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Abstract This study focuses on the petrology, geochro-
nology and thermochronology of metamorphic rocks within
the northern Menderes Massif in western Turkey. Metasedi-
ments belonging to the cover series of the Massif record
pervasive amphibolite-facies metamorphism culminating at
ca. 625-670 °C and 7-9 kbars. U-Th-Pb in situ ages on
monazite and allanite from these metapelites record crustal
thickening and nappe stacking associated with the internal
imbrication of the Anatolide-Taurides platform during the
Eocene. In addition, new *Ar/*°Ar single muscovite grain
analyses on deformed rocks were performed in three locali-
ties within the northern Menderes Massif and ages range
from 19.8 to 25.5 Ma. These mylonites may be related
to both well-known detachments, Simav to the north and
Alagehir to the south, which accommodate Oligo—Mio-
cene exhumation of the Menderes core complex. U-Th-Pb
data on monazite grains (22.2 £ 0.2 Ma) from migmatites
emplaced within the Simav detachment confirm these ages.
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Introduction

Deformation of the earth’s lithosphere involves a complex
interplay between brittle and ductile processes at various
structural levels. Metamorphic core complexes are highly
metamorphosed rocks exhumed from mid-crustal levels to
near surface. They form during continental extension when
deformation in the upper crust is localised in detachment
faults, which are low angle to horizontal shear zones that
juxtapose rock suites of varied lithology, age and deforma-
tion history (Whitney et al. 2013). These structures have
been extensively studied using a variety of techniques,
e.g. field-based studies (e.g. Miller et al. 1983; Bozkurt
and Park 1994; Gautier and Brun 1994; Isik et al. 2003),
numerical modelling (e.g. Buck et al. 1998; Lavier et al.
1999; Tirel et al. 2004, 2008; Rey et al. 2009a; Schenker
et al. 2012) and analogue modelling (e.g. Brun and van
den Driessche 1994; Malavieille 2010). Metamorphic
core complexes and extensional structures are widely
distributed within the Aegean Sea itself and in its vicin-
ity from western Turkey, Greece and Bulgaria (Fig. 1a).
The presence of Cordilleran-type metamorphic core com-
plexes in the Aegean region was first proposed by Lister
et al. (1984) based on their work on the Cycladic complex
in the Aegean Sea and was confirmed by several studies
in the 1990s (Rhodope Massif: Dinter and Royden 1993;
Kazdag Massif: Okay and Satir 2000; Cycladic complex:
Buick, 1991; Gautier and Brun 1994; Vandenberg and Lis-
ter 1996; Menderes Massif: Bozkurt and Park 1994; Het-
zel et al. 1995; Isik and Tekeli 2001; Gessner et al. 2001a,
b) (Fig. 1b).

The Menderes Massif (MM) has recorded tectono-met-
amorphic events that are typically Aegean. Although the
metamorphic core complex origin of the MM has been gen-
erally accepted, the timing, the mechanism of extensional
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events and the role of inherited pre-existing structural and
thermal framework in the Massif remain poorly understood.
Several detachment faults and/or related shear zones that
controlled the exhumation of the MM have been described
and mapped (e.g. Isik et al. 2003, 2004). The exhumation
history of the MM has been discussed in the literature by
several authors (e.g. Ring et al. 2003; Seyitoglu et al. 2004;
ten Veen et al. 2009; van Hinsbergen 2010), but informa-
tion concerning the Alpine tectono-metamorphic evolution
of the MM is lacking. According to Ring et al. (2003), the
MM was exhumed symmetrically along the south-dipping
Lycian detachment and north-dipping Simav detachment.
On the contrary, according to Seyitoglu et al. (2004) the
Massif exhumed asymmetrically along the north-dipping
Datga-Kale main breakaway fault and its northern con-
tinuation, the Simav detachment during the Oligocene.
Later stage of the exhumation was characterised along the
bivergent Alasehir and Biiyiik Menderes detachment faults
(Ring et al. 2003; Seyitoglu et al. 2004).

The aim of this study is to understand better Alpine
metamorphism and exhumation processes of the northern
Menderes Massif (NMM). We report the widespread occur-
rence of Eocene Barrovian-type metamorphism in cover
series as well as the presence of mylonites Oligo—Miocene
in age that we tentatively link to the Simav and Alasehir
detachment systems. The approach followed in this study
includes: (1) the characterisation of metamorphic condi-
tions through petrographic observations and thermody-
namic modelling and (2) the dating with U-Pb geochrono-
logical and Ar—Ar thermochronological methods of both
high-temperature (HT) and low-temperature (LT) thermal
and deformational events.

Geological setting

The MM derives from a continental block of Gondwanian
origin (the Anatolide—Tauride Block; Kréner and Sengor
1990; Hetzel and Reischmann 1996; Gessner et al. 2004).
As a consequence of the closure of the northern branch
of the Neotethys (Okay 2001; Okay et al. 2008; Candan
et al. 2005; Bozkurt et al. 2008; Torsvik and Cocks 2009)
or eastward continuity of the Pindos Ocean in western
Anatolia (Pourteau et al. 2013), the Anatolide-Taurides
platform underwent Eocene subduction and subsequent
collision causing Alpine metamorphism. Today the suture
zone (Izmir—-Ankara—Erzincan suture zone) separates the
Sakarya zone to the N and the Anatolide-Tauride platform
(Anatolides and Taurides) to the S (Fig. 1b). Anatolides are
assumed to be the metamorphic equivalents of the Taurides
(Okay 2001; Candan et al. 2005) and are characterised by
the early Alpine convergence history represented by the
well-preserved HP/LT  (high-pressure/low-temperature)
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Alpine metamorphism. A continuous younging of HP/LT
metamorphism related to northward subduction and inter-
nal imbrications of the Anatolide—Tauride platform is pres-
ently assumed (Candan et al. 2005; Pourteau et al. 2013).
From north to south, the convergence involved several
HP/LT metamorphic units representing the existence of
subduction(s) in western Turkey in a time range between
ca. 90 and 45 Ma: the Tavsanli zone (80 £ 5 Ma; Campa-
nian, Sherlock et al. 1999), the Oren—Afyon unit (between
70 and 65 Ma; Maastrichtian, Pourteau et al. 2013) and the
Menderes Massif (Kurudere—Nebiler unit; between 52 and
45 Ma, middle Eocene; Pourteau et al. 2013).

