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Abstract

The present study was undertaken with the objective of deriving constraints from available geological and geophysical data for
understanding the tectonic setting and processes controlling the evolution of the southern margin of the East European Craton
(EEC). The study area includes the inverted southernmost part of the intracratonic Dnieper-Donets Basin (DDB)—Donbas
Foldbelt (DF), its southeastern prolongation along the margin of the EEC—the sedimentary succession of the Karpinsky Swell
(KS), the southwestern part of the Peri-Caspian Basin (PCB), and the Scythian Plate (SP). These structures are adjacent to a zone,
along which the crust was reworked and/or accreted to the EEC since the late Palacozoic. In the Bouguer gravity field, the
southern margin of the EEC is marked by an arc of gravity highs, correlating with uplifted Palacozoic rocks covered by thin
Mesozoic and younger sediments. A three-dimensional (3D) gravity analysis has been carried out to investigate further the crustal
structure of this area. The sedimentary succession has been modelled as two heterogeneous layers—Mesozoic—Cenozoic and
Palacozoic—in the analysis. The base of the sedimentary succession (top of the crystalline Precambrian basement) lies at a depth
up to 22 km in the PCB and DF—KS areas. The residual gravity field, obtained by subtracting the gravitational effect of the
sedimentary succession from the observed gravity field, reveals a distinct elongate zone of positive anomalies along the axis of the
DF—KS with amplitudes of 100— 140 mGal and an anomaly of 180 mGal in the PCB. These anomalies are interpreted to reflect a
heterogeneous lithosphere structure below the supracrustal, sedimentary layers: i.e., Moho topography and/or the existence of
high-density material in the crystalline crust and uppermost mantle. Previously published data support the existence of a high-
density body in the crystalline crust along the DDB axis, including the DF, caused by an intrusion of mafic and ultramafic rocks
during Late Palaeozoic rifting. A reinterpretation of existing Deep Seismic Sounding (DSS) data on a profile crossing the central
KS suggests that the nature of a high-velocity/density layer in the lower crust (crust—mantle transition zone) is not the same as that
of below the DF. Rather than being a prolongation of the DDB—DF intracratonic rift zone, the present analysis suggests that the
KS comprises, at least in part, an accretionary zone between the EEC and the SP formed after the Palacozoic.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A key point in studying the East European Craton
(EEC) is understanding the tectonic setting and pro-
cesses controlling the evolution of its margins. The
southern margin, along which the crustal segments
were reworked and/or accreted in late Palaecozoic—
Triassic times (Nikishin et al., 1996), is of the same
importance as the western margin of the EEC marked
by Trans-European Suture Zone (TESZ). However, in
contrast with the TESZ, crossed by numerous seismic
profiles (cf. Thybo et al., 1999), the deeper structure
of the southern margin of the EEC is poorly investi-
gated, and little is known definitively about the geo-
dynamic processes that controlled its evolution.

The key object of this study is the Donbas Foldbelt
(DF)—Karpinsky Swell (KS) region (Fig. 1), lying at
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the junction of the Precambrian EEC, the Scythian
Plate (SP), and the intracratonic Dnieper-Donets Rift
Basin (DDB). Among the deepest sedimentary basins
of the European continent, the Karpinsky Swell (KS)
and the Peri-Caspian Basin (PCB) are situated along
the southern margin of the EEC and have sedimentary
successions greater than 20 km. Although the role of
intracratonic rifting in forming the DDB and its
inverted southeasternmost part—the Donbas Foldbelt
(DF)—is established (e.g., Stephenson et al., 2001),
the nature and processes governing the development
of the KS that lies directly to the southeast of the DF
(Fig. 1) are poorly understood. Is the sedimentary
succession of the KS a prolongation of the intra-
cratonic DDB—DF rift basin, in which case, the
southern margin of the EEC can be considered as rift
originated? Or does its formation relate more to
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Fig. 1. Main tectonic elements of the southern part of the East European Craton and Caucasus region. The dashed rectangle shows the region of
the 3D gravity analysis and modelling study. Solid lines indicate DSS profiles in the Donbas Foldbelt—Karpinsky Swell region; the thicker line
labelled NV is the Nakhichevan—Volgograd DSS profile.
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processes involved in the suturing of the SP to the
EEC in late Palacozoic—Mesozoic times?

The present study is aimed at deriving constraints
from available geological and geophysical data on
lithospheric structure below the DF—KS region and
adjoining units to allow better tectonic reconstructions
of the southern EEC margin. This is carried out by a
regional 3D gravity modelling study, including grav-
ity “backstripping”. In this method, residual gravity
anomalies obtained by subtracting the modelled
effects of the supracrustal (sedimentary) succession
from the observed field are interpreted to be caused by
density heterogeneities in the underlying lithosphere.
For example, a high-density body, correlated with a
zone of high seismic velocities in the middle—lower
crust, was revealed in a similar study below the
southeastern part of the DDB and the DF, and inter-
preted as basic and ultrabasic material intruded into
the crystalline crust during Late Palacozoic rifting
(Yegorova et al., 1999). This study can be considered
as a continuation of the study by Yegorova et al.
(1999), southeastwards to the KS area, although it
also presents a reinterpretation of existing Deep Seis-
mic Sounding (DSS) data along a profile crossing the
KS (Nakhichevan—Volgograd).

