decrease and Si enrichment in the metasomatic
melt. This resulted in lowering the S concentration at sulfide saturation
(SCSS) (O'Neill and Mavrogenes, 2002). Additionally, the higher the
pressure, the less S is needed for sulfide saturation (Mavrogenes and
O'Neill, 1999). Wehrlite formation occurred at an estimated pressure
of 1.3–1.6 GPa (Patkó et al., 2020), with a corresponding value for
SCSS at around1200 ppmS (Mavrogenes andO'Neill, 1999). Such S con-
centration is common in basaltic melts under upper mantle conditions
(e.g. Jugo et al., 2005).

To determine the formation conditions of the wehrlitic sulfides, we
estimated their equilibrium temperatures using the experimentally
determined mss phase relations (Kullerud et al., 1969). The calculated
bulk compositions of enclosed sulfides from the studied wehrlite xe-
noliths indicate higher temperatures (~1100–1150 °C) than what
was determined for lherzolitic sulfides (~1050–1100 °C) (Fig. 5b).
This is also confirmed by silicate-based thermometers (Liptai et al.,
2017; Patkó et al., 2020).

To further constrain the formation conditions of wehrlitic sulfides,
we compared their geochemical data with sulfides from the Nógrád-
Gömör cumulate xenoliths (Zajacz and Cs, 2003). The cumulates
(clinopyroxenites and plagioclase-bearing ultramafic rocks) crystal-
lized from basaltic melts accumulated immediately under the Moho
during the Neogene alkali basaltic volcanic event (Kovács et al.,
2004; Zajacz et al., 2007). Note that the cumulates were all sampled
from the central part of the NGVF, which coincides with the area of
wehrlite formation (Fig. 1b).

The wehrlitic sulfides fall between the fields of the Nógrád-Gömör
lherzolites (Szabó and Bodnar, 1995) and cumulates (Zajacz and Cs,
2003) in the Cu-/Ni + Co/-Fe, Cu-S-Fe and Fe-S-/Ni + Co/ systems
(Figs. 4 and 5). Furthermore, the geochemical evolution of wehrlitic sul-
fides, using coexisting sulfide and silicate minerals, points towards the



Fig. 10. δ56Fe signatures of sulfide grains from the Nógrád-Gömör lherzolite and wehrlite
xenoliths with respect to reference data. Solid black lines within the lherzolite and
wehrlite boxes indicate the median value. The grey field represents the value range for
the terrestrial mantle (Craddock et al., 2013). Data from Ciążela et al. (2019) refer to in
situ analyses of pentlandites pyrrhotites and chalcopyrites from gabbros of the lower
oceanic crust. The rest of the results refer to bulk rocks.
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field of the Nógrád-Gömör cumulates (Fig. 11). The similar chemical
compositions of sulfides in thewehrlite and cumulate xenoliths suggest
their cognate formation. It is suggested that sulfides in both thewehrlite
10
and cumulate xenoliths are related to migrating and crystallizing mafic
melts leading to higher Fe and lower Ni and Co contents in them.

Consequently, the wehrlitic sulfides represent an assemblage
formed in the samemagmatic systemas the one forming the cumulative
sulfides, but at greater depth.

7.2. The effect of wehrlitization on siderophile and chalcophile element
budget

The highermodality of sulfide inwehrlite xenoliths (Supplementary
Table 2) suggests that S was added to the bulk rocks during the melt-
wall rock interaction. The higher S fugacity of the metasomatizing
melt is further supported by the lowermetal/S ratio inwehrlitic sulfides
with respect to the lherzolitic sulfides (Fig. 6). As stated above,
wehrlitization resulted in Fe enrichment and relative Ni\\Co depletion
both in the sulfides and in the rock forming silicates (Fig. 11). These
trends are broadly known from silicates of mafic melt-metasomatized
peridotites (e.g. Peslier et al., 2002; Patkó et al., 2020). However, our
knowledge on the behavior of siderophile and chalcophile elements
during such melt metasomatism is limited, and mostly restricted to
PGEs (Büchl et al., 2002; Luguet et al., 2008) or to the oceanic (Ciążela
et al., 2017, 2018) or cratonic lithosphere (Aulbach et al., 2021).

