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[1] We report 40Ar/39Ar ages from various tectonic
units in the Aegean and westernmost Turkey. On the
basis of published geochronologic data and our
40Ar/39Ar ages we propose that the Aegean is made
up of several high-pressure units, which were
successively underplated from the Late Cretaceous
until the Miocene. Ages for high-pressure meta-
morphism range from 80–83 Ma in parts of the
Vardar-Izmir-Ankara suture zone in the north to 21–24
Ma for the Basal unit in the Cyclades and the external
high-pressure belt on Crete in the south. Published
seismic data suggest that high-pressure metamorphism
is currently occurring underneath Crete. Younging of
high-pressure metamorphism in a southerly direction
mimics the southward retreat of the Hellenic
subduction zone. We propose that distinct stages of
high-pressure metamorphism were controlled by the
underthrusting of fragments of mainly thinned
continental crust and that these punctuated events
were superposed on progressive slab retreat. By far
most of the exhumation of the high-pressure units
occurred early during the orogenic history in a forearc
position. INDEX TERMS: 8110 Tectonophysics: Continental

tectonics—general (0905); 8150 Tectonophysics: Plate boundary—

general (3040); 1035 Geochemistry: Geochronology; 8030

Structural Geology: Microstructures; 3660 Mineralogy and

Petrology: Metamorphic petrology; KEYWORDS:
40Ar/39Ar

dating, exhumation, microstructures, blueschists, Aegean, Greece.
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1. Introduction

[2] The Hellenic subduction zone in the Aegean is one of
the worldwide best examples of a retreating plate-boundary
zone. Some generalized features of retreating subduction
zones are well-expressed extensional faults forming intra
arc and back arc basins. Therefore it is widely assumed that
the exhumation of metamorphic rocks in the Aegean, and by
inference above retreating subduction zones in general, was
chiefly accomplished by normal faulting in an intra/back arc
setting [Lister et al., 1984; Buick, 1991]. A deep trench with
protracted flysch deposition characterizes the fore arc of
retreating subduction zones. Underplating of material and
associated high-pressure metamorphism is usually consid-
ered to be a subordinate process in the fore arc [Royden,
1993]. Nonetheless, subduction zone retreat in the Aegean
did not follow this general concept.
[3] 1. The Aegean is famous for its high-pressure rocks;

glaucophane for instance was discovered on Syros Island
[Haussmann, 1845]. An important question for this study is
therefore how high-pressure belts formed above the retreat-
ing Hellenic slab. As a working hypothesis we envision that
the formation of high-pressure belts might be due to discrete
collision events [Lister and Forster, 1996; Thomson et al.,
1999]. This view is supported by the occurrence of wide-
spread coherent continental-margin sequences, including
metabauxite-bearing carbonate platforms. However, Wij-
brans and McDougall [1988] pointed out that sustained
high-pressure metamorphism does not agree with a con-
tinental-collision model. Moreover, full continental collision
commonly leads to subsequent cessation of high-pressure
metamorphism as shown for the Alps and the Anatolide belt
of western Turkey, the latter of which borders the Aegean to
the east [Platt, 1986; Hetzel et al., 1995a].
[4] 2. Recent studies stressed the importance of forearc

processes for the exhumation of the Aegean high-pressure
rocks. Thomson et al. [1998] showed that �85–90% of the
exhumation of the external high–pressure belt on Crete was
achieved by normal faulting in a forearc setting. Ring et al.
[2001a] demonstrated that the exhumation of the tectoni-
cally deepest rocks in the Cyclades was also primarily
achieved when these rocks where still in a forearc position.
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[5] Important questions we try to address are: (1) what
role does continent collision play for the formation of high-
pressure rocks above retreating slabs and how does collision
affect the process of subduction zone retreat? (2) Is intra arc/
back arc extension a major exhumation mechanism above
retreating subduction zones?
[6] We report 40Ar/39Ar ages from the Lycian nappes, the

Cycladic blueschist unit and the Basal unit of the Cyclades
(Figure 1) and attempt to interpret the 40Ar/39Ar ages in terms
of mineral growth/deformation/recrystallization events. Our
new ages and published geochronologic data suggest to us
that the Aegean is made up of several high-pressure belts, the
ages of which range from 80–83 Ma in the Vardar-Izmir-
Ankara suture zone in the north [Sherlock et al., 1999] to 20–
24 Ma for the external high-pressure belt in the south [Seidel
et al., 1982]. The ages for high-pressure metamorphism can
be grouped into three distinct age clusters (�75–85 Ma,
�55–60 Ma, and �20–25 Ma), which we correlate with
punctuated periods of collision of continental fragments
during progressive slab retreat. By far most of the exhuma-
tion of the Aegean high-pressure rocks occurred in a forearc
position making it likely that the Aegean represents a long-
lived mixed-mode wedge, i.e., an orogenic wedge that is
characterized by protracted underplating and horizontal con-
traction in its lower part and normal faulting in its upper part
[Platt, 1986; Ring et al., 1999a].

2. Setting

2.1. Lateral Variations and High-Pressure Belts
in the Hellenide-Anatolide Orogen

[7] The Alpine Hellenide-Anatolide orogen in the eastern
Mediterranean shows significant along-strike variations
(Figures 1 and 2). Large parts of the Hellenides have a
granitic basement that yielded protolith ages of �300–320
Ma [Henjes-Kunst and Kreuzer, 1982; Reischmann, 1998;
Engel and Reischmann, 1998; Ring et al., 1999b; Reisch-
mann et al., 2001]. Granitic basement rocks in the Menderes

nappes of the western Anatolide belt in adjacent Turkey
yielded ages of �540–560 Ma and no Carboniferous
granites have been found in the Menderes nappes so far
[Sengör et al., 1984; Loos and Reischmann, 1999; Gessner
et al., 2001a, 2003]. Therefore Ring et al. [1999c] regarded
the Menderes nappes as part of an exotic continental block
(Anatolia in Figure 2) in the Hellenide-Anatolide orogen.
The along-strike differences are in part manifest by the
highly extended crust underneath the Aegean Sea (15–30
km thick [Makris and Stobbe, 1984]) between the Greek and
Turkish mainlands. These mainlands are underlain by con-
tinental crust of normal thickness (35–40 km [Makris and
Stobbe, 1984]). The along-strike differences in crustal thick-
ness geographically coincide with the occurrence of the
Early Miocene external high-pressure belt and the current
position of the Hellenic subduction zone (Figure 1b). It
appears that the Oligocene to Recent retreat of the Hellenic
subduction zone controlled the opening of the Aegean Sea
and the geographic extent of the external high-pressure belt.
This geometric pattern suggests that the retreat of the
Hellenic subduction zone since the Oligocene only occurred
in the Aegean and not on the adjacent mainlands.
[8] The Hellenides in the Aegean can be subdivided from

top (internides) to bottom (externides) into (1) the Internal
zones, (2) the Vardar-Izmir-Ankara zone, (3) the Pelagonian
zone and the correlative Lycian nappes [Robertson et al.,
1996], (4) the Cycladic blueschist unit, and (5) the External
Hellenides. A major difference between the Aegean and the
Anatolides of western Turkey is that in the latter the
Menderes nappes as part of Anatolia, instead of the External
Hellenides as part of Adria, form the lowermost tectonic
unit (Figures 1 and 2).
[9] The Internal zones are considered part of Eurasia

underneath which oceanic crust of Neotethys was sub-
ducted. The related suture is the ophiolitic Vardar-Izmir-
Ankara zone, parts of which were metamorphosed under
blueschist-facies conditions (18–22 kbar, 400�–460�C) in
the Late Cretaceous [Sherlock et al., 1999] (Figure 3). The
underlying Lycian nappes are a thin-skinned thrust belt,

Figure 1. (opposite) (a) Generalized tectonic map of Aegean showing major tectonic units and present-day Hellenic
subduction zone north of Libyan coast (modified from Jacobshagen [1986]). Cycladic blueschist unit (internal high-
pressure belt) is dominant tectonic unit in Aegean and overlain by continental Pelagonian zone/Lycian nappes and oceanic
Vardar-Izmir-Ankara suture zone; Basal unit of Cyclades is part of External Hellenides and crops out below Cycladic
blueschist unit in some windows (arrows show Olympos and Attica windows on Greek mainland, Almyropotamos and
Panormos windows on Evia and Tinos islands and Kerketas nappe on Samos and Fourni islands). On Crete, External
Hellenides are made up of unmetamorphosed units in upper plate (Tripolitza and Pindos units) of Cretan detachment and
external high-pressure belt below Cretan detachment. Cycladic blueschist unit and Vardar-Izmir-Ankara zone form high-
pressure belts of Cretaceous to Early Tertiary age which span wide area from Greek mainland across northern Aegean Sea
into Turkey. Early Miocene high-pressure rocks of External Hellenides (vertically ruled pattern) occupy more restricted area
than older high-pressure rocks and occur south/southeast of Late Pliocene to Recent volcanic arc delineated by calc-alkaline
volcanoes (asterisks). In western Turkey, Menderes nappes occur below the Cycladic blueschist unit; the Menderes nappes
have no Tertiary high-pressure overprint. Position of sample LN from southern part of Lycian nappes west of Milas is
shown; boxes indicate location of maps shown in Figures 4 and 5. (b) NNE-SSW cross section showing nappe pile. (c)
Miocene to Recent thrust fronts in Mediterranean region and location of main map; also shown is external high-pressure
belt and its geographic relationship to thinned crust underneath Aegean Sea, convergence direction of Africa relative to
Europe, and direction of escape of Turkish plate. (d) Map showing position of subduction-related magmatic arcs from
Oligocene to Recent [Fytikas et al., 1984]; note that Cyclades (Evia, Naxos and Samos islands are shown for reference)
became part of intra arc region during Late Miocene.
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which is assumed to root in the Vardar-Izmir-Ankara zone
[Collins and Robertson, 1998]. The Lycian nappes and the
Pelagonian zone are in part underlain by the Cycladic
blueschist unit, the latter of which comprises from top to
bottom three composite nappes: (1) the ophiolitic Selçuk
mélange, which Ring et al. [1999b] correlated with other
high-pressure ophiolitic mélange zones that are made up of
similar lithologies and occupy the same tectonic position
across the Cyclades (Figure 1); (2) a Permo-Carboniferous
to Paleocene passive-margin sequence (blueschist series of
Vandenberg and Lister [1996]); and (3) a Carboniferous
basement, which also occurs as slices in the passive-margin
sequence. The latter two units will in part be summarized
as Cycladic passive-margin/basement sequence in this
article. The Basal unit, which correlates with the Tripolitza
unit of the External Hellenides [Godfriaux, 1968; Shaked et
al., 2000; Ring et al., 2001a], below the Cycladic blues-
chist unit is exposed in a number of windows (Figure 1).
The External Hellenides are a thrust pile of Permian to
Paleogene rocks. The structurally highest units of the