The MM is traditionally divided into northern, cen-
tral and southern submassifs based on the presence of the
E-W-trending Alagehir (Gediz) and Biiyiikk Menderes gra-
bens (Isik et al. 2004). The central MM (Aydin and Bozdag
mountains) is separated from the northern Massif, which is
also termed as Demirci—-Gordes submassif) by the Alagehir
graben with the Alagehir detachment fault (or Kuzey
detachment) to the north, and from the southern Massif
(known also as Cine submassif) by the Biiyiilk Menderes
(BM) graben with the BM detachment fault to the south
(e.g. Isik et al. 2003) (Fig. 1b, c). The whole massif is com-
posed of a series of crystalline rock units with a complex
Alpine and Pan-African metamorphic, igneous and struc-
tural history (Bozkurt et al. 1993; Bozkurt and Park 1994;
Satir and Friedrichsen 1986; Hetzel and Reischmann 1996;
Loos and Reischmann 1999; Bozkurt and Oberhénsli 2001;
Ring et al. 2003; Gessner et al. 2001a, b, 2004; Oberhinsli
et al. 1997, 2010; Candan et al. 2001, 2011, Koralay et al.
2012).

The key features of this extensional metamorphic com-
plex are presented in van Hinsbergen (2010) and references
therein. In the southern MM, the Kayabiikii (Isik et al.
2004) (or Selimiye) shear zone (Régnier et al. 2003) is a
ductile feature that contains asymmetrical structures indi-
cating a top-to-the-south sense of shearing (Bozkurt and
Park 1994). Although Bozkurt and Park (1994) and Hetzel
and Reischmann (1996) suggest that this southward shear-
ing occurred along an extensional shear zone, it may also
be interpreted as a thrust-related shear zone (Collins and
Robertson 1998, Ring et al. 1999, Gessner et al. 2001a, b).

The exhumation of the central MM is accommodated
by two ductile-to-brittle extensional detachments along
its northern (Alasehir detachment; Isik et al. 2003) and
southern margins (Biiyiik Menderes detachment). Those
detachments are associated with supra-detachment basin
sediments with early middle Miocene ages (14.5-16.5 Ma;
Sen and Seyitoglu 2009). Recent studies along the Alase-
hir detachment indicate that turtleback structures have been
evaluated as part of a regional detachment surface (Seyi-
toglu et al. 2014). Syn-kinematic granite intrusions show
crystallisation ages at 16—13 Ma (Catlos and Cemen 2005;
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Fig.1 a Inset map shows spatial distributions of Alpine orogeny
and location of the Aegean extended region (modified after Isik et al.
2014). b General tectonic setting of Turkey and its near surroundings
shows major faults, suture zones, continental crust domains, as well
as the massifs (modified after Isik et al. 2014). ¢ Simplified geologi-
cal map of the northern Menderes Massif indicating sampling locali-
ties and main towns cited in the text (modified after Isik et al. 2003).
The location of Fig. 2a, b is outlined by black rectangles. AL Alase-
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Glodny and Hetzel 2007; Catlos et al. 2010). In the north-
ern and southern MM, apatite and zircon fission-track ages
indicate cooling below ca. 120-60 °C between late Oligo-
cene (ca. 27 Ma) and early Miocene (ca. 16 Ma; Ring et al.
2003). Extension is accommodated by the ductile-to-brittle
Simav detachment in the northern MM (Isik and Tekeli
2001).

The Simav detachment fault (SDF; Isik and Tekeli 2001;
Isik et al. 2003, 2004) bounds the MM to the N and is con-
sidered to accommodate most of its exhumation (Isik et al.
2004). It is associated with Alpine migmatites (Bozkurt and
Oberhinsli 2001). The hanging wall of the SDF belongs
to the Afyon zone (Pourteau et al. 2009). The role of the
Alagehir and Simav detachment faults on the Oligo—Mio-
cene exhumation history of the MM has been suggested by
Isik et al. (2003).

Sampling

Our study focuses on three localities of the NMM where we
investigate relationships between mylonites and surround-
ing rocks (Fig. 1c). In the Simav area, we have sampled bio-
tite—quartz—feldspar migmatites (Fig. 2a) that occur along
the mountain road leading to Simav Tepe (sample TR1211;
coordinates UTM/Europian59: 35 S 0666925/4327931).
Based on the existence of highly retrogressed eclogites in
the migmatites (Candan et al. 2001) and the Cambrian age
of these eclogites (ca. 535 Ma; Oberhansli et al. 2010), a
probably late Neoproterozoic age for the deposition of the
protoliths of the migmatites can be envisaged. Furthermore,
we sampled a garnet-kyanite—staurolite micaschist, most
probably Permo-Carboniferous in age, 20 metres below
the Simav detachment close to Kargimsiklar village (sam-
ples TR1207/TR1208; 35 S 0659245/4320566; Fig. 2a).
In the Borlu area (Fig. 2b modified after Candan and Dora
1993), ca. 3 km west of Usiimiis village, we have sam-
pled mylonites (sample TR1215; 35 S 0636672/4301011)
as well as high-grade rocks composed of centimetre-sized
garnet—kyanite—staurolite micaschist belonging to late
Neoproterozoic core series of the MM (sample TR1216;
35 S 0637833/4301148). We have also sampled a low-
grade chlorite schist of the upper unit a few kilometres
further along the road to Borlu (sample TR1217; 35 S
0641658/4300155). In the Kula area, where we have found
a typical Mesozoic—Palaeozoic cross section (Fig. 2¢), we
have sampled garnet—kyanite—staurolite micaschists within
the Permo-Carboniferous section of the cover series of the
MM (sample TR1225/TR1226-35 S 0630624/4260950) as
well as high-strain metaconglomerates (sample TR1228-35
S 0630867/4262200) and black phyllites (sample TR1229)
at the base of the Mesozoic sequence of the cover series.

