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Abstract Deformation fabrics in Proterozoic/Cam-
brian granitic rocks of the Cine nappe, and mid-Trias-
sic granites of the Bozdag nappe constrain aspects of
the tectonometamorphic evolution of the Menderes
nappes of southwest Turkey. Based on intrusive con-
tacts and structural criteria, the Proterozoic/Cambrian
granitic rocks of the Cine nappe are subdivided into
older orthogneisses and younger metagranites. The
deformation history of the granitic rocks documents
two major deformation events. An early, pre-Alpine
deformation event (Dp,) during amphibolite-facies
metamorphism affected only the orthogneisses and
produced predominantly top-to-NE shear-sense indica-
tors associated with a NE-trending stretching line-
ation. The younger metagranites are deformed both
by isolated shear zones, and by a major shear zone
along the southern boundary of the Cine submassif.
We refer to this Alpine deformation event as D4s.
D3 shear zones are associated with a N-trending
stretching lineation, which formed during greenschist-
facies metamorphism. Kinematic indicators associated
with this stretching lineation reveal a top-to-south
sense of shear. The greenschist-facies shear zones cut
the amphibolite-facies structures in the orthogneisses.
207pb/2%Pb dating of magmatic zircons from a meta-
granite, which crosscuts orthogneiss containing amphi-
bolite-facies top-to-NE shear-sense indicators, shows
that Dp, occurred before 547.2+1.0 Ma. Such an age
is corroborated by the observation that mid-Triassic
granites of the Cine and Bozdag nappes lack Dpy
structures. The younger, top-to-south fabrics formed
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most likely as a result of top-to-south Alpine nappe
stacking during the collision of the Sakarya continent
with Anatolia in the Eocene.
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Introduction

During the past decade, tectonic studies in the Anatol-
ide belt of southwest Turkey have focussed on late
Alpine N/S-oriented extensional deformation, which
accomplished part of the exhumation of the Menderes
nappes (Sengor 1987; Hetzel and Ring 1993; Bozkurt
and Park 1994, 1997a, 1997b; Hetzel et al. 1995a,
1995b; Verge 1995; Hetzel and Reischmann 1996;
Emre and Sozbilir 1997; Isik and Tekeli, this volume).
Structures that predate late-orogenic extension (e.g.
Lackmann 1997; Collins and Robertson 1998; Gessner
et al. 1998; Hetzel et al. 1998; Partzsch et al. 1998;
Ring et al. 1999a) suggest a complex history of crustal
shortening, the timing of which is largely unknown.
Lackmann (1997), Gessner et al. (1998) and Hetzel et
al. (1998) have stressed the regional importance of
top-to-NE kinematic indicators in the central part of
the Menderes nappes and attributed them to early
Tertiary nappe stacking. Nevertheless, this interpreta-
tion is in contrast to existing regional tectonic models
(Sengor and Yilmaz 1981; Sengor et al. 1984; Collins
and Robertson 1998). Sengor et al. (1984) argued that
the Menderes nappes had been deformed and meta-
morphosed during the Early Tertiary collision of the
Sakarya continent with Anatolia (Gessner 2000). Sen-
gor et al. (1984) interpreted the Menderes nappes to
lie in the footwall of the southward-propagating
Lycian nappes. The Lycian nappes consist of carbon-
ate platform sediments of Neotethys, which are situ-
ated tectonically beneath ophiolitic rocks. The Lycian



Table 1 Age data of granitic rocks from the Menderes nappes
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Lithology; locality Age [Ma] Method Authors

Metagranites and orthogneisses; 2555-1740 207pb/2%Ph single zircon evaporation Reischmann et al. (1991)
entire Anatolide belt

Birgi metagranite; Odemis submassif 551+1.4 U-Pb dating Hetzel et al. (1998)

Metagranite in Selimiye shear zone, 546.2+1.2 207pb/206Ph single zircon evaporation Hetzel and Reischmann

southern Cine submassif

Metagranites and orthogneisses;
Cine nappe

Metagranites and Orthogneisses;
southern Cine submassif

Granites in Bozdag nappe;
Odemis submassif

Granites in Bozdag nappe;
Odemis submassif

Egrigoz granite; Gordes submassif

Salihli granodiorite; Odemis submassif

Turgutlu and Salihli granodiorites;
Odemis submassif

541.4+2.5 to 528+4.3
659+7; 563+3-521+8
~240-250

240.3+2.2; 226.5+6.8
~20

19.5+1.4
13.1+£0.2 to 12.2+0.4

207pb/2%Ph single zircon evaporation

207pb/2%Ph single zircon evaporation,
U-Pb dating
207pb-29Pb single zircon evaporation

207pp-209ph single zircon evaporation
U-Pb dating

40Ar/*Ar — amphibole isochron age
4Ar/¥Ar - biotite isochron age

(1996)
Dannat (1997)

Loos and Reischmann
(1999)
Koralay et al. (1998)

Dannat (1997)
Reischmann et al. (1991)

Hetzel et al. (1995a)
Hetzel et al. (1995a)

nappes are interpreted to root in the Izmir—-Ankara
suture zone to the north of the Menderes nappes (Col-
lins and Robertson 1997). Collins and Robertson
(1998) defined the Lycian nappes as a large-scale,
thin-skinned thrust system and showed that within the
Lycian nappes, polyphase, top-to-south thrust-sheet
translation at upper crustal levels occurred from the
Late Cretaceous to the Early Miocene. Following Sen-
gor et al. (1984) and Collins and Robertson (1998),
any major tectonic event related to Tertiary crustal
convergence in the Menderes nappes should be char-
acterised by top-to-south shearing.

