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[1] After their emplacement in the course of the late
Mesozoic and the Cenozoic, the Hellenic nappes
became fragmented during late orogenic extension
since the late Eocene. Here we focus on the transition
of underthrusting during nappe emplacement to
exhumation during late orogenic extension. To this
end, we compared previously published data on the
structural geological and metamorphic history of the
underthrusted parts of the Tripolitza and Ionian
nappes, which were exhumed in the Cycladic and
South Aegean windows, with newly obtained data on
the sedimentary, stratigraphic, and structural
development of the part of these nappes in the
foreland, in front of the subduction thrust. The
results allow the identification of two major events:
Event 1 took place around the Eocene-Oligocene
transition and marks the onset of underthrusting of the
Tripolitza nappe below the Pindos nappe and the
Ionian nappe below the Tripolitza nappe, respectively.
This led to the uplift and erosion of the Pindos unit and
the onset of deposition of the Tripolitza and Ionian
flysch in front of the Pindos thrust, together with the
formation of mylonites at the base of the
metamorphosed portions of the Pindos unit related to
the underthrusting of the Tripolitza unit. Event 2
occurred in the latest Oligocene to earliest Miocene
and marks the decoupling of the Ionian unit from the
underthrusting plate, the accretion of the Tripolitza and
Ionian units to the overriding plate, and the onset of
late orogenic extension and exhumation in the
overriding plate. This led to the formation of the
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1. Introduction

[2] The Aegean nappe stack evolved as a result of
African-European convergence in the course of the late
Mesozoic and Cenozoic. Previously stacked nappes became
subjected to late orogenic extension, starting in northern
Greece in the late Eocene [Gautier et al., 1999; Jolivet et
al., 2003; Lips et al., 2000], followed by the formation of
two windows in central (Cyclades) and southern Greece
(Peloponnesos and Crete; Figures 1 and 2), starting around
the Oligocene-Miocene transition. [Avigad et al., 1998;
Gautier et al., 1993; Jolivet et al., 1996; Ring et al.,
2001; Ring and Reishmann, 2002; Thomson et al., 1998].
The metamorphic rocks that were exhumed in the Cycladic
and South Aegean windows were interpreted to be the
underthrusted and metamorphosed equivalents of the non-
metamorphosed parts of the Tripolitza and Ionian units
exposed in western Greece (Figure 1) [Jacobshagen,
1986; Jolivet et al., 2004b; Kowalczyk and Ziigel, 1997,
Ring et al., 2001; Thiébault, 1979] (see below). The non-
metamorphosed parts of these nappes are well exposed
and least fragmented in northwestern Greece, where they
deformed in front of the Oligocene Pindos thrust [/GRS-IFP,
1966; Jenkins, 1972; Sotiropoulos et al., 2003].

[3] In this paper, we aim to reconstruct the transition of
underthrusting during nappe stacking to exhumation during
late orogenic extension. To this end we compare the
geologic histories of the metamorphosed and nonmetamor-
phosed equivalents of the nappes that are exposed in the
External Hellenides and the Cycladic and South Aegean
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Figure 1. (a) Geologic map of the Aegean region, modified after Bornovas and Rontogianni-Tsiabaou
[1983], Dinter [1998], Jolivet et al. [2004b], and Meco and Aliaj [2000]. (b) Highly schematic cross
section P-P’ showing the structure and lithologies of the South Aegean and Cycladic windows. For
detailed structural cross sections and correlations, see Jolivet et al. [2004a, 2004b].

windows. The data from the metamorphics exposed in the
windows are compiled from literature. From the External
Hellenides we sampled a number of sedimentary sites and
sections in the Oligocene and lower Miocene of the Tripo-
litza and lonian units and the structurally underlying pre-

Apulian unit (Figure 3) and analyzed the Oligocene and
especially early Miocene vertical motion history of the
foreland basin based on paleobathymetry estimated [see
Van der Zwaan et al., 1990; van Hinsbergen et al.,
2005b]. Additionally, paleomagnetic sampling was carried
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Figure 2. Schematic map, simplified from Bornovas and Rontogianni-Tsiabaou [1983], showing the
distribution of the South Aegean window. Estimates of peak metamorphic conditions are compiled from
Bliimor et al. [1994], Brix et al. [2002], Jolivet et al. [1996], Katagas et al. [1991], Theye and Seidel
[1991], Theye et al. [1992], Thomson et al. [1998, 1999], Wachmann [1997], and Zulauf et al. [2002].

out to compare the anisotropy of the magnetic susceptibility
(AMS) of the Oligocene and lower Miocene of mainland
western Greece, since the AMS can be used to determine if
stress has been applied to weakly deformed sediments [e.g.,
Hrouda, 1982; Kissel et al., 1986; Tarling and Hrouda,
1993]: upon deformation, the maximum axis of the AMS
(kmax) Will gradually align with the direction of maximum
extension and perpendicular to the direction of maximum
contraction.

2. Geological Setting

[4] Late Mesozoic and Cenozoic convergence between
Africa and Europe formed an E-W to ESE-WNW striking,
north dipping nappe stack [Aubouin, 1957]. The largest part
of these nappes was underthrusted below the older nappe
stack and metamorphosed, but the most external parts of the
nappe remained in their foreland position and did not
underthrust. In northwestern Greece, this nonmetamor-
phosed part of the nappe stack is at present best exposed
and least fragmented in northwestern Greece [/GRS-IFP,
1966; Jacobshagen, 1986], where the nappe-bounding

thrusts and associated folds strike NNW-SSE as a result
of 50° clockwise, post-early Miocene rotation [Kissel et al.,
2003; van Hinsbergen et al., 2005a, and references therein].
The five most external units are from top to bottom the
(Sub-) Pelagonian, Pindos, Tripolitza, Ionian and (Pre-)
Apulian units (Figures 1 and 3), each with their own distinct
lithostratigraphy and separated by thrusts. The (Sub-) Pela-
gonian unit is the most easterly nappe exposed in western
Greece (Figures 1 and 3). The nappe consists of Variscan
basement (Pelagonian unit), unconformably overlain by a
series of Permian to Jurassic carbonates of varying facies,
overthrusted during the Jurassic by an ophiolite complex
which is overlain by Cretaceous carbonates and Paleogene
flysch [Baumgartner, 1985; Ricou et al., 1998]. The Pindos
unit comprises Triassic to upper Cretaceous deep-marine
carbonates and radiolarites, overlain by up to 4000 m of
Paleocene to lower Oligocene flysch [Richter et al., 1978].
The (Gavrovo-) Tripolitza unit structurally underlies the
Pindos unit in the east and overthrusted the Ionian unit to
the west. It comprises Triassic volcanics overlain by Late
Triassic to Eocene platform carbonates [Jacobshagen, 1986;
Pe-Piper, 1982]. The Tonian unit contains (Permo-) Triassic
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Figure 3. Geologic map of northwestern Greece, modified after Bornovas and Rontogianni-Tsiabaou

[1983], with sample locations.

gypsum, Triassic to Jurassic platform carbonates and deep-
marine well-bedded limestones that structurally underlie the
Tripolitza and overthrusted the (Pre-) Apulian unit. In
Epirus, internal thrusts subdivide the lonian unit into the
internal, middle and external lonian units [/GRS-IFP, 1966;
Jenkins, 1972; Karakitsios, 1995] (Figure 3). The Tripolitza
and Jonian units are overlain by Oligocene deep marine
flysch with a thickness of a few hundreds of meters in the

external Ionian to more than 5 km in the internal Ionian and
Tripolitza units [/GRS-IFP, 1966; Richter et al., 1978]. The
underthrusting of the Ionian unit below the Tripolitza and of
the Tripolitza below the Pindos occurred simultaneously
during the Oligocene [Sotiropoulos et al., 2003]. The Pre-
Apulian unit on Levkas and Kefallonia exposes continuous
Oligocene to lower Miocene deep-marine carbonate succes-
sions, with a transition to terrigenous clastics in the course
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of the late Burdigalian (late early Miocene) to early Lan-
ghian (early middle Miocene) (Figure 3) [De Mulder, 1975;
IGRS-IFP, 1966].

