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The origin, tectonic development, and lithosphere structure of the East Black Sea Basin (EBSB) are governed by
the evolution of the northern branch of the Tethys ocean. The most spectacular features of its evolution could
retain their imprints in geophysical fields and models, which we used to constrain a geophysical transect for the
crust and upper mantle crossing the EBSB and the Shatsky Ridge (SR) from the Eastern Pontides to the Northern
Caucasus. 2D gravity and magnetic modeling, constrained by wide-angle seismic data, revealed thin high-density
and high-velocity sub-oceanic crust of the EBSB with the Moho shallowing up ~20 km depth. A spectacular
feature of the Black Sea magnetic field is the Alushta-Batumi anomaly (ABA) above the SR that could be an
imprint of subduction-related Middle Jurassic magmatic arc, whereas the Cretaceous (in Eastern Pontides)
magmatic arc manifests itself by a chain of magnetic anomalies on the southern shoreline of the Black Sea. The
high-velocity heterogeneity, revealed by seismic tomography, could be an image of a slab due to Mesozoic
(Middle Jurassic and Cretaceous) subduction of the northern branch of Neotethys ocean. It shows rather a flat
subduction slab that plunges northwards from subcrustal depths south of Eastern Pontide to the depth of >
70–80 km below the SR. Middle Jurassic and Cretaceous subduction fronts are located closely in the region of
Eastern Pontides, whereas the related magmatic arcs are spaced differently – over the SR for the Middle Jurassic
arc and along the southern coastline for Cretaceous Eastern Pontide magmatic arc correspondingly. The latter
could be caused by the opening of the EBSB in the Cretaceous that separated the eastern segment of the BS onto
the Eastern Pontides – Arkhangelsky Ridge and the SR – Northern Caucasus domains.

1. Introduction
The Black Sea (BS) region was formed as the result of the evolution of
the Tethys ocean and its closure at the southern margin of Eurasia.
During its evolution, the ocean has undergone several stages of short
ening and closure. It occurred in the Late Triassic (Eo-Cimmerian event)
during closing the Tethys and its subduction below the southern
Eurasian margin (Golonka, 2004; Meijers et al., 2010; Nikishin et al.,
2011; 2017; Okay and Nikishin, 2015; Saintot et al., 2006a; 2007;
Simmons et al., 2018; Sosson et al., 2016). The strongest and most
evident event occurred during the closure of the Neotethys ocean in the
Late Cretaceous and its subduction below the Pontide magmatic arc that
led to the opening of the backarc Black Sea Basin (Dercourt et al., 1993;
Okay et al., 1994; Robinson and Kerusov, 1997; Nikishin et al., 2001,
2003).
Subduction-related magmatic arcs are usually associated with belts

of magnetic anomalies along continental margins, sometimes related to
gravity anomalies (Blakely et al., 2005; Williams and Gubbins, 2019).
Such magnetic anomalies are specific features of the Northern Cascadia
subduction zone in Canada, in Alaska, of buried magmatic arc in
northern Japan, and of the Cretaceous magmatic arc of Antarctic
Peninsula continental margin (Blakely et al., 2005; Clowes and
Hyndman, 2002; Finn, 1994; Saltus et al., 1999; Yegorova et al., 2011).
Thus, strong magnetic anomalies, usually of linear configuration or
arc-shaped, and located along the coastline, are typical features of
magmatic arcs. The magmatic arcs are formed by magmatic melts from
subducting slab descending in the upper mantle that occurs at the depth
of ~100 km. Magmatic arcs and associated magnetic anomalies are
located at 70–170 km (sometimes up to 400 km) away from the sub
duction front at the surface (Blakely et al., 2005; Stern, 2002). Recent
and ongoing subduction is accompanied by seismicity (Japan, Chile, and
Cascadia subduction zones), whereas paleo subduction (paleo magmatic
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arcs) shows no strong seismicity (Blakely et al., 2005; Contreras-Reyes
et al., 2008). Recently, the idea that magnetic anomalies of magmatic
arcs can be, at least in part, caused by hydrated serpentinized mantle
wedge above the subducting slab is discussed in (Blakely et al., 2005;
Williams and Gubbins, 2019).
The signs of subduction-related activity during Mesozoic time could
persist in the magnetic field of the BS area that shows spectacular
magnetic anomalies (Fig. 1B). One of them, called Alushta-Batumi
anomaly (ABA), extends along its eastern (Caucasian) BS coast above
the Shatsky Ridge (SR) and Tuapse Trough. We assume that it could be
related to the Jurassic magmatic arc as a result of subduction and closure
of Neotethys ocean below the Eurasian southern margin.
To confirm this idea we thoroughly investigated the lithosphere
structure on the cross-section of the East Black Sea Basin (EBSB) passing
in the NE direction from the Eastern Pontides through the SR to the
Greater Caucasus using the gravity and magnetic modeling based on
crustal structure from refraction and reflection seismic studies, velocity
distribution in the lithosphere from seismic tomography, and paleotec
tonic reconstructions. Performed integrated modeling for the eastern
part of the BS will help to find new constraints for understanding the
better tectonic evolution of the study area. Particular attention is given
to the SR – a key and poorly investigated offshore unit associated with
the strong and extensive magnetic anomaly.

2004; Tugolesov et al., 1985; Yegorova et al., 2010). The EBSB is framed
by three Alpine fold belts: Southern Crimea (Crimean Mountains) and
Greater Caucasus on the N and NE, and Eastern Pontides – Lesser Cau
casus on the S-SE.
The BS basin is generally considered to be formed in a backarc setting
in Cretaceous time due to subduction of the Neotethys ocean below the
Pontide magmatic arc (Dercourt et al., 1993; Nikishin et al., 2001, 2003;
Okay et al., 1994; Robinson and Kerusov, 1997). But the timing of
opening the BS basins (or the age of oldest sediments), mechanisms of its
formation, and crustal affinities, are still a matter of debate. Cretaceous
age for the opening of the BS basin was inferred from onshore geological
observations by Adamia et al. (1974), Letouzey et al. (1977), Görür
(1988), and Nikishin et al. (2003). An Early Cretaceous to Palaeocene
opening was deduced by Finetti et al. (1988) from seismic reflection data
and corresponds with the concepts of Zonenshain and Le Pichon (1986)
and Robinson et al. (1996).
Velocity structure of the lithosphere and paleotectonic re
constructions show that two basins in the BS have different affinity:
formation of the EBSB could be genetically linked with the Trans
caucasus domain in Northern Caucasus (Adamia et al., 1974; Golonka,
2004; Saintot et al., 2006a; Yegorova et al., 2010), whereas the WBSB
was originated in a Eurasian setting, most probably, on the crust of
Moesian platform due to rifting and strike-slip tectonics (Banks and
Robinson, 1997; Hippolyte, 2002; Sǎndulesku, 1994; Seghedi, Oaie,
1994; Yegorova et al., 2010).
Between the EBSB and the Greater Caucasus fold belt, there is located
the SR – an offshore continuation of the Transcaucasus with the base
ment of Baikalian and Palaeozoic age (Afanasenkov et al., 2007). Afa
nasenkov et al. (2007) suggest the occurrence of Middle Jurassic
volcanics up to 2 km thickness in the SR since volcanic belt of that age
(Bajocian mainly) is traced along the southern part of Greater Caucasus
(drilled in the Rioni Basin in Georgia) and known in Eastern Pontides
(Adamia, 2010; Meijers et al., 2010; Okay et al., 2014; Okay and
Nikishin, 2015).
Westwards the SR, in the Crimean Mountains the Baijocian volcanics

