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ABSTRACT

Volatiles such as carbon (C) and sulphur (S) are commonly transferred into the mantle from subduction of oceanic lithosphere and overlying sediments.
C and S isotopic signatures of magmatic rocks could be used as proxies of the slab components involved in the petrogenesis of subduction-related ophiolites.
Therefore, in this work we investigated the major and trace element composition, as well as the C and S elemental contents and isotopic ratios ('*C/'>C and
38/328) of subvolcanic and volcanic rocks of the Vardar ophiolites of North Macedonia, which represent the remnants of the Mesozoic Tethyan oceanic litho-
sphere formed in supra-subduction zone tectonic settings.

The ophiolites were sampled at Lipkovo and Demir Kapija localities, in the northern and southern part of North Macedonia, respectively. Based on
whole-rock major and trace element composition, three groups of rocks can be distinguished: i) Group 1 rocks, which are subalkaline basalts having backarc
affinity, ii) Group 2a and iii) Group 2b rocks, which are calc-alkaline basalts having arc affinity, with and without adakitic signatures, respectively. The quali-
tative petrogenetic models indicate that studied rocks formed by partial melting of mantle sources variably metasomatized by subduction-related components,
such as aqueous fluids, sediment melts, and adakitic melts. Accordingly, all the North Macedonia ophiolites are characterized by C and S signatures which de-
viate from those typical for mantle and Mid Ocean Ridge melts. The variably low 8'3C values recorded by Group 1 and 2 rocks could be related to the differ-
ent contributions of melts released by subducting sediments rich in organic matter. However, we cannot exclude that such C-enriched signature is the result of
isotopic fractionation during degassing process. In contrast, the enriched S isotopic signatures of the North Macedonia ophiolites suggest a major involvement
of melts derived from the subducting sediments rich in sulphate phases. In particular, the calc-alkaline basalts of Group 2 rocks record more positive 6**S val-
ues than the subalkaline basalts of Group 1 formed in backarc basin suggesting that the subarc mantle sources were more affected by slab-released fluids than

those of the backarc basin, which were more distal from the trench.

INTRODUCTION

Subduction of oceanic lithosphere plays a crucial role
in the cycle of Earth’s volatiles (e.g., H, C, S, B, and CI;
Wallace, 2005; Zellmer et al., 2015; Bekaert et al., 2021).
In subduction zones, volatiles are transferred from the sub-
ducting slab to the overlying subarc mantle wedge by fluids
and melts released from the downgoing slab by pore-water
release, dehydration processes or melting (Wallace, 2005; Li
et al., 2021). This volatile flux plays a fundamental role for
the metasomatism of the subarc mantle, which, in turn, con-
trols the composition of volcanic arc rocks (de Hoog et al.,
2001; Zellmer et al., 2015; Black and Gibson, 2019). Among
the volatiles, carbon (C) and sulphur (S) are transferred into
the mantle from subduction of sediments and basaltic crust
(Bénard et al., 2018; Schwarzenbach et al., 2018; Walters et
al.,2019). According to these authors, C and S of subducting
sediments and oceanic crust have isotopic signatures distin-
guishable from those of typical mantle, and thus may be used
as proxies of the nature of the slab components. However,
sources, fluxes, and effects of C and S input in the subduction

zone are still poorly constrained. Few C and S isotopic stud-
ies were focused on melt inclusions, which potentially pre-
serve the original budget and isotopic signature of the magma
(Gurenko et al., 2005; Ruth et al., 2018), but these studies
are limited, as melt inclusions are not common. Studying
volcanic arc and subduction-related rocks exposed within
accretionary and collisional belts may therefore represent a
valid alternative to investigate contents and isotopic features
of volatiles with the aim to reconstruct their cycle during sub-
duction processes. Ophiolites are fragments of ancient ocean-
ic lithosphere that were tectonically emplaced into orogenic
belts. On the basis of structural architecture and geochemical
features of the magmatic rocks, ophiolites were classified as
subduction-unrelated and subduction-related (Dilek, 2003;
Dilek and Furnes, 2011; 2014; Saccani, 2015; Furnes et al.,
2020). In particular, the latter are thought to be formed in
the extending upper plate of ancient subduction zones and
their evolution is governed by slab dehydration, melting of
the subducting sediments, metasomatism of the subarc man-
tle, and repeated events of partial melting of metasomatized
mantle (Dilek and Furnes, 2011). Hence, the investigation
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of volatile elements hosted in subduction-related ophiolites
may provide fundamental information to infer the petroge-
netic processes and the volatile flux in the mantle wedge. The
aim of this paper is to investigate the sources of the volatiles
and their different contributions during the petrogenesis of
the subvolcanic and volcanic rocks of the Vardar ophiolites
of North Macedonia (Fig. 1a), which represent the remnants
of the Mesozoic Tethyan oceanic lithosphere formed in a
supra-subduction zone (SSZ) tectonic setting (BoZovi¢ et al.,
2013). To this purpose, we performed whole-rock chemical
analyses of lithophile elements and mineral chemistry analy-
ses to constrain the geochemical affinity and the petrogenesis
of these ophiolitic rocks. In addition, we characterized for the
first time their C and S elemental and isotopic ('3C/'?C and
34S/32S) composition to constrain the sources of the volatiles
and their different contributions during the petrogenesis of
the primary magmas. However, other processes occurring
in the crustal surface can mobilize C and S and modify the
original isotopic signature of the rocks, such as degassing
of melts and alteration of rocks in submarine and subaerial
environments. Therefore, we firstly demonstrated that C and
S isotope signatures are inherited by processes occurring in
the mantle, i.e., before the eruptions of melts, rather than
by processes of alteration of the rocks. This work may shed
light on the complexity and heterogeneity of the sources and
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processes responsible for the volatiles in the subduction zone
and testify that subduction-related ophiolites are potential
archives of the volatile flux and fluids/melts release within
subduction zones.

GEOLOGICAL SETTING

Geological setting of the Dinaric-Hellenic belt

The North Macedonia is part of the Dinaric-Hellenic belt
(Fig. 1a), which is an Alpine collisional belt extending from
Slovenia to southern Greece. The Dinaric-Hellenic belt re-
sulted from the Mesozoic-Cenozoic convergence between the
Adria microplate and the Eurasia plate that was accommodat-
ed by the closure of the Tethyan Ocean, ophiolite obduction,
and continental collision (Robertson and Shallo, 2000; Pami¢
et al., 2002; Karamata, 2006; Dilek et al., 2007; Schmid et
al., 2008; Robertson et al., 2009; Bortolotti et al., 2013; Boev
et al., 2018; Maffione and van Hinsenbergen, 2018). In the
southern part of the Dinaric-Hellenic belt (i.e., from Albania-
North Macedonia to Greece), five west-verging main tectono-
stratigraphic zones have been identified, from west to east:
i) the Deformed Adria zone; ii) the Dinaric-Mirdita-Pindos
ophiolitic zone (Subpelagonian zone); iii) the Korabi-Pel-
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Fig. 1 - a) Simplified tectonic map of the Dinaric-Hellenic belt showing the main zones and ophiolites (modified from Saccani et al., 2011). b) Geological map
of the North Macedonia with the main geological units (modified from Soster et al., 2020, Petrusev et al., 2021). The white stars indicate the sampling loca-
tions of this study. The location of the Guevgeli Complex (black star) is also reported.



