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Recognition of geological structure of the Carpathians as a result of
magnetotelluric investigations
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Abstract. Tn 1998, the Geophysical Exploration Company and State Geological Institute of Poland started
broad-scale magnetotelluric investigations in the Polish Carpathians. The measurements were made by MT-1
magnetotelluric system, designed and produced by Electromagnetic Instruments Inc., over a frequency range
of 300 — 0.0005 Hz with remote magnetic reference. The results of data interpretation provided new elements
in recognition of the structure of the flysch orogen and its basement and confirmed earlier interpretation of

the roof of the high-resistivity horizon.

A considerable resistivity differentiation was observed in the Mesozoic, Paleozoic and Precambrian for-
mations in northern part of the cross-sections, where the high-resistivity platform-type basement occurs be-
neath the autochthonous Miocene sediments. The zone of low-resistivity rocks occurs in the south-eastern
part of the study area. In the western part of the study area, southern parts of profiles run through the Inner
Carpathians close to a northern margin of the Tatra Mts. massif. The results of MT data interpretation confirm

that the massif has allochthonous character.
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Introduction

The recognition of the inner structure of the Carpatian
flysch cover and its basement is a very difficult problem
because of strong tectonics of flysch complexes and rapid
changes of its lithological characteristics. As a result, a
heterogeneous and anisotropic distribution of physical
parameters of geological medium is observed. On the
other hand, there is no distinct contrast of physical pa-
rameters at boundaries of major tectonic-facies units.
Such conditions are unfavourable for using surface geo-
physical methods since interpretation of the obtained pa-
rameters is difficult, and geophysical boundaries often do
not coincide with tectonic ones (Stefaniuk et al, 1998).
All these factors make a barrier to recognizing the struc-
ture of the Carpathian basement.

The seismics is commonly used in structural investi-
gations. However, the flysch orogen generates a complex
seismic wave pattern which is very difficult to interpret.
Therefore, other geophysical methods are employed.
Among them, the magnetotelluric and gravity methods
provide the most interesting data for recognizing the Car-
pathian basement (Stefaniuk, 2001).

The magnetotelluric investigations have been con-
ducted for twenty years in the Polish Carpathians. Most
of measurements were made by the Geophysical Explo-
ration Company, Warsaw, for the Geological Institute and
Polish Oil and Gas Company (Swiecicka-Pawliszyn,
1980, 1984; Molek & Klimkowski, 1991). A number of
measurements were conducted by the Institute of Geo-
physics of the Polish Academy of Sciences, Warsaw
(Jankowski et al, 1991) and the Institute of Geophysics of
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University of Mining and Metallurgy, Krakow (Miecznik
et al, 1995).

The main objective of earlier magnetotelluric surveys
was to recognize the topography of the high-resistivity
horizon related with the top of Mesozoic, Paleozoic or
Precambrian basement of the Flysch Carpathians. The
surveys enabled the topography of the basement top to be
determined (Swigcicka-Pawliszyn & Pawliszyn, 1978;
Stefaniuk, 1995, 2001). However, because of limited pos-
sibilities of measurement systems used, the recognition of
the flysch structure was impossible.

In 1998 the Geophysical Exploration Company and
the Polish State Geological Institute started a broad-scale
magnetotelluric investigation in the Polish Carpathians
using state-of-art magnetotelluric system MT-1 designed
and produced by Electromagnetic Instruments Inc.,
Richmond, Ca., USA. The MT-1 system represents major
advances in magnetotelluric survey techniques. The
measurements were made over a frequency range of 300
— 0.0005 Hz with magnetic field remote reference. The
results of data interpretation provided new elements in
recognition of the structure of the flysch orogen and its
basement and confirmed earlier interpretations of the top
of the high-resistivity horizon.

Brief history of magnetotelluric surveys in the Polish
Carpathians

First, experimental magnetotelluric survey in the Pol-
ish Carpathians, was made by the Geophysical Explora-
tion Company in 1975 along two regional seismic
profiles F and V (Swigcicka-Pawliszyn & Molek, 1975).
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Fig. I Location of magnetotelluric profiles

The survey was inspired by the State Geological
Institute, Warsaw. The results were most interesting and
encouraged to make further magnetotelluric investigations
along lines transverse to major orogen axis in 1980s and
1990s. The measurements were made using analog
measurement equipment with Bobrov magnetometers as
magnetic field sensors. The variations of MT field were
recorded over a frequency range of 0 — 1.0 Hz. The analog
data were hand processed using a method of apparent
impedance of geoelectric medium (Berdi¢evski 1968).

During this period, magnetotelluric soundings were
made on a small scale by the Institute of Geophysics of
Polish Academy of Sciences (Jankowski et al, 1991) and
Department of Geophysics, University of Mining and
Metallurgy (Miecznik et al, 1995, 1996) as well. The
measurement system, made by the Institute of
Geophysics of Polish Academy of Sciences, was also
based on Bobrov magnetometers, but digital recording
was employed.

