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We present an integrated analysis of the geophysical parameters of the lithosphere of
Black Sea basin obtained as a result of the interpretation of magnetic, gravity, thermal, deep
seismic sounding and seismic-tomographic data. It first demonstrates inherent significant
differences in geophysical parameters of lithosphere in the Western and Eastern Black
Sea subbasins existing from the prerift stage. The set of reviewed parameters responsible
for formation of the present-day lithosphere includes types of crust, depths to acoustic
basement, configuration of subbasins, depths to Moho, heat flow and relief of the thermal -
asthenosphere boundary (LAB), trends of main deep faults of the crystalline crust, their ki-
nematic types, occurring linear magnetic anomalies, velocity pattern of subcrustal mantle.
The above-mentioned parameters of the lithosphere are indicators of the age, geodynamics
and driving mechanisms for opening of a subbasins. Oblique trends of the subbasins and
the topography of Moho discontinuity in the west and east domains, oblique striking of
pre-rifting Istanbul zone and the Shatsky Ridge and different trends of deep faults in the
crystalline crust suggest distinct lithospheric structure existing from pre-opening of the
Black Sea subbasins and different geodynamical conditions of its formation. The Odesa-
Sinop-Ordu deep fault zone as a direct continuation of the Golovanivskaya suture zone of
the Ukrainian shield and its slope, probably is of the Precambrian age. So it could be the
tectonic boundary between two segments of pre-rift continental crust and between future
subbasins. The examples illustrate how indicated parameters of the lithosphere can geo-
physically confirm the basic ideas of available models for geodynamics of the Black Sea.
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Introduction. The Black Sea basin, consist-
ing of the western and eastern subbasins, has
amultiphase history of development. Despite
almost a century of study of the Black Sea Ba-
sin (BSB) and numerous publications, the car-
dinal problems of geology, tectonics, and the
deep structure of the lithosphere still remain
debatable. Two of the key problems, accord-
ing to [Stovba et al., 2020] are «... a) trigger-
ing and driving mechanisms of the formation
of the main tectonic units and b) the timing,
duration and geological consequences of
tectonic events that have taken place in the
Black Sea region since the Cretaceous».

In solving these problems, data on the
thickness of the crust from the lithosphere
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as a whole provide valuable information. Cur-
rently, most researchers recognize the forma-
tion of BSB on the continental crust of the Eur-
asian Plate as a result of rifting [Zonenshain,
Le Pichon, 1986; Finetti et al., 1988; Nikishin
et al., 2015; Stephenson, Stovba, 2022, etc.],
extension, thinning of the Earth's crust and
lithosphere with the formation of a new. At the
same time, three stages of crustal evolution
are distinguished: rift, post-rift (thermal), and
post-rift with periodic inversion deformations
[Stovba et al., 2020]. The degree of crustal
extension is determined by the ratio of the
thickness of the original crust to the thickness
of the stretched one. Under the conditions of
deep-water basins, the only source of data for
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such an assessment is the Moho relief and the
thickness of the crystalline crust. The type of
crust or its basicity can be predicted from the
results of 3D gravity modeling, taking into
account velocity models [Makarenko et al.,
2021]. As an oceanic type of crust, a consoli-
dated crust is considered, consisting entirely
of a conventionally identified basalt layer. The
crust, consisting of basalt and diorite layers,
can be classified as high stretching or sub-
oceanic.

The age of formation of subbasins is also
actively debated. In addition to direct de-
terminations of the age of sedimentary de-
posits and seismostratigraphic data of their
deep-water parts (see, for example [Stovba
et al., 2020] and many others), their relative
age can be characterized by general strikes
of the main tectonic elements [Starostenko
et al., 2004, 2010, 2015; Rusakov, Pashkevich,
2017] (oblique strike of the axes of the sub-
basins and structures of the Moho relief, the
direction of the main deep faults).

The mechanism of subbasins formation is
also discussed in numerous publications. The
origin of the Black Sea basin is currently as-
sociated with the extension of the continental
lithosphere and active rifting in a back-arc
setting, deep faults in the consolidated crust
should be taken into account as «driving» the
movements of terranes.

Therole of deep faults in this case is evalu-
ated only with an integrated approach to their
tracing, evaluation of depth, kinematics, and
activation in various tectonic phases. This
goal can be achieved if there is a scheme of
faults of the consolidated crust and their clas-
sification within the entire Black Sea basin
[Rusakov, Pashkevich, 2017].

Models of simultaneous, as well as two-
stage, opening of subbasins leave the issue
of their division debatable. As such, the Mid
Black Sea High (MBSH) is traditionally ac-
cepted. It includes the Andrusov and Arkhan-
gelsky ridges and the fault of the Mid-Black
Sea ridge. As shown by [Chekunov, 1987
Kravchenko et al., 2003; Starostenko et al.,
2015; Rusakov, Pashkevich, 2017], the Black
Sea basin is divided into the Western and
Eastern subbasins by the Trans-Black Sea
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Odesa-Sinop-Ordu (OSO) zone of deep long-
lived strike-slip faults. Subbasins have differ-
ent configurations, depths, oblique orienta-
tion of the axes, and radically differ in the
structure of the lithosphere [Starostenko et
al., 2010; Yegorova, Gobarenko, 2010]. We
analyzed the lithosphere parameters and first
revealed their inherent contrasting structure
existing from the pre-rift stage.

The most of papers concerning tectonics of
the Black Sea describe models briefly, without
details of how they are supported by modern
sets of deep geophysical observations. This
give not a complete picture of the state of
geotectonic modeling of Black Sea Basin. We
analyzed some sample of papers with a view
to the degree of their geophysical support.

The aim of this work is to analyze the data
on the parameters of the modern BSB litho-
sphere obtained by us [Starostenko et al.,
2015] and other researchers [Nikishin et al.,
2015; Tsvetkova et al., 2017; Makarenko et al.,
2021] in terms of their use as indicators of age
and driving mechanisms of subbasin opening.