2. Geological setting

The Donbas Foldbelt (DF) and the Karpinsky
Swell (KS) are contiguous parts of a system of
elongated sedimentary basins about 100—120 km in
width, located on the southern margin of the EEC. It
divides the Scythian Plate (SP) in the south from
Voronezh Massif and Peri-Caspian Basin (PCB) in
the north (Fig. 1). The DF and the KS have been
generally thought to be cogenetic segments of the
DDB system. Karpinskii (1883) proposed that they
formed part of a lineament running from Poland
(Keletsko-Sandomir Swell) through the Pripyat
Trough in Belarus, the DDB—DF-KS, east across
the Caspian Sea, and thence through to the Turanian
plate in Asia (Mangyshlak Karatau). This tectonic
zone was named the Sarmato—Turanian lineament by
Aizberg et al. (1971).

Recent investigations have shown convincingly
that the DDB and the DF, as well as the PCB, were
formed mainly as a result of Middle—Late Devonian

rifting (e.g., Stovba et al., 1996; Brunet et al., 1999),
accompanied by voluminous magmatism activity pos-
sibly under the influence of hot spot activity (Kusznir
et al., 1996; Wilson and Lyashkevich, 1996).

Postrift basin subsidence and thick sediment accu-
mulation continued during the Carboniferous and
later, especially in the southeastern Donets segment
of the rift, where thick strata (about 15 km in
thickness) of Carboniferous coal-bearing continental
deposits were accumulated. The total thickness of the
sedimentary succession in the DF reaches more than
20 km (Chekunov et al., 1992; Stovba and Stephen-
son, 1999). The Azov—Rostov segment of the Ukrai-
nian Shield (the Azov Massif and Azov Swell in Fig.
1) probably was a source of clastic material for
sediment accumulation in the DF (Khain, 1977).

The Urals Orogeny occurred in Early Permian, and
this affected the eastern and southeastern margins of
the EEC, leading to the isolation of the PCB at that
time and to its filling by thick Kungurian evaporites,
as the continental Usturt Massif moved up from the
south and the South Emba Swell developed (Zonen-
shain et al., 1990). The PCB is characterised by its
enormous size (0.5 % 10° km?), by a very thick
sedimentary succession (reaching 20 km in the basin
centre including up to 4 km of salt-bearing rocks)
directly overlying a thinned crust apparently devoid of
any “granitic” layer (cf. Brunet et al., 1999). The
affinity of crust beneath the PCB—whether it is
oceanic (Zonenshain et al., 1990) or thinned conti-
nental (Belousov, 1990)—has been a matter of dispute
for many years.

It has been conventionally thought that the inver-
sion of the DF—KS segment of the DDB was related
to the evolution of the Scythian Orogen (Milanovsky,
1987, 1992) during the Early Permian (contempora-
neous with the Urals Orogeny). However, Stovba and
Stephenson (1999) demonstrated that Latest Carbon-
iferous—Early Permian tectonic reactivations in the
DDB and DF occurred in a transtensional stress
regime stretching, while the main phases of compres-
sional tectonics forming the DF were Cimmerian
(Latest Triassic—Earliest Jurassic) and, especially,
Alpine (Latest Cretaceous—Earliest Tertiary). New
paleostress analyses of the DF and environs support
this interpretation (Saintot et al., 2003). Similar phases
of compressional deformations are established for the
KS (Sobornov, 1995).



84 T.P. Yegorova et al. / Tectonophysics 381 (2004) 81-100

In the Late Triassic, the southern margin of the EEC
came under the influence of convergence in the vicin-
ity of the Caucasus/Scythian Plate, accompanied by
further deformations in the KS (Nikishin et al., 1996).
In contrast with the DF, where Carboniferous coal-
bearing continental deposits are exposed at the surface,
Palacozoic rocks on the KS are covered by Mesozoic—
Cainozoic sediments of up to 2 km in thickness,
formed in shallow-marine conditions (e.g., marine
shales). Folds and other compressional structures eas-
ily seen in the DF cannot be confidently mapped in the
KS; the Jurassic sedimentary cover becomes more
even widespread and increases in thickness.

3. Geophysical data

The gravity field on the southern margin of the
EEC is characterised by a zone of increased Bouguer

44°

anomalies (Yegorova et al., 1995) and isostatic
anomalies (Artemjev, 1975). A band of positive
anomalies with magnitude 20—35 mGal over the DF
and the KS can be seen in Fig. 2, consistent with the
Carboniferous coal-rich shales exposed in the DF and
with the uplifted, folded Palacozoic basement of the
KS, the latter covered by thin Mesozoic—Cainozoic
sediments. Further to the east, this band passes into an
area of positive (up to 35 mGal) Bouguer anomalies
over the northern part of the Caspian Sea and,
changing direction to the northeast, continues to the
Urals. Over the northern part of the Caspian Sea and
Southern Urals, it coincides with an area of anoma-
lous magnetic field character (Fig. 3).

The magnetic field of the DF is negative and
subdued in the central part of the basin against a
background of more intense anomalies over the Azov
Massif of the Ukrainian Shield and, especially, the
Voronezh Massif, famous for the Kursk magnetic
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Fig. 2. Map of the observed gravity field (Bouguer anomalies averaged on a 10 km grid) for the southern part of the East European Craton and
Fore—Caucasus region, the area within the rectangle in Fig. 1. Contour interval is 10 mGal. Dashed lines outline tectonic units; solid lines

indicate DSS profiles.
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Fig. 3. Map of anomalous magnetic field for the southern part of the East European Craton and Fore—Caucasus region, the area within the
rectangle in Fig. 1 (from Simonenko and Pashkevich, 1990). Contour interval is 50 nTl. Dashed lines outline tectonic units; solid lines indicate

DSS profiles.

anomaly related to iron deposits (Dobrohotov, 1961;
Kutas and Pashkevich, 2000). A similar negative
magnetic field also characterises the KS. Along the
northern and southern border zones of the KS, a series
of linear magnetic anomalies are seen (Fig. 3). In
particular, magnetic field heterogeneity characterises
the southern flank of the KS, where they can be
related to basic magmas intruded in a junction zone
of the Manych Trough with the KS (Nazarevich et al.,
1986).

