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Electrical Resistivity Tomography (ERT) method was applied to study a fragment of the Pieniny Klippen Belt (PKB), which
has been investigated for more than 100 years. The study area is located in the Spisz Pieniny Mountains of southern Poland.
The PKB in this region includes a characteristic belt of imestone outcrops. ERT turned out to be an effective method to deter-
mine the structure of this part of the PKB, revealing its zonal nature and documenting the presence of limestone olistoliths
and allowing estimates of their sizes. Moreover, we show that proper planning and conducting of ERT measurements in the
field is critical to the effective use of resistivity data for geological inference and interpretation. This has been demonstrated
by performing appropriate numerical and analogue ERT modeling that shows possible ambiguous results arising from the
field ERT survey. Awareness of this issue can help researchers avoid and minimize false interpretation of ERT data.
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INTRODUCTION

Electrical Resistivity Tomography (also called Electrical Re-
sistivity Imaging — ERI; Dahlin, 1996) is a widely used geophysi-
cal Direct Current (DC)-resistivity method. It enables the recog-
nition of the two- and three-dimensional (2D/3D) distribution of
electrical resistivity in geological environment. It is commonly
applied in geological and geomorphological research (see, e.g.,
Hirsch et al., 2008; Silhan and Panek, 2010; Chambers et al.,
2012; Ikhane et al., 2012; Metwaly and AlFouzan, 2013; Mosci-
cki et al., 2014; Nur Amalina et al., 2017; Wozniak et al., 2018;
Akinbiyi et al., 2019; Wozniak and Bania, 2019a, b; Bania and
Wozniak, 2022), as well as in other studies (see, e.g., Loke et
al., 2013 and references therein).

Most often, the ERT method is performed in the 2D mode
(understood as measurements along a single straight line with
results processed and interpreted with the use of 2D software).
Itis a very effective method, but its correct use and especially its
proper interpretation require experience, geophysical knowl-
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edge, and an appropriate approach. We describe the applica-
tion of ERT to the study of part of the Pieniny Klippen Belt
(PKB), which has more than 100 years of study (Golonka et al.,
2022). This ERT survey sought to determine the distribution of
electrical resistivity in this rock unit and, in this way, to recognize
the structure of this segment of the PKB. Questions of interest
concerned the spatial extent of the limestone, flysch, marl and
clay/shale components, and the size and mutual arrangement
of the limestone blocks (olistoliths).

In addition to solving geological problems, the results of our
study demonstrated the importance of further interpretation in
properly planning and executing 2D ERT fieldwork. Failure to
properly apply 2D inversion to ERT data may lead to erroneous
geophysical/geological conclusions, as shown by the results of
our field studies and of the associated analogue and numerical
modeling of the ERT data.

RESEARCH AREA

The study area (Fig. 1) is located in the Spisz Pieniny Mts.
region in southern Poland. The Central Carpathians and the
Pieniny Klippen Belt (PKB) occur in this region (Birkenmajer,
2017; Golonka et al., 2022). The general geological situation is
shown in Figure 2A. The recently published map (Cichotepski et
al., 2024) includes previous studies by Birkenmajer (1961,
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Fig. 1. Location of the study area

ERT survey marked with red lines (source of orthophotomap: Google Earth)

1977,1979, 2017), Watycha (1964, 1975) and results of the lat-
est geological mapping.

The Central Carpathian rocks crop out in the southernmost
part of the area investigated. They are represented by flysch
deposits of the Central Carpathian Paleogene (Podhale Flysch)
and (mainly) by Eocene sandstone and shales of the Szaflary
Formation (Ludwiniak, 2010; Golonka et al., 2019). A sub-
vertical fault marks the boundary between the Central Carpa-
thian Paleogene and PKB (Birkenmajer, 2017; Golonka et al.,
2022). The Central Carpathian Paleogene flysch rocks are
strongly deformed and dip steeply, almost vertically, near this
boundary, and gently a few kilometres south of the PKB (Go-
lonka et al., 2019, 2022).

The PKB is a tectonic unit that constitutes a 600 km-long
suture zone (Andrusov, 1965; Ksigzkiewicz, 1977; Birkenma-
jer, 2017; PlaSienka et al., 2021; Golonka et al., 2022) between
the ALCAPA (Alpine—Pannonian—Carpathians) (Csontos and
\oros, 2004) and the North European Plate covered by over-
thrusted Outer Carpathian units. The name Pieniny Klippen
Belt (Pieninische Klippenzug) was first used by Neumayr
(1871) and relates to this mountain range in Poland, which is
made of the western Spisz (Spi§) Pieniny Mts., the central
Pieniny Mts. and the eastern Mate (Little) Pieniny Mts.
(Kondracki, 2001).

The PKB name also reflects the relatively erosion-resistant
blocks named Klippen (cliffs), that stand out from within less
competent flysch units (Golonka et al., 2019, 2022; Plasienka et
al., 2021). The Polish part of the PKB (Fig. 2A) has been stud-
ied by geologists since the 19th century. These studies de-
scribed traditional stratigraphic successions, named after local-
ities in the Polish part of the PKB (Birkenmajer, 1977, 2017),
and differentiated mainly on the basis of the Jurassic—Creta-
ceous rocks that form the klippen. They are also classified

based on their palaeographic position within the ridge, slope,
and deeper basin. Some of the klippen are olistoliths, i.e., ho-
mogeneous or heterogeneous rock blocks of various sizes that
were moved by gravity downslope towards the flysch basins
(Golonka et al., 2015). Other klippen became juxtaposed with
the flysch as a result of tectonic deformation that occurred dur-
ing orogenic movements (Birkenmaijer, 2017; Plasienka et al.,
2021).

