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[1] Structural, metamorphic, and geochronologic
work shows that the Ampelos/Dilek nappe of the
Cycladic blueschist unit in the eastern Aegean
constitutes a wedge of high-pressure rocks extruded
during early stages of orogeny. The extrusion wedge
formed during the incipient collision of the Anatolian
microcontinent with Eurasia when subduction and
deep underthrusting ceased and the Ampelos/Dilek
nappe was thrust southward over the greenschist-facies
Menderes nappes along its lower tectonic contact, the
Cycladic-Menderes thrust, effectively cutting out a
~30- to 40-km-thick section of crust. The upper
contact of the Ampelos/Dilek extrusion wedge is the
top-to-the-NE Sel¢uk normal shear zone, along which
the Ampelos/Dilek nappe was exhumed by ~30—40 km.
Detailed Rb-Sr and “°Ar/°Ar dating of mylonites
demonstrates that both shear zones operated between
42 and 32 Ma. There is no evidence for episodic
motion during the ~10 Myr life span of the shear
zones, suggesting that both shear zones operated in a
steady, nonepisodic fashion. Our data provide
supporting evidence that simultaneous thrust-type and
normal sense shearing can accomplish the early
exhumation of deep-seated rocks. Citation: Ring, U.,
T. Will, J. Glodny, C. Kumerics, K. Gessner, S. Thomson,
T. Giingdr, P. Monié, M. Okrusch, and K. Driippel (2007), Early
exhumation of high-pressure rocks in extrusion wedges: Cycladic
blueschist unit in the eastern Aegean, Greece, and Turkey,
Tectonics, 26, TC2001, doi:10.1029/2005TC001872.
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1. Introduction

[2] The bulk of the exhumation of (ultra)high-pressure
rocks usually occurs soon after these rocks were metamor-
phosed following lithospheric convergence and deep under-
thrusting during early orogenic stages [Avigad et al., 1997;
Reddy et al., 1999; Ring et al., 1999a; Gessner et al., 2001a;
de Sigoyer et al., 2001]. A number of studies have demon-
strated great exhumation rates during these early exhumation
stages [Rubatto and Herrmann, 2001; Baldwin et al., 2005;
Glodny et al., 2005a]. It is poorly understood, however, how
this early exhumation is being kinematically achieved. One
possibility is extrusion wedges, which are characterized by a
thrust-type shear zone at their base and a normal-sense shear
zone at their top (Figure 1). Because early exhumation often
occurs at high rates, the bounding shear zones or faults of
extrusion wedges have to slip at even higher rates [Ring and
Reischmann, 2002]. It is crucial to define the distribution of
internal deformation in an extrusion wedge. If deformation is
concentrated along the boundaries, it results in the extrusion
of a rigid crustal wedge [Burchfiel and Royden, 1985;
Hodges et al., 1992]. Alternatively, the deformation may
be distributed throughout the wedge, resulting in ductile
extrusion [Grujic et al., 1996].

[3] The classic example of an extrusion wedge is the
Greater Himalayan crystalline complex bounded by the
Main Central thrust at its base and the south Tibetan
detachment at its top [Burchfiel and Royden, 1985], both
of which are thought to have slipped contemporaneously in
the early Miocene [Hodges et al., 1992]. The debate on
whether slip at both shear zones was contemporaneous or
not continued for the last two decades. Arguably slip at the
Main Central thrust occurred during punctuated events at
~22 Ma, 15-14 Ma, 12—10 Ma, and 6—3 Ma [Hodges et
al., 1996; Coleman, 1998; Harrison et al., 1997; Catlos et
al., 2004]. The timing of slip at the south Tibetan detach-
ment remains somewhat more equivocal. Hodges et al
[1998] argued that slip occurred between 22 and 16 Ma,
whereas Murphy and Harrison [1999] provided evidence
that slip at the south Tibetan detachment occurred between
17 and 11 Ma and thus in a period when the Main Central
thrust was not active. Catlos et al. [2004] refined the latter
date and speculated that normal slip occurred during two
distinct short-lived periods at ~17 Ma and 15-14 Ma.
According to Murphy and Harrison [1999] and Catlos et
al. [2004], it appears that deformation in the Greater
Himalaya is more consistent with alternating periods of
shortening and extension. However, it might be questioned
whether ductile shear zones really operate in a strongly
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Figure 1. Schematic sketch of extrusion wedge defined by
thrust-type shear zone at base and normal-sense shear zone
at top. Recent work [Thomson et al., 1998; Ring et al.,
2001a; Ring and Reischmann, 2002] suggests that 30—45°
dipping extrusion wedges may cause extremely fast (up to
30-35 km Myr ') exhumation of high- and ultrahigh-
pressure rocks; for such cases, displacement rates at
bounding shear zones are up to 40—70 km Myr ™.

episodic fashion or whether this apparent episodicity is an
artifact of dating. Hence others argue that the available data
indicate protracted ductile shearing along both the south
Tibetan detachment and the Main Central thrust between
22 and 12 Ma (D. Grujic, written communication, 2006). The
controversy on the timing of slip in the Greater Himalayas
highlights the importance of dating mylonitic deformation
of critical tectonic contacts. Further, it is essential to deter-
mine pressure-temperature (PT) conditions and deformation/
metamorphism relationships for constraining the amount of
excised section and exhumation.

[4] Evidence for a Miocene extrusion wedge accomplish-
ing the early exhumation of high-pressure rocks in the
External Hellenides very soon after their metamorphic
overprint has been shown for the island of Crete in the
southern Aegean [Thomson et al., 1998, 1999], where the
fast slipping, large-magnitude Cretan detachment operated
coevally with the early Miocene subduction thrust [Ring et
al., 2001a; van Hinsbergen et al., 2005]. Critical for the
Cretan extrusion wedge is that it was exhumed in the
footwall of a former subduction thrust that was reactivated
as a weak, low-angle normal detachment when the subduc-
tion thrust jumped outboard as a consequence of slab retreat
[Ring and Reischmann, 2002].

[5] The exhumation of the Cycladic blueschist unit in the
central Aegean has been widely attributed to extensional
faulting along a few large-scale detachments faults [Lister et
al., 1984]. A number of studies have shown that most of
these detachments operated in the Miocene and accom-
plished only limited exhumation of the Cycladic blueschist
unit [Avigad et al., 1997; Keay et al., 2001; Ring et al.,
2003a; Kumerics et al., 2005; Brichau et al., 2006].
However, geologic constraints demand 30—40 km of exhu-
mation of high-pressure rocks soon after their Eocene high-
pressure metamorphism [Ring et al., 1999b; Gessner et al.,
2001a], but it is unknown by which process this early
exhumation was accomplished. Ring et al. [2007] argued
that the Cycladic blueschist unit on southern Evia Island in
the westernmost Aegean Sea was exhumed in an Oligocene
extrusion wedge.
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[6] Herein we present evidence for wedge extrusion of
parts of the eastern Cycladic blueschist unit that achieved
~30-40 km of exhumation in the late Eocene. We demon-
strate that thrust-related mylonitic deformation in the foot-
wall shear zone occurred contemporaneously with ductile
normal shearing in the hanging wall shear zone.

2. Tectonic Setting

[7] Previous research has outlined several tectonic zones
in the Hellenide-Anatolide orogen in the eastern Mediter-
ranean. The tectonic zones are distinguished by rock type,
stratigraphy, tectonometamorphic history and preorogenic
paleogeography [Diirr et al., 1978; Robertson et al., 1991].
The Hellenides can be subdivided from top (internides) to
bottom (externides) into (1) the Internal zones, (2) the
Vardar-1zmir-Ankara zone, (3) the Pelagonian zone and
the correlative Lycian nappes, (4) the Cycladic blueschist
unit, and (5) the External Hellenides. The orogen displays
along-strike differences in its architecture [Ring et al.,
1999c¢] where the major dissimilarity between the Hellen-
ides 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 Apulia, form the lowermost
exposed unit. The Anatolian microcontinent collided with
Eurasia further east than Apulia (Figure 2).

[8] 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. The Lycian nappes are a thin-skinned thrust
belt, which is assumed to root in the Vardar-Izmir-Ankara
zone [Collins and Robertson, 1998]. The Lycian nappes and
the structurally equivalent Pelagonian zone are underlain by
the Cycladic blueschist unit, the latter of which comprises
from top to bottom three composite nappes: (1) an ophiolitic
mélange, (2) a Permocarboniferous to latest Cretaceous
passive-margin sequence, and (3) a Carboniferous base-
ment, which also occurs as slices in the passive-margin
sequence. The Basal unit as part of the External Hellenides
occurs below the Cycladic blueschist unit and is exposed in
the Olympos window, on the Attica peninsula and on Evia,
Tinos, and Samos islands (Figure 2).

[v] The Menderes nappes form the structurally lowest
exposed part of the Anatolides in western Turkey. Four
main nappes can be distinguished that were juxtaposed in
the Eocene by greenschist-facies out-of-sequence thrusting
[Ring et al., 1999c, 2001b; Gessner et al., 2001a; Régnier et
al., 2003]. From top to bottom these are (1) the Selimiye
nappe, (2) the Cine nappe, (3) the Bozdag nappe, and (4) the
Bayindir nappe (Figures 3 and 4).

[10] The lowermost tectonic units in the Hellenides and
Anatolides show certain geologic/structural dissimilarities,
which are caused by tectonic differences of both areas since
the late Eocene [Ring et al., 1999c; Gessner et al., 2001a].
In the Anatolides, the collision of the Anatolian micro-
continent caused a cessation of deep underthrusting and
high-pressure metamorphism, whereas further west the
subduction zone retreated southward and caused a Miocene
high-pressure belt in the External Hellenides (Figure 2).
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Figure 3. Tectonic map of Samos Island and western Turkey showing various nappes, Cyclades-
Menderes thrust, Selguk normal shear zone, and samples used for PT and geochronologic work. Note that
samples 6.1F and Sa97-85 are structural samples referred to in Figure 6. Position of cross section A-A’-
A”-A"" (Figure 4) is indicated. Note scattered outcrops of Selguk nappe above and Agios Nikolaos nappe
(only exposed on Samos) below Dilek/Ampelos nappe.