Given the ambiguity of the interpretation
of geophysical and even geological data, the
authors of the article do not claim to create
a non-alternative model for the opening of
the Black Sea subbasins. However, using the
examples of some geodynamic models, we
would like to emphasize the basic parameters
of the lithosphere, which must be taken into
account in any model representations.

Results. Analysis of geodynamic models
of the Black Sea and the degree of their cor-
respondence to the geophysical parameters
of the lithosphere. Analyzed articles related
to geodynamic models were ranked on order
of frequency citations using Parish 7 Software
analyzed information from the most com-
prehensive and the most accessible Google
Scholar database. Ten years after publishing
a papers is the most productive for citations.
That is why to be sure that relevant informa-
tion is now available we reviewed only those
papers that appeared by 2010. Table 1 pres-
ents rank of papers described the geodynamic
models for the Black Sea according to their
total and average annual citations in the lit-
erature.
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Table 1. Geotectonic models for Black Sea,
created on 2010. Estimation of citations on
July 1, 2022

Authors Citations/ Citations
Year
Golonka, 2004 49.06 883
Zonenshain, Le Pichon, 1986 14.86 520
Nikishin et al., 2003 15.9 286
Okay et al., 1994 14.0 544
Meijers et al., 2010b 9.27 102
Shillington et al., 2008 9.25 111
Finetti et al., 1988 7.81 250
Stephenson, Schellart, 2010 7.45 82
Cloetingh et al., 2003 6.5 117
Yegorova, Gobarenko, 2010 6.27 69

Spadini et al., 1996 6.2 135

Robinson et al., 1995 5.15 139
Meredith, Egan, 2002 2.45 71
Banks, Robinson, 1997 0.89 31
Chekunov, 1987 0.59 18
Okay, Gortiir, 2000 0.58 10

Saribudak, 1989 0.3 7
Kobolev, 2003 0.11 2

As can be seen from the table, the geody-
namic models proposed by the authors back
in the 80s—90s of the last century are still
popular today.

Let us consider what parameters of the
lithosphere were not taken into account when
substantiating the models described in these
works.

Golonka J. [2004] considering the opening
of the Western subbasin as a result of rifting,
and the Eastern subbasin as a result of the
northern movement of the Shatsky terrane,
the author does not indicate which faults are
involved in this process. Any transform faults
in the West Black Sea restorations were not
depicted.

The opening model of the Western Black
Sea basin (WBSB) by Okay A.L et al. [1994]
employs the hypothetical West Crimea
(WCrF) and West Black Sea (WBSF) faults
along which the Istanbul terrane moved to the
Pontides. If these tectonic disturbances would
really have existed as supposed by [Okay et
al., 1994], their oblique striking does not allow
classify them as strike-slip faults for moving
terranes [Molnar, 2015]. Moreover, according
to seismic data, these faults are recorded only
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in the sedimentary cover and the uppermost
part of the consolidated crust. For the open-
ing of the Eastern Black Sea basin (EBSB), the
authors propose a counterclockwise rotation
mechanism for the eastern segment of the
continental crust.

Zonenshain L.P. and Le Pichon X. [1986]
based on seismic observations and subsid-
ence history concluded that the deep parts
of the Black and Caspian basins have an
oceanic crust. However, deep penetration
regional seismic data from the international
project Geology without limits revealed the
areas of highly rifted continental crust within
these domains in the deep Black Sea basins.
According to 3D gravity modeling data [Ma-
karenko et al., 2021], this type of crust can
be developed only in separate blocks in the
Western subbasin and is much more wide-
spread in the Eastern one. Here it covers al-
most the entire subbasin.

Nikishin A.M. et al. [2003] argue that both
Western and Eastern Black Sea basins opened
almost simultaneously during Cenomanian
to Coniacian times. The authors assumed
specially for the model of BSB opening the
interregional dextral slip-strike West Black
Sea deep fault to enable large scale move-
ment along it. As shown by [Starostenko et
al., 2015], this fault, if it exists, cannot be ac-
cepted as a «driving» when moving to the
southeast of the continental terrane.

Finetti I. et al. [1988] were the first to uti-
lize a large amount of seismic information
obtained by the geophysicists of Italy, of for-
mer Soviet Union and Bulgaria for develop-
ing comprehensive geotectonic model for the
Black Sea region. The model supposes the
opening of the Black Sea as the back-arc ba-
sin behind the Western and Eastern Pontides.
However, the model accepted that the hypo-
thetical regional WCIF transcurrent fault
played important role in moving terranes,
which, as mentioned above, is wrong.

Meijers M.J. [2010b] reported Jurassic—
Cretaceous low paleolatitudes of circum-
Black Sea region (Crimea and Pontides) due
to True Polar Wander. Cinku et al. [2013] con-
sidered this inference is a result of using re-
magnetized rocks.
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Robinson A.G. et al. [1995] declare that
the West Black Sea was opened by breaking
the West and Central Pontides in the Middle
Barremian and by terranes moving along as-
sumed major meridional strike-slip faults.
Such a meridional strike-slip in the present-
day crystalline crust has not been found in
the complex of geophysical data [Starostenko
et al., 2015]. In addition, as a continuation of
the fault in the Western and Central Pontides,
it should cross the Western subbasin in the
central part. Our comprehensive studies on
the fault tectonics of the crystalline crust [Ru-
sakov, Pashkevich, 2017] showed that such a
meridional strike-slip does not manifest itself
either in potential fields or in the 3D density
model of the crystalline crust [Makarenko et
al., 2021].

Spadini G. et al. [1996] put forward an inno-
vative idea that pre-rift contrast lithospheric
structure controls Black Sea formation. At the
same time, there is more strong lithosphere
in BSB. This notion is the only one which is in
line with the relief pattern of Moho disconti-
nuity [Starostenko et al., 2004]. The axes of
the Moho uplifts of the Western and Eastern
subbasins are at an angle of 115° (are strong
oblique). The strike of the axis of the Moho
uplift of the Western subbasin is consistent
with the strike of the Istanbul terrane accord-
ing to the pre-rift reconstruction [Nikishin et
al., 2015]. It follows that contrasting structure
of the lithosphere in Black Sea is inherited
from the pre-rift stage. Unfortunately, this
model is based on pre-rift reconstruction of
[Banks, Robinson, 1997] which involves seri-
ous space problem, associated with the sup-
posed movement of the Istanbul terrane along
non-parallel faults.

