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Abstract

The Pannonian Basin is one of the best natural laboratories in the world to study the lith-
ospheric response to continental extension and subsequent tectonic inversion. Here we
address the topic of lithospheric structure by a combined geochemical and magnetotel-
luric analysis, which has been carried out in the framework of the Pannon LitH,Oscope
project. The main objective was to detect the resistivity distribution over the entire litho-
sphere by magnetotelluric measurements, considering the lithological resistivity properties
and relate the results to the structure and evolution of the Pannonian Basin. The Pannon
LitH,0Oscope MT array was used to estimate the depth of the Lithosphere-Asthenosphere
Boundary (LAB), considering the legacy MT data and compared to previous estimates for
the region. Using the MT and geomagnetic response functions, major structural zones of
the Pannonian basin, such as the Mid-Hungarian Shear Zone or fault systems like the Maké
Trough and the Békés Basin, were also imaged. In addition, we used the apparent resistiv-
ity soundings to compare 1D resistivity models computed from geochemistry and obtained
from field MT measurements. This comparison provided new constrains for the composi-
tion, fluid and melt content variations at the local lithosphere-asthenosphere boundary. The
Pannon LitH,Oscope MT dataset and the results presented in this paper provide input for
more complex 3D inversions and further investigations of the lithospheric structure in the
Carpathian-Pannonian region.
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1 Introduction

The geodynamics of the Pannonian Basin’s lithosphere has been the subject of many stim-
ulating and pioneer studies since it is one of the best natural laboratories in the world to
study continental extension and subsequent tectonic inversion (Bada et al. 2007; Horvath
1993; Tari et al. 1999). There are other extensional basins worldwide such as the Basin
and Range (North America), the Aegean Region (South-East Europe) and narrow rifts
including the Baikal Rift and East African Rift system (e.g., Cemen 2010). The advan-
tage of studying the Pannonian Basins, on the one hand, it is geologically very young;
as extension terminated only around 9 Ma (Bal4zs et al. 2016; Matenco and Radivojevi
2012), while basin inversion (compression and shortening) is still ongoing (e.g., Bada et al.
2007; Békési et al. 2023; Porkolab et al. 2023; Tari et al. 2020, 2023). On the other hand
the area is easily accessible and has been the subject of several large scale geophysical
surveys (e.g., CELEBRATION 2000 (Janik et al. 2009); Pannon Geotraverz (Posgay et al.
1995); Carpathian Basins project (Ren et al. 2012), AlpArray (Graczer et al. 2018)). It
has been always clear that a more complex understanding of these young tectonic events
in the Pannonian Basin is only possible by joint efforts combining geochemical, petro-
logic, geologic and geophysical (e.g., magnetotellurics, seismology) approaches. This was
aimed in the Pannon LitH,Oscope Research project combining seismological, magnetotel-
luric (MT) and geochemical data from new MT and seismological network with unparal-
leled resolution and quality. The ultimate aim, besides refining the geological structure of
the lithosphere-asthenosphere system beneath the Pannonian Basin, is to understand the
nature of the lithosphere-asthenosphere boundary (LAB). The origin of the LAB is still
controversial and several contrasting physical phenomenon have been already suggested
(see Kovacs et al. 2021 for a review). The Pannonian Basin is an excellent site for this
purpose as the LAB is known to be shallow (Adém 1996; Babuska et al. 1987 , 1992;
Cermék 1993; Horvath 1993; Kalmar et al. 2019, 2023; Tari et al. 1999), and a vast body
of structural and geological data are available from the previous decades (Csontos et al.
1992; Fodor et al. 1999; Haas 2012; Haas et al. 2014). Our study is timely, since more than
six decades after the discovery of the modern plate tectonic theory (Dewey et al. 1973;
Dietz 1962; Holmes 1965; Wilson 1966) it is still a hot topic what process(es) are respon-
sible for the variation of the physical properties at the so-called lithosphere-asthenosphere
boundary, which separates the rigid outer shell of the Earth from the deeper, low-viscosity
interior, giving rise to the process of plate tectonics. In the research of lithosphere dynam-
ics, an important question is how to define the LAB, what can be regarded as the thickness
of the lithosphere, and what kind of physical parameter changes are relevant. Definitions
of the boundary layer between the more ‘rigid’ lithosphere and the underlying much less
viscous and rheologically weaker asthenospheric mantle are based on a number of vari-
ous geophysical and geochemical proxies (Burov 2011; Tesauro et al. 2009). In the most
probable concept, the asthenosphere is the consequence of partial melting (Green et al.
2010; Kovacs et al. 2021) in the upper mantle. In a very recent receiver function study
Hua et al. (2023) proposed that there is a globally present partially molten layer between
the LAB and a horizon at~ 150 km depth which could be equated with the low velocity
zone (LVZ). However, alternative explanations for the LAB, such as elevated water con-
tent in nominally anhydrous minerals (Mierdel et al. 2007), elastically accommodated
grain boundary sliding (Karato et al. 2015); variation in anisotropy (Rychert and Shearer
2011), stress induced amorphization of olivine grain boundaries (Samae et al. 2021) have
also been proposed. The widely adopted thermal definition considers the lithosphere where
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the geotherm intersect the ~ 1300 °C upper mantle adiabat (Artemieva and Mooney 2001).
In their pioneer paper Pollack and Chapman (1977) proposed a thermal definition for the
mechanical lithosphere stating that the LAB coincides where the temperature exceed 85%
of the dry solidus, which usually equals to 1100-1200 °C in most tectonic settings. The
common characteristic of these explanation for the LAB is that they all have the capacity
to explain to some extent the slower propagation of seismic shear waves and their higher
attenuation at this boundary, however, many of these are unable to explain the commonly
observed conductivity increase at the LAB (Eaton et al. 2009).