2. Geological and tectonic setting
The BS is an isolated deep-water basin surrounded by young Alpine
structures. Its tectonic division is seen in the BS basement topography
(Figs. 1a and 2a). Two deep basins with a highly thinned continental
and/or oceanic crust are distinguished in the BS – the West Black Sea
Basin (WBSB) and the East Black Sea Basin (EBSB). They are separated
by a linear NW-oriented Mid Black Sea Ridge comprising the basement
uplifts of continental crust of Andrusov Ridge on the north and
Arkhangelsky Ridge on the south (Fig. 1a; Belousov and Vol’vosky,
1989; Finetti et al., 1988; Shillington et al., 2009; Starostenko et al.,

Fig. 1. Tectonic setting (A) and the magnetic field (B, insert) of the Black Sea and surrounding units. CM – Crimean Mountains, NAF – North Anatolian Fault. The
depth map in the Black Sea shows the Cretaceous basement units according to Tugolesov et al. (1985). Magnetic map (B) shows the Alushta-Batumi anomaly (ABA) in
the eastern part of the Black Sea above the Shatsky Ridge. Black solid line shows location of the interpreted profile.
2
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Fig. 2. Summary of crustal structure and po
tential fields in the area of the eastern part of
the Black Sea: (a) depth of Cretaceous basement
(Tugolesov et al., 1985), (b) magnetic field
from the global model EMAG2 (http://www.
geomag.org/models/emag2.htm), (c) depth to
crustal base (Moho) (Grad and Tiira, 2009;
Yegorova et al., 2013), (d) gravity field repre
sented by Free Air anomalies offshore and
Bouguer anomalies onshore) (Wybraniec et al.,
1998). ABA – Alushta-Batumi anomaly, AnR –
Andrusov Ridge, ArR – Arkhangelsky Ridge,
EBSB – East Black Sea Basin, EP – Eastern
Pontides, GC – Greater Caucasus, IKT –
Indolo-Kuban Trough, SR – Shatsky Ridge, ST –
Sorokin Trough, TT – Tuapse Trough. A solid
black line shows the location of the inter
pretated line I-I (gravity and magnetic models).
Black lines denote existed wide-angle refraction
and reflection lines in the East Black Sea – pr.
15 (Baranova and Yegorova, 2020; Yegorova
et al., 2020) and pr. 2 (Shillington et al., 2009).
Multichannel deep seismic reflection profile
110 (Nikishin et al., 2015a) is shown by the red
line.

of ~1-km thickness are developed (Afanasenkov et al., 2007). Several
plutonic massifs mainly of Middle Jurassic age (and sometimes of Early
Cretaceous age) are exposed within Southern Crimea; the most spec
tacular among them are Au-Dag, Kastel, and Kara-Dag plutons related to
island arc formations (Meijers et al., 2010; Popov et al., 2018; Spi
ridonov et al., 1990а, b).
Thus, Afanasenkov et al. (2007) consider that along the southern
edge of the Greater Caucasus could be developed the Middle Jurassic
(mainly of Baijocian age) volcanic belt, which could be traced in the
northern part of the SR and exposed on the surface in the Crimean
Mountains and Eastern Pontides. So, it is supposed that before the EBSB
opening, the Mid-Jurassic volcanic belt was a subduction-related
magmatic arc – a unique entity of ~200 km width with a thickness of
volcanics up to 4 km (Afanasenkov et al., 2007).

3.1. Gravity field
The gravity field of the EBSB is displayed in combined reduction
(regional Bouguer anomalies onshore and Free-Air anomalies offshore)
as a 5 × 5 km grid obtained by Wybraniec et al. (1998) within the
framework of the EUROPROBE program. In the eastern part of the BS, an
elongated in the NW direction gravity high of the EBSB (up to 40 mGal)
is distinguished against the background of the negative gravity field of
adjoining units (Fig. 2d). Among the latter, the gravity low of − 90 mGal
amplitude is seen above the Tuapse Trough and SR, located to the NW
from the EBSB high. Deep sedimentary troughs along the northern
margin of the EBSB – Sorokin and Indolo-Kuban Troughs are also caused
gravity lows of − 60 ÷ − 80 mGal amplitude correspondingly (Fig. 2d).
The EBSB regional gravity field pattern is framed by chains of highs
along the continental shelf edge and coastline. From the north, it con
stitutes the belt of gravity highs of Southern Crimea extending eastwards
along the Caucasus coast. From the south, the EBSB is surrounded by a
liner NW-trending high of the Arkhangelsky Ridge and by a chain of
highs of Eastern Pontides (Fig. 2d).
2D and 3D studies are widely used to investigate the lithosphere
structure below the BS. A 3D gravity back stripping analysis was per
formed to separate the gravity signals from different parts of the crust to
obtain the mantle gravity anomalies (Yegorova and Gobarenko, 2010;
Yegorova et al., 2013). These studies have shown good isostatic equi
librium of the deep structure of the EBSB, that is negative gravity effect
of sediments almost totally compensated by the strong positive impact of
the Moho shallowing up to ~20 km depth (Fig. 2a, c). 3D gravity
analysis was also applied for the reconstruction of the Moho topography
below the BS (Bilim et al., 2021; Starostenko et al., 2004). Gravity

3. Initial data
The investigated cross-section I-I of ~440 km length, with the EBSB
in its central part, passes from the SR and Northern Caucasus on NE to
the Eastern Pontides on SW (Fig. 2). In the vicinity of the profile, the
data are available on potential fields (gravity and magnetic), on the
architecture of the sedimentary basin and velocity structure of the
crystalline crust from deep seismic (reflection and refraction), as well as
on velocity distribution in the lithospheric mantle from seismic tomog
raphy, which makes it possible to construct a velocity and density model
for the crust and upper mantle and to conduct numerical modeling.
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waves, undertaken in the BS on the network of profiles in 60–80s of the
last century, made the initial basis for studying the structure of the crust
and upper mantle of the region (Malovitsky and Neprochnov, 1969;
Moskalenko and Malovitsky, 1974; Neprochnov et al., 1970). These
studies have established that the WBSB and EBSB are underlain by a thin
high-velocity crust of oceanic and continental type with the crustal base
(Moho interface) shallowing up to 20–25 km depth. To get additional
information on the structure of the BS crust and, first of all, on the ve
locity distribution, a reinterpretation of seismic data on some of these
existing lines has recently been undertaken using modern ray-tracing
methods. In the eastern part of the BS region, these are profile 28–29
extending in ~N-S direction from the Sea of Azov through the northern
and central part of the BS (Yegorova et al., 2010) and profile 15 inter
secting the SR and the EBSB (Baranova and Yegorova, 2020; Yegorova
et al., 2020). As a result, the structure of the crust was refined at the
transition from the thin sub-oceanic crust of the EBSB to the SR conti
nental crust (Baranova and Yegorova, 2020; Yegorova et al., 2020). It
was found that the EBSB crystalline crust, covered by ~10 km-thick
sediments with Vp ranging from ≤ 3.1 km s− 1 to 4.0–4.5 km s− 1 (Fig. 3a
(right), Table 1), shows a thin (~ 10 km) high-velocity crust with a
velocity varying from 6.5 km s− 1 in the basement to 7.0 km s− 1 on the
Moho at 20–22 km depth. The SR has a continental crust of ~30 km
thickness, with two layers – an upper crust as thick as ~15 km
(Vp = 6.0–6.5 km s− 1)
and
a
10-km
thick
lower
crust
(Vp = 6.5–7.0 km s− 1), overlain by a thin sedimentary cover with
Vp > 3 km s− 1. The transition from the continental crust of the SR to a
thin sub-oceanic crust of the EBSB occurred rather dramatically, has a
linear character in planar, parallel to the coastline of the eastern part of
the BS, and is associated with the linear magnetic high ABA (Fig. 3a
(right); Baranova and Yegorova, 2020; Yegorova et al., 2020).
Modern marine WARR (wide-angle reflection and refraction) studies
were carried out in the EBSB on four profiles – one profile along the
basin and three profiles crossing the EBSB with access to the Arkhan
gelsky Ridge (Scott et al., 2009; Shillington et al., 2009, 2017). They
revealed a thin high-velocity EBSB crust of continental or oceanic type,
bounded by the Moho shallowing to depths of 18–21 km below the
basin, and the continental crust of the Arkhangelsky Ridge thickened to
28–29 km (Fig. 3a (left), Shillington et al., 2009, 2017). Obtained

