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S U M M A R Y
The Scythian Platform (ScP) with a heterogeneous basement of Baikalian–Variscan–
Cimmerian age is located between the East European Craton (EEC) on the north and the
Crimean–Caucasus orogenic belt and the Black Sea (BS) Basin on the south. In order to get
new constrains on the basin architecture and crustal structure of the ScP and a better under-
standing of the tectonic processes and evolution of the southern margin of the EEC during
Mesozoic and Cenozoic time, a 630-km-long seismic wide-angle refraction and reflection
(WARR) profile DOBRE-5 was acquired in 2011 October. It crosses in a W–E direction the
Fore-Dobrudja Trough, the Odessa Shelf of the BS and the Crimean Plain. The field acqui-
sition included eight chemical shot points located every 50 km and recorded by 215 stations
placed every ∼2.0 km on the land. In addition, the offshore data from existing profile 26,
placed in the Odessa Shelf, were used. The obtained seismic model shows clear lateral seg-
mentation of the crust within the study region on four domains: the Fore-Dobrudja Domain
(km 20–160), an offshore domain of the Karkinit Trough at the Odessa Shelf of the BS (km
160–360), an onshore domain of the Central Crimean Uplift (Crimean Plain, km 360–520) and
the Indolo-Kuban Trough at the Kerch Peninsula (km 520–620) that is the easternmost part
of the Crimea. Two contrasting domains of the ScP within the central part of the DOBRE-5
profile, the Karkinit Trough and the Central Crimean Uplift, may represent different stages of
the ScP formation. A deep Karkinit Trough with an underlying high-velocity (>7.16 km s−1)
lower crust body suggests its rifting-related origin during Early Cretaceous time. The Central
Crimean Uplift represents a thick (up to 47 km) crustal domain consisting of three layers
with velocities 5.8–6.4, 6.5–6.6 and 6.7–7.0 km s−1, which could be evidence of this part
of the ScP originating on the crust of Precambrian craton (EEC). The thick heterogeneous
basement of the Central Crimean Uplift shows inclusions of granitic bodies associated with
magmatic activity related with Variscan orogeny within the ScP. General bending and crustal
scale buckling of the Central Crimean Uplift with a wavelength of 230 km could be an effect
of the Alpine compressional tectonics in the adjacent Crimean Mountains. The extended/rifted
continental margin of the ScP (EEC) at the Odessa Shelf and buckling/uplifted domain of the
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Central Crimean Uplift affected by compressional tectonics, are separated by the N–S oriented
Western Crimean Fault. The crust of the southern margin of the EEC is separated from the ScP,
which originated on the EEC crust tectonised and reworked during the Palaeozoic–Mesozoic,
by the crustal fault of ∼W–E orientation, which corresponds with the Golitsyn Fault observed
at the surface between the EEC and the ScP. The Fore-Dobrudja Domain with a thick (>10 km)
heterogeneous basement and two subhorizontal layers in the crystalline crust (with velocities
6.2–6.3 and 6.4–6.65 km s−1) differs from the ScP crust and its origin could be very similar to
that of the Trans-European Suture Zone and Palaeozoic West European Platform.

Key words: Controlled source seismology; Wave propagation; Intraplate processes; Conti-
nental margins: convergent; Crustal structure; Europe.

1 I N T RO D U C T I O N

This paper presents results of the seismic wide-angle refraction and
reflection (WARR) experiment along the 630-km-long composite
DOBRE-5 profile across the Danube Delta River, the Odessa Shelf
and the Crimean Peninsula (Fig. 1). Its objective is to investigate
the architecture of the sedimentary cover and the structure of the
crystalline crust and uppermost mantle in the region where such
information is scarce and old (e.g. fig. 5 in Artemieva & Thybo
2013). The seismic velocity model is based on two data sets (Fig. 1):
(1) new onshore WARR data acquired in 2011 October in two areas:
in the Dobrudja highlands at the northwestern coast of the Black
Sea between the cities of Reni and Kiliya, and (2) on the Crimean
Peninsula between the Cape Tarkhankut and the Kerch Peninsula
near the Kerch city.

Previously (in the 1960s) acquired offshore (marine) data along
the DSS Profile-26, which crosses the Odessa Shelf of the Black
Sea from the Zmeinyi Island in the west to the Cape Tarkhankut
at the westernmost point of the Crimean Peninsula (Malovitskiy &
Neprochnov 1972).

The Scythian Platform (ScP), which has a Baikalian–Variscan–
Cimmerian basement age, is located between the southern margin
of the East European Craton (EEC) in the north and the Crimean–
Caucasus orogenic belt and the Black Sea (BS) Basin in the south
(Fig. 2). A commonly accepted tectonic subdivision of the ScP in
the study region includes (from west to east) the Fore-Dobrudja
Trough, the Odessa Shelf, the Crimean Peninsula Plain with its
Central Crimean Uplift, as well as the Azov Sea and the Kerch
Peninsula, most of which belongs to the western part of the Indolo-
Kuban Trough (Fig. 2; Muratov et al. 1968; Ermakov et al. 1985;
Okay & Tüysüz 1999; Dinu et al. 2005; Saintot et al. 2006; Khri-
achtchevskaia et al. 2010; Nikishin et al. 2011; Seghedi 2012;
Munteanu et al. 2013).

The sedimentary sequences of this region are well studied by
numerous boreholes (published data and data granted by industrial
organizations), 2-D and 3-D seismic refraction and reflection studies
and seismic tomography investigations carried out since the 1960s.

Systematic geophysical investigations of the Black Sea region
by seismic methods began at the end of the 1960s. In the fol-
lowing two decades the BS was covered by a series of deep seis-
mic sounding (DSS) profiles (figs 1 and 5 in Artemieva & Thybo
2013; Neprochnov et al. 1970; Malovitskiy & Neprochnov 1972;
Moskalenko & Malovitsky 1974; Beloussov & Volvovsky 1989)
including the geotraverses III, V, VI and VIII in southern Ukraine
(Sollogub et al. 1985; Sollogub 1986, 1988a,b; Krasnopevtseva &
Schukin 1993) and a deep seismic reflection study (Tugolesov et al.
1985; Finetti et al. 1998; http://www.blacksea-seismic.com/Black
SeaSPAN). Some of the DSS profiles in the Black Sea have been

re-interpreted recently by ray tracing, including the Profile-25 in the
western part of the BS and Profile-28/29 in the Azov Sea and the
central part of the BS (Yegorova et al. 2010), and Profile-26 across
the Odessa Shelf (Baranova et al. 2011). To better understand the
lithosphere structure of the BS, seismological data has recently
been re-interpreted to constrain a local seismic tomography model
of a part of the Kerch Peninsula with the adjacent part of the BS
(Gobarenko et al. 2015), and the whole BS area as well (Yegorova &
Gobarenko 2010; Gobarenko & Yanovskaya 2011; Yegorova et al.
2013).

Recently several seismic experiments under the name of ‘DO-
BRE’ have been carried out in southern Ukraine, the Azov Sea
and the northern part of the Black Sea. It includes the seismic
WARR study and a near vertical reflection study on the NS trending
DOBRE’99 profile across the Donbas segment of the Palaeozoic
rift basin in southern Ukraine (DOBREfraction 99 Working Group
2003; Maystrenko et al. 2003). Later studies addressed the southern
extension of the DOBRE’99 line along the NS trending DOBRE-2
line (Fig. 1) across the Azov Sea, the Kerch Peninsula and the Black
Sea (Starostenko et al. 2015), and the SW–NE trending DOBRE-4
profile between the Fore-Dobrudja Trough and the southern part
of Ukrainian Shield (Starostenko et al. 2013). To the southwest of
the DOBRE-5 profile, seismic data includes the eastern part of the
seismic WARR profile VRANCEA 2001 (Hauser et al. 2007).

Within the framework of DARIUS programme (is-
tep.dgs.jussieu.fr/darius/) field geological investigations supervised
by M. Sosson have been undertaken in the Crimea in order to
specify the deformation style and age of the main stratigraphic
complexes of the Crimean Mountains (Sheremet et al. 2014).

The present results are based on modern technologies for data
acquisition and interpretation, providing detailed information on
the structure and thickness of the crust in the area which up to
now lacked a modern high-resolution crustal-scale seismic model.
The new data provide a significant contribution to multidisciplinary
research on the lithosphere, in order to understand its structure,
origin, and evolution (Artemieva 2011; Percival et al. 2012).

2 R E G I O NA L G E O L O G I C A L A N D
T E C T O N I C B A C KG RO U N D

The EW trending DOBRE-5 profile traverses the young ScP
between the southern margin of the EEC in the north and the
Alpine–Mediterranean orogenic belt in the south. The structural and
geodynamic development of the region is related to the Vendian–
Phanerozoic activation of the southern edge of the craton, and to
the evolution of the Palaeo-, Meso- and Neotethys (e.g. Kruglov &
Tsypko 1988; Okay et al. 1994; Nikishin et al. 1998, 2001, 2011;
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Figure 1. Location of the composite DOBRE-5 profile and previous refraction seismic profiles within the study area. Red stars represent shot points; grey
dots—recording stations; red circles—the position of the ocean bottom seismometers (OBS) and ocean bottom hydrophones (OBH) along Profile-26. CC,
Cape Chauda; CT, Cape Tarkhankut; KP, Kerch Peninsula; LS8 and LS9, land stations. Inset map shows the location of the study area in Europe. Thin black
lines indicate the location of previous seismic lines.

Seghedi 2001, 2012; Saintot et al. 2006). The main tectonic units
of the study region include the Fore-Dobrudja Trough and the ScP
with a heterogeneous folded basement, which includes the Black
Sea shelf, the Crimean Peninsula bordered in the southeast by the
Crimean Mountains formed as a part of the Crimea–Greater Cau-
casus orogenic belt, the Azov Sea and the southern slope of the
Archean-Lower Proterozoic EEC (Fig. 2). To the south, the deep-
water part of the Black Sea is made of two subbasins with a thin
high-velocity suboceanic crust or thinned continental crust with a
Moho depth of 20–23 km (Starostenko et al. 2004; Yegorova et al.
2010, 2013).