agonian zone; iv) the Vardar ophiolitic zone; v) the Serbo-
Macedonian-Rhodope zone (Fig. 1a; Robertson and Shallo,
2000; Chiari et al., 2011; Ferriere et al., 2012; Bortolotti et
al., 2013). The Deformed Adria zone is composed of sev-
eral tectonic units showing Triassic to Miocene sedimentary
succession representing the original sedimentary cover of the
Adria microplate (Robertson and Shallo, 2000; Dilek et al.,
2007). The Mirdita-Pindos ophiolitic zone is characterized by
several Triassic-Jurassic ophiolites and related sedimentary
successions (Bébien et al., 2000; Saccani et al., 2011; 2017).
These ophiolites show magmatic rocks with geochemical af-
finity ranging from mid-ocean ridge basalt (MORB) to island
arc tholeiites (IAT), and boninites (Beccaluva et al., 1994,
Dilek et al., 2007; Saccani et al., 2011). These ophiolites
are interpreted as generated in a SSZ setting and record the
evolution from nascent forearc to mature intra-oceanic arc.
The Korabi-Pelagonian zone is made up by an assemblage
of tectonic units, which includes rocks derived from a Paleo-
zoic metamorphic basement and the overlain Permo-Triassic
to Jurassic sedimentary cover (Robertson and Shallo, 2000;
Tremblay et al., 2015). In the North Macedonia, the Korabi-
Pelagonian zone is subdivided into two distinct zones, which
are the West-Macedonian zone and the Pelagonian Massif
(Fig. 1b). The West-Macedonian zone is composed of low-
grade metamorphic and magmatic Paleozoic rocks, Triassic
and Jurassic sedimentary and magmatic rocks, as well as Ce-
nozoic sedimentary successions. The Pelagonian Massif is
a relic of a dome-shaped Proterozoic crystalline basement.
The boundary with the West-Macedonian zone is represented
by a deep regional reverse fault (see PetruSev et al., 2021,
and references therein). The geodynamic interpretation of the
Korabi-Pelagonian zone is rather controversial. In fact, it has
been interpreted either as a continental domain separating two
oceanic basins, the Mirdita-Pindos and Vardar ocean (e.g.,
Robertson, 2002; Karamata, 2006; Dilek et al 2007; Robert-
son et al., 2009) or as the distal part of the Adria Microplate
margin structurally exposed as a tectonic window below a
far-travelled ophiolitic nappe derived from a single Mesozoic
oceanic basin (e.g., Saccani et al., 2008b; Schmid et al., 2008;
Kilias et al., 2010; Saccani et al., 2011; Ferriere et al., 2012;
Bortolotti et al., 2013; Tremblay et al., 2015). The Vardar
zone consists of a composite structural assemblage made up
of both continental- and oceanic-derived units (Robertson
et al., 2009). The studied ophiolites are included within this
zone that, therefore, will be described in detail in the follow-
ing section. Finally, the Serbo-Macedonian-Rhodope zone is
composed of high to medium grade meta-igneous and meta-
sedimentary rocks and it is interpreted as the westernmost
European margin during Mesozoic convergence (Saric et al.,
2009; Bozovic et al., 2013).

Vardar zone

The Vardar zone represents a NNW-SSE striking ele-
ments interposed between the Korabi-Pelagonian and the Ser-
bo-Macedonian-Rhodope zones (Fig. 1a). This zone shows
Triassic-Jurassic and largely dismembered ophiolites that
are also known as Inner Hellenic ophiolites (Smith, 1993).
Different sub-zones have been distinguished and named by
several authors working in different segments of the Dinaric-
Hellenic belts (e.g., Mercier, 1966; Pe-Piper and Piper, 2002;
Schmid et al. 2008). In the Macedonian Greece, from west to
east the Vardar zone is subdivided into the Almopias, Paikon,
and Peonias (i.e., Guevgueli) sub-zones (Mercier, 1966; Pe-
Piper and Piper, 2002; Saccani et al., 2015). In the northern
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part of the belt (i.e., in the central and northern Serbia area),
the Vardar zone is subdivided into the Western Vardar zone
and the Main Vardar zone, which are separated by the Kopa-
onik unit (Robertson et al., 2009). Regardless of the different
nomenclature, these different sub-zones can basically be cor-
related each other. Here we follow the sub-zones described
for the Northern Greece sector, because the Demir-Kapija
ophiolites studied in this paper continues in northern Greece,
where they are known as Guevgueli ophiolites.

The Almopias sub-zone is tectonically rather complex
and is mainly composed of Jurassic ophiolites and related
sedimentary cover (Sharp and Robertson, 1994; Saccani et
al., 2008b; 2015). In this sub-zone, the ophiolites are high-
ly dismembered and mantle rocks tectonically overlay a
sub-ophiolitic mélange including ophiolitic rocks showing
MORB, IAT, and boninitic affinities (Saccani et al., 2008b;
2015). These ophiolites are interpreted as SSZ ophiolites
formed in an intra-oceanic island arc setting (Saccani et al.,
2008b; 2011).

The Paikon sub-zone includes Triassic to Late Jurassic
metamorphic successions composed of metasedimentary
and metavolcanic rocks (Mercier, 1966; Sharp and Robert-
son, 1994). The latter show geochemical features suggesting
a volcanic arc affinity. These assemblages are interpreted as
representing a Middle to Late Jurassic volcanic arc (Paikon
arc) formed onto the continental margin of Eurasia plates be-
cause of an east-dipping subduction (Mercier, 1966; Vergély
and Mercier, 2000).

Finally, the Guevgueli sub-zone includes two ophiolites,
namely Guevgueli (in northern Greece) and Demir Kapija
(in North Macedonia). The Late Jurassic Guevgueli ophiol-
ites composed of gabbros, dykes, and lavas showing backarc
basin basalt (BABB) as well as calc-alkaline (CAB) chemi-
cal affinities (Bébien et al., 1986; Saccani et al., 2008a). The
lavas are associated with radiolarian cherts indicating a Late
Jurassic age (Saccani et al., 2011 and reference therein).
The ophiolite is intruded by Late Jurassic granites associ-
ated with migmatites and magmatic breccias (Bébien et al.,
1986; Sari¢ et al., 2009). Collectively, this assemblage is
interpreted as formed in a Late Jurassic backarc basin that
was existing between the Paikon arc and the Eurasian mar-
gin (i.e., the Serbo-Macedonian-Rhodope zone). The Demir
Kapija ophiolite represents, in fact, the continuation of the
Guevgueli sub-zone in North Macedonia (BoZovi¢ et al.,
2013). It is composed of gabbros, diabases, and pillow la-
vas associated with intermediate and acid magmatic intru-
sions having subduction-related affinity (Sari¢ et al., 2009)
and locally bearing an adakitic signature (Demir Kapija;
Bozovi¢ et al., 2013; Boev et al., 2018). In the ophiglites
from the Guevgueli sub-zone, peridotites are very rare (Sari¢
et al., 2009; Boev et al., 2018). The age of the BABB and
MORB crust of the southern Vardar ophiolites is ~ 166 Ma,
according to radiolarian biostratigraphic dating of cherts as-
sociated with volcanic rocks within the Guevgueli complex
(Kuko¢ et al., 2015) and U/Pb datings of Demir Kapija gab-
bros (Bozovié et al., 2013). The subduction-related rocks of
Demir Kapija record an age of ~ 164 Ma, indicating they are
temporally close to the formation of the BABB and MOR
oceanic crust (Bozovié et al., 2013).

SAMPLING AND PETROGRAPHY

For this study seventeen samples of subvolcanic and vol-
canic rocks were collected from different ophiolitic outcrops
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along the central part of the North Macedonia. Twelve sam-
ples were collected from the well-known Demir Kapija ophi-
olite, in the southern North Macedonia which is composed of
gabbros, diabases, and pillow lavas with variable geochemi-
cal compositions, from MOR- to SSZ-affinity (Sari¢ et al.,
2009; Bozovi¢ et al., 2013). Other five samples were col-
lected near Lipkovo in the northern part of North Macedo-
nia (Fig. 1b). The Lipkovo ophiolitic complex, also known
as Lojane ophiolitic complex (Augé et al., 2017), has been
poorly investigated in literature. It is mainly characterized by
a basal mantle sequence with harzburgite and minor dunite
overlain by the cumulate sequence consisting of basal dunite,
followed by lherzolite, pyroxenite and gabbro, and a volcano-
sedimentary sequence with basaltic pillow lava (Augé et al.,
2017). The global positioning system (GPS) coordinates of
the sampled points both in Demir Kapjia and Lipkovo are re-
ported in Table 1. The samples are subvolcanic and volcanic
rocks having basaltic compositions. The subvolcanic rocks
were sampled both in Demir Kapija and Lipkovo, whereas
the volcanic rocks are only from Demir Kapija.