calculations were applied by Entezar-Saadat et al. (2020) in their joint
analysis of the lithosphere structure of the BS on a series of interpreta
tion profiles.
3.2. Magnetic field
The most spectacular feature of the BS magnetic field is the AlushtaBatumi anomaly (ABA) of ~100–150 km width and ~600 km length,
which extends along the SR (and Tuapse Trough) from Southern Crimea
(c. Alushta) to SW Caucasus (c. Batumi) (Figs. 1b and 2b). Its nature is
still debated (Gonchar, 2013; Malovitsky et al., 1972; Osipov et al.,
1977; Shreider et al., 1997). Malovitsky et al. (1972) consider that the
ABA could be related to a large fault that controlled the intrusion of
magmatic melts of mafic and ultramafic composition. Its linearity,
location between the Caucasus and the NE flank of the EBSB, as well as
correlation with the gravity field pattern (Fig. 2b, d), could be indicative
of its tectonic origin during the Mesozoic evolution of the eastern part of
the BS area (Yegorova and Gobarenko, 2010). We consider that the
shape and location of the ABA are similar to that of stripe magnetic
anomalies of magmatic arcs formed by subduction of oceanic crust
under the continental margin (Blakely et al., 2005; Clowes and
Hyndman, 2002; Finn, 1994; Yegorova et al. 2011). The northern
termination of the ABA in southern Crimea is explained by the occur
rence of Middle Jurassic to Early Cretaceous volcanics (Kornev, 1982).
The eastern prolongation of the Crimea anomaly into the Indolo-Kuban
Trough is also explained by Middle Jurassic volcanics (Kornev, 1982).
The magnetic anomaly of Eastern Pontides is another specific mag
netic anomaly of the East Black Sea region, which is traced onshore
along the southern BS coastline and extends offshore westwards the
Western Pontides (Figs. 1b and 2b). It consists of a series of separate
anomalies of 200–300 nT magnitude that mark Pontide magmatic arc
(Okay et al., 1994) formed in the Cretaceous at the southern Eurasian
margin by closure/subduction of the Neotethys ocean (Barrier and
Vrielynck, 2008; Okay et al., 2001).
3.3. Wide-angle reflection and refraction seismic study
Deep seismic profiling using refracted and wide-angle reflected

Fig. 3. Velocity structure of the East Black Sea Basin on wide-angle refraction profiles 15 (Baranova and Yegorova, 2020; Yegorova et al., 2020) and profile 2
(Shillington et al., 2009) (a), and multichannel reflection profile 110 (Nikishin et al., 2015a) (b). For the location of seismic lines see Fig. 2a. The numbers in (a)
indicated P-wave seismic velocities in km s− 1. Arkh Rdg – Arkhangeksky Ridge.
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Table 1
Physical parameters (seismic velocity, density and magnetic susceptibilities) used in the 2-D modeling on line I-I through the Eastern Pontides – Northern Caucasus.
Layer

Sediments

Crust

Upper
mantle

P-wave velocities, km s−

1

Density, g cm−

3

Magnetic susceptibility, SI

from Yegorova et al.
(2010)

from Baranova and Yegorova
(2019)

Initial
model

Final
model

Initial
model

Final
model

Quaternary
Pliocene-Miocene
Maykopian series (Lower.MioceneOligocene)
Paleocene-Eocene
Upper cont. crust
Lower cont. crust
Crust of Shatsky Ridge

1.6–3.0
3.0–3.2
4.0–4.2

2.0–2.1
3.0–3.1
4.0–4.5

2.10
2.35
2.60

2.10
2.35
2.60–2.62

0.0005

0.0005

0.002

0.002

4.2–4.5
6.0–6.4
6.5–7.2

6.0–6.5
6.5–7.0

2.65
2.78–2.82

0.025

0.017

0.06

0.06

Sub-oceanic crust
’Normal’ up. mantle
Low-density upper mantle of EBSB

6.5–7.2
8.0

2.65
2.68–2.72
2.89–2.90
2.72
2.90
3.0–3.05
3.20
3.12

0.075

0.072

6.5–7.0

2.82
2.90–2.97
3.20

Y) size for gravity and 2 × 0.25 km2 – for magnetic calculations. Gravity
calculations operate with relative densities, obtained by normalizing the
absolute density values to a reference density. The magnetic bodies are
located within the crust, bounded below by the Curie isoterm, which is
estimated in the BS region at the depth of the crustal base (Moho
interface) (Kutas et al., 1998; Starostenko et al., 2014; Verzhbitsky,
2002). During the modeling we set the extension of the structures
crossed by the profile.
The geometry of the initial density and magnetic models is con
strained by seismic reflection study and velocity models on seismic
refraction profiles in the BS (Baranova and Yegorova, 2020; Tugolesov
et al., 1985; Yegorova et al., 2010, 2013, 2020). For sediments we used
the geometry of the sedimentary strata consisting of four layers – 1)
Quaternary, 2) Pliocene-Miocene, 3) Maykopian series (Lover MioceneOligocene), 4) Paleocene-Eocene, taken from maps of Tugolesov et al.
(1985) and used in the 3D gravity analysis for the BS (Yegorova et al.,
2013). The structure of the crystalline crust on the interpreted
cross-section is constrained by the velocity model on recently reinter
preted DSS profile 15 crossing the EBSB and the SR (Fig. 3; Baranova and
Yegorova, 2020) and WARR profiles 2 and 3 that cross the EBSB and
Arkhangelsky Ridge (Shillington et al., 2009), and takes into account the
general 3D structure of the EBSB from (Yegorova et al., 2013). The Moho
depths were taken from integrated 3D gravity and seismic tomography
models of the Black Sea (Yegorova et al., 2013).
Density parameterization of the started model of the cross-section
was made by conversion of P-wave velocities of the seismic models
into densities (Table 1) using the conversion function of Ludwig et al.
(1970) with taking into account Nafe and Drake (1963) and empirical
functions between Vp and density of Birch (1960, 1961). The table
shows also magnetic susceptibilities for crustal layers of our model,
which takes into account available data from laboratory measurements
and modeling (Telford et al., 1976). During the modeling, the geometry
of the sedimentary layers and the crystalline crust, constrained by
seismic models, were fixed. Further refinement of the models in Figs. 4
and 5 was achieved interactively with a better fit between calculated
and observed potential fields employing changing the densities and
magnetic susceptibilities in the layers and bodies of the model (the total
number of iterations is up to 10). The values of densities and magnetic
susceptibilities of key unites of the model were counter checked with
linear inversion option that is offered by the software used.

