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Abstract: The Menderes Massif in western Anatolia documents a complex geodynamic history from Precambrian to
recent. Eclogitic relics found in metagabbros in the Precambrian basement were dated by the U/Pb method. The zircon
age data from granulitic (coronitic) and eclogitic metagabbros is consistent with geological constraints as well as relative
and radiometric ages of the host granulitic gneisses and augen gneisses. A Pan-African intrusion age (540 Ma) of the
metagabbros and a shortly later eclogite facies event (530 Ma) are inferred. This scenario fits with the geodynamic
evolution deduced form the acidic country rocks of the eclogitic metagabbros. Direct links between the Menderes
Massif and Mozambique belt are obliterated by Alpine deformation. Nevertheless, the tectonic setting and age of the
Menderes eclogites support a terminal collision of East and West Gondwana and the final suturing of the Mozambique
Ocean during the Early Cambrian.
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Menderes Masifi’nin Orta Kesimindeki Pan-Afrikan Eklojitlerine
Ait Jeokronolojik Veriler

Özet: Batı Anadolu’da yer alan Menderes Masifi Prekambriyen’den günümüze uzanan karmaşık bir jeodinamik geçmişe
ait veriler içerir. Prekambriyen temelde bulunan, metagabrolarla ilişkili eklojitik kalıntılar U/Pb yöntemiyle
yaşlandırılmıştır. Granulitik (koronitik) ve eklojitik metagabrolardan elde edilen yaşlar, genel jeolojik verilerin yanı sıra
çevre kayayı oluşturan granulitik gnays ve gözlü gnaysların göreceli ve radyometrik yaşları ile de uyum sunmaktadır.
Veriler, gabro sokulumlarının Pan-Afrikan (540 My) yaşlı olduğunu ve izleyen evrede (535 My) eklojit fasiyesi
koşullarında başkalaşıma uğradıklarını göstermektedir.  Bu senaryo, eklojitik metagabroların çevre kayalarını oluşturan
asidik magmatiklerin jeodinamik evrimleri ile uyum göstermektedir. Menderes Masifi ile Mozambik kuşağı arasındaki
doğrudan ilişkinin Alpin deformasyonu ile büyük oranda silinmiş olmasına karşın söz konusu eklojitlerinin yaş ve
tektonik ortamının Erken Kambriyen’de Doğu ve Batı Gondwana’nın çarpışması ve Mozambik Okyanusu’nun
kenetlenmesi evresini tanımladığı düşünülmektedir.

Anahtar Sözcükler: Menderes Masifi, eklojit, Pan-Afrikan metamorfizması, zirkon U/Pb yaşları, Mozambik kuşağı

Geologic Frame of the Menderes Massif
The region of Western Turkey underwent complex
Pan-African, Variscan and Alpine orogenic processes
involving accretion of various terranes and micro-
continents. Associated with these processes,
continental and oceanic crusts were subducted and
exhumed. Age determinations of discrete

petrological assemblages that can be tied to specific
geodynamic processes are therefore crucial for a
better understanding of the geological evolution of
the region. 

The evolution of the Menderes Massif comprises
at least six prograde as well as retrograde
metamorphic phases and four magmatic cycles
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(Dürr 1975; Satır & Friedrichsen 1986; Candan et al.
1994, 2001; Candan 1996a, b; Bozkurt & Oberhänsli
2001). The simple core-cover interpretation for the
Menderes Massif has been discarded and a complex
nappe structure proposed (Figure 1; Partzsch et al.
1998; Ring et al. 1999a, b; Gessner et al. 2002).
Further investigation showed that the Menderes core
(crystalline basement) consists of separate Pan-
African and Palaeozoic units (Candan et al. 2001;
Dora et al. 1995). The Pan-African rocks of the
central complex of the Menderes Massif show a poly-
metamorphic evolution (Candan et al. 2001) and
contain eclogitic metagabbros and eclogites
(Oberhänsli et al. 1997; Candan et al. 2001; Warkus
2001). The high-pressure rocks are restricted to the
strongly metamorphosed Precambrian basement of
the Massif. 

Contacts of some metagabbros show they
intruded the enclosing country rocks (Oberhänsli et
al. 1997). The metagabbros occur as lenses parallel to
the main foliation of the encasing gneisses and are
commonly zoned.

