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The entire Ukrainian sector of the Black Sea, which occupies its northernmost part, was
studied with the interpretation of the post-1990 seismic reflection data along seismic lines
having a total length of some 30 000 km. In the northern Black Sea relatively low extension
of the continental crust occurred in Albian-Cenomanian times and did not cause formation
of deep (sub)-oceanic basins. Rift faults formed three major rift basins. One of the ENE-WSW
oriented rift basins occupied areas of the present-day Karkinit Through, Krylov-Zmiiny Uplift,
Gubkin Ridge and Sulina Depression within the Odessa Shelf. Another ENE-WSW oriented
basin included areas of the present-day Tetyaev High, Sorokin Trough, Crimea Mountains and
Marine Continuation of the Crimean Folds. The NW-SE oriented major rift basin occupied
areas of the present-day Andrusov Ridge, Eastern Black Sea Basin, Shatskiy High and Euxin-
ian Graben. Passive, thermal (post-rift) subsidence lasted in Turonian—Middle Eocene times
and occurred in marine basins with a water depth that did not exceed a few hundred meters. A
strong regional compression at the end of the Middle Eocene interrupted the post-rift (thermal)
subsidence of rift basins, strongly deformed the sedimentary cover and formed a large NW-SE
oriented landmass. This onshore terrain occupied the central and southern parts of the Odessa
Shelf and the Crimean Peninsula, and deep-water area, including the Euxinian Graben, Marine
Continuation of the Crimean Folds, Sorokin Trough, Tetyaev High, Andrusov Ridge, Shatskiy
High and Eastern Black Sea Basin. Up to 5 km of sediments were eroded during the time of
the existence of the emerged onshore terrain. Two subsequent S—N compressional events oc-
curred at the end of the Late Miocene and invoked folding and thrusting of the sedimentary
sequences in the originally ENE-WSW Cretaceous rift basins mainly. Anticlinal structures
on the Odessa Shelf underwent additional growth and numerous new anticline folds were
generated on the margins of the Western Black Sea Basin, including the Sorokin Trough and
Marine Continuation of Crimean Folds. During both Late Miocene compressional events broad
landmasses arose across the northern Black Sea region. These onshore terrains ran in a roughly
E-W direction and occupied the present-day shallow shelves and northern part of the current
deep water as well as almost the whole Crimea Peninsula. Like the Late Eocene landmass, the
Late Miocene onshore terrains were evidently a source of sediments into marine basins that
surrounded them. The first Late Miocene compression probably coincided in time with the
Messinian Salinity Crisis and it was apparently accompanied by a sharp fall of the sea level.
Prior to the second Late Miocene compressional event the sea level had risen sufficiently that
a considerable part of the Odessa Shelf and other parts of the middle Pontian landmass were
covered, at least periodically, by a shallow sea. The present-day deep-water part of the study
area began to subside rapidly in the Pliocene. The mechanical response to this rapid subsid-
ence appears to have reactivated normal faulting of the previously inverted south-dipping
rift faults along the coast of the Crimean Mountains and in the eastern part of the Euxinian
Graben during the Pleistocene and possibly Holocene. The very rapid subsidence and lack
of sedimentary supply led to sub-oceanic water depth in the Western and Eastern Black Sea
basins that had previously developed as relatively shallow seas.

Key words: Black Sea, Odesa Shelf, Eastern Black Sea Basin, Western Black Sea Basin,
Andrusov Ridge, tectonic evolution, inverted rift structures, rifting, compression, Messinian
event, Mesozoic, Cenozoic, seismic interpretation.
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1. Introduction. This paper describes the
main geological structures and the tectonic
evolution of the entire Ukrainian sector of the
Black Sea as well as the geological nature and
present-day structure of the regional tectonic
units found in the study area (Figs. 1, 2). The
research has been conducted on the basis of
the interpretation of seismic reflection lines
covering the entire study area and having
a total length of more than 30.000 km (see
Fig. 2).

The Ukrainian sector of the Black Sea oc-
cupies some one quarter of the whole sea
and most of its northern part (see Fig. 1). The
present-day deep-water sea floor is an almost
flat abyssal area lying at the maximum depth
of 2211 m below sea level in the southernmost
study area and it gradually rises northward to
the continental slope, which is at depth from
1000 m to 200 m and has a dip varying from
10° to 40°. The shallow-water area includes the
most part of the wide North-Western (Odesa)
Shelflocated to the west of the Crimea Penin-
sula as well as the Pre-Crimea Shelf and Pre-
Kerch Shelf that occupy the relatively nar-
row offshore zone to the south of the Crimea
Mountains and the Kerch Peninsula, which
is a part of the Crimea Peninsula (see Fig. 1).

The geological study of the Black Sea be-
gan in the first half of the 20th century [An-
drusov, 1926; Arkhangelskiy, Strakhov, 1938;
Muratov, 1955, 1969 and many others]. Basic
knowledge about the geological structure of
the Black Sea as a whole and its Ukrainian
sector in particular has been obtained with
2D marine regional and exploratory seismic
reflection surveys since the 1970s [Tugole-
sov et al., 1989; Finetti et al., 1988; Belousov,
Volvovskiy, 1989; Petroleum Geology..., 1994;
Robinson, Kerusov, 1997; Stovba et al., 2003;
Stovba, Khriachtchevskaia, 2006; Gerasimov
et al., 2008; Graham et al., 2014; Nikishin et
al., 2015a,b; Sydorenko et al., 2016 and refer-
ences thereafter]. The Odesa shelf has been
studied in more detail, with more than eighty
deep wells drilled in the area [Astakhova et
al., 1984; Melnik, 1985; Bogaets et al., 1986;
Shnyukov, 1987].

In spite of the considerable progress made
in understanding the geology of both the en-
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tire Black Sea and its Ukrainian sector many
issues debated for many decades and related
to the stratigraphy, tectonics and evolution
of the Black Sea region, have not been com-
pletely resolved [Muratov, 1969; Tugolesov et
al., 1985; Zonenshain, Le Pichon, 1986; Finetti
et al., 1988; Gortr, 1988; Dercourt et al., 1993;
Okay et al., 1994; Robinson et al., 1995, 1996;
Jones, Simmons, 1997 Banks, Robinson, 1997
Spadini et al., 1996, 1997; Robinson, Kerusov,
1997, Nikishin et al., 1998, 2001, 2003, 2012,
2017, Morosanu, 2002; Meredith, Egan,
2002; Cloetingh et al., 2003; Starostenko et
al., 2004; Stephenson et al., 2004; Dinu et al.,
2005; Saintot et al., 2006; Barrier, Vrielynck,
2008; Khriachtchevskaia et al., 2007, 2009a, b,
2010; Stovba, Khriachtchevskaia, 2009, 2011;
Stovba et al., 2009, 2013, 2017a, b; Slyshynsky
et al., 2007, Meijers et al., 2010; Stephenson,
Schellart, 2010; Munteanu et al., 2011; Okay,
Nikishin, 2015; Sydorenko et al., 2016; Sher-
emet et al., 2016b; Sosson et al., 2016; Hip-
polyte et al., 2016, 2018]. Among these out-
standing issues, several key ones are: (1) the
structure of the main regional tectonic units
at different stratigraphic levels within the
sedimentary cover; (2) triggering and driv-
ing mechanisms of the formation of the main
tectonic units; (3) the timing, duration and
geological consequences of tectonic events
that took place in the Black Sea region since
the Cretaceous.

The research results presented in this pa-
perilluminate new information that may help
to resolve the problems mentioned above,
at least for the northern Black Sea. Some of
these results are in contradiction to many
modern tectonic and geodynamic models of
the Black Sea region.

Some of the results presented here have
been described in unpublished reports [Stov-
ba et al., 2003, 2006; Stovba, Popadyuk, 2009]
and some elements have been reported in pub-
lished works [Khriachtchevskaia et al., 2007,
2009a,b; 2010; Stovba et al., 2009] and con-
ference papers [Stovba, Khriachtchevskaia,
2009, 2011; Stovba et al., 2013, 2017a,b].

2. Seismic data and interpretation.

2.1. Seismic profiles. In 1994—1995 West-

ern Geophysical conducted a 2D regional
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Fig. 1. Physiographic map of the Black Sea region. Red lines are country boundaries; red dashed line is the bound-
ary of the Ukrainian sector of the Black Sea and Azov Sea. Abbreviations: CM — Crimean Mountains; KP— Kerch
Peninsula; PCS — Pre-Crimea Shelf; PKS — Pre-Kerch Shelf.

seismic reflection survey along profiles hav-
ing a total length of 17500 km (UBS94 project)
and a spacing of 7—14 km (see Fig. 2). In 2005
the Polar Trade Research Associates acquired
an additional set of regional seismic reflec-
tion profiles that have a cumulative length of
9870 km and a spacing of 22—28 km (BS05
project). The UBS94 and BS05 regional seis-
mic data are of high quality and they provide
an excellent opportunity for solving the exist-
ing problems on the geology and evolution of
the northern Black Sea taken in combination
with other geological and geophysical infor-
mation [Khriachtchevskaia et al., 2007, 2009a,
b, 2010; Stovba et al., 2009; Sheremet et al.,
2016b; Sydorenko et al., 2016].

The UBS94 and BS05 data form the basis of
the investigations reported in this paper but
are augmented by additional semi-regional
and exploratory seismic lines that were ac-
quired by the Prychernomor State Regional
Enterprise (Ukraine) and the State Geophysi-
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cal Enterprise Ukrgeofizika (Ukraine) in 1995
and 2001 (see Fig. 2).

Seismic sections imaging the structure of
the sedimentary cover within the entire study
area are shown in Figs. 3—8. The lowermost
sedimentary strata in the most buried areas
of the Western Black Sea Basin (WBSB) and
Eastern Black Sea Basin (EBSB) have been
successfully studied with seismic lines of the
BS05 project solely. This is because the UBS-
94 project recorded only to 9 s whereas the
acquisition interval for the BS05 project was
equal to 15 sin deep water. More information
about acquisition parameters and the basic
processing sequence for the seismic data
gathered in the study area can be found in
[Sydorenko et al., 2016].

The quality of seismic sections is poor in
some areas and at deeper levels within the
sedimentary succession because of low signal
to noise ratio and/or the presence of multiples.
Besides multiples, strong out-of-plane reflec-
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Fig. 2. Physiographic map of the study area and contours

of regional tectonic units (in black bold dotted lines),

locations of key offshore wells (black dots), interpreted seismic reflections profiles (grey and blue lines), locations
and ages of rock samples dredged from the sea bottom (colour dots). The regional seismic lines conducted in the

framework of BS05 and UBS94 projects are shown in blue
seismic surveys are shown with grey dashed lines. The are

and grey lines respectively; seismic lines of other 2D
a of seismic study is shown with blue dashed line. The

black dashed line is the limit of the Ukrainian sector of the Black Sea. The seismic profiles shown in Figs 3—38

are in blue and grey bold lines. Abbreviations of tectonic u

nits and wells: AR — Andrusov Ridge; CM — Crimean

Mountains; EBSB — Eastern Black Sea Basin; EEP — Eastern European Platform; EG — Euxinian Graben; GR
— Gubkin Ridge; HT — Histria Trough; KrS — Krayova Step; KS — Kalamit Swell; KT — Karkinit Trough; KZU

— Krylov-Zmiiny Uplift; MCCF — the Marine Continuati
— Shatskiy High; ST — Sorokin Trough; SUBW — Subboti

on of the Crimean Folds; SD — Sulina Depression; SH
na wells; TH — Tetyaev High; WBSB — Western Black

Sea Basin; ZI — Zmiiny Island, coincident with the location of the Morskaya-1 well (black dot).

tions, from faults not eliminated by seismic
processing, are apparent in highly deformed
parts of the present-day continental slope. In
such cases the relatively low quality of seis-
mic images complicates the seismic interpre-
tation. The correlation of reflecting horizons
within the areas can be done conditionally
only with the use of wave field singularities
and peculiarities of geometry of reflection ho-
rizons that have been recognised in nearby
seismic lines having better seismic images.
2.2. Stratigraphic calibration of regional
seismic horizons. The oldest rocks encoun-

56

tered in several offshore boreholes in the area
are Archean—Proterozoic metamorphosed
rocks and intrusive complexes of the base-
ment of the East European Platform [Kruglov,
Tsypko, 1988]. Upper Proterozoic rocks occur
within boreholes on adjacent onshore areas,
e. g. [Astakhova et al., 1984; Melnik, 1985;
Kruglov, Tsypko, 1988; Nikishin et al., 2001].

Lower Devonian and Upper Silurian lime-
stones penetrated by the Morskaya-1 well
on the Zmiiny Island are the oldest, weak-
ly metamorphosed sedimentary rocks en-
countered on the Odesa Shelf (see Fig. 2).
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Fig. 3. Interpreted seismic reflection profile A—A' (a); the same profile with vertical scale reduced in 5 times is
shown in (b). A simplified paleotectonic reconstruction of basin structure along the profile during Cretaceous
rifting is demonstrated in (c¢); no depth scale is applicable for the reconstruction. The location of the profile is
shown in Fig. 2. Quater — Quaternary; Plio — Pliocene; Pont — middle and upper Pontian; M.-U.Mio — Middle
and Upper Miocene; L.Mio — Lower Miocene (upper part of Maykopian sediments); Oligo — Oligocene (lower
part of Maykopian sediments); U.Eo — Upper Eocene; Pal.-M.Eo — Paleocene—Middle Eocene; U.Cr — post-rift
Upper Cretaceous; Cr st — Lower and Upper Cretaceous syn-rift sediments. STF — Sulina-Tarkhankut Fault. The
abbreviations for the tectonic units are described in Fig. 2.

=
L]

359 km

Fig. 4. Interpreted seismic reflection profile B—B'. See Fig. 3 for explanation; see also Fig. 2 for abbreviations of
regional tectonic units and Fig. 3 for abbreviations of sedimentary sequences. Abbreviations of fault names (in

red): GF — Golitsin Fault; EF — Euxinian Fault; STF — Sulina—Tarkhankut Fault.

Triassic, Jurassic and Neocomian-Aptian
sediments were penetrated at the well bot-
tom of several offshore wells [Gozhik et al.,
2006; Khriachtchevskaia et al., 2009b, 2010].
Some researchers believe that the sedimen-
tary strata of the Karkinit Trough lie directly
on the basement of the Scythian plate [Asta-
khova et al., 1984; Shnyukov, 1987]. However,
there are no valid geological data confirming
this assertion. The age of sedimentary strata
overlying the crystalline basement of the Kar-
kinit Trough is debatable. Different authors

T'eogpusuueckutl xyprnaar Ne 5, T. 42, 2020

consider ages spanning the Paleozoic to the
Triassic—Jurassic [Astakhova et al., 1984; Ni-
kishin et al., 1998; Khriachtchevskaia et al.,
2007, 2009b].

The stratigraphic calibration of regional
reflecting horizons and seismic sequences on
the Odessa Shelf was made according to more
than 40 stratigraphic and exploration offshore
wells. Their locations are shown in Fig. 2. De-
spite some problems with the stratification of
sedimentary rocks, which remained even af-
ter revision of the palaeontology of key wells
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Fig. 5. Interpreted seismic reflection profile C—C'. See Fig. 3 for explanation; see also Figs. 2—4 for abbrevia-
tions of regional tectonic units, faults and sedimentary sequences. Black arrows show directions of movements of
the EF hanging wall during: 1 — Cretaceous rifting; 2 — Eocene compression; 3 — Late Miocene compressions;
4 — Quaternary extension. The anticline labelled «A» is a local structure that was formed in the WBSB under
submarine conditions during the Late Miocene compression events.

2
v

Fig. 6. Interpreted seismic reflection
profile D—D'. See Fig. 3 for explana-
tion; see also Figs. 2—3 for abbrevia-
tions of regional tectonic units and
sedimentary sequences. Black arrows
show directions of movements of the
hanging wall at the present-day con-
tinental slope during: 1 — Cretaceous
rifting; 2 — Eocene compression; 3
— Late Miocene compressions; 4 —
Quaternary extension. The dotted
lines beneath the Cretaceous syn-rift
sequence correspond to horizons il-
luminating the structure of pre-rift
sediments in the EBSB and Andrusov
Ridge.

0 < 158 km

Fig. 7. Interpreted seismic reflection
profile E—E'. See Fig. 3 for explana-
tion; see also Figs. 2—3 for abbrevia-
tions of regional tectonic units and
sedimentary sequences.
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300 km

Fig. 8. Interpreted seismic reflection profile F—F'. See Fig. 3 for explanation; see also Figs. 2, 3 for abbreviations

of regional tectonic units and sedimentary sequences.

[Gozhik et al., 2006; Khriachtchevskaia et al.,
2009b], the existing wells allowed calibration
of seismic reflections from boundaries of sedi-
mentary sequences throughout the shelf from
the Albian, Lower Cretaceous to the Pliocene-
Pleistocene (see Figs. 3—5 ). Seismic hori-
zons from sediments older than Albian are
recorded only sporadically. Therefore, it is
impossible to trace them uninterruptedly
even across any given tectonic element. Con-
sequently, the structure and composition of
the sedimentary succession underlying the
Albian sediments of the Lower Cretaceous, is
discussed only briefly in this paper.

The absence of wells drilled in the deep
water of the Ukrainian offshore is the major
problem for stratigraphic calibration of seis-
mic sequences in the area. This problem is
complicated by the difficult to impossible
task of carrying out a continuous correlation
of seismic sequences from the Odesa Shelf
to the deep water because of the sharp thick-
ness decrease and, sometimes, the complete
pinching out of sedimentary complexes to-
wards the Kalamit Swell, the Krayova Step,
the northern part of the WBSB, and the pres-
ence of joint fissures at the current edge of
the shelf (see Figs. 3—Y9).

