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As so ci ate ed i tor: Piotr Krzywiec

Elec tri cal Re sis tiv ity To mog ra phy (ERT) method was ap plied to study a frag ment of the Pieniny Klippen Belt (PKB), which
has been in ves ti gated for more than 100 years. The study area is lo cated in the Spisz Pieniny Moun tains of south ern Po land.
The PKB in this re gion in cludes a char ac ter is tic belt of lime stone out crops. ERT turned out to be an ef fec tive method to de ter -
mine the struc ture of this part of the PKB, re veal ing its zonal na ture and doc u ment ing the pres ence of lime stone olistoliths
and al low ing es ti mates of their sizes. More over, we show that proper plan ning and con duct ing of ERT mea sure ments in the
field is crit i cal to the ef fec tive use of re sis tiv ity data for geo log i cal in fer ence and in ter pre ta tion. This has been dem on strated
by per form ing ap pro pri ate nu mer i cal and an a logue ERT mod el ing that shows pos si ble am big u ous re sults aris ing from the
field ERT sur vey. Aware ness of this is sue can help re search ers avoid and min i mize false in ter pre ta tion of ERT data.
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INTRODUCTION

Elec tri cal Re sis tiv ity To mog ra phy (also called Elec tri cal Re -
sis tiv ity Im ag ing – ERI; Dahlin, 1996) is a widely used geo phys i -
cal Di rect Cur rent (DC)-re sis tiv ity method. It en ables the rec og -
ni tion of the two- and three-di men sional (2D/3D) dis tri bu tion of
elec tri cal re sis tiv ity in geo log i cal en vi ron ment. It is com monly
ap plied in geo log i cal and geomorphological re search (see, e.g., 
Hirsch et al., 2008; Šilhán and Pánek, 2010; Cham bers et al.,
2012; Ikhane et al., 2012; Metwaly and AlFouzan, 2013; Mości -
cki et al., 2014; Nur Amalina et al., 2017; Woźniak et al., 2018;
Akinbiyi et al., 2019; Woźniak and Bania, 2019a, b; Bania and
Woźniak, 2022), as well as in other stud ies (see, e.g., Loke et
al., 2013 and ref er ences therein).

Most of ten, the ERT method is per formed in the 2D mode
(un der stood as mea sure ments along a sin gle straight line with
re sults pro cessed and in ter preted with the use of 2D soft ware).
It is a very ef fec tive method, but its cor rect use and es pe cially its 
proper in ter pre ta tion re quire ex pe ri ence, geo phys i cal knowl -

edge, and an ap pro pri ate ap proach. We de scribe the ap pli ca -
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 sur vey sought to de ter mine the dis tri bu tion of
elec tri cal re sis tiv ity in this rock unit and, in this way, to rec og nize 
the struc ture of this seg ment of the PKB. Ques tions of in ter est
con cerned the spa tial ex tent of the lime stone, flysch, marl and
clay/shale com po nents, and the size and mu tual ar range ment
of the lime stone blocks (olistoliths).

In ad di tion to solv ing geo log i cal prob lems, the re sults of our
study dem on strated the im por tance of fur ther in ter pre ta tion in
prop erly plan ning and ex e cut ing 2D ERT field work. Fail ure to
prop erly ap ply 2D in ver sion to ERT data may lead to er ro ne ous
geo phys i cal/geo log i cal con clu sions, as shown by the re sults of
our field stud ies and of the as so ci ated an a logue and nu mer i cal
mod el ing of the ERT data.

RESEARCH AREA

The study area (Fig. 1) is lo cated in the Spisz Pieniny Mts.
re gion in south ern Po land. The Cen tral Carpathians and the
Pieniny Klippen Belt (PKB) oc cur in this re gion (Birkenmajer,
2017; Golonka et al., 2022). The gen eral geo log i cal sit u a tion is
shown in Fig ure 2A. The re cently pub lished map (Cichotępski et 
al., 2024) in cludes pre vi ous stud ies by Birkenmajer (1961,
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1977, 1979, 2017), Watycha (1964, 1975) and re sults of the lat -
est geo log i cal map ping.

The Cen tral Carpathian rocks crop out in the south ern most
part of the area in ves ti gated. They are rep re sented by flysch
de pos its of the Cen tral Carpathian Paleogene (Podhale Flysch) 
and (mainly) by Eocene sand stone and shales of the Szaflary
For ma tion (Ludwiniak, 2010; Golonka et al., 2019). A sub -
vertical fault marks the bound ary be tween the Cen tral Carpa -
thian Paleogene and PKB (Birkenmajer, 2017; Golonka et al.,
2022). The Cen tral Carpathian Paleogene flysch rocks are
strongly de formed and dip steeply, al most ver ti cally, near this
bound ary, and gently a few kilo metres south of the PKB (Go -
lonka et al., 2019, 2022).

The PKB is a tec tonic unit that con sti tutes a 600 km-long
su ture zone (Andrusov, 1965; Ksi¹¿kiewicz, 1977; Birken ma -
jer, 2017; Plašienka et al., 2021; Golonka et al., 2022) be tween
the ALCAPA (Al pine–Pannonian–Carpathians) (Csontos and
Vörös, 2004) and the North Eu ro pean Plate cov ered by over -
thrusted Outer Carpathian units. The name Pieniny Klippen
Belt (Pieninische Klippenzug) was first used by Neumayr
(1871) and re lates to this moun tain range in Po land, which is
made of the west ern Spisz (Spiš) Pieniny Mts., the cen tral
Pieniny Mts. and the east ern Ma³e (Lit tle) Pieniny Mts.
(Kondracki, 2001).

The PKB name also re flects the rel a tively ero sion-re sis tant
blocks named Klippen (cliffs), that stand out from within less
com pe tent flysch units (Golonka et al., 2019, 2022; Plašienka et 
al., 2021). The Pol ish part of the PKB (Fig. 2A) has been stud -
ied by ge ol o gists since the 19th cen tury. These stud ies de -
scribed tra di tional strati graphic suc ces sions, named af ter lo cal -
i ties in the Pol ish part of the PKB (Birkenmajer, 1977, 2017),
and dif fer en ti ated mainly on the ba sis of the Ju ras sic–Cre ta -
ceous rocks that form the klippen. They are also clas si fied

based on their palaeographic po si tion within the ridge, slope,
and deeper ba sin. Some of the klippen are olistoliths, i.e., ho -
mo ge neous or heterogeneous rock blocks of var i ous sizes that
were moved by grav ity downslope to wards the flysch bas ins
(Golonka et al., 2015). Other klippen be came jux ta posed with
the flysch as a re sult of tec tonic de for ma tion that oc curred dur -
ing orogenic move ments (Birkenmajer, 2017; Plašienka et al.,
2021).

