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This re search uti lises elec tri cal re sis tiv ity to mog ra phy (ERT) in geo phys i cal sur veys con ducted in the vi cin ity of a Mag da -
lenian (Up per Palaeo lithic) site in Wilczyce, Po land, fo cus ing on loess cov ers and their litho- and pedological for ma tion in re -
la tion to bed rock. The study yields sev eral key find ings: ERT ef fec tively de ter mines the depth of the rock mass.
Mea sure ments were made along two 200 m long mea sure ment lines. High-res o lu tion ERT se quences en able pre cise
bound ary de lin ea tion be tween lay ers, un cov er ing dis tinct palaeorelief and iden ti fy ing large palaeo-cav i ties. Achiev ing re li -
able re sults re quires well-de signed re search plans and the use of the Schlumberger-Wenner or gra di ent ar ray. The study
also con firms the con ti nu ity of the L1 loess cover, vari able thick ness (rang ing from 5 to 15 metres), and lithological iden ti fi ca -
tion through elec tri cal re sis tiv ity im ag ing. The pres ence of a wavy palaeosurface be neath the loess layer in di cates past land -
scape un du la tions, of fer ing in sights into geomorphological evo lu tion and soil trans for ma tions in the pres ence of the loess
man tle. While inter gla cial palaeosol (S1) was re li ably de tected, iden ti fy ing lower-ranked mid-loess palaeosols posed chal -
lenges, high light ing com plex i ties in soil for ma tion pro cesses and lim i ta tions in dis cern ing un der de vel oped ho ri zons with
elec tri cal re sis tiv ity cross-sec tion. The study spe cif i cally ex am ines the se quence of loess-palaeosol S0-L1-S1, pro vid ing
valu able in sights into the geo log i cal and palaeoenvironmental con text of the Late Mag da lenian site.

Key words: Weichselian, Palaeo lithic, palaeorelief, palaeosol, in ter pre ta tion, Schlumberger-Wenner ar ray.

INTRODUCTION

In palaeoenvironmental re search, par tic u larly in the rec og -
ni tion of loess lay ers and ar chae o log i cal sites com monly found
within them, the 2D re sis tiv ity method, known as elec tri cal re sis -
tiv ity to mog ra phy (ERT) or elec tri cal re sis tiv ity im ag ing (ERI),
plays a cru cial role. Its pri mary ad van tages lie in its non-in va -
sive na ture and abil ity to quickly con duct tests and gen er ate re -
sults. ERT/RI helps ad dress var i ous chal lenges, in clud ing de -
ter min ing the ex tent, thick ness, and depth of loess lay ers, re -
con struct ing palaeorelief, iden ti fy ing fos sil soils, and lo cat ing
Palaeo lithic sites in hab ited by early hu mans (£anczont et al.,
2014, 2015a, b, c; ¯oga³a, 2015; Ling et al., 2016; Zeng et al.,
2016). It en ables the res o lu tion of sev eral is sues, in clud ing the
de ter mi na tion of the ex tent, thick ness, and depth of loess lay -
ers, the re con struc tion of palaeorelief, the sep a ra tion of fos sil