The patterns of highly siderophile PGE obtained from the wehrlitic
sulfides are quite similar to those from the lherzolitic sulfides (Fig. 7).
The only exceptions are two lherzolitic sulfide grains from xenolith
NTB1122 with higher Ir, Ru, Rh, Pt and Pd contents compared to the
rest of the analyses (Fig. 7). This is because they only include the pent-
landite or pyrrhotite parts of the sulfide,whereas the rest of the analyses
represent polyphase bulk sulfides. The similar element concentrations
in sulfides from the wehrlitic and lherzolitic sulfides (Fig. 7) may indi-
cate that the metasomatic melt could not mobilize the highly
siderophile elements, and that the PGE content of the wehrlitic sulfides
was inherited from the precursor lherzolite sulfides. However, similar
PGE concentrations in single sulfide grains of the two xenolith series
(Fig. 7) indicate higher bulk rock PGE contents and thus enrichment in
the wehrlite xenoliths due to their higher sulfide modal proportions
(Supplementary Table 2).

In contrast, trace elements with both chalcophile and siderophile
character showdifferent concentrations for lherzolitic andwehrlitic sul-
fides: Re, Ge, Se and Te are more depleted, whereas Sb is more enriched
in wehrlitic compared to lherzolitic sulfides (Figs. 9 and 12). These ele-
ments prefer to partition in pentlandite which represents a refractory
mantle component (Garuti et al., 1984), and, to a lesser extent, they
are incorporated in pyrrhotite or chalcopyrite (Aulbach et al., 2021;
Ciążela et al., 2018) (Fig. 12.). This suggests that these elements have
relatively low affinity to sulfur, and thus are diluted in Fe-rich silicate
melts such as the wehrlitizing melt beneath the NGVF (Patkó et al.,
2020), which may explain their lower concentration in wehrlitic sul-
fides (Fig. 9). A decrease in bulk Re concentration linked to basaltic
melt percolation (Figs. 9 and 12) was also observed in mantle xenoliths
from east central China (Reisberg et al., 2005). This suggests that the in-
teraction of ultramafic rocks with basaltic melts results in low Re con-
centrations in the newly formed sulfides. Consequently, the
concentration of Re correlates (r2 = 0.79) negatively with the S/Se
ratio (Fig. 12g), which is a widely applied indicator of metasomatism.
Since S is preferentially transported in the melt whereas Se is more
compatible, metasomatized peridotites are generally characterized
with high S/Se (Alard et al., 2011). The high concentrations of Sb in
wehrlitic sulfides are most likely related to the geochemical character
of the metasomatic melt.

Highly chalcophile elements such as Cu, Zn, Cd, and Tl show higher
concentrations in wehrlitic than lherzolitic sulfides (Figs. 9 and 12).
Copper, Zn and Cd are dominantly incorporated in chalcopyrite
(Ciążela et al., 2018) which is more abundant in wehrlitic than in
lherzolitic sulfides, and thus wehrlitic sulfides become enriched in Cu,
Zn and Cd. Since minor amount (i.e. few tens of ppm) of these elements



Fig. 11.Relationship between (a) Fe in enclosed bulk sulfides vs. FeO in olivines (b) Fe in enclosed bulk sulfides vs. FeO in clinopyroxenes (c)Ni in enclosed bulk sulfides vs. NiO in olivines.
Data points represent weighted average per sample. The arrows indicate thewehrlitization trends. The fields for the Nógrád-Gömör lherzolite and cumulate xenoliths are from Szabó and
Bodnar (1995) and Zajacz and Cs (2003), respectively.
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can also reside in clinopyroxene, its highermodal proportion inwehrlite
xenoliths suggests even more significant Cu-Zn-Cd enrichment in the
wehrlite bulk rock. In contrast, Tl is related to pyrrhotite (cf. Ciążela
et al., 2018), which is the most abundant mineral in the wehrlitic sul-
fides. Thallium may thus be linked to the Fe-rich metasomatic melt.
The rest of the highly chalcophile elements (Ag, Pb, Bi) show no observ-
able difference between the various lithologies (Fig. 9).

Tin and Ga, which have lithophile affinity in addition to their
chalcophile and siderophile character, have a complex behavior and
show no compositional change linked to the wehrlitization (Fig. 9).

In summary, wehrlitization affected the concentration of several
metals. Metals that are both chalcophile and siderophile are depleted,
whereas highly chalcophile metals are enriched in wehrlitic sulfides.
The former show high affinity to pentlandite, which is less frequent in
wehrlitic sulfides, whereas the latter are preferentially incorporated
into pyrrhotite and chalcopyrite, which have higher mode in wehrlitic
sulfides with respect to the lherzolitic sulfides (Fig. 3). PGEs show no
systematic change between single sulfide grains of the two xenolith se-
ries, which implies an enrichment in the wehrlite bulk rock due to the
higher sulfide modal proportion in these rocks.

