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ABSTRACT

The Almopias and Paikon “sub-zones” in northern Greece represent the easternmost part of the Vardar Domain. Volcanic sequences in the Paikon sub-
zone largely consist of calc-alkaline volcanic rocks with very minor normal-type (N-) mid-ocean ridge basalts (MORB) and boninites. These data confirm that
the Paikon volcanics have originated in a volcanic arc setting developed during the Middle to Late Jurassic times on the westernmost continental margin of
the European plate. The Almopias “sub-zone” consists of several ophiolite-bearing tectonic units showing a complex combination of different metamorphic,
litho-stratigraphical, and age characteristics. The Liki, Nea Zoi, and Vrissi units (central Almopias) are ophiolitic mélanges, the Mavrolakkos and Krania units
(eastern Almopias) consist of volcanic sequences, and the Ano Garefi unit (eastern Almopias) includes serpentinized peridotites and overlying basaltic lavas.

The Liki unit underwent metamorphism and deformation under amphibolite-facies condition and includes rocks showing N-MORB and low-K island arc
tholeiitic affinities. The Nea Zoi unit incorporates N-MORBs of unknown age and Late Triassic calc-alkaline rocks. The Vrissi unit includes an incomplete
volcanic sequence consisting of MORB-type volcanics cross cut by arc-type dyke and Middle-Late Jurassic arc-type volcanic rocks. The Mavrolakkos unit
consists of sheeted dykes, lavas, and individual dykes with N-MORB affinity, which are crosscut by dykes showing volcanic arc affinity. The Krania unit con-
sists of Middle-Late Jurassic N-MORB series tectonically associated with calc-alkaline volcanics and dykes. Basalts of the Ano Garefi unit have alkaline
affinity, whereas dikes cutting the peridotites show enriched-type MORB chemistry.

Our data show the occurrence in the Almopias units of Middle-Late Jurassic N-MORB lavas associated with overlying coeval volcanic arc-type lavas
and/or intruded by volcanic arc-type dykes. A major point arising from this paper is that some of the Almopias ophiolitic units do not correlate with the other
ophiolitic units in the Dinaride-Hellenide belt and some could correlate with the northernmost extension of the Vardar zone in the South Apuseni - Transyl-

vanian ophiolitic belt in Romania.

INTRODUCTION

The Dinaric-Hellenic belt is derived from the Mesozoic
to Neogene convergence between the Eurasian and the
Adria plates, by a complex geodynamic evolution from con-
tinental rifting to oceanic spreading (Middle Triassic to Late
Jurassic), subduction and continental collision stages (Late
Jurassic/Early Cretaceous up today) (see Bortolotti and
Principi, 2005; Dilek et al., 2008; Robertson, 2012; Bor-
tolotti et al., 2013 for a comprehensive review). This long-
lived geodynamic evolution produced the present-day struc-
tural pattern of the Dinaric-Hellenic belt, represented by an
assemblage of northwest-southeast trending tectono-strati-
graphic domains (Fig. 1).

Along the Greek transect of the Dinaric-Hellenic belt
several tectono-stratigraphic zones or domains have been
classically identified in literature (Fig. 1a). According to
Bortolotti et al. (2013), the westernmost zones (Pre-Apulian,
Ionian, Gavrovo-Tripolitza, Pindos), as well as the Pelagon-
ian zone represent the deformed Adria Continental Domain.
The deformed Adria Continental Domain is thrust to the
west onto the undeformed Adria zone, today located in the
Adriatic Sea (Fig. 1 and Pre-Apulian zone in Fig. 2a). In
contrast, Serbo-Macedonian zone-Rhodope Massif repre-
sents the eastern margin of the Eurasian Plate. Ophiolites
are widespread in the so-called Subpelagonian, Pelagonian
and Vardar zones (Fig. 2a).

According to Ferriere et al. (2012) and Bortolotti et al.
(2013), the term Subpelagonian zone has to be abandoned as
an isopic or ophiolitic zone or as an ocean. It initially re-
ferred to the transition between the Pelagonian platform and
the Pindos basin (Aubouin, 1959), but was generally used
for identifying an oceanic basin located to the west of the
Pelagonian platform (see Robertson, 2012). However, many
authors do not agree with this interpretation and refer the
Subpelagonian and Pelagonian ophiolites to the Vardar
Oceanic Domain (e.g., Bortolotti et al., 2013, and bibl.
therein). In fact, Chiari et al. (2012) have grouped the Pelag-
onian and Subpelagonian zones into Pelagonian sensu lato
tectonic units of the deformed Adria Continental Domain. In
order to avoid confusion between actual geographic location
of ophiolites and their origin, Saccani et al. (2011) grouped
all the Albanide-Hellenide ophiolites into two major ophi-
olitic belts: 1) the External Ophiolites (now cropping out in
the Subpelagonian and Pelagonian zones) and 2) the Internal
Ophiolites (cropping out in the Vardar area) (Fig. 2a). Like-
wise, Ferriere et al. (2012) distinguished a Supra-Pelagonian
ophiolitic belt on the west (= External ophiolites) and a Var-
darian belt (= Internal ophiolites) on the east.

As already mentioned, there is no general consensus about
the geodynamic significance of the External and Internal
Ophiolites. According to some authors, the External and Inter-
nal Ophiolites represent remnants of the Mirdita-Pindos Ocean
and the Vardar Ocean, respectively. These two Neo-Tethys
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Fig. 1 - Simplified tectonic scheme of the Di-
naric-Hellenic belt and surrounding areas.
Modified from Bortolotti and Principi (2005).
The Pelagonian domain includes the Sub-
pelagonian zone according to Ferriere et al.
(2012) and Bortolotti et al. (2013). Abbrevia-
tions: MHL- Mid-Hungarian line; STF- South
Transylvanian fault; SL- Sava line; SPL- Scu-
tari-Pe¢ line.

oceanic branches were separated by the Pelagonian micro-
continental block (e.g., Jones and Robertson, 1991; Shallo et
al., 1992; Doutsos et al., 1993; Robertson and Shallo, 2000;
Dilek et al., 2007).

In contrast, other authors (e.g., Bernoulli and Laubscher
1972; Vergély, 1976; Collaku et al., 1992, Schermer, 1993;
Bortolotti et al., 1996; 2002b; 2004a; 2013; Schmid et al.,
2008; Ferriere et al., 2012; Chiari et al., 2012; 2013) sug-
gested that both External and Internal Ophiolites (except the
Guevgueli Complex) represent remnants of a single oceanic
basin rooted in the Vardar area and that the Pelagonian do-
main represented the northernmost edge of the Adria plate.
In this paper, we assume an eastern origin for the both Ex-
ternal and Internal ophiolites, originated in the Vardar
Ocean, located on the eastern side of the Pelagonian margin
(and constituting the Vardar Oceanic Domain) and succes-
sively thrust westwards, till Mirdita and Pindos areas. Now
its terranes represent the uppermost tectonic unit of Hel-
lenides, whith the roots now exposed in the East Macedonia
immediately west of Thessaloniki.

Based on literature data, the Internal and External Ophio-
lites show some distinctive features. The External Ophiolites

are characterized by the occurrence of huge and coherent
Mid Jurassic crustal sequences formed in both oceanic, sub-
duction unrelated setting and intra-oceanic supra-subduction
zone (SSZ) setting, which are lacking in the Internal Ophio-
lites. In contrast, the Internal Ophiolites are mainly charac-
terized by the occurrence of Late Jurassic back-arc basin se-
quences associated with calc-alkaline basalts (CAB) crop-
ping out in the Guevgueli Complex (Saccani et al., 2008a),
as well as continental arc sequences in the Paikon massif
(Bébien et al., 1987; Brown and Robertson, 2004). To the
west of the Paikon arc, several ophiolitic units have been rec-
ognized by Mercier (1966a). They are commonly known as
Almopias ophiolitic units (Fig. 2b). While the External Ophi-
olites have been extensively studied in both Albanian and
Greek sectors (e.g., Bortolotti et al., 2003; 2006; Dilek et al.,
2008; Saccani et al., 2011; Robertson, 2012; Bortolotti et al.,
2013, for exhaustive references), the Paikon Massif and the
Almopias ophiolites are comparatively poorly known. Most
of the works on these ophiolites date back to 1970-1990
decades and are rarely supported by adequate chemical and
biostratigraphic data (e.g., Mercier, 1966a; 1966b; 1966c;
Bébien and Cagny, 1979; Bébien, 1983; Vergély, 1984;
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Fig. 2 - a) Tectono-stratigraphic zones of the
Dinaric-Hellenic belt (modified from Saccani
et al., 2011 and Robertson, 2012). The Pelag-
onian zone includes the Subpelagonian zone,
according to Ferriere et al. (2012) and Bor-
tolotti et al. (2013). The box indicates the area
expanded in panel b). Abbreviations in panel
a): EO- External Ophiolites; 10- Internal
Ophiolites; SP- Subpelagonian zone; M-
Mirdita ophiolites, P- Pindos, V- Vourinos,
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O- Othrys, G- Guevgueli, A- Almopias. b)
Geological sketch-map of the Vardar zone in
the northern Greece (modified from Fig. 91 in
Pe-Piper and Piper, 2002; Sharp and Robert-
son, 2006; Saccani et al., 2008b).

Bébien et al., 1987; 1994; Stais et al., 1990). Moreover, in
these works no biostratigraphic data on radiolarian cherts
stratigraphically associated to volcanic rocks are presented.
Relatively recent works have been carried out on the Paikon
massif (Brown and Robertson, 2004), and Almopias ophio-
lites (De Wever, 1995; Sharp and Robertson, 1994; 2006;
Saccani et al., 2008b). Only sparse geochemical and age data
are available for these ophiolites (see Sharp and Robertson,
2006 for an exhaustive review). However, they were likely
formed in the oceanic sector close to the Eurasian continental
margin. The main purpose of this paper is thus to present
preliminary geochemical and biostratigraphic data on the Al-
mopias ophiolites and the associated arc-type Paikon unit, in
order to decipher their original tectono-magmatic setting of
formation. The presented biostratigraphic data are obtained
from radiolarian cherts stratigraphically associated to vol-
canic rocks. Such approach made it possible to constrain in
time the different magmatic and geodynamic events that are
recorded in the studied units.

I Western Almopias ophiolites
- Central Almopias ophiolites
Eastern Almopias ophiolites

Hercynian basement
:’ Cretaceous of W Almopias

GEOLOGICAL SETTING

The vardarian ophiolitic bodies cropping out in the Var-
dar area include the Almopias and Peonias (also reported as
Guevgueli) ophiolites, which are separated by the Paikon
volcanic arc (Bebien et al., 1987; 1994; Stais and Ferriere,
1991) (Fig. 2b). These different ophiolitic and volcanic arc
units were formed in different oceanic and continental do-
mains (Mercier, 1966¢; Mercier et al., 1975; Bébien et al.,
1994; Brown and Robertson, 2004; Saccani et al., 2008a;
2008b; 2011). Mercier (1966a) subdivided the Vardar zone
in northern Greece into three sub-zones, which are (from east
to west): the Peonias, Paikon, and Almopias (Fig. 2b). We
are convinced that this type of subdivision should be aban-
doned because it may generate confusion between actual ge-
ographic location of ophiolites and their origin. In fact, Fer-
riere et al. (2012), used the terms Almopias, Paikon, and Pe-
onias zones for stressing their distinct genetic significance.
Nonetheless, a re-definition of the terminology of the different



units in the Vardar area needs further detailed research.
Therefore, in this paper we will follow the Mercier (1966a)
subdivision, because it is still widely used in literature.

The Peonias sub-zone

The Peonias sub-zone includes pre-Mesozoic basement,
Triassic rift-related sedimentary rocks passing up into conti-
nental margin turbidites, Jurassic ophiolites, island arc vol-
canic rocks and granodioritic intrusions that are uncon-
formably overlain by Late Jurassic sedimentary rocks (Pe-
Piper and Piper, 2002, pp. 167-168). The Peonias sub-zone
includes the Guevgueli ophiolitic complex, which consists
of a Middle and Late Jurassic (Danelian et al., 1996; Kuko¢
et al., 2015) ophiolite sequence closely associated with calc-
alkaline volcanics and dykes (Saccani et al., 2008a) and in-
truded by the granitoid intrusive complex of the Fanos gran-
ite (Bébien, 1983; Sari¢ et al., 2008). The Guevgueli ophio-
lites are considered to have formed in an ensialic back-arc
basin opening to the north of the Paikon arc during Middle
to Late Jurassic (Bébien, 1983; Bébien et al., 1987; Brown
and Robertson, 2004; Saccani et al., 2008a).