The mosaic gravity field pattern of the PCB seen in
Fig. 2 is composed of linear and rectangular gravity
lows, caused by the presence of salt, and highs (two of
which—Aralsor and Emba—are located within the
limits of the study area) which are associated with the
presence of high-density (mafic) thinned crystalline
crust (Volozh et al., 1975; Brunet et al., 1999).

Seismic investigations (DSS and some reflection
seismic) were carried out in the area of the DF—KS

transition from the 1960s to the 1980s along a number
of profiles shown in Fig. 1 (and subsequent figures).
These include the Nakhichevan—Volgograd (Krasno-
pevtseva, 1984), Surovikino—Peschanokopskaya
(Konovaltcev, 1978; Yurov, unpublished data), and
Bataisk—Milutinskaya (labelled XIV in the figures;
Borodulin, 1973) profiles as well as profiles X
(Nogaisk—Svatovo) and XI (Novoazovsk—Titovka)
published in Ilchenko (1996) and Ilchenko and Ste-
panenko (1998). As a result of these studies, the
configuration of the basins, the structure of the sed-
imentary cover, and the main features of the structure
of the underlying crystalline crust have been fairly
well determined. P-wave velocities in the sedimentary
succession reach values up to 5.8 kms™ ' (compared
with 6.0 kms™ ' and higher in the basement), and the
top of the crystalline basement lies at the depth of 16—
20 km. In the lower crust below the DF, two main
boundaries, interpreted together as a double Moho
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(Pavlenkova, 1995) or as the upper and lower bound-
aries of a “crust—mantle mixture” (Ilchenko, 1996;
Iichenko and Stepanenko, 1998), were identified.
Refracted seismic phases were not recorded from this
layer and, as such, a confident determination of which
of these boundaries represented the Moho was not
possible. (More recent refraction/wide-angle seismics
places the Moho at a roughly constant depth of about
40 km beneath the DF; DOBREfraction’99 Working
Group, 2003). In the lower crust below the KS,
several reflectors have been distinguished as well as
a refracting interface with upper mantle velocities
(Krasnopevtseva, 1984).

4. Three-dimensional gravity analysis: method and
results

4.1. Methodology used in the 3D gravity analysis

The three-dimensional (3D) gravity analysis uti-
lises a “backstripping” technique, whereby the calcu-
lated effect of model layers, whose structure and
properties are constrained by independent data, are
successively removed from the observed gravity field.
Previous investigations (Yegorova et al., 1999; Yegor-
ova, 2000) have demonstrated that backstripping is a
suitable method to apply to regions where lithospheric
structure is hidden under a great thickness of sedi-
ments. Calculated residual anomalies (observed
anomalies less the effect of the backstripped layers)
can be interpreted as being due to density heterogen-
eties in the underlying layers (although “errors” in
parameterising the backstripped layers cannot be
excluded).

To calculate the gravity effect of backstripped
layers, “anomalous” densities Ap are calculated in
reference to an average value of 2820 kgm ™ for the
crystalline crust. The determination of this value is
based on observations for Precambrian cratonic crust
by Kozlenko (1986) and was used in previous studies
of the DDB and DF (Yegorova et al., 1999; Yegorova,
2000). It is similar to the estimates made by Chris-
tensen and Mooney (1995) and by Gordienko (1999).

The 3D gravity analysis has been carried out using
an automated system intended for modelling the
layered media represented by a set of a maps (cf.
Starostenko et al., 1997). The kernel of the system is

the algorithm for solving the direct gravity problem
for differently approximated elementary bodies with a
complex distribution of density with depth (Staros-
tenko and Legostaeva, 1998).

4.2. Supracrustal structural model

The objective of the present study is to elucidate in
lithospheric heterogeneities caused, for example, by
Moho topography and/or the occurrence of density
anomalies in the consolidated crust and/or in the
uppermost mantle. The residual gravity effect of such
heterogeneities can reach some hundreds of mGal
(Artemjev et al., 1994; Yegorova et al., 1998). Ac-
cordingly, the initial supracrustal structural model, to
be used in the subsequent quantitative gravity analysis,
consists of two layers (Fig. 4): Mesozoic—Cainozoic-
aged low-density sediments and a higher density layer
of highly compacted Palaecozoic sediments, including
folded basement, overlying crystalline Palacozoic and
Precambrian basement.

Fig. 4a shows the depth to the base of the first of
these; in the PCB, this layer includes Kungurian
(Permian) salt as well as the postsalt deposits (as
bounded by the “under-salt” seismic horizon PI;
Brunet et al., 1999). This layer is very thin in the
vicinity of the KS (1-2 km) and is effectively absent
in the DF in contrast with the significant thickness of
up to 9 km in the PCB and Terek-Caspian Basin
(TCB). On the SP, the Stavropol High is distinguished
by an uplift of the Palaecozoic basement to a depth of
1.6 km.

