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Abstract
Remarkably well-preserved crustal sections from the Eastern Hellenides offer the chance to evaluate the regional geodynamic 
evolution of continental crust. Here, we identify and geodynamically interpret eclogite facies metamorphism in the Trias-
sic–Jurassic volcano-sedimentary series of the West Circum Rhodope zone in the eastern Hellenides. Equilibrium phase 
diagrams and measured mineral compositions were used to inform reconstructions of geodynamic evolution during the early 
Alpine period. We newly define the existence of the Eohellenic HP belt, consisting of pre-Alpine basement, continental 
volcano-sedimentary formations, and a Jurassic magmatic arc. We suggest that the Eohellenic HP-Belt was subducted in 
the late Jurassic to early Cretaceous beneath the European plate margin. Detailed geodynamic reconstructions such as ours 
provide a robust anchor for future computational models of long-term crustal evolution in the Eastern Hellenides.

Keywords Rhodope · Eclogites · Thermobarometry · Pseudosections · Hellenides · High-pressure · Metamorphism

Introduction

Petrology, structures and microfabrics of high pressure (HP) 
metamorphic rocks exposed at Earth’s surface provide direct 
information on the kinematics of earlier material movements 
in the subsurface. By interpreting these features, we can 
trace the passage of preserved rocks along subduction and 
collision zones, from upper crustal to mantle depths, reveal-
ing the physical conditions under which those movements 
take place. Such data are key for reconstructing paleo-plate 
configurations and hence paleogeography. However, fossil-
ized subduction interfaces that are contiguously exposed 

over large areas are rare. This is largely because correspond-
ing HP mineral phases and microfabrics have been over-
printed by later tectono-metamorphic processes.

The North-Eastern Hellenides represent a part of the 
Alpine-Himalayan collision zone encompassing a series of 
Triassic to early Cretaceous tectonic events:

(i) rifting and ocean formation between the northern mar-
gin of Gondwana and the southern margin of paleo-Europe 
(Vardar/Axios Ocean; e.g. Bortolotti et al. 2012 and refer-
ences therein, Brown and Robertson 2003; Bonev et al. 2019a 
and references therein; Mposkos et al. 2021); (ii) northward 
intra-oceanic subduction within the Vardar/Axios Ocean and 
sequential fore arc and arc magmatic activity (Paikon–Chortia-
tis magmatic arc (PCMA) at the front of a continental fragment 
rifted off the European margin (Vertiskos-Ograzden complex-
VOC), Mercier 1968; Brown and Robertson 2003; Bortolotti 
et al. 2012; Bonev et al. 2015b), and ensialic back-arc exten-
sion at the southern margin of paleo-Europe (E-Vardar/Axios 
Ocean,Bébien et al. 1986; Gallhofer et al. 2017; Boev et al. 
2018; Mposkos et al. 2021); (iii) obduction of ophiolites of the 
W-Vardar/Axios Ocean over the Adriatic continental margin 
(Pelagonia zone), and, finally; (iv) subduction/collision of the 
Pelagonia zone and rifted European continental blocks with 
paleo-Europe creating the HP metamorphic belt(s) depicting 
the early Cretaceous suture (e.g. Kilias et al. 2010; Krenn et al. 
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2010; Burg 2012; Schenker 2013; Nitra et al. 2018 and refer-
ences therein).

The suture is overprinted by:
(i) Middle-late Cretaceous extension, as indicated by the 

middle Cretaceous transgression and late Cretaceous neritic 
to pelagic carbonate sedimentation in the Pelagonia, Almopias 
and Paikon zones (Mercier 1968; Brown and Robertson 2003; 
Sharp and Robertson 2006; Kilias et al. 2010); (ii) late Creta-
ceous-early Tertiary subduction/collision and emplacement of 
the Gondwana-derived Adriatic plate underneath the European 
continental margin (that then consisted of paleo-Europe and 
material already accreted in the late Jurassic–early Cretaceous) 
as well as (iii) post-collisional back-arc extension creating the 
Aegean Sea (e.g. Dinter 1998; Froitzheim et al. 2014; Brun 
and Sokoutis 2018 and references therein).

As a result of back-arc extension, the thickened crus-
tal bulge of the Rhodope metamorphic domain (RMD) has 
been exposed, revealing the deep interior of the collisional 
belt. Thus, the record of late Jurassic–early Cretaceous (early 
Alpine) deep-seated tectonic processes is well-preserved and 
unambiguously discernible through shallow and deep struc-
tural levels of the orogenic edifice.

In this study we focus only on the Mesozoic events recorded 
in the intercalations of the West Circum Rhodope zone 
(W-CRZ) within the Vertiskos-Ograzden complex (VOC). 
Mposkos et al. (2021) have discussed the metamorphic and 
microfabric record of the VOC part in Greece. We used optical 
microscopy and electron probe microanalysis, to characterise 
the petrographic relations and to obtain mineral chemistry data 
from the minerals occurring within eclogite and metapelite 
samples from the studied area.

We coupled our data with equilibrium phase diagrams 
(pseudosections) to constrain the peak pressures and tempera-
tures conditions and to define a tentative decompression path. 
Based on our data along with critical review of the existing 
literature, we argue for the presence of an oceanic branch of 
the Neotethys Ocean between the VOC and the south Euro-
pean margin, which closed in late Jurassic simultaneously with 
the northeast subduction of the W-Vardar Ocean. We discuss 
a scenario concerning the location of the oceanic basin from 
which the E-Vardar ophiolites derive. Subsequently, we present 
a geodynamic reconstruction that links the W-CRZ and the 
middle-late Jurassic Paikon–Chortiatis magmatic arc with the 
structurally higher tectono-metamorphic complexes (Segments 
I and II) of the central and eastern Rhodope Metamorphic 
Domain (RMD) (see discussion).

Present‑day structural relationships

The term RMD comprises high-and medium-grade HP-
metamorphic rocks in the central and eastern sections of 
the study area (Fig. 1). The southwestern part of the RMD 

consists of the VOC. It extends from eastern Central Mac-
edonia of northern Greece, into eastern Νorth Macedonia 
and SW Bulgaria (Fig. 1a) and represents the uppermost 
tectonic unit of the RMD (Kockel and Mollat 1977; Ricou 
et al. 1998; Burg 2012; Kydonakis et al. 2014; Fig. 1b,c). 
The VOC predominantly consists of a pre-Alpine (Prote-
rozoic-Paleozoic) continental crust affected by Variscan 
HP/UHP-metamorphism (~ 334 Ma), followed by partial 
melting and migmatite formation during decompression 
(~ 321 Ma) (Himmerkus et al. 2009a; Peytcheva et al. 2015; 
Trapp et al. 2020 and references therein), rift related Tri-
assic low pressure-high temperature (LP-HT) metamor-
phism associated with bimodal plutonic and volcanic mag-
matism (240–222 Ma)(Mposkos et al. 2021; Himmerkus 
et al. 2009b; Bonev et al. 2019a and references therein), 
and late Jurassic–early Cretaceous moderate high pressure 
(MHP) metamorphism (Kydonakis et al. 2016; Mposkos 
et al. 2021). A fourth, LP-amphibolite facies overprinting 
metamorphic event is recorded only in the easternmost VOC 
(Dixon and Dimitriadis 1987; Mposkos et al. 2021). These 
metamorphic events reflect Variscan terrane amalgamation, 
Triassic rifting and early alpine collision respectively. In the 
late Cretaceous, the VOC was emplaced in the upper crust 
(Wuthrich 2009; Kydonakis et al. 2014).