As an attempt to reconcile the regional model of
Sengor et al. (1984) with field evidence, we describe a
sequence of deformation structures in orthogneisses
and metagranites from the central and southern Men-
deres nappes. We have found these rocks especially
suitable for distinguishing pre-Alpine from Alpine tec-
tonic events because their age is well constrained by
radiometric dating (Table 1; Hetzel and Reischmann
1996; Dannat 1997; Loos and Reischmann 1999). We
interpret the deformation fabrics by suggesting a chro-
nology of tectonometamorphic events and their cor-
responding kinematics.

Geological setting

Numerous late Tertiary to Recent graben divide the
Anatolide belt of southwest Turkey into three geo-
graphically defined blocks (Sengor 1987), the so-called
submassifs: the northern or Gordes submassif; the cen-
tral or Odemis submassif; and the southern or Cine
submassif. In this study we focus on the latter two
submassifs (Fig. 1).

Architecture of the Anatolide belt in southwest
Turkey

Traditionally the Anatolide belt of southwest Turkey,
or Menderes Massif, has been interpreted as the east-
ern lateral continuation of the Cycladic zone or Cycla-
dic Massif. Diirr et al. (1978) based their regional-
scale correlation on lithostratigraphic comparisons,
proposing that an old crystalline core is overlain by
Paleozoic and Mesozoic cover series with metamor-
phic grade decreasing up section in both the Anatolide
belt and the Cycladic zone. This long-standing view
has been challenged by recent geochronological stud-
ies, which show marked differences in the age of the
basement of the Anatolide belt and the Cycladic zone,
respectively, indicating that the basement of the
Cycladic zone and the Anatolide belt cannot be corre-
lated. Ring et al. (1999a) and Gessner (2000) proposed
that two different units, the Cycladic blueschist unit
(the middle unit in Fig. 1a) and the underlying Men-
deres nappes, make up the Anatolide belt.

In the Menderes nappes, pronounced magmatic
activity occurred at the Proterozoic/Cambrian boun-
dary (Hetzel and Reischmann 1996; Dannat 1997;
Loos and Reischmann 1999). Minor magmatic events
took place in the mid-Triassic (Dannat 1997; Koralay
et al. 1998) and the Miocene (Hetzel et al. 1995a). In
the Cycladic zone, the granitic basement is of Carbon-
iferous age (Reischmann 1997; Engel and Reischmann
1998). In addition, there are Triassic intrusions
(Reischmann 1997; Ring et al. 1999b) and prominent
Miocene to recent magmatic activity in the Cycladic
zone (e.g. Altherr et al. 1982; Robertson and Dixon
1984). Ring et al. (1999a) and Gessner 2000 supplied
further evidence for major differences between the
Anatolide belt and the Cycladic zone by showing that
only the upper parts of the Anatolide belt can be cor-
related with the Cycladic zone. Ring et al. (1999a)
proposed a subdivision of the Anatolide belt into
three major tectonic units (Fig. 1): (a) the Izmir—An-
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Fig. 1 a Geological map of the Anatolide belt of southwest Tur-
key based on Scotford (1969), Giingor (1998), Hetzel et al.
(1998), Candan and Dora (1998) and own observations. b Gen-
eralised tectonic map of the Aegean and adjacent mainlands
showing major tectonic units, present-day Hellenic subduction
zone and location of main map. ¢ The alternation of narrow
E/W-trending graben and mountain ranges resulting from neo-
tectonic block faulting within the western Anatolian extensional
province (Sengdr 1987; Hancock and Barka 1987; Cohen et al.
1995). As a consequence, three grabens cut the metamorphic
complex in the area, the Gediz graben to the north, the Kiigiik
Menderes graben cutting the Odemis submassif and the Biiyiik
Menderes graben separating the Odemis submassif from the
Cine submassif

kara Zone and the Lycian nappes form the upper unit;
(b) the Dilek nappe and the Selguk melange form the
middle unit (upper and middle units can be correlated
with tectonic units in the Cycladic zone); and (c) the
lower unit, referred to as the Menderes nappes, con-
sists in ascending order of a lower metasedimentary
succession, the Baymdir nappe, a metapelitic succes-
sion with abundant amphibolite and few marble lenses
named the Bozdag nappe, a Proterozoic/Cambrian
basement succession named the Cine nappe and an
upper metasedimentary succession of intercalated
marble and calcschist, the Selimiye nappe. The Men-
deres nappes have no counterpart in the adjacent
Aegean region.

According to this subdivision the structurally lowest
unit exposed in the Menderes nappes, the Bayindir
nappe, is deformed only by one major Alpine tectono-
metamorphic event, whereas in the overlying Bozdag,
Cine and Selimiye nappes pre-Alpine and Alpine
events are documented. The subdivision of Ring et al.
(1999a) is used in this study and illustrated in Figs. 1
and 2.