Figure 2. (a) Generalized tectonic map of Aegean showing major tectonic units and present-day Hellenic subduction
zone. Cycladic blueschist unit is dominant tectonic unit of Cycladic zone in central 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 Island).
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 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. In western Turkey, Menderes nappes occur below Cycladic
blueschist unit. Menderes nappes have no Tertiary high-pressure overprint. Box indicates location of map shown in
Figure 3. Inserts 1, Mediterranean region and location of main map and 2, paleogeographic sketch map for early Cretaceous
[after Gessner et al., 2001a] illustrating supposed spatial arrangement of continents and continental fragments. Sketch is
schematic and not to scale; CBU, Cycladic blueschist unit. (b) NNE-SSW cross sections showing different nappe piles in
eastern Aegean and western Turkey. (c) Tectonometamorphic units in Aegean and western Turkey and their peak
metamorphic conditions with approximate age. References (indicated by superscript numbers) 1, Sherlock et al. [1999];
2, Franz and Okrusch [1992]; 3, Oberhdnsli et al. [2001]; 4, Ring and Layer [2003]; 5, Wijbrans et al. [1990]; 6, Tomaschek
et al. [2003]; 7, Ring et al. [2001a]; 8, Ring and Reischmann [2002]; 9, Seidel et al. [1982]; 10, Gessner et al. [2001a];
11, Ring et al. [2001b]; 12, Whitney and Bozkurt [2002]; 13, Régnier et al. [2003]; 14, Lips et al. [2001]; 15, Hetzel and
Reischmann [1996]; 16, Catlos and Cemen [2005].
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[11] In this study we concentrate on a section on Samos
Island and the adjacent Turkish mainland (Figures 3 and 4),
which provides evidence for considerable Eocene exhuma-
tion of the passive-margin sequence of the Cycladic blues-
chist unit [Gessner et al., 2001a]. In our study area, the
Selguk nappe represents the ophiolitic mélange and contains
blocks of metagabbros and garnet-mica schists in a matrix of
serpentinites. Across the entire Aegean region, the Selguk
nappe and correlative ophiolitic nappes always have a
relatively small thickness and the outcrop pattern is patchy.
The passive-margin sequence is represented on Samos Island
by the Ampelos nappe and in adjacent western Turkey by the
Dilek nappe. The Ampelos/Dilek nappe consists of quartz-
ites, metapelites, metabasite/metaacidite lenses and meta-
bauxite-bearing marbles. The underlying Agios Nikolaos
basement nappe on Samos contains metapelites originally
intruded by Carboniferous granitoids, now metamorphosed
together at high-pressure conditions [Ring et al., 1999b]. Will
et al. [1998] showed that PT conditions for high-pressure
metamorphism in the basement on Samos were ~3—5 kbar
and ~50—80°C higher than in the passive-margin sequence,
indicating that both units were tectonically separated.

3. Analytical Methods, Sample Descriptions,
PT, and Geochronologic Results

3.1. Petrography of Samples Used for
Thermobarometry

[12] Rocks from the Ampelos/Dilek nappe and the Selguk
nappe (Figure 3) were collected for constraining the PT
conditions of high-pressure assemblages and of retrogres-
sion in ductile shear zones. The mineral chemical data on
which the PT calculations are based are given in Table A1l in
Appendix A and the PT results are given in Table 1. Some
selected samples are described below.

[13] Metagabbroic samples from the Selguk nappe are
usually massive, sodic amphibole-bearing rocks (Sa79-68,
79-92, Sa80-216). In some samples, omphacitic pyroxene
occurs as well (Sa79-42, Sa79-45, Sa80-230). Garnet-bearing

amphibolites (Tii01-7) occur in the Selguk nappe in western
Turkey. Strongly mylonitized metagabbros from the Selguk
normal shear zone (Figures 3 and 4) (Sa79-59, Sa01-4) contain
sodic amphibole and diopsidic pyroxene, but lack omphacite.

[14] Samples Sa79-92 and Sa80-216 are massive glauco-
phane-bearing metagabbros that do not contain omphacite.
The major minerals are sodic and calcic amphiboles, epi-
dote, albite and chlorite. In addition, various amounts of
biotite, titanite, magnetite, ilmenite, and traces of white
mica occur. The rocks have a coarse-grained, relic magmatic
texture, which was modified during metamorphism. The
metamorphic mineral assemblage sodic amphibole-epidote-
white mica is ascribed to blueschist-facies metamorphic
conditions, and the assemblage calcic to barroisitic
amphibole-epidote-chlorite-albite to a subsequent decom-
pression stage. The Xy, = Mg/(Mg + Fe?") values of all
amphiboles range between 0.50 and 0.62. Sample Sa79-92
contains actinolite and Mg-Al-homblende (Xyg ~ 0.5—
0.7), which does not occur in sample Sa80-216. Epidote has
pistacite values (Xps = Fe*"/(Fe*" + Al%))) of 0.21 to 0.33;
chlorite has uniform Xy, values of 0.44-0.47.

[15] Samples Sa80-230, Sa79-42, and Sa79-45 are massive
omphacite-bearing metagabbros that also preserve high-
pressure assemblages. The samples contain green and col-
orless hornblende, diopsidic and omphacitic pyroxene,
epidote, chlorite, albite, quartz, and accessory titanite.
The samples have a relic magmatic, massive texture: large,
anhedral magmatic green hornblende is rimmed by pale
green to colorless actinolite and actinolite-chlorite+titanite
intergrowths. Magmatic clinopyroxene is rimmed by green
hornblende and, in places, replaced by colorless chlorite.
Plagioclase occurs both as large poikiloblasts containing
fine-grained actinolite, chlorite, and epidote and as fine-
grained recrystallized minerals. Compositionally, the amphib-
oles range from almost pure actinolite to Mg-hornblende,
with Xy, values between 0.75 and 0.85. Ca-pyroxene is a
diopside-dominated solid solution of 63—75 mol % diopside,
17-21 mol % hedenbergite, and 2—10 mol % enstatite and
has Xy, values of ~0.80. Na-pyroxene has up to 9.5 wt %
Na,O and forms a solid solution of 31-52 mol % jadeite,
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Table 1. PT Conditions for Samples From Samos Island and Western Turkey®
Sample (Unit) Rock Type Assemblage P, kbar 20 (P) T, °C 20 (T) b
Sa79-92 (SN) massive, nam-bearing barr am-ep-chl-ab-q 7.9 2.2 482 40 0.57 (1.96)
metagabbro
Sa80-216 (SN) massive, nam-bearing barr am-ep-chl-ab-mt-q 8.0 1.4 411 43 1.42 (1.61)
metagabbro
Sa80-230 (SN) massive, omp-bearing cam-ep-chl-ab-q 2.9 1413 424 430 33 35 1.26 (1.61)
metagabbro omp-parg hb-chl-ep 8.0 1.26 (1.54)
jd barometer 11.3 (for T = 500°C)
10.6 (for T = 450 °C)
Sa79-42 (SN) massive, omp-bearing jd barometer; law® 11.9 (for T = 500°C)
metagabbro 10.8 (for T = 450°C)
Sa79-45 (SN) massive, omp-bearing jd barometer 11.8 (for T = 500°C)
metagabbro 10.9 (for T = 450°C)
Sa79-59 (SN) mylonitized, di-bearing barr am-ep-chl-ab-q 4.0 1.6 454 42 1.35 (1.73)
metagabbro
Sa79-68 (SN) massive, nam-bearing barr am-ep-chl-ab-mu 4.0 1.1 439 37 0.57 (1.73)
metagabbro
Sa01-4b (SN) mylonitized, di-bearing barr am-ep-chl-ab-q 2.6 1.1 437 21 0.81 (1.61)
metagabbro
Sa 01-20 (AD) metapelitic schist ctd-ky-pa-zo-q Ppin ~11°
(for T = 500°C)
Ti01-7 (SN) grt-bearing amphibolite g-cam-ep-chl-qtz-nam* 12.4 1.2 550 18 1.17 (1.61)
Ti01-3 (AD) metapelitic schist ctd-ky-chl-mu-q 54 1.4 500 26 0.96 (1.73)
Ti01-5 (AD) metapelitic schist ctd-ky-chl-mu-q 9.3 2.4 544 62 1.62 (1.73)
10.2 2.8 528 55 1.53 (1.73)
Sa90-111 (AD)  metapelitic schist ctd-pa-ky-chl-q ~15¢ 500°
Sa83-510 (AN)  grt-bearing glaucophanite ~ nam-g-pa-zo-chl-law®-q ~ ~18—19° 530°¢

Results of y? test are given; test is passed if calculated number is smaller than cutoff value given in parentheses. Mineral abbreviations are after Holland
and Powell [1998], except for omp, omphacitic Na-pyroxene; nam, Na-amphibole; cam, Ca-amphibole; jd, jadeite; barr am, barroisitic amphibole; parg hb,
pargasitic hornblende; unit abbreviations SN, Selguk nappe; AD, Ampelos/Dilek nappe; AN, Agios Nikolaos nappe. Sa, Samos Island; Ti, western Turkey.

°Law, pseudomorphs after lawsonite.

°For phase petrological constraints [Will et al., 1998].
9Nam, as inclusion in garnet.

°For details, see Will et al. [1998].

9-25 mol % acmite, 30—54 mol % diopside, and 1—7 mol %
hedenbergite. Xy, varies between 0.87 and 0.95. The pista-
cite component in epidote ranges from 0.17 to 0.24, and
chlorite has Xy, values between 0.68 and 0.83. In sample
Sa79-42, pseudomorphs after lawsonite are present.

[16] Samples Sa79-59 and Sa0l-4 are strongly myloni-
tized metagabbros that contain relics of magmatic diopsidic
pyroxene and brown, Ti-bearing amphibole. Furthermore
green-blue and colorless amphibole, chlorite, albite, epidote
and quartz are present. Accessory titanite, biotite and
opaque phases, which are generally transformed to leucox-
ene, occur. The green-blue amphibole is barroisitic to
tschermakitic in composition, the colorless to light green
amphiboles are actinolites and Mg hornblendes. The Xy,
values of all amphiboles lie between 0.6 and 0.8. The
pistacite component in epidote ranges between 13 and
31 mol %, chlorite has uniform Xy, values of 0.57-0.59.

[17] The garnet-amphibolite Tti01-7 contains Mn-rich
garnet (up to 6.3 wt % in its cores) set in a very fine
grained, crenulated matrix of actinolite, hornblende, chlo-
rite, epidote, biotite and plagioclase. The garnet rims are
replaced by chlorite and biotite. Glaucophane, rutile, epi-
dote, ilmenite and quartz occur as inclusions in garnet and
form straight inclusion bands.