Near Birgi (Figure 1), the cores of such lenses
exhibit magmatic granoblastic textures. Generally
they show coronitic textures typical of an early
prograde amphibolite to granulite facies
metamorphism (Candan et al. 2001). Along shear
bands, however, these earlier high temperature
parageneses were replaced by eclogite facies
parageneses (Figure 2). The enclosing paragneisses,
orthogneisses and migmatites yield Pan-African ages
(Table 1) (e.g., Hetzel et al. 1995; Hetzel &
Reischmann 1996; Loos & Reischmann 1999;
Warkus 2001). Similar ages (540 to 580 Ma) have
been reported from the northern and southern
complexes of the Menderes Massif (e.g., Dannat
1997; Gessner et al. 2004; Catlos & Çemen 2005). In
this paper we present new geochronological data
from the eclogites of the Menderes Massif. Moreover,
based on the observed ages we discuss the
geodynamic link between the Menderes Massif and
the Mozambique belt.

Geology and Petrology of Eclogite Locations
In the Ödemiş-Kiraz and Aydın mountains of the
central Menderes Massif, metagabbros with high-

pressure relics occur within the basement consisting
of orthogneisses and high-grade schists /
paragneisses (Figure 1). Eclogitic relics have been
observed at Salihli, Alaşehir, Birgi, Kiraz and Tire
(Oberhänsli et al. 1997; Candan et al. 2001). Yet,
from the northern part of the Menderes Massif
(Simav complex) eclogites were reported from only a
few localities (Candan et al. 2001), while in the
southern Menderes Massif (Çine complex) eclogitic
relics have not been observed, though metagabbros
are widespread. In the central Menderes Massif
(Salihli, Alaşehir, Birgi, Kiraz, Tire) eclogitic
metagabbros are more abundant. Well-preserved
eclogites recrystallized from a basaltic protolith were
recognized near Kiraz.

Field observation in the Pan-African basement of
the Menderes Massif and thin section studies show a
complex polyphase metamorphic history. There is
evidence that the eclogite stage overprints a coronitic
upper amphibolite to granulite stage and both the
coronitic and eclogitic stages were overprinted by a
later amphibolite-facies event (Candan et al. 2001).
Granulite facies relics such as orthopyroxene and
sillimanite occur in the surrounding orthogneisses
(Dora et al. 1995; Candan et al. 2001). Based on these
observations several P-T paths have been shown
(Figure 3), proposing an evolution from granulite
facies to eclogite facies followed by almost
isothermal decompression producing an amphibolite
facies overprint (Oberhänsli et al. 1997; Partzsch et
al. 1998; Candan et al. 2001). Evidence for an
eclogitisation after the granulite stage includes
textural evidence such as a coronitic gabbro with an
eclogitic vein (Figure 2) that indicates that
recrystallisation took place along with fluid
circulation. 

Warkus (2001) made the first attempts to date
zircons from the eclogitic metagabbro of Alaşehir
using the Pb-Pb evaporation method. 10 zircons
were analysed. Two single zircon analyses and a bulk
of 8 grains show ages ranging between 507±4 Ma,
497±6.2 Ma and 521±1.9 Ma. In this study we used
zircons from eclogitic samples from Birgi, Kiraz, and
Tire for dating. The Salihli samples could not be
dated due to inadequate zircon content.

The Birgi region (Figure 4) is characterised by a
widespread occurrence of small and large gabbroic to
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Figure 1. Generalised geologic map of the Menderes Massif and the main localities of the Pan-African high-pressure relics
(modified after Candan et al., 2001). The Massif can be divided into three major submassifs, the Simav-Gördes complex
to the North, the Ödemiş-Kiraz complex in the Centre and Çine complex to the south. White points with numbers in
parenthesis indicate locations for ages given in Table 1. Due to imprecise location 9 references are not plotted.
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Figure 2. (a) Photograph showing the effect of fluid infiltration and deformation resulting in eclogitization of the coronitic
metagabbro in the Birgi locality; (b) hand specimen view of a coronitic metagabbro; (c) hand speciment view of eclogitic
metagabbro showing relic plagioclase and the omphacite (light green) + garnet association; (d) microphotograph of
eclogitic metagabbro showing ghost textures of relict magmatic plagioclase.
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amphibolitic stocks and lenses within augen- and
para-gneisses. The largest bodies consist of gabbroic
protoliths with relict magmatic granoblastic textures
(Oberhänsli et al. 1997; Candan et al. 2001; Warkus
2001) that are superimposed by coronitic textures,
indicating a high temperature metamorphic event.
Along their strongly deformed marginal zones, the
coronitic metagabbros have been transformed to
eclogite and finally to amphibolites. In the
undeformed cores of metagabbroic lenses the relict
igneous mineral assemblage consists of plagioclase,
hornblende, orthopyroxene, clinopyroxene and

