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Abstract — Western Turkey is an area which has experienced large-scale extension of continental
crust. Here we report precise crystallization ages of two intrusions in the central Menderes Massif, the
Turgutlu and Salihli granodiorites, using U-Pb dating. Both intrusions occur in the southern footwall
of the seismically active Alasehir graben and were emplaced syntectonically in an extensional top-
to-the-NNE shear zone which was active at retrograde greenschist-facies conditions. The U-Pb ages
of 16.1 £ 0.2 Ma (monazite, Turgutlu granodiorite) and 15.0 £ 0.3 Ma (allanite, Salihli granodiorite)
document that tectonic exhumation of middle-crustal rocks in the central Menderes Massif was already
underway at the Early to Middle Miocene transition. Combined with published geochronological,
structural and sedimentological data, the new U-Pb ages point to a continued extension since at least
16 Ma. There is no convincing evidence for a late Miocene/Pliocene phase of tectonic shortening.
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1. Introduction

Constraining the age of tectonic events in orogenic
belts is notoriously difficult, as accurate isotopic ages
for a certain phase of deformation have to be derived
from rocks which commonly experienced a complex
tectono-metamorphic history. Both the temperature—
time path and the deformation history of a rock may be
important in resetting an ‘isotopic clock’ system (e.g.
Vance, Miiller & Villa, 2003). As ductile deformation
of rocks at middle-crustal levels commonly proceeds
in the presence of fluids and at temperatures which
are in the same range (~ 300—600 °C) as those widely
considered as ‘closure temperatures’ for the K—Ar and
Rb-Sr decay systems in micas and amphibole, the
interpretation of K—Ar, Ar—Ar and Rb—Sr ages is often
problematic. Mandatory for any meaningful age data is
complete loss of radiogenic Ar, or complete Sr-isotopic
homogenization during deformation. Furthermore, for
direct isotopic dating of fault rocks the presence of
unaltered (K,Rb)-bearing phases is required, which is
not always the case. Even if all preconditions are met,
ages for tectonically deformed rocks may, depending
on deformation temperatures (Getty & Gromet, 1992),
either date the cooling of the rock through a certain
temperature interval (in the sense of Dodson, 1973) or
may reflect the cessation of ductile deformation (e.g.
Beckholmen & Glodny, 2004). Correct interpretation
of isotopic age data thus generally requires detailed
and laborious microstructural investigations and in-
sights into the spatial distribution of isotopes at the
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microscale (Reddy & Potts, 1999; Vance, Miiller &
Villa, 2003).

An alternative to direct isotopic dating of deform-
ation is to date the crystallization of igneous rocks
which are syntectonic with respect to a certain phase
of deformation (e.g. Pe-Piper, Koukouvelas & Piper,
1998; Ring & Collins, 2005). This is best achieved by
U-Pb dating of retentive accessory phases that remain
unaffected by the deformation. Here we illustrate this
approach by deriving precise U-Pb ages of monazite
and allanite, which tightly constrain the age of two
granodiorites that intruded an extensional ductile shear
zone in the southern footwall of the Alasehir graben,
central Menderes Massif, western Turkey (Fig. 1).
The age data shed new light on the continuously
disputed timing of extensional deformation in the
central Menderes Massif.

2. Geological setting

2.a. Back-arc extension in the Aegean region and related
Miocene intrusions

Since the first recognition of extensional shear zones
and detachment faults in the back-arc of the Hellenic
subduction zone (Lister, Banga & Feenstra, 1984),
the tectonic exhumation of metamorphic rocks in
the Aegean region has been intensely studied (e.g.
Avigad et al. 1992; Gautier, Brun & Jolivet, 1993;
Bozkurt & Park, 1994; Hetzel et al. 1995a,b; Isik,
Seyitoglu & Cemen, 2003; Ring et al. 2003; Kumerics
et al. 2005). Time constraints for these exhumation
processes have been derived from both metamorphic
rocks and from abundant Miocene, extension-related
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Figure 1. Geological map of the study area, with locations of the Turgutlu and Salihli granodiorites (see Fig. 2a, b). Inset shows the

location of the Menderes Massif in the Aegean region.

intrusives. The Miocene intrusions form an arcuate
belt in the back-arc of the Hellenic subduction zone
(Fig. 1a), stretching from the Greek mainland to the
Cycladic archipelago and into western Turkey (e.g.
Altherr et al. 1982; Yilmaz et al. 2001; Altherr &
Siebel, 2002). The intrusions are either syntectonic
with respect to the extensional deformation, or post-
date the ductile fabrics in their country rocks (e.g.
Faure, Bonneau & Pons, 1991; Hetzel et al. 19955;
Pe-Piper, Piper & Matarangas, 2002; Bozkurt, 2004;
Isik, Tekeli & Seyitoglu, 2004; Ring & Collins,
2005; Thomson & Ring, 2006). Most isotopic ages
determined for these intrusions are based on the K—
Ar and Rb-Sr isotope systems, particularly of mica
phases (Altherr et al. 1982; Wijbrans & McDougall,
1988; Seyitoglu, Scott & Rundle, 1992; Hetzel et al.
1995bh; Avigad, Baer & Heimann, 1998; Brocker &
Franz, 1998; Isik, Tekeli & Seyitoglu, 2004), and in
many cases it remains equivocal if the ages date the
emplacement of the intrusions, their deformation or
their subsequent cooling. U-Pb zircon and/or titanite
ages for the intrusions are rare (Henjes-Kunst et al.
1988, S. Keay, unpub. Ph.D. thesis, Australian National
Univ. Canberra, 1998; Keay, Lister & Buick, 2001;
Ring & Collins, 2005). U-Pb zircon dating proved
to be difficult due to factors such as the presence of
zircon growth zoning or inherited zircon components
(e.g. Henjes-Kunst ef al. 1988). On a regional scale,
considering occurrences both in Greece and in western
Turkey, available age data for Miocene intrusions
cluster roughly between 24 and 10 Ma.
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2.b. The Menderes Massif: extension of an Alpine orogen

