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A B S T R A C T

The central Menderes Massif in western Turkey is a bivergent metamorphic core complex characterised by two
detachment faults that operated with opposite sense of shear. Here, we present K–Ar ages and hydrogen isotope
data for fault gouge as well as fission track and (U–Th)/He ages for apatite and zircon from bedrock samples to
constrain the timing of detachment faulting. Comparison of the K–Ar ages and low-temperature thermo-
chronologic ages indicates brittle faulting at temperatures between ~240 and ~70 °C. At the western termi-
nation of the Gediz detachment, K–Ar ages between ~12 and ~5Ma suggest rather continuous faulting since the
mid-Miocene; a Pliocene phase of rapid slip is mainly recorded in the eastern part of this detachment. In contrast,
K–Ar ages from the Büyük Menderes detachment cluster at 22–16 and 9–3Ma and provide evidence for two
phases of faulting, which is in accordance with new and published low-temperature thermochronologic data.
Hydrogen isotope ratios of −76 to −115‰ indicate infiltration of meteoric water during detachment faulting
and gouge formation. The youngest K–Ar ages and cooling histories for hanging and footwall rocks imply that
the activity of both detachments ended ~3Ma ago when the currently active grabens were established.

1. Introduction

Brittle faulting accommodates much of the deformation in the
Earth's upper crust and is a key process that governs landscape evolu-
tion in tectonically active regions. In order to understand how land-
scapes evolve in response to crustal shortening or extension, it is crucial
to constrain the timing of brittle faulting episodes. Commonly, this is
done indirectly by applying low-temperature thermochronology to the
hanging wall and footwall of thrust or normal faults and by thermo-
kinematic modelling of the respective cooling paths to account for heat
advection and to quantify slip-rate histories (e.g. Thiede et al., 2005;
Campani et al., 2010; Braun et al., 2012; McCallister et al., 2014; Wolff
et al., 2019). In contrast, direct dating of brittle fault rocks such as

breccia, cataclasite, fault gouge, or pseudotachylite (e.g. Eide et al.,
1997; Sherlock and Hetzel, 2001; van der Pluijm et al., 2001;
Zwingmann and Mancktelow, 2004; Wölfler et al., 2010; Ault et al.,
2015) is more challenging due to the fine-grained nature of most fault
rocks. Against this background, the direct dating of brittle faults com-
bined with low-temperature thermochronology is a particularly valu-
able approach to decipher the timing of brittle deformation phases (e.g.
Duvall et al., 2011; Mancktelow et al., 2016; Ring et al., 2017).

Probably the most common rock type that forms during brittle
faulting and cataclasis is clay-rich fault gouge, which typically contains
the K-bearing mineral illite. The pioneering studies of Lyons and
Snellenburg (1971) and Kralik et al. (1987) have shown the great po-
tential of K–Ar and Rb–Sr dating of clay fractions from fault gouge in
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order to determine the age of faulting. Since then, an increasing number
of studies has employed K–Ar and 40Ar-39Ar dating of synkinematic
illite from fault gouge to provide absolute age constraints on brittle
faulting (e.g. Vrolijk and van der Pluijm, 1999; Choo and Chang, 2000;
Haines and van der Pluijm, 2008; Zwingmann et al., 2010, 2011; Rahl
et al., 2011; Haines et al., 2016).

The combination of absolute fault gouge dating with low-tempera-
ture thermochronology has often been applied to characterise the ac-
tivity of low-angle normal faults in extensional tectonic settings (e.g.
Haines and van der Pluijm, 2012; Mancktelow et al., 2016). Such low-
angle normal or detachment faults are a general feature of metamorphic
core complexes that form during the syn-, late-, or post-orogenic ex-
tension of mountain belts (e.g. Dewey, 1988; Lister and Davis, 1989;
Burchfiel et al., 1992; Malavieille, 1993; Singleton et al., 2014). De-
tachment faults, which represent the upward continuation of ductile
shear zones, accommodate large amounts of extension and are re-
sponsible for the rapid exhumation of metamorphic rocks from mid-
crustal depth (e.g. Crittenden et al., 1980; Forsyth, 1992). Regarding
the geometry and kinematics of core complexes and detachment faults,
two end-member types can be distinguished (Malavieille, 1993). The
more common type is asymmetric and bounded by a single detachment
(e.g. Wernicke and Axen, 1988; Lister and Davis, 1989). The other type
is characterised by bivergent extension, which is accommodated by
detachment faults with opposing dip directions on both flanks of the
core complex (Malavieille, 1993; Faure et al., 1996; Vanderhaeghe
et al., 1999; Gessner et al., 2001). Typical processes that occur during
the evolution of metamorphic core complexes are the overprinting of
older mylonitic fabrics by younger cataclastic fault zones and discrete
brittle faults (e.g. Crittenden et al., 1980; Lister and Davis, 1989) and
the infiltration of meteoric fluids into the detachment faults, as shown
by stable isotope studies (e.g. Fricke et al., 1992; Caine et al., 1996;
Mulch and Chamberlain, 2007; Gébelin et al., 2015).

Here, we present 19 new K–Ar ages to constrain the age of de-
tachment faulting in a key area of continental extension: the Menderes
Massif in Western Turkey. The central part of this massif constitutes a
bivergent metamorphic core complex that was exhumed by slip on two
detachment faults with opposite dip and sense of shear. Our K–Ar ages,
complemented by new and previously published low-temperature
thermochronologic data, allow us to evaluate if the two detachment
faults were active simultaneously or not. In addition, the hydrogen
isotope composition of the dated fault gouge samples was measured to
test if meteoric fluids have infiltrated the detachment faults during
periods of fault activity.

2. The central Menderes Massif

Since ~25Ma, the Aegean region in the back-arc of the Hellenic
subduction zone has experienced pronounced extensional deformation,
which resulted in the exhumation of mid-crustal rocks exposed in nu-
merous metamorphic massifs and core complexes (e.g. McKenzie, 1978;
Jolivet and Faccenna, 2000; Brun and Sokoutis, 2010; Jolivet et al.,
2013). The Menderes Massif in western Turkey is one of the largest of
these metamorphic massifs. It is cut by two active E-W trending grabens
– the Gediz and Büyük Menderes grabens – which subdivide the massif
into three submassifs (e.g. Seyitoğlu and Scott, 1991; Yılmaz et al.,
2000; Gürer et al., 2009) and bound the central Menderes Massif in the
north and south (Fig. 1).

The metamorphic rocks of the central Menderes Massif comprise
four nappes that were stacked during late Cretaceous to Eocene plate
convergence along the Izmir-Ankara suture zone (e.g. Şengör et al.,
1984; Ring et al., 1999; van Hinsbergen et al., 2010; Gessner et al.,
2013). From lowest to highest structural level, these nappes include the
Bayındır, Bozdağ, Çine, and Selimiye nappes, which are structurally
overlain by the Cycladic blueschist unit in the west (Ring et al., 1999;
Gessner et al., 2013) (Fig. 1). The Bozdağ, Bayındır, and Selimiye
nappes consist mainly of greenschist to amphibolite facies mica schists,

quartzites and phyllites; the two latter also contain some marbles (Dora
et al., 1990; Hetzel et al., 1998; Özer and Sözbilir, 2003; Candan et al.,
2011). The Çine nappe consists largely of orthogneisses and pelitic
gneisses (e.g. Hetzel and Reischmann, 1996; Hetzel et al., 1998; Candan
et al., 2001). At the northern and southern margins of the central
Menderes Massif two belts of Neogene sedimentary rocks are well ex-
posed due to ongoing footwall uplift along the active boundary faults of
the Gediz and Büyük Menderes grabens (Fig. 1).