external Hellenides (Tripolitza and Pindos units) are
weakly- to non-metamorphosed and are tectonically sepa-
rated from underlying Early Miocene high-pressure rocks
on the Peleponnesos and Crete (8–15 kbar, 300�–480�C
[Theye et al., 1992]) by the Cretan detachment [Thomson et
al., 1999]. On a number of islands the heterogeneous
weakly to non-metamorphosed Cycladic ophiolite nappe
tectonically overlies most rock units in the Aegean [Lan-
gosch et al., 2000] and forms an orogenic lid. The Cycladic
ophiolite nappe probably originated in shallow parts of the
Vardar-Izmir-Ankara suture zone.
[10] In contrast to parts of the External Hellenides to the

south of the highly extended continental crust of the
Aegean, the Menderes nappes of western Turkey do not
show Alpine high-pressure metamorphism [Ring et al.,
1999c, 2001b; Gessner et al., 2001b; Régnier et al.,
2003]. The absence of Alpine high-pressure metamorphism
in the Menderes nappes, and the lack of a well-defined
subduction zone to the south of western Turkey suggests
that subduction ceased after full collision of the exotic

Figure 2. Paleogeographic sketch map for Early Cretaceous (modified from Gessner et al. [2001b])
illustrating supposed spatial arrangement of continents and continental fragments and their basement
ages; crust of Adria is, at least in part, highly thinned as indicated by Ionian and Pindos zones; the latter
of which was in part oceanic; correlation of Pelagonian zone and Lycia according to Robertson et al.
[1996]; Anatolia is interpreted as microcontinent which rifted off Africa in Early Mesozoic and, unlike
Adria, consisted of ‘‘normal’’ thickness continental crust. Sketch is very schematic and not to scale.
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Anatolide continent in the Eocene [Hetzel et al., 1995a;
Ring et al., 1999c; Gessner et al., 2001b] (Figure 2).

2.2. Lithology and Tectonometamorphic
Evolution of the Lycian Nappes, the Cycladic
Blueschist Unit and the Basal Unit

[11] The base of the Lycian nappes in westernmost
Turkey (Figure 4) is made up of sheared red-green phyllite

of the so-called Karaova series above which a Mesozoic
passive-margin sequence follows [Güngör and Erdogan,
2001]. This succession is capped by Late Cretaceous flysch
[Bernoulli et al., 1974]. High-pressure metamorphism
reached 7–10 kbar and 300�–400�C [Franz and Okrusch,
1992; Oberhänsli et al., 2001]. Stratigraphic relationships
indicate that top-S/SE displacement of the Lycian nappes
occurred episodically from the Late Cretaceous until the
Miocene [Collins and Robertson, 1997, 1998].

Figure 3. (a) Schematic section of tectonic units in Aegean and westernmost Turkey and compilation of
geochronologic data (1Sherlock et al. [1999]-Rb/Sr on phengite; 2this study-40Ar/39Ar on phengite;
3Tomaschek et al. [2003]-U/Pb on zircon and 40Ar/39Ar on phengite and paragonite; 4Maluski et al.
[1987]-40Ar/39Ar on phengite and paragonite; 5Altherr et al. [1982]-Rb/Sr on white mica; 6Wijbrans and
McDougall [1986, 1988] and Wijbrans et al. [1990]-40Ar/39Ar on phengite; 7Maluski et al.
[1981]-40Ar/39Ar on phengite; 8Bröcker and Franz [1998]-Rb/Sr on phengite; 9Ring et al.
[2001a]-40Ar/39Ar and Rb/Sr on phengite; 10Ring and Reischmann [2002]-Rb/Sr on phengite, 11Seidel
et al. [1982]-K/Ar on phengite; 12Thomson et al. [1999]–fission track on zircon; *Schermer et al. [1990];
Lips et al. [1999]-40Ar/39Ar on white mica, note that latter data are from Mt. Olympos and Pelion regions
and that it is not clear to us whether all reported ages are from Pelagonian zone or whether some are from
Cycladic blueschist unit). Cycladic blueschist unit is subdivided into Selçuk mélange, Carboniferous
basement, Permo-Carboniferous to Early Tertiary cover (passive-margin succession) and Tsaki unit on
Evia Island. (b) Sketch from tectonic contact above Cycladic blueschist unit in easternmost Aegean and
westernmost Turkey with numbers of samples discussed in text and shown in Figures 1 and 4. (c) Sketch
from tectonic contact above Basal unit on Evia Island with numbers of samples discussed in text and
shown in Figure 5. Same patterns as in Figure 1.
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[12] The high-pressure metamorphosed ophiolitic Selçuk
mélange contains blocks of metagabbro and garnet-mica
schist in a matrix of serpentinite and garnet-mica schist. It
separates the continental Lycian nappes from the continental
rocks of the Cycladic passive-margin/basement sequence, the
latter of which is represented on Samos Island by the
Ampelos cover nappe and the Agios Nikolaos basement
nappe (Figure 4) [Ring et al., 1999b]. The Ampelos nappe,
as well as correlative tectonic units across the entire Cyclades
and southwestern Turkey (blueschist series), consists of
quartzite, metapelite and metabasite/metaacidite lenses over-
lain by metabauxite-bearing marble. The marble ranges in
depositional age from Late Triassic through Maastrichtian
[Dürr et al., 1978; Özer et al., 2001]. Although, this succes-
sion is generally regarded as a passive-margin sequence
[Altherr and Seidel, 1977], there is local evidence for sub-
duction-related magmatism. This magmatism appears to be
related to the final closure of Paleotethys in the Early to
Middle Triassic [Sengör et al., 1984], before the stable
carbonate platform developed. The passive-margin sequence
is unconformably overlain in southwestern Turkey by mid-
Paleocene flysch [Özer et al., 2001]. The underlying Agios
Nikolaos nappe, as well as correlative basement nappes on
Ios and Naxos Islands [Lister and Forster, 1996], contain
garnet-mica schist intruded by Carboniferous granitoids and
is thought to represent part of the former basement of the

passive-margin sequence. P-T conditions of the entire Cycla-
dic blueschist unit are on the order of 12–19 kbar and 450�–
550�C [Okrusch and Bröcker, 1990]. Will et al. [1998]
showed that P-T estimates for high-pressure metamorphism
in the basement on Samos are �3–5 kbar and �50�–80�C
higher than in the passive-margin sequence, indicating
that both units are tectonically separated. A later Barrovian-
type metamorphism reached greenschist- and very locally
amphibolite-facies conditions in the Cycladic blueschist
unit.
[13] The tectonometamorphic evolution of the Cycladic

blueschist unit in the Aegean involved two deformation
events during high-pressure metamorphism. Both events
were separated by poikiloblastic growth of glaucophane,
chloritoid, kyanite and white mica (Lister and Raouzaios
[1996] for Sifnos Island; Ring et al. [1999b] for Samos
Island). The second high-pressure deformation event (D2)
was associated with initial exhumation of the Cycladic
blueschist unit. Numerous D2 shear zones developed within
the Cycladic blueschist unit; however, it is unclear whether
or not the shear zones are contractional or extensional.
During and/or after D2, the Cycladic blueschist unit was
thrust onto the Basal unit and caused high-pressure meta-
morphism in the latter [Ring et al., 1999b; Shaked et al.,
2000]. During thrusting, high-Si phengite recrystallized
thoroughly at the base of the Cycladic blueschist unit.

Figure 4. (a) Tectonic map and (b) cross section of Samos Island and Dilek Peninsula of western
Turkey showing nappe structure comprising from top to bottom Kallithea nappe (Cycladic ophiolite
nappe), Lycian nappes, Selçuk mélange, Ampelos cover nappe and Agios Nikolaos basement nappe (the
latter three of which belong to Cycladic blueschist unit) and Kerketas nappe (Basal unit). Also shown are
sample localities; note that locality of sample LN is indicated in Figure 1.
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Because maximum pressure in the Basal unit is >5 kbar less
than in the overlying Cycladic blueschist unit, the latter was
exhumed by >�20 km before and/or during thrusting. Later,
normal shear zones developed during and after greenschist-
facies metamorphism [Vandenberg and Lister, 1996; For-
ster and Lister, 1996; Ring et al., 1999b].
[14] In the Anatolide belt of western Turkey, deformation

of the Cycladic blueschist unit also included two deforma-
tion events during Alpine high-pressure metamorphism.
Both events were separated by static growth of kyanite,
chloritoid and white mica porphyroblasts [Gessner et al.,
2001b]. The second high-pressure deformation was in part
coeval with emplacement of the Cycladic blueschist unit
onto the Menderes nappes along the Cyclades-Menderes
thrust in the Middle to Late Eocene [Ring et al., 1999b;
Gessner et al., 2001b]. The emplacement of high-pressure
units onto the Menderes nappes, which have no Tertiary
high-pressure overprint, indicates that the Cycladic blues-
chist unit was already exhumed by >�30 km in the Middle
to Late Eocene and that D2 was associated with its initial
exhumation. Gessner et al. [2001b] discussed that the high-
pressure shear zone separating the Cycladic passive-margin/
basement sequence from the overlying ophiolitic Selçuk
mélange might be extensional and could have aided Eocene
exhumation of the Cycladic blueschist unit before or during
emplacement of the latter onto the Menderes nappes.
[15] The Basal unit, which is part of the External Hellen-

ides in the Cyclades, largely consists of a huge marble
sequence. On Evia Island (Figure 5), a hard ground with
Ypresian-Lutetian nummulites [Dubois and Bignot, 1979]
indicates that platform-type carbonate sedimentation lasted
until the Middle Eocene [Shaked et al., 2000], i.e., �20–30
Ma longer than in the overlying Cycladic passive-margin
sequence. Above the marble of the Basal unit a sequence of
quartzite, metapelite and rare marble layers occurs, which
has been interpreted as post-Middle Eocene metaflysch
(Almyropotamos flysch in Figure 5). High-pressure meta-
morphism in the Basal unit reached �8–10 kbar and 350�–
400�C [Ring et al., 1999b; Shaked et al., 2000]. Thomson et
al. [1998] showed that underthrusting of the External
Hellenides commenced at 32–36 Ma and subsequently
caused high-pressure metamorphism in parts of the latter.
[16] The Tsaki unit above the Almyropotamos flysch is

distinguished from the latter by the presence of serpentinite
and metabasite. The tectonic position of the Tsaki unit is
unclear. Maluski et al. [1981], Katsikatsos et al. [1986],
Jacobshagen [1986], and Katzir et al. [2000] regarded it as
part of the Cycladic blueschist unit, whereas Shaked et al.
[2000] considered the Tsaki unit as part of the Basal unit. In
the following we treat the Tsaki unit as a separate unit.
However, the occurrence of serpentinite and metabasite
makes it more likely that the Tsaki unit is part of the Cycladic
blueschist unit as suggested by most workers. Our 40Ar/39Ar
ages (see below) would be compatible with this view.

