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ABSTRACT

We report on the isotopic compositions of the intermediate rocks from Middle-Late Jurassic Chortiatis arc (160-173 Ma) and Kassandra-Sithonia back-
arc ophiolites of Late Jurassic age (150-160 Ma), both exposed in the eastern Vardar Zone-western Circum-Rhodope belt transect of northeastern Greece. The
Kassandra-Sithonia ophiolites consist of dunites, gabbros, basalts, and rhyolites, whose Nd-Sr-Pb isotopes are compatible with a dominant mantle-derived
MORB component mixed with a detectable amount of crustal material and/or sediment entrained in their mantle source in a subduction zone. Their isotopic
features are consistent with the origin of the studied rocks within the coupled Chortiatis arc/Kassandra-Sithonia back-arc system outboard the Eurasian con-
tinental margin (Serbo-Macedonian Massif). In both elements of the above-mentioned system, the documented Nd-Sr-Pb isotopes are comparable to those
from the Middle Jurassic arc-related Evros ophiolites (164-176 Ma) in the eastern Circum-Rhodope belt of Bulgaria and Greece. This implies the presence of
regionwide Vardarian Jurassic arc/back-arc systems connected with both western and the eastern Circum-Rhodope belts. A rhyolite dated at 149 Ma that in-
trudes the Sithonia ophiolite displays distinct Nd-Sr-Pb isotopic features suggesting an origin connected to a Late Jurassic-Early Cretaceous north-directed flat
subduction zone within the Kassandra-Sithonia back-arc region, beneath the Eurasian continental margin. This subduction zone explains the granitoid magma-

tism (138-155 Ma) recorded along that margin to the north.

INTRODUCTION

Jurassic ophiolites mark the Vardar suture zone within the
Alpine orogenic belt in the Aegean region of northern Greece
(Fig. 1a). They are considered fragments of the oceanic litho-
sphere of the Neotethyan Vardar Ocean which finally closed
in Paleocene times (e.g., Robertson and Dixon, 1984; Stamp-
fli, 2000; Robertson, 2002; Stampfli and Hochard, 2009;
Bortolotti et al., 2013). The Vardar Ocean had been limited
by the Pelagonian and the Serbo-Macedonian-Rhodope con-
tinental margins and had developed intra-oceanic island arc-
marginal basin systems during Jurassic times as highlighted
by several tectonic models (e.g., Robertson et al., 1996;
Stampfli and Borel, 2002; 2004; Bonev and Stampfli, 2003;
Brown and Robertson, 2003; 2004; Schmid et al., 2008; Ko-
glin et al., 2009; Papanikolaou, 2009; Robertson et al., 2013;
Bonev et al., 2015a; 2015b). Both Serbo-Macedonian and
Rhodope high-grade metamorphic basements are rimmed
by a very low- to low-grade Circum-Rhodope Belt (CRB)
that extends from the Chalkidiki Peninsula across the Aegean
Sea to the Thrace region in northern Greece (Fig. 1a; Kauff-
mann et al., 1976): in these regions the western and eastern
part of the CRB are exposed, respectively. The western CRB
(see Fig. 1b, Peonias subzone) forms part of the eastern Var-
dar suture zone. The ophiolites of this area, exposed in the
mainland Greece and in the Chalkidiki Peninsula of northern
Greece (Fig. 1b), have been interpreted as formed in an en-
sialic oceanic back-arc basin (Bébien et al., 1987). In turn,
the eastern CRB contains the unmetamorphosed arc-related,
supra-subduction zone Evros ophiolite (e.g., Magganas et al.,
1991; Magganas, 2002; Bonev and Stampfli, 2008; 2009),
which has Early-Middle Jurassic magmatic ages (164-176
Ma) (Bonev et al., 2015a). Nd-Sr-Pb isotopes systematics
demonstrate a record of crust-mantle interaction in the Evros

ophiolite rock units (Bonev et al., 2023).

The south-vergent thrust system of the Rhodope and
Serbo-Macedonian basements was constructed during a
compressional phase in the hanging wall of a north-dipping
Cretaceous-Tertiary subduction zone that was located within
the Vardar Ocean to the south (Ricou et al., 1998). How-
ever, the Late Mesozoic convergence and thrusting phase
was predated by intra-oceanic subduction that resulted in the
formation of the eastern CRB Evros ophiolite, the eastern
Vardar zone Kassandra-Sithonia ophiolites and the western
CRB Chortiatis magmatic arc suite. These ophiolites, along
with the associated Triassic-Jurassic sedimentary rocks, were
thrust and accreted to the Serbo-Macedonian-Rhodope con-
tinental margin of Eurasia by Late Jurassic times (Bonev and
Stampfli, 2003; 2011; Bonev et al., 2010; 2015a; Bonev and
Filipov, 2018).