[18] Metapelitic rocks from the Ampelos/Dilek nappe are
strongly foliated, fine-grained rocks that contain kyanite and
large chloritoid porphyroblasts (Sa90-111, Sa01-20, Ti01-3,
Tii01-5). In the underlying Agios Nikolaos nappe garnet-
bearing glaucophanites (Sa83-510) occur. For a description
of samples Sa83-510 and Sa90-111, see Will et al. [1998].

[19] Samples Sa01-20, Ti01-3, and Ti01-5 are strongly
foliated metapelitic schists. Ti01-3 and Ti01-5 contain
poikiloblastic and, in places, twinned kyanite. Furthermore,
up to 0.6 mm large (in diameter) twinned chloritoid poiki-
loblasts occur in a fine-grained matrix of quartz, white mica
and minor chlorite. The foliation is defined by white mica
and a shape preferred orientation of quartz. The foliation
wraps around chloritoid. Inclusions in chloritoid are plagio-
clase, quartz, opaques and white mica. Locally, the kyanite
crystals exhibit undulose extinction, commonly they are
surrounded by quartz-filled strain shadows and contain
plagioclase and quartz inclusions. Chloritoid is a Fe-Mg-
Mn solid solution with 43—54 mol % Mg-chloritoid, 22—
33 mol % Fe-chloritoid, and 17—-30 mol % Mn-chloritoid.
Chlorite is very Mg-rich with Xy, = Mg/(Mg + Fe*" + Mn)
values of 0.81—-0.88. Both, muscovite and paragonite are
present. Muscovite has 3.06 to 3.13 Si per formula unit
(pfu) (for 11 oxygens) and contains 14—18 mol % para-
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Figure 5. Microphotographs of samples used for geochronologic work. (a) Strongly sheared white mica
with opaques in mylonitic foliation from Cyclades-Menderes thrust, sample Tii01-10. (b) Mylonitic
foliation consisting of white mica and quartz, sample 6.1HIB from Selguk normal shear zone.
(c) Mylonitic white mica-quartz foliation in sample Sa0l-1 from Selguk normal shear zone. Note relic
white mica grains (arrow) between layers of strongly recrystallized white mica. (d) Mylonitic white mica-
quartz foliation in chloritoid-kyanite quartzite from Selcuk normal shear zone in south of Selcuk. Note
relic relatively large phengite crystals (arrow) close to large rotated chloritoid; sample 6.1H1B. Refer to

Figure 3 for sample localities.

gonite. The Na-mica is almost pure paragonite with Xp,
(= Na/(Na + K) of ~0.98 and 2.97-2.99 Si pfu. In sample
Sa01-20 the foliation is formed by aligned chloritoid,
zoisite and white mica and a shape preferred orientation
of quartz. Chloritoid is almost completely Mn-free and
contains 37—39 mol % Mg-chloritoid and 59-60 mol %
Fe-chloritoid. Muscovite and paragonite occur. Muscovite
has 3.06—3.09 Si pfu with 17-21 mol % of the paragonite
end-member. Paragonite has Xp, values of 0.86—0.95
and 2.92-3.00 Si pfu. Zoisite has uniform Xps values of
0.22-0.25.

3.2. Pressure-Temperature Analysis

[20] PT conditions of formation of peak metamorphic
parageneses within the Ampelos/Dilek and Selguk nappes
and mylonitic mineral assemblages at the upper and lower
contacts of the Ampelos/Dilek nappe were calculated,
assuming local equilibria, using the average PT method of
Powell and Holland [1994] and an updated version (May
2001 data) of the thermodynamic data set of Holland and
Powell [1998]. Once the end-members of the minerals in an
equilibrium assemblage are distinguished, it is possible to
balance all the reactions among those end-members. With
the thermodynamic data available, each reaction can be used
to calculate the PT conditions of formation of the assem-
blage. Average PT estimates can be calculated from a

linearly independent set of end-member reactions. For
example, five independent reactions can be balanced for
the assemblage barroisitic hornblende-epidote-chlorite-
plagioclase-chlorite-quartz-H,O. The calculated pressures
and temperatures are correlated and the best average PT
value is obtained by least squares techniques, allowing to
determine standard deviations on the results. Additionally, a
x* test is applied to the average PT result to check the
reliability of the estimate. For example, for five independent
reactions, the y* value should be <1.6. In all our calcula-
tions this test was passed (Table 1), which indicates the
reliability of the results and our initial assumption of local
equilibrium. The results including the standard deviations
are summarized in Table 1. This approach was augmented
by the application of the jadeite-albite-quartz geobarometer
(calibration after Holland [1980]) to the omphacite-bearing
samples Sa79-45 and Sa80-230. The activities of the min-
eral end-members in the solid solutions were calculated with
the program ax (http://www.esc.cam.ac.uk/astaff’/holland/
ax.html).

3.3. Pressure-Temperature Estimates

[21] The results of the PT estimations are summarized in
Table 1. Garnet amphibolite sample Tii01-7 from the central
Selguk nappe yielded well-constrained PT conditions of
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Figure 6. Microphotographs of deformation structures at base and top of Ameplos/Dilek nappe.
(a) Strongly chloritized mylonitic foliation from Cyclades-Menderes thrust southwest of Tire.
Asymmetric quartz porphyroclasts indicates top-to-the-south sense of shear; sample Tii01-9. (b) Rotated
synkinematic chloritoid (ctd) with 6-type asymmetric strain shadows indicating top-to-the-NE sense of
shear from Selcuk normal shear zone south of Selcuk; sample 6.1H1B; ky, kyanite. (c) Rotated chloritoid
in sample 6.1F indicating top-to-the-NE shear sense. Note relic white mica grains (arrow) between layers
of strongly recrystallized white mica. (d) Shear band in chloritoid-kyanite schist from basal parts of
Ampelos/Dilek nappe indicating top-to-the-SE shear sense; sample Sa97-85. Refer to Figure 3 for sample

localities.

550 + 18°C and 12.4 + 1.2 kbar, which we consider to
reflect maximum PT in the Selguk nappe.

[22] In metagabbros from the basal Selguk nappe, calcu-
lations were carried out on mineral assemblages containing
barroisitic hornblende, epidote/zoisite, plagioclase and
chlorite + quartz. Clearly, this is an assemblage transitional
between the middle/upper greenschist and lower blueschist
facies. Maximum PT conditions of the high-pressure stage
for metagabbros from the basal Selguk nappe in Samos are
of the order of 8—12 kbar and 400-500°C. Mylonitic
deformation during greenschist-facies retrogression occurred
at 3—5 kbar and 420—-440°C.

[23] The chloritoid-kyanite schists at the top of the
Ampelos/Dilek nappe yielded varying PT estimates ranging
from ~15 kbar and ~500°C (sample Sa90-111) to 5.4 +
1.4 kbar and 500 + 26°C (sample Tii01-3). Other samples
yielded intermediate pressures of some 9—10 + 2.5 kbar at
similar temperatures of ~500°C (Table 1).

[24] No reliable PT estimates could be obtained from the
strongly chloritized mylonite at the Cyclades-Menderes thrust.
However, the fact that biotite is not stable in the mylonite
anymore (see below) and pressures of 4—6 kbar in the rocks of
the Menderes nappes below the thrust strongly suggest PT

conditions of <4—6 kbar and <400°C in the mylonite. These
PT estimates are largely similar to those from the mylonitic
metagabbros at the base of the Selguk nappe.

3.4. Description of Geochronology Samples

[25] Samples Tii01-4, Ti01-8, Tii01-9, and Ti01-10 from
the Cyclades-Menderes thrust (Figure 3) are all quartz-
dominated mylonites (Figures 5a and 6a), with white mica
and accessory apatite, feldspar, chloritized biotite, zircon
and rutile. White mica is phengitic/muscovitic in composi-
tion with Si values of 3.01-3.38 pfu (Figure 7a).

[26] Samples Sa0l-1 and 6.1HIB are from the Selguk
normal shear zone (Figure 3). Both are similarly quartz-
dominated mylonites (Figure 5b), with white mica,
stretched kyanite laths and rotated chloritoid (Figure 6b),
as well as accessory feldspar, zircon, ilmenite, rutile and
tourmaline. White mica is phengitic/muscovitic in compo-
sition with Si values of 3.03—-3.27 pfu (Figure 7b). The
individual white mica crystals are again homogeneous in
composition (Figures 8b, 9b, and 9c). However, sample
Sa01-1 has paragonite as well, and in some cases detectable
intergrowths of phengite and paragonite were observed in
this sample.
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Figure 7. Si versus Aly, plots for white mica from
mylonites from (a) Cyclades-Menders thrust and (b) Selguk
normal shear zone. Line corresponds to ideal muscovite/
celadonite join.

[27] All samples are extensively dynamically recrystal-
lized and no obvious feldspar textural relics are observed
(Figures 5a—5d). The very strong mylonitization caused
complete recrystallization of white mica, feldspar, apatite
and other minerals and only one single phase of a mineral is
present in each dated sample. X-ray mapping shows that
individual white mica grains are largely unzoned with
respect to Al, Fe, Mg and K (Figure 8). Compositional
traverses across single white mica crystals depict no abso-
lute variations in Si content (Figure 9). The element
distribution maps and the traverses attest to the homogene-
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ity of the crystals. Although individual white mica crystals
in the dated samples are homogeneous, the grains show a
relatively large scatter in Si values from crystal to crystal,
which reflects different conditions and stages of recrystal-
lization (Figures 5c¢ and 5d). The only exception to the
chemical homogeneity of single grains are a few relic,
nonrecrystallized white mica crystals in sample Sa0l-1
(Figure 5c¢), which show subtle phengite/paragonite inter-
growths. These “old” grains survived between strongly
sheared and recrystallized white mica layers (Figure 5c).
[2s] For Rb-Sr and “°Ar-*’Ar step-heating dating we
analyzed separated minerals from pervasively deformed,
5 cm>-sized domains. For “°Ar-**Ar spot fusion laser dating
we analyzed phengite domains that have different Si values.