@ Springer

Methods

Mineral compositions were determined with a Cameca
SX100 electron probe at the University of Montpellier,
operating at 20 kV accelerating voltage and 15 nA beam
current. Representative mineral analyses are given in
Table 1. Rock-specific equilibrium assemblage diagrams
were calculated in the simplified model system Na,O-—
CaO-K,0-FeO-MgO-Al,05,-Si0,-H,0 (NCKFMASH)
with the free-energy minimisation programmes Theriak and
Domino (de Capitani and Petrakakis 2010). More details
about these softwares are available under: http://titan.min-
pet.unibas.ch/minpet/theriak/theruser.html. The database
of Holland and Powell (1998; thermodynamic database of
THERMOCALC, version 3.21) was used including recent
updates (Holland and Powell 1998; Baldwin et al. 2005;
Kelsey et al. 2005; White et al. 2007). Solution models
for feldspars are taken from Baldwin et al.(2005), ilmen-
ite, garnet, biotite, spinel and liquid are from White et al.
(2007), orthopyroxene is from White et al. (2002), white
micas is from Coggon and Holland (2002), amphibole
is from Diener et al. (2007), and cordierite is from Hol-
land et Powell (1998). Bulk rock compositions are given
in Table 2. The amount of water used in the P-T diagram
calculations was estimated from a T-M(H,0) pseudosec-
tion so that the assemblage is just water-saturated below
the solidus and that free water disappears within 10-20 °C
once the solidus is reached (White et al. 2002). Abbrevia-
tions used in the text and figures follow Whitney and Evans
(2010) except for white mica (Wm).

Fresh samples were selected for step-heating laser probe
“OAr/°Ar dating. These samples were crushed and sieved,
and single grains of micas about 0.5-0.7 mm in diameter
were handpicked under binocular microscope and ultra-
sonically cleaned in acetone and distilled water. Micas
were packaged in aluminium foils and irradiated in the
core of the Triga Mark II nuclear reactor of Pavia (Italia)
with several aliquots of the Fisch Canyon sanidine standard
(28.03 4 0.08 Ma, Jourdan and Renne (2007) as flux monitor.
Argon isotopic interferences on K and Ca were determined
by irradiation of KF and CaF, pure salts from which the
following correction factors were obtained: (40Ar/39Ar)k =
0.00969 + 0.00038, (|Ar/°Ar), = 0.01297 + 0.00045,
(PPAr7Ar), = 0.0007474 + 0.000021 and (*°Ar/’Ar)c, =
0.000288 £ 0.000016. Argon analyses were performed at
Géosciences Montpellier (France) with an analytical sys-
tem that consists of: (a) an IR-CO, laser of 100 kHz used at
5-15 % during 60 s; (b) a lenses system for beam focusing;
(c) a steel chamber with a drilled copper plate; (d) an inlet
line for purification of gases including two Zr—Al getters;
and (e) a multi-collector mass spectrometer (Argus VI from
Thermo Fisher). A self-made software is used to control the


http://titan.minpet.unibas.ch/minpet/theriak/theruser.html
http://titan.minpet.unibas.ch/minpet/theriak/theruser.html

Int J Earth Sci (Geol Rundsch) (2016) 105:1507-1524

1511

By

B K
P e -
SN
e

SN

LITHOLOGY

& 0 akmak T3> N5 27
O Cakmak T NN NS,

S sEN s U RERERIRON NS NN

SYMBOLS

Upper Plate

Mylonites

Lower Plate
(Mylonitic mi
Egrigoz granitoid

20.19+0.28 Ma (Isik et al. 2004)

. Banded

Schist-marble unit,
Rocks of Afyon unit,

tite, gneiss, schist)

|:| COVER UNITS
- UPPER PLATE

- UPPER PLATE (low grade)
- LOWER PLATE (high grade)

© MYLONITES

< Overthrust
~ Fault

< Bedding
“  Schistosity
X Syncline
X Anticline

* Sample location

Cover Unit

Alluvium (Quaternary)
=% . .

« [ Volcanics & sediments
7| (Neogene)

Rocks of ophiolitic melange

& Simav detachment fault
2_2® High-angle normal fault

* Sample location
ﬂ,}\ Foliation and lineation

Triassic (?) Upper Cretaceous cover series

1L Platform-type thick marble with C
local metabasite

I:I Transition zone (metaconglomerate, dolomite,
black-phyllite, chlorite-pyrophillite phyllites)

Tectonic contact
Paleozoic cover series

- Phyllite containing garnet (+ staurolite, + kyanite)

- Black marble intercalations
[E] Basal quartzite

Unconformity

Latest Neoproterozoic (ca. 585-600 Ma)
metaclastic sequence
Schist Unit

- Paragneiss Unit
IE Orthogneiss (ca. 545 Ma)

[ Metagabbro with eclogite rims (535 Ma)

Fig. 2 a Geology of the Simav area (modified from Isik and Tekeli (2001), Isik et al. 2004). b Geological map of the Borlu area (modified after
Candan and Dora 1993). ¢ Schematic stratigraphic section of the Kula area. Stars indicate sampling locations

laser intensity, the timing of extraction/purification and the
data acquisition. A blank analysis was done every three anal-
yses to evaluate the argon background within the whole ana-
lytical system. The ArArCalc software© v2.5.2 was used for
data reduction and plotting. The two-sigma errors reported
on plateau, isochron and total gas ages include the error on
the irradiation factor J. Atmospheric *°Ar was estimated
using a value of the initial *°Ar/*°Ar of 295.5. Results are

summarised in Table 3, and a complete set of isotopic data
are given in the Appendix.

U-Pb dating of allanite and monazite was performed
in situ on ca. 100-pwm-thick sections analysed using a
Thermo Finnigan Element XR sector field ICPMS (Thermo
Fisher Scientific, Germany and USA) coupled to a Geo-
Las Q + CompEx-102 193-nm ArF excimer laser abla-
tion system (Lambda Physik, Germany) at the University
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Table 2 Bulk rock compositions used for thermodynamic modelling

TR 1207 TR 1216 TR 1217 TR 1225
SiO, % 74.4 66.1 68.1 58.1
AL,O; % 12.3 16.2 14.9 214
Fe,O; tot % 5.2 5.9 4.7 9.6
MgO % 1.0 3.4 2.0 1.5
CaO % 0.6 0.8 1.4 1.7
Na,O % 1.5 35 29 1.3
K;0 % 2.1 1.9 3.1 2.1
TiO, % 0.8 0.8 0.7 1.3
MnO % 0.1 0.0 0.0 0.1
P,05 % 0.1 0.3 0.3 0.1
Ba % 0.0 0.0 0.1 0.0
Sr % 0.0 0.0 0.0 0.0
PF (110 °C) 0.1 0.1 0.1 0.1
PF (1000 °C) 1.3 1.0 1.3 22
Total % 99.6 100.0 99.7 99.7

of Montpellier (Géosciences Montpellier, AETE regional
facility).

