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ABSTRACT

Geological mapping and detailed structural investigations combined with geochronological and stratigraphic data, as well as fission-
track age dating carried out on the northern part of the Pelagonian basement and the adjacent Vardar/Axios sedimentary and meta-
morphic sequences in the Hellenic Alps (northwestern Greece and Former Yugoslavian Republic of Macedonia) allow us to recons-
truct the geometry, kinematics and deformation history of the Pelagonian nappe pile during the Alpine orogeny. We distinguish seven
deformational events (D,, and D, to D,). Deformation started in Middle to Late Jurassic time and was associated with inneroceanic
thrusting, ophiolite obduction, and NW- to WNW-directed nappe stacking of the Lower and Upper Pelagonian unit (D,). The lower unit
was metamorphosed under greenschist to amphibolite facies conditions with relatively high pressures (T=450-620°C, P=8-12,5 kb).
Blueschist-facies metamorphic assemblages (D,,, T=450-500°C, P>12,5 kb) are restricted to the boundary zone between both Pela-
gonian units. Transgressive Late Jurassic to Early Cretaceous shallow-water limestones and clastic sediments on top of the obducted
ophiolites are probably related to extension and basin formation simultaneously with nappe stacking and metamorphism in the Pela-
gonian nappes beneath. Contractional tectonics with the same kinematics as during D, continued in Aptian-Albian time and was asso-
ciated with intense retrogression (D,, T=280-380°C, P=4-5 kb). Low-angle mylonitic extensional shear zones of low-grade metamor-
phism with top-to-NE sense of movement (D,) developed simultaneously with basin formation and sedimentation of shallow-water
limestones and flysch-like sediments in Late Cretaceous to Paleocene times. Intense imbrication under semi-ductile to brittle condi-
tions of all tectonic units occurred during Paleocene to Eocene time with SW-directed movement towards the foreland (D,). A large
Pelagonian antiformal structure formed during D, shortening. In Oligocene to recent time, Dy and D, created brittle low- and high-
angle normal faults, respectively.

Im noérdlichen Teil des Pelagonischen Kristallins und in den metamorphen und sedimentéren Gesteinsfolgen der angrenzenden
Vardar/Axios-Zone der Helleniden (NW-Griechenland und Friihere Jugoslawische Republik Mazedonien) wurde eine geologische
Kartierung und ausfihrliche strukturgeologische Untersuchungen durchgefiihrt. Verbunden mit geochronologischen und stratigra-
phischen Daten erlauben unsere Ergebnisse, die Geometrie, Kinematik und Deformationsgeschichte des pelagonischen Decken-
landes wahrend der alpidischen Gebirgsbildung zu rekonstruieren. Wir haben sieben Deformationsereignisse (D,, und D, bis D)
unterschieden. Die Deformationsgeschichte begann im Mittleren bis Spaten Jura mit intra-ozeanischer Uberschiebung, Ophiolith-
Obduktion und NW- bis WNW-gerichteter Deckenstapelung der Unteren und Oberen Pelagonischen Einheit (D,). Die untere Einheit
wurde unter den Bedingungen der Griinschiefer- bis Amphibolitfazies bei relativ hohem Druck metamorph tberpragt (T 450-620°C,
P 8-12,5 kb). Blauschieferfazielle Paragenesen sind in der tektonischen Kontaktzone zwischen den beiden pelagonischen Einheiten
erhalten (D,,: T 450-500°C, P >12,5 kb). Transgressiv auf obduzierten Ophiolithen abgelagerte oberjurassische bis unterkretazische
Flachwasserkalke und klastische Sedimente sind wahrscheinlich mit Extension und Beckenbildung im obersten Krustenstockwerk
und gleichzeitiger Deckenstapelung und Metamorphose in den unteren pelagonischen Decken verbunden. Im Aptium-Albium setzte
sich die Einengungstektonik mit derselben Kinematik wie wahrend D, fort und ging mit intensiver retrograder Metamorphose einher
(D,: T 280-380°C, P 4-5 kb). Flach einfallende mylonitische Abscherungszonen, die unter schwachen griinschieferfaziellen Metamor-
phosebedingungen NE-gerichteten Schersinn anzeigen (D,), entwickelten sich wahrend der Oberen Kreide und des Paleozans,
gleichzeitig mit Beckenbildung und Sedimentation von Flachwasserkalken und Flysch. Intensive Verkirzung und Imbrikation aller
tektonischen Einheiten (D,) fand unter semiduktilen bis spréden Bedingungen und nach SW (gegen das Vorland) gerichteter Haupt-
bewegung wahrend des Paleozans bis Eozéans statt. Eine groRe Antiform bildete sich im Pelagonikum wahrend dieser Einengungs-
phase. Vom Oligozan bis heute bildeten sich sprode, flach oder steil geneigte Abschiebungen (D; und D)

1. INTRODUCTION

The Hellenides constitute the southeastern part of the Alpine zoic and older metamorphic rocks as well as ophiolites, and
orogenic belt in Europe (Fig. 1). They are traditionally divided the External Hellenides mainly built up by Mesozoic and Ce-
into the Internal Hellenides characterized by Mesozoic, Paleo- nozoic carbonates and flysch. The External Hellenides form a



SW- to SSW-vergent thinskinned fold and thrust belt of Palaeo-
gene to Neogene age.

The Internal Hellenides are subdivided into several metamor-
phic zones, from E to W (Fig. 1; Brunn, 1956; Godfriaux, 1968;
Mercier, 1968; Jacobshagen et al., 1978; Jacobshagen, 1986;
Mountrakis, 1986; Kilias, 1991; Smith, 2006; Himmerkus et al.,
2006; Anders et al., 2007; Gawlick et al., 2008; Papanikolaou,
2009): Rhodope Massif = allochthonous terrane, Serbomace-
donian Massif = Europe/Asia, Circum-Rhodope belt = Euro-
pean Mesozoic continental margin sediments, Vardar/Axios
Zone = Vardar/Tethys oceanic sequence in between Eurasia
und Apulia, Pelagonian nappe system (Pelagonian Zone) = eas-
tern passive margin of Gondwana/Apulia or microcontinent in
between two oceanic realms. To the west of the Pelagonian
Zone the Mirdita/Pindos ophiolitic belt is located and to the
east of it the Vardar/Axios ophiolitic belt. A Paleocene to Eo-
cene internal high-pressure/low-temperature (HP/LT) meta-
morphic belt is developed along the tectonic contact between
External and Internal Hellenides (in Olympos-Ossa area; God-
friaux, 1968; Schermer et al., 1990; Kilias et al., 1991). A se-
cond, external, Oligocene to Miocene HP/LT metamorphic belt
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is contained in the External Hellenides (in Peloponnesus and
Crete; Seidel et al., 1982).

Alpine orogeny in the eastern Mediterranean area is the re-
sult of the convergence and final collision of the Apulian and
European plates associated with the closure of the Tethys/
Vardar Ocean (Fig. 1). Inneroceanic thrusting in the Tethys
Ocean started in late Early Jurassic as reported by Ar/Ar da-
ting of metamorphic soles (around 180-170 Ma Roddick et al.,
1979; Spray and Rodding, 1980; Dimo, 1997; Pamic, 2002;
Karamata, 2006) and ophiolite obduction over the Pelagonian
nappes around the Middle/Late Jurassic boundary (Bernoulli
and Laubscher, 1972; Mercier et al., 1975; Zimmerman and
Ross, 1976; Jacobshagen et al., 1978; Vergely, 1984; Robert-
son et al., 1996; Rassios and Moores, 2006; Karamata, 2006;
Gawlick et al., 2008; Schmid et al., 2008). The internal, struc-
turally higher nappes including parts of the Pelagonian nappe
system record the Middle to Late Jurassic stages of deforma-
tion. During Late Cretaceous and Tertiary time deformation
successively affected the tectonically lower and more external
nappes associated with the emplacement of the Pelagonian
nappes onto the external units (Fig. 1,2).
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FIGURE 1: Main structural domains of Dinarides and Hellenides with study area in the box (Fig. 2). Modified after Kilias et al. (2002). Insert: Alpine
orogenic belt and Tertiary extensional basins in the Mediterranean region. Modified after Platt et al. (1998).



