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Abstract

The Black Sea is considered to be a Mesozoic—Early Cenozoic marginal basin related to the north-dipping
subduction of Tethys beneath Europe. However deformation of this basin during the successive Eocene to Neogene
collisions of African-derived continental fragments (Kirshehir and Arabian micro plates) remains poorly understood.
A multi-channel seismic survey conducted in the central part of the Black Sea has shed light on the superimposed
tectonic fabrics of the Central Ridge (the Mid Black Sea High, MBSH) in response to these successive collisions. The
MBSH is formed by a series of large NW-SE trending anticlines and synclines, and possible northeast-verging thrusts
were identified at the boundary with the deep East Black Sea Basin northeast of the ridge. These buried folds and
thrusts, blanketed by 3 to 8 s TWT of undeformed sediments, are interpreted as the offshore extension of the Early
Cenozoic tectonic belt resulting from the collision between the Pontides in the north and the Kirshehir block to the
south. The offshore part of the belt forming the ridge could have then collapsed when collision ended. Neogene
structures also affect the MBSH. A recent graben (the Sinop Trough) extends between this central high and mainland
Turkey. This graben could have been formed during the late Miocene incipient dextral strike slip motion of the North
Anatolian Fault that was initiated during extrusion of the Anatolian microplate. Active tectonic inversion of deep-
seated normal faults present along the Pontides passive margin was also observed along the northeastern flank of the
Eastern Pontides. This deformation is the westernmost extension of the Lesser Caucasus front that outlines the
suturing of the Eastern Black Sea Basin in easternmost Turkey and in Georgia. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Collision and amalgamation of continental
fragments along the southern margin of the Pon-
tides in North Anatolia occurred from the Eocene
to the present time (Sengdr, 1979). These colli-
sions post-date the opening of the Black Sea Ba-
sin, which was probably opened in a back-arc
position from the Early Cretaceous—Paleocene
Pontides volcanic arc (Zonenshain et al., 1986;
Okay et al., 1994; Robinson et al., 1996).

The Pontides, extending south of these basins
in northern Turkey, were intensively shortened
and affected by strike-slip faulting during the suc-
cessive docking and collision episodes of African-
derived continental fragments (Kirshehir block
and Arabia) with the European active margin.
However, the Black Sea Basin remained apparent-
ly undeformed and is considered to be the rigid
buttress for these successive collisions.

The deformation of this area is here discussed
on the basis of new deep multi-channel seismic
data collected in the South Central part of the
Black Sea Basin, and particularly on the Mid
Black Sea High (MBSH) and its transitions to
the deep basins. We will show that part of the
Early Cenozoic deformation related to the Kirshe-
hir/Pontides collision was partly absorbed in the
MBSH. In the current study we also discuss the
recent and active deformation related to the Ara-
bia/Europe collision, such as the westward exten-
sion of the Lesser Caucasus tectonic front along
the MBSH, and the origin of the Sinop Trough, a
large graben recently developed along the south-
western flank of the MBSH, and interpreted as
the initial stage of tectonic escape of Anatolia
along the North Anatolian Fault during the
Late Miocene.

2. Active geodynamic setting of the Black Sea

The Black Sea is located on the western flank of
the active collision of Arabia with Eurasia (Fig. 1)
and north of the North Anatolian Fault (NAF)
that permits the tectonic escape of Anatolia (Le
Pichon et al., 1995). The Arabia/Eurasia collision
of the plate was probably initiated during the

middle Miocene (McKenzie, 1970; Sengor et al.,
1985; Yilmaz et al., 1993; Jestin et al., 1994), and
induced in Anatolia intense shortening from 13 to
6 Ma, along a wide zone extending from Zagros
to Eastern Turkey. After this period of intraplate
deformation, this block moved westward along
the E-W propagating North Anatolian Fault
(Sengor et al., 1985). Recent GPS observations
(McClusky et al., 2000) illustrate the present rigid
anti-clockwise rotation of Anatolia with respect to
Eurasia. According to these data, only the east-
ernmost part of the Black Sea is affected by the
active N-S shortening related to the Arabia colli-
sion (Fig. 1). This deformation decreases rapidly
along the Lesser Caucasus tectonic front towards
the west along the Eastern Turkey Black Sea
shore line. In the collision zone itself, total con-
vergence is estimated by McClusky et al. (2000) to
be over 1 cm/yr. The partitioning of shortening
between the Lesser Caucasus and the Great Cau-
casus located on both sides of this collision zone
has been estimated by McClusky et al. (2000) to
be between 5 and 6 mm/yr along the Great Cau-
casus front, and between 4 and 5 mm/yr in the
Lesser Caucasus southwards.