The Küçük Menderes Graben separates the central Menderes Massif
into the Bozdağ and Aydın mountain ranges, which are bounded by
shallow-dipping detachment faults (Fig. 1). The central Menderes
Massif was exhumed during bivergent N–S-directed extension on these
two faults and thus constitutes a symmetric core complex (Gessner
et al., 2001). The rocks in the footwall of the Gediz detachment, at the
northern slope of the Bozdağ Range, exhibit a top-to-the-N to NNE sense
of shear (Hetzel et al., 1995), whereas the shear sense of the Büyük
Menderes detachment was opposite, i.e. top-to-the-S to SSW (Emre,
1996; Gessner et al., 2001; Işık et al., 2003). As both detachments cut
obliquely through the nappe pile, the structurally higher Çine nappe
was emplaced against the lower Bayındır nappe. Therefore, orthog-
neisses of the Çine nappe occur as klippen above the two detachments
(Fig. 1) (Hetzel et al., 1995; Buscher et al., 2013; Wölfler et al., 2017).
Likewise, the Neogene sedimentary rocks along the northern and
southern margins of the massif were tectonically emplaced on the de-
tachment faults during progressive extension and normal faulting. Fi-
nally, both detachment faults were cut by the high-angle boundary
faults of the Gediz and Büyük Menderes grabens.

The timing of detachment faulting in the central Menderes Massif
has hitherto been inferred from different types of geochronological data
but is still not well resolved. At the Gediz detachment, ductile de-
formation and normal faulting was initially interpreted to have been
underway in the mid-Miocene, based on U–Pb zircon ages of
~16–15Ma and 40Ar-39Ar plateau ages of ~13–12Ma for biotite from
two synextensional intrusions, the Turgutlu and Salihli granodiorites
(Hetzel et al., 1995; Glodny and Hetzel, 2007) (Fig. 1). More recently, in
situ U–(Th)–Pb dating of titanite from the Salihli granodiorite was used
to suggest that the pre-extensional emplacement and crystallization of
the magma occurred at 17–16Ma, whereas ductile extensional de-
formation began 1–2Ma later at 15–14Ma (Rossetti et al., 2017).
40Ar-39Ar laser dating of synkinematic white mica from one mylonite
sample beneath the Gediz detachment yielded two single-fusion ages of
6.6 ± 2.5 and 6.7 ± 1.1Ma (weighted mean: 6.7 ± 1.0Ma), in-
dicating ongoing deformation at temperatures near the brittle-ductile
transition zone in the latest Miocene (Lips et al., 2001). The first few
apatite and zircon fission track ages from the central Menderes Massif
were interpreted to indicate that both the Gediz and Büyük Menderes
detachments were active simultaneously, with a period of particularly
rapid cooling in the Pliocene (Gessner et al., 2001; Ring et al., 2003).
The latter phase of extension was also inferred from an ion microprobe
Th–Pb age of 4.5 ± 1.0Ma for retrograde monazite from the Salihli
granodiorite (Catlos and Çemen, 2005). This period of fast cooling and
exhumation in the eastern part of the Gediz detachment took place
between ~4 and ~2Ma as shown by a detailed thermochronologic
study of the Salihli granodiorite (Buscher et al., 2013). At the Büyük
Menderes detachment, a similar study revealed two distinct phases of
cooling in the middle Miocene and latest Miocene/Pliocene (Wölfler
et al., 2017), which have been confirmed by additional data taken along
strike of the detachment fault (Nilius et al., 2019). A first attempt to use
K–Ar dating of fault gouge and cataclasite to provide direct age con-
straints on brittle faulting yielded ages of 10–9Ma and 4–3Ma near the
eastern end of the Gediz detachment and ages of ~22Ma and
~5–3Ma at the Büyük Menderes detachment (Hetzel et al., 2013; for
location of samples see Fig. 1).
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3. Sampling sites and sample description

To better constrain the timing of detachment faulting in the central
Menderes Massif, we collected six fault gouge samples for K–Ar dating
at five new sites of the Gediz and Büyük Menderes detachment faults
(Fig. 1). At all sites, we used hammer and chisel to obtain 1–2 kg of
material from weakly to moderately consolidated fault gouge. In order
to define the cooling history of the country rock, we also collected three
bedrock samples for low-temperature thermochronology at the Gediz
detachment and three similar samples at the Büyük Menderes detach-
ment. Note that although the three latter samples are included in a
study on the exhumation of the Aydın Range (Nilius et al., 2019), they
are also briefly described and presented in this study.

In the western part of the Gediz detachment, we sampled fault
gouge at two recently created roadcuts (Fig. 1). At the first roadcut,
sample 15T18 was collected from a low-angle normal fault, which dips
gently to the north in the footwall of the Gediz detachment. The bed-
rock below and above the fault consists of phyllites and mylonitic
quartzites of the Bayındır nappe (Fig. 2a). The fault zone exhibits a
~50-cm-thick layer of black to dark grey fault gouge and is cut by a
steep north-dipping normal fault (85/70 N) (Fig. 2a and b). The sample
for K–Ar dating was taken from the center of the fault gouge layer at a
distance of several metres from the high-angle normal fault (Fig. 2c).
About 3 km farther west, the Gediz detachment fault is well exposed in

another roadcut. Here, the detachment is characterised by a 10–15-cm-
thick dark-grey fault gouge layer, which separates light grey marbles in
the footwall from reddish sedimentary rocks in the hanging wall
(Fig. 3a). The planar top of the detachment dips gently to the north
(108/10 N) and exhibits a well-developed, NNW-plunging striation
(337/08). The Neogene conglomerates in the hanging wall show nu-
merous sheared and broken clasts (Fig. 3b). For K–Ar dating, sample
15T22 was collected from the lowermost 4 cm of the fault-gouge di-
rectly above the striated marbles (Fig. 3c). For low-temperature ther-
mochronology, we took two bedrock samples from the footwall of the
Gediz detachment (14M19 and 15M84) to the east and west of the two
roadcuts, respectively (Fig. 1). A third bedrock sample (11M1) was
taken a few kilometres farther north from a bedrock klippe in the
hanging wall of the detachment.

At the Büyük Menderes detachment, the construction of a water
reservoir offered the possibility to obtain fresh gouge material from the
eastern portion of the fault (samples 15T2 and 15T3) (Fig. 1). The de-
tachment separates deformed Neogene sedimentary rocks in the
hanging wall from yellow quartzites in the footwall (Fig. 4a). The fault
zone is 50–70 cm thick and became exposed over a distance of ~12m
during excavations related to dam construction. It dips gently to the SE
(60/20 SE) and the planar schistosity of the fault gouge has striations
with an orientation of 160/18. The fault zone consists of two gouge
layers separated by a ~10-cm-thick zone of cataclastically deformed

Fig. 1. Geological map of the central Menderes Massif (modified from Wölfler et al., 2017 and complemented with own field observations). Note that samples
15M57, 15M58, and 16M90 are included in Nilius et al. (2019). Map in lower left part of figure shows the location of the study area within the Aegean region.
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quartzite derived from the fault footwall. The upper gouge layer is rich
in clay, light grey in colour and ~15 cm thick, whereas the dark grey
gouge layer underneath contains less clay and has a thickness of
~30 cm. Samples for K–Ar dating were collected from the lower part of
the light grey fault gouge (15T2) and from the lowermost 20 cm of the
dark grey gouge layer (15T3) (Fig. 4b). As the water reservoir has been
filled in the past years, the outcrop is no longer accessible.

About 7 km farther northeast, we obtained another fault gouge
sample (16T6) from the Büyük Menderes detachment. This sampling
site is located ~800m higher than the outcrop at the water reservoir
and the detachment forms a several hundred metres wide fault zone.
The sample was collected from a>5-m-thick zone with dark grey to
black fault gouge near the crest of a NNE-trending mountain ridge
(Fig. 5). The rocks above and below the fault gouge comprise weathered
and sheared mica schists of the Bozdağ nappe. The sampled fault gouge
layer is orientated subparallel to the foliation of the mica schists (i.e.
45/20 SE) (Fig. 5). We also obtained one sample (16M90) for low-
temperature thermochronology from the mica schists (Nilius et al.,
2019). South-dipping cataclasites about 400m north of the sampling
sites (Fig. 5) exhibit a top-to-the S sense of shear but are not suitable for
K–Ar dating because they contain little clayey material. At the western
part of the Büyük Menderes detachment we collected another fault
gouge sample (15T7) in a small river valley that exposes> 5-m-thick
cataclastically deformed mylonites with a top-to-the S sense of shear
(Fig. 1). The sample was collected from a ~0.5-m-thick fault zone,
which dips south at an angle of 20–25° (i.e. slightly steeper than the
foliation of the cataclasites). Striations on the main fault plane plunge
towards the SSW. About 15 km east of this sampling site, we collected
two samples for low-temperature thermochronology (15M57 and
15M58; Nilius et al., 2019) from the footwall of the detachment (Fig. 1).

