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[1] To better understand the driving mechanisms
behind the transition from collision to extension in a
convergent orogen, data frommultiple low-temperature
thermochronometers were obtained from the Simav
detachment fault (SDF), the earliest developed major
extensional structure recognized in the western
Anatolide orogen of western Turkey. Twenty-two
zircon fission track (FT), 26 apatite FT, 12 apatite
(U-Th)/He ages, and 26 apatite FT track length analyses
are presented. The data establish that the SDF was a
majorextensional fault activebetween�25and�19Ma.
The coincidence in timing of magmatismwith cessation
of SDF activity implies the detachment became locked
owing to doming induced by magma emplacement.
Zircon FT ages away from the influence of Miocene
magmatism record rapid footwall cooling between�25
and �21 Ma at a slip rate of up to �15 km/Myr and
demonstrate that active ductile deformation along the
SDF migrated northward with time. Apatite FT ages
from the footwall of the SDF are spatially invariant over
>100 km and consistently �2–3 Myr younger than the
zircon fission track ages from the same samples. These
data are consistent with a regional, but relatively rapid
erosion-linked cooling phase that removed�2–3 km of
overburden following cessation of SDF activity but
before deposition of sedimentary rocks on the
detachment surface at 16.4 Ma. Postcollision
extension of the Anatolide orogen with development
of the SDF can be best explained as the result of
postcollision magmatism and thermal weakening of the
crust inducing the extensional reactivation of an earlier
major out-of-sequence thrust. Citation: Thomson, S. N.,

and U. Ring (2006), Thermochronologic evaluation of postcollision

extension in the Anatolide orogen, western Turkey, Tectonics, 25,

TC3005, doi:10.1029/2005TC001833.

1. Introduction

[2] Crustal extension during or following convergent
orogenesis is a phenomenon now recognized in most

modern and ancient orogens worldwide [e.g., Dewey,
1988]. However, the character and magnitude of extension,
the geodynamic forces driving extension, and the relative
timing of extension with respect to crustal shortening can
vary significantly between different orogens and even
within the same orogen. In a number of active orogens
extensional faulting has been shown to be synchronous with
convergent orogenesis: e.g., the Apennines [Carmignani
and Kligfield, 1990], Aegean Sea [Lister et al., 1984],
Hellenic Arc [Fassoulas et al., 1994], and the Himalaya
[Burchfiel and Royden, 1985]. Geodynamic models to
explain synorogenic extension are varied, and include
back-arc extension related to slab pull or mantle corner
flow [e.g., Mantovani et al., 2001], buoyant escape follow-
ing crust-lithosphere detachment [Chemenda et al., 1995;
Thomson et al., 1999], or extensional thinning of an over
thickened critical orogenic wedge [e.g., Platt, 1986]. In
many other modern and ancient orogens, extension is a late
or postcrustal thickening occurrence, often leading to ex-
treme thinning with the development of metamorphic core
complexes, and even oceanic crust. Examples include the
Basin and Range province [Sonder and Jones, 1999],
Alboran Sea [Platt and Vissers, 1989], and the more ancient
Variscan [Malavieille, 1993] and Scandinavian Caledonide
[Fossen, 1999] orogens. Most models of late and postoro-
genic extension invoke either extensional collapse driven by
gravity and/or thermal instability (see reviews by Liu [2001]
and Rey et al. [2001]), and/or removal of a lithospheric root,
by delamination, convection, or slab break off [e.g.,
England and Houseman, 1989; Platt et al., 2003].
[3] To determine which geodynamic model or combina-

tion of models best describes the driving forces behind the
presence of crustal extension within a particular convergent
orogen thus depends critically on being able to accurately
and precisely determine the timing, rates, magnitude, and
style of extension and its relation in time and space to
associated magmatism, sedimentation, and convergent tec-
tonics. In this study we attempt such an evaluation by
integrating new results from multiple low-temperature ther-
mochronometers with preexisting structural, magmatic and
sedimentologic information from the Anatolide orogen of
western Turkey (Figure 1). This is now recognized as a
region that has undergone extreme late Cenozoic horizontal
extension and vertical thinning following a prolonged
period of Late Cretaceous to Eocene crustal shortening
concluding with the late Eocene to early Oligocene collision
of the exotic Anatolide microcontinent at the active Eur-
asian continental margin. The crustal dynamic processes
that led to the transition from collision to extension remain
equivocal and contentious. Numerous alternate models have
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been invoked (see reviews by Seyitoğlu and Scott [1996],
Aldanmaz et al. [2000], and Bozkurt [2003]) including
(1) gravitational collapse of previously thickened crust;
(2) lithospheric delamination or slab detachment; (3) back-
arc extension caused by retreat of the Hellenic subduction
zone; (4) extension related to the westward ‘‘tectonic
escape’’ of the Anatolian microplate; or (5) any combination
of the above mechanisms. The timing, magnitude, and style
of younger Miocene-Recent extension in western Turkey is
now generally well recognized and accepted. It includes the
late Miocene to Recent formation of the central Menderes
metamorphic core complex, bound to both the north and
south by major extensional detachment faults [e.g., Gessner
et al., 2001a], and the development of numerous Neogene-
Recent E-W trending grabens [Şengör, 1987; Seyitoğlu and
Scott, 1992, 1996; Koçyiğit et al., 1999; Seyitoğlu et al.,
2000; Bozkurt, 2003; Purvis and Robertson, 2004a, 2004b].
However, the time of onset, and nature of the earliest post-
collision extension in western Anatolia remains contentious
[Seyitoğlu et al., 1992, 2004; Seyitoğlu and Scott, 1996;
Yilmaz et al., 2000; Bozkurt, 2003; Ring et al., 2003a;
Purvis and Robertson, 2004a, 2004b; Catlos and Çemen,
2005].

[4] To help resolve these arguments, we have applied
fission track and (U-Th)/He thermochronometry to an
extensive suite of samples collected from both the footwall
and hanging wall rocks of the Simav detachment fault
(SDF) at the northern margin of the Anatolide orogen.
The SDF is the only tectonic contact in the Anatolide
orogen that is universally recognized as recording early
postcollision extension in late Oligocene to early Miocene
times [Işik and Tekeli, 2001; Işik et al., 2003; 2004; Ring
et al., 2003a; Seyitoğlu et al., 2004; Ring and Collins,
2005].

2. Anatolide Orogen of Western Turkey

[5] The Anatolide orogen comprises a Late Cretaceous to
Eocene largely south vergent accretionary belt with local
high-pressure metamorphism formed during crustal short-
ening related to northward directed subduction of Neotethys
beneath the active Eurasian margin [Ring et al., 1999,
2001a; Okay, 2001; Gessner et al., 2001b]. These rocks
were later disrupted by the late Eocene to early Oligocene
collision of the exotic Anatolide microcontinent with Eur-
asia [Gessner et al., 2001c; Ring and Layer, 2003], which

Figure 1. Generalized tectonic map of the Aegean and western Turkey showing the major tectonic
subdivisions of the Hellenide and western Anatolide orogens.
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now forms the distinctive Late Precambrian/Cambrian base-
ment in the region.
[6] The former Eurasian margin in western Turkey forms

the ‘‘Internal Zone’’ (Figure 1), an amalgamation of Triassic
greenschist-, blueschist- and eclogite-facies metamorphic
rocks [Bozkurt and Oberhänsli, 2001]. The Late Cretaceous
to Eocene accretionary complex, referred to as the Anato-
lide orogen, comprises three main tectonometamorphic
zones. From top to bottom these are: (1) I

:
zmir-Ankara

suture zone/Lycian nappes; (2) the Cyclades blueschist unit;
and (3) the Menderes nappes.
[7] The I

:
zmir-Ankara suture zone represents a suite of

high-pressure low-temperature (HP-LT) and greenschist
facies rocks of the former Eurasian continental margin
accreted and metamorphosed from Late Cretaceous to
Eocene times at the former subduction zone of Neotethys
beneath Eurasia [Şengör and Yilmaz, 1981; Sherlock et al.,
1999; Bozkurt and Oberhänsli, 2001] overlain by the Late
Cretaceous-Paleocene ophiolitic Bornova flysch [Okay and
Siyako, 1993].
[8] The Lycian nappes are a series of thrust sheets that

were emplaced episodically from Late Cretaceous to Mio-
cene times southeastward over rocks of the Cyclades
blueschist unit and Menderes nappes. They comprise both
ophiolitic mélange and rocks of the former southern passive
margin of Neotethys and are restricted to the south and west
side of the Menderes Massif (Figure 1) in a similar tectonic
position to the I