The Paikon sub-zone

In the Paikon massif, the Hercynian basement is overlain
by the Triassic to Early-Middle Jurassic Gandatch Formation,
which consists of marbles, chloritic schists and calc-schists
(Mercier, 1968; Brown and Robertson, 2003). According
these Auhtors, the protoliths of these metamorphic rocks were
probably represented by deposits belonging to a continental
slope succession. The overlying (?)Jurassic Livadia Forma-
tion includes metavolcanic rocks mainly represented by rhyo-
lites and minor meta-andesites and meta-basalts (Davis et al.,
1988). This formation is conformably overlain by the (?)Mid-
dle Jurassic platform carbonates of the Gropi Formation. The
overlying Late Jurassic Kastaneri formation includes interme-
diate to felsic tuffs, ignimbrites and rhyolites and minor in-
terbedded algal limestone, sandstone and conglomerates
(Davis et al., 1988; Mercier, 1968). The Kastaneri Formation
is locally overlain unconformably by the Kimmeridgian -
Tithonian Kromni limestones (Mercier, 1968; Brown and
Robertson, 2003). The lower part of the Paikon sequence
(Gandatch, Livadia, and Gropi formations) is affected by low-
grade blueschist facies metamorphism. In contrast, the uncon-
formably overlying formations are unaffected by high-pres-
sure metamorphism (Sharp and Robertson, 2006).

Only sparse chemical analyses of volcanic rocks from the
Paikon sub-zone are available in literature. Mafic rocks of
the Gandatch and Livadia formations are principally basaltic
andesites and andesites (Bébien et al., 1987; Davis et al.,
1988). Bébien et al. (1994) suggested that volcanic rocks
from the Livadia Formation are island arc tholeiites,
boninites and minor felsic differentiates. Basalts and
basaltic andesites of the Kromni Formation resemble island-
arc tholeiites, though mid-ocean ridge and boninitic lavas
are also present (Bébien et al., 1994).

The geochemistry of the magmatic rocks from Paikon unit
indicate that they were originated in an arc setting developed
during the Middle to Late Jurassic times in consequence of
an east-dipping (present-day coordinates) oceanic subduction
(Mercier, 1966¢; Vergély and Mercier, 2000; Brown and
Robertson, 2004). Brown and Robertson (2004) suggested
that the Paikon represents a continental fragment bounded by
oceanic basins in the Almopias and Peonias sub-zones.

The Almopias sub-zone

The Almopias sub-zone is tectonically very complex and
it has been subdivided into several tectonic units by Mercier
(1966a). Most of these units consist of Jurassic and subordi-
nate Triassic ophiolites and related sedimentary covers (e.g.,
Stais et al., 1990; Pe-Piper and Piper, 2002, pp. 154-158).
The ophiolitic units can be grouped into the western, cen-
tral, and eastern Almopias ophiolites (Fig. 2b).

According to Saccani et al. (2008b), the units from the
western Almopias ophiolites in the Vermion Mountain con-
sist of ophiolitic mélanges and harzburgitic mantle tec-
tonites. Mélanges underwent greenschist to amphibolite
metamorphic facies conditions associated with intense de-
formation. Magmatic protoliths within mélanges show vari-
ous geochemical affinities, including both normal (N-) and
enriched (E-) mid-ocean ridge basalt (MORB), alkaline
ocean island basalt (OIB), low-Ti island arc tholeiite (IAT),
very low-Ti boninitic, and calc-alkaline affinities. Ophio-
lites are unconformably covered by Late Jurassic-Early Cre-
taceous, shallow-water conglomerates and arenites. The
Loutra Aridea unit (Fig. 2b) consists of an ophiolitic
mélange, which is tectonically overlain by tectonic slices of
serpentinized harzburgite and chromite-bearing dunite. The
ophiolites are locally unconformably overlain by conglom-
erates with ophiolitic clasts and transgressive Cretaceous
limestones showing a Late Aptian to Middle Albian
foraminiferal fauna (Mercier, 1966a).

The central Almopias ophiolites include the Liki, Klisso-
hori, Nea Zoi, Vrissi, and Veria units (Fig. 2b). The Liki,
Klissohori, and Nea Zoi units consist of strongly foliated
ophiolitic mélanges (Mercier and Vergély, 1972; Sharp and
Robertson, 1994). Large blocks mainly consist of serpen-
tinites and marbles. The pervasive deformation postdates the
Late Jurassic fossiliferous limestones in the mélange and
predates the unconformably overlying Late Cretaceous lime-
stones and was the result of dextral strike-slip deformation
(Mercier and Vergély, 1972). Bijon (1982) described IATs
and mafic boninites from the Liki and Klissohori units.
However, Sharp and Robertson (2006) described some
basaltic blocks showing OIB-type chemistry. In contrast, the
Veria ophiolites in the southwest Almopias sub-zone (Fig.
2b) do not display metamorphic deformation and consist of
ophiolite-bearing mélange units, which include tectonic sliv-
ers of mantle harzburgites and magmatic rocks showing N-
and E-MORB, IAT, and boninitic affinities (Saccani et al.,
2008b). The Vrissi unit consists of a mélange where slices of
Triassic lavas, radiolarites and Late Cretaceous arenites are
set in a foliated matrix (Stais et al., 1990).

The eastern Almopias ophiolites (Fig. 2b) include the
Ano Garefi, Krania, and Mavrolakkos units (Bechon, 1981;
Sharp and Robertson, 1994). The Ano Garefi ophiolite con-
sists of serpentinized harzburgitic tectonites underlying a
dyke-lava unit (Migiros and Galeos, 1987). No cumulate
rocks have so far been recognised and ultramafics are in-
truded by diabase dykes. The dyke-lava unit consists of
massive and pillowed basalts cut by dykes of MORB to OIB
affinity. Locally, they are interbedded with thin levels of
shales and limestones containing detrital chromite. This fea-
ture is also observed in the western Almopias ophiolites in
the Vermion Mountain (Saccani et al., 2008b). The ophiolite
complex is overlain by Late Cretaceous conglomerates and
sandstones passing upward to limestones and turbidites.

According to Sharp and Robertson (1994), in the Mavro-
lakkos and Krania units, the ophiolite comprises MORB



pillow lavas with minor hyaloclastites and local radiolarites.
In the Krania unit, radiolarites show Tithonian age. The lavas
are overlain by the Black Schist Member, consisting of tur-
bidites represented by sandstones, micaceous mudstones, and
interbedded lavas. This member is in turn overlain by the Ra-
diolarite Member that includes radiolarites of Middle-Late
Jurassic age in the Mavrolakkos unit (Stais et al., 1990; De
Wever, 1995), cherty argillites, siliceous mudstones, thin
sandstones (Stais and Ferriere, 1991; Sharp and Robertson,
1994). The entire sequence is topped by Early Cretaceous
turbidites (Sharp and Robertson, 1994), which are cut by
basaltic andesite dykes (Bébien et al., 1980) and rare quartz
diorite dykes dated at 124 Ma (Bechon, 1981). Bertrand et al.
(1994) obtained whole rock K-Ar ages of 110-134 Ma from
basalt or diabase. In the east, the entire ophiolite sequence is
cut by sills and dykes of granophyre and granite that were
compared with the Fanos granite of the Guevgueli ophiolite
by Sharp and Robertson (1994). Sharp and Robertson (1994;
2006) interpreted the Mavrolakkos and Krania units as a sin-
gle ophiolite sheet known as the Meglenitsa Ophiolite.

Ophiolites of the Almopias sub-zone have been interpret-
ed as derived from a former oceanic basin (Almopias
Ocean, Brown and Robertson, 2004; Vardar Ocean, Bor-
tolotti et al., 2013) that subducted eastwards underneath the
Serbo-Macedonian Massif. During the Late Jurassic, ophio-
lites from this ocean were obducted westwards onto the
Pelagonian zone (Mercier et al., 1975; Bébien et al., 1994;
Sharp and Robertson, 1994; Brown and Robertson, 2004).
Saccani et al. (2008b) concluded that the western and cen-
tral Almopias ophiolites in the Vermion Mountain have
formed in an intra-oceanic island arc setting, as suggested
by the widespread occurrence of SSZ-type ophiolites, such
as IAT, boninites and depleted mantle harzburgites.

SAMPLING AND METHODS

Twenty-three samples of radiolarian cherts and fourthy-
one samples of volcanic and subvolcanic rocks were collect-
ed from the Paikon and Almopias sub-zones. In the Al-
mopias sub-zone, samples were taken from the central and
northern sectors. In particular, in the central sector, sam-

A CHILLED MARGIN

pling was focused on the various tectonic units recognized
by Mercier (1966a). The sampled units and location of sam-
ples is shown in Table 1. In mélange units, magmatic rocks
were only taken from consistent, large volcanic series,
whereas small isolated blocks or clasts were disregarded.
Volcanic rocks in both volcanic units (Mavrolakkos and
Krania units) and mélange units (Vrissi unit) are frequently
cross cut by dykes (e.g., Fig. 3a), which were also sampled.
After preliminary pertrographic and geochemical analyses,
some of the acidic lava flows from the Mavrolakkos unit re-
sulted strongly altered and silicized and were thus disregard-
ed in this paper (see Table 1).

Radiolarian cherts were basically sampled when they
were clearly stratigraphically associated with volcanic rocks
(e.g., Fig. 3b). Unfortunately, radiolarian cherts associated
through primary contacts with volcanic rocks were found
only in three localities (Fig. 4, Table 1).

Volcanic and subvolcanic rock samples were analyzed
for major and some trace elements by X-ray fluorescence
(XRF) on pressed-powder pellets using an automated ARL
Advant-X spectrometer with the matrix correction method
proposed by Lachance and Trail (1966). Accuracy and de-
tection limits were determined using international standards
run as unknown. Accuracy was better than 2 relative % for
major oxides and 5 relative % for trace element determina-
tions, while the detection limits for trace elements were: Ce
= 8 ppm; Ba, Cu, Sc, La =5 ppm; Zn, Ga, Nd = 3 ppm; Ni,
Co, Cr, V, Rb, Sr, Pb, Zr, Y = 2 ppm; Nb, Th = 1 ppm.
Volatiles were determined as loss on ignition at 1000°C.
Thirty representative samples were chosen for additional
trace element analyses, including the rare earth elements
(REE), using a Thermo Series X-I inductively coupled plas-
ma-mass spectrometer (ICP-MS). The accuracy and detec-
tion limits were calculated using results for international
standard rocks with certified values and the blind standards
included in the sample set. Accuracy was in the range of 1-8
relative %, with the exception of Nb and Ta (12%), and U
(9%). Detection limits were (in ppm): Sr, Y, Zr = 0.05; Rb,
Nb = 0.02; Hf, Ta, Th, U = 0.002; La, Ce = 0.005; other
REE = 0.002. All analyses were performed at the Depart-
ment of Physics and Earth Sciences of the University of Fer-
rara. Results are presented in Table 2.

b)

RADIOLARIAN CHERTS (10GR27)

Fig. 3 - a) Close view of a low-K tholeiitic (subduction related) dyke intruding a volcanic sequence consisting of different lava flows showing normal mid-
ocean ridge type (N-MORB) chemistry in the Vrissi unit. Lava flows show well-developed chilled margins. b) Field view of the massive lava flows topped by

radiolarian cherts in the Krania unit.



Table 1 - Location and co-ordinates of the studied outcrops in the Paikon and Almopias sub-zones.