4. K–Ar dating and hydrogen isotope analysis of fault gouges

4.1. Theoretical background

K–Ar dating of illite from fault gouges is increasingly applied to
constrain the temporal activity of brittle faults (e.g. Vrolijk and van der
Pluijm, 1999; Zwingmann and Mancktelow, 2004; Haines and van der
Pluijm, 2008; Zwingmann et al., 2010; Duvall et al., 2011; Rahl et al.,
2011; Haines et al., 2016; Mancktelow et al., 2016; Viola et al., 2016;
Ring et al., 2017). Still, interpreting K–Ar ages for different clay size
fractions from individual samples requires a careful examination of
sample mineralogy, host rock lithology, and cooling histories to inter-
pret the resulting bulk mineral ages in a meaningful way. For instance,
protracted illite growth over a certain period of fault activity can be
reflected by progressively younger ages for smaller size fractions, be-
cause larger crystals started to grow earlier than smaller ones (e.g.
Zwingmann et al., 2010). On the other hand, K–Ar ages that increase
with grain size may also result from contamination of the fault gouge
with K-feldspar or muscovite from the host rock (e.g. van der Pluijm
et al., 2001). In this case, older ages for larger size fractions may
overestimate the time of faulting if significant amounts of K-feldspar or
muscovite are present, whereas younger K–Ar ages for small size frac-
tions without K-feldspar or inherited muscovite may record clay mi-
neral growth during faulting (e.g. Haines and van der Pluijm, 2008;
Hetzel et al., 2013; Viola et al., 2016). Knowledge of the cooling his-
tories of crustal blocks adjacent to the studied fault can aid the eva-
luation of K–Ar fault gouge ages, because authigenic growth of illite
during brittle faulting often occurs at temperature conditions bracketed
by the annealing temperature of fission tracks in zircon (~240 °C) and
the upper boundary of the partial annealing zones of apatite (~110 °C)
(e.g. Zwingmann and Mancktelow, 2004; Mancktelow et al., 2016).
This observation has been interpreted to indicate that K–Ar ages record
illite growth during brittle faulting in this temperature interval. To
determine the source of the water contained in the clay minerals of fault
gouges, the hydrogen isotope analysis of muscovite and/or illite has

Fig. 2. Photographs of sampling site 15T18. a) Roadcut with the low-angle
normal fault in the foreground from which sample 15T18 was obtained for K–Ar
dating. Hanging wall of the fault consists of mylonitic quartzite, while the
footwall comprises greyish phyllite. A steep normal fault cross-cuts and dis-
places the low-angle normal fault. Offset of bedrock is indicated by the white
dashed line. b) Sketch of the outcrop shown in a). c) Sampled fault gouge
horizon with hammer for scale. White outline corresponds to area from which
sample 15T18 was obtained for K–Ar dating.

Fig. 3. Photographs of sampling site 15T22. a) Roadcut with Gediz detachment
in the foreground. The hanging wall comprises deformed Neogene sedimentary
rocks with numerous sheared clasts. The footwall of the detachment fault is
marble. b) Sheared clast in Neogene sediments. Note that the sediment contains
many brecciated rock fragments of different sizes. c) Sampled fault gouge
horizon above the detachment fault surface. White outline corresponds to area
from which sample 15T22 was obtained for K–Ar dating.
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been particularly helpful (e.g. Fricke et al., 1992; Losh, 1997; Morrison
and Anderson, 1998; Mulch et al., 2007; Mancktelow et al., 2016;
Lynch et al., 2019).

4.2. K–Ar dating of fault gauges and results

The methodology used for K–Ar dating of the sampled fault gouges
is similar to the one described by Zwingmann et al. (2010) and Hetzel
et al. (2013). About 50–100 g of fresh fault gouge was gently dis-
aggregated by repetitive freezing and thawing to avoid artificial grain-
size reduction of rock components and contamination with K-bearing
minerals such as K-feldspar and mica (Liewig et al., 1987). The grain-
size fractions< 2 and 2–6 μm were separated in distilled water by
gravity settling, whereas the fractions< 0.4 and < 0.1 μm were

separated with a high-speed centrifuge. The 2–6 μm size fraction was
investigated to evaluate the influence of potential detrital contamina-
tion. The mineralogical composition of the fault gouge samples was
determined by X-ray diffraction (XRD) (Table S1).

The K–Ar dating technique follows Dalrymple and Lanphere (1969)
and Faure (1986). K–Ar isotopic determinations were performed fol-
lowing a procedure similar to that described by Bonhomme et al.
(1975) and additional details can be found in Hetzel et al. (2013). For K
analysis two sample aliquots of approximately 100mg were required.
Normally, 20mg of sample material was required for Ar analysis.
During the course of this study, two different age standards and three
air shots were measured. The K–Ar dating results of samples and
standards are summarised in Tables 1a and 1b. The error for Ar analyses
is below 1% and the average 40Ar/36Ar value for the three air shots is
295.53 ± 0.27 (2σ) (Table 1c). Blanks for the extraction line and mass
spectrometer were systematically determined and the mass dis-
crimination factor was determined periodically by air shots. K–Ar ages
were calculated using 4 K abundance and decay constants re-
commended by Steiger and Jäger (1977). The uncertainties of the K–Ar
ages are given as 2σ and take into account the errors associated with
sample weighing, 38Ar/36Ar and 40Ar/38Ar measurements, and K ana-
lysis.

The 19 K–Ar ages of the six fault gouge samples from the Büyük
Menderes and Gediz normal fault systems range from ~22 to ~3Ma
(Table 1a). The K content ranges from a low 1.51% for sample
16T6<0.4 μm to 5.18% for sample 15T3 (combined< 0.1 and <
0.4 μm size fractions) suggesting different mineralogy within the ana-
lysed clay fractions as confirmed by XRD results (Table S1). Radiogenic
40Ar contents between 28% and 77% indicate good analytical condi-
tions for all analyses except for the size fraction<0.1 μm of sample
15T22, which has a low radiogenic 40Ar content of ~12% resulting in a
larger error of the K–Ar age. At the Gediz detachment, K–Ar ages of
7–6Ma were obtained from the three grain size fractions of sample
15T18, whereas sample 15T22 yielded three ages of ~12Ma and one
age of ~5Ma for the smallest size fraction (Table 1a). The different
grain size fractions of the samples 15T2 and 15T3 from the Büyük
Menderes detachment have K–Ar ages of ~8.5 to ~2.8Ma. In contrast,
the size fractions of the fault gouge samples 15T7 and 16T6 from the
Büyük Menderes detachment yielded older ages between ~22 and
~16Ma (Table 1a).

4.3. Hydrogen isotope analysis of fault gouges and results

The hydrogen isotope (δD) values of six fault gouge samples were
determined by continuous flow mass spectrometry using a high-tem-
perature elemental analyser (Thermo Finnigan TC/EA) coupled to a
mass spectrometer (Thermo Finnigan Delta V Advantage and 253) at
the Goethe University – Senckenberg BiK–F Stable Isotope Facility
Frankfurt. A sample weight of ca. 0.8 mg was wrapped into Ag foil and

Fig. 4. Photographs of sampling site at the eastern Büyük Menderes detachment. a) The fault footwall consists of sheared quartzite, while the hanging wall comprises
reddish Neogene sedimentary rocks. b) Close-up view with locations of K–Ar samples 15T2 and 15T3 indicated by white lines.

Fig. 5. Map and cross section of area at eastern end of the Büyük Menderes
detachment fault where we took sample 16T6 for K–Ar dating and sample
16M90 for thermochronology. Rock deformation decreases in a southerly di-
rection as indicated by the grey shading.
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dried overnight at 200 °C under vacuum in a stainless steel tray.
Samples were rapidly transferred to a zero-blank autosampler in the
stainless steel tray and the autosampler was immediately purged with
helium gas to prevent rehydration of interlayer spacing or water ad-
sorption on clay surfaces from ambient air moisture. Three inter-
nationally referenced standard materials and additional in-house
working standards were run with the samples. After correction for mass
bias, daily drift of the thermal combustion reactor, and offset from the
certified reference values, NBS30 (biotite), NBS22 (oil), and CH7
(polyethylene foil) had δD values of −65‰, −118‰, and −103‰,
respectively. Repeated measurements of the different standards and
unknowns resulted in a precision of± 3‰ for δD. All isotope ratios are
reported relative to Vienna-Standard Mean Ocean Water (V-SMOW).
The δD values of the fault gouge samples from the two fault systems fall
in the range from −76 to −115‰ (Table 2).