[s] Large windows, which expose previously under-
thrusted and metamorphosed rocks formed in the Hellenic
nappes since the late Eocene in northern Greece, and since
the early Miocene in central and southern Greece (Figure 1)
[Gautier et al., 1999; Jolivet et al., 2003; Lips et al., 2000].
In the following we will focus on the Oligocene and early
Miocene geologic development of the Tripolitza and Ionian
units, both in the External Hellenides and in the Cycladic
and South Aegean windows.

3. Oligocene and Early Miocene History
of the External Hellenides

3.1. Oligocene to Lower Miocene Clastics of
Western Greece

[6] The nonmetamorphic Tripolitza and lonian carbonate
units in western Greece are overlain by Oligocene deep
marine, terrigencous-clastic flysch deposits with a thickness
of a few hundreds of meters in the external lonian to more
than 5 km in the internal Ionian and Tripolitza units [/GRS-
IFP, 1966; Richter et al., 1978] (Figure 4). Flysch deposi-
tion ceased in the internal Ionian and Tripolitza units in the
late Oligocene, probably as a result of folding and uplift
[British Petroleum Company (BP), 1971; IGRS-IFP, 1966].
The middle Ionian unit was probably also uplifted in the
late Oligocene, as suggested by a hiatus between the
Oligocene and the lower Miocene [/GRS-IFP, 1966]. In
the external Ionian unit of Epirus and the Ionian Islands,
deposition of terrigeneous clastics was continuous through-
out the Oligocene and the early Miocene, with an increase
in sedimentation rate and average grain size around the
Oligocene-Miocene transition. Approximately 800m of
lower Miocene was deposited in the external Ionian unit
of Epirus [Bizon, 1967; De Mulder, 1975; IGRS-IFP, 1966].
The Pre-Apulian unit on Levkas and Kefallonia exposes
continuous Oligocene to early Miocene deep-marine car-
bonate successions, with a transition to terrigeneous clastics
in the course of the Burdigalian (late early Miocene).

[7] In this paper we focus on the Oligocene to early
Miocene development of the middle Ionian unit to identify
the nature and causes for the hiatus between the Oligocene
and lower Miocene. Different names exist for the early
Miocene basin on the middle Ionian unit: /GRS-IFP [1966]
apply the term Botzara-Ekklisia Basin, and Avramidis et al.
[2000] use the name Klematia-Paramythia Basin. We apply
the name Klematia-Paramythia Basin for the basin such as it
existed in the early Miocene, and Botsara-syncline for the
structure that evolved after deposition.

[8] Detailed sedimentological analysis of the basin was
carried out by Avramidis and Zelilidis [2001] and Avramidis
et al. [2000, 2002], who reported dominantly southwestward
sediment transport directions in the Oligocene lonian flysch,
and both southwest and northeastward transport, in combi-
nation with longitudinal infill during the early Miocene,
indicating early Miocene restriction and elongation of the
basin.

VAN HINSBERGEN ET AL.: UNDERTHRUSTING AND EXHUMATION IN GREECE

TC2011

c c © 0 =
8 @ N =} c c
E 5 5 2 28
S £ c
2‘ = e o =
-~ = 85
o o © c
< 3 LEg
1%1 Iglst S HFE o
-1 Plio © =] 'g %
533 o nEe
[
c
[
o
L
=
23.0)

Oligo-l
4 cene [k

CENOZOIC
Tertiary

Eocene

PaleoceneE

(o))
W

Cretaceous

~
N

MESOZOIC
Jurassic |

N
©
O\

Triassic

N
N

Permian

N
\O
=]

N

\l

PALEOZOIC

Carboniferousl

.//.

SN
< N
AW

~ N

\

,
YA
N

|

KEY
pre-Alpine basement E carbonate
23] volcanics alternating sand and clay
alternating carbonate and radiolarite

Figure 4. Schematic scheme of the lithostratigraphy of
the nappes and timing of nappe emplacement, based on
De Mulder [1975], Fleury [1975], IGRS-IFP [1966],
Meulenkamp [1982], and Pe-Piper [1982].

50f 19



TC2011

[¢9] Additionally, we sampled a number of sites and
sections in the Oligocene and lower Miocene of the Ionian
flysch and the lower Miocene clastics of the Pre-Apulian
unit of Epirus, Levkas, Ithaki and Kefallonia for reference.

3.2. Sampling and Ages

[10] The sites from the base of the Ionian flysch (1-3 and
8—13 in Figure 3) correspond with localities that were
previously sampled for rotation analysis [van Hinsbergen
et al., 2005a]. The base of the lonian flysch was dated by
IGRS-IFP [1966], Peeters et al. [1998], and Wilpshaar
[1995] as earliest Oligocene (early Rupelian), on the basis
of magnetostratigraphy, dinoflagellate cysts, and planktonic
foraminifera, e.g., recovered from outcrops near Saloniki
(10) and at the Arakhtos anticline (Figure 3).

[11] Three sections were sampled from the Klematia-
Paramythia Basin: Botsara West and East are from the
limbs of the syncline and Botsara Top represents the
youngest part of the core of the syncline (Figures 2 and 4).
The sections contain a lateral component, but the large
difference in thickness indicates that the amount of accu-
mulated sediment is much larger in the west than in the east
of the basin. The significance of this asymmetry will be
discussed below.

[12] The planktonic foraminiferal fauna from Botsara
West (3 and 5) and Top (6) and East (7) provide conclusive
evidence for an early Oligocene age for the Ionian flysch
and an Aquitanian to late Burdigalian age for the entire
Klematia-Paramythia Basin fill (Figure 5). This conclusion
is in line with the age range reported earlier by /GRS-IFP
[1966] but is in contrast with the conclusion reached by
Avramidis et al. [2000] and Stoykova et al. [2003], who
suggested that the sequence continues into the upper Mio-
cene to lower Pliocene. Catapsydrax dissimilis is found up
to the 90 m level in the Botsara Top (6), which together with
the absence of (prae)orbulinids suggests that the top of the
Botsara sequence belongs to unit N6 (the top of which has
an age of 17.54 Ma [Lourens et al., 2005]).

[13] The East (7) and West (4) sections are largely time
equivalent. The basal parts of both sections contain plank-
tonic foraminiferal faunas indicative of an early Oligocene
age (Figure 5): Globorotalia ampliapertura-increbescens
group, Globoquadrina venezuelana and Catapsydrax
dissimilis in Botsara East (7) and specimens close to
Paragloborotalia opima s.s., G. venezuelana and C.
unicavus in Botsara West (4). In Botsara East (7), lower
Oligocene strata are overlain by strata containing a lower
Miocene fauna of planktonic foraminiferal unit N4 charac-
terized by specimens identical or close to Globorotalia
kugleri and Globigerinoides primordius/trilobus, suggesting
that the upper Oligocene is missing.
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[14] No upper Oligocene faunas were found in Botsara
West (4) either. Here, lower Oligocene and lower Miocene
(N4) faunas are separated by an unsampled interval of
750 m, which may include (part of) the upper Oligocene.
The N4 (Aquitanian) fauna in both sections is followed by
faunas characteristic of the N5-N6 unit interval (Figure 5),
which in chronostratigraphic terms spans the upper Aqui-
tanian to Burdigalian [Lourens et al., 2005].