Late Cretaceous to Tertiary nappe stacking and crustal thicke- units (Godfriaux, 1968; Burchfiel, 1980; Jacobshagen et al.,

ning were followed by orogenic collapse causing extensional 1978; Lister et al., 1984; Kilias and Mountrakis, 1987; Scher-
structures, crustal thinning, and exhumation of deeper tectonic mer et al., 1990; Sfeikos et al., 1991; Schermer, 1993; Lips et
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al., 1998; Kilias et al., 2002). While the Tertiary structural evo-
lution of the Hellenides has been studied in detail and is satis-
factorily understood (Schermer et al., 1990; Sfeikos et al., 1991;
Schermer, 1993; Dinter and Royden, 1993; Fassoulas et al.,
1994; Kilias et al., 1999; Xypolias et al., 2003), the geometry
and kinematics of the early stages of the Alpine orogenic cy-
cle in Jurassic and Cretaceous times still remains poorly stu-
died and contradictory. Tertiary deformation in some cases
has totally destroyed the older structures.

In order to decipher the deformational processes during the
early stages of the Alpine cycle and their migration until Terti-
ary time, our study focused on the structurally higher units, i.
e., the Pelagonian nappes and the Vardar/Axios Zone from
the Voras Mountains in northwestern Greece and the Former
Yugoslavian Republic of Macedonia (FYROM) (Fig. 1,2). From
this area no comprehensive structural study exists, especially
from those parts situated in FYROM.

Timing of deformation was constrained by radiometric results
mainly derived from Most (2003), stratigraphic data from Brown
and Robertson (2004) and Sharp and Robertson (2006), as
well as cross-cutting relationships of structures on all scales
from map to thin section. P-T metamorphic conditions were
estimated using metamorphic mineral assemblages and ther-
mobarometric calculations. Shear criteria such as S-C fabrics,
shear bands, asymmetric pressure shadows, mica fish, or
asymmetric boudins (Simpson and Schmid, 1983; Lister and

Pelagonian units SN

Snoke, 1984) have been used in order to study the kinematic
history of deformation.

2. GEOLOGICAL SETTING

The Pelagonian Zone forms an elongate, NNW-SSE trending
nappe pile of continental origin extending from FYROM to the
south through the central Greek mainland and Evvia into the
Cyclades (Attico-Cycladic Massif) (Fig. 1, 2). In Triassic to Ju-
rassic time the palaeogeographic position of Pelagonian Zone
is discussed controversially. One group of authors (Mountrakis,
1986; Robertson et al., 1996; Robertson and Shallo, 2000;
Stampfli and Borel, 2002; Brown and Robertson, 2004; Sharp
and Robertson, 2006; Rassios and Moores, 2006; Karamata,
2006) reconstructs Pelagonian as a continental block that was
bordered by two Tethyan oceanic realms. The Mirdita/Pindos
Ocean at its western margin and the Vardar/Axios Ocean at
its eastern margin. In contrast another group of authors (Mer-
cier et al., 1975; Burchfiel, 1980; Hoxha, 2001; Bortolootti et
al., 2005; Gawlick et al. 2008; Schmid et al., 2008) favours a
single oceanic basin to the east, the Tethys (Vardar/Axios)
Ocean (Fig. 1, 2). In this concept the Pelagonian units formed
the eastern passive continental margin of Gondwana/Apulia
facing the Neotethys Ocean. There is also an ongoing discus-
sion about the displacement direction of the obducted ophioli-
tes during Middle to Late Jurassic time onto the Pelagonian
continent (in present-day coordinates of continental Greece):
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FIGURE 3: Tectonostratigraphy (not to scale) of the imbricated Vardar/Axios units and Pelagonian nappes showing the sequence of deformation
(D, to D,) as based on this study and Brown and Robertson (2004).
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TABLE 1: Main structural and geochronological data from previous works.about the Alpine tecto-
nometamorphic events affected the Pelagonian nappe system Black lines, high pressure event; grey
lines, greenschist or amphibolite facies event. Arrows indicate sense of movement. a: Koroneos et al.
(1993), b: Most (2003), Borsi et al. (1966), ¢ :Barton (1976), Yarwood and Dixon (1977), d: Schermer

et al., 2000; Avgerinas et al., 2001;
De Bono et al., 2001; Anders et al.,
2006; Katerinopoulos, 2008; Scher-
reiks et al., 2009): Triassic-Jurassic
recrystallized carbonate sediments
and marbles (with the obducted Te-
thyan ophiolites on top; Vergely, 1984;
Mountrakis, 1986; Sharp and Ro-
bertson, 2006; Gawlick et al., 2008;
Schmid et al., 2008; Rassios and
Dileck, 2009), a Permo-Triassic low-
grade metamorphic volcano-sedimen-
tary unit, and a Paleozoic and older
polymetamorphosed crystalline base-
ment consisting of gneisses, schists,
and Late Paleozoic granitic intrusions

et al. (1990), e, f: Lips et al. (1998).

E- to NE-ward direction (e.g. Robertson and Shallo, 2000; Ras-
sios and Dilek, 2009) or W- to SW-ward direction (e.g. Jacobs-
hagen et al., 1978; Vergely, 1984; Hoxha, 2001; Gawlick et al.,
2008; Schmid et al., 2008 or both e.g. Mountrakis, 1986; Sharp
and Robertson 2006).

The structural sequence of the Pelagonian Zone in northern
Greece comprises, from top to bottom (Brunn, 1956; Mercier,
1968; Nance, 1981; Mountrakis, 1986; Kilias and Mountrakis,
1987; Koroneos et al., 1993; Vavassis et al., 2000; Kotopouli

(Yarwood and Aftalion, 1976; Moun-

trakis, 1986; Koroneos et al., 1993;

Vavassis et al., 2000; Avgerinas et al.,

2001). Table | summarises the data of previous structural and

geochronological studies about the Alpine tectono-metamorphic

events affected the Pelagonian basement. An amphibolite fa-

cies metamorphic event during pre-Alpine time (of Variscan

age?) is referred to by several authors (e.g. Mountrakis, 1986;

Mposkos et al., 2001) but whithout any exact geochronolo-
gical analysis.

A different tectono-stratigraphic subdivision is given for the

Pelagonian Zone in FYROM, where the Korabi — West Pela-
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FIGURE 4: Geological and structural map of the Varnous and Vernon Mountains in northwestern
Greece. The lowermost units of the KoWPZ and its Permo-Triassic/Jurassic cover with the obducted
ophiolites are illustrated. Modified after Mountrakis (1986) and Kilias (1991). Legend as in Fig. 3.

gonian Zone (KoWPZ) is distingui-
shed from the East Pelagonian Zone
(EPZ) (Medwenitsch, 1956; Arsovs-
ki et al., 1977; Dumurdzanov et al.
2005). The KoWPZ consists of low-
grade metamorphosed Ordovician
to Late Paleozoic sedimentary and
igneous rocks overlain by Triassic-
Jurassic carbonates. Schists and
gneisses form the lower parts of the
KoWPZ (Fig. 3, 4; Arsovski et al.,
1977; Mountrakis, 1986; Kilias and
Mountrakis, 1987; Anders et al., 2006,
2007). The EPZ forms a NNW-SSE
trending anticlinorium with gneisses
and schists derived from Precambri-
an protoliths and intruded by Late
Paleozoic granitoids in its core (Fig.
2; Avgerinas et al., 2001; Anders et
al., 2007). A thick section of dolomi-
tic marbles overlies and frames this
core and in turn is overlain by the
KoWPZ (Fig. 2). The age of the mar-
ble sequence was believed to be
Riphean to Cambrian by Arsovski et
al. (1977) and Arsovski and Dumurd-
zanov (1984). However, these mar-



bles have been dated as Triassic to Early Jurassic in northern-
most Greece with Griphoporella curvata and Megalodonts (Mer-
cier, 1968; Mountrakis, 1986; Sharp and Robertson, 2006), and
as Triassic in FYROM based on St/ *°Sr ratio measurements
(Most 2003).

The eastern side of the Pelagonian Zone is truncated by the
Vardar/Axios Zone, which is particularly well exposed in the
Voras Mountains where the tectono-stratigraphic sequence
can be studied best (Fig. 2,3, 5; Mountrakis, 1986; Migiros
and Galeos, 1990; Galeos et al., 1994; Brown and Robertson,
2004; Sharp and Robertson, 2006; Papanikolaou 2009). It con-
tains narrow belts of schists, gneisses, granitoids, Paleozoic
and Mesozoic metasedimentary rocks, Tethyan ophiolites and
Middle to Late Jurassic radiolaritic-ophiolitic mélanges. The
succession on the top of the obducted ophiolites consists of
Late Jurassic to Early Cretaceous clastic sediments and shal-
low-water limestones and flysch. Transgressive Late Cretace-
ous neritic limestones unconformably overlie all Vardar/Axios
sequences and the Pelagonian marbles. They pass into Maast-
richtian to Paleocene flysch. The complicated composition and

Neogene-Quartenary
sediments

Volcanic rocks
B ]

(Miozene)

structures of the Vardar/Axios units are given in detail in Fig.
3 and 5.

