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ABSTRACT

We present new evidence for the propagation processes of the North Anatolian fault. Fold-
ing in the Dardanelles Straits region allows us to document the timing of the deformation pre-
ceding, and the finite displacement after, the passage of the propagating tip of the fault. The
accuracy of the observations is due to interplay between deformation and the sea-level changes
in the Mediterranean (the well-known Messinian regression followed by the Pliocene transgres-
sion). The long-term kinematics around the Sea of Marmara pull-apart (total displacement of
about 85 km over the past 5 m.y.) is similar to the present-day kinematics deduced from space
geodesy. At a larger scale, westward propagation of the North Anatolian fault over nearly
2000 km in the past 10 m.y. appears to be associated with strain recovery, suggesting that the
continental lithosphere retains long-term elasticity.

INTRODUCTION SHEARED FOLDS IN THE also a region where, unexpectedly, recent folding
Since the advent of plate tectonics, a chaDARDANELLES and crustal shortening can be documented. Map-
lenging problem has been the transient mechan-The Sea of Marmara forms a conspicuouging the fold structure in some detail (Fig. 3A)
ical behavior of the lithosphere at evolving platective pull-apart basin (Fig. 2). It has a characteallows us to constrain its geometry and age, as
boundaries. Yet, propagation of plate-scale faulistic rhomb shape, flanked by large north- andvell as to explain the shortening within the exten-
through the continental crust and lithosphere hasuth-dipping normal faults, well-imaged in seissional environment and its relation to the kine-
received little attention, mainly because pertimic profiles (Wong et al., 1995), and by twomatics of the North Anatolian fault.
nent observations are scarce. The active rightajor strike-slip branches of the North Anatolian The folds are restricted to a distance within
lateral North Anatolian fault, a feature long confault that are about 100 km apart. The region h&9 km of the trace of the fault. Their average
sidered a continental transform (Ketin, 1948strong background seismicity and many of thetrike is N45°E, consistent with the dextral slip
McKenzie, 1972) is an excellent example tanapped faults have produced large earthquakes the fault. The axes are more than 20 km long,
study. The fault now forms the boundary befe.g., Barka and Kadinsky-Cade, 1988). Fowith uniform anticline-syncline spacing of about
tween Eurasia and Anatolia, which were previexample, two strike-slip earthquakes of M 7.4L0 km. More closely spaced folds are seen, how-
ously welded together (Fig. 1). Wrenching alongGanos in 1912; Yenice-Gonen in 1953) rupturedver, south of Ganos Dagh, between the towns of
the fault apparently started after closure of th80-km-long segments along the northern an@azikoy and Gelibolu (Fig. 3A). The folds north
Bitlis suture along the Arabia-Eurasia collisionsouthern branches of the North Anatolian fauliof the North Anatolian fault involve mostly the
zone in Miocene time (e.g., Sengor et al., 1985Another large (M 7.1) earthquake ruptured a simiocene-Oligocene sediments of the southern
Closer to the Hellenic subduction zone, a zone ¢dr fault length at the eastern junction between thEhrace basin. By contrast, the folds south of the
diffuse, transtensional deformation in the northtwo branches (Mudurnu in 1967). However, théault involve Miocene deposits as well, with
ern Aegean and central Greece (Fig. 1) can lafficiency of the transfer of the North Anatolianidentical styles and without any noticeable un-
viewed as a large process zone related to tifeult lateral motion across the extensional Mareonformity. Dips in both the Paleogene and Neo-
westward propagation of the North Anatoliarmara basin is not clear over the long term. Moraegene rocks reach 90° in some places, and tight
fault, which implies current, wholesale extrusiorover, the total lateral displacement of the fault ansecondary folds are common. Involving mostly
of the Anatolia-Aegean block (Armijo et al.,the amount of crustal extension in the Marmar&ocene sedimentary rocks, the Ganos anticline
1996; Reilinger et al., 1997). However, to estabSea remain undetermined. Also unknown is thierms the highest dome in the region (924 m) and
lish its present, nearly 2000-km-long trace beproportion of the slip taken up by the southern arid truncated obliquely, on its southern limb, by
tween the Karliova triple junction (Eurasia-northern branches of the fault, west of the Marthe North Anatolian fault.
Anatolia-Arabia) and the tip of the Corinth Riftmara pull-apart, where both enter the Aegean. Four main anticlines are seen south of the fault.
in Greece, the North Anatolian fault must have The northern branch of the North AnatoliariThe three smaller ones between Gazikoy and
grown and propagated, possibly accumulatinfault strikes N70°E, forming a sharp angle withGelibolu have similar structure, a narrow core of
variable displacement along strike. Our aim herihe average strike (N110°E) of the major normalpre-Cenozoic rocks, including dislocated blocks of
is to present and discuss new tectonic observdextral faults in the Sea of Marmara (Figs. 2, 3marble and serpentinite (attributable to the Intra-
tions concerning this evolution in a key aredNorth of the Dardanelles, the fault has a lineaPontide suture; Yilmaz et al., 1997), and an enve-
around the Sea of Marmara and the Dardanelldsace across the mountainous Ganos Dagtepe of Eocene rocks and less resistant Miocene
where the fault enters the Aegean (Figs. 1, 2§elibolu Peninsula region. The Dardanelles istrata. The three folds have, however, significantly
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— cised in the tightly folded upper Miocene rocks,