Tectonic contacts within the Menderes nappes

Tertiary greenschist-facies shear zones separate indi-
vidual nappes within the Menderes nappes (Figs. 1, 2).
The contact of the Bayindir nappe and the Bozdag is
be described in Gessner 2000. The few good outcrops
along this contact are characterised by chlorite-bearing
phyllitic to phyllonitic lithologies with complex
refolded fabrics. K. Gessner et al. (submitted) inferred
a top-to-south sense of shear. The shear-sense indica-
tors are overgrown by albite porphyroblasts, which
commonly obscure mylonitic fabrics.

Within the Bozdag nappe, a penetrative foliation
and a NE-trending stretching lineation formed under
prograde amphibolite-facies metamorphic conditions
(Lackmann 1997; Gessner et al. 1998; Ring et al. in
press). Kinematic indicators associated with this
stretching lineation show a top-to-NE sense of shear
(Hetzel et al. 1998). The amphibolite-facies fabrics are
cut by isolated shear zones, which formed under
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greenschist-facies metamorphic conditions (Hetzel et
al. 1998). These shear zones produced a shear-band
foliation and a north-trending stretching lineation.
Associated with this stretching lineation are asymmet-
rical fabric elements indicating a top-to-south sense of
shear. The retrograde fabrics dominate over the pro-
grade fabrics towards the contact between the Bozdag
nappe and the overlying Cine nappe. In the Derbent
area, this contact is characterised by asymmetrical
greenschist-facies top-to-south shear-band foliations in
the Cine and Bozdag nappes. In the Bozdag nappe in
the vicinity of the nappe contact with the Cine nappe,
no relics of the previous amphibolite-facies fabric are
preserved. In contrast, an early amphibolite-facies
schistosity is preserved in orthogneisses within the
Cine nappe. A mid-Triassic granite in the Derbent
area (Fig. 1a) shows a stitching relationship with the
nappe contact between the Bozdag and Cine nappes.
Overall, the data suggest that the Bozdag/Cine nappe
were part of a nappe stack that formed before the
intrusion of the mid-Triassic granite and was reworked
during Tertiary greenschist-facies deformation.

The Selimiye nappe tectonically overlies the Cine
nappe in the central and southern submassifs (Figs. 1,
2). This is well documented along the southern margin
of the Cine submassif where a large-scale south-dip-
ping shear zone of pre-Late Eocene age (Hetzel and
Reischmann 1996), hereafter named “Selimiye shear
zone” is exposed. In the Selimiye shear zone, asym-
metrical structures indicate a top-to-south sense of
shear (Hetzel and Ring 1993; Bozkurt and Park 1994;
Hetzel and Reischmann 1996). Within the Selimiye
nappe, Bozkurt (1996) reported relics of a previous
deformation event, which was characterised by a top-
to-NE sense of shear. Bozkurt and Park (1994) and
Hetzel and Reischmann (1996) interpreted the Seli-
miye shear zone as a crustal-scale extensional shear
zone, whereas Collins and Robertson (1998) and Ring
et al. (1999a) argued that the Selimiye shear zone is a
thrust.

Bivergent extensional detachments

Southeast of Salihli and north of Aydin, isolated
klippen of the Cine nappe occur in the hangingwall of
two low-angle normal-fault systems related to late-
orogenic extension (Fig. 1). These fault systems are
exposed at the northern and southern margins of the
Odemis submassif and are termed Kuzey detachment
and Giiney detachment by Ring et al. (1999a).

The Kuzey detachment forms the northern slope of
the Odemis submassif where it is cut by normal faults
bounding the Gediz graben. The Kuzey detachment is
a large-scale top-to-north cataclastic shear zone with a
dip of approximately 15°N (Fig. 2; Hetzel et al
1995a). Orthogneisses of the Cine nappe and Miocene
alluvial sediments occur in the hangingwall of the
detachment.
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Fig. 3 a Cataclastic shear zone at the base of the Giiney detach-
ment system NW of Aydin. In the outcrop both the hangingwall
rock unit, consisting of orthogneisses, and the phyllitic mica
schist of the Bayindir nappe in the footwall show pronounced
brittle deformation. A metre-thick zone of asymmetrically
folded cataclasite (lower part) is cut by a discrete centimetre-
thick gouge zone. The brittle shear plane fabrics in the ortho-
gneiss represent a composite planar fabric (cf. Chester and
Logan 1987; Cowan and Brandon 1994), where the gouge zone
represents the Y plane parallel to the shear-zone boundaries.
There is also a set of south-dipping synthetic Riedel or R planes.
The shear sense is top to south. Location of outcrop:
37°57'48 N; 27°40’39 E. b Deformed intrusive contact between
granite and sillimanite-bearing metapelite of the Cine nappe at
the northeastern shore of Lake Bafa. Location of outcrop:
37°29'27 N; 27°32'13 E. ¢ Folded vein of mid-Triassic granite in
mica schist of the Bozdag nappe approximately 5 km southwest
of Derbent. d Microphotograph of boudinaged potassium feld-
spar porphyroclast with recrystallised grains of smaller grain size
forming the boudin neck. Field of view is 16x11 mm. Location
of outcrop: 38°07°03 N; 28°09'21 E