[15] IGRS-IFP [1966] also reported that the upper Oli-
gocene is missing in the middle Ionian unit. They placed the
unconformity around the Aquitanian-Burdigalian boundary,
but our data suggest that the hiatus should be placed below
the Aquitanian, around the Oligocene-Miocene boundary
(Figure 5). The abrupt increase in radiolarians in the lower
Miocene of both sections marks a distinct tie line between
the eastern and western limb of the syncline. The presence
of Globorotalia dehiscens in Botsara East (7) and its
absence in Botsara West (4) suggest that the top of the East
section is younger than the top of the West section. The
presence of Catapsydrax dissimilis along with the absence
of (prae)orbulinids in Botsara Top (6) indicates that the
youngest sediments are of Burdigalian age (unit N6). The
poor magnetic signal resulted in an overall poor quality
magnetostratigraphy and cannot be confidently calibrated to
the global polarity timescale (Figure 5).

[16] Two sections were analyzed from Levkas (Figure 3).
Spanokhorion (14) was sampled from marly sediments with
numerous calcareous mass-transported interbeds overlying
the Ionian flysch on East Levkas. The section was previ-
ously described and dated by /GRS-IFP [1966] Benda et al.
[1982], Bizon [1967], and De Mulder [1975] as Burdigalian
to early Langhian. The planktonic foraminiferal fauna of
Aghios Petros (15) on the Pre-Apulian unit of western
Levkas indicates that the section covers the lower middle
Miocene to the upper Miocene [Bizon, 1967; IGRS-IFP,
1966].

[17] The Ionian unit carbonates of the island of Ithaki
(Figure 3) are overlain by Oligocene to lower Miocene clays
and calcareous turbidites and marly mud flows, are found in
the north of the island in the Bay of Afales (16 in Figure 3)
[De Mulder, 1975; Hagn et al., 1967].

[18] The lower Miocene of the external Ionian flysch of
Kefallonia in Poros (21) and Paleo Skala (20), described
and dated by Dremel [1970] was sampled and analyzed as
well. The stratigraphy of the Pre-Apulian unit of Kefallonia
consists of a thick Mesozoic to Paleogene series of carbo-
nates, overlain by an Oligocene to lowermost Tortonian
series of marls and interbedded turbiditic calcareous sand-
stones [BP, 1971; Bizon, 1967, De Mulder, 1975]. We
sampled three short sections from the lower Miocene (Zola,
18, Aghios Georgios, 19, and Myrthos Beach, 17) of the

Figure 5. Stratigraphic correlations of the sections sampled in the Klematia-Paramythia Basin. Numerical ages are taken
from Berggren et al. [1995] and Lourens et al. [2005]. Circled letters refer to the following fauna: A, presence of
Turborotalia ampliapertura (top 30.3 Ma); B, presence of Paragloborotalia opima s.s. (top 27.1 Ma); C, presence of
Paragloborotalia kugleri (bottom 23.8 Ma; top 21.5 Ma); D, rapid increase of radiolarians; E, presence of Globorotalia
dehiscens; F, presence of Catapsydrax dissimilis (top 17.54 Ma); G, presence of Preorbulina sicana (16.97 Ma). P. sicana
is absent throughout the sections of the Klematia-Paramythia Basin. Solid (open) circles represent normal (reversed)

polarity. Open triangles represent inconclusive polarity.
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Table 1. Calculated and Estimated Paleobathymetry Values for the Sites and Sections of Epirus, Northwestern Greece®

Code Locality Mainland Greece Samples (Gr-Code) n Depth, m SD, m Taxonomic Estimate Age
1 Konitsa-Exochi 11210-11 1 953 . early Oligocene
2 Palamba-Kerasochori 11205-09 2 1066 23 early Oligocene
3and 4  Botsara West and Saloniki Zalongo 11200-04; 12163-65 6 983 97 750—1200 early Oligocene
4 and 5 Botsara West and Basin Plain 12166-240 49 977 95 300-900 early Miocene
6 Botsara Top 12240-275 31 923 72 750—-1200 early Miocene
7 Botsara East 12116-26 9 839 105 600—1200 early Oligocene
7 Botsara East 12130-162 26 816 131 early Miocene
8 Kalentzi-Lazena 11220-24 5 1110 96 early Oligocene
9 Nicolitsi 11214-18 5 1034 71 early Oligocene
10 Seriziana-Alepochori 11219 1 1195 . early Oligocene
11 Limni Pournarion 11225-29 5 1016 89 early Oligocene
12 Kryopigi 11020-26 5 993 56 early Miocene
13 Northern Tripolitza 11230-32 1 1081 . early Oligocene
14 Spanokhorion (Levkas) 443-471 11 966 71 early Miocene
15 Aghios Petros (Levkas) 12951-12984 28 1096 119 1000+ early—late Miocene
16 Afales Bay (Ithaki) 12469-73 3 718 124 600—-1100 early Miocene
17 Myrthos Beach 12452-57 4 913 72 600—-1100 early Miocene
18 Zola 12458-67 8 1117 40 >1000 early Miocene
19 Aghios Georgios 12434-41 8 1137 83 6001100 early Miocene
20 Paleo Skala KF 1-19 6 978 139 500-900 early Miocene
21 Poros 12442-51 10 986 51 600—-1100 early Miocene

?Code refers to numbers in Figure 3; n, number of samples averages; SD, standard deviation.

Pre-Apulian unit (Figure 3) to compare their paleobathy-
metries with the reconstructions for the time equivalent
sediments of the Ionian unit.

3.3. Paleobathymetry and Vertical Motions

[19] To estimate the depositional depth of marine sedi-
ments, the general relationship between the fraction of
planktonic foraminifera with respect to the total foraminif-
eral population (%P) and depth of Van der Zwaan et al.
[1990] was used, following sample selection and counting
procedures described by van Hinsbergen et al. [2005b].
Percentage of P also varies with oxygenation. Generally,
with decreasing oxygen levels, the percentage of specific
benthic species known as oxygen stress markers with respect
to the total population (%S) increased (for more information
see van Hinsbergen et al. [2005b]. Samples in which %S
exceeds 60% were discarded. Generally, %S values were
much lower, and no large %S variations were found in the
sections. This is logical since deposition in western Greece
during the Oligocene and early Miocene occurred in a wide,
deep and generally well-ventilated foreland basin [e.g.,
Wilpshaar, 1995]. Some samples contain high fractions of
quartz and rock fragments, which here probably result from
downslope transport. These samples were discarded.

[20] Depth estimates and their standard deviation are
indicated in Table 1. The depth values were checked by
means of presence or absence of benthic species indicating
specific water depths (for discussion and list, see van
Hinsbergen et al. [2005b]). The results are included in
Table 1, are in line with calculated depth estimates and
show that all sampled sites and sections were deep marine
(800 to >1000 m) during deposition.

[21] Bathymetry is influenced by sediment supply,
custatic sea level changes, and tectonics. The lack of
high-resolution age control made correction for eustatic
sea level changes (in the order of tens of meters) impossible.

Adding the amount of accumulated sediment to the paleo-
bathymetry at every sample level yields the vertical motion
of the base of the section through time (Figure 6), and
shows that subsidence must have continued in the Klematia-
Paramythia Basin throughout deposition (i.e., at least until
~17 Ma), with much higher subsidence rates in the present
SW than NE (Figure 6). No bathymetry changes were
reconstructed from the lower Miocene sections of the
external lonian unit and the Pre-Apulian unit (Table 1),
but the amount of accumulated sediment here is much less
than in the Klematia-Paramythia Basin, in the order of some
hundreds of meters [/IGRS-IFP, 1966].

[22] A sedimentation rate around 50 cm/kyr prevailed
during the early Miocene in Botsara West (7). These rates
are rather common in basins characterized by turbidite
sedimentation. For comparison, the sedimentation rates
during the deposition of turbidite sequences of the lower
Pliocene of section Corfu Coast on northwestern Corfu
[Linssen, 1991] or the lower Messinian of section Limni
Keri (North) on Zakynthos [van Hinsbergen, 2004] are
100 c/kyr and >125 cm/kyr, respectively.

