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Abstract

We present the latest magnetotelluric models on profiles in the northeastern part of Slovakia and the southeastern part of
Poland. These models are focused on deciphering the tectonic structures at the contact of the Inner Carpathians with the
European Platform in this area. For the Inner Carpathian block, we propose the term Carpathia. Profile SA-01 shows shal-
lower structures and the parallel MT-05 profile shows deeper structures. These models are also correlated with the seismic
profile CEL-05. All results are compatible and show an original subduction-collisional structure, which was later replaced
by a transpressive-transtensional one. The most striking structures are thick highly conductive subhorizontal zones in the
middle crust and a tectonically controlled deep vertical conductive structure—the Carpathian conductive zone. Other sig-
nificant structures, which also appear in the seismic section, are back thrusting of Flysch Belt and the Klippen Belt basement

(Penninic crust) uplift.
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Introduction

Most of the authors who created the models of Neoalpine
tectonic development of the Carpatho—Pannonian region are
based on the assumption of the subduction of the North Pen-
ninic Ocean, the gradual approach of the terranes from the
Alps and their final collision with the European Platform
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(e.g. Csontos et al. 1992; Kone¢ny et al. 2002; Kovac et al.
1998, Froitzheim et al. 2008 and others, see the chapters
dedicated to geology in these articles). Both subduction and
collision progressed along the arc-shaped edge of the Euro-
pean Platform (EP) from W to E, terminating in the Eastern
Carpathians (Vrancea).

The tectonic block of the Inner Western Carpathians
(IWECA) belongs to the Neoalpine (Neogene) terranes,
which were pushed out of the Alps area into the area of
the North Penninic Ocean (in this case, the Magura flysch
ocean). Owing to their simplicity and compatibility with
the other terranes of the Pannonian area (Dacia, Tiszia,
Pelsonia), we propose the abbreviated name Carpathia
(CA) for this block. Carpathia is composed of Paleoal-
pine tectonic units (comprising older Hercynian crustal
units and Upper Paleozoic and Mesozoic complexes) and
remnants of Mesoalpine tectonic units (mainly the Orava
complexes of today's Klippen Belt and their basement—Pen-
ninic crust (PC)). During collision of CA with EP Flysch
Belt of Outer Western Carpathians (OWECA) originated.
In the north along all Carpathian arc, CA is bounded by
EP along the tectonic shear zone demonstrated as the Car-
pathian Conductivity Zone (CCZ), which is connected with
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the Carpathian Conductivity anomaly (CCA) and in the
SW, S and SE, it interfaces with Pelsonia along the Raba-
Hurbanovo- Didsjend, eventually Darné faults, in the west
is bounded to the Eastern Alps block by system of Leitha—
Lab faults (Fig. 1).

Using MT modelling on the profiles across the contact
zone between Carpathia and the EP, we identified a different
nature of collisional processes in the western and eastern
parts of the Western Carpathian arc (Bezéak et al. 2021).
While the oblique collision style dominated in the western
part, the direct collision style was dominant in the eastern
part. This was also manifested by different tectonics inside
the Carpathian block, which was divided into two sub-blocks
along important shear zone (Pohorel4 fault, possibly con-
tinuation of Raba fault).

The previous magnetotelluric (MT) measurements were
located almost near the border of these sub-blocks (e.g.
Majcin et al. 2018). For this reason, the aim of our subse-
quent studies was to verify the tectonic structures directly
in the centre of the eastern sub-block. For this purpose, in
cooperation with geophysicists from polish Institute of Geo-
physics of PAS and czech Institute of Geophysics CAS, we
carried out MT measurements along the profile SA-0O1 that
runs in the SW-NE direction perpendicular to the collision

zone in the NE part of Slovakia and the SE part of Poland
(Figs. 1 and 2). On the surface, the profile intersects the
units of the Inner Carpathian Paleogene (ICP), Klippen Belt
(KB), and the units of the outer flysch (FB). In addition to
determining the nature of the tectonic structures, the goal
was also to verify the manifestations of CCZ in this area.

Information on shallower structures from the SA-01 pro-
file is complemented by information on deeper structures
from the parallel MT-05 profile following the CELEBRA-
TION 2000 CEL-05 seismic profile (Figs. 1 and 2). The
results of this seismic model CEL-05 (Janik et al. 2009,
2011) as well as the results of geothermal modelling (Majcin
et al. 2014) were utilised in this study for geological and
tectonic interpretation.

