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Abstract
Approximately 600 km of multichannel seismic reflection data and multibeam bathymetric data with an area of 2750 km2
indicate that offshore Cide–Sinop is filled by the sediments of four main seismic units dating from the Upper Cretaceous–
Paleocene to Plio-Pleistocene. The deposits from the Eocene to modern times are highly eroded from their upper surfaces and
widely outcropped at the seafloor. These units constitute the large flat shelf plain with an average depth of 100 m. Moreover, there
are no significant marine onlaps identified in the shelf area. These stratigraphical and morphological features indicate that, until
very recently, the area was a terrestrial landscape. Structurally, the shelf-plain and shelf-slope are primarily deformed by E–Wtrending active reverse faults and strike–slip faults with a compressional component. These faults are densely spaced toward the
outer shelf as fault segments bordering E–W-oriented dunes on the seafloor. A strike–slip fault with a reverse component delimits
the shelf edge at long distances. Toward offshore İnebolu, the fault character changes to a negative flower structure that bends to
the WNW direction, which indicates that the strike–slip fault is right lateral. The strike–slip faulting is also effective along the
shelf slope deforming the slumps. These tectonic structures demonstrate that the shelf area is widely deformed by E–W-trending
active transpressional strike–slip faults and reverse faults. This result reveals that the southern Black Sea shelf is under a recent
N–S compressional tectonic regime.

Introduction
Offshore Cide–Sinop in the southern Black Sea shelf is located in the north of the North Anatolian Fault Zone (NAFZ),
which is one of the most important fault zones controlling the
neotectonic regime of Anatolia. The neotectonic regime of this
area has not yet been studied in detail because the southern
Black Sea region comprises a major portion of the Pontide
paleotectonic unit (Ketin and Abdüsselamoğlu 1969) that
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has complex geology and structural features. The neotectonic
structures of this region are neither as active nor as spectacular
as those of other regions. Furthermore, the weak and sparse
seismicity in this secondary neotectonic region (Şengör 1980)
has not been associated with the main tectonic movements of
Anatolia (Fig. 1). Indeed, the areas lying between the Black
Sea shore and NAFZ have long been considered inactive.
In terms of seismic activity, two important seismic belts
impact the Black Sea. There is remarkable seismic activity
along NAF with a right lateral strike–slip character and a relatively quiet zone with some folding and thrusting in the
Caucasus region (Fig. 1a). However, some onshore earthquakes with the magnitude of Mw > 6 have occurred. Of
these, the Bartın earthquake, with a surface wave magnitude
of Ms = 6.6, occurred offshore of Cide in 1968 (Alptekin et al.
1986), which was the first seismological evidence that active
thrusting is occurring at the southern margin of the Black Sea.
Additionally, some minor earthquakes (Mw < 6) have been
recorded offshore of Cide–Sinop, and the focal mechanism
solutions indicate the existence of thrusting and strike–slip
faulting (Yılar 2014; Kalafat 2017). GPS campaigns indicate
that there is N–S shortening of a few millimeters per year
along the eastern and southern coastal margins of the Black
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Fig. 1 a Seismotectonic map of the Black Sea Region (extracted from
GEBCO data http://www.gebco.net/). Epicenter distribution of Mw > 3
earthquakes indicated by red dots reported by the USGS-NEIC between
1970 and 2017. Fault plane solutions are colored in black and orange
representing earthquakes for Mw > 6 and Mw < 6, respectively
(Hodgson and Wickens 1965; Öcal 1966; McKenzie 1972; Alptekin
et al. 1986; Barka and Reilinger 1997; Bayrak et al. 2013; Yılar 2014;
Kalafat 2017). GPS velocities with respect to the Eurasian frame are
modified from Tarı et al. (2000). Yellow triangles indicate well points

drilled by TP (1: İnebolu-1 well, 2: Akçakoca well; Sipahioğlu and Batı
2017). NAF North Anatolian Fault Zone, CNS continental shelf, CSL
continental slope, DSP deep-sea plain, Y Yeşilırmak River, K
Kızılırmak River. b Active tectonics of Anatolia, and the location of the
study area (compiled from Şengör et al. 1985; Taymaz et al. 1991;
Şaroğlu et al. 1992; Reilinger et al. 1997). c The land geology map was
modified from Şenel (2002), Yıldırım et al. (2011), and Şen (2013). FBF
Balıfakı Fault, EF Erikli Fault, EkF Ekinveren Fault

Sea. Velocities have been measured around Sinop Peninsula
with a rate of 1.4 ± 1.7 mm/year, while the horizontal velocities in the Anatolian region are approximately 10–20 ± 3–
5 mm/year (Tarı et al. 2000). From recent studies, Avşar
et al. (2017) reported a land uplift rate of 6.6 ± 1.5 mm/y and
6.2 ± 2.5 mm/year for the Sinop station (SINP) from gridded
Satellite Altimetry–Tide Gauge (SA-TG) data and GPS data
respectively over the 2005–2014 period.
The topography of the southern Black Sea region is
characterized by a high mountain range (Pontide
Mountain Range) that is dissected by the NAFZ. The developments of these high morphological features are related to the collision between the Eurasia and Arabia
blocks and the subsequent compression that initiated after