The presence of partial melt is known to increase the electric conductivity of rocks and
decrease the seismic wave velocity (Jones et al. 2010). The decreasing shear wave veloc-
ity at the LAB creates a negative phase in seismic receiver functions which is used to infer
the depth of the LAB (e.g., Kalmar et al. 2023; Kind et al. 2012). The higher electric con-
ductivity enables us to detect the upper boundary of the asthenosphere in the Pannonian
Basin using magnetotelluric deep soundings (Adam 1963, 1965). The term LAB is used
flexibly based on the specific geophysical method and the processing technique employed.
The MT defines the so-called electrical LAB (eLAB), while our study also uses the seismic
S-receiver function known as sLABrf also for a comparison. This distinction highlights
that LABs determined through different methods are sensitive to variations in various lith-
ospheric rock physical parameters. The latest seismic and MT determinations of the lith-
ospheric thickness beneath the Pannonian Basin happened more than fifteen years ago, so it
is rather actual to update and refine these results benefiting from data made available by the
so far most dense seismic and MT networks and advanced evaluation methodologies. The
new large-scale Pannon LitH,Oscope MT array was used to discover several lithospheric
features: (1) to estimate the depth of the lithosphere-asthenosphere boundary (eLAB)
beneath the central part of the Pannonian Basin also including the legacy MT data from
this region.; (2) the MT response functions were used applying the phase tensors and geo-
magnetic data (tipper vectors) to reveal the geoelectric structure of the lithosphere-astheno-
sphere system.; (3) apparent resistivity soundings were utilized to compare geochemically
computed 1D resistivity models with field MT measurements. This comparison provides
information on the conductivity variations at the eLAB and the possible geochemical and
physical factors controlling this (e.g., water contents, presence of melt, temperature etc.).

1.1 The geological and research history background

The study area is an interesting terrain for lithospheric-scale MT array, where the continen-
tal lithosphere can be divided into two microplates (basement mega-units) with different
tectonic histories: the ALPACA on the north and the Tisza-Dacia on the south, juxtaposed
by the Mid-Hungarian Shear Zone (Fig. 1, e.g., Csontos and Nagymarosy 1998; Csontos
and Voros 2004). The two major microplates differ in their origin and Mesozoic strata as
the ALCAPA unit show African affinity, while the Tisza-Dacia was rifted off the European
margin (e.g., Haas 2012). In addition, near surface geology has a significant impact on the
field MT measurements, as the aforementioned crystalline basement units of the Pannonian
Basin are covered by up to 6-8 kms of sediments in the main depocenters, creating con-
trast with respect to the mid-mountains where the basement is exposed on the surface. This
contrasting near surface geology (Tari et al. 2023) could cause variable quality of the MT
soundings. Under these regional conditions, a new MT array can provide relevant addi-
tional geological results on the lithosphere of the Pannonian Basin.
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Fig. 1 Structural map of the Carpathian-Pannonian region with the main faults after Horvéth et al. 2015
and main tectonic units after Schmid et al. 2008. The red line indicates the Hungarian border, which cor-
responds to the study area

The Pannonian Basin is a back-arc basin and has been formed in several consecutive
steps over the past 20 My (Balazs et al. 2016; Fodor et al. 1999; Horvath 1993; Horvéth
et al. 2006; Tari et al. 1999). The ALCAPA mega-unit was extruded and rotated counter-
clockwise into the Carpathian embayment from the late Oligocene till the late Miocene
(e.g., Balla 1988; Kazmer and Kovacs 1985). The Tisza-Dacia mega-unit occupied the
Carpathian Embayment by clockwise rotation (Fodor et al. 1999). The occupation of the
Carpathian Embayment by these two microplates was in part contemporaneous with sig-
nificant extension of the lithosphere and resulted in the attenuated position of the asthe-
nosphere (Horvath et al. 2006). After the two microplates occupied the embayment a new
tectonic episode, the tectonic inversion stage commenced (e.g., Horvath 1993; Matenco
et al. 2007; Tari 1994). This recent and still ongoing tectonic inversion is driven by the
NE-SW convergence between the Adriatic plate and the stable European platform (Bada
et al. 2007; Békési et al. 2023; Porkolab et al. 2023). The main phase of the extension was
accompanied by large scale mainly intermedier to felsic calc-alkaline magmatism, whereas
the tectonic inversion was coeval with more localized and less voluminous alkaline basaltic
volcanic activity (Harangi 2001; Kovécs and Szab6 2008; Szabd et al. 1992; Seghedi et al.
2004). The two major mega-units are separated by the left lateral transpressional Mid-Hun-
garian Shear Zone (MHSZ), which experienced significant deformation during the extru-
sion and rotation of the microplates (Csontos and Nagymarosy 1998; Palotai and Csontos
2010). The MHSZ has been reactivated during the tectonic inversion and some of its parts
are still currently active (Koroknai et al. 2020). There are two regionally significant young
and very deep sub-basins (i.e., Békés Basin and Makd Trough) in the SE part of the Great
Hungarian Plain (GHP), with their axes oriented perpendicular to the NE-SW compression
direction (Békési et al. 2023). The MOHO is irregular at several locations in the vicinity
of these deep basins and the asthenosphere is in a highly elevated position at~40 km depth
(Kalmaér et al. 2019, 2021; Michailos et al. 2023; Posgay 1993; Tari et al. 1999) which is
the shallowest in the Pannonian Basin.

The magnetotelluric (MT) method has been used in Hungary since the 1960s for study-
ing the deep structure of the lithosphere (Addm 1963). Up to the present day, many MT
surveys have been implemented in the Pannonian Basin, some for scientific purposes,
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others for explorations. After the early applications, it soon became clear that this passive
electromagnetic technique could be used to obtain information about the specific electrical
resistivity structure of the entire lithosphere, including its thickness, since the resistivity
of the underlying asthenosphere was believed to be significantly lower (Addm 1978). In
the Pannonian Basin the most recent lithosphere-asthenosphere boundary depth map based
on MT data was published by Addm and Wesztergom (2001) and an MT review study was
compiled by Adam et al. (2017). In the last three decades, the advance of digital broadband
instrumentation and the use of robust data processing techniques for electromagnetic (EM)
time series have brought significant development in MT measurements and data process-
ing, which all made available better quality and wider period range MT datasets. On the
other hand, many geophysical, geological, and geochemical observations and results were
achieved in relation to the Pannonian Basin, making it timely to accomplish a new MT
array in line with the state of the art tools.

2 The Pannon LitH,0scope MT dataset
2.1 Field campaign and measurements

The planning of the new large-scale Pannon LitH,Oscope MT array started in 2018 and
took almost 4 years to accomplish the planned measurements. We have installed an array
of 40 long-period temporary MT stations covering the Hungarian parts of the Pannonian
Basin (Fig. 2). The number and density of the MT stations were planned according to the
positions of the broadband seismological stations which were also involved in the project.
We aimed to minimize the distance between MT and seismological stations to achieve
maximum combined sensitivity of the different geophysical measurements. In addition, it
was also important to keep as much distance as possible from the electrical infrastructure
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Fig.2 Location of the MT measurements in the Pannon LitH,Oscope campaign and the permanent seismo-
logical stations in the Pannonian Basin
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including power grids and railway lines to reduce anthropogenic interference. These two
prerequisites required a trade-off between the distance and the data quality as seismologi-
cal stations are typically located on the outskirts of small settlements, which is usually
not ideal for MT. Reference MT station was not used for the EM time series processing,
making undisturbed field conditions particularly important. In most cases, the MT stations
were located in national parks, set-aside cultivated areas or in wooded pastures and clear-
ings. The LEMI 417 measuring system was used to record the five components (E,, E,, H,,
H,, H,) of the EM field with 4 Hz sampling. The duration of the MT measurements was on
average 2 or 3 weeks, which in theory is sufficient to obtain stable, high-quality soundings
up to at least 10,000 s. Based on a priori knowledge from the Pannonian Basin lithosphere
(Tari et al. 1999), the penetration depth of this period must exceed the bottom of the litho-
sphere beneath the Pannonian Basin.

