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The lithospheric structure of the Western Carpathian–Pannonian Basin region was studied using 3-D model-
ling of the Bouguer gravity anomaly constrained by seismic models and other geophysical data. The thermal
structure and density distribution in the shallow upper mantle were also estimated using a combination of
petrological, geophysical, and mineral physics information (LitMod). This approach is necessary if the more
complicated structure of the Pannonian Basin is to be better constrained. As a result, we have constructed the
first 3-D gravity model of the region that combines various geophysical datasets and is consistent with petro-
logical data. The model provides improved estimates of both the density distribution within the lithosphere
and the depth to major density discontinuities. We present new maps of the thickness of major sedimentary
basins and of the depth to the Moho and the lithosphere–asthenosphere boundary. In our best-fitting model,
the Pannonian Basin is characterised by extremely thin crust and lithospheric mantle, both of which have low
density. A low-density uppermost asthenospheric mantle layer is also included at depths of 60–100 km. The
Western Carpathians have only a thin crustal root and moderate densities. In contrast, the European Platform
and Eastern Alps are characterised by lithosphere that is considerably thicker and denser. This inference is also
supported by stripped gravity anomalies fromwhich sediment,Moho and asthenospheric gravity contributions
have been removed. These residual anomalies are characteristically low in theWestern Carpathian–Pannonian
Basin region, which suggests that both the ALCAPA and Tisza–Dacia microplates are ‘exotic terranes’ that are
markedly different to the European Platform.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Western Carpathians comprise the westernmost part of the
arcuateCarpathianMountains, extendingover 1300kmthroughAustria,
Slovakia, Czech Republic, Poland, Ukraine, Hungary and Romania
(Fig. 1). The Carpathians were formed in the Alpine–Carpathian–
Pannonian region during the Alpine orogenesis. They record a complex
tectonic history, involving extrusion ofmicroplates, ocean closure, sub-
duction, slab rollback, slab detachment and asthenospheric upwelling
(Bielik et al., 2004). Although this area has been subject to geological,
geophysical and petrological investigations for decades (Balla, 1987;
Royden and Horváth, 1988; Praus et al., 1990; Csontos et al., 1992;
Downes et al., 1992; Tari et al., 1993; Tomek and Hall, 1993; Cermák,
1994; Márton and Fodor, 1995; Linzer, 1996; Meulenkamp et al., 1996;
Plašienka et al., 1997; Rosenbaum et al., 1997; Szafián et al., 1997; Goes
ašárová).
Sciences,Macquarie University,

l rights reserved.
et al., 1999; Lenkey, 1999; Kováč, 2000; Wortel and Spakman, 2000;
Embey-Isztin et al., 2001; Sperner et al., 2004; Knapp et al., 2005),
certain aspects of its evolution remain unclear.

In 2000, a large-scale international project, the Central European
Lithospheric Experiment based on Refraction (CELEBRATION 2000)
(Guterch et al., 2003), was conducted in Central Europe. The seismic
data (refraction and also wide-angle reflection) were collected along
17 profiles with a total length of 8900 km. Based on, the results from
profiles CEL01, CEL02, CEL03, CEL04, CEL05, CEL09 and CEL 10
(Malinowski et al., 2005; Janik et al., 2005; Grad et al., 2006; Hrubcová
et al., 2005; Środa et al., 2006; Růžek et al., 2007), a preliminary 3-D
density model of the Western Carpathians and the Pannonian Basin
was developed using combined seismic–gravity interpretation (Ala-
sonati Tašárová et al., 2008). However, the densities in the uppermost
mantle used in this model were only estimated by means of simple P-
wave parameterisations and general thermal anomaly trends. No
petrological or thermodynamic constraints on the mineralogy of the
uppermost mantle were considered.

Since the influence of density on gravity field and topography
modelling is of first order importance, a realistic density distribution,
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Fig. 1. Topography and the location map of the study area. Acronyms stand for: PBS — Pannonian Basin system, PKB — Pieniny Klippen Belt, OWC — Outer Western Carpathians,
CF — Carpathian Foredeep, BSB — Bruno–Silesian block, HCM — Holy Cross Mts., TTZ — Teisseyre–Tornquist Zone, VF — Variscan Front.
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consistent with mineral physics and thermodynamics is desirable.
Although often neglected in potential field modelling, it is now gen-
erally recognised that the compositional structure of the lithospheric
mantle can be complex, particularly at shallow depths. This complex-
ity is a consequence of the various geodynamic processes (e.g. partial
melting, mantle metasomatism, tectonic shortening/thinning, etc.)
that modified the composition, temperature, and pressure through
time. Moreover, phase transitions (plagioclase–spinel–garnet) occur-
ring within the lithospheric mantle are also important for the density
and velocity estimations. For instance, Griffin et al. (2008) show that
expected compositional variations between Archean and Phanero-
zoic sub-continental lithospheric mantle translate into bulk density
changes of as much as 2.0–2.3% within the garnet stability field. These
figures can be even larger in the shallowest (thin) lithosphere, where
plagioclase becomes the stable Al-rich phase. Such density differences
at sub-Moho depths can significantly affect the modelling of potential
field anomalies and topography. Likewise, differences in the intrinsic
compositional density between the lithospheric and sublithospheric
domains (the latter being more fertile in basaltic components) can
play an important role under some particular conditions, such as a
pronounced lithospheric thinning. As a consequence, ignoring these
factors in gravity modelling may result in unrealistic density estima-
tions and errors of the order of 40% in the estimated crustal thickness
(Fullea et al., in press).

Our study applies themethodology outlined in Afonso et al. (2008)
to obtain realistic density distributions in the uppermost mantle. Such
modelling allows a better control on possible temperature and density
variationswithin the lithosphere. This is particularly important for the
Pannonian Basin system, where a pronounced asthenospheric upwell-
ing has been inferred (Csontos et al., 1992). Asthenospheric upwelling
is usually anomalous in terms of temperature and density distribu-
tions. Therefore, it has a first-order effect on the 3-D gravity modelling
and interpretation of the Carpathian–Pannonian region. Moreover,
the study area represents the amalgamation of different lithospheric
domains, each characterised by its own chemical composition and
thermophysical properties. The development of a petrologically- and
geophysically-consistent model that can account for all these factors
was the main aim of our study. We combine results from previous
petrological and geophysical investigations (Horváth, 1993; Lillie
et al., 1994; Sefara et al., 1996; Konečný et al., 2002; Zeyen et al., 2002;
Bielik et al., 2004; Dérerová et al., 2006) with the more recent CELE-
BRATION 2000 seismic experiment. Our 3-D gravity model represents
an advance in the knowledge of the present-day structure of the re-
gion, and provides new insights into its tectonic evolution.

http://dx.doi.org/10.1093/petrology/egn033
http://dx.doi.org/10.1029/2009GC002391
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2. Geological setting

2.1. Western Carpathians–Pannonian Basin region

The Western Carpathians form a mountain range with a dominant
nappe structure. They are characterised by a significant zonal arrange-
ment and orogenic processes migrating in time from south to north.
Based on the rock lithology and the age of individual tectonic units,
the Western Carpathians can be divided into two main parts (Kováč,
2000): the Outer and Inner Western Carpathians (also referred to as
the Externides and Internides, respectively). These twomain parts are
separated by the Pieniny Klippen Belt (Fig. 2). Thrusting of the Inner
Western Carpathians was completed before the Upper Cretaceous
(approximately 65 Ma ago), whereas the Outer Western Carpathians
were folded during the Tertiary (30–12 Ma). The Internides also con-
tain relics of an older Hercynian tectogenesis, which was transformed
and incorporated into Alpine units. The morphological and tectonic
Fig. 2. ALCAPA, Tisza–Dacia and Adria microplates and their
setting of the Western Carpathians was largely influenced by Tertiary
(Neoalpine) tectonics. The Tertiary accretionary prism of the Outer
Carpathians (Fig. 2) is a tectonic element common to the whole
Alpine–Carpathian mountain belt. It consists of several nappe units
that were thrust onto the European Platform. The final process of ac-
cretionary prism formation was connected to the flexure of the plat-
form margin onto which the Carpathian Foredeep was developed
(Figs. 1 and 2).