Stop unit Sample| Geografic co-ordinates Note
1 Ano Garefi 10GRO1 N410641.7, E2203 21.3 massive lava
10GRO2 N410641.7, E220321.3 microgabbro dyke in massive lava 10GR01
10GR04 N410641.7, E2203 21.3 massive lava
EP 82 N 41 05 36.96, E 22 02 51.15 mafic dyke in peridotites
2 Paikon 10GR0O5 N 4104 02.7, E 2205 28.7 massive meta-lava
3 Paikon 10GR06 N4104 85 E220534.3 tuffite
EP 86 N 4104 20.88, E 22 05 48.43 massive lava
EP 87 N 4104 20.82, E 22 05 57.07 massive lava
EP 90 N 4103 15.96, E 22 05 08.37 massive lava
EP 91 N 41 03 16.07, E 22 04 58.66 massive lava
EP 92 N 4103 18.00, E22 04 47.46 massive meta-lava
4 Mavrolakkos | 10GRO7 N 40 56 08.5, E 22 09 39.7 acidic volcanic rocks (disregarded)
5 Mavrolakkos | 10GRO08 N 40 54.889, E 22 09.813 dyke in 10GR09
10GR09 N 40 54.889, E 22 09.813 massive lava
6 Mavrolakkos | 10GR10 N 40 54 00.6, E 22 09 16.5 acidic volcanic rocks (disregarded)
10GR11 N 40 54 00.6, E 22 09 16.5 acidic volcanic rocks (disregarded)
7 Mavrolakkos | 10GR12 N 40 53.174, E 22 07.630 basalt dyke
8 Mavrolakkos | 10GR13 N405321.1,E2208 06.2 pillow lava
10GR14 N405321.1,E220806.2 dyke in pillow lava 10GR13
10GR15 N 4053 21.1, E22 08 06.2 dyke in pillow lava 10GR13
10GR16 N405321.1,E220806.2 dyke in pillow lava 10GR13
9 Mavrolakkos | 10GR17 N 4053433, E2208446 sheeted dyke complex
10GR18 N405343.3, E2208 446 sheeted dyke complex
10 Krania 10GR19 N 4053 27.6, E 22 10 39 dyke in massive lava 10GR20
10GR20 N 40 53 27.6, E 2210 39 massive lava
10GR21 N 40 53 27.6, E 22 10 39 dyke in massive lava 10GR20
" Krania 10GR22 N 4053295 E2211024 pillow-lava
12 Krania 10GR23 N 40 53.074, E 22 12.854 massive lava
10GR24 N 40 53.074, E 22 12.854 massive lava
10GR25 N 40 53.074, E 22 12.854 massive lava
10GR26 N 40 53.074, E 22 12.854 massive lava
10GR27 N 40 53.074, E 22 12.854 red radiolarian cherts collected about 50 meters from 10GR26
13 Vrissi 10GR28 N 40 51.020, E 22 09.098 pillow lava
10GR33 N 40 51.020, E 22 09.098 red radiolarian cherts at the top of pillow lava 10GR28
10GR34 N 40 51.020, E 22 09.098 red siliceous siltsones at the top of pillow lavas
10GR35 N 40 51.020, E 22 09.098 red radiolarian cherts along tlea;glatg about 30 meters from pillow
10GR36 N 40 51.020, E 22 09,098 red siliceous siltsones along ttl;tssr;etasd about 10 meters from pillow
10GR37 N 40 51.020, E 22 09.098 red siliceous siltsones about 1 meters from 10GR36
10GR38 N 40 51.020, E 22 09.098 red radiolarian cherts near the basalt (uncertain stratigraphic position)
10GR29 N4051241, E2297.22 massive lava flow with bottom chilled margin
10GR30 N4051241, E2297.22 massive lava flow with bottom chilled margin
10GR31 N4051241, E2297.22 massive lava flow with bottom chilled margin
10GR32 N4051241, E2297.22 dyke in massive lava sequence 10GR29-31 (Fig. 2)




Table 1 (continues)

Stop Unit Sample | Geographic co-ordinates Note
14 Nea Zoi 10GR39 N 40 49.856, E 22 08.340 red radiolarian cherts (base of the measured section)
10GR39bis N 40 49.856, E 22 08.340 red radiolarian cherts 10.50 meters from the base
10GR40 N 40 49.856, E 22 08.340 red radiolarian cherts about 10 meters from the base
10GR41 N 40 49.856, E 22 08.340 red radiolarian cherts 11.2 meters from the base
10GR42 N 40 49.856, E 22 08.340 red radiolarian cherts 12.2 meters from the base
10GR43 N 40 49.856, E 22 08.340 red radiolarian cherts 13.8 meters from the base
10GR43bis N 40 49.856, E 22 08.340 red radiolarian cherts about 25.0 meters from 10GR43

10GR44 N 40 49.856, E 22 08.340 red radiolarian cherts about 5.0 meters from 10GR43bis
10GR45 N 40 49.856, E 22 08.340 red radiolarian cherts about 10.0 meters from 10GR43bis
10GR46 N 40 49.856, E 22 08.340 red radiolarian cherts about 35 meters from 10GR45
10GR47 N 40 49.856, E 22 08.340 red radiolarian cherts 0.2 meters from 10GR46
10GR48 N 40 49.856, E 22 08.340 red radiolarian cherts about 25 meters from 10GR46
10GR48 N 40 49.856, E 22 08.340 red radiolarian cherts about 0.35 meters from the 10GR48

15 Nea Zoi 10GR50 N 40 50.073, E 22 08.413 massive lava
10GR51 N 40 50.073, E 22 08.413 massive lava

16 Nea Zoi 10GR52 N 40 50.009, E 22 08.485 massive lava
10GR53 N 40 50.009, E 22 08.485 red radiolarian cherts about 5 metres from the basalts
10GR54 N 40 50.009, E 22 08.485 red radiolarian cherts about 6.2 metres from the basalts
10GR55 N 40 50.009, E 22 08.485 red radiolarian cherts about 6.9 metres from the basalts

17 Liki EP78 N 40 51 40.68, E 22 01 58.54 amphibolite

EP79 N 40 51 52.12, E 22 01 48.71 amphibolite
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Fig. 4 - Schematic logs showing the
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Table 2 - Bulk-rock major and trace element analyses of selected samples from the Paikon and Almopias sub-zones.

Unit Paikon unit Ano Garefi unit
Stop 3 3 3 2 3 3 3 1 1 1 1
Ass. Rad.
Age
Sample EP92 EP86 EP87 10GRO5  10GRO6 EP90 EP91 10GROT  10GRO2 10GRO4 EP82
Rock  meta-bas bas bas meta-dac dac rhy and bas microgabbro bas bas
Group 3 4 4 5 5 5 5 1 1 1 2z
Type N-MORB  bon bon CAB CAB CAB CAB alk alk alk E-MORB
Note MLF MLF MLF MLF ff MLF MLF MLF dyke in MLF dyke in
GROI peridotite
XRF analysis:
Si0; 44.20 48 87 48.63 69.87 66.62 73.40 58.12 48 84 4457 48.78 4437
TiO, 1.49 0.40 0.47 0.23 0.33 0.44 0.82 2.01 2.14 2.15 1.53
AlLO; 12.57 15.60 15.73 13.62 14.60 13.05 19.78 15.12 15.77 15.56 18.34
Fe, 04 1.69 1.95 1.87 0.62 0.76 041 0.62 1.26 138 1.30 1.24
FeO 11.27 12.99 12.47 4.16 5.08 2.72 4.12 843 9.19 8.69 8.24
MnO 0.42 0.30 0.25 0.05 0.07 0.04 0.08 0.14 0.17 0.14 0.18
MgO 923 11.95 12.32 6.90 5.99 326 6.04 10.19 11.68 10.21 9.06
Ca0O 9.66 1.11 1.21 0.16 0.32 0.16 0.25 5.91 7.26 4.14 10.78
Na,O 1.38 1.33 1.21 0.06 2.70 4.03 7.14 424 295 3.60 1.05
K0 0.02 0.01 0.05 1.29 0.56 0.59 0.13 0.09 0.69 1.52 0.52
P20s 0.12 0.06 0.04 0.02 0.04 0.02 0.07 0.60 0.57 0.45 0.28
LO.IL 8.02 5.03 5.35 3.11 3.03 1.92 2.86 3.19 3.71 3.46 448
Total 100.07 100.07 100.05 100.09 100.11 100.05 100.02 100.02 100.08 100.02 100.06
CO, na. n.a. n.a. n.a. n.a. n.a. na. n.a. na. n.a. n.a.
Mg# 594 62.1 63.8 74.7 67.8 68.1 723 68.3 69.4 67.7 66.2
Zn 86 287 173 50 42 19 36 72 59 67 28
Cu 50 38 n.d. n.d. n.d. 13 n.d. 154 14 123 43
Sc 42 48 56 17 21 20 a5 19 17 20 31
Ga 15 13 13 6 10 8 8 18 17 17 3
Ni 75 5 5 n.d. n.d. 2 44 87 128 72 117
Co 40 36 36 8 13 3 15 42 45 41 33
Cr 269 21 18 n.d. 10 8 171 252 243 167 256
A% 306 384 375 37 77 23 114 225 181 217 174
Ba 31 11 14 120 102 64 42 100 155 199 12
Pb 17 4 5 4 3 4 2 5 5 7 8
ICP-MS and XRF (*) analysis:
Rb 0.853 0.217 0.712 106 3.61 & 1.93 1.70 938 36.7 0.298
Sr 76.5 19.4 326 16.2 249 19* 61.5 852 1108 179 395
Y 293 7.54 7.73 27.5 293 30%* 16.9 21.0 349 388 19.6
Zr TT 17.4 18.4 54.0 85.1 5% 95.4 176 184 194 92.8
La 3.04 0.384 0.531 18.7 16.0 n.d.* 14.0 22.6 293 31.0 7.92
Ce 9.75 1.14 1.66 358 338 g* 228 44.8 57.1 62.1 18.5
Pr 1.78 0219 0317 430 3.89 3.01 498 7.26 7.95 249
Nd 9.81 1.34 1.89 18.1 17.0 o i 113 18.2 295 328 10.9
Sm 3.30 0.521 0.716 4.52 432 3.19 422 6.66 7.53 2.83
Eu 1.20 0.250 0.337 0.783 0.649 0.513 1.28 2.03 234 1.16
Gd 4.51 0.882 1.13 392 3.60 349 3.76 6.66 7.70 3.05
Tb 0.813 0.175 0.224 0.575 0.525 0.552 0.631 1.04 1.23 0.536
Dy 549 1.30 1.58 3.50 3.18 332 3.68 5.88 7.07 3.28
Ho 1.20 0.304 0.374 0.695 0.656 0.639 0.738 1.18 143 0.700
Er 347 0.937 1.14 1.98 1.77 1.79 1.99 3.07 3.77 1.94
Tm 0.544 0.149 0.178 0.293 0.262 0.266 0.280 0.426 0.536 0.283
Yb 3.54 0.996 1.16 1.92 1.72 1.80 1.69 2.63 331 1.82
Lu 0.516 0.152 0.175 0277 0.254 0.275 0.240 0.371 0.465 0.270
Nb 2.36 0.239 0.335 1.12 0.970 1% 1.50 36.9 449 46.8 9.69
Hf 243 0.457 0.550 0.458 0.432 1.24 4.30 4.55 4.25 242
Ta 0.154 0.021 0.027 0.088 0.067 0.097 223 2.15 233 0.479
Th 0.129 0.100 0.105 1.57 1.46 2% 1.48 1.91 2.10 2.83 0.519
u 0.056 0.043 0.060 0.192 0.178 0.140 0.737 0.712 0.835 0.148
TV 32 7 8 55 73 62 55
Nb/Y 0.08 0.03 0.04 0.04 0.03 0.04 0.09 1.68 1.40 1.34 0.49
(La/Sm)y 0.60 0.48 0.48 2.67 240 2.84 3.46 2.83 2.66 1.81
(Sm/Yb)y 1.03 0.58 0.68 2.62 2.78 1.97 2.78 2.82 2.53 1.73

(La/Yb)y 062 028 033 698 667 561 961 798 672 312




Table 2 (continues)

Unit Krania unit Mavrolakkos unit

Stop 12 12 12 12 10 10 10 11 5 5 7 8 8 8

Ass. Rad. 10GR27

Age M-L Jr.