To the east, in the central and eastern RMD, the VOC is 
underlain by Segment I, Segment II and Segment III (Krohe 
and Mposkos 2002), that largely correspond to the Upper-, 
Middle-, and Lower Allochthon, according to Janák et al. 
(2011). Segment I and II contain pre-Alpine, late Jurassic 
magmatic arc and mid ocean protoliths (e. g. Bonev et al. 
2013, 2015a; Turpaud and Reischman 2010; von Quadt 
et al. 2009; Froitzheim et al. 2014; Pleuger et al. 2020) and 
were subjected to late Jurassic–early Cretaceous HP-HT 
metamorphism, partial melting and migmatization during 
decompression (~ 150–117 Ma, Liati et al. 2011 and ref-
erences therein; Bauer et al. 2007; Georgieva et al. 2010; 
Bosse et al. 2009; Kirchenbauer et al. 2012; Wawrzenitz 
et al. 2015; Georgiev et al. 2016). In both segments, pelitic 
garnet-kyanite gneisses contain diamond inclusions in garnet 
recording UHP metamorphism (e.g. Petrik et al. 2016 and 
references therein). Electron microprobe U-Th-Pb monazite 
dating yielded mean ages of ~ 200 Ma, which are interpreted 
as indicative of the timing of the ultra-high pressure (UHP) 
metamorphic event. This event occurred during the late Tri-
assic to early Jurassic and was associated with the collision 
and subduction of continental crust subsequent to the closure 
of the Palaeotethys Ocean (Petrík et al. 2016).

Segment I and Segment II were subjected to overprinting 
amphibolite facies metamorphism and wet melting in upper 
Cretaceous (~ 78–69 Ma) and middle Eocene (~ 50–55 Ma) 
respectively (Liati et al. 2011, 2016; Bauer et al. 2007; 
Wawrzeniz et al. 2015; Gautier et al. 2017 and references 
therein). Clinozoisite bearing muscovite pegmatites with 
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crystallization ages of 65–62  Ma intruded Segment I 
(Mposkos and Wawrzenitz 1995; Liati et al. 2002). Between 
62 Ma and the middle Eocene Segment I was lifted to the 
upper crust and juxtaposed against the eastern VOC along 
an extensional detachment fault (Krohe and Mposkos 2002; 
Brun and Sokoutis 2007; Fig. 1). The underlying Segment 
II (Sidironero complex), which stayed in the middle crust at 

that time, was exhumed after c. 38 Ma (Bosse et al. 2009; 
Nagel et al. 2011; Wawrzenitz et al. 2015).

The structurally lowermost levels (Segment III) represent 
the Apulian plate (Dinter 1998; Mposkos and Krohe 2000; 
Jahn-Awe et al. 2010; Froitzheim et al. 2014). The metamor-
phic record of Segment III involves relicts of Variscan events 
(Mposkos and Wawrzenitz 1995) as well as HP metamorphic 

Fig. 1  a Tectonic map of the Rhodope Metamorphic Domain (includ-
ing the Serbomacedonian Massif) the “Central Macedonian HP Belt” 
and the E-Vardar/Axios ophiolite zone adapted from Mposkos et  al. 

(2021)(modified from Jahn-Awe et  al. 2010; Kockel and Mollat 
1977). b, c Geological sections along the lines shown in 1A and 1B
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and tectonic events related to late Cretaceous subduction of 
oceanic crust (Miladinova et al. 2018) and Cenozoic colli-
sion of Apulia with the European plate margin (Jahn-Awe 
et al. 2010; Froitzheim et al. 2014; see also re-interpretation 
of the Eocene eclogite ages published in Miladinova et al. 
2018). Segment III correlates with the HP metamorphic 
units of the Cycladic belt (Mposkos et al. 2012; Froitzheim 
et al. 2014).

The late Jurassic–early Cretaceous eclogite and HP-gran-
ulite facies metamorphisms (149–119 Ma) in Segments I and 
II overlap with the early Cretaceous (132 Ma) low amphibo-
lite facies overprint of the MHP metamorphism in VOC and 
the greenschist facies overprint (124–126 Ma) of the HP/LT 
metamorphism in the W-CRZ (Kydonakis et al. 2015, 2016; 
Mposkos et al. 2021; Figs. 1, 2b).

To the west, in the western RMD, the structural rela-
tionships between the VOC and adjoining tectonic units 
are less clear (Fig. 1). In Central Macedonia of northern 
Greece (Fig. 2), the W-CRZ and the Chortiatis magmatic 
suite bound the VOC to the west (Kockel and Mollat 1977; 
Kockel et al. 1977; Asvesta and Dimitriadis 2010; Kydo-
nakis et al. 2015). Κockel et al. (1977) and Kydonakis 
et al. (2015) interpret the two mica-gneisses and schists 
lying between W-CRZ and Chortiatis magmatic suite as 
tectonic slivers of the VOC. They consider the W-CRZ 
as the Mesozoic cover of the VOC. The Paikon magmatic 
suite to the west of the Axios Neogene basin (Fig. 1) is 
interpreted as a continuation of the Chortiatis magmatic 
suite (Anders et al. 2005; Zachariadis 2007).

Fig. 2  a Simplified geological map of the “Central Macedonian HP 
Belt”, the E-Vardar/Axios ophiolite zone, the Vertiskos complex and 
the surroundings, after Kockel and Mollat (1977)(with additions 

and modifications). Stars are localities of the samples studied in this 
work. P: Pigi, K: Karathodoro continental slivers; F:Fanos; M: Mono-
pigado. b Geological section along the line B shown in A
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Following this interpretation, we refer to both mag-
matic suites as Paikon–Chortiatis magmatic arc (PCMA) 
in this work. W-CRZ and PCMA consist of Triassic–Juras-
sic turbiditic and meta-volcano-sedimentary sequences, 
respectively (Mercier 1968; Kockel et al. 1977; Meinhold 
et al. 2009; Brown and Robertson 2003). In the late Juras-
sic–early Cretaceous, concurrently with the VOC they were 
subjected to HP/LT metamorphism (Michard et al. 1994; 
Baroz et al. 1987; Kydonakis et al. 2015). In the eastern 
VOC meta-volcanic and -sedimentary sequences are inter-
calated (Fig. 2). These rocks record eclogite facies meta-
morphism and lower amphibolite facies overprinting during 
decompression (Kydonakis et al. 2015). Unlike to VOC, they 
show only one tectono-metamorphic event, hence lacking 
the Variscan and Triassic metamorphic history of the VOC. 
They are interpreted as tectonic intercalations W-CRZ in the 
pre-Alpine basement of the VOC (Kockel et al. 1977; Dixon 
and Dimitriadis 1984; Kydonakis et al. 2015).

Farther to the west, the E-Vardar/Axios ophiolite zone 
(Peonias subzone according to Mercier 1968; Fig. 2), over-
lies the W-CRZ and PCMA (Mercier 1968; Mercier and 
Vergely 1994; Figs. 1, 2). The ophiolites (including the Pigi 
and Karathodoro tectonic slivers, see discussion), occupy 
the structurally uppermost position in the study area. They 
are relicts of the E-Vardar/Axios ocean that has formed in 
middle-late Jurassic (~ 169–149 Ma) in a back-arc and arc 
setting (Bébien et al. 1987; Zachariadis 2007; Božović et al. 
2013; Bonev et al. 2015b). Dextral strike-slip tectonics char-
acterizes the tectonic contact of the ophiolites to the Chor-
tiatis magmatic arc and W-CRZ (Ricou et al. 1998; Tranos 
et al. 1999). The dearth of any sign of post-magmatic (pres-
sure accentuated) metamorphism in E-Vardar/Axios ophi-
olites (other than hydrothermal alteration), indicates that this 
ophiolite complex stayed near the surface since its formation 
in the late Jurassic (Mercier 1968; Kockel et al. 1977; Bonev 
et al. 2015b). More details for the W-CRZ and the PCMA 
are discussed in a separate section supplementary text.