30°E 38°E nearly parallel to the present straits. The Alcgitepe
Black Sea - . N .
) Formation contains abundant fauna of “mactra”
EURASI type association (Simengen and Terlemez, 1991),
ﬁ** == “ which is indicative of a substantial transgression
e - I\I 4 £ DY .
K - connecting the Black Sea through the Sea of Mar-
— -~ 7 \ mara with the Aegean Sea and the Mediterranean.
Q@ S ANATOLIA 4N ) .
N - < = Presumably, the canyon filled by the Algitepe For-
T ’ <</\> / \ < mation represents the widespread early Pliocene
ENLE e - ~ V7 "‘I::: marine transgression that followed the well-known
I N 7 ARABIA_ | Messinian crisis of the Mediterranean Sea, charac-
g r t 36°N terized by prevalent regression and erosion (Ryan
> HS “ and Cita, 1978). If this inference is correct, the age
- g s consira
o h— of the folding in the Dardanelles is constrained
AFRICA ° e within narrow bounds from ca. 7 to 5 Ma. Finally,
the Gelibolu anticline is truncated on its northern
Figure 1. Tectonic setting of continental extrusion in eastern Mediterranean. Anatolia-Aegean limb by the North Anatolian fault, which separates
block escapes westward from Arabia-Eurasia collision zone, toward Hellenic subduction zone. the fold from the bottom of the transtensional
Current motion relative to Eurasia (GPS [Global Positioning System] and SLR [Satellite Laser Saros Gulf by a steep, ~1-km-high escarpment.

Ranging] velocity vectors, in mm/yr, from Reilinger et al., 1997). In Aegean, two deformation

regimes are superimposed (Armijo et al., 1996): widespread, slow extension starting earlier The features in the Dardanelles region are ex-

(orange stripes, white diverging arrows), and more localized, fast transtension associated with plained simply by right-lateral offset of about
later, westward propagation of North Anatolian fault (NAF). EAF—East Anatolian fault, K—Karliova 70 km along the trace of the North Anatolian fault,
triple junction, DSF—Dead Sea fault, NAT—North Aegean Trough, CR—Corinth Rift. Box outlines as illustrated in Figure 3C. The proposed match of

Marmara pull-apart region, where North Anatolian fault enters Aegean (Fig. 2). the two truncated anticlines (Ganos and Gelibolu)