The Pannonian Basin system is thought to have been formed as a
back-arc system due to lithospheric extension and mantle upwelling
behind the Carpathian arc (Csontos et al., 1992; Horváth,1993; Royden,
1993; Kováč, 2000). Apart from the normal and listric faults, large
horizontal movements along the margin of the microplates were also
generated during the formation of this basin system. The Pannonian
Basin system is filled with Tertiary and Quaternary strata that reach up
to 6–7 km thickness in some places (Bielik, 1988; Kilényi and Šefara,
1989; Vakarcs et al., 1994; Bielik et al., 2005; Csato et al., 2007).
division into geological superunits after Kováč (2000).
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2.2. Surrounding units

Like the Western Carpathians, the Eastern Alps can also be divided
into several parts. TheMolasse zone, Flysch zone, Northern Calcareous
Alps and Central Eastern Alps can be recognised in the Eastern Alps
based on the age of tectonic elements, rock lithology and their litho-
stratigraphic content (Kováč, 2000). The Bohemian Massif forms the
easternmost part of the Variscan orogen. It consists mainly of meta-
morphic rocks, granites, and subordinate fossiliferous Paleozoic rocks
(Matte, 1991). The European Platform comprises the Precambrian
East European Craton (EEC) in the NE and the younger Paleozoic
Platform in the SW. These two units are separated by the Trans-
European Suture Zone (TESZ), which is a broad (up to 200 km) zone,
crossing Europe from the North Sea to the Black Sea. The northeast-
ern boundary of the TESZ in Poland is a fault zone, referred to as the
Teisseyre–Tornquist-Zone (TTZ) (Dadlez et al., 2005). The TESZ con-
sists of several suspected terranes accreted to the south-western
margin of the EEC during the Paleozoic (Winchester, 2002). In south-
ern Poland, these terranes are known as the Bruno–Silesian (called
also Upper-Silesia), Małopolska and Łysogóry blocks. The latter two
are exposed in the Holy Cross Mountains and are separated by the
Holy Cross Fault.

2.3. Tectonic evolution

The recent Alpine–Carpathian–Pannonian (ALCAPA) region con-
sists of the Carpathian orogen and Pannonian back-arc basin. This
unique geological structure is a result of the Neogene evolution. In the
beginning of the Neogene, the Inner Carpathian region consisted of
two independently moving microplates, known as ALCAPA and Tisza–
Dacia (Csontos et al., 1992; Balla, 1994; Csontos, 1995). The northern
boundary of the ALCAPAmicroplate is the Pieniny Klippen Belt and the
southern boundary is represented by the Mid-Hungarian line (Fig. 2).
The Mid-Hungarian line is a very complicated zone along which the
Szolnokunitflysch sequenceswere folded and thrusted over the Tisza–
Dacia microplate. The Tisza–Dacia microplate consists of two separate
lithospheric fragments (Tisza and Dacia subunits), having different
tectonic histories (Csontos, 1995). The third major microplate which
has influenced the evolution of the Carpathian–Pannonian region is
theAdriatic (Adria, Apulia)microplate (Kováč, 2000). TheAdriamicro-
plate (Fig. 2) represents the southern boundaries of the two superunits
mentioned above (Csontos, 1995).

The tectonic evolution and present-day structure of the ALCAPA
region are still a matter of discussion. Models proposed for its Tertiary
evolution can be basically divided into two groups. One group inter-
prets the evolution of the Carpathian–Pannonian Basin region in terms
of gravitational collapse of the continental lithosphere (Knapp et al.,
2005; Gemmer and Houseman, 2007). These recent works exclude the
existence of the subduction underneath the Carpathian Mountains.
The other group of models includes the subduction of oceanic litho-
sphere as a key process during the tectonic evolution of the ALCAPA
region. Due to the available geological and geophysical evidence, the
latter interpretation is more commonly accepted. Since our model is
based on this interpretation, we explain it in more detail.

The Neogene evolution of the Carpathian–Pannonian region sup-
posedly started by the NE extrusion and rotation of the ALCAPA and
Tisza–Dacia microplates (Fig. 2) from the Eastern Alps. This extrusion
was caused and accompanied by the subduction of oceanic litho-
sphere southward (underneath the microplates), which resulted in
the closure of the remnant Neotethys Ocean. The slab roll-back at the
orogenic front, leading to the steepening of the slab and its detach-
ment,was associatedwith a contemporaneous asthenospheric upwell-
ing and rifting in the back-arc Pannonian Basin region. The oblique
collision of the microplates with the European Platform ceased the
subduction (Ratschbacher et al., 1991; Nemčok et al., 1998; Konečný
et al., 2002; Túnyi and Márton, 2002). Nowadays, the still active
Vrancea seismic zone located in the bend region of the Southeastern
Carpathians is seen as the latest stage of the subduction underneath
the Carpathian Mountains (Sperner et al., 2004; Martin et al., 2006).
This interpretation is well supported by the volcanic activity in the
region. During the Miocene–Pliocene time, the Carpathian arc mi-
grated northward and eastward at the expense of the subducting
lithosphere until the microplates collided gradually with the passive
margin of the European Platform. This geotectonic framework is re-
sponsible for the essential features of the spatial, temporal, and com-
positional distributions of the Neogene–Quaternery volcanic rocks in
the Carpathian–Pannonian region (Lexa et al., 1993).

3. Modelling procedures

3.1. Gravity model

The Bouguer anomaly used in this work was compiled by (Bielik
et al., 2006). The Bouguer anomaly map (Fig. 3) shows values of −20
to−65mGal (1mGal=1⁎10−5 m/s2) along theWestern Carpathians,
and less than −120 mGal above the Eastern Carpathians and Eastern
Alps. These negative values are associated with the crustal roots of
the Carpathians and the Alps. The less negative Bouguer anomaly as-
sociatedwith theWestern Carpathians is a consequence of the thinner
crustal root (see below). The Pannonian Basin, the Bruno–Silesian
block, and the so-called Małopolska high in southern Poland have
positive values in the range of 0–20 mGal. The Pannonian Basin is
characterised bya positive anomaly,which is related to its thin crust. In
contrast, the region of the Małopolska high has thick crust. The gravity
high is supposedly related to the crustal high-density intrusion (see
below).