The PKB rocks were de pos ited dur ing Ju ras sic-Neo gene
times in the Al pine Tethys within two bas ins, Z³atne and Ma -
gura, di vided by the Czorsztyn Ridge (Sikora, 1971; Golonka et
al., 2019, 2022). The Hulina suc ces sions were de pos ited on the 
north ern slope of the Czorsztyn Ridge (Golonka et al., 2022),
the name Hulina be ing in tro duced by Sikora (1971). Later, the
name Grajcarek has also been used (e.g., Birkenmajer, 1977,
2017). The Czorsztyn Suc ces sion was de pos ited on the cen tral
part of this ridge. The Pieniny, Branisko, Czertezik and Niedzica 
suc ces sions were de pos ited on the south ern slope of this ridge. 
The Z³atne Suc ces sion was de pos ited in the cen tral part of the
Z³atne Ba sin (Golonka et al., 2022). The Ju ras sic–Lower Cre ta -
ceous de pos its are mainly rep re sented by lime stones and
radio larites (Birkenmajer, 1977, 2017). They form klippen be -
long ing to tec tonic units emplaced within the sur round ing clastic 
de pos its by compressional pro cesses or to olistoliths that slid
down from el e vated ridge ar eas into deeper basinal zones
(Golonka et al., 2015, 2022). The rocks of the Czorsztyn Suc -
ces sion ex posed in the re search area com prise olistoliths re de -
pos ited into a mélange. Albian-Neo gene rocks are rep re sented
mainly by flysch and marls that were de pos ited as an accretio -
nary prism formed (Birkenmajer, 1977, 2017; Golonka et al.,
2022).

The pres ent-day struc ture of the PKB is a re sult of com -
pressional and transpressional move ments (Golonka et al.,
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Fig. 1. Lo ca tion of the study area

ERT sur vey marked with red lines (source of orthophotomap: Google Earth)
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Fig. 2. Geo log i cal maps

A – sketch map of the Pieniny Klippen Belt in Po land (af ter Golonka et al., 2018, mod i fied) and lo ca tion of the geo phys i -
cal re search site; B – geo log i cal map of the study area su per im posed on the DEM im age (with 1 m cell size; source:
www.geoportal.gov.pl; af ter Cichostêpski et al., 2024, mod i fied)
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2019, 2022). Compressional de for ma tion pro duced thrust-
 sheets (nappes). Three tec tonic units (nappes) have been dis -
tin guished within the area in ves ti gated: Złatne, Branisko, and
Hulina units (Fig. 2B). The south ern Złatne Unit is lo cated north
of the Cen tral Carpathian Paleogene flysch. It com prises mainly 
Up per Cre ta ceous flysch of the Sromowce For ma tion (Golonka
et al., 2019, 2022). The north ern Hulina Unit is built mainly of
Up per Cre ta ceous-Paleocene flysch of the Jarmuta and Mali -
no wa for ma tions (Sikora, 1971; Birkenmajer, 2017; Golonka et
al., 2019, 2022). Com po nents with pre vail ing thick-bed ded
mas sive sand stones, or with an equal mix ture of shales and
sand stones, can be dis tin guished within this flysch. In ad di tion,
a block-in-ma trix zone with olistoliths rep re sent ing a sed i men -
tary mélange can be dis tin guished within the Hulina Unit north
of the bound ary with Złatne Unit. This zone cor re sponds to a
belt of lime stone out crops,  with olistoliths mainly com posed of
Ju ras sic-Cre ta ceous lime stones be long ing to the Czorsztyn
Suc ces sion. They are of ten ar ranged ver ti cally, con trast ing with 
the 45° dip of the flysch nappes (Golonka et al., 2019). The
Branisko Unit con sists mainly of Ju ras sic–Lower Cre ta ceous
pe lagic lime stones and radiolarites of the Branisko Suc ces sion
(Birkenmajer, 1977, 2017; Golonka et al., 2022). The type area
of this suc ces sion is lo cated on Branisko Mt. within the Spisz
Pieniny Mts. (Birkenmajer, 1977). The Bra nisko Unit crops out
only lo cally in the re search area (Fig. 2B).

The thrusts of the Złatne, Pieniny, and Hulina units rep re -
sent a tec tonic mélange. This mix ture of sed i men tary and tec -
tonic mélange char ac ter izes the PKB in the Spisz Pieniny Mts.,
be ing a re sult of Cre ta ceous-Mio cene fold ing, tec tonic move -
ment, and up lift. The over rid ing of the Czorsztyn ridge by an
accretionary prism con trib uted to the for ma tion of a sed i men -
tary mélange within the Hulina Unit, con tain ing car bon ates of
the Czorsztyn Suc ces sion (Golonka et al., 2022).

METHODS

SOME REMARKS ON THE ERT METHOD

In our study, ERT method was ap plied in two-di men sional
(2D) mode, as mea sure ments along a sin gle straight line. Tech -
ni cally, such a 2D ERT sur vey con sists of plac ing sev eral tens
(or even hun dreds) of elec trodes along a straight sur vey line,
usu ally at equal dis tances (spac ing – Dx) and per form ing DC-
 re sis tiv ity pro fil ing (Tel ford et al., 1990) with many dif fer ent ar -
rays (the ar ray con sists of four se lected elec trodes). Ap pro pri -
ate se lec tion of the spac ing as well as the type, amount, and
size of the ar rays al lows one to in ves ti gate the me dium with the
planned de tail and the de sired depth of in ves ti ga tion. As a re -
sult, a set of ap par ent re sis tiv ity (not true re sis tiv ity) val ues for
dif fer ent ar rays and for dif fer ent po si tions of the ar ray on the
pro file is ob tained. The field data set is shown as a two-di men -
sional Ap par ent Re sis tiv ity Pseudosection (ARP) with the
pseudo depth (a quan tity which de pends on the size and type of
ar ray) in the ver ti cal di rec tion, and the po si tion of the ar ray on
the sur vey line in the hor i zon tal di rec tion. The ARP is then in ter -
preted quan ti ta tively, via in ver sion (e.g., Loke, 2012). The aim
of the in ver sion is to "con vert" the ap par ent re sis tiv ity pseudo -
section into a sec tion show ing the dis tri bu tion of true re sis tiv ity
(un der stood as a phys i cal prop erty) as a func tion of the ac tual
depth. This is achieved through the it er a tive se lec tion of such a
the o ret i cal (nu mer i cal, blocky) 2D true re sis tiv ity dis tri bu tion
model so that the sim u lated (i.e., the o ret i cal – nu mer i cally cal -
cu lated) mea sure ments on it are as close as pos si ble to the re -
sults of field mea sure ments. For this, the mea sured ARP is

com pared with the the o ret i cal (i.e. cal cu lated) one. If they do not 
match, the pro posed nu mer i cal model is cor rected, and the fit -
ting pro ce dure is re it er ated. The model is as sumed to be cor rect 
if both sec tions are ac cept ably sim i lar. A mea sure of this cor -
rect ness is the the o ret i cal-to-field ARP fit ting er ror (de pend ing
on the in ver sion method ap plied, it may be an RMS or Ab so lute
Er ror). For mally, the lower the er ror value, the better (Loke,
2012). As a re sult of mul ti ple rep e ti tions (it er a tions) of the pro -
cess of im prov ing the pro posed model, the fi nal re sult is a
cross-sec tion of a spe cific 2D re sis tiv ity dis tri bu tion in the axis
sys tem: Z – depth, X – dis tance along the sur vey line. This is not 
an ac tual (real prop erty) re sis tiv ity sec tion but an in verse (the o -
ret i cal) 2D model re sis tiv ity sec tion (i.e. an in ver sion model).
Fur ther more, the in ver sion is in her ently am big u ous (as, in this
case, math e mat i cally it is an "ill-posed prob lem": Kabanikhin,
2008). This means that even for an ideal 2D sit u a tion and neg li -
gi ble mea sure ment er rors, there are many pos si ble and equiv a -
lent in ter pre ta tion mod els (a prac ti cal ex am ple of ERT in ver sion 
am bi gu ity is given in, e.g., Bania and Ćwiklik, 2013). For better
in ter pre ta tion and un der stand ing of the spec i fic ity of ERT re -
sults, an a logue mod el ing can some times pro vide good sup port
(e.g., Mościcki, 2008; Bania and Ćwiklik, 2013; Woźniak and
Bania, 2019a; Szalai et al., 2020; Hojat et al., 2021).