In this paper we regard the East Pelagonian Zone as an ex-
humed Pelagonian dome (Lower Pelagonian unit) beneath
the overthrust Korabi — West Pelagonian zone (Upper Pela-
gonian unit) and the Vardar/Axios units (Fig. 2, 3). The gneis-
ses, granitoids, schists, Paleozoic metamorphic rocks and
Triassic-Jurassic carbonates from KoWPZ and Vardar/ Axios
Zone occur on both sides of the dome and form equivalent
structural sequences of the same tectonic nappe.

3. RESuULTS

3.1 DEFORMATION STRUCTURES AND KINEMATICS

The deformation history of the study area is complicated,
because successive events interacted making their distinction
difficult in several cases. They document the change from duc-
tile conditions in the early stages of deformation to semi-ductile
and eventually brittle conditions in the late stages. Shortening
and extension alternated.

FIGURE 5: Geological and structural map of the Voras Mountains in northwestern Greece based on this study and previous work by Mountrakis
(1986), Kilias (1991), Galeos et al. (1994), Avgerinas et al. (2001). The EPZ metamorphic rocks and the adjacent Vardar/Axios units are illustrated.
Schmidt diagrams (lower hemisphere) illustrate the orientation of the main foliation planes (S) and the associated stretching lineations (L) in each

tectonic unit. Legend as in Fig. 3 and 4.



The geometry and kinematics of deformation, cross cutting
relationships, and the syn-kinematic growth of metamorphic
mineral assemblages related to a given structure in combina-
tion with regional considerations record the progressive acti-
vity of seven (D,, and D, to D) tectonic events from Middle
Jurassic to Neogene time (Fig. 3). They are related to plate
convergence and the closure of the Tethyan Ocean, as well
as to extensional events like orogenic collapse.

Where possible, fault-slip data were taken in order to calcu-
late the paleostress tensor following the direct stress inver-
sion method (Angelier and Mechler, 1977; Angelier and Go-
guel, 1979). The solution is considered satisfactory if more
than 80 % of the fault-slip data from a site show a misfit angle
between the theoretical and real slip vector of less than 30°.
The programs My fault, version 1,03 (Pangea scientific, 2005),
and Stereo Net (Duyster, 2000) have been used for graphical
presentation of the tectonic data.

3.1.1 D,
High pressure structures (D,,,) are preserved at the boundary

- EVENT
between EPZ and KoWPZ and can be traced on top of the
marble cover of the EPZ so that it surrounds the East Pelago-
nian antictinorium following the tectonic boundary between
EPZ and the overlying KoWPZ and Vardar/Axios units, respec-
tively (Fig. 2,3). They are characterized by the occurrence of a
relict S,, foliation associated with an about WNW-ESE tren-
ding stretching lineation (L,;). L, is defined mainly by blue
amphibole, white mica and chlorite. Majer and Mason (1983)
report also sodic pyroxene related to the high pressure event.

3.1.2 D, EVENT

The D, event records penetrative ductile structures. They
are well preserved in the EPZ and along its top tectonic con-
tact. In the KoWPZ and the Vardar/Axios basement no geo-
chronological or stratigraphic data are available to document
this event. D, created a penetrative syn-metamorphic foliation
(S,) with a general NNW-SSE trend. It dips towards the WSW
in the western limb of the EPZ culmination and towards the
ENE in the eastern limb (Fig. 5, 6a).

F, folds with S, as axial plane foliation are scarce. Only small-
scale isoclinal folds were observed (Fig. 7a), sometimes also
sheath or intrafolial folds with their axis subparallel to L,. The
L, stretching lineation is well developed. Its trend appears not
to be constant but mainly NW-SE to WNW-ESE. (Fig. 6a, 8a).
Deviations form the main trend is of local importance and are
frequently recognized near younger fault zones. A more de-
tailed structural mapping of these faults was outside of our
goal in this paper. Chloritoid, white mica, chlorite, K-feldspar
and/or plagioclase, garnet, quartz (forming ribbons), staurolite,
kyanite, and tschermakitic hornblende are the most common
minerals defining S,/L,. Static recrystallisation of quartz crea-
ted polygonal fabrics and indicate post-kinematic annealing.

The main direction of movement was top-to-WNW or —NW,
although divergences from this direction are found in some
cases, e.g. towards SE (Fig. 6a, 7b, 8a). NW-directed move-

ment is well documented by S-C fabrics in Paleozoic schists
of the Vardar/Axios Zone near Trojaci on the eastern flank of
the EPZ (Fig. 7c, d). NE-directed movements on the eastern
flank of the EPZ were described by Most et al. (2001), but the
age of these structures remained unclear. We concider these
structures as belonging to the D, event (see below).

3.1.3 D, EVENT

The S, foliation became affected by asymmetric, overturned
to recumbent, narrow to isoclinal folds during the D, event
(Fig. 7a, @’). The up to kilometre-scale F, folds are associated
with small-scale S- and Z- type folds. Fold axes are mainly
subhorizontal or gently NW- or SE-plunging, although they
deviate from this trend in some places.

A pervasive S, foliation is axial plane with respect to the F,
folds and forms the dominant structure of the D, event (Fig.
7e, f). It is developed as crenulation cleavage in the hinge
zones of the F, folds where the otherwise hardly discernible
S,/S, relatioship becomes clear. Due to transposition of S,
the S, and S, planes are commonly oriented parallel or sub-
parallel to each other. Again, the S, foliation dips to the SW
and NE at the western and eastern limbs of the EPZ, respec-
tively. This geometry of both the S, and S, fabrics defines the
dome structure of the EPZ (Fig. 6a, 8b).

S, is associated with an L, stretching lineation which is mainly
defined by the preferred orientation of quartz, plagioclase
(albite/oligoclase), sericite, chlorite, and actinolite. The mine-
rals defining the S, foliation differ from the S, minerals and
thus indicate lower (greenschist-facies) temperatures of for-
mation: white mica is clearly finer grained (sericite), garnet
becomes chloritised and the amphibole is an actinolite or acti-
nolitic hornblende. In general, L, gently plunges towards the
NW or SE, although other trends are also oberserved espec-
ially in the tectonically higher levels of the Vardar/Axios Zone
(e. g., Peternik and Livadia units) as well as in the KoWPZ
(Fig. 8b). Shear sense indicators display a dominant top-to-
NW or -WNW transport direction (Fig. 7 f,g,h). In some cases
an opposite (conjugate), top-to-SE sense of movement is
observed. Top-to-SW tectonic transport is mainly recognized
in the Peternik and Livadia units of the Vardar/Axios Zone
(Fig. 6a, 8b).

3.1.4 D, EVENT

D, structures are characterized by discrete mylonitic shear
zones with dynamic recrystalisation of quartz (Fig. 7 i, j). The
S3 mylonitic foliation in general dips to the NE and the asso-
ciated, well developed L, stretching lineation plunges down-
dip (Fig. 6b, 8c). Shear sense indicators such as S-C fabrics,
mica fish, asymmetric boudins, and pressure shadows around
white mica or feldspar porphyroclasts show a constant down-
dip (normal) sense of shear (Fig. 7 i,j). Opposite to SW-dip-
ping D, mylonitic shear zones with again normal (top-to-SW)
sense of shear are observed in few cases. In contrast to the
D, and D, structures, the D, structures show constant geome-
try and kinematics.