The Menderes Massif in western Turkey consists of
an Alpine nappe pile that was generated during Late
Cretaceous/Palacogene northward subduction of the
Neotethys along the Izmir—Ankara suture (Sengor,
Satir & Akkok, 1984; Collins & Robertson, 1998;
Ring et al. 1999; Gessner et al. 2001c). Parts of
the massif have experienced an earlier Pan-African
history of metamorphism, magmatism and deformation
that is only beginning to be understood (Oberhinsli
et al. 1997; Loos & Reischmann, 1999; Candan ef al.
2001; Gessner et al. 2001a,c; Gessner et al. 2004).
Following Alpine nappe stacking, the whole thrust
pile has been extended along a number of extensional
shear zones and detachment faults, beginning in late
Oligocene to Middle Miocene times (e.g. Bozkurt &
Park, 1994; Hetzel et al. 1995a,b; Emre, 1996;
Isik & Tekeli, 2001; Gessner et al. 2001b; Isik,
Tekeli & Seyitoglu, 2004) with the exact timing being a
matter of controversy. Apart from tectonic denudation,
various sedimentary basins testify that erosion has also
played a role in exhuming the metamorphic rocks of the
massif (Seyitoglu, Scott & Rundle, 1992; Seyitoglu &
Scott, 1996; Yilmaz et al. 2000; Yilmaz & Gelisli,
2003; Purvis & Robertson, 2004, 2005a,b; Westaway,
2006). More detailed information on the tectono-
metamorphic evolution of the Menderes Massif can be
found in a Special Volume of the International Journal
of Earth Sciences (Bozkurt & Oberhinsli, 2001), and
in Purvis & Robertson (2004 and references therein).
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The current extension of the Menderes Massif is
concentrated along four E-W-trending graben. The two
largest of these graben, the Alagehir graben (also known
as Gediz graben) in the north and the Biiyiik Menderes
graben in the south, are seismically active and separate
the central Menderes Massif from a northern and
a southern submassif (Sengoér, 1987; Cohen et al.
1995; Yilmaz et al. 2000). A regional reconaissance
zircon and apatite fission track study, complemented
by a few Ar—Ar ages, revealed that the two outer
submassifs of the Menderes Massif had already cooled
to below ~ 100 °C by about 20 Ma, whereas the central
submassif was still at temperatures above ~ 300°C
(Ring et al. 2003). On the basis of these age data
and previous structural investigations (Cohen et al.
1995; Bozkurt, 2000; Ring ef al. 2003 and references
therein), two periods of extension have been inferred
on the scale of the whole massif: the earlier phase
led to the exhumation of the two outer submassifs in
the late Oligocene/Early Miocene, whereas the central
submassif was exhumed later, in Miocene/Pliocene to
Recent times (Gessner et al. 20015; Ring et al. 2003;
Bozkurt & So6zbilir, 2004; Seyitoglu, Isik & Cemen,
2004). The details of the extensional and sedimentary
history are far from being resolved, mainly because of
the difficulties in establishing an absolute chronology
for the continental deposits in the various basins, and
the paucity of isotopic age data, which can be tied to
the structural evolution of the deformed metamorphic
rocks. Considerable debate centres around the exact
timing of the extensional episodes, and particularly
around a hypothesized intermittent episode of shorten-
ing in late Miocene times (e.g. Kogyigit, Yusufoglu &
Bozkurt, 1999; Yilmaz et al. 2000; Seyitoglu, Cemen &
Tekeli, 2000).