The PKB rocks were deposited during Jurassic-Neogene
times in the Alpine Tethys within two basins, Ztatne and Ma-
gura, divided by the Czorsztyn Ridge (Sikora, 1971; Golonka et
al., 2019, 2022). The Hulina successions were deposited on the
northern slope of the Czorsztyn Ridge (Golonka et al., 2022),
the name Hulina being introduced by Sikora (1971). Later, the
name Grajcarek has also been used (e.g., Birkenmajer, 1977,
2017). The Czorsztyn Succession was deposited on the central
part of this ridge. The Pieniny, Branisko, Czertezik and Niedzica
successions were deposited on the southern slope of this ridge.
The Ztatne Succession was deposited in the central part of the
Ztatne Basin (Golonka et al., 2022). The Jurassic—Lower Creta-
ceous deposits are mainly represented by limestones and
radiolarites (Birkenmajer, 1977, 2017). They form klippen be-
longing to tectonic units emplaced within the surrounding clastic
deposits by compressional processes or to olistoliths that slid
down from elevated ridge areas into deeper basinal zones
(Golonka et al., 2015, 2022). The rocks of the Czorsztyn Suc-
cession exposed in the research area comprise olistoliths rede-
posited into a mélange. Albian-Neogene rocks are represented
mainly by flysch and marls that were deposited as an accretio-
nary prism formed (Birkenmajer, 1977, 2017; Golonka et al.,
2022).

The present-day structure of the PKB is a result of com-
pressional and transpressional movements (Golonka et al.,
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Fig. 2. Geological maps

A - sketch map of the Pieniny Klippen Belt in Poland (after Golonka et al., 2018, modified) and location of the geophysi-
cal research site; B — geological map of the study area superimposed on the DEM image (with 1 m cell size; source:
www.geoportal.gov.pl; after Cichostepski et al., 2024, modified)
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2019, 2022). Compressional deformation produced thrust-
sheets (nappes). Three tectonic units (nappes) have been dis-
tinguished within the area investigated: Ztatne, Branisko, and
Hulina units (Fig. 2B). The southern Ztatne Unit is located north
of the Central Carpathian Paleogene flysch. It comprises mainly
Upper Cretaceous flysch of the Sromowce Formation (Golonka
et al., 2019, 2022). The northern Hulina Unit is built mainly of
Upper Cretaceous-Paleocene flysch of the Jarmuta and Mali-
nowa formations (Sikora, 1971; Birkenmajer, 2017; Golonka et
al.,, 2019, 2022). Components with prevailing thick-bedded
massive sandstones, or with an equal mixture of shales and
sandstones, can be distinguished within this flysch. In addition,
a block-in-matrix zone with olistoliths representing a sedimen-
tary mélange can be distinguished within the Hulina Unit north
of the boundary with Ztatne Unit. This zone corresponds to a
belt of limestone outcrops, with olistoliths mainly composed of
Jurassic-Cretaceous limestones belonging to the Czorsztyn
Succession. They are often arranged vertically, contrasting with
the 45° dip of the flysch nappes (Golonka et al., 2019). The
Branisko Unit consists mainly of Jurassic—Lower Cretaceous
pelagic limestones and radiolarites of the Branisko Succession
(Birkenmajer, 1977, 2017; Golonka et al., 2022). The type area
of this succession is located on Branisko Mt. within the Spisz
Pieniny Mts. (Birkenmajer, 1977). The Branisko Unit crops out
only locally in the research area (Fig. 2B).

The thrusts of the Ziatne, Pieniny, and Hulina units repre-
sent a tectonic mélange. This mixture of sedimentary and tec-
tonic mélange characterizes the PKB in the Spisz Pieniny Mts.,
being a result of Cretaceous-Miocene folding, tectonic move-
ment, and uplift. The overriding of the Czorsztyn ridge by an
accretionary prism contributed to the formation of a sedimen-
tary mélange within the Hulina Unit, containing carbonates of
the Czorsztyn Succession (Golonka et al., 2022).

METHODS

SOME REMARKS ON THE ERT METHOD

In our study, ERT method was applied in two-dimensional
(2D) mode, as measurements along a single straight line. Tech-
nically, such a 2D ERT survey consists of placing several tens
(or even hundreds) of electrodes along a straight survey line,
usually at equal distances (spacing — Ax) and performing DC-
resistivity profiling (Telford et al., 1990) with many different ar-
rays (the array consists of four selected electrodes). Appropri-
ate selection of the spacing as well as the type, amount, and
size of the arrays allows one to investigate the medium with the
planned detail and the desired depth of investigation. As a re-
sult, a set of apparent resistivity (not true resistivity) values for
different arrays and for different positions of the array on the
profile is obtained. The field data set is shown as a two-dimen-
sional Apparent Resistivity Pseudosection (ARP) with the
pseudodepth (a quantity which depends on the size and type of
array) in the vertical direction, and the position of the array on
the survey line in the horizontal direction. The ARP is then inter-
preted quantitatively, via inversion (e.g., Loke, 2012). The aim
of the inversion is to "convert" the apparent resistivity pseudo-
section into a section showing the distribution of true resistivity
(understood as a physical property) as a function of the actual
depth. This is achieved through the iterative selection of such a
theoretical (numerical, blocky) 2D true resistivity distribution
model so that the simulated (i.e., theoretical — numerically cal-
culated) measurements on it are as close as possible to the re-
sults of field measurements. For this, the measured ARP is

compared with the theoretical (i.e. calculated) one. If they do not
match, the proposed numerical model is corrected, and the fit-
ting procedure is reiterated. The model is assumed to be correct
if both sections are acceptably similar. A measure of this cor-
rectness is the theoretical-to-field ARP fitting error (depending
on the inversion method applied, it may be an RMS or Absolute
Error). Formally, the lower the error value, the better (Loke,
2012). As a result of multiple repetitions (iterations) of the pro-
cess of improving the proposed model, the final result is a
cross-section of a specific 2D resistivity distribution in the axis
system: Z — depth, X — distance along the survey line. This is not
an actual (real property) resistivity section but an inverse (theo-
retical) 2D model resistivity section (i.e. an inversion model).
Furthermore, the inversion is inherently ambiguous (as, in this
case, mathematically it is an "ill-posed problem": Kabanikhin,
2008). This means that even for an ideal 2D situation and negli-
gible measurement errors, there are many possible and equiva-
lent interpretation models (a practical example of ERT inversion
ambiguity is given in, e.g., Bania and Cwiklik, 2013). For better
interpretation and understanding of the specificity of ERT re-
sults, analogue modeling can sometimes provide good support
(e.g., Moscicki, 2008; Bania and Cwiklik, 2013; Wozniak and
Bania, 2019a; Szalai et al., 2020; Hojat et al., 2021).

