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We de scribe the ap pli ca tion of 2D ERT (elec tri cal re sis tiv ity to mog ra phy) sur veys to in ves ti gate the spa tial com plex ity of flu -
vial de pos its of the Wis³a River val ley in the east ern part of Kraków (south ern Po land). All ERT sur vey lines were com pleted
within the in dus tri ally in flu enced floodplain of the Wis³a River at two re search sites. Due to the trans for ma tion of the nat u ral
state of the en vi ron ment through many years of in dus trial ac tiv ity of the ArcelorMittal Kraków plant, some of the
geomorphological el e ments ana lysed have been ir re triev ably trans formed and hid den by anthropogenic ac cu mu la tions such 
as waste land fills and en gi neer ing struc tures. Hence, many years of soil con tam i na tion have changed the pri mary re sis tiv ity
char ac ter is tics of the subsurface. For this pur pose, the mea sure ment ar ray ap plied com bines stan dard ar rays, i.e.,
Wenner-Schlumberger and Di pole-Di pole, which gave im proved re sults (higher res o lu tion) in com par i son to the stan dard
sin gle ar ray. The data in ter pre ta tion method was sup ported by the cal cu la tion and vi su al iza tion of the ver ti cal and hor i zon tal
gra di ents of the in ter preted re sis tiv ity within the re sis tiv ity sec tions. This ap proach al lowed ac cu rate de ter mi na tion of re sis -
tiv ity bound aries on the ERT re sis tiv ity sec tions and thus helped lithological in ter pre ta tion of the flu vial de pos its in the re -
search area. The re sis tiv ity of wa ter in a chan nel lo cated within one of the ana lysed ar eas has im pacted some of the re search 
re sults. Fur ther more, 2D ERT for ward mod el ing was im ple mented to gen er ate syn thetic datasets. The syn thetic data al -
lowed in ves ti ga tion of the in flu ence of ground wa ter con tam i na tion on the re sis tiv ity dis tri bu tion within su per fi cial lay ers, and
also tested the abil ity of the 2D ERT model to rec og nize the de tailed spa tial dis tri bu tion of palaeomeander (me an der scar)
infills. All meth ods have pro vided new in for ma tion on the in dus tri ally in flu enced floodplain of the Wis³a River in Kraków.

Key words: elec tri cal re sis tiv ity to mog ra phy (ERT), gra di ents of in ter preted re sis tiv ity, 2D ERT mod el ing, flu vial de pos its,
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INTRODUCTION

The area of the Wis³a River in the Kraków area and its sur -
round ings is an ideal site for a range of sci en tific stud ies. These
in clude pri mar ily geomorphological and geo log i cal re search
(e.g., Kalicki, 1991b, 2000; Starkel, 2001; Soko³owski, 2009
and ref er ences therein; £ajczak, 2021) as well as ar chae o log i -
cal stud ies (e.g., Dobrzañska and Kalicki, 2015 and ref er ences
therein; Moœcicki et al., 2016; £ajczak and Zarychta, 2020).

Ground-pen e trat ing ra dar (GPR; e.g., Vandenberghe and
Van Overmeeren, 1999; Kostic and Aigner, 2007; Schrott and
Sass, 2008; S³owik, 2011; Dara et al., 2019), elec tro mag netic
in duc tion (EMI; e.g., Conyers et al., 2008; De Smedt et al.,
2011; Rejiba et al., 2018), and also elec tri cal re sis tiv ity to mog -

ra phy (ERT; e.g., Baines et al., 2002; Giocoli et al., 2008;
Cham bers et al., 2012; Torrese et al., 2013; Rey et al., 2013;
Matys Grygar et al., 2016; Bábek et al., 2018; Hošek et al.,
2018; Akinbiyi et al., 2019) are ef fec tive non-in va sive geo phys i -
cal meth ods, widely used (in re cent times) to in ves ti gate as well
as de ter mine the subsurface char ac ter iza tion of di verse de pos -
its of flu vial or i gin. In par tic u lar, the lat est geo phys i cal method,
i.e., ERT be long ing to the di rect cur rent (DC) re sis tiv ity meth -
ods, is ef fec tive in the rec og ni tion of un con sol i dated de pos its
due to the fact that they re veal sig nif i cant vari a tion in elec tri cal
re sis tiv ity. This de pends pri mar ily on the de gree of po ros ity, the
type of the me dium fill ing the pore space (wa ter or air) as well as 
on the min er al iza tion of ground wa ter and the con tent of clay
and sand (Tel ford et al., 1990).

Only a few re gional sur veys us ing geoelectrical meth ods on
the Wis³a River de pos its in the Kraków area have so far been
pub lished. An in te grated geo log i cal and geoelectrical anal y sis
of the in ter nal struc ture of a palaeomeander (me an der scar) in
Zabierzów Bocheñski (~14 km E of the re search site) was de -
scribed by Kalicki and Moœcicki (1997). These au thors used 70
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shal low bore holes, but also DC re sis tiv ity pro fil ing and pen -
etrom eter-based re sis tiv ity pro fil ing (PBRP) meth ods (for an
ex pla na tion of the PBRP method, see e.g., Bania and Æwiklik,
2014). Moœcicki et al. (2014) pub lished DC re sis tiv ity stud ies of
the vi cin ity of the Wis³a River flood bank in the vil lage of
Czernichów (~32 km W of the re search site). The ap pli ca tion of
ver ti cal elec tri cal sound ing (VES) and ERT meth ods to gether
with shal low bore hole data al lowed quan ti ta tive as sess ment of
the spa tial dis tri bu tion of var i ous geoelectrical and geo log i cal
lay ers. Fur ther more, Moœcicki et al. (2014) also re ferred to
maps show ing the top sur faces of the de pos its in ves ti gated.
Though not study ing in de tail the flu vial de pos its of the Wis³a
River it self, Bania and Æwiklik (2015) de scribed subsurface
zone con di tions near an in dus trial waste heap with the use of
the ERT method. Moœcicki et al. (2016) in ter preted the shal low
ge ol ogy of the area lo cated in the manor and park in Branice
with the use of VES, ERT as well as PBRP meth ods. This area
is clos est to (~0.5 km N of) the study area of this pa per.

In this pa per, we pro vide the re sults of 2D ERT sur veys
along with 2D ERT mod el ing ap plied to in ves ti gate the spa tial
dis tri bu tion of al lu vial de pos its of the Wis³a River val ley, in the
east ern part of the ad min is tra tive bound aries of the city of
Kraków and in the im me di ate vi cin ity of the ArcelorMittal
Kraków plant. We also dis cuss as pects rel e vant to the po ten tial
lo cal con tam i na tion of ground wa ter.

RESEARCH AREA

The Wis³a River val ley within the area in ves ti gated is in -
cised into the de pos its of the Carpathian Foredeep (Fig. 1A).
The de vel op ment of this tec tonic unit has been as so ci ated with
the Mio cene evo lu tion of the Outer Carpathians (Oszczypko,
2006; and ref er ences therein). The strata fill ing the Carpathian
Foredeep com prise ma rine, fine-grained siliciclastic de pos its of 
Mio cene age, to gether with evaporites and tuffites (e.g.,
Oszczypko and Oszczypko-Clowes, 2012: fig. 5). These units,
whose thick ness in the Wis³a River val ley in the Kraków area
var ies from a few to sev eral metres, lie di rectly on Up per Ju ras -
sic and/or Up per Cre ta ceous de pos its (Rutkowski, 1989;
Wójcik and Lewandowski, 2010).

