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Introduction

Large fault zones are major crustal
weaknesses which can be repeatedly
activated, thus accommodating multi-
phase and kinematically complex mo-
tions – including structural inversion –
over long time spans. The entire evo-
lution of large fault systems is usually
difficult to document because the
latest slip along the faults erases most
of their earlier history. In this paper,
using apatite fission-track (FT) analy-
sis, we document that the Thracian
segment of the active North Anatolian
Fault (NAF), regarded as a post-
Miocene structure, has instead a com-
plex, multiphase evolution dating
back at least to the late Oligocene.
The NAF is a major dextral trans-

form fault which accommodates the
westward motion of the Anatolia plate
relative to the Eurasian plate (Fig. 1).
East to west, it extends for 1600 km
from the Karliova triple junction to
the northern Aegean Sea (Şengör,
1979; Barka, 1992; Westaway, 1994;
Hubert-Ferrari et al., 2002). The NAF
is thought to have nucleated in eastern
Anatolia in the Miocene (10–13 Ma),
after closure of the Bitlis suture along
the Arabia–Eurasia collision zone
(e.g. Şengör et al., 1985; Barka, 1992;
Hubert-Ferrari et al., 2002). West-
ward propagation of the NAF accom-

modated the tectonic extrusion of the
Anatolian block away from the colli-
sion zone and reached the Marmara
Sea–North Aegean region at 5 Ma
(Armijo et al., 1999) or 3.4 Ma (Yal-
tırak et al., 2000). It has been argued
(e.g. Jolivet, 2001) that the westward
motion of Anatolia could have been
facilitated by widespread extension in
the Aegean region driven mainly by
slab retreat along the Aegean subduc-
tion zone.

The NAF in the Marmara region

The NAF crosses the Marmara Sea
and emerges on land south of Ganos
Mountain in south-western Thrace
(Fig. 1) (Tüysüz et al., 1998; Okay
et al., 1999; Yaltırak and Alpar,
2002). Between the Marmara Sea
and the Gulf of Saros, the NAF forms
a 45-km long linear fault segment,
called the Ganos Fault, which crosses
the Tertiary sedimentary fill of the
southernmost part of the Thrace
basin, a large hydrocarbon-bearing
basin whose sedimentary fill ranges
between the middle Eocene (Lutetian)
and the Miocene, reaching a maxi-
mum thickness >9 km (Turgut et al.,
1991; Turgut and Eseller, 2000). Most
of the basin fill is middle Eocene to
late Oligocene in age, a time span
during which the Thrace basin is
interpreted to have been in a forearc
position between a magmatic arc to
the north and a subduction–accretion
complex to the south (Görür and
Okay, 1996). The latter is composed
of an ophiolitic mélange (inclu-
ding blueschist knockers) which is

interpreted as now marking the suture
of a narrow ocean, the Intra-Pontide
Ocean (Şengör and Yilmaz, 1981),
which formerly separated the subduc-
tion–accretion complex from the Sak-
arya continental terrane to the south.
The Intra-Pontide Ocean is a matter
of much debate: (i) according to
Görür and Okay (1996) it closed
during the Oligocene; (ii) Tüysüz
(1999) favours a Cenomanian closure;
(iii) Beccaletto (2003) and Stampfli
and Borel (2004, Appendix 3) chal-
lenge altogether the notion of an
Intra-Pontide Ocean in the Marmara
region and relate the mélange to the
evolution of the eastern Rhodope
(Balkanic orogen).
Basinal sediments north of the