the closure of branches of the Neo-Tethyan Ocean
(Şengör 1980). The signature of this collision is also observed on the marine seismic sections (Finetti et al. 1988).
After the Eocene, the degree of compression decreased
and continued until the Oligocene–Miocene age, and the
compression may have ended in the early-middle Miocene
(Okay and Tüysüz 1999; Kaymakçı et al. 2003a; Sosson
et al. 2010; Hippolyte et al. 2016). In addition, in the
eastern Pontides, the major compression was assumed to
continue until the Pliocene (Robinson et al. 1996). Then,
the NAFZ cuts through this topography before the late
Pliocene (Barrier and Vrielynck 2008) due to the collision
between the Arabian Plate, the Eurasian Plate, and the
westward escape of the Anatolian Plates (Reilinger et al.
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1997). Currently, the NAFZ controls the tectonism in central Anatolia, and the northern part of the NAFZ is generally assumed to be inactive. Meanwhile, many previous
geological, geomorphological, and geophysical studies
have indicated that there is recent active tectonism along
the southern Black Sea coast (Blumenthal 1948; Erol
1952; Erinç and İnandık 1955; Ketin and
Abdüsselamoğlu 1969; Yılmaz 1972; Şengör et al. 1985;
Alptekin et al. 1986; Özhan 1989; Barka and Sütçü 1993;
Ertek 1995; Gökaşan 1996; Barka and Reilinger 1997;
Yıldırım et al. 2011, 2013). Of these, Gökaşan (1996)
discussed that the recent high topography of the southern
Black Sea coast could not persist today if the compression
had ended before the initiation of the NAFZ. In this case,
the southern Black Sea mountain chain should continue to
overthrust to the abyssal plain of the Black Sea after the
NAFZ initiation. Similarly, this compressional regime currently exists in the Caucasus and Crimean Mountains
(Barka and Reilinger 1997). In recent studies, Yıldırım
et al. (2011, 2013) proposed a model to explain the evolution of the young topography of the area. They implied
that the restraining bend of the NAF in the central
Pontides and the evolution of a northward-advancing orogenic wedge caused the shortening and uplifting in the
area between the NAF and the abyssal plain of the
Black Sea.
The present study aims to investigate, for the first time, the
recent tectonic regime offshore of Cide–Sinop in the southern
Black Sea shelf. In this study, approximately 600 km of multichannel seismic reflection and multibeam bathymetric data
were processed and interpreted to address the following questions; what are the tectonic structures of offshore Cide–Sinop?
Is there recent compressional tectonism? If the compression
exists in offshore Cide–Sinop in the southern Black Sea shelf,
is it possible that the NAFZ is a driving mechanism for this
compression?

Geological and morphological constructions
The onshore geology is characterized by old rocks in which
the basement consists of Triassic to Cretaceous sequences in
metamorphic and rare magmatic rocks as well as Eocene
flysch units (Yılmaz et al. 1997; Tüysüz 1999; Okay et al.
2006). Upper Cretaceous–Eocene clastics and carbonates outcrop along Cide Çatalzeytin. These units are overlain by
Eocene clastics and carbonates from Çatalzeytin to the Sinop
Peninsula. The Neogene sediments are only deposited along
the Sinop Peninsula where Miocene marine sediments are
preserved, and where folded Miocene and Quaternary deposits have been eroded. The boundary of these units is represented by the Balıfakı Fault, Erikli Fault, Ekinveren Fault,
and Cide Fault (Şenel 2002; Yıldırım et al. 2011; Fig. 1c). The
evolution of these faults initialized as normal faults during the
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Upper Cretaceous-Paleocene ages in the Central Pontides
(Aydın et al. 1995; Görür and Tüysüz 1997; Espurt et al.
2014). Then, the extensional tectonism was replaced by the
compressional regime during the Paleocene or Eocene age. At
that time, the normal faults acted as reverse/thrust faults (Okay
and Tüysüz 1999; Kaymakçı et al. 2003; Hippolyte et al.
2016). During the Quaternary, these faults were classified as
inactive (Emre et al. 2008; Kaymakçı 2009). However,
Yıldırım et al. (2011, 2013) mapped these faults as
Quaternary-active faults that uplifted coastal and fluvial terraces at the Central Pontides (Fig. 1c). Moreover, the possible
offshore extension of the faults where the recent sediments
were deposited has not been studied in detail. Finetti et al.
(1988) showed that there is an active north-verging thrust fault
in the east of the Sinop Peninsula via a deep-seismic study,
and Özhan (1989) mapped some active normal faults in the
northern offshore Sinop Peninsula via a shallow seismic study.
The onshore morphologic features through the offshore
Cide–Sinop have been investigated in detail by Ocakoğlu
et al. (2018). These authors produced a digital elevation model
(DEM) that is used in this paper to correlate with seismic data.
The terrain morphology is characterized by an E–W-oriented
high relief (Küre Mountains), which forms a > 2000-m-high
barrier extending parallel to the Black Sea coast and several
N–S-trending short and steep bedrock channels that have been
deeply incised by rivers such as the Karasu, Ayancık, Ayardin,
and Tepeçay (Ocakoğlu et al. 2018). These rivers flow from
the mountains toward the Black Sea (Fig. 2). The elevations
tend to be decreased in the Sinop Peninsula, at 200 m high
(profile A; Fig. 2), whereas the elevation rises to the westerly
direction up to heights of 700 m in Çatalzeytin (profiles B and
C; Fig. 2). From the coast inward, the mountains rapidly rise
more than 1500 m. Unlike this high topography on land,
Ocakoğlu et al. (2018) indicated that the seafloor is represented by a very smooth and large shelf plain extending ~ 25 km
wide with a water depth of ~− 100 m. The shelf gently
deepens, and it is limited by the shelf break with an average
of − 120 m contour. Beyond the shelf break, the bathymetry
dramatically deepens to − 450 m at the beginning of the shelf
slope, and then it reaches to the maximum − 1500 m toward
the abyssal plain. The slope angles are varied from 0° to 3° at
the shelf plain; then, the angle increases to a maximum of 16–
18° at the beginning of the shelf edge between Ayancık and
Çatalzeytin. The large shelf plain hosts dunes with an average
height of 7 m that form E–W-oriented belts and a WNW–
ESE-oriented eroded anticline that is approximately 15 km
long in offshore İnebolu.