A thermo-mechanical modeling Cloet-
ingh S. et al., [2003] shows that deformation of
strong crust coupled with strong upper man-
tle in the WBSB and strong upper crust de-
coupled from a weak hot mantle in the EBSB
explains differences in the thermo-tectonic
age of the lithosphere of the subbasins. The
rheological model uses parameters that are
subject to discussion, in particular: density on
the surface of the crust equal 2.8 g/cm®, on the
surface of the mantle 3.4 g/crn3, B-factor of the
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crust and subcrustal mantle 6.0 and 2.3 for the
Western and Eastern subbasins, respectively.

Shillington D.J. et al. [2008] tested depth-
depended stretching models for Cenozoic
evolution of the eastern EBSB and revealed
the controversial effects of paleowater depth
and elastic thickness of a plate on the re-
sults, particularly for deep-water basins and
margins. The paper presents a map of the
B-factor, indicating a differentiated character
of the basin extension, varying from =3 to
more than 5 in the area between the Shatsky
and Arkhangelsky ridges, and 2—2.5 in the
structures surrounding the subbasin. Deep
faults, including strike-slips, do not partici-
pate in the constructions. The differentiated
nature of B-factors distribution in the EBSB
correlates with the heterogeneous density
at the Moho section and the basaltic type of
the crust in the center of the subbasin [Ma-
karenko et al., 2021].

Stephenson R. and Schellart W.P. [2010]
were the first to apply a new mechanism for
formation of the Black Sea behind a subduc-
tion zone. It supposed that an asymmetrical
counter-clockwise roll-back of continen-
tal terranes is responsible for its origin as a
single entity. Therefore, the development of
Western and Eastern subbasins is simulta-
neous although the extension began to de-
velop earlier in the western domain with the
youngest activity being in the east and north-
east. This mechanism for opening the Black
Sea necessarily requires the existence of a
transform-like plate boundary near its west-
ern margin. As the most probable fault of this
type, we consider a deep dextral strike-slip
tracing from the Balkanides to the Pontides
in a northwestern direction.

Meredith D.J. and Egan S.S. [2002] as-
sumed that extension in the EBSB started in
the Paleogene and continued throughout the
Cenozoic.

Yegorova T. and Gobarenko V. [2010] ar-
gue that the WBSB originated on the Moe-
sian Platform while the EBSB formed within
the Transcaucasus domain with a time lag
between rifting phases. The process of the
Black Sea opening is not described in the
work. Besides, they utilized the probable dex-
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tral transform faults along the western margin
of the Black Sea Basin proposed by [Okay et
al., 1994], what was discussed above.

Banks C.L. and Robinson A.G. [1997] uti-
lized two hypothetical transform faults for
moving of the Istanbul terrane to south-east:
the western fault of MBSH and WBSF. How-
ever the boundary of the Mid-Black Sea High
is not parallel to the direction of the West
Black Sea fault.

Chekunov A.V, [1987] presented his view of
the mantle diapir in the form of a mushroom
without indicating values of rheological pa-
rameters.

Okay A.I. and Goriir N. [2000] used hypo-
thetical transform faults proposed by [Okay
et al., 1994]. Saribudak M. [1989] used pa-
leomagnetic results from semi-Blacked al Sea
regions and did not favour rifted back arc ori-
gin of the Black Sea. However, he measured
remagnetized rocks [Cinku et al., 2013].

Kobolev V.P. [2003] associates the forma-
tion of the Western and Eastern basins with
the uplift of two epicontinental arches caused
by the uplift of the western and eastern dia-
pirs. The two-stage development of the Black
Sea depression is considered: progressive
with the formation of two arches and regres-
sive — with a sharp subsidence of paleo-arch-
es and the development of magmatism along
the Circum-Black Sea Fault.

This brief review of the principles for con-
structing geodynamic models for the origin
and opening of the Black Sea Basin (BSB)
showed that most of the models are based
mainly on seismic data, and none of them use
the full range of lithospheric parameters from
the pre-rift phase to the present. They also do
not dispose of data on faults in the crystalline
crust of the entire basin, among which, instead
of hypothetical transform faults, deep faults
would be identified that provide the leading
mechanism for the movement of continental
terranes during the opening of basins, if such
a mechanism was assumed.

For the thermomechanical model and cal-
culation of the basin subsidence, ambiguous,
rather predictive, data were used, such as, for
example: the pre-rift thickness of the litho-
sphere, the initial thickness of the crust, the
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density on the surface of the crust and mantle,
which are included in the process of estimat-
ing the B-factor [Cloetingh et al., 2003]. The
latter is the most important indicator of the
formation of the oceanic crust.

The analyzed works, however, as well as
further models, do not include 3D gravity
modeling data on the density heterogene-
ity of the modern consolidated crust. Mean-
while, this parameter is a direct indication of
the possible presence of oceanic crust in the
Black Sea basin.

As the experience of later studies has
shown, the initial parameters of the pre-rift,
post-rift, and modern lithosphere (the com-
position of the crystalline crust, the presence
of oceanic crust, etc.) and the mechanism of
basin opening itself are still debatable (see,
for example, [Stovba et al., 2020; Stephenson,
Stovba, 2022]). With that, almost every publi-
cation on the tectonic structure of the Black
Sea basin notes that it consists of two subba-
sins developing individually.

According to one of the versions about the
types of crust [Nikishin et al., 2015], three
types of crust are distinguished in the Black
Sea: continental, highly stretched continental
and oceanic (Fig. 1).

