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Abstract

The southern segment of the seismic profile EUROBRIDGE—EUROBRIDGE-97 (EB’97)—located in Belarus and

Ukraine, crosses the suture zone between two main segments of the East European Craton—Fennoscandia and Sarmatia—as

well as Sarmatia itself. At the initial stage of our study, a 3-D density model has been constructed for the crust of the study

region, including the major part of the Osnitsa–Mikashevichi Igneous Belt (OMIB) superimposed by sediments of the Pripyat

Trough (PT), and three domains in the Ukrainian Shield—the Volhyn Domain (VD) with the anorthosite–rapakivi Korosten

Pluton (KP), the Podolian Domain (PD), and the Ros–Tikich Domain (RTD). The model comprises three layers—sediments

with maximum thickness (6 km) in the PT and two heterogeneous layers in the crystalline crust separated at a depth of 15 km. 3-

D calculations show the main features of the observed gravity field are caused by density heterogeneities in the upper crust.

Allocation of density domains deeper than 15 km is influenced by Moho topography. Fitting the densities here reveals an

increase (up to 2960 kg m�3) in the modelled bodies accompanied by a Moho deepening to 50 km. In contrast, a Moho uplift to

a level of 35–37 km below the KP and major part of the PT is associated with domains of reduced densities. An important role

for the deep Odessa–Gomel tectonic zone, dividing the crust into two regions one of basically Archean consolidation in the

west (PD and RTD) and one of Proterozoic crust in the east (Kirovograd Domain)—was confirmed.

2-D density modelling on the EB’97 profile shows that in the upper crust three main domains of different Precambrian

evolution—the OMIB (with the superimposed PT), the VD with the KP, and the PD—can be distinguished. Deeper, in the

middle and lower crust, layered structures having no connection to the surface geology are dominant features of the models.

Least thickness of the crust was obtained below the KP. Greatest crustal thickness (more than 50 km) was found below the PD,

characterised also by maximum deviation of velocity/density relation in the rocks from a standard one. The velocity and density

models along the EB’97 profile have been interpreted together with inferred Vp/Vs ratios to estimate crustal composition in

terms of SiO2 content. In the course of the modelling, the status of the PD as a centre of Archean granulitic consolidation has

been confirmed. The crustal structure of the anorthosite–rapakivi KP is complex. For the first time, a complicated structure for

the lower crust and lower crust–upper mantle transition zone beneath the KP has been determined. The peculiarities of the

crustal structure of the KP are quite well explained in terms of formation of rapakivi–anorthosite massifs as originating from

melt chambers in the upper mantle and lower crust. An important role for the South Pripyat Fault (SPF), repeatedly activated

during Proterozoic–Palaeozoic times, has been ascertained. At the subplatform stage of crustal evolution the SPF was,
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probably, a magma channel facilitating the granitic intrusions of the KP. In the Palaeozoic the fault was reactivated during rifting

in the PT.
D 2004 Elsevier B.V. All rights reserved.
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Rapakivi–anorthosite
1. Introduction

Seismic profile EUROBRIDGE links two Precam-

brian shields—Baltic and Ukrainian. Its southern

segment, acquired in 1997, crosses, from north to

south, a region of complex geological structure com-

prising the Osnitsa –Mikashevichi Igneous Belt

(OMIB), with superimposed Pripyat Trough (PT),

and the Ukrainian Shield (Fig. 1). Interpretation of

seismic data along the profile together with available

geological and geophysical information is here used

for better understanding the structure, composition,

and evolution of the Earth’s crust of the region.

Additional important information is gained from the

results of gravity modelling. Before the processing of

seismic data on EUROBRIDGE-97 (EB’97) profile

for the study region, limited by 49–54j north and

26–34j east, we constructed a 3-D density model for

the crust, summarising previously obtained geological

and geophysical information in the region. This model

was presented in the EUROPROBE Workshops

(Suwalki, Poland, 1999; Tulcea, Romania, 1999;

Gurzuf, Crimea, Ukraine, 2000). It was used for

carrying out subsequent stages of work namely, 2-D
Fig. 1. Main tectonic units of the crystalline basement of the EUROBRID
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gravity modelling along the EB’97 profile on the basis

of seismic models along the profile. As a result, a

density cross-section representing the main features of

the Earth’s crustal structure along with a prediction of

the composition of its main layers has been con-

structed.

The study region for the 3-D density model is well-

understood from the geological and geophysical

points of view. The region is crossed by three DSS

profiles surveyed and interpreted in the 1980s. Since

that time, an active interpretation of the gravity and

magnetic fields has been made, resulting in the

construction of density models at various scales (from

regional to local). Huge quantities of rock physical

property measurements were made in laboratories;

composition and age of geological formations have

been studied thoroughly. However, systematic gener-

alisation of the whole complex of geological and

geophysical data was absent. This work was initiated

by carrying out the seismic investigations on EB’97

profile; the development of a 3-D density model is

considered to provide a framework, within which new

data can be linked together with previously obtained

data.
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2. Geological and geophysical data

2.1. Geological studies

The EB’97 profile crosses the Palaeoproterozoic

suture zone between the Fennoscandian and Sarma-

tian domains (Fig. 1) according to Gorbatschev and

Bogdanova (1993). These two domains together with

a third one—Volgo–Uralia—comprise the East Euro-

pean Craton (EEC). Gorbatschev and Bogdanova

(1993) consider the Fennoscandia–Sarmatia suture

zone as the most fundamental large-scale lithospheric

boundary in the western part of the EEC. Across this

suture, Palaeoproterozoic juvenile crust in Fennoscan-

dia meets the mostly Archean crust of Sarmatia. This

crustal discontinuity is marked by the wide Osnitsa–

Mikashevichi Igneous Belt (OMIB) of ca. 2.0–1.95

Ga age. According to seismic reflection data in this

area, the complex of stacked Fennoscandian terranes

plunges southeastwards beneath the edge of Sarmatia

(cf. Juhlin et al., 1996).

In the study region, the EB’97 profile crosses

three domains, separated by deep fault zones (Fig.

1). The northeastern orientated OMIB is located in

the northern part of the region, where metamor-

phosed sedimentary and volcanic Palaeoproterozoic

rocks were intruded by many bodies of granodior-

ites–diorites in the period 2.0–1.95 Ga. Much of the

OMIB in the study region is superimposed by the

Palaeozoic Pripyat Trough (PT). The other two

domains—Volhyn and Podolian—are related to the

Ukrainian Shield. The 3-D density model incorpo-

rates additionally the Ros–Tikich Domain of the

Ukrainian Shield.

The Podolian Domain (PD) is the oldest block in

the region where rocks of granulitic metamorphic

grade—mafic granulites and pyroxene-bearing

gneisses of Archean age (3.4–2.6 Ga)—are exposed

among Palaeoproterozoic granitoids of different com-

position. This domain represents the oldest stage of

evolution of the continental crust with the formation

of Archean granulitic cores (Chekunov, 1989).

The Volhyn Domain (VD), located between the PD

and the OMIB, is the most controversial one in regard

to its crustal history. Most of the available data here

indicate the absence or negligible presence of Archean

crust. The VD includes mostly gneiss formations of

the Teterev complex of amphibolitic metamorphic
grade with granitic intrusions of the Zhitomir complex

with an age of 2.06 Ga (Shcherbak et al., 1998).

Subsequent fault activation, accompanied by anoro-

genic magmatic activity, represented by intrusions of

various composition, from peridotites to granodior-

ites, is caused by tectonic events occurring within the

limits of the OMIB. As a result of a successive stage

of tectonic stabilisation of the craton (subplatform

stage), terminated by a second episode of anorogenic

magmatism (1.8–1.73 Ga), the large, complex Kor-

osten Pluton (KP), composed of rapakivi granites and

anorthosites, was formed. At the platform stage, the

domain was covered by sedimentary and volcanic

rocks. According to Chekunov (1989), the VD repre-

sents a stage of mature continental crust.

The Ros–Tikich Domain (RTD), located in the

southeastern part of the region, is made up of sedi-

mentary and volcanic rocks subjected to amphibolite-

grade metamorphism (amphibole-bearing and biotite

gneisses, plagiogneisses and amphibolites). New age

determination data of rocks of the RTD (Stepanyuk et

al., 1998) point to different times of origin: Archean

for the southern part of the domain (synchronous to

the gneisses and mafic granulites of the PD), whereas

gneisses of the northern part of the domain are similar

to Palaeoproterozoic rocks of the VD. Granitoids of

the RTD are represented by two groups: plagioclase

granites–granodiorites of the Zvenigorod complex

and normal granites of the 2.1 Ga Uman complex.