2.2 Time series processing and data quality

The time series processing of the EM field was performed using the EMTF code in single
station mode at 48 frequencies on average (Egbert and Booker 1986; Egbert and Lively-
brooks 1996). After pre-filtering and the frequency domain transformation, the most reli-
able period range of long-period soundings was between 50 s and 10,000 s. Periods shorter
than 50 s usually show a truncation, so that part of the data was removed. Periods above
10,000 s were usually ignored from the individual soundings during the evaluation due to
increasing uncertainty (large deviations from the trend). The soundings can be found in
Supplementary Material 1a. Some MT stations were excluded from further interpretation
steps because their soundings did not show a continuous trend and had significant uncer-
tainties. These MT stations are MT_EGYH, MT_A262A, MT_A261A, and MT_MPLH.

The data quality of the MT stations was visually checked. The best quality data were
recorded in the plain areas, where the sediment thickness is several kilometres and the
topography is nearly horizontal, with a variation of a few meters only. In contrast, moun-
tainous and hilly regions provided poorer results. Even where the basement crystalline
rocks are not exposed on the surface but only covered by a thin sediment layer, sounding
trends could be distorted and shifted. A plausible reason for this difference in quality could
be the presence of high-resistivity rocks close to the measurement site, or the variable
topography, which could result in a highly distorted telluric current configuration around
the MT stations (Jones 1983). The static shift of the MT soundings was corrected using
nearby archival MT station data, but otherwise the dataset was not modified, and theoreti-
cal decomposition transformations were not used in the interpretation.

3 Methodology
3.1 eLAB depth maps from MT data

The thickness of the lithosphere in MT inversion models can be determined from the
position and magnitude of the resistivity drop at the depth of the eLAB (Heinson 1999;
Jones et al. 2010; Korja 2007). On this boundary, both the lithospheric mantle and the
asthenosphere resistivities depend on depth, therefore the magnitude of the contrast is
less important than the actual depth of the eLAB. Our simple approach was to use 1D
simple layered inversion of the MT soundings, then use Kriging interpolation of the
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estimated 1D eLAB depth values for map-view visualizations. The challenge in this
approach lies in the ambiguous models of the 1D MT inversions.

The inversion was performed using the invariant (INV) mode sounding (average of
TE and TM modes) in WinGLink software (GEOSYSTEM SRL 2008). The fitting usu-
ally included three layers, but in some cases the fit was better if different layer set-
tings were applied. The reliability of the inversion was confirmed by the low root mean
square (RMS) misfit values achieving the best fitting between the observed data and
the computed model results. The depth of the lowest boundary layers of the 1D MT
inversion models were considered as the depth of the eLAB. MT stations with inad-
equate data quality or without a decreasing apparent resistivity trend at higher periods
were not suitable for eLAB depth estimation and hence were excluded from the further
interpretation. We note that eLAB depth maps could also be created by applying 3D
MT inversions. However, in this case, it would be challenging to rigorously define the
position of the eLAB because of the depth-dependent variability in apparent resistiv-
ity. For this reason, we preferred to use the more straightforward multi-1D approach
outlined above.

3.2 Geoelectric structure

The geoelectrical structure of the lithosphere was analysed using induction arrows and
phase tensor ellipses based on the stable period range of the MT dataset between 100 s
and 10,000 s. The results were plotted using the MTPy python toolbox (Fig. 6; Kirkby
et al. 2019; Krieger and Peacock 2014). Geomagnetic data can be used to determine
the ‘induction arrows’ or tipper vectors, which represent the relationship between the
horizontal H,, Hy and the vertical H, magnetic field components. In our study, the
Parkinson’s convention was used where the arrows point towards the well-conducting
anomaly, in other words, to the electric current concentration (Parkinson 1959; Wiese
1962).

The MT phase tensor was determined to analyse the geoelectric structure of the
medium (Bibby et al. 2005; Caldwell et al. 2004). The phase tensor can be expressed
in terms of the real and imaginary parts of the impedance tensor, which is theoretically
free from galvanic distortion effects caused by resistivity distributions. This tensor, as
any second rank matrix, can be represented graphically with an ellipse. In a 1D layered
uniform medium, two parameters are used to describe the phase tensor, the minimum
and maximum values of the phase, which are the minor and major axes of the ellipse.
These are equals in 1D, thus a circle is obtained, because there is no horizontal change
in the resistivity. If the geometry is 2D, the diagonal elements of the matrix might dif-
fer, in which case the minor and major axes are no longer equal, therefore an ellipse
is obtained. As a consequence, a new parameter becomes necessary: the ellipse can be
rotated by an o azimuth angle with respect to the major axis, which defines the direc-
tion of the geoelectric strike (i.e., the orientation of the higher electrical conduction).
In general, when the resistivity geometry becomes 3D, none of the tensor elements are
zero anymore. For such cases, one other parameter has to be defined, called the skew
angle P, the deflection angle of the ellipse’s orientation with respect to the strike. The
B skew angle specifies the asymmetry of the impedance tensor. If the skew angle is
beyond the range between -3° and 3°, the subsurface resistivity distribution is consid-
ered increasingly 3D.
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3.3 Forward models of electrical resistivity in lithosphere-asthenosphere columns

Electrical properties of rocks are influenced by several factors besides pressure and tem-
perature, such as modal composition, iron, ‘water’ (i.e., structurally bound hydroxyl)
content of minerals, and the amount of partial melt in the rock matrix. Having an a
priori range of these parameters, forward models can be constructed to calculate the
electrical resistivity in a particular lithological column. These 1D resistivity profiles can
be transformed into synthetic MT soundings and compared with field MT soundings, to
constrain the depth-dependence of the geochemical parameters.