Materials and methods
Approximately 600 km of multichannel seismic reflection
data along thirteen profiles in offshore Sinop were
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Fig. 2 DEM of the study area
with the stretched-type colorization scheme. The offshore morphological features with the thin
black lines are simplified from
Ocakoğlu et al. (2018). Red lines:
the topographic and bathymetric
profiles A, B, and C. Bold black
lines: the seismic lines illustrated
in this article. The onshore faults
are added from Yıldırım et al.
(2011). SB: shelf break; D: dune;
A: anticline; BF: Balıfakı Fault;
EF: Erikli Fault

collected by the Turkish Petroleum (TP) Corporation in
1991. The recordings were obtained using a 64-gun source
array with a volume of 2180 cubic inches, a 160-m nearoffset for 240-channel records, a 15-m receiver interval, a
30-m shot interval, a 2-ms sampling interval, and a 7.0-s
record length. This survey geometry provided 60-fold
common-depth-point (CDP) data. Of these, twelve multichannel seismic reflection profiles were processed at the
Department of Geophysics, Istanbul Technical University,
by using BEchos^ seismic data processing software, and
one seismic profile (SNP-10) was processed by the TP
Corporation. The conventional data processing steps were
applied to the data as follows: in-line geometry definition,
shot-receiver static correction, editing, shot muting, gain
correction, CDP sorting, velocity analysis, NMO correction, muting, stacking, predictive deconvolution, bandpass
filtering, finite-difference time migration, and automatic

gain correction. The processed data were interpreted for
3 s which corresponds to a depth range of a few kilometers.
Multibeam echosounder data were collected between
2002 and 2008 from onboard the research vessels TCG
Çubuklu and TCG Çeşme that are run by the Turkish
Navy, Department of Navigation, Hydrography and
Oceanography (TN-DNHO). Multibeam ASCII data were
exported to vector points. The dataset consists of 171.2
million points. The coverage area is 2750 km2, and elevations range from − 2 to − 503 m. The land digital elevation model was generated from 1/25 K topo-maps, with
the contour interval of 10 m and supplementary 5-m contours in areas of low relief. The total area is 1377 km2,
and the elevations range from 0 to 2015 m. Contour and
shore-lines and multibeam points were interpolated into
DEMs of pixel sizes 10 m and 5 m, respectively, using
the Topo-to-Raster interface of ArcGIS 10.2.2 software.
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Results
Stratigraphic interpretations
Four main seismic units have been distinguished and named
from shallow to deep as U1, U2, U3, and U4 on the seismic
profiles due to the changes in reflection configurations, reflection terminations, and unconformity surfaces (Figs. 3, 4, 6, 7,
8, and 9). The deepest unit (U4) is referred to as the acoustic
basement, which is composed of almost parallel to wavy reflectors, while its top surface is marked by a high-amplitude
reflection, which indicates an unconformity. The upper surface of U4 is unconformably overlain by parallel and subparallel inclined U3 deposits. The reflectors of the U3 deposit
terminate with onlaps onto U4. The upper surface of U3 is
marked as an erosional surface, and it constitutes the flat seafloor at the southwest part of the seismic section. The top
surface of U3 is unconformably overlain by parallel reflections of U2. The upper surface of U2 represents an erosional
surface and outcrops at the seafloor. U1 is composed of the
youngest sediments that are separated from U2 sediments by a
strong unconformity surface (zoomed sections in Figs. 3a and
4). U1 is generally interpreted as prograded delta deposits
accommodated only around the shelf break, and its top has