The characteristics of the mentioned complexes are

presented in Table 1 and Fig. 1.

2.2. Physical properties

Physical properties of rock samples of the study

region—density and elastic, magnetic and electric

parameters—were systematically studied during the

last decades by measurements in the laboratories of

the Geological Survey and Academic Institutes of

Ukraine. The results have been published in many

Russian-language papers and monographs. Physical

parameters at high-pressure and high-temperature

conditions are reported by Lebedev et al. (1986,

1988).

For the purposes of the gravity modelling, we

made a generalisation of P-wave velocity and rock

density data in the study region; the results are shown

in Table 1 and in Fig. 2. These data are accompanied



Table 1

Physical properties of main rock types for the EUROBRIDGE-97 area

Crustal layer Age Complex, series SiO2 Rock types Physical properties laboratory measured Vp, (km s� 1) q (km m�1) Occurrence

Ga
(%)

Density q, Vp velocity, (km s�1)
according adopted (domains)

(kg m�3)
At P= 1

GPa

At P= 5

GPa

to seismic

data on

EB’97 pr.

in gravity

models

Upper crust Proterozoic 1.8 – 1.75 Korosten complex 68 granite 2610 6.15 6.29 2620 VD

(‘‘granite – rapakivi granites 2650 6.37 6.52 6.2 –6.4 2620–2650 VD

gneiss’’

layer)

anorthosites and

gabbro – anorthosites

2720–2790 6.85 6.95 VD

gabbro –norites 2960 6.95 7.04 VD

gabbro –peridotites

and peridotites

3470–3700 VD

2.0– 1.95 Osnitsa complex 64 granites 2710 6.14 6.33 OMIB, VD

granodiorites 2720–2740 6.19 6.36 6.1 –6.3 2740 OMIB, VD

diorites 2850 6.30 6.53 2780–2800 OMIB, VD

2.06–2.08 Zhitomir complex 68 biotite granites,

plagiogranites and

migmatites

2630–2650 6.0 –6.2 6.2 –6.4 6.1 –6.2 2650 VD

2.02–2.08 Berdichev complex 67 garnet – biotite

granites

2740 6.25 6.45 6.1 –6.2 2740 PD

charnockites, enderbites 2740–2780 6.34 6.48 6.2 –6.4 2760–2780 PD

2.4 Teterev series 67 biotite gneisses,

biotite – plagioclase

gneisses

2650–2770 6.18 6.34 6.2 2670 VD, RTD

Lower crust

(‘‘granulite –

basitic’’

Archean 2.4– 2.7 Ros –Tikich series

(of amphibolitic

metamorphism)

58 biotite gneisses,

biotite – plagioclase

gneisses

2730 6.17 6.33 RTD

layer) biotite – amphibole

gneisses, amphibole –

plagioclase gneisses,

amphibolites

2790–2950 6.25 –6.3 6.4 –6.5 RTD

3.1 Gaivoron complex enderbites 2740–2760 6.24 6.48 6.2 –6.4 2760–2780 PD

3.4 Dnestr –Bug series

(of granulitic

metamorphism)

58 mafic granulites

(two–pyroxene

gneisses, amphibole –

pyroxene gneisses,

pyroxene –plagioclase

gneisses)

2950–3100 6.8 –7.0 6.9 –7.2 6.8 –7.1 3000–3100 PD, RTD

Complex of mafic

and ultramafic rocks

42 gabbro –norites,

pyroxenites

310–3200 6.9 7.4 7.4 –7.6 3.15– 3.20 PD, RTD
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Fig. 2. Diagram of the density/velocity relation of major rock types for the EUROBRIDGE-97 area. Intrusive rocks of Korosten Pluton (rapakivi

granites and anorthosites) and granitoids of the Volhyn Domain have reduced densities (thin lines area) in comparison with standard functions

(thick lines), whereas the granulites of the Podolian Domain have increased densities (crossed lines area).
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by values of the average silica content (SiO2) of the

main lithological complexes (Kulish and Gorlitsky,

1989), which is the most important characteristic of

the rock composition.

Granitoids are the most widespread rock type in the

region. They represent the upper (‘‘granite-gneiss’’)

layer of the crust with Vp=6.0–6.4 km s�1, q=2600–
2750 kg m�3 and SiO2c68–64% (Table 1). Accord-

ing to the density values, two groups of rocks can be
distinguished: (1) granites of normal and decreased

densities of the VD (biotite granites of Zhitomir

complex and rapakivi granites of KP) with qV2650

kg m�3; and (2) anatectic granitoids of the PD

(Berdichev granites, charnockites–enderbites) and

granites–granodiorites of the OMIB with q = 2700–

2750 kg m�3. Rocks, which according to their param-

eters (Vp=6.4–6.8 km s�1, q=2780–2900 kg m�3,

SiO2c62%) may characterise the middle crust (‘‘di-
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oritic’’ layer), are poorly investigated and, for this

reason, they are not presented in Table 1. In the study

region, they are represented by charnockites, biotite–

plagioclase gneisses, diorites, and enderbites. These

rock types are similar to those observed in parts of the

Voronezh Massif (located to the northeast of the

Ukrainian Shield) and the Baltic Shield (Krasovsky,

1981) for which data relating to physical properties

are available.

Lower crust (‘‘granulite–basite’’ layer) in the study

region may be represented by Archean mafic gran-

ulites (two-pyroxene, amphibole–pyroxene, pyrox-

ene–plagioclase gneisses and crystalline schists)

with Vp = 6.9–7.2 km s�1, q = 2950–3100 m�3,

SiO2c56–57%, exposed at the surface in the PD,

and Archean complex of mafic and ultramafic rocks

(gabbro–norites, dunites, peridotites, and pyroxenites

with Vp = 7.8–8.0 km s�1, q = 3200–3300 kg m�3,

SiO2c42%) exposed in the RTD as remnants and

xenoliths within Palaeoproterozoic granitoids. Natu-

rally, to predict the composition in the middle and

lower crust, we have to use physical parameters (first

of all velocity) measured or corrected with regard to

temperature–pressure conditions at corresponding

depths.

An important aspect of the gravity modelling is to

take into account the physical properties of specific

rock types comprising the geological units of the

domains. Fig. 2 illustrates the distribution of velocity

and density of the main rocks in the study region

relative to the functions q = 320 (Vp)+730 kg m�3

(Krasovsky, 1981) and q = 2700+270 (Vp�6.0) kg

m�3 (Gordienko, 1999; Yegorova et al., 1997), which

are adopted as standard relations. Only the rocks of

the OMIB, Berdichev granites, and charnockites–

enderbites of the PD have velocity/density relation-

ships distributed very close to these regression lines.

Granitoids of the VD, and, especially, rapakivi gran-

ites and anorthosites of the KP are characterised

(Yegorova, 1993) by decreased densities (in Fig. 2,

they are shifted towards the increased P-wave veloc-

ity), whereas mafic granulites of the PD, in contrast,

have increased density values in comparison with that

predicted by standard functions. This suggests that the

q/Vp relation in separate blocks strongly differs from

standard functions used in initial gravity models, but

the determination of this relation can only be realised

in the course of fitting the density models.
2.3. Characteristics of gravity and magnetic fields

As initial gravity data we used Bouguer gravity

maps (with reduction density 2670 kg m�3) at

1:1,000,000 scale with contour interval 2 mGal

(rmsc0.7 mGal). For the purposes of gravity model-

ling, these data were averaged on a 20�20 km grid.

The accuracy of this averaged field allows construct-

ing maps with a contour interval of approximately 5

mGal (Fig. 3). By such a procedure, we have filtered

out local anomalies and highlighted anomalies caused

by deeper (lithospheric) structures. Fig. 3 shows the

boundaries of domains in the study region, outlined

with regard to gravity and magnetic field patterns,

thus reflecting deep constraints on the domains. That

is why the configurations of the domains in Fig. 3

look somewhat different from those in Fig. 1, which

were distinguished according to subsurface geological

data.

