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Abstract The Pirgadikia Terrane in northern Greece
forms tectonic inliers within the Vardar suture zone bor-
dering the Serbo-Macedonian Massif to the southwest. It
comprises Cadomian basement rocks of volcanic-arc origin
and very mature quartz-rich metasedimentary rocks. U-Pb
laser ablation sector-field inductively-coupled plasma mass
spectrometry analyses of detrital zircons from the latter
reveal a marked input from a Cadomian-Pan-African
source with minor contribution from Mesoproterozoic,
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Palaeoproterozoic and Archaean sources. The metasedi-
mentary rocks are correlated with Ordovician overlap
sequences at the northern margin of Gondwana on the basis
of their maturity and zircon age spectra. The Pirgadikia
Terrane can be best interpreted as a peri-Gondwana terrane
of Avalonian origin, which was situated close to the
Cadomian terranes in the Late Neoproterozoic—Early Pal-
aeozoic, very much like the Istanbul Terrane. The second
unit investigated is the Vertiskos Terrane, which consti-
tutes the major part of the Serbo-Macedonian Massif in
Greece. It comprises predominantly igneous rocks of
Silurian age and minor metasedimentary rocks of unknown
age and provenance. U-Pb analyses of detrital zircons from
a garnetiferous mica schist of the Vertiskos Terrane indi-
cate derivation from 550 to 1,150 Ma-old source rocks
with a major Cadomian peak. This, combined with minor
input of >1,950 Ma-old zircons and the absence of ages
between ca. 1.2 and 1.7 Ga suggests a NW Africa source.
The protolith age of the garnetiferous mica schist is pre-
sumably Early Ordovician. One sample of garnet-bearing
biotite gneiss, interpreted as meta-igneous rock, comprises
predominantly subhedral zircons of igneous origin with
late Middle Ordovician to Silurian ages. We suggest that
the rock association of the Vertiskos Terrane is part of an
ancient active-margin succession of the Hun superterrane,
comparable to successions of the Austro- and Intra-Alpine
Terranes. The new data of this study provide evidence of
occurrences of Avalonia- and Armorica-derived terranes in
the Eastern Mediterranean and moreover help to clarify
palaeogeographic reconstructions for the peri-Gondwana
realm in the Early Palaeozoic.
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Introduction

Understanding ancient plate tectonic processes in space
and time is strongly dependent on the accessibility and
preservation of old crustal or oceanic fragments. Major
tectonic and thermal events commonly lead to destruction
and recycling of continental and oceanic crust, especially
during orogenic processes at active continental margins. A
prime example is the so-called Avalonian—Cadomian belt
(Nance and Murphy 1994): its late Neoproterozoic to Early
Palaeozoic evolution had an important bearing on the
geological development of Europe (e.g. Neubauer 2002).
The Avalonian—Cadomian belt was formed during late
Neoproterozoic Andean-type subduction of the Prototethys
Ocean under the northern margin of Gondwana (Nance and
Murphy 1994; Stampfli and Borel 2002) and was subse-
quently dismembered in Cambrian to Silurian times with
the diachronous opening of back-arc basins, giving birth to
the Rheic Ocean and later on to the Palaeotethys Ocean
(e.g. Stampfli and Borel 2002; Stampfli et al. 2002). It is
widely agreed that the rifted fragments (Avalonian terr-
anes, Hun superterrane including the Cadomian terranes)
were transported northward to be accreted to the southern
margin of Laurussia (e.g. Stampfli and Borel 2002;
Stampfli et al. 2002; von Raumer et al. 2002, 2003). They
became involved in the Late Palaeozoic Variscan orogeny
and some of them were also overprinted by the Alpine—
Himalayan orogeny in the Late Mesozoic to Cenozoic. The
Alps, the Bohemian Massif, and the Carpathians are
prominent areas in Central and Eastern Europe (Fig. 1)
which comprise fragments of the Avalonian—Cadomian
belt (e.g. Neubauer 2002). In the Eastern Mediterranean the
relationships between different pre-Alpine crustal frag-
ments are now masked by younger (Mesozoic to Cenozoic)
complex structural and metamorphic events. This, together
with the scarcity of biostratigraphic, geochronological and
palaeomagnetic data, has given rise to equivocal palaeo-
tectonic models and interpretations. Nonetheless, one of
the main innovative topics in recent years has been the
identification of Avalonia- and Armorica-derived terranes
in the Eastern Mediterranean (e.g. Anders et al. 2006;
Himmerkus et al. 2006a, 2007, 2008; Winchester et al.
2006; Yanev et al. 2006).

The Serbo-Macedonian Massif (SMM) of northern
Greece (Figs. 1, 2 and 3) is a case in point. Upper Neo-
proterozoic and Silurian rocks of magmatic-arc origin have
recently been discovered there (Himmerkus et al. 2006a,
2007, 2008), but their affiliation with surrounding basement
units in Bulgaria and Turkey is still uncertain. In recent
palaeotectonic reconstructions for the Cambrian—Ordovi-
cian (~490 Ma), for instance, the SMM is assigned to the
Cadomian terranes close to Saxothuringia and Ligeria
(Stampfli et al. 2002). Later, during the Carboniferous
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(~320 Ma) it is proposed to have become sandwiched
between the Austro-Alpine unit to the southwest and the
Sakarya terrane to the east (Stampfli et al. 2002). The data
base for such reconstructions, however, is still lacking. No
fossil data are available for the intercalated siliciclastic
metasedimentary rocks of the SMM due to polyphase
deformation and upper amphibolite-facies metamorphism
(e.g. Kockel et al. 1971; Kilias et al. 1999). Their strati-
graphic age is questionable and their provenance is
unknown: they could have been derived from the Avalonian
or the Armorican terranes, or from elsewhere. Hence, the
age and origin of basement units of the Greece may well
provide further insight into the configuration of North
Gondwana-derived terranes in the Eastern Mediterranean.

In recent years, in situ U-Pb dating of detrital zircons by
laser ablation inductively-coupled plasma mass spectrom-
etry (LA-ICP-MS) has proven to be a powerful tool in
sedimentary provenance studies (e.g. Fernandez-Suarez
et al. 2002; Kosler et al. 2002; Murphy et al. 2004; Gerdes
and Zeh 2006; Meinhold and Frei 2008). Here, we present
for the first time high-spatial resolution U-Pb dating by
laser ablation sector-field inductively-coupled plasma mass
spectrometry (LA-SF-ICP-MS) of detrital and igneous
zircon grains from basement rocks of the Serbo-Macedo-
nian Massif and adjacent basement slivers to evaluate
potential source regions and ancient major magmatic
events.

The study of clastic sedimentary rocks is crucial for
palaeotectonic reconstructions because they can provide
information about rock lithologies in the source area which
have often been destroyed and recycled during ancient
plate tectonic processes. Furthermore, in the absence of
fossil and other stratigraphic data, the youngest grain (e.g.
zircon) in a sedimentary rock can indicate a maximum
limit for the age of deposition (e.g. Fedo et al. 2003). The
age and origin of pre-Alpine basement units in the Internal
Hellenides has important implications for our in-depth
understanding of the evolution of North Gondwana-derived
terranes and consequently for an alternative plate-tectonic
reconstruction for the Early Palaeozoic.

