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Apatite (U-Th)/He and fission-track analyses of both basement and sedimentary cover samples collected
around the Marmara Sea point to the existence of a system of major E-W-trending structural discontinu-
ities active at least from the Late Oligocene. In the Early Pliocene, inception of the present-day North Ana-
tolian Fault (NAF) system in the Marmara region occurred by reactivation of these older tectonic
structures. This is particularly evident across the Ganos fault in southern Thrace, as exhumation south
of it occurred during the latest Oligocene and north of it during the mid-Miocene. In this area, large tec-
tonic structures long interpreted as the results of Plio-Quaternary NAF-related transpressional deforma-
tion (i.e. the Ganos monocline, the Korudag anticline, and the Gelibolu folds) were in fact produced during
the Late Oligocene - Early Miocene. The overall lack of significant (U-Th)/He age differences across the
NAF indicates that the Early Pliocene inception of strike-slip motion in the Marmara region represents
a relatively minor episode. At the scale of the entire Marmara region, the geographic pattern of exhuma-
tion ages shown in this study results instead from the complex superposition of older tectonic events
including: (i) the amalgamation of Sakarya and Anatolide-Tauride terranes and (ii) Aegean-related

extension.

© 2010 Elsevier Ltd. All rights reserved.

The Marmara Sea consists essentially of depressions and ridges
aligned along the E-W trend of the North Anatolian Fault (NAF;
Fig. 1). This fault system, about 1500 km long, is characterised by
a right-lateral strike-slip motion and constitutes the northern
boundary of the westward moving Anatolian block (e.g., Jackson
and McKenzie, 1988; Barka, 1992). According to the common inter-
pretation, the NAF nucleated in eastern Anatolia (Bitlis-Zagros su-
ture zone) during the Late Miocene (ca. 11 Ma) following the
collision of the Arabia and Eurasian plates, and propagated west-
ward reaching the Marmara region during the Pliocene (e.g., Barka,
1992; Hubert-Ferrari et al., 2002; Sengor et al., 2005). In this re-
gion, the NAF widens into a complex fault zone stretching some
100 km in a N-S direction, from Ganos Mt. in southern Thrace
(Okay et al., 2004) to Kazdag in the southern Biga peninsula (Cav-
azza et al., 2008). Such configuration translates into a high degree
of structural complexity, with coexisting deep basins, push-up
structures, and block rotations (e.g., Seeber et al., 2004). The incep-
tion of the NAF activity has been inferred based on the study of the
associated sedimentary basins, with earlier studies relying mainly
on the scarce palaeontological data from terrestrial sedimentary
records (see Sengor et al. (2005), for a review). The oldest basins
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are Middle to Late Miocene in age, whereas the youngest are hardly
older than the Pleistocene. Based on apatite fission-track analysis
of limited number of samples, Zattin et al. (2005) suggested that
the Ganos segment of the NAF follows a pre-existing structural dis-
continuity in existence at least by the latest Oligocene. Late Oligo-
cene age displacement along the NAF is also supported by Uysal
et al. (2006) who studied a ca. 500 km long segment of the NAF
east of the Marmara Sea by radiometric dating of fault gouges.
They found that an early event of significant strike-slip was initi-
ated at about 57 Ma, but further intensified at ~26 Ma and later
than ~8 Ma. Kaymakci et al. (2007), on the basis of palaeomagnetic
data, proposed that the Ganos fault and other ENE-trending faults
experienced dextral strike-slip activity before the Late Pliocene
development of the NAF. An Oligocene major strike-slip shear zone
in western Anatolia, with an estimated right-lateral offset of
100 £ 20 km, was described also by Okay et al. (2008) in the Uludag
area, located close to the city of Bursa, about 30 km south of the
Marmara Sea. All these papers support the idea that pre-existing
mechanical weakness zones such as faults and shear zones greatly
influence the locus of subsequent tectonic activity (e.g., Holds-
worth et al., 1997).

In this paper, we build on the results by Zattin et al. (2005) to
give a more complete picture of the tectonic evolution of the wes-
tern NAF by using (U-Th)/He and fission-track dating on apatite.
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Fig. 1. Simplified tectonic map of the Marmara region showing the major terranes and

Oligocene strike-slip direction

sutures, as well as the North Anatolian Fault system. The large arrows refer to the

direction of shear in the mid-crust during the Oligo-Miocene extension. Modified from Okay et al., 2008.

Samples were therefore collected all around the Marmara Sea and
across the main strands of the fault. Our data confirm that the Mar-
mara segments of the active NAF, regarded as post-Miocene struc-
tures, have had instead a complex evolution, as shown by the
presence of pre-Late Miocene structural discontinuities along
which significant vertical displacements occurred. The exact age
of these earlier discontinuities is difficult to determine but should
be older than the extension that affected the Aegean region since
the Late Oligocene (e.g., Seyitoglu et al., 1992; Jolivet and Faccenna,
2000). Thermochronological data by Zattin et al. (2005) demon-
strate that in the Late Oligocene vertical displacements occurred
along a precursor of the Ganos fault. The additional dataset pre-
sented in this paper suggests that the location and kinematics of
the western NAF are controlled by position and geometry of the
basement block margins inherited from Mesozoic-Cenozoic clo-
sure of oceanic basins belonging to the Tethyan realm and the
ensuing collision between the bordering microcontinents.