soils, and the lo ca tion and iden ti fi ca tion of ar chae o log i cal sites
in hab ited by Palaeo lithic peo ple. The re con struc tion of
palaeorelief holds sig nif i cant im por tance in ar chae ol ogy, es pe -
cially when the orig i nal ar range ment of cul tural lay ers has been
dis rupted due to post-depositional pro cesses, pri mar ily peri -
glacial pro cesses (Deeben et al., 2010), which fre quently oc cur
in ar eas par tic u larly sus cep ti ble to slope pro cesses. Cul tural ar -
ti facts car ried by solifluction-deluvial flows may have been dis -
placed over vary ing dis tances. Hence, ques tions arise re gard -
ing their orig i nal place ment and the ne ces sity of re con struct ing
the for mer top o graph i cal sur face from the set tle ment pe riod.
Re search con ducted us ing this method of ten serves as pre lim i -
nary re search, help ing to de lin eate po ten tial ex ca va tion sites. In 
the field of hydrogeophysics, which has seen re cent in ten sive
de vel op ment, the ERT method ranks among the most cru cial
geo phys i cal meth ods. Its high sen si tiv ity char ac ter ises the
hydromechanical and struc tural prop er ties of loess, which are
piv otal for un der stand ing its sta bil ity as both soil and subsurface 
struc ture (Qin et al., 2020). It is also used to iden tify wa ter in fil -
tra tion that can ini ti ate mass move ment (Zhao et al., 2020;
Feng et al., 2020; Zhang et al., 2022; Bian et al., 2022) and for
de tect ing res er voir wa ters with sig nif i cant spa tial het er o ge ne ity
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(Palis et al., 2017; Whiteley et al., 2019). The pre sented re -
search aimed to ex plic itly re cog nise the loess cover and the
palaeorelief at the ar chae o log i cal site of Wilczyce 10 near
Sandomierz, Po land, us ing the elec tri cal re sis tiv ity to mog ra phy
method.

FACTORS DETERMINING THE ELECTRICAL
RESISTIVITY OF ROCKS

The re sis tiv ity method is based on re sis tiv ity changes in the
geo log i cal me dium. Changes in re sis tiv ity re sult from both nat u -
ral fac tors like the struc ture and tex ture of the rocks (Plewa and
Plewa, 1992; Schön, 1996; ¯oga³a and Stan-K³eczek, 2022)
and ar ti fi cial: as a re sult of hu man ac tiv ity, e.g., min ing, drill ing,
earth works, or con tam i na tion (Ryncarz, 1993; Mendecki et al.,
2013; ̄ oga³a, 2013). Mass move ment is also im por tant (de Bari 
et al., 2011; Fabregat et al., 2017). Each type of rock has a spe -
cific range of re sis tiv ity val ues. The re sis tiv ity range for a spe -
cific type of rock can vary widely (Ta ble 1).

The wide range of re sis tiv ity val ues de pends on sev eral fac -
tors: wa ter con tent and min er ali sa tion de gree (the higher the
min er ali sa tion, the lower the elec tri cal re sis tiv ity), strat i fi ca tion,
and clay min er als. A spe cific pa ram e ter af fect ing the re sis tiv ity
is the po ros ity of the rocks. In the case of dry pores, the re sis tiv -
ity value in creases sig nif i cantly; con versely, when the rocks are
sat u rated with wa ter, it de creases mark edly. Clay min er als, be -
ing ex cel lent con duc tors, strongly re duce the re sis tiv ity of the
rocks in which they are pres ent. The wa ter con tent is an other
fac tor that low ers the re sis tiv ity value; the more min er al ised the
wa ter, the lower the re sis tiv ity. These fac tors il lus trate that with -
out knowl edge of the li thol ogy. It can only in fer changes in an
elec tri cal pa ram e ter, namely the sep a rate re sis tiv ity lay ers.

PARAMETERS AFFECTING THE RESISTIVITY VALUES 
OF LOESS SEDIMENTS

Loess de pos its are unique sed i ments for re sis tiv ity mea -
sure ment, pri mar ily due to their ae olian ac cu mu la tion. Due to
the phys i cal and chem i cal sim i lar i ties among var i ous loess lay -
ers, they rel a tively of ten form cov ers com posed of strata from
dif fer ent pe ri ods, but ex hib it ing no lithological dif fer ences. Ac -
cu rate mea sure ment of the loess cov ers’ thick ness is fea si ble
only when the un der ly ing layer ex hib its a dis tinct re sis tiv ity con -
trast. From the per spec tive of re cog nis ing loess lay ers, their

wide re sis tiv ity range is cru cial (Ta ble 1). This range mainly re -
sults from lithological di ver sity, in clud ing sand i ness, the pres -
ence of clay min er als and soil sed i ments, and, to a lesser ex -
tent, their po ros ity and wa ter con tent.