Geology and tectonics

The Western Carpathians (WECA) form the northernmost
segment of the Alpine—Carpathian orogenic loop and the
westernmost northward convex branch of the Carpathian arc.
After Tectonic map of Slovakia (Bezak et al. 2004) they can
be divided into two main tectonic zones: Outer (OWECA)
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Fig. 1 Schematic map of the Carpatho—Pannonian region (after
Majcin et al. 2018) with position of investigated area and profiles
SA-01 and MT-05. Structure description: (1) European platforms, (2)
Foredeep units, (3) Alpine—Outer Carpathian Flysch Belt, (4) Klip-
pen Belt, (5) Inner Alpine—Carpathian units, (6) Neogene volcan-
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ites on the surface, (7) Neogene sediments. EA—Eastern Alps. Blue
lines—borders of Carpathia. Fault system: CCZ—Carpathian con-
ductive zone, Li—Leitha-LLab, Rb—Raba, Ph—Pohoreld, Hu—Hur-
banovo, Ds—Didsjend



Acta Geophysica

Fig.2 Tectonic scheme of investigated area after Lexa et al. (2000)
and position of MT profiles. Yellow circles—positions of the meas-
ured MT sites. Green stripe—CCZ. 3—Units of folded molasse, 6—
Foremagura unit of the Flysch Belt (g—Grybéw fm.), 7—Magura
unit of the Flysch Belt (—Raca, b—Bystrica, k—Krynica nappe),
8—Internal Magura nappes of the Flysch Belt, 10—Klippen Belt,

and Inner (IWECA = Carpathia) based on the youngest
Cenozoic (Neoalpine) tectonic processes.

The formation of the Carpathia block (CA) took place
during the long-term orogenic processes during the Hercyn-
ian, Paleoalpine and Mesoalpine stages. During the Hercyn-
ian orogeny, the crust of today's CA, composed of Hercynian
metamorphic complexes (mid-crustal nappes, Bezédk et al.
1997) and granitoid intrusions, was formed. After isostatic
levelling and denudation mostly in the Permian, a sedi-
mentary Mesozoic cover sedimented on them. During the
Paleoalpine collision (Cretaceous), basic crustal tectonic
units of the CA (Tatricum, Veporicum, Gemericum) and
superficial nappe systems (Fatricum, Hronicum, Meliaticum,
Turnaicum, Silicicum) were formed. From the Mesoalpine

12—Neogene sediments, 14—Andesitic volcanic rocks, 17—Inner
Western Carpathian Paleogene formations, 19—Tatricum unit: a—
crystalline basement, b—cover units (mostly Mesozoic), 20—Vepo-
ricum unit: a—crystalline complexes, b—cover units (Upper Paleo-
zoic—Mesozoic), 21—Hronicum unit

period of the collision between the Paleoalpine Carpathian
block (with Tatricum on the head) and the PC terrane (late
Cretaceous—early Paleogene), only a few fragments are pre-
served, the most prominent of which is the narrow tectonic
KB zone along the northern edge of the Tatricum.
However, the current form of Western Carpathians, their
structure and basic tectonic division are mainly the result of
the last Neoalpine tectonic processes that took place from
the end of the Paleogene, during the Neogene to the pre-
sent. This topic is addressed by several authors (e.g. Csontos
et al. 1992; Konec¢ny et al. 2002; Schmid et al. 2008; Kovac
et al. 1998; Froitzheim et al. 2008). The key process in the
tectonic development of the Carpathian-Pannonian region
was subduction, followed by a sublithospheric mantle rise.
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This was followed by the escape of lithospheric blocks (ter-
ranes) as CA, Pelsonia, and others from the Alps into the
North Penninic Ocean and their collision with the edge of
the European Platform (Royden and Horvéth 1988; Ratsch-
bacher et al. 1991a,b; Horvath 1993; Linzer 1996; Kovac¢
2000). These processes spread from west to east and south-
east. The continental collision began in the westernmost part
of the Western Carpathians, later shifted to northeast, then
turned southeast in the Eastern Carpathians, and finally to
the south in the Southern Carpathians. The accompanying
volcanism also migrated in the same way (e.g. Kovac¢ 2000;
Konecny et al. 2002; Seghedi et al. 2004).

The development in WECA also takes place in this con-
text. In the Neoalpine period, the CA moved northwards
towards the stable European platform, thus closing the sea
area of North Penninicum in which masses of sand and clay
(flysch sediments) were sedimented since the Cretaceous,
and especially during the Paleogene. Subduction of the
North Penninic crust took place together with most flysch
sediments. The gradual closure of the outer flysch basin
from the southwest to the northeast in the Upper Eocene to
Lower Miocene caused the folding of flysch sediments and
their thrusting to the edge of the European Platform (e.g.
Oszczypko and Zuber 2002). This way a massive strip of
flysch belt was created, representing OWECA. At that time,
the layers of sediments of a similar type were also deposited
in the epicontinental conditions on the CA block (Inner Car-
pathian Paleogene sediments).

In the Neogene, extension took place in the CA area
together with the formation of an arcuate basin, which was
accompanied by the ascent of mantle masses (Konec¢ny et al.
2002; Sefara et al. 1996) and subsequent volcanic processes.
The emergence of horst and graben structures also occurred
in this period in the CA.