In the central Menderes Massif, the metamorphic
rocks exposed south of the Alasehir Graben comprise
different metasediments (quartzite, schist, phyllite
and marble), which belong to the Bayindir nappe
(Ring et al. 1999; Gessner et al. 2001a) (Fig. 1b).
The greenschist-facies metasediments have a tec-
tonic foliation parallel to the compositional layer-
ing, which dips gently to the north, and a well-
developed stretching lineation plunging gently NNE
(Hetzel et al. 1995b; Emre, 1996; Isik, Seyitoglu &
Cemen, 2003; Fig. 1). Abundant kinematic indicators
in the mylonites give a consistent top-to-the-NNE
shear sense (Hetzel et al. 1995b; Isik, Seyitoglu &
Cemen, 2003). During decreasing temperatures the
mylonites were cataclastically overprinted along a
detachment fault (further referred to as Alagehir
detachment, also known as ‘Kuzey detachment’),
which is associated with a 20 to 50 m thick zone of
cataclasite (Fig. 1). At present, the Alagehir detachment
dips ~ 15° N to NE and separates the metamorphic
rocks from variably southward-tilted Neogene sed-
iments (Hetzel et al. 1995b; Purvis & Robertson,
2004).
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The crustal-scale ductile shear zone, which records
the tectonic denudation of the metamorphic rocks,
contains two granodiorite intrusions: the Turgutlu
and Salihli granodiorites (Figs 1b, 2). The following
arguments, summarized from Hetzel et al. (1995b),
indicate that these granodiorites are syntectonic
with respect to the extensional ductile deformation:
(1) the mylonitic foliation and stretching lineation
have a similar orientation in both the intrusions and
their mylonitized host rock (Fig. 2a, b); (2) the
mylonitic fabrics in the granodiorites and their country
rock formed at similar retrograde greenschist-facies
conditions and unequivocally give the same top-to-the-
NNE sense of shear; (3) the granodiorite intrusions
show no evidence for any deformation earlier than
the retrograde greenschist-facies mylonitic foliation,
in contrast to the country rocks which experienced
an earlier deformation, presumably related to nappe
stacking (e.g. Gessner et al. 2001a); (4) undeformed
or little-deformed parts of the Turgutlu granodiorite
cross-cut the foliation of the country rock mylonites,
indicating that top-to-the-NNE shearing in these parts
has only taken place before the intrusion; (5) on
the other hand, contact-metamorphic andalusite and
muscovite porphyroblasts in other parts of the country
rock of the Turgutlu granodiorite are stretched and
boudinaged, indicating continued deformation after the
intrusion; and (6) some andalusites developed into
3-type clasts again indicating a top-to-the-NNE shear
sense.

2.c. Previous geochronological constraints: granodiorites
and their host rocks

Ar—Ar dating of two samples from the Turgutlu
and Salihli granodiorites (Hetzel et al. 1995b) has
provided the first time constraints on the extensional
ductile deformation in the Menderes Massif. Magmatic
biotite from the Turgutlu granodiorite has an Ar-
Ar plateau age of 13.2+£0.2 Ma (lo), whereas the
Salihli granodiorite yielded an Ar—Ar age on biotite of
12.2 + 0.4 Ma (Hetzel et al. 1995b). Amphibole from
the same sample of the Salihli granodiorite yielded
a complex saddle-shaped release spectrum with a
minimum step of 17.9 £ 1.0 Ma and a poorly defined
0Ar-3%Ar isochron age of 19.541.4 Ma (1o). The
biotite ages were originally interpreted to reflect
cooling through approximately 300-350°C, because
the samples are essentially undeformed and possess
no foliation (Hetzel et al. 1995b). Further cooling of
the Salihli granodiorite is constrained by two zircon
and apatite fission track ages of 5.2+£0.3 Ma and
1.9 £0.4 Ma, respectively (Gessner et al. 20015b).
Another age constraint has been derived from a
quartz-rich mylonite with a well-developed mylonitic
foliation just below the Alasehir detachment. Ar—
Ar laser-probe experiments on two splits of white
mica yielded ages of 6.7+ 1.1 Ma and 6.6 +2.4 Ma
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Figure 2. (a) Geological map of the Salihli granodiorite (modified after Hetzel et al. 1995b). For location, see Figure 1b. (b) Map of
the Turgutlu granodiorite (modified after Hetzel ef al. 1995b). For location, see Figure 1b.

(20), interpreted as dating deformation and fabric
formation at conditions close to the ductile—brittle
transition (Lips et al. 2001). Matrix monazite grains
from metamorphic rocks within the eastern part of
the Alagehir detachment, analysed by ion microprobe,
gave ages of 17£5 and 4.5+ 1.0 Ma, respectively,
interpreted to record extension (Catlos & Cemen,
2005).

The above-mentioned 19.5 &+ 1.4 Ma amphibole age
from the Salihli granodiorite was originally interpreted
as the intrusion age of the granodiorite and thus as
a minimum age for the onset of extension (Hetzel
et al. 1995b), and has been widely used as an anchor
point for regional models on extension, cooling and
exhumation (e.g. Seyitoglu & Scott, 1996; Gessner
et al. 2001a; Lips et al. 2001; Purvis & Robertson,
2005a,b). However, the observed presence of excess
Ar within the amphibole has left doubts as to the
trustworthiness of the age value (Catlos & Cemen,
2005), and even the interpretation of the age value
as dating Miocene granitoid crystallization has been
questioned (Westaway, 1996, 2006), which calls for a
more reliable determination of the intrusion ages of the
two granitoids.
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3. Description of the granodiorite samples

Sample 93T55 from the Salihli granodiorite (Fig. 2a)
is the same that was analysed by Hetzel et al.
(1995b). The sample is a macroscopically undeformed
granitoid, consisting of zoned plagioclase, K-feldspar,
quartz, magmatic biotite and amphibole, with traces
of apatite, opaques, zircon and allanite. The Turgutlu
granodiorite is exposed in three N—S-trending valleys
(Fig. 2b). The granodiorite sample 93T103 has been
taken from an exposure in the middle valley, where the
granodiorite cuts the mylonitic foliation of the country
rock schists. The sample exhibits a slight tectonic
foliation as well as a weakly developed stretching
lineation that has the same N-S direction as the
stretching lineation in the country rock, indicating
that the intrusion is syntectonic with respect to the
ductile deformation of the schists (Hetzel et al. 19955).
The sample further shows schlieren-like compositional
heterogeneities, defined by variable feldspar grain sizes
and variable mineral proportions. The assemblage is
comprised of quartz, zoned plagioclase, K-feldspar,
with traces of apatite, tourmaline, opaques, garnet,
rare epidote/allanite and monazite. Both samples
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Table 1. Major element data (in wt %) of samples from the Salihli
and Turgutlu granodiorites, Menderes Massif