The Giiney detachment is exposed in the southern
Odemis submassif and has been described by Emre
and Sozbilir (1997). Between Nazilli and Ortaklar, the
footwall of the Giiney detachment is formed by mica-
schists and marbles of the Baymndir nappe. Only in a
small area north of Ortaklar is the footwall of the
detachment made up of micaschists, marbles and ser-
pentinites of the Selguk melange (Fig. 1a). Asymmet-
rical fabric elements, such as Riedel composite struc-
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tures (Chester and Logan 1987; Cowan and Brandon
1994), yield slip vectors that indicate top-to-south dis-
placement (Fig. 3a; cf. Emre and Sozbilir 1997). Top-
to-south shear is corroborated by the northerly dip of
the overlying sediments. A marked difference to the
Kuzey detachment is the much larger outcrop area of
Cine nappe metamorphics in the hangingwall of the
shear zone, where they form the basement to noncon-
formably overlying Miocene sediments. Both the
supra-detachment sediments and their basement are
cut by numerous cataclasites and gouges, thereby
deforming the upper plate of the detachment into an
array of tilted and rotated blocks. In their present
position, the brittle shear zones depict low-angle nor-
mal- and also thrust-fault geometries. The occurrence
of conglomerate in a cataclastic fault zone northwest
of Aydin implies that brittle deformation was post- or
syn-tectonic with respect to the formation of the
supra-detachment basins in the Neogene. These struc-
tures are cut by neotectonic high-angle normal faults
bounding the Biiyilk Menderes graben (Cohen et al.
1995).

In the Cine submassif, there is no indication for
detachment faulting. In contrast to the Odemis sub-
massif, the Neogene sediments covering the Cine sub-
massif appear to be undisturbed.
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Granitic rocks of the Menderes nappes

The age of granitic intrusions in the Menderes nappes
has been constrained by various geochronological
studies (Table 1; Reischmann et al. 1991; Hetzel et al.
1995a; Hetzel and Reischmann 1996; Dannat 1997;
Hetzel et al. 1998; Loos and Reischmann 1999). The
data show that Proterozoic/Cambrian magmatic activ-
ity occurred in two distinct pulses at 550-570 Ma and
at approximately 530 Ma, respectively. The Protero-
zoic/Cambrian intrusives occur only in the Cine and
the Selimiye nappe; they are referred to as the Pro-
terozoic/Cambrian granitoids in the remainder of the
paper. According to Dannat (1997), these granitoids
are peraluminous, strongly differentiated S-type gran-
odiorites, tonalites and diorites. A subdivision of the
granitic rocks into orthogneisses and metagranites is
proposed below.

Triassic granites occur in the eastern part of the
Odemis submassif and intrude rocks of the Cine and
Bozdag nappes, respectively. The geochemistry of
these granites classifies them also as highly differenti-
ated, peraluminous granites (Dannat 1997). Further-
more, Miocene granites occur in the Odemis and Gor-
des submassifs.

Intrusive contacts

In the Cine nappe, the Neoproterozoic/Cambrian
granitoids show abundant intrusive contacts towards
metapelitic and migmatic gneisses, and with quartzo-
feldspathic metasediments (Fig. 3b). Furthermore,
intrusive relationships exist between different gran-
itoid lithologies in the Cine nappe. Intrusive contacts
between Proterozoic/Cambrian granitoids and garnet-
bearing metapelite of the Selimiye nappe are known
from the Lake Bafa area (Erdogan and Giingor 1992;
Hetzel and Reischmann 1996).

The mid-Triassic granites show intrusive contacts
with metapelites of the Bozdag nappe in the Derbent
area (Fig. 3c). O. Candan (pers. commun. 1998) also
reported intrusive contacts of the granites with ortho-
gneisses of the Cine nappe. The Miocene granites of
the Odemis submassif intruded into the Bayindir
nappe (Hetzel et al. 1995a).

Subdivision of the Neoproterozoic/Cambrian granitic
rocks in the Cine nappe

Our subdivision of granitic rocks in the Cine nappe
into “older” orthogneisses and “younger” metagranites
is based on structural characteristics and on intrusion
relations. Our discrimination between orthogneisses
and metagranites represents a simplification of the
overall appearance of the granitoid protoliths. The
terms “orthogneiss” and “metagranite” are used in a

categorical rather than a descriptive sense. The typical
appearance of an orthogneiss in the Menderes nappes
is that of a protomylonite to mylonite with
“augen”-shaped feldspar porphyroclasts. However,
due to heterogeneous deformation, some ortho-
gneisses are only weakly deformed. Some of these
orthogneisses have been dated at 570-550 Ma (Loos
and Reischmann 1999). The metagranites, on the
other hand, are, in general, much less deformed than
the orthogneisses and only show localised weakly
deformed zones, which formed during greenschist-fa-
cies metamorphism. As is shown herein, the ortho-
gneisses and metapelites of the Cine nappe are, like
the mica schists of the Bozdag nappe, deformed by
two consecutive sets of deformation fabrics. In con-
trast, the metagranites characteristically show only the
second set of structures.

Both sets of granitoids of the Cine nappe formed
during a series of intrusion stages. This is documented
in the field by intrusive contacts between granitoids or
xenoliths of earlier granitoids into later ones. It is bey-
ond the scope of this study to resolve the number of
intrusive stages within the granitoids, but it is impor-
tant to note that the metagranites do not show the
early structures and in places intruded the ortho-
gneisses.