Ganos Fault are well exposed on
Ganos Mountain, a NW-dipping cru-
stal-scale monocline (Okay et al.,
2004). The stratigraphy (Fig. 2) begins
with the Gaziköy Fm (maximum
thickness 855 m; mid-Eocene), an
intercalation of siltstone and shale
representing distal turbidites (Aksoy,
1987; Yıldız et al., 1997; Şentürk et al.,
1998). The Gaziköy Fm is overlain by
the Keşan Fm (maximum thickness
3200 m; middle-late Eocene), consist-
ing of interbedded sandstone and
shale, a more proximal turbidite facies.
This is followed by the Late Eocene–
Early Oligocene shales of the Mezar-
dere Fm, 750 m thick. The Mezardere
Formation is in turn overlain by the
Oligocene marginal marine-to-fluvial
sandstones of the Osmancık Forma-
tion, over 500 m thick. Miocene rocks
are characteristically absent just north
of the Ganos Fault, whereas they are
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present in the central portion of the
Thrace basin to the NE (Turgut and
Eseller, 2000).
The Eocene–Oligocene section

south of the Ganos Fault is exposed
in the cores of faulted anticlines
(Fig. 2). It consists of Eocene distal
to proximal turbidites, similar to the
Keşan Formation north of the Ganos
Fault, unconformably overlain by
Miocene sandstone and conglomerate,
more than 1000 m thick, deposited in
a fluvial-to-marginal marine setting
(Şentürk et al., 1998). The Miocene
sequence is truncated by the Ganos
Fault. The basal age of the Miocene
deposits, constrained by microverte-
brate biostratigraphy, is Orleanian
(19–16 Ma; late Burdugalian) (Ünay
and de Bruijn, 1984; Sümengen et al.,
1987).
Eocene sandstone samples were

taken north and south of the Ganos
Fault (Fig. 2) to date the vertical
displacements across it. In addition,
several samples were taken on Ganos
Mountain in order to constrain the
time of uplift and formation of the
monocline.

Apatite fission-track analysis and
analytical procedures

Fission-track analysis is based on the
spontaneous radioactive fission decay
of 238U, present in trace amount in
several minerals (e.g. Fleischer et al.,
1975). FT in apatites all have the same
initial length of c. 16 lm (Green,
1988) but anneal at rates proportional
to temperatures, starting at about
60 �C. Over geological time scales,
partial annealing of FT occurs at
temperatures between about 60 and
125 �C (Gleadow et al., 1986; Green
et al., 1989). Within this temperature
interval [the partial annealing zone
(PAZ); Gleadow and Fitzgerald,
1987], tracks shorten in relation to
the degree and duration of heating.
Therefore, the measurement of FT
lengths gives information about ther-
mal evolution in the PAZ temperature
range.
Sample preparation and analysis

followed the procedures outlined in
Zattin et al. (2000). Analysis of apa-
tite FT data provides an apparent age
and temperature data. A quantitative

evaluation of the thermal history can
be carried out through modelling pro-
cedures, which find a range of cooling
paths compatible with the FT data
(Gallagher, 1995; Willett, 1997; Ket-
cham et al., 2000). The present re-
search, inverse modelling of track
length data was performed using the
AFTSolve program (Ketcham et al.,
2000), which generates the possible T-t
paths by a Monte Carlo algorithm.
Predicted FT data were calculated
according to the Laslett et al. (1987)
annealing model.

Analytical results and thermal
modelling

Single grain ages show very low dis-
persion (chi-squared test passed; Gail-
braith, 1981) and are consistently
younger than the stratigraphic ages
of the samples (Table 1). This implies
that the maximum palaeotemperature
during burial exceeded the total
annealing temperature (c. 125 �C),
therefore erasing all the pre-existing
tracks. Thus the detected apatite FT
ages are representative of cooling after

Anatolian
plate

Fig. 1 North Anatolian Fault and other active faults in the Marmara region. The map is compiled from Şaroğlu et al. (1992), Okay
et al. (1999, 2000). Faults shown cut Miocene or younger sediments. The bathymetric contours in the Marmara Sea are at 50, 100,
then at every 200 m. The topographic contours are at 300, 450 and 600 m.

