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Abstract: The transition area between the Pannonian Basin and the East Carpathians is the subject of considerable 
tectonic research in Central Europe because of its geological diversity, especially for Lithosphere–Asthenosphere 
Boundary determinations. The major objective of this study is to investigate the Earth’s lithospheric structure and in 
particular to determine the Lithosphere–Asthenosphere Boundary from the Pannonian Basin, through the Transylvanian 
Basin to the Carpathian Bend area. We recorded six new deep magnetotelluric soundings and used two archive 
measurements to complete the information and to put additional constraints on the depth of the Lithosphere–Asthenosphere 
Boundary. In the part of the discussions we provide a brief overview of the existing various methodologies and 
Lithosphere–Asthenosphere Boundary determinations for the wider Carpathian–Pannonian region and Europe and 
comparison with new magnetotelluric results. The lowest Lithosphere–Asthenosphere Boundary depth was detected in 
the Pannonian Basin (~50 km). Our results indicate in addition that the Lithosphere-Asthenosphere Boundary beneath  
the Transylvanian Basin (~70–80 km) is not thick and much thinner than those of the European and Moesian Platforms. 
The additional geophysical information (geomagnetic data and phase tensor results) detected the presence of deep well 
conductive zones towards the Pannonian Basin, the Bogdan Vodă–Dragoș Vodă fault and the East Carpathians. This could 
be explained by the elevated position of the well conductive asthenosphere in the Pannonian Basin and deep and 
presumably fluid rich tectonic zones associated with the Bogdan Vodă–Dragoș Vodă fault and the East Carpathians.  
The phase tensors highlighted that the most complex tectonic zones are present in the vicinity of the East Carpathians 
(where the average Lithosphere–Asthenosphere Boundary depth is >100 km), which is in line with the relatively young 
age of the mountain belt and the very complex nature of collisional orogens.
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Introduction

There are still relatively few and ambiguous Lithosphere–
Asthenosphere Boundary (LAB) determinations for the tran
sitional area between the Pannonian Basin and East Carpa
thians within the broader Carpathian–Pannonian alpine 
megastructure of Europe. Depending on the geophysical 
methods employed, several definitions of the LAB have been 
proposed (Eaton et al. 2009; Jones et al. 2010). The determi
nation of the lithospheric thickness is complicated because  
the lithosphere–asthenosphere discontinuity is elusive and 
imaged with different resolutions by the different geophysical 
methodologies (Eaton et al. 2009; Karato et al. 2015). Even 
decades after the birth of the modern plate tectonic theory it is 

still controversial what causes the observed variations in phy
sical properties at the LAB (e.g., drop in seismic velocity and 
resistivity). Among many arguments hydrolytic weakening 
(Girard et al. 2013), elastically accommodated grain boundary 
sliding (Karato et al. 2015), stress-induced amorphization of 
olivine grain boundaries (Samae et al. 2021), and the presence 
of partial melts are the most common proposed explanations 
(Green et al. 2010; Kovács et al. 2021).

The major objective of this study is to investigate the Earth’s 
lithospheric structure, in particular to determine the LAB 
along the eastern half of the Carpathian–Pannonian Region 
(CPR), from the Pannonian Basin to the west, through the 
Transylvanian Basin to the Carpathian Bend area to the east. 
To complete the information and to put additional constraints 
on the depth of the LAB in this geologically complex area,  
we recorded six new deep magnetotelluric (MT) soundings and 
used two archive measurements (Harangi et al. 2015; Rubóczki 
et al. 2024). The cross-section was designed to cover the geo-
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logical diversity of the area and try to avoid the immediate 
vicinity of large faults separating major and minor tectonic 
units and nappes. The other strict requirement is related to get-
ting reliable measurements over long time intervals. The long-
period MT methodology is known to be sensitive to strong 
conductivity contrast at the LAB, however, it requires a long 
(~2 weeks) continuous and undistorted time series of magnetic 
and electric field components to be recorded. Finding suitable 
sites and ensuring noise-barren recordings is rather challen
ging. The methodology we follow also enables us to reveal  
the conductivity distribution in the underlying lithosphere  
and asthenosphere. This provides a powerful tool to explore 
whether the different geological units and tectonic settings 
have different conductivity patterns. In addition, it gives infor-
mation on the geometry of the well-conducting zones, which 
can be correlated with geological structures. Thus, we aim to 
provide new determinations of the LAB depth in the study 
area and also to reveal if deep lithospheric structures correlate 
with geological observations and seismicity of the SE Car
pathians. We also provide an in-depth comparison to the few 
already existing LAB determinations for the area using various 
methodologies and approaches.

Geological background

The Carpathian–Pannonian region (CPR) is situated at the 
convergence zone between the stable East European Platform 
(Eurasian Plate) and the Adriatic microplate. The northern and 
southern part of the CPR is composed of the ALCAPA and 
Tisza–Dacia lithospheric blocks (microplates) respectively 
(Schmid et al. 2008; Fig. 1a). During the early Miocene,  
the eastward movement of the ALCAPA unit was accompa-
nied by a counter-clockwise rotation whereas that of the Tisza–
Dacia by a clockwise rotation (e.g., Kázmér & Kovács 1985; 
Márton 1987; Fodor et al. 1999). These two units are separated 
by the Mid-Hungarian Shear Zone (MHZ) which is built up  
by remnants of oceanic lithospheres (Csontos & Vörös 2004; 
Schmid et al. 2008). The E–W oriented Bogdan Vodă–Dragoș 
Vodă fault system (Sӑndulescu et al. 1993; Gröger et al. 2008), 
representing the eastward continuation of the Mid-Hungarian 
Shear Zone (Csontos & Nagymarosy 1998), developed during 
several tectonic episodes including extension (18.5–16 Ma), 
transpression (16–12 Ma), and transtension (12–10 Ma; 
Tischler et al. 2007, 2008; Gröger et al. 2008). Its larger inner 
basin, the Pannonian Basin system, was formed during the 
Miocene when large-scale extension resulted in considerable 
thinning of the entire lithosphere, with appreciably less effect 
on the crust than on the lithospheric mantle. What was the 
driving force of the extension is still disputed and includes 
slab-pull exerted on the upper plate during subduction roll-
back (Horváth 1993; Horváth et al. 2015); eastward directed 
asthenospheric flow from the Alpine collision belt (Kovács et 
al. 2012) and gravitational instability (Houseman & Gemmer 
2007). When the roll-back of the subducted slab ceased upon 
reaching the stable East European Platform, it has resulted in 

tectonic inversion and gradual shortening of the area in the last 
5–10 My (Bada et al. 2007).