The study area straddles northeastern Slovakia and south-
eastern Poland (Figs. 1 and 2) and comprises the northeast-
ern part of the CA and OWECA. The OWECA represent the
Cenozoic accretionary complex, known as the Flysch Belt,
which overrides the down-bended European plate (e.g. Picha
et al. 2006; Sla,czka et al. 2006). The Flysch Belt consists of
Late Cretaceous to Miocene deep marine clastics detached
from the subducting attenuated continental or oceanic crust
of the North Penninic realm (Picha et al. 2006; Slaczka et al.
2006; Kovac et al. 2016). In the eastern part, the Flysch
Belt consists of the Magura, Dukla/Fore-Magura, and the
Silesian-Krosno nappe groups (Slaczka et al. 2006). The
Magura nappe lies in the highest structural position and
involves from top to bottom and from south to north the
Krynica, Bystrica, and Raca units (e.g. Kovacik et al. 2011,
2012). The Dukla/Fore-Magura group of nappes involves
the transitional Grybow Unit and Dukla Unit (Slaczka et al.
2006). The Grybow Unit crops out only as tectonic windows
from below the Magura nappe (Slaczka et al. 2006; Kovacik
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et al. 2011). The more external Silesian-Krosno group of
nappes comprises the Silesian, Sub-Silesian, and Skole units
from top to bottom and from south to north (Slaczka et al.
2006). The cumulative thickness of the OWECA accretion-
ary wedge reaches its maximum of about 10 km in its south-
ern part (see e.g. Gagata et al. 2012).

The northernmost unit of CA represents a very narrow,
long, and extremely complicated tectonic Klippen Belt (KB)
zone (e.g. Plasienka 2018). The KB involves mostly Oravic
units, which consist of Jurassic to Palaeogene sedimentary
complexes detached from their basement (Pieninic crust).
The Oravic units were derived from an independent palaeo-
geographic zone, considered an intra-oceanic ribbon con-
tinent, known as the Czorsztyn Ridge (Birkenmajer 1986)
or later Oravic crust (Bezak et al. 2011) or later Penninic
crust (e.g. Hrubcovi et al. 2010). This ridge, which can be
correlated with the Middle Penninic units of the Western
Alps (Schmid et al. 2008), was separated by two branches
of the Alpine Tethys from the European plate to the north
and from the IWECA domain to the south (PlaSienka 2018).
The KB experienced complex polyphase structural defor-
mation including Palaeocene to Eocene nappe thrusting
(see e.g. Jurewicz 2005; 2018; Plasienka and Mikus 2010;
Plasienka 2012) followed by Miocene wrench tectonics,
which obliterated original fold-and-thrust structures result-
ing in its spectacular “klippen” structure (e.g. Ratschbacher
et al. 1993; Kovac¢ and Hok 1996; PlaSienka et al. 2020).
Although ophiolites do not occur in the KB structure, due
to its complicated structure and inferred extreme shorten-
ing, Carpathian geologists consider it as a Mesoalpine suture
zone (PlaSienka 2018).

The IWECA consist of a Cretaceous thrust stack involv-
ing thick- and thin-skinned thrust sheets (e.g. Plasienka
2018; Froitzheim et al. 2008). From bottom to top and from
north to south they involve the Tatric basement—cover sheet
overlain by the thin-skinned Fatric and Hronic cover nappes,
the Veporic crustal-scale thrust wedge, and Gemeric base-
ment—cover nappe in the SE. These units are in the study
area completely covered by overstep sequences of the Inner
Carpathian Paleogene Basin (Gross et al. 1999). The only
place where the IWECA units outcrop is in the Branisko
Mts. (Fig. 2), which, especially its northern part, is a typi-
cal fault-bounded horst structure uplifted during Miocene
(Danisik et al. 2012).

The Branisko Mts. is built up mostly of Veporic, origi-
nally considered as Tatric, Hercynian crystalline base-
ment and its Late Paleozoic to Mesozoic cover (Polak
et al. 1996; Gross et al. 1999). The crystalline basement
in the northern part (the Smrekovica massif), known as the
Patria complex, consists of granitoids and medium to high-
grade metamorphic rocks, mostly gneisses, amphibolites,
and migmatites (Vozarova 1993; Faryad et al. 2005). Per-
mian represents their sedimentary cover to Lower Triassic
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siliciclastic formations reaching up to 200—400 m. The
overriding Hronic nappe involves Late Paleozoic to Lower
Triassic clastic formations and Middle to Upper Triassic
carbonates outcropping mainly in the northern periphery of
the Branisko Mts.

The southern part of the Branisko Mts., the Sl'ubica mas-
sif, is formed by high-grade and partly retrograde metamor-
phic rocks of Miklusovce and Lodina complex. Their cover
consists of Late Paleozoic clastic formations and Triassic to
Jurassic sedimentary succession. These formations are in
places overridden by Late Paleozoic rocks assigned to the
Hronic nappe (Polak et al. 1996). To the south the Veporic
Unit is overridden by Late Paleozoic low-grade sedimentary
complexes of the Gemer Unit along the thrust fault zone
called the Lubenik(-Margecany) Line (PlaSienka 2018).