The 3-D gravity modelling was performed using IGMAS (Inter-
active Gravity and Magnetic Application System) (Götze, 1976; Götze
and Lahmeyer, 1988; Schmidt and Götze, 1999). The modelled geo-
logical bodies are defined along a number of parallel vertical cross-
sections (profiles). IGMAS connects the profiles via triangulation,
thereby generating 3-D structure. The geometry of the geological
bodies along the cross-sections is adjusted by the user, while between
them the geometry is interpolated. The separation of the profiles is
arbitrary and can vary within the same model. In order to reduce the
areas where the geometry of the geological bodies is interpolated, a
large number of profiles must be included. For this reason, the gravity
model presented is developed along 36 cross-sections. The separation
of the cross-sections in the area of the Pannonian Basin and Western
Carpathians is 10 or 20 km, depending on the extent of the local
anomalies that need to be reproduced by the model (Fig. 3, upper
right frame). The planes are parallel to the CEL05 profile (i.e. almost
orthogonal to the geological structures of the Western Carpathians,
Fig. 3).

In order to account for the regional gravity effect of the surround-
ing units, themodel includes the easternmost parts of the Eastern Alps
and BohemianMassif and the southern part of the European Platform.
The separation between the cross-sections in the Eastern Alps and
Bohemian Massif is set to 40 km. The model consists of 41 bodies and
extends to a depth of 250 km. The standard deviation of our final
model with respect to the observed anomaly is 6.33 mGal (Fig. 4). The
correlation coefficient of the two fields is 0.96. The greatest differences
are found outside of the Western Carpathian–Pannonian Basin region,
where the separation of the cross-sections of the gravity model is
larger (40 km). There are some differences bigger than the stan-
dard deviation also within the Western Carpathian–Pannonian Basin
region. These differences are located between the modelled cross-
sections where the geometry of the geological bodies is interpolated.

The model densities are not relative to a single reference density,
but rather to a three-layered reference model. This reference model
accounts for any offset between the observed and modelled gravity.
This offset is caused by the use of the absolute densities and by not



Fig. 3. Bouguer anomaly modified after Bielik et al. (2006). Acronyms as in Fig. 1. The Małopolska high, stretching from the HCM to the southern edge of the EEC, is separated by the
TTZ into two parts. The locations of the 36 planes used to build the 3-Dmodel (grey lines in the smaller frame) and of the CELEBRATION 2000 experiment (blue lines in both frames)
are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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including the mass of the entire Earth in the model (Kirchner, 1997).
The reference model should represent the structure of the ‘normal
Earth’ and it extends to the same depth as the 3-D model. The refer-
ence model used for this study has an upper crust (at depths of 0–
15 km) with a density of 2.67 Mg/m3 and a lower crust (at depths of
15–35 km) with a density of 2.9 Mg/m3. These values are consistent
with 1-D IASP91 crustal model (Kennett and Engdahl, 1991) as well as
with global velocity–density databases (Christensen and Mooney,
1995). The upper mantle (at depths of 35–250 km) has a density of
3.37 Mg/m3, which is in agreement with the mean values estimated
for the subcontinental lithospheric mantle (Poudjom Djomani et al.,
2001; Afonso et al., 2008).

The structure of the gravity model used for this study is based
on the preliminary 3-D model of Alasonati Tašárová et al. (2008).
The employed crustal densities were calculated based on the empir-
ical P-wave velocity–density relationships of Sobolev and Babeyko
(1994) and Christensen and Mooney (1995) (Table 1). We acknowl-
edge that the determination of densities based only on linear velocity–
density relationships is simplistic and may carry significant uncer-
tainties. This is associated with the compositional variations of crustal
rocks. However, it is a fair approximation for large-scale lithospheric
models, and it significantly eases the modelling process. Also, the
depth to major density changes (e.g. sediment–basement boundary
and the Moho) can be constrained by available (seismic) data. The
Moho depth along the CEL profiles in the preliminary gravity model
was consistent with the Moho depth imaged in the seismic models.
Therefore, the densities used for the intra-crustal layers were chosen
as a trade-off satisfying both velocity models (P-wave velocities and
the thickness of the layers) and gravity anomalies. However, the upper-
most mantle in the preliminary model was unconstrained in terms of
its composition. In particular, phase changes within the lithospheric
mantle and compositional differences between the lithosphere and the
asthenosphere were not included. Since the present model adopts
the rustal structure from the preliminary gravity model, we will not
address this point any further. Instead, in the following sectionswewill
focus on the density of the shallowest lithospheric mantle.

3.2. Determination of the upper-mantle densities

Themethodology and the 2-D numerical implementation (LitMod)
used here to estimate the density of the upper mantle are described in
detail by Afonso (2006). General applications to both continental and
oceanic domains can be found in Afonso et al. (2008) and Fernàndez
et al. (2009). Here we only give a brief summary of the key aspects of
the method relevant to the present study.

The general method is based on a consistent combination of petro-
logical, geophysical, and mineral physics information, which allows
the estimation of all the relevant thermophysical properties for the
upper mantle. A steady state temperature distribution was assumed
for the lithosphere. Thermal conductivities in the crust are assumed



Fig. 4. Residual anomaly showing the fit between themodelled anomaly and the observed Bouguer anomaly. The locations of the 36 profiles from the 3-Dmodel are shown in order to
demonstrate how well the model reproduces the observed field. Acronyms as in Fig. 1.

459A. Tašárová et al. / Tectonophysics 475 (2009) 454–469
constant, while those in the upper mantle are pressure and tempera-
ture dependent according to the model of Hofmeister (1999). Tem-
peratures in the sublithospheric mantle follow an adiabatic gradient
within the expected range of 0.3–0.5 °C km−1, depending on the thick-
ness of the lithosphere. Stable mineral assemblages in the upper man-
tle domains are computed using a Gibbs free-energy minimisation
algorithm (Connolly 2005; Afonso et al. 2008) within the systemCaO–
FeO–MgO–Al2O3–SiO2 (CFMAS). Each mantle body is characterized by
a distinctive major-element composition (see the following subsec-
tion). The equilibrium composition of the phases (e.g. Fo and
Fa contents in olivine) and their volumetric proportions are retrieved
from the energy minimisation procedure. End-members used in this
approach can be found in Table 3 of Afonso et al. (2008). The result-
ing densities are estimated by solving iteratively either the third- or
the fourth-order Birch–Murnaghan equation of state (depending on
the specific phase analysed), using experimentally derived param-
eters. The maximum density error allowed between iterations is
1×10−5 kg m−3. Finally, the bulk rock density is estimated as the
arithmetic mean of the phases weighted by their volumetric fraction.

Seismic velocities are computed from the elastic moduli of each
end-member mineral and the density of the bulk rock at the pressures
and temperatures of interest. The moduli of the constitutive phases
are computed from the amounts of end-members present in each
stable phase (obtained in the free-energyminimisation step) by solving



Table 1
Overview of the results from the CELEBRATION 2000 experiment (P-wave seismic velocities and crustal thickness) used for the gravity modelling.