The Carpathians is a fold-and-thrust-belt, which began to 
form in Cretaceous due to the convergence and collision of  
the European and African plates and several microplates (e.g., 
Ratschbacher et al. 1993; Linzer et al. 1998). The Transylva
nian Basin is the easternmost one among the sedimentary 
basins. It has a complex evolution history closely related to  
the formation of the Carpathians and rather different to that of 
the Pannonian Basin in many aspects (Huismans et al. 1997; 
Ciulavu et al. 2000), characterized by thicker crust, low sur-
face heat flow, higher average elevations and lack of primary 
Miocene extensional structures as opposed to the Pannonian 
Basin (Krézsek & Bally 2006).

Presently, the remnants of the subducting slab or the dela
minating lower continental lithosphere can only be detected 
beneath the Vrancea zone in the south-eastern part of the East 
Carpathians (e.g. Wortel & Spakman 2000). The Vrancea seis-
mogenic zone in the Carpathian Bend area, adjacent to the SE 
corner of the Transylvanian Basin, marks the final stage of  
the convergence process, which is supported and currently 
expressed by the presence of intensive clustered seismicity 
there (Wenzel et al. 1999; Radulian et al. 2008; Ismail-Zadeh 
et al. 2012; Fig. 1). The position of the earthquake hypocenters 
outlines a steeply NW-dipping fast velocity body seismolo
gically active between approximately 70 and 160 km depth, 
that is revealed also by the seismic tomography imaging (e.g. 
Tondi et al. 2009; Ismail-Zadeh et al. 2012). In addition to  
the active seismic characteristics, the occurrence of volcanic 
activity during the last ~10 million years along the internal 
part of the East Carpathians also proves that the Carpathian 
Bend area is geologically extremely young and still active. 
The initially calc-alkaline volcanism has changed to high-K 
calc-alkaline and finally to adakite-like calc-alkaline charac-
ter, whilst the eruptive centers migrated from Călimani 
Mountains southward to South Harghita (Pécskay et al. 1995, 
2006; Szakács et al. 2018). The last volcanic activity occurred 
~30 ka ago at Ciomadul volcano (Harangi et al. 2010; Karátson 
et al. 2016). The close-by Perşani Mountains is the spot of 
Na-alkali mafic volcanism which developed between 1.2 and 
0.6 Ma at least in five episodes (Seghedi et al. 2004; Panaiotu 
et al. 2013). The alkaline lavas erupted enclosed upper mantle 
xenoliths which show fingerprints of intensive deformation 
and significant metasomatic overprint most probably related 
to the nearby sinking slab (Vaselli et al. 1995; Falus et al. 
2008; Kovács et al. 2018; Lange et al. 2019).

Methodology

The magnetotelluric (MT) geophysical method is based on 
the time-varying ULF-ELF (Ultra Low Frequency–Extra Low 
Frequency) geomagnetic field and the response of the ima
ging of the electrical properties of the Earth (Tikhonov 1950; 
Cagniard 1953; Ádám 1965, 1976) The penetration depth of 
the MT method depends on the frequency and quality of  
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the data. The penetration depth can be in the range from a few 
hundred meters to hundreds of kilometers. The geological 
information is contained in the magnetotelluric transfer func-
tion which provides several quantities of the studied structure 
by complex surface impedance tensor. The primary informa-
tion obtained from the transfer function is the period-depen-
dent apparent resistivity and impedance phase of the complex 
EM field amplitudes.

The fundamental property of the MT method is the sensiti
vity to resistivity changes which gives an opportunity to study 
tectonic zones and the whole lithosphere–asthenosphere sys-
tem. Although the conductivity is controlled by temperature 
and composition, minor components in the rock matrix such as 
the presence of an integrated conducting phase (e.g., melt or 
graphite) play a significant role in processing (Jones 1999; Xu 
et al. 2000; Ledo & Jones 2005). The MT method is well 

Fig. 1. a — Schematic geological map (based on Schmid et al. 2008) showing the position of the MT stations; b — Location of the MT stations 
on the topographic map in the Transylvanian Basin, with Cretaceous, Eocene and Neogene tectonic elements shown (based on Koroknai et al. 
2020 and Tămaș et al. 2021).
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suited to the determination of the LAB position, as this is 
characterized by a significant difference between the conduc-
tivity of the lithosphere and the asthenosphere. Typical resis-
tivity values of the well conductive asthenosphere are in the 
range of 1–25 Ωm for a continental plate (Heinson 1999;  
Jones et al. 2010). During the data processing, we assumed 
that the indication of the asthenosphere is either when the 
resistivity decreases to these values or when resistivity 
decreases by at least an order of magnitude. Accordingly,  
the electrical lithosphere–asthenosphere boundary (eLAB) 
was considered as the bottom layer of the simple layered  
MT model for the inversion.

Field campaign and data processing

In the TopoTransylvania project (Matenco 2018) field cam-
paign we installed six broadband MT stations along a roughly 
E–W directed profile from the Pannonian Basin, through north 
of the Apuseni Mts. to the Carpathian Bend area across the 
Transylvanian Basin (Fig. 1b). Two former stations were 
integrated into the network (HU24A and CSB6) where the 
average distance between the stations was approximately  
100 km. MT data acquisition implemented high frequency 
(LEMI-419) and long-period (LEMI-417) signal recorded to 
achieve broadband MT periods between 10−2 s to a few 104 s. 
During the field MT deployment in Transylvania in 2018, 
ensuring anthropogenic noise-free conditions as a minimum 
requirement for the electrical infrastructure, 5–10 km distance 
from the electric power grid was fulfilled for all station loca-
tions. In all cases, the duration of the long-period measure-
ments was exactly 2 weeks, which was sufficient to obtain 
reliable response functions at 104 s.