rarely olivine. Accessory secondary minerals are
titanite, biotite and white mica. Very fine-grained
coronitic textures with amphibole, biotite, garnet and
clinozoisite demonstrate a first HT metamorphic
overprint of these rocks. Along crosscutting shear
bands symplectitic textures (omphacite, plagioclase,
quartz) dominate. Larger veins contain eclogitic
assemblages with garnet, omphacite and quartz.
Plagioclase remains as a relict phase enclosed by
garnet (Figure 2). For dating we separated zircons
from eclogitic veins and eclogitic metagabbros.



Method Age (Ma) Authors

1 paragneiss, Kula Pb/Pb single-zircon evaporation 2460–587 Dora et al. 2002
2 orthogneiss, Kula Pb/Pb single-zircon evaporation 549.7±7.6 Dora et al. 2002

3 orthogneiss, Simav
orthogneiss, Demirci Pb/Pb single-zircon evaporation 541.4±2.5 

537.2±2.4 Dannat 1997

4 metagabbro, Alaşehir Pb/Pb  single zircon evaporation 521±1.9 Warkus 2001

5 granulite, Tire monazite U/ / Pb microprobe 620–700 Warkus 2001
6 granulite, Tire U/Pb SHRIMP 583.0±5.7 Koralay et al. 2006
7 garnet schist, Alaşehir monazite, U/ / Pb microprobe 512–483 Catlos & Çemen 2005
8 paragneiss, Birgi Pb/Pb single-zircon evaporation 622–2558 Dora et al. 2002
9 orthogneiss, Birgi zircon 539±9 Warkus 2001

10 orthogneiss, Birgi monazite 532±19 Warkus 2001

11
orthogneiss, Kuyucak
orthogneiss, Buldan
orthogneiss, Kiraz

Pb/Pb single-zircon evaporation
528.0±4.3
528.1±1.6
538.1±2.6

Dannat  1997

12 orthogneiss, Alaşehir Pb/Pb single-zircon evaporation 561.5±0.8
570.5±2.2 Koralay et al. 2004

13 migmatite-metagranite,
Birgi U/Pb 551±1.4 Hetzel et al. 1998

14 mica schist, Bafa Pb/Pb single-zircon evaporation 592–2455 Dora et al. 2005
15 mica schist, Yatağan Pb/Pb single-zircon evaporation 593–2482 Dora et al. 2005
16 paragneiss, Çine Pb/Pb single-zircon evaporation 792–613 Dora et al. 2002
17 paragneiss, Çine Pb/Pb single-zircon evaporation 2555–1740 Reischmann et al. 1991

18 orthogneiss, Selimiye Pb/Pb single-zircon evaporation

563±3, 536±9
572±7, 521±8
556±4, 546±5

551±5

Loos & Reischmann 1999

19 orthogneiss, Çine Pb/Pb single-zircon evaporation 547.2±1.0 Gessner et al. 2001
20 orthogneiss, Çine U/Pb SHRIMP 566±9 Gessner et al. 2004
21 orthogneiss, Bafa U/Pb SHRIMP 541±14 Gessner et al. 2004
22 orthogneiss, Çine Rb/Sr whole rock 490±90 Dora (1975, 1976)

23 orthogneiss, Yatağan Pb/Pb single-zircon evaporation
552.1±2.4
551.5±2.9
545.6±2.7

Dora et al. 2005

24 orthogneiss, Karacasu Pb/Pb single-zircon evaporation 530.9±5.3 Koralay et al. 2007

25 orthogneiss, Selimiye Pb/Pb single-zircon evaporation 546.0±1.6
546.4±0.8 Hetzel & Reischmann 1996