:
zmir-Ankara zone [Collins and Robertson,

1997, 1999; Ring et al., 1999; Ring and Layer, 2003].
[9] The I

:
zmir Ankara suture zone and the Lycian nappes

lie tectonically above the high-pressure-low-temperature
Cyclades blueschist unit [Ring et al., 1999]. These rocks
record a younger Paleocene-Eocene (�55 Ma) deformation
and metamorphic history [Sherlock et al., 1999; Tomaschek
et al., 2003; Ring and Layer, 2003]. In the middle to late
Eocene, during collision of the Anatolide microcontinent,
the Cyclades blueschist unit rocks were emplaced onto the
Menderes nappes of western Turkey by the out-of-sequence
Cyclades-Menderes thrust [Gessner et al., 2001b].
[10] The Menderes nappes form the lowest exposed part

of the Anatolide orogen in western Turkey. Detailed geo-
logic, structural, and geochronologic examination of the
Menderes nappes [e.g., Ring et al., 1999; Gessner et al.,
2001a, 2001b; Okay, 2001] demonstrates that they represent
the accreted remnants of an exotic continental block (the
Anatolia microcontinent) of Pan-African affinity, with lo-
calized deformation related to Alpine nappe emplacement.
Four main Menderes nappes can be distinguished that were
juxtaposed in the Eocene during greenschist facies out-of-
sequence thrusting [Ring et al., 1999]. From top to bottom
these are labeled the Selimiye nappe, the Çine nappe, the
Bozdağ nappe, and the Bayındır nappe.

3. Postorogenic Extension and the

Simav Detachment

[11] Following the cessation of Anatolide collision some-
time in the early Oligocene, western Turkey underwent a
transition to a dominantly N-S extensional tectonic regime.

Postorogenic extension is most obviously manifest by the
presence of two phases of late Cenozoic-Recent graben
formationwith associated coeval deposition of thick volcano-
sedimentary successions [Yilmaz et al., 2000; Bozkurt, 2003;
Purvis and Robertson, 2004a, 2004b]. Older approximately
N-S trending basins, including the Gördes and Selendi basins
of the Gördes submassif (Figure 2a), record early to middle
Miocene extension. These are cut by a set of younger
approximately E-W trending Pliocene-Recent grabens, in-
cluding the prominent Gediz (or Alaşehir) and Büyük Mend-
eres grabens [Cohen et al., 1995].
[12] As well as graben formation, the discovery of major

late Cenozoic extensional detachments and metamorphic
core complexes in the Aegean [e.g., Lister et al., 1984] led
to the recognition that many of the tectonic contacts in
neighboring western Turkey were also major low-angle
extensional detachment faults [Hetzel et al., 1995; Gessner
et al., 2001a; Seyitoğlu et al., 2000, 2002; Işik and Tekeli,
2001; Işik et al., 2003; Ring et al., 2003a]. Thermochronol-
ogy, structural and stratigraphic field relationships, and
synkinematic magmatism reveal that this extensional de-
tachment faulting occurred in two phases [Gessner et al.,
2001a; Ring et al., 2003a; Catlos and Çemen, 2005]: one in
the latest Oligocene to early Miocene that affected the upper
structural levels of the Anatolide orogen, and a later
Pliocene to Recent phase resulting in the development of
a large bivergent metamorphic core complex in the central
Anatolide orogen. Older synorogenic extensional shear
zones may also exist within the Anatolide orogen. For
example, Gessner et al. [2001c] discuss the possibility that
Eocene exhumation of high-pressure rocks of the Cyclades
blueschist unit may have been aided by an extensional shear
zone, coeval with the emplacement of these rocks on the
Menderes nappes along the out-of-sequence Cyclades-
Menderes thrust. However, these faults did not result in
core complex formation and are unrelated to postorogenic
unroofing of the Anatolide orogen [Ring and Collins, 2005].
[13] The younger Pliocene to Recent detachment faulting

in the central Anatolide orogen is dominated by two E-W
striking, approximately symmetric detachment systems; the
top-to-north Kuzey (or Alaşehir) detachment, and the top-
to-the south Güney (or Büyük Menderes) detachment,
which define the northern and southern boundary, respec-
tively, of the Central Menderes metamorphic core complex
[Gessner et al., 2001a] (Figure 2). Cooling ages from the
footwall rocks of the Kuzey detachment establish that
unroofing along this fault was active at �5 Ma [Gessner
et al., 2001a; Seyitoğlu et al., 2000, 2002] and perhaps as
early as the Miocene [Catlos and Çemen, 2005].
[14] The nature of older late Oligocene to early Miocene

postorogenic unroofing in the Anatolide orogen is more
disputed (cf. Ring et al. [2003a] versus Seyitoğlu et al.
[2004]). The most widely accepted example of an early
postcollision detachment fault is the Simav detachment fault
(SDF) at the northern margin of the Anatolide orogen, first
described by Işik and Tekeli [2001] (Figure 2a). The
hanging wall of the SDF consists of highly disrupted schist,
marble, and ophiolitic flysch of the Cyclades blueschist unit
and the I

:
zmir-Ankara suture zone [Işik and Tekeli, 2001;
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Ring et al., 2003a]. The footwall comprises Precambrian
gneisses of the Menderes Çine and Bozdağ nappes, and is
locally intruded by two synkinematic early Miocene
(�21 Ma) granites: the Eğrigöz and Koyunoba granites
(EG and KG in Figure 2a) [Işik et al., 2004; Ring and
Collins, 2005]. Progressive deformation from ductile to
brittle conditions is preserved; the mylonites being cut by
later brittle microfaults, and locally brecciated to form
cataclasite, ultracataclasite, and occasional pseudotachylite
[Ring and Collins, 2005]. Very rapid postemplacement
cooling of the granites is implied by their near concordant
�21–20 Ma U-Th-Pb SIMS zircon intrusion ages and
independent 40Ar/39Ar mica cooling ages [Işik et al.,
2004; Ring and Collins, 2005]. Reconnaissance apatite
fission track (FT) cooling ages [Gessner et al., 2001a; Ring
et al., 2003a] from the Gördes submassif are similar or
slightly younger than the age of granite intrusion at 21–
16 Ma. Ring et al. [2003a] infer a slight northward young-
ing trend of these apatite FT ages in the direction of tectonic
transport on the SDF, which they interpret as cooling related
to tectonic unroofing of the hanging wall at a slip rate of
�10 km/Myr. The total extensional displacement along the
SDF cannot be reliably determined from offset geologic
markers, as rocks either side of the detachment represent
units formerly juxtaposed by the earlier out-of-sequence
Cyclades-Menderes thrust. The timing of cessation of
movement along the SDF is constrained by 15.8–15.3 Ma
volcano-sedimentary rocks deposited on the Simav detach-
ment surface (Ercan et al. [1997], cited by Işik et al.
[2004]). Purvis and Robertson [2004a] argue that these
sedimentary deposits (which they date to between 21.7 ±
0.1 Ma and 16.4 ± 0.1 Ma) represent supradetachment
basins deposited in depressions or corrugations of the
former detachment surface. However, the top-to-the-NE
structures they use as evidence for a detachment surface
are not themselves dated. In fact these structures are more
analogous to the much older Pan-African top-to-the-NE
ductile deformation observed throughout the Çine nappe
(compare Figure 4c of Purvis and Robertson [2004a,
2004b] and Figure 4b of Gessner et al. [2001b]).
[15] Oligo-Miocene postcollision detachment faulting has

also been proposed for the top-to-the-SSW Selimiye shear
zone at the southern margin of the Anatolide orogen (the
Çine submassif, Figure 1) [e.g., Bozkurt and Park, 1994;
Bozkurt and Satir, 2000], although others [e.g., Ring et al.,
1999; 2003a; Régnier et al., 2003] argue that the Selimiye
shear zone was in fact a thrust that was later rotated to give
an impression of extensional fault geometry. Seyitoğlu et al.
[2004] present an alternative working hypothesis for Oligo-

Miocene exhumation of the southern Çine submassif. They
propose an originally north dipping top-to-the-NNE break-
away fault linked to the SDF in the north as part of an
orogen-scale detachment fault that caused initial postcolli-
sion exhumation of the Menderes massif as part of a large
metamorphic core complex active in late Oligocene to
Miocene times.