The time series were processed using robust single-site 
EMTF code to estimate the MT transfer functions (Egbert & 
Booker 1986; Egbert & Livelybrooks 1996). 48 frequency 
bands were selected where the coherency condition of the 
electric and magnetic field components was 95 percent for 
both systems. The apparent resistivity and the phase were 
calculated from the estimated transfer function (impedance). 
To eliminate the galvanic distortion effects from the soundings 
we used the Groom-Bailey decomposition (Groom & Bailey 
1989). Due to data quality and noise, some frequencies were 
masked from the soundings (i.e., in the case of the LABMT5 
station the high-frequency range was not available). The TE 
and TM modes of the decomposed MT soundings fit well 
together in all cases, in addition the initial soundings contained 
little static shift, therefore we did not separately apply a static 
shift correction on the MT data. The decomposed MT soun
dings formed the basis of the inversion process (Supplementary 
Fig. S1).

Even though the stations are located along a section, we 
decided that the best method to adopt for this investigation is 
the 1-D inversion method, because the distance between MT 
stations was too large (100 km in average) to obtain a consis-
tent result from 2-D inversion. To establish whether a decrease 

in resistivity occurs to the expected value marking the LAB 
the 1-D inversion technique is well suited. 1-D inversion was 
calculated by the WinGLink (GEOSYSTEM SRL 2008) soft-
ware package by the decomposed invariant data to determine 
the resistivity and layer thickness of the geological model.  
The starting model was estimated by Occam’s inversion 
(Constable et al. 1987) and used both the amplitude and the 
phase values to fit the measured data. Different number of 
layers adjusted to the inversion considering the raw data.  
The RMS (root mean square) misfit was minimized for the 
layered inversion where the average values do not exceed 0.15 
percent. The fitting of the 1D MT inversion models to the 
decomposed soundings in invariant mode for the apparent 
resistivity and the phase is shown in Supplementary Fig. S2.

In this study, we used two common tools to extract struc-
tural information from MT data: geomagnetic induction vec-
tors and phase tensor ellipses created by the MTPy code 
(Kirkby et al. 2019). The Geomagnetic Transfer Function 
(also known as the tipper vector or induction arrows) is  
a dimensionless complex vector. It is defined as the relation 
between the vertical and the two horizontal components of  
the magnetic field. It contains information on the presence of 
lateral variations in conductivity by representing a projection 
of the vertical magnetic field on the horizontal xy plane.  
The vectors correspond to its real and imaginary parts where 
the real vectors are called induction vectors. In this paper, we 
applied Parkinson’s convection where the real induction arrow 
points toward concentrations of current as more conductive 
zones (Parkinson 1959; Wiese 1962).

The phase tensor analysis, based on Caldwell et al. (2004) 
and Bibby et al. (2005), creates an opportunity to investigate 
the geoelectric direction and dimension of the subsurface 
resistivity distribution free of the galvanic distortions. This 
can be graphically represented with an ellipse and describe  
the dimensionality of the structure by the elongation and the  
β skew angle. If the ellipse forms a circle, it means a purely 
1-D resistivity structure. When the circle is transformed into  
a rotated and elongated ellipse, characterizing different (strike 
or non-strike elongated) 2-D structures. The general 3-D case 
is represented by increasing values of the β skew angle.

Results

The apparent resistivity and phase of the MT soundings in 
the Transylvanian Basin MT section are continuous, trend-like 
points in TE and TM modes also (Supplementary Fig. S1). 
After applying Groom-Bailey tensor decomposition, the dif-
ference between TE and TM modes almost disappeared, and 
1D inversion processing, in their invariant mode, was per-
formed using 1-D Occam and simple layered inversions 
approaches. The 1-D inversion results of the new MT stations 
in the Transylvanian Basin are summarized in Fig. 2. The laye
red models show the resistivity distribution at depths down to 
125 km, where in the upper 25 km the inversion models intro-
duce a variety of crustal structures with different resistivity 

http://geologicacarpathica.com/data/files/supplements/GC-75-3-Novak_FigS1.jpg
http://geologicacarpathica.com/data/files/supplements/GC-75-3-Novak_FigS1.jpg
http://geologicacarpathica.com/data/files/supplements/GC-75-3-Novak_FigS2.jpg
http://geologicacarpathica.com/data/files/supplements/GC-75-3-Novak_FigS1.jpg
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layers. The shallow lithosphere heterogeneity is characterized 
by many resistive features (10 to ~2000 Ωm) embedded within 
a highly resistive background formation. The MT inversion 
models do not show any resistivity contrast between the lower 
crust and the lithospheric mantle, thus there is no evidence for 
the electric Moho along the investigated section in the Tran
sylvanian Basin. However, from the seismological S receiver 
function analysis carried out by Kind et al. (2017), there is 
Moho depth estimation in the Transylvanian region. In the 
deep lithosphere, the MT measurements mostly show higher 
resistivity (>100 Ωm) in the upper mantle. The thickness of 
the lithosphere can be deduced from the MT layered inversion 
models by delimiting the depth at which transition occurs 
from the higher resistive lithosphere to the more conductive 
asthenosphere. A significant well-defined trend is manifested 
for the suspected resistivity changes from which the LAB can 
be identified. At the western part of the MT profile, close to 
the border of the Pannonian Basin, a typically shallow LAB 
depth (~60 km) is indicated with correlation to the early MT 
LAB depth map by Ádám & Wesztergom (2001). From the 
Pannonian Basin towards the Transylvanian Basin, the LAB 
depths increase (Fig. 2). Further to the direction of the Tran
sylvanian Basin the LAB depth moderately decreases, and 
then towards the East Carpathians has a higher value again 
(~120 km). Approaching the Carpathian Bend area including 
the Ciomadul Volcano (CSB6), the estimated LAB depth has  
a substantial change to a lower value (~90 km).

