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ABSTRACT
U-Pb geochronology on detrital and inherited zircons from metasediments as well as

gneissic and metaigneous basement rocks of the Cyclades, Aegean Sea, Greece, defines
several periods of crustal growth prior to the Carboniferous. These ages are consistent
with Cycladic rocks being derived from the northern margin of Gondwana. There is a
distinct Mesoproterozoic age gap evident in zircons from the 25 samples considered. This
is characteristic of the West African craton, and we suggest it will also prove characteristic
of the Aegean region. This Mesoproterozoic age gap may be used as a tool in terrane
reconstruction to distinguish crustal material derived from different parts of Gondwana.
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Figure 1. Generalized tectonic map of Aegean region (modified from Dürr et al.,
1978; Robertson and Dixon, 1984). Inset shows location of Cycladic islands be-
tween Greece and Turkey, part of Attic-Cycladic massif, possible extension of
Menderes Massif, and Pelagonian zone. Seven islands from which analyzed sam-
ples were obtained are highlighted.

INTRODUCTION
Dating detrital minerals in sediments is a

common method used to determine sedimen-
tary provenance (Hurley et al., 1961), to de-
fine periods of crustal growth (Tatsumoto and
Patterson, 1964), or to trace the origin of al-
lochthonous terranes (Krogh and Keppie,
1990). Attempts to trace crustal evolution
have also been made by dating inherited zir-
con grains in granites (Pidgeon and Aftalion,
1978) and orthogneisses (Compston and Krö-
ner, 1988). In this paper the crustal evolution
of rocks from the Cyclades, Aegean Sea,
Greece, is determined by dating detrital and
inherited zircons from gneissic basement and
overlying tectonic slices of metasediments and
metavolcanic units. This is the first study to
define the early geological evolution of Cy-
cladic continental crust.

In pre-Mesozoic time, the continental
blocks of the Hellenides (including the Cyc-
lades) (Fig. 1) are thought to have formed part
of the northern margin of Africa (see Robert-
son and Dixon, 1984). Tracing the dispersal of
microcontinental blocks derived from the
northern margin of Gondwana is difficult due
to their complex geological histories. Pre-
Mesozoic plate reconstructions are particular-
ly difficult (Dercourt et al., 1986), given that
the outcrop patterns have been disrupted by
the Variscan and Alpine orogenic events, and
paleontological and paleomagnetic controls in
many areas such as the Cyclades are absent
(Dürr et al., 1978; Morris and Anderson,
1996). However, the general location of the
major continental blocks is well defined, and
the Precambrian geological evolution of the
Cyclades is expected to be broadly similar to
that of the sparsely dated North African crust.

*Corresponding author’s e-mail: sue@earth.uq.
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GEOLOGIC SETTING
Metamorphic core complexes in the Cyc-

lades form the central part of the Attic-
Cycladic Massif, which extends through the
central Aegean from Attica in southeastern
Greece to Turkey (Fig. 1). Correlations be-
tween the Pelagonian zone, the Menderes
Massif, and the Cyclades have been suggested
due to the geological similarities between
these terranes (Fig. 1) (Papanikolaou and De-
mirtasli, 1987; Candan et al., 1997). While
complicated structures make it difficult to cor-
relate between islands, three main lithological

groups have been distinguished (Fig. 2) (Dürr
et al., 1978). An upper unit at the highest
structural levels usually occupies the lowest
topography as scattered outcrops of fault-
juxtaposed unmetamorphosed sedimentary
and ophiolitic rocks. At structurally interme-
diate levels the Mesozoic series consist of a
sequence of intensely deformed platform sed-
iments, including neritic carbonates, psammi-
tic to pelitic sediments, and volcanics meta-
morphosed to eclogite-blueschist facies. The
above units structurally overlie an inferred
pre-Alpidic basement consisting of complex
schists, gneisses, and amphibolites (Andries-
sen et al., 1987; Henjes-Kunst and Kreuzer,
1982) (Fig. 1).