Fig. 3 a Seismic section SNP-41 in offshore İnebolu and İnebolu-1 well
location. Reflection terminations are shown on zoomed images. U seismic unit, FZ fault zone. VE ~ 5. b Zoomed section with strike–slip fault
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been eroded (Figs. 6, 7, and 8). In addition, U1 rarely consists
of marine onlaps along the shelf slope (Figs. 4 and 9). The
eroded upper surfaces of U1, U2, and U3 units outcrop at the
seafloor across the whole shelf plain (Figs. 3, 4, 6, 7, 8, and 9).
The stratigraphy of İnebolu-1 well which was drilled offshore Çatalzeytin at the 105-m water depth with the penetration of 2200 m by the Turkish Petroleum Corporation (TP) in
2007 was correlated with a seismic line closest to it (line SNP41 in Fig. 3a). The formation ages in the İnebolu-1 well were
established by biostratigraphic analysis during drilling. The
well consists of repeated highly deformed Eocene deposits
to a depth of about 2200 m as they cut several thrust faults.
These thick Eocene sediments made up of turbiditic sandstone, shale, and partly limestone blocks at the deeper part
are called as Kusuri and possible Akveren formations, respectively. In the last meters of the well, Paleocene–Upper
Cretaceous volcanic rocks belonging to Yemişliçay
Formation are cut (Shinklinsky et al. 2009; Sipahioğlu and
Temel 2017). This stratigraphy in the İnebolu-1 well is well
correlated with the seismic units at the well point (Fig. 3a).
The arrival times of each horizon interpreted in the well point
were simply transformed to the depth domain by considering
zero offset two-way travel time (twt)-distance formula. In this
case, the seafloor with the mean P wave velocity of 1500 m/s

zone FZ6. c Zoomed section with strike–slip fault zone FZ9. M multiple
(modified from İşcan 2018)
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was located at approximately 110-m depth, and the base of the
thick U3 seismic unit was located at approximately 2190-m
depth with the mean P wave velocity of 2500 m/s. Thus, the
seismic unit U3 was related with the Eocene deposits (Kusuri
and Akveren formations) and the seismic unit U4 was related
with the stratigraphy which was cut at the last few meters of
the well and dated as Paleocene–Upper Cretaceous deposits
(Yemişliçay Formation) (Fig. 3a). Since the Inebolu-1 well cut
only these two formations, to age the overlaying sediments
(seismic units U2 and U1), we consider the previous multichannel seismic studies offshore Sinop Peninsula (Finetti et al.
1988; Sipahioğlu and Batı 2017) offshore Bartın (Damcı et al.
2004; Kuşçu et al. 2004) and offshore Akçakoca (Akçakoca-1
well; Shinklinsky et al. 2009; Sipahioğlu and Batı 2017) toward the western Black Sea shelf. These studies indicated that
the seismic units U2 and U1 are possibly related to the
Miocene and Plio-Pleistocene deposits, respectively.
The boundaries of the seismic units were correlated along
and between profiles using cross-cuts to extend the unit
boundaries across the study area. One of these cross profiles
(SNP-08) is given in Fig. 4 which is well matched with the
perpendicular lines to itself in the meaning of both reflection
character of seismic units and depth of interfaces separating
these seismic units from each other. Moreover, by picking of
twt times of each interface in every seismic line, we have
produced the contour maps of the basement morphology and
the thickness of the upper deposits (U3 and U1+U2). Of these,
the acoustic basement indicates a basin and ridge morphology
extending in the E–W direction along the shelf plain and shelf
slope (Fig. 5 a and d). The acoustic basement deepens to 2.5 s
toward offshore İnebolu. It is overlain by U3 deposits.
Although the inclined reflectors of unit U3 are thought the
existence of an anticline structure (Fig. 3a), the high erosion
of this unit does not let to see this morphology in the thickness
map of U3 (Fig. 5b). Instead, the thickness of U3 varies from
1.5 to 2.0 s along the inner shelf area, while it gets thinner
toward the outer shelf up to 0.1 s (Fig. 5b). U3 is overlain by
younger sediments (U1+U2) which they are only deposited
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around the shelf break with the value of 0.25 s and beyond
with the maximum thickness of 0.85 s in offshore İnebolu
(Fig. 5c). The geometry of the upper surfaces of U3, U2,
and U1 constitute a flat seafloor morphology in the shelf plain,
and they deepen toward the shelf slope and beyond (Fig. 5d).
In addition, the 2D map view of this 3D image was produced
combining with the onland geology to illustrate the onland
extension of offshore geology (Fig. 5e). From this map, it
can be observed that the Upper Cretaceous–Paleocene sediments (Yemişliçay formation) only outcrop in the western
offshore region of the Sinop Peninsula, while Eocene sediments (Kusuri and Akveren formations) widely cover the seafloor in the inner shelf. However, there are no Oligocene deposits observed in both the offshore and onland areas.
Additionally, Miocene sediments appear at the surface from
the outer shelf to the shelf slope, and the Plio-Pleistocene
sediments only cover around the shelf break and the beginning
of the shelf slope (Fig. 5e).