The Black Sea was formed on the amal-
gation of the continental terranes of differ-
ent ages [Golonka, 2004]. In particular, the
WBSB originated on the crust of the Moesian
Platform while the EBSB — within that of the
Trans Caucasus domain [Yegorova, Goba-
renko, 2010, etc.].

Below we will consider a set of fundamen-
tal parameters of the lithosphere, paying
special attention to the characteristics of the
relief of the crust base, thickness of the crys-
talline crust, its structure and the deep faults
of the crystalline crust.

We also mark out the information about
the contrast in the structure of the subba-
sin lithosphere from the pre-rift stage to the
present.

Moho image, thickness and predicted
composition of the crystalline crust of the
Black Sea from gravity modeling. Since rift-
ing is accompanied by a reduction of the crust
thickness and an uplift of the Moho section,
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Fig. 1. Crustal types in the Black Sea [Nikishin et al., 2015] and adjacent regions: I — boundaries of WBSB and
EBSB; 2 — boundaries of adjacent tectonic elements; 3—5 — types of the crust from [Nikishin et al., 2015] (3 —

continental crust, 4 — highly stretched continental crust,

5 — oceanic crust); 6 — Istanbul terrane from pre-rift

reconstruction of [Nikishin et al., 2015]; 7— axis of subbasins. WBSB — West Black Sea basin, EBSB — East Black
Sea basin, MP — Moesian platform, B — Balkanides, MBSH — Middle Black Sea High, ShR — Shatsky ridge,

TT — Tuapse Trough.

the strike of large positive structures in its
relief can be considered as a consequence of
stretching stresses. The depth to the Moho
and the thickness of the crystalline crust
are the main, if not fundamental, factor to
estimate the degree of crustal stretching —
stretching-factor (p).

Since the 1970s, a number of Moho depth
maps have been built using DSS data with
an uneven and sparse network of profiles. In
thisregard, in addition to significant discrep-
ancies in the depths of the Moho, its relief
did not reflect large structures, such as the
Shatsky Ridge and the Tuapse Depression.

Fig. 2 presents the Moho image of the
Black Sea from gravity modeling. Uncer-
tainty of modeled Moho depths is similar to
that inferred directly from seismic refraction
data [Starostenko et al., 2004]. Amean differ-
ence (neglecting sign) from 33 calculations
is +1.4 km (20 %). Its advantage over seismi-
cally derived depths is that it covers the whole
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Black Sea Basin over a uniform network and
adequately characterizes main tectonic fea-
tures. The minimum Moho depth is 19 km in
the western domain and 22 km in the eastern
one. The axes of Moho uplift within western
and eastern BSB are distinctly oblique to each
other and have the same strikes as the axes of
subbasins. The angle between them is about
115°. As it is seen in Figs. 1 and 2 the strike
of the Istanbul Terrane on the pre-rift Black
Sea restoration [Nikishin et al., 2015] and the
strike of the Moho topography in the WBSB
are similar. It follows that Moho pattern inher-
its the pre-rift stage. Accordingly, the Moho
images of the WBSB and EBSB are tectoni-
cally contrasting domains.

If the Moho topography was formed during
rifting and crustal extension, then the discon-
formity in the strikes of the axes of the Moho
uplift can unambiguously indicate different
extensional stress fields in the subbasins.
They could not exist simultaneously in the
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entire Black Sea basin, which indicates a dif-
ferent age of opening of the subbasins.

The reduced thickness of the crystalline
crust of the central parts of the subbasins, es-
timated from seismic data and the depth of
the base of syn-rift formations [Stovba et al.,
2020], as well as from the results of gravity
modeling [Makarenko et al., 2021] is 3—4 km
in WBSB and 9—10 km at EBSB. In the WBSB,
it increases in the northwestern part to 10—
18 km, while in the EBSB it is almost constant
throughout the entire subbasin. It is indica-
tive that both subbasins are characterized by
the absence of the upper (p<2.75 g/cm3) and
middle (p=2.75+2.90 g/cm3) crust in most of
them. In [Makarenko et al., 2021], the crust
of the Black Sea basin is typified, according
to which the crystalline crust of the subbasins
is attributed to the basaltoid type. Actually,
«oceanic» can be considered the crust, com-
pletely consisting of the so-called «basalt»
layer (p>2.90 g/cm3). Such a crust, accord-
ing to these data, is only partially developed
in the WBSB, but almost completely covers
the EBSB. This result is in accordance with
the data on the estimate of the value of the

28° 30° 32° 34°

B-factor. In BSBS, according to [Stovba et al.,
2020; Stephenson, Stovba, 2022], it does not
exceed 2.0, while in EBSB, according to [Shil-
lington et al., 2008],  values range from 3 to
more than 5 in the center of the subbasin. The
latter value is a sign of crustal rupture (litho-
sphere?) during rifting and the possibility of
oceanic crust formation in EBSB.

Differences in the composition of the crys-
talline crust of the subbasins also manifest
themselves in the distribution of density on the
Moho. In WBSB it decreases from 3.07 g/cm3
in the north to 3.0 g/cm3 in the south. In the
entire eastern subbasin, the density varies
from 3.05 to 3.10 g/cm® with a local maximum
of 3.15 g/cm® in the southeastern part. Also,
such a values of density are usually interpret-
ed as the presence of a crust-mantle mixture
(p>3.05 g/cms) and ultramafic rocks.

Thus, the predicted crustal composition
obtained from gravity modeling, in combi-
nation with the stretching factor, provides
additional information about the presence
of oceanic crust and the stretching regime.