The post-orogenic ICP units, representing an overstep-
ping complex that seals all the pre-Bartonian structures in
the CA, formed as a forearc basin system developed in the
upper plate position behind the OWECA accretionary wedge
(e.g. Sotak et al. 2001; PlaSienka and Sotdk 2015; Kovac
et al. 2016). It represents the largest accommodation space
for submarine fan deposits. The basin is filled by several
hundred up to thousands of metres thick Bartonian to Oli-
gocene/lowermost Miocene flysch-like deposits (Soték et al.
2001). The greatest thickness of the flysch sediments occurs
in the tectonically disturbed Sambron Zone, which is about
5 km wide antiformal structure situated near the junction
with the KB (Plasienka et al. 1998; Sotak et al. 2001).

Profile SA-01 is located in the northeastern part of Slo-
vakia in the Saris region, and extends across the border into
Poland (Fig. 2). The profile has a southwest-northeast orien-
tation. Starting in the southwest in the Levoc¢ské vrchy Mts.
and continues through the Paleogene sediments. The profile
crosses the Klippen Belt towards the northeast and passes
through the Cergov Mts. to Nizke Beskydy Mts., consisting
of Outer Carpathian flysch sediments. Continuing through
the flysch zone, the profile proceeds into polish Beskid Sad-
ecky Mts (Fig. 2).

Methods

The magnetotelluric (MT) method (Tikhonov 1950) uses a
natural time-varying harmonic magnetic as a primary field
to induce electromagnetic responses in conductive Earth.
Maximum depth information for each period is estimated by
the skin (penetration) depth and is higher with longer peri-
ods and higher resistivity of the structures (see chapter 2D
inversion modelling of MT data). The range of periods is
from 10~ s to tens of thousands of seconds. The method is
well suited for imaging structures with high conductive con-
trast, e.g. fluids, sedimentary basins, faults, contact zones,
or some mineral deposits.

The profiles SA-01 and MT-05 orientation are approxi-
mately perpendicular to the structures of the contact zone
between the Inner and Outer Western Carpathians. A total
of 21 sites were measured along the profile SA-01, with the
majority of them installed on the Slovak side and meas-
ured by mix of Metronix company equipment and equip-
ment from Phoenix company, while 5 were located in Poland
and measured by using only equipment from Phoenix ones.
The profile length is nearly 60 kms, with an intersite spac-
ing mostly from 2 to 3 kms. In certain areas, the spacing
is extended up to 7 kms, depending on the distance from
sources of artificial noise. Profile MT-05 consists of 15
sites collected almost two decades ago in a frame of the MT
CELEBRATION 2000 project. It is parallel to SA-01 and
situated more to the south-east of the new profile. The old
MT data from profile MT-05 were collected with remote
reference technique by MT-1 instruments from Electromag-
netic Instruments Incorporation (EMI) by PBG Warszawa
Poland for ENIVIGEO Ltd. Slovakia along CELEBRATION
profile 5. Parallel time series of magnetic components and 4
sets of electric components (4 times Ex and Ey spread in L
configuration on the area 100 x 400 m) were processed with
standard MTR 15, COMBINEY, TSDEC94 processing codes.

The newly collected magnetotelluric data contains infor-
mation from two horizontal electric components and two
horizontal magnetic components, where each electric and
magnetic component is mutually perpendicular. However,
due to equipment limitations, the vertical component of the
magnetic field was not recorded.

Data analysis and processing

Before starting the inverse modelling process, preparing
and analysing the data is important. Firstly, the measured
time series of the varying electromagnetic fields from profile
SA-01 were processed into impedance transfer functions. To
perform this process, robust statistical processing methods
from Metronix company (Friedrichs 2021) and Smirnov and
Egbert (2012) were used. The processing of data collected
with the Phoenix apparatus was performed using the robust
method in the Empower software (Phoenix Geophysics
Ltd.). To improve the signal-to-noise ratio of the data, we
applied the remote reference technique to each of the data-
sets measured simultaneously (Gamble et al. 1979; Goubau
et al. 1984).

The resulting impedance transfer functions were graphi-
cally plotted to illustrate how apparent resistivity and imped-
ance phases vary with periods. To eliminate data outliers,
robust Smirnov (2003) methods were employed to smooth
sounding curves. The data were significantly affected by
noise, mainly in the southeastern part of the profile. For
this reason, valuable information could only be obtained
from the periods between 1 and 10 s, which corresponds
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to approximately 5-15 kms in depth. However, this depth
is sufficient for studying the tectonic structure of the area.
The data analysis involves determining the dimensionality
and orientation of the geoelectrical structures. The dimen-
sionality of the structures is estimated using the phase tensor
(Caldwell et al. 2004), which provides information about the
impedance phases. A circular shape of the tensor represents
1D data, while an elliptical shape indicates a 2D or 3D char-
acter of the data. The beta angle, which represents the devia-
tion from the major axis of the ellipse, determines whether
the data is 2D or 3D. If the beta angle is less than 3°, the data
is considered 2D; if it is greater than 3°, the data is consid-
ered 3D (Caldwell et al. 2004; Kirkby 2021). The major axis
of the ellipse also indicates the direction of the geoelectrical