Fig. 4b shows the top of crystalline basement,
hence the base of the second supracrustal layer. The
DF—-KS trend is characterised by an intense deepen-
ing of the base of Palacozoic rocks, filling a narrow
NW-SE trough with a maximum depth of more than
20 km in the DF. This joins a sharp linear NE-SW
trough as deep as 18 km in the PCB corresponding to
the Central Peri-Caspian Depression. The uplift of the
top of the Palaeozoic supracrustal layer mirrored by
the extreme deepening of its base (top of Precambrian
basement) in the DF—KS area is illustrated in three
dimensions in Fig. 5.

The maps shown in Fig. 4 are based on data
prepared initially at a scale of 1:1,000,000 and have
been gridded for purposes of the 3D modelling by
taking data averages over 10 X 10 km cells. The grids
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Fig. 4. (a) Depth (km) to the bottom of the upper sedimentary layer (supracrustal layer 1) consisting of low-density Mesozoic—Cainozoic
sediments (above Palaeozoic sedimentary layer rocks), constructed using data from the GEON Centre and ““Spetsgeofizika” of Russian Ministry
of Natural Resources, as well as data from Muratov (1975) for the depth of Palacozoic basement of the SP and Bogdanov and Khain (1981) in
the Fore—Caucasus region. (b) Depth (km) to the bottom of the lower sedimentary layer (supracrustal layer 2) consisting of compacted
Palaeozoic sediments and folded basement (above crystalline basement), based mainly on unpublished GEON data, complemented for the DF
by the Atlas of Geological Structure and Oil and Gas Resources of the Dnieper-Donets Basin (1984) and taking into account Bogdanov and
Khain (1981). Dashed lines outline tectonic units; solid lines indicate DSS profiles mentioned in the text.
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Fig. 5. 3D plot of the model used in present gravity backstripping analysis. The upper surface shows the top of Palacozoic rocks (Fig. 4a) and
the lower surface shows the top of Precambrian crystalline basement (Fig. 4b).

themselves cover a larger area than those shown by
200 km in every direction in order to alleviate
gravitational edge effects. The width of the extrapo-
lated zone, being 10 times the maximum depth of
the model (20 km) is considered to be more than
adequate.

4.3. Densities
Layer densities were derived from laboratory meas-

urements on rocks from the study area (Ozerskaya and
Podoba, 1967) and borehole observations for appro-

priate rock types and geological setting. Fig. 6a shows
the average density adopted for supracrustal layer 1
(Mesozoic—Cainozoic sediments). In the SP, this layer
is represented mainly by sandy-argillaceous deposits
with density of about 2300 kgm ™ >. The highest
average densities for this layer (up to 2600 kgm ™ °)
are those of the metasediments of the central part of
the TCB, where the layer thickness is more than 10
km (Fig. 4a). An essential consideration for gravity
modelling in the present study area is an appropriate
choice of average density for this layer in the PCB
where Kungurian salt-bearing deposits comprise half
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of its thickness. Densities of these deposits lie in the
range 2170—2200 kgm ™ * and, for the layer as whole,
in the range 2180—2550 kgm ™ * (Nevolin and Kunin,
1977). An average interval density varying from
2300-2350 kgm ™ * at the southern flank of the PCB
to 2400 kgm ™~ > in the basin centre (northern edge of
Fig. 6a) has been adopted.

Fig. 6b shows the adopted average density in the
lower supracrustal layer of Palacozoic rocks (includ-
ing folded basement and consolidated sediments)
taken from Ozerskaya and Podoba (1967). The Palae-
ozoic basement of the SP, thought to comprise mainly
of Devonian—early Carboniferous clastic sediments
that are intensively folded and affected by low-grade
metamorphism, displays a slightly higher average
density than elsewhere (2740 kgm™>). The average
densities of Palaeozoic rocks of the DF and the KS
were assumed to be roughly the same (2690-2700
kgm™*) based on borehole samples and geological
data (Ozerskaya and Podoba, 1967; Golizdra and
Popovich, 1998). In the DF, this layer is exposed at
the surface and consists of mildly deformed Late
Devonian and Carboniferous strata—including some

magmatic rocks and significant coal deposits—devel-
oped in a rift basin and subsequently uplifted (e.g.,
Stovba and Stephenson, 1999; McCann et al., 2003).
In the KS, in contrast to the DF, this layer is mainly
composed of monotonous grey argillite strata of
Carboniferous and Early Permian age without signif-
icant folding or magmatism. A zone of denser Palae-
ozoic rocks (up to 2730 kgm ™ *) in the southern part
of the PCB is related to more highly compacted and
altered sedimentary rocks in the vicinity of the Astra-
khan Dome (Ozerskaya and Podoba, 1967).

4.4. Gravity calculations

The gravity effects of the two supracrustal layers,
calculated with respect to the reference density 2820
kgm ™ * mentioned above, are shown in Fig. 7. These
maps naturally correlate closely with the structure
maps on which they are based, as shown in Fig. 4.
The gravity effect of the first layer (Fig. 7a) is smallest
where Palaeozoic basement is uplifted and shallowest
(the DF and KS) and more significant in areas of
thicker low-density sedimentary cover, such as the
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PCB, where it reaches — 150 mGal, and the SP and
TCB (— 60 to — 80 mGal). The gravity effect of the
lower layer (Fig. 7b) is greatest along the DF—KS axis
(—60 to — 80 mGal) and in the central PCB (< —40
mGal), where the layer is thickest. Fig. 8 shows the
combined effect of both layers. It is greatest in the
PCB (< — 180 mGal).