The Fore-Dobrudja Domain includes the Lower Prut Horst and
the Fore-Dobrudja Trough (Fig. 2). The Lower Prut Horst repre-
sents a buried fragment of the Alpine/Variscan North Dobrudja
orogenic belt separated from the Fore-Dobrudja Trough by the
Cahul-Izmail Fault (Slyusar’ 1984). The Lower Prut Horst is formed
by Palaeozoic–Riphean metamorphosed rocks and early Mesozoic
formations, which form a system of NW-trending linear folds, com-
plicated by upthrust–overthrust tectonics (Kruglov & Tsypko 1988;
Seghedi 2001, 2012). North Dobrudja, with a basement compris-
ing Palaeozoic metamorphic complexes, records both Variscan and
Alpine (Cimmerian) deformation, magmatism and metamorphism
(Seghedi 2001, 2012; Balintoni et al. 2010) and it is separated
from the Central Dobrudja of the Moesia platform by the Pecenega-
Camena Fault.

The Fore Dobrudja Trough, located along the border of the EEC
and North Dobrudja, has a complex crustal structure as a result
of its activation during the Vendian-Mesozoic time (Ermakov &
Volfman 1986). In the north, the trough has been formed on a
crystalline basement of the EEC and in the south—on the base-
ment of North Dobrudja. It represents an up to 10 km deep inverted

Mesozoic basin superimposed on a pre-Triassic, folded Late Neo-
proterozoic to Devonian strata (e.g. Seghedi 2001, 2012), resting
on top of a Neoproterozoic or older crystalline basement. The tec-
tonic origin of the trough is uncertain; it may either be the west-
ernmost segment of the ScP with a basement buried below Ceno-
zoic sedimentary sequences (Seghedi 2001, 2012; Nikishin et al.
2003), or a foredeep of North Dobrudja (Khain 1977; Chekunov
1994). Based on borehole data, the sedimentary fill of the basin in-
cludes late Neoproterozoic to Permian successions (Seghedi 2001,
2012) and a Mesozoic succession including Triassic clactics and
Jurassic black shales and carbonates (e.g. Gazizova 2009; Ivanova
2011). The latter were folded in the Late Jurassic–Early Creta-
ceous (Hippolyte 2002; Gazizova 2009) and were overlain by an
Early–Late Cretaceous through Palaeogene cover (Galetsky 2007;
Seghedi 2012).

Further east, the DOBRE-5 profile crosses the ScP on the Odessa
Shelf and the Crimean Peninsula. The heterogeneous Baikalian-
Cimmerian folded basement (Khain 1977; Kruglov & Tsypko 1988)
of the ScP is generally accepted to have been deformed by Variscan
tectonics (Muratov et al. 1968; Muratov 1969; Milanovsky 1991;
Nikishin et al. 1998, 2001; Natalı́n & Şengör 2005). It may have
been fully amalgamated to form one major unit by the end-Middle
Jurassic (Natal’in & Şengör 2005). At the Romanian Black Sea
shelf, the basement is composed of Late Palaeozoic greenshists
and younger sedimentary complex of slates, sandstones and lime-
stones, with associated magmatic rocks (Dinu et al. 2005). These
rock complexes may also represent a slightly tectonized margin of
the EEC (Khain 1977; Kruglov & Tsypko 1988; Milanovsky 1996;
Okay et al. 1996; Robinson et al. 1996) which is in agreement
with recent studies (Stephenson et al. 2004; Gee & Stephenson
2006; Saintot et al. 2006) that considered the ScP as a southward
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Figure 2. Tectonic map of the Scythian Platform in the region of the DOBRE-5 profile (after Okay & Tüysüz 1999; Dinu et al. 2005; Khriachtchevskaia
et al. 2010; Seghedi 2012; Munteanu et al. 2013 with modifications). Deep regional faults: AF, Azov Fault; BF, Bistria Fault; CIF, Cahul-Ismail Fault; COF,
Capidava-Ovidiu Fault; FF, Feodosiya Fault; GF, Golitsyn Fault; OPF, Orekhovo - Pavlograd Fault; PCF, Peceneaga-Camena Fault; SGF, Sfantu Gheorghe Fault;
STF, Sulina Tarhankut Fault, VF, Vaslui Fault (Sollogub 1986; Dinu et al. 2005; Munteanu et al. 2011; Seghedi 2012).

continuation of the EEC with the Precambrian basement that has
later been reworked by Neo-Proterozoic and Early Palaeozoic tec-
tonic events.

The exact location and nature of the northern, western and south-
ern boundaries of the ScP and of its main units, as well as the
precise age of its basement and deep structure, are still poorly
known and remain a matter of debate. In the north, the suture zone
between an ancient (EEC) and younger (ScP) platform is supposed
to follow an east-west trending system of grabens and half-grabens
(Kruglov & Tsypko 1988; Saintot et al. 2006; Khriachtchevskaia
et al. 2010; Yegorova et al. 2010), probably along a proposed ma-
jor fault zone, on the Golitsyn and Azov faults (Fig. 2). In the
southwest, the ScP is bounded at the south by the Sfantu Gheorghe
Fault, separating the Fore-Dobrudja Trough from North Dobrudja
(Seghedi 2012), and its eastward continuation offshore (Fig. 2).
Further to the east, the southern boundary of the ScP extends some-
where along the continental slope of the deep-water Black Sea basin
(Fig. 2).

Within the southern slope of the EEC, the crystalline basement
dips gradually southwards from a depth of a few hundred metres to
2–5 km and more (Kruglov & Tsypko 1988). Its offshore southern
continuation constitutes the drilled basement of the Odessa Shelf
of the Black Sea. Permian red complexes along the southern edge
of the continental slope could be indicative of the existence of the
Fore-Scythian marginal trough that extends from the Caspian Sea
to the south of Fore-Dobrudja, over more than 2000 km in length
and about 50–100 km in width (Yudin 2008). However, the presence
of Carboniferous—Early Permian strata of Cordilleran Orogen type

could also indicate a Permian foredeep molasse complex along the
southern margin of the old platform (Nikishin et al. 2011).

The Karkinit Trough, a part of the system of rift basins within the
ScP, continues eastwards into the North Crimean Trough and the
North Azov Trough (Fig. 2), filled with Cretaceous and Palaeogene
sedimentary sequences as thick as 3000 m (Khriachtchevskaia et al.
2010). In the southern part of the Azov Sea and the major part
of the Kerch Peninsula, the Indolo-Kuban Trough has originated,
most probably, in the Oligocene–Miocene, contemporaneously with
uplift and formation of the Greater Caucasus–Southern Crimean
orogen (Denega et al. 1998).

The Karkinit and the North-Crimean Troughs, together with the
Indolo-Kuban and the Kerch-Taman Troughs, constitute a system
of troughs that may define the contact zone between the EEC and
the ScP (Fig. 2). They are filled with Oligocene–Quaternary de-
posits as thick as 6 km (Tugolesov et al. 1985). Oligocene-Early
Miocene (Maikopian series) molasse dominate in the section of the
Indolo-Kuban and Kerch-Taman Troughs. It has been accumulated
in the foredeeps of the Crimean Mountains and the North-Western
Greater Caucasus due to erosion of material from the slopes of the
mountain ridges in the south, and from the Ukrainian Shield in the
north (Sidorenko 1969; Nikishin et al. 2011). The Karkinit trough is
separated from the EEC by the Golitsyn Fault (Fig. 2). In the south
the Karkinit Trough terminates at the Kalamit Ridge – basement
uplift with Palaeozoic–Jurassic basement covered by thin Creta-
ceous and Oligocene sedimentary sequences (Denega et al. 1998).

The Central Crimean Uplift consists of a chain of local highs
separated by small depressions. The basement (Late Baikalian
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greenschists of Riphean–Cambrian age (Muratov et al. 1968;
Kruglov & Tsypko 1988; Nikishin et al. 2001) is overlain by rocks of
a Variscan complex, which has been low-grade metamorphosed and
are comparable to the Karapelit formation of the North Dobrudja
and the apex of the Reno-Hercynian region of Western Europe (Mu-
ratov et al. 1968; Sidorenko 1969). Formations of Carboniferous-
Lower Triassic age form the upper part of the Variscan complex
classified as upper molasse (Kruglov & Tsypko 1988). Late Palaeo-
zoic magmatism at local highs may be related to Palaeozoic orogenic
magmatism in the Caucasus and Dobrudja (Belov 1981). The Cim-
merian (Middle Triassic–Middle Jurassic) complex includes terrige-
nous clay flysch and igneous formations that overlie the basement
of the Karkinit and the North Crimean Troughs.

3 S E I S M I C E X P E R I M E N T A N D DATA

The total length of the DOBRE-5 seismic profile is 630 km. The
coordinates of the westernmost point of the profile (in the region
of Reni city) are 45◦27′05′′N, 28◦21′12′′E; ending at the Kerch
Peninsula (eastern part of the Crimean Peninsula) at the point
45◦27′05′′N, 28◦21′12′′E. The field acquisition included new on-
shore seismic data from chemical shot points on the Crimean Penin-
sula and Fore-Dobrudja Trough; in addition, the offshore data from
existing profile 26, placed in the Odessa Shelf, were used (Fig. 1).

3.1 New on-shore seismic data

The field work involved observation of seismic waves from eight
shot points, with two shot points in the Dobrudja region and six shot
points on the Crimean Peninsula (Fig. 1). A total of 128 boreholes
were drilled to a depth of 25 m each and loaded with a total weight of
6400 kg of TNT (Table 1). The nominal distance between shot points
was 50–60 km, and 2.5 km between the receivers. 48 stations were
deployed in the Dobrudja region and 150 stations in Crimea. The
quality of the data is variable according to local geology conditions
and explosion charges. Since the profile DOBRE-5 was acquired
with onshore recording of signals from the land shots only, there is
a substantial (220 km) gap in the data coverage within the marine
part of the profile (Fig. 3). Therefore, to constrain the velocity model
in this part, the traveltime curves from analog recordings on Profile-
26 (Fig. 1, Malovitskiy & Neprochnov 1972), along DOBRE-5 from
the Zmeinyi Island to the Tarkhankut Cape and were digitized and
included into the data set (Fig. 4). In addition, the data from two
OBHs along this profile were also used.