Fault tectonics of the crystalline crust. It
can be considered generally accepted that the
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Fig. 2. Moho depths inferred from gravity modeling [Starostenko et al., 2004]. Units are in km. Lines of inset
indicate depths directly controlled by refraction interfaces at 33 points.
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Black Sea basin was formed on the continen-
tal crust, opened up during the Cretaceous
(Alb-Cenoman)rifting (see, for example, gen-
eralizations in [Stovba et al., 2020; Stephen-
son, Stovba, 2022, etc.] and went through a
multi-phase history of development. There is
also a difference in the thickness of the pre-
rifting lithosphere and in the paleorheology
of the subbasins. In the WBSB, the pre-rift
lithosphere is thicker and stronger than in
the EBSB [Spadini et al., 1996; Robinson et
al., 1995 and other latest publications]. Clo-
etingh et al. [2003] believe that the WBSB
had a strong crust and a cold mantle, while
the EBSB had a strong crust and a weak hot
mantle.

The data presented are sufficient to state
that such subbasins, which are different in
their initial composition, should already be
separated by a large long-lived suture zone
of mantle faults already at the pre-rift stage.
On the other hand, during subbasin rifting,
the kinematics of faults should be related to
strike-slip. For the first time, as such a zone
the Odesa-Sinop fault zone was considered
by A.V. Chekunov [1987].

In order to substantiate the existence of
such a trans-Black Sea suture zone and a net-
work of main faults of the modern crystalline
crust, a geological interpretation of magnetic
and gravitational fields of the crystalline crust
was carried out. Map of horizontal gradients
of these fields allows us to develop a scheme
of faults of the crystalline crust of the Black
Sea [Starostenko et al., 2015]. The results
were confirmed by the geological interpre-
tation of 20 deep penetration regional seismic
lines which revealed numerous faults of the
same type all over the Black Sea [Nikishin et
al., 2015]. The common position of faults from
both studies coincide in 135 out of 150 cases
that comprises 15 % [Rusakov, Pashkevich,
2017]. Alarge number of faults are in line with
commonly acknowledged basis numerical
model of McKenzie [1978] for basins forma-
tion and evolution, which envisage fault-con-
trolled subsidence. It is worth emphasizing
again extremely good coincidence of results
obtained by of independent teams from dif-
ferent geophysical methods. This information
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confirms indisputable validity of contrasting
pattern of the tectonic style in subbasins.

There are major diagonal (NE and NW
striking) and orthogonal (NS and WE strik-
ing) fault systems in the Black Sea. In the deep
water area of the Black Sea, a dense network
of faults of the modern crystalline crust of dif-
ferent ranks and depths has been established.
The reliability of faults in the crystalline crust
is confirmed by comparing them with faults
in the sedimentary sequence. For example,
the well-studied Golitsyn, Sulina-Tarkhankut,
and Euxinian faults on the NW shelf [Stovba
et al., 2020] retain the strike of crystalline
crust faults [Starostenko et al., 2011]. Their
complex configuration in the sedimentary
cover with linearity in the crystalline crust can
be explained by the plasticity of sedimentary
rocks and the brittleness of crystalline ones.

Faults in the crystalline crust form diago-
nal and orthogonal systems, which can be
associated with different stages of the devel-
opment of the basin. To evaluate the role of
faults in the formation of subbasins, data on
their manifestation in the mantle component
of the gravitational field were used. On this
basis, the OSO, BP and WBS fault zones are
classified as deep ones, while the AB fault
zone is classified as a crustal structure.

The main faults of the diagonal system are
shown in Fig. 3.

The Trans-Black Sea OSO fault zone
(320—325°) and its southeastern branches
play the role of a long-lived suture zone from
the time of its origin to the present. Its deep
origin is confirmed by 3D gravity modeling
[Makarenko et al., 2021, using seismic pro-
files 18 and DOBRE-5].

On the map of Chekunov [1987] the Ode-
sa-Sinop (OS) fault zone crosses the Black
Sea from the Ukrainian cost to the Sinop on
Turkish onshore. Starostenko et al. [2015]
geophysically refined the position and struc-
ture of this fault prolonging it to the Ordu
offshore (Turkey). The eastern border fault
of the OSO zone on the Crimean offshore is
the WCTrP transform fault. Its north segment
partially corresponds to earlier known WCTrF,
which was defined only in the sedimentary
cover [Finetti et al., 1988]. We delineated the
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WCTrP transform fault in the crystalline crust
across the WBSB to the Pontides (see Fig. 3).

The northwestern part of OSO fault (the
former OS fault) is a direct submarine contin-
uation of the well-mapped mantle Talnivskyi
fault as sinistral slight-slip in the Proterozoic
origin on the Ukrainian Shield and its south-
ern slope [Gintov, 2015], repeatedly activated.
In turn, the last one is a constituent part of
the Golovanivskaya suture zone dividing two
continental Precambrian terranes with differ-
ent deep structure and evolution [Chekunov,
1992]. The OSO fault zone was also active
since its origin. Its activation in post-rifting
stage as dextral fault led to shifting the EEC
boundary (see Fig. 3). The displacement of
the Early and Late Cretaceous magmatic
fronts [Okay, Nikishin, 2015] within the Pon-

tides along the southeastern extension of
the OS part of OSO also testifies to a dextral
strike slip into the post-rift stage. One of the
crucial evidences for OSO activation is the
fact that the striking of NW portion of the
OSO fault zone coincides with that of major
tectonic features in the Western and Central
Europe at least since the Early Triassic time
[Ziegler, Dezes, 2006].

Southeastern continuation of OS part of
the OSO zone is reflecting at sea and on land,
where normal, reverse and thrust faults are
known [Meijers et al., 2010a] The zone sepa-
rates areas with different deformation types:
normal faults occur to the east and reverse
and thrust ones to the west from it. Such a
relationship between tectonic units with dif-
ferent ages and the OSO deep fault of the
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Fig. 3. Main fault zones of diagonal system of the crystalline crust: I — the EEC boundary; 2 — fault zones; 3
— their branch faults [Starostenko et al., 2015]; 4 — transform faults [Shillington et al., 2009]; 5 — directions of
moving along strike-slip faults after rifting; 6 — direction of fault dip; 7 — reverse and thrust faults (a), normal
faults (b) are from [Meijers et al., 2010a]; 8—10 — location of the North Anatolian fault (NAF) (8 — [Giirbiiz, 2010],
9 — [Meijers et al., 2010a], 10 — [Eyuboglu et al., 2012]); 11 — zones of the Late Cretaceous volcanism [Nikishin
et al., 2015]; 12 — subbasins axis; 13 — subbasins boundaries. WP — Western Pontides, CP — Central Pontides,
EP — Eastern Pontides. EEC — East European Craton fault zones: OSO — Odesa-Sinop-Ordu, BP — Balkanides-
Pontides, SWB — South-Western Balkanides, WBS — Western Black Sea, WCrP — Western Crimea-Pontides,

AB — Alushta-Batumi. For other abbreviations see Fig. 1.
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Precambrian origin suggests the long activity
and crucial role of this zone in forming the
subbasins.