26 orthogneiss, Çine Rb/Sr whole rock 471± 9 Satır & Friedrichsen 1986
27 garnet gneiss, Çine monazite, U/ / Pb microprobe 571, 488, 437 Catlos & Çemen 2005
28 migmatite, Çine Pb/Pb single-zircon evaporation ~540 Dannat 1997
29 migmatite, Çine Rb/Sr whole rock ~529 Schuiling 1973
30 migmatite, Çine Rb/Sr whole rock 502±10 Satır & Friedrichsen 1986

31 orthogneiss, Çine Rb/Sr biotite
Rb/Sr white mica

37±1
56±1 Satır & Friedrichsen1986

32 orthogneiss, Aydın Ar/Ar white mica 36±2 Lips et al. 2001

33 orthogneiss, Selimiye Ar/Ar white mica 43–37 Hetzel & Reischmann 1996
34 quartz vein, Selimiye Rb/Sr white mica 62–43 Bozkurt & Satır 2000

Çine (southern) Submassif

Ödemiş-Kiraz (central) Submassif

Demirci-Gördes (northern) Submassif

Lithology / Locality

Table 1. Compilation of age data available from the Menderes Massif basement rocks. Numbers for identification are used on Figure 1.
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Kiraz is the only locality with both eclogitic
metagabbros and eclogites with basaltic precursors.
Both eclogitic rock types are in contact with augen
gneisses and mica schists. The basaltic eclogites are
fresh and show synmetamorphic folding, whereas
the eclogitic metagabbros are strongly altered.
Eclogites are composed of garnet, omphacite and
rutile. Plagioclase occurs as a relict phase and
amphibole as a post HP mineral. Additionally
ilmenite, zoisite and quartz occur.

In the Tire Klippe (Figure 5), eclogitic
metagabbros are associated with granulites and
migmatites (Oberhänsli et al. 1997). Typical primary
lithologies of the metabasic igneous rocks are olivine
gabbros, noritic gabbros and norites. As in the Birgi
region, igneous precursors with subophitic to
holocrystalline texture are well preserved in the cores

of the bodies. Eclogitic metagabbros are better
preserved than in the Birgi region. They are
composed of garnet, rutile, omphacite, quartz and
amphibole, and contain accessory epidote, biotite,
chlorite and zircon. Zircon occurs preferentially as
inclusions in quartz.

Material and Methods
Material
10 eclogite samples were selected for zircon U/Pb
analyses. Five samples, one eclogitic metagabbro
(361), one coronitic gabbro (362) and three eclogites
with basaltic protolith (363, 364, 365) are from the
Birgi-Kiraz area. One sample of eclogitic metagabbro
was taken from the Tire Klippe (370). The Kiraz
samples had to be rejected since no zircon could be
separated from samples 363 and 364, and sample 365
contained <1% zircon. The two Birgi samples (361,
362) contained enough zircon for age determination.

Sample Preparation
Samples were crushed and sieved and heavy minerals
separated on a water table. Magnetic minerals were
separated with a FRANZ magnetic separator with
currents of 0.6, 0.9 at an inclination of 10° and 1.2 A
at 5°. Diamagnetic minerals were sampled at the last
step, then bromoform [CHBr3] and diiodinemethane
[CH2I2] were used as heavy liquids. The concentrates
were checked for zircon, rutile, titanite and apatite
under immersion liquids.

Zircon was hand-picked and analysed with a
scanning electron microscope (JEOL 840,
Centraurus-BSE/CL, OXFORD INCA EDX;
University Münster) and by cathodoluminescence
(CL, CL8200mk4; University Potsdam).

TIMS Isotope Analyses
The chemical treatment for isotope analyses is based
on the method of Krogh (1973). For cleaning, hand-
picked zircons were placed in 3ml SavillexÒ-Teflon
crucibles. 1ml 6N HCl and 2 drops of HNO3 were
added. The crucibles were left overnight on a 90 °C
hot plate and then the contents washed 4 times with
distilled water. For digestion, 50 mg of the 205Pb-235U
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Figure 3. Compilation of published P-T evolutions for the
eclogitic rocks of the Central Menderes Massif. The
problem of a pre- versus post-eclogitic granulite stage
is discussed in the text. A pre-eclogite granulite stage
is supported by textural arguments (see text and
Figure 2a).
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spike were added together with 1 ml 24N HF and 3
drops concentrated HNO3. Distilled water was added
so as not to cover the bottom of the crucibles
completely. The SavillexÒ-Teflon beakers were placed
in ParrÒ-bombs and left for 5 days at 200 °C. After
optical control the samples had to be treated in the
same way for another 10 days. A second set of the
same samples needed 3 weeks for digestion. The
samples were then condensed at 80–90 °C and taken
up with ca. 0.5 ml 3N HCl. For the separation of U
and Pb, resin filled (Bio-Rad AG 1x 8, 100-200 mesh)
Teflon columns with a volume of ca. 200 μl were
used. They were cleaned with 1 reservoir volume