5. Low-temperature thermochronology

5.1. Zircon and apatite fission-track analysis

For fission-track analysis, apatite and zircon grains were separated
using conventional magnetic and heavy liquid separation techniques.
Grains were embedded in PDA TeflonTM and epoxy, respectively,
ground and polished. Apatites were etched with 5M HNO3 for 20 s at
21 °C (Donelick et al., 1999). Zircon mounts were etched in a KOH–-
NaOH eutectic melt at 215 °C (Zaun and Wagner, 1985). All samples

were irradiated with thermal neutrons at the FRM-II reactor facility in
Garching (Technical University Munich, Germany). Fission-track
counting was carried out with an Olympus BX-51 microscope under
1000×magnification at the University Hannover. We applied the ex-
ternal detector method (Gleadow, 1981) with uranium-free muscovite
sheets and the zeta calibration approach (e.g. Naeser, 1978; Hurford
and Green, 1983) with dosimeter glass IRMM-540R and IRMM-541 and
Durango apatite and Fish Canyon zircon age standards. To assess the
annealing kinetics of apatite we measured Dpar values (mean diameter
of etch pits on prismatic surfaces of apatite parallel to the crystal-
lographic c-axis) (Burtner et al., 1994). Zircon and apatite fission-track
(ZFT and AFT) ages record cooling below a specific closure tempera-
ture, which varies within the partial annealing zone but is typically
~240 °C (zircon) and ~110 °C (apatite) (e.g. Gleadow and Duddy,
1981; Wagner and van den Haute, 1992). The fission track ages were

Table 1a
K–Ar ages of fault gouges in the central Menderes Massif (Western Turkey).

Sample number a Sample description Latitude Longitude Grain size K Radiogenic
40Ar

Radiogenic 40Ar Age Error (2σ)

[°N] [°E] [μm] [%] [10−11 mol/g] [%] [Ma] [Ma]

Gediz detachment – Bozdağ Range
15T18 dark grey fault gouge 38.4374 27.7969 <0.1 3.73 4.035 29.5 6.2 0.2
15T18 " " < 2 4.53 5.551 28.3 7.1 0.3
15T18 " " " 2–6 4.53 5.818 42.3 7.4 0.2
15T22 dark grey fault gouge 38.4302 27.7691 <0.1 2.78 2.259 11.8 4.7 0.9
15T22 " " < 0.4 3.04 6.061 27.9 11.5 0.3
15T22 " " " < 2 2.92 6.111 33.1 12.0 0.4
15T22 " " " 2–6 2.30 4.624 33.2 11.6 0.8
Büyük Menderes detachment – Aydın Range
15T2 light grey fault gouge 37.9612 28.0854 <0.1 4.62 4.432 51.4 5.5 0.3
15T2 " " < 2 4.37 6.419 68.5 8.5 0.2
15T2 " " " 2–6 3.79 4.777 58.6 7.3 0.2
15T3 dark grey fault gouge 37.9612 28.0854 <0.1 and < 0.4 5.18 2.543 39.8 2.8 0.2
15T3 " " < 2 4.28 4.663 68.1 6.3 0.2
15T3 " " " 2–6 2.96 3.325 71.9 6.5 0.2
15T7 black fault gouge 37.9359 27.6239 <0.4 4.77 14.831 41.7 17.8 0.9
15T7 " " " < 2 3.74 10.615 72.5 16.3 0.4
15T7 " " " 2–6 3.91 14.797 76.5 21.7 0.5
16T6 black fault gouge 38.0059 28.1389 <0.4 1.51 4.972 51.8 18.9 0.6
16T6 " " " < 2 1.98 6.358 66.6 18.4 0.5
16T6 " " " 2–6 1.65 5.518 72.2 19.2 0.5

Table 1b
Age standards analysed (n= 6).

Standard ID K Radiogenic
40Ar

Radiogenic 40Ar Age Error (2σ) Difference to reference value a

[%] [10−10 mol/g] [%] [Ma] [Ma] [%]

HD-B1-132 7.96 3.404 91.27 24.50 0.38 +1.2
HD-B1-133 7.96 3.333 89.95 23.99 0.38 −0.91
HD-B1-138 7.96 3.442 93.22 24.77 0.32 +2.31
LP6-146 8.37 19.234 97.25 127.85 1.93 −0.04
LP6-147 8.37 19.292 96.78 128.22 1.92 +0.25
LP6-152 8.37 19.421 97.68 129.05 1.65 +0.90

a Measured age standards include HD-B1 (Hess and Lippolt, 1994) and LP6 (Odin et al., 1982).

Table 1c
40Ar/36Ar values for airshots (n= 3).

Airshot-ID 40Ar/36Ar Difference to reference value a

[–] [± %]

AS128-AirS-1 296.05 0.31
AS129-AirS-1 293.89 0.38
AS132-AirS-2 296.66 0.11

a 40Ar/36Ar reference value of air from Steiger and Jäger (1977).
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calculated with the TRACKKEY software version 4.2 (Dunkl, 2002) and
are reported with 2σ uncertainty (Table 3).

5.2. Zircon and apatite (U–Th)/He analysis

We employed (U–Th)/He dating on samples that yielded zircons and
apatites of sufficient quality (Table 4). Zircon and apatite crystals were

hand-picked using a stereo and polarizing microscope under
200×magnification following the selection criteria of Farley (2002)
and Reiners (2005). Dimensions of the selected crystals were measured
to determine alpha-ejection correction factors (Farley et al., 1996).
Single crystals were loaded into pre-cleaned Pt tubes for He analysis,
which was carried out at the GÖochron Laboratory (University of
Göttingen, Germany). Extraction of helium from the crystals was per-
formed by heating the encapsulated grains in vacuum with an IR laser.
The extracted gas was purified by an SAES Ti–Zr getter and the He
content was measured with a Hiden Hal-3F/PIC triple-filter quadrupole
mass spectrometer. For measurements of the alpha-emitting elements
U, Th, and Sm, the zircon and apatite crystals were dissolved and spiked
with calibrated 233U, 230Th, and 149Sm solutions. Zircons were dis-
solved in Teflon bombs with 48% HF and 65% HNO3 at 220 °C for five
days, while apatites were dissolved in 2% ultrapure HNO3 (+0.05%
HF) in an ultrasonic bath. The actinide and Sm concentrations were
measured by inductively coupled plasma mass spectrometry using the
isotope dilution method. Measurements were carried out with a Per-
kinElmer Elan DRC II system equipped with an APEX micro-flow
nebulizer. Errors for the single-grain zircon and apatite (U–Th)/He ages
include the uncertainties of the He, U, Th, and Sm measurements and
the estimated uncertainty of the ejection correction factor. Zircon and
apatite (U–Th)/He (= ZHe and AHe) ages are interpreted to record the
cooling below the closure temperatures of ~180 °C (zircon) and ~70 °C
(apatite), respectively, although the exact closure temperature can vary
within the partial retention zone (e.g. Wolf et al., 1998; Farley, 2000;
Reiners et al., 2004). Reported ZHe and AHe ages are the unweighted
mean of the single-grain ages of each sample given with 2 standard
errors (Table 4).

5.3. Results from low-temperature thermochronology

The two samples from the footwall of the western Gediz detachment

Table 2
Hydrogen isotope data of fault gouges from the central Menderes Massif.