In order to find a way for stratigraphic

T'eogpusuueckutl xyprnaar Ne 5, T. 42, 2020

calibration of seismic horizons in the deep
water part of the study area we compared vis-
ible features of time-scaled seismic images
along seismic lines crossing the WBSB and
the central part of the Karkinit Trough within
the Odesa Shelf. This approach has given a
way to identify seismic sequences that are
characterised by similar seismic features for
the shelf and deep water. Furthermore, the
reasonable assumption that the main phases
of tectonic movements during regional com-
pressional events took place simultaneously
all over the northern Black Sea has allowed
identifying the synchronous angular uncon-
formities in areas where these movements led
to deformations of sedimentary cover.
Within the Pre-Kerch Shelf the strati-
graphic correlation of seismic horizons, which
characterise the tectonic patterns of the upper
part of the studied geological section, includ-
ing the Eocene, was carried out with available
data from three offshore wells drilled in the
Subbotina structure (see Fig. 2) [Yeger et al.,
2008; Stovba et al., 2009]. The continuous cor-
relation of reflections, which were strictly tied
to these wells, over long distances and the
application of the same technical approach-
es that had been applied for stratification of
seismic sequences in the WBSB, were used to
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trace the regional seismic reflections across
the eastern part of the Ukrainian offshore,
including the Andrusov and Shatskiy ridges,
the EBSB, the Sorokin Trough and the subma-
rine continuation of the Crimea Folds.

An extended data set, which includes the
results of a study of bedrock samples dredged
on the northern continental slope, geologi-
cal mapping of outcrops on the sea bottom
by submersibles, and available data from
short boreholes drilled up to 15 m beneath
the sea bottom [Shnyukov et al., 1997, 2003;
Ivannikov et al., 1999; Ivannikov, Stupina,
2003; Shnyukov, Ziborov, 2004 and referenc-
es thereafter], played a key role for seismic
interpretation in the deep-water part of the
study area. Locations of submarine sampling
are shown in Fig. 2. The ages of a number of
sampled sedimentary rocks were previously
identified as Triassic—Early Jurassic (Tavric
Group) and Middle Jurassic by reason of the
similarity of their lithology to the strata widely
exposed in outcrops of the Crimea Mountains
and are commonly referred to Triassic-Middle
Jurassic [Ivannikov et al., 1999; Ivannikov,
Stupina, 2003; Shnyukov et al., 1997, 2003;
Shnyukov, Ziborov, 2004]. A few rock samples
were considered as the Carboniferous, which
were dredged from the continental slope to
the south-west of Crimea Peninsula [Shnyu-
kov et al., 1997].

Meanwhile, the authors of this paper car-
ried out the fieldwork in 2010—2013 with the
aim of new geological mapping of the Crimea
Mountains [Popadyuk et al., 2013a, b, 2015a,b;
Stovba et al., 2013]. One of main results of
the fieldwork concerns the accurate defini-
tion of the age of "Triassic-Middle Jurassic'
siliciclastic sedimentary rocks mentioned
above. A new study of microfauna in rock
samples that were collected from many out-

crops located in different parts of the Crimea
Mountains showed that these rocks should be
dated as not older than the Early Cretaceous.
The age of a number of rock samples is defi-
nitely Albian (Early Cretaceous). The study
of the peculiarities of facies distribution in
the Crimea Mountains permits the conclusion
that all analysed rock samples in onshore are
most likely of the Albian age [Popadyuk et al.,
2013a,b, 2015a,b]. The fact that in the central
and eastern parts of the Crimea Mountains
the sediments of the Tavric Group were not
deposited earlier than in the Early Cretaceous
has been recently confirmed by paleontologi-
cal data recently obtained by [Sheremet et al.,
2016a,b]. Taking into account the new data
for the Crimea Mountains and comparing the
geological mapping of the seabed and the
results of seismic interpretation at sampling
sites, we have assumed that all dredged rock
samples, which were previously considered
as the Triassic—Early Jurassic (Tavric Group)
and Middle Jurassic, actually should be dated
as Albian in age of the Early Cretaceous (see
Fig. 2).

2.3. Seismic (seismostratigraphic) se-
quences. Ten seismostratigraphic sequenc-
es have been identified in seismic sections
throughout the study area. In accordance to
the stratigraphic calibration based on existing
data the seismostratigraphic units correspond
to the following sedimentary sequences: (1)
the Cretaceous (Albian—Cenomanian) syn-
rift sequence, (2) the Turonian—Maastrich-
tian of the Upper Cretaceous and (3) Paleo-
cene—Middle Eocene post-rift sequences,
(4) the Upper Eocene, (5) Oligocene (Lower
Maykopian), (6) Lower Miocene (Upper
Maykopian), (7) Middle—Lower part of Up-
per Miocene, (8) upper part of Pontian, up-
permost part of Upper Miocene, (9) Pliocene

Fig. 9. TWT structural map at the base of the Cretaceous syn-rift sediments (a) and TWT thickness map of the
syn-rift sequence (b) for the study area. Faults are shown in red lines. The profiles demonstrated in Figs. 3—38 are
in blue and grey bold lines. The area of seismic study is shown with blue dashed line. The black dashed line is the
limit of the Ukrainian sector of the Black Sea and Azov Sea. Abbreviations of fault names (in red): GF — Golitsin
Fault; STF — Sulina-Tarkhankut Fault; EF — Euxinian Fault. See Fig. 2 for abbreviations (in black) of regional
tectonic units. White spots in the footwalls of the Golitsin, Sulina-Tarkhankut and Euxinian rift faults correspond
to the areas of absence of the syn-rift sedimentation, and white spots in the northern part of the Sorokin Trough
and south-eastern area of the Andrusov Ridge correspond to areas of complete erosion of the syn-rift sediments

during Cenozoic compression events.
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Fig. 10. Simplified paleotectonic reconstruction showing the distribution of rift faults (in black) and regional
tectonic units during the Cretaceous rifting. Marine conditions of sedimentation are in grey. The footwalls of rift
faults, which were emergent above sea level and subject to erosion, are shown in white. Locations of rift faults in
the Crimea Peninsula are adopted from [Stovba et al., 2017a,b].

and (10) Quaternary post-rift sequences de-
posited in syn- and post-compressional set-
tings (see Figs. 3—38).

The boundary between the Oligocene and
Lower Miocene seismostratigraphic sequenc-
esis defined in seismic sections with some ap-
proximation, since even available offshore and
onshore wells do not provide unambiguous
faunal and lithological criteria to subdivide
the Maykopian sediments into Oligocene and
Lower Miocene successions [Muratov, 1969;
Astakhova et al., 1984; Melnik, 1985; Gozhik
et al., 2006; Khriachtchevskaia et al., 2009b].

2.4. Isochron and isopach maps. Ten iso-
chron maps showing isolines of Two-Way
Travel Time (TWT) for seismic horizons sepa-
rating the seismostratigraphic units have
been constructed in the issue of seismic in-
terpretation. The maps characterise the ge-
ometry of the bases of the above-mentioned
sedimentary sequences in those areas where
they were accumulated and partially or whol-
ly preserved.
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On the basis of isochron maps the ten iso-
pach maps (contours of equal vertical thick-
ness in TWT scale) of corresponding seismic
sequences have been constructed. All maps
are built in time only because of a lack of valid
velocity models for separate tectonic units in
the deep-water area and for some areas of the
shallow shelf as well.

3. Main Results.

3.1. Stages of tectonic evolution. The main
stages of the tectonic evolution of the Odesa
Shelf of the Black Sea identified on the ba-
sis of regional seismic studies are described
in the papers and unpublished reports by
[Stovba et al., 2003, Stovba, Popadyuk, 2009,
Khriachtchevskaia et al., 2007, 2010]. The
first stage is one of active crustal extension
and rifting, which took place at the end of the
Early Cretaceous — the beginning of the Late
Cretaceous. The second stage is the passive
post-rift (thermal) subsidence stage, which
dominated from the middle of the Late Cre-
taceous up to the Middle Eocene. The third
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stage comprises a period of continued post-
rift subsidence but with periodic inversional
deformations caused by regional crustal com-
pression at the end of the Middle and Late
Eocene, as well as at the end of the Early and
Late Miocene. The most intensive compres-
sional deformation occurred at the end of the
Middle Eocene and at the end of the Late Mi-
ocene [Stovba et al., 2017a,b].

The results of the interpretation of the
available seismic data suggest that the same
tectonic events that have been set for the
Odesa Shelf affected the evolution and struc-
ture of sedimentary successions throughout
the northern part of the Black Sea basin. It has
been also identified that, in contrast to the
Odesa Shelf, local extension appeared since
the Pliocene or Quaternary in the area of the
recent continental slope to the south and to
the west of the Crimea Mountains [Stovba,
Khriachtchevskaia, 2011; Stovba et al., 2013,
2017a,b].

3.2. The structure and accumulation of the
Albian-Cenomanian syn-rift sequence. The
TWT structural map at the base of the Albian-
Cenomanian syn-rift sequence (Fig. 9, a) re-
veals all regional tectonic units known today:.
The units were formed since the end of the
Early Cretaceous as a consequence of rifting,
post-rift (thermal) subsidence and subsequent
phases of post-rift tectonic shortening and
faulting.

On the Odesa Shelf the seismic expression
of the base of the Albian-Cenomanian syn-rift
sequence is recognised quite clearly, except
those areas where the Albian-Cenomanian
sediments were not deposited or where they
were eroded during subsequent uplift move-
ments. In many parts of the deep water, par-
ticularly in the WBSB and Sorokin Trough,
the base of the syn-rift sequence can be traced
in a speculative way only, taking into consid-
eration the nature of reflectivity around the
base of the syn-rift unit. Therefore, although
structural mapping outlines properly the
main geometric features of the base of the
syn-rift sediments (see Fig. 9, a), estimation of
depth and thickness of the syn-rift unit can be
done with a precision of 1—1.5 km only, given
the lack of well calibrated velocity models.
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The base of the syn-rift unit is deepest in
the central part of the WBSB, where it reaches
15.5—16.5 km (12.0 s). In the EBSB its maxi-
mum depth is 12.5—13.5km (~10 s). The shal-
lowest depths of the base of the syn-rift unit
are found in the Kalamit Ridge and Marine
Continuation of the Crimean Folds. The sedi-
ments of the syn-rift sequence outcrop along
extensive areas of the continental slope (see
Figs 5—7). In addition to seismic data, this is
evidenced by rock samples dredged from the
sea bottom (see Fig. 2).

Features of seismic images reflecting the
internal fabric of the syn-rift unit indicate that
the syn-rift sediments were formed under con-
ditions of contrast topography and permanent
vertical displacements of large crustal blocks.
The Albian-Cenomanian sequence overlies
older rocks with angular unconformity. The
sequence is characterised by sharp changes
in the composition of depositional facies la-
terally and vertically and by the presence of
multiple angular unconformities between cer-
tain strata within the sequence, as well as by
significant differences of sediment thickness
between hanging walls and footwalls of rift
faults, which were growing simultaneously
with sediment deposition (see Figs. 3—38).

The seismic interpretation and tentative
paleo-reconstructions suggest that an extend-
ed system of grabens and half-grabens deve-
loped in Albian-Cenomanian time throughout
the study area. The individual rift blocks were
separated from each other by faults with verti-
cal offsets ranging from several tens of meters
to 2—3 km and more (see Figs. 3—8, 9, b). The
origin of such (half)grabens is typical for rift
basins, when crustal extension results in brit-
tle deformation of the upper crust.

Seismic data and numerous occurrences of
syn-rift magmatism on the Odesa Shelf, e.g.
[Khriachtchevskaia et al., 2010], along the
northern continental slope (see Fig. 2) and
in the Crimea Peninsula [Shnyukov, 1987
Kruglov, Tsypko, 1988; Nikishin et al., 1998,
2001, 2003, 2012, 2017], as well as the pres-
ence of rift structures in the Crimea Moun-
tains [Nikishin et al., 2001, 2003, 2017; Stovba,
Khriachtchevskaia, 2011; Stovba et al., 2013,
2017a,b, Hippolyte et al., 2018], Romanian
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and Russian parts of the Black Sea [Zonen-
shain, Le Pichon, 1986; Nikishin et al., 2001;
Dinu et al., 2005; Munteanu et al., 2011] indi-
cate that crustal extension dominated during
the Albian (Early Cretaceous) and continued
to the Cenomanian (Late Cretaceous).

The new data mentioned above defining
an Albian age of the Tavric (Tauric) Group
and «Middle Jurassic» siliciclastic succes-
sions, which were uplifted and exposed in
the Crimea Mountains during the Cenozoic
phases of compression, are of particular im-
portance in determining the time of rifting
[Popadyuk, Smirnov, 1991; Popadyuk et al.,
2013a,b, 2015a,b; Stovba et al., 2013, 2017a,b].
Consideration of the structural settings and
facies distribution within the Crimea Moun-
tains and at depth indicates that the clastic
rocks that were previously referred to the Up-
per Triassic—Lower Jurassic («flysch» of the
Tavric Group) and Middle Jurassic, were de-
posited in the Albian as part of the typical syn-
rift succession [Stovba et al., 2013, 2017a,b;
Popadyuk et al., 2013a,b].

The seismic data allow characterizing the
general features of the structure of the Pre-
Albian sedimentary section in some areas of
the Karkinit Trough, Andrusov and Shatskiy
ridges. In these areas, the sediments that lie
directly below the Albian-Cenomanian suc-
cession are imaged in seismic sections by
separate reflectors or by a set of reflectors,
whichare almost parallel to the base of the
rift sequence (see Fig. 0). The footwalls of the
half-grabens that were uplifted above sea level
and eroded during their formation are excep-
tions. There are unconformities between the
pre-rift and syn-rift successions nearby the
rift faults that reveal the erosion and, conse-
quently, a decrease of thickness of the pre-
rift sediments in the direction of the raised
footwalls of (half)grabens. The character of
the seismic reflections in the upper part of
the pre-rift succession suggests that they were
formed in a calm tectonic regime prior to the
onset of crustal extension in the Albian.

It is instructive to point out that reflections
from the deep horizons of the sedimentary
strata and/or consolidated crust are recorded
in some areas (see Fig. 6). These are traced
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with a noticeable angular unconformity to the
upper part of the pre-rift strata. This may be
an indication of tectonic processes that oc-
curred in prior to the Albian in the Mesozoic
or Paleozoic. Therefore, it cannot be pre-
cluded that the Early Cretaceous system of
normal faults may be reactivating a system of
older rift faults. Particularly, geological data
provide evidence of Permian and/or Triassic
rift processes in the Predobrogea Trough,
which continued likely further to the east of
the present-day Krylov-Zmiiny Zone of struc-
tural highs, e.g. [Banks, Robinson, 1997; Seg-
hedi, 2001; Nikishin et al., 2001; Hippolyte,
2002]. Faults having Pre-Cambrian age has
been recently predicted in the Black Sea by
[Rusakov, Pachkevich 2017]. However, the
clarification of timing, triggering and driv-
ing mechanisms of the pre-Albanian tectonic
processes in the northern part of the Black
Sea requires additional research and, there-
fore, itis not considered further in this paper.

Seismic and geological data indicate that
the extensional tectonic processes terminated
at the end of the Cenomanian. The Late Cre-
taceous and younger sediments overlapping
the Albian-Cenomanian syn-rift sequence
consist of facies that are imaged in the seis-
mic sections with continuous parallel reflec-
tions having laterally invariable characteris-
tics. Such behaviour is common for passive
post-rift (thermal) subsidence of sedimentary
basins (see Figs. 3—38). It is probable that in
local areas of the Ukrainian Black Sea the
effects of active rifting can be recognised in
strata as young as Turonian in the Late Cre-
taceous. This is consistent with the discovery
of volcanic rocks of this age on the southern
Crimea and Kerch peninsulas [Nikishin et al.,
2003]. However, the geological data are not
sufficient for more precisely assesses of the
termination time of active rifting in the Late
Cretaceous.

Two major systems of Albian-Cenomani-
an generated rift faults trend roughly NEE-
SWW and NW-SE within the studied part
of the Black Sea. The former formed on the
Odesa shelf and along the Crimea Peninsula.
The latter formed in the eastern deep-water
part of the Ukrainian Black Sea and approxi-
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mately along the present-day continental
slope in the western deep-water area (Figs. 9,
10). These faults and associated local (half)
grabens played a crucial role for the tectonic
evolution of the Black Sea during later stages
of post-rift passive subsidence and eventual
basin inversion.

3.3. Rift structures on the Odesa Shelf.
Karkinit Trough and Kalamit Swell. The Kar-
kinit Trough occupies a significant area of the
Odesa Shelf (see Figs. 2, 4, 5,9). This regional
tectonic unit is part of the NEE-SWW rift sys-
tem of (half)grabens. The (half)grabens are
separated from each other by normal faults
having mainly a southern dip and fault throws
of up to 2 km and more. The current depth of
the base of syn-rift sediments in the Karkinit
Trough reaches 8—9 km and the maximum
thickness of the sediments filling the (half)
grabens is some 1—2 km but may be more.

During syn-extensional tectonics the up-
lifted footwalls of some (half)grabens were ex-
posed above sea level and subject to erosion,
as seen, for example, near the Golitsin and
Sulina-Tarkhankut faults (see Figs. 4, 9, 10).
Sedimentation in the footwalls resumed only
after their subsidence below sea level at the
end of the Albian-Cenomanian or at the on-
set of post-rift passive subsidence later in the
Cretaceous. Those half-grabens that formed
near hanging walls were being filled with
sediments, the thickness of which gradually
decreased or are completely pinched-out to-
wards the uplifted parts of these half-grabens.
Therift related topography led to an irregular
distribution of syn-rift sediments in the Karki-
nit Trough. Even within the most buried parts
of the Karkinit Trough there are areas where
the syn-rift sediments are either completely
absent or they have very small thickness (see
Figs. 9, 10).

The Karkinit Trough is separated from its
northern margin (the southern slope of East-
ern European Platform) by the Golitsin Fault
having a southern dip and an offset of up-to
1—2 km (see Figs. 4, 5, 9).