(RV) distilled water, and 1 RV 6N HCl and finally
equilibrated with 0.75 RV 3N HCl. The columns
were loaded with the samples and washed twice with
0.75 RV 3N HCl. After extraction of the 3N HCl, Pb
and U were eluted with 0.75 RV 6N HCl and 0.75 RV
H2O respectively. The elutes were taken up in HNO3

conc. and 1 drop of H3PO4 and completely dried on a
90 °C hot plate. H3PO4 marks the sample since it does
not evaporate.

The samples were then transferred to Refilaments
following the method of Cameron et al. (1969). To
determine the external reproducibility of the isotope
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ratios standard NBS 982 with a concentration of 30
ppm was used for Pb and standard U-500 with a
concentration of 250 ppm for U. To enhance
measurements 1μl H3PO4 was added to both
standards. U was measured as double oxide 267UO2

2+/
270UO2

2+.
Isotope ratios were measured with a VG Sector 54

Multicollector Thermion-mass spectrometer (TIMS)
at the Central Laboratory for Geochronology,
University of Münster.

Samples were measured with Faraday collectors,
except for sample 370 which was analysed with an
ion detector (Daly). Measurements of standards
started every experiment. Decay constants after
Jaffey et al. (1971) were used as suggested by Steiger
& Jäger (1977). For data processing we used Pb-DAT
1.24 (Ludwig 1980) and ISOPLOT.

Cathodoluminescence 
The coronitic metagabbros from Birgi contain
zircons (362c, d) with unzoned cores and a very thin
metamorphic rim (Figure 6a, b). Both samples show
only thin bright edges that represent the
metamorphic overgrowth, making up approximately
10% of the crystals. Zircons from the eclogitic
metagabbros of Birgi and Tire (Figure 6c, d) mostly
show dark, mainly unzoned cores. Samples 370f and
361c are overgrown with double rims, reflecting
metamorphic episodes. Sample 370f from Tire
exhibits sector zoning around a homogeneous core
that we assign to a first metamorphic event (M1).
The Birgi sample (361c) has cracked cores and a
continuous zoned growth pattern assigned also to
M1. The second metamorphic event (M2) produced
small bright rims. All rims are prismatic and thus
must be interpreted to have grown at least under
upper amphibolite facies conditions (Vavra et al.
1999). Despite the variability shown, we did not
abrade zircons due to their small size and their
complex growth pattern.

TIMS Analyses
From the Birgi coronitic metagabbro we picked 25 to
30 crystals of homogeneous yellowish to clear zircon,
150 μm in diameter, for two measurements. Sample

362 gives a concordant age of 540.4±3.5 Ma (Figure
5a). The 206Pb/ 238U, 207Pb/ 235U, and 207Pb/ 206Pb ages
are 540±4 Ma, 541±3 Ma and 543±8 Ma, respectively
(Table 2).

From the Birgi eclogitic metagabbro we prepared a
first batch (361a) consisting of 25 yellowish clear
idiomorphic zircons (100 mm) and a second batch
(361b) with 100 smaller but optically identical
zircons. Both samples revealed concordant ages of
529.9±22 Ma (Table 2; Figure 5b) but the 206Pb/ 204Pb
ratio of sample b indicates less inherited Pb. A small
correction (Stacey & Kramers 1975) thus put sample
361b on the Concordia as well. We assume a small
but significant effect of the inherited cores. The
cathodoluminescence study infers a small loss of Pb
due to metamorphism or hydrothermal leaching.
The low Pb content of our samples and hence the
large effect of estimated inherited Pb (Stacey &
Kramers 1975) hampers our analyses. Since feldspar
is missing in the high pressure paragenesis of these
samples, the method to determine common Pb
analytically on feldspar (e.g., Möller et al. 2000)
could not be applied.