Geological setting

In the general view, the Serbo-Macedonian Massif in
northern Greece is an elongated, structurally complicated
basement complex between the relatively homogeneous
basement complexes of the Pelagonian Zone to the west
and the Rhodope Massif to the east. It extends north into
western Bulgaria and eastern F.Y.R.O.M. The Vardar
strike-slip zone marks its boundary with the Pelagonian
Zone, while its border with the Rhodope Massif has long
been a matter of debate.
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Fig. 1 Present-day location of
the Serbo-Macedonian Massif
within the Alpine—
Mediterranean mountain belt
(modified after Neubauer 2002)
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Early workers suggested that the SMM was thrust over the
Rhodope Massif along the Strimon River valley fault in the
Tertiary (Kockel and Walther 1965; Kockel et al. 1971), but
later this fault was reinterpreted as a large-scale, southwest-
dipping, extensional detachment (e.g. Dinter and Royden
1993; Sokoutis et al. 1993; Kilias et al. 1999). Recently,
however, Brun and Sokoutis (2007) have demonstrated that
the Strimon fault is in fact a décollement within the Rhodope
upper brittle crust that operated during Pliocene—Pleistocene
times. Thus, the SMM does not structurally overlie the
Rhodope Massif on the Strimon fault. According to Brun and
Sokoutis (2007), the boundary between the SMM and the
Rhodope Massif is represented by the WSW-dipping Ker-
dillion detachment that separates the Kerdillion Unit from
the Vertiskos Terrane of the SMM (Fig. 4).

The Serbo-Macedonian Massif is mainly composed of
amphibolite-facies schists and gneisses, locally migmatitic,
amphibolites and marbles. Its subdivision and age have
been a matter of controversy and lengthy discussions. It has

conventionally been subdivided into two ‘series’, the
underlying (older) Kerdillion Series to the east and the
overlying (younger) Vertiskos Series to the west (Kockel
et al. 1971, 1977). The rocks were thought to represent a
Palaeozoic or older stable basement that was only super-
ficially involved in the complex Mesozoic and Cenozoic
evolution of the Hellenides (e.g. Aleksi¢ et al. 1988;
Kockel et al. 1971, 1977). Burg et al. (1995) demonstrated
that the Vertiskos Series is a composite unit comprising a
lower metaturbiditic and orthogneissic sequence, with few
amphibolites and distinct marble layers, and an upper
migmatitic para- and orthogneissic sequence, separated by
a metaophiolite-bearing mylonite zone. Ricou et al. (1998)
suggested that the Serbo-Macedonian Massif represents the
western extension of thrust units belonging to the Rhodope
Massif, the latter commonly interpreted as a nappe com-
plex characterised by south to southwestward stacking and
associated with both coeval and subsequent extension in an
Alpine active-margin setting (Burg et al. 1996).
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Fig. 2 Simplified tectonic map
of the Eastern Mediterranean
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Geochronological and geochemical studies carried out
over the last few years have provided us with new insights
regarding the Serbo-Macedonian Massif (Himmerkus et al.
2006a, b, 2007, 2008, 2009). Its western and central parts
are formed by the Vertiskos Terrane. This unit consists
dominantly of very coarse-grained augen gneisses of gra-
nitic composition which originated in a magmatic-arc
environment (Himmerkus et al. 2006a, 2008); lesser
amounts of eclogites, amphibolites, marbles, mica schists
and paragneisses also occur. Pb—Pb and U-Pb zircon
geochronology has shown a Silurian age for the augen
gneisses (Himmerkus et al. 2006a, 2008). The basement
rocks of the Vertiskos Terrane were intruded by Triassic
(ca. 222-241 Ma) A-type granitoids (Arnea granitic suite)
in a within-plate rift setting together with a number of
mafic intrusives, interpreted as less evolved magmas
(Himmerkus et al. 2009). The rocks of the Vertiskos Ter-
rane underwent amphibolite-facies metamorphism and a
retrograde greenschist-facies overprint (e.g. Dixon and
Dimitriadis 1984; Kilias et al. 1999). Because all contacts
are tectonic, there is no clear relationship with the sur-
rounding country rocks.

The eastern and southeastern part of the Serbo-Mace-
donian Massif is formed by the Kerdillion Unit. This unit is
very homogeneous, consisting of strongly deformed bio-
tite-gneisses of igneous origin, which are intruded by a
plethora of leucocratic dykes. Carboniferous—Permian,
Late Jurassic and Early Tertiary magmatic events have
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been identified by zircon geochronology (Himmerkus et al.
2006b, 2007). Thus, the Kerdillion Unit can be seen as the
western promontory of the adjacent Rhodope Massif where
similar intrusion ages and rock types have also been found
(Turpaud and Reischmann 2005; Turpaud 2006). The
boundary between the Kerdillion Unit and the Vertiskos
Terrane is interpreted as a suture (e.g. Sengor et al. 1984;
Himmerkus et al. 2006a), consisting of a mélange of
marble, amphibolite and metagabbro bodies, several tens of
metres thick, floating in a metasedimentary succession. The
mafic—ultramafic rocks have generally been assigned to the
so-called Therma—Volvi-Gomati (TVG) Complex (e.g.
Dixon and Dimitriadis 1984) and commonly been inter-
preted as either a remnant of the Palaeotethys Ocean that
closed in the Early Jurassic (Sengor et al. 1984) or, in
contradiction, as a rift-related intrusive complex of Meso-
zoic age (Dixon and Dimitriadis 1984). In comparison,
Brun and Sokoutis (2007) suggest that the boundary
between the Kerdillion Unit and the Vertiskos Terrane is
represented by the WSW-dipping Kerdillion detachment
(Fig. 4).

Recently, Neoproterozoic basement rocks have been
identified as tectonic inliers within the Circum-Rhodope
Belt (part of the Vardar Zone sensu Jacobshagen 1986)
bordering the Serbo-Macedonian Massif to the southwest
(Himmerkus et al. 2006a). The main outcrops occur near
the villages of Pirgadikia and Taxiarchis. Himmerkus
et al. (2006a) proposed a Pirgadikia Terrane based on
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Fig. 3 Geological map of the r
Serbo-Macedonian Massif and FYROM. i
the bordering Vardar Zone
(modified from Kockel and
Mollat 1977; IGME 1983)
showing the sampling locations
used for zircon geochronology.
The occurrences of the
Kerdillion Unit are after
Himmerkus et al. (2006a). In
general, the Serbo-Macedonian
Massif sensu lato includes the
Kerdillion Unit, which itself,
however, can be seen as the
western promontory of the
adjacent Rhodope Massif, based
on new field and
geochronological data
(Himmerkus et al. 2006b, 2007)
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lithological, geochronological and structural features that
differ strongly from those of units belonging to the Serbo-
Macedonian Massif and the adjacent basement rocks of
the Pelagonian Zone and the Rhodope Massif. The Pirg-
adikia Terrane near Pirgadikia village consists of
mylonitic orthogneisses. Their geochemistry and zircon
ages point to volcanic-arc magmatism during late Pre-
cambrian times (Himmerkus et al. 2006a).