The induction arrows are shown on a horizontal topography 
map of the Transylvanian Basin in Fig. 3 with six selected 
frequencies. The horizontal maps cover the range between 1 s 
to 3277 s periods which correspond to shallower and greater 
depths, respectively. At the lower period (1 s) the induction 
arrows at the stations of LABMT1, LABMT2, and LABMT4 
pointed to the central part of the Transylvanian Basin, other-
wise the arrows represent crustal discontinuities. The stations 
located near the East Carpathians turn to the east direction. 
From the 85 s period, the higher magnitude (length) of induc-
tion arrows is indicated at LABMT1 and LABMT2 stations, 
where the vectors point to the north-northwest direction 
towards the Pannonian Basin. The magnitude of the induction 
arrows decreases with depth and slowly turns to the north.  
The induction arrows at the center of the profile represent  
an eastern direction which changes with depth to the northeast. 
In the East Carpathians, the induction arrows show significant 
south-southeast direction, and these characteristics can be 
followed to larger depths with a gradual inflexion towards  
the east.

The phase tensor ellipses show variable shapes with nearly 
zero β skew angles at short periods, except LABMT3. At lon-
ger periods, at 85 s and 341 s, the ellipses are separated into 
three segments represented by the color of the skew angles, 
where at longer periods these values change to the positive 
range. In other periods, the shape of the ellipses shows no 
significant changes, except for three stations (LABMT5, 

Fig. 2. 1-D layered and OCCAM (narrow column) inversion results of MT data with RMS (nRMS, layered inversion) values along the W–E 
profile. The red line represents the LAB depth with calculated values of 1-D layered inversion.
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LABMT6, MTCSB6) having a slight change in the elongation 
from the north-northeast to the east. In the case of the East 
Carpathian MT stations, the phase tensor ellipses reveal an 
increasing skew with depth, implying a more complex local 
3D geological structure than in the Transylvanian Basin.

LAB determinations in the wider  
Carpathian–Pannonian Region

The first LAB determinations in the Carpathian–Pannonian 
region were performed using seismological (Babuška et al. 
1987; Babuška & Plomerová 1988), later magnetotelluric 

(Praus et al. 1990; Horváth 1993; Ádám et al. 1996), and geo-
thermic (Čermak 1993) data. We must note, however, that  
the obtained LAB determinations by these different geophy
sical methodologies disagree up to 50–60 km in some areas. 
These various methodologies and approaches have their pros 
and cons. In this part of the discussions we provide a brief 
overview of the previously applied methodologies and LAB 
determinations for the wider CPR and Europe.

Thermal approach

While traditionally the ~1300 °C isotherm was used to define 
the base of the rheologically strong lithosphere (McKenzie 

Fig. 3. Induction arrows and phase tensor ellipses at six selected frequencies (depth) shown on the topography map and represent structures of 
Cretaceous, Eocene and Neogene faults based on Koroknai et al. (2020) and Tămaș et al. (2021). The ellipses are colored based on the β skew 
angle.
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1978), later studies proposed lower temperatures. In their pio-
neering paper Pollack & Chapman (1977) proposed that the 
LAB coincides with the depth where the temperature exceeds 
85 % of the dry solidus, which usually equals to 1100–1200 °C 
in most tectonic settings. The widely adopted thermal defini-
tion considers the lithosphere as a layer in which heat transfer 
occurs prevalently by conduction and is rheologically strong 
at lower temperature than these critical values. There are, 
however, contrasting views on what happens at these tempera-
tures which explain the obvious contrasts in the physical pro
perties. This could only be a temperature-dependent physical 
transformation such as melting, dehydration, changing defor-
mation mechanisms or storage capacity of volatiles in mine
rals (e.g., Artemieva 2009; Eaton et al. 2009).

It was Stegena et al. (1975), who first suggested that the thin 
lithosphere and high heat flow in the Pannonian Basin are 
related. Royden et al. (1983) show that the heat flow and  
the subsidence of the Pannonian Basin may be explained by 
non-uniform thinning of the lithosphere. To model the high 
heat flow and high post-rift subsidence rate they assume that 
the mantle part of the lithosphere was almost completely 
thinned. The average lithospheric thickness in the Pannonian 
Basin is 60 km, therefore we assumed in our present paper that 
heat flow variations caused by changes in the lithospheric 
thickness had the same, or even larger, wavelength. Tesauro et 
al. (2009) assumed that the LAB coincides with the 1200 °C 
isotherm, and they found that the lithosphere becomes thicker, 
up to 120–140 km toward the flanks of the Pannonian Basin, 
beneath the Bohemian Massif and the Alpine foredeep and to 
~150 km beneath the Carpathians.

The thermally defined lithosphere is systematically thicker 
than the electrical, petrologic and seismic lithosphere 
(Dérerová et al. 2006; Tesauro et al. 2009; Tiliță et al. 2018) 
and is comparable with the lithosphere thickness evaluated by 
isostasy (Artemieva & Shulgin 2019). Kovács et al. (2017) 
modeled the depth of the 1050 and 1100 °C isotherms beneath 
the Pannonian Basin and found it at typically shallower than 
90 km depth but more commonly at ~60 km depth. It was only 
deeper where the real heat-flow was underestimated due to  
the cooling effect of karst water (e.g., Transdanubian Central 
Range, Bükk Mts., Mecsek Mts.). These isotherms at 1050 
and 1100 °C correspond to the pargasite dehydration solidus 
(Green et al. 2010; Kovács et al. 2021) of the upper mantle, 
which separate the melt-barren and melt-bearing parts of the 
upper mantle: the lithosphere and the asthenosphere. A similar 
approach was adopted by Niu & Green (2018) in estimating 
the depth of the LAB beneath oceanic basins where it is 
equated also with the 1100 °C isotherm.

Seismic determination of the LAB

Shear wave Receiver Functions (SRF)

A shear wave velocity drop of 2–10 % is usually associated 
with the LAB which could be due to several different reasons 
including the presence of partial melt in the asthenosphere 

(Thybo 2006; Saha et al. 2018), changes in deformation creep 
mechanisms (diffusion and dislocation creep, Fei et al. 2016; 
Aulbach et al. 2017), or an elevated water-containing layer 
produced by fluid metasomatism (Aulbach et al. 2017). 
Elastically accommodated grain boundary sliding (EAGS) can 
also explain the lower seismic velocities at the LAB (Karato 
2012). Jackson et al. (2010) experimentally constrained  
a presumably EAGS-triggered relaxation peak (at 1 Hz) at 
~1050 °C for dry and melt barren upper mantle rock with  
~1 mm grain size. This suggests that the seismic velocity 
decrease could also be accounted for without evoking partial 
melting at temperatures which are usually assumed in the 
vicinity of the LAB. In accordance, Samae et al. (2021) pro-
posed that grain boundary sliding could be intensified at the 
glass transition temperature of amorphous olivine, which 
could decrease the viscosity and seismic velocity at the LAB. 
The glass transition temperature of amorphous olivine is in the 
temperature range of 1050–1150 °C typically which, in turn, 
occurs at geophysical anomalies usually associated with the 
LAB (Pollack & Chapman 1977; Samae et al. 2021).