Seismic P-wave phases are correlated along the DOBRE-5 profile
for modelling. In general, the traveltime curves coincide within 0.1
s between reciprocal shot points. The observed wavefield (Fig. 3) is
represented by seismic phases recorded as first arrivals—refractions

from sedimentary layers (Psed), from the upper/middle crystalline
crust (Pg) and from the upper mantle (Pn). Later arrivals are repre-
sented mainly by reflections from the Moho (PMP phase). Reflec-
tions from the discontinuities in the mid-crustal interval (PcP) are
also observed in some shot records.

3.1.1 Refractions

The first arrivals include refractions from the sedimentary se-
quences, crystalline crust and upper mantle. For most shot points,
the first arrivals are traced to offsets of up to 150 km for the Pg

phase and about 550 km for mantle phases.
The Psed phases (refractions from the sedimentary strata) are ob-

served with apparent velocities 2.0–2.5 km s−1 at offsets of up to
10 km and with a velocity 4.3–4.5 km s−1 in the offset range 1–40 km
(recorded mostly in the eastern part, e.g., SP 15207). The Psed ar-
rivals often form discontinuous traveltime curves with vertical gaps,
which are typical for crustal structures with low-velocity layers. The
Pg phase—refractions from the consolidated basement and upper
crystalline crust—are observed at 50–120 km offsets with an ap-
parent velocity of 5.5–5.8 km s−1, except for SP 15206, where the
apparent velocity reaches 6.2 km s−1. In the eastern part (SP 15207)
the Pg phase has an even higher apparent velocity (∼7 km s−1).

The mantle phases (mainly Pn arrivals) are observed at off-
sets >120–150 km with an apparent velocity of 8.2–8.3 km s−1.
Strong, high-velocity arrivals with velocities >8.5 km s−1, recorded
at SP 15201 at offsets >400 km, are interpreted as reflections from
a mantle discontinuity (P1P).

3.1.2 Reflections

The later arrivals represent reflections from crustal discontinuities
PcP (middle crust, top of the lower crust). They are weak and
only sporadically observed (e.g. Fig. 3, SP 15204 and 15205). The
reflections from the Moho discontinuity (PMP) are in places difficult
to correlate due to a relatively low signal-to-noise ratio. For example,
they are invisible for the SP 15204 and diffuse for the SP 15207. This
may be due to weak seismic energy generated by these shot points, or
by a small velocity contrast at the Moho, which in these regions may
possibly represent a transitional/laminated change between crustal
and mantle material, rather than a sharp velocity discontinuity. The
PmP reflections are observed at offsets of ∼80 km at ∼7–9 s reduced
traveltime in the western part of the profile (SP 15200) and at
offsets >130 km at ∼10–11 s reduced traveltime in the eastern part
(SP 15207), thus suggesting large variations in crustal thickness
along the profile. Strong midcrustal reflections (PcP) are observed
on the section for SP15207, at offsets 30–130 km to W and ∼7.5 s
reduced traveltime (Fig. 3).

Table 1. Location and parameters of shot points for profile DOBRE-5.

Shot point Distance Latitude N Longitude E Altitude h Time UTC TNT charge
number (km) (ϕ) (λ) (m) (y:d:h:m:s) (kg)

SP15200 1.218 45,451 28,355 60 2011:277:20:12:07.74 1000
SP15201 59.216 45,463 29,097 2 2011:277:20:38:16.79 800
SP15202 331.685 45,448 32,580 79 2011:277:21:10:12.77 600
SP15203 379.853 45,418 33,195 24 2011:277:21:40:47.05 700
SP15204 433.611 45,376 33,879 73 2011:277:22:39:22.30 700
SP15205 480.042 45,343 34,470 63 2011:277:22:12:09.68 800
SP15206 532.203 45,293 35,132 14 2011:278:20:07:39.50 800
SP15207 599.286 45,218 35,981 33 2011:279:20:39:54.90 1000
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Figure 3. Example of trace-normalized, vertical-component seismic record sections for P wave (SP15200 - SP15207) filtered by a bandpass filter (2–12 Hz).
Psed, seismic refractions from sedimentary layers; Pg, seismic refractions from the upper and middle crystalline crust; Pov, overcritical crustal phases; PcP,
reflections from middle crustal discontinuities; PMP, reflected waves from the Moho boundary; Pn, refractions from the sub-Moho upper mantle; PMP, P-wave
phases from the upper mantle. The reduction velocity is 8.0 km s−1.
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412 V. Starostenko et al.

Figure 4. Observed traveltimes recorded along the 26 profile (Malovitskiy & Neprochnov 1972) for OBH1–7 and LS8–9. For abbreviations see Fig. 3.

3.2 Offshore Profile-26

The seismic waves on a 184-km-long DSS Profile-26 recorded in
1966 were generated by chemical shots (explosions) with charges
of 105 kg TNT each. These data cannot be reproduced because
new ecological regulations prevent new offshore experiments with
chemical explosions. The recordings were made by seven ocean
bottom hydrophones (OBH 1–7) on the seabed and by two 14-
channel analog land stations (LS8 and LS9) placed on the Cape
Tarkhankut. The bathymetry along the profile varies from 35 m in
the coastal area up to 50 m in its central part (Table 2). Errors in
coordinate determination do not exceed a few hundred meters.

In general, the traveltime curves on Profile-26 coincide within
0.1 s between reciprocal points. However, the observation system
only allows identification of waves from shallow horizons. There
are no Pn phases to determine the depth to the Moho; but a few
PMP phases were identified in the traveltime curves. The digitized
traveltimes curves (Fig. 4) cover the offset range of 50–180 km.
First arrivals indicate the Pg phase with an apparent velocity of 5.5–
6.1 km s−1 at 0–100 km offset, possible refractions from the lower
crust with a high apparent velocity (∼7.1 km s−1) on OBH1, OBH3,
and OBH 7–9, and the Pn phase on OBH1 from ∼160 km offset.
Later arrivals include the PMP phase (OBH7 and OBH8) and a few
short fragments of intracrustal reflections.

4 S E I S M I C M O D E L L I N G

4.1 Ray tracing modelling strategy

The seismic velocity model along the profile (Fig. 5) was interpreted
by trial-and-error forward modelling, using the 2-D ray tracing

Table 2. Location of receiving points along DSS profile 26.

Point ID Distance (km) Latitude N (ϕ) Longitude E (λ)

OBH1 145.334 45,26922 30,20504
OBH2 184.860 45,29478 30,70751
OBH3 194.190 45,30050 30,82618
OBH4 205.057 45,30700 30,96443
OBH5 232.414 45,32262 31,31261
OBH6 270.298 45,34250 31,79506
OBH7 308.243 45,36038 32,27862
LS8 329.345 45,34505 32,54900
LS9 360.350 45,38158 32,94310

Note: OBH, ocean bottom hydrophone; LS, land station.

SEIS83 package (Červený & Pšenčı́k 1984), the graphical interface
MODEL (Komminaho 1998), and ZPLOT (Zelt 1994). The method
is based on a high frequency approximation of the wave equation
and calculates ray paths, traveltimes and synthetic seismograms.
The modeling results are documented in Figs 6–12.

The model consists of layers with the P-wave velocity
parametrized on an irregular rectangular grid and interpolated by
bicubic splines. Layers are separated by velocity discontinuities.
During the preparation of the top part of the initial model, geolog-
ical and geophysical data from boreholes located near the profile
and seismic velocities from shallow seismic reflection and refrac-
tion profiling (data from Crimean industry organisations) were used
to constrain the velocity distribution in the uppermost crust. The top
layers were then slightly changed to satisfy the data recorded during
this study. Our starting model in the western part of the profile is
constrained by the data from four 2.0–5.5 km deep boreholes lo-
cated within 5.7–28.5 km distance from the profile (Fig. 5). In the
eastern part of the profile seventeen 1.5–5.0 km deep boreholes (up
to 12.6 km away from the profile) were used. The model was itera-
tively changed to minimize the traveltime misfit and to obtain sim-
ilar amplitudes of observed and synthetic data. The model (Fig. 5)
was modified until agreement between the observed and calcu-
lated traveltimes and amplitudes for the main phases were achieved
(Figs 6–10). The seismic modelling was done using seismic record
sections with different parameters like filters and velocity reduc-
tions or zooms on large computer displays. The seismic sections
presented at the scale available in the publication do not show all
details of the modeled wavefield.

4.2 Resolution analysis of the ray tracing model

GPS techniques were used to record the shot times and locations of
the shots and receivers, with an accuracy of ca. 1 ms and tens of
metres, respectively. Such errors are insignificant in a crustal-scale
experiment. Uncertainties of velocities and depths in the model
obtained by the ray tracing technique result, first of all, from the
uncertainties of the picked traveltimes which are of the order of
0.1 s. However, the accuracy changes with quality and amount of
data, that is number of shots and receivers, effectiveness of sources,
signal-to-noise ratio, reciprocity of traveltime branches and ray cov-
erage in the model.

The resolution of the model has been tested by checking the
fit between theoretical and observed (experimental) traveltimes for
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Crustal structure of the Crimea 413

Figure 5. 2-D model of seismic P-wave velocity along the DOBRE-5 profile in the sedimentary cover (middle diagram) and the crust and upper mantle derived
by forward ray tracing modelling (bottom diagram) using the SEIS83 package (Červený & Pšenčı́k 1984). Black lines represent velocity discontinuities and
thick black lines mark zones where reflected or/and refracted arrivals constrain the discontinuities. Thin lines represent velocity contours with values in km s−1

shown in white boxes. The position of tectonic units is indicated. Defined crustal blocks are indicated by numbers in circles: 1 – Fore-Dobrudja Domain,
2 – Karkinit Trough, 3 – Central Crimean Uplift, 4 – Indolo-Kuban Trough. Black arrows show the positions of shot points. Blue arrows show intersections
with other profiles. Vertical exaggeration is ∼14.5:1 for the sedimentary cover model, and ∼2.4:1 for the whole model. Boreholes (data from industry
organisations): SVR-4, Suvorovskaya (13.2 km to north from the profile); FMR1, Furmanovskaya (5.7 km to N); S-TR-1, Staro-Troyanovskaya (28.5 km to
N); KLS-5, Kiliyskaya (16.0 km to N); OLN-6, Olenevskaya (2.8 km to S); RDN-2, Rodnikovskaya (0.8 km to S); W-OCT-31, Zap.-Oktyabrskaya (1.6 km
to S); GLB-27, Glebovskaya (9.6 km to N); OCT-2, Oktyabrskaya (2.8 km to S); DNZ-1, Donuzlavskaya (5.0 km to N); ELZ-2, Elizavetinskaya (0.6 km to
S); SVR-1, Severskaya (7.2 km to N); KSN-3, Krasnovskaya (5.8 km to N); KRG-1, Krasnogvardeiskaya (12.6 km to N); SHB-7, Shubinskaya (1.6 km to
N); KMN-1, Kamenskaya (1.4 km to N); SLZ-2, Seleznevskaya (2.0 km to N); SLS-2, Sliusarevskaya (1.6 km to S); GOR-4, Gornostaevskaya (3.1 km to N);
FNT-12, Fontanovskaya (0.4 km to N); ALK-7, Alekseevskay (0.4 km to N). Bouguer gravity and total magnetic field anomalies along the DOBRE-5 profile
are shown on top diagrams (Khomenko 1987; Kruglov 2001).