Fig. 2 Geological map and cross-section of the Ganos Mountain and the surrounding region with the localities of the fission track
samples and ages (italic) (modified from Okay et al., 2004). Chronolithostratigraphy for the northern and southern sides of the
Ganos Fault from Sümengen and Terlemez (1991), Yıldız et al. (1997) and Şentürk et al. (1998). Exact duration of Oligo-Miocene
hiatuses north and south of Ganos fault is poorly constrained.
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the maximum burial and give the time
of cooling through the so-called clo-
sure isotherm (c. 110 �C).
The oldest age (24.7 ± 1.6 Ma;

latest Oligocene) was yielded by sam-
ple TU6 (Table 1), collected south of
the fault; its track-length distribution
(12.6 ± 1.5 lm) suggests a long per-
manence in the PAZ. All other sam-
ples, taken north of the fault, yielded
younger ages, ranging from 16.4 to
11.7 Ma (mid-Miocene). In more de-
tail, samples TU1, TU2, TU3 and
TU9 have remarkably consistent ages
ranging between 16.4 and 15.9 Ma.
Their track-length distributions are
also quite similar, and the mean
lengths are shorter than 14 lm, sug-
gesting a moderate rate of cooling.
Samples taken in proximity of the
fault and stratigraphically lower with-
in the Ganos monocline (TU4 and
TU5) yielded younger ages. Sample
TU7 (11.7 Ma) is the only exception
to this fairly coherent age distribution.
Mean track lengths >14 lm and low
standard deviations indicate that sam-
ples TU4, TU5 and TU7 underwent
rapid cooling.
In order to constrain further the

thermal histories of the samples, we
applied an inverse modelling proce-
dure to samples where a significant
number of tracks have been measured.
Given the similarity of data and strat-
igraphic age and the closeness of the
sample locations, samples TU1 and
TU2 were modelled together in order
to improve the quality of the results.
The T-t path thus produced (Fig. 3)
shows a moderate rate of cooling
through the PAZ, whose lower
temperature boundary was reached
at c. 10 Ma.

Despite the low number of tracks
measured, the most recently exhumed
samples (TU5, TU7) most likely
underwent rather fast cooling through
the PAZ at c. 11 Ma, as indicated by
the lack of short tracks (Table 1).
The first part of the thermal path

(between 20 and 12 Ma) of sample
TU3 is very similar to the one
obtained for samples TU1 and TU2
(Fig. 3), but from 11 to 5 Ma TU3
was still within the PAZ, in contrast to
TU1 and TU2, which during this
period were already at temperatures
below 60 �C. The best-fit path of
sample TU3 seems to indicate the
occurrence of a minor heating event
between c. 10 and 7 Ma, but the low
number of tracks measured and the
consequent large envelope area cannot
resolve adequately such small thermal
events.
The T-t path modelled for sample

TU6 – collected south of the Ganos
Fault – is markedly different from
those of all other samples, with a fast
temperature decrease between c. 30
and 25 Ma (Fig. 3).

Discussion and conclusions

Apatite FT analyses along a NE–SW-
oriented transect across the Ganos
segment of the NAF in southern
Thrace point to markedly different T-
t paths for the rocks north and south
of the fault (Table 1; Fig. 3). Exhuma-
tion of the southern block across the
FT closure isotherm (110 �C) took
place in the latest Oligocene, while
the northern block was exhumed later
(16.4–11.7 Ma; mid-Miocene). Such
different FT ages and thermochrono-
logical evolutions for samples of

similar age and lithology suggest that
the present-day Ganos Fault follows
the trace of a pre-existing structural
discontinuity active by late Oligocene
time. (Clearly, FT data across the
Ganos Fault must be compared with
caution because sample TU6 is located
c. 20 km south-west of TU5. However,
the Ganos monocline strikes nearly
parallel to the Ganos fault and, there-
fore, vertical displacement should be
very similar all along this segment of
the fault.)
Such structural discontinuity had a