The residual gravity field, which can be assumed to
be mainly due to sources beneath the defined supra-
crustal layers, is obtained by subtracting the effect of
these layers (Fig. 8) from the observed Bouguer
gravity field (Fig. 2), as shown in Fig. 9. Positive
residual anomalies in the range 80—140 mGal lie
along the DF—KS axis. A series of positive anomalies
in the PCB (160—180 mGal) correlates with the total
thickness of sediments in the basin and with local
gravity highs seen in the observed field. Obviously,
these results depend not only on the structural supra-
crustal model but also on the assigned densities for
these. In particular, the inferred residual positive strip
along the DF—KS is significant in the framework of
the ensuing tectonic interpretations. Accordingly, a
number of tests were carried out in which limiting
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densities for supracrustal layer 2 (the main model
element controlling the residual gravity field) were
adopted. These tests demonstrated that, although the
magnitudes of the residual anomalies changed, the
basic pattern of residual anomalies seen in Fig. 9
along the DF—KS axis is qualitatively a robust feature
of the residual gravity field.

5. Two-dimensional model of crustal structure
across the Karpinsky Swell-Scythian Plate

5.1. Reinterpreted Nakhichevan—Volgograd DSS data

The N-S orientated Nakhichevan—Volgograd DSS
profile (labelled N—V on Fig. 1 and subsequent
figures) is nearly 800 km long and crosses the Minor
and Greater Caucasus to the south with a northern
termination in the PCB in the vicinity of Volgograd. It
was acquired in 1964 by the “Spetsgeofizika™ of the
Ministry of Geology of the former Soviet Union.
Baranova and Pavlenkova (2003) have recently rein-
terpreted these data along the northern 430 km seg-
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ment of the profile (as seen in the figures) where it
crosses the KS from the SP to the PCB. It is the first
time that these data were modelled using modern,
computer-based (ray-tracing) methods that allowed
taking into account travel times from all shot points
for different types of seismic waves simultaneously.
Continuous seismic profiling was carried out along
the Nakhichevan—Volgograd profile with receivers
placed every 100 m recording nine shot points from
35 to 65 km apart. Maximum offsets were in the range
200—-350 km depending on direction and shotpoint.
Recorded seismic phases included those refracted in
the sedimentary cover (Ps), reflected (PcP) and
refracted (Pg) from the basement (upper and middle
crust), reflected (PmP) and refracted (Pn) in the lower
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crust with apparent velocities 7.5-7.7 kms™'; and
reflected (PmP’ ) and refracted (Pn) from the Moho
and within the upper mantle. Note that the phase
identification, which follows Baranova and Pavlen-
kova (2003), is not conventional with Pn referring to
lower crustal as well as upper mantle refractions, and
PmP and PmP’ being phases reflected from above
and below a very high velocity layer defined as lower
crust.

The travel times of some of the identified phases
for one shot point are plotted in Fig. 10. There are
two distinct first-arrival branches with a cross-over
distance of about 130—150 km. The first branch has
velocities from 2.5-4.0 kms™' to 6.0-6.8 kms™'
and corresponds to refracted Ps and Pg phases from

12 T T T

~ T T T
..\’.\ ’
*<,.PnP
10 ‘*\w_ —
E IR e ————— e ® S
~ . P — e P \_‘ —_— _x___ﬁ___-&-——‘
\._ xm',‘_‘__l--_"_'( P
S A P A
8 PR n T
) <
Q 'S
e X -
o 6 //Fa =
0 (’
X
4 + '¢¢/ 7
¢¢
2 ’O"' —]
O"”
d
0 | | | | | | 1. | | | | |
300 320 340 360 380 400 420 440 460 480 500 520 540
distance in km
T T T 7T T
€
X
£
= _
o
) _
©
60 l | | | | | | | | | | |
300 320 340 360 380 400 420 440 460 480 500 520 540

distance in km

Fig. 10. Observed (crosses) and calculated (lines) travel times, and selected model ray paths, for seismic phases observed on the Nakhichevan—

Volgograd DSS profile, shotpoint 4.



94 T.P. Yegorova et al. / Tectonophysics 381 (2004) 81-100

the upper and middle parts of the cross-section. The
second brach with velocties >7.5 kms™ ' is formed
by “Pn” arrivals from the lower crust and upper
mantle. A more detailed discussion of the travel time
data can be found in Baranova and Pavlenkova
(2003).

The velocity model determined by Baranova and
Pavlenkova (2003) along the Nakhichevan—Volgo-
grad profile is reproduced in Fig. 11. It was calculated
using the two-dimensional (2D) forward ray-trace
modelling program SEIS-83 (Cerveny and Psencik,
1984), matching observed and calculated travel times
first for the Ps and Pg phases and, subsequently, for
reflected (PmP and PmP’ ) and refracted (Pn) waves
from the lower crust and the Moho. Selected observed
and calculated travel time curves for the final velocity
model for one shot point (4) are shown in Fig. 10. The
resulting model explains the general features of the
observed wave field and satisfies the criterion of
model simplicity. In general, it reveals a revised
crustal structure for the KS—SP area compared with
previous models (e.g., Krasnopevtseva, 1984; cf. Fig.
2a of Ershov et al., 1999).