3. Summary of Previous Geochronologic Work

[17] Figure 3 provides our summary of published geo-
chronologic data from the Aegean. Rb/Sr phengite ages

from the Vardar-Izmir-Ankara suture zone were interpreted
to date high-pressure metamorphism at 80–83 Ma [Sher-
lock et al., 1999]. 40Ar/39Ar data from the Mt. Olympos-
Pelion region scatter between 54 and 100 Ma [Schermer et
al., 1990; Lips et al., 1999]. Most of these data are
apparently from the Pelagonian zone; however, it is not
well known to what extent rocks correlative with the
Cycladic blueschist unit underlie the Pelagonian zone in
this region. In the ophiolitic mélange of Syros and Tinos
islands, which we correlate with the Selçuk mélange (see
above), U/Pb dating of zircon from gabbro yielded Late
Cretaceous ages of �73–79 Ma, which are either inter-
preted to indicate crystallization of the gabbro [Keay, 1998]
or high-pressure metamorphism [Bröcker and Enders,
1999]. A detailed study of these zircons by Tomaschek et
al. [2003] revealed that the �73–79 Ma ages are crystal-
lization ages and that metamorphic zircons with low Th/U
ratios date high-pressure metamorphism at 51–53 Ma.
40Ar/39Ar dating of phengite and paragonite from this
mélange supplied ages of 40–53 Ma [Maluski et al.,
1987; Tomaschek et al., 2003]. K/Ar, 40Ar/39Ar and Rb/Sr
dating of phengite and glaucophane from blueschist and
eclogite of the Cycladic blueschist unit also provided
Eocene (45–>50 Ma) ages [Andriessen et al., 1979;
Maluski et al., 1981; Altherr et al., 1982; Bröcker et al.,
1993; Wijbrans and McDougall, 1986; Wijbrans et al.,
1990; Baldwin, 1996] from a number of islands in the
western Cyclades.
[18] The first fundamental question that arises from the

K/Ar, 40Ar/39Ar and Rb/Sr phengite ages from the Cycla-
dic blueschist unit is whether they date high-pressure
metamorphism or cooling after this event. A second
matter of concern is that it is not clear which of the
various white mica generations were used for dating.
Lister and Raouzaios [1996] assumed that previous geo-
chronologic studies measured apparent age spectra that
reflect the effect of conditions subsequent to the porphyro-
blastic growth of white mica and other minerals between
the two high-pressure deformation events. We will return
to both issues below.
[19] The timing of the Barrovian-type overprint is only

loosely constrained at 15–23 Ma [Wijbrans and McDou-
gall, 1988; Bröcker et al., 1993]. Systematic 40Ar/39Ar
dating of different populations of white mica and of
hornblende let Wijbrans and McDougall [1986] to propose
that Barrovian metamorphism occurred at the lower end of
the age spectrum (�15–16 Ma) and �1–6 Ma before the
widespread intrusion of Late Miocene (�10–14 Ma) gran-
itoids in the Cyclades. These granitoids are primarily of I-
type character [Altherr et al., 1982] and were formed
together with basic to acid volcanic rocks in a magmatic-
arc setting [Fytikas et al., 1984] (Figure 1d).
[20] 40Ar/39Ar and Rb/Sr data from high-Si phengite from

the Basal unit yielded ages of 21-24 Ma [Bröcker and
Franz, 1998; Ring et al., 2001a; Ring and Reischmann,
2002]. Ring et al. [2001a] interpreted these ages to date
high-pressure metamorphism in the Basal unit of the
Cyclades. Bröcker and Franz [1988] related their Rb/Sr
phengite ages from the Basal unit on Tinos Island to
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thrusting and associated fluid infiltration of the Cycladic
blueschist unit onto the Basal unit, a view that is compatible
with the interpretation of Ring et al. [2001a]. The ages of
21–24 Ma from the Basal unit in the Cyclades are identical
to the ages of 20–24 Ma for high-pressure metamorphism
of the Phyllite-Quartzite and Plattenkalk units of the exter-
nal high-pressure belt on Crete [Seidel et al., 1982; Thom-
son et al., 1999].

4. Analytical Procedures

[21] For 40Ar/39Ar analysis of white mica at the Univer-
sity of Alaska in Fairbanks, U.S.A., the minerals separated
from the samples were wrapped in aluminum foil and
arranged in two levels, labeled top and bottom, within
aluminum cans of 2.5 cm diameter and 4.5 cm height.
Three samples of hornblende (MMhb1 [Samson and
Alexander, 1987]) with an age of 513.9 Ma [Lanphere et
al., 1990] were included on each level with each set of
unknowns to monitor the neutron flux. The samples were

irradiated for 4 MWh in position 5c of the uranium enriched
research reactor of McMaster University in Hamilton,
Canada. Upon their return from the reactor, the samples
and monitors were loaded into holes, which are two milli-
meter in diameter, in a copper tray. The copper tray was
then loaded in an ultra-high vacuum extraction line. The
monitors and samples were fused using a 6-watt argon-ion
laser. Argon purification was achieved using a liquid nitro-
gen cold trap and a SAES Zr-Al getter at 400�C. The
samples were then analyzed in a VG-3600 mass spectrom-
eter at the Geophysical Institute of the University of Alaska
using the single-crystal step-heating technique [York et al.,
1981; Layer et al., 1987; Layer, 2000]. The argon isotopes
measured were corrected for system blank, mass discrimi-
nation, as well as calcium, potassium and chlorine interfer-
ence reactions following procedures outlined by McDougall
and Harrison [1988]. The weighted mean of the results
obtained on the monitor samples was used on the ensuing
calculations for their corresponding set of samples. All ages
were calculated using the constants of Steiger and Jäger

Figure 5. (a) Tectonic map and (b) cross section of southern Evia showing Cycladic blueschist unit,
Tsaki unit and Basal or Almyropotamos unit (modified from Maluski et al. [1981]; Jacobshagen
[1986]; Shaked et al. [2000]). Tectonic position of Tsaki unit is unclear, Maluski et al. [1981],
Katsikatsos et al. [1986], Jacobshagen [1986] and Katzir et al. [2000] regarded it as part of Cycladic
blueschist unit; Shaked et al. [2000] considered Tsaki unit as part of Basal unit; Tsaki unit is
distinguished from Almyropotamos flysch by presence of serpentinite and metabasite. Current contact
of unmetamorphosed Pelagonian zone above Cycladic blueschist unit and Almyropotamos flysch
formed late, after stacking of all units; because late tectonic contacts across Aegean are commonly
extensional, and because complete lower metamorphosed part of Pelagonian zone is missing, we regard
this contact as a normal fault. Also shown are sample localities; note that EV00-1B indicates sample
localities of EV00-1 and EV00-B.
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Table 1. 40Ar/39Ar Dataa

Sample Mineral Integrated Age, Ma Plateau Age, Ma Plateau Information Isochron Age, Ma Isochron Information