The velocity reduction of seismic waves at the LAB can be 
detected by several different methodologies especially for  
the shear waves. This velocity reduction at the LAB creates  
a negative phase on the receiver functions the depth of which, 
the negative phase depth (NPD), could be equated with the 
LAB in several geotectonic settings (e.g., Abt et al. 2010; 
Kalmár et al. 2023).

The Carpathian–Pannonian region was partially involved in 
the first European SRF study of Geissler et al. (2010), which 
provided LAB estimates for 4 stations in the Pannonian Basin: 
PSZ (~101 km), BUD (~74 km), SOP (~89 km), and PKSM 
(~103 km). Another previous SRF study of Klébesz et al. 
(2015) in the northern Hungarian region (e.g., PSZ station) 
determined a LAB depth of 65 km (±10 km). Kind et al. (2017) 
provided a few 2D common conservation point (CCP) 
migrated cross-sections in the Pannonian Basin region. These 
NPD values are ~60–80 km in the Pannonian Basin (shallow 
lithosphere) and also in the South and East Carpathians  
(>90 km; thicker lithosphere), where the depth values most 
likely do not indicate the LAB.

More recently Kalmár et al. (2023) have constructed an NPD 
map based on 1D migration data from 389 seismological sta-
tions using the natural neighbor interpolation scheme (Sibson 
1981). Their NPD determinations in the CPR bear smaller 
uncertainty (±6 km) than previous studies and seem to coin-
cide well with the other LAB determinations for the central 
part. Accordingly, the Pannonian Basin is characterized by  
a thin lithosphere (~60 km), associated with high surface heat 
flow (>90 mW/m2, Lenkey et al. 2021). In the areas where  
the lithosphere is thicker (>90 km) and the surface heat flow  
is lower (<70 mW/m2), NPD values obtained from 2D CCP 
migration are less likely consistent with the LAB, but is 
probably indicative of another shallower intra-lithospheric 
discontinuity (also referred to as the mid lithospheric disconti-
nuity – MLD – in other studies (e.g., Kind et al. 2017; Rychert 
et al. 2020).
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Kalmár et al. (2023) determined ~64 km LAB depth for  
the PSZ station in northern Hungary resembling closely that of 
Klébesz et al. (2015), but with only ±4 km absolute uncer-
tainty due to the larger, quality-controlled data set and consi
derably improved data processing routine. Belinić et al. (2018) 
studied the Dinarides and its vicinity and implemented 1D 
migration using the IASP91 velocity model. The LAB depths 
determined for the southwestern part of Hungary (~65 km), in 
the foreland of the Eastern Alps (~100 km) and in the Northern 
Dinarides (~80 km) resembles closely the estimations of 
Kalmár et al. (2023).

Seismic tomography

Seismic tomography reveals the velocity distribution of 
seismic waves, where the LAB can be equated with the loca-
tion of a velocity drop below the MOHO in the upper mantle. 
Plomerová & Babuška (2010) conducted 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  
the Vienna Basin, the LAB is located at a depth of ~70 km.  
For the surrounding orogens, this European-scale model 
provides LAB values of ~125 km. Several other regional seis-
mic body wave tomography investigations were undertaken 
providing information on lateral variation of the lithospheric 
structure. The inversion using teleseismic data cover the  
upper mantle depth range over the entire CPR (Ren et al. 
2012) and the Carpathians Bend area (Martin & Wenzel 2006), 
while the inversion using local data is restrained to the area 
situated just above the Vrancea intermediate-depth seismic 
source (Popa et al. 2005; Russo et al. 2005; Baron & Morelli 
2017). All these studies outline the presence of an anomalous 
low-velocity body in the NW part of the Carpathian Bend 
interpreted as an upwelling of the asthenosphere material 
following a detachment/delamination process in the litho-
sphere.

Seismic anisotropy

Babuška & Plomerová (1992) and Plomerová et al. (2002b) 
defined the LAB as the depth where the direction of seismic 
anisotropy switches from a lithospheric ‘fossil’ direction to  
an asthenospheric plate-flow direction parallel to absolute 
plate motions. This change in anisotropy can be mapped by  
the azimuthal variation of P-residuals. The authors found that 
the LAB topography shows a broad lithospheric thinning 
beneath the Pannonian Basin. Detailed modelling of the LAB 
across the Trans-European Suture Zone (TESZ) towards Fenno
scandia reveals a stark variation at the boundary marking  
the base of individual mantle lithosphere blocks with contras
ting anisotropy pattern (Plomerová et al. 2002a; Babuška & 
Plomerová 2004). The LAB shallows only to ~60 km beneath 
young extensional European basins but deepens to ~220 km 
beneath the Alps and the South Carpathians and eastward of 
the Trans-European Suture Zone (TESZ).

Previous MT LAB depth estimations

The eLAB is traditionally identified by a rapid reduction in 
electrical resistivity (i.e., rapid increase in electrical conduc-
tivity) in the shallow upper mantle (Heinson 1999; Jones 
1999). The asthenosphere has low resistivity, with global 
variations in the range of 1–25 Ωm (Heinson 1999). Sensitivity 
tests revealed that with modern, high quality MT data (errors 
<2 % in impedance) the onset of the asthenosphere can be 
detected with a precision of better than 10 % (Jones 1999). 
The contrast between the lithosphere and the asthenosphere 
could be due to several reasons. The higher conductivity could 
be explained by the elevated structural hydrogen concentra-
tion incorporated in nominally anhydrous minerals (NAMs; 
Fullea 2017), which enhances the proton conduction under 
physical conditions of the upper mantle, where the contribu-
tion of ionic and polaron (i.e., ferric vs. ferrous iron) conduc-
tion becomes limited (Selway et al. 2014).