Pol ish periglacial loess typ i cally com prises quartz
(60–80%), aluminosilicates (10–20%), iron ox ides (sev eral per -
cent), and cal cium car bon ate (up to 15%; Skurzyñski et al.,
2019, 2024; Skurzyñski, 2020). Mi nor quan ti ties of micas,
glauconite, phos phate rock, and heavy min er als are also pres -
ent (Malinowski, 1971; Racinowski, 1976; Chlebowski and
Lindner, 1991; £anczont and Wilgat, 1994; Maruszczak and
Wilgat, 1995). The clay min er als mainly in clude kaolinite and
hydromicas. Their pres ence var ies across dif fer ent loess ho ri -
zons. In the up per part of the youn ger loess (L1), the con tent
ranges from 1–3%, while in older ho ri zons, it can reach up to
15% (Malinowski, 1959; Kowalska et al., 2022).

An in crease in clay min er als sig nif i cantly re duces elec tri cal
re sis tiv ity. Ef fec tive rec og ni tion of loess se quences is pos si ble
when dif fer ent loess frac tions vary in clay min eral con tent. How -
ever, within a given loess fa cies, the con cen tra tion of these min -
er als should re main rel a tively con sis tent (¯oga³a et al., 2015).

Soil ma te ri als, which are slightly dif fer ent from loess, be -
come less ef fec tive elec tri cal con duc tors due to changes in the
granulometric and min er al og i cal com po si tion of the loess ma te -
rial due to the soil-form ing pro cess. A de crease in re sis tiv ity in
soil sed i ments is ob served when they mix with loess ma te rial,
for in stance, due to solifluction or when loess sep a rates soil lay -
ers. Con se quently, the lower re sis tiv ity val ues re corded by
mea sur ing equip ment re flect the en tire geo log i cal rock com plex 
(¯oga³a et al., 2015). Iron ox ides also lower the elec tri cal re sis -
tiv ity value. Loess com po si tion is pre dom i nantly dust frac tion,
con sti tut ing 60–70%, fol lowed by up to ~20% each of the clay
and sand frac tions (cf. £anczont et al., 2014, 2015b). The av er -
age loess frac tion size is 0.02–0.05 mm. Col lu vial and al lu vial
loess con tains more sand frac tions, while weath ered (clay)
loess has a higher clay frac tion. Gen er ally, smaller frac tions
cor re spond to lower re sis tiv ity val ues.

Po ros ity and mois ture con tent also sig nif i cantly im pact the
mea sured elec tri cal re sis tiv ity. These two fac tors are in ter re -
lated. Loess po ros ity is high, reach ing ap prox i mately 40-60%
(Frankowski and Grabowski, 2006), and tends to de crease with
depth. A re duc tion in po ros ity al ways ac com pa nies a de crease
in re sis tiv ity. Con versely, lower mois ture con tent re sults in in -
creased re sis tiv ity.
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Type of rocks Re sis tiv ity [Wm] Ref er ences

Lime stone 50–5000

Loke (2011)Clay 1–100

Shale 20–2000

Gravel 100–10000 Ward (1990)

Loess 30–100

Knödel et al. (2007)

Mules 20–50

Gravel and sand 50–10000

Clay (wet) 5–30

Clay (dry) >1000

Sand above the ground wa ter ta ble 250–10000

Stenzel and Szymanko (1973)
Wa ter logged sands, grav els 80–350

Loess 20–60

Silt, clay 35–80

Loess 30–100 £anczont et al. (2015b)

T a  b l e  1

The elec tri cal re sis tiv ity ranges for rocks char ac ter is tic of loess ar eas
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Loess de pos its are char ac ter ised as poorly diagenetic
rocks. In this con text, bound wa ter is cru cial rather than free wa -
ter in the pore space. The de gree of wa ter min er ali sa tion sig nif i -
cantly af fects elec tri cal re sis tiv ity; higher min er ali sa tion al ways
leads to lower re sis tiv ity. Sim i larly, a re duc tion in mois ture con -
tent cor re sponds to an in crease in re sis tiv ity.