4. Low-temperature Thermochronology

4.1. Fission Track Analysis

[16] Apatite and zircon crystals were separated, mounted,
polished, and etched according to the techniques outlined by
Hurford et al. [1991]. The samples were analyzed applying
the external detector method and irradiated at the Oregon
State University Triga Reactor, Corvallis. The neutron
fluence was monitored using Corning uranium-dosed
glasses CN5 for apatite and CN2 for zircon. Spontaneous
and induced FT densities were counted using a Zeiss
Axioplan microscope at 1250 times magnification. Apatite
FT lengths were measured using an attached drawing tube
and digitizing tablet calibrated against a stage micrometer.
Central ages [Galbraith and Laslett, 1993], quoted with 2s
errors, were calculated using the IUGS recommended Zeta
calibration approach of Hurford and Green [1983]. CN5
apatite and CN2 zircon zeta calibration factors of 358.8 ±
12.7 and 130.7 ± 2.8 Ma, respectively, were obtained by
repeated calibration against a number of internationally
agreed age standards according to the recommendations of
Hurford [1990]. Fission tracks in both apatite and zircon
shorten or anneal with increased temperature and duration
of heating. For apatite of typical Durango composition
(0.4 wt% Cl) experimental and borehole data [e.g., Green
et al., 1989; Ketcham et al., 1999] show that over geologic
time tracks begin to anneal at a sufficient rate to be
measurable above �60�C, with complete annealing and
total resetting of the apatite fission track age occurring at
between 100�C and 120�C. This range of temperatures is
usually labeled the apatite fission track partial annealing
zone (APAZ). For samples that have undergone moderate to
fast cooling, a value of 100 ± 20�C can reasonably be
assumed for the closure temperature of fission tracks in
apatite. In zircon, tracks are stable to higher temperatures.
For pristine zircon, annealing over geologic time begins at
about 250 ± 20�C, with total resetting occurring above
about 310 ± 20�C [Tagami et al., 1998], although these
temperatures are lower in zircons with high accumulated
radiation damage [Brandon et al., 1998; Rahn et al., 2004].
This translates into a closure temperature for fission tracks

Figure 2. (a) Simplified geologic map of the northern Menderes massif (Gördes submassif) around the area of Simav.
Numbers refer to samples analyzed and discussed in this study (THT from this study, T52-T68 and 93T9 fission track and
40Ar/39Ar samples from Gessner et al. [2001a] and Ring et al. [2003a], and 98/1 and 98/2 from Işik et al. [2004]). Outcrop
of Simav detachment based on the works by Işik and Tekeli [2001] and Işik et al. [2003]. (b) Map showing fission track and
(U-Th)/He ages obtained in this study (black) and presented by Gessner et al. [2001c] and Ring et al. [2003a] (grey).
Shaded relief map is based on SRTM 90 m digital elevation data. (c) NNE-SSW schematic geologic cross section showing
Simav detachment fault (SDF). Note postkinematic doming of the fault surface and its offset by the younger Simav Graben
fault.
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in zircon at moderate to fast cooling rates of 280 ± 30�C
[Stöckhert et al., 1999].

4.2. (U-Th)/He Dating

[17] Dated crystals were handpicked from the fission
track separates, and inspected under a high-powered binoc-
ular microscope with cross polarization to eliminate grains
with inclusions. Suitable grains were then measured in two
orientations for later alpha ejection correction, and loaded
either as single or multiple grains into 1 mm Pt tubes.
Degassing of He was achieved by heating with a Nd-YAG
laser in a high-vacuum laser cell connected to the He
extraction and measurement line. Concentration of 4He
was determined by spiking with a known volume of 3He
and analyzing the isotope ratio in a quadrupole mass
spectrometer according to the procedure outlined by Reiners
et al. [2003]. For U and Th analysis, degassed apatite grains
were dissolved in situ from Pt tubes in HNO3 and spiked
with a calibrated 229Th and 233U solution. U and Th
concentrations were determined by inductively coupled
plasma mass spectrometry. Alpha ejection was corrected
using the formula of Farley [2002]. On the basis of the
long-term reproducibility of Durango apatite standard anal-
yses at Yale University, an analytical uncertainty of 6% (2s)
was applied to the apatite (U-Th)/He age determinations.
Radiogenic He accumulated in apatite is lost by diffusion at
even lower temperatures than the annealing of fission tracks
in the same mineral. Extrapolation of laboratory He diffu-
sion experiments in apatite to geologic time [Farley, 2000],
supported by evidence from borehole data [House et al.,
1999], show that He begins to be measurably lost above
about 45�C, and entirely lost above about 85�C for a typical
grain with radius of 60 ± 20 mm [Wolf et al., 1998]. This
range of temperatures, commonly labeled the helium partial
retention zone (HePRZ), is analogous to the APAZ. For a
similar sized grain cooling at a rate of �10�C/Myr, the
closure temperature for He in apatite is �70�C [Farley,
2000].

4.3. Sampling Strategy

[18] Samples for this study were collected to supplement
and expand the reconnaissance thermochronologic results
from the northern part of the Menderes Massif published by
Gessner et al. [2001c] and Ring et al. [2003a]. To best
estimate variables including the timing, onset, and duration
of extension, the rates and amounts of fault slip, initial fault
geometry, and the extent of synkinematic plutonism, we
collected a further 27 samples from the footwall and
hanging wall of the SDF as mapped by Işik and Tekeli
[2001]. From the footwall we collected 14 samples from
quartzites, schists, leucogranite dikes, and mylonites of the
Çine nappe, 7 samples from the Eğrigöz granite, and
3 samples from the Koyunoba granite. In addition, 3 samples
were taken from ophiolitic flysch of the I

:
zmir-Ankara

suture zone in the hanging wall of the detachment, north
of its northernmost surface expression (Figures 2a and 2b).
Unfortunately, the ophiolitic nature of the hanging wall
klippen of the SDF (or Menderes-Cyclades thrust) south
of Simav town (Figure 2) precluded the collection of apatite

and zircon for thermochronologic analysis. From several
samples collected, none yielded any zircon or apatite. In an
attempt to better estimate fault slip rates we collected
samples, where possible, at regular intervals parallel to the
top-to-the-NNE hanging wall transport direction [e.g.,
Foster et al., 1993; Foster and John, 1999]. Several
samples were also collected from a high-relief (�600 m)
transect just south of the Simav town (i.e., approximately
perpendicular to the detachment surface) in an attempt to
investigate the contribution of postdetachment erosion to
footwall exhumation.

4.4. Summary of Results

[19] From 27 new samples collected from the footwall
and hanging wall of the SDF, we present 22 zircon fission
track (ZFT) ages, 26 apatite fission track (AFT) ages, and
26 AFT mean track length analyses (Table 1), as well as
12 new apatite (U-Th)/He (AHe) ages (Table 2). The geo-
graphic distribution of new ages is shown in Figure 2c,
together with previously published fission track ages from
Gessner et al. [2001c] and Ring et al. [2003a]. The 21 ZFT
ages from the footwall of the Simav detachment, including
the Eğrigöz andKoyunoba granites, range between 19.9 ± 1.7
and 28.8 ± 2.0 Ma (errors quoted at ±2s). All these ages have
low age dispersion (<6%) and pass thec2 test at the 5% level,
indicating that the single grain ages used to calculate the
central age were derived from one age population [Galbraith
and Laslett, 1993]. A single ZFT age from the hanging wall
of the SDF gives an age of 228 ± 23 Ma, significantly older
than the ZFT ages from the footwall rocks. The 24 AFT ages
from the footwall of the SDF show more variation, ranging
from 10.0 ± 2.4 to 29.8 ± 4.5 Ma. The AFTages all show low
age dispersion (<5%). Good quality apatite track length
analyses (with large numbers of measured tracks) were
obtained from most samples. The mean AFT track lengths
are all, with one exception, above 14 mm, with low standard
deviations (<1.6 mm), typical for samples that cooled quickly
through the AFT partial annealing zone (APAZ) from
�110�C to below �60�C at about the time represented by
the AFT age [e.g., Green et al., 1989]. The ophiolitic flysch
from the hanging wall of the SDF yielded two AFT ages of
45.6 ± 6.1 Ma and 53.2 ± 20.9 Ma, both significantly older
than the AFT ages from the footwall rocks. The higher
precision sample (THT14) has a unimodal, negatively
skewed confined AFT track length distribution with a mean
length of 13.3 mm and standard deviation of 2.07 mm. Such a
distribution is typical for a sample that cooled slowly, but
monotonically through the APAZ [Gallagher et al., 1998] at
about the time represented by the AFT age.
[20] To provide an independent constraint for the results of

AFT analysis and to provide more precise lower temperature
thermochronologic constraints, 16 AHe age analyses were
performed on selected samples; 11 from the footwall of the
SDF, 1 from the hanging wall of the SDF, plus 4 replicate
analyses on samples where the initial AHe age was appar-
ently anomalously old (i.e., significantly older than the AFT
age). Anomalously old AHe ages from samples THT1A,
THT7A, THT8A, and THT15B (Table 2) are omitted from
data analysis and interpretation, as in these samples we
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(Ç
in
e)

ap
at
it
e

2
0

0
.7
8
4
6

(6
2
3
)

9
.6
2
1

(7
6
4
0
)

1
.1
8
2

(8
1
6
2
)