3.4. Anisotropy of the Magnetic Susceptibility

[23] The anisotropy of the magnetic susceptibility (AMS)
can be used to determine if stress has been applied to
weakly deformed sediments [e.g., Hrouda, 1982; Kissel et
al., 1986; Tarling and Hrouda, 1993]. If the sediment is
undeformed, compaction leads to a magnetic susceptibility
that has a random lineation (maximum axis of the AMS,
kmax), and a bedding-parallel foliation (perpendicular to the
minimum axis of the AMS, k). Upon deformation, the
kmax axis Will gradually align with the direction of maximum
extension and perpendicular to the direction of maximum
contraction. When the amount of contraction exceeds the
amount of compaction, the k.,;, axis aligns with the max-
imum contraction direction.
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Figure 6. Diagrams of the Klematia-Paramythia Basin, showing the paleobathymetry trends. Adding
the amount of accumulated sediment (shaded area) yields the position of the base of the section through
time. The amount of subsidence in Botsara West is much higher than time-equivalently in Botsara East.

[24] The AMS has been measured from localities of
Oligocene Ionian flysch of the external and middle Ionian
units and the lower Miocene of the Klematia-Paramythia
Basin (Figures 2 and 5 and Table 2) on a KLY-3 Kappa
Bridge. The resulting k., directions obtained from the
Oligocene are (sub)parallel to the fold axes and thrust
strikes in the vicinity of the locality (Figure 7). The results
for the lower Miocene the Klematia-Paramythia Basin,
however, show the opposite: the net result of the AMS
yields a NE-SW trending k.« axis, indicating NE-SW
extension (Figure 7).

3.5. Analysis: Oligocene—Early Miocene Geologic
History of the External Hellenides

[25] Convergence and underthrusting of the Tripolitza
and lonian units below the Pindos was mainly accommo-
dated by the Pindos and Tripolitza thrusts, respectively,
without major internal shortening of the units [e.g.,
Sotiropoulos et al., 2003]. The Tripolitza unit is not highly
folded, probably as a result of the presence of massive
platform carbonates, but the well-bedded deep marine
Ionian carbonates and overlying flysch were deformed into
large antiforms and synforms (Figure 4). The absence of
sediments younger than late Oligocene in age in the internal
Ionian and Tripolitza units, and the hiatus between the deep-
marine lower Oligocene and lower Miocene in the Klema-
tia-Paramythia basin indicate that these folds were at least
partly formed around the Oligocene-Miocene transition [see
also IGRS-IFP [1966]. The emergence and erosion of the
Tripolitza and the internal and middle Ionian units led to the
deposition of a more proximal clastic facies with higher
sedimentation rates in the external Ionian unit [De Mulder,
1975; IGRS-IFP, 1966]. The external Ionian and the Pre-
Apulian units of Levkas and Kefallonia, however, remained
deep-marine throughout at least the early Miocene.

[26] After the latest Oligocene or earliest Miocene uplift
and erosion of the middle Tonian zone, rapid subsidence
formed the Klematia-Paramythia Basin. This subsidence
must have been continuous throughout the Aquitanian and
Burdigalian to explain the constant depth of 800—1000 m,

despite the deposition of 500-2500 m of sediment
(Figure 6). Moreover, the amount of subsidence in the
southern part of the basin (prior to post-early Miocene
rotation) was much higher than in the northern part. The
basin floor must therefore have tilted to the south during
subsidence and deposition. Such an asymmetry could
result from either the formation of a piggyback (thrust-
top) basin, or a half-graben. The asymmetry reconstructed
from the Klematia-Paramythia basin requires in the piggy-
back scenario an east directed thrust, cropping out to the
present-day northeast of the Klematia-Paramythia basin.
The half-graben scenario would require a listric normal
fault cropping out to the present-day southwest of the
Klematia-Paramythia basin. Neither of these faults is pres-
ently observed.

[27] The thickness of the lower Miocene in the external
Ionian unit is only approximately 800 m [/GRS-IFP, 1966].
Therefore a structure must lie in between the external Ionian
zone and the Klematia-Paramythia basin that accommodated
the markedly higher subsidence in the Klematia-Paramythia
basin. We thus propose that the Middle Ionian Thrust
(Figures 3 and 8) that runs parallel to the Klematia-Para-
mythia basin was a listric normal fault during the early
Miocene, and reactivated afterward as a thrust. The half-

Table 2. Results of AMS Analysis for Northwestern Greece,
Corrected for Bedding Tilt*

Locality n Az dip dAz ddip L
Konitsa-Exochi 7 336.6 6.9 302 229 1.0122
Aghios Nikolaos—Aghios Pandes 20 128.0 3.3 229 6.9 1.0100
Saloniki-Zalongo 52 119.8 8.8 289 22.6 1.0066
Klematia-Paramythia basin 262 51.7 84 268 183 1.0066
Nicolitsi 1 9 1333 14.7 66.3 184 1.0024
Nicolitsi 2,4, and 5 30 3432 448 347 11.3 1.0068
Kalentzi-Lazena 37 1794 335 56.5 17.8 1.0049
Limni Pournarion 47 1793 12.8 47.9 239 1.0031
Northern Tripolitza 18 1883 4.1 67.7 16.0 1.0057

“See Figure 1 for sample locations; see Table 1 for ages. Definition are as

follows: n, number of specimens; Az, mean azimuth; dip, dip of k. axes;
dAz and ddip, errors on mean k., axes; L, magnetic lineation (kmax/kint)-
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graben scenario is supported by the AMS results, which for
the lower Oligocene sites in Epirus invariably indicate
contraction perpendicular to the fold axes, but extension
perpendicular to the axis of the Botsara syncline for the
lower Miocene of the Klematia-Paramythia Basin (Figure 7).
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Figure 8. Proposed model for the evolution of the
Klematia-Paramythia Basin. After a phase of latest
Oligocene uplift and erosion, a north dipping listric normal
fault accommodated rapid subsidence in an asymmetric
half-graben. The fault must have been continuously active
until at least 17 Ma to explain the continuous bathymetry
together with the ongoing asymmetric sedimentation.
Present-day cross section is modified after Avramidis et
al. [2002].

[28] In conclusion, our new data show that a phase of
uplift and erosion affected the middle Ionian unit between in
the late Oligocene or earliest Miocene. This is probably the
result of large-scale folding in response to N-S to NNE-
SSW contraction that affected the Ionian and Tripolitza
units in the late Oligocene [/GRS-IFP, 1966; Sotiropoulos
et al., 2003]. Our analysis of the Klematia-Paramythia basin
shows that this phase of uplift and erosion is followed by
approximately N-S to NNE-SSW extension, which rapidly
subsided the Klematia-Paramythia half-graben in the earli-
est Miocene and remained active until after 17 Ma.

4. Oligocene and Early Miocene Geologic
History of the Cycladic and South Aegean
Windows

4.1. Review of the Metamorphic and Structural
Geologic Histories

4.1.1. Cyclades

[20] The Attic-Cycladic metamorphic complex comprises
rocks of three different units: an upper unit containing
Jurassic and Cretaceous ophiolitic rocks that overthrusted
a sequence of Mesozoic carbonates. The upper unit is

Figure 7. Selection of the results of the AMS analyses.
Thick (thin) arrows represent inferred extension (contrac-
tion) directions. The contraction and extension directions
are in most cases in line with the observed finite
deformation pattern in the vicinity of the locality. The only
exception is formed by the results of the Botsara syncline,
which presently is a NNW-SSE striking syncline, although
the AMS results indicate a large influence of ENE-WSW
extension. See text for discussion.
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separated from the middle unit (Cycladic blueschist) by
extensional detachments. The Cycladic blueschist unit con-
sists of metasedimentary and mafic magmatic rocks, over-
lying a Carboniferous basement [Ring et al., 1999]. The
Cycladic blueschist unit was underthrusted by a lower unit
(the Basal unit), consisting of platform metacarbonates that
reach Eocene sedimentary ages, and Oligocene metaflysch
[Jacobshagen, 1986; Jolivet et al., 2004b; Ring et al.,
2001].