For monazite, analyses were performed in the static
mode using a spot size of 15 wm for sample TR1211 and
5 wm for sample TR1207, a repetition rate of 3 Hz and an
energy density of 10 J/cm? (see Bruguier et al. 2009 for
more details). The monazite standard Manangotry (Poi-
trasson et al. 2000) was used to calibrate the 206Pb/238U
ratios measured on the unknowns.

For allanite, analytical protocols and instrumental con-
ditions followed those described in detail by Darling et al.
(2012). Key points of the methodology are: (a) 40-p.m-long
line-raster ablation, in order to minimise time-dependent
elemental fractionation and (b) external calibration of
the 206Pb/238U ratios using the zircon standard G91500
(Wiedenbeck et al. 2004). The laser was generally oper-
ated at a repetition rate of 6 Hz using a beam diameter of
26 |wm and an energy density of 10 J/cm®. Because we
used a non-matrix-matching standard for allanite, accuracy
of the results was monitored by several analyses of a sec-
ondary reference material BONA (Gregory et al. 2007). In
the course of this study, analyses of the BONA reference
material yielded a TW regression age of 39.9 4+ 5.3 Ma,
which is within uncertainties of reference values (see Dar-
ling et al. 2012). Common lead uncorrected 2°°Pb/?*8U

ages and 2’Pb/?%Pb ratios obtained for the BONA allan-
ite standard over the past 2 years are 31.056 & 1.1 % and
0.691 + 1.3 % (n = 32), respectively.

For monazite and allanite, each analysis was preceded
by a pre-ablation of the surface using a beam diameter of
50 wm. He was used as a cell gas to enhance sensitivity
and reduce inter-elemental fractionation (Gunther and
Heinrich 1999). The ThO™/Th* ratio was optimised to be
<1.0 %. The acquisition times for the background and the
ablation interval amounted to about 15 and 45 s, respec-
tively. Typical acquisition series consisted of an alternation
of two analyses of the standard (Manangotry for mona-
zite and G91500 for allanite) followed by five analyses of
unknowns. Data were reduced using the Glitter software.
Intervals of 30 s were selected in the signal and checked
before the integration of time-resolved signals to avoid
possible contamination by mineral inclusions. Analyses
are given in Table 4 and reported in Tera—Wasserburg con-
cordia diagrams (Tera and Wasserburg 1972) generated by
Isoplot version 3.41 (Ludwig 2003).

Results
Structures and petrography

In the Simav area, the migmatite (TR1211) is composed
of monotonous millimetre-sized layering of biotite-rich
melanocratic and quartz- and feldspars-rich leucocratic
bands. TR1207 is a high-strain micaschist with a grano-
lepidoblastic texture. Mylonitic foliation shows NW-WNW
strike directions and mostly gently dips to the N, whereas
stretching lineations trend SSW and SW (Fig. 2a) Folia-
tion is marked by matrix muscovite and biotite surround-
ing kyanite and garnet porphyroblasts (up to 1 mm). Gar-
net is usually helicitic (Fig. 3a), locally elongated and
boudinaged. Locally small (<200 pm) staurolite crystals
occur. Asymmetry of porphyroblasts as well as S—C’ fab-
rics indicates top-to-the-NE sense of shear. In the Borlu
area, sample TR1216 is a low-strain micaschist with cen-
timetre-sized porphyroblasts of garnet, kyanite and stauro-
lite (Fig. 3b). Biotite marks a weak foliation and is locally
chloritised. TR1217 is a medium strained greenschist.
Schistosity is marked by alternating millimetre-sized layers
of quartzo-feldspathic bands and oriented micas associated

Table 3 Results for Ar/Ar age

dati Sample Total age Plateau age % 3°Ar Intercept age 4OArCAr MSWD
ating
TR1208 muscovite 20.1 £0.2 199 £0.3 85 199 £0.3 308 £13 2.37
TR1211 biotite 193 £0.5 19.8 £0.1 62 / / /
TR1215a muscovite 21.8 +£0.1 21.8£0.1 95 / / /
TR1228 muscovite 255+0.1 25402 84 259402 290 £ 45 5.89
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Table 4 Isotopic ratios
resulting from LA-ICMPS
geochronology
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TR1211-Monazite

Analysis U238/Pb206 lo Pb207/Pb206 lo
mb_1 289.8551 1.1594 0.0524 2.5778
mb_2 286.5330 1.1461 0.0535 2.7877
mb_3 283.2861 1.1331 0.0538 3.0483
mb_4 280.8989 1.1236 0.0537 2.7213
mb_5 277.7778 11111 0.0563 2.7551
mb_6 288.1844 1.1527 0.0540 2.7207
mb_7 292.3977 1.1696 0.0541 2.8096
mb_8 284.9003 1.1396 0.0536 3.0054
mb_9 285.7143 1.1429 0.0518 3.1069
mb_10 280.1120 1.1204 0.0624 2.2935
mb_11 282.4859 1.1299 0.0492 2.3998
mb_12 288.1844 1.1527 0.0498 2.5507
mb_13 288.1844 1.1527 0.0513 2.4747
mb_14 284.9003 1.1396 0.0536 2.7969
mb_15 285.7143 0.8571 0.0477 2.0567
mb_16 291.5452 0.8746 0.0483 1.9681
mb_17 288.1844 0.8646 0.0487 2.0525
mb_18 281.6901 1.1268 0.0512 3.2441
mb_19 277.0083 1.1080 0.0536 3.2451
mb_20 283.2861 1.1331 0.0556 2.8983
mb_21 280.1120 1.1204 0.0541 3.0477
mb_22 282.4859 1.1299 0.0518 2.8935
mb_23 284.9003 1.1396 0.0519 2.4451
mb_24 284.0909 1.1364 0.0554 2.7271
mb_25 277.7778 11111 0.0545 2.8786
mb_26 280.8989 1.1236 0.0537 2.7731
mb_27 280.1120 1.1204 0.0541 2.7337
mb_28 280.1120 1.1204 0.0533 2.7017
mb_29 285.7143 1.1429 0.0508 2.7936
mb_30 280.8989 1.1236 0.0544 2.9239
mb_31 278.5515 1.1142 0.0602 2.9260
mb_32 280.8989 1.1236 0.0531 2.7480
mb_33 281.6901 1.1268 0.0540 2.6657
mb_34 284.0909 1.1364 0.0522 2.8145
mb_35 282.4859 1.1299 0.0555 3.1729
TR1207-Monazite