The result of the formal inversion also depends on the nu-
merical approach/solution used in the software, and the results
for the same data set may differ (e.g., Hellman et al., 2016)
which further complicates the final interpretation. Moreover, re-
sults of ERT survey/inversion may also depend on the applied
set (size, type, and number) of arrays (Dahlin and Zhou, 2004).

A further important question is to what extent the measure-
ment conditions (subsurface geology, usually only poorly pre-
dicted, and simultaneously known and measurable terrain mor-
phology) influence the result of the 2D inversion of the ERT
data.

The 2D mode of inversion is commonly applied, although
the measurements taken may not comply with the relevant 2D
criteria (described in Section: Analysis of the P06 profile results
— notes on the correct application of the 2D ERT method). This
may lead to serious interpretation errors. Nevertheless, this
problem is commonly not taken into account.

Even if low-error inversion results are obtained, an addi-
tional crucial but difficult task is to choose a solution that has the
most probable geological sense. For that, the resistivity cross-
section obtained from the inversion (and its variants) should be
further analysed, with the use of all possible information or data
(geological, geotechnical, borehole, environmental, etc.) to fi-
nally propose an acceptable (though still only probable) model.
Unfortunately, in the case of the PKB segment in our geophysi-
cal survey area (and up to several kilometres away), few sur-
face geological observations are available, and no borehole
data.

DATA ACQUISITION AND PROCESSING

2D ERT FIELD MEASUREMENTS

The ERT survey was carried out on a small area of the PKB
(Fig. 1). Most of the 2D ERT measurements were carried out
along a survey lines oriented perpendicular to the belt of lime-
stone outcrops, here a clearly visible part of the PKB (Fig. 3).

The 2D ERT measurements were conducted using
SuperSting R8/IP/SP apparatus (manufactured by Advanced
Geosciences, Inc., AGI) with the use of 112 electrodes placed
with a spacing of Dx = 5 m. The predefined pattern of the mea-
surement procedure (i.e., the sequence of changes of the ar-
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rays and the order of measurements with these arrays) was
prepared to achieve desirable resolution and depth of investi-
gation. To make most of the SuperSting 8-channel measure-
ment method, the Multiple Gradient Array was applied (GD;
Dahlin and Zhou, 2004).

For every array, the relations between the lengths of current
dipole AB and potential dipole MN were held the same, that is,
MN = 0.1 AB. The applied current AB dipoles were: 50, 100,
150, 200, 250, 300, 350, 400, 450, 500, and 550 m. For the
shallowest penetration depth, Wenner array: A-5-M-5-N-5-B,
and dipole-dipole arrays: M-15-N-n x 15-A-15-B (n =1, 2, 3, 4,
5) were additionally used.

The initial part of each survey line was 555 m long. By ap-
plying the roll-along technique (Dahlin, 2001; Loke, 2012), mea-
surements were continued for the rest of the planned survey
line, ~1 km length in all cases. There were no technical prob-
lems while performing the resistivity measurements. The
grounding resistance of all electrodes was low, as clayey soil
covered by meadow vegetation dominates in that area (Fig.
3A-F).

The amount of data recorded for the individual survey line
exceeded 12,000 values of apparent resistivity. Data measured
varies between profiles due to different measurement errors.
Additional information for all survey lines is given in Table 1.

For proper inversion of the field ERT data, the morphology
of the survey line needs to be known (Fox et al., 1980; Loke,
2000; Lu et al., 2015). The topography of all ERT profiles was
obtained on the basis of a high-resolution digital elevation
model (DEM), that is, a rectangular mesh with a mesh size of 1
x 1 m (source: www.geoportal.gov.pl). Selected segments of
ERT survey lines were also measured and leveled using a
GNSS receiver operating in RTK-RTN mode. The differences
in the accuracy of the relief mapping turned out to be very small
and fully acceptable from a geophysical point of view, consider-
ing the scale of the study.

The geophysical survey was supplemented by geological
mapping. This mapping was conducted mainly along the
streams and in the block-in-matrix zone with olistoliths.

ERT DATA INVERSION

Res2Dinvx64 software (ver. 4.06.16; Geotomo software;
Loke, 2012) was used to invert the ERT data. It enables the per-
forming of two different inversion procedures, i.e., L1-norm (ro-
bust, blocky) and L2-norm (smooth) (Loke et al., 2003). Accord-
ing to the geological information on the PKB (Golonka et al.,
2022), the rocks analysed have the character of very distinct ver-
tical structures with sharp boundaries. It can be assumed that in
such cases the use of robust inversion will bring better results
(e.g., Dahlin and Zhou, 2004; Danielsen and Dahlin, 2010;
Wozniak and Bania, 2019a). This was also tested by Bania and
Cwiklik (2013) using analytical modeling in Res2Dmod software.
It follows that the reproduction of sharp-edged structures with
high resistivity contrast is much better for blocky inversion. For all
ERT data, the L1-norm inversion mode, with some modifications
of default settings, was then applied. After the first run of the in-
version, the results obtained were analysed and data with indi-
vidual fitting errors (described earlier) exceeding 20% were re-
jected (Table 1). Then the final inversion run of the corrected
data was performed. Final 2D sections were prepared with the
use of SURFER software (Golden Software).