In the course of this study, the area near Taxiarchis
village was revisited. The basement rocks there are of
sedimentary origin, consisting mainly of fine- to coarse-
grained, well sorted, and light coloured to greenish-grey
metaquartzites intercalated with greenish grey metasilt-
stones; conglomerate horizons up to one metre thick occur

sporadically. The metaquartzites in places show a strong
mylonitic fabric. The conglomerates are predominantly
composed of milky-white quartz pebbles embedded in a
coarse-grained quartzose matrix. The width of the pebbles
ranges from a few mm to 1.5 cm. Since no fossils have yet
been discovered, the age of the metasedimentary succes-
sion is open to question. Previous single-zircon Pb—Pb age
determinations for a mylonitic metaquartzite range
between ca. 530 and 590 Ma, probably indicating prox-
imity to a Cadomian basement (Himmerkus et al. 2006a).
The circa 530 Ma age can be considered as representing
the youngest detrital input thus giving a maximum age of
deposition for the metasedimentary rocks of the Pirgadikia
Terrane.
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Analytical methods

Major and trace elements of whole-rock samples were
analysed by X-ray fluorescence (XRF) spectrometry on
fused glass discs and pressed powder pellets respectively,
using a Philips MagiX Pro X-ray spectrometer at the
University of Mainz, following procedures outlined in
Meinhold et al. (2007). Rare-earth elements (REE), Hf, Ta,
Th and U of selected samples were analysed on fused discs
by LA-ICP-MS using an Agilent 7500ce equipped with a
Merchantek NewWave 213 nm Nd-YAG laser at the
University of Mainz, following procedures described in
Nehring et al. (2008).

For U-Pb geochronology zircons were separated from
the bulk samples using standard techniques [hydraulic
press, rotary mill, Wilfley table, Frantz isodynamic mag-
netic separator and heavy liquids (methylene iodide)]. Final
purification was carried out by hand-picking under a bin-
ocular microscope. Zircon grains were set in epoxy resin
mounts, sectioned and polished to approximately half their
original thickness. Prior to the analyses, cathodolumines-
cence (CL) images were obtained for all grains using a
JEOL JXA 8900 RL instrument at the University of Mainz
equipped with a CL detector in order to study their internal
structure and to target specific areas within them, e.g.
growth structures and inherited cores.

Fig. 5 Schematic
tectonostratigraphic columns for
the Pirgadikia and Vertiskos
Terranes (see text for
references). The stratigraphic
positions of samples used for
U-Pb zircon geochronology are
indicated
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Lower-Middle Ordovician
shelf sequence
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The U-Pb isotopic analyses of individual zircon grains
were performed using a Thermo-Finnigan Element II sec-
tor-field ICPMS system coupled to a Merchantek/
NewWave 213 nm Nd-YAG laser system at the Geological
Survey of Denmark and Greenland (GEUS), Copenhagen,
Denmark. The zircon mounts were rigorously cleaned in an
ultrasonic bath before introducing them into the sample cell
to remove surface lead contamination. The method applied
essentially followed that described by Frei and Gerdes
(2008). The nominal pulse width of the laser was 5 ns with
a pulse-to-pulse stability of 2% RSD. The laser was oper-
ated at a repetition rate of 10 Hz and a nominal energy
output of 40%, corresponding to a laser energy of
~0.006 mJ and a laser fluency of ~0.8 J cm™2 All data
were acquired with single-spot analyses on individual zir-
con grains using a 30 pm spot size. Samples and standards
were held in a low-volume ablation cell specially devel-
oped for U-Pb-dating (Horstwood et al. 2003). Helium gas
was used to flush the sample cell and was mixed down-
stream with the Ar sample gas of the mass-spectrometer.
The washout time for this configuration is <15 s. The total
acquisition time for each analysis was 60 s with the first
30 s used to measure the gas blank. The instrument was
tuned to give large, stable signals for the *°°Pb and ***U
peaks, low background count rates (typically around 150
counts per second for °’Pb) and low oxide production

Vertiskos Terrane

j "] _Middle Triassic
33 | nft-related magmatic rocks

- Upper Ordovician-Silurian
(arc-related) magmatic rocks

Lower Ordovician
sedimentary sequence
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Table 1 Sample list Sample Rock type Locality Latitude Longitude
Pirgadikia Terrane
SM201 Metaquartzite NE' Taxiarchis 40°26'00.7" 23°30/58.1”
SM202 Metasiltstone NE' Taxiarchis 40°26'04.0" 23°31'02.3"
SM204 Metaquartzite NE' Taxiarchis 40°25'45.6" 23°30'57.6”
SM205 Metaquartzite NE' Taxiarchis 40°25'39.1" 23°30'51.8"
SM208 Metaquartzite E’ Taxiarchis 40°25'36.1" 23°30/44.4"
SM209 Metaquartzite E’ Taxiarchis 40°25'36.1" 23°30/44.4"
SM250 Metasiltstone E’ Taxiarchis 40°25'25.6" 23°30/39.3”
SM251 Metaquartzite E’ Taxiarchis 40°25'36.1" 23°30/'44.5"
SM252 Metaquartzite NE' Taxiarchis 40°25'58.3" 23°30/58.2"
Vertiskos Terrane
SM151 Garnet-bearing biotite gneiss W’ Agh. Traklio 41°07'44.4" 23°12'13.7”
SM157 Garnetiferous mica schist N’ Ano Poroia 41°17'271.3" 23°02/00.0”

rates (*3¥U'%0/2*8%U generally below <0.2%). All mea-
surements were performed in low resolution mode using
electrostatic scanning (E-scan) with the magnetic field
resting at mass ““’Hg. The following masses were mea-
sured: 2°Hg, 2°(Pb + Hg), 2°°Pb, 2°7Pb, 28Pb, 22Th,
235U, and #*®U. All data were acquired on four samples per
peak with a sampling and settling time of 1 ms for each
isotope. Mass 2**Hg was measured to monitor the ***Hg
interference on 2**Pb (using a ***Hg/***Hg-ratio of 4.36).
Only if the net intensities for mass 204Pb, corrected for
20*Hg, were significantly above the limit of detection a
correction for common Pb was applied (see Frei and Ger-
des 2008). The laser-induced elemental fractionation and
instrumental mass biases on measured isotopic ratios were
corrected by matrix-matched external standardisation using
the GJ-1 zircon standard (Jackson et al. 2004). Samples
were analysed in sequences with three standards analysed
initially, followed by ten samples, then three standards,
followed once again by ten samples, and so on. Raw data
were processed off-line in an in-house Excel® spreadsheet
program. Long-term precision (2¢) of the method based on
402 individual analyses of the Plesovice zircon standard
(Slama et al. 2008) is 2.2, 3.1 and 2.1% for the *°°Pb/>**U,
207pb/2U and 2°"Pb/*°°Pb ratios respectively (Frei and
Gerdes 2008).