Conductivity could also be enhanced by the presence of 
hydrous minerals such as pargasite and phlogopite (Selway et 
al. 2015) and the presence of partial melts, where carbonate 
melts have higher conductivity than silicate melts (Sifré et al. 
2014). Note that while elastically accommodated grain boun
dary sliding, grain boundary amorphization, decreasing grain 
size and changing deformation mechanisms (i.e., different 
anisotropy) could explain the temperature dependency of  
the LAB, and the decrease of seismic shear waves in particu-
lar, these mechanisms, however, have limited capacity to 
explain the very steep resistivity reduction associated with  
the LAB. Out of these suggested explanations for the origin of 
the LAB partial melting, increased volatile and hydrous mine
ral contents in the upper mantle seem to account better for 
variations of all physical properties at the LAB.

Korja (2007) investigated the LAB depth beneath Europe 
based on electrical conductivity estimated with magneto
telluric methods. Similar studies have been conducted in  
the Pannonian region for a long time (Ádám et al. 1996; Ádám 
& Wesztergom 2001), but the identification of the exact LAB 
depth has been challenging because the determinations varied 
in a relatively wide zone (~45–90 km) in the extensional 
Pannonian Basin having a thin lithosphere.

Joint interpretations for the LAB

Horváth (1993) presented a joint identification of the LAB 
based on seismic, seismologic and magnetotelluric data. His 
determination, which is in part also based on the studies of 
Babuška & Plomerová (1988, 1992, 1993), shows that the 
Pannonian Basin is characterized by thin lithosphere (~60 km) 
and crust (~25 km). In contrast, the mountain arc around the 
basin system has a deep root with thick crust and lithosphere. 
Posgay et al. (1995) was among the first identifying reflec-
tions bouncing back from the LAB by active seismic surveys. 
The Pannonian Geotraverse (PGT) deep reflection seismic 
profiles clearly reveal the presence of a thin, attenuated crust 
and lithosphere in the Pannonian Basin. Along the PGT lines 
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the MOHO and LAB depths are generally around 25 and  
60 km respectively, but under the Békés Basin (SE part of  
the Pannonian Basin) the depth to the MOHO is slightly less 
than 22 km, whereas the thickness of the lithosphere is appro
ximately 40 km. Incorporating these results and complemented 
with gravity and heat flow data Tari et al. (1999) refined fur-
ther the lithospheric structure in the Pannonian Basin.

Bielik et al. (2022), based on Dérerová et al. (2006), also 
presented an integrated study on the lithospheric structure and 
thickness in the Carpathian–Pannonian region. The litho-
sphere thickness shows noticeable variations across the oro-
gen, as well as along the strike of the Carpathians. The depth 
of the LAB varies from 240 km in the East Carpathians to 
75–110 km, under the Pannonian Basin. Along the Carpa
thians, the lithospheric thickness increases from the west 
(~100 km) to the east (~240 km). The South Carpathians 
shows a ~180 km thick lithosphere.

Discussion

LAB determinations for the study region in the context of  
the new MT results

The new eLAB depth estimates from the TopoTransylvania 
MT section are compared to the LAB definitions presented  
in the previous chapter from the Pannonian Basin through  
the Transylvanian Basin to the East Carpathians on Fig. 4.  
In general the TopoTransylvania MT eLAB values in the 
Pannonian Basin and the western part of the Transylvanian 
Basin are in good agreement with the results obtained using 
most of the methods. The LAB depth, constrained by the posi-
tion of the 1200 °C isotherm (Fig. 4a; Tesauro et al. 2009) and 
a P-residual study (Fig. 4c; Plomerová & Babuška 2010) indi-
cates increasing deviations from the eLAB towards the East 
Carpathians. This means that while the LAB depth agrees well 
from the Pannonian Basin it is even 50 km thicker towards the 
stable European Platform as seen by the geothermal and seis-
mic anisotropy. Similar significant differences are observed 
for the LAB defined by seismic anisotropy (see Fig. 4d; 
Plomerová et al. 2002a, 2006; Babuška & Plomerová 2006; 
Jones et al. 2010) showing increasing discrepancies towards 
the East Carpathians. For these three previous cases (Fig. 4a, c 
and d) the larger discrepancy lies in the resolving power of  
the applied methodologies and also poor areal coverage of  
the input geophysical dataset. The best agreement is seen with 
the negative phase depth (NDP) obtained from S-to-P receiver 
functions (Fig. 4b; Kalmár et al. 2023) for most of the study 
area and higher discrepancies are only observed along the East 
Carpathians. This may be due to the fact that receiver func-
tions in some cases may not be effective enough in detecting 
the LAB. The highest challenge is how to separate the arrivals 
directly from the LAB from the multiple converted phases 
from the Moho discontinuity. Especially in complex tectonic 
areas such as the Carpathian Bend area, where present-day 
active geodynamic processes are very intense, the signals 

coming from LAB could be hidden and hard to extract from 
RF diagrams (Geissler et al. 2010; Kind et al. 2017). In such 
cases, the LAB signal may be probably disturbed by the com-
plicated structure due to extrusion, slab roll-back and the pos-
sible delamination of the continental lithosphere. The fit is 
also really good to the combined LAB map by Tari et al. 
(1999) and Horváth (1993) (Fig. 4f). Both the absolute depth 
of the LAB and also its variation closely resemble. There is, 
however, a significant discrepancy to Bielik et al. (2022) as 
our eLAB depths are significantly smaller and show less steep 
increase towards the European Platform (Fig. 4g).

The eLAB estimations by Jones et al. (2010) based on Korja 
(2007) at their stations located in the East Carpathians and 
Pannonian Basin, show similar values in the Pannonian Basin 
and the Transylvanian Basin (Fig. 4e). Their results, however, 
differ significantly in the Carpathians. Detailed magnetotel
luric studies were also carried out in the study region along 
Carpathian Bend by Stǎnicǎ (1993) and Stǎnicǎ et al. (1999), 
some of them were only shorter period soundings unable to 
achieve higher skin depth reaching the LAB. However, the wide 
band soundings resulted shallower lithospheric lid (80–100 km) 
in the younger Transylvanian Basin, and surrounding old plat-
forms the estimated depths were over 150 km (Stǎnicǎ 1993). 
These studies, in addition, determined well conductive zones 
at ~10 km depth along the Carpathians.