The re sult of the for mal in ver sion also de pends on the nu -
mer i cal ap proach/so lu tion used in the soft ware, and the re sults
for the same data set may dif fer (e.g., Hellman et al., 2016)
which fur ther com pli cates the fi nal in ter pre ta tion. More over, re -
sults of ERT sur vey/in ver sion may also de pend on the ap plied
set (size, type, and num ber) of ar rays (Dahlin and Zhou, 2004). 

A fur ther im por tant ques tion is to what ex tent the mea sure -
ment con di tions (subsurface ge ol ogy, usu ally only poorly pre -
dicted, and si mul ta neously known and mea sur able ter rain mor -
phol ogy) in flu ence the re sult of the 2D in ver sion of the ERT
data.

The 2D mode of in ver sion is com monly ap plied, al though
the mea sure ments taken may not com ply with the rel e vant 2D
cri te ria (de scribed in Sec tion: Anal y sis of the P06 pro file re sults
– notes on the cor rect ap pli ca tion of the 2D ERT method). This
may lead to se ri ous in ter pre ta tion er rors. Nev er the less, this
prob lem is com monly not taken into ac count.

Even if low-er ror in ver sion re sults are ob tained, an ad di -
tional cru cial but dif fi cult task is to choose a so lu tion that has the 
most prob a ble geo log i cal sense. For that, the re sis tiv ity cross-
 sec tion ob tained from the in ver sion (and its vari ants) should be
fur ther an a lysed, with the use of all pos si ble in for ma tion or data
(geo log i cal, geotechnical, bore hole, en vi ron men tal, etc.) to fi -
nally pro pose an ac cept able (though still only prob a ble) model.
Un for tu nately, in the case of the PKB seg ment in our geo phys i -
cal sur vey area (and up to sev eral kilo metres away), few sur -
face geo log i cal observations are available, and no borehole
data.

DATA ACQUISITION AND PROCESSING

2D ERT FIELD MEASUREMENTS

The ERT sur vey was car ried out on a small area of the PKB
(Fig. 1). Most of the 2D ERT mea sure ments were car ried out
along a sur vey lines ori ented per pen dic u lar to the belt of lime -
stone out crops, here a clearly vis i ble part of the PKB (Fig. 3).

The 2D ERT mea sure ments were con ducted us ing
SuperSting R8/IP/SP ap pa ra tus (man u fac tured by Ad vanced
Geosciences, Inc., AGI) with the use of 112 elec trodes placed
with a spac ing of ∆x = 5 m. The pre de fined pat tern of the mea -
sure ment pro ce dure (i.e., the se quence of changes of the ar -
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rays and the or der of mea sure ments with these ar rays) was
pre pared to achieve de sir able res o lu tion and depth of in ves ti -
ga tion. To make most of the SuperSting 8-chan nel mea sure -
ment method, the Mul ti ple Gra di ent Ar ray was ap plied (GD;
Dahlin and Zhou, 2004).

For ev ery ar ray, the re la tions be tween the lengths of cur rent 
di pole AB and po ten tial di pole MN were held the same, that is,
MN = 0.1 AB. The ap plied cur rent AB di poles were: 50, 100,
150, 200, 250, 300, 350, 400, 450, 500, and 550 m. For the
shal low est pen e tra tion depth, Wenner ar ray: A-5-M-5-N-5-B,
and di pole-di pole ar rays: M-15-N-n × 15-A-15-B (n = 1, 2, 3, 4,
5) were ad di tion ally used.

The ini tial part of each sur vey line was 555 m long. By ap -
ply ing the roll-along tech nique (Dahlin, 2001; Loke, 2012), mea -
sure ments were con tin ued for the rest of the planned sur vey
line, ~1 km length in all cases. There were no tech ni cal prob -
lems while per form ing the re sis tiv ity mea sure ments. The
ground ing re sis tance of all elec trodes was low, as clayey soil
cov ered by meadow veg e ta tion dom i nates in that area (Fig.
3A–F). 

The amount of data re corded for the in di vid ual sur vey line
ex ceeded 12,000 val ues of ap par ent re sis tiv ity. Data mea sured 
var ies be tween pro files due to dif fer ent mea sure ment er rors.
Ad di tional in for ma tion for all sur vey lines is given in Ta ble 1.

For proper in ver sion of the field ERT data, the mor phol ogy
of the sur vey line needs to be known (Fox et al., 1980; Loke,
2000; Lu et al., 2015). The to pog ra phy of all ERT pro files was
ob tained on the ba sis of a high-res o lu tion dig i tal el e va tion
model (DEM), that is, a rect an gu lar mesh with a mesh size of 1
x 1 m (source: www.geoportal.gov.pl). Se lected seg ments of
ERT sur vey lines were also mea sured and lev eled us ing a
GNSS re ceiver op er at ing in RTK-RTN mode. The dif fer ences
in the ac cu racy of the re lief map ping turned out to be very small
and fully ac cept able from a geo phys i cal point of view, con sid er -
ing the scale of the study.

The geo phys i cal sur vey was sup ple mented by geo log i cal
map ping. This map ping was con ducted mainly along the
streams and in the block-in-ma trix zone with olistoliths.

ERT DATA INVERSION

Res2Dinvx64 soft ware (ver. 4.06.16; Geotomo soft ware;
Loke, 2012) was used to in vert the ERT data. It en ables the per -
form ing of two dif fer ent in ver sion pro ce dures, i.e., L1-norm (ro -
bust, blocky) and L2-norm (smooth) (Loke et al., 2003). Ac cord -
ing to the geo log i cal in for ma tion on the PKB (Golonka et al.,
2022), the rocks ana lysed have the char ac ter of very dis tinct ver -
ti cal struc tures with sharp bound aries. It can be as sumed that in
such cases the use of ro bust in ver sion will bring better re sults
(e.g., Dahlin and Zhou, 2004; Danielsen and Dahlin, 2010;
Woźniak and Bania, 2019a). This was also tested by Bania and
Ćwiklik (2013) us ing an a lyt i cal mod el ing in Res2Dmod soft ware.
It fol lows that the re pro duc tion of sharp- ed ged struc tures with
high re sis tiv ity con trast is much better for blocky in ver sion. For all 
ERT data, the L1-norm in ver sion mode, with some mod i fi ca tions
of de fault set tings, was then ap plied. Af ter the first run of the in -
ver sion, the re sults ob tained were an a lysed and data with in di -
vid ual fit ting er rors (de scribed ear lier) ex ceed ing 20% were re -
jected (Ta ble 1). Then the fi nal in ver sion run of the cor rected
data was per formed. Fi nal 2D sec tions were pre pared with the
use of SURFER soft ware (Golden Soft ware).