velocity models were interpreted in terms of an abrupt transition,
coinciding with a transform fault, from magmatically poor to mag
matically robust rifting along the strike of the EBSB (Shillington et al.,
2009).
3.4. Deep multichannel reflection seismic
A deep seismic reflection study has been performed in the BS in 2011
within the framework of Geology Without Limits project. Totally 27 deep
seismic reflection lines, of 8872 km length and seismic record up to 13 s,
crossed major tectonic units of the BS (Graham et al., 2013). These data
provide unique images of the deep structure of the continental margins
and deep-water basins down to 20–30 km, sometimes reaching 40 km
depth (Graham et al., 2013; Nikishin et al., 2015a, b). As a result, a map
for the basement topography of the BS Basin has been updated (Nikishin
et al., 2015a). The basement of the WBSB and EBSB includes areas with
highly extended continental crust and areas of inferred oceanic crust
(Nikishin et al., 2015a, b).
Fig. 3b shows that Late Cretaceous – Eocene deposits (deep-water
carbonates, shales, and siltstones) on the Shatsky and Arkhangelsky
Ridges appear very similar in the form of a series of subparallel bright
reflections. There are indications of volcanic activity on the shoulders of
the EBSB – on the SR and Andrusov Ridge. Nikishin et al. (2015a) sug
gested a possible Early Cretaceous (Albian?) volcanic arc along the SR,
on which the EBSB was originated through rifting. Reflection seismic
data of Geology Without Limits project were applied by Monteleone et al.
(2019) and Maynard and Errat (2020) to study new deep structural and
stratigraphic elements of the EBSB and to propose a new model for the
evolution of the BS, and, in particular, of the EBSB.
4. Modeling the crustal structure on the cross-section I-I
4.1. Methodology of 2D gravity/magnetic modeling and parameterization
of the model
3D modeling is the most appropriate approach for regional gravity
studies. Such study, combined with seismic tomography, has been car
ried out for the Black Sea region (Yegorova et al., 2013). We used its
general parameters of crustal structure and densities for developing the
starting model for our 2D density modeling on line I-I crossing the EBSB
(Fig. 1). Unlike the wide domain of the WBSB, the EBSB is a narrow slot
rift up to 175 km width with 700-km length (Fig. 1), which gives us
reason to fulfill the 2D modeling.
For 2D gravity and magnetic modeling, we used the software
developed by Tchernychev and Makris (1996), which is based on the
Talwani et al. (1959) algorithm and uses an approximation of the model
by prisms. The prisms define the areas of constant density and magnetic
susceptibility. In our case, the dimensions of prisms are 2 × 0.5 km2 (X,

4.2. Density model
The cross-section I-I goes close to the reflection line 100 (Nikishin
et al., 2015a) and WARR profile 3 (Shillington et al., 2009) and takes
into account combined velocity cross-section for the crust of the EBSB
(Fig. 3a; Baranova and Yegorova, 2020; Yegorova et al., 2020) located
SE from our interpretation line. The gravity field on line I-I shows a clear
5
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Fig. 4. Density models for the final version (a)
and initial version (b) of the crust and upper
mantle structure of the East Black Sea Basin on
the line I-I passing from the Northern Caucasus
to Eastern Pontides (for location see Fig. 2).
Observed and calculated gravity are shown in
the upper parts of the models. The density
model represents the density values in the
layers in g cm− 3 (see also Table 1). The geom
etry of the model is constrained by the 3D
crustal model of the Black Sea (Yegorova et al.,
2013) and takes into account profile 15 (Bar
anova and Yegorova, 2020).

Fig. 5. Magnetic model for the crust of the East Black Sea Basin on line I-I passing from the Northern Caucasus to Eastern Pontides (for location see Fig. 2).
Observed and calculated anomalies are shown in the upper panel. The geometry of the model is constrained by the 3D crustal model of the Black Sea (Yegorova et al.,
2013) and takes into account the profile 15 (Baranova and Yegorova, 2020). Numbers in the cross-section indicate magnetic susceptibilities in SI units.
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anomaly of the EBSB of 40 mGal amplitude, which then passes north
eastwards into the gravity low of the SR and Tuapse Basin, ending within
the high (30 mGal) of NW Caucasus (Fig. 4). Southwestwards of the
EBSB, the line goes to the area of the positive gravity field of the
Arkhangelsky Ridge and Eastern Pontides.
Fig. 4 represents the density models on line I-I. Our initial model
(Fig. 4b) incorporates densities of 2.95–3.0 g cm− 3 in the sub-oceanic
crust of the EBSB (Table 1). It shows the misfit of 20–40 mGal be
tween calculated and observed gravity indicating a possible additional
input from the uppermost mantle, which was realized in the final model.
The final density model with rms = 9.8 mGal is shown in Fig. 4a. It
represents thin sub-oceanic crust of the EBSB juxtaposed between two
blocks of continental crust – the Arkhangelsky Ridge – Eastern Pontids
on the S and the SR – Northern Caucasus in the NE. The EBSB, with
~2 km-thick seawater layer, is filled with Cenozoic and younger sedi
ments to a depth of ~12 km, which comprise thin Quaternary and
Pliocene-Miocene deposits with densities (σ) of 2.10 g cm− 3 and
2.35 g cm− 3 correspondingly, thick (5–6 km) deposits of Maykopian
series (Lower Miocene – Oligocene) with σ = 2.6 g cm− 3 and metasedimentary rocks of the Eocene-Paleocene (σ = 2.65 g cm− 3).
A gravity high of the EBSB corresponds to thin crust with the Moho
shallowing to ~22 km (Fig. 4). Final gravity model has shown that the
density of the EBSB crystalline crust should be in the range of
3.0–3.05 g cm− 3 (Fig. 4a). At this, higher density has been obtained in
the NE part of the basin corresponding to a higher amplitude of the
gravity high.

In the uppermost mantle of the EBSB a block of decreased to
3.12 g cm− 3 density was modeled below the Moho, which could corre
spond with the presence of reduced velocities here revealed by the
seismic tomography model (Figs. 6 and 7; Yanovskaya et al., 2016). Such
areas of decompaction and low-velocity heterogeneity in the uppermost
mantle are often observed under the rift zones (Achauer et al., 1994;
Davis et al., 1993; Makris and Ginzburg, 1987; Prodehl et al., 1992). The
reduced densities of the upper mantle below the sub-oceanic crust of the
EBSB could be caused by presence of partly serpentinized ultrabasic
rocks (partly serpentinized peridotites) in the upper mantle (Chris
tensen, 1966), the presence of which in the upper mantle of the NNE
sector of the BS adjacent to the Kerch and Taman Peninsulas (located to
the north of our profile) was confirmed by local P- and S-wave tomog
raphy (Gobarenko et al., 2017).
Continental crust on both sides of the EBSB, of the SR – Northern
Caucasus and Arkhangelsky Ridge – Eastern Pontides, are modeled by
two layers – the upper crust with σ = 2.68–2.72 g cm− 3 and the lower
crust with 2.89–2.90 g cm− 3. The base of the continental crust (Moho
interface) lies at the depth of 40 km and 42 km at the northeastern
(Northern Caucasus) and southern (Pontides side) ends of the profile
correspondingly (Fig. 4).
A vast gravity low of − 60 mGal above the SR and superimposed
Tuapse Trough is explained by a thick sedimentary sequence (7 km) of
the Maykopian series (σ = 2.62 g cm− 3) of the trough overlapping the
continental crust of the SR as thick as ~32 km (Fig. 4).
The transition from the continental crust of the SR to thin and high-

Fig. 6. Distribution of lateral variations of P-wave velocity (isolines in km s− 1) in the Black Sea lithospheric mantle at the depth of 35–95 km (data from Yanovskaya
et al., 2016). The line I′ - I′ , which mostly coincides with the line I-I in Figs. 2, 4 and 5, shows the location of the vertical cross-section in Fig. 7.
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Fig. 7. The P-wave vertical cross-section on line I′ -I′ (Fig. 6) showing the upper mantle structure from the Tauride-Anatolide domain through the East Black Sea Basin
to the Northern Caucasus.

density EBSB crust occurs due to thinning of the upper crust until its
complete disappearance (Fig. 4). The high density/velocity crust of the
EBSB continues to trace on both sides of the basin as a lower continental
crust with the density of ~2.90 g cm− 3. The high density/velocity
crystalline crust of the EBSB may be the result of rifting due to stretching
and thinning of the ductile lower crust, accompanied by intrusions of
partially molten mantle substance of mafic and ultra-mafic composition,
that could lead to crustal underplating and delamination (Furlong and
Fountain, 1986; Li et al., 2010; Thybo and Artemieva, 2013; Thybo and
Nielsen, 2009; Zhai et al., 2007). Moreover, these processes affected to a
greater extent the NE part of the sub-oceanic crust of the EBSB adjacent
to the SR (Fig. 4a).