3.5. Analytical Procedures for Geochronology

[29] For Rb-Sr analysis the internal mineral isochron
approach was used. Small samples (~20—100 g) have been
chosen which are extremely strongly deformed and show a
minimum of postmetamorphic alteration. To detect possible
Sr-isotopic inhomogeneities in the mylonitic rocks, result-
ing from incomplete or protracted dynamic recrystallization,
from diffusional Sr redistribution and/or from alteration
processes, white mica was usually analyzed in several,
physically different (by magnetic properties and/or grain
size) fractions. White mica fractions were ground in ethanol
in an agate mortar and then sieved in ethanol to obtain
inclusion free separates. All mineral concentrates were
checked and finally purified by handpicking under a bin-
ocular microscope. Rb and Sr concentrations were deter-
mined by isotope dilution using mixed *’Rb-**Sr spikes.
Determinations of Rb and Sr isotope ratios were carried
out on a VG Sector 54 multicollector TIMS instrument
(GeoForschungsZentrum Potsdam). Sr was analyzed in
dynamic mode. The value obtained for ®’Sr-*°Sr of the
National Bureau of Standards (NBS) standard SRM 987
was 0.710268 + 0.000015 (n = 19). The observed ratios of
Rb analyses were corrected for 0.25% per amu mass frac-
tionation. Total procedural blanks were consistently below
0.15 ng for both Rb and Sr. Because of highly variable blank
values, no useful blank correction was applicable. Isochron
parameters were calculated using the Isoplot/Ex program of
Ludwig [1999]. Standard errors, as derived from replicate
analyses of spiked white mica samples, of +0.005% for
873r-8°Sr ratios and of +1.5% for Rb-Sr ratios were applied
in isochron age calculations. Individual analytical errors
were generally smaller than these values.

[30] For “’Ar-*Ar dating, white mica was degassed with
an argon laser probe using step heating or direct ablation of
grains on rock thin sections. For step-heating analyses,
single grains less than 1 mm in diameter were progressively
degassed with a defocused argon laser beam until their
fusion. An apparent age was calculated for each heating step
and reported within an age spectrum where the successive
ages are plotted against the cumulative amount of argon
released. The data were also evaluated in **Ar/*°Ar versus
3Ar/*°Ar correlation plots for which intercepts with the
abscissa and ordinate axes correlate with age and *°Ar-*’Ar
initial ratio. The *°Ar-*°Ar laser probe dating has been also
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Figure 8. X-ray maps showing aluminum distribution in (a) white mica from sample Tii01-10 and
(b) white mica from sample 6.1HIB, color code from high to low concentration: purple-red-orange-
yellow-green-blue-black. Distribution is largely homogeneous. Very fine Al-depleted rims developed

along grain boundaries.

applied to sections (~10.5 cm), which were polished on one
side and afterward cleaned in ethanol and distilled water.
Both single grains and rock sections were packed in
aluminum foils and irradiated for 70 hours in the McMaster
nuclear reactor (Canada) together with the MMHb horn-
blende neutron flux monitor dated at 520.4 + 1.7 Ma
[Samson and Alexander, 1987]. After irradiation, the sam-
ples were placed on a Cu holder inside an ultrahigh-vacuum
gas extraction system and baked for 48 hours at 200°C. For
step-heating analyses, the progressive degassing of each
single grain includes 40 s of laser exposure at variable beam
power and 5 min of gas cleaning. For in situ spot ablation of
mica in thin section, several spots (10 to 20) were per-
formed on the mineral surface with a focused laser beam
using an exposure time of 30 ms for each spot. Each crater
is a 30—40 pm pit surrounded by a wall of melted material.
After gas extraction and cleaning, Ar is introduced into the
mass spectrometer and 15 min are required for data acqui-
sition by peak switching from mass 40 to 36, through 10 sets
of data. System blanks were evaluated every three analyses
and range around 2 x 1072 cm® for “°Ar and 3 x
107 cm® for *°Ar. For each analysis, classical isotope
corrections including blanks, mass discrimination radioac-
tive decay of *’Ar and *’Ar and irradiation-induced mass
interferences were applied to calculate the variable argon
ratios. Step heating and spot fusion apparent ages were
calculated assuming that all the initially trapped argon was
atmospheric in composition.

[31] For fission track dating, apatite crystals were sepa-
rated, mounted, polished and etched according to the
techniques outlined by Hurford [1990]. The samples were

analyzed applying the external detector method and irradi-
ated at the Oregon State University Triga Reactor, Corvallis,
USA. The neutron fluence was monitored using Corning
uranium-dosed glass CN5. Spontaneous and induced fission
track densities were counted using a Zeiss Axioplan micro-
scope at 1250 times magnification. A CNS5 apatite zeta
calibration factor of 130.7 + 2.8 Ma was obtained by
repeated calibration against a number of internationally
agreed age standards according to the recommendations of
Hurford [1990]. For samples that have undergone moderate
to fast cooling, a value of 100 + 20°C can reasonably be
assumed for the closure temperature of fission tracks in
apatite [Green et al., 1989].

3.6. Geochronology of Mylonites: Deformation or
Cooling Ages?

[32] A crucial question in geochronology of mylonites is
whether isotopic closure of the dated minerals was related to
the cessation of dynamic recrystallization, or due to cooling
below a “closure temperature,” i.e., whether the ages are
deformation or cooling ages. The Rb-Sr system of musco-
vitic and phengitic white mica is thermally stable to temper-
atures >500-550°C [von Blanckenburg et al., 1989; Villa,
1998]. This implies that a white-mica-based Rb-Sr age from
a mylonitic rock potentially reflects cooling only if crystal-
lization of the mica took place above this temperature level,
and if the crystal structure of the mica remained entirely
unchanged at temperatures below 500—550°C. However,
ductile deformation at greenschist-facies conditions gener-
ally leads to dynamic recrystallization of white mica, which
promotes Sr isotopic equilibration of mica with coevally
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Figure 9. Composition profiles across single white mica
grains from samples (a) Tii01-10, (b) 6.1H1B, and (c) Sa01-1.
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largely homogeneous Si distribution (compare Figure 8).
(d) Profile across several white mica grains from sample
Tii01-10 showing scatter in Si values from one grain to
another. Each grain is largely homogeneous.
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recrystallizing phases and thus permits direct dating of the
end of ductile deformation by employing entirely reequili-
brated domains of a rock (see detailed discussion by
Freeman et al. [1997]). The recognition of deformation-
induced Sr isotopic reequilibration forms the basis for
numerous recent studies in shear zone geochronology.
Depending on the size of dynamically recrystallized and
isotopically equilibrated domains of a rock, the methods of
choice for determining deformation ages are either Rb-Sr
microsampling [Miiller et al., 2000, 2001; Cliff and Meffan-
Main, 2003] or mineral separation from carefully selected
small (cm®-sized) samples [Freeman et al., 1997; Reddy et
al., 2003; Glodny et al., 2005a, 2005b; this study]. For the
present study, late increments of deformation and related
white mica recrystallization in our samples occurred
at temperatures <500—-550°C, which ensures that Rb-Sr
isotopic signatures record deformation.

[33] For the K-Ar system of white mica, there is ample
evidence that thermally driven Ar diffusion is feasible only
at temperatures well above the commonly quoted closure
temperatures [Scaillet et al., 1992; Villa, 1998; Federico et
al., 2005]. In the demonstrable absence of dynamic or fluid-
induced recrystallization, muscovitic/phengitic white mica
generally retains Ar isotopic signatures at temperatures
below 500-550°C, as shown and discussed conclusively
by Di Vincenzo et al. [2001, 2004]. It follows that at
blueschist- and greenschist-facies conditions, deformation
and associated recrystallization is much more efficient than
temperature in resetting both the K-Ar and the Rb-Sr
isotope systems of mica phases [Freeman et al., 1997;
Dunlap, 1997; Villa, 1998; Miiller et al., 1999; Kiihn et
al., 2000; Ring and Layer, 2003]. In the same way as the
Rb-Sr system, the K-Ar system of white mica has recently
successfully been used to directly date greenschist-facies
deformation [Reddy et al., 1997; Challandes et al., 2003;
Di Vincenzo et al., 2001, 2004]. Since metamorphic temper-
atures in our study area were below the activation temper-
ature for Ar diffusion in white mica, we conclude that our
“0Ar-**Ar ages should either date metamorphic mica crystal
growth or dynamic recrystallization.

3.7. Rb-Sr Ages

[34] Rb-Sr geochronology yields strikingly similar age
information from the lower and upper contact of the
Ampelos/Dilek nappe. Deformation ages have been calcu-
lated using Rb-Sr data for apatite and small grain size
(<500 pm) white mica, as these phases readily recrystallize
during deformation.

[35] Mylonitization ages from the Cyclades-Menderes
thrust are identical within limits of error at 34.4 + 2.6 Ma
(sample Ti01-4) (all reported errors are quoted at the
20 level) and 32.5 £ 0.4 Ma (sample Ti01-9) (Table 2 and
Figures 10a and 10b). Magnetic separation of the white
mica populations at grain sizes <500 pm revealed a wide
range of magnetic properties, possibly related to tiny
ferromagnetic inclusions, but a homogeneous signature
with respect to Rb, Sr concentrations and age information.
In contrast, the Rb-Sr isotopic signature of the largest white
mica crystals, in the sieve fraction >500 pm, differs as the
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Table 2. Rb/Sr Analytical Data®

RISTAN
Rb, Sr, 20m,
Analysis Material ppm ppm *'Rb/A°Sr ¥7Sr/6Sr %
Sample Ti01-4°
PS910 wmm=0.8A 207 130 4.61 0.711742  0.0014
PS911 wmm=04A 205 131 454 0.711651  0.0016
PS912 wmm=22A 205 124 4.77 0.711789  0.0016
PS913  wm >500 um 216 120 5.21 0.712154  0.0012
PS962  whole rock 25.8 21.8 3.43 0.711026  0.0012
PS914  apatite 0.68 1119 0.00177 0.709446  0.0016
PS963 wmm=13A 207 127 4.71 0.711685  0.0014
Sample Tii01-9°
PS915  wm >500 pm 224 525 123 0.722399  0.0014
PS916 wmm=127A 205 558 10.6 0.721302  0.0014
PS917 wmm=04A 221 586 109 0.721425  0.0012
PS919 apatite 0.94 1916 0.00142 0.716404 0.0012
PS964 wmm=0.87 A 219 581 10.9 0.721487  0.0018
Sample SA01-14
PS902 wmm=0.8A, 230 143 4.65 0.722851  0.0020
180—160 pm
PS903 wmm=05A, 324 702 134 0.727183  0.0014
125-100 pm
PS904 wmm=05A, 339 772 127 0.726923  0.0012
125-160 pm
PS960  whole rock 363 293 3.59 0.722015  0.0012

“Errors are reported at the 20 level. An uncertainty of £1.5% is assigned
to Rb/Sr ratios; wm, white mica; m, magnetic on Frantz magnetic separator,
13° tilt, at electric current as indicated.