both refracted and reflected waves. Several modeling tests were
performed following similar studies (Janik et al. 2002; Grad et al.
2003, 2006a; Środa et al. 2006). In one test we calculated that
the traveltimes for the P-wave velocity in one crustal layer varied
by ±0.1 km s−1 and the Moho depth varied by ±2 km. It is evi-
dent (Fig. 11), that the accuracy of our model is better than these
values. Diagrams showing theoretical and observed traveltimes for
all phases along the profile, ray coverage and traveltime residuals
from forward modelling (Fig. 12) show a good agreement between

observed and calculated data, with some unimportant exceptions.
The rms misfit values for the onshore part of the profile (0.31 s for
the crust, 0.15 s for the PMP, Pn and the upper mantle phases) are
considered to be acceptable.

The rms misfit is 0.20 s for the refracted branches in the
crust, and –0.37 s for reflected branches. The overall rms mis-
fit is 0.29 s for 1095 picks. It means that velocities in the crust,
determined mainly from refracted waves, are better modelled
than depths of boundaries determined mainly from reflections.
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414 V. Starostenko et al.

Figure 6. Example of seismic modelling results for SP15202, SP15203 and SP15204. The seismic record sections (amplitude-normalized vertical component)
are superimposed by theoretical traveltimes calculated using the SEIS83 ray tracing technique for the model (Fig. 5). Data has been filtered with the 2–12 Hz
bandpass filter and displayed with the reduction velocity of 8.0 km s−1. For abbreviations see Fig. 3.

The uncertainty of the Moho depth is less than for intracrustal
boundaries.

The structure of the uppermost mantle is also well determined.
Picks and some data digitized from Profile-26 located slightly off
the DOBRE-5 profile were tested against our model and slightly
modified based on the new data. The rms misfit values are 0.15 s
for first arrivals and 0.18 s for the PMP phase (limited to stations
7 and 8 where picks for that phase were available). Thus it is clear
that the offshore segment of the model is well determined despite
the questionable quality of the digitized old offshore data.

5 P - WAV E V E L O C I T Y M O D E L O F T H E
C RU S T

5.1. Sedimentary cover and crustal layers

The sedimentary cover consists of layers with a strongly varying
thickness and P-wave velocity ranging from 1.9 to 4.65 km s−1. The
depth to the basement ranges from 1 to 5 km in the basement highs
(the Kiliya-Zmeinyi Uplift and the Central Crimean Uplift) which
separate three major areas of sediment accumulation, to 10–12 km
within the Karkinit and Indolo-Kuban Troughs (Figs 5 and 13). The
top of the crystalline basement is marked by a seismic interface to
a layer with Vp = 6.2–6.4 km s−1, which we associate with the top
of pre-Riphean complexes. It deepens from 3 to 5 km below the
Kiliya-Zmeinyi Uplift to 20–22 km in the Indolo-Kuban Trough,
although it may be much shallower beneath the Central Crimean
Uplift. P-wave heterogeneity indicates that the inner structure of
the ScP basement is complex, which may be caused by the presence
of the Baikalian, Variscan and Cimmerian complexes of different
degrees of metamorphism.

The resulting velocity model of the DOBRE-5 profile (Figs 5
and 13) includes three layers in the crystalline crust: the upper crust
(Vp = 6.20–6.40 km s−1), the middle (Vp = 6.50–6.70 km s−1) and
the lower (Vp = 6.80–7.20 km s−1) crust. In addition, two uppermost
crustal layers with velocities 5.55–5.9 and 6.2–6.38 km s−1 and with
strongly undulating interfaces were detected. The uplifts of these
layers of up to 1–4 km depth make the Kiliya-Zmeinyi basement
uplift at the Odessa Shelf and the Central Crimean Uplift within the
Crimean Plain. In comparison with the western part of the profile,
the eastern part has a complex upper crustal structure with a number
of high-velocity bodies beneath the Central Crimean Uplift. The

mid-lower crust is 10–20 km thick and includes high-velocity lower
crustal bodies (Vp ∼ 7.15 km s−1) with a maximum thickness of
15 km at distances from km 160 to 440 along the profile (the Karkinit
Trough). The velocity at the top of the HVLC is documented quite
well by refracted waves recorded on sections for OBH1 (see Fig. 7),
OBH3, and OBH7–9. The situation that reversed traveltimes with
an apparent velocity higher than 7 km s−1 show in first arrivals on
observed traveltimes is rare. From the modelling, we know that
the velocities in the lower crust to the west and to the east from
the HVLC are lower, but accuracy of its determination, because of
absence of enough data, is low. We can expect values of Vp at the
band of 6.8 and 7.0 km s−1. In our model, velocities are extrapolated
from crossing profiles, DOBRE-4 (Starostenko et al. 2013) in the
western part and DOBRE-2 (Starostenko et al. 2015) in the eastern
part of the profile. However, at the distance 480 km, Vp ∼ 6.9 km s−1

is confirmed by refraction on the SP15207 section.

5.2. Moho boundary and upper mantle

The velocity model (Fig. 5) indicates strong lateral variation in
crustal structure and Moho topography. This result is in agreement
with previous studies which indicated considerable Moho undula-
tions in the region (Sollogub et al. 1985; Sollogub 1986). To the west
from km 160, the Moho is relatively flat at a depth of ≈38 km. East-
wards, the Moho shallows to 33 km at km 340, and dips significantly
to a depth of 47 km (at km 520) in the eastern part of the profile. The
sub-Moho velocities are homogeneous, ca. 8.15 km s−1. A subhor-
izontal reflector in the upper mantle beneath the Karkinit Trough
was detected about 25 km below the Moho at a depth of ∼60 km, cf.
the record sections of SP15201 and SP15206 (Figs 9 and 10). The
uppermost mantle P-wave velocities gradually increase with depth
from 8.15 to 8.25 km s−1 at a seismic boundary 65 km deep.

6 G E O L O G I C A L A N D T E C T O N I C
I N T E R P R E TAT I O N

The ScP basement is covered by sedimentary strata of different age,
lithology and deformation style. The same lithological and strati-
graphic units may have a different velocity depending on depth
and location, and similarly, layers with similar velocities often
correspond to sedimentary sequences of a different age. Similar
observations have been made in the velocity model of the DOBRE-
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Crustal structure of the Crimea 415

Figure 7. Example of seismic modelling results for SP15200, OBH1 and SP15207: Synthetic seismograms (top diagram); Seismic record sections (amplitude-
normalized vertical component) with theoretical traveltimes calculated using the SEIS83 ray tracing technique (data has been filtered with the 2–12 Hz bandpass
filter and displayed with the reduction velocity of 8.0 km s−1; central diagram); and ray diagram of selected rays using the SEIS83 (bottom diagram). All
examples were calculated for the model presented in Fig. 5. The record section for OBH1 presents digitized pieces from the old paper sections. The beginning
of digitization starts ca. 2 s before ‘real’ first arrivals and represents noise level. For abbreviations see Fig. 3.

4 profile (Fig. 1) at the transition between the EEC and Northern
Dobrudja (Starostenko et al. 2013). The heterogeneous basement
of the ScP along the DOBRE-5 line is interpreted as the layer with
Vp > 5.72–5.82 km s−1.

6.1 Major crustal blocks

The profile DOBRE-5 crosses the main tectonic units of the
ScP, which represent complex mosaics of basement segments of
Baikalian and Phanerozoic ages outside the southern margin of
the EEC. The P-wave velocity model along the DOBRE-5 profile
(Fig. 5) shows from west to east a clear segmentation of the crust
into four blocks, which are discussed in detail in Sections 6.2–6.5:

(i) The Fore-Dobrudja Domain (km 20–160).

(ii) The Odessa Shelf of the Black Sea including the Karkinit
Trough (km 160–380).

(iii) The Central Crimean Uplift (km 380–505).
(iv) The Indolo-Kuban Trough at the Kerch Peninsula (km 505–

620).

The domains are separated by major faults (Fig. 2 and Sec-
tion 6.6). The segmentation of seismic crustal domains along the
DOBRE-5 profile correlates with the patterns of the gravity and
magnetic fields (Fig. 5, upper panel; Khomenko 1987; Kruglov
2001).

At the western end of the profile, weakly positive magnetic
anomalies of the Fore-Dobrudja Trough terminate at the Lower
Prut Horst and the Northern Dobrudja, which have a strong
magnetic anomaly (Fig. 5). A similar strong positive magnetic
anomaly is associated with the basement high of the Kiliya Zmeinyi
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416 V. Starostenko et al.

Figure 8. Example of seismic modelling results for OBH5 and SP15205. See caption to Fig. 7 for explanation.

Uplift. Much smaller positive magnetic anomalies are observed
within the Fore-Dobrudja and the Karkinit Trough. The latter is a
part of the linear north–south trending Odessa magnetic anomaly,
which may be caused by magnetic sources in the Precambrian
basement of the southernmost EEC (Yegorova & Gobarenko 2010;
Starostenko et al. 2014). The magnetic field of the Central Crimean
Uplift and the Kerch Peninsula is negative (ca. –80 nT magni-
tude), suggesting either that the magnetic layer is very deep, in
agreement with our interpretation of a thick Cimmerian sequence
there, or that lithospheric temperatures are high, as the presence
of a recent mud volcanism activity in the Kerch Peninsula region
suggests.