Results

Field relations

In the area southeast of Nea Roda village and below the 
Neogene deposits occur anatectic two mica gneisses, ser-
pentinites, amphibolites and garnet mica schists (Kockel 
et al. 1978a, b, c; Bonev et al. 2019a; and our field observa-
tions). Himmerkus et al. (2012) involve these rocks in their 
“mélange zone”. Foliation planes mainly trend NE–SW dip-
ping to NW. The upper tectono-stratigraphic lithologies are 
comprised of anatectic gneisses and serpentinite, whereas 
the lower ones consist of amphibolites and metapelites. At 
places, the foliation planes are vertical (Kockel et al. 1978a, 

b, c and our observations). To the southwest, the garnet 
mica schists are in contact with the 44 Ma old Ouranoupolis 
granodiorite (Himmerkus et al. 2012). Garnet mica schists 
and amphibolites were subjected to lower grade of meta-
morphism (low amphibolite facies, see below) compared to 
the overlying anatectic gneisses and similar grade with the 
metapelites from the areas of Volvi-lake and Nea Madytos 
(Sakellariou and Dürr 1993; Kydonakis et al. 2015). The 
garnet mica schists, marbles, quartzites and amphibolites 
(including the eclogite body studied in this work) of Nea 
Roda represent the southeastern outcrop of the tectonically 
intercalated W-CRZ in VOC (Fig. 2).

Petrography and mineral chemistry

Garnet‑kyanite‑staurolite‑mica schists (sample B‑5)

The metapelite sample B-5 shows compositional layering 
with alternating pelitic and quartzitic (meta-chert) layers in 
the scale of a few centimeters. Major phases are muscovite, 
quartz, garnet, kyanite, chlorite and plagioclase. Biotite and 
staurolite (~ 1 vol%) are minor phases. Accessory miner-
als are tourmaline, ilmenite, rutile, apatite, and zircon. The 
pelitic layers are rich in garnet and kyanite porphyroblasts up 
to 0.8 and 1.5 cm in size, respectively (Fig. 3a, b). A defor-
mation that overprints the compositional layering created a 
foliation that extends sub-parallel to the layering. Quartzite 
layers had a higher viscosity as they show lens shape and 
pinch and swell structures and tight folds (Fig. 3a-b).

Garnet (~ 5–8 vol%) appears as euhedral to subhedral 
porphyroblasts up to 0.8 cm in diameter. Garnet contains 
inclusions of quartz, clinozoisite, ilmenite, rutile, margarite, 
tourmaline, and of composite grains consisting of musco-
vite, biotite and quartz (Fig. 3c-e). Ilmenite and clinozoisite 
inclusions occur in the core and rutile inclusions in the man-
tle of the garnet (Fig. 3c). At the rim, garnet is replaced by 
chlorite, plagioclase and biotite (Fig. 3f). Garnet contains 
a relict internal foliation defined by trails of quartz, ilmen-
ite and an impressive amount of tourmaline. The internal 
foliation of the garnet continues into the external foliation 
defined by basal plane preferred orientation of muscovite 
and the extension of quartz-rich bands.

Kyanite porphyroblasts (~ 4–6 vol%) are up to 1.5 cm in 
length. They contain inclusions of tourmaline, rutile, mus-
covite and ilmenite (Fig. 4a). Rutile and tourmaline inclu-
sions in kyanite are aligned parallel to each other forming an 
internal foliation. Rutile inclusions in turn contain inclusions 
of ilmenite (Ilm-1) (mineral abbreviations after Whitney 
and Evans 2010). Aggregates of small flakes of muscovite, 
or muscovite, chlorite and staurolite replaced the kyanite 
(Fig. 4b, c). Matrix rutile is replaced by ilmenite (Ilm-2). 
Kyanite shows deformation kinks.
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Fig. 3  Garnet-kyanite-metapelite B-5. a, b Hand specimen showing 
intercalations of quartzite (meta-chert) lenses. The pelitic layers con-
tain garnet and kyanite porphyroblasts up to 0.8 and 1.5 cm respec-
tively. c Garnet porphyroblast containing inclusions of ilmenite and 
rutile. The ilmenite inclusions occur in the core and the rutile inclu-

sions in the outer mantle of the garnet. The white line indicates the 
compositional rim-rim profile given in Fig. 5. d Margarite and quartz 
inclusions in garnet. e Composite inclusion in garnet consisting of 
muscovite, biotite and quartz. f Garnet is replaced by chlorite, plagio-
clase and biotite. c–f SEM pictures
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Fig. 4  Garnet-kyanite-metapelite B-5. a Kyanite with inclusions of 
muscovite, rutile and tourmaline. The muscovite inclusion contains 
inclusions of ilmenite. b, c Kyanite porphyroblast replaced from 
staurolite, muscovite and chlorite. The kyanite contains inclusion of 
rutile. At the replaced part of the kyanite former rutile inclusion in 
kyanite is replaced from ilmenite. Along the kyanite cleavage plane 

the rutile inclusion is replaced by ilmenite. Garnet staurolite metape-
lite SM-7. d Composite inclusion in garnet consisting of chlorite and 
muscovite. e Staurolite formed along the margins of a garnet porphy-
roblast. f Matrix staurolite associated with muscovite and biotite. a, 
d, e, f microphotographs; a crossed polars; d, e, f only one polar; b, c 
SEM pictures
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The chemical composition of garnet ranges between 
 Grs9–23Pyr5–19Alm67–76Sps0–5. Compositional zoning 
showing a bell-shaped profile is characteristic for growth 
zoning (Fig. 5; Table S1). From the core to the rim, gros-
sular and spessartine components decrease and the pyrope 
component increases. In staurolite, the Mg/(Mg + Fe) ratio 
(Mg#) is 0.18–0.23, and the ZnO content is 5.78–6.16 
wt%. In muscovite inclusions in garnet and kyanite the 
Si-content ranges from 6.27–6.30 and in matrix muscovite 
from 6.17 to 6.19 a.p.f.u. (Table S1). The paragonite com-
ponent in muscovite is 11–16 mol%. Chlorite and biotite 
show a narrow compositional range. Mg# is 0.56 and 0.57; 
the  TiO2 content in biotite is 1.59–1.64 wt%. Margarite 
only occurs as inclusion in garnet; the paragonite compo-
nent is 22–26 mol% (Table S1). Plagioclase  (An20–26) asso-
ciated with chlorite and biotite, replace garnet (Fig. 3f).

Garnet‑staurolite‑mica schists (SM‑7)

Garnet porphyroblasts (up to 6 mm in size) contain inclu-
sions of quartz, muscovite, chlorite, graphite, ilmenite, 
rutile and composite grains consisting of muscovite and 
chlorite (Fig. 4d). At the margins garnet porphyroblasts 
show resorbed edges and are replaced by chlorite and stau-
rolite (Fig. 4e). Staurolite also occurs in domains, where 
garnet is not present (Fig. 4f). It is associated with chlo-
rite, muscovite and biotite. Two generations of chlorite are 
present. Chl-1 are inclusions in garnet and occur as major 
phase in the matrix associated with muscovite. At the mar-
gin, this chlorite is replaced by biotite. Chl-2 is retrograde 
replacing garnet and biotite. The Ti-phase in the matrix is 
ilmenite. Matrix rutile is completely replaced by ilmenite. 
Ilmenite also occurs as inclusions in staurolite.

Eclogite (SM‑5)

The eclogite SM-5 crops out as a narrow (50 × 100 m), 
isolated hummock beneath the alluvials (Dimitriadis 
and Godelitsas 1991). Garnet and omphacite constitute 
more than 90 vol%; barroisite, ferro-pargasite (amphibole 
nomenclature after Leake 1997) and rutile are ~ 5–6 vol% 
and quartz, paragonite, clinozoisite, allanite and apatite 
occur in minor amounts. Preiswerkite and Ca-rich parago-
nite only occur as rare inclusions in garnet. Ca-poor parag-
onite occurs as inclusion in omphacite. Garnet (0.2–1 mm 
in size) commonly contains inclusions of rutile and quartz, 
less commonly pargasite, ferro-pargasite, barroisite, and 
rarely clinozoisite, titanite, preiswerkite, paragonite and 
biotite (Fig. 6a, b). Omphacite (0.3–6 mm in size) con-
tains inclusions of garnet, Na–Ca-amphibole (barroisite, 
magnesio-katophorite), rutile, quartz, paragonite, clinozo-
isite, allanite and apatite. Matrix Na–Ca-amphibole (bar-
roisite, magnesio-katophorite), ~ 2 vol% occurs in small 
grains (0.1–0.3 mm in size) interstitially between garnet 
and omphacite (Fig. 6c). The major Ti-phase is rutile. It 
occurs as inclusion in garnet, omphacite, barroisite and in 
the matrix. Rutile contains inclusions of ilmenite (Ilm-1), 
quartz and barroisite (Fig. 6c, e). Textures are granoblas-
tic. Isometric garnet and omphacite grains are in textural 
equilibrium as the ~ 120° triple junctions indicate (Fig. 6f). 
In some layers prismatic omphacite forms poikiloblasts up 
to 6 mm in size, which are rich in garnet and rutile inclu-
sions. Prismatic omphacite grains define a weak lineation.