"For sample Ti01-4, 34.4 + 2.6 Ma, MSWD = 6.2, Sr; = 0.70943 +
0.00015; excluding wm >500 pm.

“For sample Tii01-9, 32.5 + 0.4 Ma, MSWD = 0.8, Sr; = 0.716403 +
0.000035, excluding wm >500 pm.

dFor sample SA01-1, 37 =5 Ma, MSWD = 33, Sr; = 0.72029 + 0.00068.

data plot above the isochrons defined by the fine-grained
white mica fractions (Figures 10a and 10b). Corresponding
apatite-white mica apparent ages formally are 36.6 = 0.9 Ma
(sample Tii01-4) and 34.2 £ 0.6 Ma (sample Tii01-9). This
pattern indicates a positive correlation between grain size
and apparent white mica age, which may be explained either
by diffusion processes during static cooling, or as a defor-
mation-induced effect. Static cooling appears to be unlikely

Figure 10. Rb-Sr isochron diagrams; all errors are 2o.
(a) Sample Ti01-4 showing effects of progressive
recrystallization of white mica. Data point for white mica
>500 pm plots above regression line for other phases and
whole rock, indicating that age of 34.4 £ 2.6 Ma reflects
late stages of mylonitzation. (b) Data for sample Ti01-9
show same pattern. Fine-grained white micas are distin-
guished by magnetic properties. (c) Sample Sa0l-1 from
Selguk normal shear zone with white micas with distinctly
different Rb, Srratios. Less paramagnetic fraction (m=0.8A)
is phengite/paragonite mixture. More strongly paramagnetic
white mica (m = 0.5A) is phengitic/muscovitic in composi-
tion and does not show age-grain size correlation; 37 + 5 Ma
dates late increments of shear. Compare to Table 2.
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Table 3. The *’Ar/*°Ar Data (Step Heating)”
36Ar*°Ar x 1000 Percent Percent Age, Error
Step YOAr*2Ar J=10.013337 P Ar/*Ar STAr° Ar FAr Atm Ma lo
Tii 01-9°
1 0.241 3.203 0.2215 0.463 0.6 94.6 41.9 5.8
2 1.835 0.458 0.4708 0.394 5.1 13.5 43.6 10.1
3 1.415 0.535 0.5946 0.012 38.2 15.8 33.7 0.9
4 1.404 0.549 0.5963 0.017 56.8 16.2 33.5 1.5
5 1.608 0.174 0.5895 0.002 69.8 5.1 38.3 1.7
6 1.512 0.106 0.6403 0.000 79.1 3.1 36.0 4.6
7 1.402 0.171 0.6768 0.000 82.9 5.0 334 3.2
8 1.284 0.253 0.7203 0.080 85.4 7.4 30.6 4.7
9 1.485 2.394 0.1967 0.000 87.4 70.7 35.4 10.2
10 1.242 0.411 0.7066 0.000 89.1 12.1 29.7 7.6
11 1.512 0.214 0.6190 0.021 100.0 6.3 36.0 1.2
Tii 01-10°
1 1.778 2.725 0.1093 0.000 0.2 80.5 423 69.5
2 1.461 0.327 0.6178 0.000 1.7 9.6 34.8 11.6
3 1.626 0.297 0.5607 0.000 11.1 8.7 38.7 1.7
4 1.393 0.396 0.6335 0.004 27.5 11.7 332 1.7
5 1.337 0.512 0.6344 0.013 40.4 15.1 31.9 1.6
6 1.464 0.072 0.6684 0.004 75.2 2.1 349 0.7
7 1.509 0.030 0.6562 0.000 86.4 0.9 36.0 0.6
8 1.493 0.068 0.6560 0.000 91.4 2.0 35.6 1.3
9 1.431 0.203 0.6567 0.000 94.8 6.0 34.1 5.9
10 1.350 0.212 0.6937 0.104 96.7 6.2 32.2 9.3
11 1.374 0.251 0.6736 0.000 98.1 7.4 32.8 4.8
12 1.264 0.320 0.7155 0.100 99.2 9.4 30.2 16.0
13 1.515 0.420 0.5776 0.000 100.0 12.4 36.1 9.3
Tii 01-4°
1 4.387 0.372 0.2028 0.000 0.3 11.0 102.6 22.6
2 1.703 0.802 0.4477 0.000 9.8 23.7 40.5 2.8
3 1.658 0.016 0.5999 0.000 35.6 0.5 39.5 0.4
4 1.630 0.016 0.6104 0.000 62.7 0.4 38.8 0.4
5 1.576 0.073 0.6206 0.004 75.0 2.1 37.5 2.2
6 1.635 0.051 0.6021 0.000 83.5 1.5 38.9 1.1
7 1.545 0.080 0.6316 0.000 89.2 2.3 36.8 1.7
8 1.569 0.106 0.6171 0.000 93.4 3.1 37.4 2.2
9 1.662 0.144 0.5757 0.000 99.2 4.2 39.6 3.5
10 1.372 0.130 0.7005 0.000 110.0 3.8 32.7 26.2

“Intercept age relates to **Ar/**Ar versus *°Ar/**Ar correlation plots; *°Ar* indicates radiogenic.

"Total age 34.8 = 1.8; intercept age 34.1 = 1.6 (MSWD = 1.23).
“Total age 34.6 + 1.4, intercept age 34.9 + 1.6 (MSWD = 1.01).
9Total age 39.0 + 1.2; intercept age 38.9 + 1.0 (MSWD = 0.57).

as deformation fabrics point to deformation temperatures
below those necessary for activation of intracrystalline
Rb-Sr diffusion. Instead, it is well known that progressive
deformation in mylonites at decreasing temperatures causes
grain size reduction, leaving ‘“‘large” white mica crystals
(mica fish) as textural and isotopic relics from earlier stages
of ductile deformation [Miiller et al., 1999; Mulch and
Cosca, 2004]. Therefore we interpret the contrasting
apparent ages for different grain size fractions as reflecting
a prolonged process of dynamic recrystallization. The
apparent ages for the largest white micas are thus interpreted
as minimum ages for crystallization of these white micas,
either in a predeformational setting or at some stage
of progressive deformation. As the white mica fractions
<500 pm may contain both fragments of larger crystals, and
particularly small crystals which recrystallized during the
latest stages of ductile deformation, the apparent ages for
the “small” grain size white mica fractions are “mixed

ages,” interpretable as maximum ages for the latest
increments of ductile deformation.

[36] No apatite has been found in sample Sa01-1 from the
upper contact of the Ampelos/Dilek nappe in the Selcuk
normal shear zone. Further, we did not manage to produce a
clean feldspar fraction. Magnetic separation of the white
mica populations revealed two chemically distinct white
micas. The less paramagnetic white mica (magnetic fraction
at 0.8 A/13° Frantz magnetic separator, Table 2) has
significantly less Rb and more Sr, which relates to presence
of some paragonite in this fraction. Rock texture suggests
that some of these phengite/paragonite intergrowths form
textural relics within an otherwise penetratively deformed
matrix (Figure 5c). For the more strongly paramagnetic,
phengitic/muscovitic white mica fractions (magnetic at
0.5 A/13°, Table 2), Rb-Sr data show that there is no age-
grain size correlation (Figure 10c), which is in line with
complete synkinematic recrystallization as inferred from
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Figure 11. The “°Ar-*’Ar step-heating results from
Cyclades-Menderes thrust. Errors are quoted to 20 level.
(a) The *°Ar-*°Ar apparent age spectrum for sample Tii01-4
yielding well-defined age for 95% of released *°Ar.
(b) Apparent age spectrum for sample Ti01-9. Age is
defined by 88% of released *’Ar. (c) Age spectrum for
sample Ti01-10 showing similar degassing behavior as
other samgples and well-defined plateau ages for 89% of
released *°Ar. Compare to Table 3.
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textural observations. Despite evidence for incipient weath-
ering, the whole rock was analyzed as well. Integration of the
whole rock data with the different white mica results leads to
an apparent deformation age of 37 + 5 Ma. Given the large
spread in Rb-Sr ratios between the different analytical data,
the error on this age value accounts for age uncertainties
introduced by the rare textural mica relics and by possible
weathering effects on the whole rock system. We therefore
interpret 37 + 5 Ma as an accurate estimate for late stages of
mylonitic deformation.

3.8. The **Ar/*°Ar Ages

[37] Step-heating results from the Cyclades-Menderes
thrust yielded well-defined plateaus ranging in age from
343 £ 1.2 Ma to 38.6 + 1.2 Ma (Table 3 and Figure 11).
Isochron calculations with similar age results suggest
that the Ar is not contaminated by an excess component.
The first heating steps for each sample show a large
amount of atmospheric Ar probably released from the
surface of structural defects of the mineral at the beginning
of degassing.

[38] Weighted mean laser spot fusion YOAr-Ar ages for
the samples from the Cyclades-Menderes thrust are similar
to the step-heating results and yielded mean ages ranging
from 33.6 + 3.6 Ma to 364 + 6.2 Ma (Table 4 and
Figure 12). Weighted mean spot fusion ages for the Selguk
normal shear zone range from 35.3 + 4.0 Ma to 41.5 +
4.0 Ma (Table 4).

[39] A relatively large variation in ages of ~10 Ma is
visible in all six samples analyzed by the spot fusion
technique (Table 4 and Figure 12). Two premylonitic, non-
recrystallized, high-Si phengite/paragonite intergrowths in
sample Sa01-1 (Figure 5c) yielded ages of ~50 Ma. In all
other five samples no premylonitic grains were detected and
these samples yielded no spot fusion ages <~42 Ma. Ana-
lyzed spots from relatively coarse-grained (~60—80 pm),
early recrystallized phengites in mylonitically sheared layers
(Figures 5c and 5d) give systematically older ages than spots
from late stage recrystallized phengites (<~50 pm). In line
with our interpretation of the Rb-Sr ages, we interpret the
scatter of the **Ar->’Ar spot fusion ages to be due to
progressive recrystallization of phengite. Accordingly we
propose that the scatter in ages reflects different increments
of shear zone deformation.