Most of the studied rocks are affected by various degrees
of low-grade ocean-floor hydrothermal alteration. Olivine
is mainly replaced by iddingsite, plagioclase is sometimes
pseudomorphosed by albite and sericite. In volcanic rocks,
volcanic glass is replaced by chlorite and clay minerals.
Only clinopyroxene occurs as fresh crystals, though in some
samples it is replaced by amphibole and/or chlorite. In some
samples amygdales and veins filled with calcite are also
present. Subvolcanic rocks show holocrystalline and inequi-
granular texture. They are characterized by euhedral plagio-
clases (up to 4 mm across), smaller subhedral to anhedral
clinopyroxenes (up to 2 mm across), and Fe-Ti oxides (up
to 1 mm across). The olivine is rare and altered to iddingsite
(up to 1 mm across). Volcanic rocks show aphyric (PI <10)
and weakly porphyritic (PI = 15-20) textures. In the aphyric
rocks the groundmass is hypocrystalline with microlites of
plagioclase and small crystals of olivine, clinopyroxene, and
Fe-Ti oxides. In weakly porphyritic basalts, the phenocrysts
consist of euhedral to subhedral plagioclase (up to 3-4 mm
across), subhedral clinopyroxene (up to 1 mm across), and
minor olivine (up to 1-2 mm across). The phenocrysts are
set in an intersertal groundmass composed by microlites of
plagioclase, olivine, clinopyroxene, minor glass, and Fe-Ti
oxides.

ANALYTICAL METHODS

X-ray powder diffraction (XRD) analyses were performed
on six samples (DS5, DS6, DS7, DS8, DS13, DS15) to iden-
tify the main phases and the alteration products of the ophiol-
itic rocks, and, therefore, plan the electron probe analyses of
the main mineral phases. These samples have been selected
as we recognized from petrographic analyses several clinopy-
roxene and plagioclase rather fresh for electron microprobe
analyses. Data collection was performed on Bruker D8 Ad-
vance Da Vinci diffractometer working in Bragg-Brentano
geometry equipped with a LynxEye XE silicon strip detector
(angular range of the detector window size =2.585° 20) set to
discriminate Cu Ka1,2 radiation, Ni-filter to suppress Cu K3
component. The powder was placed within a sample holder
and scanned in a continuous mode from 5 to 80° 20 with step
size of 0.02° 20 and a counting time of 1 s per step. Qualita-
tive phase analysis of collected patterns was performed by
means of the Bruker AXS EVA software (v.5).

The major element composition of the main phases (pla-
gioclase and clinopyroxene), as well as oxides were obtained
by electron microprobe (EMP) spectrometry using a CAM-
ECA SX 50 at the Institute of Environmental Geology and
Geoengineering (IGAG-CNR) of the University of Rome “La
Sapienza” (Italy). Analytical conditions were as follows: 15
kV acceleration potential; beam size focused at 5 ym;15 nA
beam current; 20-30 seconds counting time, as a function of
the analyzed element. Silicate minerals and synthetic oxides
were employed as standards.

Whole rock major and some trace (Zn, Cu, Ni, Co, Cr, V,
Ba) elements were analyzed by X-Ray Fluorescence Spec-
trometry (XRF) at the Department of Chemical and Geologi-
cal Sciences of Modena and Reggio Emilia University (Italy)
using the wavelength dispersive X-Ray fluorescence (Phil-
ips PW1480) on pressed pellets and applying the methods of
Franzini et al. (1975) and Leoni and Saitta (1976). Analyses
are considered accurate within 2-5% for major elements, and
better than 10% for trace elements. Volatile contents were de-
termined as loss on ignition (LOI) at 1000°C. The rare earth
elements (REE) and some trace elements (Rb, Sr, Zr, Y, Nb,
Hf, Ta, Th, U) were determined by Inductively Coupled Plas-
ma-Mass Spectrometry (ICP-MS) using a Thermo Series X-I
spectrometer at the Department of Physics and Earth Scienc-
es of the Ferrara University (Italy). The accuracy of the data
for XRF and ICP-MS analyses were evaluated using results
for international standard rocks run as unknowns. The detec-
tion limits for XRF and ICP-MS analyses were evaluated us-
ing results from several runs of 29 international standards and
are given in the Table 1S.

The analyses of C and S contents (expressed in wt%)
and the relative isotope ratios (3C/'2C, 34S/32S) were car-
ried out at the Department of Physics and Earth Science
of University of Ferrara using an elemental analyser (EA)
PYRO Cube (Elementar) operating in combustion mode and
coupled with the isotope ratio mass spectrometer (IRMS)
precislON (Elementar). Homogenous powdered samples
(around 40 mg) were weighed in tin capsules, wrapped, and
finally loaded into the elemental analyser. For this analytical
system, samples are burnt via flash combustion with O, at
1150°C in a quartz “combustion” tube. The gaseous species
released by the samples are transferred in a second quartz
“reduction” tube (heated at 850°C) and in a water trap to
remove the excess of oxygen and water. The formed CO,,
and SO, gases are separated by a trap-and-purge module and
the relative abundances are quantitatively determined on a
thermo-conductivity detector. After the elemental analyses,
CO,, and SO, flow in sequence to the coupled IRMS for
isotopic composition determination. The calibration of the
instruments was performed using several standards: the Car-
rara Marble (Natali and Bianchini, 2015), the Jacupiranga
carbonatite (Beccaluva et al., 2017), the Tibetan human hair
powder USGS42 (Coplen and Qi, 2011), and the Barium
Sulfate IAEA-SO-5 (Halas and Szaran, 2001). The 3C/'2C
and 3*S/32S isotopic ratios (R) were expressed with the & no-
tation (in %o units):

& =R, /Ry — 1) x1000

sam’

where R, is the isotopic ratio of the sample and R, is
the isotopic ratio of the international isotope standards Pee
Dee Belemnite (PDB) and Canyon Diablo troilite (CDT) for
C and S, respectively. Analytical uncertainties (1 sigma) for
the isotope analyses were in the order of £0.1%o for 6'3C and
+0.3%o for 63*S, as indicated by repeated analyses of samples
and standards.
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RESULTS

Phase identification

The XRD patterns are reported in Fig. 1S. In all the in-
vestigated rocks the main phases are plagioclase and clinopy-
roxene. In some samples, other minor phases are also present,
such as chlorite (DS6, DS13, DS15), serpentine (DS5, DS7,
DSS8), and vermiculite (DS7, DS8), as alteration products of
olivine and Ca-amphibole (DS13, DS15) as replacement of
clinopyroxene. K-feldspar (DS6), and stilbite (DS7, DS8) are
rare. In addition, calcite occurs in most of the selected sam-
ples (DS5,DS6,DS7, and DS8). A variable amount of oxides
are detected as associated phases.

Mineral chemistry

The results of in-situ chemical analyses on clinopyrox-
enes, plagioclases, and oxides are reported in Tables 2S-4S,
and classification diagrams are reported in Fig. 1S. The anal-
yses of olivine were not performed, as no fresh crystals were
found.