The Qua ter nary de pos its that fill the Wis³a River val ley in
the re search area con sist of grav els, grav els and sands, sands,
silts, loams, peats and al lu vial soils of Ho lo cene age (see e.g.,
Rutkowski and Soko³owski, 1983; Rutkowski and Starkel, 1989; 
Rutkowski, 1993; Kalicki, 2000; Starkel, 2001 and ref er ences
therein; Dobrzañska and Kalicki, 2015; also Fig. 2). There is
also a view that these sands as well as grav els may date back
to the Pleis to cene (Rutkowski, 1993). In the grav els, quartz and 
sand stone clasts orig i nat ing from the flysch de pos its of the
Outer Carpathians and/or from Up per Ju ras sic lime stones to -
gether with cherts, and to a lesser ex tent from Pa leo zoic lime -
stones and Cre ta ceous sed i men tary rocks have been iden ti fied 
petro graphi cally (Kleczkowski, 1964; Mamakowa and Œrodoñ,
1977; Rutkowski and Soko³owski, 1983; Rutkowski, 1993). Pre -
served frag ments of subfossil black oak trunks are also as so ci -
ated with al lu vial de pos its of the Wis³a River (Kalicki and
Kr¹piec, 1991, 1995; Kr¹piec, 1998).

Ra dio car bon and dendrochronological dat ing through the
sed i men tary suc ces sion across the Wis³a floodplain be tween
Kraków and Niepo³omice (cf. e.g., Dobrzañska and Kalicki,
2015: fig. 4) in di cate their age from Lateglacial to Subatlantic. In 
the im me di ate vi cin ity of the re search fields F-1 and F-2 de -
scribed here, pre cise ages have been es tab lished for: (i) the
Kujawy sites – 440–560 AD and 900–1050AD (site 1);
1310–1320 AD (site 2); (ii) the Pleszów site – 13 260 ±160 BP;

(iii) the Branice site (that in cludes part of the F-1 re search site) – 
5190 ±70 BP; (iv) the Branice-Stryjów site – 2200 ±70 and
1480 ±60 BP as well as 1850 ±60 BP; and (v) for the Wyci¹¿e
site – 3785 ±60 BP and 415 ±50 BP (for site lo ca tions, see
Fig. 2B).

The most char ac ter is tic fea tures of the Lateglacial and Ho -
lo cene floodplain of the Wis³a River, the width of which is up to 7
km in the re search area, are: (i) nu mer ous sed i ment-filled
palaeomeanders; (ii) ox bow lakes; and (iii) Young Pleniglacial
and Lateglacial al lu vial braidplains that func tioned as
backswamps dur ing the Ho lo cene (Fig. 2B).

Sev eral of those mor pho log i cal forms are no lon ger trace -
able on the pres ent-day floodplain of Wis³a River, due to
anthropogenic changes in the nat u ral land scape. Next to the re -
search sites F-1 and F-2 are in dus trial waste land fills, in clud ing
the Pleszów post-in dus trial waste heap (PPIWH) (to the west of
the re search field F-1) and the Kujawy tail ing ponds (KTP; to the 
north of the re search site F-2; Figs. 1B and 2). These are re -
lated to the ac tiv ity of the ArcelorMittal Po land’s Unit in Kraków
– the his toric Huta Sendzimira, po si tioned to the north-west of
the map area shown in Fig ure 1. Slags and sec ond ary wastes
in clud ing mould ing sands, and also post-in dus trial solid wastes, 
are stored on the PPIWH (Mikoœ and Stewarski, 2003), while
the KTP res er voirs (lim ited by earth em bank ments) are used for 
stor ing solid pol lut ants, such as ashes as well as slags and
iron-bear ing sludg es (WIOŒ, 2012). Fur ther more, a wa ter -
course flows through the re search area F-1 to wards the Wis³a
River, form ing a chan nel of the in dus trial sew age sys tem of the
ArcerolMittal steel works, re ferred as the Kanar (Fig. 2A). It car -
ries all postproduction waste washed away by rain wa ter from
var i ous fa cil i ties of the ArcerolMittal steel works as well as also
in the past leachates from the Ruszcza heap (Operacz, 2009),
lo cated north of the area shown in Fig ure 1. The anthropogenic
changes to the land scape of the floodplain also re late to the ex -
ploi ta tion of nat u ral ag gre gates, such as sands and grav els
(Bogacz et al., 2003; gp in Fig. 1). They have been ex ploited in
the past, with some be ing worked un til the pres ent.

To wards the north, the Ho lo cene floodplain is re stricted by a 
ter race with Pleis to cene loess at its sur face, 2–3 km in width
and with a height of up to 20 m above the mean river level in the
Wis³a River val ley in the re search area (Mamakowa and
Œrodoñ, 1977; Gêbica, 2004; Wójcik and Lewandowski, 2010;
Starkel et al., 2017). Land slides are lo cally as so ci ated with the
es carp ments of this ter race (Wójcik, 2015a, b).

METHODS

FIELD SURVEYS

The sur veys were car ried out at two re search sites, F-1 and
F-2 (Fig. 1B), along six elec tri cal re sis tiv ity to mog ra phy (ERT)
pro files (Fig. 2). An AGI SuperSting R8/IP 8 chan nel
multielectrode re sis tiv ity metre (Fig. 3C), with 112 elec trodes for 
all sur vey lines, was used.

Four ERT pro files (ERT-1–4), each 444 m long with an elec -
trode spac ing of Dx= 4 m, were es tab lished at  the F-1 re search
site (Fig. 1B). As shown in Fig ures 2A and 3A, B, the N–S
trending ERT-1, 2 sur vey lines were par al lel to the Kanar chan -
nel as well as to the ac com pa ny ing em bank ments. The ERT-1
pro file was lo cated on the west ern side of the Kanar chan nel,
and the re main ing pro files (ERT-2–4) on the op po site (east ern)
side. The ERT-3 pro file was sit u ated out side the em bank ment
within an area ~2.5 m higher than the first two ERT pro files
(Fig. 3B). The dis tance be tween the ERT-1 and ERT-2 sur vey
lines was 20 m, and be tween ERT-2 and ERT-3 – 47 m. The
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Fig. 1A – lo ca tion of the re search area (red rect an gle) in the Pol ish sec tor of the Carpathian Foredeep; B – lo ca tion of the F-1
and F-2 re search sites (marked by blue rect an gles) within its geomorphological set ting (af ter Kalicki, 1991b, mod i fied),

 over laid on the Google Earth im age of the Kraków area

PPIWH – Pleszów post-in dus trial waste heap, KTP – Kujawy tail ing ponds, gp – gravel pits; co or di nate sys tem: Po land CS2000 zone 7
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Fig. 2. Po si tions of the ERT sur vey lines, shal low bore holes and wa ter re sis tiv ity mea sure ment sites su per im posed on a Google 
Earth im age along with a DEM with 1 m cell size (source:www.geoportal.gov.pl)

Co or di nate sys tem: Po land CS2000 zone 7. The right side shows shal low bore hole pro files with data ob tained from the HYDRO Bank, Pol ish
Geo log i cal In sti tute – Na tional Re search In sti tute. A – for the F-1 re search site: W1-W3 – lo ca tions of wa ter re sis tiv ity mea sure ments. The
9740354 bore hole is lo cated approx. 735 m west of the W1 point, while the 9740610 bore hole is po si tioned around 410 m north of the W1

point. Yel low line – syn thetic 2D re sis tiv ity model MOD-1; blue line – geo log i cal cross-sec tion and syn thetic 2D re sis tiv ity model MOD-2. B –
For the F-2 re search site: the 9740285 and 9740265 bore holes are po si tioned on the first level of the KTP em bank ment (~3.5 m above the
ERT-5, 6 sur vey lines)



ERT 4 pro file ran through mead ows and farm lands (Figs. 2A
and 3B) at the same al ti tude level as the ERT-3 pro file. The dis -
tance be tween the south ern edges of the ERT-3 and ERT-4
pro files was 180 m, whereas their north ern ends were 310 m
apart from each other.