<
0
.0
1
%

(9
8
.5
%
)

1
7
.3

±
2
.0

1
4
.7
8
±
0
.1
5

(1
0
0
)

1
.5
2

zi
rc
o
n

2
0

2
.8
4
3

(2
5
4
0
)

3
.5
5
5

(3
1
7
6
)

0
.4
0
3
5

(5
5
7
2
)

<
0
.0
1
%

(9
8
.0
%

2
1
.1

±
1
.5

–
–

T
H
T
4

1
0
4
0

S
.
S
im

av
3
9
�0
5
0 0
4
00 N

;
2
8
�5
8
0 0
2
00 E

M
ic
a
S
ch
is
t

(Ç
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ü
k
D
ag
i
3
9
�0
9
0 3
8
00 N

;
2
9
�0
5
0 1
6
00 E

G
ra
n
it
e

(E
g
ri
g
ö
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ö
z)

ap
at
it
e

2
0

0
.0
7
7
0

(4
9
)

1
.1
3
3

(7
2
1
)

1
.1
4
3

(7
8
9
1
)

0
.0
2
%

(9
3
.8
%
)

1
3
.9

±
4
.2

1
4
.5
7
±
0
.1
1

(1
0
0
)

1
.0
9

zi
rc
o
n

2
0

3
.2
0
1

(2
9
1
3
)

4
.0
4
0

(3
6
7
7
)

0
.4
0
5
8

(5
6
0
5
)

5
.4
6
%

(1
9
.4
%
)

2
1
.0

±
1
.5

–
–

T
H
T
9

1
2
5
0

H
is
ar
ci
k
3
9
�1
7
0 4
7
00 N

;
2
9
�0
5
0 0
0
00 E

G
ra
n
it
e

(E
g
ri
g
ö
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ö
z)

ap
at
it
e

2
0

0
.0
9
7
0

(7
1
)

1
.7
8
4

(1
3
0
6
)

1
.3
2
0

(9
11
2
)

<
0
.0
1
%

(9
8
.6
%
)

1
2
.9

±
3
.3

1
4
.7
9
±
0
.0
9

(1
0
0
)

0
.8
9

zi
rc
o
n

2
0

3
.4
2
7

(2
3
1
9
)

4
.1
1
9

(2
7
8
7
)

0
.4
0
8
2

(5
6
3
7
)

<
0
.0
1
%

(9
5
.8
%
)

2
2
.2

±
1
.5

–
–

T
H
T
1
6

11
6
0

E
se
n
b
ag

3
9
�2
3
0 1
7
00 N

;
2
9
�0
1
0 3
7
00 E

G
ra
n
it
e

(E
g
ri
g
ö
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suspect the presence of excess He generated from submicro-
scopic U- and/or Th-rich inclusions [e.g., Ehlers and Farley,
2003]. Both analyses from sample THT3 are the same within
error (17.8 ± 1.1 and 17.9 ± 1.1 Ma) providing added
confidence in the AHe age of this sample. For the purposes
of this study we quote the age from sample THT3A, owing to
its smaller Ft correction and higher yield of radiogenic 4He.
The 11 analytically acceptable sample AHe ages from the
footwall vary between 8.0 ± 0.5 and 22.3 ± 1.3 Ma, while the
only AHe age from the hanging wall of the SDF gives an age
of 19.3 ± 1.2 Ma.

5. Data Interpretation

[21] The true extensional nature of a tectonic contact such
as the SDF can only be suitably verified by a contrasting
pressure- and/or temperature-time history from the footwall
and hanging wall of the fault. Wheeler and Butler [1994]
emphasize that kinematic shear sense indicators and the
observation of low-pressure rocks overlying high-pressure
rocks, without additional chronologic information, are in-
sufficient criteria to diagnose crustal extension. This latter
statement is particularly true in the Anatolide orogen where
many of the tectonic contacts have been later tilted and
folded, where out-of-sequence thrusts have been identified
(such as the Eocene Cyclades-Menderes thrust) that juxta-
pose high- and low-pressure rocks of varying age, and
where extensional reactivation of older thrust faults may
have occurred. The acquisition of thermochronologic data
allows constraints to be made on the timing and amounts of
extension, particularly if other criteria such as offset geo-
logic markers, and kinematic, stratigraphic, or metamorphic
data are lacking or ambiguous.

5.1. Comparison of Hanging Wall and
Footwall Thermal History

[22] A comparison of the time-temperature history of the
hanging wall and footwall of the Simav detachment is
presented in Figure 3. The low-temperature AFT, ZFT and
AHe thermochronologic ages obtained in this study are
plotted as time-temperature points using the closure temper-
atures assigned earlier for each system (70�C for AHe; 110 ±
10�C for AFT; and 280 ± 30�C for ZFT) and the determined
mineral age. The cooling path of the footwall is further
constrained by a biotite 40Ar/39Ar age of 20.2 ± 0.3 Ma
(sample 98/2 in Figure 2a) from the Eğrigöz granite
published by Işik et al. [2004], a muscovite 40Ar/39Ar age
of 24.7 ± 1.2 Ma from the southern part of the Gördes
massif (sample 93T9 in Figure 2a [Ring et al., 2003a]), and
U-Pb SIMS ages of 24.4 ± 0.3 Ma from a leucogranitic dike
south of Simav (sample THT 5) and 20.7 ± 0.6 Ma from the
Eğrigöz granite (sample THT7) obtained by Ring and
Collins [2005]. We apply a minimum crystallization tem-
perature of 700�C for magmatic zircon growth at the time of
granite intrusion [Ring and Collins, 2005]. We also assign
closure temperatures of �310�–380�C for Ar in biotite and
350�–430�C for Ar in muscovite in the cooling granites
[e.g., Lister and Baldwin, 1996], although these values are
not critical to our interpretation.S
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Figure 3. (a) Time-temperature plot illustrating the contrasting thermal history of the hanging wall and
footwall of the Simav detachment fault. (b) Hanging wall thermal history based on the thermal history
that best predicted the observed apatite fission track data from sample THT14 (see text for details).
Although the footwall basement rocks yield 40Ar/39Ar white-mica cooling age of 24.7 ± 1.2 Ma and have
been mylonitized close to the detachment [Ring and Collins, 2005], their lack of pervasive metamorphic
overprint implies that they were at temperatures close to �400�C at the time of dike intrusion.

Table 2. Apatite (U-Th)/He Dataa

Sample
Latitude
(WGS84)

Longitude
(WGS84)

Elevation,
m

Corrected
Age,
Ma

±2s,
Ma

Raw Age,
Ma

±1s,
Ma Ft

Number of
Grains

Mass,
mg

MWAR,
mm

U,
ppm

Th,
ppm Th/U

He,
ncc

THT1A 39.03417 28.76778 1450 795.11 42.66 563.73 30.24 0.709 1 2.05 46.0 9.378 0.956 0.1019 1.4137
THT3A 39.08417 28.93250 1440 17.82 1.07 13.24 0.28 0.743 2 6.80 50.9 113.164 5.427 0.0480 1.2453
THT3B 39.08417 28.93250 1440 17.97 1.08 12.24 0.28 0.680 1 1.73 39.8 131.130 5.106 0.0399 0.3389
THT5A 39.08972 28.96167 925 8.02 0.48 5.87 0.12 0.732 2 5.86 49.2 174.905 1.756 0.0100 0.7279
THT7A 39.16056 29.08778 1480 27.90 1.67 17.44 0.32 0.625 3 3.99 34.1 15.317 39.640 2.5880 0.2079
THT7B 39.16056 29.08778 1480 21.88 1.31 14.77 0.32 0.675 1 1.91 40.8 14.849 36.807 2.4788 0.0804
THT8A 39.27083 29.14750 970 18.12 1.09 12.67 0.23 0.699 3 8.69 42.7 15.679 33.410 2.1308 0.3140
THT8B 39.27083 29.14750 970 13.29 0.80 8.47 0.23 0.637 1 1.40 35.8 10.959 29.398 2.6825 0.0257
THT10A 39.34361 29.07500 1500 21.56 1.29 13.32 0.30 0.618 1 1.15 33.5 30.217 65.426 2.1652 0.0847
THT14A 39.46056 29.00861 1140 19.31 1.16 12.82 0.24 0.664 2 3.25 40.1 40.056 69.066 1.7242 0.2843
THT15A 39.39528 29.03972 1340 19.21 1.15 13.62 0.25 0.709 3 7.12 47.5 16.414 31.773 1.9357 0.2807
THT15B 39.39528 29.03972 1340 40.27 2.42 27.87 0.52 0.692 1 2.18 44.8 26.030 87.741 3.3708 0.3443
THT19A 39.30722 28.95139 850 15.97 0.96 11.57 0.22 0.724 3 8.86 48.0 22.724 17.717 0.7797 0.3334
THT21A 39.21389 28.89722 1210 22.31 1.34 17.40 0.37 0.780 1 4.66 64.5 89.728 2.973 0.0331 0.8864
THT22A 39.19861 28.80833 900 18.02 1.08 14.26 0.27 0.791 2 14.14 65.1 26.431 24.935 0.9434 0.7880
THT23A 39.09000 29.04444 900 10.37 0.62 7.27 0.14 0.701 3 7.78 44.9 9.595 25.178 2.6242 0.1063