Resistivity profiles were calculated for the lower crust and the mantle, up to 120 km
depth. Resistivities for the upper crust (i.e., between the Conrad discontinuity and the
surface) were estimated from shorter period MT measurements in the vicinity of the sta-
tions. For the lower crust, a simple Arrhenius equation was used with enhanced water
concentration, for an average composition of 30 vol % clinopyroxene, 10 vol % orthopy-
roxene, 20 vol % plagioclase and 40 vol % garnet with water contents of 200, 50, 50 and
10 ppm, respectively. This lower crustal modal composition is in line what is observed
in lower crustal xenoliths from the Pannonian Basin (Dobosi et al. 2003; Kovacs and
Szab6 2005; Torok 2007; Torok 2012; Torok et al. 2014). Parameters in ‘wet’ condi-
tions were taken from Yang et al. (2011) for clinopyroxene, from Yang et al. (2012) for
orthopyroxene and plagioclase, and from Liu et al. (2019) for garnet.

Mantle resistivities were calculated following the steps detailed by Kovécs et al.
(2018), using equations provided by Fullea (2017), which account for different con-
duction types (small polaron, ionic and proton conduction) at high temperatures. We
used the parameterisation ‘PC1’; parameters for amphibole were adopted from Hu et al.
(2018). To obtain depth-dependent temperature profiles, geotherms calculated for differ-
ent surface heat flow values (Liptai et al. 2017) were applied at the different locations
based on the heat flow map of Hungary (Lenkey et al. 2021). For the mantle composi-
tion, a lherzolitic mineral assemblage averaged from mantle xenolith data all over the
Carpathian-Pannonian region (Aradi et al. 2017; Falus et al. 2008; Liptai et al. 2017)
was applied with an Mg-number of 0.9 for both olivine and pyroxenes. Water contents
of the nominally anhydrous mantle minerals (olivine, orthopyroxene, clinopyroxene and
garnet) were considered in three different hydration states. ‘Dry’ mantle was based on
water contents from xenoliths of the Nograd-Gomor Volcanic Field (Patké et al. 2020);
‘intermediate’ water contents were taken from xenoliths of the supra-subductional man-
tle of the Styrian Basin (Aradi et al. 2017); and ‘wet’ mantle was based on the experi-
mental water-saturated conditions at 2.5 GPa (Kovics et al. 2012). Finally, the effect
of small amount of partial melt with dissolved H,O and CO, was calculated with the
method of Sifré et al. (2014) for the asthenosphere. In the melt different H,O and CO,
contents were assumed as these volatiles are known to significantly influence the con-
ductivity even in small concentrations (< 1 wt %). Depths of the LAB were considered
as the negative phase depths of Kalmar et al. (2023). For the details see Supplementary
Table 1.

A general model test was conducted to investigate the effect of the geotherm, modal
composition, structural hydroxyl content of nominally anhydrous minerals, pargasite
(a common hydrous mineral in the upper mantle) and melt contents. In the parameter
test calculations, the H,O and CO, contents were also varied in given melt proportions
(0.5 and 2%) in the 6-0.2 wt.% and 2-0.005 wt % ranges respectively (see Supplemen-
tary Table 1). These tests revealed that the geotherm, the structural hydroxyl contents
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of nominally anhydrous minerals and the melt content play the most prominent role,
whereas the modal composition and the pargasite content have only a subordinate effect
(Fig. 3). Based on these results for the actual lithospheric columns we adopted always
the local geotherm and uniform modal compositions for the different layers (lower crust,
lithospheric mantle, and asthenosphere) and constructed several alternative resistivity
models with different structural hydroxyl contents (dry, intermediate, and wet) in NAMs
and melt contents (Supplementary Table 1).

4 Results

31 out of 40 stations were found to be adequate for determining the eLAB depth,
selected based on data quality and the suitability of the 1D inversion model results.
In addition, we also used the data of legacy MT stations to constrain the eLAB depth.
Legacy MT data selection was based on similar criteria as for the Pannon LitH,Oscope
MT array (Supplementary Materials 1b). There are hundreds of legacy MT stations in
our database from the Pannonian Basin, but only 26 were suitable for estimating the
eLAB depth applying our quality protocol. For characterizing the geoelectric structure
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of the basin, we only used the new MT array due to the lack of induction data in archive
MT measurements. 36 MT stations were used to characterise the geoelectric structure,
and only the stations with noisy data were omitted. Furthermore, to investigate the fit
between measured and modelled lithospheric resistivity columns, 3 MT stations were
chosen from different regions of the Pannonian Basin.
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Fig.4 eLAB depth maps from: a the Pannon LitH,Oscope MT array, b the legacy MT stations and ¢ the
combined MT dataset. The colour of the MT stations shows the RMS value for the 1D inversion model fit
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4.1 Soundings and eLAB depth maps

The construction of the eLAB maps was performed using different data sets: the Pan-
non LitH,Oscope MT array, the legacy, and the joint MT datasets (Fig. 4). The Pannon
LitH,0Oscope MT measurements provide a nearly uniform coverage in the Hungarian
Pannonian Basin (Fig. 4a). However, close to the Transdanubian Range and the Danube
Basin, the coverage was weak due to the insufficient MT stations for eLAB depth determi-
nation. The regional coverage of the legacy MT stations is worse than that of the Pannon
LitH,Oscipe MT array, therefore a major part of the legacy eLAB map is only interpolation
(Fig. 4b). For the archive measurements, the Great Hungarian Plain measurements have the
smaller fitting errors. We note that the low RMS misfit itself does not necessarily mean
the good quality of the MT soundings (1D inversion fitting can be find in Supplementary
Material 2). The legacy MT data has significantly greater uncertainties than the Pannon
LitH,0Oscope MT array, hence the eLAB estimations from the old data are certainly less
reliable. This is not surprising, since most of the archival MT measurements were made
decades earlier in a series of different surveys (Adém et al. 2008; Kiss and Madarasi 2012)
and their purpose was to investigate just a certain parts of the lithosphere and not the whole
in the Pannonian Basin.

The eLAB depth map based on the combined Pannon LitH,Oscope and legacy MT
data show that several regions have consistent eLAB depth values (Fig. 4). In the GHP,
all the maps show thin eLAB depths between 60 and 100 km. The depth estimation in this
region was affected by a significant anisotropy at longer periods. In the South Transdanu-
bia, the estimated depth exceeded 100 km from most of the soundings, however, in some
cases, it was difficult to identify the signal of the asthenosphere. Consequently, the eLAB
depth determinations are less certain in this region. In the Transdanubian Range, some MT
soundings from the Pannon LitH,Oscope array were highly distorted. Similar distortions
were observed for the archive long-period MT sounding from the same region. Based on
the remaining MT soundings from here, the estimated eLAB depth is close to 100 km,
but with a significant uncertainty. Approaching the Alps and the Carpathians the estimated
eL.AB depths increase over 100 km. It can be stated, from the whole MT dataset in the Pan-
nonian Basin, the most reliable results are from the Great Hungarian Plain region.