7.3. Relationship between the degree of metasomatism and sulfide
geochemistry

Thewehrlite xenoliths of the NGVFwere classified into three groups
(i.e. strongly, moderately and weakly metasomatized) depending on
the degree of metasomatism recorded by the Mg# of the silicates and
Cr# (Cr/[Cr + Al]) of the spinels (Patkó et al., 2020). Accordingly, the
strongly metasomatized wehrlite xenoliths have Mg# < 0.86 in olivine,
Mg# < 0.86 in clinopyroxene and Cr# < 0.20 in spinel, whereas the
weakly metasomatized wehrlite xenoliths have Mg# > 0.87 in olivine;
Mg# > 0.88 in clinopyroxene and Cr# > 0.19 in spinel.
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The weakly metasomatized wehrlite xenoliths have lower (~0.02
vol%) sulfide contents compared to the moderately (~0.04 vol%) and
strongly metasomatized (~0.03 vol%) ones (Supplementary Table 2).
This suggests that the low melt/rock ratio (<0.3) characteristic for the
weaklymetasomatizedwehrlites is associatedwith less sulfides,whereas
the high melt/rock ratio (>0.3) typical to strongly metasomatized
wehrlites is accompanied with more sulfides.

The average major element composition of the interstitial and
enclosed sulfides in wehrlite xenoliths in the Cu-/Ni + Co/-Fe and Cu-
S-Fe-/Ni + Co/systems form a cluster with the exception of those in
the leastmetasomatized xenolithNTB1109 (Figs. 4 and5). The averaged
interstitial and enclosed sulfides of NTB1109, characterized by high Ni
+ Co content, overlap with the field defined by the lherzolitic sulfides
(Szabó and Bodnar, 1995) (Figs. 4 and 5). On sulfide-silicate relation
plots, data points of this xenolith consequently fall around the starting
point of the wehrlitization trends and overlap with the lherzolitic fields
(Fig. 11). In contrast, the strongly metasomatized wehrlite xenoliths
(NFK110, NFR1117A, NMM1129) plot at the end of the wehrlitization
trends, close to the field of sulfides from cumulates defined by Zajacz
and Cs (2003) (Fig. 11), and the same observations can be made in the
Cu-/Ni + Co/-Fe (Fig. 4) and Cu-S-Fe-/Ni + Co/ (Fig. 5) systems. The
wehrlite xenoliths, whose sulfides were subjected to trace element
measurements, cover the entire spectrum from weakly (NTB1109),
through moderately (NME1110, NME1129D), to strongly (NTB1120)
metasomatized samples. Sulfides in the moderately and strongly
metasomatized wehrlites have higher Zn and Sb, as well as lower Re,
Ge, Se and Te contents compared to those are situated in the weakly
metasomatized werhlite (Fig. 12). All these observations suggest that
the degree of metasomatism and related redistribution of rock forming
minerals also influences the geochemistry of sulfides.

Even though thewehrlitization resulted in significant sulfide enrich-
ment, ~25% of the current sulfide inventory is inherited from the



Fig. 12. Scatterplots comparing trace element contents in sulfide grains of the Nógrád-
Gömör lherzolite and wehrlite xenoliths. Red, yellow, and green reference fields are
based on in situ analyses of various sulfide grain populations in peridotites: depleted
sulfides (González-Jiménez et al., 2014; Guo et al., 1999; Saunders et al., 2015, 2016;
Westner et al., 2019), metasomatic sulfides (Alard et al., 2011; Delpech et al., 2012;
González-Jiménez et al., 2014; Saunders et al., 2015; Westner et al., 2019), sulfides
precipitated after melt crystallization (D'Errico et al., 2019; Guo et al., 1999; Saunders
et al., 2016). In situ pentlandite and pyrrhotite data are from the studies of Aulbach et al.
(2019, 2021).
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precursor lherzolites and these are still present alongside the newly
formed metasomatic sulfides (Fig. 13), as suggested by sulfides in
wehrlites having geochemical characteristics similar to those from
lherzolitic sulfides (Fig. 12). This variability suggests that sulfides in dif-
ferent areas within single xenoliths were affected by the wehrlitization
process to different extent, similarly to the silicates (Patkó et al., 2020).
7.4. Iron isotope systematics of lherzolitic and wehrlitic sulfides

Iron isotopes have been studied in bulk rocks of the upper mantle
peridotites and in situ in their rock forming minerals (Peters et al.,
2019 and references therein). However, in situ Fe isotope analyses of
upper mantle sulfides are scarce (Ciążela et al., 2019).
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The wehrlitic sulfides show wide δ56Fe range (from −0.20 to
+0.84‰)with several sulfide grains havingquite heavy Fe isotope com-
positions (>+ 0.6‰) (Fig. 10). In contrast, the lherzolitic sulfides have
less variable and generally lighter δ56Fe values (from−0.13 to+0.56‰)
(Fig. 10).