The very-low to low-grade CRB rocks form the upper-
most metamorphic unit of the Rhodope and Serbo-Mace-
donian basements, with contrasting metamorphic grade and
north-directed thrust and transpressional kinematics relative
to the high-grade metamorphic basement (Bonev et al., 2010;
Bonev and Stampfli, 2011; Bonev and Filipov, 2018). This
indicates that along the eastern Vardar zone-western CRB
transect and the eastern CRB transect, the low-grade rocks
experienced a Late Jurassic deformational phase, becoming
already part of the crustal architecture of the Alpine belt in
the Balkan Peninsula by the earliest Cretaceous (Ivanova et
al.,2015; Bonev et al.,2015a,2015b). However, the nature of
the melt source(s) of the eastern Vardar zone ophiolite-relat-
ed gabbros, basalts and rhyolites, and associated arc-related
diorites and granodiorites of the western CRB is not yet well
understood. Nd and Sr isotope data suggest supra-subduction
origin of the eastern Vardar zone ophiolitic crust (Chalkidi-
ki and Kassandra-Sithonia inclusive) from a mantle source
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Fig. 1 - a) Alpine belt centered at the north Aegean region of the eastern Mediterranean, b) Tectonic map of the Vardar suture zone and adjacent units in the
Internal Hellenides of northern Greece modified after Bonev et al., (2015b) who used data from Mercier (1966) and Kockel et al., (1977). Geochronology: 1,
Anders et al., (2005); 2, Meinhold et al., (2009); 3, Zachariadis et al., (2006); 4, Zachariadis (2007); 5, Bonev et al., (2015b); 6, Himmerkus et al., (2006); 7,
Himmerkus et al., (2009a); 8, Himmerkus et al., (2009b); 9, Himmerkus et al., (2012); 10, Christofides et al., (2007); 11, Macheva et al., (2006); 12, Peytcheva
et al., (2005); 13, Turpaud and Reischmann (2010); 14, Himmerkus et al., (2007). Abbreviations of the ophiolite bodies: DK, Demir Kapija; G, Guevgueli; Gr,
Gerakini; K, Kassandra; M, Metamorphosis; Mt, Metallikon; O, Oreokastro; S, Sithonia; T, Thessaloniki. The reader is referred to the PDF online for a colour

version.

modified by an enriched component, likely subducted sedi-
ment (Zachariadis, 2007). The existing tectonic models con-
sider the eastern Vardar zone-western CRB and the eastern
CRB ophiolites formed in fore-arc, intra-arc/arc, and back-
arc tectonic settings (Robertson et al., 1996; Robertson, 2002;
Bonev and Stampfli, 2008; 2009; Saccani et al., 2008; 2011;
Papanikolaou, 2009; Stampfli and Hochard, 2009; Bonev et
al., 2010; Bortolotti et al., 2013; Bonev et al., 2015a; 2015b;
Ferriere et al., 2016). These distinct arc-related environments
have major implications for the subduction-accretion history
of the Alpine belt in the Balkan Peninsula. Thus, the Jurassic
crustal evolution needs to be validated with additional iso-
topic studies, particularly for the Kassandra-Sithonia ophiol-
ites. The isotopic characteristics of the latter can be compared
to that of the adjacent western CRB Chortiatis magmatic arc
suite and the eastern CRB Evros ophiolite in order to obtain
a regional-scale picture of the crustal build-up of the Alpine
orogen along the Jurassic Eurasian plate margin.

In this paper, we present Nd-Sr-Pb radiogenic isotope
geochemistry of gabbro, basalt and rhyolite from the Kas-
sandra-Sithonia ophiolites and diorite and granodiorite from
the Chortiatis continental magmatic arc in the eastern Vardar

zone and western CRB, respectively, both exposed in north-
ern Greece (Fig. 1b). Our results suggest crust (i.e. sediment)-
mantle interaction for these rock units, which represent island
arc/back-arc magmatic assemblages formed during the sub-
duction evolution outboard of the Serbo-Macedonian mar-
gin in the Middle to Late Jurassic times. We first present an
outline of the geology, geochemistry, and isotopic signature
of the Jurassic Kassandra-Sithonia mantle-derived ophiolites
and Chortiatis continental magmatic arc suite, and then dis-
cuss their origin in associated magmatic settings of the east-
ern Vardarian arc-back-arc system and their regional-scale
significance.