The most expressive feature of the observed

gravity field (Bouguer anomalies) gobs of the study

region is the Chernigov high of over 80 mGal in

amplitude, which is the strongest gravity anomaly

over the East European Platform. Since its origin is

well-studied (Chirvinskaya and Sollogub, 1980), this

anomaly will be considered in connection with the

interpretation of other anomalies of the region. To the

west of the Chernigov high, a gravity low over the

PT with two separate minima—the northern (�65

mGal) and the southern (�55 mGal)—can be seen in

Fig. 3. The latter adjoins a gravity low, defined by

the zero contour, over the KP, whose amplitude

increases northward reaching �20 mGal. To the west

of the KP, one can distinguish the strong Osnitsa

high (50 mGal) of somewhat triangular configuration

and a predominance of northeastern orientations

corresponding to the general trend of the OMIB.

The same direction is typical for the intermediate

zone of the Novograd–Volhyn block (being a seg-

ment of the VD) with average gobs of about 10 mGal.

Over the PD, there are two areas of high gobs each

attaining 30 mGal. The first of these encompasses

the province of Berdichev granites in the southwest

and the second, corresponding with the regional

Vinnitsa magnetic anomaly, relates to the exposure

of charnockites–enderbites.

Over the RTD, the main gravity anomaly trend

changes to north–south and corresponds well with the

hysics 381 (2004) 29–59 35



Fig. 3. Observed gravity field (Bouguer anomalies averaged on 20�20 km grid), mGal, used in 3-D gravity modelling for the EB’97 region

(inner rectangle in Fig. 1). Contours of main domains are outlined by solid lines. BGM—Bragin Granulite Massif, CH—Chernigov block of the

Dnieper–Donets Basin, KD—Kirovograd Domain, KNP—Korsun–Novomirgorod pluton of the KD, KP—Korosten Pluton of the Volhyn

Domain (VD), NV—Novograd–Volhyn Domain of the VD, OMIB—Osnitsa–Mikashevichi Igneous Belt; PD—Podolian Domain, PT—

Pripyat Trough, RTD—Ros–Tikich Domain.
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pattern of the magnetic field. There are two principal

anomalies here: one, covering the area of positive gobs
values (30 mGal), adjoins the PD, whereas a second,

narrow gravity low of �10 mGal in the eastern part of

the domain relates to the boundary zone between the

RTD and Kirovograd domains (KD).

Magnetic anomalies in the northwestern part of the

region have a general northeastern orientation

corresponding with the overall trend of the OMIB.

According to the character of magnetisation, two
different regions, separated by the Perzansky fault

(incorporated as part of fault zone 2 of northeast

orientation in Fig. 1), are distinguished (Orlyuk and

Pashkevich, 1996, 1998). The mosaic pattern of the

OMIB magnetic field is caused by diorite bodies and

gabbro intrusions extended along the general orienta-

tion of the belt. Magnetisation intensity of the lower

crust is estimated to be 1–2 A/m (Orlyuk and Pashke-

vich, 1996). The mosaic magnetic field of the VD can

be seen against the background of the regional Novo-
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grad–Volhyn magnetic anomaly (in the southwestern

part of the domain) and the negative magnetic field

over the non-magnetic rocks of the KP (in the north-

eastern part). The sources of local magnetic anomalies

are mostly mafic intrusions during the unstable plat-

form stage of evolution. The lower crust of the Novo-

grad–Volhyn block is highly magnetised (up to 3 A/

m), whereas within the KP the magnetisation of the

lower crust changes from practically non-magnetic to

the northeast to 2 A/m to the southwest.

The crust in the area of the Berdichev granites,

which is non-magnetic over its whole thickness, meets

the Vinnitsa block, marked by a regional magnetic
Fig. 4. Moho map used in 3-D density modelling the crust of EB’97 region,

in Fig. 3. The location of the DSS profiles II, IV and VI are shown by sol

area of gravity effect calculation and the outer one indicates the limits of
anomaly, where Archean mafic granulites are exposed

at the surface; magnetisation of the lower crust rea-

ches 3 A/m. The magnetic field of the RTD is

heterogeneous. In its southern part, strong local

anomalies, caused by granulitic rocks, complicate

the regional Gaysin magnetic high. Local magnetic

anomalies in the northern part of the domain are

mainly caused by metavolcanic rocks.

2.4. Seismic data

The study region is crossed by DSS profiles II, IV

and VI (Fig. 4) that were acquired in the 1980s. These
contour values in km (Chekunov, 1992). Domains are abbreviated as

id lines; thick lines indicate the EB’97 profile. Inner rectangle is the

the density model.
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profiles were interpreted by different authors using

various methodologies, leading to variable results.

Seismic boundaries within the crust were identified,

mainly from reflected waves, with recent crystalline

basement, ancient crystalline crust (protobasement),

and with the top of the basaltic layer (Chekunov,

1987, 1988).

The Moho surface shown in Fig. 4 was constructed

mainly from reflected waves (Chekunov, 1987, 1988,

1992) since the acquisition style did not allow record-

ing refracted phases from the Moho boundary over

sufficiently long distances. Other geophysical data

were also used (Chekunov, 1992). It can be seen in

Fig. 4 that Moho depths below the OMIB increase to

50 km and more, whereas average depths beneath the

PD and RTD are about 45 km. Against this back-

ground, the PT and KP are outlined by a Moho uplift

to a depth of 35–37 km.

2-D gravity modelling, carried out along the DSS

profiles II, IV and VI (Chekunov, 1987, 1988; Kra-

sovsky, 1981), revealed a complex density distribution

in the crust both throughout its entire thickness as well

as in separate crustal blocks; especially large density

variations are typical for the upper crust. The KP is an

exception from this regularity; it corresponds to lighter

crystalline crust. A clear correlation between the

subsurface geological structure and densities to depths

of 10–15 km was noted by Krasovsky et al. (1998).
3. Three-dimensional gravity modelling of the

Earth’s crust of study region

3.1. Modelling methodology

3-D gravity modelling of the study region was

approached by setting up a regional structural back-

ground to the EB’97 profile. The target of the mod-

elling was to find a density distribution for the whole

crust consistent with the gravity observed field (within

permissible error limits) and with available geological

constraints. To fulfil this work we used gravity a

backstripping analysis—i.e. a priori removal of the

effects of the main crustal layers, whose structure and

parameters are geophysically and geologically con-

strained followed by the analysis of the obtained

residual anomalies in terms of density heterogeneities

in lower crustal layers. The 3-D gravity modelling
was carried out using an automated system (Staros-

tenko et al., 1997), the core of which contains pro-

grams for solving the direct gravity problem for a

prism of variable density distribution with depth

(Starostenko and Legostaeva, 1998a), including ex-

ponentially (Starostenko and Legostaeva, 1998b). See

also Starostenko et al. (2004).

The 3-D modelling was carried out at the scale of

1:1,000,000 (20�20 km data averaging). The initial

model comprised three layers: (1) sediments, where

thickness varies from 100 m on the Ukrainian Shield

to 5–6 km in the PT; (2) an upper layer of crystalline

crust, whose heterogeneities are the sources of the

main gravity and magnetic anomalies, with a base

adopted at a depth H of 15 km; and (3) a lower crustal

layer bounded by the Moho.

The gravity effects of these layers were calculated

according to anomalous densities Dq, obtained by

normalising absolute density values to a standard

based on average Precambrian craton crustal structure

(Kozlenko, 1986)—given by q(H) where density

gradually increases from top to bottom (40 km) in

the range 2700–2940 kg m�3. Upper mantle density

was adopted as 3350 kg m�3. The use of this

relationship, which is the upper part of the PEM-C

model of Dziewonski et al. (1975), gives the calcu-

lated gravity effect at an absolute level, one that is

directly comparable with the observed Bouguer anom-

aly field. Note that this is just a purely ‘‘technical’’

procedure to simplify the calculations. The particular

approach used to normalise absolute density values

depends on the preferences of the interpreters, some of

whom, for example, use a Dq related to upper mantle

density. In any case, at the end of the calculations the

Dq values were converted back into absolute values,

which are shown in the figures demonstrating the

density distribution of crustal layers.

The model is defined inside the outer rectangle,

while the gravity effect was calculated within the

limits of the inner one (cf. Figs. 1 and 4, and others)

meaning that the model is framed on all sides by a

‘‘fringe’’ of 80 km width.