The D, mylonitic shear zones are very well developed in the
Paleozoic sequences of the Vardar/Axios Zone and the KoWPZ
and overprint the penetrative D, structures.
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3.1.5 D, EVENT
D, is manifested by open to tight NW-SE trending kink folds,
as well as discrete semi-ductile to brittle shear zones indica-
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FIGURE 6: Geological and structural maps of the Pelagonian nappes and the Vardar/Axios Zone in northwestern Greece (Varnous, Vernon and
Voras Mountains) with the structural elements and the kinematics of the D,, D, (a) and D, (b) events. Each symbol represents the mean of 5 to 15 field
measurements. Black lines describe the main tectonic contacts during D,, D, (a) and D, (b) events, grey lines the main tectonic contacts of the next or
previous stages of deformation. Schmidt diagrams (lower hemisphere) show the orientation of the L,, L, (a) and L, (b) stretching lineations; contours:
2,5%-5%-7% per 1% area, n=number of measurements.
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FIGURE '7: Meso- and microscale features of deformation. (a & a’)
Main S, foliation related to F, isoclinal folds. Asymmetric F, folds over-
print F, folds. Garnet micaschist (Lower Pelagonian unit). (b) S, folia-
tion. Shear bands and feldspar o-clasts indicate top-to-SE sense of
shear. XZ section, arrows indicate sense of shear. White mica augen-
gneiss (Lower Pelagonian unit). (c, d) S-C fabrics in white mica gneiss
from tectonic contact between EPZ and Paleozoic schists of Vardar/
Axios Zone. XZ section. Sense of shear top-to-NW. (e) S,/S, relation-
ship. S, is defined by white mica and chloritoid. Chloritoid rotates into
S,. YZ section. Garnet-chloritoid micaschist (Lower Pelagonian unit).
(f) Shear bands indikating top-to-NW sense of shear during D,. Chlo-
ritization in pressure shadows of D, garnet o-clasts took place also
during D,. XZ section. Garnet micaschist (Lower Pelagonian unit). (g)
Recrystallization of sericite in S2 planes around white mica porphyro-
clast. Asymmetry of mica fish indicates top-to-NW sense of shear. XZ
section. Garnet-bearing gneiss of Peternik unit. (h) Garnet with cha-
racteristic zonation and internal fabric (Si) rotated during D,. Chlorite
aggregates (after garnet) and sericite in asymmetric pressure shadows
and along dominating S, foliation planes. Garnet o-clasts and S-C fa-
bric indicate top-to-NW sense of shear. XZ section. Garnet micaschist
(Lower Pelagonian unit). (i, j) Augengneisses of the Livadia and Peter-
nik units. Feldspar o-clasts, S-C fabrics, and shear bands indicate top-
to-NE sense of shear (D, event). XZ section. Microscopic pictures: c,
e, f, h with one nicol, d, g, j with crossed nicols.

ting constant top-to-SW thrusting (Fig. 8d, 9a). F, folds are
generally SW-vergent, in few cases NE-vergence is observed
due to backthrusting during the D, event. They fold the D,
shear zones. Locally the folds are associated with a weakly
developed crenulation cleavage without significant recrystal-
lization of quartz. The F, fold axes did not experience rotation
parallel to the transport direction but are still oriented perpen-
dicular to the direction of thrusting as it is typical of a brittle
environment of deformation. A penetrative cleavage is also
missing. D, occurred at lower temperatures and thus in a more
shallow crustal level than the previous events.

D, structures are mainly exposed in the Vardar/Axios Zone
but also occur in the KoWPZ and the EPZ. Paleostress ana-
lyses from D, fault populations indicate subvertical 63 and
subhorizontal, NE-SW trending o1 axes (Fig. 9a, 10a).

3.1.6 D, EVENT

Brittle low angle shear zones with normal displacement are
formed during the D, event. They cut all previous structures
and juxtapose rocks of higher structural levels against rocks
of lower tectonic units. Near Agios Athanasios in the Greek
part of the study area the Triassic-Jurassic marbles of the EPZ
are directly overlying a Late Paleozoic granite along such a
shear zone, cutting out a thick metamorphic sequence of
gneisses and schists (Fig. 5, 9b). The northwestern contact
between EPZ and KoWPZ in FYROM has been reworked by
such D; shear zone juxtaposing the low grade metamorphic
Paleozoic sequences of the KoWPZ against the marbles of
the EPZ cutting out the KoWPZ gneisses and schists (Fig. 2,
11A-A"). Omission of several lithologic units is frequently ob-
served along the entire contact between the EPZ marbles and
the underlying units (Fig. 5). However, the complete Permo-
Triassic sequence with meta-rhyolitic intercalations is also pre-
served in some places (Fig. 3, 5).

D, shear zones are best recognized in granites and ortho-
gneisses of the Pelagonian nappes as well as in the Vardar/
Axios Zone. They are characterized by ultracataclastic rocks.
The narrow and discrete shear zones mostly dip towards the
SW. Sense of shear is generally downdip. In some cases a
strike-slip sense of displacement is observed (Fig. 9b). Fault
plane analyses yielded subvertical 01 and subhorizontal, SW-
NE trending 03 axes (Fig.9b, 10b).

3.1.7 D, EVENT

D, structures overprint all older structures and represent the
final deformational stage of the orogen. They are high-angle
dip-slip to oblique-slip normal as well as strike-slip faults rela-
ted to the Neogene-Quaternary basin formation in the study
area (Fig. 2, 4, 5, 9b).

Many of the D, faults produce significant tectonostratigraphic
gaps juxtaposing higher tectonic units against lower ones. As
an example, the E-W to ESE-WNW trending high-angle nor-

Sample 8 6 22 (Most, 2003)

Minerals qr chl [ chid wm r chl wm rut qr chid wm bi gr | wm
. R c C]R[RJC c R
Si0; 38.07 1 30.93[26.36 | 25.63 |49.15, 47.92|38.43:38.18 | 2560 | 24.22| 52.37. 4863| 000 3882[ 2433[ 4924 30.35(37.74 49.64
TiO: 000 000] 0.00] 0.00] 0.00: 0.00] 0.00: 000] 000] 000] 000: 058 99.32 0.00[ 0.00 000] 078 0.00] 0.36
A0y 2120 2002 21.2] 39.79[30.13 32.99(20.30:20.34 | 20.84 | 40.09| 2029 33.72 0] 1956[ 4063| 3355 17.99]21.47] 33.64
Cr:0s 000 000] 0.00] 0.00] 0007 000 0007 000] 000] 000] 000! 0.00] 0.0 0.00[ 0.00 000] 0.00] 0.00] 0.00
FeO 3080 29.71[2498 2140 3.067 2.60[3219731.07| 2736 24.03| 2.09. 150 1.02 33.80[ 23.22 153 1470[30.34] 140
MhO 280 3.00] 0.00] 0.00] 0007 0.00] 2517 349] 0.00] 000 000! 000] 0.0 529 0.00 000] 002 273] 0.00
MgO 3421 286[14.87 377] 206: 1.38] 215: 1.20] 13.03| 260 200: 1.12] 0.0 172 273 110 1369] 4.33] 219
Ca0 414, 516] 0.00] 0.00] 0.00; 0.00] 383} 535] 000] 000 000; 000] 0.00 1.03] 0.00 000] 0.00] 3.28] 0.2
Na:0 000 000] 000 000 0767 0.93] 000! 0.00] 000] 000] 069! 135] 0.00 0.00[ 0.00 142]  0.29] 000 146
K0 000 000] 0.00] 0.00] 9807 959 0.007 0.00] 000] 000] 10377 940 0.00 0.00[ 0.00 010] 846] 0.00] 8.94
Total 100.43 1 100.75 | 87.42 [ 90.80 | 94.96 ' 95.41|99.41:00.73 | 86.82[ 90.93| 96.76' 96.31| 10034 100.22[ 90.91| 9563 05.6299.89 | 07.66
Si ! 3.293 ' 3.187 : 3420 3.184 3.232 3.20
Alm 0.682 | 0.651 : 0.735 . 0.704 : 0.764
Sps 0.063 0.072 ' 0.060 1 0.082 : 0.130
Pyr 0.136 ' 0.121 i 0.090 + 0.054 . 0.074
Grs 0.1 0.077 ! 0.084 1 0.130 ! 0.048
Anr 0.008 | 0.079 : 0.032 ; 0.030 ] 0.080
Uvr 0.000 0.000 : 0.000 © 0.000 : 0.000
Mg/(Mg+Fe) | 0.1651 0.146 i 0.107 1 0.069 i 0.088

TABLE 2: Representative electron microprobe analyses of syn-D, mineral phases. C, core; R, rim. Samples 8, 3, 6: garnet-white mica-chloritoid

schists; 22: garnet-staurolite-kyanite-micaschist. Lower Pelagonian unit.



mal faults along the southern edge of the EPZ schists and
gneisses separate their marble cover from the overlying Late
Cretaceous to Paleocene limestones and flysch (Fig. 5, 9b).
Some of the D, faults show recent activity, often associated
with impressive fault escarpments as, e. g., the ca. ENE-WSW

trending fault along the northern margin of the Almopias basin
(Fig. 9b; Pavlides et al., 1990).
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to Early Cretaceous

3.2 RELATIONSHIPS BETWEEN DEFORMATION
AND METAMORFPHISM

For the main ductile deformational events (D,,, D, and D,)
the P-T metamorphic conditions were calculated from mineral
assemblages with syn-kinematic growth with respect to these
tectonometamorphic events. Syn-kinematic growth of minerals
is indicated by their alignment parallel to the foliation planes
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and the stretching lineation, by sigmoidal internal foliation in

rotated plagioclase or garnet and its continuity with the matrix

foliation, as well as by the dynamic recrystallisation of quartz

along the foliation planes. Syn-kinematic growth of garnet is

indicated when the external foliation is deflected around the

porphyroblasts, whereas in other ca-
ses it is overgrown and preserved
within the garnet porphyroblasts.
Metamorphic conditions were cal-
culated with the Tweeq method (Ber-
mann, 1991), the garnet-biotite (Ferry
and Spear, 1978), the garnet-musco-
vite (Hynes and Forest, 1988; Wu et
al. 2002), the garnet-chlorite (Gram-
bing, 1990), the muscovite-parago-
nite (Blencoe et al., 1994), the chlo-
ritoid-chlorite (Vidal et al., 1999), and
the chlorite (Zang and Fyfe, 1995;
Xie et al. 1997) geothermometers,
and the phengite component geoba-