METHODS

Geo phys i cal re search, which con sti tutes the main sub ject
pre sented in this ar ti cle, was com ple mented by anal y ses of the
litho- and pedological for ma tion of loess cov ers, based on a
pro file from drill ing car ried out at the cul mi na tion of a loess hill
(£anczont et al., 2014, 2015b). Anal y ses of grain size, hu mus
con tent, and car bon ates were con ducted on the ma te rial ob -
tained. The drill ing reached the lower bound ary of the Vistulian
(Weichselian) loess (L1 = MIS2–MIS4), end ing at the up per ho -
ri zons of the Last Inter gla cial palaeosol com plex (S1 = MIS5).
Each sam ple stud ied rep re sents a 10 cm in ter val. Par ti cle size
mea sure ments in the range of 0.01–2000 µm were per formed
us ing a Malvern Mastersizer 2000 HydroG diffractometer. The
re sults ob tained were used to cal cu late the per cent age share of 
three ba sic frac tions – clay (<5.5 µm), silt (5.5–63 µm), and
sand (>63 µm). Ad di tion ally, grain size in di ca tors such as mean
grain, kurtosis, and skew ness were cal cu lated ac cord ing to Folk 
and Ward (1957), as well as grain size in dex (GSI
21-52/<21 µm) and U-ra tio (16-44/5.5-16 µm) in di ca tors (cf.
Ujvari et al., 2016). To visu al ise the grain size dis tri bu tion in in di -
vid ual sam ples, a heat map was de vel oped with par ti cle size
mea sure ments di vided into 100 log a rith mic in ter vals. The hu -
mus con tent was de ter mined us ing the Scheibler method, and
Fe2O3 – us ing a colorimetric method.

CHARACTERISTICS OF THE STUDY AREA

LOCATION, GEOLOGY AND RELIEF

Geo phys i cal stud ies were con ducted around the Late Mag -
da lenian site of Wilczyce 10 (Fiedorczuk and Schild, 2002;
Schild, 2014; £anczont et al., 2014, 2015b), lo cated in the
Opatów Up land, on the east ern fore land of the Œwiêtokrzyskie
Moun tains (Gilewska, 1972). This is the north east ern part of the 
Sandomierz loess patch, which forms the cen tral part of the Pol -
ish sec tion (Fig. 1A) of the North Eu ro pean Loess Belt (e.g.,
Haase et al., 2007; Li et al., 2020; Lehmkuhl et al., 2021).

The study area is lo cated in the con tact zone of the Opatów
Anticlinorium, which is the east ern ex ten sion of the £ysogóry
Anticlinorium zone and the North ern Syncline. Its struc tural plan 
was ul ti mately shaped dur ing the Hercynian orog eny
(Samsonowicz, 1960; Bielecka, 1968b; Tomczyk, 1974), and
su per im posed on it is a Mid dle Mio cene zone of de pres sions,
likely tec tonic, which also in cludes the Opatówka re gion. This is
as so ci ated with the de vel op ment of the north ern Fore-Car -
pathian De pres sion (Bielecka, 1968b). The Opatówka tec tonic
de pres sion is filled with Mid dle Mio cene sed i ments, when this
re gion was in cor po rated into the area of the fore-moun tain bas -
ins re peat edly oc cu pied by the os cil lat ing sea bays. These are
sands and silts with in serts of car bo na ceous clays and brown
coals, cov ered by a dis con tin u ous se ries of glauconitic sands,
as well as lime stones and marls in ter spersed with shell lime -
stones (Bielecka, 1968a). The Qua ter nary is rep re sented by
two com plexes of glacigenic sed i ments, sep a rated by an inter -
gla cial river se ries. The older com plex, from the South Pol ish
gla ci ation, is formed as a till clay un der lain by a se ries of glacio -
fluvial sands. The youn ger Mid dle Pol ish gla cial pe riod is also

doc u mented by tills, glaciofluvial se ries, as well as submoraine
and supramoraine varved clays and silts, and patches of
submoraine loess (Czarnecki, 2005). The youn gest link in the
Pleis to cene sed i ments is formed by a loess cover up to 25 m
thick in cul mi na tion zones (Makowski, 1976). The con tin u ous
loess man tle cov ers older land forms.