Deformation of the Neoproterozoic/
Cambrian granitoids

It is possible to distinguish structures which formed
during amphibolite-facies metamorphism from struc-
tures which formed under greenschist-facies con-
ditions. This distinction is based on overprinting crite-
ria and the different degree of metamorphism under
which the structures formed. We can use the meta-
morphic criterion because the individual nappes do
not show pronounced regional variations in metamor-
phic grade during a single metamorphic event. To con-
strain the metamorphic conditions during deformation,
temperature-sensitive reaction textures within the foli-
ation and the deformation behaviour of potassium
feldspar has been used. Fabrics in which potassium
feldspar dynamically recrystallised are likely to have
been formed above 500°C (Voll 1976; Tullis and
Yund 1985, 1987, 1991).

The amphibolite-facies structures are associated
with kinematic indicators, which show a dominantly
top-to-NE shear sense, although there are regional
variations in the sense of shear. We refer to this defor-
mation as Dp, (where the suffix PA denotes pre-Al-
pine). The greenschist-facies event is referred to as
the D43 deformation (the suffix A3 denotes a third
Alpine deformation event; note that D,; and Dy,
refer to high-pressure structures which occur exclu-
sively in the middle unit). A more detailed description
of the Alpine deformation history is given by Gessner



2000. Kinematic indicators of the greenschist-facies
D 45 structures show a consistent top-to-south sense of
shear.

Amphibolite-facies structures (Dpy)

The orthogneisses have a protomylonitic to mylonitic
foliation (Sp,) that consists of biotite and/or white
mica. Magmatic potassium feldspar and plagioclase
porphyroclasts are up to several centimetres in diam-
eter and are deformed by dynamic recrystallisation of
the outer rims forming core-and-mantle structures.
Biotite grains are recrystallised with their [001]-planes
oriented subparallel to Sp,. Less frequently, kinked

Fig. 4 a Photomicrograph of biotite grains growing at the
expense of garnet in orthogneiss of the Cine nappe in the Ode-
mis submassif. The biotite grains mimic the shape of the
resorbed garnet grain. Location of outcrop: 37°56’19 N; 28°00'47
E. fsp Feldspar; bt biotite; gt garnet; gtz quartz. b C’-type shear-
band foliation (Berthé et al. 1979) indicating top-to-north sense
of shear in orthogneiss of the Odemis submassif. Note that the
material in the strain shadows is mainly recrystallised potassium
feldspar. Location of outcrop: 38°11'23 N; 28°03’57 E. ¢ Folia-
tion boudinage with quartz in the boudin neck. Symmetrical foli-
ation boudinage is typical for the northwestern part of the Cine
submassif. Location of outcrop: 37°39'33 N; 27°34'14 E. d Folia-
tion boudinage in orthogneiss southeast of Bagarasi with sym-
metric “fish-mouth”-type quartz pods in the neck of the boudin.
Location of outcrop: 37°39'33 N; 27°34'14 E
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relic grains of biotite with minor recrystallised rims
exist with [001]-planes oriented at high angles to the
foliation. In aluminium-rich orthogneisses, Sp, is
formed by biotite that grows at the expense of mil-
limetre- to centimetre-size garnets (Fig. 4a).

In Sp, a regionally consistent NE-trending stretch-
ing lineation (Lp,) is developed (Fig. 5a). Foliation
and lineation form LS- or L-type tectonites. Elongated
aggregates of recrystallised feldspar, quartz rods and
elongated aggregates of recrystallised biotite grains
form the stretching lineation. Recrystallised K-feldspar
grains grew parallel to Lp, between boudinaged and
displaced porphyroclasts (Fig. 3d). These recrystallised
grains are tens to hundreds of microns in diameter.

Asymmetrical deformation fabrics useful for kine-
matic analysis are frequently developed in the orthog-
neisses. This includes asymmetrical recrystallised tails
around feldspar porphyroclasts (sigma-type objects;
sensu Passchier and Simpson 1986) and C- and C’-type
shear bands (Berthé et al. 1979) at the decimetre
scale. The kinematic interpretation of asymmetrical
fabric elements (Passchier and Simpson 1986; Hanmer
and Passchier 1991) reflects regional variations in
shear sense (Fig. 6). North of the Biiyik Menderes
graben, top-to-NE shear-sense indicators (Fig. 4b)
dominate. At the northwestern margin of the Cine
submassif, symmetrical fabric elements, such as sym-
metrical strain shadows around feldspar and symmet-
rical foliation boudinage with “fish-mouth” quartz
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Fig. 5 Lower hemisphere
equal-area projections of
stretching lineations and asso-
ciated foliation planes in gran-
itic rocks of the Menderes
nappes. Upper row Northeast-
trending stretching lineations
(Lp) and foliation planes
(Spp) formed during amphibo-
lite-facies metamorphism in
orthogneisses of the Cine
nappe. Lower row North-
trending stretching lineations
(L a3) and foliation planes
(Sa3) formed during green-
schist-facies metamorphism in
orthogneisses and metagran-
ites of the Cine nappe

249 data, contoured at 1-6 times uniform distribution

20 data, contoured at 1-9 times uniform distribution

pods occur (Fig. 4c,d) together with minor top-to-NE
kinematic indicators (Fig. 6). In the central Cine sub-
massif, both top-to-NE and top-to-SW kinematic indi-
cators have been mapped.