ERT ANALOGUE MODELING

Analogue modeling was performed at the Geoelectrical
Laboratory (Department of Geophysics; Faculty of Geology,
Geophysics and Environmental Protection, at the AGH Univer-
sity of Krakow). For analogue geoelectrical studies, a special
tank was constructed that can be filled with water (Fig. 4A).
Along its longer axis, there is a system of 100 brass electrodes
mounted on a Plexiglas plate every 1.5 cm that simulates the
ERT survey line (Fig. 4B). The set of cables connects the elec-
trodes to the measuring equipment, SuperSting or MiniSting
(Advanced Geosciences, Inc., AGI). Depending on the purpose
of the planned experiment, one or more anomalous objects of
arbitrary shape, size, and position may be mounted below or
near the measuring line (Fig. 4C). For practical reasons, the ob-
jects (models) are mostly electrical insulators.

One of the problems encountered in small-scale laboratory
measurements are errors connected with unavoidable inaccu-
racies in electrode size and arrangement, limited tank dimen-
sions, and other factors. To limit these errors, resistivity mea-
surements are usually performed at least twice. First, the "back-
ground" or "normal field" (N) is measured for the tank filled with
water, but without the immersed model. Next, after immersion
of the anomalous model/body, the measurements are repeated
to obtain the apparent resistivity image — anomaly (A). Then,
A/N normalization is performed to reduce (limit) the possible in-
fluence of the previously mentioned inaccuracies on the resis-
tivity measurements.

During ERT laboratory measurements, the same pattern of
the measurement procedure, that is, a multiple gradient array
as for the field survey (array dimensions were properly down-
scaled), was applied.

A physical model of a "wall" as considered in this study is
shown in Figure 4D. Sketches of the actual models, both nu-
merical and analogue, are provided in the Discussion Section,
(see Fig. 9).

2D ERT NUMERICAL MODELING

For numerical modeling, Res2Dmod software (ver. 3.03.06;
Geotomo software; Loke, 2012) was used. The same pattern
(GD array) of the measurements as for analogue modeling was
applied.

NOTES ON GEOLOGICAL INTERPRETATION
OF THE ERT INVERSION RESULTS

Knowledge of the resistivity-lithology relationship is essen-
tial for making geological use of the results of geophysical inter-
pretation (inversion).

There is no unambiguous relationship between resistivity
and lithology. This is because the in situ resistivity of a rock is in-
fluenced by various factors (e.g., Keller and Frischknecht, 1966;
McNeill, 1980; Kobranova, 1989; Telford et al., 1990): litho-
logical type, texture, water content, degree of fracturing, weath-
ering, conditions of occurrence, and others. In the case of po-
rous rocks, the nature of the pores and the degree of filling with
water or air have a particularly large influence on the electrical
resistivity. This also applies to cracked, fractured and weath-
ered rocks. Generally, the presence of water reduces the resis-
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Fig. 3. Field views of the research site

A —location of the P06 survey line, Czerwona Skatka is in the background; B — measurements on the P06 profile with the SuperSting resistivity
system; C — general view of the P02 survey line crossing the BoLO; D —location of the P01 survey line, Kramnica is in the background; E — prepa-
ration of the P03 profile for measurements; F — view of the beginning of the P01 profile; the BoLO is visible in the middle part of the photo; the
Gorce Mountains are visible in the background; G — view of part of the Lorencowe Skatki with its most striking part, Gesle; they are located close
to the research site, in the east; H — general view of the southern part of the research site with the Tatra Mountains visible in the background
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Table 1

Characteristics of field measurements and robust inversion (Res2Dinvx64)
results for the ERT method

ERT survey | Number of data | Number of data | Number of inversion | Inversion absolute
line name collected after filtration iterations error [%]
PO1 12086 12086 0.76
P02 12066 11194 1.67
P03 12074 11158 1.57
P04 12085 11812 10 1.25
P05 12044 11035 1.93
P06 11966 11504 0.95

For each survey line, the effective number of electrodes (regarding roll-along overlaps) was 196
and the spacing, Dx =5m

Fig. 4. Analogue modeling setup

A —fibreglass tank; B — (1), (2) — holders for hanging the plate with electrodes and for models; (3) — plexiglas plate with electrodes —
survey line; M1 and M2 — examples of anomalous objects (models); C — line of electrodes (4) seen from below; D — tank and model of
the “wall” prepared for measurements

tivity, while air (gas) increases it. The chemical properties of the Information about the true resistivity of rocks is most often
water (salinity) determine the scale of its impact on the resistiv-  obtained by laboratory measurements. However, sample sizes
ity of the rock medium. Saline water significantly reduces resis-  are limited (although often they are standardized), but a more
tivity depending on the salt concentration (Dortman, 1992). important issue is their proper representativeness. Neverthe-
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less, the measured resistivity refers directly to a physical prop-
erty and usually does not need further special interpretation. On
the other hand, in-field geophysical DC-resistivity measure-
ments, using ERT and VES (Vertical Electrical Sounding)
methods, give simplified, spatially averaged information about
the resistivity distribution in the geological medium. In this case,
the “sample” size is unlimited and, additionally, the sample may
be (and usually is) heterogeneous. The measurement result
(apparent resistivity, not true resistivity) depends on the type,
size, and layout of the measuring array. To estimate the distri-
bution of the rock resistivity values, a special quantitative inter-
pretation (inversion) of the measurement data is needed. The
values obtained in this way usually differ from the resistivity val-
ues of the rock samples determined in the laboratory, and vari-
ous rock types may have similar or overlapping ranges of possi-
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ble resistivity values, hampering the geological interpretation of
DC-resistivity surveys.