In the Black Sea the OSO fault zone occurs
on the rifted (hyper-stretched) continental
crust [Graham et al., 2013; Scheleder et al.,
2015, etc.] indicating its preservation during
the Mesozoic rifting processes. The last large
rejuvenation of this zone may occur during
the Neoalpine stage because its general trend
is concordant with that of the northern frag-
ment of the tectonic front of the same age
[Finetti et al., 1988]. The numerous cold seeps
over the northern segment of the OSO zone
indicate that it is still active at present time
[Rusakov, Kutas, 2018].

The BP deep dextral strike-slip zone also
has a NW trend. It is important to emphasize
the parallelism of the OSO and BP fault zones.
In the papers [Starostenko et al., 2015; Rusa-
kov, Pashkevich, 2017] OSO and BP zones are
considered as driving for rift opening.

The WBS fault zone is perpendicular to the
OSO and BP strike and is accompanied by
a series of magnetic anomalies. At the same
time, it is parallel to the WBSB and to Moho
uplift axes. The zone is broken by transform
faults of the same strike as OSO and BP. We
assigned it to the rift structure.

In the Eastern subbasin, the largest fault
zone is the northwest-trending AB zone of
crust origin, which accompanies the Shatsky

Ridge. It is broken by transform faults, se-
quentially from NW to SE, shifting its frag-
ments to the east.

Parameters of the lithosphere. The gen-
eralization of the parameters of the modern
lithosphere of the Western and Eastern sub-
basins (Table 2) was performed according to
our data [Starostenko et al., 2015; Rusakov,
Pashkevich, 2017; Kutas, 2020] using data on
the depth of the acoustic basement [Nikishin
et al., 2015] and velocity characteristics of the
subcrustal mantle [Tsvetkova et al., 2017].

The indicated parameters of the litho-
sphere are fundamental in determining the
age and geodynamics of the subbasins forma-
tion. Different parameters support the con-
trasting lithospheric structure of subbasins.

Thus, the configuration of the basins and
the oblique strike of their axes, as well as
the orientation of the axes of the main Moho
structures and the main deep faults, and the
zones of magnetic anomalies undeniably tes-
tify to the different age of subbasins forma-
tion. At the same time, the strike of magnetic
anomalies zones associated with zones of
crustal extension indicate different geody-
namic regimes in the subbasins during their
opening. The absence of mantle faults of the
diagonal system in the EBSB and the presence
of such faults in the WBSB may be due to dif-
ferent mechanisms of their opening.

The depth to Moho, the thickness of the

Table 2. Geophysical lithospheric parameters of the WBSB and EBSB

Geophysical parameters

‘Western Basin

Eastern Basin

Configuration of basin

‘Weakly elongated of NE trend (235°, near
oval shape

Elongated of NW trend (300°),
triangular shape

Depth to acoustic basement

Up to about 18 km

Up to about 12 km

Orientation of major faults

NE (235°), NW (320—325°)
mantle origin)

NW (295—310°) (crustal origin)

M-discontinuity relief

Maximum depth of 19 km,

Maximum depth of 22 km,
NW trend (300°)

Crustal types

Zone of oceanic crust in the center part
of NE trend (235—240°), rifted and highly
rifted continental crust

Zone of oceanic crust in the center
part of NW trend (300—305°)

Magnetic anomalies

Linear zone of NE anomalies (235°)

Set of NW anomalies (295—310°)

AVp undercrust mantle

Negative

Increasing from S to N

Heat flow

Homogeneous

Differentiated

Relief of the thermal LAB

Flat, a depth of about 90 km

Dome-like, minimum depth of 80 km
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crystalline crust and the depth of the LAB
are necessary indicators of the degree of the
Earth's crust stretching and its possible rup-
ture during rifting.

The differentiated up-to-date heat flow
and seismic velocities of the subcrustal EBSB
mantle, as well as the LAB topography, are
signs of differentiation of the original litho-
sphere and geodynamic processes of subba-
sin formation and greater activation of the
EBSB lithosphere.

The dextral strike-slip of OSO zone and
pull-apart structures. Stephenson and Sche-
lart [2010] argued that the models involv-
ing two co-existing subduction zones with
oblique orientation of their axes have sig-
nificant complication due to the occurrence
of cusp between southern parts of the subba-
sins, where local maximum depths to acous-
tic basement revealed from seismic-derived
basement topography [Nikishin at al., 2015].
Here is an attempt to avoid this difficulty.