complex kinematic history, with uplift
south of the fault mostly during the
late Oligocene and north of the fault
during the mid-Miocene. In fact, the
FT ages from sample TU6 indicate
that by the late Oligocene, the Eocene
sediments south of the Ganos Fault
were near the surface. This conclusion
is supported also by the local strati-
graphy, where Miocene marginal mar-
ine-to-continental sandstone and
conglomerate overlie unconformably
the Eocene units (Fig. 2). These lines
of evidence imply that 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 kilo-
metres depth by the late Oligocene
and was exhumed above the FT clo-
sure isotherm (110 �C) only during the
middle Miocene, while continental to
marginal-marine sandstones were
being deposited south of the fault
(Fig. 2).
At present, Ganos Mountain forms

the steep limb of a crustal-scale, NW-
dipping monocline, whose hinge is
parallel to the Ganos Fault (Fig. 2)

Table 1 Apatite fission-track data

Sample

number

No. of

crystals

Spontaneous Induced

P(v)2

Dosimeter

Age (Ma) ± 2r

Mean confined

track length (lm) ± SE SD

No. of measured

tracksqs Ns qi Ni qd Nd

TU1 20 0.76 44 1.09 634 99.0 1.28 6137 16.4 ± 5.1 13.73 ± 0.23 1.64 53

TU2 20 1.06 91 1.57 1348 89.0 1.27 6061 15.9 ± 3.4 13.50 ± 0.30 1.91 40

TU3 20 1.17 80 1.69 1159 92.9 1.27 6022 16.1 ± 3.7 12.93 ± 0.33 1.99 37

TU4 20 1.45 90 2.53 1565 74.2 1.26 5984 13.3 ± 2.9 14.32 ± 0.34 1.47 19

TU5 20 2.13 104 3.86 1885 42.5 1.25 5946 11.9 ± 3.2 14.28 ± 0.17 0.76 20

TU6 20 2.10 286 1.93 2630 94.1 1.24 5908 24.7 ± 3.1 12.60 ± 0.18 1.49 65

TU7 20 0.67 33 1.29 640 99.9 1.24 5869 11.7 ± 4.2 14.33 ± 0.29 1.25 19

TU9 20 1.09 74 1.55 1054 18.8 1.22 5793 15.9 ± 4.6 13.53 ± 0.38 2.03 28

Central ages calculated using dosimeter glass CN5 and f-CN5 ¼ 369.01 ± 3.3. qs, spontaneous track densities (·105 cm)2) measured in internal mineral surfaces;

Ns, total number of spontaneous tracks; qi and qd, induced and dosimeter track densities (·106 cm)2) on external mica detectors (g ¼ 0.5); Ni and Nd, total numbers

of tracks; P(v2), probability of obtaining v2 value for m degrees of freedom (where m ¼ number of crystals ) 1); a probability >5% is indicative of a homogeneous

population. Twenty apatite grains were dated for each sample.
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(Okay et al., 2004). The oldest rocks
are exposed adjacent to the fault and
are represented by sample TU5, col-
lected at sea level. The peak of Ganos
Mountain (924 m), where sample TU2
was collected, is located at c. 5 km
orthogonally from the trace of the

fault. Samples TU3 and TU4 are
located stratigraphically and topo-
graphically in-between. Given the re-
gional dip of the beds (c. 40�), sample
TU2 and TU5 are, therefore, separ-
ated by c. 4000 m of sedimentary
succession (see section in Fig. 2).