The many DC-resistivity field surveys performed in Poland
(e.g., Antoniuk et al., 2005; Wozniak et al., 2018; Wozniak and
Bania, 2019a; Bania and Wozniak, 2022) suggest the following
general patterns: in flysch, the rock resistivity depends on the
proportion of sandstone (high resistivity) to shale (low resistiv-
ity). Relatively clean clay rocks most often have a resistivity of
<10-15 Om (and for those of marine origin it can drop to a few
Qm); for sandstones, depending on the type, several hundred
to a thousand Wm (even more in the case of quartzite); for
clean, compact limestone, several hundred or more Wm; for
marly limestones, several tens of Wm. Thus, the value is deter-
mined mostly by the clay component.
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Fig. 5. P01 survey line; results of 2D inversion and analysis of the ERT data

A —inverse model resistivity section; R1-R7 — selected commented zones; HR1-HRS3 — high-resistivity anomalies; LR1, LR2 — low-resistivity
anomalies; O1, O2 — quasi-3D anomalies; V1-V6 — position of the vertical resistivity profiles extracted from the inversion model; slice H600m
slice H620m— horizontal changes of the interpreted resistivity model at the indicated level; B — horizontal changes of the interpreted resistiv-
ity model at the level of 600 m a.s.|. and at the level of 620 m a.s.l.; C — vertical distribution of the interpreted resistivity (extracted from the in-

verse 2D model) for the indicated position (X) along the survey line
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ERT FIELD DATA INVERSION RESULTS
— GEOPHYSICAL ANALYSIS

The results for the initial ERT survey line PO1 are shown in
Figure 5. In the interpreted ERT section for the PO1 profile (Fig.
5A), high-resistivity and low-resistivity zones of various forms
(geometries) are distinguished. Notably, zones that are nearly
vertical and deep-reaching are dominant in the cross-section
(Fig. 5A, B). Such a style of resistivity distribution makes it pos-
sible to roughly distinguish zones in the study area that differ in
the shape and range of resistivity anomalies. These zones are
marked as R1, R2, ..., R7. In the cross-section, black dotted
lines are marked on the basis of the interpreted resistivity gradi-
ents (e.g., Moscicki et al., 2014; Wozniak and Bania, 2019a;
Bania and Wozniak, 2022). These may indicate the presence of
contacts (boundaries) in the geological medium.

In the cross-section (Fig. 5A) the most pronounced contact
is between R5 and R6 zones. The R5 zone includes the HR2
high-resistivity anomalous object having the geometric shape
of a "wall" and with a width of ~50 m. In this monolithic form, the
interpreted electrical resistivity value varies in the range of 100
~250 m. From the north, the HR2 anomaly very rapidly turns
into a low-resistivity anomaly, LR1. The contact (marked with
the nearly vertical thick dashed line noted earlier) is very sharp
(Fig. 5B) and the transition is accompanied by a significant re-
duction in resistivity (there is a resistivity contrast of at least
~200:10, Fig. 5C — graph V6 versus V5). The resistivity in the
LR1 anomaly drops <10 min places. In its upper part (H >600 m
a.s.l.), the LR1 anomaly changes into a more horizontal form,
extending northwards. In this depth range, the HR2 "wall" is
slightly tilted to the north. In part of the R6 zone, the distribution
of the interpreted resistivity gradients (marked with dashed
lines) suggests local layering of the geological medium. In the
entire R6 zone, which is ~400 m wide, low resistivity values
(<15 ~20 m) dominate. At the end of the cross-section, zone
R7, the high resistivity HR1 anomaly reappears.

In the central part of the cross-section, zone R4 (Fig. 5A),
local high-resistivity anomalies, O1 and 02, and other low-re-
sistivity anomalies, are visible. The location of high-resistivity
objects generally correlates with the discontinuous limestone
rocks (parts of belt of limestone outcrops) visible at the surface.
The low-resistivity medium may be related to the properties
(dominance of the clayey component) of the medium in which
the high-resistivity objects are embedded. Below the H level of
~600 m a.s.l., the geophysical structure is more homogeneous,
but the resistivity is lower in the southern part, zone R4a (LR2),
than in the northern part, zone R4b.

In the R3 zone (Fig. 5A), the HR3 high-resistivity anomaly is
similar in form to the HR2 "wall*. However, the resistivity here is
clearly lower, ~60-100 m (Fig. 5C — compare plots V2 and V5).
Below the altitude ~H = 620 m a.s.l., the contact between the
HR3 and LR2 objects is clear, and the resistivity contrast here is
~80:15. On the southern side, the anomaly gently turns into a
fairly homogeneous zone R2. The average resistivity here is
~40 m.

The last separate zone R1 may show, in its southern part
(Fig. 5A), signs of a stratified medium, in the quasi-parallel dis-
tribution of the interpreted resistivity gradients. Itis likely that the
clearly visible belt of limestone outcrops (BoLO) is accompa-
nied by buried objects. This is especially true for its northern
border, which may coincide with the HR2 anomaly.

Figure 6 shows the inversion results for all ERT data. Pro-
files PO3, P01, P02, PO4 and P05 were parallel to PO1, which
made it possible to trace certain patterns in the subsurface
geoelectrical structure of the BoLO and its surroundings. It can

be seen that the HR2 anomaly dominates in P01, with its char-
acteristic "wall" shape, and continues clearly in the P03, P02
and partially in the P04 cross-sections. Then it disappears and
is not observed in the P05 section. On the northern side, the
"wall" is adjoined by a low-resistivity zone, LR1, having local val-
ues clearly lower than 10 m. In the central part of the cross-sec-
tions analysed, ~350-550 m length, there are distinct anoma-
lies of limited size, such as O1 and O2. Their shape changes
from profile to profile. They quite clearly correlate with the indi-
vidual and size-limited rocks that form the BoLO visible at the
ground surface.

In the southern part of all cross-sections (Fig. 6), for around
300 m distance, significant high-resistivity HR3 anomalies were
interpreted together with the accompanying low-resistivity LR2
anomalies on the northern side. Their shape (along the section
line) is complicated and variable, not as regular as in the P01
profile.

In order to qualitatively estimate the longitudinal variability of
the HR2 anomaly (Fig. 6), an ERT survey was performed along
its axis on the P06 profile. The result of formal 2D inversion of
the ERT data (Fig. 6, upper part, PO6 cross-section) is strange:
the HR2 anomaly is limited to shallow depth, and does not have
a wall-like shape. This seems not to be real and is confusing,
but such an effect of inversion may be explained and corrobo-
rated by analogue modeling, described later in the Discussion.