What are the implications of the present GPS
velocity field for the recent geologic evolution of
this area? Can we extrapolate these instantaneous
shortening rates to the last millions of years. If it
is the case, significant deformation could be evi-
denced along the Black Sea shore line or within
the Eastern Basin. How far to the west can this
recent and active shortening be evidenced? Is the
Black Sea central ridge affected by this deforma-
tion?

Concerning the NAF, present detailed geologi-
cal and seismological descriptions, including esti-
mation of slip rates, age of the current fault, con-
figuration and total fault offsets, have been
discussed by Sengér (1979), Barka et al. (1992)
and Armijo et al. (1999). The age of the NAF
as observed today is constrained to be Early Plio-
cene (4-5 Ma) with total offsets in the range of 80
to 100 km. According to McClusky et al. (2000)
this gives an average geological slip rate of 16 to
25 mm/yr, in good agreement with the GPS upper
bound at 24 mm/yr. These authors conclude that
the NAF is Pliocene in age, and slip rates along
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Fig. 1. Tectonic sketch of the Arabia/Eurasia collision zone. Eastern Black Sea Basin is located directly north of the tectonic es-
cape of Anatolia. Dotted frame indicates the surveyed area. MBSH: Mid Black Sea High, NAF: North Anatolian Fault, EAF:
East Anatolian Fault. Thick black arrows indicate motion of main crustal blocks with respect to Eurasia.

the fault have not changed substantially since its
initiation.

The trace of the NAF follows pre-existing ba-
sins developed within the Pontides, the magmatic
belt extending along the southern coast of the
Black Sea. These basins are filled by the Pontus
formation of Pliocene age (Over, 1996; Over et
al., 1997). These basins, well developed immedi-
ately south of our survey area close to Sinop,
could represent the initial stage of dextral motion
along the NAF. The stress regime determined by
inversion of slip vectors measured on fault planes
in the Pontus basins (Bellier et al., 1997), reveals a
change in the strike-slip regime from transpres-
sion to transtension during the Quaternary.
Traces of such fluctuations in the stress regime
along NAF has been evidenced offshore in our
survey area as described below.

According to these previous studies it appears
that during the last 4 to 5 Ma most of the Black
Sea remained protected from the Arabian collision
by the rigid tectonic escape of Anatolia, with most
of the deformation being accommodated along the

NAF. Only the easternmost part of this basin was,
and still is, considerably affected by significant in-
version of the Black Sea continental margins.

In the present study we will try to image the
recent deformation induced by the NAF and also
try to estimate the amount of active inversion
along the Black Sea margin.

3. Closure of the Tethys ocean and the Early
Cenozoic collision along the southern margin of the
Black Sea

Up to the Paleocene-Eocene, collision and
amalgamation of continental fragments (mainly
the Kirshehir continental block) occurred in
North Anatolia along the southern margin of
the Pontide volcanic arc, and induced major de-
formation in Turkey. This collision was followed
during most of the Paleogene by intraplate defor-
mation that predates the rigid escape of the Ana-
tolian block, probably initiated during the early
Pliocene.
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Fig. 2. Location of seismic lines of the BLACKSIS cruise in the central part of the Black Sea. Segments of lines shown in this

paper are highlighted and correspond to indicated figure number.

Intraplate deformation in Eastern and Central
Turkey induced thickening of the Anatolian crust
as shown by the 2-km height of the Eastern Ana-
tolian plateau. The whole area from the Black Sea
coast to the Arabian indenter is the locus of this
penetrative and complex deformation observable
south of the present central segment of the NAF,
in the Anatolian plateau (Bitlis thrust-and-fold
belt).