Lycian Nappes
LN Phengite 67.9 ± 0.5 High temp. age

72.0 ± 3.0
6 fractions

30% release
MSWD = 4.5

Low temp. age
52.3 ± 2.2

40Ar/36Ari = 349 ± 20
3 fractions
MSWD = 0.01

LY6 Phengite 70.2 ± 0.4 Intermed. age
70.4 ± 2.5

4 fractions
33% release
MSWD = 38.7

Cycladic Blueschist Unit (Includes Tsaki Unit)
A24
D2 shear zone

Phengite 38.8 ± 0.3 40.1 ± 0.5 3 fractions
67% release
MSWD = 0.5

41.5 ± 0.7 40Ar/36Ari = 207 ± 24
6 fractions
MSWD = 3.4

A24 Phengite 43.8 ± 0.4 Low temp. age
39.9 ± 0.6

4 fractions
27% release
MSWD = 1.4

MOA5 Phengite 36.3 ± 0.2 37.2 ± 0.5 5 fractions
63% release
MSWD = 5.4

SA95-41 Hornblende 128.2 ± 1.3 High temp. age
193.6 ± 29.8

4 fractions
23% release
MSWD = 52.8

56.8 ± 4.1 40Ar/36Ari = 331 ± 13
5 fractions
MSWD = 6.0

SA95-41 White mica 37.6 ± 0.3 Low temp. age
25.5 ± 1.7

3 fractions
11% release
MSWD = 4.5

25.7 ± 1.3 40Ar/36Ari = 285 ± 29
3 fractions
MSWD = 7.8

Intermed. age
37.4 ± 1.1

4 fractions
60% release
MSWD = 13.9 4

Highest temp. age
63.1 ± 1.8

4 fractions
6% release
MSWD = 7.0

SA95-41 Biotite 57.8 ± 0.4 63.5 ± 1.2 10 fractions
70% release
MSWD = 5.6

63.9 ± 5.6 40Ar/36Ari = 299 ± 18
8 fractions
MSWD = 0.7

EV00-3 White mica 34.7 ± 0.2 35.0 ± 0.2

High temp. age
37.4 ± 0.3

4 fractions
66% release
MSWD = 0.8

5 fractions
19% release
MSWD = 0.8

34.6 ± 0.7 40Ar/36Ari = 341 ± 69
4 fractions
MSWD = 0.8

EV00-3A White mica 28.0 ± 0.2 29.3 ± 0.7 6 fractions
76% release
MSWD = 12.8

30.3 ± 1.4 40Ar/36Ari = 262 ± 41
6 fractions
MSWD = 13.5

EV00-2B White mica 29.6 ± 0.4 31.1 ± 0.4 9 fractions
87% release
MSWD = 0.7

30.1 ± 2.1 40Ar/36Ari = 343 ± 110
8 fractions
MSWD = 0.6

EV00-4 White mica 32.6 ± 0.4 30.1 ± 0.3 4 fraction
70% release
MSWD = 0.5

29.7 ± 0.4 40Ar/36Ari = 305 ± 3
8 fractions
MSWD = 1.0

Basal Unit
SA97-85 Phengite 23.4 ± 0.2 23.7 ± 0.2 10 fractions

89% release
MSWD = 0.8

23.8 ± 0.3 40Ar/36Ari = 297 ± 41
10 fractions
MSWD = 0.7

SA97-113 Phengite 24.8 ± 0.4 23.9 ± 0.4 5 fractions
61% release
MSWD = 3.2

24.7 ± 0.8 40Ar/36Ari = 321 ± 48
12 fractions
MSWD = 2.7

SA97-85F Phengite 22.1 ± 0.2 22.8 ± 0.2 4 fractions
61% release
MSWD = 0.01

22.8 ± 0.5 40Ar/36Ari = 287 ± 147
4 fractions
MSWD = 0.008

SA97-85B Phengite 26.6 ± 0.5 27.1 ± 0.5 9 fractions
97% release
MSWD = 1.0

25.2 ± 1.6 40Ar/36Ari = 565 ± 250
6 fractions
MSWD = 0.2

EV00-1 White mica 83.6 ± 1.7 Low temp. age
26.1 ± 6.5

2 fractions
9% release

Intermed. age
54.9 ± 2.2

4 fractions
46% release
MSWD = 2.8

59.3 ± 6.4 40Ar/36Ari = 253 ± 25
6 fractions
MSWD = 3.7
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[1977] and are shown in Table 1. Table A1 with the 40Ar/39Ar
isotopic data is available as electronic supporting material.1

5. Sample Description

[22] The analyzed minerals are from rock units, which
have experienced multiple deformation and crystallization/
recrystallization events. This makes the interpretation of the
results difficult. In the following, we first describe petro-
graphic aspects of the samples used for dating, then present
the age data and finally attempt to interpret the ages in
relation to crystallization, deformation and recrystallization
events.

5.1. Lycian Nappes

[23] The two samples from the Lycian nappes are from
red-green phyllite of the Karaova series (Figures 1 and 4).
Both samples are intensely foliated and this foliation is
made up by quartz, opaques and high-Si phengite (Si4+ =
3.37 � 3.51), which is sheared and recrystallized in distinct
foliation-parallel shear zones.

5.2. Cycladic Blueschist Unit

[24] Sample A24 from Samos Island is garnet-mica schist
from the Carboniferous basement of the Cycladic blueschist
unit and is described by Laws [1996]. The high-pressure
mineral assemblage is garnet, white mica, chlorite, albite,
quartz and graphite. Sample A24 contains a discrete high-
pressure (D2) shear zone in which synkinematic high-Si
phengite (Si4+ = 3.47 � 3.53) (Figure 6a) and rotated albite
grew. Outside the shear zone, phengite is usually distinctly
coarser grained (Figure 6b) but has a similar Si content
(Si4+= 3.38 � 3.49). Pre-D2 phengite outside the shear zone
is randomly oriented but distinct zones of recrystallization
are subparallel to the D2 shear zone.
[25] Sample MOA5 comes from phyllite of the passive-

margin succession and is described by Zahid [1996]. This
sample was collected structurally above sample A24. The
high-pressure mineral assemblage is white mica, chlorite,
albite, quartz and graphite. Sample MOA5 is from a zone

strongly sheared during D2 and phengite (Si4+ = 3.41 �
3.46) completely recrystallized during D2 shearing.
[26] Sample SA95-41 is from a heterogeneously de-

formed Triassic augengneiss from western Samos Island
[Ring et al., 1999b]. The mineral assemblage is potassium
feldspar, albite, white mica, biotite, chlorite, hornblende and
quartz. Potassium feldspar, biotite and hornblende appear to
be relics of the magmatic precursor and only occur in weakly
to undeformed parts of the sample. White mica is recrystal-
lized to various degrees. Occasionally, undeformed high-Si
phengite (Si4+ = 3.40 � 3.55) is preserved. More commonly
recrystallized D2 phengite (Si4+ = 3.31 � 3.53) occurs in
distinct high-pressure D2 shear zones (Figure 6c). The D2

phengite is in part converted to muscovite in small and
localized greenschist-facies normal shear zones.
[27] Samples EV00-3 and EV00-3A are from the lower-

most parts of the passive-margin succession on Evia Island.
EV00-3 is from glaucophane-mica schist, which contains up
to 5-mm large glaucophane crystals (Figure 6d). In addition,
phengite (Si4+ = 3.39 � 3.58), epidote, clinozoisite, stilp-
nomelane, biotite, chlorite, albite, calcite and quartz occur.
Phengite and glaucophane are either aligned in the pene-
trative foliation or mimetically overgrew this foliation.
Glaucophane is in part slightly retrograded to biotite along
tiny fractures. EV00-3A is from an impure marble contain-
ing calcite, quartz, chlorite, white mica and graphite. White
mica is phengitic, has a high Si content (Si4+ = 3.47 � 3.62)
and grew parallel to the penetrative foliation. The phengite
is recrystallized in the penetrative foliation to white mica
with a lower Si content (Si4+ = 3.22 � 3.42). Recrystalliza-
tion of phengite is most pronounced at the base of the
Cycladic blueschist unit and took place during emplacement
of the Cycladic blueschist unit onto the underlying Basal
unit.

5.3. Tsaki Unit

[28] Samples EV00-2B and EV00-4 are both phyllites with
fairly similar mineralogy. They contain white mica, chlorite,
albite, quartz, calcite and graphite. Fine-grained, highly
recrystallized phengite grew parallel to the pervasive foliation
(Figure 6e) and has a Si4+ content of 3.25 � 3.41. The
pervasive foliation is parallel to the foliation in the overlying
Cycladic blueschist unit in which the high-Si phengite
synkinematically recrystallized to lower-Si white mica.

Table 1. (continued)

Sample Mineral Integrated Age, Ma Plateau Age, Ma Plateau Information Isochron Age, Ma Isochron Information

EV00-1 Biotite 69.6 ± 1.1 High temp. age
99.5 ± 5.5

6 fractions
13% release
MSWD = 5.8

Low temp. age
36.8 ± 1.7

EV01-9 Phengite/muscovite 32.3 ± 2.0 33.0 ± 1.9 6 fractions
99% release
MSWD = 0.5

33.5 ± 1.6 40Ar/36Ari = 275 ± 16
7 fractions
MSWD = 0.5

EV01-10 Phengite/muscovite 33.1 ± 1.6 30.8 ± 1.5 5 fractions
86% release
MSWD = 0.3

30.7 ± 3.4 40Ar/36Ari = 293 ± 76
6 fractions
MSWD = 0.5

aErrors are quoted to the 1s level; MSWD, mean square of weighted deviations; samples run against standard MMhb-1 with an age of 513.9 Ma.
Isochron ages were calculated from isotope correlation plots; plateau and isochron errors include MSWD scatter.

1 Supporting Table A1 are available at ftp://ftp.agu.org/apend/tc/
2001TC001350.
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5.4. Basal Unit

[29] Samples SA97-85, SA97-85B, SA97-85F and
SA97-113 are from the huge marble sequence of the
Kerketas nappe on Samos Island. The high-pressure mineral
assemblage is calcite, quartz, phengite and chlorite; occa-
sionally tiny crystals of talc occur. The Si4+ content of
phengite (Figure 6f) used for dating varies from 3.29 –
3.48. Element distribution maps for Na, Mg, K and Si of
phengite from the Kerketas nappe depict homogeneous
patterns [Ring et al., 2001a]. Microscopic work and microp-
robe mapping revealed no compositional zoning, except for
phengite from sample SA97-85B, which has an additional
paragonite component. X-ray diffraction work indicates that
the phengites are 3T polymorphs. The phengites were not
affected by greenschist-facies recrystallization.
[30] Samples EV00-1, EV01-9 and EV01-10 are from

Evia Island. EV00-1 is from the Almyropotamos flysch
above the huge marble sequence. The mineral assemblage is
phengite, chlorite, albite, calcite, graphite and quartz. The
fabric of EV00-1 is sheared and the penetrative foliation is
made up of fine-grained mixture of phengite (Si4+ = 3.42 �
3.55) and chlorite. Samples EV01-9 and EV01-10 are from
the marble sequence. In both samples, white mica occurs as
up to 150 mm, randomly oriented flakes between recrystal-
lized calcite. The large white mica (>40–60 mm) is mainly
muscovite which in part recrystallized at its margins to high-
Si phengite (Si4+ = 3.44 � 3.51). White mica with a grain
size <�30 mm is phengite (Si4+ = 3.38 � 3.47) with
interlayered chlorite.

6. The 40Ar/39Ar data

6.1. Lycian Nappes

[31] The age spectra for samples LN and LY6 are com-
plex but similar in appearance (Figure 7). Apparent ages in
the low-temperature steps are 50–55 Ma for sample LN
(isochron age of 52.3 ± 2.2 Ma) and �35 Ma for LY6.
Apparent ages for sample LN step up to a very rough age of
�70–75 Ma. The age then steps up to >100 Ma associated
with a higher Ca phase (inclusion). Apparent ages for LY6
step up to �90 Ma.

6.2. Cycladic Blueschist Unit

[32] Synkinematic phengite collected from the D2 shear
zone of sample A24 has a well-defined plateau age of 40.1 ±
0.5 Ma (Figure 8a). This age is also seen in the first part of
the release spectrum for the coarse-grained phengite from
outside the shear zone (Figure 8b). The age of this large pre-
D2 phengite steps up to >50 Ma, with a predominance of
ages in the 40–45 Ma range, perhaps reflecting partial
resetting of an older component. Sample MOA5 has a
poorly defined plateau age of 37.2 ± 0.5 Ma (Figure 8c).
The Ca/K ratios for all three samples suggest that mono-
mineralic phases degassed.
[33] Hornblende, biotite and white mica from sample

SA95-41 were dated (Figures 8d–8f). Although the spectra
are complicated, there are shared ‘‘events’’ or ages that
seem to indicate a protracted history.