GEOLOGICAL OUTLINE
OF THE KASSANDRA-SITHONIA OPHIOLITES
AND CHORTIATIS MAGMATIC ARC SUITE

In the Chalkidiki Peninsula of northern Greece, the main
geological units exposed collectively along the branches of
Kassandra and Sithonia are the following (Figs. 1b, 2; Kock-
el et al., 1977; Mussallam, 1991): (i) Neoproterozoic-Lower



Paleozoic (Himmerkus et al., 2006, 2009a) metamorphic
basement of the Serbo-Macedonian Massif, which is intruded
by Triassic rift-related granites (Himmerkus et al. 2009b) and
also includes Triassic continental margin ophiolite (Bonev et
al., 2019), (ii) Upper Triassic-Middle Jurassic metasedimen-
tary rocks of the Svoula Formation (Kauffmann et al., 1976)
or Melissochori Formation (Mercier, 1966) of the western
CRB, (iii) the Jurassic Chortiatis magmatic suite of the west-
ern CRB (Kockel et al., 1977), (iv) Middle-Upper Jurassic
ophiolites of the eastern Vardar zone (e.g., Spray et al., 1984)
including the Kassandra-Sithonia ophiolites (Jung and Mus-
sallam, 1985), (v) Upper Jurassic sedimentary rocks (Kockel
et al., 1977; Jung and Mussallam, 1985), (vi) Lower Creta-
ceous limestone at Sithonia (Ivanova et al., 2015), (vii) the
Eocene Sithonia granite (Christofides et al., 1990), and (viii)
Neogene sedimentary rocks.

Because the Kassandra-Sithonia ophiolites associated
with the Chortiatis magmatic suite are the subject of this
study (Fig. 2), both units are described below. Details for oth-
er ophiolite occurrences in the Chalkidiki Peninsula and in
the eastern Vardar zone can be found in Zachariadis (2007),
Bozovi¢ et al., (2013), Michail et al., (2016), and in Bonev
and Filipov, (2018) for the western CRB units and in Ky-
donakis et al., (2016) and Bonev et al., (2019) for the Serbo-
Macedonian Massif.

The Chortiatis magmatic suite (called also Chortiatis se-
ries, Kockel et al., 1977) consists of Na-rich diorites, quartz
diorites, granodiorites, and granophyres metamorphosed to
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greenschist-facies that are intercalated with greenschist, phyl-
lite, metachert, and marble. Field relations and stratigraphic
correlations relative to the adjacent fossiliferous Svoula For-
mation of the western CRB (Kauffmann et al., 1976), led
Kockel et al., (1977) to suggest that the Chortiatis magmatic
suite encompasses the entire Jurassic period. Mussallam and
Jung (1986a) have shown that the Chortiatis magmatic suite
rock types have tholeiitic and mostly calc-alkaline affinity,
and formed in an immature island arc setting. According
to Mussallam and Jung (1986a), a pre-Tithonian deforma-
tion and greenschist-facies metamorphism is inferred for the
Chortiatis magmatic suite. The tectonic contact between the
Chortiatis magmatic suite and the Sithonia ophiolite is con-
sidered as a thrust fault along which the Chortiatis magmatic
suite overrides the Sithonia ophiolite (Mussallam, 1991).-
The Sithonia ophiolite (Jung and Mussallam, 1985) in-
cludes intrusive-extrusive crustal section of MORB-IAT, low
K tholeiite to calc-alkaline gabbro, sheeted dykes, pillow and
massive lavas, which formed in an oceanic rift tectonic envi-
ronment. Based on similar MORB-IAT geochemical affinity,
the Sithonia ophiolite has been correlated with the Kassan-
dra ophiolite (Mussallam, 1991; Fig. 2). Jung and Mussal-
lam (1985) assign the Sithonia ophiolite to the CRB, whereas
Mussallam (1991) considers the Chortiatis magmatic suite as
an island arc complex intruded by the sheeted dykes of the
Sithonia ophiolite. In the southern tip of the Sithonia branch,
platform-type limestone covering the Sithonia ophiolite re-
vealed a Berriasian-early Valanginian biostratigraphic age
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(Ivanova et al., 2015), that provides a minimum age limit for
the magmatic evolution and emplacement history of the Si-
thonia ophiolite. The Eocene Sithonia granitoid pluton (51
Ma, Christofides et al., 1990) intrudes the Melissochori For-
mation and Chortiatis magmatic arc suite (Fig. 2).