Structural interpretations
Structurally, discontinuities and irregularities in the seismic
reflectors are interpreted as faults. If the faults generally cut
the most part of seismic units and do reach the seafloor or just
below it, they have been interpreted as active faults; otherwise,
they have been called as passive faults. In the offshore area,
the faults which widely deform the seismic units U3 and U4
were marked as inactive faults (Figs. 3, 4, 6, 7, 8, and 9).
The offshore area is highly deformed by active faults. Two
types of active faults were mapped in the study area. The first
group of active faults with a subvertical character deform the
layers without or with only very limited vertical movements,
suggesting horizontal displacements in the form of strike–slip
motions. These faults generally converge at depth, and they
are widely mapped as strike–slip fault zones in the offshore
area. Some of these fault zones have a compressional component due to the uplifting of the reflectors between the members
of the fault zones, and they are interpreted as positive flower

Fig. 4 Seismic section SNP-08 in offshore İnebolu. Reflection terminations are shown on zoomed images. U seismic unit, FZ fault zone. VE ~ 5
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Fig. 5 a Acoustic basement (U4—Upper Cretaceous–Paleocene) contour
map (depths in seconds). b Contour map of the thickness of basin
sediments (U3—Eocene), in seconds. c Contour map of the thickness
of basin sediments (U1+U2 from Miocene to Plio-Quaternary), in

seconds. d 3D map of the upper surface morphology of seismic units,
in seconds (modified from İşcan 2018). e Submarine geology based on
seismic data. Onland geology was modified from Şenel (2002) and
Yıldırım et al. (2011)

structures; otherwise, they are interpreted as negative flowers.
The second group of active faults has been marked as reverse
faults. The reverse fault is determined by the reflectors located
at one side of the fault that is shifted upwards relative to the
reflectors on the other side of the fault. The depth extension of
these faults was indicated by marking the diffractions caused
by these faults as much as possible (zoomed section in Fig. 7).
However, their deeper penetration toward the deepest horizon
is particularly problematic due to the chaotic internal reflection pattern of highly deformed unit U3 and strong seafloor
multiple effects (Figs. 3 and 6). In addition, at these parts of

seismic sections, the SW extension of this deepest unconformity overlying U4 is generally not well traced. In this case,
their possible extensions were marked with dashed lines considering their general trends (Figs. 6, 7, and 8).
Three strike–slip fault zones (FZ) are interpreted and
labeled as FZ1, FZ2, and FZ3 on the seismic sections
SNP75 and SNP71 in the western offshore of Sinop
Peninsula (Fig. 6). Along the deformation zone (FZ2
and FZ3), the compression of the sediments between the
faults indicates that these strike–slip fault zones have a
compressional component (Figs. 6 and 7). Another fault
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Fig. 6 a Seismic section SNP-75 in offshore Sinop Peninsula. b Strike–
slip fault zones on the zoomed section SNP-75. c Seismic section SNP-71
in offshore Ayancık. d Strike–slip fault zones on the zoomed section

SNP-71 (modified from İşcan 2018). U seismic unit, F fault, FZ fault
zone, M multiple. VE ~ 5

zone, FZ4, has been marked in the southwestern part of
seismic section SNP71 and has been interpreted as reverse
faults (Fig. 6 c and d). The sediments on the hanging wall
rise to the north along these faults (zoomed section in Fig.
7a). The fault FZ4 is also interpreted on the seismic sections toward the west of the offshore area (Figs. 3, 8, and
9). The fault zones FZ2 and FZ3 could be traced in seismic sections SNP08, SNP65, and SNP61 (Figs. 4, 7, and
8). Another strike–slip fault, F5, has been interpreted at
the shelf break with a compressional component, which is
apparent on the seismic sections due to the bending of the
sediments through the fault with depth (Fig. 6a). At the
beginning of the shelf slope, another strike–slip fault zone
(FZ6) has been marked (Figs. 3, 7, 8b, and 9). The faults
of this zone with normal components deform the sediments up to the sliding plane at line SNP41 (Fig. 3b). In
addition, toward the deeper parts of the shelf slope, two

other strike–slip fault zones (FZ7 and FZ8) have been
interpreted. These faults generally deform the slumping
materials (Fig. 8 c, d and e). The faults FZ7 and FZ8
could also be tracked toward the west of the study area
on seismic profiles SNP55 and SNP47. Particularly, fault
zone FZ9 has been recognized on seismic section SNP41
(Fig. 3). Although there are seafloor multiples that mask
the upper sediments, the compressional components of the
fault are detectable in the sediments (Fig. 9 c and d). This
fault zone bounds a fold by deforming the U3 units in the
western part of the study area (Fig. 9 a and b). The inclined reflections of this anticline are terminated by an
erosional surface from their top, and they outcrop at the
seafloor. The cartoon model indicates that this reflection
pattern is the image of a highly eroded anticline structure
(Fig. 9b). The fault zones FZ4, FZ5, and FZ6 have also
been marked in seismic section SNP 33 (Fig. 9c). In this
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Fig. 7 a Seismic section SNP-65 offshore Ayancık (modified from İşcan 2018). Zoomed sections indicate the active faults deforming the erosional
surface at the seafloor. U seismic unit, F fault, FZ fault zone. The vertical exaggeration (VE) is ~ 5

location, FZ5 has been interpreted as a negative flower
structure due to the step-down of the sediments along
with the segments of the fault and joining the segments
downwards onto a single fault (Fig. 9e).