structures, which are characterised by anomalous conduc-
tivity compared to the surrounding environment (Fig. 3).
The dimensional analysis was performed using the Python
toolbox MTpy (Krieger and Peacock 2014), and it revealed
a predominance of 2D data character. We preferred the 2D
modelling over a 3D approach due to expected significantly
2D geological situation and potential 3D structures are taken
as higher dimensional noise that should be filtered out.

The orientation of the structures is determined through
directional analyses, which involve finding the strike angle.
To minimise distortion errors that could affect the data, a
data decomposition method based on Groom and Bailey
(1989) was employed.

Fig. 3 Phase tensors of whole 1074
signal period range at each site

of the profile SA-01

10—1 —

9986683388888

Period (s)

100 —

10! —

102 -

3

o
Skew (deg)

== Tipper_imag

10°

Sa-1 01 -
Sa-1.02 -

@ Springer

m T T TrTrrrrrri LI B B |

W 0O O O« NMTNO ™~ 0o O~

CIII>' C>I ol Hl'-‘l HIHI'-'IF‘F'IHI r_‘I '-‘I NI Nl

L i e B e B B e B e L B L B | Lo e B I |

M W M MO M OO WO © T W @© ©

w N v NV Vo n nunuv unuvn
Station



Acta Geophysica

McNeice’s and Jones's (2001) strike code was used to cal-
culate the strike angle for all sites and all periods. The found
strike angle has a value of —44.8°, while a positive value of
135.2° was employed, representing a rotation of + 180° from
the original value. However, this rotation indicates the same
orientation of the structures for structures up to depth 10 km.
Consequently, all the data were decomposed in this direc-
tion. A similar technique was used for MT data from the pro-
file MT-05, where the period range after editing out of noisy
data was from approximately 0.01-700 s. The data quality
deteriorating to the southwest end of the profile. The final
strike direction was estimated to be 103° for depth down to
30 km estimated by Niblett—Bostic transform.

2D inversion modelling of MT data

The processed data were imported into WinGLink software.
Sounding curves of apparent resistivity and impedance
phases were edited to mask outliers or any other bad data
points. Due to the high noise level for longer periods, sound-
ing curves were shortened in the southeastern part of the
profile, thereby reducing the signal's frequency range. The
edited sounding curves are entered into the inverse model-
ling process and used as input for the inverse modelling pro-
cess to calculate 1D and 2D models. 1D models calculated
using the Occam code (Constable et al. 1987) represent only
vertical changes in the resistivity of the medium at each site,
whilst 2D models provide information about the resistivity
distribution in a half-space. For the calculation of 2D mod-
els, WinGLink software uses the inversion code developed
by Rodi and Mackie (2001).

In 2D model approximation, electromagnetic waves prop-
agate in two modes: transverse electric (TE) and transverse
magnetic (TM), each containing different electromagnetic
field components. These two modes are mutually perpen-
dicular. In the TE mode, currents flow along 2D structures,
whereas in the TM mode, currents flow perpendicular to
these structures. The data of both modes can be inverted
together or separately. To optimise the 2D model calculation
results, both modes' apparent resistivities and impedance
phases are gradually added during the calculation process.

At first, the impedance phases are inverted, because they
are not affected by distortion errors of static shift. Inversion
starts with only impedance phases of TE mode. Then TM
mode phases are joined. Subsequently, the apparent resistivi-
ties of the TE mode and TM mode enter the inversion. Start-
ing the inversion process with the parameters least affected
by distortion generally results in better data fit.

The edited sounding curves, entered into 2D modelling,
represent electromagnetic signals within a frequency range
from 10 kHz up to 0.001 Hz. Based on this information the
magnetotelluric method's expected penetration depth (hy)
can be calculated using the formula: 4;~ 500 \/T_ . [m]. The

penetration depth depends on the given period (T) and the
apparent resistivity of the uniform half-space (p,), typically
set at 100 Qm. Starting from the uniform half-space, the
algorithm first calculates the forward solution of the discre-
tised 2D model using a finite difference numerical method.
Subsequently, an inverse model is obtained through a grad-
ual iterative process, by calculating Nonlinear Conjugate
Gradients. The size of the entire model was set to be several
times larger than the profile area to ensure the stability of
the numerical solution.