depicts the probable geometry of the fold struc-
different morphologies. The highest anticline to Farther southwest in the Gelibolu Peninsuléure before it was cut and laterally offset by the
the northeast, near Gazikoy (669 m) is very wethere is another prominent anticline in Eocentault. Our interpretation implies, in keeping with
preserved; it has a nearly intact domal shape in thecks, similar to that in Ganos, but more erodethe morphological observations, that continuing
soft Miocene rocks. The middle anticline is less elFig. 3, A and B). It is flanked to the south by aight slip on the fault has produced younger and
evated (444 m) and clearly more eroded. The thigyncline with similar size and internal structure iryounger folds south of it, in front of the Ganos
anticline to the southwest, where the envelope aofiddle to upper Miocene rocks (continentahlnticline, where a prominent fault bend seemingly
Miocene strata is the most eroded and almost eBhazhanedere Formation followed by the fluviohas acted as a long-lived, compressional buttress.
tirely blanketed by younger alluvium and colludacustrine-marine Kirazli Formation). The syn-
vium, is the lowest (280 m). This suggests that theline has been deeply eroded and unconformatlyARMARA PULL-APART KINEMATICS
less eroded anticline immediately south of theverlain by clastic deposits of the ConkbayirAND IMPLICATIONS
Ganos anticline is the youngest and currently tHeormation near the southeast-plunging front of the Using the foregoing description, it is possible
most active. This also supports the view that, soutBelibolu anticline and, some kilometers south afo reconstruct the entire Sea of Marmara region
of the North Anatolian fault, folding activity this front, by the flat-lying marine layers of theat ca. 5 Ma, just prior to propagation of the North
decays southwestward along the trace of the fauKicitepe Formation. The latter covers both sides @inatolian fault across the Ganos-Gelibolu anti-
as the age of the folds increases. the Dardanelles, filling a 200-m-deep canyon ineline (Fig. 4A). We propose two simple hy-

Figure 2. Geometry of ac-

tive tectonics in Sea of . Black Sea ¥ 0 oy 100
Marmara region. North 73 B e e
Anatolian fault (NAF) aF |stanbu . =

splays westward into two _F : r ' 11 4

main branches 100 km
apart. Northern branch
(N), cutting Dardanelles
structure (box, corre-
sponding to Fig. 3) con-
nects Sea of Marmara with
Saros Gulf. Within Mar-
mara pull-apart, the most
important faults with nor-

mal-slip component bound

deep northern basins. Dif-
fuse faulting is also seen in

southern shelf and margin.

Sinuous southern branch

(S) bypasses pull-apart.
Red lines indicate three
earthquake breaks. Gray
lines are cuts used for
restoring slip (Fig. 4). Con-
tact between Sakarya metamorphic rocks (+) and Eocene volcanic rocks (v), nearly coincident with Intra-Pontide suture, is represe nted in Armutlu
Peninsula and in Almacik block (from Yilmaz et al., 1997).
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Figure 3. Offset structure in Dar-
danelles (Ganos Dagh—Gelibolu
Peninsula). A: Simplified geologic
map (modified from Siimengen
and Terlemez, 1991) Folding in-
volves sedimentary rocks as
young as late Miocene. Near Dar-
danelles Straits, folded structure
is deeply eroded and unconform-
ably overlain by clastic deposits
and transgressive marine sedi-
ments of Messinian—early Plio-
cene age (ca. 5 Ma). B: Detail of
Landsat thematic mapper show-
ing anticline truncated by North
Anatolian fault south of Saros
Gulf (box in A). C: Restoring ini-
tial fold geometry requires 70 £ 5
km slip on northern branch of
North Anatolian fault.
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Figure 4. Kinematic model for Sea of Marmara
region. A: Reconstruction at ca. 5 Ma with Dar-
danelles main anticline restored as in Figure
3C (70 km slip on northern branch of North
Anatolian fault [NAF]) by using main fault cuts,
geologic markers, and grid as in Figure 2.
Minimizing overlaps (extension) and gaps
(compression) between blocks requires 5°
counterclockwise rotation of southern block
(Anatolia) relative to Eurasia. Almacik block
rotates more (10°). Apparent structural offset
in Armutlu Peninsula and Almacik block (con-
tact between Eocene volcanic rocks and
Sakarya metamorphic rocks) is reasonably re-
stored, as is course of Sakarya River. B: Cor-
responding displacement field. Black arrows
indicate movement relative to northern block
(Eurasia); red arrows, relative to adjacent
block. Blue indicates overlaps; pink indicates
gaps. Total right-lateral slip on North Anatolian
fault at eastern side of model is about 85 km,
with 15-20 km shortening across fault zone.
<10 mm/yr Dextral slip on southern branch is 15-25 km,

L100km , / consistent with geometry of compressional
and extensional jogs. Average stretching is
300% in northern basins of Sea of Marmara
and 30% in the southern shelf margin. C: Cur-
rent velocity field as deduced from GPS (from
Straub et al., 1997).
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