Sample 93T55 Salihli 93T103 Turgutlu
SiO, 69.82 77.16
TiO, 0.56 0.14
AL Os 15.36 12.26
Fe, 05 3.82 1.11
MnO 0.07 0.01
MgO 1.57 0.01
CaO 4.09 0.91
Na,O 2.87 3.17
K,O 3.04 5.01
P,0s 0.21 0.07
BaO 0.06 0.02
LOI 1.20 0.73
U (ppm) 2 nd
Th (ppm) 8 nd
Total 102.6 100.6

Analysis of major elements by XRE, of U and Th by ICP-MS.
LOI - loss on ignition (1050 °C); nd — not determined.

are high-K, subalkaline granitoids (Table 1). From
both intrusions we selected particularly leucocratic,
quartz- and K-feldspar-rich variants for isotopic dating,
expecting elevated abundances of U, Th and U, Th-
bearing trace phases like monazite and allanite. Both
samples have been collected structurally well below
the zone of hydrothermal alteration and fracturing
associated with the Alasehir detachment. Petrological
indications for hydrothermal alteration are virtually
absent, implying that all mineral phases of our samples
are igneous in origin.

4. Analytical procedures

Mineral concentrates of K-feldspar, monazite (sample
93T103, Turgutlu) and K-feldspar, allanite (sample
93T55, Salihli) were produced, using standard heavy
liquid and magnetic separation techniques. Final
purification of mineral concentrates was done by hand-
picking under a binocular microscope. Turbid grains
were excluded from analysis. After washing of the
mineral separates in warm, diluted HNO; and ultra-

Table 2. U-Pb analytical results, Salihli granodiorite (Sample 93T55)
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clean H,0, a »5U-2%Pb isotopic tracer was added.
Minerals were then dissolved in PTFE capsules on a
hot plate, using concentrated HF (allanite, feldspar) or
HCI (monazite), respectively. Standard HCI, HBr and
HNO; anion exchange resin techniques were used for
chemical separation of U and Pb. U and Pb isotopic
analyses were conducted on a Finnigan MAT 262
TIMS instrument at the GeoForschungsZentrum (GFZ)
Potsdam. The 20 reproducibility of the NBS SRM-
981 Pb isotopic standard is better than 0.1 % for the
206pp/2%Pb and 2°’Pb/?*Pb ratios, and correspond-
ing uncertainties in 2°’Pb/*Pb ratios are < 0.06 %.
Laboratory procedural blanks are < 25 pg for Pb and
< 3 pg for U. Measured isotopic ratios were corrected
by 0.11 £0.05 % (20 )/a.m.u. mass fractionation. Data
reduction and age calculation were performed using
the programs PBDAT (Ludwig, 1993) and Isoplot/Ex
(Ludwig, 1999).

5. Results

For sample 93T55 (Salihli granodiorite), the optically
homogeneous allanite population was subdivided into
different sieve fractions and further differentiated
into idiomorphic, fragmented and fractured grains,
resulting in five individual fractions of about 15 to 50
grains each. Allanite consistently turned out to contain
nearly 1 wt % of Th, associated with U concentrations
of only about 200 ppm. The allanite also contains
significant amounts of initial common Pb (~ 20 ppm).
Due to this geochemical signature in combination with
the young (Miocene) age, the radiogenic departure of
allanite Pb from initial Pb isotopic compositions (as
given by the feldspar data in Table 2) is small for
206pb/238YJ ratios, and almost negligible for 2*’Pb/>U
ratios (Table 2). U-Pb data for all allanite fractions
are identical within limits of error (Fig. 3). The
207ph*/235U data do not yield precise age information
due to their uncertainties (Fig. 3). Geochronological
evaluation of the 2°°Pb*/>*®U data involves correction
of the possible presence of excess 2*°Pb. As pointed

2()6Pb7238U

Weight U Pbyw® 2%Pb/ 27Pb/ 205Pb/ +20 +£20 29Pb2BU age (Ma) 27Pb-2U
Analysis  Fractions®  (mg) (ppm) (ppm) 24Pb¢ 204pbe 204phe 206ph/238d (%) 207Pb/2PU¢ (%) age(Ma)  corr.®  age (Ma)
PS942  feldspar 2.442 1.11 349 18.87 15.72 39.16 — — — — — — —
PS938 all 125-250 1.040 203 19.4 21.87 15.83 91.84 0.00254 3.41 0.01271 93.1 16.35 14.96 12.83
PS939 all 125-250 fr 0.834 178 17.2 2195 15.84 9594 0.00256 3.34 0.01351 86.2 16.45 14.97 13.62
PS940 all 125-2501idi 0.810 204 19.7 21.90 15.86 92.12 0.00259 3.39 0.01619 73.8 16.65 15.22 16.31
PS941  all impure 2.412 188 19.8 21.46 15.80 86.72 0.00254 3.95 0.01108 123 16.33 14.88 11.20
PS943  all > 200 idi 1.366 197 21.42 21.37 15.82 84.51 0.00256 4.10 0.01426 101 16.50 15.03 14.38

2 Codes in the fraction numbers are: all — allanite. Abbreviations are
Total common Pb in sample (initial Pb + blank).
°Raw data, corrected for fractionation, and common lead in spike.

