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Abstract: Using a very fast 1D method of integrated geophysical modelling, we calcu-

lated models of the Moho discontinuity and the lithosphere-asthenosphere boundary in

the Carpathian-Pannonian Basin region and its surrounding tectonic units. This method

is capable to constrain complicated lithospheric structures by using joint interpretation

of different geophysical data sets (geoid and topography) at the same time. The Moho

depth map shows significant crustal thickness variations. The thickest crust is found

underneath the Carpathian arc and its immediate Foredeep. High values are found in

the Eastern Carpathians and Vrancea area (44 km). The thickest crust modelled in the

Southern Carpathians is 42 km. The Dinarides crust is characterized by thicknesses more

than 40 km. In the East European Platform, crust has a thickness of about 34 km. In the

Apuseni Mountains, the depth of the Moho is about 36 km. The Pannonian Basin and

the Moesian Platform have thinner crust than the surrounding areas. Here the crustal

thicknesses are less than 30 km on average. The thinnest crust can be found in the SE

part of the Pannonian Basin near the contact with the Southern Carpathians where it is

only 26 km. The thickest lithosphere is placed in the East European Platform, Eastern

Carpathians and Southern Carpathians. The East European Platform lithosphere thick-

ness is on average more than 120 km. A strip of thicker lithosphere follows the Eastern

Carpathians and its Foredeep, where the values reach in average 160 km. A lithosphere

thickness minimum can be observed at the southern border of the Southern Carpathians

and in the SE part of the Pannonian Basin. Here, it is only 60 km. The extremely low

values of lithospheric thickness in this area were not shown before. The Moesian Plat-

form is characterized by an E–W trend of lithospheric thickness decrease. In the East,
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the thickness is about 110 km and in the west it is only 80 km. The Pannonian Basin

lithospheric thickness ranges from 80 to 100 km.

Key words: geothermics, gravity, geoid, topography, 1D integrated geophysical mod-
elling, crust, lithosphere, Carpathian-Pannonian Basin region

1. Introduction

The lithosphere-asthenosphere boundary (LAB) may be defined in different
ways, seismic, electric, mechanical or thermic. Modelling of the thermal
lithospheric thickness is usually based on surface heat flow. However, an
extrapolation of temperatures from a few km (usually less than this) to of-
ten more than 100 km is very uncertain, especially due to some disturbing
and usually unknown near-surface effects like heat production distribution
or paleoclimatic effects. Integration of multiple geophysical data that are
based on temperature-dependent physical properties is necessary to con-
strain complicated lithospheric structures. In the example presented here,
we used geoid and topography data that depend on temperature dependent
rock densities. This approach offers an improved geophysical interpretation
of lithospheric structures and has clear advantages over traditional kinds of
interpretation of single data sets on their own.

One dimensional (1D) integrated geophysical modelling is a very fast
method which allows us to establish a preliminary model of the Moho and
LAB. As the Carpathian–Pannonian Basin region provides not only a very
good occasion for studying its complex geological structure and tectonics
but also very good geophysical constraints, we created a model of the Moho
discontinuity and the LAB of this area and discuss the uncertainties of the
method in the absence of good a priori knowledge.

2. Methodology

The 1D geophysical modelling approach was initially presented by Fullea et
al. (2007). From a scientific point of view, it is 1D modelling and therefore
only valid for large-scale structures but on the other hand, when doing this
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1D analysis on many vertical columns covering an area, it gives us a 3D
initial estimate of the main boundaries that we are interested in the studied
area (Grinč, 2013).

The method is based on the combination of elevation and geoid anomaly
data to map crustal and lithospheric thickness. The geoid anomaly is de-
fined as a residual short-wavelength component of the geoid undulations
after removing its spherical harmonics up to degree and order 10. The rea-
son for using different data sets is that each of these data sets is sensitive
to different lithospheric phenomena. Topography reflects variations of the
average density within the lithospheric column, whereas geoid anomaly de-
pends on the depth distribution of density variations and is proportional
to the dipole moment of density (Turcotte and Schubert, 1982). In this
case, only two homogeneous layers are considered by us here: crust and
lithospheric mantle. Topography is modelled in local isostasy, based on the
assumption that the lithosphere floats freely on the asthenosphere and be-
low a certain level of compensation, the pressure does not vary laterally
(Lachenbruch and Morgan, 1990). The topography can be calculated as:

ε =
zc (ρm − ρc)− zL (ρm − ρa)− L0 ρa

ρc − ρw
, (1)

where ε is topography, zc is Moho depth (m with respect to sea level), zL is
LAB depth (m with respect to sea level), ρc the mean density of the crust
(kg.m−3), ρm the mean density of the lithospheric mantle (kg.m−3), ρa is
density of the asthenosphere (taken as 3200 kg.m−3 and L0 is a calibra-
tion constant corresponding to the depth of the free asthenosphere (2380 m
below sea level). Density in the crust can be optionally modelled with a
constant vertical gradient, defined by the user, in order to simulate the den-
sity increase within the crust, mainly between sediments, upper and lower
crust. In the mantle, the density varies linearly with depth due to the tem-
perature increase with depth (see Eq. 3). This gradient depends on the
lithosphere thickness and is calculated automatically by the program. The
equation is valid for points above or below sea level. If elevation is above
sea level (ε > 0), then ρw = 0; if it is below sea level, ρw = 1030 kg.m−3

is the density of sea–water. If local isostasy holds and the wavelengths of
the lateral density contrasts are large enough with respect to their depth,
i.e., the 1D approximation is suitable, then the geoid anomaly (N), is pro-
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portional to the dipolar moment of the anomalous mass distribution (Fullea
et al., 2005; Haxby and Turcotte, 1978; Ockendon and Turcotte, 1977; Tur-
cotte and Schubert, 1982). For a two–layer model with a linear vertical
density gradient, for crust and lithospheric mantle we can write (with a
positive downward coordinate system, however taking topography positively
upward):

N =−2πG

g

⎡
⎢⎣

Zc∫
ε

(ρc (z)− ρa) z dz +

ZL∫
Zc

(ρm (z)− ρa) z dz

⎤
⎥⎦+N0 for ε >= 0

(2)

N =−2πG

g

⎡
⎢⎣
−ε∫
0

(ρw − ρa) z dz +

Zc∫
−ε

(ρc(z) − ρa) z dz +

ZL∫
Zc

(ρm(z)− ρa) z dz

⎤
⎥⎦+

+ N0 for ε < 0 ,

where an integration constant N0 is used to adjust the zero level of the
geoid anomalies. In contrast to Fullea et al. (2006), we are not using ab-
solute densities but density differences with respect to asthenosphere which
simplifies the formula.

These two equations form a system of equations with five unknowns.
Moho depth (zc), depth of LAB (zL), average density of crust (ρc), density
of lithospheric mantle (ρm) and N0 (the crustal density gradient, being op-
tional and fixed by the user is not considered as unknown). Since there are
five variables and only two constraints, here we fixed ρc as known density
with a known vertical gradient and calculate ρm using a linear tempera-
ture gradient in the mantle based on the thermal expansion coefficient α
(α = 3.5× 10−5K−1) (Parsons and Sclater, 1977):

ρm (T ) = ρa[1 + α (Ta − T (z))] , (3)

where Ta is the temperature at the LAB taken as 1300 ◦C. The average
mantle density is the mean of asthenospheric and Moho densities. In order
to calculate the Moho density, we assume a simple thermal model with
constant thermal conductivity and heat production in the upper and lower
continental crust supposed to form each half of the total crust. In this case,
we obtain for surface heat flow qs and Moho temperature TMoho:

118



Contributions to Geophysics and Geodesy Vol. 44/2, 2014 (115–131)

qs =
Ta − Ts +X1 (zc + ε)2 +X2

(zc + ε)

2
(zL − zc)

X3(zc + ε) +
zL − zc
CM

(4)

TMoho = Ts +X3 qs (zc + ε)−X1 (zc + ε)2 ,

where Xi are auxiliary variables:

X1 =
AUC

8CUC
+

AUC

4CLC
+

ALC

8CLC
,

X2 =
AUC +ALC

CM
, X3 =

1

2CUC
+

1

2CLC
.