3.2. Removing the effect of the sedimentary cover

(gravity ‘‘backstripping’’)

The two main gravity anomalies of the study re-

gion—the low over the PT and the Chernigov high—
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correspond, respectively, to the location of greatest

thickness of the sedimentary cover (5–6 km) in the

PT and in the northwestern segment of the Dnieper

Basin (DB; Fig. 5). Although these elements are

compound segments of the single Pripyat–Dnieper–

Donets Basin (PDDB), their structure and evolution are

considered to be different (Chekunov, 1994; Stephen-

son et al., 1993). In particular, this is indicated by the

change in trend of the PDDB at the Chernigov–Bragin
Fig. 5. Gravity effect of the sedimentary cover (solid lines, main contour

crystalline basement in km; dashed lines).
swell from E–W in the PT to NW–SE in the DB. The

thickness of sediments reaches 6 km in the axial part of

the northwestern DB, whereas in the PT the maximum

thickness (up to 6 km) occurs near the flanks of the

basin in two local depressions, separated by a basement

uplift (up to 3 km) along the axis of the basin.

Two versions of a sedimentary cover model were

considered, adopting different density distributions: in

one an average layer density was used and in the other
interval 5 mGal) and thickness of the sedimentary cover (depth to
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density was assumed to increase with depth according

to an exponential function. Fig. 5 shows the thickness

of sediments and corresponding gravity effect using

an average density of 2350 kg m�3. The PT is clearly

distinguished by Dgsed low of �55 mGal, conforming

to the pattern of both basement depth and observed

gravity field. It is evident that the PT gravity low is

mainly caused by the influence of the interface be-

tween sediments and crystalline basement.

An anomaly Dgsed of the same magnitude (c�60

mGal) is revealed over the Chernigov high. In the

residual field Dgres (Fig. 6a), obtained by subtracting

the effect of sediments Dgsed (Fig. 5) from the

observed field gobs (i.e. Dgres=gobs–Dgsed), the Cher-

nigov high manifests itself by increasing its amplitude

up to 140 mGal, whereas the gravity low over the PT

practically disappears. In the southern part of the PT, a
Fig. 6. (a) Residual gravity field in mGal, obtained by removing the gravity

gravity effect of the upper crystalline crust, with its base at 15 km, in mG
narrow strip of positive Dgres anomalies of 30–35

mGal amplitude joins the Osnitsa and Chernigov

highs (Fig. 6a). The latter anomaly is known to be

the extreme northwestern segment of a chain of axial

gravity highs over the DB caused by mafic and

ultramafic rocks intruded into the crystalline crust

during Palaeozoic rifting (Starostenko et al., 1986;

cf. Yegorova et al., 1999). Thus, removal of the

sediment layer effect indicates an absence below the

PT of an axial high-density body of similar origin to

that below the DB. The DB axial body terminates in

the vicinity of the Chernigov gravity high and is

probably constrained by the deep N–S-orientated

Odessa–Gomel tectonic zone. According to Bogda-

nova (1984), this zone separates granulitic–mafic (to

the west) and greenstone (to the east) crustal domains.

Clearly, rift-related mafic intrusion of the crust be-
effect of sediments (Fig. 5) from the observed field (Fig. 3), and (b)

al, from the heterogeneous density distribution shown in Fig. 7.
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neath the PT is less profound, if it occurred at all, than

beneath the DB. We assume that local magmatic

bodies were intruded not under the central part of

the PT (as in the DB), but mainly in a zone parallel to

the South Pripyat Fault (SPF).

Removal of the effect of the sediments of the PT

has led to a reorganisation of the gravity pattern over

the KP with the formation of an isometric low with

extreme values of �25 mGal located over the northern

part of the pluton adjacent to the PT (Fig. 6a). This

may be indicative of the maximum thickness of

rapakivi granites (of 1.75 Ga age) in this area and,

probably, that the emplacement of acid magmas may

have been controlled in part by the E–W SPF.

In general, the division of the crust in the study

region into its main crustal domains is seen more

clearly in the residual gravity field (Fig. 6a) than in the

observed field (Fig. 3). Subsequent gravity modelling,

in which the density distribution within the crust was

inferred, was carried out in respect of the residual field

Dgres.

3.3. Modelling of the upper crust

Interpretation of the residual gravity field Dgres
(Fig. 6a) was made assuming that the main local

anomalous masses are distributed in the upper crustal

layer (Krasovsky, 1981; Krutikhovskaya et al., 1982),

which extends to a depth of about 15 km. The choice

of this depth as a lower boundary was based in part on

a seismic horizon observed in the Ukrainian Shield at

a depth of 12–15 km (Chekunov, 1988). According to

Pavlenkova (1988), this interface (called K1) divides

an upper crust of blocky structure from a middle and

lower crust of mainly layered structure. Block struc-

tures are characterised by steep boundaries, whereas

the layered structures of the middle and lower crust

are characterised by boundaries having horizontal to

subhorizontal attitudes.

Model densities for the upper crust are based on

laboratory measurements for the main rock types of

the study region (see Table 1), generalised in a rock-

density map of the Ukrainian Shield (A.O. Shmidt,

personal communication). This scheme was adopted

as an initial density distribution at the top of the

upper crystalline crustal layer. In the course of

modelling, this was modified with regard to geolog-

ical setting and gravity field character. The initial
version of the model incorporates a heterogeneous

density distribution at the top of the crystalline

basement (Fig. 7a), which increases with depth to

a uniform value of 2790 kg m�3 at a depth of 15 km

(according to the corresponding reference density,

see Section 3.1). This means that the tops of geo-

logical units have been assigned densities based on

measurements from surface samples and that these

densities increased with depth within each geological

unit. An exception is in the area of the Chernigov

high where densities at the top of the crystalline

basement (q= 2900 kg m�3) are decreased slightly,

in keeping with the assumption of a rather shallow

occurrence of granulitic rocks here. The calculated

gravity effect of the initial density model compares

quite well in terms of pattern with the residual field

Dgres in Fig. 6a, but amplitudes of the calculated

highs are only half of the Dgres values (the modelled

Chernigov high attained only 45 mGal).

A second approach adopted the same densities at

the top of basement as in the initial version (i.e.

laterally varying, according to the geology) but did

not constrain them to be equal at the base of the

model layer (at 15 km depth). Rather, the surface

density contrast was maintained throughout. The

density distribution at the base of the layer (H=15

km) is shown in the lower panel of the block-diagram

(Fig. 7b). The gravity effect of this model Dgupcr, seen

in Fig. 6b, corresponds well with the Dgres field (Fig.

6a), in terms of both configuration and amplitude.

The mean difference of these two fields is F10 mGal.

The distribution of deviations has a mosaic pattern.

There is no correlation between deviations and geo-

logical units, with the exception of the residual

anomaly of 40 mGal in the region of the Chernigov

high, which may point to the presence of dense rocks

in the lower crust there.

The main result of the upper crustal modelling is

that the general features of the residual field can be

explained by density heterogeneities at this depth. The

main features of the inferred density distribution are as

described below.

The highest densities (up to 3000 kg m�3) are

found in the upper crust of Chernigov segment of the

PDDB (Fig. 7). The Chernigov segment occurs in an

area with granulitic basement (q=2780 kg m�3)—the

Bragin Granulitic Massif (BGM). The extremely high

density of the rocks of Chernigov segment is inter-
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preted to be the result of the reworking the granulitic

basement due to intrusions of mafic and ultramafic

rocks during Late Palaeozoic rifting. The Chernigov–

Bragin Swell is perhaps comparable with the Rhine

Massif. Consolidated basement in both blocks is

uplifted, they both separate rift basins of different

orientation—the Dnieper and Pripyat basins and the

Upper and Lower Rhine Grabens, respectively. Wide-

spread development of volcanic rocks in the latter has
Fig. 7. Distribution of density heterogeneities (103 kg m�3) in the upper cry

at the top of the upper crystalline crust and the lower panel of (b) is the
formed the Vogelsberg volcanic shield and Wester-

wald volcanic province. Similar features—Cherni-

gov–Gribova Rudnya and Vediltsy–Ladinka—are

also observed in the Chernigov–Bragin Swell

(Kozlenko, 1989).

To the south, approximately from the Chernigov

segment to the Korsun–Novomirgorod pluton, a N–S

elongate zone of dense rocks (qc2780 kg m�3), 30–

40 km wide, correlated with a local 30–35 mGal
stalline crust: (a) and the upper panel of (b) is the density distribution

density distribution at the depth of 15 km.
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Fig. 7 (continued ).
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gravity anomaly, is inferred. Along the western border

of this zone, marked by the Yadlov–Tractemirov fault

(fault 12 in Fig. 1), dividing the RTD and the northern

part of the Kirovograd Domain (KD), bodies of

Archean mafic granulites and ultramafic rocks (dun-

ites, peridotites), being the sources of known magnetic

anomalies, are exposed. Compared to the magnetic

anomalies, which are of local character, the gravity

signature of this zone and, correspondingly, the area

of dense rocks, is wider and probably reflects the

development of granulites in the upper crust in the

limits of the whole zone, superimposed by sedimen-

tary-effusive rocks of the Ingul–Inguletsk series.