: 30-100 = size fractions (um); idi — idiomorphic; fr — fragments.

dCorrected for fractionation, procedural laboratory blanks (< 25 pg Pb, 3 pg U), and initial common Pb (as calculated from PS942 feldspar
data). Pb fractionation correction is 0.11%/amu (£ 0.05% 20'). 20 uncertainties on the isotopic ratios are calculated with the error

propagation procedure of Ludwig (1980).

°Ages corrected for excess 2°Pb due to initial >°Th disequilibria, using algorithm of Schirer (1984).
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Figure 3. Concordia diagrams for (a) allanite from the
Salihli granodiorite, and (b) for monazite from the Turgutlu
granodiorite. See Tables 2 and 3 for the analytical data; see text
for details on excess 2°°Pb correction. Allanite ages in (a) have
been calculated from excess-2°°Pb-corrected 29" Pb/2*8U data,
and monazite ages in (b) from 27Pb*/?3°U data.

out by Schirer (1984), U and Th fractionation between
a crystallizing Th-rich mineral and its parent magma
may result in U decay series disequilibrium and in
initial excess *°Th, leading to excess *°Pb in that
mineral. This excess 2*°Pb can be quantified and
corrected for if the Th/U ratios of both the mineral
and the parent magma are known (Schirer, 1984).
After calculating the Th concentrations of the allanite
fractions from their thorogenic °Pb (Table 2) and
using the whole rock Th and U concentrations (Table 1),
we obtained excess-2"°Pb-corrected 2°°Pb*—2**U ages of
around 15 Ma for all allanite fractions (Table 2, Fig. 3).
Considering potential uncertainties from the correction
of excess 2°Pb as well as the analytical uncertainties
on 2%°Pb/>#U ratios, we arrive at a weighted average
206pp-238UJ allanite age of 15.0 0.3 Ma.

From sample 93T103 (Turgutlu granodiorite), mon-
azite was separated into five different fractions, after
grain size criteria and according to presence or absence
of inclusions. The obtained 2°Pb*-?**U ages are
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systematically higher than corresponding **’Pb*->*°U
ages (Table 3), resulting in reverse discordance in a
206phy*/238U-207Ph*/235U diagram (Fig. 3). This effect
can again be explained by the presence of excess 2*°Pb
(Schirer, 1984), as typical for geologically ‘young’
monazite and allanite. In the case of the monazite
of this sample, we did not correct *Pb*~***U ages
for excess 2%°Pb, since no truly representative whole
rock sample was available because of the lithological
heterogeneity of the sample. Instead, the initial U/Pb
ratios of monazite were sufficiently high to allow for
derivation of precise 2”’Pb*~*33U ages even for these
young monazites. Four out of our five analyses are
identical within 2¢-limits of error, while one appears
to be slightly younger (Fig. 3). Calculation of Tukey’s
biweight mean, incorporating all monazite analyses,
leads to an 2°"Pb*-*33U age of 16.1 +0.2 Ma (20) for
the monazite population.

6. Discussion
6.a. Interpretation of U-Pb geochronological data

The U-Pb system of monazite is generally considered
as a fairly robust geochronometer, suitable for dating
granitoid crystallization (e.g. Copeland, Parrish &
Harrison, 1988). In fact, the U and Pb volume diffusion
characteristics of monazite almost inhibit any diffu-
sional resetting of the U-Pb system of monazite even
at temperatures of granite crystallization (Cherniak
et al. 2004). The post-crystallizational metamorphic
history recorded in our nearly undeformed sample of
the Turgutlu granodiorite gives no indications for either
metamorphic or hydrothermal monazite growth, or for
non-diffusional age reset mechanisms like dissolution—
reprecipitation or recrystallization. Any significant
reset of monazite ages after monazite crystallization
would probably also manifest in a major spread of
data for different grain size fractions in a 2°Pb*/>8U—
207pp*/235U diagram, which is not observed (Fig. 3).
The 2°"Pb/**U system in monazite is, unlike the
206pp/238U system, not subject to major systematic
effects from possible initial U decay series disequilibria
(cf. Schirer, 1984). We therefore interpret the monazite
207ph-235U ages as dating crystallization of the Turgutlu
granodiorite at 16.1 £0.2 Ma.

As to the interpretation of the Salihli-intrusion
allanite data, Romer & Siegesmund (2003) have
shown that this mineral may, even in magmatic
rocks, inherit radiogenic Pb from its precursor phases.
Such inheritance would result in discordant data in a
206pp*/238U-207Pb*/35U diagram. However, our dataset
does not show any evidence for isotopic inheritance
as all allanite data are identical and concordant within
limits of error. Pb and U volume diffusion in allanite
does not occur to any significant extent at temperatures
comparable to temperatures of granitoid crystallization
(~ 700 °C; cf. Oberli et al. 2004). We therefore interpret
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Table 3. U-Pb analytical results, Turgutlu granodiorite (Sample 93T103)

206Pb4238U 207Pb7235U 207Pb4206Pb Correl.