This deformation extends also north of the
present NAF, in the Central Pontides but we
have no evidence for its extension northwards in
the Black Sea and particularly in the Mid Black
Sea High. Evidence of deformation directly re-
lated to this collision is particularly well exposed
in the Central Pontides north of NAF, in the
Sinop area (Goriir and Tiysiliz, 1997) immediately
south of the Archangelsky Ridge. Here the Pon-
tide volcanic arc and sedimentary sequences (Late
Cretaceous to Eocene) are folded and tectonically
imbricated with Mesozoic platform carbonates

and its metamorphic basement. Thrusts and folds
follow the general curvature of the Pontide belt
with NW-SE, E-W and NE-SW trends from east
to west. Scarce Neogene sediments are discon-
formably deposited on this Eocene belt and the
NAF located southwards shows the same global
trend (Fig. 1).

In their offshore petroleum study of the Black
Sea, Robinson et al. (1996) interpret most of the
MBSH tectonics as the trace of extension related
to the opening of the Eastern Black Sea Basin.
For instance folding imaged along the northeast-
ern slope of the Archangelsky ridge is interpreted
as roll-over structures related to a deep detach-
ment at the ocean—continental crust boundary
during the Paleocene, and is then relatively coeval
with the collision. In this scenario no trace of
shortening related to the Kirshehir—Pontides col-
lision largely observed on land could be found
offshore.

If such extensional structures are present at the
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Fig. 3. BLACKSIS profile CD with main seismic sequences shown with different grey tones (see explanation in text). Main inac-
tive faults are also shown. Dotted boxes help to locate Figs. 4 and 6 from SW to NE respectively.

base of the Central Ridge as stated by Robinson
et al. (1996), we should prefer to interpret them as
detachments, coeval, or following shortly the col-
lision. The collapse of part of this belt could easily
explain the vertical offset between the roof of the
MBSH and the Pontide belt onshore. If it is not
the case, a major discontinuity (strike-slip fault?)
has to be found in the Sinop Trough that sepa-
rates the MBSH from onshore Turkey.

4. Tectonic zoning of the Black Sea

The Black Sea is characterised by two distinct
basins (Fig. 2) separated by en-echelon NW-SE
trending central highs, the Archangelsky and An-
drusov ridges constituting the Mid Black Sea
High (MBSH).

4.1. Western Black Sea Basin
Timing of the rifting of the Black Sea is still a

matter of debate. The most recent interpretations
based on stratigraphic evidences from the north-

ern margin, favours a mid-Cretaceous age for the
opening of the Western Basin (Robinson et al.,
1996), and confirms the Mesozoic age earlier pro-
posed by Zonenshain et al. (1986). No mid-ocean
ridge was identified in this basin and the location
and nature of its margins is in several areas prob-
lematical. According to the most recent interpre-
tations, this basin opened by southward drifting
of the Pontides, the motion being guided by two
major strike-slip (transfer) fault zones. These lie
close to the Black Sea western coast (presently
mostly obscured by the Balkanides Thrust Belt),
and along the southwestern margin of the
MBSH.

4.2. Eastern Black Sea Basin

The Eastern Basin is smaller and shallower, and
may not have a fully oceanic basement. The open-
ing age is contentious, but there are several lines
of evidence supporting a Paleogene date (Robin-
son et al., 1996). The geometry of the basin is
unclear mainly in the south and east, where the
deep basin margin is overridden by the Pontides
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Fig. 4. Extract of the line CD, located on the Turkish margin at the northwest termination of the Sinop Trough. P: base of the
Pliocene. White and black arrows indicate normal faulting and overlapping sediments respectively.

(Fig. 2). The northeastern and southwestern con-
jugate margins are significantly different, suggest-
ing highly asymmetric rifting. The opening history
of this basin remains speculative, but is probably
linked with oblique compressive deformation in
the Caucasus.