In samples with a low degree of amphibolitization, ret-
rogression is limited to local replacement of garnet and 
eclogitic omphacite (Omp-1) by omphacite (Omp-2), 
Na–Ca-amphibole (katophorite, magnesio-katophorite, 
taramite, magnesio-taramite), Ca-amphibole (ferro-
pargasite, ferro-edenite) and albite  (An3–7) (Fig. 7a–f). 
Omphacite and paragonite are replaced by pargasite and 
oligoclase  (An15) (Fig. 7e). Retrogression of eclogite even-
tually resulted in complete decomposition of omphacite. 
In strongly amphibolitized samples, two successive stages 
of retrogression are observed. Stage 1 forms symplectites 
(apparent size 20–30 × 80–120 µm consisting of long pris-
matic Omp-2-albite and of Ca-amphibole (ferro-pargasite, 
ferro-edenite, edenite)-albite(An3–8) that replace the 
Omp-1 blasts. Garnet is replaced by kelyphitic tschermak-
ite, ferro-pargasite and albite and rutile by ilmenite (Ilm-
2). Stage 2 replaces omphacitic clinopyroxene by very thin 
vermicular symplectites consisting of diopsidic clinopy-
roxene, magnesio-hornblende, actinolite and oligoclase 
 (An12–17) (Fig. 7h–i). Garnet and kelyphitic tschermakite/
ferro-pargasite are replaced by magnesio-hornblende and 
epidote associated with plagioclase  (An27) (Fig. 7j–k). 
This stage replaced rutile and ilmenite by titanite (Fig. 7j, 
l).

Fig. 5  Compositional profile of garnet porphyroblast from the garnet-
kyanite metapelite B-5
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Garnet has the composition  (Grs21–25Pyr18–22Alm53–56 
Sps0.7–1.9). Systematic compositional zoning between core 
and rim in individual grains is not observed (Table S2). The 
jadeite component of Omp-1 ranges from 43 to 49 mol%. 

The jadeite content of Omp-2 that is associated with ferro-
pargasite/edenite and albite  (An3–7) replacing Omp-1  (Jd47; 
Fig. 7a) is 32–33 mol%. The clinopyroxene that is symplec-
titically intergrown with plagioclase  (An13–17) is a sodic 

Fig. 6  Eclogite SM-5. a–b Inclusions of ferro-pargasite and parago-
nite in garnet. c–d matrix barroisite in textural equilibrium with gar-
net, omphacite and rutile. e barroisite inclusion in rutile. f Granoblas-

tic garnet, omphacite, rutile and barroisite in textural equilibrium. c, f 
microphotograph, only one polar; a, b, d, e SEM pictures
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Fig. 7  a Omphacite (Omp-1) is decomposed to omphacite with 
lower jadeite component (Omp-2) and albite. Omphacite and garnet 
are replaced from magnesio-katophorite. b Omphacite and garnet 
are replaced from katophorite. At the rims, omphacite is replaced by 
albite-amphibole symplectites. b1) Garnet is replaced by kelyphitic 
katophorite and albite. c, d Magnesio-taramite and albite replace gar-
net, paragonite and former omphacite. e Omphacite and paragonite 
inclusion in omphacite are replaced by pargasite and plagioclase. f, g 
Garnet and omphacite are replaced in two stages: a) by kelyphitic bar-

roisite and clinozoisite; b) by pargasite and albite symplectites, (Ap: 
apatite). h, i Eclogitic omphacite (Omp-1,  Jd47) is decomposed in two 
stages: a) to thick prismatic omphacite (Omp-2,  Jd33–34)-albite sym-
plectites and ferro-pargasite/ferro-edenite: b) Omp-2 to fine grained 
symplectites consisting of magnesio-hornblende, oligoclase and diop-
side. j, k Garnet is replaced from blue-green Ca-amphibole, epidote 
and oligoclase. k, l Rutile is replaced from ilmenite and ilmenite from 
titanite coronas. j, l Microphotographs, only one polar
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augite  (Jd2–9). Amphibole shows a wide compositional range 
(Fig. S1, Table S2). Amphibole inclusions in garnet are par-
gasite, ferro-pargasite with 18–24 mol% glaucophane com-
ponent. Inclusions in rutile are barroisite with 35 mol% glau-
cophane component. Matrix amphiboles that are in textural 
equilibrium with garnet, omphacite and rutile are barroisite, 

magnesio-katophorite with 27–45 mol% glaucophane com-
ponent. Matrix amphiboles that are associated with albite 
 (An3–8) and replacing garnet and omphacite are katophorite, 
magnesio-katophorite, taramite, magnesio-taramite, ferro-
pargasite and edenite. Their glaucophane component ranges 
from 17 to 36 mol%. Amphibole associated with garnet, 

Fig. 7  (continued)
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albite and quartz is also magnesio-taramite. This associa-
tion replaces paragonite and probably omphacite (Fig. 7c, 
d). Amphibole inclusions in omphacite are pargasite with 
23 mol% glaucophane component. This amphibole replaces 
paragonite and omphacite and is associated with plagioclase 
 (An15)(Fig. 7e). Amphibole symplectitically intergrown with 
oligoclase  (An13–17) is magnesio-hornblende or actinolite. 
Paragonite included in garnet is richer in margarite com-
ponent (14–27 mol%) compared to paragonite inclusions in 
omphacite (2–3 mol%) (Table S2). The  Fe2O3 content in 
clinozoisite ranges from 8.1 to 8.5 wt%.

The Melissochori/Svoula formation in the W‑CRZ (metape‑
lite Ph‑1G)

We also investigated a metapelite of the Melissochori/Svoula 
formation (sample Ph-1G) to test if that the W-CRZ under-
went a prograde HP metamorphism along a low geothermal 
gradient like the intercalations in the VOC. Major phases 
are phengite, chlorite, albite, quartz, minor epidote, titanite 
and hematite and accessories tourmaline, ilmenite, rutile. 
Phengite (Si ranges from 6.61 to 6.89 a.p.f.u.) is rich in iron. 
Total iron (expressed as FeO) ranges from 4.16 to 5.19 and 
MgO from 2.09 to 2.82 (Table S3). Petrography, textures 
and mineral compositions of sample Ph-1G are given in sup-
plementary and shown in Fig. S2 and Table S3.

Discussion

P–T path of eclogites and metapelites 
of the intercalations in the VOC

Two P‐T pseudosections (Figs.  8, 9) were calcu-
lated in the system  SiO2–TiO2–A l2 O 3–MgO–MnO– 
FeO–CaO–Na2O–K2O–H2O (with pure  H2O in excess) , e 
mpl oying Perple_X software (ver. 6.8.9; 2020, Connolly 
1990, 2005, 2009;  se e S upp lementary material).