The Kalamit Swell is located to the south of
the Karkinit Trough and can be considered as
the southern shoulder of the trough. The junc-
tion of Kalamit Swell and the Karkinit Trough
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lies within the Odesa Shelf along the south-
ernmost normal fault that dips to the north.
(see Figs. 9, a, 10). The syn-rift sequence is
relatively thin and has a rather simple struc-
ture in the eastern part of the Kalamit Swell
(see Fig. 9). The swell is almost unfaulted with
post-rift deformation of the sedimentary cov-
er. Such features are typical for the margins
of the majority of rift basins.

The Shtormove Graben is sometimes con-
sidered as a separate tectonic unit of the Ode-
sa Shelf [Robinson, Kerusov, 1997; Nikishin
et al, 2001; Dinu et al., 2005]. These authors
have suggested that the graben is bounded
to the north by the south-dipping Sulina-
Tarkhankut faults with offset of 1—2 km (see
Fig. 5; see also this graben between A and B
profiles along the STF in Fig. 9, b). Indeed, this
graben was formed along Sulina-Tarkhankut
fault. However, it is located in the axial part
of the Karkinit rift basin. So, the Shtormove
Graben cannot be considered as a separate
tectonic unit of the Odesa Shelf (see Figs. 4,
5 9).

Several phases of the Cenozoic regional
compression caused inversion displacements
of the rift-forming faults. The most intensive
deformation of the syn-rift and post-rift se-
quences, where inversion was accompanied
by the formation of anticlines on the North-
Western Shelf, occurred along the marginal
rift faults and the Sulina-Tarkhankut fault (see
Figs. 4, 5, 9, a). The mechanism of formation
of these local structures has been discussed
in more detail by [Robinson, Kerusov 1997
Stovba et al., 2003; Khriachtchevskaia et al.,
2007, 2010].

Gubkin Ridge, Sulina Depression and
Krylov-Zmiiny Uplift. These tectonic units
are located to the west of the Karkinit Trough
(see Figs. 2, 9, a). The seismic image of the
Cretaceous syn-rift sequence (see Fig. 3, a)
and the paleotectonic reconstruction by
the end of rift stage (Fig. 3, c¢) indicate that
the Albian-Cenomanian (half)grabens were
formed prior to the present-day structural
elevation. These extensional structures were
a part of the single Karkinit-Gubkin rift basin
(see Fig. 10) [Stovba et al., 2003; Khriacht-
chevskaia et al., 2010]. During the Cenozoic
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regional compressional phases they were
inverted and transformed into the Gubkin
Ridge, the Krylov-Zmiiny Uplift and the Suli-
na Depression. The vertical offset of the inver-
sion displacements exceed 3 km. A significant
part of the syn- and post-rift succession was
exposed above sea level for a long enough
for the crests of exposed folds to be eroded.
In some areas the syn-rift sedimentary se-
quence was completely eroded, and pre-rift
Paleozoic-Mesozoic-strata lie directly below
the thin Miocene-Pliocene sedimentary suc-
cession (see Fig. 3). This observation is con-
firmed by the Morskaya-1 onshore well that
penetrated Lower Paleozoic rocks on Zmiiny
Island [Astakhova et al., 1984]. These rocks
are covered by thin Neogene sediments.

Krayova Step. The Krayova Step was an
uplifted part of the half-graben bounded by
the Sulina-Tarkhankut fault that later became
the Gubkin Ridge (see Fig. 3, c¢). This is evi-
denced by the increase of thickness of syn-
rift sediments from the Krayova Step toward
the arch of the Gubkin Ridge as well as by
features of the Albian-Cenomanian fill of the
half-graben that are typical for syn-rift half-
grabens. Thus, before the Cenozoic inversion
the Krayova Step developed as the western
continuation of the Kalamit Ridge. These
two regional tectonic units formed together
as the southern margin of the single Karkinit-
Gubkin rift basin.

3.4. Deep water rift structures. During
the Albian-Cenomanian extensional tecto-
nic phase NEE-SWW and NW-SE systems of
(half)grabens originated along the present-
day continental slope in the deep water of
the northernmost Black Sea, as well as in the
whole eastern part of the study area (see Fig.
10). These structures were separated from
each other by faults with offsets from several
hundred meters up to 2—3 km and more. The
1—3 km thickness of syn-rift sediments in the
(half)grabens is comparable to the thickness
of the syn-rift sequence in the Karkinit-Gub-
kin rift basin (Figs. 3—38, 9, b).

Euxinian graben. This Early Cretaceous
graben is located in the northernmost part of
the WBSB (see Figs. 4, 5, 9, b, 10). Its width
varies from 15 to 35 km. The graben is sepa-
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rated from the Kalamit Swell and the Krayova
Step by the south-dipping Euxinian Fault.
These two tectonic units can be considered
together as the northern shoulder of the Eux-
inian rift basin. The original vertical offset of
the Euxinian Fault during Cretaceous rift-
ing reached more than 2 km. According to
the offshore seismic data the fault is possibly
traced to the coastal line of the westernmost
part of the Crimea Peninsula (see Figs. 5,
9, b, 10). On the peninsula itself this fault is
probably a part of a system of Early Creta-
ceous normal faults formed in the area of the
present-day Crimea Mountains (see Fig. 10)
[Stovba, Khriachtchevskaia, 2011; Stovba et
al., 2013, 2017a,b].

The Euxinian graben is separated from the
WBSB by the north-dipping fault formed in
Albian-Cenomanian time. In its eastern pro-
longation the fault had an original offset of
several hundreds of meters to 1.5—2 km (see
Figs. 4, 5). The fault throw gradually decreas-
es to nil to the west (see Fig. 3). To the south-
east the fault is traced along the western slope
of the Andrusov Ridge (see Figs. 9, 10).

Sorokin Trough, Tetyaev Ridge and Ma-
rine Continuation of the Crimean Folds. The
NEE-SWW system of (half)grabens that origi-
nated as a result of the Albian-Cenomanian
extension were separated from each other
by high-amplitude north-dipping faults in lo-
cations now occupied by the present Sorokin
Trough and Tetyaev Ridge. The Marine Con-
tinuation of the Crimean Folds was separated
from the Sorokin Trough by south-dipping rift
fault (see Figs. 6, 7). Rift (half)grabens with
almost the same strike as elsewhere were
formed in the area of the Crimea Mountains
during Cretaceous extension, as demonstrat-
ed by the recent geological fieldwork [Stovba,
Khriachtchevskaia, 2011; Stovba et al., 2013,
2017a,b]. The (half)grabens were constituents
of the northern part of a wider rift basin sys-
tem (see Fig. 10). In contrast to the southern
part of this system, the main faults within the
Crimea Mountains are predominantly south
dipping (Fig. 12). The width of the Cretaceous
rift basin system varies from 60 to 120 km
when the present Sorokin Trough and the
Tetyaev Ridge and the onshore and offshore
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parts of Crimean folds are taken into account.
The width of the rift basin, which is currently
hidden by the Black Sea, changes from 50 to
80 km along the basin strike (see Fig. 10).

EBSB, Andrusov and Shatskiy ridges. Two
vast graben-shaped structures were formed
in the Early Cretaceous in the area of the
present-day Andrusov Ridge, EBSB and Shat-
sky Ridge. These rift structures were sepa-
rated from each other by NW-SE trending
faults with vertical offsets of up to more than
1—2 km (see Figs. 8, 9, b, 10). In the eastern-
most part of the study area the footwall of
the Shatskiy Ridge is separated from the pre-
Caucasus part of the Black Sea (the Tuapse
Trough) by NE dipping faults (see Figs. 9, b,
10).

The most intensive downwards movement
of crustal blocks in the area of the Andrusov
Ridge took place along the fault that sepa-
rated this ridge from the WBSB at the level of
the Cretaceous syn-rift sediments (see Figs. 8,
9, b, 10). The easternmost part of the WBSB
that borders on the present-day Andrusov
Ridge originally represented the footwall of
this fault in Albian-Cenomanian time (see
Figs. 8, ¢, 9, b).

High-amplitude rift faults are not recog-
nised in the part of the WBSB covered by
seismic lines (see Fig. 9, a). The only excep-
tions are the faults described above that led to
the formation of the Euxinian graben and the
graben located in the area of the present-day
Andrusov Ridge. The humpbacked nature of
the base of the syn-rift sequence and other
seismic characteristics suggests that rifting
processes also occurred in the WBSB during
the Albian-Cenomanian extensional period. It
is not precluded that during active rifting that
part of the WBSB, now located in the Ukrain-
ian offshore, was an uplifted shoulder of large
half-graben(s). The respective lowered flanks
of such half-graben(s) may now be located in
the Romanian, Bulgarian and/or Turkish sec-
tors of the Black Sea.

Almost all (half)grabens within the study
area were affected by fold tectonics accom-
panied by vertical movements from several
hundred meters to 4—5 km during the sub-
sequent Cenozoic compression phases (see
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Figs. 3—8). Accordingly, on the map charac-
terising the geometry of the base of the syn-
rift sequence the systems of inverted grabens
appear as being folded with SE and WE axial
strikes (see Fig. 9, a). The Albian-Cenomanian
syn-rift sequence was exposed above sea level
for some time in the western part of the Kar-
kinit-Gubkin rift, in the northern part of the
Euxinian graben, on the Andrusov and Tety-
aev and Shatskiy ridges, on the considerable
area of the Crimea Mountains and along the
southern nearshore of the Crimea Peninsula,
as well asin the EBSB. As a result of the uplift,
the Albian-Cenomanian sequence of these
regional tectonic units was eroded partially
and, in places, completely as it indicated by
the exposed strata of the Krylov-Zmiiny Uplift
and Crimea Mountains (see Figs. 3—38). It fol-
lows that the present-day thickness distribu-
tion of the syn-rift succession (see Fig. 9, b)
is not identical to what it was at the end of
active rifting.

3.5. Post-rift pre-folded sequences. The
crustal extension in the northern part of the
Black Sea gradually ceased from the begin-
ning of the Late Cretaceous. The next stage of
the tectonic evolution of the Black Sea region
probably started in the Turonian and contin-
ued to almost the end of the Middle Eocene.
During this time there was passive thermal
(post-rift) subsidence of the whole study area.
This post-rift stage of basin subsidence and
sediment accumulation was characterised
by a quiet depositional environment. On the
seismic sections the whole sedimentary sec-
tion relating to the Late Cretaceous—Middle
Eocene post-rift stage can be subdivided into
the Turonian-Maastrichtian and Paleocene—
Middle Eocene sequences (see Figs. 3—38).
These two post-rift sequences were partially
or completely eroded within large areas of
the shallow shelf, the continental slope and
the eastern part of the Black Sea, due to up-
lift above sea level during the following com-
pressional phases. The present boundaries
of these sequences are mainly erosive ones
(Figs. 11, 12). At the time of their formation
the post-rift sediments covered the entire
northern part of the Black Sea and the Cri-
mea Peninsula (Fig. 13, b).
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In areas where the Upper Cretaceous and
Paleocene—Middle Eocene post-rift sedi-
ments are preserved from erosion as a whole
orin part, the corresponding seismic sequenc-
es in the deep-water and shallower parts of the
offshore point to sub-horizontal sedimentary
bedding with no indication of disconformities
or angular unconformities or abrupt thick-
ness changes (see Figs. 3—38). The strongest,
most laterally coherent, seismic reflections
can be traced almost continuously over long
distances and on the opposite sides of faults.
All deformational structures complicating
the Turonian-Maastrichtian and Paleocene—
Middle Eocene sedimentary sequences, are
consequences of post-depositional tectonic
processes.

The bases of the Cretaceous and Pale-
ocene—Middle Eocene post-rift sequences
are deepest in areas that were least affected
by Cenozoic compression. On the North-
Western Shelf this concerns, first of all, the
present axial part of the Karkinit Trough,
where the base of the Upper Cretaceous
post-rift sequence occurs at the depth of
6 km (see Fig. 11, a, 4.3 s) and the base of the
Paleocene—Middle Eocene s at the depth of
4.5 km (Fig. 12, a, 3.5 s).

Thickness maps demonstrate that a syn-
cline was formed above the Karkinit-Gubkin
rift after the Turonian and before the Late
Eocene (see Figs. 11, b, 12, b); this is a typi-
cal feature of post-rift basin evolution. The
southern slope of the Eastern European Plat-
form was the northern limb of this syncline.
The Kalamit Swell and Krayova Step are its
southern slope. These are documented by
a gradual reduction of the thickness of the
Upper Cretaceous and Paleocene—Mid-
dle Eocene sequences in both northern and
southern directions away from the axial
zone of the Karkinit-Gubkin post-rift suc-
cession. Before Cenozoic compression the
axis of the trough ran approximately along
the Sulina-Tarkhankut fault (see Figs. 11, b,
12, b). The maximum thickness of the Up-
per Cretaceous post-rift sequence in the
axial zone of the trough reaches more than
1.5 km, and the Paleocene—Middle Eocene
sequence 1.0 km. The area of the Karkinit-
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Gubkin Trough to the south of the Sulina-
Tarkhankut fault and the entire western part
of the trough were affected by strong Ceno-
zoic compressional deformation. As a result,
the primary axis of subsidence of the Kar-
kinit post-rift basin shifted to the north of
this fault once compression had begun (see
Figs. 4, 5).

The Kalamit Swell displays little extension
during the active rifting phase (see Figs 4, 5,
9) and, accordingly, during post-rift phase it
was relatively stable subsided substantially
slower than the Karkinit Trough to its north
and the Euxinian graben to its south. Thereby;,
in relation to the trough and graben, the Ka-
lamit Swell acted as the southern and north-
ern syncline limbs respectively. Significant
reduction of the present thickness of the Tu-
ronian—Middle Eocene sequence within the
Kalamit Swell in comparison with the Karkinit
Trough (see Figs. 4, 5, 11, b, 12, b) is due to
its erosion during the Cenozoic compression
phases, when the ridge was raised above sea
level, and partly due to a low rate of post-rift
subsidence compared to adjacent troughs,
possibly including non-deposition of sedi-
ments at certain times.

Only the deep water WBSB did not under-
go deformations during Cenozoic compres-
sional phases. The whole Upper Cretaceous
and Paleocene—Middle Eocene sequences
have been preserved (see Figs. 11, 12). In the
WBSB the post-rift sequences are character-
ised by conformable bedding and stable litho-
logical character over significant distances
(see Figs. 3—5, 8). The maximum depth of
the base of the Upper Cretaceous post-rift
sequence in the basin is some 14.5—15.5 km
(see Fig. 11, @, 11.5s).

It should be noted that the thicknesses of
the Upper Cretaceous and Paleocene—Mid-
dle Eocene post-rift sequences in the WBSB
are comparable with the ones in the axial zone
of the Karkinit Trough. The same observation
applies to those parts of the Sorokin Trough,
specifically to the area to the south of the
Kerch Peninsula near the Russian border,
where the Upper Cretaceous and Paleocene—
Middle Eocene post-rift sequences were not
affected by erosion (see Figs. 11, b, 12, b).
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Fig. 11. TWT structural map at the base of the Upper Cretaceous post-rift sediments (a) and TWT thickness map
of the Upper Cretaceous post-rift sequence (b) for the study area. See Fig. 2 for abbreviations of tectonic units
and Fig. 9 for other explanations and abbreviations.
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3.6. Eocene compression and its con-
sequences. The tectonically quiet post-rift
subsidence of the Black Sea (see Fig. 13, b)
was interrupted by several phases of signifi-
cant compression, which occurred from the
end of the Middle Eocene to the end of the
Miocene [Stovba et al., 2003, 2013, 2017a,b,
2018; Khriachtchevskaia et al., 2010]. These
phases of tectonic activity periodically led to
strong changes of the basin architecture and
depositional environment. The most intense
folding caused by regional compression oc-
curred at the end of the Middle Eocene and
at the end of the Late Miocene [Stovba et al.,
2017a,b].

It is likely that in the Eocene the com-
pression took place during two relatively
short phases, namely at the end of the Mid-
dle Eocene and at the end of the Late Eocene
[Stovba, Popadyuk, 2009; Khriachtchevskaia
etal., 2010]. The Eocene compression acted in
a NE direction, almost normally to the strike
of the Andrusov Ridge, as shown in Fig. 13, c.
This direction of compression is confirmed
by recent fieldwork in the Crimea Mountains
[Hyppolyte et al., 2018] and Pontides [Hyp-
polyte et al., 2016].

The Eocene compression led to the inver-
sion of Early Cretaceous rift faults, forming
high-amplitude reverse faults in post-rift se-
quences and folding of sedimentary cover.
Most rift faults at the level of the rift sequence
underwent a partial or even complete inver-
sion, and some of them turned into thrusts
even at the level of the base of syn-rift sedi-
ments (see Figs. 3—8). During subsequent
tectonic events the structures that had been
formed at the previous stages of compression
underwent further development and became
more clearly expressed structurally.

On the Odesa Shelf the most prominent
deformations caused by the Eocene compres-
sion occurred throughout the entire western
part of the single Karkinit-Gubkin rift trough
[Khriachtchevskaia et al., 2010; Stovba et al.,
2017a,b]. The Gubkin Ridge and Krylov-
Zmiiny Uplift developed positive structures
above sea level due to formation of reverse
faults and dislocations that caused a vertical
uplift of tectonic blocks up to 3 km or more.
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These two tectonic units became separated
by the Sulina Depression (see Fig. 3). To the
east of this zone towards the Crimea Penin-
sula the rate of deformation of sedimentary
cover gradually decreased. At the end of the
Eocene the formation of syn-depositional
flexures and asymmetric anticlines occurred
along the main rift faults in that part of the
Karkinit-Gubkin trough (see Figs. 4, 5). The
Cretaceous—Middle Eocene post-rift se-
quences were broken by reverse faults within
flexures and limbs of local folds and, simul-
taneously, the sequence underwent partial
erosion of the crests of many anticlines. As it
has been already shown by some researchers
[Robinson, Kerusov, 1996; Khriachtchevskaia
et al., 2010], the mechanism of the formation
of the local folds within the Odesa Shelf is
consistent with the conceptual model of the
formation of inverted structures by tectonic
compression of sedimentary rift basins [Co-
oper et al., 1989]. The same mechanism can
explain the formation of most local structures
that formed by tectonic compression within
other regional tectonic units of the northern
Black Sea, including the Sorokin Trough.