4.2 Phase tensors and induction arrows in the Pannonian Basin

The geoelectric structure of the Pannonian Basin is characterized by the induction arrows
and phase tensors computed from the Pannon LitH,0Oscope MT array (Fig. 5, further detailed
maps, between 50 s and 10,000 s, can be found in Supplementary Material 3). For the lower
periods (i.e., shallower depths) of the dataset, both quantities are strongly influenced by the
geometry of the crystalline basement and its geometry in the Pannonian Basin (Fig. 5a). Here
most of the induction arrows point towards deep sediment-filled basins, which represent well-
conducting anomalies in the upper crust (Fig. 5b, d). Furthermore, along large normal faults
and related steep basin margins, the elongated geometry of the phase tensor ellipses indicates
the direction of the geoelectric strike. Good examples of such induction arrows and phase
tensors are the Makd Trough and Békés Basin in the SE part of the Great Hungarian Plain
(Fig. 5b), and the Zala Basin in the Transdanubian region (Fig. 5d). In these short periods, the
geoelectric structure is dominated by local anomalies, which results in the frequent changing
of induction arrows and phase tensor ellipses directions. The influence of the local anomalies
becomes weaker as the period (and depth) increases. The induction arrows start to become
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Fig.5 Phase tensors and induction arrows of the Pannon LitH,Oscope MT dataset in the Pannonian Basin
for three periods of (a) 100 s, (¢) 1000 s and (e) 10,000 s. The background colours show the depth of the
pre-Cenozoic basement (i.e., sediment thickness), black lines indicate main faults. The behaviour of the
induction arrows and phase tensors illustrated with two highlighted examples at 100 s for (b) the Mako
Trough and the Békés Basin and (d) the Zala Basin. The induction arrows point towards the better conduct-
ing area (Parkinson convention). The major axis of the phase tensor ellipses shows the geoelectric strike
when its shape is elongated. Otherwise, the more circular shape and the high skew angle indicate the geo-
electric strike is not certain, and the dimension of the medium is close to 3D

visually more ordered at 1000 s, while the phase tensor ellipses become more rounded, making
the geoelectric strike direction less dominant (Fig. 5c). The most evident anomaly at 1000 s is
the opposite directions of the induction arrows along the Mid-Hungarian Shear Zone, which is
a major fault zone in the Pannonian Basin separating the ALCAPA and Tisza-Dacia basement
mega-units (e.g., Csontos and Nagymarosy 1998; Csontos and Voros 2004). Except for the
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induction arrows in the NW area that point S-SE towards the fault zone, a general northward
pointed ordering of the induction arrows is observed. At this period, the extent of near-surface
effects must be negligible, therefore the depth of this conductive anomaly could even reach the
lithospheric mantle in several tens of kilometres depth. Apart from the lower quality measure-
ments with increasing periods a slight decrease occurs in the length of the induction vectors,
with slight change in the shape of the phase tensor ellipses. The skew angle is remarkably
high for many soundings over a significant range of periods, implying strongly 3D resistivity
distribution in the Pannonian Basin. With few exceptions, all induction arrows in the 10,000 s
period show a clear and consistent northward direction, which may originate from the lower
part of the lithospheric mantle or the upper part of the asthenosphere (Fig. 5e). These deep
northward pointing induction arrows suggest a regional north—south resistivity change in the
geoelectric structure of the deep lithosphere-asthenosphere.

4.3 Geochemical parameter test

The MT array measurements were selected to be spatially representative and compared to the
forward modelled resistivity profiles calculated from realistic lithospheric columns relevant
for the measurement site taking into account the local geological structure and available petro-
logical and geochemical information. The selected stations were the A260A from the Alpine
region, the MORH from the South Transdanubia and the NKP6 measurement from the Great
Hungarian Plain. As described in the methodology section, 20 different lithospheric rock
column models were constructed for each MT station, with varying degree of melting and
the hydration states (Supplementary Material 4). For a given melt content, five models were
distinguished: dry, intermediate and wet lithospheric mantle and asthenosphere, and the rest
were mixed, dry and intermediate lithospheric mantle with wet asthenosphere (Supplementary
Table 2). In addition, two models are presented for the NKP6 station, which assume eLAB
depths of 45 and 65 km, respectively. In general, it is observed that even significant changes
in the parameterization of geochemical model results in synthetic soundings which are slightly
different from the measured MT data. If the synthetic soundings are compared to the measured
ones, it can be analysed which lithospheric column shows the best fit to the measured values,
therefore inferences can be drawn for the physical properties in the lithosphere and their vari-
ation at the eLAB. The rock resistivity model, which is ‘dry’ in all aspects, is well separated
and strongly overestimates the 1D inversion model resistivities at all MT stations (Fig. 6). For
the two Transdanubian MT measurements the A260A (Fig. 6a) and MORH (Fig. 6b), the
soundings of all other generated models show smaller resistivity compared to the inversion in
the apparent resistivity soundings. The 1D inversion model sounding of NKP6 (Fig. 6¢) in the
GHP goes in the middle of the synthetic soundings in contrast with other two stations. Chang-
ing the depth of the eLAB at this station (Fig. 6d), has a minimal effect, resulting in a barely
higher apparent resistivity.

5 Discussion
5.1 LAB depths in the Pannonian Basin
Stegena et al. (1975) among the firsts suggested that the thin lithosphere and high heat

flow in the Pannonian Basin are connected. Royden et al. (1993b) demonstrated that the
heat flow and the subsidence in the Pannonian Basin may be accounted for by non-uniform
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Fig.6 Regionally selected MT soundings compared to geochemical forward models: a A260A MT station
from Western Hungary close to the Eastern Alps, b MORH MT station from the Transdanubian Range and
NKP6 MT station, ¢, d from the Great Hungarian Plain for various eLAB depths of 45 and 65 km, resp.
The synthetic lithosphere resistivity models differ in the melt content (0%, 0.5%, 1%, 2%) and in the water
content (dry, intermediate, and wet) of the lithospheric mantle and asthenosphere

thinning of the crust and lithospheric mantle. Kovécs et al. (2017) calculated the depth of
the 1050 and 1100 °C isotherms which resembles very closely other independently con-
strained LAB depths.