[30] The Basal unit is correlated to the Tripolitza nappe
[Bonneau and Kienast, 1982; Ring et al., 2001]. The unit
was subjected to HP-LT metamorphism during its under-
thrusting below the Cycladic blueschist unit and peak
metamorphic conditions of 8 kbar and 400°C were reached
on, e.g., Evia and Samos around 24—-21 Ma [Brécker and
Enders, 1999; Ring et al., 2001; Ring and Reishmann,
2002]. The Cycladic blueschist is believed to be equivalent
to the Pindos zone and to the rocks directly underlying the
Pelagonian basement on, e.g., the Pelion [Jacobshagen,
1986; Jolivet et al., 2004b]. Owing to the large number of
islands and their excellent exposure, the metamorphic
history of the Cycladic blueschist unit has been subject
of many studies. These reveal that peak metamorphic
conditions occurred under blueschist to eclogite facies
metamorphic conditions of 12—18 kbar and 450°-550°C.
Cooling ages obtained by K/Ar, Rb/Sr and “’Ar/*°Ar dating
of minerals that grew during blueschist and eclogite
facies metamorphism cluster between 60 and 35-40 Ma
(Figure 9). Brocker and Enders [1999] recently suggested
that blueschist conditions in the Cycladic blueschist unit
already prevailed in the Late Cretaceous, around 70 Ma, on
the basis of U-Pb mineral growth ages from Syros; however,
Tomaschek et al. [2003] showed that these ages do not
represent metamorphic ages. Deformation and mineral
growth under greenschist facies conditions occurred be-
tween approximately 25 and 35 Ma (Figure 9) and is
interpreted as the response to underthrusting of the Basal
unit below the Cycladic blueschist unit [Klein-Helmkamp et
al., 1995]. In the early Miocene, around 22—18 Ma, a
retrograde metamorphic overprint occurred, associated with
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a temperature increase [Jolivet et al., 2003; Jolivet and
Goffé, 2000]. This is best seen on Naxos, where it led to
partial melting [Buick and Holland, 1989]. Following this
high-temperature overprint, a number of granites intruded
the unit, starting on Tinos and Ikaria, and later on Attica,
Mykonos, Dilos, Paros, Kos, and Naxos (Figure 9). During
the high-temperature overprint, the oldest sediments accu-
mulated in the supradetachment basins, presently exposed
on, e.g., Paros and Naxos (Figure 9). The Cycladic blues-
chist cooled to temperatures below 100°C around 8—6 Ma
(Figure 9), which is time-equivalent to the oldest deposits
unconformably overlying the Cycladic blueschist unit [Hej!
et al., 2002; van Hinsbergen et al., 2004]. Note that the
lower to lower middle Miocene sediments on the Cyclades
are always in faulted contact with their basement [e.g.,
Sdanchez-Gomez et al., 2002].

[31] The upper unit is found as the hanging wall to the
Cycladic extensional detachments and is interpreted as the
equivalent of the Pelagonian zone, which is affected by
Cretaceous high-temperature metamorphism, associated
with the emplacement of ophiolitic rocks. Cretaceous
ophiolite emplacement and associated metamorphism is
known from southwestern Turkey, Rhodos, Karpathos,
Crete [Hatzipanagiotou, 1988; Koepke et al., 2002;
Robertson, 2000], including the Asteroussia nappe [Seidel
et al., 1981], Gavdos [Vincente, 1970] and some of the
Cycladic islands (e.g., Anafi [Reinecke et al., 1982]) and it
may be equivalent to the thrusting of the Vardar-Axios zone
over the (Sub-) Pelagonian unit (Figure 1).

4.1.2. Southern Aegean

[32] The South Aegean window exposes two HP-LT
metamorphic units: the lower Plattenkalk unit and the upper
Phyllite Quartzite unit. It is exposed in a curved, lens-
shaped window running from the northern Peloponnesos,
via Kythira and Crete to the island of Kassos in the
southeast (Figure 2). The Plattenkalk unit consists of
Paleozoic clastics at the base (Kastania Phyllites), overlain
by Mesozoic to Eocene well-bedded carbonates and Oligo-
cene metaflysch and was interpreted as the underthrusted
equivalent of the lonian unit [Barrier, 1979; Bizon and

Figure 9. Time chart for the Cycladic islands, Evia, and Attica, in which the metamorphic history of the Cycladic
blueschist unit is summarized. Note that most ages represent cooling ages, postdating the peak metamorphic conditions of
the dated mineral. Reference key is as follows: 1, Altherr et al. [1976]; 2, Altherr et al. [1979]; 3, Altherr et al. [1982]; 4,
Altherr et al. [1988]; 5, Allen et al. [1999]; 6, Andriessen et al. [1979]; 7, Andriessen et al. [1987]; 8, Andriessen, 1991]; 9,
Angelier et al. [1977]; 10, Aubourg et al. [2000]; 11, Avigad and Garfunkel [1989]; 12, Avigad et al. [1998]; 13, Baldwin
and Lister [1998]; 14, Bellon et al. [1979]; 15, Besang et al. [1977]; 16, Blake et al. [1981]; 17, Boger et al. [1974]; 18,
Bdéger [1983]; 19, Bonneau and Kienast [1982]; 20, Brocker et al. [1993]; 21, Brécker and Franz [1998]; 22, Brécker and
Enders [1999]; 23, Franz et al. [1993]; 24, Fytikas et al. [1976]; 25, Fytikas et al. [1986]; 26, Gautier et al. [1993]; 27,
Gautier and Brun [1994]; 28, Hejl et al. [2002]; 29, Henjes-Kunst and Kreuzer [1982]; 30, Henjes-Kunst et al. [1988]; 31,
Innocenti et al. [1982]; 32, Keay et al. [2001]; 33, Klein-Helmkamp et al. [1995]; 34, Kornprobst et al. [1979]; 35, Kreuzer
et al. [1978]; 36, Lensky et al. [1997]; 37, Lister and Raouzaios [1996]; 38, Maluski et al. [1981]; 39, Matthews and
Schliestedt [1984]; 40, Meissner [1976]; 41, Mpsokos and Pedikatsis [1984]; 42, Okrusch et al. [1978]; 43, Okrusch and
Brocker [19901]; 43, Reinecke [1986]; 44, Ring and Layer [2003]; 45, Ring et al. [2003]; 46, Robert and Cantagrel [1977];
47, Rosenbaum et al. [2002]; 48, Sanchez-Gomez et al. [2002]; 49, Schliestedt et al. [1987]; 50, Schliestedt and Matthews
[1987]; 51, Sen and Valet [1986]; 53, Shaked et al. [2000]; 54, Smith et al. [1996]; 55, Tomaschek et al. [2003]; 56, Trotet et
al. [2001]; 57, Van Couvering and Miller [1971]; 58, Van der Maar and Jansen [1983]; 59, van Hinsbergen et al. [2004];
60, Weidmann et al. [1984]; 61, Willmann [1983]; 62, Wijbrans and McDougall [1988]; 63, Wijbrans et al. [1993]. See
color version of this figure at back of this issue.
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Figure 9

Thiébault, 1974; Dittmar and Kowalczyk, 1991; Kowalczyk
and Dittmar, 1991; Kowalczyk and Ziigel, 1997; Thi¢bault,
1979]. The overlying Phyllite Quartzite unit constitutes a
series of late Carboniferous to Middle Triassic marine
phyllites with metavolcanites and quartzites (turbidites)
and metaconglomerates (debris flows), unconformably
overlying Variscan metamorphosed basement [Brauer et
al., 1980; Finger et al., 2002; Krahl et al., 1983, 1986;
Panagos et al., 1979; Seidel et al., 1982]. Peak metamor-
phic conditions in the Phyllite Quartzite unit cluster around
8—12 kbar and 300°—400°C, and *°Ar/*°Ar cooling ages of
24—-20 Ma are interpreted to only shortly postdate peak
metamorphic conditions [Jolivet et al., 1996; Seidel et al.,

1982; Stockhert et al., 1999; Theye and Seidel, 1991; Theye
etal., 1992; Thomson et al., 1998; Wachmann, 1997; Zulauf
et al., 2002]. Jolivet et al. [1996], Theye and Seidel [1991],
and Theye et al. [1992] also reported much higher values of
16 + 2 kbar from the Phyllite Quartzite unit of western Crete
and the 17 + 4 kbar from the southern Peloponnesos,
although these values were doubted by Brix et al. [2002].
The Plattenkalk on the Peloponnesos appears to have
lower peak metamorphic pressures, with maximum values
of 5—8 kbar [Bliimor et al., 1994; Manutsoglu, 1990].