Units Layer P-wave velocity [km s–1] Calculated densities [Mg m−3] Crustal thickness [km]

Pannonian Basin Upper crust 5.8–6.0 (6.2–6.3)⁎ 2.63–2.71 (2.72–2.82)⁎
Middle crust 6.0–6.4 2.71–2.85 22–30
Lower crust 6.25–6.55 2.78–2.93

Western Carpathians Upper crust 5.65–6.15 2.58–2.77
Middle crust 5.95–6.4 2.68–2.85 30–35
Lower crust 6.4–6.8 2.85–3.00

Trans-European Suture Zone Upper crust 5.5–6.2 2.56–2.78
Middle crust 6.2–6.6(6.88⁎) 2.72–2.94(3.03*) 32–50
Lower crust 6.6–7.1(7.2⁎) 2.91–3.15(3.2⁎)
High-density body (intrusion) middle crust (15–30 km depth) 7.15 3.11–3.18

East European Craton Upper crust 6.0–6.4 2.71–2.85
Middle crust 6.4–6.65 2.81–2.96 40–45
Lower crust 6.7–7.05(7.2⁎) 2.95–3.13(3.2⁎)

Bohemian Masif Upper crust 5.8–6.2 2.64–2.78
Middle crust 6.5–6.7 2.85–2.97 35–42
Lower crust 6.8–7.4(7.8⁎) 2.99–3.3(>3.3*)

Eastern Alps Upper crust 5.8–6.2 2.64–2.78
Middle crust 6.4–6.8 2.81–3.00 39–47
Lower crust 6.8–7.3 3.00–3.25

The corresponding densities were calculated using the approach of Sobolev and Babeyko (1994) and the non-linear empirical relationship of Christensen and Mooney (1995). For
more details see Alasonati Tašárová et al. (2008). The asterisk marks the maximum values determined along some of the profiles. These values cannot be taken as average values
because they occur only locally.
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(CTC)X=CTB, where C is the 5×m end-member compositional matrix,
CT its transpose, B the 5×1 phase compositional matrix, X the m×1
end-member mass proportions matrix, and m the number of end-
members (varies with the analysed phase). The elastic moduli of each
solution phase are then calculated as the arithmetic mean of the
end-member moduli weighted by their respective molar propor-
tions. Finally, the elastic moduli of the rock (i.e. aggregate of different
solution phases) are computed following a Voigt–Reuss–Hill average
scheme (Hill, 1952). Anelasticity is included a posteriori in our calcu-
lations exactly as described in Afonso et al. (2008).

The LitMod version used for this work to estimate the thermal and
density distributions of the upper mantle is the 2-D finite-element
version. Therefore, in order to obtain temperature and density distri-
butions which are consistent with the gravity model, we selected 3
representative transects from the preliminary 3-D gravity model of
Alasonati Tašárová et al. (2008) and use their crustal structure (thick-
ness and density of the crustal layers) as inputs for LitMod. The first
two profiles cut across the Carpathian–Pannonian Basin region and
are constrained by seismic studies (CEL01 and CEL05). Therefore, there
is more control on their crustal features (depth to the Moho, P-wave
velocities and density) than along the remaining profiles. The third
profile is located in the surrounding area, crossing the Eastern Alps
and Bohemian Massif. This cross-section is located in the vicinity of
the CEL10 seismic line, which provides some constraints on crustal
structure.

The geophysical observables used for these calculations are gravity
anomalies (after Bielik et al., 2006), absolute topography (NOAA,
2006) andheatflowdata (Pollack et al.,1993). The thermal anddensity
structure of the lithospheric mantle was then obtained by simulta-
neous fitting of the long-wavelength part of the geophysical data along
the selected profiles (Fig. 5). The resulting densities and lithospheric
structure were then incorporated into the 3-D gravity model. Since
IGMAS does not allow modelling of density gradients within bodies,
the densities of the uppermantle obtained using LitModwere approxi-
mated by blocks of constant density values in the IGMAS gravitymodel
(Fig. 6). The assigned densities are representative average values for
the actual 3-D gravity model layers. The structure of the uppermost
mantle (i.e. the depth to the lithosphere–asthenosphere) along the
CEL01 and CEL05 profiles in the IGMAS gravity model was set to be
identical to the LitMod output. The mantle structure of the remaining
27 profiles of the gravity model crossing the Carpathian–Pannonian
region was ‘extrapolated’ from these three profiles, modified accord-
ingly to fit the gravity data. While densities were kept constant with-
in the modelled units, the depth to the lithosphere–asthenosphere
boundary (LAB)was adjusted (modelled). The same is true for the sur-
rounding region. The uppermost mantle along the profile calculated in
the LitMod remained the same also in the IGMAS 3-Dmodel, while the
other 6 cross-sections were modelled similarly to it. Thus, estimation
of the depth to the LAB was accomplished by modifying and refitting
the 3-D gravitymodel in IGMAS. Due to the new structure of the upper
mantle (depth to the LAB and density distribution), modifications to
some parts of the crust were necessary. Themajor differences between
the preliminary and final gravity models are found in the Pannonian
Basin region. Here the properties of the whole lithosphere are con-
trolled by the asthenospheric upwelling. In general, we find that the
crust of the Pannonian Basin in the final gravity model is less dense
with respect to the preliminary gravity model. The higher density
of the Pannonian crust estimated in the preliminary model resulted
from oversimplification of the mantle structure. For comparison,
Table 2 summarises the densities employed in the preliminary and
final 3-D gravity models (see also Results).

3.3. The composition of the lithospheric mantle

Themajor-element composition of the lithosphericmantle (Table 3)
has been estimated from xenolith data of the Panonnian Basin region
(Downes et al., 1992; Vaselli et al., 1995; Vaselli et al., 1996; Falus et al.,
2000; Downes, 2001; Embey-Isztin et al., 2001; Kovács et al., 2004)
and from global studies in similar lithospheric domains (Griffin et al.,
1999; Poudjom Djomani et al., 2001; O'Reilly and Griffin, 2006). The
studies of Downes et al. (1992) and Embey-Isztin et al. (2001) are of
particular relevancehere, since they provide chemical analysis of xeno-
liths most likely equilibrated at lithospheric/shallow sublithospheric
depths.

The range in bulk Mg# (i.e. 100×MgO/(MgO+FeO) — an impor-
tant indicator of compositional density) reported by Downes et al.
(1992) for spinel peridotite xenoliths is relatively narrow, with a
marked mean value of 90.4 (Table 4 in Downes et al., 1992). This is
consistent with the mean composition of olivine grains (Mg#~90)
described by Embey-Isztin et al. (2001), as well as with global xenolith
compilations in active regions (Griffin et al., 1999). Also, refertilisation
of the lithosphere by asthenospheric fluids and/or melts is suggested
by both minor- and trace-element data (Downes et al., 1992; Rosen-
baumet al.,1997; Embey-Isztin et al., 2001). Thesemetasomatic events
are typically interpreted in terms of the asthenospheric upwelling (i.e.
lithospheric thinning) below the Panonnian Basin.



Fig. 5. Temperature, density and P-wave distributions calculated in LitMod for the profiles CEL01 (a, b, and c) and CEL05 (d, e, and f), respectively. The fit to the geophysical datasets (from top to bottom: surface heat-flow, Bouguer gravity
anomaly, elevation) are shown in small frames for each profile. The grey band is the actual data (long wavelength component) ± uncertainties. The black line is the LitMod output.