Specifically, the Kassandra ophiolite section, together
with its supra-ophiolite sedimentary cover rocks includes
from the base to the top: (i) an upper crustal extrusive section
of the Kassandra ophiolite, (ii) a volcanoclastic succession,
(iii) carbonate rocks, and (iv) Neogene sedimentary rocks.
The extrusive section of the Kassandra ophiolite consists of
aphyric and pyroxene-phyric massive and pillow lavas. A
single andesite dyke was emplaced at 136 Ma (Bonev et al.,
2015b) into the overlying volcanoclastic succession, which
recycles clasts from the Kassandra ophiolite. The volcano-
clastic succession is separated into the Paliouri Formation
(Feinberg et al., 1996; Michard et al., 1998) that overlies the
Kassandra ophiolite.

In the southern part of the Kassandra branch, the Paliouri
Formation is unconformably overlain by limestone that con-
tains clasts from the Kassandra ophiolite lavas and volcano-
clastic rocks. The limestone represents the basal horizon of
the limestone exposed to the north which, in turn, is separated
into the Xenia-Kelifos Formation (Michard et al., 1998). The
latter formation is considered by authors as mentioned above
analogous to the limestone exposed on Kelifos Island (see
Fig. 2), where fossil findings provide a late Kimmeridgian
biostratigraphic age for a similar limestone intercalated with
pillow lavas (Mussallam and Jung, 1986a; Mussallam, 1991).

Neogene deposits represent sedimentary cover mainly
consisting of sandstones that define a lateral discontinuity of
the areal distribution of Jurassic ophiolites and supra-ophiol-
ite sedimentary rocks at the Kassandra and Sithonia branches.

The eastern Vardar zone ophiolites and western CRB arc
rocks have Middle to Late Jurassic magmatic crystallization
ages ranging between 149 and 173 Ma (Spray et al., 1984;
Smith, 1993; Anders et al., 2005; Zachariadis et al., 2006,
2007; Bonev et al., 2015b) (see Fig. 1b). The late subduc-
tion-related granitoids (i.e. Fanos and Monopigadon plutons,
see Fig. 1b) intruded into the eastern Vardar zone ophiolites
have magmatic crystallization ages of 158-159 Ma (Anders
et al., 2005; Meinhold et al., 2009). The final magmatic pulse
emplaced into the ophiolite is represented by late basalt and
andesite dykes, and rhyolite body that fall in the age range of
136-149 Ma (Bonev et al., 2015b).

Therefore, a very good biostratigraphic and radiometric
age control can be successfully exploited to obtain the sig-
nificance of isotopic systematics of the studied eastern Vardar
zone ophiolites and western CRB arc rocks for deciphering
mantle and crustal processes involved in the subduction-ac-
cretion history.

WHOLE-ROCK GEOCHEMISTRY

Whole-rock geochemical compositions of several samples
studied here for radiogenic isotopes (GR93, GR103, GR106,
GR110, GR112, GR113) have been published and discussed
in Bonev et al., (2015b) (Table 1). Here, we add to them the
geochemical compositions of another set of samples (GR100,
GR101, GR105, GR110a, GR112a, PK15) and briefly dis-
cuss their trace elements characteristics. All the available
analyses are reported in Table 2.

Rb and Ba shows slightly variable concentrations as SiO,
contents increase; their concentrations are high in evolved

samples such as andesite and rhyolite due to magmatic frac-
tionation processes, as well as in the sheeted dykes where
fluid circulation is documented along the contacts (Bonev et
al.,2015b) (Fig. 3a-c). Sr and Nb concentrations at increasing
SiO, content exhibit nearly linear trend, except for the rhyo-
lite sample (Fig. 3b-d). We consider the above trace elements
characteristics as reflecting primary magmatic signature of
the studied samples and, at al lesser extent, an ocean-floor
hydrothermal processes.