From the Tire eclogitic metagabbro we analysed 75
colourless to yellowish idiomorphic to rounded
zircons (350 μm; sample 370b). 204Pb values were
close to instrumental detection limits and the sample
is not considered in the discussion. The data of 25
grains from sample 370a are discordant. The samples
contain a high amount of inherited Pb as can be seen
from the 206Pb/ 204Pb ratio (Table 2, Figure 5c).
Besides estimating inherited Pb (Stacey & Kramers
1975), an additional correction is needed. Influence
from the inherited core and/or Pb loss cannot be
excluded. Extremely long digestion times in HF and
the colours in CL images point to U-poor zircons
similar to sample 370b. Zircons (370a) are not
metamict and therefore Pb loss should not be an
important factor. Based on inherited Pb and
inherited cores we interpret a 206Pb/ 238U age of 531±9
Ma as a minimum age for this sample.

Consequences for the Metamorphic Evolution
We will summarise below geological, petrological
and geochronological evidence for the Pan-African
and Alpine orogenic events that have influenced the



investigated zircons. We will discuss the new ages
with respect to the zoning pattern of the zircons,
since bulk analyses of zoned crystals produce mixing
ages. Zonation pattern and habits determine the
extent of mixing of ages. Finally we will compare
radiometric data from surrounding gneisses and
migmatites with zircon ages from the eclogitic rocks.

Effects of Pan-African and Alpine Orogenesis 
The Pan-African basement is unconformably
overlain by a Palaeozoic series of metamorphic rocks
containing chloritoid, garnet and staurolite,
indicating that both Precambrian basement and its
sedimentary cover series underwent post Pan-
African upper greenschist to lower amphibolite
facies metamorphism. 40Ar/39Ar mica ages from the
whole Menderes Massif, including crystalline
basement and metasedimentary cover, show

identical Alpine ages, indicating that the entire
Menderes Massif was heated above the blocking
temperatures of mica during the Eocene. This means
also that the basement must have been heated above
the closure temperature of white mica (500±50 °C
Rb-Sr; 350±50 °C K-Ar, Ar/Ar). All these facts point
to elevated temperatures during the Alpine orogeny.
Furthermore, migmatites and related granites are
common in the Menderes Massif. With the exception
of the Demirci area at the northern limit of the
Simav-Gördes complex (Oligocene–Early Miocene
migmatites; Bozkurt pers. comm.), migmatites are
restricted to the Pan-African basement. This
observation is consistent with geochronological data
from acidic rocks (Gessner et al. 2004; Koralay et al.
2006). SHRIMP U/Pb analyses from the outermost
rims of zircons from metagranites of the Çine region
(Gessner et al. 2004) have not yielded young (Alpine)
ages. This suggests that zircons from the Pan-African
basement in the Ödemiş-Kiraz and Çine complexes
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Figure 6. CL images of Birgi and Tire metagabbros: (a, b) Birgi coronitic metagabbro (samples 362c, d): broken zircons crystals with
poly-faceted core surrounded by fine sector zoned light rims; (c) Birgi eclogitic metagabbro (sample 361 c): long prismatic
zircon with resorbed core surrounded by a light rim with sector zoning; (d) Tire eclogitic metagabbro (sample 370 f): broken
prismatic core surrounded by a rim with lamellar sector zoning. The rim shows chemical resorption features.

a birgi 362 c coronitic metagabbro 
b birgi 362 d coronitic metagabbro 
c birgi 361 c eclogitic metagabbro 
d tire 370 f eclogitic metagabbro 
e selcuk 373 f eclogitic metagabbro 
f selcuk 374 c eclogite 
g selcuk 374  d eclogite 
h selcuk 374 a eclogite 
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have not been affected by Alpine high temperature
events.

In the central Ödemiş-Kiraz complex, a
polyphase Pan-African evolution with granulite,
eclogite and amphibolite facies metamorphism is
based on petrological (Oberhänsli et al. 1997;
Candan et al. 2001), as well as on geochronological
data from the augen gneiss (Warkus 2001;
Oberhänsli et al. 2002). Eclogitic metagabbros occur
only within the Pan-African basement of the Central
Menderes Massif. No evidence for an eclogitic
metamorphism in the kyanite-staurolite-garnet-
bearing Palaeozoic metasediments has been
observed. 