There is no evidence that the top-to-NE and top-
to-SW kinematic indicators are of different genera-
tions, and no evidence that they developed during dif-
ferent metamorphic conditions. However, locally we
observed that the top-to-SW indicators are inverted
top-to-NE kinematic indicators due to later recumbent
tight to isoclinal folding about axes parallel to the NE-
trending Dp, stretching lineation.

Greenschist-facies structures (Dy3)

Greenschist-facies deformation structures (D,3) are
the second set of fabrics in the orthogneisses, where
they crosscut the amphibolite-facies Dp, structures,
and are the only set of structures in the metagranites.

234 data, contoured at 1-7 times uniform distribution

Sa3

18 data, contoured at 1-6 times uniform distribution

In orthogneisses in the Cine and Odemis submassifs,
Dy, fabrics are locally cut by isolated, centimetre- to
metre-thick, retrograde shear zones (Fig. 7; see also
Hetzel et al. 1998). In these shear zones a new folia-
tion (Sp3) formed. The development of S, is charac-
terised by the breakdown of garnet, potassium feld-
spar and biotite, and the new growth of chlorite,
albite and white mica. In S,3, a N-trending stretching
(La3) lineation formed and is expressed by stretched
aggregates of quartz (Fig. 5b), chlorite and white
mica.

In metagranites and orthogneisses of the Cine sub-
massif, the greenschist-facies shear zones increase in
number towards the Selimiye shear zone. In the Seli-
miye shear zone, the greenschist-facies structures
obliterated all previous fabrics in the orthogneisses.
Throughout the Selimiye shear zone, kinematic indica-
tors provide a top-to-south sense of shear (Hetzel and
Ring 1993; Bozkurt and Park 1994, 1997a, 1997b; Het-
zel and Reischmann 1996). The formation of the
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greenschist-facies structures probably took place at
temperatures below 400-500 °C, because feldspar por-
phyroclasts and biotite are commonly not recrystal-
lised but brittlely deformed (Fig. 8a; Bozkurt and
Park 1997a).

In the footwall of the Selimiye shear zone, meta-
granites and orthogneisses locally display networks of
ultracataclasites and pseudotachylites, which cut duc-
tile greenschist-facies structures. In contrast, Dy;
structures in the hangingwall of the Selimiye shear
zone are ductile and available data suggests that the
D 45 structures formed during prograde greenschist-fa-
cies metamorphism.
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Fig. 7 Two sets of defor-
mation fabrics in a road cut in
the Cine submassif showing
overprinting of pervasive
amphibolite-facies structures,
shown in grey, by localised
greenschist-facies shear zones
(shown in black). Location of
outcrop: 37°43'70 N;
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Fig. 8 a Greenschist-facies granitic mylonite with brittlely
deformed mantled porphyroclasts of magmatic K-feldspar. Shear
sense is top to south, as interpreted from clasts and shear bands.
Note that the foliation has a steep southerly dip in the outcrop
(180/72). Location of outcrop: 37°29'27 N; 27°32'13 E. b Pol-
ished section of the contact between the Mesozoic granite and
the Bozdag nappe mica schist in a roadcut in Derbent. An asym-
metrical shear-band cleavage, only developed in the mica schist,
indicates top-to-south sense of shear, whereas in the granite only
a weak fabric with g-type porphyroclasts is visible

Deformation of the Triassic granites
and their wallrocks

In the Triassic granites of the Derbent area (Fig. 1),
white mica, flattened quartz and K-feldspar grains
define a well-developed foliation. Biotite is rare; small
poikiloblastic garnets, which are tens of microns in
diameter, locally occur. Elongate quartz and feldspar
grains and aligned white mica form a N-trending
stretching lineation. Deformation fabrics in the gran-
ites are largely symmetrical; foliation boudinage is
locally observed.

In the surrounding mica schists of the Bozdag
nappe, granitic dikes are folded together with their
wallrock. In these mica schists, a greenschist-facies
foliation is associated with a N-trending stretching lin-
eation. Foliation and stretching lineation are associ-
ated with millimetre-spaced shear-band cleavages
formed by chlorite and biotite. Poikiloblastic garnets,
which are tens of microns in size, are locally observed.
The shear bands indicate a top-to-south sense of shear
(Fig. 8b). In intercalated amphibolite lenses, a pre-



vious foliation is cut by biotite-bearing shear bands
that also show a top-to-south sense of shear.

South of Derbent, the top-to-south fabrics in the
micaschists of the Bozdag nappe can be followed
across its upper nappe contact into the overlying Cine
nappe. Asymmetrical shear bands indicating a top-to-
south sense of shear overprint the Dp, fabrics in both
the Cine and Bozdag nappes.

Granites crosscutting Dp, structures and their age

In a series of outcrops along a road from Eskigine to
Akcaova, a suite of metagranites intruded the ortho-
gneisses. At the locality indicated in the legend of
Fig. 9, a metagranite crosscuts an orthogneiss, which
depicts well-developed Dp, structures. Because the
intrusion age of the granite provides a minimum age
for the Dy, structures in this part of the Cine submas-
sif, we carried out ”’Pb/?Pb dating on magmatic zir-
cons from this metagranite by the zircon evaporation
technique (Fig. 9).