DISCUSSION

INTERPRETATION OF THE RESISTIVITY DATA

LITHOLOGICAL AND STRUCTURAL SUGGESTIONS:
THE GEOPHYSICAL VIEWPOINT

The high-resistivity HR2 and HR3 objects (Fig. 5 — zones
R3 and R5; Fig. 6), are most likely associated with the presence
of limestone, while the low-resistivity LR1 and LR2 objects (Fig.
5 —zones R4a and R6; Fig. 6) may reflect a dominance of rocks
rich in clayey material. Some of the high-resistivity objects, es-
pecially HR2, are evidently located outside the area of lime-
stone occurrence at the ground surface (i.e., outside the BoLO).
The upper parts (i.e., lying closer to the surface) of the HR1 and
HR2 objects are slightly tilted towards the north, which is proba-
bly related to the direction of the tectonic forces that formed the
PKB (nappes) in this area. A similar inference can be made by
analysing the bends of the shape of the LR1 anomaly (Fig. 5A —
zone R6) on parallel profiles (Fig. 6 — P03, P02, P04 and P05).

High-resistivity and size-limited zones observed in the cen-
tral parts of the survey lines (such as O1 and O2; Fig. 6) are as-
sociated with invisible parts of the limestone rocks forming
BoLO at the surface.

In the southern part of the research area (Fig. 5 — zone R2;
Fig. 6), the geological medium is generally homogeneous as re-
gards resistivity (~40 Qm — mudstone?, clayey flysch?). How-
ever, certain horizontal zones may exist within these rocks
(zone R1). On the northern side of the study area (Fig. 5 — zone
R6 and Fig. 6) low-resistivity rocks predominate up to the depth
of geoelectrical recognition. At the northern ends of the P01,
P02, P04, and P05 cross-sections, a high-resistivity object HR1
appears, which perhaps may represent sandstone flysch.

Based on the analysis presented, it is possible to propose a
probable model of the geological structure of the part of the
PKB analysed. This is shown in Figure 7A using a digital eleva-
tion model image as the background map.
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Fig. 6. Location of ERT profiles together with inverse model resistivity sections
(source of orthophotomap: Google Earth)

For explanation see Figure 5

The geological structure has a zonal nature with a general
WNW-ESE trend, as in the limestones constituting the BoLO
visible at the surface (Fig. 7A).

In the N2 zone (Fig. 7A), rocks with resistivity greater than
100 Wm are present near the surface, which may be sand-
stone-dominated flysch. Farther south there is a relatively wide
low-resistivity zone, N1, which may be considered as an area of
shale and mudstone. In the central near-surface part of the N1
zone, there are units with more sandstones (50 ~100 Qm)
reaching up to a depth of 20 m below the ground surface and
characteristically curved (like a syncline). In the deeper parts of
the N1 zone, signs of similar bending can be observed in clayey

strata. The low-resistivity zone N1 is limited to the south by the
most visible high-resistivity anomaly having the character of a
kind of “wall” — zone B1. This form in its western part (P03, P01,
and P02 cross-sections — Fig. 6) can reach a depth of at least
100 m; it breaks off abruptly on its eastern side (it is not regis-
tered in the section for the P05 profile). The azimuth of the “wall”
strikingly coincides with the azimuth (~105°) of the Kramnica
Mountain (Fig. 7A), which is a massive limestone outcrop lo-
cated in the Przetom Biatki Nature Reserve (Natura 2000) near
Krempachy village. Perhaps the “wall" is an extension of it, hid-
den beneath the surface.
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Fig. 7. Interpretation maps

A — ERT results — interpreted zones superimposed on the DEM image (with 1 m cell size; source: www.geoportal.gov.pl);
B — geological map with ERT zones superimposed (source of geological map: Cichostepski et al., 2024, modified)
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In the south, apart from the BoLO rocks, there is zone B2
(Fig. 7A), in which outstanding high-resistivity anomalies ap-
pear in the sections for subsequent profiles P03, P01, P02, P04
and P05 (Fig. 6). It can be assumed that these rocks do not ex-
tend deeply, but rather are isolated limestone or sandstone
blocks. They constitute an irregular belt. The shape (section)
and size of the blocks varies and their depth range is limited to
~40-50 m.

On the southern side, in zone S (Fig. 7A), there are scarcely
differentiated units with a resistivity of ~40 Qm, most likely
sandstone-dominated flysch. The situation here is clearly differ-
ent from the conditions on the northern side of the BoLO, in the
N1 zone, dominated by clayey strata.

The limestone rocks (outcrops) visible in the field (forming
the BoLO) mostly have elongated shapes, and are clearly flat-
tened, resembling vertical lenses. In most cases, these rocks
are arranged roughly consistently, mostly according to the gen-
eral course of the PKB (Fig. 7A).

GEOLOGICAL REMARKS WITH REFERENCE TO ROCKS FORMING
THE PIENINY KLIPPEN BELT

The geological structure of the part of the PKB studied has
zonal nature and a similar situation is observed in the ERT re-
sults. However, comparison of the maps (Fig. 7A, B) reveals
both similarities and differences between the course of the geo-
logical boundaries (elaborated from geological studies) and the
distribution of rock resistivity.

The central part is the belt of limestone outcrops that pro-
trudes from the flysch matrix (Fig. 7). These are Jurassic-Early
Cretaceous in age and were deposited on the Czorsztyn Ridge.
The limestone rock visible at the surface is discontinuous and
probably does not have deeper roots. Individual rocks (olisto-
liths?) are generally depth-limited, in most cases flattened, and
arranged similarly, mostly following the PKB course. Locally,
there are irregularities in the direction of elongation of these
rocks, most likely of tectonic origin, representing transverse
faults. However, the BoLO has invisible components that have
been identified using the ERT survey results. The Upper Creta-
ceous-Paleogene flysch deposits crop in streams, especially in
the Dursztynski Stream (also known as the Krety Stream), east
of the research area (Fig. 7B). The limestones are character-
ized by high resistivity (HR in Fig. 6) in contrast to the low resis-
tivity (LR) of the surrounding flysch deposits. The lowest resis-
tivity zone LR2 is especially visible in the ERT profiles P02,
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P03, and P05. This zone may correspond to the Upper Creta-
ceous red shales and marls cropping out in the Dursztynski
Stream and in the area surrounding Lorencowe Skatki (Fig. 7B).
The ERT survey allows the differentiation of several me-
dium-sized olistoliths, such as O1 and O2, marked on the sec-
tions PO1-P05 (Fig. 6). These olistoliths, as well as the sur-
rounding marls, shales and flysch units, belong to zone B in Fig-
ure 7A.