The majority of analyzed clinopyroxene has augitic com-
position, though some crystals are diopside (Wo5¢ 46 Eny; 4
Fs, ;¢). The clinopyroxene shows a wide range of Mg# values
(88-74) and variable TiO, (0.29-1.06 wt%), Al,O, (1.56-3.83
wt%), FeO,,, (4.32-10.08 wt%), and Na,O (0.16-0.78 w%)
contents. For all the clinopyroxenes, TiO,, Al,O5, and FeO,,
contents increase and CaO decrease with the decreasing Mg#.
The clinopyroxene composition represents an important pet-
rogenetic indicator of the chemical affinity of the magmatic
melts from which they crystallized (Leterrier et al., 1982;
Beccaluvaet al., 1989). In the discrimination diagram of Bec-
caluva et al. (1989) the clinopyroxenes plot in the field typical
of basalts from SSZ setting (Fig. 2).

Fresh plagioclase crystals are rare. The anorthite content
in these crystals is relatively high (73.9%-82.7%) classifying
them as labradorite and bytownite. The co-variation of the
anorthite content of plagioclase with the Mg# of coexisting
clinopyroxene resemble the compositional mineralogy varia-
tion of rocks from SSZ ophiolites (Fig. 3).

According to petrographic observation and XRD patterns,
the amount of opaque minerals is limited. They are mainly
represented by magnetite to Ti-magnetite occurring in the
groundmass (MgO 0.09-2.70wt.%; TiO, 0.61-3.33 wt%).

Whole rock geochemistry

The results are reported in Table 1. The petrographic anal-
yses and the generally high LOI values (2.40-8.56 wt%) indi-
cate that most of the studied rocks have undergone secondary
alteration. Large ion lithophile elements (LILE) and many
major elements may have been remobilized during these
secondary processes (Cann, 1970; Pearce and Norry, 1979).
Therefore, for constraining the North Macedonia ophiolites
compositions, we preferentially used elements such as Y, V,
Ti,Zr,Nb, Ta and REEs which are relatively immobile during
low temperature alteration and ocean-floor metamorphism
(Pearce and Norry, 1979). In addition, in order to estimate the
general amount of remobilization for elements such as Ba,
Sr, Rb, and Al,O,, mobility tests were performed by plotting
them against immobile elements (e.g., Zr, Y) and calculating
the correlation coefficient (r?). The results return r?> between
0.5-0.75 suggesting that these elements can be used, though
with some caution. Based on the geochemical compositions,

$i0,/100 50 Na,0

Fig. 2 - TiO,-Na,0-Si0,/100 diagram for discriminating clinopyroxenes
in basalts from different oceanic settings (Beccaluva et al., 1989). Abbre-
viations: E-MORB: enriched mid-ocean ridge basalt; N-MORB: normal
midocean ridge basalt; WOPB: within-oceanic plate basalts; and SSZ:
supra-subduction zone basalts.
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Fig. 3 - Anorthite (An) in plagioclase vs. Mg# in clinopyroxene diagram
for subvolcanic and volcanic rocks of North Macedonia ophiolites. Field
for compositional variations of supra-subduction zone ophiolites (SSZ),
arc gabbros (ARC), and oceanic cumulate (MORB) are shown for com-
parisons (Burns, 1985; Hébert and Laurent, 1990; Parlak et al., 2020).

the studied subvolcanic and volcanic rocks can be divided
into two groups whose geochemistry will be described in the
following sections.

Group 1

These rocks were collected in the Demir Kapija area (Fig.
1). They are represented by sub-alkaline basalts, as indicated
by low Nb/Y ratio (0.13-0.17; Fig. 4). The SiO, (45.1-54.7
wt%), MgO (6.7-12.0 wt%), Mg# (68.6-58.4) and compatible
elements (e.g., Cr, Ni, Co, V; Table 1) contents are variable
indicating that these rocks derived from melts at different
stages of fractionation. These rocks are also characterized by
relatively high ranges of TiO, (1.3-1.9 wt%) and P,O; (0.14-
0.28 wt%).
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Fig. 5 - N-MORB normalized incompatible element patterns (left column) and chondrite-normalized rare earth element patterns (right column) for subvol-
canic and volcanic rocks of North Macedonia ophiolites. N-MORB is chosen as normalizing factor as it is a useful tectonic end-member to outline tectono-
magmatic variation of ophiolitic rocks as shown by Pearce (2014). Normalizing values are from Sun and McDonough (1989). The grey field represents the
composition of the backarc basin basalts of Guevgueli complex (Saccani et al., 2008b).
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In the normal MORB (N-MORB) normalized incompat-
ible element spider-diagrams (Fig. 5a), Group 1 rocks dis-
play decreasing patterns from LILEs (e.g., Rb, Ba), U and
Th to high field strength elements (HFSEs; e.g., Ta, Nb, Hf,
Zr,Sm, Ti, Y, and Yb). The chondrite-normalized REE pat-
terns (Fig. 5b) show a slight enrichment in light (L) REE and
no fractionation in heavy (H) REE as testified by the (La/
Yb)y and (Dy/Yb)y ratios, whose ranges are 1.42-1.77 and
1.23-1.30, respectively. The Group 1 rocks show compa-
rable Ta/Yb (0.11-0.17) and Th/Yb (0.14-0.23) ratios (Fig.
3S), which are close to those typical of E-MORBs (Ta/Yb
= 0.20; Ta/Yb = 0.25; Sun and McDonough, 1989). How-
ever, the LREE/HREE ratios are higher than MORBs (Fig.
5a, b). These features are consistent with those of BABBs
of the Guevgueli ophiolites, which were not influenced or
only little affected by subduction materials (Saccani et al.,
2008a; Fig. 5a, b). Accordingly, in the discrimination dia-
grams the rocks of Group 1 plot in the field for BABB (Fig.
6). In particular, in the discrimination diagram of Saccani
(2015) the Group 1 rocks fall in the backarc B field (Fig.
6), indicating that they were scarcely affected by chemical
components deriving from the subducting slab or crustal
assimilation, similar to the BABBs of the Central Dinaric
Ophiolite Belt investigated by Lugovi¢ et al. (1991), who
excluded a contribution of subduction components for their
petrogenesis. The North Macedonia ophiolites are probably
related to a mature intra-oceanic backarc, as hypothesized
for the BABBs of the near Guevgueli complex (Saccani et
al., 2008a).

Group 2

These rocks were collected both in the Demir Kapija and
Lipkovo areas (Fig. 1a). They include basalts and minor ba-
saltic andesites with sub-alkaline affinity, as Nb/Y values are
low and vary over a relatively wide range (0.08-0.24; Fig.
4). In terms of major elements, these rocks exhibit a large
variability, showing large variation in SiO, (41.3-52.0 wt%),
TiO, (0.5-2.2 wt%), MgO (6.5-16.4 wt%), Mg# (83.0-55.6),
P,05 (0.05-0.35 wt%), and compatible elements (e.g., Cr, Ni,
Co, V; Table 1) contents. In the extended incompatible ele-
ment plots normalized to N-MORB (Fig. 5c, e), the samples
of this group are characterized by marked enrichment in LI-
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LEs (Rb, Ba), U and Th and depletion in HFSEs (Nb, Ta,
and Ti), whereas in the chondrite-normalized REE patterns,
the REE display a strong LREE to HREE fractionation [(La/
Yb)y = 1.62 to 11.64; Fig. 5d, f]. Such features are typical
of calc-alkaline rocks. In fact, Group 2 rocks show high Th/
Yb ratios with respect to Ta/Yb ratios (Fig. 3S), suggesting
that these rocks are influenced by an arc geochemical compo-
nent (Pearce, 1982; Furnes et al., 2020). Accordingly, in the
discrimination diagrams these samples plot in the field for
SSZ basalts, with composition similar to calc-alkaline basalts
(CABs; Fig. 6).