Within the area of the Early Cretaceous
rift (half)grabens covered by the Creta-
ceous—Middle Eocene post-rift sequence,
Eocene compression caused the formation
of the Andrusov and Shatskiy folds bounded
with thrusts. These folds appeared as long
and wide ridges that were exposed above
sea level up to 3 to 4 km and possibly more.
Along strike these ridges were complicated
by second-order structures, anticlinal uplifts
separated by synclines (see Fig. 9, a). At that
time the axial part of the EBSB represented
an intermontane depression between the An-
drusov and Shatskiy ridges, and the greater
part of the basin was elevated above sea level
(see Figs. 6—38, 13, ¢, 14).

The inversion of the Euxinian graben
along its restrictive faults led to the forma-
tion of a high ridge that lies roughly along
the present continental slope. The largest ver-
tical movements range from 1 to 4 km and
took place along the plane of the Euxinian
rift fault, which separated the graben from the
Kalamit Swell during Cretaceous rifting (see
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Figs. 3—95). From the Late Eocene the Euxin-
ian graben developed as the northern margin
(flexure) of the WBSB in consequence of the
asymmetric uplift of its northern and south-
ern edges that happened during the Eocene
compression.

The first phase of the formation of the Cri-
mea Mountains, Marine Continuation of the
Crimean Folds, Sorokin Trough and Tetyaev
Ridge took place at the end of the Eocene as
a result of inversion of large rift blocks (see
Figs. 6, 7). The Crimea Mountains and Tety-
aev Ridge underwent the highest uplift and
severest deformation. Between these two tec-
tonic units the Sorokin Trough was formed as
a depression bounded by thrusts (see Figs. 6,
7,9, 11). The western part of the Sorokin
Trough was uplifted above sea level, and the
easternmost part of its axis to the south of
the Kerch Peninsula remained hidden below
sea level (see Figs. 12, 13, ¢). The Eocene
deformation of the sedimentary cover in the
Sorokin Trough is associated mostly with
the inversion of two major rift faults, which
bound the trough at the north and south (see
Figs. 6, 7). Numerous high-amplitude folds
widely recognised in the Sorokin Trough were
only slightly expressed as anticlines during
the Eocene phase of compression.

A relatively shallow-marine environment
persisted over the whole study area almost to
the end of the Middle Eocene (see Fig. 13, b).
The marine basin receded from covering a
wide area of the northern Black Sea during
the period of Eocene compression whilst un-
dergoing uplift of crustal blocks and widep-
sread deformation of the sedimentary cover.
This resulted in the formation of a broad ter-
restrial terrain that running in a NW-SE direc-
tion across the entire northern Black Sea and
Crimea Peninsula (see Fig. 13, c¢). The newly-
formed onshore realm included the strongly
folded ridges that formed by the inversion of
Cretaceous (half)grabens on the Odesa Shelf
and in the present-day deep-water area. Up
to 5 km of the Cretaceous—Middle Eocene
syn-rift and post-rift sediments were eroded
during the time of the existence of the land.
Therefore, the onshore realm formed at the
end of the Eocene was apparently an impor-
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tant source of supply of clastic material to sur-
rounding sedimentary basins for a consider-
able time despite its reduction in area since
the Late Eocene (Fig. 13, c—9).

3.7. Upper Eocene, Oligocene and Lower
Miocene sequences. The Upper Eocene se-
quence is well imaged on seismic sections; it
displays high-amplitude reflections that can
be traced continuously throughout the tec-
tonic units where the sequence formed and
was preserved from erosion (see Figs. 3—95, 8).
The Oligocene and Lower Miocene sequenc-
es, which constitute the Maykopian strata,
look more seismically transparent, but there
are many relatively high-amplitude seismic
reflections in these sequences, which can be
correlated over at least a hundred kilometers
(see Figs. 3—38). This indicates the lithologi-
cal heterogeneity of the Oligocene and Lower
Miocene sequences from bottom to top and,
hence, the alternating accumulation of sandy
and clayey sedimentary rocks during Mayko-
pian time.

By the Late Eocene the marine deposition-
al environments were restricted to the cen-
tral and northern parts of the Odesa Shelf,
to the WBSB and southward from the Kerch
Peninsula (see Fig. 13, ¢). The net subsidence
of the whole northern Black Sea region was
recommenced after the cessation of Eocene
compression (see Fig. 14). This led to the
gradual re-submergence of the Eocene land
area below sea level and, consequently, to
expansion of marine environments since the
Late Eocene (see Fig. 13, d—g). The Upper
Eocene sediments overlap the Paleocene —
Middle Eocene sequence without any strati-
graphic and/or angular unconformities in the
internal parts of marine basins that survived
during the Eocene compression, whereas
along margins of the basins the Upper Eocene
sequence shows the transgressive overlap on
the erosional surface of older sequences (see
Figs. 3—95, 8). A similar transgressive overlap
is also observed everywhere on the margins
of the Oligocene and Early Miocene marine
basins nearby the Eocene land remnant (see
Figs 3—=8) where the thicknesses of respec-
tive sequences decrease towards the existing
onshore (see Figs 3—38, 14, b—17, b).
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Fig. 13. Simplified paleotectonic reconstructions demonstrating the distribution of offshore and onshore areas
for ten time slices. The data on the Crimea Peninsula are adopted from [Stovba et al., 2017a,b]. Abbreviations of
present-day regional tectonic units: KP — Kerch Peninsula; NCT — North-Crimea Trough; NH — Novoselivka
High; SH — Simferopol High. See Fig. 2 for other abbreviations.
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The next compressional phase within the
Black Sea region took place at the end of the
Early Miocene. This event was of less signifi-
cance than the Eocene one. Nevertheless, it
caused further topographical rise of the Gub-
kin, Andrusov, Tetyaev and Shatsky ridges, as
well as additional growth of anticlines that
were initially formed at the end of the Eocene
in the southern part of the Karkinit Trough.
The influence of the Early Miocene compres-
sion on the formation of anticline structures
is clearly seen on the seismic sections (see
Figs 3—38).

It should be kept in mind that the original
areal coverage of the Upper Eocene—Upper
Miocene strata has diminished since the end
of the Late Miocene as a result of compres-
sional deformation, sea level drop and, ac-
cordingly, the partial or complete erosion of
these strata at the axes of many growing lo-
cal folds within and nearby the newly formed
subaerial exposures (see Figs 3—38, 13, h—d).

Odesa Shelf. As was mentioned above, the
axis of maximum subsidence of the Karkinit
Trough shifted to the north of the Sulina-
Tarkhankut fault zone since the Late Eocene
because of sedimentary cover deformation
on the Odesa shelf and the formation of the
flexure in the fault zone (Fig. 14, b). Since
the Late Eocene until the end of the Miocene
the sequences, together having almost 3 km
thickness, were accumulated in the new axial
zone. The thicknesses of the Upper Eocene—
Miocene sequences are sharply reduced to
the south of the Sulina-Tarkhankut fault zone.
Some of these sequences are completely
pinched out nearby and/or within the Kalamit
Swell (see Figs. 4, 5, 14, b—16, b). The fea-
tures of the thickness distribution of the Up-
per Eocene — Miocene sequences across the
Karkinit Trough reveal the continuation of the
post-rift subsidence of the basin (see Figs. 4, 5,
14, b—17, b). This subsidence rate was slower
than during the Paleocene — Middle Eocene
and Late Cretaceous (see also [Khriachtch-
evskaia et al., 2010]). Such a slowdown of the
subsidence rate in time is a typical feature of
rift basins during their post-rift evolution, e.qg.
[McKenzie, 1978]. Nevertheless, it should be
kept in mind that common features of post-rift
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basin subsidence might also be disturbed by
the crustal tectonic processes active during
compressional events. It means that further
studies are necessary to distinguish the in-
fluence of the compressional events on the
general patterns of post-rift evolution of the
study area.

Wide areas of the Odesa Shelf were up-
lifted above sea level at the time of the Eocene
compression and, thus, these areas display
hiatuses (see Figs. 13, c—d, 14). Sedimenta-
tion only resumed after the Eocene, as can
be seen near the Gubkin Ridge, the Krylov-
Zmiiny Uplift and on the Kalamit Swell where
post-Eocene sediments overlap the older se-
quences (see Figs. 3—95, 15, 16). However, a
part of the existing subaerially exposed area
within the Odesa Shelf subsided below sea
level in the Late Eocene time (see Fig. 14).
Consequently, the Krylov-Zmiiny Uplift and
the northern part of the Gubkin Ridge became
isolated as an island (see Fig. 13, d). Likely,
this island existed until the middle of the Late
Miocene when the Pontian (Messinian?) com-
pression and sea level drop caused the forma-
tion of a new vast subaerial exposure, which
included this island (see Fig. 13, e—h).

Deep water. The relief formed in the
present-day deep-water area by Eocene
compressional shortening, is transgressively
overlapped by the Upper Eocene and younger
sub-parallel sedimentary strata at the margins
of basins (see Figs. 3—=8). Consequently, the
area of onshore terrain that emerged at the
end of the Middle Eocene was reduced by
erosion and gradual subsidence below sea
level (see Figs. 13, e—g). However, the small
areas of the Shatskiy and Andrusov ridges as
well as a part of the inverted Euxinian graben
remained elevated above sea level even at
the end of the Early Miocene (see Figs. 13, f,
g). The whole land area completely disap-
peared in the Middle Miocene, when the
highest structures subsided below sea level.
The only exceptions were the areas of the
Crimea Mountains and a small area in the
northernmost Andrusov Ridge, both of which
existed as islands up to the beginning of the
next compressional event in middle of Pon-
tian time (see Fig. 13, g).
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In the EBSB the Late Eocene and Mayko-
pian marine transgressions were gradually
propagating from the south along the inter-
montane depression, which had been formed
between the Andrusov and Shatskiy ridges
due to the Eocene deformations. In the Oli-
gocene and Early Miocene the transgres-
sion was approaching from the Pre-Kerch
Shelf along the axis of the Sorokin Trough.
The latter had originally been formed due
to Eocene compression as a depression be-
tween the Crimea Peninsula and the joint
Shatskiy-Tetyaev high within the onshore
area (see Figs. 13, c—e, 14—17). By the end
of the Oligocene the Late Eocene-Oligocene
Eastern Black Sea and Sorokin marine basins
established a partial connection in the area
between the Tetyaev and Shatskiy highs and
together these basins linked with the WBSB
trough a strait within the Andrusov Ridge (see
Fig. 13, e).

The depth of the base of the Upper Eocene
sequence in the EBSB is some 8.5—9.5 km
(~8.5 s), and the base of Maykopian (base of
Oligocene) sediments lies at a depth from 7
to 8.5 km (see Figs. 14, a, 15, a, ~8.0 s).

In the WBSB continuous subsidence and
sedimentation remained undisturbed from
the Late Eocene to the end of the Miocene
because of a lack of influence of the Eocene
and Early Miocene compression events on the
structural plane of this basin with the excep-
tion of the Euxinian graben to the north of
the basin. The depth of the base of the Up-
per Eocene sequence in this basin varies from
8—9 km (~ 8 s) near the Andrusov Ridge to
some 12—13 km (~10 s) in its most buried
southern part.

The sedimentary strata in the WBSB lie
almost horizontally and there are no signs of
angular and stratigraphic disconformities be-
tween them (see Figs. 3—95, 7). That the Upper
Eocene and Maykopian beds in the WBSB
and EBSB overlapped the eroded flanks of the
Andrusov Ridge almost horizontally (trans-
gressive overlapping) and the maximum
thicknesses of the corresponding sequences
on the western and eastern slopes of the ridge
are comparable (see Figs. 14, b—16, b), it can
be concluded that this ridge subsided at al-
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most the same rate as the adjacent parts of the
two basins from the Late Eocene.

A similar situation occurred in the transi-
tion from the WBSB to the Odesa Shelf. How-
ever, a slight elevation of layers in the lower
part of the Maykopian sequence towards the
shelf, as well as a gradual decrease of the dip
angles of layers from the base to the top in-
dicate that the subsidence rate in the central
part of the WBSB was somewhat higher than
in its northern part. It should be kept in mind
that the elevation of the Upper Eocene and
Maykopian layers towards the Odesa Shelf
was driven also by the inversion of this part of
the Black Sea during the Late Miocene com-
pression and by the higher subsidence rate of
the central part of the WBSB in comparison to
its northern margin since the Pliocene time.

3.8. Late Miocene compression events.
The two youngest compression events, which
exerted a fundamental impact on the forma-
tion of the architecture of the study area, took
place in the middle and at the end of Pontian
time in the Late Miocene. The broad onshore
terrains that were exposed in a roughly E-W
direction across the present shallow and
deep-water parts of the Black Sea and the en-
tire Crimea Peninsula were formed as a result
of the Late Miocene compression and related
crustal deformation, including the faulting
and uplift of tectonic blocks (see Figs. 13, h,
i). The erosion of the emergent areas served
as a prominent source of clastic supply to ad-
jacent sedimentary basins.

The most intensive compressional de-
formations of the sedimentary cover on the
North-Western Shelf occurred in the Krylov-
Zmiiny Uplift, Sulina Depression, Gubkin
Ridge and in the southern part of the Karkinit
Trough (see Figs. 3—95). All existing anticli-
nal structures that had been formed earlier
in the Karkinit Trough underwent significant
additional growth (up to 200 m and more).
The Late Miocene phases of growth were the
main ones for many of these anticlines. A sig-
nificant uplift of deformed areas above sea
level promoted the erosion both sediments
that had been accumulated after the Cenozoic
compression events and the older sequences
preserved from erosion after earlier upward
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the Upper Miocene (a) and TWT thickness map of the upper part of the Pontian sequence (b) for the study area.
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displacements. For instance, up to 2—3 km
of Cretaceous-Miocene sediments were re-
moved from the Krayova Step (see Fig. 3).

The Late Miocene compressional events
caused and/or renewed the inversion of the
Euxinian graben, Sorokin Trough and subma-
rine and onshore areas of the Crimea Moun-
tains along planes of previously rift faults (see
Figs. 3—7). Within these tectonic units the
Late Miocene tectonic processes made a deci-
sive contribution to the generation and addi-
tional growth of thrusts with vertical offsets of
2—3 km and even more. Simultaneously, the
Crimean Mountains formed as a folded belt.
This is demonstrated, for example, by seismic
profiles crossing the study area near the west-
ern coast of the Crimea Peninsula (see Fig. 5),
in the Gulf of Feodosia (see Fig. 7) and to the
south of the Kerch Peninsula.

The intensive deformation of sedimentary
cover caused the formation of several chains
of high anticlinal folds that are located almost
parallel to the main NEE-SWW faults in the
Sorokin Trough and marine continuation of
the Crimean folds, including the easternmost
parts of these tectonic units. The amplitude of
these folds ranges from a few hundreds of me-
ters to more than 1—2 km (see Figs. 6, 7). The
upper apexes of most folds were raised above
sea level and were severely eroded prior and
during the gradual subsidence of the Late Mi-
ocene land areas between the Late Miocene
compressional events occurred in the middle
Pontian and then in latest Pontian time (see
Figs. 7, 8). Some local syn-compressional and
post-compressional synclines formed between
the anticlinal structures and they were filled
with deposits given the rapid basin subsid-
ence and/or sea level rise between the middle
and latest Pontian time and in the Pliocene.
This especially concerns the southern part of
the Sorokin Trough (see Figs. 13, h, 6, 7). It
should be noted that many of the anticlinal
folds in the Sorokin Trough continued their
syn-depositional growth during the Pliocene,
indicating a possible continuation of tectonic
compression against a background of rapid
subsidence of the Black Sea.

A new ridge complicated by the widely
distributed thrust and local anticlinal eleva-
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tions was formed within the inverted Eux-
inian Graben from the middle Pontian. The
northern part of the ridge and the crests of
the local elevations, which are located in the
present-day deep sea up to 1900—2000 m,
were uplifted above sea level and eroded be-
fore being buried under Pliocene sediments
(see Figs. 4, 5).

More than 20 anticlines formed in the cen-
tral and eastern areas of the WBSB. They are
characterised by relatively small closures and
amplitudes of several hundred meters. In the
upper part of the Miocene sequence there is a
bedding discordancy caused by a decrease of
layer thicknesses from limbs of anticlines to-
wards their apical parts. Perhaps, the crests of
anticlines formed in the most subsided parts
of the WBSB did not undergo any erosion.
The architecture of the upper part of the Mi-
ocene sequence shows the syn-depositional
growth of these anticlines in submarine con-
ditions during the Late Miocene compres-
sional events, e.g. structure A in Fig. 5.

It seems that the Late Miocene compres-
sional stresses were directed from SE to NW
(see Fig. 13, h). If so, then the compression
was directed sub-parallel to the orientation of
the main faults of the Andrusov Ridge, Shat-
skiy Ridge and EBSB. This likely explains
why the compression did not invoke any ad-
ditional folding of these tectonic units. Only
the north-western part of the Andrusov Ridge
near the Crimean Peninsula was affected by
deformations and uplift above sea level.

3.9. Pontian sequence. The restoration
of the geological history of the study area
in the time between the two Late Miocene
compressional events needs additional study.
However, it is obvious that rivers were flow-
ing from the Eastern European Platform and
some of them created deep erosional cuts
within the Odesa Shelf when the shelf was ex-
posed above sea level in middle Pontian time
(Fig. 18, b). Since that time these rivers were
perhaps the main suppliers of sedimentary
deposits to the WBSB and to the deep ero-
sional valley, which was formed on the site of
the Histria Trough. The Dniester River prob-
ably created the most prominent river chan-
nel cutting almost across the whole shelf. The
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prograding clinoform systems, which cover
irregularities of the eroded relief, are clearly
visible in the Pontian sequence within the
Krayova Step and southern area of the western
part of the Kalamit Swell (see Figs. 3, 4). The
prograding character of bedding towards the
Histria Trough indicates that before the sec-
ond Late Miocene compression a continental
scarp having the height from several hundred
meters to 1—1.6 km had been formed on its
northern slope, and the whole trough might
have been isolated from the marine basin to
the south.