aMWAR is the mass-weighted average radius and Ft is the alpha-ejection correction.
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[23] The cooling histories of the hanging wall and foot-
wall of the SDF are very different. The footwall underwent
very rapid cooling between about 25 and 18 Ma, well after
the rocks in the hanging wall had cooled to temperatures
below 110 ± 10�C. This juxtaposition of rocks with old
cooling ages in the hanging wall against rocks with younger
ages in the footwall is consistent with extensional offset
[Wheeler and Butler, 1994; Thomson, 1998]. The interpre-
tation of cooling in the footwall is complicated by the
presence of the synkinematic Miocene Eğrigöz and Koyu-
noba plutons that dominate the northernmost part of the
SDF footwall. The intrusion ages of these plutons are
concordant within error of the ZFT ages, most of the AFT
ages, and even some of the AHe ages, indicating very rapid
cooling from >700�C to near surface temperatures
(<�70�C) within at most a few million years between about
21 and 18 Ma (early Miocene). Ring and Collins [2005]
suggest that such rapid cooling indicates a very shallow
intrusion depth during the latter stages of movement along
the SDF. Away from the thermal influence of these plutons,
particularly south of Simav town, the thermochronologic
data from the footwall of the SDF indicate slightly slower,
but still rapid cooling between about 25 Ma and�18 ± 1 Ma
at rates of between 25 and 50�C/m.y, consistent with similar
rates based on the reconnaissance data presented by Ring et
al. [2003a] from the south part of the Gördes submassif.
Note that although the crystallization temperature of the
intruding leucograntic dikes was high (>700�C), the nature
of synkinematic deformation of the surrounding basement
rocks into which the dikes intruded (i.e., feldspar-brittle,
quartz-ductile) indicates that they were low greenschist
facies conditions (�300�–350�C) at the time of onset of
accelerated cooling at �25 Ma [Ring and Collins, 2005].
[24] In contrast, the rocks of the hanging wall yield much

older thermochronologic ages indicative of slow monotonic
cooling in the uppermost parts of the crust since at least the
Eocene. The 228 Ma ZFT age from the ophiolitic Bornova
flysch is older than the presumed Late Cretaceous-
Paleocene stratigraphic age of these rocks [Okay and Siyako,
1993], implying that these rocks have not seen temperatures
high enough to significantly anneal fission tracks in zircon
(>250 ± 20�C) since deposition. The AFTages from the same
rocks (especially the more precise THT14 age of 46 ± 6 Ma)
are younger that the depositional age. These rocks must thus
have been heated sufficiently since deposition to reset the
AFT age before subsequently being slowly cooled through
the apatite partial annealing zone to near surface temperatures
sometime before deposition of the oldest unconformably
overlying Neogene sedimentary deposits. This is better
demonstrated in an AFT inverse time-temperature model
using the approach of Gallagher [1995] and the apatite FT
annealingmodel of Laslett et al. [1987]. The T-t path that best
predicts the observed data requires rapid heating following
deposition between about 65 and 50 Ma followed by near
monotonic cooling from temperatures of �120�C between
about 65 and 50 Ma to the surface (�10�C) sometime before
�15 Ma (Figure 3b) at a time-averaged cooling rate of
�3�C/Myr The best fitting time-temperature paths also
demonstrate that the rocks of the hanging wall to the SDF

were below �110 ± 10�C (i.e., the upper 2–3 km of crust)
since at least Eocene times.
[25] In contrast to the AFT ages, the AHe ages from both

the hanging wall and footwall of the SDF are concordant
within error (�19 Ma). This is an important finding, as it
requires that relative offset along the SDF must have all but
ceased by this time. Both sides of the fault and the fault
rocks themselves must have had a common cooling history
from temperatures somewhere between the closure temper-
ature of the AFT and AHe systems (i.e., between 110 ±
10�C and �70�C) between �19 Ma and the age of the
oldest sediments deposited on the fault (�15 Ma) [Ercan et
al., 1997]. Furthermore, as much as 2–3 km of overburden
must have been removed (the exact amount being depen-
dent on the assumed geothermal gradient) from the current
exposure level of the fault at its northernmost outcrop since
the SDF became inactive. The 19 Ma AHe age from the
hanging wall is consistent with the monotonic post-Eocene
cooling history of the hanging wall rocks that best predicts
the observed AFT data. According to the He diffusion
model and parameters derived by Farley [2000] for
Durango apatite (Ea = 33 kcal/mol; D0 = 31.6 cm2/s), the
best fit time-temperature history in Figure 3b predicts an
AHe age of 18.9 Ma for a 60 mm diameter apatite grain,
within 1s error of the observed AHe age of 19.3 Ma.
[26] An alternative explanation for the young AHe age in

the hanging wall is that it was thermally reset by the transfer
of heat from the footwall into the hanging wall close to the
fault, either by the juxtaposition of hot footwall rocks
against a colder hanging wall, or from the local thermal
effects of intrusion of the synkinematic �21 Ma Eğrigöz
pluton [e.g., Kounov et al., 2004]. This heating effect, must,
however, have been minimal; sufficient to reset the AHe age
(>�70�C), but insufficient to significantly effect the AFT
ages (<110 ± 10�C). However, at such temperatures, at least
a partial resetting of the AFT system would be expected.
Sedimentary rocks, like those sampled from the hanging
wall, would be likely to contain a diverse population of
apatite grains with highly variable annealing kinetics [e.g.,
Carlson et al., 1999]. Partial resetting of such a sample
should manifest itself in a wide spread of single grain
apatite ages, but, no significant single grain age variation
is seen in samples THT12 and 14. The narrow age disper-
sion is more consistent with the samples having cooled
monotonically at a moderate rate through the AFT partial
annealing zone.
[27] However, either of these alternative explanations for

the young AHe age in the hanging wall of the SDF does not
alter our main finding; namely that the contrast in hanging
wall and footwall cooling histories is consistent with the
SDF have acted as an extensional tectonic contact, with
rapid footwall cooling and unroofing, sometime between
�25 and �19 Ma, with relative offset having ceased by
�19 Ma.

5.2. Footwall Age Versus Slip Direction Profile

[28] Low-temperature thermochronologic ages from sam-
ple profiles along the slip direction of major detachment
faults have been used as an interpretative tool in numerous
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metamorphic core complexes to quantify characteristics
such as the slip rate, minimum displacement, time of onset
of slip, and initial fault plane dip angle [see Foster and
John, 1999, and references therein]. This approach has
proven particularly valuable where stratigraphic or other
geologic markers are absent, or where rocks either side of a

detachment represents units formerly juxtaposed by an
earlier out-of-sequence thrust, such as is the case with the
SDF and the earlier Cyclades-Menderes thrust.
[29] Figure 4 shows the relationship of ZFT, AFT and

AHe ages with distance in the top-to-the-NNE slip direction
of the SDF. Each data point is projected onto the NNE-SSW