These different tectonic slices have been
juxtaposed along low-angle normal faults
forming metamorphic core complexes (Lister
et al., 1984). Basement and series rocks have
undergone at least two sequences of regional
metamorphic events. A sequence of high-pres-
sure blueschist to eclogite facies metamorphic
episodes (M1A–M1D) occurred from ca. 65 to
32 Ma, followed (ca. 32–15 Ma) by a se-
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Figure 2. Schematic stratigraphic column showing three main lithological units found in the
Cyclades. From oldest to youngest, these include basement composed of garnet-mica
schists intruded by Paleozoic granitoids, series rocks composed of Mesozoic sedimentary
sequences intruded by Miocene granitoids, and upper unit of Mesozoic sediments, ophiol-
ites, and granitoids.

Figure 3. Pre-Carboniferous age distribution for detrital zircons from 17 samples of
metasediment and inherited zircons from 8 samples of orthogneiss taken from 7
islands of Cyclades. Graph comprises kerned probability density curve and two his-
tograms of age data using 50 m.y. bin widths. Probability density diagram illustrates
major age peaks identified in text. Top histogram shows total number of pre-Carboni-
ferous zircons (n 5 201) with ages from metasediments (n 5 177) and metaigneous
(n 5 24) samples distinguished, and bottom histogram shows total number of pre-
Carboniferous zircons derived from basement (n 5 57) and from series (n 5 144).

quence of Oligocene-Miocene medium-pres-
sure greenschist metamorphism (M2) that oc-
casionally reached amphibolite facies and is
locally overprinted by contact metamorphism
associated with Miocene granitoid intrusion
(M3) from ca. 18 to 12 Ma (Altherr et al.,
1982; Andriessen et al., 1979; Henjes-Kunst
and Kreuzer, 1982).

Despite the complexity of overprinting re-
lationships, some evidence of a pre-Alpine
history for the lower plate rocks can be estab-
lished on the basis of texture. Relicts of an
earlier (M0) amphibolite facies metamorphism
have been described on Ios (Henjes-Kunst and
Kreuzer, 1982). The existence of pre-Alpine
basement material has been postulated for the
islands of Sikinos (van der Maar et al., 1981),
Naxos (Andriessen et al., 1987), Mykonos,
Paros, Serifos, and Syros (van der Maar and
Jansen, 1983). The identification of pre-Meso-
zoic basement in the Aegean provides a start-
ing point for the early geological history of
the Cyclades, but age information from this
basement is confined to post-Carboniferous.
Here we present ages derived from zircons
from 25 samples that have undergone the Al-
pine orogenic cycle, i.e., the basement and
Mesozoic series units. We consider these units
representative of the pre-Carboniferous crustal
signature of the area, although they may not
be genetically related.

SAMPLE SELECTION AND U-Pb
ANALYTICAL RESULTS

More than 700 analyses were conducted on
560 zircons extracted from 25 samples yield-
ing 201 pre-Carboniferous ages1. U-Pb com-
positions were measured using the Australian
National University’s SHRIMP I and II ion
microprobes. The samples included 17 meta-
sediments and 8 orthogneisses from 7 differ-
ent islands, Folegandros, Ios, Naxos, Paros,
Sifnos, Sikinos, and Syros (Fig. 1). Pre-
Carboniferous ages (n 5 201) were derived
from both detrital zircons in metasediments (n
5 177) or from inherited cores in magmatic
zircons separated from orthogneisses (n 5
24). The zircons of 12 samples of basement
yielded 57 pre-Carboniferous ages from 179
analyses, and 13 samples of series rocks yield-
ed 144 pre-Carboniferous ages from 522
analyses.

The ages from all 25 samples have been
combined and a summary of major zircon age
components older than Carboniferous is
graphically displayed in Figure 3. Only scat-
tered peaks are recognizable in the Paleopro-
terozoic and Archean, reflecting the relatively

1GSA Data Repository item 2002019, SHRIMP
analytical technique and U-Pb analytical results, is
available on request from Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301-9140,
USA, editing@geosociety.org, or at www.
geosociety.org/pubs/ft2002.htm.
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small number of analyses (n 5 26 and 12,
respectively). The two oldest ages measured,
ca. 3170 and 3190 Ma, are from two meta-
sedimentary units sampled from Naxos and
Folegandros. Several peaks can be identified:
ca. 2900–2850, 2500–2450, 2050–2000,
1900–1800, and 1700–1650 Ma. Of these Pa-
leoproterozoic and Archean ages, 16 of the 38
analyses were from obvious xenocrystic cores
and the other analyses generally came from
irregularly zoned grains.