During the decomposition process, the data errors are
replaced with smaller errors, which are then entered into
the modelling as part of the data. However, it is important to
set the parameters of the error floor. It represents the lowest
acceptable values of errors entering into the calculation. The
inverse algorithm thus assigns larger weights to lower errors,
leading to a decrease in data fit and thereby increase in RMS.
The error floor is usually set to 5% for impedance phases and
10% for apparent resistivities. Although impedance phases
are less affected by errors, therefore their error floor is set
to a lower value than the error floor for apparent resistivi-
ties. In the case of the 2D model of the SA-01 profile, the
error floor values were set at 5% for impedance phases and
20% for apparent resistivities. Furthermore, the inversion
code can also eliminate the distortion errors caused by static
shift, resulting in apparent resistivity curves being shifted to
higher and lower values. This distortion is primarily caused
by small-scale inhomogeneities with anomalous contrasts to
the surrounding area, occurring at shallow depths (Figs. 4
and 5). The quality of the inverse model depends on the
data fit quality. Data fit is calculated as normalised residu-
als between the modelled and observed data through RMS
(root mean square) error. A final RMS value is calculated
as the average of the RMS values for each site. An ideal
RMS value for the final geoelectrical model should be in
the range between 1 and 2, depending on the data quality.
However, if data quality is lower, an RMS value of up to 3 is
still acceptable for final model interpretation. The RMS for
the final inverse model of the SA-01 profile was 2.7 (detailed
info about datafit in supplementary part), which could be
attributed to the lower data quality in the southwestern part
of the profile.

The inverse algorithm uses regularisation to balance
model fitness and smoothness through the regularisation
operator t. An ideal value for the parameter t could be deter-
mined by plotting the L-curve, which displays the relation-
ship between the RMS and the roughness of the model. The
ideal value of 7 is found at the greatest bend of the curve.
Beyond this point, the data fit only slowly improves, and
that is not sufficient to continue with further minimising
the T value at the cost of the decreasing smoothness of the
model. Too low values of T could create unrealistic artefacts
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Fig.5 Geological interpretation of the MT profile SA-01. Explana-
tions: ICP—Inner Carpathian Paleogene sediments, M—Mesozoic
complexes, Cr—crystalline complexes of IWECA, KB—Klippen
Belt, PC—Penninic crust, FB—Flysch Belt, EP—European platform,
CCZ—Carpathian conductive zone. Dashed lines—presumed faults,

in conductivity distribution. For the profile SA-01, the value
of T was gradually reduced from 2 to 0.1.

Profile MT-05 was run with the same error floors, with
static shift correction and regularisation parameter was set to
1. The final normalised RMS for data quality fit was 2.6. Due
to strong noise in the southwestern area, for the four last sites
(12-15) only short periods were used with low penetration
and we marked the deeper area in the profile as a zone with
no resolution (Fig. 6).

2D modelling results

The final model with a depth of more than 8 km, is shown
in Fig. 4. It was selected from several models that were cal-
culated using different inversion parameters settings. In the
southwestern part of the profile, at sites 01-05, structures
with a medium conductivity occur in the depth range from
the surface to almost 4 km, whereas the depth of the lower
boundary decreases from 4 km in southwest to 1.5 km in
northeast (C1). Within this area, some small conductive
near-surface structures are present (C2). They are situated
directly beneath the measured sites, therefore the strongest

@ Springer

thick dashed—CCZ, red dot-dashed lines—structures of Neoalpine
collision stage (mainly thrust of flysch units on EP and their back
thrust, after seismic profile CEL-05), orange dot-dashed lines—relics
of Mesoalpine (Cretaceous) collision structures

signal is measured there. A small near-surface resistive
structure between the first and the second site of the profile
could represent a small local inhomogeneity or possibly an
artefact due to its shallow depth. Below this higher-conduc-
tive area in the southwestern part of the profile lying a large
resistive structure, extending between the sites 05 and 06
(R2). The resistive structure continues beneath another shal-
low conductive area (C3) with small artefacts from site 06
to site 11. A boundary between the large resistive structure
(R3) and the overlying conductive area (C3) is in increasing
depth of approximately from 2 to 5 km. Below the site 12,
a deep vertical conductive structure (C4) was found, which
likely extends to a depth beyond the profile area. The area
between sites 13 and 17 is characterised by medium con-
ductivities (C3) with stronger conductive artefacts in shal-
low depths (C5). Relatively high conductive structures are
situated at depths of approximately 4 km. Under sites 13 and
14, an isolated resistive structure (R4) is located within the
depth range of 4-8 km. In addition, under sites 16 and 17,
a relatively large resistive structure (R4) is found in depth
from approximately 5.5-10 km, with a slight northwest-
ern—southeastern inclination. The northeastern part of the
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processes

profile in Poland is represented by medium conductivities
(C7) at the bottom of the profile area with a relatively deep
high conductive structures (C6) extending from a surface to
a depth of 6.5 km.