Analysis Pb207/U235 lo Pb206/U238 lo
be_1 0.03570 0.00196 0.00518 0.00009
bc_5 0.03640 0.00181 0.00514 0.00009
bc_6 0.03956 0.00169 0.00565 0.00009
bc_8 0.02796 0.00129 0.00428 0.00007
bc_9 0.04583 0.00165 0.00529 0.00008
ct_1 0.04521 0.01478 0.00576 0.00037
ct 2 0.01636 0.03019 0.00475 0.00056
ct 4 0.06736 0.02661 0.00597 0.00056
ct_6 0.04160 0.01886 0.00552 0.00042
ct_8 0.04334 0.01802 0.00539 0.00039
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Table 4 continued TR1207-Monazite
Analysis Pb207/U235 lo Pb206/U238 lo
ct_9 0.07273 0.04013 0.00536 0.00076
ct_12 0.14924 0.05516 0.00580 0.00085
ct_15 0.03900 0.05403 0.00387 0.00092
ct_16 0.02550 0.01800 0.00572 0.00040
ct_17 0.06619 0.03269 0.00564 0.00062
ct_I8 0.10714 0.06415 0.00754 0.00115
ct_19 0.05058 0.08903 0.00604 0.00151
ct_20 0.03781 0.11371 0.00507 0.00201
ct_23 0.04374 0.03118 0.00546 0.00067
ct_24 0.04512 0.03878 0.00594 0.00073
ct_25 0.07620 0.04472 0.00450 0.00091
TR1226-Allanite
Analysis U238/Pb206 lo Pb207/Pb206 lo
cu_6 3.1428 0.9837 0.8266 1.0780
cu_7 2.9236 1.0116 0.8273 1.1024
cu_8 10.2585 0.9540 0.7916 1.0611
cu_9 3.1240 1.0059 0.8227 1.0977
cu_10 3.4674 1.0055 0.8330 1.1008
cu_I1 2.6126 1.0111 0.8397 1.0981
cu_12 6.0416 0.9969 0.8235 1.0990
cu_l4 7.9517 1.0337 0.8043 1.1463
cu_l15 8.0212 0.9465 0.7918 1.0508
cu_l16 9.8522 1.0049 0.7981 1.1090
cu_17 4.0800 1.0282 0.8262 1.1245
cu_18 5.0449 1.0292 0.8035 1.1288
cu_19 3.0464 0.9901 0.8179 1.0820
cu_20 5.7412 1.0104 0.8066 1.1109
bd_1 6.3048 0.8764 0.8298 1.1473
bd_2 8.1873 0.8433 0.8164 1.1183
bd_3 2.8853 0.8454 0.8363 1.1024
bd_4 13.5777 0.8011 0.7696 1.0733
bd_5 10.3423 0.7964 0.7844 1.0670
bd_6 3.2566 0.8402 0.8260 1.0895
bd_7 4.0080 0.8457 0.8218 1.0940
bd_8 3.4130 0.8430 0.8260 1.0847
bd_9 5.0738 0.8524 0.8073 1.0950

with chlorite crystals. Foliation shows NW strike direction
and mostly gently dips to the N. Stretching lineations trend
SW (Fig. 2b). Mylonitic sample TR1215 is composed of
a fine-grained recrystallised and foliated matrix of quartz,
feldspars and phylosilicates wrapping around millmetre-
sized porphyroclasts of rounded quartz and muscovite. In
the Kula area, sample TR1225 is a high-strain micaschist
with garnet, kyanite and staurolite porphyroblasts (up du
0.6 mm). Mylonitic foliation shows NNW strike direc-
tion and mostly gently dips to the N. Stretching lineations
trend SW. Garnet is often helicitic locally microboudinaged

(Fig. 3c). Schistosity is marked by fine-grained muscovite
and biotite and layers rich in graphitic material. Some of
staurolite and kyanite porphyroblasts (Fig. 3d) display an
asymmetric structure showing top-to-the-NE shearing.
TR1228 is a mylonitic metaconglomerate. The texture is
grano-lepidoblastic and mostly composed of quartzo-feld-
spathic minerals. Mylonitic foliation is defined by mus-
covite, elongated epidote, tourmaline and rare chlorite.
Kyanite is present locally. TR1229 is a quartzite rich in
organic matter. It is composed of fine-grained micas, chlo-
rite and recrystallised quartz.
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Fig. 3 Microphotographs, optical microscope plain polarised light.
a Helicitic garnet (TR1207); b Garnet—staurolite—kyanite micaschist
(TR1216); ¢ Helicitic staurolite (TR1225); d Kyanite (TR1225).

Mineral chemistry

In the following, Xy, represents the ratio Mg/(Mg + Fe)
for all phases except garnet (mineral abbreviations after
Whitney and Evans 2010). For garnet, Xy,, equals Mg/
(Mg + Fe + Mn + Ca), and similar definitions for Xp,,
Xy and Xc,. Garnet chemistry (Table 1) is dominated
by almandine (Xp, = 0.72-0.81), followed by pyrope
(Xyme = 0.13-0.23), grossular (X, = 0.02-0.14) and spes-
sartine (X, < 0.02). Tetrahedral alumina and the andra-
dite component are insignificant within analytical errors.
Garnet shows flat end-member profiles (Fig. 3e, f). Biotite
shows vacancies in the octahedral sites that may be due to
the high Ti content that may be up to 1.7 wt%. Xy, is low
(0.39-0.61). Analysis for muscovite shows that Xnig is low
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e Backscattered image of a garnet in TR1225; f Chemical profile
through the garnet presented in E (a/m almandine, prp pyrope, grs
grossular, sps spessartine)

(0.38-0.50) and Si (pfu) may be up to 3.10. Plagioclase has
albite composition (Abg, oy Ang_ ;g Or, ,; Table 1). Stau-
rolite has a composition close to the ferro-staurolite end
member (Table 1). Accessory minerals occurring in most of
the thin sections are rutile, apatite, monazite and allanite.