Pontides, which is represented in Fig. 6 by five horizontal slices for the
depth range 35–95 km. The uppermost section of this model (35–42 km)
shows a domain with increased velocity (7.7–8.0 km s− 1) in the central,
southern, and eastern segments of the eastern part of the BS, and a
low-velocity domain (Vp ~7.1–7.3 km s− 1) around the Southern Crimea
and Andrusov Ridge. The latter could be caused by the lower crust
occurrence at these depths. The high-velocity domain continues to trace
deeper (see sections at 50–60 and 70–75 km in Fig. 6) as an elongated in
NW direction zone in the central and southern parts of the eastern BS.
But it disappears at the deepest section (75–95 km) in contrast to the
presence of an NW-trended high-velocity zone in the western part of the
BS (Fig. 6).
A peculiar feature of the seismic tomography model is the lowvelocity domain over the Pontides and Anatolide-Tauride Block, which
is separated by gradient zone from the mentioned above the heteroge
neous mantle of the BS. The transition from the Black Sea lithosphere to
the low-velocity upper mantle of Pontides occurs dramatically along the
coast: at depth of 50–60 km the velocity change from ~8.0 km s− 1 to
7.7 km s− 1 (Fig. 6).
We applied the tomography model in Fig. 6 to construct the velocity
cross-section for the lithosphere on line I′ -I′ for the 35–80 km depth
range (Fig. 7). It shows a low-velocity domain (Vp = 7.6–7.8 km s− 1)
below the EBSB at the depths of 35–55 km, under which, to a depth of
65–75 km, the upper mantle of the EBSB has increased (up to
8.2–8.3 km s− 1) velocities (Fig. 7). Low velocities (up to 7.6–7.7 km s− 1)
in the uppermost part of the cross-section I′ -I′ (at 35–43 km depth) were
obtained in two blocks of continental crust ̶ Eastern Pontides – Anatolian
block in the SE and the SR – NW Caucasus in the NW, which could be
indicative of the presence of the lower part of the continental crust at
these depths.
In the region of the Pontide arc, an area of the increased velocity of
7.9–8.0 km s− 1 is distinguished at 45–55 km depth. It is quite possible
its connection with mentioned above high-velocity heterogeneity below
the EBSB at the depth of > 60 km (Fig. 7). If so, this could be indicative
of the presence in the upper mantle of a layer (slab ?) beneath the EBSB
with a gentle NE dip, which starts just below the Moho in the area of
Eastern Pontide, continuing on the depth of 60–75 km under EBSB and
deepening to >70-80 km depth under the SR and NW Caucasus (Fig. 7).
We did not calculate the gravity impact of this slab since its velocity
increase of ~0.2 km s− 1 could cause the gravity (~10–15 mGal) com
parable or slightly higher the rms of the overal gravity model. Corre
spondingly, no fitted trend of this velocity fiature is visible in the gravity
field, since highly anomalous and differentiated gravity field along the
profile masks the weak signal from the upper mantle, detected by
seismic tomography.
To the south of the Pontide arc, there is a sharp transition to a lowvelocity upper mantle (Vp = 7.7–7.9 km s− 1, Fig. 7), which is charac
teristic of the young and heated Anatolian plate with high values of
terrestrial heat flow (Aydin et al., 2005; Tezcan, 1995).

4.3. Magnetic model
Line I-I crosses the mentioned above NW-trending magnetic anomaly
ABA (250 nT) above the SR (Figs. 1b, 2b). To the SW, line I-I traverses
close to zero magnetic field of the EBSB and ends at the Eastern Pontides
(150 nT) magnetic anomaly. For magnetic modeling, we used the same
crustal model, applied for density modeling. Fig. 5 shows the final
magnetic model with the overal rms = 43 nT. The sedimentary cover
comprises two layers – 1) Quaternary and Pliocene-Miocene and 2)
Maykopian and Eocene-Paleocene successions with magnetic suscepti
bilities (æ) of 0.0005 and 0.002 SI correspondingly. Crystalline conti
nental crust is modeled with æ = 0.02–0.027 SI (Fig. 5; Table 1). The
thin crust of the EBSB of high velocity/density has the highest values of
æ = 0.072 SI, which correspond to the magnetic susceptibility of rocks
of mafic composition (Airo, 2005; Hunt et al., 1995; Telford et al.,
1976). The magnetic bodies in the thinned central sector of the crust
show the NE dip (towards the Northern Caucasus) that is considered to
be a reliable feature, which in agreement with that of the EBSB crust and
the SR.
Performed calculations have shown that ABA could be caused by a
crustal body of ~90 km width, located in the SR crust and, in part, in the
conjugate eastern part of the EBSB crust (Fig. 5). Modeled magnetic
susceptibility (0.06 SI) indicates that could be caused by rocks of mafic
to medium composition (Fig. 5). Eastwards the ABA goes over a stripe
magnetic low reaching − 200 nT, which is modeled by a superposition of
non-magnetic sedimentary sequences of the Tuapse Trough, 10-km thick
upper crust of the Northern Caucasus (0.027 SI) and located below a
layer with æ = 0.01 SI down to the depth of 19 km (Fig. 5). The mag
netic anomaly of Eastern Pontides of 150 nT at the southern end of line II is explained by an upper crustal body with æ = 0.027 SI indicative of
the presence of intrusive rocks of medium composition (Airo, 2005;
Hunt et al., 1995; Telford et al., 1976).
5. Seismic tomography
Lithospheric mantle below the BS has been studied by seismic to
mography of the BS region using different data sets and inversion
techniques (Gobarenko and Yanovskaya, 2011; Yanovskaya et al., 2016;
Yegorova et al., 2013). Here we applied the model of Yanovskaya et al.
(2016) that uses complete data set for the area of the BS and the

6. Discussion
Deep seismic reflection study (Graham et al., 2013; Nikishin et al.,
8

T. Yegorova et al.

Journal of Geodynamics 149 (2022) 101890

2015a, b) and reinterpreted refraction seismic profiles in the EBSB
(Baranova and Yegorova, 2020; Yegorova et al., 2020), used for inter
pretation of potential fields and 2D modeling, together with seismic
tomography study, made it possible to construct a geophysical transect
on lines I-I and I′ -I′ through the EBSB and SR from the Eastern Pontides
to Northern Caucasus (Fig. 8) and to make their tectonic interpretation
(Figs. 9–11). Herein we discuss the lithosphere structure of main units
crossed by the transect in the context of tectonic evolution of the study
region during the Mesozoic-Cenozoic time.