Two ERT pro files (ERT-5, 6), each 222 m long with an elec -
trode spac ing of Dx= 2 m, were es tab lished within the F-2 re -
search site (Fig. 1B). The NW–SE trending, par al lel ERT pro -
files were spaced 45 m apart (Figs. 2B and 3B). Be cause of nat -
u ral ob sta cles, the be gin ning of ERT-6 pro file was moved to the 
north west by 7 m in re la tion to the be gin ning of the ERT-5
profile.

Due to the dif fer ent spac ing at the F-1 and F-2 re search
fields the ver ti cal and hor i zon tal res o lu tion for field F-2 (with a
2 m spac ing) is higher.

Dur ing the sur vey, geo detic mea sure ments were also car -
ried out us ing an op ti cal level and a GPS re ceiver. The po si -
tions of the ERT pro files and sites of the wa ter re sis tiv ity mea -
sure ments were de ter mined in the Po land CS2000 zone 7 co -
or di nate sys tem. In the ERT mea sure ments, each elec trode
was lev eled, and their heights re corded for each re search site in 
sep a rate, lo cal height sys tems.

Field data sets were col lected with a com bi na tion of three
dif fer ent ar rays. Ini tially, for mea sure ments on the ERT-3 pro -
file, this com bi na tion con sisted of a 10-level Wenner ar ray,
com bined with the ap pro pri ate in struc tions for the
Schlumberger ar ray and the di pole-di pole ar ray. Tech ni cally,
for the Wenner ar ray spac ings ‘a’ = 1,2,3,4,5,6,8,10,12,15 Dx
and for the di pole-di pole lengths of the cur rent and po ten tial di -
poles ‘a’ = 1,2,3,4,5,6,7 Dx and the dis tances be tween these di -
poles ‘n’ = 1,2,3,4,5,6,7,8 were ap plied. This mea sure ment pat -
tern re sulted in 7266 data points (in clud ing 2446 points for the
Wenner-Schlumberger ar ray and 4820 points for the di pole-di -
pole ar ray) us ing a set of 112 elec trodes along a sin gle sur vey
line (Ta ble 1). Un for tu nately, for the larg est di pole-di pole spac -
ing, i.e., pa ram e ters ‘a’ = 7 Dx and ‘n’ = 7, 8, a rel a tively low sig -
nal level was ob served. This may have been re lated to in ter fer -
ence from the power line lo cated near the ERT-3 pro file. There -
fore, the dataset ob tained was prop erly fil tered, i.e., the re -
corded neg a tive val ues of ap par ent re sis tiv ity and val ues with
er rors re sult ing from the re peated mea sure ment for the same
set of four elec trodes at the level of 2% and more were re -
moved. For the re main ing pro files, i.e., ERT-1,2,4,5,6, a mod i -
fied mea sure ment pro to col was ap plied. It con sisted of the
Wenner-Schlumberger ar ray with the same set of ‘a’ spac ings,
while the pa ram e ters of the di pole-di pole ar ray were lim ited to
‘a’ = 1,2,3,4,5,6 Dx and ‘n’ = 1,2,3,4,5,6. The use of 112 elec -
trodes on these ERT sur vey lines en abled us to ob tain 5785
data points (in clud ing 2446 points for the Wenner-
Schlumberger ar ray and 3339 points for the di pole-di pole ar ray; 
Ta ble 1). Mak ing the mea sure ments along a sin gle pro file, with
the time of com plet ing a sin gle pat tern in struc tion of equal to
~1.2 s and its two rep e ti tions, took ~3.5 h. The use of sim i lar
high-res o lu tion com bined ar rays, with over lap ping data lev els
(Loke, 2012), has been re ported (cf. Stummer et al., 2004,
Berge, 2014; WoŸniak and Bania, 2019a, b).

ERT FIELD DATA PROCESSING AND INVERSION

The ERT mea sure ment data was pro cessed us ing some
rou tines of the Res2Dinv soft ware (ver. 3.59.118; Geotomo
Soft ware; Loke, 2012). First, pro ce dures were ap plied to au to -
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Fig. 3. Field views of the re search sites

A – view show ing the F-1 re search site with the lo ca tion of the ERT-1 
and ERT-2 pro files. The Kanar chan nel is ap par ent among them. A
post-in dus trial waste heap is in the back ground; B – gen eral view of
the F-1 re search site in which the south ern part of the
palaeomeander (me an der scar; yel low dashed line) crosses the
ERT-3 and ERT-4 pro files; C – the photo de picts a view of the F-2 re -
search site along with the ERT-6 pro file and ERT equip ment used
for the field mea sure ments. The Wis³a River is in the back ground



mat i cally re move pos si ble neg a tive val ues of ap par ent re sis tiv -
ity with man ual re moval of a few (at most) ap par ent re sis tiv ity
val ues clearly de vi at ing from the oth ers in a given data level
(i.e., ob tained along the sur vey line us ing the same ar ray and
with the same ‘a’ and ‘n’ pa ram e ters). Then, to take ac count of
the ter rain mor phol ogy in the in ver sion, in for ma tion on the
height of the elec trodes on the par tic u lar pro files was added to
the datasets. Fail ure to take this el e ment into ac count may ad -
versely in flu ence the in ver sion re sults (Fox et al., 1980; Loke,
2000; Lu et al., 2015). The same set of in ver sion pa ram e ters as
shown in WoŸniak and Bania (2019a) has been ap plied in in ver -
sion in this re search. The most im por tant in ver sion pa ram e ter
ap plied was to se lect ro bust (blocky, L1-norm) in ver sion, which
as nu mer ous pub lished stud ies have shown (see e.g., Loke et
al., 2003; Elwaseif and Slat er, 2010; Danielsen and Dahlin,
2010; Gon za les Amaya et al., 2016; WoŸniak et al., 2018) de -
vel ops mod els with sharp bound aries.

Af ter the in ver sion, in the ERT-1–5 datasets, ad di tional data 
fil ter ing based on the ‘RMS er ror sta tis tics’ op tion at the cut off
er ror level of 20% was ap plied. Such fil ter ing al lows re moval of
data points with a rel a tively large dif fer ence be tween the cal cu -
lated and mea sured ap par ent re sis tiv ity val ues. Due to this, it is
pos si ble to au to mat i cally fil ter data points af fected by noise
(Loke, 2012). How ever, with the very good qual ity of the data,
the ERT-6 dataset did not re quire its use. Af ter ad di tional fil ter -
ing, the in ver sion for ERT-1–5 data was per formed again. Thus, 
the re sult ing in ter preted re sis tiv ity sec tions (Figs. 4 and 5) con -
tain very low ab so lute er ror val ues (<1.5%). Ta ble 1 pro vides
some in for ma tion on ERT data in ver sion.

In ad di tion, in Surfer soft ware (Golden Soft ware), the ver ti -
cal and hor i zon tal gra di ents of the in ter preted re sis tiv ity dis tri -
bu tions have been cal cu lated for all ERT sec tions (col oured
dot ted lines in Figs. 4 and 5). In the re sis tiv ity sec tion, these
gra di ents de fine the bound aries at which the “tran si tion” from
the zone of rel a tively low to rel a tively high in ter preted re sis tiv ity
(or vice versa) is the most dy namic. These zones should be
char ac ter ised by a rel a tively high re sis tiv ity con trast in re la tion
to each other. Oth er wise, such a gra di ent may not be iden ti fied
re li ably enough. The anal y sis based on these gra di ents is a
very un usual ap proach to vi su al iz ing ERT data. How ever, it can 
be help ful in the con tex tual in ter pre ta tion of geoelectrical re -
search re sults (see e.g., Moœcicki et al., 2014; WoŸniak et al.,
2018; WoŸniak and Bania, 2019a).