The velocity model presented in Fig. 11 includes
what can be considered two deep sedimentary basins
(taking velocities <5.8 kms™ ! to be representative of
sediments), one beneath the KS and one in the
southern PCB. In the latter, the sedimentary succes-
sion appears to have a thickness of about 14 km. The
4.5 kms™ ' horizon—which can be taken as probably
corresponding to the top of Palacozoic metamor-

phosed sediments (i.e., Palacozoic basement)—rises
to about 1 km depth beneath the KS. This differs
from the neighbouring SP and the PCB where it
deepens to 4—5 km. In contrast, the 6.0—6.2 kms ™
velocity horizon—interpreted as top of crystalline
basement—abruptly deepens below the KS (forming
a 19-20-km-deep trough). As such, the velocity
model is consistent with the structure of the KS
shown in Fig. 5 as the uplift of the Palaeozoic
basement (considered as a ‘““swell””) accompanied
by a deepening of the crystalline Precambrian base-
ment horizon.

The middle crust of the central and northern parts
of the cross-section is characterised by its gradual
northward (towards the PCB) increase of average
velocity. The 6.4 and 6.8 kms™ ' isovelocity contours
shallow from depths of 26 and 29 km below the KS to
21 and 24 km correspondingly under the PCB.

The most striking feature of the lower crust of the
KS is the horizon at depth 35—38 km, giving rise to
reflections PmP (Fig. 10) which are higher in ampli-
tude than the subsequent PmP’ phase (Baranova and
Pavlenkova, 2003) and the “Pn” refracted phase. This
horizon is the top of a ~ 10-km-thick high-velocity
(7.5-7.8 kms™ ') lower crustal or crust—mantle tran-
sition layer, the base of which is interpreted as the
Moho. This layer ceases to exist just at the southern
margin of the KS at its junction with the SP (Fig. 11),
resulting in a sharp 10 km step in Moho. Upper
mantle velocity correspondingly increases from 8.0
to 8.2 kms™ .
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According to Baranova and Pavlenkova (2003), the
geometry of the 7.5-7.8 kms™ ' crust—mantle transi-
tion body is quite robustly constrained, at least as far
north as about km 450—-470. Its presence and geom-
etry further northwards, beneath the PCB, are not
clear. Earlier studies report that the crust of the PCB
is underlain by a high-velocity layer in the uppermost
mantle (lying below a refracting Moho boundary with
velocity of 8.0-8.1 kms™ ' (Volozh et al., 1975;
Brunet et al., 1999). However, the relationship be-
tween this layer and the one seen in Fig. 11 cannot be
stated with any certainty.

In any case, there is an abrupt change of crustal and
upper mantle geometry between the SP and the KS,
and it can be assumed that there are major structures
throughout the crust in the narrow, 20—25 km wide,
zone lying approximately below the Manych Trough.
Such a “fault zone” includes the southern flank of
deep sedimentary trough of the KS, the abrupt Moho
step, related to the southern edge of the high-velocity
crust—mantle layer, and a change in upper mantle
seismic velocity.

5.2. Gravity model along the Nakhichevan—Volgo-
grad DSS line

Fig. 12 shows a density cross-section derived from
the velocity cross-section in Fig. 11. The densities in
the crystalline crust were estimated by using the
conversion functions p =2700+270(V, — 6.0) kgm™ 3
for V, (seismic P-wave velocity) less than 7.0 kms™ !
and p=3020+280(), —7.0) kgm™ 3 for higher ve-
locities, including the upper mantle (Gordienko,
1999). Densities for the sedimentary succession were
determined as before (in the 3D analysis) using
laboratory measurements on samples taken from
depths up to 6 km, from which appropriate velocity/
density conversion functions were determined (Goliz-
dra and Popovich, 1998, 1999). The inferred relation-
ship for the highly compacted and altered sediments
of the DF differs from those that are conventionally
adopted (e.g., Ludwig et al., 1970; Barton, 1986) with
densities being slightly higher for the same velocities.

The density model in Fig. 12, constructed to match
the observed gravity data, corresponds closely to the
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velocity model in Fig. 11 according to the conversion
functions described above. The high-velocity crust—
mantle transition layer 40—48 km beneath the KS has
a density of 3200 kgm ™~ * which isostatically compen-
sates the mass deficiency effected by 20 km of Palae-
ozoic rocks with density of 2680—2710 kgm™ °,
causing the negative residual gravity anomaly (Fig.
8). The gravity model also indicates that the gravity
signature of the southern flank of the KS is consistent
with the velocity modelling, supporting the presence
of a major crustal boundary in this area. Another
notable feature is that the Astrakhan Dome, in the
southern part of the PCB, is associated with a strong
uplift (up to 6 km) of crystalline basement (remnant
block of Precambrian basement?) at the junction of
the PCB and KS (Fig. 12).

The northern prolongation of the high-density lens
beneath the PCB remains unresolved. Otherwise, to
explain the character of the observed gravity field in
the PCB, a number of small changes in the density
model compared to the initial velocity model was
introduced. This included a body interpreted as a salt
stock with a density of 2200 kgm™ > and a base at
~ 8 km to model a gravity low at about km 500 and
a body with a density of 2920 kgm™ % in the middle
crust in the area of local gravity high at km 520. The
latter could be related to mafic igneous rocks within
the sedimentary succession (cf. Kostyuchenko,
2004).

6. Discussion

3D backstripping of the gravity effect of supra-
crustal (sedimentary and metasedimentary) succes-
sions has revealed that the southern margin of the
EEC is characterised by a number of positive residual
gravity anomalies. These indicate the presence of
crustal and upper mantle heterogeneities, including
Moho relief, that are a consequence of the tectonic
history of the area, in particular, during the assembly
of the crustal units in this area beginning in the late
Palacozoic. There are four main zones of positive
residual gravity anomalies: the DF, the western KS,
the eastern KS and northern Caspian Sea, and the
central PCB. The last two are further elucidated by 2D
gravity modelling based on newly reinterpreted DSS
data. The four anomalous zones are discussed below

in terms of several key tectonic episodes affecting the
study area, namely, Middle—Late Devonian rifting,
Early Permian effects related to Uralian orogenesis,
and Cimmerian (Triassic—Jurassic) and Alpine (Cre-
taceous—Tertiary) convergence and orogenesis.