Geological interpretation

The moderately conductive structure C1 represents the sedi-
ments of the ICP and underlying Mesozoic complexes. The
locally shallow conductive structures C2 are likely caused
by more water-saturated sediments, probably in the vicin-
ity of smaller faults or inversion numerical artefacts. In
the basement there is a resistive complex built by crystal-
line rocks (R1) of Veporic or Tatric units. Another resis-
tive structure between sites 5 and 6 (R2) belongs to the KB
and deeper to the original basement of the KB—Penninic
crust (R3). We assume that these complexes reach both to
the south under the Veporic or Tatric complexes and to the
north under the back thrusted outer flysch units (conductive
structure C3). The most striking is the relatively wide steep
conductive structure around site 12—13, which positionally
corresponds to the course of CCZ (Fig. 1 and 2). North of
it, there are only flysch nappes and the basement EP. The
overall conductivity structure of this part is very irregular: it
is mostly moderately conductive but contains several anoma-
lies—both resistive (R4) and highly conductive (C6). In the
previous MT models west of this area (e.g. Majcin et al.
2014), the flysch regularly maintained medium conductive
properties and the EP was highly resistive. The disruption
of such a structure in the studied area is caused by break-
ing of the entire segment away from the CCZ to the north

by the effects of fault tectonics, especially in the final tran-
stensional development stage. This caused the segmentation
of the foundation and the outflow of fluids and transfer of
heat from greater depths (Majcin et al. 2014). It also erased
the interface between the FB and EP. The relatively shallow
(up to 1 km deep) conductive structures in the flysch again
represent more waterlogged parts, possibly near local faults.

From the point of view of the MT model, the profile is
divided into two parts by a deep sub-vertical conductive zone
in the vicinity of 12—13, which coincides with the assumed
course of CCZ and CCA in the map at depth (Figs. 1 and 2).
For added context, the CCA is a deep conductive anomaly,
which is defined by various authors at a depth of 10-25 km
(Buryanov et al. 1987; Cerv et al. 2001), and occurs on the
northern edge of the Carpathians all around their circum-
ference. It is assumed to be caused by hydrothermal flu-
ids, graphite, mineralization, and others (e.g. HvoZdara and
Vozar, 2004). In our previous interpretation (e.g. Bezék et al.
2015, 2021) we considered a deep tectonic structure that
formed at the contact of the EP and the CA in later stages of
development and became a channel for the outflow of flu-
ids and heat from the mantle. This tectonic zone (we called
it CCZ) was filled with fluids, which brought metallic ele-
ments, water and CO, (probably reduced to carbon), which
became the source of CCA. CCZ is clearly visible in profile
SA-01 (Fig. 5), and it is probably quite wide.

CA is located to the south of CCZ and is composed of
two levels—the more conductive flysch sediments and the
resistive basement. The flysch sediments belong both to the
ICP and to the back thrusted units of the OWECA. They are
separated by a steep KB structure between sites 08 and 09.
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The KB units are also likely to be found to the north below
FB and south where they rest on their original basement
(PC). The Tatricum/Veporicum crystalline basement (Cr)
with its Mesozoic cover and nappes units is thrusted on the
PC and KB from the south. Figure 5 shows the hypotheti-
cal distribution of tectonic units in the segment southwest
and northeast of KB based on the known tectonic findings.
The basement configuration is disrupted by the faults in the
individual partial slabs.

The CCZ formed after the end of subduction-collisional
processes in the space where the subducting lower plate
broke off in the end. Subsequently, a transtensional process
occurred by pulling the subduction from the Eastern Car-
pathians (Fig. 7). North of the CCZ lies a basement of the
EP on which the flysch nappes were over thrusted. On pre-
vious MT models in the western part of the WECA, there
is a conductive contrast between the EP and FB. This con-
trast is probably obscured by the output of fluids and heat
throughout the crust. Therefore, in the interpretation of these
structures, we rely on the seismic section CEL-05 (Janik
et al. 2011), of which the MT-05 section is also a part. Our
MT models confirm the seismic model including the uplift
of the basement in the KB area. Reflective bonds along the
FB thrust testify to the original subduction and collisional
structures, which are no longer visible in the MT model due
to thermal reworking.

Some structures in the SA-01 profile, especially the
extremely conductive ones like C6 (Fig. 4), would be very
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Fig. 7 Imagination of tectonic evolution of the contact between CA
and EP during Neoalpine stage on the base of MT models
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difficult to explain without the support of MT modelling
along the MT-05 profile (Fig. 6), which stretches along the
profile SA-01 in its close vicinity. In profile MT-05, the con-
ductive structures in the middle crust at a depth of 8—24 km
are prominent. They probably follow the tectonic structures
that emerged during the collision processes at the end of
subduction. These structures, or weakened tectonic zones,
were a channel for the outflow of fluids from the mantle. At
a later stage—during the formation of the CCZ, which was
also in contact with the mantle-they were yet again saturated
with fluids and in the vicinity also by the penetration of vol-
canic masses (Kuchari¢ et al. 2013) and the output of heat
flow (Majcin et al. 2014).