WATER RESISTIVITY FIELD MEASUREMENTS

Within the F-1 re search site (Fig. 1B), wa ter re sis tiv ity and
tem per a ture were also mea sured at three se lected lo ca tions
along the Kanar chan nel (W1, W2, W3 in Fig. 2A). They cor re -
spond to the be gin ning, mid dle part, and end of ERT-1–3 pro -
files. Mea sure ments have been car ried out us ing a self-con -

structed probe, termed the RT (R – re sis tiv ity, T– tem per a ture),
the MiniSting ap pa ra tus and the METEX M-4650CR
multimeter. The RT probe has a four-elec trode Wenner ar ray
with a spac ing ‘a’ = 5 cm, me chan i cally se cured and em bed ded
in a spe cial plas tic tube. The elec trodes are rings made of stain -
less steel. A sin gle therm is tor (NTC type) for tem per a ture mea -
sure ment is also mounted in side the probe. To de ter mine its
geo met ric co ef fi cient, the probe has been cal i brated in lab o ra -
tory con di tions. The ad van tage of us ing the con structed probe
is the pos si bil ity of in situ mea sure ments by plac ing it in any wa -
ter course or even low er ing it to the bot tom of a river or lake (the
only lim i ta tion is the length of the con nect ing ca ble – in our
setup it was 20 m). The ap par ent re sis tance has been mea -
sured us ing the MiniSting ap pa ra tus, which was then con verted
into a re sis tiv ity value based on the geo met ric co ef fi cient of the
RT probe. The multimeter was ap plied to mea sure the re sis -
tance of the therm is tor, which was then con verted into a tem -
per a ture value.

2D ERT MODELING

In or der to ex am ine re sis tiv ity changes in the subsurface
sed i ments with in creas ing dis tance from the PPIWH to the east
as well as to show cer tain re stric tions re gard ing 2D ERT meth -
ods (in the con text of de tailed iden ti fi ca tion of flu vial de pos its),
two syn thetic mod els have been de vel oped (Figs. 8 and 9). In
this pa per, for ward mod el ing has been im ple mented by
Res2Dmod soft ware (ver. 3.03.06; Geotomo Soft ware) uti liz ing
fi nite-el e ment cal cu la tions (Sil ves ter and Ferrari, 1996; Loke,
2012). In both mod els, mea sure ment with the use of 112 elec -
trodes has been sim u lated; how ever, the elec trode spac ing
Dx = 4.0 m was used for the MOD-1 model (Fig. 8) and Dx =
0.5 m for the MOD-2 model (Fig. 9). The ter rain mor phol ogy ob -
tained on the ba sis of a high-res o lu tion dig i tal el e va tion model
(DEM), i.e., a rect an gu lar mesh with a mesh size of 1 m x 1 m
(source: www.geoportal.gov.pl), was used dur ing the 2D ERT
for ward mod el ing for each model. In the case of the MOD-1
model, the elec trode heights were ap pro pri ately con verted to
the lo cal el e va tion sys tem used by the au thors (com pli ant with
the ERT-1–4 pro files), while for the MOD-2 model a sep a rate,
in di vid ual el e va tion sys tem was cre ated for more con ve nient
anal y sis of the re sults.

The MOD-1 model (Fig. 8) has been de vel oped on the ba sis 
of the field mea sure ments along the ERT-1–4 pro files (Fig. 4).
The hy po thet i cal mea sure ment line has been so drawn as to in -
ter sect the ERT-1–3 pro files over a dis tance of 250 m and
ERT-4 over a dis tance of 210 m (Fig. 2A). The re sis tiv ity val ues
as well as the thick nesses of in di vid ual lay ers, es pe cially at the
in ter sec tions of the hy po thet i cal MOD-1 and ERT-1–4 pro files,
were des ig nated based on the field in verse model re sis tiv ity
sec tions ob tained (Fig. 4). These in ter sec tions are at the fol low -
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Re search 
site

Sur face ERT
sur vey line

Elec trode 
no.

Spac ing,
a [m]

Data points
no.

Data points no.
– af ter fil tra tion

It er a tion 
no.

Ab so lute 
er ror [%]

F-1

ERT-1

112

4

5785 5477 8 1.12

ERT-2 5785 5377 8 1.25

ERT-3 7266 6352 9 1.48

ERT-4 5785 5748 8 1.40

F-2
ERT-5

2
5784 5772 9 0.96

ERT-6 5785 5785 8 0.79

T a  b l e  1

Char ac ter is tics of the mea sure ments and in ver sion pa ram e ters for the ERT method

https://gq.pgi.gov.pl/article/view/25763
https://gq.pgi.gov.pl/article/view/25763


ing dis tances: ERT-1 – 50 m; ERT-2 – 70 m; ERT-3 – 117 m
and ERT-4 – 352 m. The MOD-1 model is in tended to sim u late
the spread of pol lut ants (com ing from the PPIWH and the Kanar 
chan nel) within the ground wa ter of the first and sec ond mod -
eled lay ers. The ground wa ter con tam i na tion is re lated to its
min er al iza tion and hence to its elec tri cal re sis tiv ity (the higher
the min er al iza tion, the lower the re sis tiv ity; Dortman, 1992).
There fore, a high vari abil ity of re sis tiv ity val ues within these lay -

ers has been in ferred. As shown in the MOD-1 model (Fig. 8A),
the resistivities of the lay ers grad u ally in crease eastwards, i.e.,
away from the PPIWH. The po si tion of the MOD-1 pro file line is
marked in Fig ure 2A.

The MOD-2 model (Fig. 9) has been pre pared on the ba sis
of data de rived by Kalicki (1991a). The main ob jec tive of the
MOD-2 model was to ex plain the lim ited res o lu tion of the re sults 
ob tained when map ping the flu vial de pos its. The sed i ment
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Fig. 4. ERT field data in ver sion re sults ob tained from 2D sur veys of the ERT-1–4 pro files with the cal cu lated max i mum val ues of 
the ver ti cal (pur ple dot ted lines) and hor i zon tal (dark grey dot ted lines) gra di ents of the in ter preted resistivities

Some of the nec es sary data re lated to the in ver sion are in cluded in Ta ble 1; black ar rows in di cate dis tinct mor pho log i cal de pres sions of
the re search area, found dur ing the field mea sure ments



resistivities within the MOD-2 model were se lected ar bi trarily on 
the ba sis of re sults ob tained by the au thors in as so ci a tion with
stud ies con ducted in Branice by Moœcicki et al. (2016). The
model is built of: 1 – sands, 140 Wm; 2 – silts, 30 Wm; 3 – sandy
silts, 60 Wm; 4 – subfossil tree trunk, 200 Wm; 5 – silts and al lu -
vial soils, 40 Wm (Fig. 9A). The po si tion of the MOD-2 pro file
line is shown in Fig ure 2A.

Sim u lated mea sure ment re sults for the syn thetic re sis tiv ity
mod els, given in this pa per, have been cal cu lated for the same
ar ray type as ap plied in the field. The syn thetic data ob tained
were in verted us ing the same Res2Dinv in ver sion soft ware
(ver. 3.59.118; Geotomo Soft ware) as used to pro cess the ERT 
pseudosections mea sured in the field (with iden ti cal pa ram e -
ters).

RESULTS

The re sults of the ERT sur veys for all pro files are shown in
the form of two-di men sional sec tions of in ter preted re sis tiv ity.
They also fea ture the dis tri bu tions of the ver ti cal (dark grey dot -
ted line) and hor i zon tal (pur ple dot ted line) gra di ents of the in -
ter preted re sis tiv ity. ERT cross-sec tions for the F-1 re search
site are shown in Fig ure 4 and for the F-2 re search site in Fig -
ure 5.