1. Geologic setting

The Neogene tectonics of the Marmara region has been con-
trolled by the interaction of the extensional regime driven by slab
retreat along the Aegean subduction zone (e.g., Jolivet, 2001) and
the westward escape of the Anatolian microplate (moving with re-
spect to the Eurasian plate at a velocity of ~21 mmy/year; e.g., Rei-

linger et al., 2006) guided by the NAF. In central Anatolia, over 90%
of this movement is concentrated on this fault, which forms a well-
defined narrow plate boundary. In the Aegean region, the rigid
westward translation of the Anatolian microplate combined with
back-arc spreading behind the Aegean Trench gave way to distrib-
uted north-south extension along E-W-trending normal faults.
This extension resulted in the formation of E-W trending grabens,
which are the most prominent neotectonic feature of western Ana-
tolia (Bozkurt, 2001). The same structural trend is observed in the
Marmara Sea region, where the NAF developed as a complex fault
system. East of the Marmara Sea, the NAF splits into two branches
which, divided into sub-branches, form a zone of distributed defor-
mation more than 120 km wide (Fig. 1; Sengor et al., 1985). How-
ever, GPS studies show that over 90% of the present-day strike-slip
deformation occurs along the main northern branch of NAF passing
through the Marmara Sea and continuing westward into Thrace as
the Ganos segment (McClusky, 2000; Meade et al., 2002). The Mar-
mara Sea comprises a broad shelf to the south and three deep step-
over sub-basins to the north (Barka, 1997; Okay et al., 2000; Le Pi-
chon et al.,, 2001; Imren et al., 2001; Armijo et al., 2002). Transpres-
sional uplift and transtensional subsidence are associated with the
Ganos fault in the western Marmara region (Okay et al., 2004; See-
ber et al., 2004).

The present-day tectonic framework of Anatolia is the result of
a complex evolution that initiated in the Late Cretaceous with the
convergence between the African and Eurasian plates. This re-
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sulted in the progressive closure of the Neotethyan Ocean and the
amalgamation of the surrounding continental fragments. The con-
sequent subduction-accretion complexes and emplacement of
ophiolites produced the present-day crustal configuration.

In western Anatolia an extensional phase occurred during latest
Oligocene-Miocene time, as testified by exhumation of the Kazdag
massif in the southern Biga Peninsula (Okay and Satir, 2000; Cav-
azza et al.,, 2008) and in the Simav complex in the northern Men-
deres Massif (Isik et al., 2004; Thomson and Ring, 2006). In both
cases, Neogene tectonic evolution involved rapid exhumation
through low-angle detachment faults followed by relative quies-
cence, at least in terms of vertical tectonics. The history of this
extensional phase is consistent with that of the Aegean post-oro-
genic back-arc extension, widely recognised in the central Aegean
region (e.g., Jolivet et al., 2008).

1.1. The terranes of the Marmara region

Geologically, the Marmara region resulted from the amalgama-
tion of relatively small continental fragments: the Sakarya Zone to
the south, the istanbul Zone to the northeast and the Strandja-
Rhodopian terrane cropping out all along the northern, western
and southern margins of the Thrace Basin (Fig. 1; Goriir and Okay,
1996; Okay and Tiiysiiz, 1999). According to Sengor and Yilmaz
(1981), the tectonic boundary between the Sakarya and istanbul
zones - the so-called Intra-Pontide suture formed in the early Eo-
cene after an orthogonal opening between the istanbul and Sak-
arya terranes during the Liassic. Okay and Tiysiiz (1999)
advocated a Senonian closure of the Intra-Pontide ocean. Beccalet-
to et al. (2005) pointed out that the Intra-Pontide suture cannot be
traced in the western Marmara region. Following is a concise
description of the peri-Marmara terranes.

The Sakarya Zone is a terrane characterised by the presence of a
Triassic subduction-accretion complex (Karakaya Complex), which
forms a strongly deformed and partly metamorphosed basement.
The final phase of deformation occurred during the latest Triassic
and was followed by sedimentation of Jurassic continental to shal-
low-marine deposits, Cretaceous carbonates, and finally by Seno-
nian andesites (Altiner et al., 1991; Tiiysiiz, 1993).