The Eastern Basin is filled by between 8 and
12 km of so-called post-rift sediments, so the crit-
ical structures of the margins remain poorly
known on classical multi-channel seismic profiles.
The origin of the basin is still a matter of debate.
This basin can be interpreted as a coeval fragment
of the Western Black Sea (Zonenshain et al.,
1986). An alternative hypothesis considers rifting
of this basin as coeval with the Paleocene Kirshe-
hir/Pontides collision (Robinson et al., 1996).
Rifting is thus counterbalanced by shortening in
the Caucasus, and a certain amount of extension
linked to the Kirshehir block collision with Eur-
asia could also have contributed to opening up
this basin.

4.3. Mid Black Sea High

MBSH is composed of two main ridges. In
the south the Archangelsky Ridge starts at the
Turkish shoreline and plunges northward. It is
relayed to the northwest by the Andrusov Ridge
(Fig. 2). These two ridges separate the Western
and the Eastern Basins. Southwestwards, the Si-
nop Trough is a narrow depression parallel to the
MBSH, located between the MBSH and the
Turkish coast.

5. Description of new seismic data collected in the
central part of the Black Sea

In February 1997 we collected 900 km of multi-
channel seismic across the Mid Black Sea High
(Fig. 2). We used a single bubble source with 14
guns totalling 3060 cubic inches and a streamer
2400 m long with 96 hydrophone groups. Five
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Fig. 5. Extract of the line DE across the Sinop Trough. P: base of the Pliocene.

main lines were recorded (CD, DE, E'F, GH, and
1J) with an acquisition gap in the line E'F.

In order to identify the seismic sequences, we
used the crossing composite British Petroleum
and Turkish Petroleum lines shot along the high
(Robinson et al., 1996).

On line CD (Fig. 3) three main seismic sequen-
ces were identified deposited above an acoustic
basement with scarce internal reflectors. The Plio-
cene—Quaternary sequence (light grey on Fig. 3) is
over 3 s TWT thick in the central part of the
Eastern Basin and thins towards the ridge where
it was deposited with an onlap on the underlying
2 s TWT thick Oligocene—Lower Miocene May-
kop sequence (medium grey on Fig. 3). Local iso-
lated tilted basins (dark grey on Fig. 3) are iden-
tified in some part of the section, and are
probably filled by less than 1 s TWT thick Pa-
leocene—Eocene sediments (Robinson et al., 1996).

The lowermost seismic sequence, reveals two
distinct tectonic fabrics: reflectors tilted towards

northeast were identified along the Turkish mar-
gin and are observable on the southeastern part of
line CD (Fig. 3). The Central High to the north-
east shows large anticlines moderately affected by
normal faults. These faults control the NW trend
of the Sinop Trough separating the Turkish mar-
gin from the Central High. We will describe first
the structure present along the Sinop Trough,
then we will focus our study on the ridge itself
and its transition to the Eastern Black Sea abyssal
plain. Finally we will discuss the active inversion
of old normal faults present offshore the E-W
trending Eastern Pontides.

5.1. Sinop Trough

This trough, filled by recent sediments, is a dis-
crete furrow separating the Archangelsky Ridge
from the coast of Turkey. This trough connects
northwestwards with the deep Western Black Sea
Basin.
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lines and black arrows.

In the deeper part of the trough (Fig. 4), Plio-
cene and Quaternary sediments are apparently
conformable with the underlying sedimentary sec-
tion. The base of the Pliocene sequence (P on
Fig. 4) onlaps the crest of the northeast-facing

tilted blocks, meanwhile the underlying post-rift
section is prograding down slope on the block’s
shoulder. This indicates that the extension is
probably as young as the Late Miocene.

The following section to the southeast (Fig. 5)

Fig. 7. Northeastern extract of the line GH showing buried thrusting and duplex along the northeastern flank of the Andrusov
Ridge. Recently inverted normal fault is indicated by dashed line (see Fig. 9).
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reveals that the Sinop Trough is controlled by
normal faults developed both along the Turkish
margin and along the Archangelsky Ridge. The
identified Miocene-Pliocene Boundary (P in
Fig. 5) does not appear to be affected by this
rifting phase, confirming its Late Miocene age.
A large roll-over structure is present in the syn-
rift sediments and confirms the pre-Pliocene nor-
mal faulting along the Turkish margin. Syn-rift
fanning sediments are also observed to the north-
east along the flank of the MBSH.