The eclogite SM-5 and the metapelite B-5 both preserve 
mineral assemblages equilibrated near the peak of metamor-
phism. Hence, the constructed pseudosections are used to 
evaluate the eclogitic conditions. As such, the compositions 

of characteristic minerals formed at or near the peak of meta-
morphism like garnet and/or omphacite are used as proxies 
for the peak conditions. Furthermore, the retrograde meta-
morphism is associated with local re-equilibration of the 
mineral assemblages during exhumation. Hence, this influ-
ences the textures or/and the chemistry of phases in close 
contact like in the case of the coexisting phases kyanite, 
phengite, chlorite, and staurolite. Also, the composition 
which effectively reacts and equilibrates the rock volume is 
in the mineral scale and may differ from domain to domain 
of the analysed thin sections. Due to that, we suggest that 
the calculated pseudosections can be regarded as good prox-
ies for determining the peak conditions, while the estimated 
post-peak conditions should be regarded as tentative.

Eclogite SM‑5

Based on mineral chemistry, textural relationships and 
calculated assemblages of the eclogite from the Nea-Roda 
area (Fig. 2; SM-5) a P–T history can be defined for: (i) the 
peak P–T conditions, and (ii) post-peak stage of decompres-
sion through epidote–amphibolite and amphibolite facies 
metamorphism. The prograde P–T path can be tentatively 
discussed, based on the inclusions of clinozoisite/epidote, 
paragonite, ferro-pargasite and rutile in garnet and ompha-
cite, and inclusions of barroisite in garnet, omphacite and 
rutile (Fig. 6a-e). The presence of epidote, paragonite, bar-
roisite and ferro-pargasite (rich in glaucophane component) 
inclusions in garnet and omphacite, and the absence of Na-
amphiboles indicate that the prograde PT-path traversed the 
epidote–amphibolite facies field and entered the eclogite 
facies field (fields of metamorphic facies according to Oh 
and Liou 1998).

Texturally, the mineral assemblage Grt + Omp + Qz +  
Rt + Brs records the eclogite facies metamorphism. The 
calculated P–T pseudosection is used to estimate the 
peak conditions. The isopleths for garnet, were superim-
posed on the P–T pseudosection. The intersection of the 
grossular (24 ± 2%) and spessartine (1.7 ± 0.1%) isop-
leths, along with the sodic-calcic amphibole chemistry, 
which all match the observed compositions of garnet and 
amphibole indicate P 1.91 ± 0.08 GPa and T 640 ± 25 °C 
(Fig.  8). As such, the calculated conditions within the 
Grt + Omp + Brs + Bt + Ilm + Rt field are in accordance 
with the observed data. The peak P–T conditions for the 
eclogite facies stage suggest a mean geothermal gradient 
of ~ 9–11 °C/km during subduction.

In early stages of decompression, eclogitic omphacite 
 (Jd49) is first decomposed to Na-poorer omphacite  (Jd33) 
and albite. Then, garnet and omphacite have been replaced 
by kelyphitic amphibole (barroisite, magnesio-katophorite, 
ferro-pargasite, ferro-edenite), clinozoisite and albite 
(Fig. 7a, b, e) indicating decompression through the field of 

Fig. 8  P–T pseudosection  (H2O saturated) for the eclogite SM-5 sam-
ple  (SiO2: 46.04;  TiO2: 2.88;  Al2O3: 14.62; FeO: 14.26; MnO: 0.26; 
MgO: 7.06; CaO: 10.42;  Na2O: 3.67;  K2O: 0.12; oxides in wt%). 
Compositional isopleths –calculated with WERAMI– for spessar-
tine and grossular content in garnet are given in red, and blue lines, 
respectively (within the field Brs-Grt-Bt-Omp-Ilm-Rt). Rectangulars 
correspond to the estimated local-equilibrium P–T conditions. The 
yellow, purple, and dark blue continued lines correspond to the stabil-
ity fields of chlorite, ilmenite-1, and paragonite, respectively. Light to 
dark grey indicate low-to high- variance fields. Thick black lines cor-
respond to univariant reactions

◂
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the epidote–amphibolite facies. The decompression path is 
further characterized by the coexistence of ferro-pargasite, 
clinozoisite and albite replacing garnet and omphacite 
(Fig. 7f). Hence, in the calculated pseudosection, this is 
indicated by the narrow Amp + Aug + Grt + Bt + Omp + T
tn + Pl field (Fig. 8) at P ~ 13.2 GPa where the amphibole 
and plagioclase chemistry match the observed pargasitic 
amphibole and albitic plagioclase, respectively. In later 
stages, during continuing decompression, the presence of 
chlorite, and ilmenite-2 + titanite (Fig. 7k, l) indicates sta-
bility within the Amp + Aug + Chl + Grt + Bt + Pl + Ttn + I
lm field at P ~ 0.64 ± 0.15 GPa and T ~ 490 ± 25 °C (Fig. 8).

Metapelite B‑5

The observed compositional—bell-shaped—zoning of gar-
net indicates prograde formation as suggested by the calcu-
lated almandine, grossular, and pyrope isopleths (Figs. 5,9). 
As such, the simultaneous increase in pyrope and decrease in 
grossular contents are only consistent with a path associated 
with a continued increase either of pressure and temperature 

along a cold geothermal gradient, or temperature only but 
still at high-P > 1.6 GPa (Fig. 9).

The presence of ilmenite inclusions in the Ca-rich gar-
net core and rutile inclusions in garnet rim (Fig. 3c) indi-
cate that garnet growth had already started during the early 
stages of the prograde P–T path before entering the stability 
field of rutile. We attempted to model the ilmenite-rutile 
transition using the bulk-composition of sample B-5. Start-
ing at low-T/P, however, even for P as low as 1 kbar and 
T 350 °C, it was not possible to stabilize ilmenite along a 
prograde path. In contrast, the pseudosections calculated by 
Kydonakis et al. (2015) for the Volvi area, which recorded 
similar P–T conditions, show ilmenite at P < 1.1 GPa and 
T < 570 °C. Consequently, it is possible that a bulk-compo-
sition effect controls the ilmenite formation during prograde 
metamorphism.

In the garnet-kyanite-staurolite mica schist B-5 of the 
Nea-Roda area (Fig. 2) the peak mineral assemblage is Chl 
+ Grt + Ky + Ph + Qz + Rt + Pg documenting P–T conditions 
at ~ 1.7 ± 1 GPa and 580–600 °C within the high variance 
field of garnet-kyanite-phengite-rutile-paragonite-chlorite 
(Fig. 9), based on observed textures and composition of 

Fig. 9  P–T pseudosection  (H2O saturated) for the metapelite B-5 
sample  (SiO2: 57.53;  TiO2: 0.91;  Al2O3: 20.9; FeO: 6.20; MnO: 
0.06; MgO: 2.62; CaO: 0.88;  Na2O: 0.80;  K2O: 3.00; oxides in wt%). 
Rectangulars correspond to the estimated local-equilibrium P–T 

conditions. The green, blue, and red dashed lines correspond to the 
stability fields of biotite, staurolite, and ilmenite, respectively. Field 
coloring and thick black lines as in Fig. 8
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garnet and phengite. The predicted paragonite is stable at 
the peak conditions experienced by our rock. However, our 
inability to observe it in our thin sections is associated with 
its replacement by plagioclase during decompression. Thus, 
the inferred P–T conditions are similar to those constrained 
from the neighboring eclogite SM-5 (Fig. 8).