For the interpretation of the zircon data, analyses with
95-105% concordance [calculated from 100 x (*°°Pb/**%U
age)/(**’Pb/**3U age)] are considered to be concordant.
Analyses with a discordance >10% were rejected and
consequently not considered for data interpretation. Such
high discordance arises when the laser penetrates domains
with distinct Pb/U ratios (Janousek et al. 2006), the epoxy
resin, mineral inclusions and/or cracks in zircon, and/or
zircon zones affected by radiogenic Pb loss. The latter
is a common phenomenon and mostly attributed to

metamictisation and later recrystallisation during which Pb
is removed from the zircon crystals (e.g. Williams 1992;
Mezger and Krogstad 1997). Unless stated otherwise,
206pp/2381J ages are used for zircon grains <1.2 Ga whereas
older grains are quoted using their 2°’Pb/**°Pb ages. This is
because the 2°’Pb/*°°Pb ages become increasingly impre-
cise below <1.2 Ga due to small amounts of **’Pb. The
207pp/*%Ph ages are generally considered as minimum
ages due to the effect of possible Pb loss. Concordia dia-
grams and probability density distribution plots were
produced using the programs Isoplot/Ex (Ludwig 2003)
and AgeDisplay (Sircombe 2004) respectively. Unless
stated otherwise, ages reported in the text are given at the
2-sigma level. The geological time scale (GTS) of Grad-
stein et al. (2004) was used as stratigraphic reference for
data interpretation.

Sample description and geochemistry

To constrain the age and provenance of basement rocks
from the Serbo-Macedonian Massif and adjacent basement
slivers, we have collected two metaquartzites from the
Pirgadikia Terrane and one garnetiferous mica schist and
one garnet-bearing biotite gneiss from the Vertiskos Ter-
rane for zircon geochronology. Sample localities are shown
in Figs. 3 and 5. These samples as well as additional ones
from the Pirgadikia Terrane were also analysed for their
whole-rock major- and trace-element content. Lithologies
and localities (including geographic coordinates) are
shown in Table 1, the whole-rock and mineral chemical
data are given in Tables 2, 3, respectively, and the isotopic
data of 226 analyses on 219 single zircon grains referred to
in this paper are listed in Table 4 of supplementary
material.
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Table 2 continued

Vertiskos Terrane

Pirgadikia Terrane

Unit

SM204 SM205 SM208 SM209 SM250 SM251 SM252 SM151 SM157

SM202

Sample no.

SM201

garnet-bearing  garnetiferous

metaquartzite metasiltstone metaquartzite metaquartzite metaquartzite metaquartzite metasiltstone metaquartzite metaquartzite

Rock type

mica schist

biotite gneiss

29.80

40.52

27

16.05
3.95
0.86
4.20
0.59
4.03
0.78
2.19
0.29
1.77
0.24

10 23

22

22 10

17.33
3.35
0.69
2.86
0.43
2.59
0.51
1.43
0.23
1.69
0.24

Nd

6.00
1.24
5.35
0.82
5.26
1.05
2.89
0.43
2.80
0.46

7.96
1.28
7.11
1.02
6.26
1.20
3.38
0.50
3.14
0.47

Sm
Eu

ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND

ND

ND
ND
ND
ND
ND
ND

ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

ND

ND

ND

ND

Gd

ND

ND

ND

Tb

ND

ND

ND

Dy

ND

ND

ND

Ho

ND

ND

ND

ND

ND
ND

Er

ND

ND

ND

ND

ND

Tm

ND

ND

ND

ND

ND

Yb

ND

ND

ND

ND

ND

Lu

BD below detection limit; ND not determined. Total iron expressed as Fe,Os;. Analyses performed with ICP-MS are shown in italics

Table 3 Representative garnet chemistry of sample SM151

Sample SM151-Gtl  SM151-Gt2  SM151-Gt3 SM151-Gt4
Si0, (wt%) 38.31 37.78 38.16 38.33
TiO, 0.03 0.10 0.05 0.06
AlLO; 21.62 21.68 21.61 21.69
FeOr 23.80 20.95 23.22 22.36
MnO 1.61 4.66 2.28 3.24
MgO 1.47 0.87 1.25 1.24
CaO 13.72 14.42 13.93 13.95
Cr,03 0.06 0.02 0.06 0.05
Total 100.62 100.48 100.55 100.91
Cations on the basis of 12 oxygens

Si 3.004 2974 2.998 3.000
Ti 0.002 0.006 0.003 0.003
Al 1.998 2.011 2.001 2.001
Fe 1.561 1.379 1.525 1.464
Mn 0.107 0.311 0.152 0.215
Mg 0.172 0.102 0.146 0.145
Ca 1.153 1.216 1.172 1.170
Cr 0.004 0.001 0.003 0.003
End member percentages

Alm 52 46 51 49
Gro 39 40 39 39
Prp 6 3

Sp 4 10

Mineral analyses were carried out on a polished thin section using a
Jeol JXA 8900 RL electron microprobe at the University of Mainz,
equipped with 5 wavelength-dispersive spectrometers, operated at an
acceleration voltage of 20 kV and a beam current of 20 nA, with a
beam diameter of 2 pm. Natural and synthetic materials were used as
standards. The PRZ procedure was applied to calculate concentration
units. Cations were calculated stoichiometrically based on 12 oxygens
per formula unit

Pirgadikia Terrane

Sample SM201 was collected from a metaquartzite suc-
cession cropping out along a minor road northeast of
Taxiarchis village (40°26'00.7" N, 23°30'58.1”E; Fig. 3);
sample SM205 comes from a small metaquartzite outcrop
along a new road southwest of Taxiarchis (40°25'39.1”N,
23°30/51.8"E; Fig. 3). The samples are almost feldspar-
free quartz arenites with chlorite and accessory zircon,
apatite and opaque minerals (Fe-oxides). All quartz grains
are single crystals with almost no undulose extinction.
Some larger grains show undulose extinction and subgrain
formation. The quartz grain boundaries are almost straight,
only a few are sutured. In general, the textures indicate that
the quartz grains underwent dynamic recrystallisation
(Passchier and Trouw 2005), probably at upper green-
schist-facies conditions. The zircons in both samples are
predominantly well-rounded to rounded, only a few are
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subhedral. The length of single zircon crystals varies
between 50 and 220 pum in sample SM201 and between 80
and 320 pum in sample SM205. Their colour ranges from
pink and yellowish to whitish.

Geochemically, the metasedimentary rocks from the
Pirgadikia Terrane are very mature sediments falling into
two distinct groups: a medium- to high-SiO,, high-Al,O3
group (SiO,: 60-73 wt%, Na,O + K,0 + CaO: 3.4-5.7
wt%, Al,O5: 11-18 wt%) that comprises metapelites and a
very high-SiO,, low-Al,O3 group (SiO,: 84-96 wt%,
Na,O + K,0 + CaO: < 2.2 wt%, Al,O5: <6 wt%) that
comprises metapsammites (Fig. 6a). According to the
classification scheme of Herron (1988), the metapelites are
shales and the metapsammites are iron-bearing sandstones
and quartz arenites. Compared to average upper continental
crust the low-Al,O5 group samples show a strong depletion
in Rb, Ba, K, Sr and P, whereas those of the high-Al,O3
group have an almost flat profile with a characteristic
depletion in Sr and P (Fig. 6a). Chondrite-normalised rare-
earth element (REE) patterns of two metaquartzite samples
used for zircon geochronology (Fig. 6b) show light rare-
earth element (LREE) enriched and flat to slightly depleted
heavy rare-earth element (HREE) patterns with a negative
Eu anomaly (Euw/Eu* ~0.68 for SM201 and ~0.64 for
SM206). The negative Ce anomaly of sample SM205
might be a result of quartz dilution since this sample has
the highest SiO, content but very low trace- and rare-earth
element concentrations.