The Istanbul Zone is made of Precambrian crystalline basement
overlain by a continuous transgressive sedimentary succession
ranging from Ordovician to Carboniferous which was deformed
during the Hercynian orogeny (Dean et al., 1997; Gériir et al,,
1997). The deformed Paleozoic succession is unconformably over-
lain by a Mesozoic succession. Senonian andesites and small acidic
intrusions are widespread and are related to the northward sub-
duction of the izmir-Ankara ocean (Okay and Tiiysiiz, 1999).

The Strandja zone constitutes the easternmost part of the crys-
talline basement that includes the Rhodope Massif and, in the Mar-
mara region, is made of metamorphic rocks intruded by Permian
granites which are unconformably overlain by a Triassic succession
(Aydin, 1974; Okay and Tiiysiiz, 1999). Basement and Triassic suc-
cession were regionally metamorphosed during the mid-Jurassic
and then overlain by Cenomanian conglomerates and shallow mar-
ine limestones. As in the case of the Istanbul Zone, these are cov-
ered by Senonian andesites and intruded by associated
granodiorites (Moore et al., 1980).

The crystalline rocks of Strandja-Rhodope represent the base-
ment of the Thrace basin (Goriir and Okay, 1996). The base of the
Thrace basin fill is Early-Middle Eocene (Saking et al., 1999; Siyako
and Huvaz, 2007) and the following deposits (until the Oligocene)
form a shallowing-upward, dominantly clastic succession up to
9000-m-thick. The depocenters of the basin are characterised by
locally tuffaceous siliciclastic turbidites, whereas continental to
shallow-marine clastics and carbonates with subordinate volca-
noclastics were laid along the margins and on elongate bathymet-

ric highs. Dramatic lateral facies changes and the corresponding
irregular subsidence patterns during the Middle Eocene (Siyako
and Huvaz, 2007) have been interpreted as the result of strike-slip
tectonism (e.g., Turgut et al., 1991). During the Early Oligocene,
shales and sandy shales were deposited in a shelf to slope environ-
ment. Later sedimentation was characterised by coal-bearing clas-
tics and carbonates with some tuffaceous material deposited in
marginal marine to terrestrial environments (Turgut et al., 1991).
During the latest Miocene-Pliocene, most of the area was charac-
terised by fluvial deposition which lasted until the Late
Pleistocene.

2. Methods

Fission-track dating is a useful tool to unravel the cooling histo-
ries experienced by rocks in the upper crustal levels and to give a
measure of their motion toward the surface (for a review of the
method, see Donelick et al. (2005). Fission tracks in apatites all
have the same initial length of about 16 um (the specific length
depending on composition; e.g., Ketcham et al., 1999) but anneal
at rates proportional to temperatures, starting from about 60 °C.
Over geological time scales, partial annealing of fission tracks oc-
curs at temperatures between about 60 and 125 °C (the Partial-
Annealing Zone: PAZ; Gleadow and Fitzgerald, 1987). Because
tracks shorten in relation to the degree and duration of heating,
the measurement of fission track lengths gives information about
the thermal evolution in the PAZ temperature range. A quantitative
evaluation of the thermal history can be carried out through mod-
elling procedures, which find a range of cooling paths compatible
with the apatite fission-track (AFT) data (Ketcham, 2005). In this
work, inverse modelling of track length data was performed using
the HeFTy program (Ehlers et al., 2005), which generates the pos-
sible T-t paths by a Monte Carlo algorithm. Predicted AFT data
were calculated according to the Ketcham et al. (2007) annealing
model for fission tracks revelead by etching with HNOs-5.0 N. Dpar
values (i.e. the etch pit length) have been used as kinetic
parameter.

The (U-Th)/He method is based on the accumulation of “He pro-
duced by the decay of 228U, 23°U, 222Th and '¥’Sm. Radiogenic “He
diffuses out of the mineral at a rate determined by the temperature
and the He diffusivity of the mineral. The temperature range of the
apatite He partial retention zone (PRZ) is estimated to be ~40 to
80 °C (Wolf et al., 1998). Measurements are typically made using
a two-stage analytical procedure involving degassing of the crystal
by heating and gas-source mass spectrometry to measure “He, fol-
lowed by inductively-coupled plasma mass spectrometry on the
same crystal to measure U and Th (and, in some cases, Sm). Grain
ages typically have a relative standard error of approximately 3-
5%, as determined by replicate measurements.

Procedures for sample preparation and analysis are outlined in
Table 1 and described in more detail in Zattin et al. (2000) and
Reiners (2005).