There is a distinct paucity of Mesoprotero-
zoic ages in the zircon populations. Only 10
zircons yielded ages in the range 1600–1000
Ma, and these were from metasedimentary
units on Naxos, Ios, and Folegandros. A sig-
nificant age gap is apparent from ca. 1600 to
1400 Ma, and a complicated distribution of
ages occurs between 1100 and 700 Ma; two
peaks are distinguishable ca. 1000–950 and
900–800 Ma. Mixture of modeling and age-
probability density diagrams of the age range
500–700 Ma reveal two age populations ca.
650 and 550 Ma. There is one pre-Carbonif-
erous Paleozoic peak in the range ca. 450–400
Ma. The peaks are all defined by more than
20 individual analyses; ages younger than 650
Ma compose more than half (n 5 114) of the
total number of analyses (n 5 201). The most
prominent peaks from the combined analyses
are also the youngest due to the better pres-
ervation potential of younger zircons.

DISCUSSION
The dominant inherited and detrital zircon

age populations visible in Figure 2 can be
used to characterize the crustal precursors
from which basement and series rocks of the
Cyclades were ultimately derived. Unfortu-
nately, little work has been published on in-
herited zircon age populations for the Alpine
orogens, making correlations between areas
difficult. Some ion-probe analyses of pre-
Mesozoic detrital, metamorphic, and igneous
zircons from a range of rock types in the Mol-
danubian and Massif Central (Gebauer et al.,
1989; Gebauer, 1993) have been used to de-
fine the pre-Mesozoic evolution of central Eu-
ropean continental crust. This crust, like that
of the Cyclades, is thought to have been de-
rived from the northern margin of Gondwana
because of the predominance of Pan-African
ages found, here defined as in the range 650–
550 Ma.

In the European Variscides, Gebauer (1993)
distinguished four Precambrian megacycles of
crustal development as ca. 2700–2500, 2200–
1900, 1200–900, and 800–550 Ma, and inter-
preted the abundance of Pan-African ages as
evidence that the Variscides were derived
from the supercontinent Gondwana rather than
Laurasia. In contrast, the Laurasian crust of
the Scandanavian Caledonides lacks Pan-

African ages and yields Mesoproterozoic ages
(Williams and Claesson, 1987), which are
lacking in the age populations of the European
Variscides and their southern extension in the
Cyclades. The Mesoproterozoic age gap in the
Cyclades is consistent with its derivation from
the northern margin of Gondwana (present-
day North Africa) and reflects a lack of ma-
terial of this age in the area (Cahen et al.,
1984). The absence of Mesoproterozoic ages
is also distinctive of West Africa crust and has
been used to identify the origin of suspect ter-
ranes from West Gondwana in the Western
Cordillera of North America (Nance and Mur-
phy, 1994).

Similarly, Gebauer (1993) distinguished the
period between ca. 1700 and 1200 Ma as one
of tectonic quiescence in the European Varis-
cides, and suggested that this is typical for the
non-Australian part of Gondwana, presumably
West Gondwana. A Gondwana component
containing Proterozoic age peaks ca. 1700–
1400 and 1150–1000 Ma is shared by Paleo-
zoic sediments from New Zealand, eastern
Australia, and Antarctica (Ireland, 1992; Wy-
soczanski et al., 1997). The occurrence of Me-
soproterozoic zircon ages, which presumably
record important tectonomagmatic events in
segments of East Gondwana and in the Am-
azonian craton (Teixera et al., 1989), suggests
that an important distinction can be made be-
tween zircon populations of these areas and
those of North and West Africa.

Neoproterozoic ages in the range 900–700
Ma are considered to be characteristic of
North African and Arabian crust (Kröner and
Şengör, 1990). Such ages are derived from
primitive magmatic rocks produced during the
development of an active continental margin
and associated island arcs (Reischmann et al.,
1991). The identification, in this study, of a
significant population of zircons of Neopro-
terozoic age supports a close relationship be-
tween the Cyclades and North Africa and Ara-
bia, where rocks in this age range are common
(Cahen et al., 1984). This interpretation is
consistent with proposed tectonic reconstruc-
tions of the area based on paleontological and
lithological data (e.g., Robertson and Dixon,
1984). The latter would also place the Men-
deres Massif of western Turkey in close prox-
imity to the Cyclades, also as part of the
northern margin of Gondwana.