A decompression stage in the P–T evolution is reflected in 
the textural relationships of chlorite-staurolite-biotite, and in 
chemistry of staurolite suggesting a good constraint at mid-
P/T conditions. The latter was influenced by the presence 
of Zn; in our studied sample the relatively high Zn-content, 
suggests a displacement of the stability field of staurolite 
toward lower temperatures. As such, the stability fields of 
staurolite-chlorite-biotite have been traversed as suggested 
by the textural relationships and verified by the calculated 
pseudosection. This, however, should be regarded as tenta-
tive (Figs. 4b–e, 9). In particular, when the decompression 
path entered the stability field of staurolite-chlorite-musco-
vite, kyanite has been replaced, according to the following 
reaction:

(Fig. 4b, c). In contrast, the decompression path tra-
versed the stability field of biotite at T higher than that of the 
chlorite field (Fig. S3). Staurolite and biotite may have co-
formed at the expense of garnet, chlorite and muscovite in 
accordance with the petrographic data (staurolite associated 
with resorbed garnet; Fig. 4e). Furthermore, during decom-
pression, a second ilmenite (Ilm-2) associated with chlorite, 
staurolite and muscovite replaced the rutile. Ilm-2 shows 
shape-preferred orientation parallel to that of the inclu-
sions of rutile in kyanite (Fig. 4b, c), suggesting that Ilm-2 
replaced rutile. Hence, the associated staurolite was formed 
either within the stability field of ilmenite in agreement with 
our petrographic observations or preceded ilmenite forma-
tion in agreement with the calculated pseudosection. As 
such, the mis-match between petrographic (co-occurrence of 
staurolite and ilmenite) observations and calculated pseudo-
section (staurolite fractionated earlier compared to ilmenite) 
may be due to kinetic reasons, limited access of aqueous 
fluid, or/and local changes in effective bulk-composition; 
since the retrograde history should be regarded as tentative 
we do not further comment on any of these factors.

P–T histories of the tectonic intercalations in VOC, 
PCMA and W‑CRZ versus P–T history of the VOC

Our results indicate that the metamorphic history of the 
tectonic intercalations within the eastern VOC—consisting 
of metapelites, metabasites, meta-rhyolites, quartzites and 
marbles (Fig. 2)—is more similar to that of the PCMA and 
W-CRZ than to that of the VOC.

Ph + Ky + H2O → St + Chl +Ms + Qz

The VOC consists of pre-Alpine continental crust (Him-
merkus et al. 2009a; Peytcheva et al. 2015) that underwent 
three metamorphic events. The first one was HP/UHP-HT 
with P–T conditions of 3.0–3.5 GPa and 700–750 °C at 
the UHP stage, followed by partial melting and migma-
tite formation, associated with a temperature increase to 
800–850 °C (at ~ 1.1 GPa), during decompression (Janak 
et al. 2011; Peytcheva et al. 2015; Mposkos et al. 2021). 
It was Variscan constrained by the 334 Ma Lu–Hf garnet-
whole rock ages of kyanite eclogites (Trapp et al. 2020) 
and 321 Ma, U–Pb zircon ages of neosomes from mig-
matitic orthogneisses (Peytcheva et al. 2015). The second 
metamorphic cycle was of LP-HT accompanied with par-
tial melting and migmatite formation within the stability 
field of sillimanite, cordierite and K‐feldspar with peak 
P–T conditions 0.44 ± 0.04 Gpa and 745 ± 30 °C (Mposkos 
et al. 2021). It is associated with Permo-Triassic rifting and 
related Triassic A-type bimodal magmatic intrusions (U–Pb 
magmatic zircons 240–222 Ma) (Himmerkus et al. 2009b; 
Bonev et al. 2019a and references therein). The LA-ICP-MS 
U–Th–Pb monazite ages from a garnet-kyanite metapelite 
is in the range of 310–230 Ma with a dominant cluster of 
257.4 ± 1.1 Ma. Matrix monazites decomposed at their outer 
parts into a corona made of apatite-allanite-epidote yielded 
at their rims ages of 132.5 ± 0.3 Ma (Kydonakis et al. 2016). 
We interpret the Triassic monazite ages in the metapelite to 
record roughly the LP-HT metamorphic event in VOC. The 
third metamorphic cycle was MHP with increasing grade of 
metamorphism from the SW to NE and peak P–T conditions 
1.05 ± 0.08 GPa and 690 ± 30 °C recorded in metapelites.

Dixon and Dimitriadis (1987) report temperatures of 
700–750 °C obtained with garnet-hornblende thermom-
etry in garnet amphibolites from the Triassic mafic Volvi 
complex. The MHP metamorphism occurred in late Juras-
sic–early Cretaceous (Mposkos et al. 2021). Α phlogopite of 
a Triassic phengite-bearing meta-granitoid yielded an 40Ar-
39Ar age of c. 136 Ma (de Wet et al. 1989). The c. 132 Ma 
monazite-rim ages from the garnet-kyanite metapelite are 
interpreted by Kydonakis et al (2016) to date the amphibo-
lite facies overprint of the eclogite facies metamorphism 
recorded in the intercalations during decompression. They 
assume that in late Jurassic–early Cretaceous the VOC and 
the intercalations of W-CRZ in VOC are metamorphosed 
at eclogite facies P–T conditions as a coherent unit. 40Ar-
39Ar cooling ages of white micas range from 123 to 127 Ma 
(Kydonakis et al. 2016). We interpret the c.132 Ma U-Th-Pb 
ages of the monazite-rims and 40Ar-39Ar ages of phlogopite 
and white micas as roughly dating the time of youngest MHP 
metamorphic event in VOC.

By contrast, the tectonic intercalations of W-CRZ in the 
eastern VOC show only one HP/LT metamorphic event, 
like the PCMA and the W-CRZ. Our petrological data from 
eclogite SM-5 and metapelite B-5 record P–T conditions 
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of ~ 1.9 GPa/640 °C and ~ 1.7 GPa/590 °C respectively. 
Also, eclogite facies P–T conditions of ~ 1.9 GPa/520 °C are 
documented by Kydonakis et al. (2015) in chloritoid bear-
ing garnet-staurolite schists in the areas north and south of 
Volvi-lake (Fig. 2). This indicates that the prograde P–T path 
of the intercalations followed a lower geothermal gradient 
(~ 9–11 °C/km) than that of the MHP metamorphism of the 
VOC (~ 17.7 °C/km; Mposkos et al. 2021). The sedimentary 
protoliths of the metapelites were deposited from Triassic to 
middle-Jurassic (Kockel et al. 1977; Dixon and Dimitriadis 
1984; Sakellariou and Dürr 1993; Kydonakis et al. 2015) 
setting the lower time limit in the late Jurassic–early Creta-
ceous for the age of HP metamorphism in the intercalations.

Similar to the tectonic intercalations in eastern VOC, the 
PCMA and W-CRZ show only one HP/LT metamorphic 
event but at lower pressures and temperatures of ~ 0.6–0.9 
GPa at 300–400 °C (Michard et al. 1994; Baroz et al. 1987) 
or 0.8 GPa/550 °C (Kydonakis et al. 2015). The phyllite of 
the Melissochori/Svoula formation (sample Ph-1G; Fig. 2) 
of the W-CRZ, investigated in this study, has the mineral 
assemblage Ph + Chl + Ab + Ep + Qz + Ttn + Τi-Hem typi-
cal for the greenschist facies. High pressures are indicated 
by high-Si phengite (Si = 6.89 a.p.f.u.). For temperatures 
of 300–400 °C this corresponds to minimum pressures of 
0.8–0.9 Gpa (Massonne and Schreyer 1987). In the W-CRZ, 
40Ar-39Ar white mica ages of c. 124–125 Ma are interpreted 
by Kydonakis et al (2016) as approximating the age of the 
HP/LT metamorphism. This suggests that the intercalations 
in the eastern VOC are part of the same coherent subducted 
unit as the W-CRZ but represent a deeper segment.

East Vardar/Axios ophiolite: oceanic crust 
between the VOC complex and southern European 
margin

The East Vardar/Axios ophiolites (Peonias ophiolites in 
Greek area) consist of mid-ocean ridge basalt (MORB) and 
island arc tholeiite (IAT) as shown by their geochemical 
signatures (Mussallam and Jung 1986; Bébien et al. 1986, 
1987; Zachariadis 2007; Bonev et al. 2015b and references 
therein). U–Pb zircon ages at ~ 169–149 Ma indicate forma-
tion of the ophiolites in the middle to late Jurassic (Anders 
et al. 2005; Zachariadis 2007; Božović et al. 2013; Bonev 
et al. 2015b). Fossiliferous Tithonian conglomerates and 
Kimmeridgian to Berriasian–early Valanginian reefal lime-
stones cover the ophiolites (Mercier 1968; Kockel et al. 
1977; Bonev et al. 2015b; Ivanova et al. 2015), providing 
a minimum age limit of formation and emplacement of the 
ophiolites. They have been interpreted as formed in a short 
living oceanic basin along a dextral wrench zone in a back-
arc setting above the north dipping subduction beneath the 
PCMA (Bébien et al. 1986; Brown and Robertson 2003). 
Emplacement of the ophiolites is considered to be associated 

with multiple north dipping subduction zones within the 
middle-late Jurassic Paikon–Chortiatis arc/back-arc system 
(Zachariadis 2007; Božović et al. 2013), or to a south dip-
ping subduction (Jahn-Awe et al. 2010; Froitzheim et al. 
2014; Bonev et al. 2015b and references therein).