Thermodynamic modelling

Results of thermodynamic modelling for the three gar-
net—staurolite—kyanite micaschists (TR1207, TR1216 and
TR1225) as well as the greenschist (TR1217) are shown
in Fig. 4. For sample TR1207 (Fig. 4a), we consider a
narrow peak stability field for the assemblage garnet—
kyanite—staurolite—white mica-biotite—quartz—feldspar
at ca. 660 = 5 °C and 7.7 £ 0.3 kbar. The slope of the
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Fig. 4 Equilibrium assemblage diagrams generated by Domino-Theriak (de Capitani and Petrakakis 2010) for the four samples studied. See
location in Figs. 1 and 2. Abbreviations after Whitney and Evans (2010) except for white mica (Wm)

retrograde path proposed is controlled by the fact that nei-
ther chlorite nor sillimanite appears. For sample TR1216
(Fig. 4b), peak metamorphism is in the narrow garnet—
kyanite—staurolite—biotite—quartz—feldspar stability narrow
field culminating at 660 &+ 10 °C and 7.8 + 1 kbar. The
slope of the proposed retrograde path is in accordance
with the appearance of chlorite replacing biotite locally
and the absence of sillimanite, cordierite and amphibole.
Equilibrium assemblage diagram for TR1225 (Fig. 4c)

indicates a narrow peak stability field with the observed
assemblage garnet—kyanite—staurolite—-muscovite—bio-
tite—quartz—feldspar at 645 £+ 20 °C and 8 + 1.2 kbar.
The absence of cordierite, chlorite and sillimanite con-
strain the proposed retrograde path. Modelled peak PT
conditions for these three amphibolite-facies rocks are
homogeneous (625-670 °C and 7-9 kbars). The equilib-
rium assemblage diagram for the greenschist TR1217
(Fig. 4d) indicates a large range of stability field for the
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Fig. 5 Micas age spectra for 40 ——T—T—— — 40 — r : r
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biotite—chlorite—muscovite—albite—quartz observed high-
variance assemblage. Maximum temperature is 500 °C,
and pressure may be up to 6 kbars.

Ar-Ar thermochronology

Two samples from the Simav area were selected for Ar—Ar
dating. Muscovite separated from the garnet—kyanite—stau-
rolite schist located at the footwall of the Simav detach-
ment (TR1208) yields a plateau age of 19.9 £+ 0.3 Ma
related to 85 % of °Ar released (Fig. 5a; Table 3). This
is consistent with the intercept age obtained in the inverse
argon correlation plot. Biotite from migmatite (TR1211)
provides a similar plateau age of 19.8 £ 0.1 Ma for
62 % of ¥Ar released (Fig. 5b), but no intercept age can
be defined in the inverse correlation plot due to the high
radiogenic content of the sample. In the ultramylonite
(TR1215) from the Borlu area, muscovite yields a plateau
age at 21.8 + 0.2 Ma defined by four steps that represent
95 % of the argon released (Fig. 5c). In the reverse correla-
tion plot, the data cluster near the abscissa and no intercept
has been found. Muscovite separated from the ultramylo-
nitic metaconglomerate at the base of the Mesozoic sec-
tion (TR1228) in the Kula area yields an older plateau age
at 25.5 &+ 0.3 Ma (Fig. 5d), in agreement with its inter-
cept age. No evidence of excess argon is provided by the
inverse correlation plot.
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U-Pb geochronology on monazite and allanite

Monazite and allanite from three selected samples were dated
in situ by LA-ICPMS at the University of Montpellier. Mon-
azite grains were separated from the migmatite (TR1211)
associated with the Simav detachment. These grains are
small (<400 um) and rounded, homogeneous in composi-
tion (Fig. 6a). Reported in a Tera—Wasserburg diagram (1972;
Fig. 6a), data yield a lower intercept age at 22.21 + 0.21 Ma
(MSWD = 1.00, n = 35). This age is related to monazite
growth and the formation of leucosome in migmatite.

Monazite grains measured in situ in thin sections from
the garnet—kyanite—staurolite schists (TR1207) located at
the footwall of the Simav detachment yield a lower inter-
cept age of 33.4 £ 2.6 Ma (MSWD = 3.9; n = 21; Fig. 6b).
These monazites are small (<100 pm) and rounded, mainly
present as inclusions in matrix feldspars and micas. Selec-
tion of suitable analyses was made according to their Th/U
ratio (between 1.9 and 8.6) presenting a reasonable amount
of counts on measured isotopes. Due to the small grain
size, two sessions of analyses were performed with differ-
ent spot sizes (15 and 5 pm). The variability in error ellip-
ses is a direct consequence of this choice.

Syn-kinematic allanite grains from sample TR1226,
which is a garnet—kyanite—staurolite schist sampled in the
Kula area, yield a lower intercept Tera—Wasserburg age at
42.3 + 9.1 Ma (MSWD = 0.92; n = 23; Fig. 6¢). Allanite
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Fig. 6 a Tera—Wasserburg

diagram for monazite grains TR1211-Monazite

0.068

265

of migmatitic sample TR1211.
b Concordia diagram for A e
monazite grains from garnet—
kyanite micaschist TR1207. 0080
¢ Tera—Wasserburg diagram o
. . 207,
for monazite grains of garnet— mﬂ
kyanite micaschist TR1226. See L.
location in Figs. 1 and 2
0.048
0.044
0.040
TR1207-Monazite oo
B 0,010
0.008
Pb 006
23ﬂu
0.004
0.002
0.000
TR1226-Allanite 087
C 085
083
wrpp, 08
ZI]SPb