The velocity decrease of seismic waves at the LAB can be identified by several differ-
ent methodologies. This velocity reduction generated a negative phase on the shear wave
receiver functions (SRF) of which depth (i.e., the negative phase depth (NPD)), could be
interpreted with the LAB in several geotectonic settings (e.g., Abt et al. 2010). The Car-
pathian-Pannonian region was included in the SRF study of Geissler et al. (2010), which
presented LAB estimates for 4 stations in the Pannonian Basin: PSZ (~101 km), BUD
(~74 km), SOP (~89 km), and PKSM (~103 km). Klébesz et al. (2015) in the northern
Hungary at the PiszkéstetS seismological station (i.e., PSZ) showed that the LAB depth is
at 65 km (£ 10 km). Kind et al. (2017) constructed a few 2D CCP migrated cross-sections
through the Pannonian Basin. These NPD values are ~60—-80 km in the Pannonian Basin.
More recently Kalmaér et al. (2023) have constructed an NPD map in the CPR which bears
smaller uncertainty (+6 km) than previous studies and seems to resemble closely the other
LAB determinations for the Pannonian Basin, which is characterized by a thin lithosphere
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(~60 km). Plomerova and Babuska (2010) carried out one of the first global tomographic
studies to determine the depth of the LAB in the CPR. The authors concluded that in areas
with thick sedimentary cover, such as the Great Hungarian Plain and Vienna Basin, the
LAB is located at a depth of ~70 km. Babuska and Plomerova (1992) and Plomerova et al.
(2002) identified the LAB as the depth where the direction of seismic anisotropy shifts
from a lithospheric ‘fozen-in’ direction to the direction of absolute plate motions. The
authors revealed that the LAB topography shows a broad lithospheric thinning beneath the
Pannonian Basin.

Horvéth (1993) presented a joint identification of the LAB based on seismic, seismo-
logic and magnetotelluric data. His determination, which is in part also based on the studies
of Babuska and Plomerova (1987, 1992, 1993), shows that the Pannonian Basin is charac-
terized by thin lithosphere (~60 km). Posgay et al. (1995) along the Pannonian Geotraverse
(PGT) deep reflection seismic profiles clearly revealed thin crust and lithosphere in the
Pannonian Basin. Along the PGT lines the MOHO and LAB depths are generally around
25 and 60 km respectively, however, under the Békés Basin these corresponding depths are
only 22 and 40 km. Tari et al. (1999) refined further the lithospheric structure in the Pan-
nonian Basin. Bielik et al. (2022) integrating the results of Dérerovéa et al. (2006) demon-
strated noticeable variations across the orogen, as well as along the strike of the Carpathi-
ans. The depth of the LAB varies from 240 km in the Eastern Carpathians to 75-110 km
under the Pannonian Basin.

The electrical LAB (eLAB) is traditionally identified by a rapid reduction in electri-
cal resistivity (i.e., rapid increase in electrical conductivity) in the shallow upper mantle
(Heinson 1999; Jones 1999). Korja (2007) studied the eLAB depth beneath Europe based
on electrical conductivity estimated with magnetotelluric methods. Similar studies have
been conducted in the Pannonian region (Adam and Wesztergom 2001; Adam et al. 1996),
but constraining the LAB depth is challenging because the determinations varied in a rel-
atively wide zone (~45-90 km) in the extensional Pannonian Basin. The eLAB derived
from MT data and the sSLABrf obtained from seismological S receiver functions suggest
a statistically similar average depth range of 90-100 km in the Phanerozoic Europe (Jones
et al. 2010).

We compare our new eLAB map of the Pannonian Basin with the most recently pub-
lished sLABrf map (Kalmar et al. 2023). This sLABrf map aligns with previous LAB
determinations in the Pannonian Basin (Horvath et al. 2006; Tari et al. 1999), except for
the Alpine-Carpathian-Dinaridic orogenic system, where the S receiver functions yield a
significantly shallower depth estimate. In the Great Hungarian Plain, the low topographic
variation and thick sediments provided excellent field conditions for the MT stations. The
eL.AB depth estimation for the GHP is the most reliable, where the depth is between 60 and
100 km in Fig. 7a. The eLAB closely aligns with the SLABrf across different regions of the
GHP compared with Fig. 7b.

It must be noted that, most of these MT soundings show significant anisotropy in appar-
ent resistivity by approximately one order of magnitude. Since these measurements are
barely affected by near-surface distortions, we believe that this separation between the TE
and TM modes are due to geological factors. Although the exact geological reason is not
yet known, it is evident that the upper mantle is highly anisotropic beneath the region as
shown by seismic shear wave splitting data (Kovacs et al. 2012; Liptai et al. 2022; Qorbani
et al. 2016). This anisotropy arises from the lattice-preferred orientation of olivines (the
most voluminous mineral of the upper mantle), which means that its crystallographic axes
show well-defined orientation distributions and are not random. Besides the seismic veloc-
ity, the conductivity is also highly anisotropic in olivine, therefore the measured lattice
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Fig.7 The LAB depth of the Pannonian Basin is estimated using both legacy and new MT data in (a) this
is the same eLAB as Fig. 4. ¢ just without the MT stations. While the SLABrf is determined by seismologi-
cal S receiver functions in (b), as outlined by Kalmar et al. 2023. The depths are presented on an identical
colour scale

preferred orientation of olivine may also explain the anisotropy in the apparent resistiv-
ity. It is known; especially at higher temperatures, that there could be significant differ-
ences among the resistivities along the principal crystallographic axes of olivine (Dai and
Karato 2014). Furthermore, the complex geology and well-defined tectonic directions of
some sub-basins (e.g., Békés Basin and Maké Trough) may also could be a reason (Tari
et al. 1999).

The estimated eLAB depth increases away from the GHP and approaching to 100 km
in the Transdanubian Range, even in some cases jumping up to 30 km between adjacent
MT stations (Fig. 4). These variations lack a geological explanation and only due to differ-
ent quality of the soundings. It seems likely, the eLAB depth generally increases towards
the Carpathians. An interesting area for the MT measurements was in the Transdanubian
Range close to the Tihany Peninsula. The local MT data showed a large anisotropy and
noisy soundings similar to the legacy data. In this area a major well conductive crustal
anomaly is known at~ 10 km depth (Adém et al. 2017). For this reason, at the Tihany (TIH)
MT station, we consider that the estimated eLAB depth is of lower confidence, which was
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approximately 100 km, but still consistent with the further measurements in the region. In
the Danube Basin and the West Transdanubian region, there were only a few eLAB estima-
tions from MT data. Approaching the Alps, the eLAB depth increases fast.