3.2.1 HP EVENT
The occurrence of phengite, glaucophane, barroisitic horn-

blende, and rutile in the amphibolites, gneisses, and schists

along the western, northern, and eastern tectonic boundary of
the EPZ testifies to the existence of a HP event (Fig. 2, 11).

nf'igﬂlg',e 305 8 85
Oxide wm amph pl gr wm gr wm il
SiO; 51.54 | 46.82 | 68.43 38.01 48.04 | 39.68 | 49.03 0.00
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 45.98
Al,O4 28.86 | 13.17 | 20.93 20.79 | 32.51 21.58 | 32.93 0.00
Cr;04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeOQ 2.90 14.90 0.00 30.82 2.67 32.43 2.97 51.60
MnO 0.00 0.00 0.00 3.24 0.00 0.00 0.00 2.63
MgO 2.11 10.37 0.00 2.30 1.46 3.61 0.00 0.00
Ca0 0.00 9.02 0.00 5.34 0.00 3.28 0.00 0.00
Na,O 0.94 2.95 10.85 0.00 1.22 0.00 1.42 0.00
K.0 9.71 0.00 0.00 0.00 9.51 0.00 9.03 0.00
Total 96.05 | 97.22 | 100.21 | 100.50 | 95.41 | 100.58 | 95.39 | 100.21

TABLE 3: Representative chemical input data for thermobarometric calculation using the Tweeq
method. Sample 305: amphibole schist; 8, 85: garnet- white mica-chloritoid schists. Wm white mica,
amph amphibole, gr garnet, bi biotite, ilm ilmenite, pl plagioclase.

Samples 85 305 8 3 16 Ka20 Ka23 Ka2s
grt-chld-wm schist amph schist grt-chld-wm schist grt-chld-wm grt-chld-wm grt-chid-wm | grt-chid-wm grt-chld-wm
Method schist schist schist schist schist
Tweeq P=12,76+0,04 kbr P =9,63+0,06 kbr | P=11,60+0,04 kbr P=12+0,03 kbr
T=540,61°+0,06°C T=457,69°+0,12°C | T=503,87°+0,11°C T=480,39°0,07°C
D1 D1 D1 D1
Gamet-Muscovite T=476°-580°C T=510°-543°C T=552°-580°C T=538°-570°C |T=520°-585°C | T=516°-540°C
Wu et al 2002 D1 D1 D1 D1 D1 D1
Chlorite T=261=-380°C T=242°-340°C T=290P-380°C
Cathelineau 1991 D2 D2 D2
Zang & Fyfe 1995
Xie et al. 1997
Gamet-Chiorite T=4700-530° T=464°-530°C T=513-520°C | T=507°-574°C | T=506°-580°C
Grambing 1990 ) D1 | D1 [0}
Fe*
Muscovite-Paragonite T=498°-540°C | T=465°-504°C
Blencoe et al. 1994 D1 ]|
Chloritoid-Chlorite T=446°-503°C T=517°-585°C T=560°-580°C | T=550°580°C
Vidal et al. 1999 D1 D1 D1 D1
TABLE 4: Overview on P-T estimates of samples of the upper tectonostratigraphic levels of the Lower Pelagonian unit.
rometer (Massonne and Schreyer, Samples 15, 24 55 10
1987). Amphibole and biotite com- grt-bi-mu grt-st-bi-mu grt-st-bi-mu grt-st-ky
ositions were also used to estimate Mathad L Behie Echist sl
P Tweeq P=8+0,16 kb P = 12,5+0,08 kb
the P-T conditions (Laird et al., 1984; T=530,40°+0,01°C |T=585,20°+0,15°C
Schreurs 1985) D1 D1
chreurs : Garnet-Biotite T = 590-620°C T=586-630°C T=520-630°C | T=584-618°C
Mineral chemical analyses were Ferry and Spear (1978) | D1 D1 D1 D1
carried out using a JEOV 8900 Su- il
9 Martignole (1985)
perprobe electron microprobe in the Garnet-Muscovite T=580-610°C T=580-630°C T=590-610°C |T=597-630°C
. . . Wu et al. (2002) D1 D1 D1 D1
Institute of Geosciences of the Uni-

versity of Tibingen. Mineral chemis-
try of representative phases is given
in Table Il. Some representative ther-

TABLE 5: Overview on P-T estimates of samples of the lower tectonostratigraphic levels of the
Lower Pelagonian unit.

modynamic input data for the Tweeq method are presented in

Table Ill. Figure 12 illustrates representative examples of ther-

mobarometric results obtained from the Tweeq program. Tab-

les IV and V show representative results of the P-T estimates.

Sodic pyroxene has been found in the boundary zone be-
tween EPZ and Vardar/Axios Zone (Majer and Mason, 1983).
Phengitic white mica with maximum 3.5 Si atoms per formula

unit (apfu) from a glaucophane schist tectonically above the



EPZ marble cover near Skopje (Fig. 2, 11, 13a) indicates a
minimum pressure of 12.5 kb for the D,, (blueschist facies)
event (phengite barometer after Massonne and Schreyer,
1987), assuming a temperature of 450-500° C (Most, 2003).

3.2.2 D, EVENT
The critical syn-D, mineral assemblages of the EPZ domal

A% Sense of movement during D4 ® ol

. 02
S D4 thrust faults

\ F4 fold axes

structure used for the thermobarometric investigations are as
follows. The metapelites are characterized by garnet, white
mica, biotite, chlorite, chloritoid, quartz, plagioclase, ilmenite,
sphene, kyanite, and epidote. Staurolite appears in the lower
structural levels only. Chloritoid and rutile (as a relict HP mi-
neral) are often included in garnet porphyroblasts showing in
some cases a well-developed internal foliation. Rutile is often

Upper and Lower Pelagonian
nits and Vardar/Axios Zone

=% Sense of shear during D5

o ol
. 02
{ Strike and dip of D5 shear zones . 03
12
km - D6 high angle normal and strike-slip faults

FIGURE 9: Structural elements and kinematics for the D, (a) and D, (b) events and major high angle normal/oblique faults of the D, event (b). L,
and L, striations are shown in Schmidt diagrams (lower hemisphere); contours:2,5%-5%-7% per 1% area, n=number of measurements. Paleostress
data from fault plane analysis are also shown. For explanation, see Fig. 6.



replaced by ilmenite. From the rutile inclusions in D, garnet it
can be concluded that the high-pressure event started earlier
than, or was outlasted by, the D, event. The amphibolites con-
tain green amphibole, garnet, white mica, epidote, plagioclase,
and biotite.

In the upper tectonostratigraphic levels of the EPZ the calcu-
lated temperatures range from 450° to 580° C for a pressure
of 10 kb. In the lower levels the tem-
peratures vary between 520° and
620° C for the same pressure. The
pressures calculated with the Tweeq
method range between 8 and 12.5 kb.
The Si content of the syn-D, white
mica varies between 3.2 and 3.4 apfu
in average. This indicates minimum
pressures from about 6 to 12 kb for
the estimated temperatures (Fig. 13a).
The decreasing Si content of 0,1 to
0,2 apfu from core to rim in syn-D,
white mica is ascribed to decrea-
sing pressure during mineral growth
(Table 11).

The changing composition from
core to rim of garnet porphyroblasts
reflects a change in temperatures
during their evolution (Spear et al.,
1990). Increasing X,,, and Mg/(Mg+
Fe) ratio as well as decreasing X,
suggest prograde temperature con-
ditions (Table II). Horizontal profiles
in some cases indicate either ther-
mal equilibration or growth of these
garnets under constant temperature
(Fig. 13b,c).

Amphibole compositions plot close

Slip Direction Misfit D4

3.2.4 YOUNGER EVENTS

The low-grade metamorphic mylonites to ultramylonites be-
longing to the D, event are characterized by the dynamic re-
crystallization of quartz (Fig. 7j), quartz ribbons, and a strong
lattice preferred orientation of quartz. Feldspar clasts may be
broken and show subgrain formation. They are embedded in
a dynamically recrystallized quartz and sericite matrix. A well
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FIGuRE 1 0O: Orientation of faults and striae and deduced paleostress field orientation during D,

(a, left) and D, (b, right). Fluctuation histograms of deviation angles (angle between the calculated slip

to the oligoclase isograd in the dia-
gram of Laird et al. (1984) (Fig. 13d).
Ti (0.03-0.06 apfu) and Al" (0.4-0.6)
contents in biotite of the lower structural levels point to low to
medium amphibolite facies conditions (T=520° to 600°C) (Table
Il, Schreurs, 1985).