AUC is heat production in the upper crust (e.g. 2μW/m3), ALC is heat
production in the lower crust (e.g. 0.2μ W/m3), CUC is thermal conductivity
in the upper crust (e.g. 2.5 W/(mK)), CLC is thermal conductivity in the
lower crust (e.g. 2 W/(mK)), CM is thermal conductivity in the mantle
(e.g. 3.3 W/(mK)) and TS is surface temperature (typically 10 ◦C). Heat
production in the mantle is neglected. Introducing Eq. 3 and Eq. 4 into
Eq. 2, we obtain for the geoid:

N =−πG

g

[
Ce + f1

(
z2c − ε2

)
+ f2

(
z3c − |ε|3

)
+

+ f3
(
z2L + zLzc − 2z2c

)]
+N0 , (5)

where G is the universal gravitational constant, g the surface gravitational
attraction,

Ce =

{
0

(ρw − ρa) ε
2

if ε ≥ 0

if ε < 0

f1 =
(
ρtopc − ρa + βε

)
, β =

(
ρbotc − ρtopc

)
zc + ε

,

f2 =
2β

3
, f3 =

ρaα (Ta − TMoho)

3

119
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ρtopc and ρbotc are crustal densities at the surface and at the Moho respectively.
The integration constant related to the reference level for geoid anomaly N0

has to be defined empirically. The parameters zc and thezL can then be
calculated.

3. Study area and databases

The coordinates of the study regions are (17 ◦/28 ◦E – 43 ◦/51 ◦N) so that
the area includes the whole Carpathian–Pannonian Basin region and its
surrounding tectonic units (Grinč, 2013). In the N and E these are the
North and the East European Platform, in the S the Moesian Platform and
the Dinarides, and the Eastern Alps and the Bohemian Massif in the W.

3.1 Input databases

Topography has been taken from the GTOPO30 database (Gesch et al.,
1999). A map of the Carpathian–Pannonian Basin topography including
the area of Southern and Eastern Europe is shown in Fig. 1.

Geoid data (Fig. 2) are taken from the EGM-2008 global model (Pavlis
et al., 2008). In order to avoid effects of sublithospheric density variations
on the geoid, we have removed the geoid signature corresponding to the
long-wavelength component of the geoid up to degree and order 10 (Bowin,
1991).

4. Modelling results

The 1D modelling provides a very fast but preliminary view of the litho-
sphere structure (Grinč, 2013). Since the reference geoid N0 (see Eq. 2) is
a free parameter, we tested different models with different reference geoids
(Table 1, Fig. 3 and Fig. 5). Depending on the value of N0 used, the posi-
tions of maxima and minima of Moho and LAB depths are similar, but the
absolute values change considerably. Therefore, the method needs indepen-
dent observations on Moho depth in order to be calibrated.

In our study, the best results (good fit in the Vrancea zone with Hauser et
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Fig. 1. Topography of the Central European region (from GTOPO30 data set, Gesch et
al., 1999). The red rectangle shows the interpreted 1D area. The blue lines show main
river flows of the study area.

al. (2007) reinterpretation of Vrancea99) were obtained by using the input
parameters shown in the Table 2. These settings also satisfy our expecta-
tions about the Moho and the LAB in the regions (Fig. 4 and 6). The Moho
depth map shows significant crustal thickness variations (Fig. 4) within the

Table 1. Values used for different reference geoid models (Fig. 3 and 5)
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Fig. 2. Geoid anomaly map of the Central European region (from the EGM 2008 dataset
(Pavlis et al., 2008) after removing the spherical harmonics until degree and order 10).
The red rectangle shows the interpreted 1D area. The blue lines show main river flows of
the study area.

studied area, what can be expected based on the many previous studies
of the area (e.g. Zeyen et al., 2002; Bielik et al., 2004; Dérerová et al.,
2006; Csicsay, 2010; Janik et al., 2011; Hauser et al., 2001, 2007; Mocanu

Table 2. Parameter values that satisfy our expectations about the Moho and the LAB of
the region (Figs. 4 and 6)
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Fig. 3. 1D results for Moho depth in the Carpathian–Pannonian Basin region based on
different reference geoids (see Table 1 for model parameters).