Sample 10GR23 10GR24 10GR25 10GR26 10GR19 10GR20 10GR21 10GR22 10GRO8 10GR0O9 10GRI12 10GR13 10GRI14 10GR15

Rock Fe-bas  Fe-bas bas Fe-bas bas rhy bas and and bas bas bas bas Fe-bas  Fe-bas

Group 3 3 3 3 6 5 5 5 3 3 3 3 3 3

Type N-MORB N-MORB N-MORB N-MORB LK-T CAB CAB CAB N-MORB N-MORB N-MORB N-MORB N-MORB N-MORB

Note MLF MLF MLF MLF dyke in MLF dykein  pillow dyke in MLF dyke pillow  dykein dykein
GR20 GR20 GRO9 GR13 GR13

XRF analysis:

Si0; 48.53 47.10 50.05 48.09 4742 71.60 55.00 57.14 48.22 46.91 51.08 50.85 4954 48.42

TiO, 222 231 0.80 2.26 0.60 0.39 0.84 0.75 1.86 1.85 1.42 LI5S 192 2.60

ALO; 13.26 13.21 16.32 13.86 16.02 14.83 14.91 18.00 14.78 14.28 13.40 1537 13.66 14.15

Fe,0, 1.94 2.10 1.07 1.88 1.47 0.34 0.57 1.03 1.71 1.42 1.47 1.20 1.77 2.30

FeO 12.93 14.03 711 12.51 9.82 227 383 6.85 11.40 9.46 9.80 802 11.82 1533

MnO 022 0.23 0.15 0.20 0.20 0.08 0.19 0.04 0.14 0.13 0.19 0.17  0.19 022

MgO 591 6.78 8.22 5.62 9.40 0.98 6.04 3.06 6.77 453 7.43 7.78 5.58 392

CaO 938 8.61 8.62 9.20 5.56 0.83 857 2.90 6.60 10.22 10.11 7.55 1031 6.82

Na,0 324 3.07 2.70 3.68 1.27 7.08 4.85 0.24 ile 3.75 224 397 295 3.68

K0 0.35 0.39 1.89 0.12 2.62 0.60 0.31 3.75 0.58 0.59 0.72 0.86 0.05 0.04

P,0: 0.20 0.16 0.07 0.21 0.06 0.11 023 0.09 0.17 0.20 0.15 015  0.18 043

LOI 1.89 1.97 3.01 2.44 5.61 1.05 471 6.17 4.70 6.75 2.05 296 2.08 213

Total 100.05 99.96 100.02 100.07 100.05 100.17 100.05 100.02 100.10 100.08 100.06 100.03 100.04 100.04

CcO; n.a. n.a. n.a. n.a. n.d. n.a. n.d. n.d. n.d. 1.30 n.a. n.a. n.a. n.a.

Mg# 449 46.3 67.3 44.4 63.0 43.4 738 44 4 514 46.04 574 63.3 45.7 313

Zn 92 95 54 103 58 41 71 99 110 98 35 50 76 145

Cu 56 56 70 55 22 n.d. 10 61 15 51 26 37 53 19

Sc 45 46 28 48 34 8 24 12 52 48 41 30 40 41

Ga 16 17 13 16 14 12 14 21 18 18 15 10 15 22

Ni 42 a5 90 40 23 n.d. 7 69 40 43 45 47 38 12

Co 51 51 44 51 42 4 13 16 53 55 42 43 47 44

Cr 142 194 362 150 129 2 31 90 154 151 227 258 56 37

v 435 453 250 466 378 7 302 125 388 36l 331 289 405 429

Ba 69 62 39 87 202 123 74 392 96 88 77 490 59 85

Pb 6 6 5 7 6 2 6 24 8 7 4 4 7 5

ICP-MS and XRF (*) analysis:

Rb 794 5% 25.6 1.86 41.9 11% 361 48.9 17*% 17.6 6% 11.4 0.684 n.d.*

Sr 95.6 69* 64.7 121 246 71+ 289 433 163* 159 156* 227 110 111#

Y 469 50* 26.0 21.7 13.8 34* 328 17.0 39% 33.6 26* 237 42.6 69*

Ir 132 159* 58.5 127 27.1 116* 849 216 136* 108 79* 68.8 108 234%*

La 575 7* 2.94 1.83 431 9% 148 9.99 n.d.* 4.69 n.d.* 2.63 5.12 10#

Ce 17.5 18* 8.09 5.87 10.5 25% 313 20.0 nd.* 12.9 8* 7.74 139 27*

Pr 292 1.36 1.00 1.39 429 2.33 2.09 1.29 224

Nd 15.0 12# 6.64 5.60 6.57 I5% 185 9.89 11% 10.9 9% 682 115 24*

Sm 483 219 2.02 1.96 461 2.76 362 225 399

Eu 1.57 0.667 0.658 0.697 1.23 0.905 1.22 0.868 1.30

Gd 575 2,96 297 224 4.71 2.64 443 3.16 493

Tb 1.07 0.553 0.581 0.387 0.789 0.399 0.796 0.563 0964

Dy 7.15 3.74 4.13 2,53 485 238 541 383 6.36

Ho 1.56 0.840 0.940 0.553 1.05 0.464 1.17 0.833 142

Er 429 235 2.66 1.54 293 1.27 323 233 397

Tm 0.638 0.373 0.416 0.231 0425 0.189 0.489 0.353 0597

Yh 4.15 237 2.72 1.43 2.70 1.22 3.14 231 3.89

Lu 0.626 0.357 0.397 0.199 0.393 0.187 0.459 0.339 0.594

Nb 6.42 5 230 5.22 288 2" 368 492 4* 501 2. 230 383 6*

Hf 364 1.58 312 1.94 0.695 233 2.68 1.83 330

Ta 0.380 0.172 0.285 0.178 0.218 0.436 0.278 0.151 0254

Th 0218 1* 0.325 0.190 0.972 4% 213 6.36 nd.* 0.282 n.d.* 0111 0379 nd.*

u 0.047 0.106 0.066 0417 0.403 2.56 0.122 0.062 0.124

T’V 31 31 20 30 10 18 30 33 26 25 29 37

Nb/Y 0.14 0.10 0.10 0.23 0.24 0.07 0.12 0.31 0.11 0.14 0.09 0.09 0.10 0.09

(La/Sm)y 0.77 0.87 0.59 142 2.06 2.34 0.84 0.76 0.83

(Sm/Yb)y 129 1.03 0.82 1.52 1.90 2.50 1.28 1.08 114

(La/Yb)y 099 0.89 0.48 2.16 392 5.85 1.07 0.82 0.94

Abbreviations: bas- basalt; bas and- basaltic andesite; Fe-bas- ferrobasalt; and- andesite; dac- dacite; rhy- rhyolite; amph.te- amphibolite; MORB- mid-ocean
ridge basalts; N- normal-type; E- enriched-type; alk- alkaline; bon- boninite; CAB- calc-alkaline; LKT- low K tholeiites; MLF- massive lava flow; sh-dy-
sheeted dyke; n.a.- not analyzed; n.d.- not detected. Fe,O; = 0.15 x FeO; Mg# = molar Mg/(Mg+Fe)*100. Radiolarian cherts samples stratigraphically associ-
ated with volcanic rocks (Ass. Rad.) and their ages are also shown. Abbreviations, M- Middle; L- Late; Tr- Triassic; Jr- Jurassic.
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Table 2 (continues)

Unit Mavrolakkos unit Vrissi unit Nea Zoi unit Liki unit
Stop 9 9 8 13 13 13 13 13 15 15 16 17 17
Ass. Rad. GR33-37 GR53-55
Age M-LJr LTr
Sample 10GR17 10GRI8 10GRI16 10GR29 10GR30 10GR31 10GR28 10GR32 10GR50 10GRS51 10GR52  EP78 EP79
Rock bas bas and bas Fe-bas  Fe-bas bas bas bas thy bas amph.te amph.te
Group 3 3 6 3 3 3 6 6 3 5 5 3 6
Type N-MORB N-MORB LK-T N-MORB N-MORB N-MORB LK-T LK-T N-MORB CAB CAB N-MORB LK-T
Note sh-dy sh-dy dyke in MLF MLF MLF pillow  dykein MLF MLF MLF

GR13 GR29-31
XRF analysis:
Si0, 49.69 50.45 57.85 50.22 48.06 4835 41.36 47.37 48.73 69.54 49.30 49.96 57.07
TiO, 1.17 1.24 0.81 128 225 258 0.77 0.70 091 0.70 0.84 181 0.97
AlLO; 1742 16.79 9.83 14.97 13.87 14.20 11.67 14.12 16.26 12.75 16.88 12.94 15.03
Fe,0, 1.31 1.31 1.08 1.29 1.83 2.30 0.87 0.73 1.03 0.75 0.79 1.84 0.98
FeO 8.70 8.73 7.17 8.61 12.19 15.35 5.82 4.87 6.89 497 5.27 12.28 6.55
MnO 0.18 0.18 0.13 0.16 0.19 0.20 0.18 0.08 0.15 0.10 0.12 0.23 0.15
MgO 6.77 6.44 5.95 7.84 6.92 3.78 7.26 2.84 8.41 315 6.72 6.87 5.01
Ca0 7.56 173 13.46 8.17 7.21 6.29 17.48 23.00 11.16 1.35 11.94 9.04 6.78
Na,O 3.09 3.48 0.46 346 423 3.76 3.60 n.d. 2.44 1.85 291 1.76 431
K.,0 1.70 137 0.11 0.83 0.12 0.04 0.07 0.03 0.59 1.46 1.29 1.69 1.81
P>0s 0.11 0.11 0.09 0.15 0.26 0.43 0.08 0.07 0.09 0.13 0.05 0.17 0.10
LOL 235 217 3.06 2.98 2.89 2.79 10.92 6.26 3.37 3.26 4.00 1.42 127
Total 100.05 100.00 100.00 99.96 100.01 100.07 100.09 100.06 100.01 100.00 100.09 100.01 100.03
CO, n.a. n.a. 0.91 n.a. n.a. n.a. 7.09 1.89 n.a. n.a. n.a. n.a. n.a.
Mg# 58.1 56.8 59.66 61.9 503 30.5 68.95 50.98 68.5 53.1 69.4 499 573
Zn 79 65 43 61 115 144 48 3 51 59 50 105 53
Cu 53 56 37 68 45 14 22 23 85 17 20 63 5
Sc 30 35 31 38 40 38 24 22 40 10 34 48 29
Ga 14 14 17 9 16 24 12 30 12 10 12 16 14
Ni 46 44 206 52 23 7 115 33 66 80 149 66 58
Co 43 44 44 46 53 49 38 18 42 20 81 43 33
Cr 141 155 359 233 154 33 450 77 429 188 464 198 215
v 317 345 192 286 412 444 214 195 231 78 222 411 186
Ba 104 96 5 276 69 68 34 34 128 285 49 182 379
Pb 2 4 6 5 5 6 8 2 5 18 4 9 4
ICP-MS and XRF (*) analysis:
Rb 195 18*% 0.593 11.6 1.58 nd.* 0.780 0.884 10.6 53.0 18% 324 399
Sr 164 147* 229 161 62.2 7a% 190 342 192 76.2 163#* 64.0 79.0
X 14.7 224 22.1 31.7 69.0 68* 17.0 21.2 17.3 10.5 16* 449 14.6
Zr 51.7 35¢% 62.9 883 199 238* 574 39.6 483 162 47* 111 71.7
La 1.38 n.d.* 4.04 3.18 8.37 8% 4.68 2.30 1.62 10.8 nd* 3.32 5.09
Ce 4.37 n.d.* 9.49 9.69 23.7 26¥ 112 6.36 5.05 236 8* 11.6 11.9
Pr 0.741 1.49 1.75 3.91 1.55 1.03 0.99 3.19 2.06 1.61
Nd 3.90 5% 7.17 8§98 21.0 22% 7.46 543 521 13.1 4% 11.5 7.03
Sm 1.30 231 2.96 6.81 243 1.94 1.79 3.08 4.05 2.16
Eu 0.542 0.784 0.858 1.91 0.873 0.887 0.681 0.550 1.44 0.68
Gd 1.87 2.66 397 8.29 2.86 2.50 2.39 292 5.61 2.65
Th 0.347 0.479 0.724 1.56 0.501 0.482 0.425 0.389 1.05 0.459
Dy 2.44 323 4.81 10.54 3.30 3.15 oled) 2.10 7.05 2.85
Ho 0.544 0.733 1.05 231 0.715 0.712 0.601 0.413 1.58 0.613
Er 1.58 2.10 2.89 6.37 2.06 2.01 1.76 1.12 4.46 1.67
Tm 0.243 0321 0.430 0935 0.305 0.307 0.266 0.160 0.675 0.250
Yb 1.61 2.15 2.79 596 1.97 1.97 1.70 1.03 4.42 1.65
Lu 0.242 0.342 0.408 0.872 0.291 0.301 0.253 0.146 0.658 0.252
Nb 1.60 2 0.734 2.81 6.54 6* 1.29 1.52 1.60 6.14 1* 2.46 3.49
Hf 1.40 223 2.46 5.40 1.33 1.20 1.24 0.60 1.27 1.64
Ta 0.113 0.065 0.224 0.375 0.092 0.129 0.106 0.369 0.175 0.291
Th 0.098 nd.* 0.493 0.187 0.487 nd.* 0.627 0.291 0.071 4.13 T 0.134 1.03
U 0.045 0.189 0.068 0.154 0.161 0.120 0.032 1.31 0.070 0.611
TV 23 22 28 34 36 27 23 24 24 27
NB/Y 0.11 0.07 0.04 0.09 0.11 0.09 0.09 0.08 0.08 0.51 0.06 0.06 0.22
(La/Sm)y  0.68 1.13 0.69 0.79 1.24 0.77 0.58 2.26 0.53 1.52
(Sm/Yb)x 0.90 1.19 1.18 1.27 1.37 1.10 1.17 332 1.02 1.45
(La/Yb)y 0.61 1.34 0.82 1.01 1.70 0.84 0.68 752 0.54 221




Twenty-three samples of radiolarian cherts (Fig. 4, Table
1) were etched with hydrochloric and hydrofluoric acid at
different concentrations.