It is obvious at the very first sight that the eLAB depths for the South Transdanubia in
Fig. 7a differ significantly from previous LAB determinations (Horvath et al. 2006; Kalmar
et al. 2023; Tari et al. 1999), as shown in Fig. 7b. In this region the MT results indicate a
significantly thicker lithosphere. This obvious discrepancy may stem from the nature of the
applied geophysical methods (seismology and MT) or different properties of the LAB in
various parts of the South Transdanubian region. However the eLAB depths for this area
in Fig. 7a significantly overestimates the sSLABrf in Fig. 7b, but there is a contrast in both
datasets nearly the same place close to the transition of the GHP and the South Transdanu-
bian region. Generally it is expected that the lithosphere thickness would increase towards
the Dinarides, and may start even from the centre of the Pannonian Basin roughly follow-
ing the line of the river Danube. Even if there is no robust geological interpretation for
this E-W variation in eLAB determinations and this could be solely due to MT quality
issues, there are other observations which seem to be broadly consistent with this pattern.
The delay time of seismic anisotropy is smaller in the areas characterised by thicker LAB
(Liptai et al. 2022), meaning that upper mantle and may be also the lower crust is less
anisotropic under this area. The other interesting geological feature of the western part
of the Pannonian Basin is the presence of a negative velocity anomaly at greater depths
(>300 km, Ren et al. 2012) and different directions of seismic anisotropy (Liptai et al.
2022). It is also interesting, that there are clear petrologic and geochemical evidence for a
proximal and a geologically young subduction in the lithospheric mantle under the Trans-
danubian Range (Bali et al. 2008; Kovacs et al. 2007). Another interesting feature is that
earthquakes seem to occur more frequently along this zone separating the western and
eastern part of the region (Siile et al. 2020). More future research is certainly needed to
understand this discrepancy in eLAB depths and other changing geophysical properties in
the area, but it appears to be a plausible initial hypothesis that there are variations in the
general physical properties of the lithosphere in the central part of the Pannonian Basin
roughly parallel to the Danube. The different properties of the western part may be due to
the fact that prior Mesozoic subductions may affected more this area causing its enhanced
refertilisation which is reflected in the observed physical differences (Bali et al. 2008;
Kovacs et al. 2007).

In general, the previous studies on the LAB in the Pannonian Basin (Adém and Wesz-
tergom 2001; Horvath et al. 2006; Kalmar et al. 2023; Tari et al. 1999) resulted similar
estimates for the GHP region, where the thickness of lithosphere is approximately 60 km
(Fig. 7a, 7b). The new eLLAB estimates from MT data for other parts of the Pannonian
Basin are generally 10-30 km deeper than those described in previous studies. One of the
most interesting observations is that, when comparing the latest results of MT and seis-
mology in the Pannonian Basin, as shown in Fig. 7, the changes in LAB depth exhibit
very similar contours. For example, approaching the Carpathians or in the Danube Basin,
the major differences are in the rate of change. It is important to note that the deep eLAB
values obtained in the South Transdanubian region, especially towards the Alps and the
Dinarides, may appear somewhat exaggerated. Even if there is an apparent discrepancy
in the absolute eLAB and sLABrf depths, the LAB maps reveal a broadly consistent pat-
tern. This pattern shows the thickening of the LABs towards the west and the orogenic rim
where the sLABrf determinations show a more gradual values and smoother transition.
Consequently, even if there are several factors which could distort the LAB estimates our
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results still seem to map reliably the relative variation in physical properties associated
with the LAB.

5.2 Geoelectric structure

The phase tensors ellipses and induction arrows at low periods correlate with the topog-
raphy of the pre-Cenozoic basement (Fig. 5). A good example at 100 s period is the
AMBH MT station located at the edge of the Maké6 Trough. The induction arrows point
towards the basin center, where there is a greater volume of conducting sediment. The
phase tensor ellipses are nearly perpendicular to the trough pointing towards the most
conducting direction (Fig. 5a, b). Similar behaviour can be observed in the Békés Basin,
but there the basin geometry is less elongated. The thickness of the sediment is less var-
iable in the rest of the Great Hungarian Plain, but the direction of the induction arrows
still appears to be influenced by local variations in the sediment thickness (Fig. 5a).

As the period increases, the arrows become more ordered, the influence of the basin
geometry becomes less dominant and at 1000 s the characteristic north—south direction
starts to appear (Fig. 5c, ). Their magnitude decreases until 8000 s after the alignment,
but then starts to increase again, slowly turning to north-west. In these longer periods
and therefore greater depths, the phase tensors become more circular meaning that the
geoelectric strike direction is essentially smoothed out in the deeper crust and the lith-
ospheric mantle. Interestingly, the skew angle is high throughout, and this is also true
for the other soundings in the Pannonian Basin, so the majority of MT stations reveal
strongly 3D resistivity geometry in the lithosphere. The geoelectric structure outside the
GHP is quite diffuse on the 100 s period map. If there is nearby sediment accumulation
this determines the direction of the induction vectors as we pointed out above. The Zala
Basin with significant sediment thickness is a good example for this, but this is not the
case for all the MT stations. As the period increases, the induction arrows of the MT
stations close to the Mid-Hungarian Shear Zone point towards the zone, while the phase
tensors show a somewhat parallel direction to the fault zone. The opposite direction of
the induction arrows on the two sides of the fault zone suggests that the fault zone has
low resistivity. The fact that this features appear at the 1000 s period (Fig. 5¢) implies
that the fault zone represents a major conductive zone reaching down to the deeper parts
of the lithosphere. The well-conducting characteristic of the fault zone may be related to
fluid-accumulations in the more permeable damage zones and/or to lithological changes
in the fault rocks due to lateral displacements or to the reworking (cataclasis, re-cemen-
tation) of the damage zone rocks. Based on the MT array data, the 1000 s period induc-
tion arrows and phase tensors indicate that this fault zone is a well-conducting tectonic
unit. This is consistent the origin of MHSZ, which separated major tectonic microplates
and underwent significant deformations after the Oligocene (Csontos and Nagymarosy
1998) and some of its parts are still active (Koroknai et al. 2020). The novel element
of our results is that it implies that the MHSZ is not only constrained into the crust
but goes into the lithosphere much deeper. As the period increases, all the induction
arrows tend to settle to the north, and the phase tensors do not show clear conduction
directions.