The internal architecture of the Pontian
sequence also demonstrates that, due to the
rapid sea level rise after the first Late Miocene
compressional event, deposition recom-
menced in almost the whole study area with
the exception of small remnants of middle
Pontian land to the west of the Crimea Penin-
sula, within the southern slope of the Karki-
nit Swell, in the northern part of the inverted
Euxinian Graben, within the Krylov-Zmiiny
Uplift and northern part of the Gubkin Ridge
(Figs. 3—06, 18). The lithofacies of the Pontian
reveals that a considerable part of the Odesa
Shelf was covered by this time, at least peri-
odically, by a shallow sea, e.g. [Melnik, 1985].

The seismic sections (see Figs. 3, 4) and
thickness map of the Pontian succession (see
Fig. 18) demonstrate that the Pontian shelf
edge compared to present was located far to
the north in the western part of the Odesa
Shelf and was gradually moving in a southerly
direction by the Pliocene.

Pontian deposits are absent over a vast ter-
ritory to the south of Crimea perhaps due to
the uplift of the area above sea level and ero-
sion of the sediments during the second Late
Miocene compressional event (see Fig. 18).
They remain only in narrow synclines be-
tween folds that were growing from the latest
Miocene in the southern part of the Sorokin
Trough (see Figs. 6, 7).

The presence of thick Pontian-aged clino-
forms in the western part of the Odesa Shelf
indicates that the first Pontian compressional
event was accompanied by a sudden and sig-
nificant drop of sea level. If so, then this com-
pressional event and sea level drop coincided
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with the time of the Mediterranean Messinian
Salinity Crisis, e.g. [Roveri et al., 2014; van
Baak et al., 2015]. The formation of scarp in
the southern part of the Odesa Shelf was pos-
sibly caused by a rapid marine regression and,
consequently, sharp drop of sea level due to
the loss of connection between the Black Sea
and the global ocean against the background
of fast basin subsidence caused by lithospher-
ic processes. The similar conclusion about the
drastic sea level drop in the middle Pontian
time has also been suggested for the Roma-
nian sector of the Black Sea [Gillet et al, 2007,
Dinu et al., 2005; Tari et al., 2009; Munteanu
et al., 2011].

3.10. Pliocene and Quaternary sequences.
In the southern deep-water part of the study
area the Pliocene sequence conformably over-
lies Upper Miocene sediments. The base of
both sequences gradually dip from east to west
and from north to south (Figs. 8, 19, a, 20, a).

Towards Crimea, Karkinit Swell and Kray-
ova Step as well as throughout the wider Ode-
sa Shelf area Pliocene sediments cover the
older eroded strata with a prominent angular
unconformity and-display transgressive over-
lapping within the area where the emerged
land area and its folds had been formed dur-
ing latest Miocene time (see Figs. 3—7). This
means that the shrinking of the emerged area
in the latest Miocene was due to subsidence
and simultaneous marine transgression. The
valleys of rivers flowing through the Odesa
Shelf from the Eastern European Platform had
been filled with alluvial deposits before the
sea flooded the shelf. Lagoon and/or shallow-
sea depositional environments were settled
in the time of Pliocene marine transgression.
The relief of the Odesa Shelf had been flat-
tened by the end of the Pliocene and the re-
mains of the Late Miocene land was preserved
only in a small part of the Krylov-Zmiiny Up-
lift and on much of the Crimea Peninsula and
in its vicinity (see Fig. 13, ).

The rapid subsidence of the deep-water
area continued after the Pliocene and, con-
sequently, the Quaternary sequence over-
lies Pliocene sediments without any gap in
sedimentation (Figs. 3—38). The remnants of
the Late Miocene subaerially exposed area,
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Fig. 19. TWT structural map at the base of the Pliocene sediments (a) and TWT thickness map of the Pliocene

sequence (b) for the study area. The black arrows in (b) show valleys of paleo-rivers. See Fig. 2 for abbreviations
of tectonic units and Fig. 9 for other explanations and abbreviations.
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Fig. 20. TWT structural map at the base of the Quaternary sediments (a) and TWT thickness map of the Quaternary

sequence (b) for the study area. The black arrows in (b) show valleys of paleo-rivers. See Fig. 2 for abbreviations
of tectonic units and Fig. 9 for other explanations and abbreviations.
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which had survived after the Pliocene, de-
creased in size and Quaternary sediments
transgressively overlapped the Pliocene and
older sediments with angular unconformity
on the margins of the basin (see Figs. 3—7, 20).

The shallow sea periodically withdrew
from the Odesa Shelf in the Quaternary. This
is evidenced by young river channels that
are clearly seen in the Quaternary sequence
(see Fig. 20, b). It should be noted that to the
south of the Kerch Peninsula an alluvial fan
of a large river (see Figs. 7, 19, b, 20, b, Paleo-
Don(?)) is visible on seismic sections. The
same feature was described by [Tugolesov et
al., 1988]. The river supplied clastic sediments
to the eastern Black Sea.

3.11. Recent local extension. Active tec-
tonic processes have been taking place in
the area of continental slope and along the
Crimean Mountains from the Quaternary
until the present. These have reactivated the
south-dipping faults in the eastern junction
zone of the Euxinian Graben and the Odesa
Shelf (see Fig. 5) as well as those that cross the
onshore and offshore areas along the coast of
the Crimean Mountains (Figs. 6, 7) [Stovba
et al.,, 2013]. As shown above these faults
originally formed as normal faults during
the Cretaceous rifting and then inverted to
be reverse faults during compressional events
in the Eocene and Miocene. During last 3—4
million years they have been acting again as
normal faults with vertical offsets reaching
2 km (see Figs. 5, 6). An additional and rela-
tively small growth of some existing anticlinal
structures in the Sorokin Trough occurred si-
multaneously with normal faulting along the
Crimean coast (see Figs. 6, 7). The normal
faulting was caused, perhaps, by stresses re-
lated to rapid subsidence of adjoining crustal
blocks. It is clear that the normal faulting is
synchronous with the accelerated subsidence
of the Black Sea. The accelerated subsidence,
in turn, led to the formation of the present-
day deep-water part of the Black Sea, which
had been a relatively shallow one before the
Quaternary. It is also clear that this normal
faulting happened after the relaxation of the
tectonic compressional deviatoric stress field,
which had still been active in the Pliocene.
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4. Discussion: comparison with other
studies and implications of the new data
for geodynamic reconstructions.

4.1. Odesa Shelf. The results reported in
this paper for the shallow-water Odesa Shelf
are comparable in general aspects to other
extant seismic interpretations and geological
studies presented previously, e.g. [Tugolesov
et al., 1985, Robinson, Kerusov, 1997, Khria-
chtchevskaia et al., 2007, 2010]. Nevertheless,
the amount and quality of the seismic data
and the increased number of deep wells (see
Fig. 2) allow a more detailed analysis of the
area at different stratigraphic levels than used
by previous studies (see Figs. 3—5). The iso-
chron and isopach maps that are for the first
time published in this paper give comprehen-
sive information on the geological structure
of the Odesa Shelf, its tectonic units and local
folds (see Figs. 9—20). In addition, this study
allows precise delimitation of the Cretaceous
and younger sedimentary sequences as well
as definition of the consequences of the ex-
tensional and compressional tectonic events
affecting the shelf since the Albian, includ-
ing the distribution of the main rift faults (se
Figs. 9, 10), the formation of the vast emerged
landmass (see Fig 13), the mechanism of for-
mation of local folds as well as the distribution
of river systems crossing the shelf since latest
Miocene time (see Figs. 18, b—20, b).

4.2. Sorokin Trough and Marine Contin-
uation of the Crimean Folds (MCCF). The
offshore zone, which runs along the Crimea
Peninsula and comprises the MCCF and So-
rokin Trough, is characterised by severe de-
formations of the sedimentary cover. These
deformations cause complex wave patterns
on seismic sections (see Figs. 6, 7). The ab-
sence of deep wells, except those drilled on
the Subbotina structure located to the south
of the Kerch Peninsula (see Fig. 2), aggra-
vates the correlation and stratification of seis-
mic horizons. That is why the tectonic units
mapped by previous regional seismic studies
[Yanshin et al., 1977; Terekhov, 1979; Finetty
et al., 1988; Terekhov, Shimkus, 1989; Meis-
ner, Tugolesov, 2003; Sydorenko et al., 2016;
Sheremet et al., 2016b] are not the same as
those determined in the present study, which
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is more comprehensive and why tectonic re-
constructions in this area are still very rough.

Cretaceous sequences in the Sorokin
Trough. In accordance with consensus the
lower sedimentary sequence of the Sorokin
Trough consists of the Mesozoic and Pale-
ocene-Eocene platform-type sediments [Mu-
ratov, 1969; Yanshin et al., 1977, Kazanzey,
1982; Tugolesov et al., 1985; Afanasenkov et
al., 2007] with a total thickness not exceed-
ing 1 km [Tugolesov et al., 1985]. None of
these studies recognised any tectonic events
that could precede the appearance of the sup-
posed platform conditions to the south of the
Crimea Peninsula. Meanwhile, Sheremet et
al. [2016b] considered the Cretaceous se-
quence in the Sorokin Trough and Tetyaev
High as the upper part of acoustic basement.
These authors assumed that the formation
of the normal faults detected by them in the
acoustic basement beneath the Paleocene-
Eocene sediments of the Sorokin Trough was
aresponse to the flexural bending of the fore-
land basin since the Paleocene. In addition,
Sheremet et al. [2016b] did not note any evi-
dence of a Cretaceous extensional regime in
the Sorokin Trough and surrounding tectonic
units, although they agree that Cretaceous
rifting is the main mechanism of the forma-
tion of the EBSB and WBSB. However, evi-
dence of Cretaceousrift processes have been
widely recognised in the Crimea Mountains
and Kerch Peninsula [Robinson, Kerusov,
1997; Nikishin et al., 2001, 2017, Hippolyte
et al., 2018; Stovba et al., 2013, 2017a,b] and
to the south of the Crimea shore line within
the MCCEF, Sorokin Trough, Tetyaev High and
Shatskiy High [Stovba, Khriachtchevskaia,
2011; Stovba et al., 2013, 2017a,b]. Sydorenko
et al. [2016] also suggested that like the whole
Black Sea region the Sorokin Trough was
probably affected by the Cretaceous and/or
older rift processes.

In contrast to most published tectonic
models our data completely confirm the idea
by Robinson and Kerusov [1997], Stovba and
Khriachtchevskaia [2011] and Stovba et al.
[2013, 2017a,b] about the strong influence of
extensional stresses, dominating from the end
of the Early Cretaceous until the middle of the
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Late Cretaceous, on the origin of the Sorokin
Trough as an integral part of the large rift ba-
sin that also included the Crimea Mountains,
MCCEF and Tetyaev-Shatskiy High. This en-
tire rift basin underwent post-rift subsidence
from the middle of the Late Cretaceous until
the Middle Eocene and then strong inversion,
shortening and associated deformation dur-
ing the Cenozoic compressional phases.
Despute several inversion phases with
associated subsequent erosional periods
the lower part of the preserved sedimentary
strata in the Sorokin Trough consists of the
Cretaceous syn-rift and post-rift sequences.
Undoubtedly, the pre-rift sediments of Early
Cretaceous and older age might be present
in the trough beneath the syn-rift Cretaceous
sequence mapped with the seismic data. Evi-
dence for this is provided by Late Jurassic and
Carboniferous ages of rock samples dredged
from the sea bottom to the south of the Crimea
Mountains (see Fig. 2). However, at present
the existing seismic and geological data do
not allow a confident recognition of the older
sequences on seismic reflection profiles.
Cretaceous sequences in the MCCF. It
has been argued that the MCCEF is a folded
area; it comprises a submerged part of the
Crimean Orogen and consists mainly of Tri-
assic—Jurassic sediments outcropping on the
sea floor [Muratov, 1969; Yanshin et al., 1977
Kazanzev, 1982; Tugolesov et al., 1985]. How-
ever, as described above, this point of view
is mainly based on lithological similarities
to rocks dredged from the sea floor and to
those cropping out in the Crimea Mountains
[Shnyukov et al., 1997, 2003; Ivannikov et al.,
1999; Ivannikov, Stupina, 2003; Shnyukov, Zi-
borov, 2004 and references thereafter]. New
data on the age of sedimentary strata exposed
onshore in the Crimea Mountains [Popady-
uk et al., 2013a,b] and by offshore seismic
data (this study) suggest that the upper part
of the sedimentary strata within the MCCF
consists mainly of Cretaceous syn-rift sedi-
ments (see Fig. 6). An exception is the marine
area nearby the Kerch Peninsula coast where
the uppermost sedimentary section involves
the remnants of the Cretaceous post-rift se-
quence (see Fig. 7). Outcrops of Jurassic and
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Carboniferous pre-rift sediments and Creta-
ceous syn-rift and post-rift rocks on the sea
floor of the shelf and continental slope is the
result of the Cenozoic shortening that caused
the severe inversion, folding and uplift of the
MCCF as well as profound erosion of the
Cenozoic and Cretaceous sequences. Only a
relatively thin Quaternary sedimentary layer
overlapped the Cretaceous sediments in some
parts of the MCCEF (see Figs. 6, 7, 20).

The Paleogene evolution of the Sorokin
Trough. It is generally considered that dur-
ing Oligocene — Early Miocene (Mayko-
pian) time the Sorokin Trough developed
as a deep-water foreland or foredeep basin
of the Crimea Mountains and MCCF [Ka-
zancey, 1982; Tugolesov, 1985; Finetty et al.,
1988; Afanasenkov et al., 2007; Nikishin et al.,
2015a, b; Sheremet et al., 2016b]. Sydorenko
etal. [2016] consider the Sorokin Trough as a
marginal trough formed synchronously to the
south of a developing central inversion zone
located in the southern Crimea as a result of
compressional shortening of a pre-existing
rift basin. Most researchers also believe that
the main stage of the trough formation lasted
since the beginning of the Oligocene until
the end of the Early Miocene, when more
than 3—4 km of the clay-rich sediments filled
the Sorokin Trough [Yanshin et al., 1977
Kazancev, 1982; Tugolesov et al., 1985; Be-
lousov, Volvovskiy, 1989; Nikishin et al., 2001;
Meisner et al., 2009; Sydorenko et al., 2016].
Meanwhile, Sheremet et al. [2016b] suggest
that the main stage of the formation of the
Sorokin Trough as a foreland basin of the
Crimea Mountains began in Paleocene with
maximum sedimentation in the Paleocene—
Eocene, and the Oligocene—Early Miocene
subsidence being rather low.

In contrast to most previous views about
the tectonic evolution of the Sorokin Trough
our data reveal that the trough originated
above the sea level as an intermontane de-
pression between the Crimean Mountains
and Tetyaev-Shatskiy High in response to the
inversion of the pre-existing large syn- and
post-rift basin in the Middle—Late Eocene.
Due to the compression and synchronous
uplift the Sorokin Trough and surrounding
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tectonic units became a part of the broad
landmass formed in the northern Black Sea
region by the Late Eocene (see Fig. 13, ¢). In
the Late Eocene, and partly during the Oli-
gocene, the Paleocene—Middle Eocene and
some of the Cretaceous sediments, which
had been accumulated in the area before the
compression, were removed from the inter-
montane depression and surrounding folded
areas. The exception is the easternmost axi-
al part of the Sorokin Trough located to the
south of the Kerch Peninsula in the vicinity of
the Subbotina structure and, perhaps, further
to the east where the sedimentation was not
interrupted and the Eocene and older rocks
were not eroded (see Figs. 12, 14). Sedimen-
tation recommenced in the Sorokin Trough
and adjacent areas during the Oligocene due
to the gradual submersion of the whole land-
mass below sea level and marine transgres-
sion along the Sorokin intermontane depres-
sion (see Fig. 13, e). As a result of the marine
transgression the unfilled Sorokin Trough was
filled up with Oligocene—Lower Miocene
(Maykopian) sediments having a maximum
thickness <3 km. At the end of the Early Mi-
ocene the architecture of the Sorokin Trough
would have looked like the EBSB, which had
formed to the south of the Tetyaev High be-
tween the Andrusov Ridge and Shatskiy High
by the same time (see Figs. 6, 8).