Although Group 2 subvolcanic and volcanic rocks show
similar major element and most trace element contents,
two different subgroups (Group 2a and 2b) can be identi-
fied based on some different trace element contents, REE
patterns, and Sr/Y ratios (Fig. 7). Unfortunately, no clear
relationships between volcanic and subvolcanic of Groups
2a and 2b can be seen in the field. The subvolcanic and
volcanic rocks of Group 2a were collected only in Demir
Kapija region, whereas those of Group 2b are both from
Demir Kapija and Lipkovo areas. The Group 2a rocks have
higher Sr and lower Y contents than Group 2b rocks (Fig.
7; Table 1). In the chondrite-normalized REE patterns,
Group 2a rocks show more significant LREE/HREE [(La/
Yb)y = 3.82 to 11.64; Fig. 5d] and MREE/HREE [(Sm/YD)
N = 2.01 to 2.79; Fig. 5d] enrichments rather than Group
2b [(La/Yb)y = 1.62 to 5.39; (Sm/Yb), = 1.47 to 2.33; Fig.
Se]. In general, the high LREE/HREE coupled with the high
Sr/Y ratios of all subvolcanic and volcanic of Group 2a
point to an adakitic signature and can be compared with the
subduction-related rocks with adakitic affinity described by
Bozovi¢ et al. (2013) in the Demir Kapija region (Fig. 7).
The subvolcanic and volcanic rocks of Group 2b show some
differences based on the sampling area (i.e., Demir Kapija
and Lipkovo). The REE contents of CABs from Lipkovo are
higher than those of Demir Kapija with ranges of La and Yb
of 30-70 and 12-20 times chondrite (Sun and McDonough,
1989), respectively (Fig. 5f), likely indicating that the Lip-
kovo samples are more differentiated. The features of the
Group 2b rocks suggest comparison with subduction-related
rocks without adakitic affinity described by Bozovic¢ et al.
(2013).

Fig. 6 - N-MORB normalized Nb vs. Th dis-

® Growp 1 crimination diagram of Saccani (2015) for sub-
volcanic and volcanic rocks of North Mace-
B Group 22 donia ophiolites. The compositions of backarc
basin basalts and calc-alkaline basalts of the
A Group 2b Guevgueli complex (Saccani et al., 2008b) and

from Central Dinaric Ophiolite Belt (Lugovi¢
et al., 1991) are reported for comparison. Ab-
breviations, OIB: ocean island-type basalt;
MORB: mid-ocean ridge basalt; N-: normal
type; E-: enriched type; D-: depleted type; IAT:
island arc tholeiite; CAB: calc-alkaline basalt;
MTB: medium titanium basalt. Backarc A indi-
cates BABB characterized by input of subduc-
tion or crustal components, whereas Backarc
B indicates BABBs showing scarce input of
subduction or crustal components. Normalizing
values, as well as the composition of typical N-
MORB, E-MORB, and OIB are from Sun and
McDonough (1989).

(Bozovi¢ et al., 2013)

Ophiolite Belt
(Lugovi¢ et al., 1991)

(Saccani et al., 2008a)

(Saccani et al., 2008a)
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volcanic rocks of North Macedonia ophiolites.

Carbon and sulphur isotopic composition

The C and S elemental contents and the respective iso-
topic ratios are reported in Table 2. The C contents of the
North Macedonia ophiolites vary from very low (0.02 wt%)
to relatively high (1.44 wt%) values. Also, the C isotopic
composition (8'3C) encompass a wide range, from -22.9 to
0.4%o. Interestingly, the highest C contents are coupled with
the least negative or the positive isotopic values, indicative of
seafloor alteration with the presence of veins and/or vesicles
filled with seawater carbonates, which are characterized by
enriched C signature similar to that of the seawater (~ 0%o;
Rollinson and Pease, 2021).

Table 2 - Elemental and isotopic compositions of carbon
(C) and sulphur (S) in the subvolcanic and volcanic rocks of
North Macedonia ophiolites.

C (wt.%) S (wt.%) 8"Cyppg) (%0) &S vepr) (%0)
Subalkaline affinity
Group 1
DS13 0.10 <0.01 -10.6 2.4
DS14 0.04 <0.01 —22.8 0.7
DS15 0.03 <0.01 -16.7 0.7
Calc-alkaline affinity
Group 2a
DS7 0.87 <0.01 —0.4 0.1
DS8 0.81 <0.01 0.1 0.4
DS12 1.30 <0.01 0.3 3.1
Group 2b
Demir Kapija
DS3 1.17 <0.01 0.4 0.7
DS5 0.44 <0.01 0.6 1.5
DS6 0.43 <0.01 -2.6 24
DS9 1.86 <0.01 -0.2 33
DS10 0.06 <0.01 -21.3 0.7
DS11 0.37 <0.01 —4.2 2.3
Lipkovo
SL1 0.02 <0.01 -22.0 0.7
SL2 0.03 <0.01 -229 2.5
SL3 1.44 <0.01 -11.5 33
SL4 0.04 <0.01 -22.2 32
SLS 0.02 <0.01 —18.2 4.9

20 30 40 50 60

For the Group 1 rocks, C contents are relatively low (0.03-
0.10 wt%) and the isotopic composition of these samples is
variable: two samples record isotopic values of -16.7%¢ and
-10.6%0, and one sample record a more negative isotopic
value (-22.8%o0). For Group 2a rocks, the C contents are rela-
tively high (0.81-1.30 wt%) and they are coupled with less
negative 8'°C values (from -0.4%o to 0.3%o.), indicating the
ubiquitous presence of secondary carbonates, which is con-
firmed by the petrographic observation and the XRD patterns.
For Group 2b rocks, the C contents and 8'*C values are vari-
able (from 0.02 wt% to 1.86 wt% and from -22.9%o to 0.4%o,
respectively). Therefore, in this group only some sample
hosts secondary carbonates. Within the entire sample suite,
excluding the rocks with high C contents and less negative
0'3C, the samples display values that are isotopically more
negative than the typical DMM and MORB signature (-5%o +
3; Cartigny et al., 2014; Fig. 8a), which suggest the input of
fluids or melts with a different (more negative) C signature in
the mantle source.

For S, all the investigated samples exhibit very low con-
tents (< 0.01 wt%); nonetheless, reliable isotopic values
(8%*S) were obtained (see Text 1S). On average, the rocks of
Group 1 and Group 2a exhibit less positive isotopic values
than those of Group 2b, where more samples exhibit S-en-
riched composition. However, it is important to note that the
58S values recorded by all the analyzed samples are isotopi-
cally more positive than those typical for DMM and MORB
(-2.0 to -1.0%0 and -1.6 to -0.9%o, respectively; Rollinson
and Pease, 2021), which suggest the involvement of fluids or
melts with S-enriched composition.

DISCUSSION

Mantle sources of the North Macedonia ophiolites
and metasomatizing slab-released components

According to the tectonic discrimination diagrams (Fig.
6), the Group 1 samples plot in the field for rocks from typi-
cal backarc basins, whereas those of Group 2 plot in the field
for volcanic arc basalts. Therefore, the genesis of the North
Macedonia ophiolites likely occurred in a SSZ setting, as
previously suggested by BoZovi¢ et al. (2013). In this tecto-
no-magmatic environment, the genesis of volcanic rocks is
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classically related to the partial melting of subarc residual pe-
ridotites that experienced previous partial melting events fol-
lowed by interaction with slab-derived fluids or melts that fa-
cilitate the hydrous partial melting of the peridotites (Pearce,
1983; Gribble et al., 1996; Parkinson and Pearce, 1998; Dilek
and Furnes, 2011; Saccani et al., 2017).