In the southern Çine complex, metagabbros
within the Pan-African basement have experienced
neither the eclogite nor the granulite overprint. Most
of the Menderes Massif Pan-African basement
experienced lower amphibolite facies
metamorphism. Migmatites and related granite
intrusions only occur within the Pan-African
basement. In the Çine-Yatağan area (southern
Menderes Massif) the Pan-African basement is
unconformably overlain by Palaeozoic
metasediments with a basal metaconglomerate. In
the Koçarlı and Bozdoğan area these Palaeozoic
series contain schists with kyanite, staurolite and
garnet representing lower amphibolite facies
conditions. Along the southern edge of the Menderes
Massif, between Selimiye and Yatağan, the
Palaeozoic schists include phyllites with garnet and
chloritoid, recording upper greenschist facies
conditions. This indicates that during the Alpine
event, temperatures never reached upper
amphibolite facies conditions in the cover rocks. The
Triassic to Palaeocene series along the southern
margins of the Menderes Massif records HP/LT
metamorphism (Rimmelé et al. 2003; Whitney et al.
2008) during an Alpine event. 
To summarise, petrological evidence of the
polyphase Pan-African metamorphism and relative
age relations suggest a granulite-eclogite-upper
amphibolite evolution, whereas the Alpine events
indicate a blueschist and upper greenschist facies
overprint along the southern border of the Menderes
Massif while to the north lower amphibolite
conditions are recorded.
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Complex Zircon Zoning Pattern
Zircons dated from eclogites show complex zoning
textures, representing a complex magmatic and
polymetamorphic history. CL images of the
Menderes eclogite zircons reveal a polyphase history
with a magmatic stage (broken cores) that was
followed by a first metamorphic event (M1) that
produced major portions of sector zoning.
Furthermore, all zircons show small, bright
metamorphic rims, which we assign to a second
metamorphic event (M2). As shown on the CL
images (Figure 4), the major portion of the zircon
crystals is made up of sector-zoned parts. Such sector
zoning is typical of amphibolite to granulite facies
metamorphic conditions (Vavra et al. 1999).
Therefore we are confident that the ages retrieved
from zircons in eclogitic metagabbros represent the
timing of the eclogite-upper amphibolite transition,
which might have resulted in migmatization and
granite generation. This event was brief, as deduced
from petrological and geological observations
(Oberhänsli et al. 1997; Candan et al. 2001) and
supported by ages (Koralay et al. 1998; Hetzel et al.
1998). Yet we are aware that both Pan-African and
Alpine events could have produced these complex
zircon patterns, since both orogenic events led to
amphibolite facies conditions. Our ages, however,
rule out an Alpine influence on the zircons.

Comparison of Radiometric Ages
The new dating of the eclogitic rocks from the
Central Menderes basement (Ödemiş-Kiraz
complex) demonstrates a Pan African high-pressure
event. This has to fit into the known picture of the
Pan-African evolution, and it will be done by
comparison with published results (Table 1) from
granulites, augen gneisses and migmatites.

Electron microprobe (EMPA) monazite ages of
granulites from Tire scatter around 600 Ma (592±26
Ma monazite in garnet; 614±25 Ma in matrix;
Warkus 2001). U-Pb SHRIMP zircon analyses of the
same locality gave 583.0±5.7 Ma (Koralay et al.
2006). 

Augen gneiss samples show a wide spread of U-
Pb ages, 540–560 Ma (Hetzel & Reischmann 1996;
Dannat 1997; Koralay et al. 1998, 2001). Monazite
EMPA ages from the augen gneiss surrounding the

eclogitic metagabbro near Birgi peak are around
580±35 and 640±45 Ma (>100 measurements;
Warkus 2001), while Pb-Pb evaporation ages average
at 539±9 Ma (Warkus 2001).

The age of the migmatization and related granites
was determined as ~540 Ma in the Gördes area
(Dannat 1997), 551±1.4 Ma in the Birgi area (Hetzel
et al. 1998) and 560.0±15.0 Ma in the Tire area
(Koralay et al. 2006), respectively.