The magnetotelluric data were interpreted and
interpretation results were presented by a number of
authors (Swiccicka-Pawliszyn & Pawliszyn, 1978, 1983;
Jankowski et al 1991; Woznicki, 1985, Rytko & Tomas,
1995; Stefaniuk, 1995, 2001).

The main objective of MT data interpretation was to
recognize the morphology of the high-resistivity horizon
related with the top of sub-Miocene or sub-flysch base-
ment. Four zones of the basement, parallel to the orogen
axis, were distinguished based on obtained results. In the
outermost zone the basement top rests at a relatively
shallow depth (3 — 8 km). It subsides toward the orogen
axis, however there occur some local elevations and de-
pressions. South of the outermost zone the high-
resistivity basement slopes steeply and depth differences

amount to ten to twenty kilometers. Then, the most bur-
ied zone occurs at a depth of 15 — 25 km. On the southern
margin of the area a zone of the elevated basement is ob-
served at a depth of 8 — 12.5 km. A block of the high-
resistivity basement is overthrust to NE onto a low-
resistivity complex (Stefaniuk & Ku$mierek, 1986; Ste-
faniuk, 1995, 2001).

New prospects for magnetotelluric surveys in Poland
begun with the application of the MT-1 system which
incorporates a measurement equipment together with data
processing and interpretation softwares. A major project
of magnetotelluric investigations was initiated in 1998.
Some results are presented below.

Methodology of magnetotelluric survey

A major project of magnetotelluric surveys has been
conducted in the Polish Carpathians since 1998. A net-
work of 25 magnetotelluric profiles was designed. Nine-
teen profiles are oriented transversely to major axis of the
flysch orogen, while other are parallel to it. The goal of
the project aimed at recognition of the structure of sub-
flysch basement and deep-seated parts of the flysch
cover. The measurement lines were about 70 — 90 km
long with sounding sites some three km apart. The obser-
vations were made over a frequency range of 300 —
0.0005 Hz using the MT-1 system. The remote magnetic
referencing was applied to reduce the influence of elec-
tromagnetic noise. The field data were processed using
MTRI15 computer program incorporated in the MT-1
system. The results of data processing were amplitude
and phase of MT sounding curves, impedance polar dia-
grams, and skew. They were then subjected to qualitative
and quantitative interpretation. The first stage of inter-
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pretation gave apparent resistivity
and phase pseudosections. The types
of curves, polar diagrams, and skew
were analysed in qualitative inter-
pretation. One-dimensional quantita-
tive interpretation was made using
Bostick, Occam and LSQ methods.
Based on 1D Bostick inversion,
pseudo 2D resistivity cross-sections
were computed using the kriging
method. The results of 1D LSQ in-
version were used to obtain a 2D
input resistivity section. Addition-
ally, geological information on the
flysch orogen, seismic refraction
data, and results of 2D inversion
with the RRI method were also ap-
plied (Stefaniuk et al, 1998b).

Results of magnetotelluric data
interpretation

So far, magnetotelluric survey
was made along twelve transverse
profiles and four linking lines in two
areas: between Zywiec and Nowy
Sacz, and east of Krosno (fig. 1).
Additionally, semi-detailed survey
was made along several profiles lo-
cated between Jasto and Rzeszow.
The results of magnetotelluric data
interpretation provided new factors
in recognition of the structure of the
flysch orogen and its basement and
conformed earlier interpretations of
the top of the high-resistivity horizon
Stefaniuk et al, 1998a, b; Stefaniuk
& Klitynski, 2000).

The magnetotelluric imaging of
the basement is quite different for
western part and eastern part of the
study area. A considerable resistivity
differentiation was observed in the
Precambrian formations in NE part
of the area, where the high-resistivity
platform-type basement rests beneath
the autochthonous Miocene sedi-
ments (Stefaniuk & Klitynski, 2000)
(fig. 2). In the roof of that complex
broad depressions are observed in
the high-resistivity horizon. They are
filled with relatively low-resistivity
deposits and are likely cut by tec-
tonic zones on SW. It is possible that
those deposits are younger, however
their geological identification is
doubtful because borehole data were
unavailable there. The zone of low-
resistivity rocks occurs to SW of
well Kuzmina-1. It is likely con-
nected with a major alpine compres-
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sion structure. That zone tends to close to the west
and open to the east. In SW part of the area the high-
resistivity horizon is buried deep under a thick low-
resistivity complex. In the southern margin of the
sections, close to the state border, a thick high-
resistivity block is overthrust onto those low-
resistivity deposits. Its top is interpreted to rest at a
depth of 8 — 10 km. The arrangement of those high-
and low-resistivity complexes suggests that an over-
thrust zone is present where low-resistivity deposits
are impressed under a high-resistivity block over-
thrust from the south. It is probably an element of the
deep-seated basement, uplifted in front of the sub-
duction zone, which is generally related with the
Pieniny Klippen Belt. Investigations made by Slovak
+ geologists and geophysicists (Bielik, 1999) and a
team the Institute of Geophysics Polish Academy of
Sciences (Jankowski et al, 1991) prove this.