RADIOLARIAN AGES

The Late Triassic samples yielded radiolarians with very
poor preservation (Plate 1.1-1.6) while in the Middle-Late
Jurassic samples the preservation of radiolarians varies be-
tween poor and moderate (Plate 1.7-1.21). For taxonomy
and ranges of the Late Triassic radiolarian markers we re-
ferred mainly to De Wever et al. (1979), Tekin (1999),
Hauser et al. (2001), Bragin (2007), Chiari et al. (2012),
while for the taxonomy and ranges of the Middle-Late
Jurassic markers we referred to Baumgartner et al. (1995a),
Dumitrica et al. (1997), Hull (1997), Chiari et al. (1997,
2004a; 2004b; 2008), Danelian et al. (2006); O’Dogherty et
al. (2006), Nirta et al. (2010), Gorican et al. (2012), Jach et
al. (2014), Krische et al. (2014), Kuko¢ et al. (2015). We
adopted the radiolarian zonation based on Unitary Associa-
tion Zones (UAZ) proposed by Baumgartner et al. (1995b).
Moroever for radiolarian genera we followed the taxonomy
proposed by O’Dogherty et al. (2009a; 2009b).

Krania Unit

Stop n. 12 (Figs. 3b, 4)

10GR27: This sample contains few radiolarians in mod-
erate preservation; the presence of Archaeodictyomitra
patricki Kocher (Plate 1.7) could indicate a late Bajocian to
late Kimmeridgian-early Tithonian age (UAZ 4-11, Middle-
Late Jurassic). The range of this taxon could be tentatively
assigned to UAZ 4-11 due to its presence in samples of: 1)
middle Callovian-early Oxfordian to middle-late Oxfordian
age (UAZ 8-9, sample TERR in Chiari et al., 1997); 2) mid-
dle Bathonian to late Bathonian-early Callovian age (UAZ
6-7, samples VS3 and VS4 in O’Dogherty et al., 2006); 3)
middle Callovian-early Oxfordian to late Oxfordian-early
Kimmeridgian age (UAZ 8-10, sample PK35 in Jach et al.,
2014); 4) late Bajocian to latest Bajocian-early Bathonian
(UAZ 4-5, sample GRA14 in Nirta et al., 2010); 5) latest
Bajocian-early Bathonian to late Bathonian-early Callovian
age? (UAZ 5-77, sample L89, Krische et al., 2014); 6) mid-
dle Callovian-early Oxfordian to late Kimmeridgian-early
Tithonian age (UAZ 8-11, samples Mg-2 and Mg-29 in
Danelian et al., 2006); 7) late Bathonian-early Callovian age
(UAZ 7, sample RADS 4, Kukoc¢ et al., 2015).

Vrissi Unit

Stop n. 13 (Fig. 4)

10GR34: The sample contains abundant radiolarians in
poor and moderate preservations (Plate 1.8-1.21). The pres-
ence of Emiluvia pessagnoi multipora Steiger with Cin-
goloturris carpatica Dumitrica, Emiluvia pentaporata
Steiger and Steiger, Eucyrtidiellum ptyctum (Riedel and
Sanfilippo) (range respectively: UAZ 8-14, UAZ 7-11,
UAZ 11-11 and UAZ 5-11 in Baumgartner et al. 1995b) in-
dicate a late Kimmeridgian-early Tihonian age (UAZ 11,
Late Jurassic). It is worth of note that it is possible to indi-
cate a broader range (UAZ 8-11) for Emiluvia pentaporata
Steiger and Steiger (= Emiluvia bisellea Danelian in Baum-
gartner et al. 1995a, range UAZ 11-11) as reported in
Chiari et al. (2004a), Danelian et al. (2006) and Chiari et al.
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(2008). Therefore the age of the sample 10GR34 is middle
Callovian-early Oxfordian to late Kimmeridgian-early Ti-
honian age (UAZ 8-11, Middle-Late Jurassic). Furthermore
the samples 10GR35, 10GR37 and 10GR38 collected in
this section, contain radiolarians with very poor preserva-
tion and it is not possible indicate their ages. The samples
10GR33, 10GR36 are barren.

Nea Zoi Unit

Stop n. 14 (Fig. 4)

10GR40: This sample contains few radiolarians in very
poor preservation, the presence of genus Nakasekoellus
(Nakasekoellus sp., Plate 1.2; range in O’Dogherty et al.,
2009a) indicate a late Carnian-middle Norian age (Late Tri-
assic). In this paper we consider Nakasekoellus Kozur as se-
nior synonym of Xipha Blome as reported in Tekin (1999).

10GR42: Due to the presence of Capnuchosphaera con-
stricta (Kozur and Mock) (Plate 1.3; range in Tekin, 1999;
Bragin, 2007) it is possible indicate a late Carnian-early
Norian age (Late Triassic) for this sample. The other sam-
ples of this section (see Fig. 4) contain radiolarians with
very poor preservation and it is not possible indicate exact
ages.

Stop n. 16 (Fig. 4)

10GR53: The sample contain few radiolarians in very
poor preservation and the presence of genus Capnuchos-
phaera (Capnuchosphaera sp., Plate 1.5; range in O’Dogher-
ty et al., 2009a) indicate an early Carnian-middle Norian age.
The other samples of this section, I0GR54 and 10GRS55,
contain radiolarians with very poor preservation.

PETROGRAPHY

Magmatic rocks from the Paikon and Almopias sub-
zones were formed in a number of different eruptive (i.e.,
massive and pillowed lava flows, tuffs) and sub-volcanic
(i.e., individual diabase and microgabbro dykes, sheeted
dykes) styles. Moreover, these rocks show a wide range of
magmatic fractionation spanning from basalt to basaltic an-
desite, andesite, dacite and rhyolite. Finally, magmatic rocks
in the Liki unit underwent amphibolite metamorphic facies
conditions associated with intense deformation, whereas in
the other units, they record low-grade ocean floor metamor-
phism under static conditions. This results in a very com-
plex scenario of petrographic types associated with the dif-
ferent geochemical groups. For this reason, the following
petrographic description will be made with reference to the
different geochemical groups that are presented in the next
section.

Group 1 basalts show aphyric, sub-ophitic texture. The
primary mineral phases consist of small laths of plagioclase
and interstitial clinopyroxene. Group 1 and Group 2 dykes
show coarse-grained, ophitic texture with euhedral plagio-
clase enclosed into subhedral clinopyroxene. All these rocks
underwent severe alteration. Plagioclase is completely al-
tered in clay minerals and, occasionally, epidote and saus-
surite, whereas clinopyroxene is commonly transformed in-
to chlorite.

Group 3 rocks show a variety of textures. Sample EP92
from the Paikon unit displays a weak foliation and the pri-
mary minerals are completely transformed into chlorite, al-
bite and epidote. Sheeted dykes and massive lavas from the
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Krania and Mavrolakkos units have porphyritic and glom-
eroporphyritic texture with microphenocrysts of plagioclase
and locally olivine and clinopyroxene. The porphyritic in-
dex (PI) varies from 10 to 30. In massive lava samples from
the Krania unit, groundmass textures include criptocrys-
talline and intersertal varieties, whereas in samples from the
Mavrolakkos unit groundmass shows intergranular texture.
Pillow lavas, massive lavas and individual dykes show sub-
ophytic to intersertal textures with euhedral laths of plagio-
clase and subhedral clinopyroxene. Locally, both skeletal
and subhedral opaque minerals are abundant. Only sample
10GR30 (massive lava flow) from the Vrissi unit shows
porphyritic texture (PI = 25), where phenocrysts consist of
plagioclase and minor clinopyroxene. Groundmass in these
rocks varies from microcristalline to medium-grained. All
Group 3 rocks show high degrees of alteration, which main-
ly resulted in the crystallization of secondary chlorite and
clay minerals.

Group 4 basalts show microcrystalline foliated texture,
where only small laths of altered plagioclase can be recog-
nized. The foliated texture is marked by layers of very fine-
grained chlorite.

Group 5 and Group 6 rocks display different types of
textures. Sample 10GROS5 from the Paikon unit shows very
fine-grained, foliated texture, where epidote, chlorite and
quartz can be recognized. Samples 10GR06 (Paikon unit)
and 10GR51 (Nea Zoi unit) have pyroclastic (tuffaceous)
texture with fragments of plagioclase and quartz set in a
cryptocrystalline groundmass. Most of the pillow and mas-
sive lavas of these rock-types have a porphyritic or glom-
ero-porphyritic texture with PI ranging from 10 to 50. Phe-
nocrysts are represented by plagioclase and clinopyroxene.
The groundmass in porphyritic rocks includes cryptocrys-
talline, hypohyaline, hyaline, and subophytic varieties.
Hyaline groundmass shows perlitic texture. Only pillowed
andesite 10GR22 (Krania unit) show aphyric, hyaline tex-
ture. The basaltic andesite dyke 10GR21 displays coarse-
grained, doleritic texture with altered plagioclase and
clinopyroxene. All these rocks underwent severe alteration
with re-crystallization of primary minerals into chlorite,
clay minerals and calcite. A few samples have amygdales
filled by calcite.

Amphibolites from the Liki unit have nematoblastic tex-
ture characterized by alternation of layers of hornblende and
layers of plagioclase and quartz. Plagioclase is completely
altered in sericite.

GEOCHEMISTRY

The description of the geochemistry of the samples stud-
ied in this paper will be mainly based on the elements virtu-
ally immobile during alteration and metamorphism (e.g.,
Beccaluva et al., 1979; Pearce and Norry, 1979). Generally,
immobile elements include incompatible elements, such as
Ti, P, Zr, Y, Sc, Nb, Ta, Hf, Th, middle (M-) and heavy (H-
) REE, as well as some transition metals (e.g., Ni, Co, Cr,
V). Light REE (LREE) may be affected by some mobiliza-
tion during alteration. However, the good correlations be-
tween LREE and many immobile elements (not shown) in-
dicate that these elements have been only slightly mobi-
lized by the alteration. The following discussion will be
made by distinguishing in rock-groups the geochemically
different rocks variably occurring in the units studied in
this paper.

Group 1

Group 1 rocks are represented by massive lava basalts and
one microgabbro dyke from the Ano Garefi unit. These rocks
have a clear alkaline nature (Table 2) evidenced by high
Nb/Y ratios (1.34-1.68). They are characterized by relatively
high TiO, (2.01-2.15 wt%), P,05 (0.45-0.60 wt%), Zr (176-
194 ppm), Y (21-38.8 ppm) and Ti/V ratios (55-73). In the
discrimination diagrams in Figs. 5a, 6a these rocks plot in
the field for alkaline within-plate basalts. Accordingly, the
incompatible element patterns (Fig. 7a) are characterized by
decreasing abundance, from Ba to Yb, which are comparable
to those of typical within-plate alkali basalts (Sun and Mc-
Donough, 1989). These rocks display significant LREE en-
richment with respect to HREE (Fig. 7b), which is exempli-
fied by their Lay/Yby ratios ranging from 6.7 to 9.6. The
La/Nb ratios (0.61-0.66) are also compatible with those of
typical OIB (0.77; Sun and McDonough, 1989).

Group 2

Group 2 rocks are represented by one basaltic dyke from
the Ano Garefi unit. This rock shows a subalkaline nature,
having a Nb/Y ratios = 0.49. It is characterised by moderately
high TiO, (1.53 wt%), P,05 (0.28 wt%), Zr (92.8 ppm), Y
(19.6 ppm) contents and Ti/V ratio (55). In the discrimination
diagrams in Figs. 5a and 6a this rock plots in the field for E-
MORBs. Its incompatible element pattern (Fig. 7a) displays
decreasing abundance, from Th to Yb, as well as moderate
enrichment in Th, Ta, and Nb, which are comparable to those
of typical E-MORBs (Sun and McDonough, 1989). This rock
displays moderate LREE enrichment with respect to HREE
(Fig. 7b), as exemplified by a La,/Yby ratio = 3.12.