F-1 RESEARCH SITE FIELD DATA RESULTS

Within all cross-sec tions (ERT-1–4) at the F-1 re search site
(Fig. 4), three main geoelectric lay ers can be dis tin guished: L1,
L2 and L3. The L1 subsurface layer is char ac ter ised by in ter -
preted re sis tiv ity val ues rang ing from ~40 to even 1000 Wm. In
all sec tions, it ex tends along the en tire length of the pro files and

shows rel a tively sig nif i cant re sis tiv ity vari a tion in places. In gen -
eral, the mean in ter preted re sis tiv ity of the L1 layer in creases
from west to east, i.e., from the ERT-1 pro file to the ERT-4 pro -
file (Fig. 4). In the ERT-3 and ERT-4 sec tions, these val ues are
sim i lar. In the re sis tiv ity sec tion for the ERT-1 pro file, its av er -
age in ter preted re sis tiv ity is ~50 Wm, for ERT-2 80 Wm, and for
ERT-3 and ERT-4 200 Wm (Fig. 4). The bot tom sur face of this
layer is un du lat ing, es pe cially in the ERT-3 and ERT-4 sec tions. 
This is par tic u larly ev i dent due to the gra di ents of the in ter -
preted re sis tiv ity changes (Fig. 4). Re gard ing the vari a tions in
re sis tiv ity, sim i lar ob ser va tions can be made for the next deeper 
layer, L2, but the val ues of the in ter preted re sis tiv ity range here
be tween 20 and 70 Wm. Its av er age re sis tiv ity for the ERT-1
cross-sec tion is ~30 Wm, for ERT-2, 40 Wm, and for ERT-3 and
ERT-4 it is 50 Wm (Fig. 4). Com pared to the ERT-1–3 sec tions,
in the ERT-4 cross-sec tion it ex tends along al most the en tire
length, i.e., from ~70 m to the end of the pro file, and its thick -
ness re mains sim i lar at ~18 m. In the ERT-1–3 cross-sec tions,
the L2 layer is ap par ent from ~180 m of the pro files’ length,
where its thick ness is rel a tively small. Grad u ally, to wards the
north it be comes thicker, reach ing a thick ness of up to 20 m at
the ends of the sec tions. Its re sis tiv ity gen er ally de creases to -
wards the south. The ERT-4 sec tion dif fers slightly from the oth -
ers in terms of geoelectric struc ture (Fig. 4). As the ERT-4 pro -
file was placed slightly far ther than the ERT-1–3 group, its
course is not par al lel to them (Fig. 2A). Lastly, the L3 layer is
char ac ter ised in all sec tions by in ter preted re sis tiv ity val ues in
the range of ~10 to 30 Wm (Fig. 4). Within the ERT-1–3 sec -
tions, it is lo cated at a dis tance from 0 to ~170 m, di rectly un der
the L2 layer. On the other hand, in the ERT-4 sec tion it bor ders
with the L2 layer at a shorter dis tance, i.e., from the be gin ning of
the pro file to its 75 m length.
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Fig. 5. ERT field data in ver sion re sults ob tained from 2D sur veys for the ERT-5–6 pro files with the cal cu lated max i mum val ues
of the ver ti cal (pur ple dot ted lines) and hor i zon tal (dark grey dot ted lines) gra di ents of the in ter preted resistivities

Some of the nec es sary data re lated to the in ver sion are in cluded in Ta ble 1. Black ar rows in di cate dis tinct mor pho log i cal de pres sions 
of the re search area, found dur ing field mea sure ments



F-2 RESEARCH SITE FIELD DATA RESULTS

Four geoelectric lay ers have been dis tin guished in the
ERT-5 and ERT-6 sec tions (Fig. 5). The L1, L2 and L3 lay ers are
pres ent in both cross-sec tions, while layer L4 was dis tin guished
only in the ERT-5 sec tion. The L1 layer, which is near est to the
sur face, is char ac ter ised by in ter preted re sis tiv ity val ues rang -
ing from ~30 to as high as 1000 Wm for the ERT-5 sec tion and

from ~30 to 70 Wm for the ERT-6 sec tion (Fig. 5). This layer ex -
tends along the en tire length of the ERT-6 sec tion, while in the
case of the ERT-5 sec tion it grad u ally dis ap pears to the east,
be ing re placed by the low-re sis tiv ity (15–30 Wm) L4 layer that
ex tends to the sur face. Within the L4 layer there are zones with
very low in ter preted re sis tiv ity val ues of ~10 Wm. Sev eral of
these can be seen be tween ~20 to 50 m along the ERT-5 pro file 
(Fig. 5). The L2 layer with an in ter preted re sis tiv ity of 30–60 Wm
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Fig. 6. Hy po thet i cal geo log i cal cross-sec tions through the floodplain of the Wis³a River for the ERT-1–4 pro files
 (F-1 re search site)



ex tends across the en tire sec tion, and be tween 70 and 100 m
its thick ness rap idly in creases. In the geoelectric im age, it also
in flu ences the com pli cated course of the top sur face of the L3

layer (~10–20 Wm). Two anom a lous zones can be no ticed
within it. The first one (high-re sis tiv ity) is ap par ent in the lower
left cor ner of the sec tion, and the sec ond one (low-re sis tiv ity) at
a dis tance of ~130 m (Fig. 5). In the sec ond cross-sec tion
(ERT-6), the L2 layer dom i nates and is char ac ter ised by a
slightly lower in ter preted re sis tiv ity value than for the ERT-5
sec tion. The L3 layer is ap par ent at a length of ~80 m along the
pro file, at a depth of 20 m, and ex tends far ther to wards the east, 
where from ~150 m of the pro file length it grad u ally be comes
shal lower.

WATER RESISTIVITY MEASUREMENT RESULTS

The re sults of the mea sure ments of wa ter re sis tiv ity within
the Kanar chan nel (Fig. 2A) are as fol lows: (i) for the W1 – re sis -
tiv ity: 3.44 Wm, tem per a ture: 21.8°C; (ii) for the W2 – re sis tiv ity
3.50 Wm, tem per a ture: 21.9°C; and (iii) for the W3 – re sis tiv ity:
3.75 Wm, tem per a ture: 20.8°C.

DISCUSSION

RESISTIVITY/LITHOLOGY INTERPRETATION

Four geoelectrical lay ers (L1, L2, L3, and L4, re spec tively)
have been dis tin guished in the in verse model re sis tiv ity sec -
tions (Figs. 4 and 5) based on the ERT re sults to gether with
data orig i nat ing from sur round ing bore holes and in clud ing pre -
vi ous geo log i cal in for ma tion. In or der to better il lus trate the in -
ter pre ta tion re sults, in ferred geo log i cal cross-sec tions have
been made for all geoelectrical sec tions (F-1 re search site –
Fig. 6; F-2 re search site – Fig. 7). In for ma tion nec es sary as
con text to the in ter pre ta tion is also in cluded in Fig ure 10.

Due to the ap pli ca tion of a com bi na tion of sev eral mea sure -
ment ar rays, the geoelectrical sec tions ob tained are char ac ter -
ised by high res o lu tion (cf. Stummer et al., 2004), that is re -
flected in the high re sis tiv ity con trast, and within the lay ers dis -
tin guished. How ever, the sit u a tion be comes com pli cated when
we an a lyze the gra di ents of the in ter preted re sis tiv ity on the
ERT sec tions. These turned out to be par tic u larly help ful in de -
ter min ing the pre sumed lithological bound aries within the al lu -
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Fig. 7. Hy po thet i cal geo log i cal cross-sec tions through the floodplain of the Wis³a River for the ERT-5, 6 pro files 
(F-2 re search site)



vial de pos its, be cause some of them are clearly de fined by the
re sis tiv ity gra di ents (Figs. 4 and 5). Nev er the less, be cause of
the di verse geo log i cal struc ture of the re search area, some of
these bound aries, de ter mined by the re sis tiv ity gra di ents, are
lo cally bro ken. As shown in Fig ures 4 and 5, they also “blend”
with much shorter bound aries, both ver ti cal and hor i zon tal, of -
ten cre at ing en ve lopes for the smaller lo cal zones, as is ap par -
ent within the in di vid ual lay ers.