Vertiskos Terrane

Sample SM157 was collected from an outcrop north of Ano
Poroia village ca. 4 km south of the border with Bulgaria
(41°17'27.3"'N, 23°02'00.0"E; Fig. 3), where garnetiferous
mica schists are exposed. Augen gneisses with large feldspar
porphyroblasts measuring up to 5 cm across and migmatitic
gneisses occur nearby. The main fabric in the area is an
almost flat-lying foliation. Sample SM157 contains quartz,
biotite, white mica, plagioclase, and minor garnet. The main
accessory minerals are zircon, rutile and opaque minerals.
The zircon crystals are predominantly subhedral to rounded,
yellowish to colourless and clear. The length of single zircon
crystals varies between 60 and 360 pm. According to the
classification scheme of Herron (1988), the protolith of the
garnetiferous mica schist is a wacke (i.e. greywacke). The
Si0, content of ~ 70 wt%, Na,O + K,O + CaO content of
~T wt% and relatively high Al,O5 content of ~ 14 wt%
suggest a peraluminous composition. When normalised to
average upper-continental crust this rock shows an almost
flat multi-element profile with a minor depletion in Sr
(Fig. 6a). The chondrite-normalised REE pattern (Fig. 6b)
shows a strong LREE enrichment and an almost flat HREE
region with a negative Eu anomaly (Eu/Eu* ~0.67).
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Fig. 6 a Multi-element diagram normalised to upper continental
crust (UCC) composition of samples used for zircon geochro-
nology. Normalising values are from Rudnick and Gao (2003).
For comparison purposes, the remaining metasedimentary sam-
ples of the Pirgadikia Terrane are shown as light and dark
greyish fields, respectively, according to their SiO, concentra-
tions. b Chondrite-normalised rare-earth element (REE) diagram
of selected samples. Normalising values are from Taylor and
McLennan (1985)

Sample SM151 was collected from a small outcrop
along a stream south of Lake Kerkini (41°07'44.4"N,
23°12'13.7"E; Fig. 3), in which garnet-bearing biotite
gneiss, interpreted here as meta-igneous rock, is exposed.
Amphibolites and tourmaline-bearing pegmatites crop out
in the vicinity. The main fabric here is an almost flat-
lying foliation accompanied by a strong ENE-trending
biotite mineral lineation. Sample SMI151 contains
quartz, plagioclase, biotite, white mica, K-feldspar, gar-
net, zoisite and epidote. The garnet crystals are almandine
and grossular rich (Alm ~50 mol%, Grs ~40 mol%).
Accessory minerals are zircon, rutile and opaque miner-
als. The long, prismatic zircon crystals are euhedral with
rounded edges to subhedral, clear colourless. The length
of single zircon crystals varies between 100 and 300 pum.
The chemical signature of the garnet-bearing biotite
gneiss (Si0,: ~67 wt%, Na,0O + K,0 + CaO: ~9 wt%,
Al,O3: ~15 wt%) suggests a calcalkaline, peraluminous
and granodioritic composition with I-type affinities.
Geochemical discrimination diagrams for granitoid rocks
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Fig. 7 CL images of
representative zircon grains
from analysed samples SM201
and SM205 of the Pirgadikia
Terrane with location of the
LA-SF-ICP-MS analysis spot
and corresponding 2°°U/***Pb
age (£20) for grains <1.2 Ga
and 2°"Pb/**Pb age (+20) for
grains >1.2 Ga, respectively.
Letter, number code above the
ages: sample-spot. The scale
bar represents 30 pm in all
images

SM201-61
1532+9

SM201-41
524423
~

i

SM205-9 SM205-10

534117
N4

SM205711
586+18

SM205.231
550+23

(e.g. Yb vs. Ta, [Y 4+ Nb] vs. Rb; see Pearce et al. 1984)
reveal a volcanic-arc signature with affinities with within-
plate granites. The multi-element pattern of sample
SMI151 is almost flat with a minor depletion of Sr,
compared to average upper-continental crust composition
(Fig. 6a). The chondrite-normalised REE pattern (Fig. 6b)
shows a strong LREE enrichment and almost flat

HREE region with a well-developed negative Eu anomaly
(EwWEu* ~0.52).

602117

Pirgadikia Terrane - quartzites

SM201-72
1099+52

SM201-20
509+17

SM205-214
599:27

SM205-218
593+24

SM205-227

596122

o
v

SM205-251
571+16

Geochronological results
Pirgadikia Terrane

Most analysed zircons from metaquartzites of the Pirg-
adikia Terrane have clear oscillatory zonation patterns in
CL images and appear to be magmatic in origin; few
exhibit no zoning or patchy zoning (Fig. 7). Inherited cores
are present to a minor degree in sample SM201 and are

@ Springer



824

Int J Earth Sci (Geol Rundsch) (2010) 99:813-832

zosph Pirgadikia Terrane, metaquartzite
05 | sample SM201, n = 60
238
U
2600
o L 2200
1800
14005/

02 p

1000

/ b
0.0 N N ., = . = Idana-puinl‘murallipsles are 2a
0 4 8 12 16
Npp2y
SM201, n=53/60, 95-105% conc.
(c)

&
E
2
e
o

EYSE20 3223322 NERRBEBESE

882885258222 885 HHEERETERESE

Age (Ma)

Fig. 8 Concordia diagrams (upper) and probability density distribu-
tion plots (lower) for the set of U-Pb analytical zircon data from
samples SM201 (a, ¢) and SM205 (b, d). Error ellipses in concordia
plots represent 2¢ uncertainties. 1.2 Ga limit is used to switch

SM201 & SM205, n = 80/84, 95-105% conc.

Pirgadikia Terrane

Probability

Age (Ma)

Fig. 9 Probability density distribution plot for the set of U-Pb
analytical zircon data from samples SM201 and SM205 of the
Pirgadikia Terrane for the time range between 400 and 800 Ma.
Probability density distribution plots: Dark grey shaded zircon ages
with 95-105% concordance, light grey shaded zircon ages with >5%
discordance (see text for explanation). n Number of analyses
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between 2°°Pb/**8U and 2°’Pb/>°°Pb ages for the probability plot.
Probability density distribution plots: dark grey shaded zircon ages
with 95-105% concordance, light grey shaded zircon ages with >5%
discordance (see text for explanation). n Number of analyses

almost absent in sample SM205. The concordance-filtered
zircon ages of 60 analyses on 59 single grains from sample
SM201 show a polymodal age distribution with major
peaks at ca. 530, 590 and 690 Ma, a subordinate cluster at
ca. 950-1,200, and a scatter of ages between ca. 1,370 and
2,820 Ma (Fig. 8a, c). The youngest nearly concordant
grain is 501 £ 18 Ma old and belongs to a group of four
detrital zircons with a rounded shape and 2*°Pb/***U ages
ranging between 501 + 18 and 509 + 17 Ma. The pres-
ence of Mesoproterozoic (~ 1,000 Ma), Palaeoproterozoic
(1,800-2,200 Ma) and Archaean (~ 2,500 Ma) sources is
also demonstrated by discordant grains that probably suf-
fered radiogenic lead loss. The oldest grain has a
207pp/*%°Ph age of 2,821 + 22 Ma.