3.2.3 D, EVENT

The syn-D, greenschist to amphibolite facies mineral assem-
blages suffered retrograde, lower greenschist facies overprint
during the D, event, especially well developed in the higher
levels of the EPZ. Sericite, actinolite, chlorite, ilmenite, sphene,
epidote, and quartz form the critical syn-D, mineral parage-
nesis. Replacement of D, minerals is observed: of biotite and
garnet by chlorite and of white mica by sericite in the metape-
litic rocks, as well as of hornblende by actinolite and chlorite
in the amphibolites (Fig. 7f,g,h).

Using the chlorite thermometer on syn-D, chlorites we esti-
mated a temperature range between 280° to 380° C assuming
pressure conditions of ca. 4-5 kb (Fig. 13a).

vectors and the measured slickenlines) and Mohr circles are shown.

developed S-C fabric is shown by the orientation of quartz
and mica (Fig. 7i,j).

Dynamic recrystalisation of quartz and white mica or chlorite
is locally observed along the D, thrust faults and D, extensional
low angle shear zones and related shear bands.

3.3 TIMING OF DEFORMATION

The timing of the tectonometamorphic events is constrained
by stratigraphic and geochronological data on syn-tectonic
white mica and biotite in relation to the recognised structural
events (Yarwood and Dixon, 1977; Koroneos et al., 1993;
Galeos et al., 1994; Most, 2003; Brown and Robertson, 2004;
Sharp and Robertson, 2006) as well as fission-track dating
(Most, 2003; Most et al., 2001; Tables VI, VII; Fig. 13a).

For the HP (blueschist facies) event white mica yielded K/Ar
and Ar/Ar ages of ca. 150 Ma (Late Jurassic) (Most, 2003).

The D, event has not affected the late Late Jurassic and
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(Upper Pelagonian unit) | Gneiss (GR) KIAr wm 75,6+3,0 M Cretaceous transgressive shallow-
Gneiss (GR) KiAr wm 40+2,0 M .

Granite gneiss (GR) RbiSr bi 89,2426 K water carbonate and clastic sequence
granite gneiss }ggg g::gr thu ook b %?5151: E (Galeos et al., 1994; Brown and Ro-
ranite gneiss r ol errorchron +5, R

Blueschists Blueschist (FYROM) KAr | wm 150:51 | M bertson, 2004) seals the ophiolitic
Blueschist (FYROM) ArfAr wm 149+1,0 M nappes (Fig. 3, 6a, 8a) and there-

EPZ Granite gneiss (GR PbiPb zirkon 290+5,0 A )

(Lower Pelagonian unit) Bluesch?sl(FYROM)} AAr | wm 1487433 | M fore postdates their emplacement
Micaschist (GR) KIAr wm 145455 M during Middle to Late Jurassic time.
m:ggn;ﬁ{g&om ﬁ:ﬂir m ?226%;2?6 E This carbonate clastic sequence is

bi 134,047,0 in turn overthrust by gneisses and
:Exzﬁggi g:; ::"“ :g?%g; m schists of the Vardar/Axios Zone
Micaschist (FYROM) KIAr wm 11,3442 | M (Peternik unit), thus revealing a syn-
Micaschist (FYROM) KIAr wm 93,8+7,0 M t t-Albian tectoni t (Fig. 3
Gneiss (FYROM) KIAr wm 147,857 | M 0 post-Albian tectonic event (Fig. 3,
Gneiss (FYROM) KIAr wm 1406453 | M 6a, 8a).
Micaschist (GR) KIAr wm 1180445 | M This event a t late with
Micaschist (FYROM) ArAr | b 103,0¢15 | M ppears to correlate wi
Micaschist (FYROM) KIAr wm 1357452 | M K/Ar and Ar/Ar ages from white mica
Granite gneiss (FYROM) | k/Ar wm 1347451 | M . .
Granit (FYROM) KIAr bi 1282490 | M (Pelagonian nappes and Vardar/Axios
Micaschist (FYROM) KIAr mwm 1559142 M Zone) between 110 to 95 Ma (main-

i 1,444, .
Micaschist (FYROM) KIAr W 13?‘@5’3 M ly Albian; Koroneos et al., 1993; Most

bi 137,1+5,2 2003). We interpret these ages as

Vardar/Axios Zone Micaschist (GR) ArlAr wm 1120410 | M D tallizati A
Micaschist (GR) KAr | wm 102,3+39 | M syn-b, crystallization ages. A pro-
Metaflysch (FYROM) KIAr wm 66,1425 | M blem about the age determination is
Micaschist (GR) KIAr wm 66,2426 | M . .

Metaflysch (GR) KIAr s 46425 | M arisen due to divergence of the L,
Flysch pebbles(GR) KIAr wm 132,8450 | M and L, directions in some places.
Flysch pebbles(GR) KIAr wm 144,4+50 | M

TABLE 6: Geochronological data from the Pelagonian Zone and Vardar/Axios Zone. wm white mica,
bi biotite. M: Most (2003), K: Koroneos et al. (1993), A: Avgerinas et al. (2001).

Cretaceous sedimentary sequences sealing the ophiolitic Ju-

rassic nappe stack but is clearly younger than the Variscan

orogeny, because it affected post-Varsican (Permian) granites.

K/Ar, Ar/Ar, and Rb/Sr isotopic dating on white mica and bio-

tite from the metamorphic rocks of the EPZ yielded a group of
ages between 150 to 130 Ma (Most 2003). Due to the attai-
ned temperatures during metamorphism, Most et al. (2001)

and Most (2003) interpreted these ages as being close to cry-

stallization, although K/Ar and Ar/Ar ages are commonly con-

sidered as cooling ages (Jaeger, 1973; Dodson, 1973). Early

Cretaceous ages are reported from Pelagonian basement

units in Central Greece (Barton, 1976; Yarwood and Dixon,
1977). D, ages have been not detected in the KoWPZ and

Vardar/Axios Zone.

Tectonic unit Zircon FT ages (Ma) | Apatite FT ages (Ma)
KoWPZ 60,5+4,2 (FYROM) | 31+2(GR)
(Upper Pelagonian unit) | 53,3+3,1 (FYROM) | 29+5(FYROM)
39+2 (GR)
49,0+2.4 (GR)
51,4+4,1 (FYROM)
EPZ 86,0+4,0 (FYROM) | 46,0+3(FYROM)
(Lower Pelagonian unit) | 80+6(FYROM) 32,0+4(FYROM)
63,0+4(FYROM) 41,8+ 2.3 (GR)
71,0+4(FYROM)
66,2 +3,1 (GR)
Vardar/Axios Zone 58+5 (GR) 60+3(GR)
52+3(FYROM)

TABLE 7: Representative zircon and apatite fission track ages from the
Pelagonian nappes and the Vardar/Axios basement rocks (Most 2003).

We have not observed on the same
sample two different stretching line-
ations. Furthermore, nor differences
of the deviating L, and L, lineations
in their radiometric ages were found. They have always a Late
Jurassic/Early Cretaceous (L,) or Albian (L,) age according to
the isotopic ages of syn-D,and syn-D, minerals and their diver-
gence is frequently related to the existence of younger fault
zones. May be more detailed radiometric data and structural
mapping of the younger fault zones could give better informa-
tion about this anomalous directions during D, and D, events.

K/Ar ages of white mica from the KoWPZ and Vardar/Axios
Zone between 90 and 70 Ma (Koroneos et al., 1993; Most
2003) are interpreted to report the D, event, so that a Late
Cretaceous age for the D, mylonitic fabric is proposed.

The D, semi-ductile to brittle thrusting event took place in
Paleocene to Eocene time at already shallow crustal levels.
Basement rocks of the Vardar/Axios Zone are thrust over the
Maastrichtian to Paleocene flysch (Fig. 8d, 9a). Thrusting of
the metamorphic rocks of the Vardar/Axioz Zone over the
flysch caused local low-grade dynamic recrystallisation of
quartz and mica. This event was dated at 65 to 50 Ma by the
K/Ar method on fine-grained sericite of the flysch (Most, 2003).
These ages are in concordance with stratigraphic as well as
zircon and apatite fission-tracks ages (Table VII; Most, 2003).