Such island-arc belts are characterized by strong magnetic anomalies,
which usually have linear or arc shapes, and are often accompanied by
striped gravity anomalies (Blakely et al., 2005; Clowes and Hyndman,
2002; Finn, 1994; Grow and Bowin, 1975; Yegorova et al., 2011). The
ABA is comparable to anomalies observed over the Kitakami batholith in
Japan (Finn, 1994), the Peninsular Ranges batholiths in California and
Baja California and the Antarctic Peninsula magmatic arc (Ferraccioli
et al., 2006; Renner et al., 1982; Yegorova et al., 2011).
Thus, the ABA can be a manifestation of a magmatic arc formed
during paleo-subduction of the Neotethys ocean beneath the Eurasian
southern margin. The island-arc nature of the ABA is supported by its
characteristics, such as linearity, long extension, high amplitude, and
location. It is located roughly parallel to the NE of the palaeosubduction
zone (Late Triassic – Early Jurassic) under the southern margin of Eur
asia (Barrier et al., 2018; Meijers et al., 2010; Nikishin et al., 2017; Okay
and Nikishin, 2015; Saintot et al., 2006a, 2007). We interpret it as
related to the magmatic arc of the Early-Middle Jurassic age (Afana
senkov et al., 2007; Meijers et al., 2010; Nikishin et al. 2011). The
magnetic modeling on line I-I revealed the occurrence of a magnetic
body with the susceptibility ~0.06 SI in the crust of SR and, in part, in
the transition to the EBSB (Figs. 5 and 8), which are characteristic of
rocks of mafic to medium composition (Garrett, 1990; Hunt et al., 1995;
Telford et al., 1976; Yegorova et al., 2011).
SR is thought to be a marine continuation of the Transcaucasus
domain, the basement of which of Baikalian and Palaeozoic age comes to
the surface in the Dzirulа massif in Georgia (Adamia et al., 1974, 2007,
2017; Afanasenkov et al., 2007; Golonka, 2004; Saintot et al., 2006b).
Along the southern zone of the Greater Caucasus, there is a Middle
Jurassic (mainly Bajocian) volcanic belt, the main branch of which runs
from the Dzirula massif to the SR. Thus, it is expected the widespread
occurrence of the Middle Jurassic volcanics in the crust of the SR (Afa
nasenkov et al., 2007). Before the opening of the EBSB, there was a
Middle Jurassic volcanic belt to the north of the subduction zone of the
Neotethys ocean, which was a single entity reaching more than 200 km
width with a thickness of volcanic rocks up to 1–4 km (Afanasenkov
et al., 2007; Nikishin et al., 2011; Okay and Nikishin, 2015).
To the N-NW of the SR, there is located a fold-and-thrust structure of
the Crimean Mountains that was formed during several Mesozoic
orogenies on the boundary of the Triassic and Jurassic (mainly due to
the Cimmerian tectogenesis). The western end of the ABA comes to the
Crimean Mountains, which enables the identification of possible rock
sources of this magnetic anomaly. The Early–Middle Jurassic stage of
Cimmerian tectogenesis in Southern Crimea (Mileyev et al., 1992, 2006)
was related to the emplacement of multiple Middle Jurassic plutons and

6.1. Shatsky ridge
The SR segment includes the ridge itself and the superimposed
Tuapse Basin. The 3.5 km-thick sediments above the ridge, where noncompacted successions of Quaternary and Pliocene-Miocene age pre
vail, outline a dome structure of the SR basement (Figs. 3–5; Nikishin
et al., 2015a, b, 2017). Whereas the Tuapse Basin is filled mostly with
compacted sedimentary rocks of Maykopian series (Afanasenkov et al.,
2007; Nikishin et al., 2015a, b, 2017) with thickness up to 6.5–7 km and
density of 2.62 g cm− 3, which cause quite wide gravity low of − 65 mGal
(Fig. 4). The 32-km thick crust of the SR and Tuapse Basin is modeled by
two layers (Figs. 3 and 4; Baranova and Yegorova, 2020): the upper crust
with Vp = 6–6.5 km s− 1 and σ = 2.72 g cm− 3, and a 10-km thick lower
crust with Vp = 6.5–7.0 km s− 1 (close to those in the crystalline crust of
the EBSB) and 2.90 g cm− 3 density (Figs. 3 and 4). Such crustal structure
is in agreement with the results of multichannel seismic study and
combined study of the lithosphere structure of the BS (Cousins and
Wrobel-Daveau, 2018; Entezar-Saadat et al., 2020; Graham et al., 2013;
Nikishin et al., 2015a, b).
General paleotectonic setting for the BS region for MesozoicCenozoic time is presented in special atlases (Barrier and Vrielynck,
2008; Barrier et al., 2018; Dercourt et al., 2000) and discussed in many
papers (Okay et al., 1994; 2001; Okay and Nikishin, 2015). Here we
follow mainly the reconstruction model of Nikishin et al. (2015b), based
on interpretation of new deep multichannel seismic lines in the BS,
which infer that in the late Jurassic, before the EBSB opening, in the rear
of the Jurassic subduction zone there was a vast carbonate platform
occupied by an ensemble of present-day units of Eastern Pontides,
Andrusov Ridge and Shatsky Ridge (Afanasenkov et al., 2007; Nikishin
et al., 2015b).
The special position and nature of the SR are emphasized by its
relation to the ABA – the most spectacular and extended magnetic
anomaly of the BS (Figs. 1b and 2b). We assume that it could be related
to linear magnetic anomalies of a subduction-related magmatic arc.

Fig. 8. Density/magnetic model for the crust of the study region on the line I-I (Figs. 2, 4 and 5) (upper panel) and P-wave velocity cross-section of the upper mantle
on the line I′ -I′ (Figs. 6 and 7). Domains with hatching on the upper panel show magnetic bodies with high and increased values of calculated susceptibilities
(numbers in italic) from Fig. 5.
9

T. Yegorova et al.

Journal of Geodynamics 149 (2022) 101890

Fig. 9. Tectonic interpretation of gravity, magnetic and seismic tomography models (Fig. 8) for the crust and upper mantle on the line I′ -I′ from the TaurideAnatolide domain through the East Black Sea Basin to the Northern Caucasus showing the location of probable subduction slab and the Cretaceous (Eastern Pon
tides) and Middle Jurassic (Shatsky Ridge) magmatic arcs (shown by crosses).

Fig. 10. Paleo-subduction zone configuration for the circum-Black Sea in Toarcian (a) and Campanian (b) (Barrier et al., 2018, modified). EBS – East Black Sea Basin,
GCB – Greater Caucasus Basin, OdS – Odesa Shelf, WBS – West Black Sea Basin.

intrusions, which form the oriented in ~N-S direction the Pervomais
ko–Ayu-Dag dolerite-gabbro–diorite complex (Spiridonov et al., 1990a,
b; Meijers et al., 2010; Shniukova, 2019. The exposed in southern Cri
mea magmatic intrusions of Middle Jurassic age spatially fit with the
high-velocity bodies revealed by seismic tomography in the
upper-middle crust of Crimean Mountains (Gobarenko and Yegorova
2020a, b). Thus, intense magmatism reworked almost the entire crust of
the Crimean Mountains, causing a significant gravity high and magnetic
anomaly ABA (Yegorova et al., 2018; Gobarenko and Yegorova, 2020a,
b).
The high-velocity body (Vp ≥ 8.2 km s− 1), detected by seismic to
mography in the lithospheric mantle below the SR at the depth of
> 70 km (Figs. 7 and 8), could be associated with the imprints of sub
duction activity. Namely, with a gently dipping in N-NE direction, below
the Northern Caucasus, the remnant of the slab due to Jurassic (EarlyMiddle Jurassic) subduction of Neotethys ocean below the Eurasian
southern margin, causing the magmatic arc, seen now in the region of
the SR, and the magnetic anomaly ABA (Fig. 9; Barrier et al., 2018).
Some similar aspects on the relation of Jurassic subduction and
magmatic arc could be found in (Barrier et al., 2018; Dercourt et al.,
2000; Hässig et al., 2020; Meijers et al., 2010; Nikishin et al., 2015b,
2017).