Location of E‑Vardar/Axios ocean

The E-Vardar (Peonias) ophiolites are associated with tec-
tonic slivers of continental crustal rocks (Pigi and Karatho-
doro area; Zachariadou and Dimitriadis 1994; Fig. 2). We 
interpret these slivers as continental crust originating from 
the VOC. Similar to the VOC, they typically show LP-HT 
metamorphism, migmatitic fabrics and deformation during 
decompression. The mineral assemblages of metapelites in 
the slivers (Grt + Bt + Sil + Crd + Kfs + Pl + Qz + Spl(Hc) + 
Ilm indicate P–T conditions of P < 0.4 GPa and T ~ 750 °C 
(Zachariadou and Dimitriadis 1994), which are similar to 
those in the metapelites of the central and eastern VOC 
(Dixon and Dimitriadis 1987; Mposkos et al. 2021). Also, 
the U–Pb SHRIMP ages of zircon cores of the slivers fall 
in the range of those of the VOC, e.g. zircon U–Pb ages of 
the migmatitic cordierite granite of the Karathodoros sliver 
are c. 284, 430, 460 and 520 Ma (Anders et al. 2005). In the 
present state, metapelites and migmatites analogous to the 
slivers of the Karathodoro and Pigi areas are not present in 
the western VOC adjacent to the E-Vardar/Axios ophiolites 
(Zachariadou and Dimitriadis 1994; Dixon and Dimitriadis 
1987; Mposkos et al. 2021). Hence, the original location of 
the E-Vardar/Axios oceanic basin must have been to the NE 
of VOC (see more details in Supplementary).

Plate tectonic reconstruction in the broad area

Succession of Alpine tectonic events

Based on the PT-data of the VOC (Mposkos et al. 2021) and 
the newly presented PT-data of the W-CRZ (this study; see 
also supplementary info), a new model for the late Juras-
sic–early Cretaceous geodynamic evolution of the eastern 
Hellenides is proposed (Fig. 10):

A. The LP-HT metamorphism in the tectonic slivers in 
E-Vardar ophiolite zone (Peonias zone) and the VOC is 
interpreted to reflect Triassic extension and rifting of the 
European continental margin, in agreement with previ-
ous interpretations (Zachariadou and Dimitriadis 1994; 
Mposkos et al. 2021) (Fig. 10a). Triassic extension is 
also indicated by the volcanic activity in the Early–
Middle Triassic Pirghoto formation of W-CRZ and the 
magmatic intrusions in VOC and in southern Sakar–
Strandja Massif (Himmerkus et al. 2009b; Asvesta and 
Dimitriadis 2010; Bonev et al. 2019a)(Fig. 10a). Rifting 
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started in the continental crust (Fig. 10a). The Carbon-
iferous-Permian (~ 330–290 Ma) prominent population 
of detrital zircon ages in meta-sandstones from the late 
Triassic-middle Jurassic Melissochori Formation in 
W-CRZ and the Carboniferous-Permian (~ 310–290 Ma) 
and Triassic (~ 240 Ma) detrital zircons from the pre-
Cretaceous Makri unit in E-CRZ (Meinhold and Kosto-

poulos 2013) suggest significant input of Carboniferous-
Permian igneous rocks in the sandstones of both units. 
Supply of detrital grains from orthogneisses of VOC 
can be excluded since the majority of the orthogneisses 
in VOC have Ordovician–Silurian protolith ages (Him-
merkus et al. 2009a; Peytcheva et al. 2015 and references 
therein). Orthogneisses from the Sakar-Strand Massif 

Fig. 10  Reconstruction of the Triassic-early Cretaceous plate tectonic evolution of the Eastern Hellenides. See text for explanation
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are the closest possible sources to supply detrital mate-
rial in Melissochori Formation and Makri unit, since 
Carboniferous–Permian and Triassic granitoids are pre-
sent in this Massif (Bonev et al. 2019b, c and references 
therein). In the E-Vardar/Axios area, rifting started in 
the continental crust (Fig. 10a).

B. In the middle-late Jurassic, the PCMA is interpreted to 
have formed as a result of NE-directed subduction of the 
W-Vardar/Axios Ocean (Almopias Ocean)– separating 
the Pelagonia continental margin from Europe—beneath 
the South European plate margin (Fig. 10b). Above the 
subduction zone, at the South-European plate margin, 
a magmatic arc formed (PCMA) and an oceanic basin 
(E-Vardar/Axios Ocean) separating the eastern-VOC 
from the South-European continental margin (Sredna 
Gora and Sakar–Strandja Massif). Ιn North Macedonia 
and Greece back-arc spreading was separated from the 
drifted continental fragment (VOC, Fig. 10b). In West 
Carpathian, arc and back-arc basin are developed in oce-
anic realm (Gallhofer et al. 2017; Boev et al. 2018).

C. In the late Jurassic in the W-Vardar/Axios Ocean the 
NE directed subduction continued. Following the intra-
oceanic subduction (Bortolotti et al. 2012; Schenker 
2013), detachment and obduction of the W-Vardar/Axios 
ophiolites on the Pelagonian zone occurred (Kilias et al. 
2010; Papanikolaou 2009; Schenker 2013; Brown and 
Robertson 2003). Further, in the E-Vardar/Axios area, 
extension switched to compression, thus causing sub-
duction and closing of the back-arc marginal basin and 
obduction of the E-Vardar (Peonias) ophiolites over the 
VOC and back thrusting over the Sakar–Strandja con-
tinental margin (Sunal et al. 2011) (Fig. 10c). At the 
same period, the arc magmatic activity has been shifted 
toward NE as indicated by the presence of Monopigadon 
and Fanos granites, and Sithonia rhyolite which intruded 
E-Vardar ophiolites at c.159, 158, and 149 Ma, respec-
tively (Anders et al. 2005; Meinhold et al. 2009; Bonev 
et al. 2015b) (Fig. 10b, c).

D. With continuing convergence, the Pelagonia continen-
tal margin entered the subduction zone and collided 
with PCMA triggering subduction of the latter and the 
W-CRZ (e.g. Chementa et al. 2001) (Fig. 10d). Subduc-
tion of Pelagonia is clearly associated with a metamor-
phic event recorded at 1.1 GPa/500 °C (Mposkos et al. 
2001; Mposkos and Krohe 2004; Schenker 2013). Addi-
tionally to that, the subduction of the PCMA, W-CRZ 
and VOC is associated with the late Jurassic–early Cre-
taceous HP/LT metamorphism in PCMA and W-CRZ, 
the MHP metamorphism in VOC and the eclogite facies 
metamorphism in tectonic intercalations of W-CRZ in 
eastern VOC (Baroz et al. 1987; Michard et al. 1994; 
Kydonakis et al. 2015; Mposkos et al. 2021; this work). 
In VOC, the relatively high geothermal gradient during 

the prograde path and peak conditions (~ 17.7 °C/km 
for pressure of 1.05 GPa and temperature of 690 °C; see 
Fig. 21 in Mposkos et al. 2021) is characteristic for sub-
duction into a warmer environment, e.g. beneath a young 
and, hence, warm oceanic plate (e.g. obducted E-Vardar/
Axios oceanic lithosphere). A NE-ward increase of met-
amorphic grade of the MHP and HP metamorphism in 
VOC and W-CRZ indicates NE-directed polarity of this 
subduction (Mposkos et al. 2021; Kydonakis et al. 2015; 
this work, Fig. 10d).