3.9. Apatite Fission Track Ages

[40] We obtained apatite fission track ages ranging from
348 + 4.5 Ma for sample Tii0l1-4, 28.2 + 12.2 Ma for
sample Tu01-5 and 27.4 + 4.8 Ma for sample Tii01-9
(Table 5). The ages indicate that the Dilek/Ampelos nappe
reached high crustal levels in the Oligocene.

4. Structures

[41] A detailed structural study by Gessner et al. [2001a]
showed that the Ampelos/Dilek nappe was emplaced onto
the underlying Menderes nappes along the large-scale out-
of-sequence Cyclades-Menderes thrust (Figures 3 and 4).
The Cyclades-Menderes thrust is a ductile shear zone with a
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Table 4. The “°Ar-*°Ar Analytical Data (Spot Fusion)
Mineral A Ar 3A4Ar x 1000 T = 0.013337 FAr/*0Ar 3TAr° Ar % Atm Age, Ma Error lo
6.1HIB
1 1.487 0.014 0.6695 0.000 0.4 354 1.2
2 1.501 0.034 0.6592 0.000 1.0 35.8 2.4
3 1.752 0.389 0.5049 0.000 11.5 41.7 1.2
4 1.434 0.244 0.6470 0.002 7.2 342 2.4
5 1.414 0.038 0.6990 0.000 1.1 33.7 1.1
6 1.313 0.468 0.6558 0.024 13.8 31.3 3.0
Mean 353 2.0
Sa 01-1
1 2.223 0.272 0.4135 0.000 8.0 52.7 1.9
2 1.857 0.600 0.4427 0.000 17.7 442 1.5
3 1.550 0.584 0.5335 0.000 17.2 36.9 4.8
4 1.774 0.312 0.5115 0.000 9.2 42.2 1.2
5 1.800 0.181 0.5255 0.009 53 42.8 6.6
6 2.143 0.258 0.4308 0.000 7.6 50.9 2.0
Mean 41.5 2.0
Tii 01-9
1 1.194 0.682 0.6682 0.017 20.1 28.5 2.9
2 1.443 0.154 0.6608 0.000 4.5 344 0.9
3 1.625 0.057 0.6046 0.000 1.6 38.7 1.3
4 1.543 0.060 0.6364 0.000 1.7 36.8 1.3
5 1.450 0.132 0.6625 0.028 3.9 34.6 2.7
6 1.423 0.102 0.6814 0.000 3.0 33.9 2.0
7 1.445 0.082 0.6746 0.009 2.4 34.5 1.4
Mean 35.5 0.7
Ti 01-10
1 1.716 0.040 0.5756 0.000 1.2 40.8 2.2
2 1.493 0.028 0.6641 0.023 0.8 35.6 1.7
3 1.400 0.027 0.7081 0.007 0.8 334 1.4
4 1.359 0.009 0.7337 0.000 0.2 324 0.7
5 1.671 0.013 0.5960 0.000 0.4 39.8 1.1
6 1.449 0.286 0.6316 0.024 8.4 345 6.3
7 1.295 0.037 0.7634 0.000 1.0 30.9 1.7
8 1.449 0.027 0.6840 0.004 0.8 34.5 1.8
Mean 352 0.7
Tii 01-8
1 1.310 1.280 0.4745 0.058 37.8 31.3 1.2
2 1.429 0.732 0.5480 0.074 21.6 34.1 3.0
3 1.341 0.984 0.5286 0.052 29.0 32.0 1.2
4 1.351 0.977 0.5263 0.120 28.8 322 1.5
5 1.628 0.906 0.4494 0.074 26.7 38.8 23
6 1.551 1.033 0.4477 0.279 30.5 37.0 1.1
7 1.250 1.210 0.5134 0.049 35.7 29.8 1.8
Mean 33.6 1.8
Tii 01-4
1 1.770 0.342 0.50760 0.021 10.1 42.1 1.5
2 1.473 0.178 0.64270 0.061 5.2 35.1 1.9
3 1.296 0.680 0.61640 0.019 20.0 30.9 0.8
4 1.391 0.290 0.65690 0.035 8.5 332 1.9
5 1.602 0.625 0.50830 0.000 18.4 38.2 5.5
6 1.400 0.590 0.58940 0.000 17.4 334 2.2
7 1.751 0.200 0.53700 0.000 5.9 41.7 4.7
Mean 36.4 3.1

thrust geometry and a top-to-the-S/SE sense of shear.
Deformation/metamorphism relationships indicate that
major tectonic movement occurred under greenschist-facies
conditions. Especially the structures directly at the contact
between the Cycladic blueschist unit and the Menderes
nappes southwest of Tire (Figure 3) were extensively
retrogressed and are lower greenschist-facies chlorite-white

mica-quartz mylonites (Figure 6a). Garnet in metapelites
from the uppermost Bozdag nappe is progressively retro-
graded and biotite and chlorite grew in asymmetric strain
shadows. Close to the Cyclades-Menderes thrust, biotite is
fully transformed into chlorite. Structural work by Ring et
al. [1999b] at the base of the Ampelos/Dilek nappe on
Samos Island showed that these early thrust-related struc-
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tures started to develop when glaucophane, epidote, chlor-
itoid, kyanite and high-Si phengite were stable under
blueschist-facies conditions. Rotated chloritoid porphyro-
clasts and shear bands locally indicate top-to-the-SE shear.
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[42] Ring et al. [1999b] and Gessner et al. [2001a]
mapped another mylonite zone between the Ampelos/Dilek
nappe and the Selguk nappe, which we name the Selguk
normal shear zone. The Selguk normal shear zone is
subparallel to the underlying Cyclades-Menderes thrust
but the mylonitic structures show a top-to-the-NE/E shear
sense, which is opposite to the one observed along the
Cyclades-Menderes thrust. Deformation/metamorphism
relationships in western Turkey indicate that the mylonitic
top-to-the-NE/E shearing structures in the Ampelos/Dilek
nappe directly below the Selguk normal shear zone devel-
oped when kyanite, chloritoid, chlorite and high-Si phengite
were stable (Figure 6b; see also Figure 7 of Gessner et al.
[2001a]) under blueschist- and transitional blueschist/
greenschist-facies conditions during and after the growth
of the peak pressure mineral assemblage [Will et al., 1998;
Ring and Layer, 2003]. In the Ampelos Massif of Samos,
mylonitic fabrics in the Selcuk nappe developed during
retrogression of high-pressure assemblages. Metagabbro
mylonites at the base of the Selguk nappe contain porphyr-
oclasts of Na pyroxene, brown hornblende, plagioclase and
epidote, which occur in a very fine grained matrix of albite,
epidote and chlorite. Mylonitic deformation has a top-to-
the-E/NE sense of shear and commenced in the stability
field of Na pyroxene and progressed during strongly retro-
gressive greenschist-facies shearing at the base of the
Selguk nappe. We mapped structures characterized by
chloritoid, kyanite and phengite systematically from the
top to the base of the Ampelos/Dilek nappe and find that
toward the base of the nappe the sense of shear changes
from top-to-the-NE/E to top-to-the-S/SE (Figures 6b—6d).
Furthermore, Gessner et al. [2001a] documented that the
microstructural fabric data suggest a pronounced compo-
nent of shortening across the foliation in addition to
shearing parallel to it.

[43] The top-to-the-S/SE chloritoid-kyanite-phengite-
bearing porphyroclast systems at the base of the Ampelos/
Dilek nappe are in line with other deformation/metamor-
phism relationships indicating that the structures at the base
of the nappe started to develop under blueschist-facies
conditions and show a progressive evolution during decom-
pression and exhumation. Furthermore, the structural evo-
lution at the base of the Selguk nappe on Samos shows that
greenschist-facies mylonites developed during retrogression
of high-pressure assemblages. Overall, the structural evolu-
tion is compatible with pervasive deformation in both shear
zones under high-pressure conditions. Finally, the structures
in both shear zones continued to develop during greens-
chist-facies conditions and became localized into relatively

Figure 12. The “’Ar-’Ar spot fusion results; bars
represent 20 error from each individual analysis. Note
relatively large spread in individual spot fusion ages of
9—16 Ma. Largest spread is seen in sample Sa0l-1 where
ages >50 Ma are from nonrecrystallized phengite.
Compare to Table 4.
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Table 5. Apatite Fission Track Data From Footwall of Cyclades-Menderes Thrust

Track Density, x 10° tracks cm™

2

Elevation, Number of Central Age £lo,
Sample m Rock Type (Unit/Nappe)  Crystals ps (Ng) pi (N)) pa (Nq) Age Dispersion (Px?) Ma
Tu01-4 990 mylonite (Dilek nappe) 10 0.2265 (68)  1.632 (490)  1.466 (4576) 0.08% (84%) 348 £4.5
Tu01-5 980 mylonite (Dilek nappe) 11 0.0146 (6)  0.1287 (53)  1.457 (4547) 2.54% (64%) 282 +122
Ti01-9 990 mylonite (Dilek nappe) 20 0.0502 (41) 0.4545 (371) 1.448 (4518) 24.8% (22%) 27.4+438

narrow zones in the Cyclades-Menderes thrust and the
Sel¢uk normal shear zone.

5. Thrusting and Normal Faulting

[44] Along the Cyclades-Menderes thrust the high-
pressure  Ampelos/Dilek nappe was emplaced onto the
distinctly lower-grade greenschist-facies Menderes nappes
by top-to-the-S/SE thrust-type shearing. It is therefore
plausible that the thrust was originally shallowly north
dipping. The fact that the thrust-related structures show a
progressive evolution from high-pressure to lower greens-
chist-facies conditions is compatible with the emplace-
ment of the high-pressure Ampelos/Dilek nappe onto the
greenschist-facies Menderes nappes.

[45] The relationships between deformation and chlori-
toid, kyanite and phengite growth indicate that the shear
sense reversal from the base to the top of the Ameplos/Dilek
nappe occurred during the same tectonometamorphic event.
In the upper parts of the Ampelos/Dilek nappe, the top-
to-the-NE/E structures developed in the stability field of
the chloritoid-kyanite assemblages with sample Sa90-111
recording the highest PT conditions. In metagabbros from
the lowermost Selguk nappe the high-pressure assemblages
were strongly retrograded to greenschist-facies assemblages.