The shape and arrangement of the BoLO rocks (Fig. 7) sug-
gest (roughly simplifying) that they represent a block-in-matrix
zone with olistoliths. The olistoliths represent the rocks of the
Czorsztyn Succession (mainly crinoidal and nodular limesto-
nes) originally representing relatively brittle, continuous lime-
stone layers. They slid down into the deep Magura Basin. They
are surrounded by a matrix comprising mainly softer, more plas-
tic rocks such as mudstones, marls and flysch. As a result of
folding during orogeny (formation of nappes, etc.), this block-
in-matrix zone became part of the Hulina Unit (Nappe) (Go-
lonka et al., 2022), much later eroded to form the present out-
crops.

The southern part (Fig. 7A — zone S) of the research area is
dominated by scarcely differentiated units with a resistivity of
~40 Qm and may represent the Branisko rock sequences. The
southernmost part of zone S includes flysch deposits of, proba-
bly the Ztatne Nappe and Central Carpathian Paleogene, simi-
lar to those exposed in the Dursztyniski Stream (Fig. 7B). By
contrast, the northern part of the research site is dominated by
the low-resistivity (<10 @m) zone N1 (Fig. 7A), which may be
considered as Upper Cretaceous variegated shales of the
Malinowa Formation. The northernmost part of the research
area (Fig. 7A — zone N2), where rocks with resistivity greater
than 100 Qm are present, may belong to the Upper Creta-
ceous-Paleocene Jarmuta Sandstone.

On the north side of the BoLO, the low-resistivity zone N1
(Fig. 7A) is limited to the south by the best-expressed high-re-
sistivity anomaly (Fig. 6 — HR2) distinguished within zone B1
(Fig. 7A). The geological mapping indicate sandstones of the
Jarmuta Formation. However, according to geophysical sug-
gestions, this may be a hidden continuation of the well-known
Kramnica olistolith (cf. Section: Lithological and structural sug-
gestions: the geophysical viewpoint). On the southern side of
the BoLO there are also invisible limestone rocks (Fig. 6 —
HR3), but their forms are irregular and do not extend so deeply
(Fig. 7A — zone B2).

H
Inlerpreiad ressaiily Py [$2m)

P06

Fig. 8. Inversion of the ERT data for the P06 survey line
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ANALYSIS OF THE P06 PROFILE RESULTS — NOTES
ON THE CORRECT APPLICATION OF THE 2D ERT METHOD

As noted, the inversion results obtained for the P06 profile
may be surprising (Figs. 5 and 7A).

The high-resistivity object visible in the P06 profile cross-
section (Fig. 8) does not have the character of a “wall”, as in the
P01, P02, and P03 resistivity sections (Fig. 6), but rather takes
the form of a high-resistivity “layer” lined with a zone of lower re-
sistivity. Why so?

It may be easily explained by considering that the inversion
Res2Dinv software (according to its purpose and principle of
operation) forcibly adjusts the best 2D model to the measure-
ment data. And yet the real situation — the course of the P06
profile in relation to the object (Fig. 7A) —is far from 2D! As a re-
sult, the electric current for a measurement array placed above
a high resistivity “wall” along its longitudinal axis tends to “run
away” into the environment where the resistivity is lower and
current propagation is easier. The intensity of this phenomenon
depends on the geometry of the system, the width of the “wall”,
and the resistivity contrast.

The correct 2D numerical inversion of ERT data depends
on the degree to which the following assumptions are met:

— the survey line runs perpendicular to the geological struc-
ture, which is 2D. This means that each cross-section (pro-
file) parallel to the one analysed should give identical re-
sults. However, it is obvious that in practice there are depar-
tures from this, as where a profile runs perpendicular to the
outcrop or to the axis of the syncline/anticline/fault, an elon-
gated structural form, etc;

— the terrain morphology is also 2D in relation to the survey
line. However, in hilly or mountainous region, this is rarely
the case.

Any deviation from these assumptions affects the result of
the 2D inversion. Formally speaking, the geophysical model ob-
tained from such an inversion is 2D (the distribution of inter-
preted resistivity as a cross-section of the 2D model in the XZ
plane, where X is the distance along the survey line, and Z is the
depth) and may not correspond well to the real, usually 3D, situ-
ation. Additionally, in a 2D inversion applied to a real 3D situa-
tion, the “interpreted” object visible in the cross-section may be
an effect caused by the actual object lying outside the cross-
section line (cf. e.g., Sjodahl et al., 2006; Dahlin et al., 2007;
Bania and Cwiklik, 2013). This is because (apart from the inad-
equate conditions for the 2D inversion) the electric field
“spreads” throughout the space (Earth), “seeing” also what lies
on both sides of the profile, not only under it.

To demonstrate the effect of a “false inversion” that actually
occurred in the research on the P06 survey line, we performed
appropriate numerical calculations (Fig. 9A) and physical mod-
eling (Fig. 9B, C). A very simple geometrical model of a “wall”
(Figs. 4D and 9B, C) immersed in a homogeneous medium was
used. In numerical calculations, this was a perfect 2D situation,
whereas the “wall” in physical modeling was spatially limited
and had a 3D character. The assumed resistivity contrast in the
numerical calculations was 10,000, and in the physical model-
ing it was infinite (the model of the “wall” was made of an insula-
tor and immersed in water with a resistivity of ~30 Qm). The ar-
rangement of the measurement arrays was identical to that
used in the field survey (only the dimensions were properly
scaled down). Measurement data was subjected to robust in-
version with an automatically adjusted grid size (the same set-
tings as for field data inversion) using Res2Dinv software.