To infer the mantle source composition of the North
Macedonia ophiolites and the degree of partial melting
we used a model based on the Cr vs Y covariation. Cr is a
compatible trace element whose content is not significantly
modified during the progressive mantle source depletion (i.e.,
progressive degree of partial melting), whereas Y is an in-
compatible trace element, whose abundance is closely related
to source depletion and its degree of melting (Pearce, 1983).
In addition, following Pearce (1983; 2014), Y behaves like
a virtually immobile during the releasing of chemical com-
ponents from the subducting slab. Therefore, the Cr vs Y
model (Fig. 9) is not influenced by the nature and extent of
chemical components released by the slab. In this model the
possible mantle source compositions were chosen according
to the SSZ chemical affinity of the studied rocks. In detail,
three typical sub-arc mantle sources have been selected from
Saccani et al. (2017): i) the slightly depleted lherzolite EP22
that represents residual mantle after ~ 12% MORB-type melt
extraction; ii) the depleted lherzolite A19, which represents
residual mantle after ~ 20% MORB-type melt extraction; iii)
the strongly depleted lherzolite EP7 that represents residual
mantle after ~ 12% MORB-type melt extraction followed by
~ 12% TAT-type melt extraction.

To evaluate the contribution of melts and aqueous fluids
derived from subducted sediments to the mantle sources we
used the Ba/Th vs Th/Nb plot (Fig. 10). Unfortunately, no
constraints on the composition and nature of melts and aque-
ous fluids during the formation of the ophiolitic basalts are
available. For this reason, we used the composition of the Av-
erage Serbian Flysch (ASF, Prelevi¢ et al., 2008) composed
by sandstones and siltstones (Berisavljevi¢ et al., 2014) for
the sediment melts, whereas the aqueous fluids are assumed
as derived from the seawater (Li, 2000) interstitial in the sedi-
ments. The occurrence of rocks with adakitic signature in the
North Macedonia ophiolites suggests that the contribution
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Fig. 9 - Y vs. Cr diagram of Pearce (1983) and melting models for subvol-
canic and volcanic rocks of North Macedonia ophiolites. Abbreviations:
DMM: depleted MORB mantle (Workman and Hart, 2005). Melting paths
(with partial melting degrees) for incremental batch melting are calculated
according to Murton (1989). In dark grey the composition of depleted man-
tle lherzolites assumed as possible mantle sources (EP7, A19, and EP22),
from Saccani et al. (2017). Depleted lherzolites EP22 and A19 represent
residual mantle after 12% and 20% MORB melt extraction from the DMM
source, respectively; the depleted lherzolite EP7 represents residual mantle
after 12% island arc tholeiitic melt extraction from a depleted mantle
which is, in turn, residual after 12% MORB melt extraction from DMM. In
light grey the composition of depleted mantle lherzolites calculated for this
study and assumed as other possible mantle sources (S1 and S2). Depleted
lherzolites S1 and S2 composition are intermediate between the DMM and
EP22 and between EP22 and A 19, respectively. The fractional crystalliza-
tion trends are also shown (tick marks indicate 10% fractional crystalliza-
tion steps).
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garnet are from Irving and Frey (1984). Th/Nb
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of melts from the subducting oceanic crust must be consid-
ered (Fig. 10), as was already hypothesized by BoZovi¢ et
al. (2013) and observed in other volcanic arc assemblages
worldwide (e.g., Defant and Drummond, 1990; Castillo,
2006; Konig et al., 2007; Barbero et al., 2020; Jentzer et al.,
2020). This composition (Fig. 10) has been calculated assum-
ing partial melting of an eclogite with whole rock composi-
tion of N-MORB of Sun and McDonough (1989).

For the Group 1 rocks, the sample DS15 (Mg# = 68.6) is
assumed as the most primitive basalt The Cr-Y model sug-
gests that it likely derived from ~ 8-10% partial melting of a
theoretically calculated lherzolitic mantle source S1, whose
composition is intermediate between DMM (Workman and
Hart, 2005) and the slightly depleted EP22 (Fig. 9). The slight
shifting of the Group 1 rocks from the typical MORB com-
position in Fig. 10 suggests that the mantle source composi-
tion was partially modified by chemical components released
from the subducting slab. The relative enrichment of Ba/Th
with respect to Th/Nb likely points out that the slab-released
chemical components were predominantly composed of flu-
ids rather than melts from the subducting sediment (Fig. 10).

For the Group 2a rocks, the most primitive basalt is rep-
resented by the DS7 (Mg# = 80.6). The Cr-Y model clearly
indicate that the DS7 sample can be explained by ~ 12-15%
partial melting of a mantle source that corresponds to a
strongly depleted lherzolite (Fig. 9). The covariation of Ba/
Th and Th/ND ratios suggests that the EP7 source experience
a relatively high degree of contamination from slab-released
chemical components (Fig. 10). We assumed that these com-
ponents correspond to melts derived from partial melting of
subducting mafic crust (adakitic component, ADK) and sub-
ducting sediment melts like ASF (Prelevic et al., 2008), simi-
larly to what proposed by BoZovi¢ et al. (2013).

For the Group 2b rocks, the DS6 sample (Mg# = 74.9) can
be assumed as the most primitive basalt (Fig. 9). The Cr-Y
model clearly indicates that the DS6 sample can be explained
by ~ 10% partial melting of a theoretically calculated mantle
source S2, whose composition is intermediate between the
slightly depleted lherzolite EP22 and the depleted lherzolite
A19 (Fig. 9). The composition of this source was likely modi-
fied prior to the melting event by the interaction with both
aqueous fluid and sediment melts that have been released by
the subducting slab (Fig. 10). In detail, the proportionally high-
er Th/ND ratios with respect to the Ba/Th ratios likely suggest
that the contribution from sediment melts was predominant.

Carbon and sulphur isotopes as proxies
for slab-released components during subduction?

The subduction of sediments and altered oceanic litho-
sphere is the major process for the transfer of volatiles at
the mantle depths relevant for arc magma genesis (Wallace,
2005; Zellmer et al.; 2015; Bekaert et al., 2021). Therefore,
the volatiles’ contents and fingerprints of SSZ rocks could
theoretically be used to trace the subduction processes as well
as to identify the nature of the volatile sources (Schwarzen-
bach, 2011; Alt et al., 2012; Schwarzenbach et al., 2018).
However, other processes occurring in the mantle and at the
crustal surface (e.g., fractionation, degassing, incorporation
of sediments, seawater alteration) can mobilize C and S and
consequently modify the original isotopic signature of the
rocks. In the following sections the C and S fingerprints of
the North Macedonia ophiolites were investigated to define
the possible sources and processes responsible for the C and
S fingerprints in the North Macedonia ophiolites.