461
A
.Tašárová

et
al./

Tectonophysics
475

(2009)
454

–469



Table 2
Densities employed in the preliminary and final (best-fitting) gravity models and
parameters (radiogenic heat production and thermal conductivity) used for the
petrological modelling for each unit.

Units ρ-employed
[Mg m−3]
prelim. model

ρ-employed
[Mg m−3]
final model

Radiogenic heat
production
[μWm−3)]

Thermal
conductivity
[Wm−1K−1)]

Sediments PBS 2.45 2.42 2.00 2.40
Upper crust PBS 2.7 2.67 1.85 2.30
Middle crust PBS 2.8 2.71 1.60 2.30
Lower crust PBS 2.9 2.86 0.80 2.10
Sediments Carp.
Foredeep

2.5 2.48 1.00 2.50

Sediments Outer WC 2.6 2.59/2.63 (east) 1.00 2.50
Upper crust WC 2.67 2.67 1.00 2.50
Middle crust WC 2.73 2.75 1.00 2.30
Lower crust WC 2.9 2.91 0.60 2.10
Sediments TESZ 2.5 and 2.62 2.5 and 2.6 1.00 2.50
Upper crust TESZ 2.71–2.7 2.72–2.71 1.00–1.00 2.30–2.30
Middle crust TESZ 2.96 2.96 0.70 2.30
Lower crust TESZ 3.13 3.13 0.60 2.10
Intrusion
(15–30 km depth)

3.12 3.12 0.70 2.30

Sediment EEC 2.6 2.58 0.80 2.50
Upper crust EEC 2.78 2.76 1.00 2.30
Middle crust EEC 2.9 2.9 0.50 2.30
Lower crust EEC 3.05 3.05 0.40 2.10
Sediment EA 2.54 2.47 1.50 2.50
Upper crust EA 2.71 2.7 1.20 2.50
Middle crust EA 2.9 2.85 0.90 2.30
Lower crust EA 3.1 3.0 0.60 2.10
Sediment BM 2.55 2.5 0.90 2.50
Upper crust BM 2.7 2.74 0.80 2.50
Middle crust BM 2.88 2.9 0.40 2.30
Lower crust BM 3.1 3.0 0.30 2.10

Radiogenic heat production and thermal conductivity were chosen according to the
values commonly used for the crust. Acronyms stand for: PBS — Pannonian Basin
system, WC — Western Carpathians, TESZ — Trans-European Suture Zone, EEC — East
European Craton, EA — Eastern Alps, BM — Bohemian Massif.

Table 3
Chemical composition (wt.%) andMg# assumed for themodelledmantle domains based
on the published xenolith data and global compilations (for details see Section 3.3).

Pannonian
Basin mantle

EEC
mantle

Sublithospheric
mantle

Re-enriched
basalt layer

Depleted shallow
mantle CEL05

SiO2 45.20 44.60 45.00 44.00 42.90
TiO2 0.09 0.07 0.20 0.09 0.01
Al2O3 2.00 1.90 4.50 2.30 0.30
Cr2O3 0.38 0.40 0.38 0.39 0.40
FeO 7.90 7.90 8.10 8.40 6.50
MnO 0.11 0.12 0.14 0.14 0.15
MgO 41.60 42.60 37.80 41.40 49.20
CaO 1.90 1.70 3.60 2.20 0.10
Na2O 0.13 0.12 0.36 0.24 0.10
NiO 0.28 0.26 0.25 0.26 0.34
Mg# 90.40 90.60 89.30 89.80 93.10
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In accordance with these studies, we have modelled the mantle
beneath the Panonnian Basin as a refertilised domain in which the
Mg# varies from 90.4 immediately beneath the Moho to 89.3 at the
LAB; the mean Mg# in this domain is ~90.0. The sublithospheric
mantle was modelled with the Primitive Upper Mantle composition
ofMcDonough and Sun (1995).We are not aware of any detailed study
of mantle samples (xenolith and/or peridotite massifs) available for
Fig. 6. Three of the 36 planes from the 3-D model. Two profiles correspond to the
seismic profiles CEL01 (a) and CEL05 (b). One profile (c) crosses the Eastern Alps and
Bohemian Massif. The upper box of each frame shows the observed (red) and modelled
(black) gravity anomaly. The lower box shows the structures modelled and densities
assigned. The blue lines are boundaries from the seismic models of Środa et al. (2006)
for CEL01 and Grad et al. (2006) for CEL05. The dashed line marks the lithosphere–
asthenosphere boundary. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the Western Carpathians and south-western edge of the EEC domain.
However, the secular compositional trend observed in numerous petro-
logical and geochemical studies worldwide (Griffin et al., 1999; Poud-
jomDjomani et al., 2001; O'Reilly andGriffin, 2006; Griffin et al., 2008)
provides the best means to estimate the lithospheric composition in
this area. Therefore, in lieu of more detailed data, we have based our
modelling on global compilations for similar tectonic settings. Al-
though in what follows we show that this compositional model is
consistent with petrological and geophysical evidence, we note that
uncertainties in the composition of the Carpathian and EEC litho-
sphericmantle are still large, and at this stage our compositionalmodel
Fig. 7. Maps showing depth to the major density boundaries derived from the 3-D modelli
c) bottom of the sedimentary basins, and d) top of the lower crust.
represents only a first-order approximation. The radiogenic heat
production and thermal conductivity coefficients used for the model-
ling are summarised in Table 2.

4. Results

This section summarises the results of our modelling as well as
analysis of the gravity field, and discusses the constraining data used.

The lithospheric mantle resulting from our best-fitting model is
extremely thin in the Pannonian Basin, where the LAB reaches depths
of 60–100 km (Fig. 7a). Towards the west and north the depth to the
ng: a) lithosphere–asthenosphere boundary (LAB), b) crust/mantle boundary (Moho),
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LAB increases to ~160 km in the Eastern Alps and ~140 km below
the Bohemian Massif as well as the Western Carpathians. Underneath
the East European Craton it reaches its maximum depth of less than
200 km. Similarly, the thinnest crust is obtained underneath the Pan-
nonian Basin, while it gradually thickens towards the East European
Craton. A minimum crustal thickness of ~22 km is modelled along the
CEL05 profile, which is consistent with the estimations of the seismic
Moho (Grad et al., 2006). This area is located in the central part of the
Pannonian Basin system where most of the lithospheric stretching
took place. However, the entire Pannonian Basin is not characterised
by such extremely thin crust. In the eastern part, the crust thickens to
26 km, whereas in thewestern part it is even thicker. The crust reaches
28 km along the southern end of the CEL01 profile (Środa et al., 2006)
and 35 km at the Hungarian–Austrian boundary. The crust gradually
thickens to 47 km in the Eastern Alps (Behm et al., 2007) and 35–
38 km (Fig. 7b) in the eastern part of the Bohemian Massif. The West-
ern Carpathians are characterised by moderate crustal thickness. In
general, the Inner Western Carpathians have 29 to 36 km thick crust,
while underneath the Outer Western Carpathians and the Carpathian
Foredeep it decreases from 30.5 to 45 km. Note that the OuterWestern
Carpathians in the east have thinner crust (~35 km) and also a very
low topography (Figs. 1, 7b). On the other hand, the Outer Western
Carpathians in the NW (along the CEL01 and CEL04 profiles, at the
border of Slovakia and Poland) are characterised by thicker crust,
reaching a maximum of 38 km. This value agrees with the results from
the CEL01 profile and it may indicate a crustal root associated with the
remnant subducted crust in this region (Zeyen et al., 2002; Środa
et al., 2006).