ERT ANALOGUE MODELING

An a logue mod el ing was per formed at the Geoelectrical
Lab o ra tory (De part ment of Geo phys ics; Fac ulty of Ge ol ogy,
Geo phys ics and En vi ron men tal Pro tec tion, at the AGH Uni ver -
sity of Krakow). For an a logue geoelectrical stud ies, a spe cial
tank was con structed that can be filled with wa ter (Fig. 4A).
Along its lon ger axis, there is a sys tem of 100 brass elec trodes
mounted on a Plexi glas plate ev ery 1.5 cm that sim u lates the
ERT sur vey line (Fig. 4B). The set of ca bles con nects the elec -
trodes to the mea sur ing equip ment, SuperSting or MiniSting
(Ad vanced Geosciences, Inc., AGI). De pend ing on the pur pose 
of the planned ex per i ment, one or more anom a lous ob jects of
ar bi trary shape, size, and po si tion may be mounted be low or
near the mea sur ing line (Fig. 4C). For prac ti cal rea sons, the ob -
jects (mod els) are mostly elec tri cal in su la tors.

One of the prob lems en coun tered in small-scale lab o ra tory
mea sure ments are er rors con nected with un avoid able in ac cu -
ra cies in elec trode size and ar range ment, lim ited tank di men -
sions, and other fac tors. To limit these er rors, re sis tiv ity mea -
sure ments are usu ally per formed at least twice. First, the "back -
ground" or "nor mal field" (N) is mea sured for the tank filled with
wa ter, but with out the im mersed model. Next, af ter im mer sion
of the anom a lous model/body, the mea sure ments are re peated 
to ob tain the ap par ent re sis tiv ity im age – anom aly (A). Then,
A/N nor mal iza tion is per formed to re duce (limit) the pos si ble in -
flu ence of the pre vi ously mentioned inaccuracies on the re sis -
tiv ity measurements.

Dur ing ERT lab o ra tory mea sure ments, the same pat tern of
the mea sure ment pro ce dure, that is, a mul ti ple gra di ent ar ray
as for the field sur vey (ar ray di men sions were prop erly down -
scaled), was applied.

A phys i cal model of a "wall" as con sid ered in this study is
shown in Fig ure 4D. Sketches of the ac tual mod els, both nu -
mer i cal and an a logue, are pro vided in the Dis cus sion Sec tion,
(see Fig. 9).

2D ERT NUMERICAL MODELING

For nu mer i cal mod el ing, Res2Dmod soft ware (ver. 3.03.06; 
Geotomo soft ware; Loke, 2012) was used. The same pat tern
(GD ar ray) of the mea sure ments as for an a logue mod el ing was
ap plied.

NOTES ON GEOLOGICAL INTERPRETATION 

OF THE ERT INVERSION RESULTS

Knowl edge of the re sis tiv ity-li thol ogy re la tion ship is es sen -
tial for mak ing geo log i cal use of the re sults of geo phys i cal in ter -
pre ta tion (in ver sion).

There is no un am big u ous re la tion ship be tween re sis tiv ity
and li thol ogy. This is be cause the in situ re sis tiv ity of a rock is in -
flu enced by var i ous fac tors (e.g., Keller and Frischknecht, 1966; 
McNeill, 1980; Kobranova, 1989; Tel ford et al., 1990): litho -
logical type, tex ture, wa ter con tent, de gree of frac tur ing, weath -
er ing, con di tions of oc cur rence, and oth ers. In the case of po -
rous rocks, the na ture of the pores and the de gree of fill ing with
wa ter or air have a par tic u larly large in flu ence on the elec tri cal
re sis tiv ity. This also ap plies to cracked, frac tured and weath -
ered rocks. Gen er ally, the pres ence of wa ter re duces the re sis -
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Fig. 3. Field views of the re search site

A – lo ca tion of the P06 sur vey line, Czerwona Skałka is in the back ground; B – mea sure ments on the P06 pro file with the SuperSting re sis tiv ity
sys tem; C – gen eral view of the P02 sur vey line cross ing the BoLO; D – lo ca tion of the P01 sur vey line, Kramnica is in the back ground; E – prep a -
ra tion of the P03 pro file for mea sure ments; F – view of the be gin ning of the P01 pro file; the BoLO is vis i ble in the mid dle part of the photo; the
Gorce Moun tains are vis i ble in the back ground; G – view of part of the Lorencowe Skałki with its most strik ing part, Gęśle; they are lo cated close
to the re search site, in the east; H – gen eral view of the south ern part of the re search site with the Tatra Moun tains vis i ble in the back ground



tiv ity, while air (gas) in creases it. The chem i cal prop er ties of the
wa ter (sa lin ity) de ter mine the scale of its im pact on the re sis tiv -
ity of the rock me dium. Sa line wa ter sig nif i cantly re duces re sis -
tiv ity de pend ing on the salt con cen tra tion (Dortman, 1992).

In for ma tion about the true re sis tiv ity of rocks is most of ten
ob tained by lab o ra tory mea sure ments. How ever, sam ple sizes
are lim ited (al though of ten they are stan dard ized), but a more
im por tant is sue is their proper rep re sen ta tive ness. Nev er the -
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T a  b l e  1

Char ac ter is tics of field mea sure ments and ro bust in ver sion (Res2Dinvx64) 
re sults for the ERT method

ERT sur vey 
line name

Num ber of data 
col lected

Num ber of data 
af ter fil tra tion

Num ber of in ver sion
it er a tions 

In ver sion ab so lute 
er ror [%]

P01 12086 12086

10

0.76

P02 12066 11194 1.67

P03 12074 11158 1.57

P04 12085 11812 1.25

P05 12044 11035 1.93

P06 11966 11504 0.95

For each sur vey line, the ef fec tive num ber of elec trodes (re gard ing roll-along over laps) was 196

and the spac ing, ∆x = 5 m

Fig. 4. An a logue mod el ing setup

A – fibre glass tank; B – (1), (2) – hold ers for hang ing the plate with elec trodes and for mod els; (3) – plexi glas plate with elec trodes –
sur vey line; M1 and M2 – ex am ples of anom a lous ob jects (mod els); C – line of elec trodes (4) seen from be low; D – tank and model of
the “wall” pre pared for mea sure ments



less, the mea sured re sis tiv ity re fers di rectly to a phys i cal prop -
erty and usu ally does not need fur ther spe cial in ter pre ta tion. On 
the other hand, in-field geo phys i cal DC-re sis tiv ity mea sure -
ments, us ing ERT and VES (Ver ti cal Elec tri cal Sound ing)
meth ods, give sim pli fied, spa tially av er aged in for ma tion about
the re sis tiv ity dis tri bu tion in the geo log i cal me dium. In this case, 
the “sam ple” size is un lim ited and, ad di tion ally, the sam ple may
be (and usu ally is) het er o ge neous. The mea sure ment re sult
(ap par ent re sis tiv ity, not true re sis tiv ity) de pends on the type,
size, and lay out of the mea sur ing ar ray. To es ti mate the dis tri -
bu tion of the rock re sis tiv ity val ues, a spe cial quan ti ta tive in ter -
pre ta tion (in ver sion) of the mea sure ment data is needed. The
val ues ob tained in this way usu ally dif fer from the re sis tiv ity val -
ues of the rock sam ples de ter mined in the lab o ra tory, and var i -
ous rock types may have sim i lar or over lap ping ranges of pos si -

ble re sis tiv ity val ues, ham per ing the geo log i cal in ter pre ta tion of
DC-re sis tiv ity sur veys.