Sample number Weight Grain size δD a K–Ar age b

[mg] [μm] [‰] [Ma]

Bozdağ Range – Gediz detachment
15T18 0.817 < 0.1 −103 6.2 ± 0.2
15T18 0.809 < 2 −97 7.1 ± 0.3
15T18 0.874 2–6 −92 7.4 ± 0.2
15T22 0.861 < 0.1 −115 4.7 ± 0.9
15T22 0.903 < 0.4 −108 11.5 ± 0.3
15T22 0.900 < 2 −111 12.0 ± 0.4
15T22 0.881 2–6 −109 11.6 ± 0.8
Aydın Range – Büyük Menderes detachment
15T2 0.255 < 0.1 −95 5.5 ± 0.3
15T2 0.811 < 2 −102 8.5 ± 0.2
15T2 0.841 2–6 −104 7.3 ± 0.2
15T3 0.855 < 0.1 and < 0.4 −106 2.8 ± 0.2
15T3 0.873 < 2 −102 6.3 ± 0.2
15T3 0.839 2–6 −97 6.5 ± 0.2
15T7 0.934 < 0.4 −76 17.8 ± 0.9
15T7 0.810 < 2 −87 16.3 ± 0.4
15T7 0.869* 2–6 −76* 21.7 ± 0.5
16T6 0.862* < 0.4 −85* 18.9 ± 0.6
16T6 0.891 < 2 −90* 18.4 ± 0.5
16T6 0.846 2–6 −94 19.2 ± 0.5

a Values marked with an asterisk are mean values from two sample aliquots.
b Ages as reported in Table 1a.

Table 3
Results of apatite and zircon fission track analysis.

Sample a Latitude Longitude Elevation Number of crystals ρs b Ns
b ρi b Ni

b ρd b Nd
b P (χ2) b Disper-sion Central age

± 2σ
U Dpar

[°N] [°E] [m] [%] [Ma] [ppm] [μm]

Apatite fission track (AFT)
Footwall of Gediz detachment (Bozdağ Range)
14M19 38.4324 27.8355 556 20 0.720 29 13.325 537 8.3596 3032 39 0.35 5.7 ± 2.6 22 1.30
15M84 38.4309 27.7362 244 16 1.373 35 8.824 225 4.6428 2796 99 0 8.2 ± 3.2 31 2.74
Hanging wall of Gediz detachment (Bozdağ Range)
11M1 38.4805 27.8105 190 20 0.885 17 18.490 355 17.087 4424 100 0 10.4 ± 2.8 15 1.48
Footwall of Büyük Menderes detachment (Aydın Range)
14M35* 37.9537 28.1034 766 11 0.788 7 15.444 139 8.1684 3032 50 0 5.2±4.0* 27 1.55
14M41* 37.9682 28.0899 406 11 0.847 16 18.201 344 8.0970 3032 29 0 4.4 ± 2.2 33 1.54
15M57§ 37.9684 27.7614 705 8 1.383 13 7.234 68 5.1285 2796 99 0 10.6 ± 6.6 20 2.00
15M58§ 37.9574 27.7586 292 22 1.546 45 21.306 620 5.1076 2796 80 0 4.3 ± 1.4 58 2.34
16M90§ 38.0048 28.1380 1255 35 3.929 163 23.769 986 6.8920 2481 99 0 12.9 ± 2.6 48 1.68
Hanging wall of Büyük Menderes detachment (Aydın Range)
14M31* 37.9227 28.0861 829 15 2.887 41 17.042 242 8.2282 3032 50 0 17.8±6.2* 31 1.73

Zircon fission track (ZFT)
Footwall of Gediz detachment (Bozdağ Range)
14M19 see above 8 17.755 87 67.347 330 6.821 2583 69 0 9.8 ± 2.4 508 –
15M84 " 25 9.877 100 33.778 342 6.308 1982 99 0 14.1 ± 3.6 228 –
Hanging wall of Gediz detachment (Bozdağ Range)
11M1 see above 20 90 531 100.678 594 6.525 2512 2 0.24 32.8 ± 5.8 634 –
Footwall of Büyük Menderes detachment (Aydın Range)
15M57§ " 20 19.172 147 42.213 316 6.419 1982 20 0.20 19.1 ± 4.8 224 –
Hanging wall of Büyük Menderes detachment (Aydın Range)
14M31* see above 20 75.225 835 96.757 1074 6.814 2583 8 0.13 29.0 ± 3.8 585 –

a Samples marked with an asterisk are from Wölfler et al. (2017). Samples included in Nilius et al. (2019) are marked with a section sign (§).
b The density of spontaneous and induced tracks (ρs and ρi) is given in units of 105 tracks/cm2. Ns and Ni correspond to the number of counted spontaneous and

induced tracks, respectively. Nd is the number of counted tracks on the dosimeter. The probability of obtaining a chi-square value (χ2) for n degrees of freedom
(where n is the number of crystals minus 1) is indicated as P (χ2).
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(15M84 and 14M19; Fig. 1) yielded zircon fission track (ZFT) ages of
14.1 ± 3.6Ma and 9.8 ± 2.4Ma and apatite fission track (AFT) ages
of 8.2 ± 3.2 and 5.7 ± 2.6Ma, respectively (Table 3). Sample 14M19
gave an AHe age of 3.3 ± 1.0Ma (Table 4). Taken together these ages
indicate relatively rapid cooling (~240–~70 °C) of the footwall rocks
between ~14 and ~3Ma (Fig. 6a). In contrast, the thermochronologic
ages for sample 11M1 suggest that the hanging wall cooled slowly since
the Oligocene (ZFT age: 32.8 ± 5.8Ma; ZHe age: 23.4 ± 1.3Ma; AFT
age: 10.4 ± 2.8Ma; AHe age: 3.2 ± 2.3Ma).

The two footwall samples from the western Büyük Menderes de-
tachment (15M57 and 15M58; Fig. 1), yielded ZHe ages of 14.2 ± 0.4
and 13.3 ± 0.5Ma, respectively, whereas sample 16M90 from the
eastern end of the detachment gave a slightly older age of
18.9 ± 2.2Ma (Table 4). The AFT ages of these three samples range
from 12.9 ± 2.6 to 4.3 ± 1.4Ma; a ZFT age was only obtained for
sample 15M57 (i.e. 19.1 ± 4.8Ma) (Table 3). Taken together, the ages
record the cooling of the footwall of the Büyük Menderes detachment
since ~20Ma (Fig. 6b). The hanging wall of the detachment cooled
more slowly as constrained by sample 14M31 from Wölfler et al. (2017)
(Fig. 6b). The combination of apatites with low uranium content and
young cooling ages resulted in small numbers of horizontally confined
fission tracks. Therefore, mean track lengths for the AFT dataset cannot
be reported. However, published AFT track lengths for samples from
the footwall of the Gediz and Büyük Menderes detachments range from
14.1 to 14.2 μm and from 13.0 to 13.3 μm, respectively, indicating quite

rapid cooling (Ring et al., 2003; Wölfler et al., 2017).

6. Discussion

6.1. Interpretation of the K–Ar and thermochronologic data

We combine our results from K–Ar dating and low-temperature
thermochronology to evaluate the timing of brittle faulting on the Gediz
and Büyük Menderes detachment faults. The ages from both data sets
are summarised in Fig. 7 together with previously published age data
(Lips et al., 2001; Buscher et al., 2013; Hetzel et al., 2013; Wölfler et al.,
2017).