Assuming a geothermal gradient of
30 �C km)1, such thickness would
translate into a temperature difference
of 120 �C were the sedimentary suc-
cession flat-lying during exhumation.
The much lower temperature differ-
ence between TU2 and TU5 at c. 11–
10 Ma (30 �C; Fig. 3) and the faster
rate of cooling of TU5 at 11–10 Ma
compared with TU1, TU2 and TU3
(Fig. 3) indicate that the Ganos
monocline was mostly formed by
that time and hence that it cannot
be interpreted as a transpressional
structure related to Plio-Quaternary
tectonic movements along the NAF.
Seismic reflection profiles in the

Marmara Sea show that the NAF in
the Tekirdag basin dips listrically
towards the north-west (Okay et al.,
1999; Seeber et al., 2004), thus sug-
gesting that mid-Miocene uplift of the
northern block might have occurred
above a north-west-dipping contrac-
tional or transpressional tectonic lin-
eament (Okay et al., 2004). This
reconstruction is supported by the
absence of Miocene sediments imme-
diately north of the fault and by their
presence immediately south of it.
Miocene sediments are again present
only away from the Ganos Fault
towards the central portion of the
Thrace basin, where nevertheless the
entire early Miocene and most of
the middle Miocene sedimentary
section are missing (e.g. Turgut and
Eseller, 2000), in agreement with the
mid-Miocene exhumation documen-
ted by our data to the north of the
Ganos Fault.
Apatite FT ages and thermal mod-

elling (Table 1; Fig. 3) indicate that
the analysed samples cooled below
60 �C at the latest by late Miocene
time. For example, the T-t path of
samples TU1 and TU2 (Fig. 3) show
temperatures below 60 �C already at
c. 10 Ma (mid-Miocene), thus point-
ing to a post-10 Ma maximum cumu-
lative vertical displacement <1–2 km.
South of the NAF sample TU6 had
already reached the 60 �C isotherm by
c. 20 Ma (Fig. 3). These data imply
that motion along the NAF, which
propagated in the study area in the
early Pliocene (Armijo et al., 1999;
Yaltırak et al., 2000), has not had a
significant vertical component.
As mentioned earlier, the develop-

ment and the very existence of the
Intra-Pontide Ocean in the Marmara

T U 6Model ML : 12.6 ± 1.6
Measured ML : 12.6 ± 1.5
Model age : 24.7
Measured age : 24.7 ± 1.6
K-S test : 0.99
Age GOF : 0.99

T U 3Model ML : 12.9 ± 2.0
Measured ML : 12.9 ± 2.0
Model age : 16.3
Measured age : 16.2 ± 2.1
K-S test : 0.93
Age GOF : 0.97
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Fig. 3 Time-temperature paths obtained from inverse modelling. Shaded areas mark
envelopes of statistically acceptable fit and the thicker lines correspond to the most
probable thermal histories. These lines are dashed outside the PAZ as FT data cannot
give any information out of this temperature range. On the right, parameters related
to inverse modelling are reported: obs. age, observed age (in Ma); pred. age, predicted
age (in Ma); obs. MTL, observed mean track length (in lm); pred. MTL, predicted
mean track length (in lm). K-S test and Age GOF give an indication about the fit
between observed and predicted data (values close to 1 are best).
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region are much debated. According
to Görür and Okay (1996), the ter-
minal closure of the Intra-Pontide
Ocean and the coincident development
of the Intra-Pontide Suture occurred
during the Oligocene. Our data, point-
ing to a previously unrecognized epi-
sode of exhumation of the frontal part
of the Thrace forearc basin during
latest Oligocene to early Miocene time,
can be viewed as supporting such
interpretation. Even if we accept the
notion that the Intra-Pontide Suture
does not extend west of Istanbul into
the western Marmara region (see Bec-
caletto, 2003), the documented exhu-
mation at Ganos Mt could still be
the result of far-field stress related to
the development of such suture in the
westernmost Pontides relatively near-
by, where its existence is well docu-
mented (see Okay and Tüysüz, 1999,
for a review). Finally, early peri-
Aegean extensional tectonism (see,
for example, Gautier et al., 1999, and
Burchfiel et al., 2000) must be also
taken into consideration as a viable
mechanism for significant and wide-
spread exhumation. Although not
conclusive to this end, the data pre-
sented in this paper provide new con-
straints on the thermochronological
history of the study area and should be
taken into account in future attempts
to define the complex tectonic evolu-
tion of the Marmara region.
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