6.1. Dniepr-Donets and Peri-Caspian basins

The DF is the uplifted and mildly compressionally
deformed southeastern segment of the intracratonic
DDRB rift basin. Previous investigations (Yegorova et
al., 1999) deduced that the DF residual gravity ano-
maly is caused by the presence of a high-density/
velocity body in the crystalline crust beneath the
sedimentary depocentre (depths greater than 20 km)
emplaced as a result of intrusion of mafic and ultra-
mafic magmas during the main phase of active rifting
in the late Palacozoic. This interpretation is strongly
supported by recent refraction/wide-angle seismic
(DOBREfraction’99 Working Group, 2003) and deep
seismic reflection studies (Maystrenko et al., 2003) in
the DF.

Middle—Late Devonian rifting, such as that formed
the DDB, was widespread throughout the whole of the
EEC (Nikishin et al., 1996). It has been suggested that
the thermal and geodynamic evolution of the craton at
this time may have been governed by the activity of
several mantle plumes (Wilson and Lyashkevich,
1996). Indeed, Chekunov (1994) proposed that one
such plume, located under the PCB, could be consid-
ered as the “parent” of the DDB. The Late Devonian
was clearly also a time of significant extension and
subsidence in the PCB (e.g., Brunet et al., 1999). It is
generally thought that there was also an earlier—
Riphean—Early Palaecozoic—rifting and subsidence
phase. Some authors consider that extension was so
great that the PCB is underlain by Devonian-aged
oceanic crust (Zonenshain et al., 1990; Kostyuchenko
et al., 1999). Others consider that Precambrian conti-
nental crust, severely attenuated and intruded by mafic
magmas during Devonian rifting, underlies in the
PCB (e.g., Belousov, 1990). Existing interpretations
of DSS data collected in the PCB indicate that there is
no “granitic” layer in the crust and that sediments lie
directly upon crust of velocity 6.8—7.2 kms™ ' (Kos-
tyuchenko et al., 1999). There are also localised high-
velocity lower crustal lenses that correlate with grav-
ity maxima (Volozh et al., 1975).
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The 160—180 mGal residual gravity anomaly that
characterises the central PCB could be, by analogy
with the DF, the signature of high-density (lower)
crustal bodies related to mantle intrusion during
Middle—Late Devonian rifting. If, indeed, the DF
and PCB residual anomalies have a similar nature
and common origin, then the DDB—DF and the PCB
could be considered as two branches of the same
Middle—Late Devonian rift system, as proposed by
Zonenshain et al. (1990). According to Zonenshain
et al. (1990), the DDB is a “failed arm” of a former
triple junction of rifts with one of the two “success-
ful” arms leading to the generation of oceanic crust
beneath the PCB. The other arm presumably passed
southwards from a junction of the DF with the PCB
(i.e., the junction of the DF, KS, and the PCB in Fig.
9 and others). As such, the Astrakhan Dome, situ-
ated in the southwestern part of the PCB near its
junction with the KS and clearly seen in Figs. 11
and 12 as an uplift of the crystalline basement, may
be considered as a remnant block separated from the
EEC by Devonian rifting on the central axis of the
PCB.

The southern margin of the EEC was a passive
margin until at least the end of the early Carboniferous
(Nikishin et al., 1996; cf. Golonka, 2004). In the Early
Permian, the Urals Orogeny culminated and the east-
ern and southeastern margins of the EEC were,
accordingly, affected by this. The PCB at this time
was blocked from the south by the northwards em-
placement of the continental Usturt Massif, resulting
in its isolation from the open sea and conversion into a
salt-bearing basin (Zonenshain et al., 1990). The
positive residual gravity field of the eastern KS and
under the northern Caspian Sea (with anomalies
regionally greater than 140 mGal) is possibly a
signature of these events. As such, the southernmost
and southeasternmost parts of the PCB constitute a
folded and thrusted zone formed at this time, confined
to the south by the South Emba Uplift (Zonenshain et
al., 1990). The gravitational signature of this, as seen
in the residual anomaly map (Fig. 9), is likely caused
by a density increase within the crystalline crust (and
subcrustal lithosphere?) combined with increased den-
sities of sediments that have been involved in the
folding and thrusting deformation. Similar features
can be seen in the southern Urals (e.g., Zalair Forma-
tion; Khain, 1977).

6.2. Karpinsky Swell and Scythian Plate

The residual gravity high over the western part of
the KS (Fig. 9) can be explained by higher than average
densities within the crystalline crust compared to those
of the neighbouring SP. Heterogeneities within the
lithosphere along the southern margin of the EEC in
this region can be generally ascribed to Mesozoic—
Cainozoic events taking place in mainly compressional
or transpressional tectonic setting (cf. Golonka, 2004,
this volume). The KS residual anomaly and its causes
are, as such, not dissimilar to what has been inferred for
the western boundary of the EEC in the vicinity of the
Trans-European Suture Zone (TESZ) in Poland and
environs (Yegorova and Starostenko, 1999). The latter
has been interpreted as related to the complex evolution
of the collision—accretion zone between Phanerozoic
Western Europe and the Precambrian EEC since the
Late Proterozoic (Yegorova and Starostenko, 1999).