The post-rift sediments are subsequently domed
as shown by the curvature of the mud line- and
youngest sediments and an active channel is ob-
servable at the top of this anticline. We interpret
this geometry as compactional, or as moderate
rejuvenation of pre-Pliocene roll-over induced by
the normal faults that flank the trough. On the
basis of the second hypothesis, the opening of the
Sinop Trough could be interpreted as a side effect

of the incipient motion along the NAF as dis-
cussed later in this paper.

5.2. Deformation of the Mid Black Sea High

Along the northeastern part of line CD (Fig. 3),
the MBSH appears as two successive domed
structures that could be interpreted as large
open folds. This is better imaged on the Andrusov
Ridge (Fig. 6). The rare reflectors identified within
this lowermost seismic sequence, indicate this
ridge is a flat topped anticline. Its northeastern
flank is folded and affected by reverse faults,
branching at depth on a flat decollement surface
that could correspond to a major thrust. This de-
formation does not affect the Oligocene—Lower
Miocene Maykop sequence.

This thrust front was also imaged on line GH
(Fig. 7).The contrast between the undeformed
sediments and the underlying sequence observed
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Fig. 9. Southeastern extract of the line GH, located on the eastern flank of the MBSH and East Black Sea Basin. Normal faults
(white arrows) locally inverted normal faults (black arrows and dashed lines) are shown.

below 7.5 s TWT is evident. The deformed sedi-
ments show internal flats and ramp structures. At
the limit of the penetration of our seismic line,
below 9 s TWT, flat-lying reflectors has been iden-
tified under the frontal ramp and could be inter-
preted as the emergence of the major thrust below
the ridge. At the northeastern end of the profile
(Fig. 7), small reverse faults affect the lowermost
sediments of the Eastern Basin, and could connect
to a decollement.

The flat detachment fault identified by Robin-
son et al. (1996) at the foot of the ridge corre-
sponds to our duplex and was interpreted on the
basis of the presence there of a roll-over structure.
We favour the interpretation of a buried pre-Oli-
gocene thrust, on the basis of the observed imbri-
cated structures (Fig. 7), but also the parallel fold-
ing that affects the Central Ridge (Figs. 3 and 6).

5.3. Deformation along the Eastern Pontides

The structures described above are all with a

NW-SE trend. Approaching the coast of the
Eastern Pontides (Figs. 1 and 8), structures swing
abruptly northeastward before merging onshore
in Georgia (Banks and Robinson, 1997).

Line GH (Fig. 9) shows the southernmost ex-
tension of the ridge slope at the transition with
the Eastern Black Sea Basin abyssal plain. In the
central part of the line and in a small graben
presents along the ridge, inversion is observable
(Fig. 9). The fan-shaped sediments originally de-
posited along the southwestern flank of the gra-
ben are tilted towards the northeast. Some of the
inverted normal faults affect most of the Pliocene
section indicating that this inversion is recent.

More eastwards, on line 1J (Fig. 10) reverse
faults affect all the section up to the mud line,
indicating that there is active deformation here.
The recent sediments are folded, but the shorten-
ing remains modest, because the former tilted
block of the Eastern Black Sea Basin passive mar-
gin are preserved.

Using both our seismic data interpretations and
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the contouring of the free air gravity anomalies
combined with the total sediment thickness map
published by Robinson et al. (1996), we have
traced a structural sketch map of the Central
Black Sea area (Fig. 8). This map illustrates the
tectonic relationships existing between the buried
and active structures. The active thrusts present
along the eastern Pontides extend offshore with
a NE-SW trend, and swing to EW on profile 1J,
and to a NW trend on profile GH. However, no
direct connection can be evidenced with the sim-
ilar NW trend of the buried thrusts present at the
base of the MBSH (Fig. 7). We think both kinds
of structures are unrelated. The active thrusts are
directly linked to the seismically active north verg-
ing Lesser Caucasus tectonic front, meanwhile the
others are buried and considerably older.

6. Discussion and conclusions

The analysis of the deep penetration seismic

profiles presented in this paper illustrate the poly-
phased deformation of the Mid Black Sea High.
Three distinct tectonic episodes of deformation
corresponding to three distinct structural styles
are present around this high.