The zircon evaporation technique has been
described by Kober (1986, 1987). The method involves
repeated evaporation and deposition of Pb isotopes
from chemically untreated single grains in a double-fil-
ament arrangement (Kober 1987). The analytical pro-
cedures and instrumental conditions used in this study
are detailed in Kroner and Hegner (1998). Repeated
evaporation and deposition during the analytical pro-
cedure yielded 2%Pb/?*Pb ratios in excess of 40,000
with errors of 10% or less. Only zircons yielding such
ratios were used for age assessment. Common lead
was corrected, where necessary, using the model of
Stacey and Kramers (1975).

No significant changes in the 2YPb/2%Pb ratios
were recorded on progressive heating, a feature sug-
gesting that the zircons analysed contained only one
stable radiogenic lead phase. The calculated ages and
uncertainties are based on the means of all ratios eval-
uated. Mean ages and errors are presented as
weighted means of the entire population (Table 2).
The 2Pb/?%Pb spectra are shown in a histogram,
which permits visual assessment of the data distrib-
ution from which the ages are derived (Fig. 9b).

Since the evaporation technique only provides Pb
isotopic ratios, there is no a priori way to determine
whether a measured >”’Pb/?Pb ratio reflects a concor-
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Fig. 9 a Cathodoluminiscence image of a typical long-prismatic
igneous zircon from sample MM 99-26 used for 27Pb/”%Pb dat-
ing. b Histogram showing the distribution of radiogenic Pb-iso-
tope ratios derived from evaporation of zircons from metagran-
ite sample MM 99-26 which crosscuts a mylonitically deformed
orthogneiss in an outcrop SW of Cine on the road from
Akcaova to Eskicine (2.4 km west of turnoff from the Cine-Ya-
tagan road). The spectrum plotted has been integrated from 227
ratios. Mean age is given with 2¢ mean error

Table 2 Zircon morphology and Pb isotopic data from zircon evaporation

Sample Zircon colour Mass scans? Evaporation Mean 27Pb/?%Pb ratio 207/Pb/2%Pb age
and morphology temperature and 20 mean error and 2¢ m error®
MM 99-26 Clear, euhedral, 227 1595°C 0.05846+0.0002 547.2+1.0¢

long-prismatic

aNumber of 27Pb/?%Pb ratios evaluated for age assessment
bObserved mean ratio corrected for non-radiogenic Pb; error
based on uncertainties in counting statistics

¢Error enhanced to reproducibility of internal standard (for
details see Kroner and Hegner 1998)
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dant age. Thus, principally, all ?°’Pb/?"Pb ages deter-
mined by this method are necessarily minimum ages.
Kroner and Hegner (1998) discussed this problem and
provided reliability criteria for evaporation analyses.
Comparative studies by single-grain evaporation, con-
ventional U-Pb dating and ion-microprobe analysis
have shown excellent agreement (Kroner et al. 1991;
Cocherie et al. 1992; Jaeckel et al. 1997, Karabinos
1997).

The analysed metagranite contains clear, euhedral,
long-prismatic  zircons of typical igneous habit
(Fig. 9a). Analysis of one fraction of three grains
yielded a mean age of 547.2+1.0 Ma (Fig. 9) which we
interpret as dating the time of protolith crystallisation.
This age must be considered with caution since it is
only one analysis, but it agrees well with zircon ages
of other granitods within the area (cf. Table 1).

Discussion

A striking feature of the granitoid rocks throughout
the Menderes nappes is the difference in composition
and the nature of internal deformation. Ductile defor-
mation fabrics vary according to their metamorphic
grade and the type of shear zones in which they occur,
and show overprinting relationships. The granitoids of
the Cine and Bozdag nappe show two sets of ductile
structures, which show consistent overprinting rela-
tionships and developed during different metamorphic
conditions. The first set of structures (Dp,) formed
during amphibolite-facies metamorphism and occur
exclusively in orthogneisses of the Cine nappe and not
in the metagranites and the mid-Triassic granites. One
crosscutting metagranite yields a zircon age of 547.2+
1.0 Ma, which we interpret as an intrusion age.
Orthogneisses dated at 550-570 Ma by Loos and
Reischmann (1999) are deformed by Dy, structures.
The consistent crosscutting relationships and our zir-
con dating of the crosscutting metagranite provides a
robust and important time constraint demonstrating
that Dy, is of late Neoproterozoic age.

Dp, fabrics with top-to-NE kinematics in ortho-
gneisses and metapelites of the Cine nappe and mica-
schists and amphibolites of the Bozdag nappe in the
Odemis submassif are considered to result from a tec-
tonic event that originally affected the Cine and Boz-
dag nappes. This is in accordance with the observation
that Dp, structures can be traced across the nappe
contact between the Cine and Bozdag nappes in the
eastern Odemis submassif.

An important feature seems to be the regional vari-
ation in kinematics of Dp, fabrics. In the Odemis sub-
massif, where the structurally lower parts of the Cine
nappe are exposed, the Dp, kinematic indicators are
consistently top-to-NE in the Bozdag nappe and in
the overlying Cine nappe. In the Cine submassif,
where structurally higher parts are exposed, symmet-
rical, top-to-SW and top-to-NE kinematic indicators

have been mapped. Folding of top-to-NE fabrics with
axes parallel to the stretching lineation, as locally
observed, may be one reason for the local reversal in
shear sense. However, the symmetrical fabrics still
need an explanation. We envision that strongly non-
coaxial deformation during Dp, was concentrated
mainly at the base of the Cine nappe. In the middle
and upper parts of the Cine nappe, the Dp, defor-
mation is likely to have been close to coaxial, pro-
ducing symmetrical fabrics and, at least in part, kine-
matic indicators with opposite kinematics.