High-density upper crust is generally typical for the

Archean granulitic basement of the PD (Fig. 7).

Above this basement, at the surface, Berdichev gran-

ites with q = 2740 kg m�3 and exposures of Archean

enderbites (Nemirov complex) of q = 2770 kg m�3 are

observed in areas corresponding to increased gravity

anomalies (to 30 mGal). The density increase to
2840–2860 kg m�3 in the PD at a depth of 15 km

may be indicative of a predominance of charnockite–

enderbite rocks at the base of the upper crust.

The gravity field of the OMIB is controlled mainly

by granodiorites and granites of the Osnitsa complex

with qc2740 kg m�3 increasing to 2800 kg m�3 at a

depth of 15 km. Against this regional background, the

Osnitsa gravity high (c60 mGal; see Fig. 3) and

another gravity high to the north (up to 20 mGal), are

caused by large dioritic batholiths of average density

2800 kg m�3 at the top and 2860 kg m�3 at the base

of the layer.

Low density upper crust (2630–2650 kg m�3 at

the top to 2800 kg m�3 at H = 15 km) is typical for the

area of Zhitomir complex granitoids in the southern

part of the RTD and in the Kirovograd Domain (KD),

as well as for the southern frame (biotite gneisses and

calciphyres of Teterev series) of the KP.

The least dense upper crust is predicted under

much of the northern area of the KP and below the
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similar Korsun–Novomirgorod pluton, which is lo-

cated on the southeastern edge of the study region.

They are characterised by density variations from

2630 kg m�3 at the surface to 2770 kg m�3 at 15

km depth (Fig. 7). Our calculations show that the

isometric low seen in Dgres field over the KP, with

maximum amplitude �25 mGal in its northern part

(Fig. 6a), is explicable by a predominance of rapakivi

granites in the northern part of the pluton and by

anorthosites in its southwestern part, separated by the

Central Fault of northwestern orientation (fault 7 in
Fig. 8. Calculated gravity effect of Moho topography as given in Fig. 4 (
Fig. 1). The localisation of the Dgres low substantiates

the above assumption that the source for acid magmas

was located in the northern part of the pluton and was

controlled by the E–W orientated SPF. The fault was

repeatedly activated, first at the subplatform stage of

evolution of the craton (early Proterozoic) in connec-

tion with the formation of the OMIB and intrusion of

KP, and, later, in Palaeozoic times with the rifting in

the PT. Mafic magmas, which have formed the

anorthosite massifs in the central and southern parts

of the pluton, were intruded along the intersecting
mGal); calculation area corresponds to the inner rectangle in Fig. 4.
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diagonal formed by the Teterev and Central faults

(Gintov et al., 1974; cf. Bogdanova et al., 2004).

Thus, it is evident that intrusion of mafic and acid

magmas were controlled by faults of different

orientation.

3.4. Estimation of density heterogeneities in the lower

crust

As shown above, the residual field anomalies

(Dgres=gobs–Dgsed) can be explained by density het-
Fig. 9. Effect of lower crustal heterogeneities (mGal) distributed in the la

obtained by subtracting the effect of both sedimentary and upper crystalli
erogeneities in the upper crustal layer H=0–15 km. It

follows that, if the middle and lower crust includes

density heterogeneities, the gravity effects of these

have to be mutually compensated. It is assumed that

mass balance in the crust is reached at the Moho

boundary. Given constraints on Moho structure, the

allocation of mass within the layer bounded by H=15

km and the Moho, are now estimated using our 3-D

modelling methodology. However, the Moho bound-

ary of Chekunov (1992) shown in Fig. 4, constructed

mainly on the basis of reflected waves and not
yer confined by the depth level H=15 km and the Moho boundary,

ne crustal layers from the observed field.
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controlled by refracted waves, cannot be considered to

be very reliable. Changes in this Moho map will lead

to changes in crustal density distribution derived by

using it.

The gravity effect calculated from the Moho

geometry of Fig. 4 is shown in Fig. 8. Zones of

increased (to 50 km) crustal thickness correspond to

negative anomalies as low as �100 mGal while the

mapped Moho uplift produces a gravity high delin-

eated by the �20 mGal contour. To compensate
Fig. 10. Calculated residual gravity effect of the lower crust (solid lines w

field shown in Fig. 9) from a 3-D average lower crust density distribution
these anomalies, density heterogeneities need to be

placed in the lower crust. In order to do this, the

gravity effect Dglwcr caused by lower crustal density

heterogeneities is first calculated, as follows. The

gravity effect of the mapped Moho DgMoho (Fig. 8)

was removed from the residual field Dgres (Fig. 6a)

giving the gravity effect of the whole crystalline

crust, Dgcr = gres�DgMoho, and, in turn, removing

the effect of the upper crust Dgupcr (Fig. 6b) from

the this gives the anomalous field sourced by lower
ithin the inner rectangle, mGal, for comparison with the ‘‘observed’’

(dashed lines, 103 kg m�3).
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crustal heterogeneities, Dglwcr =Dgcr�Dgupcr (Fig. 9).

These anomalies were then fitted by trial and error to

a model 3-D density distribution in 15 km depth to

Moho layer. The final version of this density model

and its calculated effect are shown in Fig. 10. There

are three dense bodies in the lower crust (average

density 2960 kg m�3): (1) areas of granulitic con-

solidation in the PD and southern part of the RTD;

(2) the OMIB; and (3) the Chernigov segment of the

Dnieper Graben. Lower crust of reduced density

(down to qc2850 kg m�3) is inferred for the region
Fig. 11. Total effect of the 3-D density model for the crust of EB’97 area (

crust (Fig. 6b), and lower crust (Fig. 10).
including the northern part of the KP and a major

part of the PT.

The total effect of the model Dgtot, obtained by

summing the effects of all the model layers,

Dgtot =Dgsed+Dgupcr+Dglwcr, is shown in Fig. 11.

There is quite good agreement between Dgtot (Fig.

11) and gobs (Fig. 3). The misfit Dgresfn =Dgobs–Dgtot
is in the range of F10 mGal, indicating an excellent

model fit, especially given that the observed field has

amplitudes ranging from �60 to +80 mGal. Regional

modelling also substantiates a role for the deep N–S
mGal) obtained by summing the effects of sediments (Fig. 5), upper
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trending Odessa–Gomel tectonic zone, which sepa-

rates granulite–basic (to the west) and greenstone

segments of the Archean protocrust (Bogdanova,

1984). Recently obtained age determination data

(Stepanyuk et al., 1998) support the idea that this

zone is a suture between mainly Archean (PD and

southern part of the RTD) and Proterozoic crustal

segments.
4. Gravity modelling along the EUROBRIDGE-97

profile

Velocity models determined along the EURO-

BRIDGE-97 (EB-97) refraction/wide-angle reflec-

tion seismic profile (Thybo et al., 2003) provide a

basis for 2-D gravity modelling along this profile,

which transects the area of the 3-D gravity analysis.

The initial Vp velocity model used as a starting

point for the gravity modelling is shown in terms

of isovelocity contours in Fig. 12. The three main

geological units mappable at the basement surface

can be distinguished: (1) the OMIB with the PT,

0–210 km; (2) the KP, 210–300 km; and (3) the

PD, 300–520 km. Deeper than about 12 km there
Fig. 12. P-wave velocity modes along the EB’97 profile (Thybo et al., 2003

sediments of the Pripyat Trough; b—inversion zone at the base of the up
is no evident correlation of near-surface geological

structure. At this depth, four segments with bound-

aries at approximately 140, 300, and 410 km can

be seen. A Vs model as well as Vp/Vs ratios,

suggests a similar division (Thybo et al., 2003).

The most pronounced feature of the middle and

lower crust is in the range of 140–300 km, which

includes the southern part of the OMIB and major

part of the KP. In this the Vp = 6.6 km s�1 contour

rises to a depth of about 13 km at 205 km (Fig.