[33] The comparable timing and conditions of peak
metamorphism of the Basal unit on the Cyclades and the
Phyllite Quartzite unit on Crete led Jolivet et al. [1996] and
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Ring et al. [2001] to suggest that these two units were
underthrusted together. Moreover, these authors proposed
that the exhumation of the Phyllite Quartzite unit occurred
along an extensional detachment, reactivating an original
subduction thrust between the two. The stratigraphic ages
of the Phyllite Quartzite (Paleozoic to Middle Triassic)
and the Tripolitza unit (Middle Triassic and younger)
suggest, however, that the preexhumation contact was
stratigraphic, possibly unconformable, comparable with
and equivalent to the contact between the Kastania phyllites
and the Plattenkalk described by Kowalczyk and Dittmar
[1991] (Figure 3).

[34] In summary, the metamorphosed units that are pres-
ently exposed in the Cycladic and South Aegean windows
most likely represent the underthrusted equivalents of the
Ionian, Tripolitza and Pindos units and their original sub-
stratum. The Cycladic blueschist, correlated to the Pindos
unit, underwent peak metamorphic conditions around 55 to
50 Ma and the Basal unit, Phyllite Quartzite and Plattenkalk
units, correlated to the Tripolitza and Ionian zones, under-
went peak metamorphic conditions around 24 to 20 Ma.

4.2. “Hot” Cycladic Versus “Cold” South Aegean
Metamorphic Core Complexes

[35] A metamorphic core complex is primarily charac-
terized by a low-angle extensional detachment, separating a
significantly lower metamorphic grade hanging wall from a
higher metamorphic grade footwall [e.g., Lister et al.,
1984; Blasband et al., 1997]. Additionally, the footwall
may have undergone a regional high-temperature, low-
pressure (HT-LP) overprint, sometimes associated with
granite intrusion.

[36] The first criterion only requires motion along a
transcrustal extensional detachment. The HT-LP overprint
will only occur, however, in the hanging wall to the
extensional detachment: A high-temperature metamorphic
overprint is the result of “exhumation” of high-temperature
isotherms to bring them in contact with lower temperature
material (Figure 10). The granitoids that are frequently
described in metamorphic core complexes may result from
two processes: the first is partial melting as a result of
isothermal decompression of the footwall and the second is
isobaric heating of the hanging wall. The formation of a
“classical” metamorphic core complex therefore requires
two extensional detachments: one below the core complex,
which provides the regional high-temperature overprint and
isobaric heating-related melting, and one above, exhuming
the core complex and leading to decompression melting.

[37] Therefore we introduce a twofold subdivision in
metamorphic core complexes (Figure 11). “Cold” meta-
morphic core complexes are exhumed in the footwall to an
extensional detachment. These may have undergone partial
melting because of isothermal decompression, but did not
experience a high-temperature overprint. “Hot” metamor-
phic core complexes form the hanging wall to a lower
detachment, and the footwall to the upper one, along which
the “hot” metamorphic core complex, is exhumed. These
core complexes underwent a regional high-temperature
overprint, the influence of which decreases upward in the
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Figure 10. Schematic model of the early Miocene
development of Greece along a N-S transect from Crete
or the Peloponnesos to the Cyclades (see Figure 1).
Exhumation of the “cold” South Aegean core complex
leads to a high-temperature event on the Cyclades.
Exhumation of the footwall of the South Aegean detach-
ment (SAD) brings high-temperature isotherms in contact
with low-temperature isotherms of the hanging wall, leading
to a high-temperature event of the hanging wall (i.e., the
Basal unit and Cycladic blueschist) and further cooling of
the Phyllite Quartzite. The “hot” Cycladic core complex is
exhumed along the Cycladic detachment system (CD).

tectonostratigraphy. Moreover, they are intruded by granites
generated by decompression in the footwall of the lower
detachment. Additionally, partial melting of the hanging
wall due to isobaric heating may have occurred. Addition-
ally, isothermal decompression as a result of motion along
the upper detachment may have led to decompression
melting. The influence of high-temperature metamorphism
will be highest at the base of the hanging wall, where
advected hot material replaces initially colder lithosphere
below the detachment; the intensity of the high-temperature
overprint decreases upward, where the lithosphere above the
detachment remains cool until it is warmed by conduction
[Buck et al., 1988].

[38] We will now apply this concept to the early Miocene
history of the south central Aegean region. The early
Miocene N-S extension led to the formation of the South
Aegean and Cycladic windows. Jolivet and Goffé [2000]
and Jolivet et al. [2003] already noted that the retrograde
metamorphic path of the Cycladic blueschist was in places,
notably on Naxos, associated with a temperature increase,
whereas the rocks in the South Aegean core complex did
not. We therefore depict the Cycladic core complex as
“hot” and the South Aegean core complex as “cold.”

[39] The Cycladic blueschist and Basal unit underwent a
retrograde temperature increase, which was most prominent
on Naxos. The formation of a “hot” core complex was
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Figure 11. Schematic evolution of the Tripolitza and lonian
units and underlying clastic Kastania Phyllites and Phyllite
Quartzite units from their sedimentation during and after the
late Paleozoic and Mesozoic rifting to their underthrusting,
accretion, and late orogenic extensional exhumation in the
early Miocene.

interpreted by Jolivet et al. [2003] as the result of southward
migration of the volcanic arc. However, the early Miocene
volcanic arc lies 200—250 km north of the present-day
position of the Cyclades, and it is unlikely that correction
for the postmagmatic exhumation of the Cycladic blueschist
and Basal unit back into their early Miocene position
brings these rocks 200—250 km north underneath the early
Miocene volcanic arc.

[40] The simultaneous exhumation of the southern Aegean
core complex, however, was not accompanied by such a
high-temperature overprint. This was explained by Jolivet et
al. [2003] and Thomson et al. [1999] as a result of continuous
underthrusting of cold material below the Phyllite Quartzite
and Plattenkalk units during buoyancy-driven exhumation
of these units.
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[41] Alternatively, we prefer to explain the Cycladic core
complex as a ‘““hot” metamorphic core complex. The
retrograde temperature increase in the Cycladic area is in
this scenario the direct consequence of the simultaneous
activity of the South Aegean extensional detachment of
Crete and the Peloponnesos. The partial melting on Naxos is
associated with temperature increase [Jolivet et al., 2003;
Jolivet and Goffé, 2000] and is the result of isobaric heating
due to of the activity of the South Aegean detachment, and
possibly partly of isothermal decompression as a result of
motion along the Cycladic detachments. The granites that
intruded Naxos probably result from decompression of the
footwall of the South Aegean detachment. The South
Aegean detachment runs at small angles to the original,
probably stratigraphic, contact between the Tripolitza and
Phyllite Quartzite units [Ring et al., 2001] and is not
underlain by another extensional detachment. Consequently,
the South Aegean core complex is “cold” (Figure 10).