The Bouguer anomaly is slightly positive below of the Karkinit
Trough. It is remarkable that the shallowest Moho corresponds to a
gravity low (Fig. 5) between the Odessa Shelf and Crimea. The ma-
jor part of the Central Crimean Uplift is characterized by a weakly
positive (+20 mGal) gravity anomaly, located at the northern pe-
ripheral zone of a +100 mGal gravity anomaly in the Crimean
Mountains (fig. 4 in Yegorova & Gobarenko 2010). Low gravity field
(−40 to −50 mGal) in the Kerch Peninsula and the Indolo-Kuban

Trough may probably be caused by the thick Cenozoic sedimentary
sequences (Fig. 5).

6.2 The Fore-Dobrudja Domain (km 20–160)

6.2.1 Sedimentary cover

The Fore-Dobrudja Trough has been drilled by a number of bore-
holes down to the depth of ca. 5.5 km. (Patrut et al. 1983; Slyusar’
1984; Papanikolaou et al. 2004; data from Crimean industry organ-
isations). The sedimentary cover, ranging in thickness from 4 to
12 km, is characterized by complicated lithology and stratigraphy
(Figs 5 and 13; Slyusar’ 1984; Dinu et al. 2002, 2005; Seghedi
2012). The uppermost part consists of Miocene–Quaternary
(Vp = 2.05 km s−1) and Eocene–Oligocene (Vp = 2.24 km s−1) sed-
imentary sequences above Eocene marls, which are underlain by
Jurassic–Cretaceous strata (Vp = 2.90 km s−1) of 500–700 m thick-
ness. The gradual change in sedimentation environment from the
Middle Jurassic deep-water formations to lagoonal and continental
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Figure 9. Example of seismic modelling results for SP15201. See caption to Fig. 7 for explanation.

clastic-carbonate and sulpfate-halogen deposits of Lower Creta-
ceous age suggests gradual uplift of this area during the final stage
of Cimmerian collisional tectonics.

The Variscan formations of the Fore-Dobrudja Trough include the
Triassic terrigenous clay complex (Vp = 4.65 km s−1), Permian red
volcano-clastic rocks (Vp = 5.45 km s−1) and the Middle Devonian-
Carboniferous sulpfate-carbonate complex (Vp = 5.60 km s−1),
which all together amount to ca. 4 km in thickness. The Middle
Carboniferous-Lower Triassic part of the section may be related
to the Karapelit formation of the Mechin zone (red and grey coal-
bearing molasses, effusive rocks and volcano-clastics of a different
composition; Kruglov & Tsypko 1988). The platform complexes of
Upper Palaeozoic sediment sequences of the Fore-Dobrudja Trough
may correspond to coeval strata in the North Dobrudja, which
were deformed during the Baikalian-Variscan collisional tectonics
(Ermakov et al. 1985; Kruglov & Tsypko 1988). However, the
boundary between the North Dobrudja and the Fore-Dobrudja

Trough is not revealed in the velocity models on both the profiles
DOBRE-5 (Fig. 5) and DOBRE-4 (Starostenko et al. 2013).

The lowermost part of the sedimentary strata, an 8–10-km-thick
layer at a depth interval from ca. 4–5 km down to 10–12 km, is not
penetrated by boreholes and its structure is known only from re-
mote geophysical surveys. It is supposed (Slyusar’ 1984) to consist
of carbonates and terrigenous formations of the Vendian–Lower
Devonian complex, which overlie migmatites, plagiogranites and
shales of the Riphean basement. The oldest sediments found in
this area consist of Vendian–Lower Cambrian sandstones, tuffs and
argillaceous tuffs (Patrut et al. 1983; Dinu et al. 2005). The veloc-
ity model shows no difference between the Devonian rocks and the
Riphean basement (Fig. 5) with Vp = 5.72–5.80 km s−1. The base-
ment of the Lower Prut Horst, a northwest dipping part of the North
Dobrudja (km 0–70 km), is composed of Late Proterozoic crys-
talline schists and greenschists of Riphean–Lower Cambrian age,
terrigenous carbonate formations of Silurian–Lower Devonian and
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Figure 10. Example of seismic modelling results for SP15206. See caption to Fig. 7 for explanation.

Middle–Upper Devonian carbonate deposits (Vp = 5.76–5.8 km s−1;
Slyusar’ 1984; Dinu et al. 2002, 2005; Seghedi 2012).

The Carboniferous-Lower Triassic red deposits are associated
with the top of the basement (Kruglov & Tsypko 1988; Nikishin
et al. 2011). Baikalian–Variscan formations of the North Dobrudja
are strongly metamorphosed and deformed in narrow northwest
and west–east trending linear folds, which are complicated by up-
thrusts and overthrusts of northeastern vergence (Ermakov et al.
1985; Kruglov & Tsypko 1988). The heterogeneous basement of
the Fore-Dobrudja Trough also includes the Riphean complexes
(migmatites, plagiogranites and schists) and the Vendian-Lower De-
vonian formations of the Transnistrian pericratonic trough, which
is the southwesterly dipping edge of the EEC.

6.2.2 Crystalline crust

In contrast to the ScP (discussed below), the Fore-Dobrudja Trough
has a two-layered crystalline crust, which is very typical for a ve-

locity structure of Palaeozoic West European Platform (Meissner
1986; Aichroth et al. 1992; Jensen et al. 2002; Artemieva & Meiss-
ner 2012), although the crust is thicker with the Moho at 38–40 km
depth, compared with the three-layered crystalline crust on EEC
detemined on a lot of seismic profiles acquired in 1960–1970 (Be-
loussov & Pavlenkova 1984; Pavlenkova 1996) and on LT-7 (Guterch
et al. 1994), P4 profile (Grad et al. 2003) and CEL05 (Grad et al.
2006b), etc. The two layers (upper with velocities 6.23–6.35 km s−1

and lower with velocity ≈6.6 km s−1) are separated by a smooth
transition at a ca. 18 km depth. A fast velocity lower crust is ab-
sent; similar to modern and palaeo-extended continental regions
(e.g. Western United States and Western Europe) and the similar-
ity with the extended continental crust is further supported by a
28–30-km-thick basement.

Similar 40-km-thick crusts, with velocities ranging from
6.5 km s−1 at 6 km depth to 6.70 km s−1 at the Moho, was found
in the Fore-Dobrudja Trough earlier, in the southernmost part of
DOBRE-4 profile (Starostenko et al. 2013). The Fore-Dobrudja
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Figure 11. Seismic record section for SP15202 with Pg and PMP traveltimes calculated for the final P-wave velocity model perturbed in one crustal layer (Pg)
by ±0.1 km s−1 as well as separately for the Moho depth (PMP) by ±2 km. Reduction velocity is 8 km s−1.

Trough is considered as a foredeep of the North Dobrudja Orogen,
which represents the TTZ in Romania (Khain 1977). The DOBRE-5
seismic model supports this view by revealing a crustal structure of
the Fore-Dobrudja Trough which is similar to the TTZ and Western
Europe, and is in a sharp contrast to the cratonic crust of the EEC
(ScP) (Artemieva & Thybo 2013).

Along a fragment of the VRANCEA-2001 seismic line located in
the North Dobrudja fold-thrust belt about 30 km from the SW end
of the DOBRE-4 (Starostenko et al. 2013) and DOBRE-5 profiles
(Fig. 1), the Moho boundary was modelled at a depth of 44 km
(Hauser et al. 2007), that is 6 km deeper than in this and the DOBRE-
4 profiles. Part of this difference may originate from the fact that
the VRANCEA-2001 model is based on the assumption that the
lower crustal velocities (6.7–7.1 km s−1) are higher than along the
DOBRE-5 profile.

6.3 The Karkinit Trough (km 160–380)

6.3.1 Sedimentary cover

A number of wells down to the depth of 4 km have been drilled
on the Odessa Shelf (Denega et al. 1998; Khriachtchevskaia et al.
2010). The uppermost sedimentary sequences (700–800 m thick)
with Vp ≈ 2.05 km s−1 represents mainly shallow marine carbonate-
terrigenous deposits of the middle Miocene–Quaternary above the
clays of the Maikopian complex (Oligocene–Early Miocene) with
Vp = 2.24 km s−1 (Fig. 5). The obtained velocities correspond with
the velocities of 2.0–2.5 km s−1 determined for this complex within
the Bulgarian shelf of the Black Sea (Finetti et al. 1998). The
depths to the top (1.2–1.3 km) and base (∼2 km) of the Maikopian
complex in the Karkinit Trough (Fig. 5) are in agreement with
the results of reflection and refraction studies in the northwestern
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Figure 12. Calculated and observed traveltimes (a), traveltime residuals (b) and ray coverage (c) for all shot points an ocean bottom stations along profile
DOBRE-5. Pink rectangle marks Profile-26. Green points – observed arrivals, black circles – theoretical traveltimes. Yellow lines – fragments of discontinuities
constrained by reflected phases. The red points plotted on interfaces mark reflection points (every third point is plotted). Their density is a measure of the
positioning accuracy of the reflectors. DWS, derivative weight sum. Reduction velocity is 8 km s−1.

shelf of the Black Sea (Morgunov et al. 1981; Tugolesov et al.
1985; Sollogub et al. 1987; Khriachtchevskaia et al. 2010; Kozlenko
et al. 2013).

The deeper, ca. 3 km and ca. 6–7 km thick, layers with veloci-
ties 3.0–4.0 and 5.55–5.70 km s−1 correspondingly are likely to be
formed by Eocene–Upper Cretaceous limestone and marl and Lower
Cretaceous clastic sedimentary sequences and volcanics (Plakhotny
et al. 1971; Morgunov et al. 1981; Figs 5 and 13). The boundary
between these layers corresponds approximately to the top of clas-
tic and volcanic rocks of Cenomanian, in some places of Turonian
age. Most probably, the Lower Cretaceous (Albian–Cenomanian)
volcanic activity (Nikishin et al. 2001; Khriachtchevskaia et al.
2010) occurred in a marine environment, and at the final stage
it developed into explosive volcanism which led to the forma-
tion of volcanic edifices and islands (one of them is at the Cape
Tarkhankut at the westernmost part of the Crimea) (Figs 1 and 2).
Some offshore wells have encountered andesites, andesitic tuffs and
andesitic porfirite of Albian age (Nikishin et al. 2003 and references
therein).