There are a set of dextral strike-slip faults

of the OS and SO fragments of the OSO fault
zone in the southeastern part of the WBSB
which completely coincide with boundary
of these local depressions (Fig. 4). A dis-
placement along these faults produced the
trapezium-like shape of depressions. Such
tectonic situation resembles the geometry of
widespread pull-apart basins [Liu, Konietzky,
2018]. The kinematics of the OSO fault zone
agrees with known continental fault feature of
Turkey. A single kinematic picture is present-
ed by the joint of fragment of the OSO faults
with eastern part of the North Anatolian dex-
tral strike-slip fault. The set of dextral shifts
is strictly parallel to it. All these arguments
and occurring the Late Cretaceous volcanism
indicate dextral activation of the OSO fault
zone and validity of pull-apart mechanism for
formation of local depressions in the southern
part of the west domain of the Black Sea.
Possible modification of the model of
Okay et al. [1994]. Almost every publica-
tion on the tectonic structure of the Black

Da ol X 2]z |

,4-__,-' 3

=4 [ |5 [===——] ¢

v v [(Z T [T 719 ] A1 |

2|12

Fig. 4. Pull-apart structures in the dextral shear OSO zone: I — faults (a — first rank, b— branch); 2— over thrust
[Rangin et al., 2002]; 3—5 — NAF position (3 — [Glrbiiz, 2010], 4 — [Meijers et al., 2010a], 5— [Eyuboglu et al.,
2012]); 6 — derived from Bouguer gravity anomaly map of Turkey [Ates et al., 2012]; 7— zones of Late Cretaceous
volcanism [Nikishin et al., 2015]; § — positive magnetic anomalies; 9 — pull-apart structures; 10 — Andrusov
Ridge; 11 — boundary of supposed West Black Sea rift; 12— borders of subbasins.
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Sea mentions that it consists of two subba-
sins separated by the MBSH, which includes
the Andrusov and Arkhangelsky ridges. The
Precambrian OSO fault zone separated the
continental lithosphere into two large do-
mains before the Black Sea origin. This long
live fault zone as Trans-Black Sea suture zone
is responsible for incipient dividing the Pre-
cambrian continental crust into the two future
Black Sea subbasins with dissimilar physical
properties and distinct evolution. No matter
how debatable would be the age of its origin,
activation, kinematics, and its role in the for-
mation of subbasins, the consequences of its
«stormyv life are indisputable. At the stage of
synrift development (compare Fig. 3 with the
structural map of syn-rift semi-grabens [Stov-
ba et al., 2020, Fig. 9]), it separates areas with
different structural plans of these structures.
And with that, the Euxinian graben abruptly
changes its strike along the OSO zone. Final-
ly, in the modern tectonic setting, this suture
zone separates two large segments of the Eur-
asian Plate. The Alpine Crimean-Caucasian

mobile belt is developed to the east of it, and
platform-type structures to the west. There-
fore, it is the real tectonic boundary between
the Black Sea subbasins.

Most of the geodynamics models of the
Black Sea Basin opening incorporate trans-
form faults as a tool for movement or rota-
tion of continental blocks. However, many of
faults are hypothetic or wrong. For example,
the popular model of Okay et al. [1994] em-
ploys the WCrF and WBSF faults along which
the Istanbul terrane moved to the Pontides.

The multichannel seismic surveys along
the Crimea Peninsula only recognized the
WCTF in the sedimentary cover [Finetti et
al., 1988].

The paleoreconstruction in Fig. 5 is a pos-
sible modified version of the model of Okay
et al. [1994]. According to this version the
opening of the WBSB occurred as a result of
the southeastward movement of the Istanbul
terrane, not along the WCrF and WBSF, as
suggested by Okay et al. [1994], but along two
parallel transform faults: the OSO left strike-

(==1 % 12 [—.9]3 [er

Fig. 5. Possible modification of the model of Okay et al. [1994]: I — supposed WBSB rift; 2— centers of Cretaceous
volcanism after [Nikishin et al., 2015]; 3— magnetic anomalies and its axes; 4 — supposed center of rotation of the
eastern domain of the Black Sea during EBSB opening; 5— direction of rotation. For other abbreviations see Fig. 3.
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slip and the right strike-slip BP, which are
geophysically substantiated. Together with it
the axis of the suppose drift is parallel to the
axis of the basin, to the northwestern bound-
ary of the Istanbul terraneafter reconstruction
of [Nikishin et al., 2015], and perpendicular
to BP and OSO. The West Black Sea rift is
marked by a series of faults and NE-trending
magnetic anomalies.

The paleoreconstruction by Okay et al.
[1994] suggests a counterclockwise rotation
mechanism for the EBSB opening. But they
does not consider strike-slip faults, disturbing
AB zone, to support such a mechanism and
the crescent-like transform faults [Shilling-
ton et al., 2008], confirmed such a rotation
for Black Sea opening.

As was mentioned above, there are no
mantle-derived faults in the EBSB that can
open the basin by a mechanism similar to the
WBSB. The only major fault in this subbasin
is the AB fault, but it is of a crustal nature.
It is assumed that the sources of magnetic
anomalies AB in the faults zone belong to pre-
Jurassic magmatic basic formations. To-day
position of the zone is the result of its crust
rotational displacement in the NE direction
together with the Shatsky Ridge during the
opening of the subbasin.

Thus, the use of a set of lithospheric pa-
rameters makes the EBSB opening model
more reliable by counterclockwise rotation of
the Eastern domain of the continental crust in
irregular geodynamic conditions. This mech-
anism probably led to the triangular shape of
the formed basin.

Conclusions. Analysis of the most cited
publications about geodynamic models for
the Black Sea showed that they often use
hypothetical transform faults or these faults
don't correspond to the modern geophysi-
cal information and that some of them need
modification for corresponding to present-
day data. More reliable reconstructions of
origin and evolution of the Black Sea should
include information on the contrasting of the
geophysical parameters of both subbasins
lithosphere from pre-rift stage up to now,
deep mantle faults in the crystalline crust to
provide driving mechanism for displacement

T'eogpusuueckutl xyprnaar Ne 1, T. 45, 2023

of continental terranes and degree of corre-
spondence to plate tectonic reorganizations.
Results of the study of the Moho relief, of fault
tectonics of the crystalline crust of the entire
BSB, and generalization of the parameters
of the lithosphere are presented here to il-
lustrate how they can geophysically support
certain basic ideas of available models for
geodynamics of the Black Sea.

The systematic comprehensive analysis
of magnetic, gravity, thermal, deep seismic
sounding revealed inherent significant dif-
ferences in the lithosphere and undercrust
mantle of the Western and Eastern Black
Sea subbasins. These differences reveal in the
shapes of the subbasins, crustal composition,
oblique topography of Moho and thickness
of the crystal crust, main deep faults, their
kinematics, configurations of the lithospheric
thermal base of the subbasins.