Carbon isotopic fingerprint of the North Macedonia
ophiolites

According to Deines (2002), the mean mantle value of
0'3C is ~ -5%o (with an error of +3 according to Cartigny et
al., 2014). This value has been estimated by comparing iso-
topic measurements of diamonds, kimberlite xenoliths, car-
bonatites, MORBs, and OIBs. However, more negative 8'°C
compositions were measured in eclogitic diamonds (-39 to
-4%o, Deines et al., 2009; Shirey et al., 2013 and reference
therein) and mantle peridotites (-18 to -15%o; Crespo et al.,
2006; Bianchini and Natali, 2017). The potential causes of
these “lighter” compositions (i.e., negative signature) is still
matter of debate. They are attributed to features and processes
occurring in the mantle: i) the heterogeneous nature of the
mantle, which deviates locally from the “typical” mantle val-
ue (e.g., a *C-depleted mantle zone in Botswana; Deines et
al.,2009); ii) the fractionation processes occurring in the man-
tle, as during partial melting '*C is partitioned preferentially
in fluids and the residual compositions have progressively
more negative 8'°C values (Maruoka et al., 2004; Mizutani
et al., 2014; Bianchini and Natali, 2017) and iii) the recycling
in the mantle of organic carbon deriving from the subduc-
tion of seafloor sediments (Shirey et al., 2013 and reference
therein; Cook-Kollars et al., 2014), as biological materials are
strongly depleted in 8'3C (-30 to -20%o; Rollinson and Pease,
2021). Additionally, when magma erupts at the surface, other
processes occurred in submarine and subaerial environments
which could further modify the original C signatures of melts
and igneous rocks. For example, during the ascent of mag-
mas, CO, is exsolved from melt forming vesicles. The *C
isotopes is partitioned preferentially in gaseous phases, so the
C signature of CO, in vesicles is less negative than that of the
residual CO, dissolved in the melt. As degassing progresses,
the vesicles are removed therefore the residual lava assume
more negative 8'*C values, which remain recorded in the de-
rived igneous rocks (Aubaud et al., 2006; Barry et al., 2014;
Bianchini and Natali, 2017). After the formation of the rocks,
other processes could modify their C signature. In submarine
environment the rocks could be affected by seafloor altera-
tion, which generates secondary marine carbonates filling the
fractures and vesicles of the rocks, characterized by enriched
C signature similar to that of the seawater (~ 0%o; Rollinson
and Pease, 2021). Furthermore, in subaerial environment the
mafic and ultramafic rocks may interact with meteoric waters
which dissolve primary Mg and Ca-bearing minerals like ol-
ivine and pyroxene and precipitate carbonate minerals as well
as serpentine through low temperature serpentinization reac-
tions. In particular case, like in Oman, hyperalkaline (pH >
11) groundwaters, which are produced by the modification of
meteoric water infiltrating peridotites, can precipitate carbon-
ates with very negative 8'3C values (~ -25%o) in the surface
of ophiolites (Stephan, 2014).

The interplay of such various “deep” and “shallow” pro-
cesses makes difficult to constrain the cause(s) responsible
for the C isotopic fingerprint of volcanic and subvolcanic
rocks, including those in the ophiolitic sequence. However,
for the North Macedonia ophiolites we can tentatively make
some inferences on the possible sources of C taking into
account the petrographic observation, XRD patterns and
chemical analyses, and the petrogenetic modeling. First of
all, we identified the possible overprint by seafloor altera-
tion, as the magma erupted in a submarine environment.
Based on the petrographic observation and XRD patterns
(Fig. 1S) calcite is present in the Group 2a (DS7, DSS,
DS12) and in most Group 2b (DS3, DS5, DS6, DS9, DS11,



SL3) rocks. Accordingly, these samples have the high-
est contents of C coupled with the most enriched isotopic
signatures (Table 2) within the sample suite, which reflect
the imprint of seawater-derived carbonate rather than the
pristine C composition of the rocks. Secondary carbonates
are instead lacking in Group 1 (DS13, DS14, DS15) and in
some Group 2b (DS10,SL1,SL2,SL4, SL5) samples, which
show the lowest contents of C along with the most negative
0'3C values, far from the typical MORB range (-8 to -5%o;
Marty and Zimmermann, 1999; Cartigny et al., 2001). Such
features could be indicative of degassing processes and/or
the presence of organic carbon in the mantle source released
by the subducting sediments. We excluded the hypothesis
of the incorporation of calcite with very negative C signa-
ture, as both the petrographic observation and XRD patterns
revealed no trace of calcite in the rocks, and the samples
have very lower C contents than what would be expected if
secondary carbonates had been present.

The low C contents of these rocks also suggest that the
magmas have degassed most of their C during the eruptions,
thus allowing for C fractionation during CO, degassing.
However, according to the REE petrogenetic modeling, small
contributions of organic sediments are required in their man-
tle sources (Fig. 10). Therefore, it cannot be excluded that
the negative C isotopic compositions could be also ascribed
to the involvement of '*C-depleted components, possibly in
the form of terrigenous sediments containing organic matter.
Most of the CABs of Groups 2a and 2b record more negative
values respect to the BABBs of Group 1. Hence, we suggest
that their mantle sources were closer to the subducting slab
than those of the Group 1 and, consequently, they could be
more affected by fluid and/or melt contamination.

Accordingly, the Group 1 of the North Macedonia shows
a weak subduction signature in trace elements (Figs. 5a, b, 6),
which means that the slab was relatively far from the spread-
ing centre of the backarc basin and it weakly “contaminated”
the mantle region with the released subduction fluids and
melts. Therefore, the subduction-related signature was di-
luted in the MORB-like mantle region beneath the backarc
basin. Similarly, the negative C isotopic signature of the slab-
released components could be diluted in the '3C-enriched
MORB-like mantle region beneath the backarc basin. Thus,
the 8'3C signature of the most of Group 1 rocks of the North
Macedonia is slightly less negative than Groups 2a and 2b.
Summarizing the variability of the C fingerprints among the
rocks could be related to i) seawater alteration for the rocks
of Group 2a and some rocks of Group 2b with C fingerprint
close to 0%, ii) degassing processes and/or iii) contamination
of subducting sediments bearing C to the mantle sources for
the Group 1 and Group 2b rocks having negative 8'C values.

Sulphur isotopic fingerprint of the North Macedonia
ophiolites

The S isotopic range of mantle is from -2.0%o to -1.0%o
and for MORB is from -1.3%o to -0.7%o (Rollinson and Pease,
2021). Therefore, the isotopic values recorded by the North
Macedonia ophiolites are more positive than the typical
mantle and MORB signatures. These differences cannot be
related to the fractionation processes of sulphur during the
partial melting, as they are negligible according to Labidi and
Cartigny (2016). The positive **S values recorded in volca-
nic and subvolcanic rocks are generally associated to i) de-
gassing processes (Hutchinson et al., 2019), ii) hydrothermal
seawater alteration (Li et al., 2020; Burness et al., 2021) and/
or iii) involvement of slab-material enriched in S (Alt et
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al., 1993; de Hoog et al., 2001; Bénard et al., 2018; Walters
et al., 2020). The North Macedonia ophiolites exhibit very
low S contents (< 0.01 wt%), which could be indicative of
degassing processes. However, according to Hutchinson et
al. (2019) during degassing the 8**S decreases in the residual
melt. Also, the influence of hydrothermal seawater alteration
seems unlikely, the rocks affected by this process should be
characterized by higher sulphur contents and elevated 6**S
fingerprint close to the composition of water (e.g., see Alt
and Shanks, 2003; Alt et al., 2007). On the other hand, ac-
cording to the petrogenetic models of Figures 9 and 10, all the
North Macedonia ophiolites originated from partial melting
of subarc mantle sources metasomatized by variable propor-
tion of melts from the subducting sediments. In general, the
63*S composition of sediments is highly variable, depending
on the relative amounts of sulphides and sulphates, which
are characterized by strong negative and positive S finger-
prints, respectively (de Hoog et al., 2001; Alt and Shanks,
2006; Schwarzenbach et al., 2018). Considering the positive
63S composition of the North Macedonia ophiolites, sul-
phate species should be predominant in the slab-sediments
that metasomatized the mantle sources, similar to what sug-
gested by de Hoog et al. (2001), who correlated the positive
0**S values of basaltic rocks of Indonesian arc system (from
2.0 to 7.8%0) with the mixing of a depleted-S composition of
pre-subduction mantle (~ 0%¢) with enriched-S composition
of the Pacific sediments (~ 12%o) (Fig. 8b).

Compared to C, the differences of isotopic S composition
among the North Macedonia ophiolites are more evident. The
S isotopic values of the Group 2b rocks are in general more
positive than most of Group 1 and Group 2a rocks (Fig. 8b),
reflecting different amounts of slab-released materials. This
indicates that the Group 2b CABs were more affected by slab-
derived melts than Group 1 BABBs. In fact, the mantle por-
tion near the subducting slab is significantly affected by melts
and fluids released from the subducting slab, and its original
isotopic fingerprint is modified by the interaction with these
components. Likewise, the Group 2b CABs record more en-
riched-S composition with respect to the Group 1 BABBs.
However, also the 8**S values of Group 1 BABBs are slight-
ly positive and differ from the typical negative values of the
DMM and MORBs (Fig. 8b), suggesting that their S isotope
signatures result from mixing of MORB and subducting sedi-
ments. The CABs with adakitic signature (i.e., Group 2a) re-
cord slightly positive 63*S values that are different from the
CABs without adakitic signature (i.e., Group 2b). The reason
for such difference is difficult to be clearly and univocally
clarified. We suggest here that it may be related to a depleted
S-isotopic composition of the adakitic melts, which metaso-
matized the mantle source. It appears that the signature of
the adakitic melts is probably inherited by the melting of
subducting oceanic crust components whose S composition
could be similar to those of MOR-type basalts. However, it is
important to note that the isotopic S composition of adakitic
melts is still unknown in literature and further investigations
to clearly prove this hypothesis worth to be done.