Group 3

Group 3 rocks are represented by basaltic rocks cropping
out in the Paikon, Krania, Mavrolakkos, Vrissi, and Nea Zoi
units, as well as one amphibolite sample from the Liki unit,
which derives from a basaltic protholith (Table 2). They con-
sist of basalts and ferrobasalts. No chemical differences exist
between samples from different units. Basalts have moderate
to high TiO, (0.80-1.86 wt%), P,O5 (0.07-0.20 wt%), V
(231-388 ppm), Zr (49-136 ppm) and Y (15-39 ppm) con-
tents. Mg# ranges from 68.5 and 46.0 suggesting that Group
3 rocks represent lavas ranging from primitive to slightly dif-
ferentiated. Ferrobasalts have comparatively higher TiO,
(1.81-2.60 wt%), FeO, (13.70-17.91 wt%), P,05 (0.16-0.43
wt%), V (405-466 ppm), Zr (104-238 ppm) and Y (23-69
ppm) contents. The high FeO, contents result in low Mg#
(50.3-30.5). Many trace elements show similar contents in
basalts and ferrobasalts (Table 2). Only Cr contents are com-
paratively higher in basalts (Cr = 141-429 ppm) with respect
to ferrobasalts (Cr = 33-198 ppm). Nb, Hf, Ta, and Th con-
tents are generally very low. Nonetheless, a rough tendency
of increase of the contents of these elements from basalts to
ferrobasalts can be observed (Table 2, Fig. 7c, e).

In general, the overall geochemical features of both
basalts and ferrobasalts are similar to those of equivalent
rocks generated at modern mid-ocean ridges (Sun and Mc-
Donough, 1889). Accordingly, the low Nb/Y ratios (0.07-
0.23) testify for the sub-alkaline nature of these rocks.
Both basalts and ferrobasalts show rather flat incompatible
element patterns in the N-MORB-normalized (Sun and
McDonough, 1989) diagrams in Fig. 7c, e. REE abundance
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(Fig. 7d, f) varies from 6 to 35 times that of chondrite. All
samples display profiles characterized by a general LREE
depletion. Indeed, (La/Sm)y and (La/Yb)y range from 0.53
to 0.87 and from 0.48 to 1.07, respectively. Again, these ra-
tios are similar in basalts and ferrobasalts. In the Thy vs. Nby

discrimination diagram in Fig. 5a (Saccani, 2014) they plot
along the MORB-OIB array. Basalts generally plot in the
field for N-MORB, whereas ferrobasalts plot toward the field
for E-MORB. In contrast, in the discrimination diagram in
Fig. 6a (Wood, 1980) all samples plot in N-MORB field.
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Group 4

Group 4 rocks are represented by basalts from the Paikon
unit (Table 2). These rocks have distinctive very low TiO,
(0.40-0.47 wt%), Zr (17-18 ppm) and Y (8 ppm) contents.
In the diagram in Fig. 5b they plot in the field for boninites
and IAT rocks. Nonetheless, based on their chondrite-nor-
malized Dy content < 8.5 they can be classified as boninitic
basalts (Saccani, 2014). Group 4 rocks are very depleted in
incompatible elements, with high field strength elements
(HFSE) ranging from 0.1 to 0.5 times N-MORB abundance
(Fig. 8a). They show very depleted REE composition (Fig.
8b). REE patterns are characterized by LREE depletion with
respect to both MREE and HREE with very low Lay/Smy
(0.58-0.68) and Lay/Yby (0.28-0.33) ratios.

Group 5

Group 5 volcanic and subvolcanic rocks are represented
by basalts, basaltic andesites, andesites, dacites and rhyo-
lites from the Paikon, Krania, and Nea Zoi units (Table 2).
Differentiated rocks are largely prevailing in volume with
respect to basaltic rocks. Basaltic rocks are relatively poor
in TiO, (0.84 wt%), Zr (47-85 ppm), and Y (16-33 ppm) but
relatively rich in Al,O; (14.91-16.88 wt%). Cr, Ni, and V
contents are highly variable, whereas Mg# is very high
(Table 2). Andesites, dacites and rhyolites contain low
amounts of TiO, (0.23-0.82 wt%) and P,05 (0.02-0.13
wt%). Likewise, Ni, Cr, and V are very low, except in sam-
ples EP91 (Paikon unit) and 10GR51 (Nea Zoi unit) where
they are anomalously high. Compared to basaltic rocks, Zr
(55-215 ppm) is higher, whereas Y (10-34 ppm) shows sim-
ilar values. Mg# is very variable and it negatively correlated
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with Zr contents (not shown). However, no correlation is
observed between Mg# and SiO, contents (not shown), sug-
gesting that these samples underwent variable amounts of
silica mobilization.

All Group 5 rocks have low Nb/Y ratios (0.03-0.51),
which testify for their sub-alkaline nature. In the discrimina-
tion diagrams in Figs. 5b and 6b Group 5 rocks plot in the
fields for CABs. Accordingly, in the FeO/MgO vs. SiO,
discrimination diagram of Miyashiro (1974) (not shown)
they plot in the field for calc-alkaline rocks. Incompatible
and REE patterns (Fig. 8c, d) are consistent with these con-
clusions. In fact, as commonly observed in calc-alkaline
rocks from volcanic arc settings, Group 5 rocks are charac-
terized by Th and U enrichment and HFSE depletion, rela-
tive to N-MORB, with positive anomalies of Th, U, La, Ce
and marked negative anomalies of Ta, Nb, P, Hf, and Ti.

REE display LREE/HREE enriched patterns (Fig. 8d), with
Lay/Yby ratios ranging from 3.9 to 7.5. The CaO/Al,O; ra-
tios sharply decrease from basaltic rocks to andesites and
dacites, whereas they slightly increase with decreasing Mg#
(not shown) in the differentiated products. As observed by
the petrographic analyses, this is consistent with the early
crystallization of clinopyroxene with respect to plagioclase
in basaltic rocks followed by massive crystallization of pla-
gioclase in differentiated rocks. Enrichment of Th relative to
Nb (Fig. 5b), as well as to Ta (Fig. 8c) suggests that Group
5 rocks are clearly influenced by an arc geochemical com-
ponent (Pearce, 2008). In summary, based on their overall
geochemical characteristics, Group 5 volcanic and subvol-
canic rocks can be classified as a calc-alkaline rocks gener-
ated at destructive plate margin.
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Group 6

Group 6 rocks are represented by basalts from the Krania
and Vrissi units, as well as one andesite dyke from the
Mavrolakkos unit and one amphibolite sample (from an-
desitic protolith) from the Liki unit (Table 2). Basalts are
relatively poor in TiO, (0.60-0.77 wt%), P,O (0.06-0.08
wt%), Zr (29-48 ppm), and Y (12-20 ppm). In contrast, in
the andesite and amphibolite samples TiO, (0.81-0.97 wt%),
P,0O5 (0.09-0.10 wt%), and Zr (63-70 ppm), contents are
comparatively higher. Many elements (e.g., AL,O,, Ni, Co,
Cr, V) show very variable contents in both basaltic and an-
desitic samples. All Group 6 rocks show a clear sub-alkaline
nature, as testified by low Nb/Y ratios (0.04-0.22). In the
discrimination diagram in Fig. 5b these rocks plot in the
field for IAT rocks, whereas in Fig. 6b they plot in the field
for volcanic arc basalts, toward the field for low-K tholeiites
(LKT). The N-MORB normalized incompatible element
patterns are characterized by Th positive anomalies and Ta
and Nb negative anomalies. However, in contrast to Group
5 rocks, they rocks do not show clear P, Hf, and Ti negative
anomalies (Fig. 8e). The chondrite-normalized REE patterns
are generally characterized by slightly LREE-enriched pat-
terns (Fig. 8f), with Lay/Smy and La,/Yby ratios ranging
from 1.13 to 1.52 and from 1.24 to 2.21, respectively. Only
sample 10GR32 (Vrissi unit) shows a slight LREE depletion
with respect both MREE (Lay/Smy = 0.77) and HREE
(Lay/Yby = 0.84). Likewise Group 5 rocks, the enrichment
of Th relative to Nb and Ta (Figs. 5b, 8e) suggests that
Group 6 rocks are clearly influenced by an arc geochemical
component (Pearce, 2008). In summary, the overall geo-
chemical characteristics of Group 6 rocks are very similar to
those LKTs generated at destructive plate margin.

DISCUSSION

Tectono-magmatic significance of volcanic
and subvolcanic rocks

It is commonly accepted that different rock associations
in ophiolitic complexes provide major constraints for the
recognition of the distinct phases of evolution of an oceanic
basin (e.g., Beccaluva et al., 1979; Pearce, 1982). In fact,
compositional differences between magma types in ophio-
lites are related to different source characteristics, which are
associated, in turn, with distinct tectono-magmatic settings
of formation. Beside the chemical variation due to fractional
crystallization processes, distinct chemical compositions
suggest that the different magmatic rock-types from the
Paikon and Almopias units were originated from chemically
distinct mantle sources. It can therefore be assumed that
they were formed in distinct tectonic settings.

An estimation of the possible mantle sources of the dif-
ferent rock series from the Paikon and Almopias units can
be obtained using incompatible elements such as Th and Nb.
Therefore, partial melting modelings using Th and Nb abun-
dance are presented in Fig. 9. Using Th vs. Nb plot has a
double advantage: 1) the enrichment of Th relative to Nb is
used to evaluate the chemical contribution from SSZ
processes or crustal contamination, whereas the enrichment
of Nb relative to Th is used to evaluate the chemical contri-
bution from an OIB-type (plume type) component (Pearce,
2008; Saccani, 2014); 2) both Th and Nb behave similarly
during partial melting in either spinel-facies or garnet-facies
mantle. This allows the problem of possible melting in the
spinel- or garnet-facies mantle (or a combination of both) to

be ruled out. Nonetheless, a rigorous quantification of the
melting processes is not possible as the composition of the
mantle sources are difficult to constrain. However, a semi-
quantitative modeling of these elements can place some ef-
fective constraints.

Fig. 9a, b shows that Group 1 basalts from the Ano Gare-
fi unit are compatible with low degrees of partial melting
(2.5-5%) of an OIB-type source, whereas Group 2 basalt
from the same unit is compatible with about 10% partial
melting of a MORB-type source enriched by an OIB-type
component. This implies that the alkaline volcanic sequence
of the Ano Garefi unit was formed from a mantle source
strongly influenced by plume-type components. The Group
2 basalt showing E-MORB chemistry represents a dyke cut-
ting peridotites. Moreover, Migiros and Galeos (1987) de-
scribed the occurrence of MORBs in the Ano Garefi unit. A
clear interpretation of the tectono-magmatic setting of for-
mation of the Ano Garefi unit cannot be made due to the
scarcity of data. Alkaline rocks associated with transitional
basalts and sub-alkaline E-MORBs are widespread in the
Hellenide ophiolites, particularly in the sub-ophiolitic
mélanges of both External and western Almopias ophiolites
(e.g., Pe-Piper and Panagos, 1990; Pe-Piper and Kotopouli,
1991; Jones and Robertson, 1991; Capedri et al., 1997; Pe-
Piper, 1998; Saccani et al., 2003a; 2003b; 2008b; Saccani
and Photiades, 2005; Bortolotti et al., 2009; Chiari et al.,
2012). These rocks always show ages ranging from Early to
Late Triassic. In the lack of any age data it can only be pos-
tulated that the Ano Garefi volcanic sequence represent Tri-
assic oceanic crust formed in off-axis settings and/or an the
ocean-continent transition zone.

The Th-Nb composition of Group 3 primitive basalts is
compatible with 10-20% partial melting of a depleted
MORB mantle source (DMM, Workman and Hart, 2005)
(Fig. 9¢). Group 3 rocks can thus be interpreted as N-
MORB type rocks generated from a sub-oceanic mantle
sources, with no influence from enriched OIB-type material
or subduction-related components. Therefore, Group 3 rocks
were most likely generated at mid-ocean ridge setting. Al-
ternatively, N-MORBs without any subduction-related
chemical influence may originate in mature backarc basin
settings.