and Radulescu, 1994; Beránek and Zátopek, 1981; Guterch et al., 1986;
Čekunov et al., 1988; Posgay et al., 1995; Tomek et al., 1987; Horváth,
1993; Alasonati-Tašárová et al., 2008, 2009). It can be seen that the crustal
thicknesses increase from the Pannonian Basin towards the E and NE but
the thickness of the crust does not fit well with the previous works in some
parts of the studied area. The misfit can be caused by the used local isostasy
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Fig. 4. 1D inversion result for Moho depth in the Carpathian–Pannonian Basin region
(see Table 2 for model parameters and further explanation).

presupposition and by the 1D approach that is strictly valid only for long-
wavelength structures. It is very likely that the whole region is still not fully
compensated, some tectonic processes are still going on and therefore the
local isostasy cannot fully explain the topography of the region. The thick-
est crust is found underneath the Carpathian arc or its immediate Foredeep.
Very high values are found in the Eastern Carpathians and Vrancea area
(44 km). In defiance with the expectations, the thickest crust is found in a
small area of the Southern Carpathians (more than 45 km). The Dinarides
crust also reaches in some parts more than 40 km thickness. The East Euro-
pean Platform is characterized by a crust with a thickness of about 34 km.
In the Apuseni Mountains, the depth of the Moho is about 36 km. On the
other hand, the Pannonian Basin and the Moesian Platform have thinner
crust than the surrounding areas. Here we obtain crustal thicknesses of less
than 30 km on average. The thinnest crust can be found in the SE part of
the Pannonian Basin near the contact with Southern Carpathians where it is
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Fig. 5. 1D results for the LAB in the Carpathian–Pannonian Basin region based on
different reference geoids (see Table 1 for model parameters).

only 26 km. This result is surprising because the thinnest crust is expected
in the central part of the Pannonian Basin (less than 25 km) (Beránek and
Zátopek, 1981; Guterch et al., 1986; Čekunov et al., 1988; Posgay et al.,
1995; Tomek et al., 1987; Tomek and Hall, 1993; Horváth, 1993; Lenkey,
1999; Bielik et al., 2004; Dérerová et al., 2006; Csicsay, 2010), or even less
(22 km) based on the interpretation of the CELEBRATION 2000 project
(Janik et al., 2011). However, the southward thinning of the Pannonian
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Fig. 6. 1D inversion model of the lithospheric thickness in the Carpathian–Pannonian
Basin region (see Table 2 for model parameters and further explanation).

crust is consistent in all tested models.
The lithospheric thickness map shows also significant variations (Fig. 6).

Again here we did not reach any extreme values of thinning or on the con-
trary thickening of the lithosphere. The thickest lithosphere is placed in the
NE part of the map where the East European Platform, Eastern Carpathi-
ans and Southern Carpathians are located. The thickness of the lithosphere
of the East European Platform is on average more than 120 km but in the
northern part of this area some thicker places can be found. A strip of
thicker lithosphere follows the Eastern Carpathians and its Foredeep where
the values reach on average 160 km. This result is in agreement with the
results of Plomerová and Babuška (2010) and in contrast with the results
obtained by Babuška et al. (1988), Horváth (1993), Šefara et al. (1996),
Lenkey (1999), Dérerová et al. (2006), authors published values between
160 km and 240 km. Especially in the Vrancea zone, a thicker lithosphere is
expected. From here, the thickness of the lithosphere is decreasing towards
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the West where the thickness is less than 110 km. The decreasing trend
continues from here also towards the South and reaches a minimum at the
southern border of the Southern Carpathians and in the SE part of the
Pannonian Basin. Here, it is only 60 km. The extremely low values of litho-
spheric thickness in this area were not shown before. The Moesian Platform
is well delineated by a relatively thick lithosphere, characterized by an E–W
trend of lithospheric thickness decrease. In the East, the thickness is about
110 km and in the west it is only 80 km. The Pannonian Basin lithospheric
thickness ranges from 80 to 100 km which is in accordance with Babuška et
al. (1988), Horváth (1993), Šefara et al. (1996), Lenkey (1999), Zeyen et
al. (2002), Dérerová et al. (2006) and Plomerová and Babuška (2010). The
Dinarides in the SW part of the map show a maximum thickness of about
140 km.