The Mesozoic—Cainozoic development of the KS
was dominated by Cimmerian (Late Triassic—Early
Jurassic) and Alpine (Cretaceous—Tertiary) compres-
sional phases related to orogenesis in the Caucasus
(Zonenshain et al., 1990; Sobornov, 1995) located
some 300 km to the south (Fig. 1). Sobornov (1995)
argued on the basis of seismic reflection data that the
age of the main phase of thrusting (and “inversion”) of
the KS was Cimmerian. A second, Alpine, episode is
recognised along the southern flank of the KS (Sobor-
nov, 1995). Stovba and Stephenson (1999), from seis-
mic data, and Saintot et al. (2003), from structural
mapping, argue that the compressional deformation
forming the DF occurred at these times as well,
especially the Alpine. Thus, the structural inversion
of the KS (and probably the DF) appears to be related
mainly to stresses developed in the Caucasus collision-
al zone and transmitted some 300 km through the SP
(i.e., Zonenshain et al., 1990; Sobornov, 1995).

The reinterpreted Nakhichevan—Volgograd DSS
profile, supported by gravity modelling, indicates an
abrupt tectonic zone penetrating the entire crust on the
southern border of the KS (Fig. 12). This zone also has
a significant magnetic character (Figs. 3 and 12) and
coincides with the Manych Trough, expressed in recent
times by a system of rivers and lakes. The abrupt
plunge of the Moho from 40 km below the SP to 48
km below the KS corresponds with the appearance of a
10-km-thick high-velocity (7.5—7.8 kms™ ') layer in
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the lower crust (or crust—mantle transition layer). The
correspondingly high-density (3200 kgm ™) of this
layer essentially compensates the 20-km-thick sedi-
mentary succession of the KS, whose gravity effect
removed from the Bouguer field gives the positive
residual anomaly seen in Fig. 9. Such heterogeneities
may be typical for lower crust formed convergence
zones. For example, a very similar high-velocity lower
crustal layer is recognised in the Urals (Druzhinin et al.,
1997). A high-velocity (7.5-7.7 kms™ ') lens at the
base of the crust together with an upper mantle reflector
is also seen on the EUROBRIDGE-97 profile over the
Early Proterozoic-aged Fennoscandia/Sarmatia suture
zone within the EEC (e.g., Yegorova et al., 2004).

The inferred crustal structure of the KS, with its
high-velocity/density layer, is also likely a conse-
quence of accretionary processes, the same as those
expressed by folding and thrusting near the surface of
the KS. The abrupt crustal boundary between the SP
and the KS implies a convergence between the SP and
EEC, with the KS being an element of the resulting
accretionary zone. The age of thrusting on the KS
(Sobornov, 1995) shows that this is of Mesozoic and
younger age.

Also noteworthy is that the crustal structure of the
KS, at least where it is crossed by the Nakhichevan—
Volgograd profile, is distinctly different from that of
the DF. There is no comparable deepening of the
Moho, associated with a high-velocity crust—mantle
mix layer, under the latter, although there is a rift
“pillow” in the lower crust introduced by mafic
intrusion during rifting in the late Palaeozoic
(DOBREfraction’99 Working Group, 2003).

7. Summary and conclusions

The southern margin of the EEC is characterised by
a complex crustal structure derived from its complex
tectonic history which included a variety of extension-
al and convergent tectonic processes. Available geo-
logical and seismic information for the area was used
to compile two structure maps, one at the base of
Mesozoic—Cainozoic sediments (top of Palaeozoic
successions) and the other at the top of the crystalline
Precambrian basement. These maps have served as a
basis for a 3D gravity analysis of the crust of the study
area, beginning with the computation of a residual

gravity field from which the gravity effects of supra-
crustal sedimentary successions have been removed.

The residual gravity field is characterised by a
NW-SE elongated zone of positive residual anomalies
along the southern margin of the EEC, from the DF
through the KS to the northern part of the Caspian Sea
(southern part of the PCB), and a positive anomaly
along the central axis of the PCB. The density hetero-
geneities in the lithosphere signified by these residual
anomalies are assumed to have formed as the result of
first-order tectonic processes affecting the southern
margin of the EEC since the late Palacozoic. These
include late Palacozoic (Middle—Late Devonian) rift-
ing in the DF and central PCB, the Early Permian Urals
Orogeny affecting the southern margin of the PCB and,
possibly, eastern KS, and orogenesis in the Caucasus
and associated Cimmerian and Alpine convergence
tectonics between the SP and KS (and eastern DF).

2D gravity modelling constrained by a new inter-
pretation of DSS data along the Nakhichevan—Volgo-
grad DSS profile, which crosses the central KS, shows
that the southern border of the KS corresponds to a
major crustal penetrating tectonic zone coinciding at
the surface with the Manych Trough. This zone
divides the crust into two distinct structural segments,
one associated with the SP to the south and the other
with the KS and adjacent PCB. A diagnostic feature of
the lower crust of the KS is a crust—mantle transition
zone in the depth range 40—48 km with velocity of
7.5—7.7 kms~ ' and density of 3200 kgm >, a feature
not found beneath the DF. This suggests that the KS
might not be considered as a prolongation of the
DDB-DF intracratonic rift zone. More likely, the
KS is an element of the transition zone formed along
the southern margin of the EEC by accretion of the SP
to the EEC in Mesozoic—Cainozoic times.
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