Discussion
The seismic data reveal four main seismic units in the study
area, from the Upper Cretaceous–Paleocene to the present.
The Upper Cretaceous–Paleocene acoustic basement (U4) reflects a basin and ridge morphology, which are generally delineated by passive faults (Figs. 3, 4, 6, 7, 8, and 9), and it is
interpreted as representing the submarine extension of the upper Cretaceous Eocene tectonic complex that crops out onshore between Cide and Sinop. This basin and ridge structure
is roughly extended in the E–W direction in offshore area (Fig.
5 a and d). Thus, the offshore should be under the effect of an
approximately N–S-oriented compressional regime during
that time. This interpretation is compatible with onshore

tectonism that exhibits shortening and uplifting of central
Pontides during this time (Şengör 1980; Okay and Tüysüz
1999). The Eocene deposits (U3) lie on the acoustic basement.
The top of the Eocene deposits is truncated by an erosional
surface, which crops out on the seafloor forming the flat shelf
plain (Fig. 5e). The inclined reflection pattern of U3 constitutes an eroded anticline and lies on the seafloor in a WNW–
ESE orientation in offshore İnebolu (Figs. 9a, b and 10b). The
folded and faulted reflective strata of U3 indicates that the
compressional tectonism continued during the Eocene in an
almost N–S direction. This unit is interpreted as the offshore
continuation of onshore Eocene clastics and carbonates exposed between Çatalzeytin and Ayancık (Kusuri and
Akveren formations) (Fig. 5e). Miocene deposits (U2) lie on
the Eocene deposits and outcrop at the shelf break and beyond. The boundary between units 2 and 3 also represents a
significant erosional surface (Fig. 9 a and b). This observation
demonstrates that the compressional regime in Eocene time
(in U3 deposits) is followed by an erosional period. In addition, the absence of Oligocene deposits both in the offshore
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Fig. 8 a Zoomed seismic section SNP-65 around the shelf break indicating a strike–slip fault (F5) with a reverse component. Blocks toward us
and away from us are marked by (⊙) and (⊗), respectively. b Zoomed
seismic section SNP-65 along the shelf slope indicating a strike–slip fault
zone (FZ6). c Zoomed seismic section SNP-63 along the shelf slope

indicating a strike–slip fault zone (FZ7). d Seismic section SNP-61 in
offshore Ayancık (modified from İşcan 2018). e Zoomed section with
faulted slump zone (see Fig. 2 for locations). U seismic unit, F fault, FZ
fault zone. VE ~ 5

and onland areas indicates that the erosion was also effective
during Oligocene. Then, U2 sediments were deposited during
the Miocene. The parallel reflectors of U2 indicate that the
tectonic regime probably changed during the Miocene. The
absence of folding and faulting in Miocene deposits indicates
that the compressional regime might have decelerated during
that time (Figs. 6, 7, and 9). However, the inclination of the U2
reflectors toward the erosional surface of Eocene deposits
(U3) suggests that the area was probably uplifted by epeirogenic movements (Figs. 3, 8, and 9). In this case, the age of
this uplift should be younger than Miocene. These marine
Miocene deposits are interpreted as the offshore continuation
of onshore Miocene clastics outcropped in the Sinop
Peninsula (Fig. 5e). The Miocene deposits are followed by
U1 (Plio-Pleistocene) deposits with parallel reflectors of limited thickness. This unit outcrops on the seafloor around the
shelf break, and it is interpreted as the offshore extension of
onshore Pliocene clastics in the Sinop Peninsula (Fig. 5e).
The tops of seismic units U3, U2, and U1 are truncated by
an erosional surface constituting the flat shelf plain in the
offshore area (Figs. 3, 4, 5, 6, 7, 8, 9, and 10). This pervasive
erosion should be developed after the deposition of U1 in the

Plio-Pleistocene. A similar erosional surface was also identified at the northern offshore of the Sinop Peninsula by Özhan
(1989). Yıldırım et al. (2011) observed an erosional surface at
the top of the Neogene deposits in the Sinop Peninsula.
Moreover, the absence of marine onlaps on the shelf plain
(Figs. 3, 6, 7, and 8) indicates that the offshore area was probably a terrestrial landscape until recently.
In the Plio-Pleistocene period, both erosional processes and
tectonic forces coexisted in offshore Cide–Sinop. Seismic sections show several active faults with strike–slip and reverse
character (Figs. 3, 4, 6, 7, 8, and 9). In addition, some of these
active faults develop out of a series of passive faults in some
locations. For example, the faults FZ3 and FZ5 develop from
older, now inactive, reverse faults in the acoustic basement
(Figs. 3a, 4, and 9c). No thickness variations were observed
in the deposits across the active faults, indicating that these
faults are younger than the deposits in the offshore area (Figs.
3, 4, 6, 7, 8, and 9). Thus, these faults should have initiated in
the Plio-Pleistocene after subaerial erosion developed in offshore Cide–Sinop.
The seismic profiles indicate that the active faults of the
area extend in an E–W orientation. The surface traces of these
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Fig. 9 a Seismic section SNP-37 in offshore İnebolu. b Zoomed section
with a cartoon model of SNP-37 indicates the strike–slip fault zone FZ9
deforming an eroded anticline. c Seismic section of SNP-33 in offshore