Due to the fact that there are locally missing low-fre-
quency data, geological details are lost in the deep MT-05
profile (Fig. 6), but large crustal structures become more
prominent. The most striking are the wide conductive zones,
which are mainly located in the middle crust. That structure
corresponds well to the recently calculated deep resistivity
model for the whole of Poland (J6Zwiak et al. 2022). These
structures have no counterparts in other profiles in Central
(profile MT 2 T, Vozar et al. 2021) or Western (MT-15,
Bezak et al. 2015) Slovakia, except for the southern part
of the 2 T profile, where they have been interpreted as the
young reworking of the crust by volcanic or hydrothermal
fluids (Bezak et al. 2015).

Large conductive zones in the crust are genetically young
and we associate them with the Neoalpine tectonic processes
in the Neogene. These include the subduction of flysch com-
plexes and parts of their basement, followed by processes of
advancing subduction to the east associated with extension,
intrusions of mantle material and fluids into the crust, and
volcanism. All tectonic structures were used by the output of
fluids, which caused the formation of conductive zones. We
believe that these conductive structures reflect these progres-
sive tectonic phases, and therefore do not belong to a single
event, but to a number of mutually consecutive processes. In
the MT-05 profile, we can see conductive structures in the
northern part, which probably arose along tectonic planes
that formed during subduction and during back-arc thrusting.

Discussion

The SA-01 MT profile completes a series of MT profiles
across the contact zone between Neoalpine IWECA block
and EP. Starting from the west with the MT-15 profile
(Bezék et al. 2014), followed by profiles in central northern
Slovakia (Bezak et al. 2021) and the SA-01 is the eastern-
most one (if we count only published MT profiles).

We propose to replace the term IWECA (Inner Western
Carpathian) with term Carpathia for compatibility with other
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terrane names in the Pannonian area. The content of the Car-
pathia remains the same as IWECA (Hercynian, Paleoalpine,
and Mesoalpine units), and is outlined by blue lines in Fig. 1.
An accretionary wedge of flysch OWECA was formed dur-
ing the collision of CA with EP.

All previous MT models have brought new light to the
interpretation of the contact between CA and EP. In the case
of MT profile SA-01 and MT-05, it can be stated that they
are dominated by steep tectonic zones, which are a reflec-
tion of the youngest fault tectonics. The CCZ is the most
striking one of them all. The faults broke also the basement
in both CA and EP, as documented before (e.g. Rytko and
Tomas 2005). From the other structures, the back thrust of
the flysch units to the south on CA is also significant. New
information is the existence of important conductive zones,
mainly in the middle crust, which probably copies previous
collisional and next transtensional structures. We propose
that their source is asthenolitic masses from the mantle.

Generally accepted tectonic models for contact of CA
and EP is the existence of subduction and subsequent colli-
sion processes, which is also evidenced by the KB and FB
structures in a wider area (e.g. Jurewicz 2018; PlaSienka
et al. 2020; Majcin et al. 2018). The overthrust of FB on EP
is documented together with the overthrust of KB on FB. In
other parts of the orogen, the back thrust of the FB to the CA
is also preserved (Birkenmajer 1986; PlaSienka et al. 2013).
The seismic sections of this area also confirm such a con-
stellation (Grad et al. 2006; Janik et al. 2011). According to
the results of MT modelling, the subduction-collision struc-
ture of this area was destroyed by younger steep faults, but
mainly by the output of fluids and heat, which changed the
distribution of conductivity parameters of individual geo-
logical units that participate in the construction of the area.

Despite the destruction of older structures, signs of pre-
vious development remained in the SA-01 and MT-05 MT
sections. Thus, the mid-crustal channels of conductive struc-
tures captured mainly in the MT-05 model, carried out dur-
ing subduction, testify in favour of the subduction processes.
The back thrust structure of flysch units, which is visible in
both MT and seismic models, is a manifestation of the col-
lision processes.

Conclusion

The MT sections SA-01 and MT-05, measured in NE Slo-
vakia and SE Poland, were oriented across the contact zone
between CA and EP. These MT sections yielded additional
data on the structures formed by the interaction between
these tectonic blocks. First, the CCZ structure dominates
in this area. We interpret it as a sub-vertical tectonic zone
that separates resistive blocks CA and EP. It emerged after
the disappearance in the subduction zone between them and

after the subsequent collision, which turned into transpres-
sional and later transtensional movements.

Traces of subduction were not preserved in the MT
image, but they are visible in seismic results. The MT-05
profile was measured along part of the CEL-05 seismic pro-
file, so their comparison is easy and the structures in both
models are very similar. The structures that accompanied
subduction were used in the output of hydrothermal fluids
or volcanic material from the mantle. These significantly
affected the conductive properties of the crust in this area,
and are manifested as wide conductive mid-crustal zones
parallel to the former subduction and back thrust structures.
The fluid outputs also continued in the subsequent mode,
with CCZ functioning as the supply channel. The fluids and
volcanics were also the carriers of heat, they increased the
heat flow in the area and changed the original conductivity
parameters of the basement complexes.
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