[34] The oldest event seen in the hornblende is an age of
>200 Ma with superimposed diffusional argon loss. The next
age seen in all three samples is a�55–60Ma age. This is seen
as an isochron age in low-temperature release from horn-
blende (accompanied by low Ca/K ratios reflecting, perhaps,
alteration), a plateau age in biotite and a ‘‘highest temper-
ature age’’ in white mica (Table 1). Both biotite and white
mica also show evidence for a 20–25 Ma event. This event is
reasonably well recorded in the white mica at 25.5 ± 1.7 Ma,
which is probably the best representation of that event.
[35] Samples EV00-3A and EV00-3 (Figures 8g and 8h)

have identical plateau/isochron ages at 30–35 Ma. Sample
EV00-3 has a good plateau at 35.0 ± 0.2 Ma, the last 20% of
39Ar release of EV00-3 steps up to an age of 37–38 Ma.
The slightly upward convex plateau of sample EV00-3A at
29.3 ± 0.7 Ma is not as well constrained as that of EV00-3.

6.3. Tsaki Unit

[36] Samples EV00-2B and EV00-4 from Evia Island
show well-defined plateaus at 31.1 ± 0.4 Ma and 30.1 ± 0.3
Ma, respectively (Figures 9a and 9b). Isochron calculations
suggest that the Ar is not contaminated by an excess
component and therefore the isochron ages are similar.
The Ca/K ratios of the phengite, especially those from
sample EV00-2B, are somewhat erratic, which might be
due to small carbonate inclusions.

6.4. Basal Unit

[37] Phengite from samples SA97-85, SA97-85F and
SA97-113 from Samos Island yielded consistent plateau
ages of 23–24 Ma (Figures 10a–10c). The data have already
been presented by Ring et al. [2001a] and are given here
again to show our entire 40Ar/39Ar data set. The Ca/K ratios
associated with heating steps showed little variation consis-
tent with degassing of monomineralic phases. The isochron
ages of the three samples are within error identical to the
plateau ages. The spectrum of sample SA97-85B (Figure
10d) is complex. This mineral is contaminated with excess
Ar. We regard the isochron age of 25.2 ± 1.6 Ma, which is
within error similar to the other ages, as the best estimate.
[38] Both white mica and biotite from sample EV00-1

from Evia Island were dated (Figures 10e and 10f). The
spectra for both minerals are variable and indicate a com-
plex thermal history preserved in this sample. For white
mica, the low temperature age of 26.1 ± 6.5 Ma is similar to
that seen in the Evia samples from the Cycladic blueschist
unit and the Tsaki unit. The white mica has a ‘‘plateau’’ at
about 55 Ma, and both biotite and white mica preserve older
(<100 Ma) ages in high Ca phases suggesting incorporation
of an unresolved inclusion phase. Samples EV01-9 and
EV01-10 yielded well-defined plateau ages of 33.0 ± 1.9
Ma and 30.8 ± 1.5 Ma (Figures 10g and 10h). The Ca/K
ratios for both samples suggest inclusions of Ca-rich phases
which are associated with higher ages of >�35 Ma.

7. Interpretation of 40Ar/39Ar Data

[39] One of the problems with interpreting 40Ar/39Ar
phengite ages is determining an appropriate argon closure
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temperature. As no reliable diffusion data exist for phengite
[Wijbrans and McDougall, 1986, p.192], the diffusion data
for phlogopite [Giletti, 1974] or muscovite [Robbins, 1972]
have been used as reasonable approximations for phengite.
Several studies have used this approach to determine the
closure temperature for Ar diffusion in phengite to be on
the order of �350�C [e.g., Hames and Bowring, 1994;
Lister and Baldwin, 1996]. With these closure temperatures,
and given peak metamorphic temperatures of �500�C, we
would expect our ages to reflect cooling following peak
metamorphism [cf. Wijbrans et al., 1993; Lister and Raou-
zaios, 1996] and we would not expect samples to preserve
multiple ages.
[40] Kirschner et al. [1996] showed that phengite in

metamorphic complexes can preserve multiple recrystalliza-
tion events and they inferred a closure temperature of
perhaps as high as 430�C. Scaillet et al. [1992] suggested
that high Mg phengite can have even higher closure temper-

atures (>550�C), although lower Mg phases would have
correspondingly lower closure temperatures. A systematic
study of Villa [1998] showed that phengite might retain most
or all of its Ar below 550�–580�C in the absence of
subsequent greenschist-facies recrystallization. In combina-
tion with other dating techniques, the inference of Villa
[1998] was successfully applied to interpret 40Ar/39Ar phen-
gite ages from other high-pressure belts [de Sigoyer et al.,
2000; Bosse et al., 2001; Ring et al., 2001a].
[41] Given the multiple crystallization/deformation/

recrystallization events recorded in our samples and the
temperatures and pressures as inferred from petrographic
investigations, we follow the approach of Scaillet et al.
[1992], Kirschner et al. [1996], and Villa [1998] and prefer
a high closure temperature for phengite of >500�–550�C.
The combined U/Pb zircon and 40Ar/39Ar phengite/para-
gonite study of Tomaschek et al. [2003] strongly supports
this conclusion; for rocks from Syros Island with peak

Figure 7. 40Ar/39Ar apparent age spectra and Ca/K ratios for phengites from samples LN (a) and LY6 (b)
from Lycian nappes (refer to Figures 1 and 4 for sample localities); errors are quoted to 1s level. Ca/K ratio
of sample LN suggests that mixture of white mica and Ca-bearing phase degassed within this temperature
range. Both age spectra are similar in appearance; apparent ages in low-temperature steps are in 35–50 Ma
range; Ca/K ratio of sample LN suggests that mixture of white mica and Ca-bearing phase degassed within
this temperature range; apparent ages are continuously rising as extraction temperatures increases.

Figure 6. (opposite) Microstructures of samples used for 40Ar/39Ar dating; all microphotographs were taken with crossed
nicols. (a) Strong preferred orientation of recrystallized phengite; D2 shear zone in sample A24; 40Ar/39Ar apparent age
spectrum is shown in Figure 8a. (b) Randomly oriented phengite outside shear zone in sample A24; 40Ar/39Ar apparent age
spectrum is shown in Figure 8b. (c) Strongly sheared and recrystallized phengite from sample SA95-41; few old phengite
grains survived in strongly sheared matrix; 40Ar/39Ar apparent age spectrum is shown in Figure 8e. (d) Sheared,
recrystallized, fine-grained phengite from sample EV00-3; large black grain in upper part of microphotograph is
glaucophane; 40Ar/39Ar apparent age spectrum is shown in Figure 8g. (e) Fine-grained, recrystallized phengite from sample
EV00-2B from Tsaki unit; 40Ar/39Ar apparent age spectrum is shown in Figure 9a. (f) Phengite grains in carbonate matrix
of sample SA97-85; 40Ar/39Ar apparent age spectrum is shown in Figure 10a.
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metamorphic temperatures of �500�C, U/Pb dating of
metamorphic zircon yielded exactly the same age (52.4 ±
0.8 Ma) as 40Ar/39Ar dating on the white mica (52.3 ± 0.7
Ma). Other recent studies have also demonstrating that
deformation and associated recrystallization is much more
efficient in resetting the K/Ar isotope system than temper-
ature [Freeman et al., 1997; Dunlap, 1997; Müller et al.,
1999; Kühn et al., 2000]. Given that maximum metamor-
phic temperatures for the regions where we sampled did not

exceed 500�–550�C, and given the rapid cooling of the
units, our phengite ages should either date the growth or
recrystallization of phengite. Hence, different phengite and
muscovite generations should produce different 40Ar/39Ar
ages and the different phases of white-mica recrystallization
can be assigned to deformation events in the host rock.
Furthermore, the 40Ar/39Ar single-grain experiments may be
appropriate to discriminate, at least in part, between various
‘‘events.’’ In petrographically and structurally complex
basement rocks this technique has the advantage that the
chance of analyzing complex mixtures of white micas is
minimized. Below we will discuss the 40Ar/39Ar data in
relation to other geologic and geochronologic constraints.
This may help to make our interpretations more robust.

7.1. Lycian Nappes

[42] The age spectra from the Lycian nappes are similar
to those predicted for radiogenic 40Ar loss from minerals by
volume diffusion during a discrete overprinting event [Wij-
brans and McDougall, 1986]. Following the simple diffu-
sion loss model, staircase patterns like these are usually
interpreted as meaning that the highest ages come close to
the original crystallization age, i.e., the high-temperature
age should provide a minimum age for phengite growth.
Although the spectra, especially the one for LY6, may
simply record slow cooling after Cretaceous metamorphism,
two-stage diffusion-loss modeling indicates an intermediate
loss event at about 70 Ma, as given by the poorly defined
plateau/inflection indicated in Figure 7. Overall, we suggest
that a significant phengite growth event, i.e., the high-
pressure overprint of the Lycian nappes, occurred at

Figure 8. (opposite) 40Ar/39Ar apparent age spectra and
Ca/K ratios for white mica from passive-margin/basement
succession of Cycladic blueschist unit (refer to Figures 4
and 5 for sample localities); errors are quoted to 1s level. (a)
Recrystallized phengite from D2 shear zone in sample A24
yielding well-defined plateau age. (b) Phengite from outside
D2 shear zone in sample A24; apparent age spectrum is
more complex; low-temperature age is similar to phengite
age from D2 shear zone, whereas high-temperature age is
significantly older. (c) Phengite sheared and recrystallized
during D2 yielding plateau age similar to that of phengite
from D2 shear zone in sample MOA5. (d) Hornblende from
augengneiss sample SA95-41 showing complex apparent
age spectrum; poorly defined high-temperature age is close
to protolith age of sample; high apparent ages for gas
release in low-temperature steps are interpreted to be due to
incorporation of excess 40Ar in margins of crystals; Ca/K
ratios for hornblende are complex. (e) White mica of sample
SA95-41 yielding reasonably well-defined plateau age. (f)
Biotite from sample SA95-41 showing plateau age at 64 Ma
and subsequent loss of 40Ar. (g) Phengite from sample
EV00-3 showing well-defined plateau at 35 Ma and
subsequent 40Ar loss. (h) Phengite from sample EV00-3A
yielding plateau age and subsequent 40Ar loss like that seen
in sample EV00-3; note convex-upward shape of apparent
age spectrum.
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�70–90 Ma and that the Lycian nappes cooled slowly
thereafter. Collins and Robertson [1997] showed that the
Lycian ophiolitic mélange above the Lycian nappes formed
in the Late Cretaceous, which is broadly in agreement with
our suggestion that high-pressure metamorphism in the
Lycian nappes occurred at �70–90 Ma.
[43] The younger ages of 50–55 Ma and �35 Ma are not

well understood and are tentatively interpreted to record loss
of radiogenic 40Ar during deformation and recrystallization
and may thus indicate discrete deformation events at the
base of the Lycian nappes. Collins and Robertson [1998]
gave evidence for renewed thrusting of the Lycian nappes
from the Middle Eocene until the Early Oligocene. The
initiation of renewed thrusting of the Lycian nappes might
well correspond with episodic underthrusting of deeper
units (see below).