Chondrite-normalized REE compositions of the Kas-
sandra-Sithonia rock samples generally exhibit middle and
heavy REE flat patterns, similar to N-MORB and E-MORB
that deviate to progressive light REE enrichment relative to
N-MORB and E-MORB (Fig. 3e). The chondrite-normalized
REE profile of rhyolite shows a strongly fractionated pattern,
having the highest LREE-enrichment compared to the ophio-
lite samples, coupled with a significant heavy REE-depletion
relative to N-MORB and E-MORB compositions. The dunite
and one basalt sample display the strongest REE-depletion
relative to N-MORB and E-MORB compositions. The Chor-
tiatis magmatic arc diorite has a chondrite-normalized REE
profile that broadly parallels the profiles of the Kassandra-Si-
thonia ophiolites samples but, compared to them, the diorite
exhibits 10-20 times higher REE abundances.

N-MORB normalized multi-element profiles of all
samples display high ratios of large-ion lithophile elements
(LILE) and high-field strength elements (HFSE) (Fig. 3f).
Negative Nb anomaly characterizes the majority of the Kas-
sandra-Sithonia ophiolitic rock samples, with exceptions of
the depleted dunite and basalt samples mentioned above. All
samples (except Chortiatis arc diorite and Kassandra dyke)
also show variably negative Ba, Ce, Ti and P anomalies that
indicate involvement of feldspar, apatite and Fe-Ti oxides in
magma fractionation processes. Pronounced positive Th and
Pb anomalies characterize all studied samples. In terms of
HFSE, and middle and heavy REE, the majority of the Kas-
sandra-Sithonia ophiolites samples have concentrations close
to N-MORB or slightly depleted whereas they significantly
overlap E-MORB composition. Relative to HFSE and HREE
the Chortiatis arc diorite exhibits distinctly higher concentra-
tions compared to the Kassandra-Sithonia ophiolitic rocks.
All studied samples depart significantly from the oceanic is-
land basalt (OIB) composition in chondrite- and N-MORB-
normalized diagrams (Fig. 3e-f).

ND-SR-PB ISOTOPES
Methods

Chemical separation of the elements from whole rocks
and isotopic analyses were performed at the Department
of Earth Sciences at University of Geneva (Switzerland).
Nd-Sr-Pb isotopes were measured with a Thermo Neptune
PLUS Multi-Collector ICP-MS. For monitoring the internal
fractionation, we used $8Sr/%°Sr = 8.375209 for the 87Sr/%Sr
ratio, “Nd/'*Nd = 0.7219 for the ’Nd/'**Nd ratio and
203T1/295T1 = 0.418922 for the three Pb ratios. Long-term re-
producibility of the measurements was controlled by repeated
measurements of the external standards SRM987 (¥7Sr/%6Sr
= 0.710248, McArthur et al., 2001), JNdi-1 ("*Nd/"*Nd =
0.512115, Tanaka et al., 2000), and SRM981 (Baker et al.,
2004) for Pb (see Table 1S). Additional details on analytical
procedures can be found in Chiaradia et al., (2020). Whole-
rock Nd, Sr, and Pb isotopic compositions are listed in Table
3. The Nd-Sr-Pb isotopic results were age-corrected to the
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known crystallization ages of the Kassandra and Sithonia
ophiolites or biostratigraphic age of the sedimentary rocks as-
sociated with these ophiolites and known crystallization ages
for the Chortiatis magmatic arc suite (see Table 1).

Results

We have analyzed Nd, Sr and Pb isotopic compositions of
three samples from the Kassandra ophiolitic basalt and andes-
ite and seven samples from the Sithonia ophiolite dunite, gab-
bro, basalt and rhyolite, together with two samples - diorite
and granodiorite from the intrusive section of the Chortiatis
magmatic arc suite (Fig. 2, see Table 1). Nd, Sr and Pb iso-
tope results have been compared with published Nd and Pb
isotopic compositions of the ophiolitic rocks in the Mandritsa
unit of the eastern CRB in Bulgaria (Bonev and Stampfli,
2008) and Nd, Sr and Pb isotopes from the Evros ophiolite in

Ce Nd Sm Gd Dy Er Yb

Rb Th La Pb P SmHf Ti Y Lu

Greece (Boneyv et al., 2023), together with available Nd and
Sr isotopic compositions for the Kassandra-Sithonia ophiol-
ites (Zachariadis, 2007).