3. Analytical results
3.1. Western Marmara Sea

The westernmost samples come from Gokgeada (Fig. 2a). TU55
was collected from andesites dated at 30.4 + 0.7 Ma (K/Ar; Ercan
et al., 1995) and cutting Eocene-Oligocene flysch. The obtained
AFT age (27.2 £ 1.8 Ma) and the very long track lengths (mean
length = 15.11 um; Table 1) indicate fast cooling immediately after
the volcanic event. A sample from a sandstone bed of the Upper Eo-
cene-Lower Oligocene Ceylan Fm from Gokg¢eada (TU54; see Gelib-
olu column in Fig. 3) yielded an AFT age of 48.5 + 5.7 Ma, i.e. older
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Fig. 2. Geologic map of western (A) and eastern (B) Marmara with apatite fission-track (black) and (U-Th)/He (red) ages. Fission-track data in italic are from Zattin et al., 2005.

than the depositional age considering 1o error (Fig. 4). Given the
AFT age of the andesites, we can infer that the Upper Eocene-0li-
gocene flysch underwent no major post-depositional burial and,
therefore, the AFT age of sample TU54 is related to the cooling of
the source rock and does not give any information about the
post-depositional history. However, the time of exhumation of
the rocks exposed on the island is constrained by AHe dating
(11.9 £ 0.1 Ma, sample TU55), which indicates that: (i) the ande-
sites were emplaced at a depth above the AHe closure temperature
and (ii) final cooling took place in the Serravallian. Although the
fast cooling after the volcanic event is beyond doubt, we point

out that the lengths measured in sample TU55 are too long to be
consistent with AHe date on same sample. This apparent discrep-
ancy could be explained by an anomalous kinetics of fission-track
annealing in these volcanic apatites.

Moving to the Gelibolu peninsula, we dated a sample (TU52)
collected from a tuffite bed within the Ceylan Fm dated at
30.05 + 0.49 Ma (Ar-Ar on biotite; Di Vincenzo, pers. comm.). Here
AFT data agree with Ar-Ar data (27.2 +2.6 Ma), thus indicating
minor post-depositional burial. Moreover, Ar-Ar and AFT data indi-
cate that the depositional age of the Ceylan Fm reaches up the end
of the Early Oligocene. Exhumation to very shallow levels occurred
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(2010a,b); 3 - Stimengen and Terlemez (1991); 4 - Islamoglu et al. (2008); 5 — Ercan et al. (1995); 6 — Sentiirk et al. (1998).

only in the Late Miocene, as testified by an AHe age of 8.4 + 0.1 Ma
from the same sample. The AHe age indicates some reheating that
should have caused some annealing of fission tracks. Actually, the
radial plot (Fig. 4) shows some grains older than depositional age
that could be related to inherited apatites (i.e. not crystallized dur-
ing the Oligocene magmatic event) and the younger individual
grain ages could therefore be referred to some post-depositional
annealing that affected the volcanic apatites. A Late Oligocene
AFT exhumation age (28.3 +3.2 Ma) is recorded by sample TU51,
collected from the Ceylan Formation (Fig. 3) exposed just south
of the NAF, close to the coast of the Saros Gulf. However, here
the chi-square test shows a broad dispersion of single grain ages,

part of which are older than the stratigraphic age (Fig. 4). Hence,
post-depositional burial was not sufficient to reset completely
the fission tracks but enough to reset the AHe system which gave
a very young age of 2.5+0.1 Ma. Sample TU50, collected from
the Kesan Formation exposed just south of the easternmost Ganos
fault, gave an AFT age of 22.3 £ 2.5 Ma, slightly younger than AFT
ages from previously described samples. Its AHe age is again quite
young (4.7 £ 0.1 Ma).

North of sample TU51 and north of the NAF, in the core of the Kor-
udag anticline sample TU64 yielded an AFT age of 24.9 + 2.3 Ma,
younger than its depositional age (Eocene, Kesan Formation;
Fig. 4). However, inverse modelling which was performed by using
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Fig. 4. Radial plots of samples collected from sedimentary rocks whose depositional age partially overlap the AFT age (see Fig. 2 for sample location). If all the single grain
ages are younger than the sample’s stratigraphic age, then all the grains have been annealed and maximum temperatures must have been at or greater than the total resetting
temperature. As the maximum temperature lowers, the number of grain ages older the stratigraphic age generally increases. If the sample age was close to the depositional
age (e.g., an ash), then partial (not only total) resetting will produce AFT ages younger than depositional age. Dots: single grain ages; horizontal axis: precision of individual
grains (1/o); vertical axis: bar indicates the standard error of each measurement; dashed line: (U-Th)/He age; shaded area: stratigraphic age.

both AFT and AHe data shows that the possible temperature range
during maximum burial is quite large and comprises the bottom of
the PAZ (Fig. 5). The cooling path is quite complex, and it seems to
be characterised by a reduction of cooling rates in the last 15 m.y.
We performed also some AHe dating on samples from the Ganos
MLt. area, previously analysed with the fission-track method by Zat-
tin et al. (2005). The oldest AHe (9.4 + 0.1 Ma) was detected on sam-
ple TU2 collected on the top of Ganos Mountain (Table 2). This age
fits well with the cooling path shown by Zattin et al. (2005)
(Fig. 5). Moving towards the NAF, a slightly younger AHe age
(8.8 £ 0.2 Ma)was yielded by a sample from the Gazikdy Fm (Middle
Eocene; Figs. 2 and 3). The youngest age (5.7 £ 0.1 Ma) was detected

on the sample closest to the NAF and at sea-level.