E. During early Cretaceous exhumation of the subducted 
Pelagonia continental margin, the PCMA, W-CRZ and 
VOC followed the slab roll‐back and slab detachment 
(Fig. 10e). In Pelagonia zone metamorphic zircon rim 
ages of c. 130–110 Ma and 40Ar/39Ar mica cooling 
ages of c. 116–100 Ma (Schenker 2013 and references 
therein) constrain various stages of decompression. In 
W-CRZ 40Ar/39Ar white mica cooling ages of c. 125–
119 constrain a stage of decompression. In VOC U-Th-
Pb monazite ages of c. 132 Ma and 40Ar/39Ar white mica 
cooling ages of c. 127–124 Ma in western VOC and 
104–95 Ma in eastern VOC, and 100–97 Ma in the tec-
tonic intercalations of W-CRZ in eastern VOC (Kydo-
nakis et al. 2016) constrain various stages of decompres-
sion and cooling.

In the overriding ophiolites, extension and subsidence 
started in latest Jurassic, while at the same time continen-
tal subduction continued. Tithonian conglomerates with 
ophiolitic detritus and Tithonian-early Cretaceous (Ber-
riasian–early Valanginian) shallow-water limestones cover 
the E-Vardar ophiolites (e. g. Mercier 1968; Kockel et al. 
1977; Ivanova et al. 2015) suggesting starting of extension 
and subsidence in this area. In the western margin of the 
W-Vardar ophiolite zone (Almopias zone) extension and 
subsidence are registered by late Jurassic–early Cretaceous 
neritic carbonate and terrigenous clastic deposits and inter-
mediate–silicic magmatism. New oceanic crust (Meglenitsa 
Ophiolite) formed in eastern Almopias zone during early 
Cretaceous (Sharp and Robertson 2006 and references 
therein).

In the present state, unmetamorphosed ophiolites (and 
associated sediments) of the E-Vardar/Axios zone immedi-
ately overlie the HP-metamorphic rocks of the W-CRZ and 
the PCMA along narrow tectonic contacts. Hence, tectonic 
movements postdating subduction must have emplaced these 
units against each other. Estimating from the metamorphic 
pressure of the HP metamorphism, at least 30 km thick sec-
tion of the crust has been cut out between the ophiolites 
and the underlying units. In our schematic (Fig. 10e), we 
consider the basal contact of the E-Vardar/Axios ophiolite 
zone as a large-scale system of extensional detachment faults 
extending from the Paikon area to the east RMD, formed in 
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the late Cretaceous and early Tertiary (Fig. 10e). Cenoma-
nian transgression indicates that the PCMA was lifted to 
the surface already at ~ 100 Ma in the Paikon area (Mercier 
1968).

Eastern continuation of the W‑CRZ and PCMA 
into the central and eastern RMD

The PCMA, the W-CRZ and the tectonic intercalations of 
W-CRZ in eastern VOC possibly continue farther to the 
east into the central and east RMD (Fig. 10d,e). There, this 
structural event is likely represented by Segments I and II 
(i.e. Kimi, and Sidironero complexes; Fig. 1). Both segments 
also consist of meta-pelites, meta-psammites and meta-car-
bonates as well as orthogneisses and amphibolites. They are 
possible equivalents of the volcano-sedimentary succession 
of the W-CRZ and the Jurassic PCMA complexes, respec-
tively. Like in the PCMA, orthogneisses and amphibolites 
of these segments also show middle to late Jurassic protolith 
ages (e.g. von Quadt et al. 2009; Turpaud and Reischman 
2010; Bosse et al. 2009; Liati et al. 2011; Froizheim et al. 
2014; Bonev et al. 2015a; Pleuger et al. 2020). This is an 
important difference to the VOC, which lacks orthogneisses 
and amphibolites with Jurassic protolith ages. In the RMD, 
these rocks were subducted to greater depths.

In segments I and II, the late Jurassic–early Cretaceous 
metamorphism indicates HP-HT conditions. Also, decom-
pression occurred at higher temperatures leading to partial 
melting, melt segregation, melt intrusion, and migmatization 
(Mposkos and Krohe 2000, 2006; Liati et al. 2011; Bauer 
et al. 2007; Georgieva et al. 2010; Bosse et al. 2009; Kirch-
enbaur et al. 2012; Wawrzenitz et al. 2015). Considering 
the comparable P–T paths observed in PCMA, W-CRZ, 
the intercalation of W-CRZ in eastern VOC, and Segment I 
and II of the central and eastern RMD, all attributed to late 
Jurassic–early Cretaceous HP metamorphism, we propose 
their amalgamation into a single terrane, the “Eohellenic 
HP-Belt”.

In this reconstruction (Fig. 10c–e), the PCMA, W-CRZ 
and Segments I and II of the RMD are part of the same NE 
plunging subducted plate. While the PCMA and W-CRZ 
have been subducted to shallower depths, segments I and II 
of the RMD represent the deeper parts of this plate. Juras-
sic NE subduction of Segments I and II is also proposed 
by Krenn et al. (2010) and Kydonakis et al. (2015). The 
NE-direction of subduction proposed in this study is consist-
ent with the tectonic reconstruction of Schmid et al. (2020) 
placing the W-CRZ underneath the VOC (Fig. 11 in Schmid 
et al. 2020).

It should be noted that HP- metamorphism in the struc-
turally lowermost segment III is unrelated to the late Juras-
sic–early Cretaceous subduction event described here. HP 
metamorphism of segment IIΙ occurred during the late 

Cretaceous-early Tertiary and is associated with subduc-
tion and closure of the Neo-Tethys and collision of Apulia 
with Europe (Dinter 1998; Miladinova et al. 2018; Jahn-
Ave et al. 2010, 2012; Froitzheim et al. 2014).

Conclusion

Considering literature data alongside our new petrologic 
work, we newly define the Eohellenic HP belt, consist-
ing of pre-Alpine basement (VOC), continental volcano-
sedimentary formations (W-CRZ) and a Jurassic magmatic 
arc (PCMA). We suggest that the Eohellenic HP-Belt was 
subducted in late Jurassic- early Cretaceous beneath the 
European plate margin consisting of the Sakar–Strandja 
Massif, the continental European margin sediments, oce-
anic sediments and ophiolites. Subduction occurred when 
the Pelagonia continental margin entered the subduction 
zone triggering (1) the subduction of the Eohellenic HP-
Belt and (2) obduction of the E-Vardar (Peonias) ophiolites 
over the Eohellenic HP-Belt along with back-thrusting 
over the southern margin of the Sakar–Strandja Massif.

The VOC has been accreted shortly before, beneath a 
hot oceanic lithosphere (as is indicated by its high geother-
mal gradient during the peak of the MHP metamorphism) 
of the middle-late Jurassic E-Vardar/Axios back-arc oce-
anic basin that separated the VOC from the southern Euro-
pean margin. The E-Vardar/Axios oceanic basin was, thus, 
originally situated to the NE of the VOC.

NE subduction of the Eohellenic HP-Belt is in agreement 
with a northeastward increase in the metamorphic grade of 
the late Jurassic–early Cretaceous HP metamorphism in 
PCMA, W-CRZ including the intercalations of the W-CRZ 
in eastern VOC and segment I and II in RMD. In this inter-
pretation segment I and II of the RMD, which similarly 
comprise pre-Alpine basement rocks (with protolith ages 
similar to VOC, Bonev et al. 2013 and references therein), 
meta-volcano-sedimentary sequences, Jurassic oceanic crust 
and rocks of the Jurassic magmatic arc, are the more deeply 
subducted parts of the Eohellenic HP-Belt farther to the 
northeast. In future, improved knowledge of the geodynamic 
evolution of the eastern Hellenides and additional computa-
tional models will help us to put geological constraints on a 
broad area of the Eastern Mediterranean.
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