The “*Nd/'*Nd ratios of the dunite, gabbro, diorite,
granodiorite, basalts, andesite and rhyolite rock samples fall
in the range of 0.512377-0.512923, with positive &y, (pugr)
values that are characteristic of mantle-derived melts. Only
the rhyolite sample GR106 (g, =-5.1) and the andesite sam-
ple GR93 (ey,=-0.2) display negative ey, values. When time-
corrected for the crystallization age of the mafic rocks (150
Ma to 173 Ma, see Table 1), the &y, values vary from +0.2
to +6.0 (Table 3).

The 37Sr/%Sr ratios display values ranging from 0.704306
to 0.706820 that are characteristic of the oceanic crust and
subduction-related volcanic rocks. However, a rhyolite
sample GR106 at Sithonia has a higher ®Sr/%¢Sr value of
0.708353.
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Table 1- Summary of studied samples from the Kassandra-Sithonia ophiolites and Chortiatis magmatic

arc suite.
Sample Rock type Remark Age Location
. dyke emplaced into volcanoclastic U-Pb zircon age 136.3 + 1.86 Ma
GR93 andesite succession of Paliuri Formation (Bonev et al., 2015b) Kassandra
150 Ma based on intercalation with
GR100 basalt pillow lava Kimmeridgian limestone on Kelifos  Kassandra
Island (Mussallam, 1991)
150 Ma based on intercalation with
GR101 basalt pillow lava Kimmeridgian limestone on Kelifos ~ Kassandra
Island (Mussallam, 1991)
L . U-Pb zircon age 172.76 + 1.2 Ma Lo .
GR103 diorite massive (Bonev et al., 2015b) Gerakini, Sithonia
150 Ma based on nearby cross-
GR105 basalt massive lava cutting rhyolite with an age of 148.9 + Toroni, Sithonia
1.0 Ma (Bonev et al., 2015b)
. massive, emplaced into massive  U-Pb zircon age 148.9 £ 1.0 Ma s .
GR106 rhyolite and pillow lavas (Bonev et al., 2015b) Toroni, Sithonia
GR110 gabbro isotropic and layered U-Pb zircon age 158.4 + 1.0 Ma Cape Lemos, Sithonia
GR110a dunite layer emplaced into the Cape 159 Ma based on the age of the Cape Lemos, Sithonia
Lemos gabbro Cape Lemos gabbro
160 Ma based on the U-Pb zircon
GR112 basalt sheeted dyke age 160 + 1.2 Ma (Zachariadis, Punta, Sithonia
2007)
160 Ma based on the U-Pb zircon
GR112a basalt sheeted dyke age 160 £ 1.2 Ma (Zachariadis, Punta, Sithonia
2007)
dyke emplaced into Kimmeridgian U-Pb zircon age 144.6 + 3.14 Ma . .
GR113 basalt conglomerate (e.g. Mussallam, Sithonia
(Bonev et al., 2015b)
1991)
massive, emplaced into Chortiatis ) .
PK15 granodiorite  arc metavolcanic rocks U-Pb zircon age 159.6 + 0.60 Ma Sithonia

(greenschist)

(Bonev and Filipov, 2018)

Sample locations are shown in Fig. 2; whole-rock composition are reported in Bonev et al. (2015b).

These results indicate that the analyzed mafic rocks origi-
nated from magmas that were derived from a similar mantle
source with a high time-integrated Sm/Nd ratio and a moder-
ate to slightly elevated range of Rb/Sr ratios. When plotted in
the '“Nd/'"*Nd vs. ¥’Sr/*°Sr diagram (Fig. 4a), the majority
of the samples fall within and parallel to the mantle array
and plot close to the Bulk Silica Earth (BSE), while samples
GR93, GR112 and GR112a plot at higher 3’Sr/3°Sr values.
Because these samples come from dykes, some sea-water al-
teration is expected similar to that described by Bonev et al.
(2015) for the dyke contacts, which provide an explanation of
the higher 8’Sr/%Sr isotope values.