On the southern side of the Marmara Sea, a sample (TU56) from
the Eocene Karabiga granitoids yielded an AFT age of 24.8 + 3.4 Ma,
in the same range of those obtained along the northern coast.

TU49).

Two samples were taken on Marmara Island from Eocene grani-
toids, at sea-level (TU48) and on top of the highest peak (709 m;
As expected, TU49 yielded
(27.5 £ 5.1 Ma) although the age difference with the sample taken
at the sea-level (19.3 +£2.5 Ma) is quite high despite the limited
elevation difference. Track lengths demonstrate that both samples
cooled rapidly through the PAZ (TU48: mean length = 14.12 pm;
TU49: mean length = 14.52 um). The AHe age of sample TU48
(21.2 £ 0.5 Ma) is older than the corresponding AFT age, thus point-
ing to the some problems in the analytical data such as the possible
presence of apatite crystals with anomalous annealing kinetics or
some inclusions in the apatite dated with the AHe method.

the oldest AFT age

Another sample was collected south of Marmara Island, along

the western coast of the Kapidagi peninsula (TU47). Its AFT age
(33.4 £ 2.6 Ma) is significantly older than those obtained from Mar-
mara Island and from the Eocene flysch of the Ganos area. Again,
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Fig. 5. Time-temperature paths obtained from inverse modelling using the HeFTy program (Ehlers et al., 2005), which generates the possible T-t paths by a Monte Carlo
algorithm. Predicted AFT data were calculated according to the Ketcham et al. (2007) annealing model and the Dpar as kinetic parameter whereas AHe data were calculated
according to Farley (2000) diffusion model. Shaded areas mark envelopes of statistically acceptable fit and the thick lines correspond to the most probable thermal histories. If
only AFT data are modelled, thermal paths out of the partial-annealing zone are largely inferential as fission-track data cannot give reliable information out of this
temperature range. In each diagram, parameters (model and measured age, model and measured mean length) related to inverse modelling are reported. GOF (Goodness-of-
Fit) gives an indication about the fit between observed and predicted data (values close to 1 are best) as it reveals the probability of failing the null hypothesis that the model
and data are different. In general a value of 0.05 or higher is considered not to fail the null hypothesis, and thus reflects an acceptable fit between model and data. Mean track
lengths have been reported after c-axis projection. In these simulations, the only constraints used are the granite emplacement temperature and age (TU46) and the
depositional age (TU64).

Table 2
Apatite (U-Th)/He analytical data. Refer to Table 1 for sample location.

Sample Replicates F? Corrected age® 10+ (Ma) MWAR (pm)© Mass (ug) Mean age? 1o +(Ma)

TU2 1 0.650 9.22 0.20 41.0 1.41 9.43 0.14
2 0.700 9.61 0.18 47.5 2.14

TU4 1 0.610 8.81 0.19 35.0 0.78 8.81 0.19

TUS 1 0.710 5.71 0.14 493 2.73 5.71 0.14

TU29 1 0.728 10.39 0.80 50.9 8.35 9.99 0.42
2 0.758 9.83 0.59 56.4 10.74

TU36 1 0.643 38.88 113 38.8 3.53 38.88 1.13

TU39 1 0.614 23.03 1.09 35.0 2.80 23.03 1.09

TU47 1 0.653 28.70 0.69 38.1 6.01 27.75 0.39
2 0.670 26.35 0.71 429 4.04
3 0.728 28.04 0.62 523 8.14

TU48 1 0.657 21.22 0.50 38.1 4.26 21.22 0.50

TU50 1 0.551 427 0.12 29.5 1.79 4.67 0.08
2 0.618 4.95 0.10 36.1 3.59

TU51 1 0.692 245 0.05 47.8 6.92 2.52 0.04
2 0.685 2.58 0.05 45.8 3.75

TU52 1 0.585 7.66 0.15 33.9 3.10 8.38 0.10
2 0.651 9.58 0.19 39.6 4.56
3 0.696 8.33 0.17 46.9 8.48

TU55 1 0.620 12.40 0.26 26.0 4.73 11.92 0.15
2 0.654 10.82 0.28 21.9 5.02
3 0.695 12.84 0.26 30.9 7.12

TU64 1 0.594 17.86 0.37 26.7 2.25 17.86 0.37

AHe age determination are calculate using multigrain- and, in some cases, multi-replicate aliquots; propagated analytical uncertainties are 1¢; Durango apatite measured
concurrently with these analyses yielded a weighted mean age of 31.6 + 0.48 Ma I(2¢ standard error, n=9).

¢ Fris the alpha-ejection correction of Farley (2000).

b Alpha ejection corrected age.

€ Mass-weighted average radius.