A critical aspect of the tectonic interpretation of
Dp4 is the relation between Dp, deformation fabrics
and metamorphism. In garnet-bearing orthogneisses in
the higher parts of the Cine nappe in the Odemis sub-
massif, the Dp, structures formed during the break-
down of garnet to biotite, suggesting that Dpy
occurred during retrograde amphibolite-facies con-
ditions. However, Lackmann (1997 and Ring et al. (in
press) showed that in metapelites of the basal Cine
nappe and the directly underlying Bozdag nappe north
of Birgi, prograde growth of garnet from biotite
occurred synkinematically with the formation of the
Spa and Lp,. This suggests that Dp, occurred during
prograde Barrovian metamorphism. The Dp, defor-
mation juxtaposed the Cine and Bozdag nappes and
both nappes show peak-metamorphic conditions of
approximately 600-700°C and 6-9 kbar (Lackmann
1997; Gessner et al. 1998). Because Dp, proceeded
during prograde metamorphism in the metapelites of
the Cine and Bozdag nappes, it is likely that Dp, fab-
rics formed during crustal thickening and resulted
from horizontal crustal shortening. The discrepancy
between the prograde and the retrograde fabrics may
be explained by internal imbrication within the Cine
nappe under higher-grade metamorphic conditions
than those related to the emplacement of the Cine
nappe on top of the Bozdag nappe. During nappe
emplacement, reactivation of the tectonic contacts
within the Cine nappe may have caused retrogression
of the fabrics. Another explanation might be that the
breakdown and growth of garnet occurred simulta-
neously under the same metamorphic conditions due
to different bulk chemistries.

During the D3 event, the granitoids of the Cine
and Bozdag nappe were deformed heterogeneously by
greenschist-facies metamorphism. D,3 caused region-
ally consistent top-to-south tectonic transport. Because
D45 affects the mid-Triassic granites, it is of post-mid-
Triassic age. Our work in Cretaceous metasediments
of the middle unit indicates that D,; can also be
mapped in these metasediments and must therefore be
of Alpine age. Gessner 2000 argues that D,; rep-
resents a complex deformation causing the assembly
of the present nappe pile of the Anatolide belt in the
Eocene.

Another important question is whether or not D3
formed during an extensional or a contractional event.
It has been shown that brittle-ductile and brittle



extensional structures formed during the late Alpine
tectonic history of the Menderes nappes (cf. Hetzel et
al. 1995a, 1995b; Hetzel et al. 1998; Emre and Sozbilir
1997). However, not all greenschist-facies shear zones
are compatible with the bivergent orogenic extension
model suggested by Hetzel et al. (1995b) and Hetzel
et al. (1998). Collins and Robertson (1998), Ring et al.
(1999a) and Gessner 2000 proposed that the D 45 Seli-
miye shear zone formed in response to crustal short-
ening. As noted by Hetzel and Reischmann (1996)
and Collins and Robertson (1998), structure and meta-
morphic gradient of the Selimiye shear zone are in
marked contrast to typical core-complex-type exten-
sional detachments. Furthermore, deformation/meta-
morphism relationships indicate that D,; structures
formed during prograde greenschist-facies metamor-
phism or at the peak of the latter (Gessner 2000). Col-
lectively, these observations suggest that D5 is related
to crustal shortening.

The widespread occurrence of rocks of the Cine
nappe on top of the Bayindir nappe, especially north
of Aydin, has been attributed to thrusting by Candan
et al. (1992) and Lips (1998). In the Odemis area,
however, the Cine nappe occurs above the Bozdag
nappe, which in turn rests upon the Bayindir nappe.
This nappe pile, together with the overlying middle
and upper units, was finally assembled during green-
schist-facies metamorphism (Ring et al. 1999a; Gess-
ner 2000). The contact between the Cine and Bayindir
nappe north of Aydin is a cataclastic fault zone. The
footwall of this fault zone is not always the Bayindir
nappe; north of Ortaklar, the Selguk melange is in the
footwall of this cataclastic fault zone. These observa-
tions indicate that the cataclastic fault zone must be a
relatively late, i.e. Miocene or Pliocene structure. Fur-
thermore, there is no indication of thrusting or reverse
faulting in the Neogene sediments. In accordance with
Emre and So6zbilir (1997), we propose that the Giiney
detachment cut out the entire Bozdag nappe and
placed the Cine nappe above the Bayindir nappe in
this area.

Conclusion

Granitoids of the Cine and Bozdag nappes show two
distinct sets of structures which formed during differ-
ent orogenies. The first set of structures formed during
amphibolite-facies metamorphism in the latest Pro-
terozoic and caused, at least in part, internal imbrica-
tion in the Menderes nappes. During the Alpine
orogeny, the second set of structures formed during
greenschist-facies metamorphism. This second set of
structures is attributed to horizontal crustal shortening
and caused the final juxtaposition of the Menderes
nappes with the overlying units of the Cycladic blue-
schist unit, the Izmir-Ankara suture zone and the
Lycian nappes during collision of Anatolia with the
Sarakaya continent to the north.
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