7.2. Cycladic Blueschist Unit and Tsaki Unit

[44] An interpretation of the scattering high-tempera-
tures ages in the hornblende from augengneiss sample
SA95-41 of the passive-margin succession is problematic
and probably the safest interpretation is that they are not
geologically meaningful. Nonetheless, the hornblende age
of up to 220 Ma is fairly close to the Triassic protolith age
of the augengneiss [Ring et al., 1999b]. Because maximum
metamorphic temperatures in the Ampelos nappe did not
exceed 450�–500�C [Will et al., 1998], which is close to
the assumed closure temperature of �500�C for Ar dif-
fusion in hornblende [McDougall and Harrison, 1988],
and because the hornblende largely escaped deformation,
the age of 220 Ma may reflect the original age of the
hornblende.

[45] The first well-dated event in the samples from the
passive-margin/basement succession is the age of �40 Ma
from phengite in the D2 shear zone in basement sample
A24. We interpret this age to date D2 shearing during high-
pressure metamorphism and associated phengite recrystal-
lization. Bröcker et al. [1993] also discussed that 40Ar/39Ar
ages of 40–44 Ma from Tinos Island might reflect defor-
mation-related phengite recrystallization. The D2 event is
also seen as a plateau age of �37 Ma in sample MOA5 and
maybe even as a plateau age of 37.4 ± 1.1 Ma in phengite
from sample SA95-41. The latter age stems from two-stage
diffusion-loss modeling indicating a plateau/inflection at
37.4 ± 1.1 Ma (Figure 8e). Nevertheless, it is also possible
that this age represents an artifact of slow cooling. The �40
Ma event in the first part of the release spectrum for the
coarse-grained phengite from outside the shear zone in
sample A24 suggests that this deformation/recrystallization
event did partially reset the argon signature of the large
phengite. Given the amount of resetting by D2, the age of
�45–50 Ma for this large phengite in sample A24 is
thought to be a minimum age for pre-D2 phengite growth
during high-pressure metamorphism. The ‘‘true’’ age of the
large phengite might be older, perhaps �55–60 Ma, which
is the age of the last fraction. A �55–60 Ma event is also
seen in hornblende, biotite and white mica from sample
SA95-41. The interference of margin excess in the low-
temperature steps superposed on a ‘‘diffusion loss’’ pattern
in the hornblende suggests that the lowest age recorded
(�57 Ma) should be a maximum estimate for the time of
overprinting leading to diffusion loss. The biotite is slightly
over 60 Ma in age, whereas the main age information from
the white mica is �37 Ma. Ages creeping up in the final
steps of the white mica may point to a component of the gas

Figure 9. 40Ar/39Ar apparent age spectra and Ca/K ratios for phengites from Tsaki unit (refer to Figure
5 for sample localities); errors are quoted to 1s level. Samples (a) EV00-2B and (b) EV00-4 show almost
identical apparent age spectra with well-defined plateaus at 30–31 Ma. EV00-4 depicts high apparent
ages for low-temperature gas release interpreted to be due to excess 40Ar in margins of phengite.
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that ‘‘remembers’’ the >60 Ma event of the biotite. Overall,
we tentatively interpret the �55–60 Ma age as a significant
event which caused resetting of biotite and suggest that an
age of �55–60 Ma might be a reasonable age for high-
pressure metamorphism in the passive-margin/basement
succession of the Cycladic blueschist unit. Wijbrans et al.
[1993] and Baldwin [1996] also envisioned ages of �57 Ma
and >54 Ma for the peak of high-pressure metamorphism of
the Cycladic blueschist unit. The U/Pb ages from metamor-

phic zircons of 52–53 Ma [Tomaschek et al., 2003] would
largely be in accord with our interpretation.
[46] There is ongoing debate as to whether phengite ages

of�55–60 Ma reflect phengite growth during high-pressure
metamorphism or cooling after this event [Wijbrans et al.,
1993; Lips et al., 1999]. The above discussed studies of
Scaillet et al. [1992] and Villa [1998] suggest that phengite
ages reflect the growth of this mineral. Further support for
this interpretation comes from the sedimentologic and strati-
graphic work of Özer et al. [2001], who showed that plat-
form sedimentation in the passive-margin succession of the
Cycladic blueschist unit in western Turkey lasted until the
latest Cretaceous (Maastrichtian, �65–70 Ma) and flysch
deposition occurred in the mid Paleocene (�60 Ma). There-
fore, we consider ages of �55–60 Ma for high-pressure
metamorphism reasonable. The younger ages of �40 Ma
reflect the important D2 high-pressure deformation event,
which closely followed the porphyroblastic high-pressure
growth event and was associated with the initial exhumation
of the Cycladic blueschist unit. This interpretations high-
lights the intimate relationship between a thermal event
closely followed by a major episode of deformation [Lister
and Raouzaios, 1996].
[47] The samples from Evia Island all come from those

parts of the Cycladic blueschist unit, which directly overlie
the Tsaki and Basal units (Figure 5). Sample EV00-3 shows a
well-defined plateau/isochron age of 35 Ma, whereas the
upward convex plateau of EV00-3A at �30 Ma is more
difficult to interpret. According to Wijbrans and McDougall
[1986], upward convex plateaus are typical for phengite/
muscovite mixtures and might be geologically meaningless,
or at least difficult to interpret. Hence the age of 35 Ma from
EV00-3 might be the best estimate for shear-related phengite
recrystallization. This age is slightly older than the plateau
ages of 30–31 Ma from samples EV00-2B and EV00-4 from
the underlying Tsaki unit. The dated phengites are from
highly sheared zones where phengite was entirely recrystal-
lized (Figure 6e) and we interpret ages of�30–35Ma to date
shear-related phengite recrystallization during thrusting of

Figure 10. (opposite) 40Ar/39Ar apparent age spectra and
Ca/K ratios for phengites from Basal unit (refer to Figures 4
and 5 for sample localities); errors are quoted to 1s level.
(a–c) Apparent age spectra of samples SA97-85, SA97-113
and SA97-85F show similar degassing behavior and well-
defined plateau ages at 23–24 Ma. (d) Phengite from
sample SA97-85 yields older plateau age of 27 Ma; Ca/K
ratio of this sample suggests that mixture of phengite and
Ca-bearing phase degassed within this temperature range;
initial 40Ar/36Ar ratio of 565 ± 125 suggests excess Ar,
which is apparently carried by Ca-bearing phase; we regard
isochron age of 25.2 ± 1.6 Ma (Table 1) as best age
estimate. (e) White mica from sample EV00-1 yielding very
complex age spectrum with ‘‘forced’’ plateau at 55 Ma. (f)
Biotite of sample EV00-1 yielding slightly less-complex
age spectrum. (g and h) Phengite/muscovite from samples
EV00-9 and EV00-10 yielding well-defined apparent ages
of 31–33 Ma; large errors are due to small amount of white
mica extracted from marble samples.
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the Cycladic blueschist unit onto the Basal unit. It might be
speculated that shearing occurred earlier in the structurally
higher units and progressed downward but more data are
needed to verify this hypothesis. Maluski et al. [1981] also
reported 40Ar/39Ar phengite ages of 30–35 Ma from Evia
Island and attributed them to phengite recrystallization dur-
ing thrusting of the Cycladic blueschist unit onto its foreland.
[48] With the exception of EV00-4, which shows excess

argon at the low temperature steps, all samples from the
Cycladic blueschist unit and the Tsaki unit from Evia Island
show evidence of argon loss at �20–25 Ma.

7.3. Basal Unit

[49] The 40Ar/39Ar phengite ages of 21–24 Ma from the
Basal unit on Samos Island were interpreted by Ring et al.
[2001a] to date phengite growth during high-pressure meta-
morphism in the Basal unit. This conclusion is corroborated
by similar Rb/Sr phengite ages from the Basal unit on
Tinos, Samos and Evia islands [Bröcker and Franz, 1998;
Ring et al., 2001a; Ring and Reischmann, 2002].
[50] The 40Ar/39Ar ages from the Basal Unit on Evia

Island are harder to interpret. The white mica and biotite
data from EV00-1 from the Almyropotamos flysch may
reflect incomplete resetting of detrital white mica and biotite
at relatively low temperatures in the flysch and possibly also
a component of excess Ar. The poorly defined ages in white
mica and biotite appear to reflect almost the entire spectrum
of events (i.e., �55 Ma, �40 Ma, �30–35 Ma) found in the
overlying continental rock types of the Cycladic blueschist
unit from which the micas were probably derived. Ring and
Reischmann [2002] reported two consistent Rb/Sr phengite
ages of �23 Ma from samples EV00-1 and EV00-B (Figure
5c) of the Almyropotamos flysch. The low-temperature age
of 26.1 ± 6.5 Ma may indicate that white mica of sample
EV00-1 experienced the �20–25 Ma event, but mica was
not fully reset and/or no significant mica growth occurred.
[51] The two white mica ages of �31–33 Ma from the

marble unit might be interpreted to date phengite growth
during high-pressure metamorphism in the marble. How-
ever, the analyzed white mica is largely muscovite, which
renders the interpretation of the age data difficult. Further-
more, ages of �31–33 Ma for high-pressure metamorphism
do not agree with the Rb/Sr phengite ages of �21–23 Ma
from the Basal Unit on Evia, Tinos and Samos islands and
similar 40Ar/39Ar phengite ages from Samos Island. There-
fore, we regard an age of �21–23 Ma reasonable for high-
pressure metamorphism in the Basal Unit of the Cyclades.
Evidence for an argon loss event at �20–25 Ma from the
Cycladic blueschist unit (including the Tsaki unit) on Evia
Island corroborate this interpretation. We admit that the
poorly understood 40Ar/39Ar ages of �31–33 Ma from the
marble do not agree with this inference.