4 Mean ages represent weighted means with weighted errors (15).

track lengths indicate a fast cooling through the PAZ (mean
length = 14.15 pm), as confirmed by the AHe age of 27.7 + 0.4 Ma.

3.2. Eastern Marmara
Samples were collected from different units across a large area

(Fig. 2b). Three samples (TU38, TU39, TU46) located at the same
latitude show very similar AFT ages (51-53 Ma). TU39 is from a

tuffitic bed interbedded with the Eocene flysch. This sample has
very long fission tracks (mean length: 15.46 um). Given that its
AFT age is very close to the depositional age (Fig. 4) we can exclude
that we dated the time of exhumation. It is likely that the apatites
were derived from syndepositional volcanism, and that the flysch
was never buried at the bottom of the PAZ. However, the AHe
age (23.0 £ 1.1 Ma) suggests some possible reheating, thus pointing
to an interpretation similar to one we proposed for sample TU52,
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although, as in the case of sample TU55, there is a discrepancy be-
tween the AHe age and the track lengths measured on the same
sample. Samples TU38 and TU46 are both from Eocene granites.
Their AFT age and track length distribution are very similar and
document a moderate cooling after their intrusion. Inverse model-
ling (Fig. 5) suggests Early Eocene intrusion and very low cooling
rates (about 1.3 °C/m.y.) in the last 40 m.y. Considering a “normal”
geothermal gradient of 30 + 5 °C/km, this translates into an exhu-
mation rate of 0.04 + 0.01 km/m.y.

Sample TU41 was collected NW of Izmit from the Eocene flysch.
This sample yielded an AFT age (65.8 + 5.0 Ma) older than its depo-
sitional age. We can then conclude that: (i) we dated cooling and
exhumation in the sediment source area and (ii) the flysch has
never been buried at the bottom of the PAZ after deposition.
(Although some reset is possible, given that some grains are youn-
ger than the depositional age; Fig. 4.) Four more samples were da-
ted in the Istanbul zone. Two of them (TU92, TU94) were collected
from Carboniferous sandstones and cooled in a short time range
(24-26 Ma); the same age was detected in a sample from Creta-
ceous andesites (TU96). Measured track lengths are not sufficient
to constrain reliably the thermal history. The oldest AFT age from
the istanbul zone (39.9 +3.7 Ma) was obtained from a sample
(TU100) collected from a granite emplaced during the Late
Cretaceous.

The youngest AFT age (14.9 + 5.0 Ma) from eastern Marmara re-
gion was obtained from a sample collected from a granitic intru-
sion of Eocene age in the Armutlu peninsula (TU36), although
only twelve grains could be dated (no track lengths). Here some
problems arise from the comparison with the AHe age
(38.9 + 1.1 Ma), much older than the AFT age. It is likely that AHe
age is affected by the presence of small inclusions of zircon.

4. Discussion

The data presented here, integrated by those by Zattin et al.
(2005) and Okay et al. (2008), provide the first regional picture
of the thermal evolution in the last 60 m.y. of both crystalline units
and sedimentary successions cropping out around the Marmara
Sea. Overall, samples collected west of Marmara Island underwent
a larger degree of subsidence and a much younger exhumation.
Moreover, we document the presence of tectonic denudation re-
lated to fault structures which - although following the trace of
the present-day NAF - were active well before its inception. Age
patterns could be affected by possible deformations of isotherms
due to advection and/or topography effects but these processes
were probably not really effective due to the low exhumation rates
and the very smooth topography, with most of the samples col-
lected at very low elevation (the only relevant relief is Ganos
mountain, as discussed below).

The oldest ages have been recorded in the eastern Marmara re-
gion. Here, AFT analyses date to the Early Eocene the exhumation
of the crystalline units exposed along the Armutlu peninsula and
are in the same age range of the K-Ar dating of illite from the fault
rocks along the NAF (Uysal et al., 2006). These data could be related
to the closure of the izmir-Ankara oceanic domain and the ensuing
collision between the Sakarya terrane to the north and the Anato-
lide-Tauride Block to the south (Okay and Tiiysiiz, 1999; Okay
et al., 2001). AFT ages, including the data from the sample located
just north of Izmit (TU41), may indicate the timing of the final up-
lift related to the end of collision. This exhumation event was fol-
lowed by very little if not null subsidence and no other important
uplift episodes, as testified by mean track lengths, which suggest
quite a fast cooling at time of exhumation, and by the AHe ages,
which document that the sampled rocks were already near the sur-
face at the end of the Oligocene.