The general trend seems to indicate that the metasomatism caused
enrichment in heavier Fe isotopes. However, irrespectively to the xeno-
lith lithology, there is a significant difference between the δ56Fe results
of sulfides from the two sampling localities (NTB: from −0.20 to
+0.04‰; NME: from+0.56 to +0.84‰; Supplementary Fig. 5; Supple-
mentary Table 6). This suggests that local variations of isotopic signa-
tures were not entirely overprinted by the wehrlitization process.

Pentlandite, pyrrhotite and chalcopyrite show different δ56Fe values
(Fig. 10a), thus the variable δ56Fe values of the studied sulfides can re-
flect modal characteristics. Pyrrhotite dominates the wehrlitic sulfides,
whereas pentlandite and mss prevails the lherzolitic sulfides in both
the xenolith from Trebeľovce (NTB) and the one from Eresztvény
(NME). This suggests that it is not the modal proportion of these min-
erals that determines the isotope differences between these localities.
Chalcopyrite is a common mineral both in the wehrlitic (appears in
~75% of the sulfides) and lherzolitic sulfides (appears in ~60% of the sul-
fides) from theNME locality. In contrast, it is rare in theNTB locality (ap-
pears in ~25% of both the wehrlitic and lherzolitic sulfides). Since
chalcopyrite is characterized by heavy δ56Fe values (from +1.28 to
+1.60‰; Fig. 10a), its higher abundance in the NME xenoliths can ex-
plain the heavier isotope characteristics (Fig. 10a). Heavy isotopes pre-
fer lattice sites with low coordination (high-bonding energy) (Urey,
1947). The coordination number of Fe is lower in chalcopyrite (2),
than in pyrrhotite (4) and pentlandite (4), which can explain the
heavier Fe isotope characteristics in chalcopyrite with respect to the lat-
ter two. This also suggests that the type of mineral that crystallizes
might be the dominant control on isotope systematics of sulfides and
can veil the isotopic composition of the metasomatic melt agent.
These findings are in agreement with the results of Polyakov and
Soultanov (2011),who studied the Feβ-factors of sulfides and predicted
at equilibrium the isotope ratio of the substance of interest with respect
to the isotope ratio of dissociated atoms. They concluded that the higher
β-factor (0.5) for chalcopyrite compared to troilite (0.3) can explain the
heavy Fe isotope enrichment in chalcopyrite. The reasonwhy sulfides in
the NME locality are richer in Cu can be the high temperature (>800 °C)
differentiation of the sulfide melt (c.f. Lorand and Grégoire, 2006). This
local phenomenon could have happened due to the crystallization of
mss (~1200–1000 °C) and the subsequent formation of a Cu-rich liquid,
which solidifies as iss (intermediate solid solution) at lower tempera-
ture (900–800 °C) (Mansur et al., 2021).

The reason why the wehrlitization was not accompanied by Fe iso-
tope fractionation that would have resulted in Fe isotope differentiation
between wehrlitic and lherzolitic sulfides is questionable.

One possible explanation can be the similar Fe isotopic composition
of the metasomatic agent and the precursor lherzolite. The NGVF
wehrlites were formed by contribution of an OIB-like melt which is as-
sumed to be homogenous underneath the entire volcanic field (Patkó
et al., 2020). OIB-like melts typically have a narrow δ56Fe range (from
+0.05 to +0.14‰; Teng et al., 2013) (Fig. 10). Note that there is only
one wehrlitic sulfide whose δ56Fe value is within the range defined by
OIB-likemelts (Fig. 10b). Assuming that OIBmelts have similar Fe isoto-
pic compositions worldwide, the original Fe isotope composition of the
metasomatic agent does not determine the Fe isotope characteristics of
the wehrlitization, possibly because of its compositional change related
to the melt-wall rock interaction (e.g. incorporation of sulfides occur in
the precursor). This precludes the isotopic equilibrium between the
melt agent and the precipitated sulfides leading to wide Fe isotopic
ranges in wehrlitic sulfides (Fig. 10b).