+ 20

(%)

207 Pb/
206 Pbd

+ 20

+ 20

(%)

206 Pb/
238Ud

208 Pb/
ZOGPbd

Pbtotal Pbcomb 206Pb/
(ppm) (ppm) **Pb

U
(ppm)

Weight
(mg)

coeff.f

+20°

age (Ma)

age (Ma)

age (Ma)

(%)

207 Pb, /235 Ud

Fraction

Analysis

0.05

0.83285°¢
0.04563

18.87 2.072°¢ —
1.73  636.8
1.22 7373

1.87 64.5

1.54

PS935
PS932
PS933
PS934

feldspar
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0.782
0.769

0.695
0.739
0.778

9.1

7.9
12
13
11

—22.1
—14.7
—10.3
—11.1
—44.8

16.15
16.15
16.24
16.13
15.90

16.41
16.36
16.42

16.31
16.30

0.38
0.33
0.48
0.54
0.46

0.04577
0.04585
0.04583
0.04520

0.60
0.51
0.67
0.79
0.74

0.01604
0.01604
0.01612
0.01601
0.01578

0.46
0.38
0.44
0.55
0.56

0.00255
0.00254
0.00255
0.00253
0.00253

1.896

2.048
1.919

702.0 2.481

1.47 7257 2.661
1.32 7734

2.01

43.8
37.4
53.1
41.0
66.8

0.172 6489
0.196 5326
0.119 6319

0.053 6110
0.124 8394

mo 40-63 incl
mo 40-63 incl
mo >100 cl incl
mo 63-100 cl
mo 63-100 cl

PS936
PS937
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dCorrected for fractionation, procedural laboratory blanks (< 25 pg Pb, 3 pg U), and initial common Pb (as calculated from PS935 feldspar data). Pb fractionation correction is 0.11%/amu (& 0.05% 20).
20 uncertainties on the isotopic ratios are calculated with the error propagation procedure of Ludwig (1980).

2Codes in the fraction numbers are: mo — monazite. Abbreviations are: 30-100 = size fractions (um); incl — with inclusions; cl — clear.
¢ Absolute error, in Ma.

®Total common Pb in sample (initial Pb + blank).
°Raw data, corrected for fractionation, and common lead in spike.

207pp/235 / 200ph/B8Y error correlation coefficient.
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the allanite U-Pb isotopic data as dating allanite
crystallization, contemporaneous with crystallization
of the Salihli granodiorite, at 15.0 £ 0.3 Ma.

6.b. Re-evaluation of previous Ar—Ar data

The new allanite U-Pb data from the Salihli gran-
odiorite provide a reliable crystallization age of
15.0 £ 0.3 Ma. This age is significantly younger than
the previously determined Ar—Ar amphibole isochron
age of 19.54+1.4 Ma (lo; Hetzel et al. 1995b). We
attribute this age difference to an incomplete correction
for excess Ar in the amphibole, which renders the Ar—
Ar age geologically meaningless.

In contrast, Ar release spectra for biotite from
both the Turgutlu and Salihli granodiorites did not
show any indications for excess Ar, and we regard
the Ar—Ar plateau ages obtained by Hetzel er al
(1995b) of 13.14+0.2 Ma for Turgutlu biotite and
of 12.2+0.4 Ma for Salihli biotite as dating Ar-
isotopic closure of the biotite. Both biotite samples did
not experience any post-crystallizational deformation
(we note that the biotite sample from the Turgutlu
granodiorite analysed by Hetzel et al. (1995b) was not
the slightly deformed sample 93T103 but a completely
undeformed one). Synkinematic recrystallization can
thus be ruled out as an age-resetting mechanism.
Therefore, Ar isotopic closure is possibly related to
cooling to temperatures below ~450°C (cf. Villa,
1998; Villa & Puxeddu, 1994). However, as we have
no information on presence, properties, or absence
of intergranular aqueous fluids at the time of biotite
isotopic closure, we cannot rule out that in fact a kind
of fluid-aided resetting is dated. Hydrothermal Ar bulk
loss experiments on biotite point to isotopic closure at
temperatures of ~ 350-300 °C (e.g. Grove & Harrison,
1996). In consequence, we can only state that the
biotite Ar—Ar ‘clock’ was set at temperature conditions
between ~ 450 and ~ 300 °C. Interestingly, there is a
systematic difference in age between our new U-Pb
crystallization ages and the Ar—Ar biotite ages for the
two intrusions. Both biotite Ar—Ar ages are ~ 3 Myr
‘younger’ than the corresponding U-Pb crystallization
ages (13.1+0.2 Ma v. 16.1 £ 0.2 Ma for the Turgutlu
body, and 12.2+£0.4 Ma v. 15.0.£0.3 Ma for the
Salihli granitoid, respectively). Therefore, although
the Ar—Ar biotite ages cannot be tied to a precise
temperature, they indicate that the roof zone of the two
granitoids was at temperatures high enough (> 300 °C)
to facilitate ductile deformation for at least 3 Myr
following the intrusion of the granodiorites. According
to thermal models for comparable granitic bodies (e.g.
Coulson et al. 2002), thermal relaxation of fairly small
granitoid bodies is expected to be nearly complete after
3 Myr (the time span between granite crystallization
and the corresponding Ar—Ar biotite ages). Therefore,
itis likely that temperatures of > 300 °C prevailed for at
least 3 Myr after granitoid intrusion (until 13/12 Ma),
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not only in the granitoids but also in the country rocks
in the present-day level of exposure.