younger sediments and underlain by the Moho swallowing up to
20–22 km depth. If it is the case, the oceanic crust should rest on the
oceanic lithospheric mantle. Seismic tomography study of the BS region
has shown rather heterogeneous P-wave velocity structure of the BS
upper mantle with two domains of increased velocity, different config
uration, and velocity gradient beneath the western and eastern parts of
the BS (Fig. 6; Yanovskaya et al., 2016; Yegorova et al., 2010, 2013).
Integration of seismic tomography study and 3D gravity analysis
revealed in western and eastern parts of the BS positive mantle gravity
signal, suggesting that the BS basin is underlain by strong and cold
lithospheric mantle, which is similar to the Precambrian lithosphere of
the East European Platform (Yegorova et al., 2013). Similar results were
obtained previously by regional gravity modeling for the European
lithosphere (Kaban et al., 2010; Yegorova, Starostenko, 2002), and by
calculating the integrated strength of the European lithosphere from the
thermal model (Tesauro et al., 2009). This in agreement with the ther
mal state of the present-day BS lithosphere, which is rather cold that
seen in extremely low values of surface heat flow and calculated deep
temperatures (Gordienko et al., 2002; Kutas and Poort, 2008). A sug
gestion that the BS backarc basin formed within rheological strong
continental lithosphere, probably assembled no later than Late Pre
cambrian – Early Paleozoic times, was made by Stephenson and Schel
lart (2010) in their study of modern analogs of asymmetric slab roll-back
models.
Thus the crust of the EBSB would not be a true ‘oceanic’ crust, but
rather highly extended and intruded continental crust (and possibly
contiguous deformed sedimentary strata), sometimes referred to as ‘suboceanic’ crust. Seismic tomography and gravity studies imply the

6.2. Lithosphere of the East Black Sea Basin
The generally accepted assumption that the crust of the BS could
belong to oceanic type is based on the occurrence of thin (~10 km) highvelocity crystalline crust overlain by thick (10–12 km) Cenozoic and
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Fig. 11. Schematic illustration of a possible formation of Mesozoic magmatic arcs in the Eastern Black Sea area from Middle-Jurassic to Oligocene times with related
geophysical anomalies (magnetic and gravity). 1 – sea water, 2 – sediments, 3 – continental crust, 4 – sub-oceanic crust, 5 – upper mantle, 6 – magmatic arc, 7 – active
subduction (slab), 8 – relics of Jurassic subduction in (b) and of Middle Jurassic-Cretaceous subduction in (a).

absence of the asthenosphere below the BS at least a depth of 100 km
(Yanovskaya et al., 2016; Yegorova et al., 2013) that corresponds to the
LAB (lithosphere-asthenosphere boundary) in the BS in order
100–150 km (Artemieva, 2019; Artemieva et al., 2006; Cloetingh et al.,
2003; Entezar-Saadat et al., 2020; Spadini et al., 1996; Tesauro et al.,
2009; Yegorova and Gobarenko, 2010).
Thus, the question arises – how could be formed a thin crust of the BS
overlain by thick sedimentary succession within strong continental
lithosphere? We suppose that opening and rifting in the EBSB could
occur, by the analogy with the that in the WBSB (Hippolyte et al., 2018),
with involvement of polyphase process of continental rifting including
stretching, thinning, and exhumation phases (Lavier and Manatschal,
2006; Péron-Pinvidic et al., 2007; Péron-Pinvidic and Manatschal,
2009). They identified two major extension-related detachments – 1) in
the lower crust-upper mantle due to exhumation of mantle rocks along
downward concave faults, and 2) in the basement – upper crust, which
played a key role in rifting of deep magma-poor margins (Lavier and
Manatschal, 2006; Péron-Pinvidic et al., 2007). In the western part of the
BS, such crustal detachments were identified as low-velocity zones
revealed on the wide-angle refraction profile 25 that cross the WBSB in
~N-S direction (Baranova et al., 2011; Hippolyte et al., 2018). The
process that weakens the lithosphere during rifting involves attenuation
of the upper-middle crust (mid-crustal weakening) in the initial stage of
rifting, and, serpentinization of the lower crust – upper mantle leading to
the formation of detachment surfaces (Lavier and Manatschal, 2006;
Péron-Pinvidic and Manatschal, 2009).
The serpentinized upper mantle is inferred for the northern part of
the EBSB from a local seismic tomography study showing low P-wave

velocities with high P- to S-wave velocity ratios in the uppermost mantle
underlain the thin sub-oceanic crust (Gobarenko et al., 2017). This is
tentatively interpreted by Gobarenko et al. (2017) as representing ser
pentinized upper mantle of continental lithosphere exhumed during
Cretaceous rifting and lithospheric hyperextension of the eastern Black
Sea. The serpentinized upper mantle with similar parameters was found
under central Japan, below small oceanic basins of the South China Sea,
under the Amerasian part of the Arctic Ocean (Li et al., 2014; Kamiya
and Kobayashi, 2000; Pease et al., 2014), as well as at the continental
margin of the North Atlantic (Lundin, Dore, 2011). It seems likely that
this phenomenon may also have occurred during hyperextension of the
proto-Black Sea continental lithosphere.
Mechanisms of opening and rifting of the BS are still unclear. The
WBSB is assumed to be opened during the southward drift of a conti
nental block of the Istanbul zone along the transform faults at the
western and eastern margins of the WBSB (Nikishin et al., 2003, 2011,
2015b; Okay et al., 1994; Robinson et al., 1996). For the narrow
NW-trended EBSB two major models are proposed – one considering the
counterclockwise rotation of the EBSB block (Okay et al., 1994) either
the EBSB opened during clockwise rotation of the mid-Black Sea High
(Robinson et al., 1996; Shillington et al., 2009). These models find
further development in the model proposed by Hippolyte et al. (2018)
for the BS basin. We prefer this model for opening and rifting of the EBSB
based mainly on onshore data that accounts for the clockwise opening of
the EBSB and a counterclockwise opening of the WBSB along transform
faults at the eastern and western edges as a result of two asymmetric slab
roll-backs of the Neotethys northward subduction plate (Hippolyte et al.,
2018). Note here the model of Monteleone et al. (2019) of polyphase
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evolution for rifting in the EBSB with evidence for rift propagation
northwestwards associated with progressive basin opening.