In numerical modeling, first, a 2D model of an appropriate
size was built (Fig. 9A; NM-1). The dimensions of the “wall”

were similar (geometrically proportional) to the field situation.
The simulated measurement data were then calculated for the
model and subjected to 2D inversion. In analogue modeling, the
model of a finite (limited) “wall” was built of plastic plates (Figs.
4D and 9B, C; AM), maintaining dimensions similar to the nu-
merical model NM-1. The right part of Figure 9 shows three
cross-sections: the results of inversion.

The contour of the “wall”, shown in the inversion sections
(Fig. 9), is marked with a thin purple line. The colour scale
gives the values of normalized resistivity A/ N (A —anomaly, N
— background, ambient resistivity; in the case of NM-1 it was 1
Qm, and in the case of AM-1 and AM-2 it was the water resis-
tivity).

As can be seen for the NM-1 model (Fig. 9A), the inversion
result reflects very well the form, shape, and position of the high
resistivity object. It is worse at recreating its real resistivity.

For the AM-1 and AM-2 models (Fig. 9B, C), the interpreted
2D cross-sections are completely different from the real model
resistivity distribution. In addition, after the formal 2D inversion,
zones with low resistivity (blue) appeared in the cross-sections.
The resistivity here is more than two times lower than the back-
ground resistivity in the real model. When the situation is evalu-
ated from the point of view of a physical phenomenon, it can be
said that the electric current “escapes” from the thin layer of wa-
ter covering the upper part of the high-resistivity “wall” and flows
“sideways” in low-resistivity water. It definitely reduces the ap-
parent resistivity measured. The phenomenon is exacerbated
when the size of the measuring array is greater than the width of
the “wall”.

The general similarity of the modeled effect (Fig. 9) to the
ERT results for the P06 profile (Fig. 8) is obvious.

CONCLUSIONS

ERT research has led to geological and geophysical conclu-
sions, respectively concerning the structure of a part of the
Pieniny Klippen Belt, and the specificity of the ERT application
methodology.

The geological structure of the part of the PKB studied has a
zonal nature that generally extends east-west (Fig. 7). Within
the ERT inverse model resistivity sections, the high resistivity
zones may be interpreted in terms of limestone and/or massive
sandstone lithologies. In contrast, the low-resistivity zones cor-
respond mainly to clay, marl and clay/shale strata. In the central
part of the area analysed, a belt of limestone outcrops protrudes
from the flysch matrix. Since limestones are characterized by
much greater electrical resistivity than the matrix in which they
are embedded, this allowed determination of their mutual spa-
tial relationships by ERT. This sharp resistivity contrast enabled
estimation of the size and depth range of several olistoliths.

In the area studied by ERT, there are three tectonic units
(nappes): the southern Ztatne Unit (flysch deposits), the central
Branisko Unit (limestones and radiolarite deposits), and the
northern Hulina Unit (northern part — siltstone, marl and sand-
stone deposits, southern part — limestone olistoliths in a flysch
matrix). By comparing the geological map (Fig. 7B) with the re-
sults of the ERT research (Figs. 6 and 7A), it was found that
there is only a partial correlation between the rock resistivity dis-
tribution and the presumed course of the boundaries of the tec-
tonic units shown on the geological map, with some clear differ-
ences.

ERT turned out to be effective in recognition of the structural
specificity of the part of the PKB analysed, though carefully lo-


https://doi.org/10.1190/1.2198217
https://doi.org/10.3997/2214-4609.20146558
https://doi.org/10.7494/geol.2013.39.4.331

14 Grzegorz Bania et al. / Geological Quarterly, 2024, 68: 22

NUMERICAL 2D MODEL  NM-1
SECTION
1.5¢cm ERT line
%\ 2]
A 115
10000 Om 1am
H N
3 <)
1.58 02
1.00 00
0.631 -0,.2
0.398.—0,4
X (m) G
ANALOGUE MODEL - AM-1 01 02 03 04 05 06 07 08 09 1 11 12 13 14 RADIENT ARRAY
i 1 | 1 1 i i i i | i i i i 2D robust inversion
e 0,00 - # Res2Dinvx64
e
S o
o, 0,05 [ A
F 20.0 1.3
"E'-‘T.'ine 0,10
B 15 z 158 12
N, N ¥ | 126 11
i'\%\ g 10.0 10—
S 2 020 5 '
\r zé water - 7.94 09
2
3 025 g 6.31 08
g I
1 5.01 07
030 L
3.98 06
3.16 05
X (m) 2.51 04
ANALOGUE MODEL - AM-2 01 02 03 04 05 06 07 08 09 1 11 12 13 14 2.00 03—
Il Il Il Il Il Il Il Il Il Il Il Il Il Il . "
b?)?’%b“@ 158 oz
it &
‘ 1.26 01
0.8 ' . o S
v 1.00 00
el ls (RE-----
S 0.794 01
SRy
C 115 : _ 0631 02
S 0.501 0,3
N
?l\ F e 0.305 I ;
N o 0,20 F g
AN E water °
LN K 3
] 0,25 - g
g I
030 L

Fig. 9. Results of ERT modeling

A —numerical 2D model of the “wall”, NM-1, and the result of 2D inversion; B — analogue model of a finite “wall” (3D object) with a flat-topped
surface, AM-1, and the result of 2D inversion; C — analogue model of a finite “wall” (3D object) with locally raised top surface, AM-2, and the

result of 2D inversion

cating the measurement lines was critical to reliable geophysi-
cal interpretation of the survey results.

We also analysed the basic conditions for the optimal use of
ERT in the 2D mode. The orientation of the measurement line
in relation to the expected geological structure is of fundamen-
tal importance and should be as perpendicular to the antici-
pated structure (assumed to be generally 2D) as possible. Oth-
erwise, the results of 2D inversion of field data (even if the mea-
surements are technically correct) may be misleading, in that
the inverse model resistivity section obtained is inconsistent
with the actual resistivity distribution. As a consequence, the
geological conclusions may also be wrong. The issue has been

demonstrated by performing appropriate numerical and ana-
logue modeling that explains anomalous inversion results ob-
served for some of the ERT field data.
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