The analyzed rocks show a relatively narrow range of
206ph/204Ph (18.212-19.483) and 2°7Pb/?*Pb (15.435-15.698)
ratios and a relatively narrow range of 2Pb/?*Pb values
(38.104-39.368), reaching a higher value in sample GR113
(Table 3). Almost all studied rocks exhibit a linear trend par-
allel to progressive enrichment along the MORB-oceanic

island basalt (OIB) line in the 2°7Pb/2%4Pb-20°Pb/?%4Pb corre-
lation diagram (Fig. 4d), plotting above the Northern Hemi-
sphere Reference Line (NHRL) where enriched mantle res-
ervoirs (EMI, EMII) are identified (Zindler and Hart, 1986).
An exception of Pb isotopic compositions are dunite sample
GR110a and dyke sample GR113 plotting respectively within
the MORB and OIB fields (Rollinson, 1993). In the gy,; vs.
206ph/204Ph diagram, samples show nearly linear trend to-
wards higher €y,; values plotting between MORB and BSE
(Fig. 4e). In a 3Nd/'Nd vs. 29Pb/?Pb diagram isotopic
ratios cluster between the BSE, Prevalent Mantle (PREMA)
and Mid-Ocean Ridge Basalt (MORB) (Fig. 4b) and spread
along the same mantle reservoirs towards higher 8’Sr/%6Sr
values in the 8’Sr/36Sr vs. 20Pb/24Pb diagram (Fig. 4c).

The analyzed Kassandra-Sithonia ophiolites have Pb iso-
tope ratios that cluster closely with those of the Jurassic gabbro
and basalts of the Evros ophiolite (Bonev et al., 2023), as well
as with those of the Mandritsa unit of the CRB in Bulgaria,
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Fig. 4 - Correlation diagrams for Nd-Sr-Pb isotopes of the studied rocks from the Kassandra-Sithonia ophiolites and Chortiatis mgmatic arc suite. a)
Nd/"“Nd vs. ¥7Sr/%Sr diagram. DMM (Depleted MORB Mantle), EM I and EM II mantle reservoirs from Hart (1984), b) *Nd/'*Nd vs. 2°°Pb/?**Pb dia-
gram, ¢) ¥7Sr/%Sr vs. 2°Pb/2*Pb diagram, d) 27Pb/**Pb vs. 2°Pb/**Pb diagram, e) gy4; vs. 2°Pb/2**Pb diagram. Shaded field of Nd-Pb isotopes of Mandritsa
unit is from Bonev and Stampfli (2008), and the field of Nd-Sr-Pb isotopes for Evros ophiolite is from Bonev et al. (2023). The NHRL and the fields of refer-
ence mantle reservoirs are after Zindler and Hart (1986), and the fields of OIB and MORB from Rollinson (1993). The reader is referred to the PDF online for

a colour version.

which are also Jurassic (Bonev and Stampfli, 2008). These isot
opic signatures partly plot within the OIB (Ocean Island Ba-
salt) field, closest to the MORB (Mid-Ocean Ridge Basalt)
field (Fig. 4 d-e). The Nd and Sr isotope ratios of the studied
samples demonstrate a remarkable overlapping with the Nd

and Sr isotope ratios for the Kassandra-Sithonia ophiolites
previously reported by Zachariadis (2007), as well as with
the same ratios documented for the Evros ophiolite (Bonev et
al., 2023) (Fig. 4a-b). Overall, when the Jurassic Kassandra-
Sithonia ophiolites are compared to Jurassic Evros ophiolite
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and Mandritsa unit samples, both ophiolite suites together
with the Jurassic Chortiatis arc suite rocks display striking
similarities in terms of Nd-Sr-Pb isotopic compositions (Fig.
4). However, the rhyolite sample GR106 has Nd-Sr-Pb isoto-
pic compositions distinct from ophiolite above and arc units.

DISCUSSION AND CONCLUSIONS

The Nd isotope compositions obtained in this study are
consistent with involvement of MORB-like reservoir, a com-
positional feature also displayed by trace element and REE
geochemistry of the studied samples from the Kassandra-Si-
thonia ophiolites, which were formed at a back-arc spreading
center (Bonev et al., 2015b; Fig. 4). The range of Nd isotopes
is consistent with the values of the oceanic crust formed in the
seafloor and in arc-related settings from a mantle peridotite.
This is also valid for the Chortiatis arc magmatic suite samples
which have Nd isotopic composition overlapping or close to

sw

Almopias subzone

Paikon subzone

the samples of the Kassandra-Sithonia ophiolites (Fig. 4a-c).
The Pb isotope data also suggest a contribution of a MORB
mantle source (Fig. 4b-d). The relatively narrow range of gy
and Pb isotope values indicates that the mantle source of the
basalts, gabbro and dunite was a rather homogenous depleted
MORB-type lithospheric mantle (Fig. 4).