Estimating the present-day geothermal gradient in
the upper crust from the average present-day heat
flow in western Anatolia (Ilkisik, 1995) and standard
heat flow models for continental crust (Chapman &
Furlong, 1992) suggests a regional geothermal gradient
of ~ 40 °C/km. Using the temperature value of 300 °C
for Ar-isotopic closure of the biotites, this gradient
leads to a minimum amount of exhumation of 7.5 km
since c¢. 13-12 Ma. We note that the geothermal
gradient has likely increased with time, owing to
the advective heat transport during crustal extension,
which again suggests that the exhumation estimate is
a minimum. The growth of andalusite porphyroblasts
in the contact aureole of the Turgutlu granodiorite
may be used to place an upper limit on the intrusion
depth and thus the total amount of exhumation of
the Turgutlu granodiorite. The Al,SiOs triple point is
located at pressures of 3.5 to 4.5 kbar in PT7-space
(e.g. Larson & Sharp, 2003 and references therein),
which corresponds to crustal depths of 13 to 17 km,
respectively. In conclusion, we estimate that 10—15 km
of overburden has been removed in the last 15-16 Myr
by a combination of tectonic extension and erosion at
the surface.

6.c. Implications for the timing of extension in the central
Menderes Massif

Contact relationships and deformation patterns of
the Turgutlu and Salihli granodiorites and their host
rocks suggest that the granitoids intruded into already
mylonitized country rocks and experienced shearing
at retrograde greenschist-facies conditions. In other
words, the granodiorites are syntectonic with respect
to the top-to-the-NNE extensional shear zone exposed
in the southern footwall of the Alasehir graben. Our
new crystallization ages for the two intrusions therefore
imply that extension in this part of the central Menderes
Massif was already underway at 16.1+0.2 Ma. It
is an open question whether regional magmatism
was temporally nearly coincident with the formation
of extension-related ductile shear zones, or whether
there has been a significant time gap between early
extensional deformation and incipient regional mag-
matism. The Neogene sediments along the southern
and northern margin of the Alasehir graben may be
used to shed some light on this question. The variably
southward-tilted sediments along the southern margin
of the graben rest upon the Alagehir detachment fault.
For the lower portion of the sedimentary succession a
sporomorph assemblage suggests an Early to Middle
Miocene age (c. 20—14 Ma, Burdigalian to middle—
Serravallian: Seyitoglu & Scott, 1996; Seyitoglu et al.
2002), although some workers argue for a Late
Miocene age (e.g. Yilmaz ef al. 2000 and references
therein). At the northern margin of the eastern
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Alagehir graben near Toygarli (~ 20 km E of Salihli),
clastic sediments post-date andesitic lavas with ages
between 14.0 + 0.4, 14.65 £0.06, and 16.1 £0.9 Ma,
obtained by K-Ar and Ar-Ar methods using
biotite and amphibole (Ercan et al. 1997; Purvis &
Robertson, 2004, 2005a,b). According to Cohen et al.
(1995), the volcanic rocks near Toygarli coincide
temporally with the earliest sediments of the Alagehir
graben. If the oldest sediments along the Alagehir
graben date the initiation of normal faulting, they
suggest an age of c¢. 20-15 Ma for the beginning
of extensional deformation in the central Menderes
Massif.

Several studies in an analogous extension-dominated
setting, the Basin and Range province of North
America, suggest a strong correlation between the onset
of magmatism and the onset of regional extension. In
the Basin and Range, volcanism was found to initiate
synchronously with the initiation of surface-breaking
normal faults (e.g. Armstrong & Ward, 1991; Rahl,
McGrew & Foland, 2002). A close correlation between
initiation of magmatism and extensional deformation
has also emerged for the northernmost part of the
Menderes Massif. Here, the large-scale extensional
Simav detachment fault operated between c. 25 and
c. 19 Ma, as deduced from zircon fission track data
(Thomson & Ring, 2006), U-Pb zircon data for the
synkinematic Egrigéz and Koyunoba granites (21.3—
20.1 Ma: Ring & Collins, 2005), and an Ar—Ar
mylonitization age of 22.86 + 0.47 Ma obtained from
muscovite (Isik, Tekeli & Seyitoglu, 2004). The onset
of faulting appears to be synchronous with the onset
of magmatism, as evident from an U-Pb zircon SIMS
age of 24.4+£0.3 Ma for a local leucogranitic dyke
(Ring & Collins, 2005). By analogy, we hypothesize
that extensional deformation in the footwall of the
Alagehir detachment did not substantially pre-date the
intrusion of the dated granitoids, that is, extension in
the central Menderes Massif may have started c. 18—
16 Ma ago, in late Burdigalian times.

6.d. Continuous extension since c. 16 Ma?