6.3.2 Crystalline crust

The folded basement of the Karkinit Trough may include Baikalian
(Riphean–Cambrian), Variscan (Carboniferous–Lower Triassic)
and Cimmerian (Middle Triassic–Lower Triassic) complexes
(Muratov et al. 1968; Chekunov 1972; Morgunov et al. 1981;
Kruglov & Tsypko 1988; Nikishin et al. 1998) without velocity
discontinuities. The basement is formed chiefly by a 12-km-thick
layer with Vp = 5.74–6.05 km s−1 (Fig. 5). The middle crustal layer
is thin and probably does not exceed 3–5 in thickness. The Moho
below the Karkinit Trough shallows from 38 km in the west to
33 km in the east below a high-velocity lower crust (HVLC) with
Vp = 7.16 km s−1 (Fig. 5).

The HVLC is an asymmetric body with a maximal thickness
of ∼10 km at the western part of the trough (km 240), where the
top of the HVLC shallows to ∼21 km depth. It is constrained by
reliable refractions and reflections from its top and bottom (the
Moho). The HVLC may represent a part of the lower crust mod-
ified by magmatic or structural underplating or a mafic intrusion
(cf. Lyngsie et al. 2007; Thybo & Artemieva 2013). The relatively
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Figure 13. 3-D diagram combining the interpreted velocity model of the DOBRE-5 profile (Fig. 5) and surface geology (Fig. 2). Explanations in the text. For
abbreviations see Fig. 2. Crustal units: 1 – sedimentary sequences with V = 2.0–5.6 km s−1; 2 – basement of the Fore-Dobrudja Trough (FDT) with Vp = 5.7–
5.9 km s−1 and of the Scythian Platform (SP) with Vp = 5.74–6.05 km s−1; 3 – upper crust of the FDT with Vp = 6.23–6.35 km s−1 and of the SP/EEC
with Vp = 6.3–6.4 km s−1; 4 – granitic intrusions in the basement of the ScP (Vp = 6.22–6.3 km s−1); middle crust of cratonic type, Vp = 6.6–6.7 km s−1;
5 – lower crust for the FDT (Vp = 6.5–6.7 km s−1) and for the EEC/SP (6.8–7.1 km s−1); high-velocity lower crust (HVLC) body below the Karkinit Trough
(Vp = 7.16 km s−1); 8 – uppermost mantle with 8.15–8.25 km s−1 velocity; 9 – deep faults: (a) distinguished based on the changes of the seismic wavefield
and related to the surface fault (Western Crimean Fault), (b) not clearly distinguished in the seismic section but related with surface (Nistru Fault) tectonics;
10 – red double dotted line indicates the crustal fault between the SP and EEC associated with the Golitsyn Fault (GF) on the surface. The inset diagram shows
the 17◦ dipping angle between the EEC and the SP on the perpendicular slice to the GF.

high velocity (7.16 km s−1) of the HVLC and its sharp seismic
boundaries could be indicative of a magmatic intrusion of mafic
composition (gabbro, gabbro-norites and norites). However, the
HVLC could also represent a continuation of the lower crust of
the eastern ScP. It would then have been overthrust during colli-
sion and amalgamation, similar to observations in the North Sea
(MONA LISA Working Group 1997; Abramovitz & Thybo 2000),
the Baltic Sea (Thybo 2000) and in Poland (Jensen et al. 1999; Janik
et al. 2002).

Since the DOBRE-5 profile runs across the Karkinit Trough,
it is difficult to determine the geometry of the HVLC away from
the profile. It may only relate to the lower crust of the Karkinit
Trough, it could be a characteristic of the whole Odessa continental
shelf, or it could represent an extension of the eastern ScP. Recent
reinterpretation of existing DSS data of the N–S directed Profile-25
across the western Black Sea, and the E–W directed Profile-26 on
the shelf (Fig. 1), include a 14-km-thick lower crustal layer below
the Karkinit Trough with an internal velocity increase from 6.7 to

7.2 km s−1 at the Moho at a depth of ∼35 km (Yegorova et al. 2010;
Baranova et al. 2011).

The gross features of the crustal structure of the Karkinit Trough
are very similar to the Donbas segment of the Palaeozoic Dnieper-
Donets rift basin at the southern margin of the EEC, where it is
crossed by the DOBRE profile (DOBREfraction 99 Working Group
2003; Maystrenko et al. 2003), in particular regarding the configu-
ration. However the HVLC below the sedimentary basin has slightly
lower velocity and is less reflective than the body below the Don-
bas Rift. Nevertheless, we interpret the HVLC below the Karkinit
Trough as the expression of mafic magmatic underplating or mag-
matic intrusion of mantle rocks into the lower crust during Creta-
ceous rifting. Similar interpretations have been made at presently
active rift zones at Lake Baikal in Siberia (Thybo & Nielsen 2009),
in Kenya and Ethiopia in eastern Africa (Thybo et al. 2000; Macken-
zie et al. 2005) and in earlier extensional settings (Thybo & Schon-
harting 1991; Sandrin & Thybo 2008). Khriachtchevskaia et al.
(2010) consider an Early Cretaceous (Aptian-Albian) age for the
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active rifting stage at the Odessa Shelf that continued until the end
of the Santonian in the Late Cretaceous. Similar evidence of rifting
is found on Profile-25, which shows a normal fault at the edge of
the continental margin of the EEC (ScP) that is interpreted as a
first-order rift-controlling structure responsible for the opening of
the West Black Sea Basin in the Cretaceous (Yegorova et al. 2010).

6.4 The Central Crimean Uplift (km 380–505)

6.4.1 Sedimentary cover

The central part of the Crimean Peninsula (the Crimean Plain and the
Central Crimean Uplift) has a ca. 2–4-km-thick sedimentary cover
with Vp = 2.70–3.0 km s−1 formed by Eocene–Upper Cretaceous
limestones and marls, which are observed in boreholes on the Kerch
Peninsula and exposed in the southwestern part of the Crimean
Peninsula (the Cape Chauda) (Fig. 1). Several boreholes reach the
basement. It consists of metamorphic rocks including mainly green-
shists which were metamorphosed at 410–470 Ma (Belov 1981), as
well as black shales, limestones and sandstones of Devonian and
Carboniferous age (Zonenshain et al. 1990).

6.4.2 Crystalline crust

The heterogeneous basement of the Central Crimean Uplift thickens
from 10 to 20 km from the western to the eastern part of the uplift.
In general, the crustal structure of the Central Crimean Uplift is
very similar to the crust of the EEC consisting of three layers with
Vp = 5.8–6.4 km s−1 (upper crust), 6.5–6.6 km s−1 (middle crust)
and 6.7–7.0 km s−1 (lower crust), which were determined for the
EEC (Beloussov & Pavlenkova 1984; Pavlenkova 1996; Grad et al.
2006a,b; Janik et al. 2011, 2009a; Artemieva & Thybo 2013) and
on the Baltic and Ukrainian Shields (BABEL Working Group 1993;
Thybo 2000; Janik et al. 2007, 2009b; EUROBRIDGE’95 Seismic
Working Group 2001).

The upper crustal layer with Vp = 5.74–6.0 km s−1 is ca. 8–15 km
thick and, similar to the Karkinit Trough, may include the Baikalian,
Variscan and Cimmerian basement. Three high-velocity bodies in
the basement with Vp = 6.22–6.3 km s−1 (Fig. 5) (two small ones
at a depth of ∼5 km and one body at 10–15 km depth that extends
across the whole uplift at profile distance km 360–560) are inter-
preted as granite intrusions. The age of these granites is generally
accepted to be Late Palaeozoic (Khain 1977; Kruglov & Tsypko
1988; Zonenshain et al. 1990). Due to similarities in geology, com-
position and petrochemistry, the age may be close to 250–325 Ma as
determined for magmatic rocks of the Fore-Caucasus (Belov 1981;
Zakariadze et al. 2007; Adamia et al. 2011; Gamkrelidze et al. 2011;
Rolland et al. 2011) and Dobrudja (Mutihac & Ionesi 1974). These
rocks relate to a diorite-granodiorite formation associated with the
orogenic stage of Variscan tectonic events (Khain 1977; Kruglov &
Tsypko 1988). Similar granitic composition (granites, granodiorites
and gneisses of different composition) is assumed for the upper part
of the crystalline crust (Vp = 6.3–6.4 km s−1) reaching 15 km in
thickness in the eastern part of the uplift (Fig. 5). The thin (<5 km)
middle crustal layer with a 6.6 km s−1 velocity, bounded by first
order discontinuities in the mid-crustal interval, may be composed
of diorites and enderbites (Christensen & Mooney 1995).

The lower crust of the Central Crimean Uplift with Vp = 6.8–
7.0 km s−1, thickens from 7 km in the west to 18 km in the east,
in the area of the Indolo-Kuban Trough. The lower crust below
the Central Crimean Uplift is characterized by a gradual westward

velocity increase from 6.8 to 7.05 km s−1, towards the HVLC below
the Karkinit Trough. Hence, the lower crust of the Central Crimean
Uplift might have another composition than the HVLC below the
Karkinit Trough, perhaps mafic granulites, although they might also
share the same origin as the HVLC. A similar thick high-velocity
and density lower crust (of 6.8–7.1 km s−1 velocity and 3.06–3.10
g cm−3 density), represented by mafic granulites, was found in the
southern part of the Ukrainian Shield along the southern part of
the EUROBRIDGE-97 profile (Thybo et al. 2003; Yegorova et al.
2004).

An obtained velocity model of the Central Crimean Uplift along
the DOBRE-5 profile (Fig. 13, between SP 15205 and 15206) shows
good correspondence with the geotraverse III (Krasnopevtseva &
Schukin 1993) in regards to P-wave velocities (6.3–6.4 km s−1) in
the upper crystalline crust down to a depth of 25 km. The high-
velocity lower crust (7.0 km s−1) occurred 30 km deeper in compari-
son with the lower crust velocities of 6.9–7.0 km s−1 on the DOBRE-
5 profile. The Moho interface has been determined at a depth of
42–43 km on both profiles (Fig. 13; Krasnopevtseva & Schukin
1993). The velocity model of the crust of the Central Crimean Up-
lift might be interpreted as the thick Precambrian crust of the EEC
with heterogeneous basement (greenschists and amphibolites) of
the Baikalian–Variscan–(Cimmerian?) age. The basement and the
uppermost crust underwent strong magmatic modifications in the
Palaeozoic, evidenced by a number of inclusions of granitic bodies
in the basement (Figs 5 and 13) which may have created the large
uplift or dome of the Central Crimean Uplift. A similar interpreta-
tion (Khain 1977) has been proposed for other uplifts of the ScP
(the Karabogaz and Central Karakum domes).