The many DC-re sis tiv ity field sur veys per formed in Po land
(e.g., Antoniuk et al., 2005; WoŸniak et al., 2018; WoŸniak and
Bania, 2019a; Bania and WoŸniak, 2022) sug gest the fol low ing
gen eral pat terns: in flysch, the rock re sis tiv ity de pends on the
pro por tion of sand stone (high re sis tiv ity) to shale (low re sis tiv -
ity). Rel a tively clean clay rocks most of ten have a re sis tiv ity of
<10–15 Wm (and for those of ma rine or i gin it can drop to a few
Wm); for sand stones, de pend ing on the type, sev eral hun dred
to a thou sand Wm (even more in the case of quartz ite); for
clean, com pact lime stone, sev eral hun dred or more Wm; for
marly lime stones, sev eral tens of Wm. Thus, the value is de ter -
mined mostly by the clay com po nent.
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Fig. 5. P01 sur vey line; re sults of 2D in ver sion and anal y sis of the ERT data

A – in verse model re sis tiv ity sec tion; R1–R7 – se lected com mented zones; HR1–HR3 – high-re sis tiv ity anom a lies; LR1, LR2 – low-re sis tiv ity 
anom a lies; O1, O2 – quasi-3D anom a lies; V1–V6 – po si tion of the ver ti cal re sis tiv ity pro files ex tracted from the in ver sion model; slice H600m 
slice H620m– hor i zon tal changes of the in ter preted re sis tiv ity model at the in di cated level; B – hor i zon tal changes of the in ter preted re sis tiv -
ity model at the level of 600 m a.s.l. and at the level of 620 m a.s.l.; C – ver ti cal dis tri bu tion of the in ter preted re sis tiv ity (ex tracted from the in -
verse 2D model) for the in di cated po si tion (X) along the sur vey line
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ERT FIELD DATA INVERSION RESULTS
– GEOPHYSICAL ANALYSIS

The re sults for the ini tial ERT sur vey line P01 are shown in
Fig ure 5. In the in ter preted ERT sec tion for the P01 pro file (Fig.
5A), high-re sis tiv ity and low-re sis tiv ity zones of var i ous forms
(ge om e tries) are dis tin guished. No ta bly, zones that are nearly
ver ti cal and deep-reach ing are dom i nant in the cross-sec tion
(Fig. 5A, B). Such a style of re sis tiv ity dis tri bu tion makes it pos -
si ble to roughly dis tin guish zones in the study area that dif fer in
the shape and range of re sis tiv ity anom a lies. These zones are
marked as R1, R2, …, R7. In the cross-sec tion, black dot ted
lines are marked on the ba sis of the in ter preted re sis tiv ity gra di -
ents (e.g., Mościcki et al., 2014; Woźniak and Bania, 2019a;
Bania and Woźniak, 2022). These may in di cate the pres ence of 
con tacts (bound aries) in the geo log i cal me dium.

In the cross-sec tion (Fig. 5A) the most pro nounced con tact
is be tween R5 and R6 zones. The R5 zone in cludes the HR2
high-re sis tiv ity anom a lous ob ject hav ing the geo met ric shape
of a "wall" and with a width of ~50 m. In this mono lithic form, the
in ter preted elec tri cal re sis tiv ity value var ies in the range of 100
~250 m. From the north, the HR2 anom aly very rap idly turns
into a low-re sis tiv ity anom aly, LR1. The con tact (marked with
the nearly ver ti cal thick dashed line noted ear lier) is very sharp
(Fig. 5B) and the tran si tion is ac com pa nied by a sig nif i cant re -
duc tion in re sis tiv ity (there is a re sis tiv ity con trast of at least
~200:10, Fig. 5C – graph V6 ver sus V5). The re sis tiv ity in the
LR1 anom aly drops <10 m in places. In its up per part (H >600 m 
a.s.l.), the LR1 anom aly changes into a more hor i zon tal form,
ex tend ing north wards. In this depth range, the HR2 "wall" is
slightly tilted to the north. In part of the R6 zone, the dis tri bu tion
of the in ter preted re sis tiv ity gra di ents (marked with dashed
lines) sug gests lo cal lay er ing of the geo log i cal me dium. In the
en tire R6 zone, which is ~400 m wide, low re sis tiv ity val ues
(<15 ~20 m) dom i nate. At the end of the cross-sec tion, zone
R7, the high re sis tiv ity HR1 anom aly re ap pears.

In the cen tral part of the cross-sec tion, zone R4 (Fig. 5A),
lo cal high-re sis tiv ity anom a lies, O1 and O2, and other low-re -
sis tiv ity anom a lies, are vis i ble. The lo ca tion of high-re sis tiv ity
ob jects gen er ally cor re lates with the dis con tin u ous lime stone
rocks (parts of belt of lime stone outcrops) vis i ble at the sur face.
The low-re sis tiv ity me dium may be re lated to the prop er ties
(dom i nance of the clayey com po nent) of the me dium in which
the high-re sis tiv ity ob jects are em bed ded. Be low the H level of
~600 m a.s.l., the geo phys i cal struc ture is more ho mo ge neous,
but the re sis tiv ity is lower in the south ern part, zone R4a (LR2),
than in the north ern part, zone R4b.

In the R3 zone (Fig. 5A), the HR3 high-re sis tiv ity anom aly is 
sim i lar in form to the HR2 "wall". How ever, the re sis tiv ity here is
clearly lower, ~ 60–100 m (Fig. 5C – com pare plots V2 and V5).
Be low the al ti tude ~H = 620 m a.s.l., the con tact be tween the
HR3 and LR2 ob jects is clear, and the re sis tiv ity con trast here is 
~80:15. On the south ern side, the anom aly gently turns into a
fairly ho mo ge neous zone R2. The av er age re sis tiv ity here is
~40 m.

The last sep a rate zone R1 may show, in its south ern part
(Fig. 5A), signs of a strat i fied me dium, in the quasi-par al lel dis -
tri bu tion of the in ter preted re sis tiv ity gra di ents. It is likely that the 
clearly vis i ble belt of lime stone out crops (BoLO) is ac com pa -
nied by bur ied ob jects. This is es pe cially true for its north ern
bor der, which may co in cide with the HR2 anom aly.

Fig ure 6 shows the in ver sion re sults for all ERT data. Pro -
files P03, P01, P02, P04 and P05 were par al lel to P01, which
made it pos si ble to trace cer tain pat terns in the subsurface
geoelectrical struc ture of the BoLO and its sur round ings. It can

be seen that the HR2 anom aly dom i nates in P01, with its char -
ac ter is tic "wall" shape, and con tin ues clearly in the P03, P02
and par tially in the P04 cross-sec tions. Then it dis ap pears and
is not ob served in the P05 sec tion. On the north ern side, the
"wall" is ad joined by a low-re sis tiv ity zone, LR1, hav ing lo cal val -
ues clearly lower than 10 m. In the cen tral part of the cross-sec -
tions ana lysed, ~350–550 m length, there are dis tinct anom a -
lies of lim ited size, such as O1 and O2. Their shape changes
from pro file to pro file. They quite clearly cor re late with the in di -
vid ual and size-lim ited rocks that form the BoLO vis i ble at the
ground sur face.