Based on the microtextural evidence from the
greenschist-facies shear zone and the gradual transition
from the mylonites into the overlying cataclasites of the
Alagehir detachment, Hetzel et al. (1995b) and Emre
(1996) have inferred a more or less continuous N-S-
to NNE-SSW-directed extension since the intrusion
of the Turgutlu and Salihli granodiorites. In conflict
with this interpretation, a short-lived contractional
event with N—S-directed shortening in the Pliocene
has been inferred by Kocyigit, Yusufoglu & Bozkurt
(1999), on the basis of folds present in the Neogene
sediments along the Alasehir graben. The evidence
presented remains equivocal, however, as Seyitoglu,
Cemen & Tekeli (2000) have demonstrated that the
folds in question are likely extensional in origin and do
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not indicate crustal shortening. Likewise, N—S-trending
fold axes in Miocene sediments south of the Alasehir
graben, which have been interpreted to indicate a Late
Miocene compressional phase (Gokten, Havazoglu &
San, 2001; Bozkurt, 2003), do not necessarily indicate
crustal shortening. We add that Paton (1992), studying
normal faulting and sedimentation near Alasehir,
has not reported any evidence for a short-lived
contractional event and that Purvis & Robertson (2004)
suspect that local tilting and folding in the Usak-Giire
basin northeast of the Alasehir graben are extension-
related.

A prolonged phase of N-S- to NNE-SSW-directed
extension since at least 16 Ma is also indicated by
geochronological data on the post-Serravallian deform-
ation, cooling and exhumation history of the meta-
morphic rocks south of the Alasehir graben. First, the
results of Ar—Ar laser-probe experiments on white mica
from shear zones of the southern Alagehir graben flank
(Alasehir detachment; 6.7 1.1 Ma and 6.6 + 2.4 Ma:
Lips et al. 2001) were interpreted as dating deformation
and fabric formation at conditions close to the ductile—
brittle transition. A 4.5 4+ 1.0 Ma U-Pb monazite age
from the Alasehir detachment (Catlos & Cemen, 2005)
was likewise interpreted to record extension, probably
by way of synkinematic monazite-forming retrograde
reactions. The final cooling of the metamorphic rocks
and the granodiorite intrusions is recorded by two
fission track ages on zircon (5.2 & 0.3 Ma) and apatite
(1.9 + 0.4 Ma) (Gessner et al. 2001b).

Whether the extensional deformation occured in
a continuous fashion or in distinct pulses separated
by periods of tectonic quiescence cannot be decided
with the available geochronological data. On the basis
of sedimentological data from the Alasehir graben,
Purvis & Robertson (2004) have argued for two
extension pulses with a phase of tectonic quiesence
in the Late Miocene. The main evidence for these two
extensional phases is a regional unconformity in the
sediments along the southern margin of the Alasehir
Graben, separating a Middle Miocene succession
deposited by axial fluvial transport from Pliocene
alluvial fan deposits recording a transverse transport
direction (Purvis & Robertson, 2004). However, such
an unconformity may also be related to a change in base
level (indeed, a regional surface uplift of about 250 m
in the Pliocene has been inferred by Westaway et al.
(2004)) or to the initiation of a second set of normal
faults along the southern margin of the Alasehir graben
(Seyitoglu et al. 2002).

In any case, the Quaternary sediments in the present-
day Alasehir graben, a pronounced seismic activity
(e.g. Eyidogan, 1988), earthquake focal mechanisms
(for instance, those reported for the 1969 Alasehir
earthquake: Eyidogan & Jackson, 1985) and GPS data
(McClusky et al. 2000) demonstrate an ongoing N—S
extension in both the Menderes Massif and western
Turkey as a whole.
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Westaway (2006) has tried to explain the Oligo-
cene/Miocene cooling histories in the Menderes Massif
by erosion and flat-slab subduction and states that
extension began only c¢. 11 Ma ago, with most of the
extension being younger than c¢. 7 Ma. We argue that
abundant mylonites and syntectonic intrusions present
in different parts of the Menderes Massif and their
progressive deformational overprint at decreasing tem-
peratures, in combination with geochronological data
derived from these rocks, indicate that continental ex-
tension started much earlier (Hetzel et al. 1995b; Isik &
Tekeli, 2001; Isik, Seyitoglu & Cemen, 2003; Ring
et al. 2003; Isik, Tekeli & Seyitoglu, 2004; Ring &
Collins, 2005; Thomson & Ring, 2006; this study).

7. Conclusions

Our new U-Pb ages of 16.1 +£0.2 Ma (monazite,
Turgutlu granodiorite) and 15.0 £0.3 Ma (allanite,
Salihli granodiorite) are high-precision age determina-
tions for crystallization of these intrusive bodies in the
central Menderes Massif. The data represent an anchor
point for constraining the magmatic and deformation
history of the Menderes Massif, and supersede previous
widely used but inaccurate amphibole Ar—Ar age data
for these granitoids.

Existing biotite Ar—Ar ages date Ar-isotopic closure
of biotite at 450-300°C at about 3 Myr after crys-
tallization of the respective granitoids. This indicates
that temperatures were high enough to facilitate
ductile extensional deformation of the granitoids and
their country rocks until ¢. 13—-12 Ma. Petrological
considerations lead us to estimate a total exhumation
of 10—15 km since granitoid crystallization at 16.1 and
15.0 Ma, respectively. Using 300 °C as the temperature
of biotite isotopic closure and an estimated geothermal
gradient of ~ 40 °C/km, we arrive at a minimum amount
of exhumation of 7.5 km since c¢. 13—12 Ma, which
must have been accomplished by a combination of
tectonic extension and erosion.

The new U-Pb ages, combined with published
sedimentological data for the Alasehir graben deposits
and age data for other regional magmatic rocks,
indicate that incipient extensional faulting in the central
Menderes Massif may be temporally close to granitoid
intrusion, that is, late Burdigalian (c. 18—16 Ma) in age.
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