At the Gediz detachment, sample 15T22 from the fault gouge layer
between marble in the footwall and Neogene sediments in the hanging
wall (Fig. 3a) yielded within error identical K–Ar ages of 11.6 ± 0.8,
12.0 ± 0.4, and 11.5 ± 0.3Ma for three size fractions, whereas the
smallest fraction gave a younger age of 4.7 ± 0.9Ma (Table 1a).
Sheared clasts in the sedimentary rocks document brittle deformation
and cataclasis of these rocks during their tectonic emplacement on the
detachment surface (Fig. 3b). This synextensional deformation explains
the presence of quartz in the two coarse grained size fractions of sample
15T22 (25% and 6%) and traces of K-feldspar in the 2–6 and< 2 μm
size fractions (3% and<1%; Table S1), which cannot be derived from
the marble unit in the fault footwall. The presence of detrital quartz and
K-feldspar raises the question if the K–Ar ages are affected by inherited
muscovite from the sedimentary rocks (cf. van der Pluijm et al., 2001;
Bense et al., 2014; Viola et al., 2018). In that case, the ages of 12–11Ma
would only provide an upper limit for the age of gouge formation and
faulting. As no data on the mineralogical composition of the Neogene
sediments are available, it is not possible to exclude this possibility,
even though our field observations did not reveal any muscovite in the
sediments. Notably, sample 15T22 only contains the 2M1 illite polytype
and is devoid of 1M illite (Table S1), which is often considered to be
derived from the transformation of the high-temperature 2M1 polytype
or from muscovite (e.g. Haines and van der Pluijm, 2012). For the
following reasons, we consider the presence of significant amounts of
inherited muscovite in sample 15T22 as unlikely. Firstly, fission track
dating of detrital apatite in the lower part of the Neogene sedimentary
succession revealed different age components between ~15 and
~30Ma (Asti et al., 2018). Thus, apatite has not been reset in the se-
dimentary rocks but records cooling of the host rock. This implies that
potentially present muscovite in the Neogene sediments cannot have
been reset either and must be even older than 15–30Ma due to its
higher closure temperature compared to apatite. If detrital muscovite
grains were present in the fault-gouge sample, a larger scatter in the
K–Ar ages would be expected (cf. van der Pluijm et al., 2001; Torgersen
et al., 2015), in particular because the illite content of the fault gouge
varies from 17% in the 2–6 μm fraction to 51% in the<0.4 μm fraction
(Table S1). For these reasons, we interpret the K–Ar ages of 12–11Ma to
record the growth of authigenic 2M1 illite during an early stage of
detachment faulting and gouge formation. This interpretation is con-
sistent with ZFT and AFT ages of 14.1 ± 3.6 and 8.2 ± 3.2Ma for
sample 15M84 (Table 3, Fig. 7), which indicate that cooling from
~240 °C to ~110 °C occurred during normal faulting at the Gediz de-
tachment in this time interval (Fig. 6a). The youngest K–Ar age of
4.7 ± 0.9Ma may date the growth of fine-grained (< 0.1 μm) illite
near the end of detachment faulting (as further discussed below).

Fault gouge sample 15T18 was collected 3 km farther east, from a
low-angle normal fault in the footwall of the Gediz detachment (Fig. 2).
The three grain size fractions of this sample yielded K–Ar ages that
decrease from 7.4 ± 0.2 to 6.2 ± 0.2Ma with decreasing grain size
(Table 1a). As for sample 15T22, there are two possible interpretations
of the age data. The two slightly older ages of 7.4 ± 0.2 and
7.1 ± 0.3Ma may simply reflect that illite growth in the 2–6 and<
2 μm size fractions started earlier than in the smaller< 0.1 μm fraction
(cf. Zwingmann et al., 2010). This interpretation is supported by ZFT

Fig. 6. Cooling paths for the footwall and hanging wall of the a) Gediz and b)
Büyük Menderes detachments based on thermochronologic data (Tables 3 and
4). We also plotted 40Ar-39Ar biotite ages for the Turgutlu and Salihli grano-
diorites (Hetzel et al., 1995) and the ZHe, AFT, and AHe ages for sample 11M7
(an orthogneiss klippe on the Gediz detachment; Buscher et al., 2013). In plot b)
we also show the ZFT, ZHe, AFT, and AHe ages of sample 14M31 (an orthog-
neiss klippe above the Büyük Menderes detachment; Wölfler et al., 2017). The
activity of both detachments – based on the interpretation of K–Ar ages and
thermochronology data from this work and previously published studies – is
shown in the lower part of both plots.
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and AFT ages of 9.8 ± 2.4 and 5.7 ± 2.6Ma for the nearby sample
14M19, which record a significant cooling of the fault footwall (Figs. 6a
and 7) at the time recorded by the K–Ar ages (i.e. 7–6Ma). Alter-
natively, the observed relation between age and grain size may be
caused by inherited muscovite from the mylonitic quartzites and
phyllites that constitute the host rock of the fault (Fig. 2a). The mean
40Ar-39Ar fusion age of 6.7 ± 1.0Ma obtained for white mica from a
mylonitic quartzite at the Gediz detachment (Lips et al., 2001) may
support this second interpretation, although we note that the respective
sample is from an outcrop ~30 km farther to the east (Fig. 7). In our
opinion, the first interpretation is more likely for two reasons. Firstly,
ongoing normal faulting at 7–6Ma can readily explain the Late Miocene
cooling indicated by the thermochronological data. Secondly, a short-
lived marine transgression into the supradetachment basin above the
Gediz detachment, which occurred in the upper Tortonian
(8.35–7.25Ma; MMi 12 biozone), records increased subsidence by
normal faulting (Asti et al., 2019) and coincides with the two K–Ar ages
for the larger grain-size fractions.

As discussed above, the fault gouge samples from the western Gediz
detachment (15T18 and 15T22) contain only the 2M1 illite polytype.
Since the illite content in the smallest size fraction of both samples
(i.e. < 0.1 μm) is lower than the one in the<0.4 and < 2 μm fractions
(Table S1), the young K–Ar ages of 6.2 ± 0.2 and 4.7 ± 0.9Ma for the
smallest fractions (Table 1a) may record the latest illite growth during

faulting. Apart from illite, the samples contain relatively large amounts
of smectite (28–68%; Table S1), a clay mineral that is only stable at
temperatures below ~100–80 °C (Pytte and Reynolds, 1989; Huang
et al., 1993). Thus, we infer that the growth of smectite occurred during
a late stage of normal faulting when temperatures had fallen below
~100–80 °C (cf. Viola et al., 2016). Two similar AHe ages of 3.3 ± 1.0
and 3.2 ± 2.3Ma for bedrock samples from the footwall and hanging
wall of the western Gediz detachment indicate cooling to ~70 °C
(14M19 and 11M1; Fig. 1) and suggest that the activity of the detach-
ment system came to an end before ~3Ma (Fig. 6a). Hence, the K–Ar
ages of 6.2 ± 0.2Ma (sample 15T18) and 4.7 ± 0.9Ma (15T22) may
reflect the last increment of faulting at the western Gediz detachment
system.

At the eastern Büyük Menderes detachment, sample 16T6 was col-
lected from a thick fault gouge layer within the broad fault zone
(Fig. 5). The three grain size fractions analysed from this sample yielded
within error identical and consistent K–Ar ages of 19.2 ± 0.5,
18.4 ± 0.5, and 18.9 ± 0.6Ma (Table 1a, Fig. 7). All size fractions
contain significant amounts of 1M illite (13–21%) and mixed layer il-
lite-smectite (18–32%), but only minor 2M1 illite (6–8%; Table S1),
indicating gouge formation and clay mineral growth at temperatures
slightly above the partial annealing zone of apatite (cf. Zwingmann
et al., 2010). This inference is broadly consistent with a ZHe age of
18.9 ± 2.2Ma and an AFT age of 12.9 ± 2.6Ma for sample 16M90

Fig. 7. Shaded relief map of the a) Bozdağ and b) Aydın ranges with K–Ar ages of fault gouges and ages from low-temperature thermochronology. K–Ar ages are
indicated for different grain size fractions. K–Ar ages marked with an asterisk have been determined for the< 2 μm fraction. In the Bozdağ Range cooling ages from
an orthogneiss klippe above the Gediz detachment (Buscher et al., 2013) and an 40Ar-39Ar age from synkinematic white mica from the footwall of the Gediz
detachment (Lips et al., 2001) are also indicated.
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(Tables 3 and 4, Fig. 7), which bracket the time when the fault rocks
were at temperatures between ~180 and ~110 °C. Minor traces of K-
feldspar (2–4%) in the 2–6 and< 2 μm size fractions have no re-
cognisable effect on the K–Ar ages, probably because the small feldspar
grains were isotopically reequilibrated due to fluid-rock interaction (cf.
Zwingmann et al., 2010). We thus interpret the K–Ar ages to reflect
illite growth during detachment faulting at 19–18Ma.