079
077
075

073

is elongated in the foliation (Fig. 6¢) and is considered syn-
metamorphic as well.
Discussion

Eocene barrovian metamorphism overprint on the
poly-cyclic MM basement and cover series

In this study, we report new petrological, U-Pb geo-
chronological and Ar—Ar thermochronological data for
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Figure 6 - Cenki-Tok et al.

metamorphic rocks from the NMM. Structural data are
in line with previously published data (Isik and Tekeli
2001), i.e. that at least the latest component of deforma-
tion recorded within high-strain zones and mylonites indi-
cate non-coaxial deformation and a simple shear overprint
dominated by top-to-the-NNE features. Concerning meta-
morphism, the three studied localities point to homogene-
ous conditions at amphibolite-facies conditions represent-
ing common Barrovian metamorphism culminating at
ca. 650 °C and 8 kbar on cover series and overprinted on
poly-metamorphic basement series. Our novel age data are
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useful in order to highlight regional age patterns and derive
cooling rates of the terrane.

In the Simav area, ages yielded by different mineral
chronometers allow us to derive long-term and short-term
cooling rates. In migmatite TR1211, monazite that prob-
ably crystallises close to peak metamorphism is dated at
ca. 22 Ma with U-Pb and biotite grains at ca. 20 Ma with
Ar—Ar. Considering that peak temperatures during partial
melting that lead to the formation of TR1211 are close
to closure temperatures for U-Pb in monazite (>725 °C;
Copeland et al. 1983) and taken into account a closure
temperature of ca. 300 °C for Ar—Ar in biotite, we can
derive a Miocene cooling rate of ca. 180 °C/Ma, asso-
ciated with the main exhumation phase controlled by
the Simav detachment. Similar cooling rates have been
reported, for example, in the Betic orogen (Zeck et al.
1992; Monié et al. 1994) and are typical of large-scale
extensional tectonics. Age data in Palaecozoic schists
located at the footwall of the detachment yield a long-
term cooling rate between 19 and 28 °C/Ma, with U-Pb
monazite age at 33.4 + 2.6 Ma and a muscovite Ar/Ar
age of ca. 19.9 Ma. In Kula, muscovite in high-strain
metaconglomerates yields an Ar/Ar age of ca. 25.5 Ma,
whereas syn-kinematic and syn-metamorphic allanite in
tectonically underlying Palaeozoic schists has a U-Pb
age of 42.3 £ 9.1 Ma. These data yield cooling rates
between 12 and 38 °C/Ma that take into account large
errors on allanite age data.

A first conclusion is that crustal thickening has strongly
overprinted the poly-metamorphic basement series (Can-
dan et al. 2011; Koralay et al. 2012) and has caused the
single-stage Alpine metamorphism (Barrovian type) of
the cover series. This thermal event is related to an inter-
nal imbrication of the Anatolide-Tauride platform and
the burial of nappe stack of the Afyon zone and Lycian
nappes during southward transportation. We relate the
allanite age of 42.3 £ 9.1 Ma from Kula to the near peak
time of Alpine metamorphism of the MM. Therefore, we
propose that this Alpine event shall be Eocene. This age
is consistent with literature data. For example, Satir and
Friedrichsen (1986) published white mica ages between
48 and 63 Ma with an average age of 56 £ 1 Ma and
biotite ages between 27 and 50 Ma with an average age
of 35 £ 5 Ma. Hetzel and Reischman (1996) published
Ar—Ar ages between 43 and 37 Ma, and Bozkurt and Satir
(2000) reported Rb-Sr mica ages from orthogneisses
at ca. 62-43 Ma. Monazite Th-Pb ages of 47.1 + 6.3,
4477 £ 6.1 and 42.8 &+ 3.6 Ma are also reported (Cat-
los and Cemen 2005). In addition, the age of the oldest
unit in the metamorphic cover series of the MM is San-
tonian—-Campanian to middle Paleocene (~60 Ma; Ozer
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et al. 2001) and the youngest non-metamorphic sedi-
mentary cover on the Massif is Miocene in age (Yilmaz
et al. 2000). This implies that amphibolite-facies meta-
morphism might have started in Eocene times (ca. 50 Ma)
and have lasted until Oligocene times. Even though U-Pb
age data for monazite and allanite in amphibolite-facies
rocks are comparable within error, monazite from Simav
(basement) may be slightly younger than allanite from
Kula (cover series). The appearance of monazite or allan-
ite is controlled by (1) bulk rock composition, (2) ther-
modynamic stability field and (3) textural relationships
(see Cenki-Tok et al. 2011 for a review). In both locality
protoliths, bulk rock composition and metamorphic con-
ditions are comparable. Allanite is often considered as a
precursor for monazite (Janots et al. 2008) and may be
preserved in Kula. This age difference may reflect a real
different timing of crystallisation for both minerals in the
two regions.

Oligo-Miocene exhumation of the MM core complex
and comparison with the Kazdag Massif

The regional pattern of Ar/Ar muscovite ages indicates
younging from south (25.5 Ma) to north (19.9 Ma). This
diachronicity of low-temperature deformation in schists
does not reflect the fact that the deformation in Simav
may be a precursor for the Alagehir detachment (Isik et al.
2003). This age scatter for LT deformation related to exhu-
mation may be linked to (1) various degree of resetting/
reworking of structures related to crustal thickening; (2)
shear zones between Alasehir and Simav that may be anas-
tomosing and imbricated; and (3) diachronous exhumation
within the NMM. In addition, whereas the structural posi-
tion of dated mylonites (separating the MM from the over-
lying Afyon units) is similar in the Simav and Kula areas
(i.e. corresponds to the Simav flat lying detachment), the
mylonites sampled in Borlu lay within high- and low-grade
units of the MM. Metamorphism in metaconglomerates in
Kula is dated at 25.5 Ma, and these stratigraphically belong
to the base of the Mesozoic section (Fig. 2c). They over-
lay Palaeozoic schists, similar to the section observed in
the Selimiye area, in which the carpholite—kyanite assem-
blage was discovered (Rimmelé et al. 2003; Whitney et al.
2008). This high-strain zone may be a former nappe contact
(Palacozoic/Mesozoic) reworked during exhumation, thus
implying partial mineral resetting. Further field work and
structural studies are needed in order to refine the structural
significance and the exhumation history of subunits within
the NMM.