İnebolu. d Zoomed section of SNP-33 with strike–slip fault F9. e Zoomed
section of SNP-33 with negative flower structure FZ5 (modified from
İşcan 2018). U seismic unit, FZ fault zone. VE ~ 5

faults are mostly observed on multibeam bathymetry,
delimiting across the E–W-oriented morphological features
offshore Cide–Sinop. Thus, the morphological features support seismic interpretations.
Of these faults, the north-vergent reverse fault zone, FZ4,
extends offshore İnebolu–Ayancık with two segments by following the shoreline (Figs. 10a and 11). Although no fault
trace was mapped on the seafloor morphology, the presence
of the fault deforming Eocene deposits through the depth and
reaching the seafloor was observed in seismic sections (Figs.
3, 6, 7, 8, and 9). Toward the north in offshore İnebolu, a
WNW–ESE-oriented strike–slip fault zone, FZ9, delineates
the eroded Eocene aged anticline on the seafloor (Figs. 10b
and 11). Although this observation indicates the existence of

an old folded and faulted structure that outcrops on the seafloor, the deformation of the recent deposits (U1) in seismic
section SNP-33 by FZ9 supports the idea that FZ9 is an active
fault (Fig. 9d).
In the middle shelf, the eroded upper surface of U3 and U2
represents the flat seafloor between Çatalzeytin and Ayancık
(Figs. 10a and 11). There are no active faults observed in this
location. However, active fault segments with a strike–slip
character are widely extended in an E–W orientation toward
the outer shelf area between the Sinop Peninsula and İnebolu
(Figs. 10a and 11; FZ1, FZ2, and FZ3). These faults control
the rough seafloor morphology, which is interpreted as a possible coastal zone or beach environment with dunes traced
with an E–W orientation by Ocakoğlu et al. (2018). The
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Fig. 10 a A three-dimensional
block diagram in offshore
İnebolu–Sinop, generated by
combining a multichannel seismic section (SNP-65) with DEM.
b A three-dimensional block diagram in offshore İnebolu, generated by combining a multichannel
seismic section (SNP-37) with
DEM (modified from İşcan 2018)

seismic data indicate that these dunes are delimited by the
compressional active faults (FZ2 and FZ3; Fig. 11).
At the shelf break, an E–W-oriented strike–slip fault with a
reverse component, F5, has been traced continuously between
Ayancık and Çatalzeytin. Fault F5 changes its direction by ~
30° clockwise with respect to the general strike. The right
bending fault geometry creates a negative flower character
(FZ5) in offshore İnebolu. This releasing bend indicates that
the strike–slip fault (FZ5) has a right-lateral displacement
(Figs. 8a and 11). Along the shelf slope, the active faults,
FZ6, FZ7, and FZ8 extend in an E–W direction. Of these
faults, while FZ7 and FZ8 deform the mass movement debris
at the deep part of shelf slope (Fig. 8 c, d, and e), a younger
slide at the beginning of the shelf-slope develops on FZ6 (Fig.
3b). Previous works have suggested that the slumps along the
shelf slope evolved because of a high angle slope and gravitational collapse (i.e., Çifçi et al. 2002; Dondurur et al. 2013),
but the results of this study indicate that the existence of active
faults makes this shelf area susceptible to landslides and they
may trigger the slides particularly on the shelf edge and slope.
As a conclusion, this study demonstrates the existence of
the active reverse and strike–slip faulting offshore Cide–Sinop
in the southern Black Sea Shelf for the first time. The compression in the sediments between faults forming strike–slip

fault zones and accompanying folds in the reflectors are clearly evident in the seismic sections, indicating that these faults
are the products of compressional tectonics. The E–W extension of these faults implies that the shelf is under a recent N–Soriented compressional tectonism. This tectonism is also supported by the seismicity in the region. The focal mechanism
solutions of the moderate earthquakes widely indicate rightlateral and reverse components, which are aligned more or less
with the strike–slip faulting with a reverse component from
the inner to the outer shelf (Yılar 2014; Kalafat 2017; Fig. 1a).
Although the coverage of seismic stations was not dense
enough, which resulted in the location errors and insufficient
record of low-magnitude earthquakes (Kalafat 2017), the focal
mechanism solutions of recorded earthquakes are generally
compatible with the faulting types explored in this study.
The reverse faulting indicated by focal solutions along the
inner shelf and hinterland is well correlated with the FZ4
reverse fault zone following the coastline between İnebolu
and Ayancık (Figs. 1 and 10). In addition, FZ4 is comparable
with onshore faults. While the western segment of FZ4 lies on
the same orientation with the onshore Erikli reverse/thrust
fault between İnebolu and Çatalzeytin, the eastern segment
extends in the direction similar to the onshore Balıfakı
reverse/thrust fault in offshore Ayancık. Thus, these two
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Fig. 11 Active fault map offshore Cide–Sinop area (modified from İşcan
2018). The inset zoomed parts indicate the character of the lineaments
that delimit the morphological features and correspond to surface traces of

active faults marked in the seismic sections. Onshore faults are modified
from Yıldırım et al. (2011). BF Balıfakı Fault, EF Erikli Fault, EkF
Ekinveren Fault