Such a tectonic model is supported by the
similarities in Precambrian age patterns be-
tween the Cyclades and those reported for the
Menderes Massif from conventional U-Pb zir-
con and single zircon Pb evaporation, which
span ca. 2555–1740 and 1000–700 Ma
(Reischmann et al., 1991). Pan-African ages
are also common in both detrital and mag-
matic zircons from the Menderes Massif of
western Turkey (Kröner and Şengör, 1990;

Hetzel and Reischmann, 1996), which would
support the idea of an affinity between the
rocks of western Turkey and the Cyclades.
However, Kröner and Şengör (1990) reported
a gap in zircon Pb evaporation ages from 900
to 700 Ma for samples from the Menderes-
Taurus block of southern Turkey and suggest-
ed that this precludes derivation of the Men-
deres Massif from Africa, instead suggesting
derivation from the East Sayan block of the
Angara craton of Siberia. It is possible that a
mélange of crustal blocks of different prove-
nance exists in this area, but this is difficult to
assess without further detailed provenance
studies.

The megacycles recognized in the European
Variscides are broadly similar to the age com-
ponents found in the Cyclades; however, they
differ in one important respect. Although Pan-
African ages are present, the European Varis-
cides do not appear to contain a bimodal age
population in the restricted ca. 650–550 Ma
range, although future work may reveal its
presence. Likewise, Cycladic zircon age pat-
terns are bimodal in this range; two separate
Pan-African events are distinguishable by ob-
jective mixture modeling and age-probability
density diagrams ca. 650 Ma and ca. 550 Ma.

The increased frequency of Pan-African zir-
cons in the eastern Mediterranean region, as
found in this study, may assist with the delin-
eation of a belt defined by Pan-African tec-
tonism at the margins of the European Varis-
cides. Late Ordovician orogenic activity is
widely documented in the European Varisci-
des with granite intrusion ca. 460–440 Ma
(Köppel et al., 1980), possibly related to col-
lision of terranes separated from Gondwana
after the Pan-African orogeny (Gebauer,
1993). There are few ages in the Menderes
Massif that match the strong 450–400 Ma age
group found in the Cyclades. In contrast, the
Menderes Massif is thought to have remained
relatively stable from the Early Ordovician to
at least the Late Triassic (Şengör et al., 1984).
The absence of 4502400 Ma ages in western
Turkey suggests that while the precursors of
both Cycladic and Menderes Massif crust had
similar Precambrian histories, their Paleozoic
histories are distinctly different (cf. Ring et
al., 1999). This should be an important con-
sideration in plate reconstructions of the east-
ern Mediterranean and is not adequately ad-
dressed by established models (e.g., Robertson
and Dixon, 1984; Kröner and Şengör, 1990).

CONCLUSIONS
Zircons from Paleozoic sediments and or-

thogneisses from the Cyclades record complex
growth histories that provide information
about the source from which these rocks were
derived. Zircon age patterns for the Cyclades
and western Turkey show similarities for the
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Precambrian, but distinct differences in the
Paleozoic. The lack of published pre-Meso-
zoic age data for other areas precludes detailed
comparisons being made with the Cyclades.
Nevertheless it can be concluded that the Cy-
cladic age pattern is similar to that reported
for the European Variscides. The preponder-
ance of Pan-African ages in Cycladic rocks
suggests affinities with Gondwana rather than
Laurasia, consistent with an interpretation of
the Cyclades being derived from the northern
margin of Gondwana (currently North Africa).
The Cycladic age pattern is hence indicative
of North Gondwana. The distinctive Mesopro-
terozoic age gap found in zircons from Cy-
cladic rocks is also found in the West African
craton and is a feature that should prove char-
acteristic of North Gondwana crust. The Me-
soproterozoic age gap makes it possible to dis-
tinguish North and West Africa crust from that
derived from other parts of Gondwana, mak-
ing it a useful tool for tectonic reconstructions.
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