Figure 4. (a) NNE-SSW linear topographic profile (A-A0 from Figure 2) approximately parallel to top-
to-the-NNE hanging wall slip on the SDF showing location and elevation of samples points projected
perpendicularly onto profile plane. The approximate position of the northern most surface outcrop of the
SDF is also shown. All samples taken to the SSWof the point are from the footwall; those to the NNE are
all from the hanging wall. (b) Plot of different thermochronologic ages versus distance in fault slip
direction. The minimum apparent slip rate is based on four zircon FT ages given their 2s error. Note the
invariance in apatite FT ages (�18 Ma) across the whole length of exposed footwall of the SDF and that
these ages are consistently �2–5 Ma younger than the zircon FT ages. The footwall ages to the NNE of
the 70 km marker are largely taken from (or reset by) the �21 Ma Eğrigöz and Koyunoba plutons. (c) Plot
of cooling rates from those samples where an age from more than one different chronometer were
obtained. Time-averaged cooling rates were derived by dividing the difference in respective closure
temperatures by the difference in age (70�C for AHe, 110�C for AFT, and 280�C for ZFT). Note that
most samples show a slow down in cooling rates below the closure temperature of the AFT system.
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linear profile shown in Figure 2b; hence some of the points
on the topographic profile (Figure 4a) do not plot directly
on the topography of the profile itself. The most striking
feature of this plot is that both the ZFT and AFT ages show
little or no variation in age in the direction of slip along the
entire �130 km length of the presumed footwall of the SDF.
The uniform �24–20 Ma ZFT ages from the Miocene
plutonic rocks in the northern part of the footwall are all
within 2s error of the �21 Ma intrusion age [Ring and
Collins, 2005]. One exception is sample THT 22. This
yields a slightly older ZFT age of 29 ± 2 Ma (and similarly
old AFT age of 30 ± 5 Ma). The reason for these two older
ages is unclear. Possible explanations are that they could
represent either an older partially reset Triassic granite from
part of the hanging wall, or an older part of the Koyunoba
pluton. In addition, both the apatite and zircon from this
sample were of poor quality, with many inclusions and
track-like dislocations. Excess spontaneous tracks could
thus have been counted leading to overestimation of the
true fission track age. Otherwise, the concordance of the
other ZFT ages with the age of intrusion confirms that these
rocks cooled very rapidly following their synkinematic
emplacement. The thermal influence of Miocene plutonism
also reset the ZFT ages in the surrounding country rocks
from the northern part of the exposed SDF footwall, thus
destroying any former trend of decreasing age in the
hanging wall slip direction that may have existed prior to
plutonism to allow estimation of slip rate. The four ZFT
ages from the Gördes submassif south of Simav are older
(between 24.6 ± 2.2 and 23.6 ± 2.2 Ma) than the age of the
Eğrigöz pluton, but are still invariant over a distance of
�80 km in the slip direction. The distance between these
sample ages (within 2s error) implies a slip rate of at least
�15 km/Myr, assuming the cooling ages were related to the
removal of the hanging wall by top-to-the-NNE detachment
faulting and that isotherms were static (i.e., had reached a
steady state following the onset of detachment faulting [see
Ketcham, 1996]). Note, however, that if regional erosion
occurred contemporaneously with footwall slip, then this
calculated slip rate would be lower, and dependent on the
angle of fault dip. For example for a background vertical
erosion (denudation) rate of 0.5 mm/yr, a slip rate of
between 7 and 15 km/Myr, and a fault dip of 30�, then
the slip rate will be overestimated by �7 to 15%. The lower
the angle of dip of the fault, then the larger the overestimate
will be. The total time of fault activity between �25 and
�19 Ma and an approximate time-averaged slip rate of
�15 km/Myr imply a very high offset, possibly as much as
�90 km, similar to the present horizontal distance between
these samples. A fast slipping detachment interpretation is
consistent with the muscovite 40Ar/39Ar cooling age of
24.7 ± 1.2 Ma from the south part of the Gördes massif
(sample 93T9 in Figure 2a [Ring et al., 2003a]) and an
40Ar/39Ar age of 22.9 ± 0.5 Ma from syntectonic mica
porphyroclasts (mica fish) within a mylonite south of the
Koyunoba granite (sample 98/1 of Işik et al. [2004],
location shown in Figure 2a). Furthermore, as quartz-ductile
deformation has been demonstrated to occur at temperatures
higher than the ZFT closure temperature [Brix et al., 2002],

footwall ductile deformation and mylonitization along the
southern exposed segments of the SDF away from the
influence of early Miocene plutonism must have ceased
sometime before �23.6 ± 2.2 Ma. The ductile deformation
of the Eğrigöz and Koyunoba granites during their em-
placement at �21–20 Ma farther north [Ring and Collins,
2005] suggests that the active ductile deforming part of the
SDF migrated northward with time.
[30] A similarly large displacement of >100 km has been

proposed to explain the coeval late Oligocene-early Mio-
cene exhumation of HP-LT rocks in the footwall of the
Cretan detachment to the west of the SDF [Ring et al.,
2001b]. However, such slip rates and total displacements are
higher than those recognized in the Aegean (with slip rates
6–9 km/Myr and total offsets of between 12 and 70 km
[Ring et al., 2003b; Kumerics et al., 2005; Brichau et al.,
2006] and the maximum total offset recognized in the Basin
and Range province (�55 km for the Harcuvar Mountains
metamorphic core complex [Reynolds and Spencer, 1985;
Carter et al., 2004]). The lack of Anatolide orogen or later
HP-LT rocks in footwall of the SDF implies that the SDF
did not exhume rocks from significant depths and hence
must have had a low angle of dip while active, despite the
apparently large total amount of slip and high slip rates
[e.g., Ring et al., 2003b].
[31] An alternative explanation for almost uniform ZFT

ages over �80 km in the slip direction is that they record
cooling by thermal relaxation (in situ lowering of the
geothermal gradient) following regional resetting during a
highly elevated geothermal gradient related to the wide-
spread intrusion of leucogranitic dikes at �25–24 Ma
throughout the Gördes submassif [Ring and Collins,
2005]. However, the continuation of large-scale footwall
magmatism in the Miocene suggests that such a significant
cool down is unlikely.
[32] The AFT ages are invariant in the direction of

hanging wall slip, and importantly are almost always
significantly younger (�2–5 Ma) than ZFT ages from the
same sample. All the AFT ages, with the exception of
sample T68 of Ring et al. [2003a] and sample THT25 of
this study, overlap within 2s error, with a weighted mean
age of 18.2 ± 0.7 (Pc2 = >99%). If the AFT ages were
related to fast cooling associated with rapid unroofing by
detachment faulting, then near concordant ZFT and AFT
ages would be expected [e.g., Foster and John, 1999].
Instead, the similarity in AFT ages across the �130 km
swath of the SDF footwall implies a more widespread
regional cooling between about 19 and 17 Ma, after motion
on the presumed SDF had ceased. We note also that the
SDF slip rate of �10 km/Myr between about 19 and 17 Ma
estimated by Ring et al. [2003a] from an apparent inverse
slope of reconnaissance AFT ages with distance in the slip
direction is not supported by the new AFT and ZFT data of
this study. The timing of slip proposed by Ring et al.
[2003a] is also inconsistent with the �21 Ma age of
synmagmatic extensional kinematics in the northern part
of the footwall [Ring and Collins, 2005], and apparent
cessation of fault slip shortly thereafter. The older �27 Ma
AFT age published by Ring et al. [2003a] from the
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southernmost part of the Gördes submassif close to the
Büyük Menderes Graben (Figure 2) indicates the presence
of an exhumed partial AFT annealing zone in the footwall.
This implies that the surface breakaway fault of the main
Simav detachment was situated slightly farther south, but
has been subsequently removed by later Miocene to Plio-
cene erosion across the entire Anatolide orogen [Ring et al.,
2003a]. The position of this breakaway fault is consistent
with our �90 km estimate for the total extensional offset
along the SDF. Seyitoğlu et al. [2004] on the other hand
propose that the SDF breakaway fault is situated much
farther south, intercepting the surface at the southern
boundary of the Kale-Tavas basin at the southern margin
of the Anatolide orogen. This would require an orogen scale
extremely low-angle or subhorizontal detachment fault over
150 km long.
[33] Where ages from two (or more) thermochronologic

systems were obtained from the same sample, time averaged
cooling rates were derived by dividing the difference in
respective closure temperatures by the difference in age
(Figure 4c). ZFT and AFT cooling ages from the SDF
footwall of the Gördes submassif south of Simav indicate
that the regionally extensive cooling between about 24 and
17 Ma (away from the thermal influence of Miocene
plutonism) occurred at an average rate of 10–20�C/Myr.
This rate and the regional extent of this cooling appear to
better support a phase of relatively rapid erosional denuda-
tion. The alternative possibility of unroofing linked to major
detachment faulting typically results in much higher rates of
footwall cooling (25–>75�C in the Aegean [Ring et al.,
2003b; Brichau et al., 2006; Kumerics et al., 2005] and
>40�C-100�C in the Colorado River extensional corridor
[Foster and John, 1999]). Rapid regional postdetachment
erosion of the Gördes submassif may have been aided by
the easy erodibility of the hanging wall rocks. These are still
preserved today as isolated klippen, and comprise very
tectonically disturbed and unconsolidated ophiolitic flysch.
The underlying footwall rocks, on the other hand, comprise
more erosionally resistant mylonites and crystalline base-
ment rocks. This would also help explain the apparent
preservation of SDF footwall mylonites and the possible
detachment surface itself identified below unconformably
overlying Neogene sedimentary rocks of the Gördes and
Selendi basins by Purvis and Robertson [2004a]. The
presence of hanging wall klippen also indicates that little
erosion of the footwall rocks has occurred. The minimum
age for the end of this phase of erosion is constrained by a
high-precision biotite 40Ar/39Ar age of 16.4 ± 0.1 Ma from
tuffs within the Selendi and Gördes basins [Purvis and
Robertson, 2004a]. This implies an increased rate of final
cooling and hence denudation of the Gördes submassif (i.e.,
including both the footwall and hanging wall rocks of the
SDF, and the SDF itself) from 110 ± 10�C at �18 Ma, to
surface temperatures at �16 Ma (an equivalent mean rate of
�50�C/Myr Finally, cooling from �110 ± 10�C implies
removal of �2–3 km of overburden (obviously dependent
of the assumed geothermal gradient, which given the
presence of widespread magmatism at this time, was likely
high) comprising largely rocks of the hanging wall after

cessation of activity along the SDF at �19 Ma, but before
deposition of the Selendi and Gördes basins.
[34] Near concordant AFT ages along the footwall of the

SDF could, alternatively reflect the resetting of ages by the
influx of hot mineralizing fluids [Carter et al., 2004].
However, no pervasive mineralization of the appropriate
age has been described from the Gördes submassif. Miner-
alization that is present [Özgür, 2002] is restricted and
localized to the younger Pliocene-Recent E-W trending
high-angle normal faults of the Simav and Büyük Menderes
grabens.