Pontides, Andrusov Ridge, and SR (Afanasenkov et al., 2007).
Further consumption of Neotethys occurred during the Cretaceous
with the migration of active subduction to the south of Eastern Pontides
and developing the Pontide magmatic arc, which is illustrated by the
paleotectonic map in Fig. 10b (Barrier et al., 2018) and restoration of
tectonic events at the southern margin of Eurasia in Fig. 11b. The
Cretaceous magmatic arc along the BS southern coastline associates with
a stripe of magnetic anomalies of much lesser magnitude than the ABA
(Figs. 1b, 2b and 11b), and with a chain of residual (crust free) gravity
anomalies (Fig. 12c in Yegorova et al., 2013). The magnetic model
(Fig. 5) shows that the magnetic inhomogeneities of the Eastern Pontide
arc localized mainly in the upper crust down to a depth of 12 km.
Whereas the ABA is explained by a large crustal body under the SR with
the magnetic susceptibility of 0.06 SI, spreading throughout the entire
crystalline crust to a depth of 30 km. This maybe indicative of a more
intense magmatic process in the Middle Jurassic (SR), which could have
affected almost the entire crust than in the Cretaceous time (Pontide arc)
(Figs. 5 and 11). In more detail, this process has been studied in
Southern Crimean, where local seismic tomography detected bark
saturation of the crust by high-velocity bodies, which correspond to
exposed on the surface Middle Jurassic intrusive massifs and plutons of
different compositions (Gobarenko and Yegorova, 2020a, b; Yegorova
et al. 2018).
A continuous extensional magmatic arc was established in the late
Cretaceous, coeval with the opening of the Black Sea as a backarc basin
(Barrier et al., 2018; Okay and Nikishin, 2015). The position of the
developed magmatic arc and the subduction front is shown in Fig. 10b
for the Campanian time (Barrier et al., 2018). We believe that a
high-velocity body in the subcrustal mantle in the Eastern Pontides re
gion (Figs. 7–9) could be indicative of the presence of a slab (slab
retreat) due to the Cretaceous subduction (solid black line in Fig. 11b),
which further, as already noted, plunges northward under the EBSB and
continues under the Shatsky Ridge, thus inheriting an earlier zone of
heterogeneity formed during the Middle Jurassic subduction (dashed
black line in Fig. 11a,b). In such a way, a single slab could be formed,
wherein the allocated shallow segment could be related to Cretaceous
subduction in the area of Eastern Pontide, and deeper segment, below
the SR, – to the Middle Jurassic subduction (Fig. 11).
Both subduction fronts, formed in the Middle Jurassic and Creta
ceous, are located very close in the region of Eastern Pontides and south
of it, while the magmatic arcs are located differently. In the first case, the
Middle Jurassic arc is located in the north-eastern and central part of the
EBSB (approximately in the area of the SR), and in the second case, the
Cretaceous magmatic arc occurred along the southern coastline of the
BS. Thus, a conclusion could be made that Jurassic and Cretaceous
subduction zones (the latter related to BS opening) worked in one zone
at the Eurasian southern margin, that is, the younger subduction zone
(Cretaceous) inherited the Jurassic subduction one (Fig. 11). Nikishin
et al. (2011) show the Jurassic-Cretaceous subduction zone as a single
zone located southwards of the Pontide magmatic arc. This point of view
coincides with the model Hässig et al. (2020) on a single and continuous
north dipping subduction throughout the Jurassic-Early Cretaceous
along the southern Eurasian margin. At the same time, we do not rule
out the possibility of occurrence of the slight roll-back subduction in the
Early Cretaceous (Fig. 11b) that led to subduction front moved slightly
further south (Fig. 10).

6.3. Evolution of Middle Jurassic-Cretaceous magmatic arc in the Eastern
Black Sea
The Mesozoic to Cenozoic evolution of the Black Sea region was
subjected to the evolution of Tethys ocean at the Eurasian southern
margin. Several subduction-related cycles are recognized during this
evolution (Barrier et al., 2018; Dercourt et al., 2000; Nikishin et al.,
2011; Saintot et al., 2006a; and references therein), which were gov
erned by development, subduction, and closure of the Tethys leading to
accretion of the Gondwana-derived Cimmerian terrains in Late Triassic
(Early Jurassic?), and the migration of subduction (subduction retreat)
followed by consumption of Permo-Triassic Tethys during the Juras
sic–Cretaceous time. The final closure and subduction of the Neotethys
in Late Cretaceous–Cenozoic times led to the opening of the back-arc BS
behind the Pontide magmatic arc (Fig. 11).
The imprints of the most important tectonic events in the study area,
such as magmatic arcs and subducting slabs could be preserved in po
tential fields (gravity and magnetic) and in the lithosphere structure as
velocity heterogeneities revealed by seismic and seismology studies. As
we discussed above, the ABA, the most spectacular magnetic anomaly of
the BS region (Figs. 1b and 2b), could be related to anomalies of
magmatic arcs, revealed and well studied in different subduction envi
ronments worldwide. In the BS region, it could be associated with the
Middle Jurassic magmatic arc developed after the end of the Cimmerian
orogeny in the Early Jurassic. In the Middle Jurassic, the subduction
jumped south of the accreted complexes, and a magmatic arc was
established along the southern margin of Eurasia (Okay and Nikishin,
2015). Palaeotectonic reconstruction maps infer the development of the
Middle Jurassic subduction front along the present-day southern coast of
the BS, whereas the Middle Jurassic magmatic arc is shown in the central
and NW part of the present-day eastern segment of the BS (in the region
of the SR) (Fig. 10a; Barrier et al., 2018; Dercourt et al., 2000; Nikishin
et al., 2011; Okay and Nikishin, 2015). The explosions of Middle
Jurassic volcanic and magmatic rocks are known around the eastern part
of the BS – in Eastern and Central Pontides, Greater and Lesser Caucasus,
and Southern Crimea, that permitted to distinguish the Middle Jurassic
subduction-related magmatic arc traced for ~2800 km (Okay and
Nikishin, 2015; Hässig et al., 2020). Study of Jurassic arc volcanism
(using the 40Ar/39Ar isotope dating) in Crimea, a peninsula in the
northern Black Sea, has shown that in the area prevail Middle Jurassic
magmatic rocks (~172–158 Ma) (Meijers et al., 2010; Popov et al. 2018;
Shniukova, 2019); the uppermost Jurassic to lowermost Cretaceous
rocks (~151–142 Ma) have lesser distribution (Meijers et al., 2010).
Both groups of rocks have a subduction-related geochemical signature
(Meijers et al., 2010; Popov et al. 2018; Shniukova, 2019). Velocity
cross-section of the upper mantle on line I′ -I′ (Figs. 7 and 8), constructed
from seismic tomography study (Yanovskaya et al., 2016), shows a
high-velocity heterogeneity that starts near the Eastern Pontides,
continue to trace at the depth of 60–75 km under the EBSB and below
the SR to a depth of > 70–80 km. We infer this upper mantle velocity
heterogeneity as an imprint of the Middle Jurassic subduction slab
plunging in the N-NE direction below the Eurasian southern margin. In
this case, subduction seems to be rather flat (Figs. 8, 9 and 11c). This
corresponds with geochemical data and paleotectonic reconstructions
providing evidence for Jurassic northward subduction below the
Eurasian margin that requires flat-slab subduction, because the distance
from Crimea to the trench, before Black Sea opening, is estimated at
~500 km (Barrier et al., 2018; Meijers et al., 2010; Shniukova, 2019).
Almost up to the end of the Jurassic, the area of the eastern part of
the BS represented the carbonate platform at the southern margin of
Eurasia limited from the north by the sedimentary basin of Greater
Caucasus (Afanasenkov et al., 2007; Barrier et al., 2018; Dercourt et al.,
2000). This vast carbonate platform comprised the present-day Eastern

7. Conclusions
The Mesozoic-Cenozoic evolution of the East Black Sea Basin (EBSB)
was subjected to the evolution of the northern branch of the Tethys
ocean on the Eurasian southern margin. The imprints of the most
important tectonic events are manifested themselves in geophysical
fields (gravity and magnetic) and preserved in the lithosphere structure
as velocity heterogeneities revealed by seismic (active and passive)
studies. The new transect for the lithosphere of the eastern part of the
12
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Black Sea (BS), crossing the EBSB from the Eastern Pontides to the
Northern Caucasus, is constrained by comprehensive analysis of new
and available geophysical data and modeling including seismic images
and velocity models from deep seismic reflection and refraction studies,
seismic tomography, as well as 2D gravity and magnetic modeling. The
main results obtained by our study could be summarized as follows.
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