The maximum crustal thickness of almost 50 km was imaged to
the north of the Carpathian Foredeep in the TESZ region, along the
CEL05 profile (Grad et al., 2006). A similar imagewas derived from the
deep seismic reflection profiling (Tomek et al., 1987). Since the Moho
in our model is constrained by the seismic data (where available), our
results are consistent with those from CEL-profiles.

The thicknesses of the sedimentary units (Fig. 7c) vary from 0–
7.8 km in the Pannonian Basin, 0–2 km in the Inner Western Carpa-
thians and a maximum of 21.5 km in the flysch zone (Outer Western
Carpathians). Note that the last value includes the sediments of the
Outer Western Carpathian Flysch zone and the TESZ cover, which con-
tains the Upper Palaeozoic to Mesozoic strata (Środa et al., 2006). The
Carpathian Foredeep is characterised by a thickness of 1–3 km The
Polish Basin has sedimentary infill of ~5 km, reaching in some places
a maximum of 7 km The border between the TESZ and the EEC (Lublin
Trough) is characterised by 5 to 8 km of sedimentary cover, which is
comparable to what has been inferred from the seismic data (Środa
et al., 2006; Guterch and Grad, 2006). Elsewhere, the EEC is covered by
a thin layer of sediments (less than 3 km). The densities of the sedi-
mentary units vary from 2.42 to 2.63 (Table 4). The density values of
the sediments in the Western Carpathians and the Pannonian Basin
system are taken from Bielik et al. (2005). Elsewhere, they are mainly
based on the P-wave velocities from the CEL-velocity models. Due to
the simplification of themodelling, no vertical density gradient within
Table 4
Sediment densities (ρ) and their relative densities (Δρ) with respect to the upper crust
in each unit employed in the final 3-D gravity model (used for the gravity stripping).

Units ρ [Mg m−3] Δ ρ [Mg m−3]

Pannonian Basin 2.42 −0.25
Outer W.Carpathians (flysch) 2.59/(2.63 East) −0.13/(−0.09)
Carpathian Foredeep 2.48 −0.24
Trans-European Suture Zone 2.5 −0.10

2.6 −0.11
East European Craton 2.58 −0.18
Eastern Alps 2.47 −0.23
Bohemian Massif 2.5 −0.24
the sediments is modelled. Instead, a constant density is assumed for
each sedimentary unit, which corresponds to the mean density values
in the particular unit.

Similarly to the P-wave velocities (Table 1), the densities employed
in the final gravity model reveal significant differences between the
Carpathian–Pannonian region (microplates ALCAPA and Tisza–Dacia)
and the surrounding units. The microplates ALCAPA and Tisza–Dacia
are characterised by a low-density thin crust, whereas the surround-
ing units have denser (more mafic) and thicker crust. The gravity
model suggests that the density of the upper crust in the Pannonian
Basin and Western Carpathians are similar. However, the middle and
the lower crust of the Western Carpathians is slightly denser than in
the Pannonian Basin system (Fig. 6). Note that the upper and middle
crusts of the Western Carpathians constitute a thick layer, reaching
in some places 25 to 28 km (Fig. 7d), while a denser lower crust is
usually only 8–10 km thick. Northof the PieninyKlippenBelt, theOuter
Carpathians and the Carpathian Foredeep are underlain by the crust of
the TESZ.

According to the seismic data, the TESZ and EEC should have similar
middle and lower crustal structure, but significantly different upper
crust (low-velocityuppercrust in the TESZ) (Dadlez et al., 2005;Guterch
and Grad, 2006).While the upper crust of both units is modelled based
on the seismic data, there are differences between seismic and gravity
data concerning the middle and lower crust. The gravity anomaly re-
quires the middle and lower crust of the TESZ to have higher densities
than in the EEC (Fig. 6). These high-density crustal layers are necessary
in the gravity model to reproduce the Małopolska and Lublin highs.
A similar interpretation was also suggested by Grabowska and Bojdys
(2001), but this contradicts otherworks (e.g. Malinowski et al., 2005) in
which an increase in the upper mantle density below the TESZ region
was interpreted to cause the observed gravity high. This model requires
a dense block of the uppermostmantle underneath the gravity high. The
authors suggest a density contrast of the order of 0.11–0.15 Mg/m3 for
this blockwith respect to the surrounding lithosphericmantle.However,
such a density contrast requires major compositional differences. For
example, assuming that mantle rocks are peridotites, this density con-
trast would translate into a change of the Mg# of more than six units,
which is similar to the maximum difference found in natural mantle
samples (Lee, 2003). Although heterogeneities in the upper mantle are
possible, such a strong variation is expected to generate a discernible
impedance contrast. However, there is no seismic evidence for either
impedance contrasts or P-wave velocity jumps along the profile (Mali-
nowski et al., 2005). Also, due to the short wavelength of the observed
gravity high and the lack of other constraining data (e.g. mantle xeno-
lith), we prefer to explain the gravity high by crustal structures, rather
than by the upper mantle.

A high-velocity body, interpreted as an intrusion, was imaged in
the area of the middle crust underneath the Lublin high along the
CEL01, CEL02, CEL03 profiles (Środa et al., 2006; Malinowski et al.,
2005; Janik et al., 2005). Moreover, the velocities along the CEL05
in this region are also higher (Grad et al., 2006). A high-density body
in the middle crust is also required in the gravity model in order to
reproduce the Bouguer anomaly. In ourmodel, it is a 3-D structure that
stretches from the CEL05 profile in the south to ~60 km north of the
CEL01 profile (Fig. 6a). Its high density of 3.12 Mg/m3 is indicative of a
mafic composition, similar to olivinegabbroor garnet granulite (Sobolev
and Babeyko, 1994; Christensen and Mooney, 1995).

4.1. Analysis of the gravity field by stripping

In order to support the analysis of the gravity field and its inter-
pretation, gravity stripping was performed. Gravity stripping is a tech-
nique used to obtain a residual anomaly (or stripped map) associated
with deep structures (Hammer, 1963) and involves two steps. Firstly,
the 3-D gravity effect of well-known geological structures (e.g. sedi-
mentary basins) is calculated. Secondly, the calculated gravity effects



Fig. 8. Gravity effects calculated from the gravity model for a) sediments, b) Moho, c) LAB.
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are subtracted from the complete Bouguer anomaly. Using the final
gravity model, we calculate the gravity effects of lower boundary
of the sedimentary basins, Moho and the effect of the low-density
uppermost asthenosphere in the Pannonian Basin. The calculations of
the 3-D gravity effects were performed in IGMAS.

Themajor near-surface density inhomogeneities in the Carpathian–
Pannonian Basin region are represented by the sedimentary basins.
Improved estimations of the crustal structure from the final gravity
model provide a better control on the depth and density of the sedi-
mentary infill (Fig. 7c). This in turn allows improved estimates of the
sediment effect on the gravity signal (Fig. 8a), which masks out the
effects of the other parts of the crust (Bielik,1988). Thedensity contrast
used for the calculation is based on the densities employed in the final
model (Table 2). Since densities varywithin the unitsmodelled, Table 4
summarises the density contrasts used for the calculations.