Zircon fission-track ages between 85 and 65 Ma from EPZ
samples (Most, 2003) show that this deeper structural level of
the Pelagonian edifice had already cooled below ca. 240° C
in late Late Cretaceous time. The oldest zircon FT ages (85
Ma) are derived from the innenmost parts of the EPZ while
younger FT ages dominate towards its eastern (72 Ma) and



western (63 Ma) margins (Most, 2003). Moreover gneiss and are between 53 and 40 Ma and from the Vardar/Axios Zone

schist pebbles derived from the EPZ and contained in Maast- between 80 and 60 Ma (Most, 2003).

richtian to Paleocene flysch, show the imprint of the D, event. Apatite fission-track ages in the KoWPZ, EPZ and Vardar/

Therefore, parts of the EPZ basement had already been ex- Axios Zone cluster between 60 and 30 Ma (Most, 2003). They

humed at that time. Zircon fission-track ages from the KoWPZ continuously decrease from the Vardar/Axios Zone (ca. 60 Ma)
WNW

M2 = D2 110-95Ma

M1 = D1 150-130Ma

Mirdita/Pindos ophiolites

Vardar/Axios
ophiolites

%

FIGURE 1 1: Geological cross sections through the northern Pelagonian nappes and the Vardar/Axios Zone showing structural relationships and
stages of deformation in northern part of study area (FYROM) (A -A’) and southern part of study area (northern Greece) (B —B"). For location of sec-
tion, see Fig. 2. Legend as in Fig. 3.
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14 through the EPZ (46-33 Ma) to the
KoWPZ (ca. 30 Ma). This indicates
12— progressive exhumation and cooling
E below ca. 110° C from east to west.
10— E’ Westward migration of deformation
during Tertiary time was already pro-
8 posed by Jacobshagen et al. (1978),
6| 20g 1 Schermer et al. (1990), Kilias et al.
= (1991, 1999) and Schermer (1993).
4155 Ar/Ar radiometric dating of white
_103 mica in the Olympos and Pieria
2— 35-25M$%%Mi§930h1a mountains in the central Pelagonian
c’i‘as l | | |2 | & | | | | . zone to the south of the study area
100 150 200 250 300 350 400 450 500 550 600 650 T'("C] (Fig. 2) show a broadly continuous
b A period of deformation between ca.
'\/ T e 65 and 40 Ma, associated with high-
0.8 X o pressure metamorphism, ductile de-
7 = } ' } +—F X“LMO formation and mylonite formation.

0.6 SPS
| 85 pyR O This area belongs to the internal
0.4 Xero O blueschist belt of the Hellenides
Xug Pl (Fig. 1) and forms the lowermost
i Xee x structural levels of the Pelagonian

nappe (Schermer et al., 1990; Kilias

et al., 1991; Schermer, 1993; Lips

et al., 1998).

For the Dy event (normal shear
zones and faults) an age between
Oligocene and beginning Miocene
is suggested because it is younger
than the D, event and older than
the D, event. The Dy event, which is
related to Neogene-Quaternary ba-
sin formation, started in Miocene
time and finds its expression in still
active faults.
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3.4 TECTONIC SETTING

D, is recognized only in the EPZ
where an increase of the metamorphic grade from tectonic top to
bottom can be established. Furthermore, the metamorphic condi-
tions during D, reflect a thick crustal stack above the EPZ. A thin
ophiolitic nappe could not result alone the described Late Jurassic/
Early Cretaceous D, deformation and associated metamorphism,
as it is proposed by several studies (Barton, 1976; Yarwood & Di-

FIGURE 1 3: (a) Pressure-temperature-time-deformation relationship of the
Lower Pelagonian unit (upper and lower structural levels separated). The rele-
vant equilibria involved in the stability field of the syn-deformational mineral as-
semblages are shown. Note stability curves for Si=3,2 to 3,5 of white mica ac-
cording to Massonne and Schreyer (1987). P-T field for the high-pressure event
is also shown. Ky kyanite, Gr garnet, St staurolite, Gla glaucophane, And anda-
lusite, Sill sillimanite, Bi biotite, Sti stilpnomelane, Jd jadeite, Qu quartz, Chtd
chloritoid, Chl chlorite, AiIm almandine, Rt rutile, lIm iimenite. (b) and (c) Che-
mical profiles through D, garnets of the Lower Pelagonian unit, characterized
by rather flat distribution of element contents: 85, Ka20: garnet-chloritoid mi-
caschist. (d) Plot of amphibole microprobe analyses in the diagram of Laird
et al. (1984). Amphibole schist. Lower Pelagonian unit.



xon, 1977). The blueschist belt around the boundaries of the
EPZ is of about the same age as, or slighlty older than, the
syn-D, metamorphism. D,, and D, are related to subduction,
nappe stacking and crustal thickening (Fig. 6a, 8a, 11).

Further nappe stacking took place during the D, event as it
is clearly evidenced by thrusting of the Vardar/Axios basement
over the Late Jurassic to Aptian/Albian clastic sediments and
shallow-water limestones which are in turn transgressively
overlying the obducted ophiolites (Fig. 6a, 8b, 11). The asso-
ciated metamorphism did not exceed lower to middle green-
schist facies conditions. It is recognized in the upper structu-
ral parts of the East Pelagonian Zone and clearly penetrative
in the whole Vardar basement rocks and the KoWPZ.

Thrusting during D, and D, was generally NW-directed. Some
SE-ward sense of movement represents local backthrusts and
strain partitioning. Deviations from the main direction of trans-
port as reported for both events in some places are probably
due to local complications and later block rotations as a result
of younger faults activation. We do not consider them to be of
regional importance.

The D, mylonitic shear zones generally show a top-to-NE
normal sense of movement and are not associated with folds
as typically observed in the D, and D, contractional structures.
D, forms discrete low-angle shear zones dominating in the
Vardar/Axios basement rocks and the KoWPZ. According to
their geometry and kinematics we interpret the D, mylonitic
shear zones as extensional structures related to ca. NE-SW
oriented crustal stretching and unroofing (Fig. 6b, 8c,11). They
are of Late Cretaceous age and probably associated with ba-
sin formation and the sedimentation of Late Cretaceous lime-
stones and Maastrichtian to Paleocene flysch.

Ratschbacher et al. (1989) and Neubauer et al. (1995) showed
that Late Cretaceous extension associated with exhumation
of metamorphic rocks and formation of the Gosau basin are
also a prominent feature in the highest tectonic unit (the Aus-
troalpine mega-unit) in the Eastern Alps.

D, deformation is clearly related to a contractional regime
and intense SW-ward imbrication of all tectonic units. Meta-
morphic basement rocks of the Vardar/Axios Zone were thrust
over the Maastrichtian to Paleocene flysch. Thrust sheets of
Mesozoic/Tertiary sequences and ophiolites were formed with-
in the Vardar/Axios Zone (Fig. 8d, 9a, 11).

D, fault zones always display a normal component of dis-
placement indicating an extensional tectonic setting under
brittle conditions. Extension was mainly NE-SW oriented (Fig.
9b, 10b). The final stage of deformation (D,) is related to a
transtenstional or extensional regime (Pavlides et al. 1990)
and responsible for intense dissection of the whole nappe pile.

4. DISCUSSION OF THE GEODYNAMIC EVOLUTION
AND CONCLUSIONS

Our detailed structural and petrological data combined with
geochronological investigation concerning the northern Pela-
gonian nappe pile and the neighbouring Vardar/Axios Zone in
northern Greece and FYROM allows to constrain the geome-

try and kinematics of deformation, as well as the structural
evolution during the Alpine orogeny.

According to our study, the Pelagonian nappe system in nor-
thern Greece and FYROM can be divided at minimum into two
distinct tectonostratigraphic units, the Lower (EPZ) and the
Upper (KoWPZ) Pelagonian unit. The KoWPZ seems to be
rooted between EPZ and Vardar/Axios Zone, where only in-
tensely imbricated remnants of slices are recognized. The Pa-
leozoic sequence and the gneisses and schists of the Vardar/
Axios Zone are considered to represent the equivalents of the
KoWPZ, the connection being eroded in the Pelagonian dome
structure (Fig. 2, 11).

This scenario proves the duplication of the Pelagonian se-
quence due to Middle Jurassic to Early Cretaceous nappe
stacking towards WNW to NW (D,, and D, event). Nappe
stacking was related to plate convergence, inneroceanic thrus-
ting in the western Vardar/Axios Ocean and ophiolite obduc-
tion on the top of the Pelagonian Continent. (Fig. 11, 14a,b;
Roddick et al., 1979; Spray and Roddick, 1980; Vergely, 1984;
Dimo, 1997; Pamic, 2002; Brown and Robertson, 2004; Sharp
and Robertson, 2006; Karamata, 2006; Gawlick et al., 2008).