In the south ern part of all cross-sec tions (Fig. 6), for around
300 m dis tance, sig nif i cant high-re sis tiv ity HR3 anom a lies were
in ter preted to gether with the ac com pa ny ing low-re sis tiv ity LR2
anom a lies on the north ern side. Their shape (along the sec tion
line) is com pli cated and vari able, not as reg u lar as in the P01
pro file.

In or der to qual i ta tively es ti mate the lon gi tu di nal vari abil ity of 
the HR2 anom aly (Fig. 6), an ERT sur vey was per formed along
its axis on the P06 pro file. The re sult of for mal 2D in ver sion of
the ERT data (Fig. 6, up per part, P06 cross-sec tion) is strange:
the HR2 anom aly is lim ited to shal low depth, and does not have
a wall-like shape. This seems not to be real and is con fus ing,
but such an ef fect of in ver sion may be ex plained and cor rob o -
rated by an a logue mod el ing, de scribed later in the Dis cus sion.

DISCUSSION

INTERPRETATION OF THE RESISTIVITY DATA

LITHOLOGICAL AND STRUCTURAL SUGGESTIONS: 
THE GEOPHYSICAL VIEWPOINT

The high-re sis tiv ity HR2 and HR3 ob jects (Fig. 5 – zones
R3 and R5; Fig. 6), are most likely as so ci ated with the pres ence 
of lime stone, while the low-re sis tiv ity LR1 and LR2 ob jects (Fig.
5 – zones R4a and R6; Fig. 6) may re flect a dom i nance of rocks
rich in clayey ma te rial. Some of the high-re sis tiv ity ob jects, es -
pe cially HR2, are ev i dently lo cated out side the area of lime -
stone oc cur rence at the ground sur face (i.e., out side the BoLO). 
The up per parts (i.e., ly ing closer to the sur face) of the HR1 and
HR2 ob jects are slightly tilted to wards the north, which is prob a -
bly re lated to the di rec tion of the tec tonic forces that formed the
PKB (nappes) in this area. A sim i lar in fer ence can be made by
an a lysing the bends of the shape of the LR1 anom aly (Fig. 5A  – 
zone R6) on par al lel pro files (Fig. 6 – P03, P02, P04 and P05).

High-re sis tiv ity and size-lim ited zones ob served in the cen -
tral parts of the sur vey lines (such as O1 and O2; Fig. 6) are as -
so ci ated with in vis i ble parts of the lime stone rocks form ing
BoLO at the sur face.

In the south ern part of the re search area (Fig. 5 – zone R2;
Fig. 6), the geo log i cal me dium is gen er ally ho mo ge neous as re -
gards re sis tiv ity (~40 Wm – mudstone?, clayey flysch?). How -
ever, cer tain hor i zon tal zones may ex ist within these rocks
(zone R1). On the north ern side of the study area (Fig. 5 – zone
R6 and Fig. 6) low-re sis tiv ity rocks pre dom i nate up to the depth
of geoelectri cal rec og ni tion. At the north ern ends of the P01,
P02, P04, and P05 cross-sec tions, a high-re sis tiv ity ob ject HR1
ap pears, which per haps may rep re sent sand stone flysch.

Based on the anal y sis pre sented, it is pos si ble to pro pose a
prob a ble model of the geo log i cal struc ture of the part of the
PKB ana lysed. This is shown in Fig ure 7A us ing a dig i tal el e va -
tion model im age as the back ground map.
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The geo log i cal struc ture has a zonal na ture with a gen eral
WNW–ESE trend, as in the lime stones con sti tut ing the BoLO
vis i ble at the sur face (Fig. 7A).

In the N2 zone (Fig. 7A), rocks with re sis tiv ity greater than
100 Wm are pres ent near the sur face, which may be sand -
stone-dom i nated flysch. Far ther south there is a rel a tively wide
low-re sis tiv ity zone, N1, which may be con sid ered as an area of 
shale and mudstone. In the cen tral near-sur face part of the N1
zone, there are units with more sand stones (50 ~100 Wm)
reach ing up to a depth of 20 m be low the ground sur face and
char ac ter is ti cally curved (like a syncline). In the deeper parts of
the N1 zone, signs of sim i lar bend ing can be ob served in clayey 

strata. The low-re sis tiv ity zone N1 is lim ited to the south by the
most vis i ble high-re sis tiv ity anom aly hav ing the char ac ter of a
kind of “wall” – zone B1. This form in its west ern part (P03, P01,
and P02 cross-sec tions – Fig. 6) can reach a depth of at least
100 m; it breaks off abruptly on its east ern side (it is not reg is -
tered in the sec tion for the P05 pro file). The az i muth of the “wall” 
strik ingly co in cides with the az i muth (~105°) of the Kramnica
Moun tain (Fig. 7A), which is a mas sive lime stone out crop lo -
cated in the Prze³om Bia³ki Na ture Re serve (Natura 2000) near
Krempachy vil lage. Per haps the “wall" is an ex ten sion of it, hid -
den be neath the sur face.
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Fig. 6. Lo ca tion of ERT pro files to gether with in verse model re sis tiv ity sec tions
 (source of orthophotomap: Google Earth)

For ex pla na tion see Fig ure 5
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Fig. 7. In ter pre ta tion maps

A – ERT re sults – in ter preted zones su per im posed on the DEM im age (with 1 m cell size; source: www.geoportal.gov.pl); 
B – geo log i cal map with ERT zones su per im posed (source of geo log i cal map: Cichostêpski et al., 2024, mod i fied)
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In the south, apart from the BoLO rocks, there is zone B2
(Fig. 7A), in which out stand ing high-re sis tiv ity anom a lies ap -
pear in the sec tions for sub se quent pro files P03, P01, P02, P04 
and P05 (Fig. 6). It can be as sumed that these rocks do not ex -
tend deeply, but rather are iso lated lime stone or sand stone
blocks. They con sti tute an ir reg u lar belt. The shape (sec tion)
and size of the blocks var ies and their depth range is lim ited to
~40–50 m.

On the south ern side, in zone S (Fig. 7A), there are scarcely 
dif fer en ti ated units with a re sis tiv ity of ~40 Wm, most likely
sand stone-dom i nated flysch. The sit u a tion here is clearly dif fer -
ent from the con di tions on the north ern side of the BoLO, in the
N1 zone, dom i nated by clayey strata.

The lime stone rocks (out crops) vis i ble in the field (form ing
the BoLO) mostly have elon gated shapes, and are clearly flat -
tened, re sem bling ver ti cal lenses. In most cases, these rocks
are ar ranged roughly con sis tently, mostly ac cord ing to the gen -
eral course of the PKB (Fig. 7A).

GEOLOGICAL REMARKS WITH REFERENCE TO ROCKS FORMING
THE PIENINY KLIPPEN BELT

The geo log i cal struc ture of the part of the PKB stud ied has
zonal na ture and a sim i lar sit u a tion is ob served in the ERT re -
sults. How ever, com par i son of the maps (Fig. 7A, B) re veals
both sim i lar i ties and dif fer ences be tween the course of the geo -
log i cal bound aries (elab o rated from geo log i cal stud ies) and the
dis tri bu tion of rock re sis tiv ity.