« The models providing the basins open-
ing with the movement of continental ter-
ranes require the presence of pre-rift deep
faults of the strike-slip type, parallel to each
other. They are considered as driving this
movement. Earlier based on a comprehen-
sive analysis of the magnetic and gravitational
fields, with taking into account seismic data,
diagonal and orthogonal systems were distin-
guished by us among the faults of the crys-
talline crust of the Black Sea. The first plays
a major role in the formation of subbasins.
It includes mantle OSO, BP, WBS faults in
WBSB, whereas in EBSB AB fault was attrib-
uted as crust one.

» The Odesa-Sinop-Ordu Trans-Black Sea
long-living mantle fault zone of the Precam-
brian origin was the pre-rift tectonic boundary
between the future subbasins, that caused in
future the individual history of the subbasins
development.

+ OS left strike-slip and BP right strike-
slip are parallel. Therefore they explain the
possibility of moving the Istanbul terrane to
the southeast with the crust extension and
formation of the West Black Searift. The latter
is perpendicular to OSO and BP and is fixed
by the series of magnetic anomalies, that are
the indicators of a rift. The absence of such
guiding faults in the EBSB ruled out a similar
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subbasin opening mechanism. The most ac-
ceptable mechanism for this is the counter-
clockwise rotation of the EBSB domain. Such
a mechanism is confirmed by the displace-
ments of the AB fault zone and the Shatsky
Ridge towards the rotation of the terrane,
as well as in arcuate transform faults in the
southeast. In addition, the triangular shape
of the EBSB, expanding to the southeast,
and the presence of a dextral displacement
along the OSO testify in favor of the rotation
mechanism.

» The position of the MBSH as a relics of
the primary original continental crust and the
division of the western and eastern basins de-
serves special attention. The echelon relation-
ship between the axes of the Andrusov and
Arkhangelsky ridges can be considered as a
consequence of a rightward post-rift strike-
slip along the OSO and can be included in
the zone of influence of the OSO.

In the debatable problem of the presence
of oceanic crust in subbasins, and, conse-
quently, the break of the lithosphere in rifts,
the results of gravity modeling are important
indicators, which make it possible to identify
the oceanic crust as consisting entirely of the
basalt layer (lower crust). These results con-
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KoHTpacTHa reogiznyna 0ypoBa AiTocdepu
cy00OacenHis HopHoro Mmops:
TEeCTYBaHHS re0OTEKTOHIYHUX MOAeAeN Iiiel Merapenpecii

O. Pycakos, B. CrapocreHko, 1. Ilamkesnd, P. Kyrac, 2023
IacturyT reodizuku im. C.I. Cy6ooTtira HAH Ykpainu, Kuis, YKpaiHa

IMpeacTaBA€HO KOMIIAEKCHUM aHaAi3 pe3yAbTaTiB iHTepHpeTallil AaHUX MarHiTHOTO,
rpaBiTaIiiHOTO, TENIAOBOTO IIOAIB, TAUOMHHOTIO CEMCMIiYHOTO 30HAYBAHHS i CeMCMiuHOI
ToMmorpadii. Bi# Brepiiie AéeMOHCTPYE, 1110 CYTTEBI BiAMIHHOCTI re0pi3MyHIX ITapaMeTpiB
AiTocepu 3axipHoro Ta CxipHoro HopHOMOPCHKUX CyO0acelHiB iCHYIOTh Bia AopudTo-
BOi cTapii. Habip po3radHyTUX mapaMeTpiB, BIATIOBIAQABHUX 3a (pOpPMyBaHHS CydacHOI
AiTocdepH, BKAIOYA€E TUIIN KOPH, TAUOMHU A0 aKyCTUUYHOTO (pyHAAMEHTY, KOH(pIrypariio
cyb6bacelHiB, TAnomHM A0 M0X0, peabed rpanutli TepmoacteHochepu (AATD), mpocTaraH-
HS OCHOBHUX TAMOWHHUX PO3AOMIB KPUCTAAIYHOI KOPH, 1XHI KiHeMaTU4Hi TUTIU, AiHIWHI
MarHiTHI aHOMaAil, IIBUAKICHY KapTHUHY IiAKOPOBOI MaHTii. [lapameTpu AiTocdepu € iH-
AUKaTOpaMU BiKy, FTeOANMHaMIiKM Ta MeXaHi3MiB pO3KpUTTs cybbaceliHiB. [IpocTaranus pe-
Abedy MoXO Tip KyTOM OAMH AO OAHOTO B cyb0acelHax i nepeaprdToBoi CTaMOyABCHKOT
30HU i XpedTa LllaTchKoro, pidHOHATPaBAEHI MPOCTATaHHS TAUOMHHUX PO3AOMIB 000X
cybbaceliHiB yKa3yIOTh Ha BiAMiHHY OYAOBY AiTocepHu Bip AOpUPTOBOI cTapil. OpechbKo-
CuHOIIChbKa 30Ha TAMOMHHUX PO3AOMIB K 0e3locepeAHE TPOAOBKEeHHS ['0OA0OBaHIBCHKOI
CYTYypHU YKPAIHCBHKOTO IIUTa i IOT0 CXUAY € AOKeMOPiNiCHKOTO BiKY i MO>Ke OyTH TeKTOHIU-
HOIO MeJKelo MiXK ABOMa CerMeHTaMU AOPHU(PTOBOI KOHTMHEHTAABHOI KOPH i MariOyTHIMHU
cybbacerinaMu. HaBepeHO IPUKAAAM 9K ITapaMeTpu AiTocdepu MiATBEPAKYIOTH 0a30Bi
ianel reoprnHaMiky HopHOTO MOPS.

Karouosi croBa: HopHe Mope, cybbaceiHy, puTOBi TUIIM KOPU, PO3AOMHU KPUCTaAIUHOT
KOPHY, TEKTOHIYHA €BOAIOLid.
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