' The great differences in resistivity distribution are
observed in the deep basement along the general axis
of the flysch orogen in the southern part of the study

+ area. Strong undulations of the roof of the high-
resistivity horizon, probably related with deep-seated
tectonic zones, are observed. The low-resistivity
complexes dominate in the resistivity cross-section.
A thick block of the high-resistivity basement occurs
in eastern margin of the area. The resistivities of the
flysch orogen differ over a narrow range in that part
of the study area. They tend to increase towards
south and east. In southern part of the sections the
flysch is underlain by thick, low-resistivity com-
plexes whose geology is not clearly identified. The
position of the surface of the Carpathian overthrust is
not clear as well. The results of the presented study
show that the magnetotelluric method provides new
possibilities for recognition of the geology of the
Carpathian orogen and its basement.

Quite different situation is in western part of the
study area. Some general features of resistivity dis-
tribution are observed in that region. The geoelectric
cross-sections may be divided into two parts (fig. 3).
The uppermost part, with relatively low resistivity, is
related with the flysch cover and Miocene sediments
of the flysch basement. The resistivity distribution is
much variable in that part of the cross-section. The
low-resistivity rock complexes dominate in the Sile-
sian and sub-Silesian units, while a high-resistivity
formation occurs within the Magura unit. The lower
part of the cross-section, with relatively high resis-
tivity, is related with sub-Miocene and/or sub-flysch
substratum. After results of magnetotelluric data in-
terpretation the tectonics of the Carpathian basement
can be recognised there. In northern part of the area,
the continuation of structures of the European plat-
form is observed. In central and southern part of the
area, the major structural directions in the basement
generally agree with those in the flysch cover.
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Two measurement lines run across the Pieniny Klip-
pen Belt and reach the northern border of the crystalline
massif of the Tatra Mts. A zone of relatively low-
resistivity complex, associated with the Pieniny Klippen
Belt, dips rapidly to south beneath the Tatra massif. This
confirms an earlier hypothesis on the allochthonous char-
acter of that massif.

Some remarks on geological interpretation of magne-
totelluric data

The great importance of magnetotelluric data inter-
pretation represents geological identification of geoelec-
tric horizons. The high-resistivity horizon corresponds to
the top of the Mesozoic, Paleozoic or Precambrian base-
ment (Stefaniuk, 1995, 2001). This holds for the outer-
most zone and has been proved by deep borehole data
and refraction seismics.

Still, geological identification of the low-resistivity
rock complex is a key problem. There are different inter-
pretations and hypotheses on the origin of that complex.
And so, it is thought that the complex is associated with
deep oceanic sediments saturated with mineral water
(Jankowski et al, 1985; Woznicki, 1985), partial melting
of crystalline rocks (Lebiediev & Chitarov, 1964), or
graphitized shales or graphites (Zytko, 1997).

The analysis of resistivities of flysch complexes and
basement for some twenty boreholes located near the
orogen margin shows that resistivity of Miocene clayey
sediments falls in a range of 1 to 5 omm, thus being the
same as that of the low-resistivity layer (Miecznik et al,
1993, 1995). W. D. Stanley (1989) states that conductiv-
ity anomalies in the Western Carpathians are generated
by black shales similar to those Miocene sediments. It
may be concluded that a depression in southern part of
the study area is a foredeep filled with molasse-type
sediments and covered by the Carpathian overthrust. It is
possible that the conductivity anomaly is generated by
thick complex of deep marine sediments as well. The
geophysical data are insufficient to confirm this, however
the hypothesis may be verified by analysis of the tectonic
development of the Carpathian orogen (Stefaniuk, 2001).

Conclusions

The magnetotelluric method may be effectively ap-
plied to recognize the structure of the Carpathian orogen.
Especially, its role in studying the basement structure
should be emphasized. The results of magnetotelluric
data interpretation are much more general than good
seismic data, however seismic data are non-interpretable
in many cases. On the other hand, the magnetotelluric
method can support seismic data interpretation.

The general features of the Carpathian basement in-
terpreted from magnetotelluric sounding data are differ-
ent for eastern and western part of the study area. The
low-resistivity complex and overthrust zones are charac-
teristic of the eastern part of the area. The geological
identification of the low-resistivity layer is still not clear.
The great interest evokes a high-resistivity block occur-
ring near the Polish-Slovak border, likely overthrust onto
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a low-resistivity complex to north. Based on MT data
from profiles, located in the Polish territory alone, it is
not possible to recognize the genesis and the structure of
that block. Hence, MT profiles should be extended to
southwest beyond the Pieniny Klippen Belt. Generally,
the length of regional profiles is too short to recognize the
structure of the deep-seated basement. Therefore, the pro-
files should be extended south to Slovakia, and north to
North-European Platform and East-European Platform.
More detailed magnetotelluric survey is needed to resolve
problems of recognizing the flysch structure.
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