Markedly younger K–Ar ages were determined for the two fault
gouge samples 15T2 and 15T3 from the outcrop at the Büyük Menderes
detachment that was excavated for construction of a water reservoir
(Figs. 4 and 7). The two samples contain 7–15% 2M1 illite, 4–13% 1M
illite (except the< 0.1 μm fraction of sample 15T2, which is devoid of
the latter), and 36–81% illite/smectite (Table S1). Apart from the
temperature decrease during normal faulting and progressive ex-
humation, the presence of different illite types may be explained by
changes in the composition of externally-derived fluids (see discussion
below). The six K–Ar ages from the two samples range from 8.5 ± 0.2
to 2.8 ± 0.2Ma (Table 1a, Fig. 7). Although it is not possible to ex-
clude the presence of inherited muscovite from the host rock of the
detachment (i.e., quartzite in the footwall and sedimentary rocks in the
hanging wall; Fig. 4), a systematic decrease of the K–Ar ages with grain
size – as commonly observed in such cases (Viola et al., 2013; Torgersen
et al., 2015) – does not occur in the samples (Table 1a). In sample 15T2,
the oldest age of 8.5 ± 0.2Ma was obtained for the intermediate size
fraction, whereas in sample 15T3 two similar ages of ~6.5 and ~6.3Ma
for the larger fractions are about twice as old as the youngest age of
~2.8Ma (Fig. 7). We therefore interpret the K–Ar ages to reflect pro-
longed illite growth during detachment faulting between ~9 and 3Ma.
This interpretation is consistent with a phase of late Miocene to Plio-
cene footwall cooling constrained by ZHe ages of 15.7 ± 3.6 and

12.2 ± 0.7Ma and AFT ages of 5.2 ± 4.0 and 4.4 ± 2.2Ma (samples
14M35 and 14M41; Tables 3 and 4, Fig. 7; Wölfler et al., 2017). An
alternative interpretation would be that the two samples are affected by
inherited muscovite from the host rock of the detachment. In this case,
the older ages of ~8–6Ma would overestimate the age of faulting, while
the youngest ages in both samples (5.5 ± 0.3 and 2.8 ± 0.2Ma) may
record illite growth during brittle deformation. This interpretation
would agree with published K–Ar fault gouge ages of ~5–3Ma for a
sample in the western part of the detachment fault (Fig. 7, sample
09Me-NM01; Hetzel et al., 2013). In any case, we interpret the high
amounts of illite/smectite in samples 15T2 and 15T3 – in addition to
the other illite polytypes – to be related to the infiltration of the Büyük
Menderes detachment by K-rich fluids. The occurrence of illite/smectite
in this detachment is in contrast to the Gediz detachment, where illite/
smectite is completely lacking. These observations support the notion
that – apart from temperature – host-rock mineralogy and fluid chem-
istry are important factors controlling the types of authigenic clay mi-
nerals in low-angle normal faults (Haines and van der Pluijm, 2012).

The fault gouge sample from the western Büyük Menderes detach-
ment (15T7) yielded similar but more variable K–Ar ages than sample
16T6 from the eastern part of the fault. The fault gouge contains large
quantities of the 2M1 illite polytype (45–58%) but is devoid of 1M illite
(Table S1). The three ages of 21.7 ± 0.5, 16.3 ± 0.4, and
17.8 ± 0.9Ma (Table 1a) neither correlate with the amount of 2M1
illite nor with the grain size of the analysed fractions. Given that the
sampled fault developed within cataclastically deformed mylonites,
initial faulting possibly occurred at temperatures close to the ductile-
brittle transition, which would be in agreement with the growth of
authigenic 2M1 illite (e.g. Haines and van der Pluijm, 2008; Ring et al.,
2017). The interpretation that faulting began at rather high tempera-
ture is supported by the ZFT age of 19.1 ± 4.8Ma of sample 15M57,
which indicates initial cooling from ductile conditions to below
~240 °C at about ~19Ma (Table 3). Together with the ZHe age of
14.2 ± 0.4Ma for the same sample (Table 4), the thermochronological
data suggest that cooling from ~240 °C to ~180 °C occurred between
~19 and ~14Ma (Fig. 6b). Hence, we interpret the K–Ar ages to reflect
an early phase of detachment faulting between ~22 and ~16Ma, which
is also recorded in the eastern part of the detachment by K–Ar ages of
~19–18Ma for sample 16T6. This interpretation is consistent with a
previously published K–Ar age of 21.6 ± 0.6Ma for a nearby catacla-
site sample from the Büyük Menderes detachment (sample 09Me-
NM02; Hetzel et al., 2013) (Fig. 7). Minor amounts of smectite present
in samples 15T7 and 16T6 may have grown at lower temperature (cf.
Viola et al., 2016), either during the second phase of deformation or
after brittle faulting had ceased.

Hydrogen isotope ratios of the analysed fault gouges range from
−76 to −115‰ (Table 2, Fig. 8b) and indicate interaction with in-
filtrating meteoric water during gouge formation and faulting (e.g.
Fricke et al., 1992; Losh, 1997; Morrison and Anderson, 1998; Mulch
et al., 2007). Similar δD values of −89 to −95‰ were recently re-
ported for two fault gouges samples from the Naxos detachment, pos-
sibly indicating a similar isotopic composition of the precipitation
source for this core complex in the late Miocene (Mancktelow et al.,
2016). Interestingly, the fault gouges from the Büyük Menderes de-
tachment with early Miocene K–Ar ages exhibit δD values between−76
and −94‰, whereas those of the younger fault gouges are more ne-
gative, with values between −92 and −115‰ (Fig. 8b). To evaluate
whether this difference is related to changes in paleo-elevation during
the formation of the Menderes metamorphic core complex is beyond the
scope of the present study. The pattern is, however, consistent with a)
meteoric fluid interaction at increasingly shallower levels of the ex-
tending crust and interaction with less-evolved meteoric fluids, and b)
with an increase in elevation of the Menderes metamorphic core com-
plex over time. The latter is supported by the recent finding of an upper
Tortonian (~8Ma) limestone horizon in the clastic sedimentary suc-
cession of the Gediz supradetachment basin (Asti et al., 2019). From the

Fig. 8. a) K–Ar ages of fault gouge and cataclasite samples in the central
Menderes Massif (data from this study and from Hetzel et al., 2013). The ages of
all grain size fractions have been plotted. b) K–Ar ages of fault gouge samples
(all grain size fractions) plotted versus δD isotope ratios. Samples from the
Büyük Menderes and Gediz detachment faults are indicated with closed and
open symbols, respectively.
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current elevation of the outcrop (~760m) and an estimated water
depth of 100 ± 50m below sea level during limestone deposition, Asti
et al. (2019) calculated a rock uplift of 860 ± 50m.

6.2. Detachment faulting and exhumation of the central Menderes Massif

The timing of normal faulting at the Gediz and Büyük Menderes
detachment systems and the question whether faulting was continuous
or episodic through time has been much debated (e.g. Gessner et al.,
2001; Ring et al., 2003; Purvis and Robertson, 2005; Öner and Dilek,
2011; Buscher et al., 2013; Rossetti et al., 2017; Wölfler et al., 2017).
We now use our K–Ar ages together with previously published geo-
chronological data (Fig. 7) to summarise the history of normal faulting
and rock exhumation at both detachment faults.

In the western portion of the Gediz detachment, our oldest K–Ar
ages, which we interpret to indicate faulting at 12–11Ma (sample
15T22), are similar to two K–Ar ages of ~10.6 and ~9.2Ma for fault
gouges from the eastern part of the detachment system (Fig. 7; Hetzel
et al., 2013). Taken together, these ages indicate that brittle faulting
was underway along the entire detachment at that time. Detachment
faulting during the middle Miocene is also indicated by 40Ar-39Ar bio-
tite ages of 13.1 ± 0.2 and 12.2 ± 0.4Ma for the synextensional
Turgutlu and Salihli granodiorites (Hetzel et al., 1995), and by slightly
older U–(Th)–Pb ages of ~15–14Ma for titanite from the Salihli gran-
odiorite (Rossetti et al., 2017). Our younger K–Ar ages of 7–6Ma for
sample 15M18 from a normal fault in the footwall of the western Gediz
detachment are remarkably similar to an 40Ar-39Ar age of 6.7 ± 1.0Ma
for synkinematic white mica from a mylonite sample beneath the cen-
tral part of the detachment (Fig. 7; Lips et al., 2001). These ages in-
dicate ongoing normal faulting during the late Miocene. The K–Ar age
of 4.7 ± 0.9Ma (sample 15T22) may record the last increment of de-
formation in the western part of the detachment, whereas still younger
K–Ar fault gouge ages of 4–3Ma suggest that faulting continued until
~3Ma ago in the easternmost part of the Gediz detachment system
(Hetzel et al., 2013) (Fig. 7). Together with the cooling history of the
footwall and hanging wall (Fig. 6a), the presently available age data
suggest that the Gediz detachment fault was active rather continuously
between ~15 and ~3Ma, although faulting in the western part appears
to have ceased 1–2Ma earlier. A phase of particularly fast cooling and
exhumation between ~4 and ~2Ma has only been reported for the
eastern Gediz detachment (Salihli area) (Buscher et al., 2013) and was
confirmed by Plio-Quaternary cooling ages from detrital apatite fission
track analysis (Asti et al., 2018). The pronounced late Pliocene activity
of the eastern Gediz detachment in the Salihli region is in agreement
with the remarkable preservation of the fault in that area, where the
detachment exerts a dominant control on the current topography.