Figure 4h summarizes and compares the different LAB 
determinations. All show increasing LAB depth towards the 
East Carpathians, and thicker but still not thick lithosphere 
below the Transylvanian Basin (~80 km). Our eLAB determi-
nation shows some increased LAB depth at the transition 
between the Pannonian Basin and the Transylvanian Basin 
close to the Apuseni Mts. Including our LAB determination 
the results of Tesauro et al. (2006) and Bielik et al. (2022) 
indicate thinner lithosphere in the Carpathian Bend area, 
which will be discussed further below. In summary, our high 
quality and spatially better resolved TopoTransylvania MT 
section indicates ~70–80 km thick eLAB beneath the 
Transylvanian Basin and thinning in the Carpathian Bend 
area. Therefore, it is more likely that the lithosphere is thinner 
under the Transylvanian Basin as it is inferred by other studies 
and methodologies.

Induction arrows and phase tensors

The determined induction arrows and phase tensors along 
the TopoTransylvania MT section (Fig. 3) seem to be in line 
with the broad geological structure of the area. Induction 
arrows point toward well conductive zones in the lithosphere. 
At shorter periods up to 341 s (i.e., shallower depths) the 
induction arrows show a scattered pattern while at longer 
periods a consistent pattern seems to emerge. The stations in 
the vicinity of the Pannonian Basin point towards N-NW, 
which roughly points towards the Pannonian Basin as a well 
conductive zone. The good conduction could be explained by 
the elevated position of the well conductive asthenosphere 
beneath the Pannonian Basin (e.g., Ádám et al. 2017; Kovács 
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Fig. 4. Compared the MT results of LAB depth estimation on different geophysical and geochemical results: a — depth of the isotherm of  
1200 °C marking the lithosphere-asthenosphere transition as in fig. 5 of Tesauro et al. (2009); b — NPD map from 2-D CCP migration based 
lithospheric thickness map results in fig. 9 by Kalmár et al. (2023); c — LAB depths derived in fig. 2 of P-residual study by Plomerová & 
Babuška (2010); d — Estimates of the depth to the seismic anisotropically defined LAB in fig. 2 of Jones et al. (2010) and references therein: 
(Babuška & Plomerová 2006; Plomerová et al. 2002a, 2006); e — Estimates of the depth to the electrically-defined LAB (eLAB) in fig. 6 by 
Jones et al. (2010) and Korja (2007); f — Lithospheric thickness based on seismologic and magnetotelluric data by Horváth (1993); Tari et al. 
(1999, fig. 7); g — combined map of LAB depth estimation based seismological, magnetotelluric and geothermic data by results in fig. 9 by 
Bielik et al. (2022); h — statistical diagram of LAB depth distribution over distance by different estimation.
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et al. 2021). Towards the east, also at longer periods, the 
induction arrows gradually turn clockwise into E-SE direc-
tion. In those directions there is first the primary Bogdan 
Vodă–Dragoș Vodă fault which separates the ALCAPA and 
Tisza–Dacia Microplates on the north. This tectonic zone 
could be considered as the eastern continuation of the Mid-
Hungarian Shear Zone. Rubóczki et al. (2024) demonstrated 
that a deeply penetrating well conductive anomaly is present 
along the Mid-Hungarian Shear Zone which is due to the pre
sence of fluids or well conductive rocks. It is likely, therefore, 
that similar deep well conductive zone is expected to occur 
also along the Bogdan Vodă–Dragoș Vodă fault. More to the 
east along our TopoTransylvania MT section, close to and 
along the East Carpathians the induction arrows point towards 
the East Carpathians and the Carpathian Bend area. Since sub-
duction operated along the East Carpathians and it recycled 
significant amount of volatiles back to the upper mantle, 
which resulted in a significant geochemical refertilisation 
along the orogeny, which also lead to arc-like volcanism since 
the Miocene (Szabó et al. 1992; Seghedi et al. 2004). The pre
sence of fluids along these very deep subduction structures 
could create extensive well conductive zones, which explains 
the direction of induction arrows along the East Carpathians.

At periods between 85 s and 341 s, the ellipses are separated 
into three segments by color (skew angle) representing the 
different geological structure of the Pannonian Basin, the Tran
sylvanian Basin and the Carpathian Bend area. The phase ten-
sors display also consistent pattern at longer periods clearly 
indicating the presence of very complex resistivity structures 
along the East Carpathians, but less complex structures 
towards the Pannonian Basin. This could be explained by the 
very young and complex geological structures along the oro-
gen and in the Carpathian Bend area.

Asthenospheric updoming attenuation – to the Transyl­
vanian Basin

Our eLAB determinations indicate shallower LAB in the 
Carpathian Bend area. This result could be in line with the 
identified asthenospheric upwelling adjacent to the Vrancea 
slab, already demonstrated in several previous studies (e.g.; 
Russo et al. 2005; Martin & Wenzel 2006; Ren et al. 2013; 
Petrescu et al. 2020). Figure 5 shows a summary of these key 
observations. Along section A–A’ Popa et al. (2012) performed 
a detailed local seismic tomography study and identified verti-
cally-extended low velocity anomalies in the Carpathian Bend 
area under the Ciomadul and Perşani Mts in particular (Fig. 1). 
In their B–B’ N–S oriented cross section Kind et al. (2017) 
demonstrated the presence of a significant negative velocity 
anomaly in the Carpathian Bend area from ~150 km to ~50 km 
depth by using S receiver functions.

Along the C–C’ section Russo et al. (2005) studied the seis-
mic attenuation (i.e., spectral ratio analysis) in the Carpathian 
Bend area and revealed strong attenuation of seismic waves 
under this region. Among the possible geological interpreta-
tions the authors proposed that an asthenospheric dome could 

exist roughly between the surface suture zone of the Carpa
thians and the Vrancea seismogenic body. Ren et al. (2012) 
implemented P-wave finite-frequency teleseismic tomogra-
phy in the Carpathian-Pannonian region. Their results while 
characterized uneven quality along section D–D’ in the study 
area, still indicate the presence of a slow seismic velocity 
anomaly in the Carpathian Bend area.