segments can be interpreted as the possible offshore extension
of the Erikli and Balıfakı faults, respectively. However, while
the angles of these faults in the sea are very steep, these faults
are interpreted as low dipping thrust faults on land and their
origin is resulted in the reactivation of inherited structures and
formation of younger structures in central Pontides since late
Neogene time (Yıldırım et al. 2013). In this study, the offshore
faults with very steep fault planes are interpreted as younger
structures that probably developed during Plio-Pleistocene
time.
The recent activity along these onshore faults is also supported by Yıldırım et al. (2013). They obtained coastal uplift
rates (21 ± 7 m and 67 ± 1.4 m) along the onshore marine
terraces west of the Balıfakı Fault near Ayancık during interglacial periods by using the optically stimulated luminescence
(OSL) dating method. Toward the outer shelf, the characters
of offshore faults FZ1, FZ2, and FZ3 and faults from FZ5 to
FZ8 are also strongly compatible with focal mechanism solutions which indicate nearly E–W striking with both strike–slip
and reverse faulting (Yılar 2014; Kalafat 2017).
The focal solutions indicating reverse and strike–slip
faulting are not only observed in offshore Cide–Sinop but
are also observed in offshore Bartın and Trabzon along the
southern Black Sea coast. These results indicate an N–S compressional tectonic regime in the region (Fig. 1a; Alptekin
et al. 1986; Bayrak et al. 2013; Kalafat 2017). There are also

some previous shallow seismic studies that support the recent
tectonism in the southern Black Sea coast (Özhan 1989;
Demirbağ et al. 1999; Algan et al. 2007).
The N–S compressional regime in the study area was probably formed by the recent plate motions driven on Anatolia
when the Arabian Plate collided with the Eurasian Plate, causing N–S shortening along the Caucasus and the southern
Black Sea Mountains. However, the Caucasus Mountains
are associated with most of the motion of the Arabian Plate,
and only small motions (approximately 1 mm per year) are
transmitted through the Pontides, while the Black Sea is compressed in the N–S direction. In the study area, this compressional regime causes the development of these faults. Avşar
et al.’s (2017) study supports this result reporting a land uplift
rate of 6.6 ± 1.5 mm/year and 6.2 ± 2.5 mm/year for the Sinop
station (SINP) over the 2005–2014 period.
In the study area, however, not only reverse faults but also
strike–slip faults with generally compressional components
were mapped as active faults. The oblique strike–slip faulting
is not a new observation in the Black Sea. Kalafat (2017)
noticed that the fault plane solutions of the recent earthquakes
occurred in offshore Georgia, Romania, Bulgaria, and Crimea
generally have oblique strike–slip faulting. On the other hand,
the high compatibility in the meaning of both faulting character and fault geometry between offshore area and central
Pontides is thought that NAFZ could be a driving mechanism
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for the evolution of these active faults in the offshore area. In
this case, the deformation area of NAFZ should be larger than
we know so far. Particularly, this recent tectonism from central
Pontides to offshore Cide–Sinop is explained by Yıldırım
et al. (2011) by an active orogenic uplift associated with the
right lateral strike–slip NAFZ. In this model, an active orogenic wedge develops in the Central Pontides where the
NAFZ exhibits a broad restraining bend. Furthermore, a positive flower structure develops related to the orogenic wedge
over a shallow detachment surface linked to NAFZ at depth
and the Balıfakı and Erikli faults constitute the branches of
this system. The authors also extended these branches toward
the offshore of the northern Sinop Peninsula by considering
the imbricate thrusts on a low-angle detachment surface as
described by Finetti et al. (1988). However, the offshore area
is highly deformed by strike–slip faults that are traced by
slopes at an angle of 90°. Additionally, these faults could be
followed mostly up to a 2–3-km depth on the seismic sections.
Hence, these seismic results do not directly indicate whether
these faults would be rooted in the NAFZ to constitute this
large wedge model since we know their deep geometry. For
this problem, the area should be investigated by further deep
onshore and offshore seismic studies. Additionally, the seismicity in this region should be monitored by a well-covered
seismic network to understand both the faulting type and the
depth range of seismicity in detail.

Conclusions
The interpretations of the multibeam bathymetric and multichannel seismic reflection data in offshore Cide–Sinop on the
southern Black Sea shelf indicate that four main seismic units
have been identified and dated from the Upper Cretaceous–
Paleocene to Plio-Pleistocene. During this period, compression with folding and faulting, erosion, epeirogenic uplift,
erosion, and recent compression with reverse and strike–slip
faulting have played a role, together with the morphotectonic
evolution of the shelf. The seismic units aged from the Eocene
to modern time are truncated by their top with an erosional
surface, and they are widely outcropped at the seafloor. These
units constitute an eroded flat shelf plain with the average
depth of − 100 m. The absence of marine onlaps on the shelf
plain indicates that the area was a terrestrial landscape until
very recently. Structurally, active reverse and strike–slip faults
with a general compressional component have been widely
mapped in an E–W orientation for the first time. Of these, a
strike–slip fault zone with a WNW–ESE orientation delimits
an eroded anticline offshore İnebolu. Toward the outer shelf, a
series of strike–slip fault zones with a general compressional
component lies and borders the dunes on the seafloor between
Çatalzeytin and the western offshore of the Sinop Peninsula.
The shelf break is delimited by another strike–slip fault with a
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reverse component that can be traced continuously in offshore
İnebolu Ayancık. This fault, with a right lateral strike–slip
character, forms a negative flower structure where it bends
northward in offshore İnebolu. The shelf slope is also deformed by several strike–slip faults that control the slumps
along the slope. These tectonic structures indicate that offshore Cide–Sinop is under a recent N–S-oriented compressional tectonism at the southern Black Sea shelf.
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