8. Discussion

8.1. High-Pressure Belts in the Aegean:
Punctuated or Continuous Events?

[52] We interpret our new 40Ar/39Ar ages and the pub-
lished ages as summarized in Figure 3 to reflect several

high-pressure belts, which were accreted from the Late
Cretaceous until the Early Miocene (Figure 11). The present
crustal thickness of Crete is �40–50 km and the bottom
20–30 km of this crust are interpreted to be newly accreted
sediments [Knapmeyer and Harjes, 2000]. This suggests
that high-pressure rocks are currently forming beneath Crete
(Figure 12a).
[53] The ages shown in Figure 3 may broadly be classi-

fied into three age groups: (1) an �75–85 Ma old belt in the
north (Vardar-Izmir-Ankara zone and Lycian nappes), (2) a
�55–60 Ma old belt (Cycladic blueschist unit) and (3) a
�20–25 Ma old belt in the External Hellenides (including
the Basal unit of the Cyclades) in the south. A fourth belt
would be the currently forming high-pressure rocks below
Crete. If this interpretation is accepted, then these unique
time units may reflect distinct geologic events. We suggest
that these events are the arrival of continental fragments in
the subduction zone, i.e., belt (1) reflects the underplating of
Lycia, belt (2) the underplating of the Cycladic passive-
margin/basement sequence, belt (3) the underplating of the
External Hellenides and belt (4) the incipient collision of the
African passive margin (Figures 2 and 11).
[54] However, it might be argued that the grouping of

ages as discussed above and depicted in Figure 3 is too
schematic and simplified. Furthermore, the ages for all
units show some scatter. It seems therefore also conceiv-
able that high-pressure metamorphism gets progressively
younger structurally downward. Such a case has been
suggested for the Franciscan subduction complex [Mattin-
son, 1986; Ring and Brandon, 1999]. A truly progressive
wedge could explain the complexity of some of our
geochronologic results. Nevertheless, we prefer the inter-
pretation that there is a concentration of samples with
similar ages from distinct tectonic units suggesting a small
number of punctuated major events (arrival of continental
fragments in the subduction zone), superposed on a gen-
eral southward progression. Whether or not the age of
high-pressure metamorphism in the Aegean gets continu-
ously or intermittently younger toward deeper structural
levels might be tested by future field-based geochronologic
studies.

8.2. Subduction or Collision Orogen?

[55] The successive underplating and associated high-
pressure metamorphism in the Aegean as proposed in this
study resembles the development of subduction com-
plexes. In the last section we already drew the analogy
in the metamorphic evolution with the Franciscan sub-
duction complex. Nonetheless, as already pointed out by
Wijbrans and McDougall [1988], the Aegean with its
widespread continental supracrustal rocks can hardly be
compared to subduction-related accretionary wedges char-
acterized by voluminous and monotonous sequences of
lithic sandstones underlain by pelagic sediments and
oceanic crust. We concur with Wijbrans and McDougall
[1988] that small fragments of continental crust were
successively subducted and underplated since at least
the Late Cretaceous. In Figure 2 we emphasized the
importance of extended and thus thinned crust at the
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eastern end of the Adriatic microplate. Especially the
Jurassic to Paleogene deep-water facies in the Pindos
and Ionian basins [Jacobshagen, 1986] shows that the
crust in these regions must have been thinned (<�20–
25 km) and was in part oceanic as suggested for the
Pindos basin [Robertson et al., 1996]. For the continental
parts of the Cycladic blueschist unit, the Mesozoic plat-
form-type sedimentation and periodic emergence (as indi-
cated for instance by the metabauxites) implies thicker
crust (>�30 km). The same is true for the Tripolitza
carbonate platform [Jacobshagen, 1986]. However, parts
of the continental rock types of the Cycladic blueschist
unit originated from the continental slope [Dixon and
Ridley, 1987] where the crust was probably thinner than

�30 km. Overall, there is evidence for generally thinned
continental and for oceanic crust in the region now
occupied by the Aegean Sea. The thin crust was relatively
easy to subduct under low thermal gradients to great
depths, underplated there and subjected to high-pressure
metamorphism.
[56] An important aspect for continuous deep under-

thrusting and ongoing slab retreat in the Aegean might
be the nature of the lithospheric mantle. As argued
above, late Paleozoic and Mesozoic rifting in the Aegean
caused thinned continental and oceanic crust. Rifting was
not associated with profound magmatism [Jacobshagen,
1986]. Therefore, the thinned crust was still underlain by
non-depleted and heavy lithospheric mantle, which was
easy to subduct during later crustal convergence. The
heavy lithospheric mantle created a large subduction load
and controlled slab retreat [Royden, 1993]. We envision
that the heavy lithospheric mantle delaminated from its
continental crust when the latter was underplated and
thereby maintained progressive slab retreat during periods
of collision of continental fragments. During the ‘‘colli-
sion events’’ continental material was preferentially
underplated and metamorphosed forming the above dis-
cussed high-pressure belts at �75–85 Ma, �55–60 Ma
and �20–25 Ma. In orogens characterized by full con-
tinental collision the arrival of vast amounts of conti-
nental crust of normal thickness (�35–40 km) usually
inhibits deep underthrusting and high-pressure metamor-
phism of continental rocks (see example from the Alps
below).

8.3. Lateral Variations in Orogenic Architecture

[57] Above and in Figure 2 we stressed the important
along-strike variations in the Hellenide-Anatolide orogen.

Figure 11. (opposite) Series of simplified and schematic
N-S cross sections illustrating our preferred model of
continued slab retreat and punctuated underplating of
continental units. (a) Complete subduction of old oceanic
crust of Vardar-Izmir-Ankara ocean. (b) Lcyian margin
entered subduction zone causing underplating and high-
pressure metamorphism at �75–85 Ma; heavy lithospheric
mantle delaminates from underplating Lycian crust facilitat-
ing continued slab retreat. (c) Underplating of Cycladic
margin causing high-pressure metamorphism at�55–60Ma
in Cycladic blueschist unit. (d) External Hellenides arrived at
subduction zone and were underplated and high-pressure
metamorphosed at�20–25Ma. (e) Present situation; Libyan
continental margin is being underplated below Crete and
high-pressure rocks are forming; Aegean is incipiently
undergoing full continental collision with Africa, which will
terminate slab retreat in future. Note that Thomson et al.
[1999] proposed similar delamination model for under-
plating of External Hellenides. Abbreviations: C = Cycladic
passive-margin/basement sequence, CON = Cycladic ophio-
lite nappe, E = External Hellenides; L = Lycia; S = Sarkaya as
part of internal zones; SM = Selçuk mélange; VIA = Vardar-
Izmir-Ankara suture zone.
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The Tertiary orogenic history of the Anatolide belt of
western Turkey was distinctly different from that in the
Aegean. Gessner et al. [2001b] showed that the Eocene
arrival of the Anatolide continent in the subduction zone
caused large-scale out-of-sequence or back-stepping thrust-
ing of the Cycladic blueschist unit onto the Menderes
nappes (Figure 12b). The absence of Tertiary high-pressure
metamorphism in the Menderes nappes implies that sub-
duction halted in western Turkey in the Eocene [Hetzel et
al., 1995a; Ring et al., 1999c]. As the collision belt
developed in western Turkey, the Hellenic subduction zone
continued to retreat southward in the Aegean. It should be
noted that out-of-sequence thrusting also occurred in the
Aegean as new rock packages were underthrust and already
accreted material had to climb over the incoming continen-
tal fragments. Such an example has been proposed by Ring
et al. [1999b] from Samos Island where underthrusting of
the Basal unit caused out-of-sequence emplacement of the
Cycladic blueschist unit above the Basal unit. Nonetheless,
the major difference is that parts of the External Hellenides
and the Basal unit in the Aegean underwent high-pressure
metamorphism whereas the Menderes nappes of western
Turkey did not. We propose that this was because the
continental crust of Anatolia had normal thickness and
was probably underlain by depleted (i.e., more bouyant)
lithospheric mantle because the breakoff of Gondwana was
associated with pronounced magmatism. Ring et al. [1999b]
argued that differential motion between the two regions
caused the development of a sinistral wrench corridor in the
easternmost Aegean and westernmost Turkey (Figure 12c).
[58] The pattern of extensional deformation in the

Aegean and western Turkey is also different. In western
Turkey a remarkably symmetric bivergent system of detach-
ments developed [Hetzel et al., 1995a, 1995b; Gessner et
al., 2001c]. These detachments are Late Oligocene/Early
Miocene in age at the southern and northern rim and have a
Late Miocene to Recent age in the central part of the
Menderes nappes [Ring et al., 2003a]. In the Aegean, the
temporal pattern of detachments is less well know but
the detachments are mainly monovergent (i.e., top-to-the
north; the top-to-the-south Ios detachment is the only
notable exception) (Figure 1) and do not young toward
the center of the orogen [Lister and Forster, 1996].