Spe cific lithological units have been as signed to the
geoelectrical L1, L2 and L3 lay ers that are ap par ent within the
F-1 re search site on the ERT-1-4 sec tions (Fig. 6). The first of
these (L1) can be iden ti fied with sur face soils and sands, to -
gether with the var i ous de pos its fill ing the palaeomeanders (not
dis tin guished). It should be noted that due to the 4-metre elec -
trode spac ing (lower res o lu tion within the near-sur face zone), it
was not pos si ble to sep a rate these in di vid ual lithological lay ers,
so (apart from the de pos its fill ing the palaeomeanders) they
have been treated as one layer within the cross-sec tions
(Fig. 6). The L2 layer is prob a bly built of grav els that lo cally pass
(ver ti cally and lat er ally) into grav els with sands as well as into
clayey sands (cf. lower re sis tiv ity zones within the L2 layer in
Figs. 4 and 6). The Neo gene sed i ments (more pre cisely Mio -
cene clays) can be at trib uted to the deep est layer (L3), the top
sur face of which is at var i ous depths be low ground level. The

shal low est part of this sur face is po si tioned in the south, while
its deeper part is sit u ated in the north (Fig. 10A). Fur ther more,
the zones with a re sis tiv ity value of 30 Wm (green re gions) ap -
par ent within the L3 layer may be pre sum ably linked with
lithological changes in the Neo gene clays (Rybicki et al. 2009;
Moœcicki et al., 2016).

As in the pre vi ous part of the in ter pre ta tion, spe cific
lithological units have been as signed to the geoelectrical L1, L2,
L3 and L4 lay ers that are ap par ent within the F-2 re search site in
the ERT-5 to ERT-6 sec tions (Fig. 7). As the ERT-5, 6 pro files
ran through farm land, the near-sur face L1 layer prob a bly con -
tains a thick zone of sur face soils, mixed with sand de pos its
(Fig. 7). The next L2 layer is prob a bly built of grav els and grav -
els with sands. A dis tinct lon gi tu di nal zone ap par ent within the
L2 layer of the ERT-6 sec tion, at be tween 80 and 130 m of its
length (Fig. 5), with an in creased in ter preted re sis tiv ity value
likely rep re sents a lo cal ac cu mu la tion of sands (Fig. 7). The
low-re sis tiv ity sub strate (L3) is rep re sented by Mio cene strata.
Within the ERT-5 sec tion, a dis tinct de pres sion in the top sur -
face of this layer (60-100 m of the pro file length), is ap par ent
(Fig. 7). In the case of the ERT-6 sec tion, a com pa ra ble sit u a -
tion does not oc cur. In this con text, it is also worth emphasising
the com plex course of the top sur face of these de pos its dips to -
ward the Wis³a River (Fig. 10B). The L4 layer, ap par ent only in
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Fig. 8. For ward mod el ing pro ce dure for the MOD-1 model

A – syn thetic 2D re sis tiv ity model (for lo ca tion see yel low line in Fig . 2A) based on the field data in ver sion re sults for ERT-1 to ERT-4
sur vey lines, PPIWH – Pleszów post-in dus trial waste heap; B – in ver sion re sult of for ward model MOD-2 of the com bined ar ray, the

dashed black lines in the fig ure em pha size the in ferred po si tions of geo log i cal bound aries



the ERT-5 sec tion (Fig. 7), is most prob a bly rep re sented by the
de pos its fill ing the palaeomeander that has been re cog nized in
this area (Kalicki, 1991b). The resistivities of this layer (Fig. 5)
may in di cate a high vari abil ity of these de pos its, that can be
pre sum ably equated with dif fer ent types of silts (sandy, clayey,
or ganic).

Fur ther more, sev eral low-re sis tiv ity zones of ~10–15 Wm
can be dis tin guished in the ERT-5 cross-sec tion within the L4

layer, at be tween 20 and 50 m of its length (Fig. 5). Their sharp
bound aries are also em pha sized by the gra di ents of the in ter -
preted re sis tiv ity. Some of these zones are as sumed to be ar ti -
facts re lated to the in ver sion pro cess (see e.g., Loke and
Barker, 1996; Bania and Æwiklik, 2013) – ef fects ac com pa ny ing 
the pres ence of a real, high-re sis tiv ity zone within the L1 layer.
These ef fects also con tinue within the L2 layer in the ERT-5 sec -
tion, where two zones of in creased in ter preted re sis tiv ity are ap -
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Fig. 9. For ward mod el ing pro ce dure for the MOD-2 model

A – geo log i cal model (cross-sec tion, for lo ca tion see blue line in Fig. 2A) for re sis tiv ity 2D for ward mod el ing (mod i fied af ter Kalicki, 1999a): 1
– sands, 2 – silts, 3 – sandy silts, 4 – subfossil tree trunk, 5 – silts and al lu vial soils; B – syn thetic 2D re sis tiv ity model sim u lat ing the geo log i -
cal struc ture; C – inversion re sult of for ward model MOD-2 of the com bined ar ray, the dashed black lines in the fig ure em pha size the po si -
tions of model-based geo log i cal bound aries



par ent, ad di tion ally sep a rated by bound aries de ter mined by
marked gra di ents (Fig. 5). Their re sis tiv ity val ues may be re -
lated to in ver sion ef fects, al though they may al ter na tively have
geo log i cal or i gins (e.g., lo cal ac cu mu la tion of sands). Of the two 
deep est lo cated zones in the ERT-5 cross-sec tion (Fig. 5), the
first is po si tioned in the lower left cor ner of this sec tion and its in -
ter preted re sis tiv ity value is ~40–100 Wm, while the sec ond one
is lo cated at 130 m of its length (re sis tiv ity <10 Wm). These
zones are pre sum ably re lated to ef fects that lo cally oc cur (in
some cases) on the edge blocks of the in ver sion grid as well as
with the in ver sion pro cess it self (Loke and Barker, 1996; Loke,
2012). There fore, they should not be treated as real subsurface
struc tures dur ing in ter pre ta tion. Sim i lar zones can be in di cated

on the other re sis tiv ity cross-sec tions, es pe cially within their
lower cor ners (see Figs. 4 and 5). Fur ther more, it must be
stressed in this con text that ERT in verse model re sis tiv ity sec -
tions rep re sent ing only a 2D ap prox i ma tion of the spa tial geo -
log i cal struc ture (Loke and Barker, 1996).

THE IMPACT OF GROUNDWATER CONTAMINATION 
ON THE GEOELECTRICAL CHARACTERISTICS 

OF THE NEAR-SURFACE LAYERS

The un sealed Kanar chan nel con trib utes to the pol lu tion of
the aqui fer in its near est vi cin ity (Operacz, 2009), and has an
im pact on the re sis tiv ity val ues of the in ter preted L1 and L2 lay -
ers in the geoelectrical sec tions (Fig. 4).
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Fig. 10. Se lected in ter pre ta tion el e ments su per im posed on the DEM im age (with 1m cell size; source:
www.geoportal.gov.pl), co or di nate sys tem: Po land CS2000 zone 7

 A – for the F-1 re search site; B – for the F-2 re search site



Pre vi ous re search by Bania (2018), in volv ing 2D/3D ERT
for ward mod el ing, has re vealed that a con tam i nated me dium
will be char ac ter ised by sig nif i cantly lower re sis tiv ity val ues, rel -
a tive to a me dium in which the ground wa ter is not con tam i -
nated. This re search was based on the gen er al ised lithological
pro file lo cated close to the PPIWH and Kanar chan nel (Bania,
2018). Fig ure 1 of this pa per (Bania, 2018) shows an as sumed
re sis tiv ity con trast of ~27:1 (me dium with fresh wa ter,
r = 80 Wm; con tam i nated me dium, r = 3 Wm). More over, two
dif fer ent sce nar ios for the bound ary zones be tween fresh and
con tam i nated ground wa ter were con sid ered by this au thor. The 
first as sumed a gra di ent where fresh and pol luted wa ters slowly 
mix with each other, while the sec ond was sharp, in di cat ing
rapid mix ing of these wa ters, and thus a faster spread of pol lut -
ants within the aqui fer (Bania, 2018).