The cen tral part is the belt of lime stone out crops that pro -
trudes from the flysch ma trix (Fig. 7). These are Ju ras sic-Early
Cre ta ceous in age and were de pos ited on the Czorsztyn Ridge. 
The lime stone rock vis i ble at the sur face is dis con tin u ous and
prob a bly does not have deeper roots. In di vid ual rocks (olisto -
liths?) are gen er ally depth-lim ited, in most cases flat tened, and
ar ranged sim i larly, mostly fol low ing the PKB course. Lo cally,
there are ir reg u lar i ties in the di rec tion of elon ga tion of these
rocks, most likely of tec tonic or i gin, rep re sent ing trans verse
faults. How ever, the BoLO has in vis i ble com po nents that have
been iden ti fied us ing the ERT sur vey re sults. The Up per Cre ta -
ceous-Paleogene flysch de pos its crop in streams, es pe cially in
the Dursztyński Stream (also known as the Kręty Stream), east
of the re search area (Fig. 7B). The lime stones are char ac ter -
ized by high re sis tiv ity (HR in Fig. 6) in con trast to the low re sis -
tiv ity (LR) of the sur round ing flysch de pos its. The low est re sis -
tiv ity zone LR2 is es pe cially vis i ble in the ERT pro files P02,

P03, and P05. This zone may cor re spond to the Up per Cre ta -
ceous red shales and marls crop ping out in the Dursztyński
Stream and in the area sur round ing Lorencowe Skałki (Fig. 7B). 
The ERT sur vey al lows the dif fer en ti a tion of sev eral me -
dium-sized olistoliths, such as O1 and O2, marked on the sec -
tions P01–P05 (Fig. 6). These olistoliths, as well as the sur -
round ing marls, shales and flysch units, be long to zone B in Fig -
ure 7A.

The shape and ar range ment of the BoLO rocks (Fig. 7) sug -
gest (roughly sim pli fy ing) that they rep re sent a block-in-ma trix
zone with olistoliths. The olistoliths rep re sent the rocks of the
Czorsztyn Suc ces sion (mainly crinoidal and nod u lar lime sto -
nes) orig i nally rep re sent ing rel a tively brit tle, con tin u ous lime -
stone lay ers. They slid down into the deep Magura Ba sin. They
are sur rounded by a ma trix com pris ing mainly softer, more plas -
tic rocks such as mudstones, marls and flysch. As a re sult of
fold ing dur ing orog eny (for ma tion of nappes, etc.), this block -
 in-ma trix zone be came part of the Hulina Unit (Nappe) (Go -
lonka et al., 2022), much later eroded to form the pres ent out -
crops.

The south ern part (Fig. 7A – zone S) of the re search area is
dom i nated by scarcely dif fer en ti ated units with a re sis tiv ity of
~40 Wm and may rep re sent the Branisko rock se quences. The
south ern most part of zone S in cludes flysch de pos its of, prob a -
bly the Złatne Nappe and Cen tral Carpathian Paleogene, sim i -
lar to those ex posed in the Dursztyński Stream (Fig. 7B). By
con trast, the north ern part of the re search site is dom i nated by
the low-re sis tiv ity (<10 Wm) zone N1 (Fig. 7A), which may be
con sid ered as Up per Cre ta ceous var ie gated shales of the
Malinowa For ma tion. The north ern most part of the re search
area (Fig. 7A – zone N2), where rocks with re sis tiv ity greater
than 100 Wm are pres ent, may be long to the Up per Cre ta -
ceous-Paleocene Jarmuta Sand stone.

On the north side of the BoLO, the low-re sis tiv ity zone N1
(Fig. 7A) is lim ited to the south by the best-ex pressed high-re -
sis tiv ity anom aly (Fig. 6 – HR2) dis tin guished within zone B1
(Fig. 7A). The geo log i cal map ping in di cate sand stones of the
Jarmuta For ma tion. How ever, ac cord ing to geo phys i cal sug -
ges tions, this may be a hid den con tin u a tion of the well-known
Kramnica olistolith (cf. Sec tion: Lithological and struc tural sug -
ges tions: the geo phys i cal view point). On the south ern side of
the BoLO there are also in vis i ble lime stone rocks (Fig. 6 –
HR3), but their forms are ir reg u lar and do not ex tend so deeply
(Fig. 7A – zone B2).
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ANALYSIS OF THE P06 PROFILE RESULTS – NOTES 
ON THE CORRECT APPLICATION OF THE 2D ERT METHOD

As noted, the in ver sion re sults ob tained for the P06 pro file
may be sur pris ing (Figs. 5 and 7A).

The high-re sis tiv ity ob ject vis i ble in the P06 pro file cross-
 sec tion (Fig. 8) does not have the char ac ter of a “wall”, as in the
P01, P02, and P03 re sis tiv ity sec tions (Fig. 6), but rather takes
the form of a high-re sis tiv ity “layer” lined with a zone of lower re -
sis tiv ity. Why so?

It may be eas ily ex plained by con sid er ing that the in ver sion
Res2Dinv soft ware (ac cord ing to its pur pose and prin ci ple of
op er a tion) forc ibly ad justs the best 2D model to the mea sure -
ment data. And yet the real sit u a tion – the course of the P06
pro file in re la tion to the ob ject (Fig. 7A) – is far from 2D! As a re -
sult, the elec tric cur rent for a mea sure ment ar ray placed above
a high re sis tiv ity “wall” along its lon gi tu di nal axis tends to “run
away” into the en vi ron ment where the re sis tiv ity is lower and
cur rent prop a ga tion is eas ier. The in ten sity of this phe nom e non
de pends on the ge om e try of the sys tem, the width of the “wall”,
and the re sis tiv ity con trast.

The cor rect 2D nu mer i cal in ver sion of ERT data de pends
on the de gree to which the fol low ing as sump tions are met:

– the sur vey line runs per pen dic u lar to the geo log i cal struc -
ture, which is 2D. This means that each cross-sec tion (pro -
file) par al lel to the one ana lysed should give iden ti cal re -
sults. How ever, it is ob vi ous that in prac tice there are de par -
tures from this, as where a pro file runs per pen dic u lar to the
out crop or to the axis of the syncline/anticline/fault, an elon -
gated struc tural form, etc;

– the ter rain mor phol ogy is also 2D in re la tion to the sur vey
line. How ever, in hilly or moun tain ous re gion, this is rarely
the case.
Any de vi a tion from these as sump tions af fects the re sult of

the 2D in ver sion. For mally speak ing, the geo phys i cal model ob -
tained from such an in ver sion is 2D (the dis tri bu tion of in ter -
preted re sis tiv ity as a cross-sec tion of the 2D model in the XZ
plane, where X is the dis tance along the sur vey line, and Z is the 
depth) and may not cor re spond well to the real, usu ally 3D, sit u -
a tion. Ad di tion ally, in a 2D in ver sion ap plied to a real 3D sit u a -
tion, the “in ter preted” ob ject vis i ble in the cross-sec tion may be
an ef fect caused by the ac tual ob ject ly ing out side the cross-
 sec tion line (cf. e.g., Sjödahl et al., 2006; Dahlin et al., 2007;
Bania and Ćwiklik, 2013). This is be cause (apart from the in ad -
e quate con di tions for the 2D in ver sion) the elec tric field
“spreads” through out the space (Earth), “see ing” also what lies
on both sides of the pro file, not only un der it.