The range of Sr isotopes also supports a MORB-type man-
tle component in the source region, but additionally shows an
enrichment process via crustal contamination. This explains
the variations and relatively high 87Sr/86Sr ratio observed in
samples GR112a, GR112, and GR93. We infer a contribution
from continental crust to explain the elevated *’Sr/*Sr ratios
(respectively 0.7066, 0.7067 and 0.7068) observed in these
samples. This interpretation is compatible with the inherited
Paleozoic zircon clusters in samples GR93 and GR112 (Bonev
etal.,2015b). However, the slightly negative €y,; value of sam-
ple GR93 suggests the involvement of subducted sediments in
the magma genesis. Because samples GR93, GR112, GR112a
belong to the back-arc segment, their Sr/%Sr values could
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Fig. 5 - Simplified tectonic model of Late Jurassic-Early Cretaceous Chortiatis arc/Sithonia back-arc system development in the eastern Vardar zone. Modified
after Bonev et al.(2015b) and Bonev and Filipov (2018). The reader is referred to the PDF online for a colour version.



demonstrate a sedimentary input into the back-arc mantle re-
gion from the subduction zone responsible for the formation of
the Chortiatis magmatic arc. These Sr isotopic features are sim-
ilar to previously documented Sr isotopes for the Kassandra-Si-
thonia ophiolites and compatible with their mantle source inter-
pretation involving subducted sedimentary rocks (Zachariadis,
2007). This sedimentary contribution to the mantle source is
further evidenced by the elevated Pb isotopes ratios of some of
the Kassandra-Sithonia ophiolite samples that show similarity
to those of the Chortiatis magmatic arc suite (Fig. 4d). We in-
fer, therefore, the involvement of a MORB-type mantle mixed
with a crustal component, presumably subducted sediments,
in the mantle source of the subduction zone for the Chortiatis
magmatic arc-Kassandra-Sithonia back-arc system (Fig. 5a).
However, the rhyolite melt represented by the sample
GR106 had a different origin, as supported by Nd-Sr-Pb iso-
tope data. As previously proposed (Bonev et al., 2015b), we
suggest that the Monopigadon granite and Toroni rhyolite rep-
resent mid- to shallow crustal level differentiates likely result-
ing from a flat N-directed subduction initiated within the Kas-
sandra-Sithonia back-arc region. This subduction also explains
the origin of the granitoids and metagranitoids of similar age
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and their occurrences within the Eurasian continental margin,
i.e., the Serbo-Macedonian Massif further north (Fig. 5b).

Our results highlight coherent Nd-Sr-Pb isotopic ratios for
the Kassandra-Sithonia ophiolites and Chortiatis magmatic
arc suite, indicating generation of magmas by partial melting
of a MORB-type mantle source. These isotopic data indicate
variable contamination of magmas by continental crust ma-
terial and/or sedimentary rocks entrained in the subduction
zone (Fig. 4). Comparison of the obtained Nd-Sr-Pb isotope
results with analogous data from the Evros ophiolite mafic
rocks demonstrates regionwide similarity of the isotopic
compositions (Fig. 4), which in turn provides additional sup-
port for the involvement of time-integrated analogous source
mantle in the arc/back-arc systems, in both eastern Vardar
zone-western CRB segment and eastern CRB in the Tethyan
realm. Indeed, if we restore the pre-Oligocene rotation in the
north Aegean region (e.g., Bonev and Stampfli, 2010; Bonev
et al.,2015b), coherent ages and Nd-Sr-Pb isotopic composi-
tions both imply a regionally extensive Middle-Late Jurassic
arc/back-arc systems represented by Evros arc-related ophi-
olite-back-arc Samothraki ophiolite, and the Chortiatis mag-
matic arc-Kassandra-Sithonia back-arc ophiolites (Fig. 6).
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Bonev and Stampfli (2010) using the base and pole of rotation from Brun and Sokoutis (2007)). The isotope data adapted in the light of published by Zacharia-
dis (2007) for Kassandra-Sithonia ophiolites and newly obtained Nd-Sr-Pb isotopic data from this study. The isotope data for Evros ophiolite are from Bonev
et al. (2023), and for Samothraki ophiolite are from Koglin et al. (2009). The reader is referred to the PDF online for a colour version.



84

In summary, the Nd-Sr-Pb isotopes systematics revealed
mantle-crust interaction caused by mantle wedge magmatic
process in the studied Chortiatis magmatic arc-Kassandra-
Sithonia back-arc system.
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