6.5 The Indolo-Kuban Trough (km 505–620)

6.5.1 Sedimentary cover

The easternmost part of the DOBRE-5 profile crosses the western
part of the Indolo-Kuban Trough (km 505–620), which is conven-
tionally related (together with the Terek-Caspian Trough) to the
Greater Caucasus foredeep, that developed on the ScP basement.
Along the profile, the Indolo-Kuban Trough is filled by up-to 10-
km-thick sequence of sediments, mainly clay and molasse com-
plexes of the Maikopian age (Vp = 2.70 km s−1) and Eocene–Upper
Cretaceous limestones and marls (Vp = 3.50–4.50 km s−1). Approx-
imately the same velocities (<3.0 and 4.0–4.2 km s−1) were deter-
mined here at the depth of ∼4 and >10 km correspondingly on the
28 profile at the crossing point with the DOBRE-5 line (Yegorova
et al. 2010). Drill cores from borehole Gornostaevskaya-4 (GOR-4
in Fig. 5) in the Indolo-Kuban Trough indicate that the Palaeocene–
Eocene formations constitute up to 30 per cent of the whole section
of the layer. The Upper Cretaceous-Eocene sedimentary sequences
with Vp ∼ 4.5 km s−1 could have been thrust over the sequence
with Vp = 3.50 km s−1, and in that case they may be of an Upper
Cretaceous to Eocene age.

The basin architecture of the Indolo-Kuban Trough (Fig. 5) cor-
relates with the velocity structure of the sedimentary sequences
on Profile-28 (Yegorova et al. 2010) and the DOBRE-2 profile
(Starostenko et al. 2015), both crossing the trough in a N–S direc-
tion from the Azov Sea to the Black Sea (Fig. 1). Profile-28 shows
sedimentary sequences with Vp < 3.0 km s−1 down to a depth of
3–3.4 km (3.5 km depth on DOBRE-5) and strata with velocities of
3.0–4.2 km s−1 down to 10.5 km depth as on the DOBRE-5 profile.
In the DOBRE-2 seismic model, these two layers appear to extend
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to 3.5 km (Vp ≥ 2.30 km s−1) and 8 km (Vp ≈ 3.75 km s−1) depth
(Starostenko et al. 2015).

6.5.2 Crystalline crust

The uppermost crystalline crust (Vp ≈ 6.0 km s−1) is ca. 12 km
thick and extends down to a depth of ∼22 km (Fig. 5). Below a ca.
25 km depth, the crustal structure of the Indolo-Kuban Trough is not
resolved, because this is the easternmost part of the seismic profile,
but the model indicates a structure similar to the Central Crimean
Uplift (Fig. 5). The crust of the ScP below the Indolo-Kuban Trough,
crossed by Profile-28, is interpreted to be cratonic (EEC; Yegorova
et al. 2010). The mid crust velocities 6.3–6.5 km s−1 here are very
similar to that observed on the DOBRE-5 profile (Fig. 13). We
observe no difference between the crustal structure of the ScP and
the southern part of the EEC, which is consistent with models that
explain the ScP as a reworked crust of the EEC during the Late
Proterozoic and younger tectonism (Saintot et al. 2006).

6.6. Crust folding of the ScP along the DOBRE-5 profile

General bending and long-wavelength buckling of the ScP with a
wavelength of ∼230 km, observed throughout the crust (Fig. 5),
could be a result of compressional deformation in the Crimean
Mountains during the Alpine collisional tectonics. Lithosphere
buckling and folding is thought to be an effective mechanism for
the propagation of tectonic deformation from active plate bound-
aries far into intraplate domains (Stephenson & Cloetingh 1991;
Burov et al. 1993; Ziegler et al. 1995). The wavelength of the litho-
sphere deformations/folding observed at different scales depends
on thermotectonic age of the lithosphere, as well as its reological
and thermal state. It is admitted the wavelength ∼50–80 km for the
crust folding and ∼100–200 km (up to 300 km) for the lithospheric
mantle (Cloetingh & Burov 2011).

Alpine compressional tectonics was the principal factor for the
lithospheric folding of Iberia, Pannonian Basin, South-Caspian
Basin, Black Sea Basin (Cloetingh et al. 2002, 2008; Guest et al.
2007; Matenco et al. 2007). European Alpine foreland lithosphere
experienced also large scale compressional deformations. Litho-
spheric scale folding in the Early Cretaceous–Early Cenozoic was
found for the North-German Basin (Marotta et al. 2000). Ceno-
zoic deformations are thought to be responsible for the lithosphere
folding of the North Sea Basin (Scheck & Bayer 1999) and con-
tribute to the long-wavelength folding of the Paris Basin lithosphere
(Bourgeois et al. 2007).

Comprehensive review papers considering complex thermome-
chanical aspects of lithosphere-scale folding, its topographic effects
and influence on sedimentary basin formation and evolution were
published by Cloetingh et al. (1999) and by Cloetingh & Burov
(2011). Most of the outcomes from the lithosphere or crustal fold-
ing have been based on an interpretation of topographic elevations
and depressions and their reflections in geological maps or in reflec-
tion seismics. Very few examples of the crust/upper mantle folding
are known from deep refraction/reflection seismics. One of them
is the spectacular Moho folds, associated with the folding of cold
lithosphere with a relatively strong mantle, with the wavelength of
the order of 150 km and the amplitude attaining 8–17 km revealed
in the southern margin of the EEC on the DOBRE-4 deep seismic
(WARR) profile (Starostenko et al. 2013). The undulations in the
crust and upper mantle are explained by compressional lithospheric
scale buckling as a result of Late Jurassic–Early Cretaceous and/or

end Cretaceous collision related tectonic events, associated with the
closure of the Palaeotethys and Neotethys oceans (Starostenko et al.
2013). That corresponds with the crust and Moho folding with a
wavelength of the order ∼230 km revealed on the DOBRE-5 profile
(Fig. 13) and could suggest it originating within the lithosphere of
the southern margin (southernmost part) of the EEC (ScP) affected
by Alpine collision.

Another important aspect of the lithosphere (crust) folding is its
linkage to brittle deformations and faulting. The surface expres-
sion of folding in uniform lithosphere is frequently in the form
of fault-controlled pop-up and pop-down structures and inverted
basins (Cobbold et al. 1993; Sokoutis et al. 2005). Crustal and man-
tle faults may develop as a result of folding; folding can contribute
after these faults develop and folding and faulting can co-exist for
times of several Myr (Burov & Molnar 1998). That corresponds with
our findings on the lithosphere folding of the ScP on the DOBRE-5
line, which is bounded from the EEC by a crustal fault deeping
southward below the ScP at a low angle (Fig. 13).

6.7 Faults in the ScP along the DOBRE-5 profile

A number of faults separate crustal blocks in the ScP (Fig. 2),
and many of them have an approximately NW–SE orientation. The
Fore-Dobrudja Domain terminates to the east at the NS trending
Nistru fault (Morosanu 2007). The Western Crimean Fault separates
the Karkinit Trough and the Central Crimean Uplift; the latter is
separated from the Indolo-Kuban Trough by the Feodosiya Fault—
the southern continuation of the Proterozoic Orekhovo-Pavlograd
fault of the Ukrainian Shield (Fig. 2). Two SW–NE oriented faults,
the Golitsyn and Azov faults may mark the transition from the EEC
to the ScP.

The Golitsyn fault (Figs 2 and 13) runs across the Odessa Shelf
and outcrops at the surface at the Zmeinyi Island near the Kiliya-
Zmeinyi Uplift (km 150), at the offshore continuation of the Fore-
Dobrudja Trough. This fault may be traced at depth along the west-
ern flank of the basement depression of the Karkint Trough (down
to ∼12 km depth) and in the lower crust—along the refraction-
reflection boundary on the eastern slope of the HVLC below the
Karkinit Trough (Figs 5 and 13). It may continue further eastwards
along the Moho that deepens from 32 km below the Karkinit Trough
to 47 km at the eastern termination of the Central Crimean Uplift
(km 520) over a total distance of ∼370 km along the DOBRE-5
profile. The fault outcrops at the surface near the Zmeinyi Island,
close to the sublatitudinal southern margin of the EEC and to the
sublongitudinal Nistru Fault (Figs 2 and 13). This leaves two possi-
bilities for the interpretation of the origin of this crustal fault. The
fault may be associated with extensional tectonics (rifting) along the
southern margin of the EEC (ScP). In this case, the HVLC below
the Karkinit Trough may be caused by magmatic underplating if the
extension along the southern margin of the EEC was longitudinal.
This W–E-oriented crustal fault may represent the crustal divider
between the crust of the EEC to the north and the reworked crust
of the SCP to the south (its projection on the surface is shown by
a double dotted red line in Fig. 2). The surface expression of the
deep fault is the Golitsyn Fault, which is observed at the surface
between the EEC and the ScP (Fig. 2). Since the DOBRE-5 profile
is subparallel to this boundary, the velocity cross-section (Fig. 5)
shows the projection at an angle of ∼17◦ (Fig. 13).

Another interpretation assumes an alternative, sublongitudinal
orientation of this crustal fault - across the DOBRE-5 profile. In
this case it could be associated with the Nistru Fault (Fig. 2) that
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comes at the surface at the Kiliya-Zmeinyi Uplift, located between
the Fore-Dobrudja Domain and the Karkinit Trough (Figs 5 and 13).
This interpretation assumes sublatitudinal extension in the Karkinit
Trough. It is difficult to explain the origin of the oval-shaped sublat-
itudinal West Black Sea Basin by sublatitudinal extension, but such
a possibility has been argued in some interpretations of the opening
of the East Black Sea Basin (Okay et al. 1994; Finetti et al. 1998;
Shillington et al. 2009).