The concordance-filtered zircon ages of 48 analyses on
42 single grains from sample SM205 show a similar pattern
to that of sample SM201, with a polymodal age distribution
between 500 and 700 Ma but a virtual absence of older
ages, with only three minor peaks at ca. 760, 1,350 and
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Fig. 10 CL images of
representative zircon grains
from analysed samples SM157
and SM151 of the Vertiskos
Terrane with location of the
LA-SF-ICP-MS analysis spot
and corresponding 2°°U/***Pb
age (£20) for grains <1.2 Ga
and 2°"Pb/**Pb age (+20) for
grains >1.2 Ga, respectively.
Letter, number code above the
ages: sample-spot. The scale
bar represents 30 pm in all
images

SM157-52

905+27
3
B

SM151-36

45217
\\

1,500 Ma (Fig. 8b, d). Major peaks occur at ca. 500 Ma
and 565 Ma; a less prominent peak appears at ca. 675 Ma.
The youngest nearly concordant grain is well rounded and
has a 2°°Pb/***U age of 453 & 22 Ma. The youngest group
of zircons includes three concordant grains with 2°°Pb/***U
ages of 492 + 17,499 £ 15 and 502 £ 13 Ma. The oldest
concordant grain has a 2°’Pb/?°°Pb age of 1519 + 23 Ma.

The analyses of both samples from the Pirgadikia Ter-
rane are combined in Fig. 9, which focuses on the age
spectrum between 400 and 800 Ma. Two major periods, at
ca. 490-630 Ma and 660-710 Ma, can be identified which
may represent distinct periods of zircon growth in Neo-
proterozoic and Cambrian times.

Vertiskos Terrane
Most zircons analysed from garnetiferous mica schist

SM157 have clear oscillatory zonation patterns in CL
images and appear to be magmatic in origin (Fig. 10); only

Vertiskos Terrane - garnetiferous micaschist

SM157-23

SM157-79
680+21

S Q)

SM151-37
1776142
2214+120*

\\

V swisi-38
383+14
390+17*

*intercept age (see text for explanation)

a few exhibit no zoning. Inherited cores are present to a
minor degree. The concordance-filtered zircon ages of 60
single-grain analyses show a predominance of zircons in
the 550-1,050 Ma range with major peaks at ca. 570, 620,
670 and 770 Ma, and a cluster at ca. 900-1,050 Ma. The
two youngest grains in sample SM157 are rounded and
have 2°°Pb/?®U ages of 459 + 20 and 493 4+ 17 Ma,
respectively. The first of the two grains, however, has a
Th/U value <0.1 and its age cannot therefore be considered
as magmatic; it rather suggests post-depositional meta-
morphic re-crystallisation. The gap that exists in ages
between 1,100 and 1,760 Ma should also be noted. A
second zircon population shows Palaeoproterozoic and
Archaean ages with single peaks at ca. 1,760, 1,950, 2,050,
2,080, 2,430 and 3,130 Ma (Fig. 11a, c). These peaks,
however, are based on a very limited number of analyses
only and stand out because of the relatively small errors in
their *°’Pb/*°°Pb ratios. The presence of Palaeoproterozoic
(~2,000 Ma) and Archaean (~ 2,600 Ma) sources is also
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Vertiskos Terrane,
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Fig. 11 Concordia diagrams (upper) and combined probability
density distribution plots (lower) for the set of U-Pb analytical
zircon data from sample SM157 (a, ¢) and SM151 (b, d). Two highly
discordant grains of sample SM151 with 2°Pb/*°Pb ages of
1776 £ 21 Ma (lo) and 2715 £+ 8 Ma (lo), respectively, are not
shown. Error ellipses in concordia plots represent 2¢ uncertainties.

demonstrated by discordant grains (see also Fig. 11a, c)
that probably suffered radiogenic lead loss. The oldest
concordant grain has a 2*’Pb/?°°Pb age of 3,134 + 13 Ma.
Zircons from garnet-bearing biotite gneiss SM151 are
very homogeneous. They display clear oscillatory zonation
patterns in CL images and appear to be magmatic in origin.
Inherited cores are almost absent. The concordance-filtered
zircon ages of 58 single-grain analyses show an age dis-
tribution between ca. 400 and 500 Ma, with major peaks at
ca. 435 and 455 Ma (Fig. 11b, d). The presence of Palae-
oproterozoic (ca. 1.8 Ga) and Late Archaean (ca. 2.7 Ga)
sources may be documented by two highly discordant
zircon grains (see Table 4 of supplementary material) that
probably suffered radiogenic lead loss. One analysis of a
zircon overgrowth yielded a slightly reverse discordant
206ph/2381 age of 383 + 14 Ma which is the youngest age
determined in this sample. The oldest concordant grain in
sample SM151 has a 2°°Pb/>**U age of 493 =+ 22 Ma.
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ages for the probability plot. Probability density distribution plots:
dark grey shaded zircon ages with 95-105% concordance, light grey
shaded zircon ages with >5 % discordance (see text for explanation).
n Number of analyses

Discussion and conclusions
Pirgadikia Terrane

Petrology and geochemistry indicate that the metasedi-
mentary rocks of the Pirgadikia Terrane are characterised
by very mature sandstones, siltstones and minor con-
glomerates, mainly composed of weathering-resistant
quartz clasts. Detrital zircon age spectra from samples
SM201 and SM205 differ slightly but both show a prom-
inent age cluster between 490 and 710 Ma that indicates
denudation of Pan-African basement. Deposition in prox-
imity to Pan-African basement was already suggested by
Himmerkus et al. (2006a) based on single-zircon Pb—Pb
ages from one metaquartzite sample near Taxiarchis vil-
lage. As shown here the interval between 490 and 710 Ma
comprises two major events, at ca. 490-630 and 660—
710 Ma, with the former one comprising several events.
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Interestingly, a similar spectrum was obtained by Gerdes
and Zeh (2006) for a high-grade metasediment from the
Mid-German Crystalline Rise that was interpreted as
indicating distinct periods of magma formation during the
Neoproterozoic to Cambrian, at ca. 500-515, 545, 575-595
and 640-720 Ma. Following Gerdes and Zeh (2006), the
670-710 and 560-620 Ma-old zircons from the Pirgadikia
Terrane might have formed in an island-arc or continental-
arc setting related to the formation of the Avalonian—
Cadomian orogenic belt, whereas zircons at ca. 520-550 Ma
were most probably formed during late-orogenic magma-
tism related to the Cadomian orogeny. Zircons ca. 490—
510 Ma old can be related to rifting processes and back-arc
opening of the Rheic Ocean, separating Avalonian and later
on Armorican terranes from the northern margin of
Gondwana (e.g. von Raumer et al. 2002, 2003, and refer-
ences therein).