Low-temperature thermochronometers cannot provide evi-
dence of Eocene tectonics in western Marmara as widespread Oli-
go-Miocene exhumation removed any older thermal signals. At
that time, the region around the Ganos fault was exhuming, con-
firming the conclusions by Zattin et al. (2005). AFT age differences
across the Ganos fault support the presence of a nearly E-W ori-
ented structure that was active during the Oligocene (although
horizontal displacement due to Plio-Pleistocene strike-slip must
be considered when comparing ages across the fault). Rocks north
and south of the fault followed markedly different T-t paths (Ta-
ble 1, Figs. 2 and 3 in Zattin et al., 2005). Exhumation of the south-
ern block across the fission-track closure isotherm took place in the
latest Oligocene - earliest Miocene, while the northern block was
exhumed in the mid-Miocene (16.4-11.7 Ma). Such different AFT
ages and thermochronologic evolutions for samples of similar
depositional age and lithology suggest that a precursor of the Ga-
nos Fault was active by late Oligocene time. This conclusion is sup-
ported also by the local stratigraphy, as the two clusters of AFT
ages north and south of the fault correspond to hiatuses in the
respective sedimentary successions (Fig. 3). For example, during
the late Oligocene deposition came to an end in the southernmost
Thrace basin, and was followed by uplift and erosion. In contrast,
the Eocene succession north of the fault was still at several kilome-
tres depth by the late Oligocene and was exhumed above the fis-
sion-track closure isotherm (110°C) only during the Middle
Miocene, when continental to marginal-marine sandstones were
being deposited south of the fault (Fig. 3).

During late Oligocene time the whole Kapidagi-Marmara Island
region was being exhumed and some exhumation occurred also in
the Thrace basin (Korudag high). This structure can be linked to the
uplifting shoulders related to the formation of the graben in the
Gulf of Saros and to the contemporaneous development of the Kul-
eli-Babaeski high in the northern Thrace basin (Cagatay et al,,
1998; Coskun, 2000). Furthermore, our data along the Gelibolu
peninsula match well the subsidence rate curves of Coskun
(2000) who shows a maximum subsidence in the Oligocene and
the inversion of the basin since 26 Ma. Siyako and Huvaz (2007)
date the inversion of the basin at 20 Ma but their reconstruction
was made in a depocentral area about 40 km northeast of the Ga-
nos region.

AFT ages document that most exhumation occurred in a period
during which the Aegean area was dominated by extension. During
this stage, the Aegean Sea began to form and exhumation led to
crustal thinning and formation of sedimentary basins in the hang-
ing walls of detachments. Detachments are widespread in the Cyc-
lades as well as in the northern Rhodope and western Turkey (e.g.,
Gautier and Brun, 1994; Dinter, 1998). This extensional phase
caused erosional unroofing which is well recorded by our thermo-
chronological data although, in the Marmara region, there is no
evidence of tectonic exhumation along a discrete tectonic struc-
ture, as detected, for example, in the Kazdag core complex to the
south (Okay and Satir, 2000; Cavazza et al., 2008). However, the
age differences across the Ganos fault document that some tectonic
lineament(s) nearly E-W oriented were active.

Integration of our results with pre-existing data indicates that
tectonic structures with the same strike of the NAF were active
in the Marmara region well before its inception (from 13 to 4 Ma
according to different interpretations; see Sengér et al. (2005) for
a review). For example, significant Oligocene E-W-trending
strike-slip shear zones in the middle crust have been documented
in the granitoids of the Kapidagi peninsula (Aksoy, 1998) and in the
late Oligocene gneisses and granitoids of Uludag (Okay et al.,
2008). However, movement along the precursor of the WSW-
ENE-trending Ganos Fault had a significant dip-slip component
(Zattin et al., 2005), given the marked AFT age difference north
and south of the fault. The final collision of the Arabian and Eur-
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asian plates in the mid-Miocene (Dewey et al., 1986; Robertson
et al., 2007; Okay et al., 2010a) and the ensuing change of stress re-
gime resulted in a switch of these structures (both compressional
and extensional) to NAF-related faults. This relatively simplistic
scenario is much complicated by extension in the Aegean domain.

While Eocene collision and Oligocene-Miocene extension gen-
erated some erosion that is well recorded by low-temperature
thermochronology in all the Marmara region, the new strike-slip
regime produced no major vertical displacements, as shown by
the relationships between AFT ages and sample elevations along
the Ganos fault (Fig. 6; Zattin et al., 2005). The increase of AHe ages
with elevation confirm this evidence as we could calculate a verti-
cal displacement in the order of 2 km at a mean cooling rate of
about 10 °C/m.y. in the last 5 m.y. (i.e. an exhumation rate of about
0.3 £0.1 km/m.y., considering a normal geothermal gradient of
30 =5 °C/km). Actually, as inferred by the slope of age-elevation
profile of Fig. 6, the exhumation rate from about 15 to 5 Ma was
not much different (about 0.2 km/m.y.). The same value can be ob-
tained by time elapsed to cool from AFT to AHe closure tempera-
ture. The absence of significant differences in AHe ages across
the Ganos fault - at least in its easternmost sector — implies that
Pliocene motion along the NAF was predominantly strike-slip.
However, some vertical offset and corresponding tectonic exhuma-
tion, occurred locally due to the geometry of the fault, probably in
the last 3 m.y. For example, along the westernmost sector of the
Ganos fault, we found the youngest AHe age (2.5 Ma), document-
ing a cooling rate of about 25 °C/m.y. (corresponding to an exhu-
mation rate of about 0.8 km/m.y. considering a geothermal
gradient of 30 °C/km). Oblique slip on a non-vertical master fault,
which may accommodate transtension and transpression, was de-
scribed in detail by Seeber et al. (2004) for a curved segment of the
Ganos fault. However, it is possible that youngest ages could be re-
lated to some late cooling due to hydrothermal activity. Although
the region north of Marmara Sea is characterised by normal pres-
ent-day heat flow values up to 55 mW/m? (Pfister et al., 1998),
there is the evidence of hydrothermal mineralizations during the
Pleistocene on rocks close to faults related to the NAF (Ece et al.,
2008).