The northward orientation of the induction arrows is an interesting phenomenon, for
which it is difficult to provide a clear geological explanation. The physical meaning of
this phenomenon is that the conductivity increases towards the north in the deep litho-
sphere/shallow asthenosphere. This trend should be present under the whole Pannonian
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Basin according to the MT data. While the explanation for this northward orientation is
not yet fully clear, its origin may be explained. The Pieniny Klippen Belt in the Western
Carpathians is known to be a prominent tectonic feature separating ALCAPA from the
stable European platform. A recent MT study identified that there is a prominent well
conductive sub vertical zone along the Pieniny Klippen Belt extending from the sur-
face to at least until the lithospheric mantle (J6Zwiak et al. 2022). This well conductive
zone is a dominant feature and has the capacity to explain the northward orientation of
the induction arrows. Other smaller scale and less profound deformation zones presum-
ably crosscutting the entire lithosphere were also proposed by Kovécs et al. (2020) and
Koptev et al. (2021) in conjunction with the alkaline basaltic volcanic activity. Their
much smaller size and lower conductivity contrast, however, seem to be insufficient to
account for the observed larger scale conductive zones needed for the explanations of
the induction arrows. The Central Slovakian Volcanic Field is a specific area in the Car-
pathian-Pannonian region because the volcanic activity is almost uninterrupted in the
past 20 My (Szakacs et al. 2018) and recent studies discovered the presence of partial
melt in the lithospheric upper mantle beneath the Nograd-Gomor Volcanic Field on the
north (Patké et al. 2021). The continuous volcanic activity and the presence of partial
melts can also account for the existence of well conductive zones on the north to which
the induction arrows could point.

5.3 Geochemical implications for the nature of the eLAB

In this chapter we made a comparison between real and synthetic MT soundings based on
forward modelled resistivity columns obtained from relevant petrological and geochemi-
cal data. The long-period MT soundings and those obtained from geochemical forward
resistivity models generally resemble closely (Fig. 6, resistivity models can be found in
the Supplementary Table 1 and Supplementary Material 4). This is due to the fact that
all resistivity models down to the depth of the Conrad discontinuity follow the inversion
model indicated in dashed blue. Below the Conrad discontinuity, the high resistivity of the
crust has insignificant effect on the resistivity models. The apparent difference is induced
by the exponentially decreasing trend of the resistivity. It can be stated that the lithological
resistivity models with 0% melt, dry lithospheric mantle and asthenosphere overestimate
the apparent resistivity of the real MT soundings. Therefore, melt-free asthenosphere and
dry lithospheric mantle is not a likely geological explanation. For A260A and MORH, the
wet and melt bearings models underestimate the resistivity of the associated MT sound-
ings, which would imply a lithosphere may be drier with lower or no melt contents (Fig. 6a
and b). In contrast, on the Great Hungarian Plain the NKP6 sounding, which includes the
regionally typical lower apparent resistivity because of the thick covering layer of sedi-
ment, indicates an intermediate to wet lithosphere (Fig. 6¢c and d). The effect of changing
the eLAB depths in the resistivity models has the smallest effect among the parameters on
the modelled soundings. Based on the parameter testing for the Great Hungarian Plain’s
resistivity model with a melt content between 0.5 and 1% and an intermediate to wet litho-
sphere is the most plausible solution. The relationship between the forward models and
the 1D inversion model was the most critical in the testing, depending on the quality of
the real MT sounding. Ideally, the 1D inverse models should be as close as possible to the
respective real lithospheric resistivity models. We find that this scenario is best fulfilled for
the NKP6 site in the Great Hungarian Plain. While there is usually a stark resistivity drop
is associated at the eLAB the deep MT soundings are unable to detect this as a stepwise
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resistivity variation. Instead this drop is smoothed out in the recorded real MT soundings
also in part due to the exponentially decreasing resistivity in the lithospheric mantle. In
other words, eLAB’s 1D inversion estimation may not be most sensitive to the depth of
resistivity contrast at the lithosphere—asthenosphere boundary, but rather provides an inter-
mediate depth value in this more gradual transition zone between the lithosphere and the
asthenosphere. The results from good quality MT soundings station confirm that the asthe-
nosphere should contains some small (0.5-1%) fraction of partial melt and the lithospheric
mantle is hydrous to some extent to best fit the observed data. Thus, our results imply that
the eLAB is a boundary along which hydration takes place in the shallower lithosphere,
whereas the deeper upper mantle partial melts are present. This suggests that most likely
the eLAB is a horizon along which partial melting takes place based on the best quality of
MT sounding data.

6 Conclusions

Our paper is focused on new eLAB maps of the Pannonian Basin, its geoelectrical
structure, and geochemical features related to rock conductivity based on the Pannon
LitH,Oscope MT dataset. Our major achievements can be summarised as follows:

e According to the quality of the estimate, the most accurate eLAB depths are available
for the Great Hungarian Plain and vary between 60 and 100 km. In the Transdanu-
bian Range and Danube Basin, the eLAB depth is estimated with less confidence to be
around 100 km, while in the South Transdanubia the eLAB is deeper than 100 km.

e In the Pannonian Basin, the thick sediments and large faults zones were visible on the
MT response functions and the geomagnetic data. The thick sedimentary basins domi-
nate the geomagnetic response functions, such as the Maké Trough and Békés Basin at
the low 100 s period.

e The induction arrows and phase tensor ellipses at 1000 s delineate the Mid-Hungarian
Shear Zone, which is separating the ALPACA and Tisza-Dacia mega-units.

e Approaching the asthenosphere at 10,000 s period, all the induction arrows turn to the
north. An explanation for this northward decrease in resistivity is a possible indication
for the effect of the Central Slovakian Volcanic Field and/or the Pienini Klippen Belt
since these areas are known as large-scale well conductive zones.

e In the Great Hungarian Plain strong anisotropy was present in the long-period MT
sounding which may be due to the already proposed regional scale seismic anisotropy
in the upper mantle but this needs further investigation.

e The lithospheric resistivity under the Pannonian Basin is strongly influenced by the
melt and water content of the upper mantle based on geochemical forward modelling.

e Based on the lithologically obtained forward modelled resistivity profiles, it is probable
that the lithosphere of the Pannonian Basin is hydrated to some extent and there is a
small fraction of melt present (0.5-1%) in the asthenosphere.

e In the future 3D MT and joint inversion techniques among seismic and gravity data-
sets offer promising further possibilities to improve spatial resolution and reliability of
inverted geophysical parameters.
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