12), while at the end of the profile (500 km) it

deepens to 26 km. The Vp = 6.8 km s�1 contour,

located at a depth of about 30 km at 205 km,

deepens to 40 km at the beginning of the profile. A

fundamental change in crustal structure in the depth

range 12–15 km is consistent with 3-D residual

gravity analysis presented above (which inferred

crustal heterogeneities in the upper crust). A 5-

km-thick high-velocity lens (Vp = 7.5–7.6 km s�1)

of complex configuration, distinguished in the low-

er crust (140–410 km), most likely represents a

crust–mantle transition zone. A major upper mantle

reflector, below the OMIB/PT dipping southward

under the KP was also inferred from the seismic

data (Fig. 12).
); contour values are in km s�1. Patterned zones are a—low-velocity

per crust; and c—high-velocity zones.
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The Vp model (Fig. 12) was converted into its

density equivalent, shown in Fig. 13, using the rela-

tionship q = 320 (Vp) + 730 kg m�3. The gravity effect

calculated directly from the converted density model

differs markedly from the observed field (Fig. 13),

though the pattern is similar over the PT. Elsewhere,

trends as well as amplitudes are very different: the

calculated curve, in contrast to the observed, shows a

gravity high over the KP and a low on the PD.

To eliminate such a strong disagreement between

the seismic interpretation and its implications for the

gravity field, we were obliged to modify the initial

velocity model (Fig. 12) using an interpretation of

the EB’97 data made at the Institute of Geophysics

in Kiev (Ilchenko, 2002) in combination with a

reinterpretation of DSS profiles II and VI (Ilchenko

and Bukharev, 2001) where they intersect with
Fig. 13. Initial density model along the EB’97 profile, obtained directly f

compared to observed gravity. Contour values are in 103 kg m�3.
EB’97. In particular, for the DSS profile II, where

it crosses the KP, indicates an interlayering of high

(6.5 km s�1) and low (5.8–6.0 km s�1) velocity

bodies (interpreted as anorthosites and rapakivi gran-

ites) that allowed the base of KP to be determined as

16 km in its southern part (Trypolsky et al., 2000;

Ilchenko and Bukharev, 2001). The calculated grav-

ity curve of this model (Fig. 14) is better than the

initial one, although in some ways it remains similar.

It is improved over the OMIB and the divergence in

the interval 230�515 km have been somewhat

reduced.

The divergence of the calculated and observed

gravity fields indicates a significant deviation of the

q/Vp relationship from the standard one that was used.

This is supported by the data tabulated in Table 1 and

plotted in Fig. 2: granitoids of the VD and intrusive
rom the velocity model in Fig. 12, and its calculated gravity effect
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Fig. 14. Generalised velocity/density model of the EB’97 profile (km s�1 and 103 kg m�3, respectively, the latter in rectangles) constructed from

the seismic model (Thybo et al., 2003), modified according to Ilchenko, 2002, and new interpretations of DSS profiles II and VI (Ilchenko and

Bukharev, 2001). Deep faults: a—diagonal; b—west–east orientated; c—west–east orientated penetrating to the mantle.
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rocks of the KP have lower densities (2630–2650 kg

m�3) in comparison with the standard whereas mafic

granulites of the PD are characterised by higher

densities. Fig. 15 shows a model in which these

density–velocity perturbations have been incorporat-

ed. Additionally, its upper part was modified accord-

ing to the 3-D model (see Section 3.3) and the

geological setting of the Ukrainian Shield in the

vicinity of EB’97, in particular, occurrences of mafic

rocks and enderbites at intervals 310�320 and

350�370 km.

The upper part of the density model in the area of

KP has been significantly changed compared with

initial model. South of the Central fault (270 km) the

pluton is composed of interlayered rapakivi granites

(40%) and anorthosites (60%) that result in an aver-

age density of 2720 kg m�3, correlating with an

average Vp of 6.45 km s�1 in this part of the pluton.
Its northern part comprises predominantly rapakivi

granites of q=2630–2650 kg m�3. It should be noted

that the gravity effect of these rapakivi granites in our

3-D model explains the residual field Dgres low over

the northern part of the KP (see Fig. 6a). In the

velocity cross-section (Fig. 12), a high-velocity do-

main (Vp as high as 6.7 km s�1) has been obtained in

the depth interval 5–10 km. This apparent contradic-

tion of a high-velocity domain coinciding with a

gravity low in the KP can be explained, in our

opinion, by the combined effect of two factors: (1)

perturbation from the standard q/Vp function in intru-

sive rocks (see Fig. 2); and (2) quasianisotropy. The

latter can occur in a layered high- and low-velocity

medium when the recorded and modelled seismic

wave velocities are controlled by the high-velocity

layers resulting in a higher modelled velocity com-

pared with the true bulk velocity of the massif. The



Fig. 15. Density model along the EB’97 profile (103 kg m�3) based on the generalised velocity model shown in Fig. 14 using specified velocity/

density functions (Fig. 2). Hatched areas indicate high-density bodies in the upper crust associated with mafic intrusion.
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density model was accordingly revised, by trial and

error giving the cross-section seen in Fig. 15, in

which misfits with the observed field lie within the

limits of F10 mGal.
5. Interpretation of the density models and

discussion

Gravity modelling of the EB’97 profile has

revealed large differences in crustal structure along

the profile and has confirmed the division of the crust

on three main domains. These are (from the north to

the south) the Osnitsa–Mikashevichi Igneous Belt

(OMIB) with the superimposed Pripyat Trough (PT)

and two domains in the Ukrainian Shield–Volhyn,

being the Korosten Pluton (KP) and Podolian Do-

main (PD). The structural distinctions between
domains, caused mainly by their different Precambri-

an histories, are more evident in the density model

than in the corresponding velocity model. In partic-

ular, this is seen in the case of the PD, where the

deep structure of this Archean granulitic core is not

expressed in the velocity model as strikingly as in the

density model.

Vp/Vs ratios (Thybo et al., 2003), which can be

related to SiO2 content (Khalevin, 1980), were also

used in the interpretation, according to a non-linear

relationship (Krilov et al., 1990). The resulting SiO2

content distribution along EB’97 is shown in Fig. 16.

Three categories of crustal compositions are distin-

guished: felsic, with SiO2>65% (upper crust); inter-

mediate, with SiO2 content 55–65% (middle crust);

and mafic, with SiO2<55% (lower crust). The EB’97

crustal structure inferred from the gravity modelling

basically corresponds to the block-layered model of



Fig. 16. SiO2 content (%) in the crust on the EB’97 profile, estimated from Vp/Vs ratios (Thybo et al., 2003) using the relation of Krilov et al.

(1990).
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Pavlenkova (1988): a 10–15-km-thick heterogeneous

upper crust with Vp=5.8–6.4 km s�1 consisting of

blocks and corresponding to a brittle layer in which

shear zones, thrusts, and normal faults are formed (cf.

Fig. 14). At greater depths, ductile deformation pre-

vails, leading to a predominance of layered structures

and flattening of faults.

Fig. 17 is a composite diagram showing velocities,

densities, and inferred silica content along EB’97 and

including an interpretation of these in terms of rock

type. Granodioritic and dioritic rocks are widespread

in the 2.0–1.95 Ga old OMIB, which marks the suture

between Fennoscandia and Sarmatia (Gorbatschev

and Bogdanova, 1993; Bogdanova and Gorbatchev,

1998). However, in the granodioritic (Vp = 6.1–6.3 km

s�1, q = 2740–2750 kg m�3, SiO2c68–70%) upper

crust, there are two anomalous bodies beneath the PT.

These have q = 2900 kg m�3 and correspond to local

gravity and magnetic anomalies (110 km and 170–

190 km; Fig. 15). The southern body, located in the

vicinity of the South Pripyat Fault (SPF), coincides

with a residual gravity high connecting the Osnitsa

and Chernigov highs (Fig. 6a). This anomaly is

interpreted to be caused by mafic rocks intruded into

the crust during the Late Devonian rifting that formed

the PT. The middle crust (Vp=6.5–6.8 km s�1,

qc2880 kg m�3, SiO2c65–57%) is, probably, rep-

resented by rocks close to dioritic composition and
rocks of amphibolitic, partly granulitic metamorphic

grade. The thin lower crust of the OMIB (Vp = 7.0–7.1

km s�1, q = 2930–3000 kg m�3, SiO2c48%) has a

granulite–basitic composition and thickness increas-

ing from 7 km in the north to 12 km in the south, in

the vicinity of SPF. According to seismic data (Juhlin

et al., 1996), the SPF is listric dipping northward

under the PT and flattening at the top of the lower

crust at a depth of about 30 km.