Following the 3-D model, the gravity effect of the Moho is calcu-
lated. In order to demonstrate the effect of the Moho geometry only
(shallow vs. deep) a constant relative density is used. The relative den-
sity in the entire upper mantle beneath the Moho is set to 0.3 Mg/m3,
while the relative density of the crust is set to 0 Mg/m3 (Fig. 8b). This
relative density is chosen since it is approximately an average density
contrast between the uppermost mantle and the lower crust of the
major units modelled (Fig. 6).

For the calculation of the effect of the low-density uppermost
part of the upwelling asthenosphere (Fig. 8c), a relative density of
− 0.04 Mg/m3 is used. This value corresponds to the mean difference
between the upwelling asthenosphere and the density of the sur-
rounding lithosphere at the same depth (Fig. 6). The remaining units
in the model are given a density of 0 Mg/m3 and therefore only the
gravity effect of the uppermost upwelling asthenosphere is shown.

The sediment stripped gravity map (Fig. 9a) is characterised by
minima in the Eastern Alps and Western Carpathians and maxima in
the Pannonian Basin, Bohemian Massif and the SW border of the EEC.
The gravity low in the Eastern Alps is produced by the thick crust in
this area (more than 45 km). The Western Carpathians have a mod-
erate crustal thickness of ~35 km that partly causes the gravity low.
However, a significant part of the negative gravity signal in the Inner
Western Carpathians (south of the Pieniny Klippen Belt, Fig. 9a) is
related to the thick low-density upper and middle crust (Table 2),
reaching up to 25 km (Fig. 7d). In contrast, the sediment stripped
anomaly in the Pannonian Basin is characterised by positive values of
10–50 mGal, reflecting the anomalously shallow Moho in this region
(Fig. 7b). The gravity maximum of ~40 mGal at the SW border of the
EEC is associated with the high-velocity and high-density intrusive
body, located below the sedimentary infill of the Lublin Trough. This
3-D structure is modelled in the middle crust of this transitional area
between the EEC and TESZ. Therefore, the abovementioned Lublin
gravity high in our model is a superposition of the positive gravity
effect of the intrusion and the negative effect of the sedimentary infill.

The complete stripped map (complete residual anomaly) (Fig. 9b)
is corrected for the gravity effects of the sediments, Moho and the low-
densityuppermostpartof theasthenosphericupwelling(Fig.8c). There-
fore, the complete residual anomaly reflects the gravity effect of the
inhomogeneities located within the crust (except for the sediments)
and lithospheric mantle. Its most dominant feature is the abrupt
change of the positive anomaly along the Pieniny Klippen Belt (PKB,
Fig. 9). The complete residual anomaly of the Pannonian Basin system
and the Western Carpathian orogen (ALCAPA and Tisza–Dacia micro-
plates) is characterised by a relatively long-wavelength gravity low
(several hundred kilometres), with values varying from −10 mGal in
the Pannonian Basin to −40 mGal in the Inner Western Carpathians.
The lowest values are associated with the thick low-density upper and
middle crust of the Inner Western Carpathians (Figs. 6 and 7d).

A major change in the complete residual anomaly coincides with
the PKB, a surface boundary between the Outer and Inner Western
Carpathians. At greater depths, the PKB separates the ALCAPA micro-
plate from the European Platform (Figs. 2 and 6). Thus, the Outer
Western Carpathian flysch zone is underlain by the older, denser and
thicker crust of the European Plate. This is also reflected in the com-
plete stripped map, showing a gradual increase of the residual anom-
aly from minimum of −40 mGal along the PKB to 30–60 mGal at the
front of theWestern Carpathian thrust (the border between the flysch
zone and the foredeep). This means that the European Platform is
characterised by crust that is significantly denser than the crust of the
ALCAPA and Tisza–Dacia microplates.

In the southwest, the complete residual anomaly changes abruptly
along the Austrian–Hungarian borderline. The area of the Eastern Alps
is characterised by positive anomaly values (Fig. 9b), but these values
are intermediate to and smaller than those north of the Alps (in the
Bohemian Massif). Hence, a minor change within the complete
stripped map in the Eastern Alps with respect to the European Plat-
form can be seen. Although the SW boundary of the ALCAPA micro-
plate is not clear, Fig. 2 shows that the Eastern Alps belong to the
ALCAPA microplate. Thus, the Adriatic microplate does not reach



Fig. 9. The residual gravity anomalies calculated from gravity stripping: a) sediment stripped map and b) complete stripped map (for explanation see text). The thick grey lines mark
the geological units of the Western Carpathian–Pannonian Basin region. Also, the Midhungarian Line (white) from Fig. 2 shows the border between the ALCAPA and Tisza–Dacia
microplates. Acronyms as in Fig. 1.
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the margin of the European Platform in the easternmost parts of the
Alps.

Results from high-resolution teleseismic tomography (Lipptisch
et al., 2003) show northeasterly-directed subduction of the Adriatic
lower lithosphere (profile CC′ in Fig. 13 of Lipptisch et al., 2003). The
authors interpret their image as evidence for subduction of the Adria-
tic lower lithosphere underneath the European Plate. However, based
on Fig. 2 and our gravity stripping (Fig. 9), we suggest that the Adriatic
lower lithosphere is apparently subducting/dipping underneath the
ALCAPA microplate. The European Plate is, according to our model,
located in the areas characterised by pronounced gravity highs of
more than 40mGal located north of 48°N. Therefore, from the tectonic
point of view, the Eastern Alps seem to be rather complex. They are
apparently underlain by two plates generating lithosphere that is
thicker and denser than the Western Carpathians. For this reason, the
complete stripped map in the region of the Eastern Alps is also posi-
tive. (Note that for simplification reasons, the Eastern Alps in the 3-D
gravity model were approximated by one plate only. Nevertheless, as
it is obvious from Table 2 and Fig. 6, the Eastern Alpine crust is sig-
nificantly denser and thicker than the crust of the Western Carpa-
thians and the Pannonian Basin).

Both stripped maps (Fig. 9) clearly show the differences between
theALCAPA and Tisza–Daciamicroplates. In general, the residual anom-
alies of the ALCAPA microplate are significantly lower than those of
the Tisza–Dacia microplate. This is particularly obvious in the sedi-
ment stripped map (Fig. 9a). This means that the Tisza–Dacia micro-
plate has, in general, thinner crust. Nevertheless, the complete residual
anomaly of the ALCAPA microplate in the region of the Inner Western
Carpathians is also distinctively negative (Fig. 9b). This Carpathian re-
sidual low is associated with the thick, low-density upper and middle
crust, as mentioned above.