5.3. Footwall Age-Elevation Relationship

[35] An age-elevation relationship (AER) from the foot-
wall of the SDF was obtained by collecting samples from the
high-relief escarpment of the Pliocene to Recent Simav
Graben fault (SGF) south of Simav town (Figure 5a).
Interpretation of this profile is complicated by �10 ± 5� tilt
of the SGF footwall block down to the south since Pliocene
times. To restore the pre-Pliocene relative vertical offset of
the samples in the AER, the AFT and AHe ages are plotted
relative to their perpendicular distance below the SDF
(Figure 5b). This corrects for the �10 ± 5� tilt by assuming
that the SDF was close to horizontal shortly after movement
ceased at �19 Ma. In an alternative representation of the
Simav AER (Figure 5c), the ZFT and AFT ages are normal-
ized to the closure temperature of the AHe system (70�C) to
produce a ‘‘pseudo’’ age-elevation plot in a manner described
by Reiners et al. [2003]. The present-day depth of the 70�C
isotherm is taken as�1600 m (assuming a mean elevation of
1.2 km, and the modern geothermal gradient of �40�C/km
[e.g., Ilkışık, 1995]). The assigned errors of the ZFTand AFT
closure temperatures are converted on this plot to equivalent
depths of ±400 m and ±1200 m, respectively.
[36] Although the elevation difference between the sam-

ples is small, and the profile is not truly vertical, the AFT
ages are consistent with a moderately fast minimum time-
averaged denudation rate of >115 m/Myr between �20 and
�15 Ma (Figure 5a). The AER is complicated by the
anomalously young AHe age of 8.0 ± 0.5 Ma from sample
THT5 at the base of the profile. This age can be explained in
several ways: (1) It could record accelerated denudation
following a slow down or hiatus between �16 and �8 Ma
(solid grey line in Figure 5c) represented by deposition of
the Gördes and Selendi sedimentary basins; (2) the young
AHe is close to the SGF, and could reflect resetting or
partial resetting related to hot fluids and epithermal miner-
alization found associated with many of the Pliocene-
Recent E-W trending graben bounding faults in western
Anatolia [Özgür, 2002] (dotted grey line in Figure 5c). This
possibility is supported by a similar anomalously young
AHe age of 10.4 ± 0.6 Ma (THT23) found close to the SDF,
on the hanging wall side; or (3) the younger AHe age could
represent the upper part of an exhumed fossil He partial
retention zone (HePRZ), preserved following rapid footwall
unroofing of the steeply dipping SGF since the late Plio-
cene. For example, both the AHe and AFT data from the
AER are predicted well by a forward modeled HePRZ (and
AFT partial annealing zone) produced by a time-tempera-
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ture history of rapid cooling at a rate of 40�C/Myr from
temperatures >160�C before 16 Ma, isothermal holding
between 16 and 2 Ma during sedimentation of the Selendi
and Gördes basins, followed by final rapid denudation to the
surface associated with footwall of SGF since 2 Ma
(Figure 5b). The modeled HePRZ was produced using the
diffusion model and parameters derived by Farley [2000]
for Durango apatite assuming a grain size of 90 mm, close to
the size of grains dated. The APAZ was produced using the
Laslett et al. [1987] annealing model for Durango apatite.
The latter interpretation requires that sample THT5 at the
base of the profile was at a temperature of �70�–80�C prior
to final denudation in the last �2 Myr. This would imply a
relative offset on the SGF of 2–3 km, dependent on the
transient geothermal gradient. This is compatible with a
minimum 1 km offset of the SDF across the younger SGF
implied by Ring and Collins [2005]. Note also that little
removal of overburden is required from above the samples
at the top of the profile since �2 Ma, as according to the
model, these samples were residing at near surface temper-
atures of �20�–30�C before this time.

6. Tectonic Implications

[37] These new low-temperature thermochronologic con-
straints lead us to postulate that the Oligocene to early
Miocene postcollision extensional SDF developed in a man-
ner similar to that proposed for the Cenozoic development of
the Snake Range décollement fault system in eastern Nevada,
byMiller et al. [1999], modified after Gans et al. [1985] and
Rehrig and Reynolds [1980]. These authors propose that
previous crustal thickening helped initiate the development

of a welt of hot crust leading to thermal weakening with
localization and development of a detachment between a
brittle deforming upper plate and ductile deforming lower
plate. The brittle/ductile transition acts as a weak zone in
which the detachments root [Ring et al., 2003a, 2003b;
Kumerics et al., 2005]. Upper plate strain is distributed over
a broad area, with high-angle normal faults rooting into the
lower angle ductile deforming detachment interface. This
ultimately drives renewed magmatism and extension result-
ing in doming and final uplift of the Snake Range and
bending and tilting of the initial detachment horizon.
[38] In western Anatolia, Late Cretaceous to Eocene

crustal thickening associated with the Anatolide orogen
was superseded by widespread late Oligocene-early Mio-
cene postcollision magmatism with a petrogenetic evolution
consistent with an enriched asthenospheric mantle source
suggestive of lithospheric delamination and asthenospheric
upwelling [Aldanmaz et al., 2000]. Similar models involv-
ing slab break-off, lithospheric delamination, combined
with accelerated slab rollback have been invoked to explain
comparable post-Eocene magmatism and postcollision or
syncollision extension in the Aegean [e.g., Zeilinga de Boer,
1989; Davies and von Blanckenburg, 1995; Thomson et al.,
1999]. The coincidence in time of prekinematic and synki-
nematic leucogranitic dikes at �24 Ma [Ring and Collins,
2005] with the onset of extension as recorded by the cooling
history of the footwall of the SDF is remarkable. We
postulate that this magmatic activity resulted in a transient
increase in the geothermal gradient, resulting in thermal
weakening and ductile low-angle extensional reactivation of
the Eocene out-of-sequence Cyclades-Menderes thrust
(Figures 6a–6d). Axen [1993] described similar low-angle