8.4. Forearc Versus Back Arc Extension and
the Exhumation of High-Pressure Rocks

[59] We suggest that thrusting of the Cycladic blueschist
unit (including the Tsaki unit) onto the Basal (Tripolitza)
unit commenced at �30–35 Ma. This conclusion is based
on the phengite recrystallization ages in the lowermost parts
of the Cycladic blueschist unit. An age of �30–35 Ma is
similar to the proposed start of underthrusting of the
external high-pressure belt at 32–36 Ma [Thomson et al.,
1998]. The present dip of the Hellenic subduction zone is
14� [Giunchi et al., 1996]. The subduction rate at the
Hellenic margin in the Oligocene is not known but was
probably slower than the present rate of 45 km Ma�1

because: (1) Ring et al. [1999b] suggested that the south-

westward escaping Turkish plate impinged on the south-
ward retreating Hellenic slab and caused an increase in the
rate of slab retreat and thus an increased subduction rate at
the Hellenic margin. The timing of escape of the Turkish
plate is either placed into the Middle Miocene (�12 Ma)
[Dewey and Sengör, 1979] or into the Late Miocene (�5
Ma) [Burchfiel et al., 2000]. (2) Because the downgoing
slab gets longer and heavier with time, the rate of sub-
duction increases with time. Therefore, the Oligocene sub-
duction rate was most probably distinctly less than the
current 45 km Ma�1. An Oligocene subduction rate of,
say, 20–30 km Ma�1 and an angle of shallow-level sub-
duction of 10�–15� crudely suggests that the external high-
pressure belt needed 5–12 Ma to reach a depth of 35–40
km, which is in accord with an age of 20–24 Ma for
metamorphism of the Basal unit in the Cyclades and the
external high-pressure belt on Crete.
[60] Broadly at the same time as the Cycladic blueschist

unit was thrust onto the Basal unit, normal faulting is reported
from higher levels in Cycladic blueschist unit from Sifnos
Island (i.e., 32–34Ma [Raouzaios et al., 1996]). Thrusting at
depth coupled with normal faulting at higher levels suggests
that an extrusion wedge formed in the Early Oligocene. This
extrusion wedge aided the exhumation of the Cycladic
blueschist unit. The subsequent exhumation of the external
high-pressure belt in the Early Miocene was almost fully
(85–90%) accomplished in an extrusion wedge [Thomson et
al., 1999]. The development of extrusion wedges indicates
that tectonic exhumation occurred in a forearc position [Ring
et al., 2001a; Ring and Reischmann, 2002].
[61] Evidence for Early Oligocene and Early Miocene

extrusion wedges above the retreating Hellenic slab is fairly
good but evidence for older extrusion wedges is ambiguous.
Gessneret al. [2001b] discussed the possibility that anEocene
top-NE ductile extensional shear zone between the Cycladic
passive-margin sequence and the overlying Selçuk mélange
operated at the same time (�40 Ma) as the passive-margin
sequence was thrust onto the underlying Menderes nappes.
[62] The development of extrusion wedges might be due

to the initiation of underthrusting of a new piece of thinned
continental crust and the formation of the high-pressure
belts. During the formation of the high-pressure belts the
slab retreated away from the upper plate, thereby creating
additional space to accommodate accreting material. We
envision that slab retreat in the Aegean created space faster
than accretion and underplating filled it, causing upper-plate
extension. Ring and Reischmann [2002] argued that when
the subduction thrust stepped seaward, upper plate exten-
sion caused the reactivation of the former subduction thrust
as a normal fault, thereby forming extrusion wedges above
retreating slabs.
[63] The Cyclades became an intra/back arc rift in the

Middle to Late Miocene as evidenced by widespread
intrusion of I-type granites [Altherr et al., 1982] and
extrusion of arc-related volcanics between 5–12 Ma [Fyti-
kas et al., 1984]. In contrast, Avigad et al. [1997]
postulated that the Cyclades became an intra/back arc rift
already in the Late Oligocene and Early Miocene. The
latter view is probably based on poorly defined Rb/Sr
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whole rock data from three granites on Tinos and Ikaria
islands, which were assumed to supply intrusion ages of
18–23 Ma [Altherr et al., 1982]. However, in two of the
three cases even no Rb/Sr isochron was obtained. Fur-
thermore, K/Ar and Rb/Sr biotite and white-mica ages, as
well as sphene and apatite fission track ages from those
granites are 11–14 Ma for Tinos Island and 7–9 Ma for
Ikaria Island [Altherr et al., 1982] and indicate fast cooling
of the granites at these times. Numerous studies [Faure et
al., 1991; Lee and Lister, 1992; Lister and Forster, 1996]
showed that the Cycladic granites intruded synkinemati-
cally into the major extensional detachments. Therefore,
emplacement and simultaneous fast cooling of the granites
most probably occurred in the Middle (Tinos Island) and
Late Miocene (Ikaria Island) and the Rb/Sr whole rock
ages might be meaningless. Furthermore, arc-related vol-
canic rocks of Late Oligocene/Early Miocene age occur
very far north of the Cyclades [Fytikas et al., 1984]
(Figure 1d). This leads us to conclude that the Cyclades
became an intra/back arc rift at �12 Ma, not earlier. At
this time, a new pulse of extensional tectonism affected the
Cyclades and a number of detachments formed (Figure 1)
[Lister et al., 1984; Buick, 1991; Lee and Lister, 1992;
Forster and Lister, 1999]. On the islands of Tinos and
Syros, Late Miocene intra arc detachment faulting caused
the final 6–9 km of exhumation of the Cycladic blueschist
unit [Ring et al., 2003b]. Nevertheless, intra/back arc
extension in the Cyclades did not significantly contribute
to the 50–60 km of exhumation of the Cycladic blueschist
unit. It is evident that back arc extension did also not
contribute to the exhumation of the external high-pressure
belt on Crete (Figure 1).

8.5. Implications for Other Orogens

[64] Above we argued that an important aspect for con-
tinuous deep underthrusting and ongoing slab retreat in the
Aegean might be the heavy, non-depleted lithospheric
mantle. The Mediterranean orogens show a number of
examples for retreating plate boundaries, i.e., the Carpathi-
ans [Linzer, 1996], the Betic Cordillera of southern Spain
[Lonergan and White, 1997] and the Apennines [Royden,
1993]. Examples from other parts on Earth include for
instance New Caledonia [Rawling and Lister, 1999] and
the Scotia arc [Royden, 1993].

[65] The Mediterranean examples are all somewhat sim-
ilar to the Aegean case insofar as they represent non-
volcanic rifted margins, where heavy mantle lithosphere is
underlying thinned continental crust and is ‘‘peeled off’’
from accreting and/or underplating continental crust during
a collision event. We envision that such a process is
presently occurring in the Apennines, where the passive
margin below the Adriatic Sea is thrust underneath the
eastward advancing Apennine wedge (Figure 1c).
[66] The Alps are a different case in the Mediterranean

region and are considered an advancing plate boundary
[Royden, 1993]. In the Alps, the non-volcanic Adriatic
passive-margin represents the upper plate (not the lower
plate as in the other Mediterranean cases) during subduction
and collision. Furthermore, it has been stressed that the
Pennine oceans were relatively young and warm when they
were subducted [Ring, 1992]. Forced subduction of the
Pennine oceans prevented the establishment of a magmatic
arc and also slab retreat. During later full continental
collision in the Alps, only those parts of the European
margin which were thinned before orogenesis (e.g., Adula
nappe) were subducted to great depths. Normal thickness
crust of the Aar and Gotthard massifs shows no high-
pressure overprint.
[67] We also stressed the importance of early exhumation

of high-pressure rocks in the Aegean and believe that the
same is true for most high-pressure belts worldwide. As an
example we use the D’Entrecasteaux islands in Papua New
Guinea, where eclogite from �90 km depths is exposed
[Davies and Warren, 1992]. Normal faulting in a back arc
setting aided the final exhumation of the eclogite from
depths of �35 km [Hill and Baldwin, 1993] indicating that
>50 km of eclogite exhumation occurred early in a forearc
position. We propose that back arc rifting in general
contributes only little to the exhumation of high-pressure
rocks.

9. Conclusions

[68] We believe that the main conclusions that can be
drawn from this study are as follows:
[69] 1. High-pressure metamorphism in the Aegean

occurs at least since the Late Cretaceous and caused pro-
gressive underplating of oceanic and continental units.

Figure 12. (opposite) Simplified sketches illustrating different Alpine orogenic history of Aegean subduction complex
and collision orogen in western Anatolide belt of adjacent Turkey. (a) Underthrusting and high-pressure metamorphism of
tectonic units in Aegean since Late Cretaceous; non-high-pressure metamorphic Cycladic ophiolite nappe represents far-
traveled orogenic lid that was transported southward by out-of-sequence thrusting and extensional faulting. (b) Thrust
sequence in western Anatolide belt of Turkey during collision of Anatolia; Cyclades-Menderes thrust is large-scale out-of-
sequence thrust that brought high-pressure Cycladic blueschist unit on top of non-high-pressure metamorphosed Menderes
nappes in Middle Eocene, i.e., collision of Anatolia with relatively heavy lithospheric mantle halted underplating, high-
pressure metamorphism and slab retreat. Initiation of large-scale out-of-sequence thrusting is due to collision of Anatolia,
which forced basal thrust of wedge to steepen as it climbed over colliding terrane; result was shift of deformation rearward
into wedge with formation of Cyclades-Menderes out-of-sequence thrust; new faults migrated downward through wedge
with time and reimbricated it, causing widespread contraction within wedge, i.e., formation of Menderes nappes. (c) Map
view of different orogenic development of Hellenide-Anatolide orogen; because subduction zone only retreated in Aegean
after Eocene collision of Anatolia, strike-slip corridor is supposed to have accommodated differential motion between
Aegean and western Turkey. Same patterns as in Figure 1.
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[70] 2. The progressive evolution of high-pressure meta-
morphism resembles the evolution of a subduction complex.
The underthrusting of fragments of mostly thinned conti-
nental caused distinct periods of high-pressure metamor-
phism during continued retreat of the subducting slab.
[71] 3. Major along-strike differences in the pre-orogenic

paleogeography controlled the development of a collision
orogen further east in the western Anatolide belt of
Turkey.

[72] 4. Exhumation of the Cycladic blueschist unit and
the external high-pressure belt occurred primarily in a
forearc position, i.e., exhumation occurred early during
the orogenic history.
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Acad. Sci. Paris, 289, 993–995, 1979.

Dunlap, W. J., Neocrystallization or cooling?: 40Ar/39Ar
ages of white micas from low-grade mylonites,
Chem. Geol., 143, 181–203, 1997.
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Haussman, J. F. L., Beiträge zur Oriktographie von
Syra und ein neues Mineral, der Glaukophan, Gött.
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but little exhumation: The Vari detachment in the
Cyclades, Greece, Geol. Mag., 140, in press, 2003b.

Robbins, G. A., Radiogenic argon diffusion in musco-
vite under hydrothermal conditions, M.S. thesis,
189 pp., Brown Univ., Providence, R. I. 1972.

Robertson, A. H. F., J. E. Dixon, S. Brown, A. S.
Collins, A. Morris, E. Pickett, I. Sharp, and T. Us-
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