The most recent tectonic episode is the active
deformation linked to the north-verging Lesser
Caucasus tectonic front in Georgia. This deforma-
tion is concentrated at the southeastern termina-
tion of the Eastern Black Sea Basin in response to
the collision of the Arabian block with Eurasia
(Fig. 11). According to the GPS data of McClus-
ky et al. (2000), less than 0.5 cm/yr shortening is
absorbed in front of the Arabia—Eurasia collision
zone. Extrapolated to the last 5 Ma, a maximum
of 250 km is expected along the Lesser Caucasus
front in Georgia. This is qualitatively confirmed
by the equilibrated cross section of Banks and
Robinson (1997). Considering the active amount
of shortening decreases drastically between Geor-
gia and the MBSH, we can expect, for the last
5 Ma, the same westward decrease in the finite
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deformation. Consequently the discrete normal
fault inversion observed along profile 1J would
be coeval with the Lesser Caucasus front in Geor-
gia.

The second tectonic episode concerns deforma-
tion into the Sinop Trough. This deformation is
concentrated along both flanks of this narrow fur-
row. The observed normal faults are mainly active
before the Pliocene. Similar NW trending grabens
are reported by Bellier et al. (1997) along the cen-
tral segment of the North Anatolian Fault. These
troughs, filled by Early Pontian sediments can be
interpreted as en-echelon grabens branching on
the North Anatolian Fault. They could corre-
spond to the initial stage of dextral strike-slip
along this major fault during the latest Miocene.
A similar abandoned lateral branch was described
by Barka et al. (2000) south of Sinop, and by
Peringek (1991) in the Thrace Basin immediately
north of the Sea of Marmara (Fig. 11). The North
Aegean Trough is presently a suite of active en-
echelon grabens located at the western tip of the

propagating NAF (Fig. 11). We interpret the Si-
nop Trough as the easternmost and oldest of
these structures that we can relate to the incipient
right lateral motion along the NAF.

The third and older deformation episode regis-
tered along the MBSH could have induced north-
east-verging thrusting along the eastern slope of
the Central Ridge, in the location of the possible
continental oceanic boundary between the Central
Ridge and the Eastern Black Sea Basin. This
thrust does not affect the Miocene and is prob-
ably Oligocene or older in age. It is parallel to the
Middle-Eocene thrusts that affect the Pontides on-
shore, in the Sinop area (Goriir, 1997). We pro-
pose that these thrusts observed along the MBSH
northeastern flank are coeval with the Sinop
southwest-verging structures. Both could form a
large pop-up affecting the whole central Pontides
and most of the MBSH as sketched on the Mid-
dle-Eocene reconstruction in Fig. 11. We then in-
terpret the MBSH as part of the Pontides that
could have collapsed right away after cessation
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of the Kirshehir—Pontides collision. This collapse
could have occurred along the northeast-facing
normal faults observed on profile CD (Fig. 3)
present along the Turkish coast, subsequently re-
activated in the late Miocene by the opening of
the Sinop Trough. The effects of this collision
during the Eocene could have been recorded in
the Great Caucasus and mainly in the deforma-
tion of the Caucasus foredeep to the northeast
(Fig. 11).

We do not know the tectonic behaviour of the
Eastern Black Sea oceanic crust during this colli-
sion. Considering the proposed Paleocene age for
the opening of this basin (Robinson et al., 1996),
the oceanic crust was less than 15 Ma old when
Anatolia collided with the Pontides. A similar sit-
uation has been studied in the southeastern Pacific
region in the Sulu and Proto South China Sea
basins where young oceanic crust is involved in
regional shortening (Bader et al., 1999). These
previous studies lead us to conclude some sliver-
ing and thrusting have to be expected within the
Eastern Black Sea oceanic crust. The positive free
air gravity high centred on the Eastern Black Sea
Basin could be the trace of an intra-oceanic crust
splinter. The fact the Cenozoic sediments are not
involved in the deformation would suggest that
this deformation was induced shortly after rifting
of the basin during the Paleocene.
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