The Western Crimean Fault may be associated with the transition
between the two domains of the ScP (the offshore Karkinit Trough
and the onshore Central Crimean Uplift) in the central part of the
DOBRE-5 profile. The Western Crimean Fault together with the
Odessa Fault (Fig. 2) constitutes a system of major N–S-oriented
faults on the Odessa Shelf. Further, the seismic model (Fig. 5)
may show evidence for the Feodosiya fault (down to the depth
of ∼23 km), between the Indolo-Kuban Trough and the Central
Crimean Uplift. This fault has been observed in the sedimentary
sequences and in the basement of the Indolo-Kuban Trough down
to a depth of ∼23 km. It could be the southern continuation of a
Proterozoic fault zone (Orekhovo-Pavlograd Fault), observed in the
Ukrainian Shield (Fig. 2; Sollogub 1986), that has been reactivated
during Palaeozoic–Mesozoic tectonic events.

7 C O N C LU S I O N S

The WARR seismic model along the sublatitudinal DOBRE-5 pro-
file provides new constraints on the crustal structure of the ScP, be-
tween the Precambrian EEC in the north and the Crimean-Caucasus
orogenic belt and Black Sea Basin in the south. By the structure of
the crust we recognize from west to east four characteristic crustal
domains, which may be separated by faults. They represent the
Fore-Dobrudja Domain and three domains in the ScP including the
offshore block of the Karkinit Trough at the Odessa Shelf of the
Black Sea, the onshore domain of the Central Crimean Uplift at
Crimean Plain (Crimean Peninsula) and the Indolo-Kuban Trough
at the Kerch Peninsula.

(1) The Fore-Dobrudja Trough has a 10–12-km-thick sedimen-
tary cover which includes an 8–10-km-thick layer with Vp ∼ 5.7–
5.8 km s−1 and a two-layered crystalline crust where the lower crust
is absent. The structure of the crust indicates a different affinity than
the EEC. This crustal type is similar to that of the Trans-European
Suture Zone and the Variscan Western Europe, although the crust
is thicker with the Moho at a 38–40 km depth.

(2) The offshore Karkinit Trough of the Odessa Shelf has a
6–11 km thick sedimentary cover, with ca. 4 km of low-Vp (2.0–
4.0 km s−1) sediments, which thickens to the east due to an increase
of fast-velocity (5.6–5.7 km s−1) sediments from 2 to 7 km at the
western coast of Crimea, a 12-km-thick upper crust, and 3–5-km-
thick middle crustal layer. The Moho shallows eastwards from 38 to
33 km. A high-velocity lower crust (HVLC) with a maximal thick-
ness of ∼10 km at the western part of the trough is interpreted as
mafic magmatic underplating (or intrusion) during Cretaceous rift-
ing, contemporaneous with volcanic activity in the Karkinit Trough.
The transition between the offshore Karkinit Trough and the onshore
Central Crimean Uplift is marked by the sublongitudinal Western
Crimean Fault, which separates the regions affected by Cretaceous
extension/rifting (the Odessa Shelf) and on-going compressional
tectonics in Crimea (Fig. 13).

(3) The Central Crimean Uplift has a ca. 2–4-km-thick sedimen-
tary cover (Vp ∼ 2.70–3.0 km s−1) atop heterogeneous basement
which thickens eastwards from 10 to 20 km. Three high-velocity

bodies (Vp = 6.22–6.3 km s−1) within an 8–16-km-thick upper
crustal layer (heterogeneous basement formed during the Variscan,
Cimmerian and Alpine tectogenesis) are interpreted as granite in-
trusions emplaced during the Variscan orogeny. The crust is thick
(up to 47 km), and similarity of the velocity structure of the crust
to the cratonic three-layer crust of the EEC suggests that the ScP
formed on the crust of the Precambrian craton (EEC).

(4) The Indolo-Kuban Trough has an up-to 10-km-thick sequence
of low-Vp sediments, and a ca. 12-km-thick upper crust, with the
velocity model not resolved below a ca. 25 km depth, although data
from the crossing Profile-28 suggests it may be a reworked cratonic
crust of the EEC.

(5) General bending and crust scale buckling of the ScP with the
wavelength of ∼230 km could be an effect of the Alpine compres-
sional tectonics in the Crimean Mountains. The result of this folding
could be seen in the crustal fault of ∼W–E orientation, which sepa-
rates the southern margin of the EEC from the ScP and corresponds
with the Golitsyn Fault observed at the surface between the EEC
and ScP.
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Červený, V. & Pšenčı́k, I., 1984. SEIS83—numerical modelling of seismic
wave fields in 2-D laterally varying layered structures by the ray method,
in Documentation of Earthquake Algorithms, pp. 36–40, ed. Engdahl,
Rep. SE-35, World Data Center (A) for Solid Earth Geophysics.

Chekunov, A.V., 1972. Structure of the Earth Crust and Tectonics of the
Europeian Part of the USSR, Naukova Dumka, 176 pp. (in Russian).

Chekunov, A.V. (ed.), 1994. The Lithosphere of the Central and Eastern
Europe—Young Platforms and the Alpine Fold Belt, Naukova dumka,
331 pp. (in Russian).

Christensen, N.I. & Mooney, W.D., 1995. Seismic velocity structure and
composition of the continental crust: a global view, J. geophys. Res., 100,
9761–9788.

Cloetingh, S. & Burov, E.B., 2011. Lithospheric folding and sedimentary
basin evolution: a review and analysis of formation mechanisms, Basin
Res., 23, 257–290.

Cloetingh, S., Burov, E. & Poliakov, A., 1999. Lithosphere folding: primary
response to compression? (from Central Asia to Paris Basin), Tectonics,
18, 1064–1083.

Cloetingh, S., Burov, E., Beekman, F., Andriessen, P.A.M., Garcia-
Castellanos, D., De Vicente, G. & Vegas, R., 2002. Lithospheric folding
in Iberia, Tectonics, 21, 1041.

Cloetingh, S., Beekman, F., Van Wees, J.D., Ziegler, P.A. & Sokoutis, D.,
2008. Post-rift compressional reactivation potential of passive margins
and extensional basins, in Compressional Deformation within Passive
Margins: Nature, Causes and Effects, Vol. 306, pp. 27–70, eds Johnson,
H. et al., Geol. Soc. Lond. Spec. Publ.

Cobbold, P.P., Davy, D., Gapais, E.A., Rossello, E., Sadybakasov, J.C.,
Thomas, J.J., Tondji, B. & De Urreiztieta, M., 1993. Sedimentary basins
and crustal shortening, Sediment. Geol., 86, 77–89.

Denega, B.I., Nimets, M.V., Pavlyuk, M.I., Palinsky, R.V., Polukhtovych,
B.M. & Fedyshyn, V.O. (eds), 1998. Southern oil-and gas bearing region,
in Atlas Oil and Gas Fields of Ukraine, six volumes, Ukrainian Oil and
Gas Academy, 4–41 pp. (in Ukrainian).

Dinu, C., Wong, H.K. & Ţambrea, D., 2002. Stratigraphic and tectonic
syntheses of the Romanian Black Sea shelf and correlation with major
land structures, Bucharest Geoscience Forum, 2, 101–117.

Dinu, C., Wong, H.K., Tambrea, D. & Matenco, L., 2005. Stratigraphic
and structural characteristics of the Romanian Black Sea shelf, Tectono-
physics, 410, 417–435.

DOBREfraction’99 Working Group, 2003. “DOBREfraction’99”—velocity
model of the crust and upper mantle beneth the Donbas Foldbelt (East
Ukraine), Tectonophysics, 371, 81–110.

Ermakov, Yu.G., Kirikilitsa, S.I., Volfman, Yu.M. & Shcherbakov, L.N.,
1985. Structural forms of Vendian-Early Mesozoic tectonic activity of
the Transnistrian Russian Plate, Geol. J., 45(4), 117–127 (in Russian).

Ermakov, Yu.G. & Volfman, Yu.M., 1986. Extensional rifting and its role in
the formation of platform structures foreland of uplifts of Dobrudja and
Crimean Mountains, Rep. Ukrainian Acad. Sci., 4, 9–12 (in Russian).

EUROBRIDGE’95 Seismic Working Group, 2001. EUROBRIDGE’95:
deep seismic profiling within the East European Craton, Tectonophysics,
339, 153–175.

Finetti, I., Bricchi, G., Del Ben, A., Pipan, M. & Xuan, Z., 1998. Geophysical
study of the Black Sea, Bolletino di Geofisica Teorica ed Applicata,
XXX/811-711, 423–791.

Galetsky, L.S. (ed.), 2007. An Atlas of the Geology and Mineral Deposits of
Ukraine, University of Toronto Press, 168 pp.

Gamkrelidze, I., Shengelia, D., Tsutsunava, T., Chung, S-L., Chiu, H-Y. &
Chikhelidze, K., 2011. New data on the U-Pb zircon age of the pre-Aipine
crystalline basement of the Black Sea—Central Transcaucasian Terrane
and their geological significance, Bull. Georgian Natl. Acad. Sci., 5(1),
64–75.

Gazizova, S.A., 2009. Towards a comparative analysis of basins surrounding
the East-European Platform. The Dobrudja Foredeep Basin, Geologich-
eskiy sbornik Instituta Geologii Ufimskogo Nauchnogo Centra Rossiyskoy
Akademii Nauk, 8, 88–93 (in Russian).

Gee, D. & Stephenson, R.A. (eds), 2006. European Lithosphere Dynamics.
Geological Society, Memoir 32, 662 pp.

Gobarenko, V.S. & Yanovskaya, T.B., 2011. Velocity structure of the upper
stages of the mantle under the Black Sea, Geophys. J., 3, 62–74 (in
Russian).

Gobarenko, V.S., Yegorova, T.P. & Stephenson, R.A., 2015. Local tomogra-
phy model of the northeast Black Sea: intraplate crustal underthrusting,
Geol. Soc., Spec. Publ., in press.

Grad, M. et al., 2003. Crustal structure of the Trans-European suture
zone region along POLONAISE’97 seismic profile P4, J. geophys. Res.,
108(B11), doi:10.1029/2003JB002426.

Grad, M. et al., 2006a. Lithospheric structure beneath trans-Carpathian
transect from Precambrian platform to Pannonian basin: CELEBRA-
TION 2000 seismic profile CEL05, J. geophys. Res., 111, B03301,
doi:10.1029/2005JB003647.

Grad, M., Janik, T., Guterch, A., Šroda, P. & Czuba, W. EUROBRIDGE’94-
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Geological Society, Special Publications.
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