[46] Because the base of the Cycladic blueschist unit was
a thrust, the reversed sense of shear at the upper contact of
the Ampelos/Dilek nappe would constitute normal-sense
shearing since the upper contact is subparallel to the basal
contact of the Ampelos/Dilek nappe. A later reorientation of
the Selguk normal shear zone can be ruled out because such a
reorientation would have been caused by prominent large-
scale folding or faulting of and near the shear zone. Such
structures do not occur. Hence the Ampelos/Dilek nappe
represents an extrusion wedge bounded by a thrust-type
shear zone at its base and a normal-sense shear zone at its
top. The consistent overprinting of high-pressure structures
by greenschist-facies ones reflects progressive deformation
as the extrusion wedge is being finally emplaced onto the
Menderes nappes. The deformation/metamorphism relation-
ships suggest that the Cyclades-Menderes thrust and the
Selguk normal shear zone evolved largely contemporane-
ously during high-pressure metamorphism and subsequent
pronounced decompression. It is important to note that not
only the Ampelos/Dilek nappe between the shear zones was
exhuming but also the bounding shear zones as indicated by

progressive change of metamorphic conditions in the mylo-
nitic rocks.

6. Discussion
6.1. Interpretation of Pressure-Temperature Data

[47] Weakly deformed metagabbroic rocks from the Selguk
nappe yielded pressures of 11—13 kbar, at assumed temper-
atures of 450—500°C. These PT conditions conform well
to estimates of 12.4 + 1.2 kbar and 550 + 18°C from sample
Tii01-7. In contrast, strongly foliated mylonitized Selguk nappe
metagabbros at or close to the contact with the Selguk normal
shear zone consistently yielded PT values of 4 + 1.5 kbar and
450 + 40°C. This is in agreement with PT estimates of 3—
5 kbar and 420—-440°C obtained on omphacite-free mineral
assemblages in the massive metagabbros, that occur either in
the Selguk normal shear zone or as small, isolated outcrops in
the uppermost Ampelos/Dilek nappe.

[48] Evidence for high-pressure metamorphism in the
Selguk nappe is only preserved in the unfoliated samples,
but is no longer present in the mylonitized metagabbros
from the Selguk normal shear zone. We think that this is due
to fluid infiltration into the shear zone that produced the
greenschist-facies, hydrated mineral assemblages in the
metagabbros. In other words, the Eocene high-pressure
metamorphism (11—-13 kbar) of the Selcuk nappe was
followed by a shearing-related greenschist-facies overprint
at 3—5 kbar and these data imply that the Selguk nappe must
have been exhumed by at least 30 km between the high-
pressure metamorphism and the end of the mylonitization
event. This decompression was accompanied by moderate
cooling from ~500°C to 420-440°C.

[49] PT calculations on the strongly foliated chloritoid-
kyanite-white mica schists from the Ampelos/Dilek nappe
gave rather consistent temperatures of ~500—-540°C and
pressures ranging from ~5-15 kbar. Consequently, these
rocks contain evidence of near isothermal decompression
from eclogite- to epidote-amphibolite- and greenschist-
facies conditions. Interestingly, the sample with the lowest
inferred pressure (Ti01-3) occurs in the structural lower-
most position of the nappe and records conditions that are
very similar to those of the underlying Menderes nappes.

6.2. Interpretation of Age Data

[50] In our opinion, the Rb-Sr and *’Ar-**Ar step-heating
results average over the recrystallization ages of different
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white mica crystals and crystal domains, whereas the
40Ar-*?Ar spot fusion ages directly reflect local “°Ar-**Ar
age variations resulting from the protracted phengite growth
and recrystallization history. All but two *°Ar-*Ar spot
fusion ages have been set during progressive deformation
and indicate prolonged deformation associated with white
mica recrystallization and fluid flow. The two ages of ~50 Ma
in sample Sa0l-1 from nonrecrystallized high-Si phengite
(Figure 5c) probably reflect mineral growth during high-
pressure metamorphism, prior to mylonitization. An alter-
native interpretation would be that weakly deformed,
nonrecrystallized white mica retained excess Ar from the
high-pressure growth stage. Because of mylonitization and
strong, probably multiple recrystallization and associated
fluid flow such an excess Ar component would not be
present in the mylonitically sheared white mica anymore.

[s1] From the Cyclades-Menderes thrust we obtained a
number of consistent Rb-Sr mineral and “°Ar-*’Ar step-
heating ages between 38.6 + 0.6 Ma and 32.4 + 0.4 Ma. The
40Ar-*" Ar spot fusion ages are as old as 42.1 Ma. In general,
the Rb-Sr ages are interpreted as maximum ages for the
latest increments of ductile deformation. The deformation/
metamorphism relationships show that this stage corre-
sponds to pronounced lower greenschist-facies mylonitiza-
tion. Furthermore, the positive correlation between grain
size and apparent white mica Rb-Sr ages most probably
reflects a prolonged process of partial dynamic recrystalli-
zation. The *°Ar-*?Ar step-heating and spot fusion ages are
basically similar to the Rb-Sr ages and are thus interpreted
in the same way. Because the deformation/metamorphism
relationships indicate a gradual transition from high-pressure
deformation to lower greenschist-facies retrogressive mylo-
nitization at the Cyclades-Menderes thrust, we propose that
this thrust operated between 42 and 32 Ma.

[52] Ring and Layer [2003] reported single-grain phengite
YOAr-*Ar step-heating ages from mylonitically deformed
samples from the base of the Ampelos/Dilek nappe and the
directly underlying Agios Nikolaos nappe on Samos
(Figures 4 and 13) of ~42-37 Ma and interpreted these
ages to date mylonitization during high-pressure metamor-
phism and associated phengite recrystallization.

[53] The Rb-Sr and weighted mean 40Ar-*?Ar spot fusion
ages for white mica recrystallization from the Selguk normal
shear zone span a range between 41.5 + 4.0 Ma and 35.3 +
4.0 Ma. The *°Ar-*°Ar spot fusion ages are as young as
31.3 Ma. Deformation/metamorphism relationships indicate
that the ages relate to deformation during exhumation. The
Rb-Sr ages are again interpreted as maximum ages for
the latest increments of normal-sense ductile shearing. The

RING ET AL.: EXHUMATION IN EXTRUSION WEDGES

TC2001

YOAr-*Ar spot fusion ages of ~42 Ma obtained from early
recrystallized high-Si phengite reflect older mylonitization
increments. We interpret the age range of ~42—31 Ma to
reflect the time span of progressive shearing in the Selguk
normal shear zone, coevally with mylonitization in the
Cyclades-Menderes thrust zone.

[s4] There are no indications for episodic motion in the
studied shear zones that we can resolve with our age data.
We envisage that slightly different ages in our samples
reflect heterogeneous deformation within the shear zones.
Mylonitization in an early segment of a large shear zone
might have ceased while shearing shifted to other segments
(along and across strike) of the same shear zone. A transfer
of shearing between different segments of a shear zone
might explain the spread in ages of ~10 Ma that we
envisage as the life time of both studied shear zones. Our
interpretation highlights the importance of deformation and
associated fluid flow for setting the radiometric clock. The
variation in radiogenic Ar is controlled by the heteroge-
neous distribution of grain boundary fluids and the apparent
Ar spot fusion ages would reflect the time of loss of fluid in
a segment of a sample over the time of mylonitization.

[s55] The pressure estimates obtained from chloritoid-
kyanite schists of the upper Ampelos/Dilek nappe range
from ~5-15 kbar at a relatively constant temperature of
~500°C. Over this pressure range the kinematics of the
asymmetric structures around the chloritoid and kyanite
porphyroclasts did not change (Figure 5d). We interpret
the relationship between decompression, consistent kinemat-
ics of mylonitic shearing and a continuum in ages over a
span of ~10 Ma to reflect a continuous deformation/
exhumation event. The PT estimates from mylonitic meta-
gabbros from the base of the Selguk nappe of 3—5 kbar/
420-440°C and the kinematic indicators are similar to the ones
from the chloritoid-kyanite schists and confirm that normal
shearing took place during considerable decompression.

6.3. Evidence for an Extrusion Wedge

[s6] By providing critical geochronologic evidence of
mylonitization we show that the Selguk normal shear zone
and the Cyclades-Menderes thrust operated simultaneously
in the late Eocene, which strongly suggests that thrust-type
and normal-sense structures can operate at the same time in
orogens. It should be noticed that during the late Eocene the
entire region was undergoing overall convergence and
shortening and that the normal-sense shearing is a geometric
effect only and not an effect of net extension of the region.

[57] The deformation/metamorphism relationships indi-
cate the Cyclades-Menderes thrust started to move during

Figure 13. (a) Proposed cross-sectional structure of late Eocene extrusion wedge with two normal-sense shear zones
above basal thrust. According to age data it is apparent that Menderes nappes attained their peak metamorphism as
Ampelos/Dilek nappe was emplaced onto them at 43—37 Ma. At about same time, contacts at the base of the Lycian nappe
and Selguk nappe were reactivated as normal-sense shear zones. Doming of the southern part of cross section is due to later
bivergent extension of region [Gessner et al., 2001b; Ring et al., 2003b]. (b and ¢) Summary PT diagrams for Selguk nappe
and Ampelos/Dilek nappe. Equilibration of mineral assemblages in mylonitic shear zones occurred at different times and
different PT conditions and individual data were combined to tentative PT path (arrows). Note that PT paths from both units

differ from each other.
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high-pressure conditions at ~42 Ma and continued to move
until ~32 Ma when the high-pressure rocks were consider-
ably retrogressed during final emplacement above the Mend-
eres nappes. The apatite fission track ages of ~34-27 Ma
confirm that the high-pressure rocks reached uppermost
crustal levels in the early Oligocene. Given the break in
metamorphic pressure of ~9—11 kbar, the Cyclades-Mend-
eres thrust cut out a ~30- to 40-km-thick section of crust.
Assuming a thrust dip of 15—-30° results in a displacement of
60—150 km. This implies that the thrust slipped at average
rates of 6—15 km Myr ™', which are similar to typical plate-
convergence rates in the eastern Mediterranean.