Previous seismic studies have overestimat-
ed the thickness of the Paleocene—Eocene
[Sheremet et al., 2016b] and/or Oligocene—
Lower Miocene [Kazancey, 1982; Tugolesov et
al., 1985; Finetty et al., 1988; Afanasenkov et
al., 2007; Nikishin et al., 2015a, b; Sydorenko
etal., 2016] sequences in the Sorokin Trough.
Our analysis of published seismic sections
reveals that these works incorrectly attrib-
uted the Upper Cretaceous sequence to the
lower part of the Cenozoic strata, particularly
in the central and northern parts of the So-
rokin Trough. In addition, according to our
interpretation, the Middle—Upper Miocene
sequence and even the Pliocene sequence
in part in the Sorokin Trough and above
the Tetyaev High were incorrectly identi-
fied by some works [Sheremet et al., 2016b;
Sydorenko et al., 2016] as the upper part
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of the Oligocene-Lower Miocene strata. As
such, the recently published interpretations
by Sheremet et al. [2016b] and Sydorenko
et al. [2016] are not comparable with other
seismic investigations concerning the estima-
tions of depths and thicknesses of Cenozoic
sequences in the Sorokin Trough, above the
Tetyaev-Shatskiy High and in the northern
margin of the EBSB, e.g. [Tugolesov et al.,
1985; Finetty et al., 1988; Stovba et al., 2013,
2017a, b; Nikishin et al., 20154, b; this study].
The main uncertainties with the identification
of the Cenozoic sequences by Sheremet et al.
[2016b] and Sydorenko et al. [2016] relate to
the difficulties in extrapolating seismic hori-
zons from the Subbotina wells using only a
limited number of seismic profiles, as indeed
mentioned by Sydorenko et al. [2016].
Middle— Upper Miocene sequence in the
Sorokin Trough. It is widely believed that the
Maykopian (Oligocene—Lower Miocene)
sediments are overlain by Middle Miocene
and younger strata everywhere in the Sorokin
Trough and, further to the south, above the
Tetyaev and Shatskiy highs [Tugolesov et al.,
1985; Sheremet et al., 2016b; Nikishin et al.,
20154, b; Sydorenko et al., 2016]. Our data
demonstrate that the accumulation of Mid-
dle—Upper Miocene sediments took place in
arelatively quiet tectonic setting in the whole
northern part of the study area except much of
the present Crimea Mountains (see Fig. 13, g).
However, the Middle—Upper Miocene and,
in part, Cretaceous—Lower Miocene strata
had been removed by erosion from a consid-
erable part of the area before the Pliocene (see
Figs. 6, 7). This was a result of two Late Mi-
ocene compressional events that caused the
active folding and thrusting, sea level drop
and emergence of a broad landmass above the
sea level (see Figs. 13, h, i). Middle—Upper
Miocene sediments are partly preserved with-
in the southern part of the Sorokin Trough
only (see Figs. 6, 7, 17). Accordingly, our
interpretations do not support the common
opinion entailing the widespread occurrence
of the Middle—Upper Miocene sediments
in the Sorokin Trough at the present-day.
Fold formation. The growth of numer-
ous high-amplitude asymmetric folds, which
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were discovered in the Neogene sedimentary
sequence of the Sorokin Trough, were often
considered as the result of mud diapirism trig-
gered by tangential stresses coming from the
rising Crimea Mountains and driven by the
ductile flow of the Oligocene—Lower Mi-
ocene clay rocks [Peklo et al., 1976; Tugole-
sov et al., 1985 and references therein]. Other
studies admitted that such mud diapirism ap-
peared to have significance on the formation
of many anticlinal structures that are grouped
now in elongated belts of approximately W-E
direction [Yanshin et al., 1977, Kazancey,
1982; Belousov, Volvovskiy, 1989; Ivanov et
al., 1998; Nikishin et al., 2001; Meisner et al.,
2009; Sydorenko et al., 2016]. Sheremet et al.
[2016b] interpreted some local folds as mud
diapirs formed on inherited compressional
structures on the southern flank of the Sorok-
in Trough and even above the Tetyaev High.
Meanwhile, other studies showed that the
most —if not all — folds are asymmetric and
structurally complicated by reverse faults.
The folds originated and evolved mainly in
response to Cenozoic shortening of the So-
rokin Trough and simultaneous ductile and
brittle deformations in its sedimentary cover
without any significant influence of mud dia-
pirism [Terekhov, 1988; Terekhov, Shimkus,
1989; Ismagilov et al., 2002]. Our interpreta-
tions also do not confirm any causal effect of
mud diapirism on the formation of local folds
in the Sorokin Trough (see Figs. 6, 7).
Thin-skinned thrusting and folding con-
trolled by a detachment at the base of the
Oligocene is often proposed as a model ex-
plaining compressional structures in the So-
rokin Trough [Kazancev, 1982; Nikishin et al.,
2001; Afanasenkov et al., 2007]. Sheremet et
al. [2016b], however, on the basis of field-
based observations in Crimea, speculated
that decollement levels lay within the Pale-
ocene, Upper Triassic—Lower Jurassic (Tavric
flysch) and Lower Cretaceous successions.
An alternative model is based on a thick-
skinned, basement-involved mode of Ce-
nozoic shortening causing formation of
thrust-related folds in the Sorokin Trough
[Finetty, 1988; Ismagilov et al, 2002; Stovba,
Khriachtchevskaia, 2011; Stovba, 2013, 2017;
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Sydorenko et al., 2016]. Our interpretations
show that the most — if not all — major re-
verse faults, which bound the folds, are reacti-
vated normal faults that had originally formed
during the Cretaceous rift stage. The inverted
normal faults have a north dip in the central
and southern parts of the trough and a south
dip in the conjunction zone with the MCCF
(see Figs. 6, 7) and, perhaps, in the Crimea
Mountains [Stovba et al., 2017a,b].

Yanshin et al. [1977] and Kazancev [1982]
suggested that the most intensive and compli-
cated deformations occurred in the southern-
most part of the Sorokin Trough, and vertical
displacement on the reverse faults decreased
towards the Crimea Peninsula. Sydorenko et
al. [2016] consider that the severest com-
pressional deformations and shortening in
the trough are seen to the south of the Kerch
Peninsula. However, our interpretation dem-
onstrates that the active formation of the
high-amplitude thrust-related folds took
place in the whole of the Sorokin Trough, and
the strongest deformations occurred along
its northern flank simultaneously with the
thick-skinned inversion of the pre-existing
rift blocks in the most deformed zone con-
sisting of the MCCF and Crimea Mountains
(see Figs. 6, 7).

The conjunction zone of the Sorokin
Trough and MCCF. At least one relatively
high-amplitude, south-dipping normal fault
is well seen in seismic sections along the con-
tinental slope to the south of the Crimea Pe-
ninsula (see Figs. 6, 7). The new observations
thereby confirm earlier studies that inferred
the existence of normal faults in the conjunc-
tion zone between the CMMF and Sorokin
Trough [Yanshin et al., 1977; Malovitckiy et
al., 1979; Tugolesov et al., 1985 and referen-
ces thereafter]. However, the previous works
made no attempt to explain the origin of the
normal faults [Tugolesov et al., 1985] or they
suggested that the faults arose during the
formation of the Crimean Mountains, which
had evolved as a separate tectonic unit, e.g.
[Schlezinger, 1972 and references thereafter].
The view that the normal faults are a conse-
quence of an extensional regime in a basin
that could have developed in Triassic time
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has also been recently published by Sheremet
et al. [2016b]. However, our interpretations
specify that the normal fault, which dips to
the south and runs approximately along the
continental slope, originated as an extension-
al fault during the Cretaceous main rifting
event separating the (half)grabens formed at
that time (see Fig. 10). It was strongly inverted
during the Cenozoic compressional phases
and then displayed normal fault kinemat-
ics again in the Quaternary (see Figs. 6, 7)
[Stovba, Khriachtchevskaia, 2011; Stovba et
al., 2013; 2017a,b] like the Euxinian Fault to
the west of the Crimea Peninsula (see Fig. 5).

Timing of compression phases. Malo-
vitckiy et al. [1979] described two erosional
unconformities at the Eocene-Paleocene and
Lower Miocene—Middle Miocene bounda-
ries in the Sorokin Trough that apparently fit
well the two phases of the uplift of the Crimea
Mountains and surrounding areas, including
the areas of the present-day shelf and con-
tinental slope. Nikishin et al. [2012, 2015b]
assigned the compressional phases that oc-
curred to the Eocene-Oligocene boundary
and the Neogene. Sheremet et al. [2016b]
also inferred two main phases of compression
in the Sorokin Trough, the first phase during
the Paleocene—Early Eocene and the second
from the Oligocene to the Early Pliocene. The
latter was characterised by an impulse char-
acter similarly to other parts of the northern
Black Sea region. Meanwhile, the results re-
ported by this study permit a more precise
timing of the compressional phases affecting
the Sorokin Trough, MCCEF and surrounding
tectonic units to be proposed. It appears that
they concur with those in other areas of the
northern Black Sea, e.g. [Khriachtchevskaia
et al., 2010]. The most severe compression-
al event appears to be the one at the end of
the Middle Eocene — beginning of the Late
Eocene, with two others taking place at the
end of the Late Miocene — beginning of the
Pliocene. As was mentioned above, the ad-
ditional syn-depositional growth of some
folds mainly in the southern part of the So-
rokin Trough since the Quaternary can be
explained by the very rapid downfall of the
hanging walls of the renewed normal faults
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forming along the continental slope and on-
shore areas of the southern part of the Crimea
Mountains (see Figs. 6, 7).

4.3. Deep-water Black Sea. The distri-
bution and relationship of the Cretaceous
and Palaeogene sequences. The TWT of the
traced seismic horizons characterizing the
geometry and depths of boundaries of sedi-
mentary sequences are in general compara-
ble with previous regional seismic studies of
the deep-water areas, where the sedimentary
cover is not strongly deformed (Table). The
more detailed comparison of seismic hori-
zons, especially on the margins of the WBSB
and EBSB, is restricted because of the limited
number and small scales of published seismic
sections.

The structural peculiarities of tectonic
units mapped in the deep-water area are in
general comparable with those defined by
other research teams. However, there are
fundamental differences between the results
of this study and previous regional seismic
surveys. Some of them concern the distribu-
tion and relationship of the Cretaceous and
Palaeogene sequences.

It has been widely believed that at the level
of the syn-rift sequence the northern WBSB
and northern EBSB are bounded from their
margins, including the Andrusov Ridge and
Shatskiy High, by normal faults, which were
understood to have never been inverted af-
ter the rifting stage ceased, e.qg. [Finetti et
al., 1988; Nikishin et al., 1998, 2001, 2012,
2015a,b; Starostenko et al., 2004; Shillington
etal., 2009, 2017, Yegorova et al., 2010; Okay,
Nikishin, 2015; Tari et al., 2015]. It means that
the architecture of the two basins did not con-
siderably change since the beginning of the
post-rift stage. Therefore, it has been widely
accepted that the Cretaceous-Quaternary
sedimentation of the basins in the study area
were never interrupted by any tectonic events
and their geological sections have no gaps
and unconformities, e.qg. [Finetty et al., 1988;
Nikishin et al., 2015a,b].

In contrast to conventional views our re-
sults reveal that the EBSB and northernmost
part of the WBSB in the area of the Euxinian
Graben consist of a reduced Cretaceous—
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Middle Eocene succession because of erosion
during the Eocene compressional phase and
following folding and uplift of the emerged
landmass in the Black Sea at that time (see
Figs. 3—8, 11, 12, 13, ¢).

The presence of the folded land prevent-
ed sedimentation in the area of the eastern
part of the Euxinian Graben since the Late
Eocene until almost the end of the Oligocene
(see Figs. 4, 5, 14, 15). In addition, the Late—
Middle Eocene inversion of the pre-existing
extensional structures and simultaneous ero-
sion of the western and north-western parts of
the northern Black Sea is demonstrated from
wells and seismic data in the Romanian part
of the Black Sea [Morosanu, 2002; Munteanu
etal., 2011, 2017]. Additional erosion of Cre-
taceous strata in the northern part of the Eux-
inian Graben also occurred during the Late
Miocene compressional phases (see Figs. 4,
5). It should be also noted that the presence of
the Upper Eocene sequence is limited to the
southern EBSB where marine sedimentation
recommenced earlier than in the northern
EBSB (see Fig. 14).

There has not been a general consensus
on the completeness of the Mesozoic and
Paleogene stratigraphic successions within
the Andrusov Ridge and Shatskiy High. Tugo-
lesov et al. [1985] and Finetty et al. [1988]
considered that they consist mainly of the
Cretaceous and perhaps older Mesozoic
sediments. The positive structures do not
include Eocene—Paleocene and most of the
Oligocene—Lower Miocene (Maykopian)
strata at their tops because they were partly
exposed above sea level during these times.
Meanwhile, Nikishin et al. [2015a,b] believe
that the Andrusov Ridge has been situated be-
neath sea level since the Cretaceousrift stage
and that it is covered with the Cretaceous and
thinned Paleocene-Eocene and Maykopian
sediments. Despite the fact that an erosional
unconformity is clearly seen on seismic sec-
tions at the base of the Upper Eocene—Lower
Miocene sediments within the relatively flat
arch and gentle slopes of the ridge, Nikishin
et al. [2015a,b] explained the absence of Oli-
gocene sediments at the top of the Andrusov
Ridge by a continuous process of sliding of
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Comparison of TWT of seismic horizons mapped by this and previous regional seis-
mic investigations

Horizons of this
study

Comparison with interpretations done by Tugolesov et al. [1985], Finetti et al.
[1988] and Nikishin et al. [2015a,b]

Base of Quaternary

The horizon is some 0.9 s shallower than the one by Tugolesov et al. [1985] and 0.2—
0.5 s than by Finetti et al. [1988] within all tectonic units of the deep water. Nikishin
et al. [2015a, b] do not show the base of Quaternary on seismic profiles

Base of Pliocene

The horizon is 0.1—0.5 s shallower than the one by Tugolesov et al. [1985] and
Finettiet al. [1988]. The horizon is comparable to the one by Nikishin et al. [2015a,
b] within all tectonic units. The maximum discrepancies reach 0.2—0.3 s in local
areas only

Base of Pontian

The horizon coincides with the base of Meotian-Pliocene by Tugolesov et al. [1985].
Finetti et al. [1988] do not show the base of Pontian on seismic profiles and maps.
Nikishin et al. [2015a, b] show the base of Late Pontian on only one seismic profile
only. This horizon is close to the base of Pontian by our interpretation

Base of Middle—
Upper Miocene

The horizon is comparable with the one by Tugolesov et al. [1985] and Nikishin et
al. [2015a, b] as well as with the top of Oligocene by Finetti et al. [1988] within all
tectonic units

Base of Lower
Miocene

The horizon was not traced by other studies

Base of Oligocene

The horizon is comparable with the one by Tugolesov et al. [1985], Finetti et al.
[1988] and Nikishin et al. [2015a, b] in the WBSB as well as to the top of Mesozoic
within the AR and EBSB. The maximum discrepancies reach 0.2 s

Base of Upper
Eocene

Tugolesov et al. [1985], Finetti et al. [1988] and Nikishin et al. [2015a,b] did not trace
the base of the Upper Eocene sediments. The horizon is comparable to Horizon IIb
inside of the Paleocene-Eocene sequence in the WBSB and to the top of Mesozoic
(horizon H) within the south-western slope of the AR by Tugolesov et al. [1985]. The
horizon is close to the top of Mesozoic by Finetti et al. [1988] in the WBSB and the
southern part of the EBSB with the differences by TWT up to 0.2—0.5 s. The base
of the Upper Eocene is close (+ 0.1—0.2 s) to the base of Paleocene—Eocene by
Nikishin et al. [2015a,b]. The comparison is not applicable within the AR and SH and
large area of the EBSB where we do not trace the horizon because the absence of the
Upper Eocene sediments

Base of
Paleocene—Middle
Eocene

The horizon is located inside the Mesozoic sequence in the areas of the WBSB where
the sequence was identified by Tugolesov et al. [1985] and Finetti et al. [1988]. The
horizon is located inside the Upper Cretaceous sequence by Nikishin et al [2015a,b]
within all tectonic units where we detected the presence of the Paleocene-Middle
Eocene sediments. The comparison is not applicable within the AR, SH and EBSB
where we do not trace the horizon by reason of the absence of the Paleocene—Middle
Eocene sediments in spite of the fact that other researchers identified an existence
of these sediments in large areas of these tectonic units. However, it should be noted
that Tugolesov et al. [1985] and Finetti et al. [1988] as opposed to Nikishin et al.
[2015a, b] also identified the absence of the Paleocene-Eocene sediments within
relatively broad areas of the AR and SH

Base of Upper
Cretaceous post-
rift

The horizon is beneath the top of pre-Cenozoic (top of Mesozoic) by Tugolesov et al.
[1985] and Finetti et al. [1988] in areas where the researchers identified the Mesozoic
sequence. The horizon is comparable to the base of post-rift sediments by Nikishin
etal. [20154a,b] in the WBSB and EBSB. However, the relatively high difference of up
to 0.7 s is visible within the northern part of the Shatskiy High

Base of Cretaceous
syn-rift

The horizon was not identified by Tugolesov et al. [1985] and Finetti et al. [1988]; it
is close to the Horizon Z (acoustic basement) by Finetti et al. [1988]. The horizon is
comparable to the top of rifted continental crust by Nikishin et al. [2015a,b] in the
areas of the WBSB and EBSB. It should be noted that as opposed to Nikishin et al.
[2015a,b] we have not found any seismic fabrics to suggest a difference between
oceanic and rifted continental crust
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marine sediments accumulating at depths of
a few hundred meters from the ridge along
its slopes to the deep-water WBSB and EBSB.
However, as clearly seen on all seismic pro-
files the transgressive sub-horizontal overlap-
ping of the Maykopian strata on the slopes of
the Andrusov Ridge reveals rather a gradual
marine invasion on the submerging land that
does not fit the sedimentary process model
proposed by [Nikishin et al., 2015a,b].

In general, our study confirms the main
features of the sedimentary framework on the
Andrusov Ridge and Shatskiy High that were
noted by Tugolesov et al. [1985] and Finetty et
al. [1988]. However, unlike these authors, our
interpretation reveals that the tectonic units
were not elevated above the sea level until the
end of the Middle Eocene, but were parts of
the large sinking post-rift basin (see Fig. 13, b)
where a considerable thickness of sediments
could accumulate in the Cretaceous and
Paleocene-Middle Eocene. Like the EBSB the
syn-rift and post-rift sediments were deeply
eroded within the Andrusov Ridge and Shat-
skiy High during folding and uplift of these
originally rift-related (half)grabens above sea
level at the end of the Middle Eocene and
gradual marine transgression since the Late
Eocene (see Figs. 13, c—g). Sedimentation
was almost completely restored in the entire
deep-water area by the Middle Miocene as
most of the terrestrial areas of the Andrusov
Ridge and Shatskiy High submerged below
sea level with the exception of small islands
within the highs (see Fig. 13, f).