As shown in our MOD-1 model (Fig. 8A), a smooth/
gradational re sis tiv ity tran si tion in the di rec tion of the ground wa -
ter flow, with de crease in re sis tiv ity with in creas ing dis tance
from the PPIWH, has been as sumed. In the in verse model re -
sis tiv ity sec tion (Fig. 8B), this phe nom e non was well re flected.
The high est pace of re sis tiv ity change is clearly ap par ent at the
dis tance of up to 100 m (in the im me di ate vi cin ity of the PPIWH
and Kanar chan nel). In the re main ing sec tion, the pace of
change is no tice ably slower. This, in turn, trans lates into sig nif i -
cant re sis tiv ity vari a tion (Fig. 8B). The MOD-1 model as sump -
tions are co her ent with the ob ser va tions made an a lyz ing the
field in verse model re sis tiv ity sec tions ERT-1–4 (Fig. 4). Mov -
ing to wards the east from the PPIWH, the re sis tiv ity val ues in -
ter preted for these par tic u lar lay ers (first and sec ond) in crease
(Fig. 4). This may be as so ci ated with the type of wa ter mix ing
zone as sumed in the MOD-1 model (Fig. 8A). Ad di tion ally, in
the ERT-1 field cross-sec tion (Fig. 4; lo cated be tween the
PPIWH and Kanar), the re sis tiv ity val ues in ter preted are sig nif i -
cantly lower than for the ERT-2 pro file lo cated on the op po site
side of the Kanar chan nel. It fol lows that not only the Kanar
chan nel con trib utes to the con tam i na tion of ground wa ter in this
area, but also the PPIWH. Oth er wise, i.e., if the PPIWH had no
im pact on the sur round ing en vi ron ment, the in ter preted
resistivities of the L1 and L2 lay ers in both ERT-1 and ERT-2
sec tions would be sim i lar (Fig. 4).

The above in ter pre ta tion is also sup ported by the ob served
slight de crease of wa ter re sis tiv ity within the Kanar chan nel,
and thus also an in crease in its min er al iza tion to wards the
south. The mea sured val ues of wa ter re sis tiv ity con verted into
NaCl min er al iza tion af ter Dortman (1992) are as fol lows: (i)
1.75 g/l NaCl for W1; (ii) 1.65 g/l NaCl for W2 and (iii) 1.60 g/l
NaCl for W3. Con sid er ing that the PPIWH is lo cated next to the
sec tion of the Kanar chan nel (on which the wa ter re sis tiv ity has
been mea sured) that flows from north to south (Fig. 2A), the
heap there fore has a no tice able neg a tive im pact on the
hydrogeological en vi ron ment in this area.

Due to the com plex struc ture of the MOD-1 model (Fig. 8A)
and the spe cific ter rain mor phol ogy, the re sis tiv ity cross-sec tion 
ob tained by in ver sion (Fig. 8B) is not free from ar ti facts. Sev eral 
are lo cated over the dis tances of: (i) 30 m – a low-re sis tiv ity ver -
ti cal zone; (ii) 90 m – a low-re sis tiv ity ob ject on the bound ary
zone of the first and sec ond lay ers; and (iii) 100 m – an ob ject
with a re sis tiv ity of ~25 Wm at the lower limit of the model
(Fig. 8B).

Given the type of sed i ments de pos ited in the KTP, po si -
tioned close to the F-2 re search site (Fig. 2B), it can be as -
sumed that the hydrogeological en vi ron ment there is also pol -
luted. Duda et al. (2020), us ing the DC re sis tiv ity method,
showed how large and prob lem atic the scale of ground wa ter
con tam i na tion in the vi cin ity of tail ing ponds can be. How ever, in 
our in ter pre ta tion, this is sue does not have spe cial im por tance.
As shown in Fig ure 5, the in ter preted re sis tiv ity val ues of the

lay ers ap par ent in the ERT-5 and ERT-6 sec tions are sim i lar.
Fluc tu a tions in the wa ter ta ble of the nearby Wis³a River
(Fig. 2B) also have a sig nif i cant im pact on the ground wa ter ta -
ble. Thus, this may have an im pact on sea sonal changes in the
in ter preted re sis tiv ity val ues in the ERT cross-sec tions.

GEOMORPHOLOGICAL CONTEXT

The anal y sis of all data ob tained pro vided an op por tu nity to
trace the po si tions of the geomorphological forms, es pe cially
the palaeomeanders within both re search fields.

The struc ture of the palaeomeander, cut by the ERT-3, 4
sur vey lines at the F-1 re search site (Fig. 2A), is ap par ently
marked in the field ob ser va tions (Fig. 3B). The char ac ter is tic
ter rain de pres sions within the ERT-3, 4 sec tions are ev i dent
(black ar rows in Fig. 4, see also Fig. 10) and in di cate the lat eral
range of this struc ture within the F-1 re search site. Based on the 
ERT re sults to gether with field ob ser va tions, it can be in ferred
that the south ern wing of this struc ture is po si tioned at be tween
110 and 140 m of the ERT-3 pro file length, while the op po site
wing is at be tween 310 and pre sum ably even 400 m (Figs. 4
and 6). How ever, due to ag ri cul tural and in dus trial ac tiv i ties,
their orig i nal bound aries may have been par tially re shaped in
the past (ques tion marks in Fig. 10). The sig nif i cant de pres sion
in the top sur face of the sed i ments of the L3 layer (up to the level 
of H = –10 m), within the south ern wing may con sti tute its bot -
tom sur face (Figs. 4 and 6). This bound ary cor re lates with the
course of the in ter preted re sis tiv ity gra di ents (Fig. 4). The lower
part of this struc ture within its north ern wing (310–335 m) is not
as ap par ent as in its south ern coun ter part. This is dem on -
strated in the form of bro ken bound aries of the two courses of
ver ti cal gra di ents (Fig. 4). Pre sum ably, the lower limit of the
north ern wing can be es tab lished at a depth of ~5–10 m be low
ground level (Fig. 6). The rel a tively large de crease in the re sis -
tiv ity of the in ter preted geoelectrical L1 layer is also char ac ter is -
tic of this site (Fig. 4). An other zone with a lower value of the in -
ter preted re sis tiv ity, whose bound aries are de ter mined by the
bro ken gra di ents, is ap par ent from 380 to 400 m along the
ERT-3 pro file. Sev eral char ac ter is tic struc tures at a depth of –5
to –10 m are also ev i dent (one high-re sis tiv ity and two low-re -
sis tiv ity ones; Fig. 4). This phe nom e non may be re lated to lo cal
lithological vari a tion. The ERT-3 cross-sec tion also shows two
ev i dent de pres sions in the top sur face of the Mio cene de pos its
(at 80 and 180 m of pro file length; Fig. 4), sim i lar to the de pres -
sion in di cated for the south ern wing of the me an der scar
(Figs. 6 and 10A). Pre sum ably, these struc tures, on the one
hand, may be pre served parts of an other palaeomeander as so -
ci ated with lat eral dis place ment and mi gra tion of the river chan -
nel (Kalicki, 1991b, 2006). On the other hand, these may be lo -
cal ero sional struc tures. In the case of the ERT-4 sec tion
(Fig. 4), the bound aries of the palaeomeander are clearly de -
fined on its south ern side (90–135 m) and less ap par ent on the
north ern side (~370–430 m; Fig. 6). The south ern wing is char -
ac ter ised by dis tinct denivelations in the top of the L2 layer
(marked also by the re sis tiv ity gra di ents) that spec ify its pre -
sum ably lower limit (Fig. 4). For its north ern wing, only lo cal de -
creases in the re sis tiv ity val ues of the lay ers were ob served, ac -
com pa nied by nu mer ous breaks in the course of the marked
gra di ents of the in ter preted re sis tiv ity. Be cause the area is
anthropogenically trans formed in the im me di ate vi cin ity of the
ERT-1, 2 pro files (em bank ments of the Kanar chan nel, PPIWH; 
Fig. 2B), the el e ments of the palaeomeander are not ap par ent
in the geoelectrical im ages. Based on the maps (Figs 1B and
2A) and ERT-1, 2 sec tions (Fig. 4), these forms are es ti mated
to be lo cated in sim i lar places as in di cated in the ERT-3 pro file
(Fig. 10A).
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As can be seen on the map (Fig. 1B), the ERT-5, 6 pro files
have been lo cated within the area of the palaeomeander des ig -
nated by Kalicki (1991b). The sig nif i cant dif fer ence be tween the 
re sults ob tained for the ERT-5 and ERT-6 cross-sec tions
(Fig. 5) can mainly be as cribed to the ERT-6 pro file be ing po si -
tioned on the bor der of or even out side the palaeomeander.
Hence, the de pos its fill ing this struc ture have not been dis tin -
guished in the hy po thet i cal geo log i cal cross-sec tion for that pro -
file (Fig. 7).