The crustal structure of the PD can be explained by

its affinity with Archean crust (3.4–3.7 Ga) and

widespread development of rocks of granulitic meta-

morphic grade. The inferred deviation from the stan-

dard veloci ty/densi ty relat ion may be one

consequence of this, manifested as a general density

increase within all crustal layers (cf. Fig. 15), along

with a decrease of Vp/Vs ratio and implicit decrease of

SiO2 content. This phenomenon needs further inves-

tigation. The upper crust (Vp = 6.1–6.4 km s�1,

q = 2740–2780 kg m�3) is represented at the surface

by Berdichev granites, which give way at depth to

charnockites and enderbites. Its thickness, approxi-

mately 18 km, has been estimated on the basis of the

6.4 km s�1 velocity contour and corresponding zone

of silica content z68%. It should be noted that these

results are not consistent with the idea, based on the

DSS profile VI (Chekunov, 1976), that the top of the

middle crustal layer in the PD is uplifted to a depth of



Fig. 17. Velocity-density model along the EB’97 profile with a compositional interpretation of crustal layers. 1—Unconsolidated sediments of the PT; 2—compacted sediments of the

PT; 3—rapakivi granites; 4—Berdichev granites; 5—granites and granodiorites (of Osnitsa complex); 6—granodiorites; 7—interlayering of anorthosites and rapakivi granites; 8—

diorites; 9—basic rocks; 10—gabbro, gabbro–monzonites; 11—biotite gneisses; 12—diorites and enderbites; 13—charnockites and enderbites; 14—middle crust of mainly dioritic

composition; 15—enderbites and mafic granulites; 16—amphibolites; 17—amphibolites and granulites; 18—mafic granulites; 19—peridotites; 20—upper mantle of decreased

density; 21—upper mantle; 22—boundaries between layers and blocks of different properties; 23—boundaries between crustal stages (thick lines) and main crustal layers (thin lines);

24—faults exposed at the surface; 25—probable zones of tectonic disruption; 26—seismic reflector in the upper mantle; 27—southern edge of the suture zone between Fennoscandia

and Sarmatia according to Bogdanova and Gorbatchev (1998); 28—modelled values of density in 103 kg m�3 and Vp in km s�1; 29—SiO2 content (%) inferred from Vp/Vs ratios.
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about 8 km. The middle crust in the PD (18 km in

thickness, Vp = 6.4–6.8 km s�1, q = 2860–2950 kg

m�3) is thought to be composed of enderbites,

replaced in its lower part by granulites.

The crustal thickness in the PD, with the Moho

deepening to 50 km and more, is the greatest observed

along the profile. Thick lower crust (about 17 km with

Vp = 6.8–7.1 km s�1, q = 3060–3100 kg m�3 and

SiO2c52–55%) may comprise mainly granulites

and, at its base, possibly rocks with ultramafic com-

position. A body is inferred at depth below the bound-

ary between the Podolian and Volhyn domains (in the

distance interval 310–410 km in the middle and lower

crust), which according to its parameters (Vp=6.6–6.8

km s�1, qc2900 kg m�3 and SiO2c55–58%) may be

intermediate in composition.

Crustal features in the Volhyn Domain are charac-

terised, above all, by the presence of the KP, which

displays a complex character. Its northern edge is

limited by the SPF. Upper crustal composition in the

area of the KP (Vp = 6.2–6.4 km s�1, q = 2620–2720

kg m�3, SiO2c65%) relates to interlayered intrusive

rocks, these being rapakivi granites and anorthosites.

The northern part of the pluton, separated from its

southern segment by the Central Fault (Fig. 17), is

considered to be composed of rapakivi granites,

whereas the southern part of the pluton (in the section

of the EB’97 profile) is thought to be formed by

interlayering of anorthosites and granites with an

average density 2720 kg m�3. The KP is surrounded

by sedimentary and volcanic rocks of Teterev series

and granitoids of Zhitomir complex.

The lower crust below the KP and southern part of

the PT has a complicated structure. A layer with

Vpc7.0 km s�1 (SiO2c49%) has been distinguished

at a depth of 30–40 km. The modelled density values

(2930 kg m�3) seem to be too low to represent mafic

granulites, so these are considered unlikely to be the

major constituent of the crust. Most likely this layer

comprises high-temperature amphibolite facies rocks

transitional to rocks of granulite facies. Immediately

underlying this layer is a high-velocity (density) lens

with Vp = 7.5–7.6 km s�1 and q=3150–3190 kg m�3,

representing, probably, a lower crust to upper mantle

transition zone. In the model (Figs. 15 and 17), this

lens, based on velocities, is attributed to a mafic to

ultramafic lower crust, a conclusion supported by a

silica content estimation of about 45%.
A seismic reflector is clearly seen deepening

southward under the KP in the upper mantle below

the SPF. This feature is likely related to the suture

zone between Fennoscandia and Sarmatia, traced in

the upper mantle to the depth of at least 80 km (Thybo

et al., 2003). A subcrustal block of decreased velocity

compared to adjacent upper mantle (8.10 km s�1

versus 8.35 km s�1) lies above this reflector. A body

with correspondingly reduced density (3330 kg m�3)

has been inferred up to 58 km depth under the PT and

northern part of the KP.

Our interpretation of the gravity modelling results

in the area of KP is generally consistent with those

of similar igneous massifs in other regions (Veliko-

slavinsky et al., 1978; Emslie, 1978; Korja and

Heikkinen, 1995; Elo and Korja, 1993; Puura and

Floeden, 1998) and with the hypothesis of complex

rapakivi–anorthosite massif formation as a result of

partial melting in the upper mantle– lower crust

(Eklund and Lindberg, 1992; Rämö, 1991; Emslie

et al., 1994). With respect to the KP this hypothesis

implies the following. At about 1.9 Ga, soon after

(or almost coincident with) the formation of the

OMIB, a partial melt chamber (related to the under-

thrusting of terranes in the lower crust and upper

mantle according to Duchene et al., 1998) formed in

the subcrustal mantle (Fig. 17). The inferred low-

velocity/density body (Vp=8.10 km s�1 and q=3330
kg m�3) is interpreted as a remnant of such a

magma chamber, in the form of lens immediately

below the Moho underlying the OMIB and KP (in

the interval 70–220 km). Basaltic magmas fanned

out laterally to generate a magma pond at the base

of the crust.

Thus, the formation of the KP is strongly linked to

the development of the southeastern limits of the

OMIB. There is also a link between the KP and the

SPF—the southern border of the PT, which formed

only in the Late Palaeozoic as a result of intracratonic

rifting. The Palaeozoic rift system, which includes the

Dnieper–Donets Basin to the southeast (cf. Stephen-

son et al., 2001), separates the Precambrian Ukrainian

Shield (to the south) and the Voronezh Massif (to the

north). It has been argued that the rift trend inherits a

very long-lived zone of extension, traced from east of

the Caspian Sea to Poland—the so-called Sarmato–

Turanian lineament (Aizberg et al., 1971; cf. Yegor-

ova et al., 2004). The KP possibly lies at the inter-
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section, therefore, of two diagonal tectonic zones: the

generally northwest orientated Sarmato–Turanian lin-

eament and the northeasterly trending suture zone

between Fennoscandia and Sarmatia, marked by the

Palaeoproterozoic OMIB.

Thus, the link between the inferred fossil magma

chamber and the upper mantle reflector dipping

southward under the KP is noteworthy. This reflector

is primarily associated with the complex subduction/

collisional suture between (Palaeoproterozoic) Fenno-

scandia and (mostly Archean) Sarmatia (Bogdanova

and Gorbatchev, 1998; Thybo et al., 2003). Several

authors (Gower and Tucker, 1994; Scoates and Cham-

berlain, 1995; Funk et al., 2000) have noted that

anorthosite complexes are often located near the

boundaries of Archean cratons and Palaeoproperozoic

orogens. Scoates and Chamberlain (1995) proposed

that inherited crustal structure provided zones of

lithospheric weakness that facilitated the generation

and ascent of anorthositic magmas.