Are the WBSB and EBSB originally (sub)
oceanic basins that are separated by the
Andrusov Ridge? Tectonic and geodynamic
models of the Black Sea over the past de-
cades usually consider both WBSB and EBSB
as originally separate back-arc rift basins
that even could reach the stage of forming
the oceanic or suboceanic crust and further
evolved as deep marine basins [Neprochnov
et al.,, 1970; Letouzey et al., 1977, Zonen-
shain, Le Pichon, 1986; Gorur, 1988; Finetti
et al., 1988; Okay et al., 1994; Robinson et
al., 1996; Spadini et al., 1996, 199%; Robinson,
Kerusov, 1997, Nikishin et al., 1998, 2001,
2012, 2015a,b; Starostenko et al., 2004; Scott
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et al., 2009; Shillington et al., 2009, 201%
Yegorova et al., 2010; Yegorova, Gobarenko
2010; Stephenson, Schellart, 2010; Munteanu
et al., 2011, 2017, Graham et al., 2013; Okay,
Nikishin, 2015; Tari et al., 2015; Sosson et al.,
2016; Monteleone et al., 2019]. Most of these
models are usually based on the view that the
present Andrusov Ridge and Shatskiy High
are stable and extended uplifted blocks that
originally formed during rifting stage(s) and
have a moderately thinned continental crust
(but thicker than the crust beneath the deep
basins). The Andrusov Ridge developed as a
footwall (continental margin) of the both (sub)
oceanic basins. It rose between the WBSB and
EBSB in the northern deep-water area till the
end of Oligocene—Early Miocene time and
then it did not influence the sedimentation
in these two basins, which completely turned
into a single deep-water basin. The Shatskiy
High is also considered as a rift margin of the
(sub)oceanic EBSB, which opened as a result
of spreading of oceanic crust between the
high and Andrusov Ridge.

According to Nikishin et al. [2015a,b] there
is a transition zone from strongly stretched
continental crust to oceanic crust in the cen-
tral WBSB. However, we have not recognised
any seismic fabrics at the base of the sedi-
mentary cover that can confirm the existence
of the transition zone, though such fabrics
should be seen on seismic sections illuminat-
ing the structure of the southern area of our
study. The same is true for the EBSB where
some researchers suggest the existence of
oceanic crust, e.g. [Monteleone et al., 2019].

Meanwhile, as already shown above, the
Andrusov Ridge, EBSB and Shatskiy High
formed at the end of the Early Cretaceous
— beginning of the Late Cretaceous as (half)
grabens and together comprised a single
rift system with an NW-SE orientation (see
Figs. 9, b, 10). The easternmost part of the
WBSB represented probably the south-west-
ern shoulder of this wide rift system. The ob-
servation that the Andrusov Ridge was deeply
affected by rift processes is confirmed by the
Synop-1 well, which was drilled on the Turkish
side of the eastern Black Sea [Tari, Simmons,
2018]. The presence of the rift (half)grabens
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and Cretaceous volcanic rocks with the thick-
ness of several hundred meters can also be in-
ferred by the results of seismic interpretations
on the Andrusov Ridge and Shatskiy High
[Finetty et al., 1988; Nikishin et al., 2015a,b].

The Andrusov Ridge and Shatskiy High
became positive structures by the Late Eocene
only when compressional stresses provoked
the folding of therift system and strong inver-
sion of the previously normal faults bounding
the rift-related (half)grabens. Unfortunately,
recent tectonic models do not consider the
possibility of the decrease of the Cretaceous—
Middle Eocene sedimentary thickness in the
eastern part of the Black Sea due to inver-
sion of the pre-existing rift (half)grabens,
folding and subsequent erosion. This has
created a misconception about a lower rate
of subsidence of the EBSB, Andrusov Ridge
and Shatskiy High in comparison with WBSB
subsidence from the end of the rift stage un-
til the end of the Late Cretaceous—Middle
Eocene post-rift phase, e.g. [Nikishin et al.,
2015a,b]. It can further be mentioned, never-
theless, that Finetty et al. [1988] assumed that
the Shatskiy High may have been affected by
compressional forces and that Rangin et al.
[2002] considered the Andrusov Ridge to be
an anticline with a flat arch that had been in-
fluenced by folding and thrust-faults before
the Oligocene.

One-dimensional tectonic modelling
shows that the stretching factor of the conti-
nental crust during rifting phase on the Odesa
Shelf was 1.08—1.13 [Khriachtchevskaia et
al., 2007], or some ~10 % extensional strain.
The general characteristics of the main rift
structures, including the thickness of the syn-
rift sequence, lithofacies distribution and off-
sets of normal faults bounding these rift struc-
tures, are similar throughout the whole area
of the study. This suggests that during rifting
the rate and magnitude of Cretaceous exten-
sion in the preserved deep-water basin of the
Black Sea was perhaps only slightly higher
than on the Odesa Shelf [Stovba, Stephenson,
2019]. In addition, the comparability of the
Upper Cretaceous and Paleocene—Middle
Eocene post-rift sedimentary thicknesses and
the similarity of seismic responses of these se-
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quences within areas of both the shelf and the
deep water, where these sequences are wholly
preserved from post-depositional erosion,
indicate that tectonic and paleogeographic
conditions of post-rift sedimentation were es-
sentially uniform within the entire study area.
These observations also testify to the veracity
of the above inference regarding a relatively
low rate of the Cretaceous crustal extension
over the entire study area given that the rate
and magnitude of passive (thermal) post-rift
basin subsidence is directly linked to the rate
and magnitude of active syn-rift extension,
e.g. [McKenzie, 1978]. If this is so, and the
rate of crustal extension within the whole
study area was rather low, then any geody-
namic model suggesting the formation of
the Western and Eastern Black Sea basins
as deep oceanic or sub-oceanic basins in the
Early Cretaceous seems unlikely and, it fol-
lows, that paleotectonic reconstructions that
use such a concept are unreliable.

It is noted that there is an inconsistency
between the new interpretations on the distri-
bution and features of rift structures, particu-
larly where the deep water basin formed and
existing geophysical data on crustal thick-
nesses and characteristics of the lithosphere
within the northern deep-water Black Sea,
which suggests considerable crustal thinning.
Stovba and Stephenson [2019] suggested that
this inconsistency can be explained by the
imprint of one or more significant exten-
sional tectonic phases affecting the Black Sea
lithosphere prior to the Cretaceous and an
influence of plate tectonics as far back as the
Late Palaeozoic. Other previous studies and
geodynamic models also considered impacts
of active tectonic processes caused by pre-
Cretaceous plate tectonics on the evolution
of the Black Sea. Indeed, Zonenshain and Le
Pichon [1986] suggested that the opening of
the Black Sea basin occurred in the Jurassic.
Some evidence of extensional deformation
that could have occurred within the Andrusov
Ridge long before the end of the Cretaceous
were described by Finetty et al. [1988].

Timing and duration of rifting. The tim-
ing of rifting in the WBSB and EBSB remains
under debate until now. Many studies deter-
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mined that the WBSB originated by back-arc
extension in the Early—Middle Cretaceous
[Gorlr, 1988; Finetti et al., 1988; Okay et al.,
1994, 2018; Robinson et al., 1996; Khriacht-
chevskaia et al., 2010; Hippolyte et al., 2010;
Stephenson, Schellart, 2010; Nikishin et al.,
2012, 2015; Stovba et al., 2013, 2017; Tari et
al., 2015] or since the Middle Cretaceous until
the Eocene [Munteanu etal., 2011, 2018]. The
rifting in the EBSB took place in the Early—
Middle Cretaceous simultaneously with the
WBSB [Nikishin et al., 2012, 2015a,b] or later
than in the WBSB according to some stud-
ies, from the Paleocene until the Early Eocene
[Robinson et al., 1996; Shillington et al., 2009,
2017, Hippolyte et al., 2015] or even until the
Oligocene [Monteleone et al., 2019]. Mean-
while, our new results demonstrate that the
structure and evolution of the study area is
well explained with the viewpoint of simulta-
neous syn-rift and post-rift tectonic processes
and deformations in the northern Black Sea,
west and east, and its surroundings since the
Albian. This is comparable to some previous
views [Nikishin et al., 2001, 2012, 2015a,b;
Khriachtchevskaia et al., 2010; Stephenson,
Schellart, 2010].

Paleowater depths. It has been previously
suggested that the WBSB and EBSB evolved
in the (sub)oceanic environment with the wa-
ter depths more than 2 km throughout the
whole syn-rift and post-rift subsidence his-
tory up to the recent time [Zonenshain, Le Pi-
chon, 1986; Goriir, 1988; Belousov, Volvovskiy,
1989; Finetti et al., 1988; Okay et al., 1994;
Robinson et al., 1996; Spadini et al., 1996,
1997; Nikishin et al., 2012, 2015a,b; Graham
et al., 2013; Okay, Nikishin, 2015; Tari et al.,
2015; Sosson et al., 2016; Monteleone et al.,
2019]. However, the Upper Cretaceous and
Paleocene—Middle Eocene successions were
deposited at depths that did not exceed 100 m
in the areas of the Odesa Shelf and Crimea
Peninsula [Gozhik et al., 2006; Barrier, Vri-
elynck, 2008]. The similarity of these strata
with those of the same age elsewhere in the
study area suggests that all of them were de-
posited at shallow depths, typical of a shelf
environment. An important implication is
that the widely accepted assumption about
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the presence of a deep-water (sub)oceanic sea
in the northern part of the Black Sea region is
unlikely during the Late Cretaceous—Middle
Eocene post-rift stage of basin development.
The similar character of the Upper Eocene—
Upper Miocene sequences in the whole of the
present study area as well as the existence
of the Late Eocene and latest Late Miocene
broad and folded emerged landmasses sug-
gest the conclusion that the northern Black
Sea represented a relatively shallow shelf
basin until the beginning or even end of the
Pleistocene. Only thereafter did the water
depth rapidly increase to more than 1 km.

Our conclusion about the shallow-water
environment in the Cretaceous is compara-
ble with the view by Tugolesov et al. [1985].
Indeed, Tugolesov et al. [1985] suggested the
occurrence of Mesozoic platform-type sedi-
ments with the thickness of 1 to 4 km every-
where in the deep-water area of the Black Sea
even though these authors mapped the eroded
surface of the Mesozoic sediments only and
did not recognise the Cretaceous rift stage
in the tectonic history of the Black Sea. They
supposed that the rapid subsidence of the
WBSB and EBSB as independent «syncline
basins» began in the Paleocene after the uplift
of alarge area of the Black Sea above sea level
and probable partial erosion of the Mesozoic
strata. However, our analysis shows that up-
permost layers on the interpreted profiles pub-
lished by Tugolesov et al. [1985] correspond to
the eroded surface of the Cretaceous—Middle
Eocene strata, which is also the main erosional
surface in the deep-water area of the Black
Sea. If we make a correction for the strati-
fication of the erosional surface, which was
mapped by Tugolesov et al. [1985], the con-
clusion of these authors regarding shallow-
water environments in the Black Sea can be
assigned to Paleocene—Middle Eocene time
that coincides with our reconstructions.

5. Conclusions.

The entire Ukrainian sector of the Black
Sea, which occupies its northernmost part, was
studied with the interpretation of the post-
1990 seismic reflection data along seismic
lines having a total length of some 30 000 km.
Seismic sections have been tied to 40 offshore
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wells drilled in the Odesa and Pre-Kerch shal-
low-water shelves as well as to the age and
locations of rock samples dredged from the
sea bottom along the continental slope. Ten
TWT structural (isochron) maps and ten TWT
isopach maps of sedimentary sequences rang-
ing in age from Albian-Cenomanian to Qua-
ternary have been constructed for the study
area on the basis of the comprehensive seis-
mic interpretation. The regional paleotectonic
and paleogeographic settings in the northern
Black Sea have been established with simpli-
fied tectonic reconstructions for ten time slices
from the Cretaceousrift stage until the Recent.

The results allow making the following
conclusions:

1. Rifting of the continental crust in the
northern Black Sea began synchronously in
the Albian, Early Cretaceous and rifting conti-
nued until at least the end of the Cenomanian
when it ceased. The degree of extension of
the continental crust was relatively low and
did not cause the formation of deep (sub)oce-
anic basins.

2. Two major systems of Albian-Cenoma-
nian generated rift faults with vertical offsets
ranging from several tens of meters to more
than 2—3 km trend roughly ENE-WSW and
NW-SE within the study area. The rift faults
formed three major rift basins that originated
as systems of (half)grabens. Two of these ba-
sins extended in a ENE-WSW direction and
one in a NW-SE direction.

3. One of the ENE-WSW oriented rift ba-
sins occupied areas of the present-day Kar-
kinit Trough, Krylov-Zmiiny Uplift, Gubkin
Ridge and Sulina Depression within the
Odesa Shelf. The axis of the other basin ran
approximately along the continental slope in
the eastern part of the study area and includ-
ed areas of the present-day Tetyaev High, So-
rokin Trough, Crimea Mountains and Marine
Continuation of the Crimean Folds.

4. The NW-SE oriented rift basin formed in
the eastern deep-water part of the Ukrainian
Black Sea and occupied areas of the present-
day Andrusov Ridge, Eastern Black Sea Basin
and Shatskiy High, all of which originated as
large rift (half)grabens. In the NW direction
this basin continued in the relatively narrow
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Euxinian Graben located along the present-
day continental slope in the western deep-
water area. The eastern and northern areas
of the present-day Western Black Sea Basin
possibly represented the margin of this major
rift basin during the Cretaceous.

5. The maximum present-day depth of syn-
rift sediments in the study area is some 15.5—
16.5 km (12.0 s) from sea level in the West-
ern Black Sea Basin. In the Eastern Black Sea
Basin the maximum depth is 12.5—13.5 km
(~10 s).

6. Passive, thermal (post-rift) subsidence
began in the Turonian and lasted until the
Middle Eocene. Sedimentation occurred in
shelf marine basins with water depth not ex-
ceeding a few hundred meters during this
time.

7. Late Cretaceous—Middle Eocene post-
rift subsidence was interrupted by SW-NE
oriented regional tectonic compression at
the end of the Middle Eocene. This com-
pression strongly deformed the syn-rift and
post-rift sedimentary sequences in the origi-
nally formed rift basins and formed a large
landmass. The axis of this landmass ran
roughly NW-SE and occupied wide areas
of the present-day Odesa Shelf and Crimea
Peninsula as well as almost the entire area
of the present-day Euxinian Graben, Marine
Continuation of the Crimean Folds, Soro-
kin Trough, Tetyaev High, Andrusov Ridge,
Eastern Black Sea Basin and Shatskiy High.
All these structures, originally formed as rift
(half)grabens, were simultaneously severely
folded and the main rift faults bounding them
strongly inverted with vertical movements in
range 1—4 km and possibly more. Up to 5 km
of the Cretaceous — Middle Eocene syn-rift
and post-rift sediments were eroded during
the time of the existence of the emerged on-
shore terrain. This landmass was, accordingly,
a significant source of sediment supply in sur-
rounding marine basins until the end of the
Early Miocene when almost the entire area of
the onshore terrain fell below relative sea level.

8. Two subsequent S-N compressional
events occurred in the middle and at the end
of Pontian time in the Late Miocene and pro-
voked additional folding and thrusting of the
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Cretaceous—Miocene sedimentary succes-
sions in the initially ENE-WSW Cretaceous
rift basins mainly. These tectonic events
caused the uplift of crustal blocks on the
hanging walls of inverted faults and consid-
erable deformation of the Gubkin Ridge, Kry-
lov-Zmiiny Uplift, Euxinian Graben, Sorokin
Trough, Marine Continuation of Crimean
Folds and, apparently, the Crimea Mountains.
Local structures on the Odesa Shelf under-
went additional growth and numerous new,
local folds were generated on the margins of
the Western Black Sea Basin, in the Sorokin
Trough and Marine Continuation of Crimean
Folds. During both Late Miocene compres-
sional events broad landmasses arose across
the northern Black Sea region. These onshore
terrains ran in a roughly E-W direction and
occupied the present-day shallow shelves
and northern part of the current deep-water
basin as well as almost the whole Crimea Pe-
ninsula. Like the Late Eocene landmass, the
new onshore terrains were evidently a source
of sediments into the marine basins that sur-
rounded them. Rivers of the Eastern European
Platform played an important role as a trans-
port system of sediments in marine basins to
the south of the Odesa Shelf, including the
Histria Trough.

9. The presence of thick Pontian clino-
forms in the western part of the Odesa Shelf
reveals that the first Pontian compressional
event was apparently accompanied by a sharp
fall of sea level. As such, this compressional
event and coincident rapid sea level drop oc-
cur at the same time as the Messinian Salin-
ity Crisis with the connection between the
Black Sea and global ocean being lost against
a background of fast basin subsidence. Prior
to second Late Miocene compressional event
sea level had risen sufficiently that a consider-
able part of the Odesa Shelf and other parts of
the middle Pontian landmass were covered, at
least periodically, by a shallow sea.

10. The present-day deep-water part of
the study area began to subside rapidly in
the Pliocene probably as a consequence of
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regional, lithosphere scale geodynamic proc-
esses that are continuing until the present-
day. The mechanical response to this rapid
subsidence appears to have reactivated
normal faulting of the previously inverted
south-dipping rift faults along the coast of
the Crimea Mountains and in the eastern
part of the Euxinian Graben during the Pleis-
tocene and possibly Holocene. As such, the
Kalamit Swell and the Crimea Mountains
can be considered together as an uplifted
footwall, and the eastern part of the north-
ern margin of the Western Black Sea basin
and the deep-water area to the south of the
Crimea Peninsula a hanging wall that was
thrown down to a depth of >2 km below sea
level during this time. The very rapid sub-
sidence and lack of a sufficient sedimentary
supply led to a deep marine water depth in
the Western and Eastern Black Sea basins
both of which had previously developed as
relatively shallow marine seas with the wa-
ter depths not exceeding a hundred meters.