4.3. On the Shape of the “Cold” South Aegean
Core Complex

[42] The South Aegean core complex has a curved lens-
shape, running from the northern Peloponnesos, over Crete
to Kassos (Figure 2). The majority of exhumation in the
core complex occurred prior to 15 Ma [Thomson et al.,
1998]. The middle to late Miocene ~50° clockwise rotation
of western Greece did most likely not affect Crete, deduced
from the ~50° angle between the stretching lineations in the
Phyllite Quartzite of the Peloponnesos and Crete [Jolivet et
al., 2003], explaining the modern curved shape of the core
complex. The detachment was thus characterized by a low-
angle north dipping orientation with top-to-the-north shear.
The lens-shape of the South Aegean core complex (Figure 2)
indicates that the maximum amount of extension was
accommodated in the center window, i.e., on present-day
western Crete and the southern Peloponnesos, decreasing to
the north and east. This is in line with the decreasing peak
metamorphic conditions of the Phyllite-Quartzite unit from
the center of the South Aegean core complex to its northern
and eastern ends (Figure 2). Bliimor et al. [1994] estimated
peak metamorphic conditions of 7-8.5 kbar and 310°—
360°C from the Kastania Phyllites, underlying the Platten-
kalk on the Peloponnesos. If the estimates of the peak
metamorphic conditions in the Phyllite Quartzite unit on
the southern Peloponnesos and western Crete of 16—17 kbar
of Jolivet et al. [1996], Theye and Seidel [1991], and Theye
et al. [1992] are correct, these imply that approximately half
of the exhumation of the Phyllite Quartzite unit occurred
prior to or during the underthrusting by the Ionian/Platten-
kalk. We take the value estimated by Bliimor et al. [1994] as
the maximum depth of exhumation in the South Aegean
core complex on the southern Peloponnesos. Any older
exhumation of the Phyllite Quartzite unit must have been
synorogenic (i.e., occurring during underthrusting of the
Plattenkalk below the Phyllite Quartzite), which was previ-
ously proposed by Jolivet et al. [2003] and Thomson et al.
[1999].

[43] Ring et al. [2001] suggested that the Cretan detach-
ment reworked the original contact between the Phyllite
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Quartzite and the Tripolitza, which we above argued to have
been an unconformity. In many places on Crete, the Tripo-
litza unit directly overlies the Plattenkalk, separated by the
extensional detachment, and the Phyllite Quartzite unit is
missing. Therefore the extensional detachment in places
crosscuts the entire Phyllite Quartzite unit. Ring et al.
[2001] estimated that the Cretan detachment accommodated
more than 100 km of extension along an on average 10°—
15° dipping detachment, assuming that the Phyllite Quartz-
ite unit was originally in direct contact with the Basal unit
(Tripolitza) of the Cyclades. Here, we estimate the amount
of extension on the basis of the dimension and peak
metamorphic conditions of the South Aegean core complex.
On the southern Peloponnesos, the width, peak metamor-
phic conditions and postexhumation deformation history is
well known.

[44] On the southwestern Peloponnesos, the Tripolitza
unit is overthrust by the Pindos unit. Further to the east, the
exhumed Tripolitza unit reappears in the core complex,
underlain by the Phyllite Quartzite, Plattenkalk and Kasta-
nia Phyllite units. The latter underwent a peak pressure of
7-8.5 kbar [Bliimor et al., 1994], corresponding to 25 to
30 km of depth, assuming an average crustal density of
2850 kg/m3 (following McKenzie [1978]). If we assume the
center of the exposed Pindos unit on the southern Pelopon-
nesos to be the most westerly part of the extensional
detachment, the total horizontal displacement associated
with the exhumation of the Kastania Phyllites is approxi-
mately 40 km.

[45] Comparable to the situation on Crete, the detachment
fault on the southern Peloponnesos is folded and later
crosscut by normal faults. In the studied transect between
the Kastania Phyllites and the external Pindos unit, a half-
graben developed since the late Pliocene (the Messiniakos
basin). A seismic profile of Papanikolaou et al. [1988]
revealed a high-angle (~60°), west dipping normal fault
with a net displacement of approximately 3 km. The
horizontal component of late Pliocene extension is therefore
only about 1 km. The Taygetos unit (Figure 2) exposes a
large, asymmetric antiform with a subvertical western and
shallow dipping eastern limb [Doutsos et al., 2000], result-
ing from approximately ~3—5 km of shortening. Therefore
the modern 40 km distance between the Kastania Phyllites
and the external edge of the core complex was probably
little more, in the order of 45 km, prior to postexhumation
deformation. Exhumation from a depth of 25 km with
~45 km of horizontal extension implies an original average
orientation of the detachment of ~30°. Because the peak
pressure estimates do not dramatically change parallel to
the stretching direction to the northeast, the detachment
probably had a decreasing dip with increasing depth. The
eastern coast of the Laconia Peninsula (Figure 2) still
exposes the Phyllite Quartzite unit, whereas the Argolis
Peninsula entirely belongs to the (Sub-) Pelagonian unit and
therefore most likely belongs to the hanging wall of the
extensional detachment. To the southeast of the Argolis
peninsula, the islets of Velopoula, Falkonera and Karavia
expose ultramafic rocks, carbonates and metamorphics
associated with the (Sub-) Pelagonian and higher units, as
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do the islands of Santorini and Anafi, giving a rough
indication of the shape and maximum size of the South
Aegean core complex. The total amount of horizontal
extension on the southern Peloponnesos is thus ~100 km,
which is in line with the estimate of Ring et al. [2001].

[46] In summary, the South Aegean core complex formed
between 24—-20 Ma and at least 15 Ma, running from the
northern Peloponnesos to Kassos (Figure 2). Prior to the
middle to late Miocene rotation phase of western Greece
and the southward translation of Crete, the core complex
was ~E-W trending, with a lens-shape resulting from
the highest displacement of approximately 100 km in the
central part, presently exposed on western Crete and the
southern Peloponnesos.

5. Time Relationships Between the External
Hellenides and the Cycladic and South
Aegean Core Complexes

[47] The detailed Oligocene and early Miocene tectonic
history that was determined from both the underthrusted and
metamorphosed part in the South Aegean core complex and
the nonmetamorphosed foreland-basin parts of the Tripo-
litza and lonian units in the External Hellenides shows
remarkable time relationships, which allows the identifica-
tion of two marked events.

5.1. Event 1: Eocene-Oligocene Transition

[48] The oldest cooling ages from greenschist facies
mylonites associated with underthrusting of the Tripolitza-
Basal unit underneath the Cycladic blueschist are 35—
30 Myr old. This is comparable in age to the rapid transition
from carbonate to terrigeneous clastic sedimentation in the
entire Tripolitza and Ionian units [/GRS-IFP, 1966; Peeters
et al., 1998; Wilpshaar, 1995] and the onset of the formation
of the Tripolitza-thrust in western Greece [Sotiropoulos et
al., 2003]. We therefore interpret Event 1 as the onset of
underthrusting of the Tripolitza-Basal unit-Phyllite Quartzite
underneath the Pindos-Cycladic blueschist unit and Ionian
unit below the Tripolitza-Basal unit-Phyllite Quartzite.

5.2. Event 2: Oligocene-Miocene Transition

[49] Peak metamorphic conditions in the underthrusted
parts of the Basal unit/Tripolitza and underlying Phyllite
Quartzite units of 24—20 Ma are comparable in age with the
end of flysch deposition on and the folding of the Tripolitza
and internal and middle Ionian units. The folding and
deformation is followed by the onset of exhumation of the
Cycladic and South Aegean core complexes, which starts
approximately simultaneously in the earliest Miocene and
occurs throughout the early Miocene contemporaneously
with the formation of the Klematia-Paramythia half-graben
in the External Hellenides of western Greece. Moreover, the
bounding normal faults of both the Klematia-Paramythia
basin and the South Aegean and Cycladic core complexes
are characterized by top-to-the-north motion, although
the Klematia-Paramythia basin accommodates only a few
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kilometers of extension, as opposed to 100 km in the widest
part of the South Aegean core complex. Event 2 therefore
marks the transition of underthrusting and N-S contraction
to exhumation and N-S extension, and an outward shift
of the main subduction thrust. These time relationships
allow the detailed reconstruction of the transition of under-
thrusting during nappe stacking to exhumation during late
orogenic extension.