An important point for the reconstruction of the structural
evolution of the study area are the late Late Jurassic to Early
Cretaceous clastic sediments and shallow-water limestones
transgressively overlying the ophiolites providing an upper limit
for ophiolite emplacement. They indicate that the ophiolites
were emplaced before the Kimmeridgian (compare Schlagint-
weit et al., 2008) (Fig. 14b,c). D, thrusting and metamorphism
in deeper structural levels occurred almost simultaneously
with the early sedimentation of this clastic sedimentary se-
quence, possibly with coeval crustal extension at the top of
the nappe pile (Fig. 14c).

An equivalent sequence of shallow-water limestones and
clastic sediments, the Kurbnesh series, is recognized further
to the west in Albania, where it seals the Mirdita ophiolitic nappe
stack (Gawlick et al., 2008). The Mirdita ophiolites overlie the
Triassic-Jurassic shallow- and deep-water carbonates of the
KoWPZ (Robertson and Shallo, 2000; Kilias et al., 2001; Shallo
and Dilek, 2003) (Fig. 2, 3,11).

Plate convergence and thrusting continued during Aptian to
Albian time (ca. 110 to 95 Ma) with the same kinematics as
during the D, event (D, event: Fig. 11, 14d).

D, and D, nappe stacking was followed by D, low angle nor-
mal discrete mylonitic shear zones in Late Cretaceous time.
They were associated with basin formation and sedimentation
of Late Cretaceous neritic limestones and Maastrichtian to Pa-
leocene flysch (Fig.14e). Parts of the EPZ were firstly exhu-
med at this time possibly related to the D, extensional regime.

Simultaneously with Late Cretaceous to Paleocene exten-
sion and sedimentation on top of the tectonically upper units,
thrusting in the tectonically lower and more external (more
western) units took place. This thrusting process was asso-
ciated with the internal high-pressure metamorphic belt (Fig.
2, 14e; Schermer et al., 1990; Kilias et al., 1991; Lips et al.,
1998). Schermer (1990) relates the formation of the internal
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HP belt to intra-continental subduction.

D, thrusting and nappe stacking was characterized by very-
low grade metamorphism of the imbricated slices (Fig. 11, 14f).
The doming of the present antiformal structure of the EPZ was
probably the result of D, shortening. The described distribution
of the zircon FT ages in the EPZ shows that the EPZ did not
evolve as a metamorphic core complex (Most, 2003). In the
case of a metamorphic core complex extension plays an im-
portant role (Platt, 1993) and the youngest cooling ages are
located in the centre of the dome (e. g., Tauern metamorphic
core complex, Eastern Alps: Ratschbacher et al., 1989; Rho-
dope metamorphic core complex, Northern Greece: Dinter and
Royden, 1993; Kilias et al., 1999). D, is related to continuous
subduction of continental crust beneath the tectonic lower part
of the Pelagonian nappe and the creation of the internal HP
belt in the Olympos-Ossa area (Godfriaux, 1968; Katsikatsos
et al., 1982; Schermer et al., 1990; Kilias et al., 1991; Lips et
al., 1998), on Evvia island (Katsikatsos, 1977; Xypolias et al.,
2003), and in the Cyclades (Duerr et al., 1978; Andressen et
al., 1979; Schliestedt et al., 1987) (Fig. 1). D, is also respon-
sible for the final W- to WSW-ward emplacement of the Inter-
nal Hellenides (Pelagonian nappes) upon the External Helle-
nides in Eocene-Oligocene time. This means that, from the
Late Cretaceous to the Eocene, there was a continuous period
of deformation prograding from the tectonic top to the tectonic
bottom and associated with nappe stacking and HP metamor-
phism (Fig. 14e,f).

Detailed discussion and analysis of paleogeographic settings
for the evolution of one or more ocean basins in the Helleni-
des (Vergely, 1984; Mountrakis, 1986; Jones and Robertson,
1991; Robertson and Shallo, 2000; Shallo and Dilek, 2003;
Rassios and Moores, 2006; Gawlick et al., 2008; Rassios and
Dilek, 2009; Papanikolaou, 2009) is outside of the aim of our
study. Nevertheless, we like to point out that the suture zone
between External and Internal Hellenides is free of ophiolites
and all the Pelagonian nappe pile between External Hellenides
and the basal ophiolite nappe is continental in origin. Further-
more, the main NW-directed thrusting polarity during the D,
and D, events, as documented here, indicates that the ophio-
litic nappes on top of the Pelagonian nappes should be rooted
in the Tethys (Vardar/Axios) ocean basin to the east of the Pe-
lagonian continent. Ophiolite emplacement was consistently

FIGURE 1 4: a. Schematic crustal-scale transect indicating paleo-
geographic relations along Pelagonian continental margin during Trias-
sic to Early/Middle Jurassic time. Deformation started about late Early-
Middle Jurassic related to plate convergence and inneroceanic thrus-
ting in the Vardar/Axios Ocean. b to f. Schematic crustal-scale trans-
ects showing progression of deformation and kinematic history of the
Pelagonian and Vardar/Axios Zones from Middle —Late Jurassic to Oli-
gocene-Miocene time (D, D,, D,, D,, D, and D). Contraction and nappe
stacking was associated with Late Jurassic to Early Cretaceous clastic
and shallow-water carbonate sedimentation (b and c). D, contraction
followed (d). Late Cretaceous Extension (D,) associated with basin for-
mation and crustal unroofing (e) was replaced by D, contraction and
imbrication of all tectonic units during Paleocene to Eocene time (f).
Future D, extensional structures are also shown (f). Legend as in Fig.3.

more or less towards the west (Fig. 11, 14). All this suggests
that the Pelagonian continental block was not separated from
the External Hellenides by an oceanic lithosphere during Al-
pine orogeny. Therefore, we do not see an independent Pin-
dos Ocean neither in Triassic nor in Jurassic period.

Moreover, we did not observe important eastward thrusting
during the different stages of Alpine deformation from Juras-
sic to Tertiary time, as referred to by several authors for other
regions in the Hellenides (Barton, 1976; Doutsos et al., 1993;
Lips et al., 1998; Sharp and Robertson, 2006). Eastward sense
of shear of high-T mylonitic shear zones of the ophiolites on
top of the western margin of the Pelagonian realm was also
described by Rassios and Moores (2006) and Rassios and
Dilek (2009) implying E-(NE-)ward tectonic emplacement of
the ophiolites but without presenting any combined structural
analysis of the Pelagonian units below the ophiolitic nappe. In
our study region NE-ward sense of movement was related to
extensional mylonitic shear zones (D, event) and backthrus-
ting during D, nappe stacking. Moreover, overall E-(NE-) ward
subduction of the Tethyan paleogeographic elements in the
Hellenides since the Jurassic, which resulted in the closure of
the Tethys oceanic basin (Ricou et al., 1998; Schmid et al.,
2008; Papanikolaou, 2009) can hardly explain an E-(NE-) direc-
ted tectonic emplacement of the ophiolites over the adjacent
continental margin.

The same scenario with general W-directed emplacement
of the large ophiolite bodies that derived from one single oce-
an in the east is documented in Albania. There the large Mir-
dita ophiolite nappes to the west of the KoWPZ are far-travel-
led parts of the Vardar/Axios (Neotethys) ocean, brought into
its present position by W-ward thrusting in Middle to Late Ju-
rassic time (Hoxha, 2001; Kilias et al., 2001; Gawlick et al.,
2008).

Deformation continued during Oligocene to Early Miocene
time (Ds; Fig. 14f). In higher structural levels of the Pelagoni-
an nappes and the Vardar/Axios Zone brittle conditions pre-
vailed and created cataclasites and ultracataclasites in low-
angle extensional shear zones. Simultaneous ductile defor-
mation with mylonites and a constant top-to-the-SW normal
sense of shear associated with subhorizontal extension is re-
ported in tectonic deeper levels of the Pelagonian nappe near
its contact to the underlying External Hellenides (Sfeikos et
al., 1991; Kilias et al., 1991; Sfeikos, 1992; Schermer, 1993).
This process is related to Oligocene/Miocene collapse of the
Pelagonian nappe pile, tectonic thinning, and unroofing and
exhumation of tectonically deeper levels of the External Hel-
lenides (e. g., Olympos-Ossa window). W- to SW-directed
thrusting towards the foreland and the most external parts of
the Hellenides continued during this period (Schermer et al.,
1990; Sfeikos et al., 1991; Kilias et al., 1991, 2002; Scher-
mer, 1993).

From Miocene to present time high-angle normal to oblique-
normal faults (D) affected all units. This extensional event
was responsible for the formation of the Neogene basins and
steered the unroofing history of the region.
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