5. Conclusion and discussion

We used 1D approach as an initial estimate, a quick hands-on data, as a
starting point for more detailed 2D and 3D studies (e.g. by laborious and
tedious 2D and 3D integrated modelling). Joint modelling of geoid and
topographic data allowed us to establish a very preliminary view into the
lithospheric structure of the Carpathian-Pannonian Basin region and parts
of their surrounding tectonic units. The 1D models show strong variations
across the studied area and locates areas of relatively thin and relatively
thick crust and lithosphere without giving solid absolute values. It can be
observed at all our results that the lithospheric thickness increases from
the Western Carpathians to the Eastern Carpathians along the strike. Our
model reveals in general smaller differences between the thicknesses of the
lithosphere under the North European Platform and the Pannonian Basin
in comparison with previous results (Horváth, 1993; Lenkey, 1999). The
large published lithospheric thicknesses north of the Western Carpathians
(Horváth, 1993; Lenkey, 1999), in combination with a relatively thin crust
(< 40 km), would imply a topography below sea level.

One possibility to explain these differences is that a 1D model result is
a smoothed model, since small depth changes have much larger 1D effects
than the effects would be in a 3D model where those changes are laterally
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Grinč M. et al.: Automatic 1D integrated geophysical modelling . . . (115–131)

limited. Another potentially important factor is the assumption of constant
average crustal density, since in areas with thick sedimentary cover the av-
erage crustal densities may be smaller, whereas in deeply eroded areas like
the Precambrian platforms, they may be larger than average. Therefore,
the results of models A and B (Figs. 3 and 5) may be more realistic for the
Pannonian Basin and the European Platform respectively.

In addition, the programme calculates the topography based on the as-
sumption of local isostasy which is an important restriction and has to be
discussed. Part of the topography may be supported by elastic constraints if
equivalent elastic plate thicknesses (EET) are too large. A few authors have
analysed the EET of the different tectonic units of our region. Lankreijer
et al. (1999) proposed very low values for the Polish Platform (5–17 km)
and the Pannonian Basin (5–10 km). For the wavelengths we are concerned
with (larger than 100-200 km), the elastic effects should then be small (e.g.
Turcotte and Schubert, 1982). However, locally the elastic support and de-
formation may be important.

We have used geoidal heights in our study represented by short-wave-
length component (above spherical harmonic degree and order 10) of the
geoid, coined here as “geoid anomaly”, in order to remove the signal of sub-
lithospheric density distribution. Strictly speaking it cannot be guaranteed,
that the density distribution within the lithosphere does not contribute into
geoidal harmonics of up to degree 10, however, harmonics of degree 10 cor-
respond to approximately 4000 km wavelength, which is much more than
the size of our studied area of less than 100 km. Therefore, only a linear
gradient could be influenced by this effect.

Although our results differ locally quantitatively and qualitatively in
comparison with the models calculated with different geoid settings, they
show similar features in general. Lithospheric thickness increases from the
eastern segment of the Western Carpathians, and reaches a maximum value
in the Eastern Carpathians and in the Ukrainian and Romanian foreland.
The area of the Southern Carpathians brings some controversial results and
this area will need to be further tested.

Acknowledgments. This research has been supported by the French-Slovak

bilateral PHC Stefanik (project No. 26331XG) and the Slovak-French bilateral APVV

project (grant No. ESF-EC-0006-07). The first author is grateful to the Slovak Research

and Development Agency, grant No. APVV-0194-10, for the support of this work. The

128



Contributions to Geophysics and Geodesy Vol. 44/2, 2014 (115–131)

authors acknowledge also partial support by the Slovak Grant Agency VEGA, grants

No. 1/0095/12, and No. 2/0067/12.

References
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Grinč M. et al.: Automatic 1D integrated geophysical modelling . . . (115–131)

Application to the Gibraltar Arc System and adjacent zones. Tectonophysics, 430,
97–117.

Gesch D. B., Verdin K. L., Greenlee S. K., 1999: New land surface digital elevation model
covers the Earth. EOS, Transactions American Geophysical Union, 80, 6, 69–70.
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