To dem on strate the ef fect of a “false in ver sion” that ac tu ally
oc curred in the re search on the P06 sur vey line, we per formed
ap pro pri ate nu mer i cal cal cu la tions (Fig. 9A) and phys i cal mod -
el ing (Fig. 9B, C). A very sim ple geo met ri cal model of a “wall”
(Figs. 4D and 9B, C) im mersed in a ho mo ge neous me dium was 
used. In nu mer i cal cal cu la tions, this was a per fect 2D sit u a tion,
whereas the “wall” in phys i cal mod el ing was spa tially lim ited
and had a 3D char ac ter. The as sumed re sis tiv ity con trast in the
nu mer i cal cal cu la tions was 10,000, and in the phys i cal mod el -
ing it was in fi nite (the model of the “wall” was made of an in su la -
tor and im mersed in wa ter with a re sis tiv ity of ~30 Wm). The ar -
range ment of the mea sure ment ar rays was iden ti cal to that
used in the field sur vey (only the di men sions were prop erly
scaled down). Mea sure ment data was sub jected to ro bust in -
ver sion with an au to mat i cally ad justed grid size (the same set -
tings as for field data in ver sion) us ing Res2Dinv soft ware.

In nu mer i cal mod el ing, first, a 2D model of an ap pro pri ate
size was built (Fig. 9A; NM-1). The di men sions of the “wall”

were sim i lar (geo met ri cally pro por tional) to the field sit u a tion.
The sim u lated mea sure ment data were then cal cu lated for the
model and sub jected to 2D in ver sion. In an a logue mod el ing, the 
model of a fi nite (lim ited) “wall” was built of plas tic plates (Figs.
4D and 9B, C; AM), main tain ing di men sions sim i lar to the nu -
mer i cal model NM-1. The right part of Fig ure 9 shows three
cross-sec tions: the re sults of in ver sion.

The con tour of the “wall”, shown in the in ver sion sec tions
(Fig. 9), is marked with a thin pur ple line. The col our scale
gives the val ues of nor mal ized re sis tiv ity A / N (A – anom aly, N
– back ground, am bi ent re sis tiv ity; in the case of NM-1 it was 1
Wm, and in the case of AM-1 and AM-2 it was the wa ter re sis -
tiv ity).

As can be seen for the NM-1 model (Fig. 9A), the in ver sion
re sult re flects very well the form, shape, and po si tion of the high
re sis tiv ity ob ject. It is worse at rec re at ing its real re sis tiv ity.

For the AM-1 and AM-2 mod els (Fig. 9B, C), the in ter preted
2D cross-sec tions are com pletely dif fer ent from the real model
re sis tiv ity dis tri bu tion. In ad di tion, af ter the for mal 2D in ver sion,
zones with low re sis tiv ity (blue) ap peared in the cross-sec tions.
The re sis tiv ity here is more than two times lower than the back -
ground re sis tiv ity in the real model. When the sit u a tion is eval u -
ated from the point of view of a phys i cal phe nom e non, it can be
said that the elec tric cur rent “es capes” from the thin layer of wa -
ter cov er ing the up per part of the high-re sis tiv ity “wall” and flows 
“side ways” in low-re sis tiv ity wa ter. It def i nitely re duces the ap -
par ent re sis tiv ity mea sured. The phe nom e non is ex ac er bated
when the size of the mea sur ing ar ray is greater than the width of 
the “wall”.

The gen eral sim i lar ity of the mod eled ef fect (Fig. 9) to the
ERT re sults for the P06 pro file (Fig. 8) is ob vi ous.

CONCLUSIONS

ERT re search has led to geo log i cal and geo phys i cal con clu -
sions, re spec tively con cern ing the struc ture of a part of the
Pieniny Klippen Belt, and the spec i fic ity of the ERT ap pli ca tion
meth od ol ogy.

The geo log i cal struc ture of the part of the PKB stud ied has a 
zonal na ture that gen er ally ex tends east-west (Fig. 7). Within
the ERT in verse model re sis tiv ity sec tions, the high re sis tiv ity
zones may be in ter preted in terms of lime stone and/or mas sive
sand stone lithologies. In con trast, the low-re sis tiv ity zones cor -
re spond mainly to clay, marl and clay/shale strata. In the cen tral 
part of the area ana lysed, a belt of lime stone out crops pro trudes 
from the flysch ma trix. Since lime stones are char ac ter ized by
much greater elec tri cal re sis tiv ity than the ma trix in which they
are em bed ded, this al lowed de ter mi na tion of their mu tual spa -
tial re la tion ships by ERT. This sharp re sis tiv ity con trast en abled 
es ti ma tion of the size and depth range of sev eral olistoliths.

In the area stud ied by ERT, there are three tec tonic units
(nappes): the south ern Złatne Unit (flysch de pos its), the cen tral
Branisko Unit (lime stones and radiolarite de pos its), and the
north ern Hulina Unit (north ern part – siltstone, marl and sand -
stone de pos its, south ern part – lime stone olistoliths in a flysch
ma trix). By com par ing the geo log i cal map (Fig. 7B) with the re -
sults of the ERT re search (Figs. 6 and 7A), it was found that
there is only a par tial cor re la tion be tween the rock re sis tiv ity dis -
tri bu tion and the pre sumed course of the bound aries of the tec -
tonic units shown on the geo log i cal map, with some clear dif fer -
ences.

ERT turned out to be ef fec tive in rec og ni tion of the struc tural 
spec i fic ity of the part of the PKB ana lysed, though care fully lo -
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cat ing the mea sure ment lines was crit i cal to re li able geo phys i -
cal in ter pre ta tion of the sur vey re sults.

We also ana lysed the ba sic con di tions for the op ti mal use of 
ERT in the 2D mode. The ori en ta tion of the mea sure ment line
in re la tion to the ex pected geo log i cal struc ture is of fun da men -
tal im por tance and should be as per pen dic u lar to the an tic i -
pated struc ture (as sumed to be gen er ally 2D) as pos si ble. Oth -
er wise, the re sults of 2D in ver sion of field data (even if the mea -
sure ments are tech ni cally cor rect) may be mis lead ing, in that
the in verse model re sis tiv ity sec tion ob tained is in con sis tent
with the ac tual re sis tiv ity dis tri bu tion. As a con se quence, the
geo log i cal con clu sions may also be wrong. The is sue has been

dem on strated by per form ing ap pro pri ate nu mer i cal and an a -
logue mod el ing that ex plains anom a lous in ver sion re sults ob -
served for some of the ERT field data.
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Fig. 9. Re sults of ERT mod el ing

A – nu mer i cal 2D model of the “wall”, NM-1, and the re sult of 2D in ver sion; B – an a logue model of a fi nite “wall” (3D ob ject) with a flat-topped
sur face, AM-1, and the re sult of 2D in ver sion; C – an a logue model of a fi nite “wall” (3D ob ject) with lo cally raised top sur face, AM-2, and the
re sult of 2D in ver sion
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