Tiliță et al. (2018) investigated the thermal structure of the 
lithosphere in the Carpathian Bend area along section E–E’. 
The authors find that the high temperature isotherms (i.e., 
1300 °C) are at shallower position in the area and appear to 
spatially coincide with low velocity anomaly revealed by  
the tomographic study of Martin & Wenzel (2006).

In summary, all these prior observations and our results 
demonstrate the presence of an anomaly in the Carpathian 
Bend area characterized by higher electrical conductivity, 
lower seismic velocity, higher attenuation of seismic velocity 
and higher temperature. The most straightforward interpreta-
tion is the presence of a regional scale asthenospheric updo
ming. There are several key geological phenomena in the area 
which could be the consequence and related to this regional 
asthenospheric upwelling. A striking feature of this area is the 
very young volcanic activity with the latest volcanic eruptions 
of the Ciomadul Volcano just ~30 kyrs ago (Szakács et al. 
2018; Karátson et al. 2019; Molnár et al. 2019). Similarly, 
alkaline basaltic volcanic activity in the Perşani Mts. ceased 
just a few hundred kyrs ago in roughly the same area (Pécskay 
et al. 2006; Szakács et al. 2018). The Carpathian Bend area is 
also known for its CO2 rich gas emanations and carbonated 
springs which also could be due to the volatiles originated 
from the asthenosphere and raising towards the surface (Kis et 
al. 2019; Lange et al. 2023). The source of the volatiles could 
be the melt bearing and continuously degassing asthenosphere, 
where volatiles could come to the surface through deep defor-
mation zones along the East Carpathians (Kovács et al. 2021). 
The Carpathian Bend area is characterized by very complex 
geodynamics as this is the youngest part of the Carpathians 
and the segment of the mountain chain emerged only in the 
past few million years (Leever et al. 2006). The Carpathians 
could be characterized by active raise, whereas the adjacent 
Focsani Basin to the east displays very intensive recent and 
ongoing subsidence (Leever et al. 2006). Upper mantle xeno-
liths from the young alkaline basalts of the Perşani Mts. show 
signs of intensive deformations (Falus et al. 2008; Kovács et 
al. 2018; Lange et al. 2019, 2023), which could be related  
to this active deformation of the area affecting the upper 
mantle as well. Our new eLAB determinations demonstrated 
the elevated position of the well conductive asthenosphere in 
the Carpathian Bend area with respect to other parts of the 
Transylvanian Basin.

The question arises what could cause this asthenospheric 
upwelling in the Carpathian Bend area. A geologic model was 
presented by Liptai et al. (2022) and Kovács et al. (2021). 
Both papers argued that there is an ‘asthenospheric jam’ in  
the Pannonian Basin and the low viscosity asthenosphere is 
squeezed between the thicker Adriatic and European plates 
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and tends to escape. The asthenosphere could be effectively 
channeled eastward into the Carpathian Bend area bounded  
to the thicker Moeasian and European plates. The squeezed 
asthenosphere gets blocked by the Vrancea seismogenic body 
on the SE resulting in its uplift and forces the continuous 
delamination of the continental lithosphere still attached to  
the Vrancea Slab (Fig. 5). In this model the asthenosphere is 
not just responding passively to tectonic movements, but its 
movement is an active driving force causing uplift in the inner 
NW part of the Carpathian Bend area and subsidence in  
the outer SE part through the continuous delamination of  
the lower lithospheric mantle and forcing it to sink. Toroidal 
asthenospheric flows generated by the sinking and retreating 
slab may also contribute to the geodynamic complexity seen 
in the Carpathian Bend area.

Conclusions

The transitional area between the Pannonian Basin and East 
Carpathians is characterized by active and complex geotec-
tonic. To fully understand this system behavior, it is essential 
to understand the melt dynamics and its role in determining 

the evolution of the system. Defining LAB is a key element  
in this endeavor. Having this aim in mind and benefiting of  
the TopoTransylvania initiative (Matenco 2018), a set of new 
six broadband MT stations were installed on a profile going 
from Pannonian Basin to East Carpathians.

The new long-period TopoTransylvania MT section demon-
strated that the eLAB is the thinnest beneath the Pannonian 
Basin (~50 km), it thickens at the boundary between the 
Apuseni Mts. and the Pannonian Basin (~90 km), it is at  
a constants depth in the Transylvanian Basin (~70–80 km), 
and the thickest along the East Carpathians (>100 km). In the 
Carpathian Bend area the eLAB depth decreases to ~80 km 
again. This shallower depth of the eLAB in this region is in 
line with independent previous seismic, thermal and MT mea-
surements and could be due to the regional asthenospheric 
updoming of the area. The asthenospheric updoming is 
reflected in the young volcanic activity, CO2-rich surface ema-
nations and springs, active surface and upper mantle defor
mations in the area. Our results indicate the LAB beneath  
the Transylvanian Basin is not thick and much thinner than 
those of the European and Moesian Platforms bordering the 
Carpathian orogenic belt to the east and south, respectively. 
The induction arrows indicate the presence of deep well 

Fig. 5. Different simplified cross-sections on the topographic map show the location of the profiles and integrated results of relative P-wave 
velocity structure by Martin & Wenzel (2006) at depth slice between 70–100 km; A–A’ cross-section shows the seismic tomography (S-waves) 
by Popa et al. (2012); B–B’ cross-section shows the S-receiver function profile by Kind et al. (2017); C–C’ cross-section shows the delamina-
tion depth of seismic attenuation by Russo et al. (2005); D–D’ cross-section shows the P-wave tomographic model by Ren et al. (2012);  
E–E’ cross-section shows the geometry and thermal structure of the lithosphere by Tiliță et al. (2018).
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conductive zones towards the Pannonian Basin, the Bogdan 
Vodă–Dragoș Vodă fault zone and the East Carpathians.  
This could be explained by the elevated position of the well 
conductive asthenosphere in the Pannonian Basin and deep 
and presumably fluid rich tectonic zones associated with the 
Bogdan Vodă–Dragoș Vodă fault and the East Carpathians. 
The phase tensors reveal that the most complex tectonic zones 
are present in the vicinity of the East Carpathians, which is  
in line with the relatively young age of the mountain belt,  
its ongoing geodynamic activity and the very complex nature 
of collisional orogens.
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