6. Reconstruction of the Transition From
Underthrusting to Exhumation

[s0] Before we focus on the Oligocene to early Miocene
history of underthrusting and exhumation of the Tripolitza
and lonian units, we will first summarize the paleoenvir-
onmental setting prior to the Oligocene. In the late Paleozoic,
marine clays intercalating with probably mass-transported
sandstones and conglomerates (Phyllite Quartzite and Kas-
tania Phyllites [Dittmar and Kowalczyk, 1991; Kowalczyk
and Dittmar, 1991; Krahl et al., 1983, 1986]) were deposited
on Variscan or older metamorphosed basement [Finger et
al., 2002; Krahl et al., 1986; Seidel et al., 1982]. We
therefore suggest that these units represent passive margin
deposits.

[s1] Event 1, i.e., the onset of underthrusting of the
Tripolitza and Ionian units below the Pindos and Tripolitza
unit, respectively, is contemporaneous with the uplift and
erosion of the Pindos unit [Richter et al., 1978]. The peak
metamorphic pressures of approximately 10 kbar in the
Basal unit (Tripolitza) and in those times underlying Phyl-
lite Quartzite unit [Ring et al., 2001] indicates that the
Pindos thrust must have been continuous to a depth of at
least ~35 km.

[52] The earliest major folding and shortening phase of
the Ionian unit (Event 2) took place around the Oligocene-
Miocene boundary and coincides with the timing of peak
metamorphism in the underthrusted parts, indicating that
further underthrusting of the Tripolitza and Ionian units
along the Pindos thrust was obstructed, leading to internal
shortening and folding of the foreland basin. We propose
that the folding of the Ionian unit relates and the end of
further increase in peak metamorphic conditions in the
underthrusted parts of the nappes relates to the decoupling
of the lonian unit from the underthrusting plate. The
Tripolitza—Phyllite Quartzite unit must already have been
decoupled in the early Oligocene, since it was underthrusted
by the Ionian unit since this time. The latest Oligocene-
earliest Miocene decoupling of the Ionian unit from the
underthrusting plate was followed by rapid exhumation and
extension of the overlying crust, as a result of the gravita-
tional response to roll-back and buoyancy forces, or upward
extrusion [Doutsos et al., 2000; Jolivet et al., 1994, 2003;
Lips, 1998; Ring and Layer, 2003; Ring et al., 2001,
Thomson et al., 1999; Xypolias et al., 2003; Xypolias and
Koukouvelas, 2001]. We therefore conclude that Event 2
corresponds to the decoupling around the Oligocene-Mio-
cene transition of the entire nappes from the underthrusting
plate and their accretion to the overriding plate from the
foreland part at least 35 km of depth, followed by the
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extension and exhumation of the units in the overriding
plate.

7. Conclusions

[53] In this paper, we aim to reconstruct the transition of
underthrusting during nappe stacking to exhumation during
late orogenic extension. To this end we compare the
geologic histories of the metamorphosed and nonmetamor-
phosed equivalents of the nappes that are exposed in the
External Hellenides and the Cycladic and South Aegean
core complexes.

[54] Detailed investigation of the Klematia-Paramythia
basin in the middle Ionian unit of the External Hellenides
shows, that following a phase of late Oligocene uplift and
erosion as a result of shortening, early Miocene extension
created the Klematia-Paramythia half-graben in response to
approximately N-S extension. This new information pro-
vides accurate time constraints on the transition of contrac-
tion to extension around the Oligocene-Miocene transition
in the External Hellenides. Comparison of the geological
evolution of the Ionian and Tripolitza nappes in the External
Hellenides with their underthrusted parts in the Cycladic
and South Aegean core complexes allowed the identifica-
tion of two large-scale events: Event 1 marks the onset of
underthrusting of the Tripolitza and Ionian units below the
Pindos and Tripolitza units, respectively around the Eocene-
Oligocene transition. Around the Oligocene-Miocene tran-
sition, Event 2 marks peak metamorphic conditions in the
underthrusted portions of the Tripolitza and Ionian nappes,
contemporaneous with the uplift and folding of the parts of
the nappes in the forelands, followed by the onset of
extension and formation of the Klematia-Paramythia basin
and the Cycladic and South Aegean core complexes. Event
2 therefore marks the decoupling of the Ionian nappe from
the underthrusting plate and their accretion to the overriding
plate, followed by the onset of late orogenic extension and
exhumation of the Tripolitza and Ionian nappes in the
overriding plate.

[s55] The exhumation of the underthrusted portions oc-
curred in the “hot” Cycladic and “cold” South Aegean core
complexes. A hot core complex is both underlain and
overlain by an extensional detachment: The upper one leads
to exhumation of the core complex; the lower one provides
a regional high-temperature overprint by placing hot mate-
rial underneath the core complex. A cold core complex is
only bounded by one extensional detachment above it,
leading to exhumation without a high-temperature over-
print. The formation of the South Aegean core complex,
exhuming along the South Aegean or Cretan detachment
that dips below the Cycladic core complex, therefore
provides the high-temperature overprint of the Cycladic
core complex.
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Figure 9. Time chart for the Cycladic islands, Evia, and Attica, in which the metamorphic history of the Cycladic
blueschist unit is summarized. Note that most ages represent cooling ages, postdating the peak metamorphic conditions of
the dated mineral. Reference key is as follows: 1, Altherr et al. [1976]; 2, Altherr et al. [1979]; 3, Altherr et al. [1982]; 4,
Altherr et al. [1988]; 5, Allen et al. [1999]; 6, Andriessen et al. [1979]; 7, Andriessen et al. [1987]; 8, Andriessen, 1991]; 9,
Angelier et al. [1977]; 10, Aubourg et al. [2000]; 11, Avigad and Garfunkel [1989]; 12, Avigad et al. [1998]; 13, Baldwin
and Lister [1998]; 14, Bellon et al. [1979]; 15, Besang et al. [1977]; 16, Blake et al. [1981]; 17, Boger et al. [1974]; 18,
Boger [1983]; 19, Bonneau and Kienast [1982]; 20, Brocker et al. [1993]; 21, Brécker and Franz [1998]; 22, Brécker and
Enders [1999]; 23, Franz et al. [1993]; 24, Fytikas et al. [1976]; 25, Fytikas et al. [1986]; 26, Gautier et al. [1993]; 27,
Gautier and Brun [1994]; 28, Hejl et al. [2002]; 29, Henjes-Kunst and Kreuzer [1982]; 30, Henjes-Kunst et al. [1988]; 31,
Innocenti et al. [1982]; 32, Keay et al. [2001]; 33, Klein-Helmkamp et al. [1995]; 34, Kornprobst et al. [1979]; 35, Kreuzer
et al. [1978]; 36, Lensky et al. [1997]; 37, Lister and Raouzaios [1996]; 38, Maluski et al. [1981]; 39, Matthews and
Schliestedt [1984]; 40, Meissner [1976]; 41, Mpsokos and Pedikatsis [1984]; 42, Okrusch et al. [1978]; 43, Okrusch and
Bracker [1990]; 43, Reinecke [1986]; 44, Ring and Layer [2003]; 45, Ring et al. [2003]; 46, Robert and Cantagrel [1977];
47, Rosenbaum et al. [2002]; 48, Sdnchez-Gomez et al. [2002]; 49, Schliestedt et al. [1987]; 50, Schliestedt and Matthews
[1987]; 51, Sen and Valet [1986]; 53, Shaked et al. [2000]; 54, Smith et al. [1996]; 55, Tomaschek et al. [2003]; 56, Trotet et
al. [20017]; 57, Van Couvering and Miller [1971]; 58, Van der Maar and Jansen [1983]; 59, van Hinsbergen et al. [2004];
60, Weidmann et al. [1984]; 61, Willmann [1983]; 62, Wijbrans and McDougall [1988]; 63, Wijbrans et al. [1993].
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Metamorphism and magmatism in the Cycladic Blueschist Unit
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