Here, it is worth mentioning that the zircon age spec-
trum of the Pirgadikia samples carries an interesting
parallel with the exposed Avalonian basement in England
and Wales, which have the largest preserved Avalonian
inliers in Western Europe (e.g. Winchester et al. 2006, and
references therein). In these areas, the Uriconian volcanism
peaked around 560 Ma (e.g. Strachan et al. 1996), with
earlier dates have also been obtained corresponding to the
earlier peak referred to in this study. Notable are
677 + 2 Ma for the Malvern intrusion in central England
(Strachan et al. 1996), and a 666 = 7 Ma age for the
metamorphism of the Coedana gneisses on Anglesey
(Strachan et al. 2007).

The maximum depositional age of the metasedimentary
rocks from the Pirgadikia Terrane can be constrained by the
youngest detrital zircons. Preliminary single-zircon Pb—Pb
age determinations by Himmerkus et al. (2006a) gave an
age of ca. 530 Ma as youngest detrital input. In the present
study, however, much younger ages have been found:
501 £ 18 Ma for sample SM201 and 453 + 22 Ma for
sample SM205. The former age seems geologically mean-
ingful since it belongs to a group of ages that cluster
between ca. 501 and 509 Ma. The latter, however, is a
single age determination and should therefore be interpreted
with care. The youngest age group in sample SM205
comprises zircons between ca. 492 and 502 Ma. The
roundness of the zircon grains suggests prolonged rework-
ing, due to either long-distance transport by river systems or
long-lasting abrasion in a coastal environment. Keeping in
mind both the geological frame and time necessary for
uplift and erosion of plutonic rocks and that necessary for
weathering, transport and abrasion, we propose that the
sedimentary rocks of the Pirgadikia Terrane are younger
than Cambrian, probably Early-Middle Ordovician,
whereas an even younger age cannot be excluded insofar as
no biostratigraphic or other geochronological data are

available. However, a correlation with Upper Palacozoic—
Lower Mesozoic rocks from the Aegean region, as specu-
lated by Himmerkus et al. (2006a: 45), based on 87Sr/30Sr
initial ratios, seems most unlikely since these rocks contain
also detrital zircons of Devonian and Carboniferous ages
(Meinhold and Frei 2008; Meinhold et al. 2008).

The upper time limit for deposition is set by the struc-
tural and upper greenschist-facies metamorphic overprint
that took place probably in the latest Jurassic—early Cre-
taceous. Nevertheless, an Ordovician age seems quite
reasonable since, on a regional scale, the sedimentary rocks
of the Pirgadikia Terrane share many similarities with
those of the widespread Ordovician Armorican Quartzite
Formation (Grés Armorican Formation and its equiva-
lents), a succession of continental or marine, very mature
quartzitic sandstones sometimes associated with conglom-
erates and arkosic sandstones (e.g. Noblet and Lefort
1990). In many parts of North Africa and Europe the
Armorican Quartzite Formation conformably or uncon-
formably overlies the Pan-African basement or Cambrian
sedimentary rocks (e.g. Noblet and Lefort 1990). Its
deposition was constrained by a lower-intercept age of ca.
465 Ma on zircons from an intercalated rhyolitic tuff
(Bonjour et al. 1988) and provides a minimum age for the
amalgamation of West Africa- and Amazonia-derived
terranes by strike-slip motion along the northern margin of
Gondwana that resulted in the Armorican Terrane Collage
(Fernandez-Sudrez et al. 2002). The formation of very
mature quartzose sediments of Cambrian—Ordovician age
along the entire northern margin of Gondwana (Noblet and
Lefort 1990; Avigad et al. 2005) is not yet fully under-
stood. Linnemann and Romer (2002) suggest increased
reworking of older sediments that formed during various
hiatus of sedimentation. In comparison, Avigad et al.
(2005) suggest they are essentially first-cycle sediments
and reflect intense chemical weathering processes, partic-
ularly in a warm and humid climate, accompanied by low
relief and low sedimentation rates. This led to the
destruction of unstable fragments during erosion and
weathering of the source rocks and thus increased the
sediment maturity before final deposition.

Besides zircon grains that range in age between 490 and
710 Ma, Mesoproterozoic, Palaeoproterozoic and Late
Archaean zircons are also present although in minor
amounts. The older ones (>1.6 Ga) probably represent
recycled zircons rather than zircons that have been directly
derived from Palaeoproterozoic or Late Archaean rocks.
Zircons of such ages match the spread of orogenic events
recorded in the West African and eastern Amazonian
cratons (e.g. Nance and Murphy 1994, 1996). Palaeopro-
terozoic (ca. 1.8-2.1 Ga) basement is also known from
Brittany and the Channel Islands in Western Europe
(Calvez and Vidal 1978; Samson and D’Lemos 1998).
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The Mesoproterozoic concordant zircon grains are of
palaeotectonic significance, especially those with ages
around 1.5 Ga (Gothian—Rondonian-Rio Negro events) in
combination with grains around 1.0 Ga old (Sveconorwe-
gian—Grenvillian events). Similar ages were reported from
NW Iberia (Fernandez-Suarez et al. 2002), the NE Bohe-
mian Massif (Hegner and Kroner 2000; Mingram et al.
2004), the Moravo-Silesian Unit (Friedl et al. 2000, 2004),
West Avalonia (Nance and Murphy 1994, 1996), East
Avalonia (Strachan et al. 2007), the Malopolska Unit
(Belka et al. 2002) and the Polish East European Platform
(Belka et al. 2002). Such ages, however, are not known
from the Meguma Terrane (Nance and Murphy 1996),
Saxothuringia (e.g. Linnemann et al. 2004), SW Iberia and
Brittany (Ferndndez-Suarez et al. 2002), meaning that they
are absent in rocks which have their source in the West
African Craton. In north-western Greece, Anders et al.
(2006) obtained 2°°Pb/**’Pb ages ranging between ca. 800
and 1,340 Ma and a concordant *°°Pb/***U SHRIMP-II age
of 1,500 £ 18 Ma from inherited zircons in Neoprotero-
zoic orthogneisses (ca. 700 Ma) from the Florina Terrane.
The Florina Terrane constitutes the basement of the NW
Pelagonian Zone and has affinities with East Avalonia
(Anders et al. 2006). In general, inherited and detrital zir-
con ages of ca. 1 and 1.5 Ga are well known from Avalonia
supporting a position adjacent to the Amazonian Craton at
the end of the Neoproterozoic whereas Armorican terranes
lack such a component, suggesting closer affinities with the
West African Craton (Nance and Murphy 1996; Samson
et al. 2005; Winchester et al. 2006).