The emplacement of rapakivi–anorthosite massifs

in the Ukrainian and Baltic shields (i.e. Sarmatia and

Fennoscandia, respectively) occurred during the sub-

platform stage of evolution, during which mature

continental crust (comprising an assembly of differ-

ent terranes) responds to regional tectonic stresses

(either compressional or extensional depending on

changing plate boundary conditions) along pre-exist-

ing fault systems. Once a partial melt chamber was

generated in the upper mantle beneath the OMIB,

granitic magmatism would have occurred as a result

of anatexis in the lower crust. The granitic magmas,

rising to the surface along a system of reactivated

faults (including the proto-SPF), led to the formation

of rapakivi granite massifs. Large volumes of anor-

thositic melts were developed at a later stage, when

residual mafic granulites (after production of granitic

magmas) were assimilated by mantle-derived basaltic

melts, forming large magma chambers in the upper-

most mantle (e.g. the high-velocity/density lens in

the lower crust discussed above). Such an interpre-

tation is also consistent with seismic data from the

Åland Massif (Lefmann and Thybo, 1998). Subse-

quently, the anorthositic magmas ponded in the

lower crust were emplaced as anorthositic plutons

(massifs) at upper to midcrustal levels. A similar

scenario for the KP was proposed by Ilchenko and

Bukharev (2001), although these authors considered
the rapakivi granites to have formed in situ as a

result of granitisation of pre-existing parent rocks.

However, this appears to be ruled out by very

uniform composition of rapakivi granites observed

world-wide.

The parent magmas of the anorthosite bodies in

the central and southern parts of the massif—Volo-

darsk–Volynsk and Chepovichi—were intruded

along diagonal faults in the central part of the pluton

according to Gintov et al. (1974). Conduits for acid

magmas that formed the large rapakivi granite mas-

sifs in the northern part of the KP, were generally

controlled by the E–W orientated SPF. That faults

lying parallel to the (much younger) Pripyat –

Dnieper–Donets Basin played an important role

during the emplacement of large rapakivi–anortho-

site massifs in the Ukrainian Shield, including the

KP and the similar Korsun–Novomirgorod pluton

was suggested earlier by Sollogub et al. (1981) and

Chekunov (1994).

Indirect proof that the SPF was a magma chan-

nel for the KP is the linear Ovruch Depression (see

Fig. 1), filled with sandstones, overlying the KP

and parallel to the SPF. It is assumed to have

originated as a result of subsidence during post-

emplacement cooling and may indicate the locus of

maximum thickness of rapakivi granites and/or the

location of the acid magma source conduit. The

Jotnian sandstone basin overlying the rapakivi

Åland Massif (Baltic Shield) may provide an ana-

logue for the Ovruch Depression in terms of its

structure and mechanism of formation (Lefmann

and Thybo, 1998).

The density/velocity models presented in this work

have so far been interpreted primarily in terms of the

petrology and bulk composition of the crust. Howev-

er, it is known from superdeep well data that stable

Precambrian cratons can be significantly disturbed as

a result of large-scale faulting and/or shearing. Large

fault/shear zones can lead to seismic attenuation

(Kozlenko, 2002). The subhorizontal low-velocity

lens at the base of upper crust (in the interval 300–

400 km and depth f12 km; Vp=6.07 km s�1; Fig. 12)

can possibly be explained in such a way. It is perhaps

noteworthy that the same area is one of with indica-

tions of recent tectonic activity, thought to be one of

most active areas within the East European Platform

(Golizgra and Logvin, 1998). The possible geody-
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namic implications of this correlation deserve further

special consideration.
6. Summary and conclusions

The results of the gravity modelling carried out in

the region of the EUROBRIDGE-97 seismic profile

can be summarised as follows.

(1) A 3-D regional density model of the Earth’s

crust shows that density heterogeneities within the

upper crust (shallower than 15 km) can explain the

main features of the observed gravity field. The study

region is characterised by a large variation of density

in upper crustal units (from 3000 kg m�3 in the

Chernigov block of the Pripyat–Dnieper–Donets Ba-

sin to 2650 kg m�3 in the Korosten Pluton). Density

heterogeneities deeper than 15 km are influenced by

Moho topography. Modelling of densities in the

middle and lower crust requires, in accordance with

the principle of isostasy, denser crustal blocks where

the Moho is deeper and less dense crust where the

Moho is shallower, such as below the Korosten Pluton

and a major part of the Pripyat Trough.

(2) The presence of the N–S orientated Odessa–

Gomel tectonic zone, dividing the crust of the study

area onto two regions—mainly of Archean age to the

west (Ros–Tikich and Podolian domains) and of

Proterozoic age to the east (Kirovograd Domain)—

has been substantiated by the 3-D modelling.

(3) Profound contradiction between the velocity

structure and observed gravity field revealed by grav-

ity modelling along the EUROBRIDGE-97 seismic

profile is explained by a perturbed velocity/density

relationship for the Podolian Domain, where Archean

mafic granulites are exposed on the surface, and in the

rapakivi–anorthosite Korosten Pluton, where the

effects of quasi-anisotropy are thought to play a role.

(4) The best-fitting gravity model for EURO-

BRIDGE-97 profile, taking into account all other

available geological and geophysical data, supports

the presence of three main crustal domains—the

Osnitsa–Mikashevichi Igneous Belt (with the super-

imposed Pripyat Trough), the Korosten Pluton of the

Volhyn Domain, and the Podolian Domain—forming

an upper crust of heterogeneous block structure. A

link between surface geology and the inferred struc-

ture and composition of the middle and lower crust is
not apparent. Subhorizontal layered structures prevail.

The most complicated lower crustal structure and the

shallowest Moho lie below the Korosten Pluton.

The greatest crustal thickness (more than 50 km) is

found, according to the seismic data, in the Podolian

Domain.

(5) The status of the Podolian Domain as an

Archean granulitic core is supported by a density

increase in all crustal layers that coincides with a

downward bending of Vp contours (i.e. relative veloc-

ity reduction). Characteristics typical for the upper

crust—silica content up to 65% and VpV6.4 km s�1—

have been obtained for the uppermost layer of the

Podolian Domain crust, which is as thick as 20 km.

(6) The EUROBRIDGE-97 data reveal that the

rapakivi–anorthosite Korosten Pluton comprises a

body that is 12–17 km thick and divided by the

Central Fault into two parts. The two segments are

characterised by differing amounts of granitic com-

ponent. The complex crustal structure of the Korosten

Pluton can be related to processes involved in its

origin and emplacement, particularly in the lower

crust and in a lower crust–upper mantle transition

zone. In general, the inferred structure can be satis-

factorily explained by a model of rapakivi–anortho-

site massifs formation involving the development of

partial melt magma chambers in the upper mantle–

lower crust.

(7) The Korosten Pluton is located at the intersec-

tion of two diagonal tectonic zones, an Archean-aged

NW–SE trending regional fault zone and a younger,

Palaeoproterozoic, SW–NE trending igneous belt. An

important role for proto-South-Pripyat Fault, repeat-

edly activated during Archean–Palaeozoic times, has

been ascertained. In the Late Proterozoic (c2.0 Ga) it

formed the southeastern boundary of the Osnitsa–

Mikashevichi Igneous Belt, which is considered to be

part of the suture zone between the (Palaeoprotcro-

zoic) Fennoscandian and (mostly Archean) Sarmatia

units of the East European Craton. Subsequently, at a

subplatform stage of the crustal evolution, the South

Pripyat Fault was reactivated and likely was a conduit

for magmas forming the Korosten Pluton, the deep

sources of which were located in the upper mantle–

lower crust. In Late Palaeozoic times, the South

Pripyat Fault was reactivated again during rifting that

led to the formation of the Pripyat Trough. In contrast

to the Dnieper–Donets Basin, where the crust was
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heavily intruded by mafic magmas during rifting

along the rift axis, intrusion of mafic rocks in the

Pripyat Trough occurred mainly along the southern

flank of the basin and was not so voluminous.

(8) Gravity modelling, carried out in the frame-

work of the excellent EUROBRIDGE-97 seismic

data, provides significant additional information for

understanding the structure, composition, and respon-

sible endogenic lithospheric processes in the study

area. The present results have also elucidated the main

problems in the area requiring further investigation. A

key unresolved problem relates to the change of

structural style in the middle and lower crust com-

pared to the upper crust.
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Duchene, J.C., Auwera, J.V., Liégeiois, J.P., Longhi, J., 1998. The

crustal tongue melting model: phase diagram constraints on the

origin of anorthosites and tectonic setting. Geophys. J. Kiev 20

(4), 70–71.

Dziewonski, A.M., Hales, A.L., Lapwood, E.R., 1975. Parametrical

simple Earth models consistent with geophysical data. Phys.

Earth Planet. Inter. 10, 12–48.

Eklund, O., Lindberg, B., 1992. Interaction between basaltic melts

and their wallrocks in dykes and sills in Aland, southwestern
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