Group 4 basalts show clear boninitic-type chemistry. The
model in Fig. 9d shows that they are compatible with high
degrees of partial melting (20-30%) of a depleted harzbur-
gitic source, which underwent limited enrichment by SSZ
fluids. According to Stern and Bloomer (1992), these basalts
may therefore have formed in a forearc tectonic setting dur-
ing subduction initiation.

Group 5 rocks have LREE-enriched patterns (Fig. 8d)
and depletions in Nb, Ta, P, Hf, and Ti (Fig. 8c). Group 6
rocks also show significant Nb and Ta depletion, but they
can be distinguished from Group 5 rocks because of their
lower P, Hf, and Ti depletion (Fig. 8e), as well as lower
LREE/HREE enrichment (Fig. 8f). Both Group 5 and Group
6 rocks have compositions, which clearly indicate imprints
of subduction-related processes (Pearce, 2008). However,
the marked enrichments in Th compared to Nb, as well as in
LREE, shown by Group 5 rocks, when compared to Group 6
rocks, suggest that the mantle sources of Group 5 rocks
were metasomatized by subduction-related fluids and/or
continental crust components to a larger extent with respect
to those of Group 6 rocks. Accordingly, in the model shown
in Fig. 9e, the Th-Nb composition of Group 5 primitive
basalts is compatible with 15-20% partial melting of a fertile
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Fig. 9 - Plot of the Thy vs. Nby compositional variations of the most primitive basalts of the different rock-groups from the Paikon and Almopias units, as
well as melting curves for different mantle sources. Melting curves in panels a), b), and c) are calculated assuming non modal batch partial melting, whereas
in panels d), e), and f) are calculated assuming non-modal fractional partial melting. Mantle source compositions in panels a) and b) are modified from Sac-
cani et al. (2013); depleted MORB mantle (DMM) composition in panel ¢) is from Workman and Hart (2005); mantle compositions in panels d), e), f) are in-
ferred based on Saccani et al. (2008c). The compositions of primordial mantle (PM, Sun and McDonough, 1989) bulk continental crust (BCC, Hofmann,
1988) and average upper crust (AUC, Taylor and McLennan, 1981) are also shown. Source modes and melting proportions in panels a), b), ¢) are from Thirl-
wall et al. (1994), whereas in panels d), e), f) are from Kostopoulos and Murton (1992). Partition coefficients are from McKenzie and O’Nions (1991). Ar-
rows indicate the trends of variation for fractional crystallization (FC); ocean island basalt-type chemical component (OIB); supra-subduction type chemical
component (SSZ); assimilation-fractional crystallization (AFC). See text for further explanations.

depleted lherzolite source significantly enriched in Th.
Moreover, these rocks most likely experienced a chemical
contribution from continental crust components. In contrast,
the Th-Nb composition of Group 6 primitive basalts is com-
patible with various degrees of partial melting of a depleted
lherzolite source enriched in Th (Fig. 9f). It can therefore be
postulated that Jurassic Group 5 calc-alkaline rocks and
Group 6 low-K tholeiitic rocks were originated in a conti-
nental margin volcanic arc setting or, alternatively, in an is-
land arc setting characterized by complex polygenetic crust.
Indeed, Bébien et al. (1994) demonstrated that the calc-alka-
line magmatism in the Paikon sub-zone was developing dur-
ing the Mid-Late Jurassic in a volcanic arc established onto
the westernmost realm (present-day coordinated) of the Ser-
bo-Macedonian continental basement. However, a different
tectonic setting of formation can be postulated for the Late-
Triassic Group 5 rocks now preserved in the ophiolitic
mélange of the Nea Zoi unit. In fact, Triassic calc-alkaline
rocks crop out in many localities of the Hellenides (see Pe-
Piper and Piper, 2002, pp. 94-95). According to Pe-Piper
(1998), they were generated from the partial melting of the
sub-continental mantle bearing subduction-related geochem-
ical characteristics during the Triassic extensional tectonic

phase that caused the rifting of Gondwana. We can therefore
conclude that the Late-Triassic calc-alkaline rocks in the
Nea Zoi mélange unit record the magmatic processes associ-
ated with the rifting of Gondwana that preceded the forma-
tion of the Vardar Ocean.

Occurrence and mutual relationships of the different
rock-types in the Paikon and Almopias units

The Paikon and Almopias units are characterized by
complex assemblages of rocks showing different magmatic
affinities and that were formed in different tectonic settings.
It is therefore necessary to sum up the occurrence of the var-
ious rock-types in each unit and to investigate their mutual
relationships. Fig. 10 shows a summary of the occurrence of
the different rock-types in both Paikon and Almopias units,
which was compiled based on data presented in this paper
coupled with literature data.

The Paikon unit is largely characterized by calc-alkaline
rocks formed in a continental volcanic arc setting. Nonethe-
less, as already postulated by Bébien et al. (1994) this unit al-
so include boninitic basalts and N-MORBs (Table 2). Unfor-
tunately, due to the intense tectonization it was not possible to
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investigate the mutual relationships between these different
rock-types (Table 1). Therefore, no reliable hypotheses
about the significance of N-MORBs and boninitic rocks in
the Paikon unit can be made. Nonetheless, our data confirm
the interpretation of Bébien et al. (1994) who suggested that
this unit represents a Middle-Late Jurassic volcanic arc de-
veloped onto the Serbo-Macedonian continental realm.

The Ano Garefi unit completely differs from the other
eastern Almopias ophiolitic units, as it consists of alkaline
basalts directly overlying the peridotites and E-MORB
dykes intruded in peridotites. Unfortunately, no dating of
these rocks can be made due to the lack of associated radio-
larian cherts. Moreover, the previous interpretation of peri-
dotites as mantle harzburgites (Migiros and Galeos, 1987)
cannot either be confirmed or excluded due to the lack of re-
liable data. Therefore, the tectonic significance of the Ano
Garefi peridotites cannot be straightforwardly constrained.
Nonetheless, in contrast to previous interpretations (Migiros
and Galeos, 1987), preliminary data on a few samples from
Ano Garefi peridotites (Authors’ work in progress) seem to
indicate that, they are represented by ultramafic cumulates
likely showing MORB-type parentage.

Sharp and Robertson (1994) described the Krania unit
(eastern Almopias ophiolites) as composed of Tithonian
MORB rocks. In contrast, our data indicate that the Krania
unit (eastern Almopias ophiolites) includes a Middle-Late
Jurassic (late Bajocian-late Kimmeridgian/early Tithonian)
basaltic massive lavas formed at mid-ocean ridge setting, as
well as calc-alkaline pillowed and massive lavas and dykes
and LKT dykes, formed in a volcanic arc setting. The calc-
alkaline sequence seems to crop out at the base of the N-
MORB type massive lavas (Table 1). However, due to re-
cent sedimentary cover, the mutual relationships between
these two different magmatic series cannot be verified.
Moreover, the calc-alkaline series cannot be dated due to the
lack of associated radiolarian cherts. Nonetheless, field ob-
servation seems to indicate that these two magmatic series
are associated through a tectonic contact.

The Mavrolakkos unit (eastern Almopias ophiolites) con-
sists of basalts showing N-MORB affinity, which crop out as
massive lava flows and sheeted dykes (Table 1). Massive
lavas are crosscut by basaltic and ferrobasaltic dykes also
showing N-MORB affinity. Although dating of this unit by
radiolarian biostratigraphy was not possible, these data are in



agreement with previous literature data. In fact, this unit was
previously interpreted as a MORB-type volcanic sequence of
Middle-Late Jurassic age (Stais et al., 1990; Sharp and
Robertson, 1994; De Wever, 1995). Nonetheless, our new da-
ta show that MORB lavas are crosscut by an andesitic dyke
showing LKT affinity. This implies that the MORB-type
Mavrolakkos volcanic sequence was also affected by contem-
poraneous or slightly younger volcanic arc magmatism.

Stais et al. (1990) described the Vrissi unit (central Al-
mopias ophiolites) as a mélange unit made up of (from bot-
tom to top) Triassic radiolarian cherts tectonically overlain
by a terrigenous sequence including shales with Late Creta-
ceous limestone lenses. Our data show that the volcanic sec-
tion sampled in the Vrissi unit consists (from bottom to top)
of basaltic and ferrobasaltic massive lava flows with N-
MORB affinity overlain by LKT pillow lavas topped, in
turn, by middle Callovian/early Oxfordian-late Kimmerid-
gian/early Tithonian (Middle-Late Jurassic) radiolarian
cherts. The relationships between N-MORB and LKT lavas
cannot clearly be seen in the field. Nonetheless, field evi-
dence suggests that a major tectonic contact between these
rock types is likely absent. Therefore, we suppose that they
are possibly separated by a minor fault. In any case, the
whole N-MORB sequence is crosscut by an LKT basaltic
dyke. Likewise the Mavrolakkos unit (and possibly, the
Krania unit), the studied volcanic section in the Vrissi unit
clearly shows evidence for a MORB-type oceanic crust that
was affected by younger volcanic arc magmatism.

The volcanic section sampled in the Nea Zoi unit (central
Almopias ophiolites) includes N-MORB lavas, calc-alkaline
rhyolites and basalts and Late Triassic (early Carnian-mid-
dle Norian) radiolarites. Mercier and Vergély (1972) have
shown that this unit consists of a strongly foliated mélange
unit. However, the volcanic section studied in this paper
does not show foliation. We can therefore conclude that the
Nea Zoi unit includes both foliated and non-foliated rocks.

The Liki unit (central Almopias ophiolites) includes
basalts with N-MORB affinity and andesites with LKT affin-
ity both metamorphosed under amphibolite facies conditions.
No mutual relationships between these two different rock-
types can be established. Moreover, Bijon (1982) described
the occurrence of basalts with IAT affinity locally associated
with felsic rocks and mafic lavas of boninitic affinity.

The Almopias ophiolites within the regional framework
of the Vardar ophiolites

The new data presented herein, as well as previous litera-
ture data indicate that the Almopias ophiolitic units show a
complex combination of different metamorphic, litho- strati-
graphical, and age characteristics, which highlight some sig-
nificant differences with respect to both External Ophiolites
and the Internal Ophiolites of the Guevgueli Complex. Bor-
tolotti et al. (2013) have recently proposed a new subdivi-
sion of the Albanide-Hellenide ophiolites based on a multi-
disciplinary approach (tectonics, stratigraphy, geochemistry,
and biochronology). In other words, they proposed a subdi-
vision that, regardless of the present-day position of these
ophiolites, is essentially based on their genetic (including
age) and tectonic significance. This subdivision includes six
different types of “ophiolite-bearing” tectonic units: 1) sub-
ophiolite mélange (SOM); 2) Triassic ocean-floor ophiolites
(TOFO); 3) metamorphic soles (MES); 4) Jurassic fore-arc
ophiolites (JFO); 5) Jurassic intra-oceanic-arc ophiolites
(JTAO); 6) Jurassic back-arc basin ophiolites (JBO). The
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first five units are found in the External Ophiolites and de-
rived from the same oceanic obducted sheet, whereas JBO
crops out in the Peonias sub-zone of the Internal Ophiolites.
JFO and JTAO originated in two sectors of a unique intra-
oceanic arc. In fact, in the JFO, MORB-type and intra-
oceanic arc-type sequences are closely associated and often
interlayered with each other, whereas mantle rocks are rep-
resented by depleted lherzolites and minor harzburgites
(e.g., Hoeck et al., 2002; Saccani et al., 2011; Saccani and
Tassinari, 2015). In contrast, in the JIAO, intrusive and vol-
canic sequences are largely characterized by intra-oceanic
arc sequences and the mantle rocks are represented by
harzburgites with abundant chromitites. Nonetheless, very
minor intrusive rocks with MORB affinity locally occur
within the SSZ sequences (e.g., Hoeck et al., 2002; Saccani
et al.,2011; Saccani and Tassinari, 2015).

According to this subdivision, the western Almopias
ophiolitic units in the Vermion range show some similarities
with the External Ophiolites, as they include JIAO-type
mantle harzburgites with chromitites associated with SOM
units at their base. However, it should be noted that, in con-
trast to SOM units from the External Ophiolites, the sub-
ophiolitic mélange in the Vermion ophiolites show intense
deformation and metamorphism (Saccani et al., 2008b). The
central Almopias ophiolites in the Naoussa and Veria areas
(Fig. 10) show close similarities with the SOM units of the
External Ophiolites. The only difference is represented by
the abundant occurrence of tectonic slivers of volcanic rocks
showing IAT affinity, which have not so far been document-
ed in the External Ophiolite SOM units.