At Birgi (Ödemiş-Kiraz complex) the age of the
coronitic metagabbros (sample 362, 540.4±3.5 Ma),
interpreted to be the intrusion age of the gabbroic
protolith, is slightly older than the age of the eclogitic
metagabbro (sample 361, 529.9±22 Ma) representing
the eclogite or eclogite-amphibolite facies transition.
No age recording the granulite stage was observed in
the zircons. For the Tire area the 206Pb/ 238U zircon
age of 531±9 Ma is interpreted as its minimum age.

The geological, petrological and textural evidence
suggest a relative order for the polyphase
metamorphic evolution of the Pan-African
basement, with granulite and eclogite stages (Candan
et al. 2001). Both events are overprinted by a later
high-temperature amphibolite facies. This high
temperature event caused local migmatization and
granite formation in some parts of the Menderes
Massif.

In conclusion, the zircon age data from coronitic
and eclogitic metagabbros presented here is
consistent with geological constraints as well as
relative and radiometric ages of the granulites. We
infer that metagabbros represent Pan-African
intrusions dated as 540 Ma, which shortly after their
intrusion underwent an eclogite facies
metamorphism (530 Ma).

Relationship with the Mozambique Belt
The Pan-African orogeny, involving a protracted
orogenic cycle from 950 to 450 Ma (Kröner 1984),
encompasses the processes involved in complete
amalgamation of Gondwana. Neoproterozoic plate
configurations (Stern 1994; Wilson et al. 1997)
suggest that East and West Gondwana were
separated by a major basin, called the ‘Mozambique
Ocean’ (Dalziel 1991). The closure of this ocean and
continental collision of East and West Gondwana
resulted in the development of a N–S-trending
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orogenic belt (Mozambique belt) exposed along the
eastern margin of Africa.

The Mozambique belt is characterized by high-
grade metamorphism with granulites. Stern (1994)
related granulite facies metamorphism to the closure
of the Mozambique Ocean and continental collision
of East and West Gondwana. Thus, the age of this
metamorphism can be used as direct evidence for the
timing of the collision. Present age constraints,
including zircon ages of granulites, cluster around
715–650 Ma (Sabaloka-Sudan; Kröner et al. 1987;
Tanzania; Maboko et al. 1989) and 610–520 Ma (ca.
550 Ma) (Madagascar; Paquette et al. 1994; India;
Choundhary et al. 1992; Sri Lanka; Kröner et al.
1994). 

Stern (1994) considered that the first age group
reflects the final collision of East and West
Gondwana. The spread in ages was interpreted to be
due to irregular shapes of the colliding continental
margins (Muhongo 1994). According to these
authors, final collision and suturing of East and West
Gondwana along the Mozambique belt thus
occurred during the late Neoproterozoic (640–680
Ma). However, the tectonic setting of the granulite
formation within the Mozambique belt is
controversial. As emphasized by Möller et al. (2000),
the granulite facies metamorphism in Tanzania
cannot be attributed to a continent-continent
collision setting due to slow cooling rates and low
pressure conditions corresponding to a crustal
thickness of < 40 km. Similarly, Wilson et al. (1997)
noted concerns for a tectonic model of the ‘older
granulites’ and envisaged a time range between 600–
550 Ma for the culmination of continent-continent
collision.

Recently, eclogites from northern Malawi have
been reported in the Mozambique belt (Ring et al.
2002). This high-pressure event was dated at 530–

500 Ma by the zircon Pb/Pb evaporation method.
The eclogite-facies metamorphism was related to
crustal thickening during subduction/collision and
suggests the timing of the final collision of the
Mozambique Ocean was Early Cambrian.

Plate reconstructions place the Menderes and
Bitlis massifs, where kyanite-bearing eclogites of
Pan-African age were reported (Okay et al. 1985) at
the northern end of the Mozambique belt in the
Cambrian (Şengör et al. 1984; Stern 1994; Dora et al.
1995; Stampfli & Borel 2002; Gessner et al. 2004).
The new age data for the Menderes eclogites (530
Ma), consistent with the date of the Malawi eclogites,
suggests a genetic connection of the Pan-African
basement of the Menderes Massif with the suture of
the Mozambique belt. Although direct links between
the Menderes Massif and Mozambique belt are
obliterated by subsequent plate dispersal the inferred
tectonic setting and age of the Menderes eclogites
corroborates terminal collision of East and West
Gondwana and the final suturing of the Mozambique
Ocean during Early Cambrian closure of the
Mozambique ocean.
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