Figure 5. (a) AFT and AHe age-elevation relationship of samples taken from a high-relief section of the
footwall of the Simav Graben fault (see Figure 2c). All samples have long mean track length distributions
indicative of rapid cooling from 110 ± 10�C to below �60�C. (b) Same age-elevation data as in Figure 5a
but plotted relative to their perpendicular distance below the Simav detachment fault. The vertical error
bars represent a ±5� variation in the postkinematic tilt of the fault. The two lines represent modeled
paleoretention (or annealing) zones predicted by annealing and diffusion parameters and a thermal history
detailed in section 5.3. (c) Pseudoage-elevation relationship where the elevation of ZFT and AFT ages
and the present-day 70�C isotherm are normalized to the AHe system by assuming a present-day
geothermal gradient of 40�C/km and a mean elevation of 1200 m). The two paths are possible alternative
cooling histories to explain the anomalously young AHe age from the lowermost sample (THT5). See
text for details.
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Figure 6. Cartoons illustrating the temporal evolution of the Cyclades Menderes thrust and the Simav
detachment fault (SDF). (a) Early Oligocene situation after Anatolide orogen thrust belt had formed. (b and
c) Late Oligocene extensional reactivation of Cyclades Menderes thrust by SDF and associated intrusion of
leucogranite dikes. Note that development of SDF is largely controlled by brittle/ductile transition.
(d) Northward migration of footwall deformation and initial isostatic rebound. (e) Early Miocene intrusion
of Eğrigöz and Koyunoba granites in response to crustal extension. (f) Granite intrusions that ultimately led
to uplift and doming of the SDF footwall, cessation of extension by �19 Ma, and accelerated regional
erosion.
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normal reactivation of a major thrust in southern Nevada,
while Çemen and Wright [1990] and Miller [2003] have
described extensional overprinting of earlier basement
thrust faults in the Death Valley region of California.
Furthermore, Parsons and Thompson [1993] proposed that
synextensional magmatism, and in particular dike intrusion,
can provide the stress heterogeneity required to initiate low-
angle normal faulting. Dating of white-mica fish records
continued quartz-ductile extensional behavior of the north-
ern SDF at 22.9 Ma [Işik et al., 2004]. Older ZFT ages
farther south indicate that at this time the footwall rocks
here were already at temperatures below 280 ± 30�C (i.e.,
under brittle conditions), and hence that ductile deformation
of the SDF migrated slowly northward with time. Renewed
widespread synkinematic footwall magmatism in the form
of the �21–20 Ma Eğrigöz and Koyunoba plutons [Ring
and Collins, 2005], perhaps at this time in response to
crustal extension, appears ultimately to have led to uplift
and doming of the SDF footwall and the cessation of
extension by �19 Ma (Figures 6e and 6f). Ring and Collins
[2005] similarly speculated that the intrusion of the granites
changed the stress geometry and rheology in such a way
that caused the detachment to eventually become locked.
The total amount of extensional offset represented by the
SDF is difficult to accurately determine from the thermo-
chronologic data alone. The total time of activity between
�25 and �19 Ma and the approximate time-averaged slip
rate of �15 km/Myr imply an apparently high offset
somewhere around �90 km. The possibility of syndetach-
ment erosion and thermal relaxation means that this estimate
should be treated as a maximum, although the lateral extent
of the exposed footwall of the SDF undoubtedly demon-
strate that it was a very large scale detachment system.
Following cessation of movement on the SDF, isostatic
adjustment would have caused continued uplift (doming)
leading to regional erosion, predominantly of the more
easily eroded hanging wall rocks of the SDF, until
�16 Ma, when the footwall rocks (and some hanging wall
klippen) of the SDF were unconformably overlain by the
sedimentary rocks of the Selendi and Gördes basins.
[39] The remarkable coincidence between the onset of

postcollision extension and magmatism at the northern
margin of the Anatolide orogen at around �25–24 Ma
has important implications regarding the crustal dynamic
processes leading to the late Cenozoic transition from
collision to extension of the Anatolide belt of western
Turkey. For example, did crustal extension (as the result
of gravitational spreading of previously thickened crust or
subduction retreat) initiate crustal melting that further en-
hanced extension (perhaps resulting in a positive feedback
effect)?, or did crustal melting (induced by lithospheric
delamination and/or accelerated slab rollback [e.g.,
Aldanmaz et al., 2000; Thomson et al., 1999]) result in crustal
weakening aiding the development of the Simav low-angle
detachment fault? Our data and the geologic relationships
between deformation and prekinematic and synkinematic
magmatism [e.g., Ring and Collins, 2005] favors the latter,
and implies that the deeper mantle processes responsible for
the onset of magmatism (e.g., lithospheric delamination or

asthenospheric inflow into the back-arc mantle wedge fol-
lowing accelerated slab rollback) may have played an impor-
tant role in the transition of the convergent Anatolide orogen
to a region dominated by postcollision extension with the
development of detachment faults.

7. Conclusions

[40] This study demonstrates that data obtained from
multiple low-temperature thermochronometers are an essen-
tial tool in constraining the timing, magnitude and style of
extension, especially in convergent orogenic settings such
as western Anatolia where many of the tectonic contacts
have been later tilted and folded, where out-of-sequence
thrusts have been identified that juxtapose high- and low-
pressure rocks of varying age, where extensional reactiva-
tion of older thrust faults may have occurred, and where
kinematic, stratigraphic, or metamorphic data are lacking
or ambiguous. Furthermore, such data provide vital infor-
mation to help determine which geodynamic model or
combination of models best describes the driving forces
behind the presence of crustal extension following colli-
sion within a convergent orogen. This is especially true
when such data are integrated with independent evidence
on the timing of associated magmatism, sedimentation, and
convergent tectonics.
[41] We confirm that the SDF was a major low-angle

extensional detachment fault active sometime between �25
and �19 Ma. Also, despite widespread intrusion of late
synkinematic granitoids destroying much information on
the footwall unroofing history typically gained from apply-
ing low-temperature thermochronology, such as quantifying
slip rates, changes in slip rate, total extensional offset,
paleogeothermal gradient, and the timing of onset of foot-
wall unroofing, the thermochronologic data still provide a
number of key new constraints on previously contentious
issues such as the timing, magnitude and nature of early
postcollision extensional faulting at the northern margin of
the Menderes massif and the western Anatolide orogen of
western Turkey. Other conclusions more specific to the SDF
are as follows:
[42] 1. ZFT cooling ages from the basement of the Gördes

submassif, less influenced by Miocene plutonism, record
rapid footwall cooling between �25 and �19 Ma consistent
with other radiometric data [Ring et al., 2003a; Işik et al.,
2004] and imply that the intrusion of the synkinematic
Eğrigöz and Koyunoba plutons occurred once the fault
was already active. Furthermore, the ZFT ages indicate that
footwall ductile deformation and mylonitization along the
southern exposed segments of the SDF away from the
influence of early Miocene plutonism must have ceased
sometime before �23.6 ± 2.2 Ma. The synemplacement
ductile deformation of the Eğrigöz and Koyunoba granites
at �21–20 Ma farther north [Ring and Collins, 2005]
suggests that the active ductile deforming part of the SDF
migrated northward with time.
[43] 2. Assuming the cooling ages were related to the

removal of the hanging wall by top-to-the-NNE detachment
faulting, the variation in ZFT ages in hanging wall slip
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direction of the Gördes submassif define a fast minimum
slip rate of �15 km/Myr. However, the possibility of
syndetachment erosion and thermal relaxation means that
this estimate should be treated as a maximum.
[44] 3. Concordant AHe ages from the hanging wall and

footwall of the SDF demonstrate that relative extensional
offset on the SDF had all but ceased by �19 Ma.
[45] 4. The near concordance of the AHe, ZFT and some

AFT ages with the crystallization age of the Miocene
(�21 Ma) granitoids reflects very rapid postemplacement
cooling to below �110�C within a few million years. This
supports the fast cooling rates determined by Ring and
Collins [2005] implying that these plutons were intruded at
a very shallow crustal level. The close coincidence in timing
of granite emplacement with the cessation of SDF activity
suggests that these plutons acted to rotate the detachment
surface causing the detachment to lock-up.
[46] 5. AFT ages from the footwall of the SDF are

spatially invariant over >100 km, and consistently �2–
3 Ma younger than the ZFT ages from the same samples.
Such an age pattern is consistent with a regional, relatively
rapid erosion-linked cooling phase that postdates cessation
of SDF activity at �19 Ma.
[47] 6. Furthermore, the invariant AFT data imply that the

SDF in the area investigated was active at temperatures

>110 ± 10�C, and that �2–3 km of overburden was
removed from the Gördes submassif (i.e., above the detach-
ment surface) following cessation of activity, but before
deposition of unconformably overlying postdetachment
sedimentary rocks of the Selendi and Gördes basins some-
time before 16.4 ± 0.1 Ma.
[48] 7. Young AHe ages of 10–8 Ma close to the high-

angle Pliocene-Recent Simav Graben fault reflect either
renewed accelerated denudation at �8 Ma, resetting by
fault localized epithermal mineralization, or a paleo-HePRZ
exhumed in the footwall of the younger fault in the last few
million years. Note that the anomalously young (10 Ma)
AFT age of sample THT25 close to Kula (Table 1 and
Figure 2b) could reflect partial setting of this sample by the
local Pleistocene-Recent Kula volcanic field.
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Brix, M. R., B. Stöckhert, E. Seidel, T. Theye, S. N.
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K. Yilmaz, Z. Karacik, S. Altunkaynak, and
A. Elmas (2000), When did the western Anatolian
grabens begin to develop?, in Tectonics and Mag-
matism in Turkey and the Surrounding Area, edited
by E. Bozkurt, J. A. Winchester, and J. A. D. Piper,
Geol. Soc. Spec. Publ., 173, 353–384.

Zeilinga de Boer, J. (1989), The Greek enigma: Is
development of the Aegean Orogen dominated by
forces related to subduction or obduction?, Mar.
Geol., 87, 31–54.

���������
U. Ring, Department of Geological Sciences,

University of Canterbury, Private Bag 4800, Christ-
church 8020, New Zealand. (uwe.ring@canterbury.
ac.nz)

S. N. Thomson, Department of Geology and
Geophysics, Yale University, P.O. Box 208109, New
Haven, CT 06520-8109, USA. (stuart.thomson@yale.
edu)

TC3005 THOMSON AND RING: DATING EXTENSION IN WESTERN ANATOLIA

20 of 20

TC3005