11. Many results presented in this paper
are in contradiction to conventional concepts
embedded in current geodynamic models of
the origin and evolution of the Black Sea and
its constituent tectonic units. Further discus-
sion of all the results of this study is a subject
for future work, but the newly presented re-
sults here will undoubtedly entail a revision
of most present-day geodynamic models of
the entire Black Sea region.
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I'eorOornyecKoe CTPOeHNEe U TEKTOHUYECKAast 9BOAIOIHS
YKPaunHCKOro ceKkropa YepHoro Mmops

C.H. Cros6a ', [I1.B. ITonapok|', I1.A. ®enora >, O.1. Xpsamesckas ', 2020

000 «CIIK-TEO», Kues, YKpauHa
ZI/ICTI/ITYT reocusuku uM. C.lM. Cy66orura HAH Ykpaunsl, Kues, YkpauHa
S,A,l'[ «HaykanagToraz» HAK «HadToras Ykpaunsi», Kues, YkpanHa

YrpauHcKuil cekTop UepHoro mMopsa udydeH 1no A@HHBIM MOI'T, nOAyYeHHBIM IIO-
cae 1990 r. BAOABL CeMCMUYECKUX AMHUMN OOIIel MPOTSIKeHHOCTHI0 0KoAo 30 000 kM. B
ceBepHOM yacTu YepHOro Mopsa pUdTOTreHe3 MPOUCXOAUA C arbOa A0 KOHIIa CeHOMa-
Ha U XapaKTepU30BaACsS OTHOCHUTEABHO HEOOABIIUM pacTs>KeHHeM KOHTHMHEeHTAAbHOMU
KOPBI, YTO He IPUBEAO K (POPMUPOBAHUIO TAYOOKOBOAHBIX (CyD)OKeaHUUeCKUX Oaccel-
HOB. PudToBBEIE PA3AOMBI OOPAa30BaAU TPU OOABIINX II0 pa3Mepy PUMTOBBIX ODAaCCEeNHa,
Ka’>KABIA U3 KOTOPBIX COCTOSIA U3 CUCTEMBI IPabeHOB U OAHOCTOPOHHUX I'pabeHoB. OAUH
U3 CyOIIMPOTHBIX PUMPTOBBIX OACCEMHOB 3aHUMaA COBpeMeHHEBIe IAOIaAu KapKuHUT-
ckoro nporuda, KpeIanoBCKO-3MeNHOM 30HBI TOAHATHHY, Bard ['yOKuHa U CyAUHCKOM Ae-
npeccuu Ha OpecckoM Iteabde. Bropot cyOmupoTHBIN OacCeH BKAIOUAA TEPPUTOPUN
nopHaTus TeTdeBa, nporuda CoOpoKMHA, ITIOABOAHOTO IIPOAOAKEHN ST KPBIMCKUX CKAQAOK
u, oueBUAHO, KpbIMcKUX rop. TpeTutt pudToBBIN OacCelH IIPOCTUPAACS C CeBepo-3araa
Ha IOTO-BOCTOK M OXBATBIBAA TEPPUTOPUM OBKCUHCKOro rpabeHa, Bara AHAPYCOBQ,
Boctouno-Hepaomopckoro 6accerita u Bara LlaTckoro. [TaccuBHOe TepMuueckoe (o-
CTPU@TOBOE) IOTPY>KeHUe pUPTOBEIX OACCENHOB IPOAOAKAAACH C TYPOHA AO CPEAHETro
30IleHa B MOPCKUX OaccelHaX r'AyOMHON He OOABIIle IIEPBBIX COTeH MeTpoB. CHABHOE
pernoHaAbHOeE C)KaTHe B KOHIle CPeAHero 301leHa IpepBaA0 MOCTPUPTOBOe (TepMudec-
KOe) IOTpy’KeHue puTOTeHHBIX 0aCCeMHOB, BBI3BAAO B HUX UHTEHCUBHEIE AepOpMaIiun
0CaAAOUYHOTO YeXAa U IIPUBEAO K (DOPMUPOBAHUIO IPOTSKEHHOTO Y4acTKa CYIIN, KOTOPBIN
IIPOCTHPAACS C CEBEPO-3allapd Ha F0ro-BOCTOK. DTOT YYACTOK CYIIIM 3aHMMaA IleHTPAAbHBIE
U ro>kHBIe yacTu Opecckoro meabda U KphIMCKOTO IIOAYOCTPOBQ, @ B TAYOOKOBOAHOM
JacTu YepHOTro MOPS OXBaThIBAA TEPPUTOPUU DBKCHUHCKOIO rpabeHa, MOPCKOTO IIPOAOA-
>KeHUsI KPBIMCKUX CKAQAOK, IIporunda COpoKMHa, NOAHATUSA TeTsaeBa, BAAOB AHAPYCOBa U
[Marckoro, Bocrouno-YepHOoMOpCcKoOro 6acceliHa. 3a BpeMs CyIleCTBOBAHUS CYIIIU B ee
pepeAax ObBIAO 3POAMPOBAHO OKOAO 5 KM OCAAOYHOTO YeXAd. ABa PerMOHAABHBIX CKATUS,
KOTOpPbIe IIPOU3O0IIAU B KOHIle TTIO3AHETO MUOIleHa, OBIAN HallpaBAEHHI C IoTa Ha ceBep U
CHPOBOIIUPOBAAU Ype3BbIUaliHO UHTEHCUBHEIE AepOpMaIlui OCaAOUYHOI0 YeXAa Ha Tep-
PUTOPUU UCCAEAOBAHUN. AHTUKAMHAABHBIE CTPYKTYPBI Ha OAeCCKOM IleAb(e NCIBITaAN
AOIIOAHUTEABHBIE POCT U OCAOJKHEHUS TeKTOHWUYEeCKUMHU HapyIlIeHUsIMH, @ Ha OKpanHax
3anapHo-YepHOMOPCKOro 6acceiiHa U B aKBAaTOPHUHU K FOTy OT KpBIMCKUX rop, BKAIOYAs
nporu6 CopokuHa, COPMUPOBAAOCEH OOABIITIOE YUCAO HOBBIX @HTUKANHAABHBIX CKAQAOK,
OTrpaHMYEeHHBIX B30pocaMu 1 HapABHUTaMU. Bo BpeMs 000uX ITO3AHEMUOIeHOBBIX CoKaTUN
cOPMHUPOBAAUCH OOIIUPHEBIE YUACTKU CYIIIH, KOTOPbIE IPOTATUBAANCE B CyOIIUPOTHOM
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HAIIPaBAEHUU W OXBATHIBAAM COBPEMEHHBbIE MEeAKOBOAHBIE ITEeAb(MBl, KPBIMCKUM TTOAY-
OCTPOB M CEBEPHYIO YaCTh TAyOOKOBOAHOM akBaTOpwuu. [10A0OHO MO3AHEIO0IE€HOBLIM
TO3AHEMHUOIIEHOBLIE CYXOITyTHBIE TEPPUTOPUH, OUEBUAHO, OBIAY MICTOYHUKOM OCAAOYHOTO
MaTeprasa AAsI OKPYIKaBIIUX UX MOPCKUX OacceHOB. [TepBoe mo3pAHeMUoIIeHOBOEe CKa-
THE II0 BpEMEHM COBIIAAO C IIPOSIBAEHUEM MEeCCUHCKOT'O COASHOTO KPU3KCa U, OUEBUAHO,
COITPOBOKAAAOCE OBICTPHIM ITAACHUEM YPOBHS MOpsi. [lepea BTOPBIM ITO3AHEMUOILEHOBLIM
CoKaTHeM YPOBEHb MOPSI 3HAUUTEABHO TTOAHSACS, a 60AbIITas 9acTh OAeCCKOro Ieabda 1
APYTHE YYaCTKM CYIIN TIEPUOANYECKU TTOKPBIBAANCH MEAKOBOAHBIM MopeM. CoBpeMeHHast
TAyOOKOBOAHAS YaCTh YepHOro Mops Hauaaa OBICTPO TPOTUOATHCS B ITAMOIIeHe. B miaeticTo-
1eHe 1, BepOsITHO, B TOAOIIeHe MeXaHUUYeCKUU OTKAMK Ha OBICTpoe Tporubdanue baccerita
IpUBeA K 00pa30BaHUIO0 COPOCOB, KOTOPHIE YHACAEAOBAAY IIAOCKOCTY MHBEPTUPOBAHHBIX
BO BpeMs IPEABIAYITUX (a3 cyKaTusg pUPPTOBBIX PAa3AOMOB, UMEBIINX FOJKHOE TTaAeHUe
Y TIPOTSITUBABIIINXCS BAOAL TPUOPESKHOMN MOAOCH KPBIMCKUX T'OpP ¥ B BOCTOYHOM 4aCTHU
OBKCHUHCKOTO rpabeHa. beicTpoe morpyskenune u Ae(pUIUT TOCTYTIAEHUST 0CAAOYHOTO Ma-
TepraiAa B UeTBEepPTUYHOM IIepruoAe 00yCAOBUAM 0Opa3oBaHue (CyD)oKeaHNUYeCKoro dac-
celfHa, KOTOPHIM Ilepep 3TUM (POPMHUPOBAACST B OTHOCUTEABHO MEAKOBOAHBIX MOPCKUX
YCAOBUSIX.

KaloueBrsle caroBa: HepHoe mope, Opecckuli mmeabd, Boctouno-HepHomopckuti 6ac-
celiH, 3anapHo-YepHOMOpPCKUU OaccelH, Baa AHAPYCOBA, TEKTOHUYECKAasl 3BOAIOINS,
IIepeBepHYyThIe PUMTOBBIE CTPYKTYPHI, PUQTHUHT, C’)KaTUe, MECCUHCKUN KPU3NUC, Me3030H,
KalHO30H, ceicMuuecKasi UHTepIpeTalus.

I'eonoriuna OyAo0OBa Ta TEKTOHIYHA €BOAIOLLiSI YKPAiIHCBKOTO
ceKkTopa YopHoro mops

C.M. Cros6a’?,|I.B. Honaawk!!, I1.0. ®enora’>, O.1. Xpsmescska’, 2020

'TOB «CITK-TEO», Kui, Ykpaina
2IHCTI/ITyT reodizuku iMm. C.I. Cyo6oTtina HAH VYkpainu, Kuis, YkpaiHa
3,A,1'[ «Haykanadrorasz» HAK «HadTorasz Ykpainu», Kuis, Ykpaina

YKpaiHCbKUlM ceKTop HopHOTOo MOps BUBUeHUM 3a AaHuMu MCI'T, oTpuMaHuMu micas
1990 p. y3A0BK CEMCMIYHUX AiHIM 3araAbHOIO AOBXKHUHOIO OAM3BKO 30 000 kM. Y miBHIUHIN
vacTuHi HopHOro Mops pu@TOoreHe3 IPOAOBXKYBaBCA 3 aAbOY AO KiHII CEHOMaHy Ta Xa-
paKTepu3yBaBCs BIAHOCHO HEBEAUKUM PO3TATOM KOHTUHEHTAABHOI KOPH, 110 HE IIPUBEAO
A0 (bopMyBaHHS TANOOKOBOAHUX (CyO)oKeaHiuHNX 6aceiHiB. PudToBi po3aoMu yTBOpH-
AM TPHM BEAHKI 3@ po3MipaMu pUPTOBI OACENMHU, KOJKEH 3 KX CKAAAABCHA 13 CUCTEMU
rpa0OeHiB Ta HaniBrpadeHiB. OpNH 13 CyOIIMPOTHUX pUMTOBUX OACENHIB 3aiMaB Cy4acHi
naomri KapkiHiTcbKOro nporuny, KpuaoBCbKO-3MilHOI 30HU MIAHATTIB, Baay ['yOKiHa Ta
CyaunHCBbKOI Aenipecii Ha OpecbKOMy mIeAb(i. Apyruit CyOIIUpPOTHUM OacelH BKAIOYAB
TepuTopil mipHATTA TeTgeBa, nporuHy COpPOKiHAE, IIIABOAHOTO IIPOAOBIKEHHSI KPUMCBKUAX
CKAQAOK 1, BoueBHUAb, KpuMcekux rip. TpeTiit pudToBuil 6aCelH IPOCTATaBCA 3 IIIBHIU-
HOTIO 3aXOAY Ha MIBAEHHUU CXiA Ta OXOIIAIOBAB TepUTOPIl EBKCUHCBEKOIO IrpabeHy, Bary
AnppycoBa, CxiAHOYOPHOMOPCBHKOTO Oacelrny Ta Baay lllarcekoro. [TacuBHe TepmiuHe
(moctpudToBe) 3aHypeHHS pUPTOBUX OACENHIB IPOAOBKYBAAOCH 3 TYPOHY AO CEPEAHBOTO
€0lleHy B MOPCBKUX OacelHax 3aBrAMOIIKY He OiAbIlle IIePIINX COTeHb MeTpiB. CUABHE
perioHanbHe CTUCHEHHS HAIIPUKIHIII CEPEAHBOIO €0LeHy IIePEPBAA0 NOCTPUMTOBE IIPO-
TMHaHHS pU@TOreHHUX 0aCelHiB, BUKAUKAAO B HUX IHTEHCHUBHI Aepopmallii 0capoBOro
YOXAQ Ta IPUBEAO A0 (DOPMYBAHHS IIPOTSIXKHOT'O CYXOAOAY, IO IIPOCTATaBCs 3 MIBHIYHOTO
3aXO0AY Ha IMIBAEHHUU cxiA,. Llel cyxoain 3aliMaB [eHTPaAbHY Ta MiBAeHHY 4acTUHU OpeCh-
KOro meAb(y 1 KpuMCBKOTO IIBOCTPOBE, @ B FAMOOKOBOAHIN YacTuHI HOpHOTO MOp4
BIH OXOIIAIOBAB TEPUTOPIT EBKCUHCBKOrO rpabeHy, MOPCBKOT'O IPOAOBKEHHSA KPUMCBKUX
CKAQAOK, poruHy CopokKiHg, mAHATTS TeTsaeBa, BaaiB AHApycoBa i lllaTcskoro Ta CxipHO-
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YOPHOMOPCHKOTO0 DacelHy. 3a Yyac iCHyBaHHS CYXOAOAY B MOT0 MesKaxX OYAO epoAOBaHe AO
5 KM 0Cap0BOro 4oxXAa. ABa perioHaAbHI CTUCHEHHS HAIIPUKIHII IIi3HBOIO MiolleHy OyAU
CIpsIMOBAaHI i3 MiBAHS Ha IiBHIY Ta CIPOBOKYBaAM HAA3BHUAWHO iHTEHCHUBHI pedopMma-
IIi1 0CaA0BOI'O YOXAA Ha TEPUTOPIl AOCAIAKEeHb. AHTHUKAIHAABHI CTPYKTypu OAECBKOTO
1eAb(y 3a3HaAM AOAQTKOBOI'O POCTY Ta YCKAAAHEHb TEKTOHIUHUMY OPYIIeHHSAMY, a Ha
OKpaiHax 3axXiAHOUYOpMOPCHKOTrO OacelHy Ta B akBaTOpPil Ha HiBaeHb Bipa KpuMcbKux rip,
BKAIOYarouu nporud CopokiHa, cpopMyBarach BEAMKA KiABKICTh HOBUX aHTUKAIHAABHUX
CKAQAOK, OOMeKeHUX MIAKUAAMU Ta HacyBaMu. [1ia yac 060X Ii3HbOMiOII€eHOBUX CTUCHEHD
chopMyBaAUCh HIUPOKI CYXOAOAH, SIKI IPOCTATAaANCH Y MalKe HIMPOTHOMY HAIIPSIMKY Ta
OXOIIAIOBAAM CyYacHi MiAKOBOAHI IIeAb(dU, KpUMCHKUN MiBOCTPIB Ta MiBHIYHY YaCTUHY
Cy4acHOI TAUOOKOBOAHOT akBaTopil. [Toai6HO A0 MI3HBOEOIEHOBUX, IIi3HBOMIOIIEHOB] Cy-
XOAOAU BOUEBHAL OYAUM AJKEPEAOM OCAAOBOTO MaTepiary AAS MOPCHKUX OacelHiB, 110 1X
oTouyBaaMu. [lepiiie i3HEOMiOIleHOBE CTUCHEHHS 30irAOCh y 4aci 3 IPOSIBOM MEeCHHCHKOI
COASIHOI KPU3U Ta, UMOBIPHO, CYIIPOBOAJKYBAAOCH IIBUAKUM ITaAiHHAM piBHSA Mops. [Tepep,
APYTHM Mi3HBOMIOIIEHOBUM CTUCHEHHSM PiBeHb MOPS 3HAYHO ITIIAHIBCS, @ BEAUKA YaCTUHA
OpeCBhKOTO IIeAB(Y Ta iHIIT YaCTUHU CYXOAOAY IIEPIOANYHO TOKPUBAANCS MIAKOBOAHUM
MopeM. CydacHa TAMOOKOBOAHA YacTUHa HOPHOTO MOPS IIOYaAa IIBUAKO IIPOTMHATUCH
y IAionleHi. Y MAeUCTOIeHi Ta, MOJKAWUBO, TOAOIIeHI MeXaHiYHUN BiATYK Ha IIBUAKE IIPO-
TrMHaHHSA O0acelHy 3yMOBUB YTBOPEHHS CKUAIB, Kl YCIIaAKYBaAM IIAOLUIMHN iHBEPTOBAHUX
ITiA Yac monepeaHix a3 cCTucHeHHsS pu@TOBUX PO3AOMIB, IO MaAM ITiBA€HHE aAiHHS Ta
ITPOCTSATAAMCSI B3BAOBIK ITPUOEPEsKHOT TOAOCH KpUMCBHKUX Tip Ta B CXiAHIY yacTruHi EBKCUH-
cpKoro rpabeny. llIBupKe nporuHaHH: i AeilUT HAAXOAKEHHS 0CAAOBOI'0O MaTepiaAy y
YeTBEPTUHHOMY IIePiOAl CHPUYNHUAY YTBOPEHHS (Cy0)OKeaHIYHOTo ODacelHy, IKMU IIepea,
TUM (pOpMyBaBCs ¥ BIAHOCHO MIAKOBOAHMX MOPCBKUX YMOBax.

KarouoBi caoBa: Hopue mope, Opecbkutt 1eabd, Cxiaautt 6aceitn HopHOTO MOpS,
3axipHui 6aceris HopHOTO MOps, Barn AHAPYCOBQ, TEKTOHIUHA €BOAIOIis, IIepeBepHYTI
PU@TOBI CTPYKTYPH, PUMTUHT, CTUCHEHHS, MECUHCBHKA KpU3a, Me30301, KaWHO30M, celic-
MiuHa iHTepIpeTarid.
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