The Liki, Nea Zoi, and Vrissi units of the central Al-
mopias ophiolites, though representing ophiolitic mélange
units do not properly fit in the SOM type of Bortolotti et al.
(2013). For instance, the Liki unit, though showing some
similarities with SOM, underwent high-grade metamor-
phism and deformation under amphibolite-facies condition.
Similar to some SOM units in the External Ophiolites (e.g.,
Capedri et al., 1997; Bortolotti et al., 2009), the Nea Zoi
unit incorporates N-MORBs and Late Triassic calc-alkaline
rocks. However, it includes two types of ophiolitic
mélanges: one with tuffite matrix and another one with
metabasite matrix and it is in part strongly foliated (Mercier
and Vergély, 1972). Also these features have not so far been
described in the SOM units in the External Ophiolites. The
Vrissi unit, beside Triassic radiolarites (Stais et al., 1990),
includes an incomplete volcanic sequence (used here ac-
cording to the ophiolite classification of Dilek and Furnes,
2011) consisting of N-MORB type volcanics associated
with and crosscut by Middle-Late Jurassic (middle Callov-
ian/early Oxfordian-late Kimmeridgian/early Tithonian) arc-
arc-type volcanic rocks and dykes. No similar volcanic se-
quences have so far been documented in the SOM units
from the External Ophiolites.

Also the eastern Almopias volcanic units do not fit in the
Bortolotti et al. (2013) subdivision. The Mavrolakkos unit
consists of N-MORB type sheeted dykes, lavas, and individ-
ual dykes of Middle-Late Jurassic age (Stais et al., 1990;
Sharp and Robertson, 1994; De Wever, 1995), which is cross-
cut by dykes showing volcanic arc affinity. The Krania unit
consists of Middle-Late Jurassic (our data and Sharp and
Robertson, 1994) N-MORB type basaltic rocks tectonically
associated with calc-alkaline volcanics and dykes. In the Ex-
ternal ophiolites, N-MORB volcanic rocks either cross cut by
volcanic arc-type dikes or tectonically associated with calc-al-
kaline volcanics have not so far been described.
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The Ano Garefi unit represents another peculiarity of the
Almopias ophiolites, as it totally differs from the other ophi-
olitic units in the Almopias sub-zone, as well as from those
of the External Ophiolites. In fact, no occurrence of a dyke-
lava series showing alkaline affinity directly overlying
harzburgitic tectonites, which are, in turn, cut by basaltic
dykes showing E-MORB has so far been documented else-
where in the Hellenides. Nonetheless, in the assumption that
alkaline basalts are Triassic in age (see previous section)
they may correlate with the TOFO units of the External
Ophiolites, though no TOFO units associated with peri-
dotites have so far been described. For this reason, the nature
and chemistry of peridotites and the eventual existence of
any genetic relationships with the overlying basaltic rocks
need to be investigated in detail and will be the object of fu-
ture investigation. Although not favoured in this paper, the
hypothesis that the Ano Garefi alkaline volcanic sequence do
not correlate with the TOFO-type, but was formed in Late
Jurassic-Early Cretaceous times cannot be excluded. Basalts
are locally interbedded with shales and limestones containing
detrital chromite, which suggests provenance from the Juras-
sic SSZ-type depleted harzburgites and associated chromi-
tites (Migiros and Galeos, 1987). According to these authors,
this could imply that Jurassic SSZ-type harzburgites were
uplifted and eroded when shales were deposited, supporting
thus a Late Jurassic or younger age for these rocks. In fact,
exposure of SSZ peridotites during Late Jurassic-Early Cre-
taceous times is documented in the western Almopias of the
Vermion range by Fe-Ni laterites unconformably covering
mantle harzburgites (Photiades et al., 1998; Saccani et al.,
2008b). The possible formation of the Ano Garefi ophiolite
during Late Jurassic-Early Cretaceous has already been pos-
tulated (Sharp and Robertson, 2006, p. 406, Fig. 21a). How-
ever, in this hypothesis, the main problem is to explain a
Late Jurassic-Early Cretaceous activation of an OIB-type,
enriched mantle source along the eastern margin of the Al-
mopias sub-zone; that is, in a tectonic setting largely domi-
nated by subduction below a continental margin.

Compared with the JBO-type of Bortolotti et al. (2013),
none of the Almopias sub-zone units fit in this ophiolitic va-
riety. In fact, JBO from the Peonias sub-zone are character-
ized by Middle and Late Jurassic (Danelian et al., 1996;
Kukoc¢ et al., 2015) volcanic sequences where calc-alkaline
rocks are associated with backarc basin basalts showing clear
subduction zone influence (i.e., Th and LREE enrichment
coupled with Nb depletion, Saccani et al., 2008a). In contrast,
in the central and eastern Almopias units Middle-Late Juras-
sic calc-alkaline rocks are associated with typical N-MORB
rocks showing no evidence of subduction zone influence.

A major point arising from this paper is the occurrence in
the central and eastern Almopias ophiolitic units of incom-
plete volcanic sequences with N-MORB lavas associated
with volcanic arc-type lavas and/or intruded by volcanic
arc-type dykes.

Our preliminary data do not allow a clear geodynamic
model for explaining the almost coeval formation of MORB-
type and volcanic arc-type magmatisms in the same area to
be hypothesized. Several hypotheses can be taken into ac-
count. The partial melting of uprising primitive mantle pro-
ducing MORB-type magmatism close to a volcanic arc set-
ting can be related to several different tectonic mechanisms
(i.e., strike-slip, leaky transform, slab windows tectonics).
Ferriere et al. (2012) suggested that the rollback toward the
west of the Late Jurassic subducting slab under the Paikon
arc could be responsible for the development of an oceanic

crust younger than that recorded in the External ophiolites.

Age data show that the Middle-Late Jurassic volcanic arc
magmatism recorded in the central and eastern Almopias
units is correlative of that of the Paikon arc (Brown and
Robertson, 2004), as well as that in the Guevgueli backarc
complex (Saccani et al., 2008a). Our data show that not all
the Almopias ophiolitic units and the Paikon arc unit can
correlate with other ophiolitic units in the Dinaride-Hellenide
belt, originated in the ocean, far from arc and back-arc set-
tings. Schmid et al. (2008) have suggested that the eastern
Vardar ophiolites could extends into the South Apuseni -
Transylvanian ophiolitic belt in Romania (Fig. 1) (Bortolotti
et al., 2002a; Ionescu et al., 2009; Ionescu and Hoeck, 2010).
Schmid et al. (2008) also noted that the eastern Vardar ophi-
olitic belt does not extend along the Sava Zone in the Dinar-
ides. The South Apuseni - Transylvanian ophiolites are in-
deed represented by Middle Jurassic N-MORB type oceanic
crust underlying Late Jurassic calc-alkaline volcanics and al-
so include some granites (Bortolotti et al., 2002a; 2004b;
Nicolae and Saccani, 2003). Schmid et al. (2008) based their
conclusion on the similarity between the South Apuseni -
Transylvanian ophiolites and the Guevgueli ophiolites in
northern Greece. According to these Authors, similar to the
Guevgueli ophiolites, volcanic arc igneous rocks are only
slightly younger than the surrounding MORB-type ophio-
lites, which they intrude. Nonetheless, in contrast to the
South Apuseni - Transylvanian ophiolites, the Guevgueli
ophiolites were formed in a backarc setting and instead of
MORB-type oceanic crust they consist of BABB volcanic
sequences (Saccani et al., 2008a). However, the conclusion
of Schmid et al (2008) could still be valid. In fact, based on
rock association and age of the eastern Almopias ophiolites
and Paikon unit, we suggest that they could correlate with
the South Apuseni - Transylvanian ophiolites. However, due
to the complexity of the Almopias and Paikon units, many
issues about their geodynamic significance within the Vardar
zone remain unsolved. Therefore, a detailed investigation of
these units will be carried out in future studies.

CONCLUSIONS

The Almopias and Paikon sub-zones in northern Greece
represent the westernmost part of the Vardar area. The Al-
mopias sub-zone consists of several ophiolite-bearing units,
whereas the Paikon sub-zone includes volcanic units, which
have been interpreted as formed at continental volcanic arc
setting. Petrological and biostratigraphic studies carried out
on volcanic rocks and associated radiolarian cherts provide
new constraints for the interpretation of the Almopias and
Paikon units, as summarized as follows.

(1) As already described in previous literature, the Paikon
volcanic units largely consists of calc-alkaline volcanic rocks
with very minor N-MORBSs and boninites. Our data, therefore
confirm that the Paikon volcanics have originated in a vol-
canic arc setting developed during the Middle to Late Jurassic
times on the westernmost realm of the European plate.

(2) The Almopias ophiolitic units show a complex com-
bination of different metamorphic, litho-stratigraphical, and
age characteristics. The Liki, Nea Zoi, and Vrissi units of
the central Almopias sub-zone consist of ophiolitic mélange
units, whereas the Mavrolakkos and Krania units in the east-
ern Almopias sub-zone consist of volcanic sequences. The
Liki unit underwent high-grade metamorphism and defor-
mation under amphibolite-facies condition and includes



rocks showing N-MORB and LKT affinities. The Nea Zoi
unit incorporates N-MORBs of unknown age and Late Tri-
assic calc-alkaline rocks. The Vrissi unit includes an incom-
plete volcanic sequence consisting of N-MORB type vol-
canics linked with and crosscut by Middle-Late Jurassic arc-
type volcanic rocks and dykes. The Mavrolakkos unit con-
sists of N-MORB type sheeted dykes, lavas, and individual
dykes series, which is crosscut by dykes showing volcanic
arc affinity. The Krania unit consists of Middle-Late Juras-
sic -MORB type series tectonically associated with calc-al-
kaline volcanics and dykes. The Ano Garefi unit (eastern
Almopias) completely differs from the other Almopias units
as it consists of a dyke-lava series showing alkaline affinity
directly overlying serpentinized peridotites, which are, in
turn, cut by basaltic dykes showing E-MORB. This unit
may represent a fragment of Triassic oceanic crust formed
at the ocean-continent transition zone.

(3) A major point arising from our data is the occurrence
in the Almopias ophiolitic units of incomplete Middle-Late
Jurassic volcanic sequences with N-MORB affinity associ-
ated with overlying volcanic arc-type lavas and/or intruded
by volcanic arc-type dykes.

(4) Our data show that not all Almopias ophiolitic units,
correlate with other ophiolitic units in the Dinaride-Hel-
lenide belt, due to their peculiar paleogeographic setting,
near the active Paikon arc. A possible correlation with the
northernmost extension of the Vardar zone in the South
Apuseni - Transylvanian ophiolitic belt in Romania could be
hypothesized for some Almopias ophiolitic units.
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Plate 1 (scale bar = 50 um) 1) Capnuchosphaera (?) sp., 10GR40. 2) Nakasekoellus sp., 10GR40. 3) Capnuchosphaera constricta (Kozur and Mock),
10GR42. 4) Capnuchosphaera (?) sp., 10GR42. 5) Capnuchosphaera sp., 10GR53. 6) Capnuchosphaera (?) sp. 10GR53. 7) Archaeodictyomitra patricki
Kocher, 10GR27. 8) Angulobracchia sp. ct. A. biordinalis Ozvoldova, I0GR34. 9) Archaeospongoprunum sp. cf. A. imlayi Pessagno, 10GR34. 10) Cingolo-
turris carpatica Dumitrica, I0GR34. 11) Emiluvia pentaporata Steiger and Steiger, I0GR34. 12) Emiluvia pessagnoi multipora Steiger, |0GR34. 13) Emilu-
via sp. cf. E. sedecimporata (Riist), 10GR34. 14) Eucyrtidiellum ptyctum (Riedel and Sanfilippo), 10GR34. 15) Praeparvicingula sp., 10GR34. 16) Prae-
conosphaera sp. cf. P. sphaeroconus (Riist), I0GR34. 17) Ristola altissima altissima (Riist), I0GR34. 18) Spinosicapsa (?) sp., I0GR34. 19) Spongocapsula
sp. aff. S. palmerae Pessagno, 10GR34. 20) Spongocapsula sp. cf. S. palmerae Pessagno, 10GR34. 21) Tethysetta sp. cf. T. mashitaensis (Mizutani), I0GR34.
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