In contrast to the Gediz detachment, K–Ar ages of fault gouge
samples from the Büyük Menderes detachment system form two distinct
groups (Fig. 8a), suggesting that the detachment was active during two
phases. Our K–Ar ages of two fault gouge samples from the eastern and
western part of the Büyük Menderes detachment, together with two
published K–Ar ages (Hetzel et al., 2013) and cooling ages from low-
temperature thermochronology (Figs. 6b and 7), suggest that the first
phase of normal faulting occurred at ~22–16Ma along the entire de-
tachment. The thermochronologic data of Wölfler et al. (2017) and
Nilius et al. (2019) indicate that cooling and rock exhumation during
this phase continued into the middle Miocene, although this has not yet
been recorded by fault-gouge dating. The second phase of normal
faulting occurred between ~9 and ~3Ma, as indicated by our new and
previously published K–Ar fault gouge ages (Figs. 7 and 8a). This
second stage of faulting is corroborated by low-temperature thermo-
chronologic data in the eastern part of the detachment, which docu-
ment a phase of enhanced footwall cooling in the latest Miocene and
Pliocene (Wölfler et al., 2017).

6.3. Implications for the development of metamorphic core complexes

Our combined data set of K–Ar and thermochronological ages pro-
vides constraints on the evolution of the central Menderes Massif,
which is among the few bivergent metamorphic core complexes
worldwide. Other examples of bivergent core complexes include the
Shuswap core complex in Canada (Vanderhaeghe et al., 1999, 2003)
and the Wugongshan dome in China (Faure et al., 1996). Most core
complexes are, however, asymmetric and controlled by only one de-
tachment fault (e.g. Crittenden et al., 1980; Lister and Davis, 1989;
Malavieille et al., 1993; Whitney et al., 2013). This also applies to the
Aegean region, where extension is primarily accommodated by single
detachment faults (e.g. Jolivet et al., 2010, 2015), with bivergent ex-
tension being mostly restricted to the islands of the western Cyclades
(Grasemann et al., 2012).

Numerical models indicate that the formation of bivergent meta-
morphic core complexes requires high intra-crustal strength contrasts
and a weak lower crust (e.g. Gessner et al., 2007; Huet et al., 2011;
Labrousse et al., 2016; Wu and Lavier, 2016). Other factors that pro-
mote the development of bivergent core complexes include crustal
layering and dipping lithological contrasts inherited from the orogenic
shortening phase, as well as changes in the thermal state and strain
rates (Huet et al., 2011; Labrousse et al., 2016; Wu and Lavier, 2016).
For the central Menderes Massif, this may imply that strength contrasts
inherited from Early Tertiary nappe stacking and the formation of a tear
in the subducting Aegean slab with the related rise of hot asthenosphere
(Biryol et al., 2011; Prelević et al., 2012, 2015; Jolivet et al., 2015),
have aided the development of the bivergent core complex. As a result
of core-complex formation and ongoing extension, the central Menderes
Massif is characterized by high surface heat flow, high geothermal
gradients, and widespread geothermal activity (Ilkişik, 1995; Dolmaz
et al., 2005; Gessner et al., 2018).

In general, geochronological constraints on the duration of de-
tachment faulting indicate time periods of 5–25Ma (e.g. Foster and
John, 1999; Vanderhaeghe et al., 2003; Brichau et al., 2008; Colgan
et al., 2010; Campani et al., 2010; Whitney et al., 2013; Singleton et al.,
2014). Our data show that this also applies to the pair of detachments
bounding the central Menderes Massif. The Gediz detachment was ac-
tive from ~15 to ~3Ma, whereas the Büyük Menderes detachment
experienced two phases of faulting between ~22 and ~3Ma (Figs. 6
and 8a). Whether such a diachronous formation of two detachment
faults with opposite dips and sense of shear is typical for the evolution
of bivergent core complexes is, however, difficult to decide due to the
limited availability of geochronological data that accurately constrain
the time of faulting in other bivergent core complexes (cf. Grasemann
et al., 2012). At least in the Shuswap complex, the onset of bivergent
extension appears to have occurred at similar times on both sides of the
complex (Vanderhaege et al., 2003). From numerical experiments, it
may be expected that the development of detachment pairs may not be
synchronous, in particular if lateral gradients in crustal strength and
temperature exist (cf. Labrousse et al., 2016; Wu and Lavier, 2016).

After the onset of bivergent extension, the two detachments may
operate at similar rates, as indicated by slip rates derived from low-
temperature thermochronology in the central Menderes Massif. For the
Gediz detachment, ZHe ages along a profile parallel to the tectonic
transport direction yield a slip rate of 4.3 (+3.0/–1.2) km/Ma (Buscher
et al., 2013), whereas the Büyük Menderes detachment system was
active at a rate of 2.6 ± 2.1 km/Ma in the Pliocene (Nilius et al.,
2019). In this context, we note that the high slip rate of ~12.5 km/Ma,
which Oner Baran et al. (2017) derived from their own ZHe ages along
the same profile at the Gediz detachment as Buscher et al. (2013), re-
sults from an error in the applied distance between the samples (cf.
Oner Baran et al., 2017, compare their Figs. 3 and 4a). A re-evaluation
of their data with corrected distances between their ZHe samples yields
a slip rate of 4.6 ± 2.8 km/Ma, which agrees with the rate of Buscher
et al. (2013). A comparison with a compilation of slip rates for
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detachment faults worldwide (Webber et al., 2018) shows that the slip
rates of the Gediz and Büyük detachments represent moderate values
within the reported range of 1–15 km/Ma. Finally, thermochronological
data reveal that slip accumulation on low-angle detachment faults is
associated with considerable footwall cooling, which implies that these
structures provide an efficient mechanism for rock exhumation from
mid-crustal levels (e.g. Foster and John, 1999; Brichau et al., 2008;
Singleton et al., 2014).

7. Conclusions

In this study, we employed K–Ar dating of fault gouges and low-
temperature thermochronology to constrain the timing of detachment
faulting at the Gediz and Büyük Menderes detachments in the central
Menderes Massif (Western Turkey). The new K–Ar ages reveal that the
western Gediz detachment was active from ~12 to ~5Ma, with a late
Pliocene phase of faulting being only recorded in the eastern part of the
detachment fault. Previously published age data indicate that detach-
ment faulting and rapid cooling of the footwall rocks started already at
~15Ma. In contrast to the Gediz detachment, the Büyük Menderes
detachment was active during two phases of faulting. As indicated by
our new and previously published K–Ar ages, the first phase lasted from
~22 to 16Ma, although thermochronologic data suggest that footwall
cooling and rock exhumation continued during the middle Miocene. A
second phase of detachment faulting occurred in the late Miocene and
Pliocene and lasted from ~9 to 3Ma. During this time span, both de-
tachments were active simultaneously and caused the bivergent ex-
humation of the central Menderes core complex. The youngest K–Ar
ages and cooling histories for hanging and footwall rocks imply that the
activity of both detachments ended ~3Ma ago. Hydrogen isotope ratios
of −76 to −115‰ for fault gouges from both detachments indicate
interaction with infiltrating meteoric fluids during detachment faulting
and gouge formation.
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