The signification of monazite U-Pb Miocene ages
from Simav may be interpreted in a specific tectonic
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context. In most parts of the MM, migmatites are wide-  Appendix
spread and are attributed to the Pan-African events (ca.
550 Ma; Hetzel and Reischmann 1996; Candan et al.
2011). The northerpmost edge.of the MM is. intruded.by OAOAr SATIAr SATPAr % PAr % “Ar Age  Error
numerous early Miocene granites (e.g. Egrigéz granite) %« 1000 cum  rad
which continue to crop out in the north up to Evciler.
These intrusions are not restricted to the MM, and they
are also present in the Sakarya and Afyon zones. The
entire area shows evidence for a hot crust during early
Miocene. Locally, for example in the Kazdag massif, 2
these granites are associated with migmatites dated at 3
20 Ma (Okay and Satir 2000). In addition, apatite fission 4 8812 0015 19.836 228 334 2593 156
tracks (Cavezza et al. 2009) indicate rapid early middle 52920 0014 2075 1158 787  20.28 025
Miocene exhumation for this other core complex of west- 6 2533 0013 0720 3956 912 2040 0.19

7

8

9

J=0.004922
TR12-08 muscovite
1 17.088 0.077 50.397 0.17 12.8 19.31 6.92
6.400 0.015 14.636 0.58 323 28.25 3.52
22.516  0.018 65.817 0.88 13.6 2696 6.16

ern Turkey. In this context, the Miocene monazite ages 2593 0014 1.657  43.13  80.7 1850 0.34
and migmatisation in Simav area can be attributed to this 2.648  0.013 1093 60.24 874 2044 021
regional heat increase in the crust due to a high geotherm. 2.407  0.014 0.691 6887 91.1  19.37 0.15

These ages may also coincide with uplift and exhuma- 10 2429  0.013 0724 8556 90.8 1948 0.11
tion of the northern edge of MM in Miocene times. This 11 2475  0.013 0.123  88.80 849 1856 027
scenario is in line with Aegean geodynamics dominated 122513 0.012 1.001  91.27 878 1950 0.36
by Miocene core complex exhumation. Compared to the 13 2554 0.012 1.033 9485 877 1977 0.29
Cyclades, the MM shows great exposure of the basement 14 2482  0.013 0.591 100.00 92.6 2029 0.22
enabling to unravel the early Alpine tectono-metamor- Total age: 20.08 £ 0.22
phic history as well as pre-extensional structural frame-  TR12-11 biotite
work of the region and its role in accommodating core 1 5045 0.033 9.586 193 437 1945 1.06
complex exhumation. 2 2436  0.027 1.281 6.94 84.1 18.10 0.35
3 2358  0.025 1.165 11.24  85.0 17.71 0.29
4 2361 0.024 0.652 1593 914 19.06 0.25
. 5 2236 0.026 0.143 19.57  80.7 15.95 0.26
Conclusions 6 2319 0025 0776 2661 8.7 1838 020
7 2292  0.024 0.131 31.13 979 19.81 0.20
Based on petrological gf:ocf.lronological and ther@o— 8 2371 0029 0000 3678 996 2085 017
chrono?oglcal data, we.hlg.hhght. the con.lplete Alpine 9 2308 0025 0000 4085 99.6 2029 0.14
reworking unde.:r amph1bohte-fames conditions of the 10 2368 0025 0350 4614 952 1992 021
Menderes Massif. Tl}ls thermal eV}ant occu.rred .at Epcene 11 2278 0.027 0000 4957 996 2003 012
times and may be %mked to the 1nterr%al 1mbr.1cat10n of 12 299 0.029 0549 5120 925 1872 048
the Anatohde—T?lunde platform associated w1tl.1 south- 15 2190 0026 0000 5925 996 1926 0.12
ward transportation of the Afyon zone and Lycian nap-
pes. Mylonites within the northern Menderes Massif are 142241 0.026 0197 66.34 9701920 0.16
. . . 15 2317 0.025 0.137 79.61 97.8 20.02 0.11
Oligo—Miocene in age and can be related, at least locally, 16 2980 0025 0300 8604 957 1927 015
to the well-defined Alasehir and Simav detachments ' ’ ) ) ’ ’ ’
17 2339 0.023 0.000 100.00 99.6 20.57 0.10

which accommodated the exhumation of the MM core
complex. Nevertheless, these mylonites might rework
former shear zones related to the Alpine history of the
terrane, and further structural work is needed in order to
unravel the role of structural and thermal inheritance on
the localisation of exhumation-related deformation and
post-orogenic extension.

Total age: 19.32 £ 0.23
TR12-15a muscovite

1 14.191 0.075 33.692 0.49 29.8 37.17 6.53
2925 0.011 1.509 3195 844 2180 0.24
2524  0.013 0.426 61.10 946  21.08 0.15
2506  0.013 0.000 83.12 99.6 22.03 0.10
2525 0.013 0.000 96.38 99.6 2220 0.12
2.043  0.013 0.000 97.71  99.5 17.99 0.35
3.009  0.008 0.001 98.15 99.7 2659 0.56
2702 0.011 0.003 100.00 99.6 2375 1.32

Total age: 21.79 £ 0.28
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VAP Ar BAPAr 0A°Ar % PAr % Ar Age  Error
x 1000  cum rad
TR12-28 muscovite
1 11931 0043 33104 020 179 18.89 5091
2 4343 0.017 7.883 051 463 1776 276
3 3204 0011 0.628 149 939 2652 0.87
4 3097 0.013 0.000 465 997 2721 0.8
5 2917 0010 0.000 673 997 25.64 031
6 2955 0012 0.340 2246 963  25.09 0.15
7 2995 0.013 0.135 36.67 983 2597 0.02
8 2915 0012 0.128 66.81 984 2528 0.22
9 2893 0.012 0.000 7651 99.7 2543 0.10
10 2915  0.012 0.125  90.11 984 2530 0.10
11 3.010 0.015 0.123 9650 985  26.14 0.26
12 3.048 0.010 0.000  100.00 99.7 26.80 0.18
Total age: 25.53 £ 0.35
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