Tectono-magmatic significance
and geodynamic implications

According to the new geochemical and C-S stable isotopic
data, and the petrogenetic study, the North Macedonia ophio-
lites represent subduction-related ophiolites (according to the
classification of Dilek and Furnes, 2011) which likely formed
in an arc-backarc setting. The petrogenetic modeling and the
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isotopic data show that this setting was characterized by dif-
ferent mantle sources and inputs of fluids and melts released
from the subducting slab. The slab-released components ap-
pear limited in backarc setting where the Group 1 rocks were
formed (Fig. 10). In line with this, the isotopic signature of
the Group 1 rocks exhibits '*C-enriched and **S-depleted sig-
nature, which indicates a scarce involvement of the subduct-
ing melts released from the sediments (Figs. 8a, b). There-
fore, the petrogenetic processes in the backarc setting was
likely dominated by the ascent of an asthenospheric mantle
source showing MORB-mantle like composition (or slightly
more depleted) and bearing diluted slab-released chemical
components (Fig. 11). This is in accordance with Pearce et al.
(2005), who predicted for the BABBs MORB-like patterns
with weak subduction-related features as a consequence of ei-
ther dispersed slab-released chemical components within the
upwelling mantle materials or spreading centres distal from
the subduction front. By contrast, in the volcanic arc setting,
the ambient mantle sources correspond to strongly depleted
peridotites, which underwent previous partial melting events
and were strongly metasomatized by slab-released chemical
components. Accordingly, C and S isotope signature of the
volcanic arc rocks (i.e., Group 2 rocks) indicate the contribu-
tions of C-depleted and S-enriched components that fit with
the typical signature of subducting sediments hosting organic
matter and sulphate phases (Fig. 11). In addition, we hypo-
thetically suggest that the depleted S isotopic composition of
the Group 2a rock may be related to the involvement of melts
from the subducting oceanic crust, which should bear isoto-
pic signature comparable to those of typical MORB. Thus,
our new data from the North Macedonia ophiolites suggest
that the whole rock and C-S isotopic composition of sub-
duction-related ophiolitic rocks is strongly dependent on the
amount and type of slab-released chemical components and
the distance from the subduction front (Fig. 11).

Volcanic arc
(CABs)

Adria microplate Neo-Tethys

57'S = —0.7%o to +4.9%o

Slab-sediments

§C of organic matter = —30%o to —20%o
8*S of Pacific sediments = +11%o to +14%o

This conclusion is also significative for the geodynamic
framework of the Dinaric-Hellenic belt. In fact, the supra-
subduction signature found in North Macedonia ophiolites is
recognizable in other ophiolites of the Vardar zone occurring
in Albania (Bortolotti et al., 2013), Romania (Gallhofer et
al., 2017), Serbia (§arié et al., 2009), and Northern Greece
(Zachariadis, 2007; Saccani et al.; 2008a). All these authors
agreed that the Vardar ophiolites originated from Early to
Late Jurassic in an arc-backarc setting related to the subduct-
ing Neotethys (see Boev et al., 2018 for a review). However,
there are some different interpretations of the geodynamic
setting of the southern Vardar zone ophiolites, i.e., the Demir
Kapija and Guevgueli ophiolites (Saccani et al., 2008a; Fig.
5a,b). According to Bozovi¢ et al. (2013), the Demir Kapija-
Guevgueli complex formed in an oceanic backarc basin after
the slab roll-back behind the Paikon arc, an immature island
arc. On the other hand, Bébien et al. (1986) and Saccani et
al. (2008a) proposed that the Guevgueli ophiolites formed in
an ensialic backarc basin developed between the continental
margin of the Serbo-Macedonian Massif and that the Paikon
arc represented a volcanic arc with calc-alkaline magmatism,
emplaced in the European continental lithosphere and split
off from the European margin. The new data on the North
Macedonia ophiolites agree with the scenario of an ensialic
backarc basin. The occurrence of ophiolitic rocks with calc-
alkaline affinity in Lipkovo and Demir Kapija areas suggests
the existence of a magmatic arc, likely representing the pros-
ecution of the Paikon arc. In addition, the close association of
coeval BABB and CAB rocks in the Demir Kapija-Guevgueli
complex supports an ensialic backarc setting rather than an
intraoceanic backarc which is commonly characterized by
magmatism with island arc tholeiitic and boninitic affinity
(e.g., Dilek, 2003; Pearce et al., 2005; Whattam and Stern,
2011; Saccani et al., 2011; 2017; Maffione and Van Hinsen-
bergen, 2018).

Vardar backarc oceanic basin

(BABBs)
European plate

8" C = —22.9%o to +0.4%o (degassing?) sgjc =—22.9%o to —10.6%o (degassing?)
8 S =+0.7%o to +2.4%o

DMM and MORB

8°C =~ —8%o to —5%o
§%S = ~ =2%o to =1%o

0
r_'{_* \ Mantle upwelling

Fig. 11. Schematic cartoon (not to scale) showing the different contribution of slab-released components (melts from both sediments and oceanic crust) to the
backarc basin basalts (BABB) and calc-alkaline (CAB) rocks of the North Macedonia ophiolites during Middle - Late Jurassic times.



CONCLUSIONS

The Vardar zone ophiolites of North Macedonia con-
sist of MOR-type basalt formed in backarc basin and calc-
alkaline basalts. According to trace elements and rare earth
element contents and patterns, these rocks represent subduc-
tion-related ophiolites formed in different tectonic settings:
backarc basins, together with those of the near Guevgueli
complex in the Northern Greece, and volcanic arcs. Accord-
ing to the Cr vs Y and Ba/Th vs Th/Nb models the magmatic
rocks of the North Macedonia ophiolites invariably formed
by mantle sources variably metasomatized by subduction-
related components, including sediment melts and, locally,
adakitic melts. Subduction components contaminated the
mantle sources to different extent, with a smaller contribution
in the backarc basin basalt mantle source rather than in the
calc-alkaline mantle source. The carbon (C) and sulphur (S)
isotopic composition seems to reflect the slab-contamination,
as all the North Macedonia ophiolites have isotopic signa-
ture which deviated from those typical for mantle and Mid
Ocean Ridge melts. The negative C signatures of volcanic
and subvolcanic products could be attributed to the involve-
ment of slab lithospheric components dragged in the mantle,
such as sediments with '*C-depleted organic matter. On the
other hand, this could also be an effect of C fractionation due
to degassing processes during the eruptions. For S, the posi-
tive isotopic signatures of the North Macedonia ophiolites in-
dicates that the mantle source were affected by **S-enriched
melts derived from the subducting sediments with sulphate-
bearing phases. In particular, the Group 2b rocks record more
positive 63*S values than the subalkaline basalts of Group
1 formed in backarc basin suggesting that the influence of
the volatiles depends on the distance of the mantle sources
from the arc as the mantle regions near to subducting slab
are more metasomatized than those far away from the trench.
Therefore, this work shows that research on stable isotopes,
especially S, in volcanic and subvolcanic rocks from different
geological settings should be improved in order to investigate
the sources and the pathways of volatiles in subduction zone.
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