In the Eastern Mediterranean, the closest localities with
quartz-rich sediments similar to those of the Pirgadikia
Terrane can be found in the Istanbul and Zonguldak
Terranes of northern Turkey (see Yanev et al. 2006). In
the latter terrane, for instance, pre-Cambrian basement
rocks are unconformably overlain by Lower Ordovician
sandstones and conglomerates (Dean et al. 2000). Ordo-
vician trilobite fauna from the Zonguldak Terrane indicate
a close relation to Ordovician successions from central
Europe (Bohemia) and the Anglo-Welsh Basin (Avalonia)
(Dean et al. 2000). The Zonguldak Terrane may have
been located along the eastern continuation of Avalonia
and the Moravo-Silesian Terrane (Yanev et al. 2006).
Ordovician and Silurian benthic fauna from the Istanbul
Terrane are of Avalonian and Podolian affinity, whereas
Devonian brachiopods and trilobites are clearly of Bohe-
mian and North African affinity (Yanev et al. 2006). The
Balkan and NW Anatolian Terranes were part of northern
Gondwana but not of Baltica (Yanev et al. 2006, and
references therein).

To conclude, the Pirgadikia Terrane comprises island-
arc basement (ca. 570-580 Ma: Himmerkus et al. 2006a,
2007) of the Avalonian—Cadomian orogenic belt and very
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Fig. 12 Early Ordovician (~490 Ma) plate-tectonic reconstruction
showing presumed location of the Pirgadikia and the Vertiskos
Terranes (black stars) in the peri-Gondwana realm (modified from
von Raumer et al. 2003). AA Austro-Alpine, Ab Alboran plate, Ad
Adria sensu stricto, Am Armorica, Aq Aquitaine, Ct Cantabria, iA
Intra-Alpine terrane, GS Gory Sowie, Kb Karaburun, Mg Meguma, sP
South Portuguese, BV Bruno-Vistulikum, Is Istanbul terrane, Lg
Ligeria, MD Moldanubia, Sx Saxothuringia

mature quartzose sediments of probably Early-Middle
Ordovician age (this study). Detrital zircon ages reflect
derivation of these sediments from at least three distinct
crustal sources, i.e. the Avalonian—-Cadomian belt, the
West African and/or Amazonian cratons and the Grenvil-
lian belt, which may be taken as evidence for an Avalonian
origin of the Pirgadikia Terrane. The 490-510 Ma-old
detrital zircons can be related to Upper Cambrian igneous
rocks probably emplaced in a transtensional setting. Thus,
in the Late Neoproterozoic—Early Palaeozoic, the Pirgadi-
kia Terrane can be best interpreted as a peri-Gondwana
terrane, situated in the Avalonian realm north of the
evolving Rheic Ocean but in proximity to Cadomian terr-
anes (Fig. 12), very much like the “Avalonian satellites”
of von Raumer et al. (2003). The history of the Pirgadikia
Terrane throughout the Palacozoic and Mesozoic, however,
is still enigmatic because of the lack of palaeogeographic
constraints (e.g. palaeomagnetic data and fauna) for that
time. Today, the rocks of the Pirgadikia Terrane occur in
isolated fault-bounded inliers within the Vardar zone bor-
dering the Serbo-Macedonian Massif to the west.

Vertiskos Terrane

The detrital zircon age spectrum from the garnetiferous
mica schist shows a prominent age cluster between 550 and
800 Ma, indicating denudation of the Cadomian and Pan-
African basement. The gap in zircon ages between 500 and
550 Ma suggests that there was no input of rocks from the
source area related to late-orogenic tectonothermal events
of the Cadomian orogeny. On the basis of the 2*°Pb/***U
age of 493 £ 17 Ma, the maximum age of deposition is
suggested to be Early Ordovician with an upper time limit
for deposition given by the intrusion of the Upper
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Ordovician—Silurian magmatic rocks into the metasedi-
mentary succession.

The ca. 900-1050 Ma-old zircons are assumed to be
derived from the Grenvillian orogenic belt and might have
been transported by large river systems to the northern
margin of Gondwana (Zeh et al. 2001). The few Palaeo-
proterozoic (>1.7 Ga) and Archaean zircons probably
represent recycled zircons, rather than zircons directly
derived from Palaeoproterozoic and Archaean rocks. Zir-
cons of such ages match the spread of orogenic events
recorded in the West African and eastern Amazonian cra-
tons (e.g. Nance and Murphy 1994, 1996). Taking all data
collectively, the Pan African (ca. 550-800), Grenvillian
(900-1,050 Ma), Icartian—Eburnean (1,950-2,100 Ma) and
minor Archaean (>2.5 Ga) ages, together with the gap in
ages between 1,050 and 1,760 Ma found in the garnetif-
erous mica schist studied clearly indicate a North
Gondwana signature. At this point we suggest that the
sedimentary protolith of the garnetiferous mica schist, and
on a larger scale, most of the metasedimentary rocks of the
Vertiskos Terrane, were deposited in a Cadomian realm
(future Hun superterrane), probably prior to the final break-
off from the northern margin of Gondwana (Fig. 12). Their
palaeotectonic position within the Cadomian realm can be
further constrained by analysis of the intrusive rocks.

The zircon ages from the garnet-bearing biotite gneiss
cover a wide time span from ca. 405 to 490 Ma with
major peaks around 435 and 455 Ma. They fit Ordovician
and Silurian ages of acidic meta-magmatites from the
Vertiskos Terrane (see Himmerkus et al. 2006a, 2007,
2008) and presumably those of equivalent rocks from SW
Bulgaria (e.g. Titorenkova et al. 2003), and are interpreted
here to be typical of the older part of the Serbo-Mace-
donian Massif. The extension of these basement rocks into
western Turkey can also be anticipated since a *°’Pb/?°°Pb
single-zircon evaporation age of around 462 Ma was
documented for orthogneisses from the Biga Peninsula in
NW Turkey (Ozmen and Reischmann 1999). Bright
overgrowths of some zircons observed in CL images
indicate reheating of the Vertiskos basement and new
zircon growth during a late Early Devonian event (ca.
390 Ma). The age information, in conjunction with the
geochemical signature of the orthogneisses (volcanic-arc
granites showing within-plate affinities) suggest that Ver-
tiskos Terrane most probably originated in the eastern Hun
superterrane (Himmerkus et al. 2007, 2008; this study), as
did the Austro- and Intra-Alpine Terranes (Fig. 12) where
Ordovician and Silurian magmatic episodes are well
documented and related to an active-margin setting (e.g.
Neubauer 2002; von Raumer et al. 2002). The final break-
off of these terranes from the northern margin of
Gondwana was accompanied by the opening of the
Palaeotethys Ocean to the south.

Since Carboniferous magmatic and metamorphic events
have not yet been reported from the Vertiskos Terrane we
suggest the following possibility for the location of the
Vertiskos Terrane at the northern margin of Gondwana and
its evolution through time. The model centres on the
affiliation of Vertiskos to units of the eastern Hun super-
terrane, which in our opinion best fits the data. The
Vertiskos Terrane (along with Moldanubia and the Austro-
and Intra-Alpine Terranes) rifted away from the northern
margin of Gondwana, leading to the opening of the Pal-
aeotethys Ocean to the south. Later, it was “softly”
accreted by transcurrent movements in the Devonian—
Carboniferous to the southern margin of Laurussia, whence
it rifted in the Early-Middle Triassic (intrusion of the
within-plate Arnea granitic suite) and was again involved
in subduction-accretion processes during the Late Jurassic
to Early Cretaceous, when a branch of the Vardar Ocean
closed.
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