The last stages of exhumation testified by AHe data are con-
firmed by stratigraphic hiatuses that document periods of no sed-
imentation and/or erosion. GCagatay et al. (2006) refer the presence
of an erosional unconformity dated at the base of the late Pliocene
in the area of the Gulf of Saros. The same age is given by Yaltirak
et al. (1998) for folding and denudation of the westernmost Gelib-
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Fig. 6. Age-elevation plot for AFT (dots) and AHe (squares) data in the Ganos region.
Only data from the block north of the Ganos fault have been considered. Error bars
for AHe data are too small to be reported.

olu peninsula. Along the Ganos fault, no Pliocene deposits are pre-
served, therefore confirming the enhanced erosion detected by
AHe data. These age data disagree with the notion that the folds
in the Gelibolu peninsula occurred in a short period of time
(<10° years) and, above all, that they were well eroded during
the Messinian salinity crisis (Armijo et al., 1999). In fact, AHe ages
along the Ganos fault are younger than the base of the Algitepe For-
mation (top of the Miocene), where Armijo et al. (1999) placed the
main erosional unconformity.

AHe indicate that the activity of the NAF (or a paleo-NAF) in the
Armutlu peninsula produced only minor vertical displacements
(i.e. total offset <1.5 km). Nonetheless exhumation was sufficient
to generate an 800-m-thick fining-upward clastic sequence of Sar-
matian to Lower Pliocene age (Sengor et al., 2005) in the Yalova Ba-
sin. The Manyas and Ulubat basins contain fluvial-to-lacustrine
sediments whose deposition started in the late Miocene (Pontian)
and continued into Early Pliocene (Yaltirak and Alpar, 2002), reach-
ing a total thickness of about 700 m (Yalgin, 1997; Emre et al,,
1998). The Mudanya basin is presently bordered on the south by
the Uludag Massif, whose exhumation was recently described by
Okay et al. (2008). Here we report an AHe of 10 Ma from a sample
collected at the very border of the Uludag Massif, indicating that, in
this area, a fault with a significant dip-slip component was present
before the inception of the NAF.

5. Conclusions

Integration of our thermochronologic data (AFT and AHe) with
pre-existing structural information (Aksoy, 1998; Okay et al.,
2008) indicates that during the Oligocene E-W-trending tectonic
structures were active throughout the Marmara region. Both
strike-slip and dip-slip movements occurred across this wide
deformation zone. Locally, these structures had significant vertical
displacements and generated topographic lows and highs capable
of exhuming the partial-annealing zone of apatite. For example,
our data show that the present-day Ganos segment of the NAF fol-
lows the trace of a pre-existing structural discontinuity active by
late Oligocene time, thus confirming the hypothesis advanced by
Zattin et al. (2005). The western Marmara region south of the
NAF is characterised by Late Oligocene AFT ages. We suggest that
the extension that affected the region, caused by the southward
migration (rollback) of the Aegean subduction zone, gave rise to
tectonic denudation at a regional scale.

Significant vertical displacements of Neogene age are absent
across most of eastern Marmara. Here thermochronological data
around the Armutlu peninsula document a rapid exhumation in
the Early Eocene and indicate that, at that time, all the different
units were already at very shallow crustal levels. This exhumation
event is probably related to the collision between the Sakarya ter-
rane to the north and the Anatolide-Tauride Block to the south.
This erosion event is recorded both in istanbul and Sakarya terr-
anes, thus indicating that their amalgamation occurred in pre-Eo-
cene times (Cavazza et al., unpublished results). The NAF system
in the Marmara region seems to have undergone a two-stage
development dominated by: (i) dip-slip movements (both com-
pressional and extensional) in the Oligo-Miocene and (ii) dextral
strike-slip with negligible vertical movements during the Plio-
Quaternary. The second stage is shown by: (i) the absence of signif-
icant AHe age differences across the main branches of the fault sys-
tem, and (ii) the virtual absence of ages younger than Pliocene.
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