[58] The break in metamorphic pressure across the Selguk
normal shear zone is hard to quantify. Final mylonitization at
the base of the Selguk nappe occurred at 3—5 kbar and 420—
440°C and suggests normal-fault-controlled decompression
(from peak pressure of 12.4 = 1.2 kbar) of ~6—11 kbar,
which relates to ~20—40 km of exhumation of the Selguk
nappe. Because maximum pressure in the underlying Ampelos/
Dilek nappe is ~15 kbar, a PT break of ~10—12 kbar is
suggested across the Selguk extensional fault. Since the
Selguk normal shear zone is subparallel to the basal thrust,
it originated as a low-angle normal-sense shear zone and
displacement and averaged displacement rates should be
similar to the ones from the Cyclades-Menderes thrust.

[59] Coeval movement on two parallel shear zones with
opposite shear senses is difficult from a mechanical point of
view unless they converge at depth. In Figure 13 we show
the Cyclades-Menderes thrust and the Selguk normal shear
zone merging at depth to form the wedge-shaped Ampelos/
Dilek nappe to circumvent the mechanical problem.

[0] The structural data show that ductile deformation
was distributed through the entire extruding wedge but that
mylonitic deformation was concentrated in the bounding
shear zones. Localization of deformation became more
pronounced with time. Grujic et al. [2002] and Law et al.
[2004] reported a similar structural sequence from the
Greater Himalayan crystalline complex. A consequence of
this general flow field is that the wall rocks of the shear
zones change length in the slip direction and consequently
the bounding shear zones are stretching faults in the sense of
Means [1989].

6.4. Early Exhumation of the Cycladic Blueschist Unit
in the Eastern Aegean

[61] The recognition of the late Eocene Selguk normal
shear zone solves the long-standing problem of how the
early exhumation of the Cycladic blueschist unit was
achieved. The PT estimates from the greenschist-facies
metagabbro mylonites from the Selcuk normal shear
zone and those from the greenschist-facies mylonite from
the Cyclades-Menderes thrust together with the PT data
from the underlying Menderes nappes suggest that the
Eocene extrusion wedge accomplished the ~30—40 km of
late Eocene exhumation of the Ampelos/Dilek nappe
(Figure 13). Ring et al. [2007] reported a similar but slightly
younger case for Oligocene extrusional exhumation of the
Cycladic blueschist unit on Evia Island.
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Mineral Chemistry of Selected Minerals Used for Thermobarometry®

Table Al.

Sa01-20

Ti01-3d

Ti01-7

Sa01-4b

Sa79-42

Sa80-230 Sa79-45

Sa80-230

Sa79-59

Sa79-92

c.d chl mu ctd pa

chl

ep

ep amph amph

chl

cpx amph amph

plag chl ep plag chl cpx amph cpx cpx chl cpx

ep
50.21 25.22 37.35 68.32 43.38 37.12 68.17 26.95 37.29 67.91 27.51 54.44 51.31 55.65 54.20 28.96 56.69

plag amph

chl ep

amph

51.73 57.29 51.68 27.75 37.87 58.07 55.13 38.25 37.39 26.98 25.04 27.41 46.15 25.00 46.59

0.89 0.03 0.10 0.00 0.15 0.04 0.07

Si0,
TiO,

0.00 0.03

0.00 0.11

0.03 0.00

0.12 0.14

0.30 0.00 0.12

7.26

0.52 0.12

2.59 0.14 0.00 0.00 0.12 0.00 0.02 0.07
9.94 22.86 19.62 18.98 26.51 19.59 19.82 7.06

0.76 0.03 0.18 0.00
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17.89 41.15 24.78 35.15 40.66 39.54

0.00 0.10
1.72

2.86 040 5.70 20.23 27.11 11.09 1.73 27.68 20.88

0.15 0.01
2.34 0.00

19.90 12.28

533 9.24
0.04 0.07
1.23 6.32

10.07 1.29

18.62 24.13 19.75

Cr,0; 0.00 0.00 0.00 0.00

ALO; 430

0.06

0.06 0.04 0.11

0.00 0.01

0.04 0.01
7.55

0.03 0.08 0.00 0.00 035
1.96 0.77 8.09 0.00

0.15 0.06 0.04
12.21 0.20 4.69

0.02 0.18 0.00 0.00 0.03 0.00 0.00 0.00

1.49 0.00

1.94

1.33

1.14

1.02 9.28

1.33 9.66 0.19
15.55 0.00 0.00 21.84 0.00 0.00 16.21 0.77

0.77 13.86 0.04

12.64 0.11

14.63 26.98 0.00 0.00

Fe,03 2.96 2.83

FeO

570 2.17 18.16 0.48

0.47 24.75 21.24 6.98

0.34 3.88

398 3.30 7.40 15.09 0.00 10.66 9.26

0.24 0.16 021

1.73 12.00 2.50
0.10 0.32 0.05
5.49 26.09 5.73
9.37 0.03 8.77

0.57 0.03

1.30 0.01

0.33 7.89

0.18 0.03 0.20 0.17

0.22 0.10
15.28 7.89

032 0.13 0.00 047 0.13 0.06 040 0.17

0.36  0.19 0.00

12.52 13.96 0.00 0.01

MnO 0.31
MgO
CaO

18.68 8.29 27.30 0.68 6.26 0.06
0.00 0.00

10.82 17.44 0.00 2.04

1.66

15.70 23.07 17.04 23.44 0.00
21.35 13.11 11.32 0.04 23.97

0.66 0.35
0.01

0.00 0.00 22.37 8.12

18.31

10.62 0.00 0.00

0.00 0.18

0.00 0.01
0.01

11.68 23.72 9.75

10.19 12.58

13.06

3.15 0.03 11.49 0.06 0.07 11.79 0.00 7.12

11.01 23.58 0.03 0.05 23.97 0.10 0.05
0.16 0.00 0.04 0.00 0.00 0.05 0.01 0.00

10.25 0.02 23.51 0.06

1.64 0.00 6.97

0.05 0.09
0.00 0.00

0.03 0.00

0.00 0.01

1.74 0.00 0.01 5.38 0.68

8.94 0.03 9.46
0.00 0.00 0.00

2.70 7.54

1.94 0.03 0.07 11.86

0.34 0.02 0.00 0.01

Na,O
K,0

0.00 8.64 0.00 0.91

0.03 0.22 0.00 0.00 0.05 0.06

0.24 0.04

Totals 98.22 88.07 98.07 100.12 97.52 97.90 99.39 87.99 97.78 99.69 87.41 100.10 97.12 100.83 99.76 87.59 100.35

99.90 97.75 97.40 87.58 97.23 97.97 97.70 98.20 100.17 86.92 91.48 86.56 94.62 92.26 94.85

#Abbreviations: g, garnet; ctd, chloritoid; mu, muscovite; pa, paragonite; amph, amphibole; chl, chlorite; ep, epidote; plag, plagioclase; cpx, clinopyroxene.
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[62] However, how was the Selcuk nappe exhumed?
Rimmelé et al. [2003] documented top-to-the-NE/E shearing
from the base of the Lycian nappes in southwestern Turkey
and speculated that this deformation is related to an Eocene
normal fault. The possibility that there were more than one
late Eocene normal fault above the Ampelos/Dilek nappe
implies that the geometry of the eastern Aegean extrusion
wedge was not as simple as depicted in Figure 1 and a
wedge with multiple normal-sense shear zones has to be
envisaged (Figure 13). Such a scenario is similar to the
extrusion wedge made up by the Greater Himalayan crys-
talline complex. A number of studies [Burg et al., 1984;
Burchfiel et al., 1992; Grujic et al., 1996, 2002] have shown
that deformation along the upper boundary of the extruding
wedge is not restricted to a single fault plane, the south
Tibetan detachment, but is distributed in the adjacent
footwall and/or hanging wall for up to 3—4 km. Distributed
normal-sense shearing above the Ampelos/Dilek nappe can
also explain the very limited outcrop and the generally small
thickness of the Selguk nappe across the entire Aegean. In
other words, the entire Selguk nappe represents a heteroge-
neous normal-sense ductile shear zone. Ring et al. [2007]
reported a similar case for the Ochi nappe, which is
correlative with the Selcuk nappe, from Evia Island.

[63] We suggest that the cause for the late Eocene
extrusion wedge was similar to that of the Miocene extru-
sion wedge proposed for Crete by Thomson et al. [1999].
Ring and Reischmann [2002] argued that the Cretan
detachment was a former subduction thrust that was reac-
tivated as a normal fault as the subduction thrust jumped
outboard. The reactivation of the former thrust as a normal-
sense shear zone is considered a prerequisite for the fast
slipping, weak, low-angle nature of the Cretan detachment.
If this scenario is applied to the late Eocene extrusion wedge
formed by the Ampelos/Dilek nappe, the Selguk normal
shear zone would have to be considered as a former thrust
that emplaced the ophiolitic rocks onto the passive-margin
sequence and was reactivated as a normal-sense shear zone
as thrusting propagated outboard.

[64] Early exhumation of the Ampelos/Dilek nappe is
associated with the development of the Cyclades-Menderes
thrust at a time when deep underthrusting ceased due to the
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collision of the Anatolian microcontinent. Ring et al.
[1999a] showed that the transition from subduction to
continental collision marks a critical period for considerable
early exhumation of high- and ultrahigh-pressure rocks.
Examples from the Tso-Moari eclogites in the Himalayas
[de Sigoyer et al., 2001] and the Alps [Ring, 1995; Reddy et
al., 1999; Glodny et al., 2005a] also demonstrate consider-
able exhumation during the subduction/collision transition.

7. Conclusions

[65] We presented evidence for a late Eocene extrusion
wedge in the eastern Aegean, thereby providing critical
evidence that extrusion wedges might be important for
considerable early exhumation of high-pressure units. Our
data highlight the importance of the subduction/collision
transition and the reactivation of earlier thrust faults for
early exhumation of deep-seated units.

[66] The recognition of the Selguk normal shear zone
delimiting the top of this extrusion wedge is the first well-
constrained evidence for an Eocene normal-sense shear
zone in the Aegean. The normal-sense shearing is a geo-
metric effect only and not an effect of hypothetic net
extension of the region, which instead was undergoing
shortening in the late Eocene. The Selguk normal shear
zone is considered to have accomplished ~30—40 km of
exhumation of the Cycladic blueschist unit.

Appendix A

[67] Selected microprobe analyses of minerals from the
island of Samos (samples Sa), eastern Aegean, and western
Turkey (samples Tii) are given in Table Al. These analyses
were used for the pressure-temperature calculations, whose
results are presented in Table 1 in the main body of the text.
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