Magma differentiation usually does not affect δ56Fe in basaltic sys-
tems (e.g. Schuessler et al., 2009). However, constant bulk δ56Fe during
melt differentiation may result from the contrasting effect of various



Fig. 13. Schematicmodel of thewehrlitization process (adapted from Patkó et al., 2020)with emphasis on sulfides. Geochemical characteristics of the precursor (orange) andmetasomatic
(yellow) sulfides are highlighted on the right side. Abbreviations: ol - olivine, opx - orthoproxene, cpx - clinopyroxene, sp. - spinel, sulf - sulfide.
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crystallizing minerals. For example, the simultaneous fractionation of
olivine (preferring lighter Fe isotopes) and spinel (preferring heavier
Fe isotopes) results in neutral δ56Fe signature in the melt (McCoy-
West et al., 2018). The interaction of peridotites and silica-
undersaturated melts produces metasomatized lherzolites or wehrlites
with heavier δ56Fe signatures, as it was observed both in lherzolites
(from +0.15 to +0.19‰; Huang et al., 2011) and wehrlites (from
+0.01 to +0.17‰; Weyer and Ionov, 2007; Zhao et al., 2010, 2012).
This suggests that changes in clinopyroxene modal volume, which is a
common mineral during such metasomatic reactions, likely plays a
key role in Fe isotope fractionation. In fact, Zhao et al. (2010) concluded
that the higher the clinopyroxene content of the metasomatic product,
the heavier the bulk Fe isotope composition. In the NGVF wehrlites,
clinopyroxene, and to a lesser extent, olivine, crystallized at the expense
of orthopyroxene (Patkó et al., 2020). Therefore, it is likely that olivine
and clinopyroxene formation have contrasting effects on the Fe isotope
fractionation during wehrlitization, as witnessed in the sulfides.

Kinetic fractionation, which would lead to lighter isotope signatures
in the wehrlites (Teng et al., 2011) is significant only for low melt/rock
ratio (<0.1; Poitrasson et al., 2013). However, this is not the case during
NGVF wehrlite formation, where melt/rock ratio was estimated be-
tween 0.2 and 0.4 (Patkó et al., 2020). Furthermore, according to
Zhang et al. (2020), in case of kinetic iron isotopic fractionation, the Fe
content correlates negatively with δ56Fe, which was not observed in
the wehrlitic sulfides (Supplementary Fig. 2).

As a summary, we suggest that none of the mentioned factors (melt
agent isotopic characteristics, isotope fractionation due to magma dif-
ferentiation, kinetic fractionation) was dominant enough to control Fe
isotope fractionation. Therefore, the Fe isotope composition of the
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melt was likely buffered by the local lherzolitic rocks, resulting in bal-
anced Fe isotope composition in the lherzolites and wehrlites.

7.5. Sulfide enrichment in the upper mantle as a global process

In recent years, sulfideminerals enrichment has been reported or in-
ferred along oceanic crust-mantle transition zones (Ciążela et al., 2017,
2018; González-Jiménez et al., 2020), whichmay indicate a globalmetal
enrichment along the oceanicMoho. This seems to be confirmed by cop-
per deposits found in crust-mantle transition zones in ophiolites (e.g.
Panayiotou, 1978). Although a similar phenomenon was recognized
along the subcontinental crust-mantle boundary (e.g. Chen et al.,
2020), there are only a few studies focusing on the migration of
chalcophile elements (e.g. Blanks et al., 2020), due to scarcity of suitable
exposures (Moho is on average ~ 35kmbelow the continent surface and
is rarely exposed tectonically) (e.g. Grad et al., 2009). Nevertheless, pre-
liminary studies in orogenic peridotite massifs reveal sulfide enrich-
ment along peridotite-gabbro contacts in pressure conditions
comparable to the continental Moho (0.5–1 GPa) (Pieterek et al.,
2019), although the precipitation of sulfides during melt-peridotite in-
teraction seems to occur independently of the pressure. This is sup-
ported by the fact that sulfides are present both at low pressures
(0.1–0.2 GPa) at the oceanic crust-mantle transition zones (Negishi
et al., 2013), as well as at high pressures (up to 2.5 GPa), which is
more comparable to the environment of mantle xenoliths (e.g. Lorand
et al., 2003; Wang et al., 2009). The elevated sulfide modes in metaso-
matic rocks represented by our wehrlite xenoliths demonstrate that
the upper continental mantle is fertilized by ascending melt. Hence,
large portion of S and associated chalcophile elements rather remain
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in the continental mantle and do not reach the crust, as has been previ-
ously proposed for the oceanic (Ciążela et al., 2017) and cratonic litho-
sphere (Aulbach et al., 2021). The observed process may occur at
various depths in the continental mantle; for example, the NGVF xeno-
liths record pressures of 1.3–1.6GPa (Patkó et al., 2020). The intensity of
this process is likely even greater below theMoho, as evidenced by oro-
genic massifs where peridotites are in contact with gabbros (Pieterek
et al., 2019).