5. Discussion

Themain contribution of this work is new estimates of the thermal,
density, and compositional structure of the uppermost mantle of
the Pannonian–Carpathian region. Since they control, to some extent,
the crustal structure of the whole gravity model, in this section we
address some of the major problems and limitations related to our
modelling.
The depth to the LAB in our study is assumed to coincide with the
1300 °C isotherm (Fig. 5). Due to the restriction of the method itself
(LitMod), and to the lack of better constraining data, the LAB depth
estimations have an associated uncertainty of±10 km. The LAB depths
obtained in this study (Figs. 5, 6, and 7a) show minimum values of
~60 km in the Pannonian Basin system and more than 200 km below
the southern edge of the EEC. These estimates are comparable to pre-
vious assessments based on seismological, geothermal, and magneto-
telluric studies (e.g. Ádám et al., 1982; Babuška et al., 1987; Praus et al.,
1990; Horváth, 1993; Spakman et al., 1993; Cermák, 1994; Bodri, 1996;
Lenkey,1999), thermalmodels (e.g. Artemieva, 2006), and petrological
data in the Pannonian Basin (e.g. Embey-Isztin et al., 2001; Falus et al.,
2000).

Estimates of the depth to the LAB are often based on the inversion
and/ormodelling of geophysical data. One example of such an approach
is the integrated 2-D modelling of (Zeyen et al., 2002) and (Dérerová
et al., 2006). Their results indicate a minimum LAB depth of 80 km
underneath the Pannonian Basin. In these studies, the potential field
(gravity anomaly and geoid), topography and the surface heat flow
data were modelled simultaneously along several 2-D profiles. The
difference in theminimumdepth to the LAB fromourwork and the one
from Dérerová et al. (2006), considering the uncertainties of both
approaches, is 10–20 km. This is mainly due to different parameters
used to model the high surface heat flow of 80 to 130 mW/m3 in the
Pannonian Basin region (Pollack et al., 1993; Lenkey et al., 2002).

In order to reproduce such high values, either the LAB must be
shallower than 80 km or a high heat production rate for the crustal
layersmust be assumed. Zeyen et al. (2002) and Dérerová et al. (2006)
both assume heat production rates for the sedimentary and upper
crustal layers of up to 3.5 μW/m3. Although such high values have been
measured in some rocks, such as certain types of granites, granitoids,
or shales (Hand et al., 1999; Waples, 2002; Menon et al., 2003), the
limited data published from the Western Carpathians (Cermák et al.,
1977) suggest that this value is too high to be taken as an average for
the sediments and upper crustal lithologies in the region. Moreover,
the recent volcanism in this area also suggests a possible non-steady
component for heat transfer at shallow depths.

In our work, we prefer to use more conservative parameters for the
crust (Table 2) and model the LAB shallower. However, we acknowl-
edge that if heat advection processes or non-steady state effects are
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indeed responsible to some extent for the high surface heat flow,
then we may have underestimated the lithospheric thickness.

Another limitation of the present model is that the isotropic seis-
mic velocities are not well constrained at depths N120–150 km,mainly
due to uncertainties in both compositional and thermal structures.
However, our purpose is not tomodel seismic velocities at such depths,
but to make our results compatible with those from the CELEBRATION
2000 experiment in order to constrain possible compositional fields
within the shallow lithospheric mantle.

Within uncertainties, our predictions agree well with the sub-
Moho velocities inferred from seismic profiles, especially with those
from CEL01 (Środa et al., 2006). CEL05 (Grad et al., 2006), however,
shows high P-wave velocities in the EEC domain that are difficult to
reconcile with the compositions assumed in our models. This could
result from an overestimation of theMoho temperatures in our model,
or from a change in the composition between the Carpathian and EEC
lithospheric mantle. Alternatively, a combination of both effects may
be possible. The lack of consistent S-wave velocity models along the
seismic transect, as well as the large current uncertainties in thermal
parameters of the crustal units, make it difficult to discriminate be-
tween these two possibilities. We note, however, that: 1) the velocity
increase in the seismic profiles is abrupt, which favours a composi-
tional over a thermal origin for the high velocities, and 2) a dunitic
composition (Mg# ~93.1) decreases considerably the discrepancies
between predicted and seismologically inferred velocities (Fig. 5 here
and Fig. 7 in Grad et al., 2006), without perturbing the thermal field.
Similar (dunitic) compositions have been inferred at shallow depths
in Precambrian shields from xenolith, geophysical, and field observa-
tions (O'Reilly and Griffin, 2006; Afonso et al., 2008; Griffin et al.,
2008), and they may be a distinct feature of old subcontinental
lithospheric mantle (Griffin et al., 2008). If an eclogitic composition is
assumed instead, predicted velocities become ~4% higher than those
imaged along the CEL05 profile. This value exceeds the estimated
± 0.1 km/s uncertainty in the uppermantle P-wave velocities along the
CEL05. Although the lack of more detailed data (particularly Moho
temperatures) precludes an unambiguous assessment, our results
favour a highly depleted peridotitic composition as the main cause for
the high P-wave velocities in the EEC area.

6. Conclusions

The model presented in this work is based on and satisfies various
different geophysical datasets. Additionally, themodel combines them
into one structural image, using two different modelling techniques.
The classical gravity modelling is supplemented by estimates of the
thermal and density distribution within the uppermost mantle using
LitMod. The density of the uppermost mantle, which is also consistent
with petrological data, allows a better control on the regional gravity
signal. In turn, this generates amodelwith refinedandenhanced crustal
structure,meaning that deeper parts of themodel are better accounted
for and that the nature of shallower crustal layers is better constrained.
Although not commonly applied in potential field modelling, we find
that this approach is advantageous when modelling large areas with
insufficient near-surface constraints. Moreover, realistic density dis-
tribution within the crust and uppermost mantle also allows better
estimates of the depth to theMoho (where it is not constrained by seis-
mic data) and LAB. Hence, our model provides improved estimates of
both density and geometry.

The improved gravity model also enables a more thorough analysis
of the gravity field. In our study, this is achieved by performing gravity
stripping. Using the refined 3-D gravity model, the stripping can also
beperformedwithmore confidence. Gravity stripping in the Pannonian
Basin region is essential because major structures associated with the
basin (i.e. the deep sedimentary basin and shallow crust) have oppos-
ing gravity effects that tend to cancel each other. The complete stripped
map clearly defines the area of the ALCAPA and Tisza-Dacia micro-
plates (negative residual values) and even differences in their internal
structures (Fig. 9a). The Eastern Alps also belong to the ALCAPAmicro-
plate, but differ in that they have a positive residual anomaly. This is
due to themore complex structure that is characterised by the apparent
subduction/dipping of the Adriatic lower lithosphere underneath the
ALCAPA microplate in the Eastern Alps.

The Western Carpathians, apart from their northwestern part,
have no major crustal and/or lithospheric root and only moderate
elevation. Hence, as already noted by other authors, the observations
from the Western Carpathians might imply that: (1) no remnants
of the subducted oceanic lithosphere are detected underneath the
Outer and Inner Western Carpathians since the slab has detached,
disintegrated and sunk to greater depths. This process already
started in the Western Carpathians at the end of the EarlyMiocene
(Tomek and Hall, 1993; Nemčok et al., 1998); (2) since the ALCAPA
microplate was emplaced into the Carpathian region by gentle
docking, accompanied by rotations and transtensional–transpres-
sional plate motions, its collision with the European Platform was
weak. The collision lasted only a short time and, as a consequence,
only 50 km of continental crustal shortening occurred (Lillie et al.,
1994; Konečný et al., 2002; Szafián and Horváth, 2006). Based on
other works, as well as our own, we doubt that the Pannonian Basin
lithosphere is subducted northward under the European Platform, as
was suggested by (Grad et al., 2006).
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