It is ev i dent from the data avail able from pre vi ous stud ies
(Kalicki, 1991a, b; Kalicki and Moœcicki, 1997) that fill ing of such 
struc tures can in clude sev eral dif fer ent sed i men tary units.
Kalicki (1991a) pro vided a top o graphic map as well as two dif -
fer ent cross-sec tions (gen eral and de tailed) through the part of
the palaeomeander within the F-1 re search site. The at tached
fig ure shows the cross-sec tion to gether with two sed i men tary
pro files at its edges (Kalicki, 1991a: fig. 13). How ever, their lo -
ca tion is not clearly spec i fied. In the next fig ure, based on four
shal low bore holes, a geo log i cal cross-sec tion of the in ter nal
struc ture of the south ern wing of the palaeomeander was made
(Kalicki, 1991a: fig. 14). The lo ca tions of these bore holes were
not in cluded on an ad di tional top o graphic map at tached to the
same fig ure. The struc ture analysed is filled with silts, sandy
silts and pre served tree trunk frag ment of Tilia sp. (Kalicki,
1991a: figs. 13, 14).

The re sults we ob tained from both F-1 and F-2 sites us ing
the high-res o lu tion ERT method did not, though, al low us to
iden tify the spe cific lithologies that fill the palaeomeanders, and
so these de pos its have not been in cluded in the lithological in -
ter pre ta tion as sep a rate units (Figs. 6 and 7). Us ing a smaller
scale of mea sure ments (smaller elec trode spac ing with the
same high-res o lu tion com bi na tion of mea sure ment ar rays), the
pos si bil i ties of iden ti fy ing in di vid ual sed i men tary units are sim i -
lar. When an a lyz ing the in ver sion re sults for the MOD-2 model
(Fig. 9C), there is rel a tively good dis tinc tion of the main
lithologies, i.e. sands (140 Wm), silts (30 Wm) and al lu vial soils
(40 Wm; cf. Fig. 9B). Prob lems arise when try ing to dis tin guish
fine lay ers of sandy silt (60 Wm) and a subfossil tree trunk
(200 Wm) within the silts (30 Wm). This is due to the small thick -
nesses of the sandy silt lay ers and the low re sis tiv ity con trast
(2:1) be tween them and the sur round ing silts (Fig. 9B). In the
case of the tree trunk, the re sis tiv ity con trast with the sur round -
ing lay ers is not much greater (in re la tion to the sandy sub strate, 
the con trast is even lower). The trunk is also lo cated at a rel a -
tively large depth com pared to its size. This takes it be yond the
range (res o lu tion) of the ERT method. There is also a com pli -
cated mor phol ogy here, with the tree trunk be ing lo cated near a
low er ing of the ter rain. De spite the use of to pog ra phy cor rec tion 
in the in ver sion pro cess, it seems that this kind of mor phol ogy
struc ture may ad di tion ally mask the pres ence of the tree trunk
(see e.g., Tsourlos et al., 1999; Erdoðan et al., 2008; Penz et
al., 2013). The mod el ing per formed shows that the re sults of
ERT stud ies should be ap proached with cau tion. Some rel a -
tively small struc tures may not be dis tin guished in the sec tion,
be cause of a de crease in the res o lu tion of the method with an
in crease in the depth range (Loke, 2012). More over, the more
com pli cated the model, the more dif fi cult it can be to re pro duce
it un am big u ously. This is shown by the re sults of mod el ing stud -

ies by, e.g., Qarqori et al. (2012), Bania and Æwiklik (2013),
Bermejo et al. (2017), WoŸniak and Bania (2019a).

CONCLUSIONS

1. High-res o lu tion ERT method with the use of com bined ar -
rays al lowed char ac ter iza tion of al lu vial de pos its of the Wis³a
River val ley in the vi cin ity of Kraków. Sev eral lay ers dif fer ing in
re sis tiv ity have been dis tin guished in the in verse model re sis tiv -
ity sec tions. By cor re lat ing these re sults with the avail able bore -
hole data, these lay ers were as signed to dis tinct lithological
units.

2. Anal y sis of the gra di ents of the in ter preted re sis tiv ity has
al lowed more pre cise rec og ni tion of the bound aries be tween
dif fer ent lithologies. In some cases, these bound aries de ter -
mined by the gra di ents were not con tin u ous due to the lo cal
geo log i cal struc ture of the re search area. For some ERT pro -
files, by the ap pli ca tion of gra di ent anal y sis, smaller lo cal zones
within the sed i men tary units were also dis tin guished. These
may re flect dif fer ent lithologies or, in some cases, may re sult
from the in ver sion pro cess.

3. In the ERT cross-sec tions for the F-1 re search site, in -
crease in the in ter preted re sis tiv ity of the near-sur face
geoelectrical lay ers to the east, i.e. away from the Pleszów
post-in dus trial waste heap (PPIWH), has been ob served. Ad di -
tional anal y sis of wa ter re sis tiv ity mea sure ments in the Kanar
chan nel showed that the PPIWH pol lutes the wa ter in the chan -
nel, as well as in the ground wa ter in the subsurface de pos its.
This trend com prises an in crease in the in ter preted re sis tiv ity
val ues with dis tance from the source of con tam i na tion. 2D
geoelectrical MOD-1 mod el ling to gether with cor re spond ing in -
ver sion of the re sults il lus trates this pat tern more clearly.

4. De spite the use of high-res o lu tion ERT with the use of
com bined ar rays, we were not able to dis tin guish in di vid ual
lithologies fill ing the palaeomeanders in the geoelectrical
cross-sec tions. The ERT method pro vided a gen er al ized im age 
of the palaeomeander fill, as did 2D mod el ing (MOD-2) of part
of a palaeomeander at the F-1 re search site.

5. Data ob tained from the ERT mea sure ments at both the
F-1 and F-2 re search sites al lowed the iden ti fi ca tion of the spa -
tial dis tri bu tion of lithologies within an area of the Wis³a River
val ley in Kraków, pro vid ing a fur ther im ple men ta tion of the ERT
method in flu vial de pos its.
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