The refertilization of the mantle with metals during melt-wall rock
reaction at the crust-mantle transition and along melt channels in the
upper mantle may influence the local, regional, and potentially, the
global metal mass balance of the continental lithosphere. A Cu deficit
in the lower oceanic crust was already highlighted by Ciążela et al.
(2018), who argued that 20–62% of the Cu load of a primitive melt
could be retained below the crust, namely, at the oceanic crust-mantle
transition or inmelt-modifiedmantle rocks of the uppermantle. The re-
mobilization of mantle sulfides by sulfide-undersaturated melts
(Aulbach et al., 2021) or by buoyant CO2 bubbles (Blanks et al., 2020)
can contribute to porphyry and related epithermal mineral deposits
(Sillitoe, 2010). Our study indicates that sulfide enrichment, likely to a
lesser extent, occurs in the upper continental mantle, and potentially,
in the continental crust-mantle transition zone. However, although
our observation is well-documented and quantitative due to the in
situ investigation of sulfides,more studies are needed to estimate the ef-
fect of this process on the global mass balance at the continental litho-
sphere. In addition, we assume that further systematic studies of
peridotite-gabbro contacts from continental crust-mantle transition
zones will prove useful in the future. One of the most important ques-
tions that remain is the quantitative significance of S and metal loss
along melt channels in the upper mantle and presumably in larger-
scale zones at the crust-mantle boundary, where melts may stagnate
due to the lower density of the overlying crust and interact with the
mantle for a longer time.

8. Conclusions

1. The alkali basalt-hosted uppermantle xenoliths of Nógrád-Gömör
Volcanic Field are classified into a lherzolitic and wehrlitic series. We
compared sulfides from both the lherzolite and the wehrlite xenoliths.
Sulfides are more abundant in wehrlites (~0.03 vol%) and often appear
in enclosed textural positions, whereas those in lherzolites (~0.01 vol
%) are dominantly interstitial. Monosulfide solid solution (mss) and
pentlandite are themost common sulfide phases in lherzolites, whereas
pyrrhotite is the most frequent in wehrlites.

2. Wehrlitic sulfides show higher bulk Fe and Cu, but lower bulk Ni
and Co contents compared to the lherzolitic sulfides. The Fe-rich charac-
ter of the wehrlitic sulfides agrees with the Fe enrichment trend in the
wehrlitic rock forming minerals. This suggests that both the sulfides
and rock forming minerals were affected by the same metasomatic
event. The sulfides in wehrlites are enriched in highly chalcophile (Zn,
Cd and Tl) and relatively depleted in simultaneously chalcophile and
siderophile (Ge, Se, Te and Re) trace elements compared to the sulfides
in the lherzolites. This suggests that the chalcophile affinity exerts the
most decisive control on metal behavior during metasomatism. The
similar S and PGE compositions in single lherzolitic and wehrlitic sul-
fides suggests moderate enrichment of these elements in bulk rock
wehrlites due to their higher sulfide content.

3. The δ56Fe signatures indicate isotopic fractionation between
lherzolites and wehrlites with heavier isotope compositions in the
wehrlitic sulfides. However, irrespectively to xenolith lithology, there
is a significant difference between the δ56Fe results of sulfides in the
two studied sampling localities (NTB and NME). This suggests that
local variations of isotopic signatures are not fully overprinted by the
wehrlitization process. The δ56Fe difference between the two xenolith
localities is probably due to the higher chalcopyrite content in sulfides
of the NME xenoliths compared to those of the NTB xenoliths.
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4. Our results indicate that sulfide mineral and chalcophile element
enrichment is a result of mafic melt metasomatism in the subcontinen-
tal lithospheric mantle. We showed that part of the copper and other
chalcophile metals missing in the budget of the crust may have been
retained in the mantle due to melt – wall rock interactions and never
reached the crust.
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