In the land scape of the Opatów Up land in the Wilczyce
area, the cen tral po si tion is oc cu pied by the east-west ori ented
val ley of the Opatówka River, con sist ing of sev eral dis tinct ba -
sin-like ex pan sions and nar row struc tural sills (Fig. 1B). The
depth of its con tem po rary in ci sion is ~40 m. North of the
Opatówka River val ley, the max i mum heights of the pla teau
reach 210–217 m a.s.l., while to the south, they ex ceed
230 m a.s.l. (Fig. 1B, C). The north ern slopes of the val ley are
no tice ably lon ger and gen tler than the south ern ones, and they
also have an un even course, which is con di tioned by the pres -
ence of pla teau out crops in the form of prom on tory pen in su las – 
loess rem nants rep re sent ing the full range of ter rain ex po sure.
The loess pla teau has a wavy or flat sur face, en com pass ing
three hypsometric lev els (Fig. 1B). The pla teau is di vided by a
sys tem of dry ero sional-denudational val leys, with dif fer ent de -
vel op ment to the north and south of the Opatówka River val ley.
They form highly branched sys tems. The larg est of them is lo -
cated near Wilczyce.

LOESS COVER IN THE AREA OF WILCZYCE 10 SITE 
AND ITS STRATIGRAPHIC DIFFERENTIATION

The ar chae o log i cal site Wilczyce 10 is sit u ated in the cul mi -
na tion zone of a rem nant loess prom on tory at an el e va tion of
195–197.4 m a.s.l., and 37.4 m above the bot tom of the
Opatówka val ley (Fig. 1B, C; Ba³aga et al., 2008; £anczont et
al., 2014, 2015b). This hill forms the east ern part of a seg -
mented loess ridge, sep a rat ing two ba sin-like ex pan sions of the 
val ley. The cul mi na tion of the prom on tory with the site is al most
flat, but the slopes are quite steep, es pe cially from the W, NW,
and NE sides. The slope sys tem is di vided by a se ries of side
hol lows and small ba sin-like val leys. The larg est of these, bor -
der ing the west of the de scribed cul mi na tion and per pen dic u lar
to the Opatówka river val ley, is 600 m long (Fig. 1C). The top
part of the loess is cut by a net work of po lyg o nal struc tures
(£anczont et al., 2014, 2015b).

The loess cover sur round ing the Wilczyce 10 site is formed
by the youn gest loesses of the most re cent cy cle of ae olian dust 
ac cu mu la tion dur ing the last gla ci ation. They are des ig nated as
LM loess ac cord ing to Maruszczak (1991), the main part of
which con sists of youn ger up per loess (LMg), ly ing on youn ger
mid dle and lower loesses (LMs, LMd) sep a rated by soil ho ri -
zons of lower strati graphic rank, among which a fos sil
gley/cambic soil cor re lated with MIS 3 (gi/LMd) is dis tin guished. 
The Vistulian loesses rest on the top of the soil com plex from
the Last Inter gla cial s.l. (=MIS 5) and are formed on older up per
loess (LSg; MIS 6). Ad di tion ally, at the top of the LMg loess, a
con tem po rary soil (GH) forms, which is more ac cu rately de -
scribed as a Late Gla cial-Ho lo cene soil cor re spond ing to MIS 1
(e.g., Maruszczak 1991; Mroczek, 2018). Ac cord ing to the stra -
tig ra phy by Kukla and An (1989) as mod i fied by Markoviæ et al.
(2008, 2015), this se quence is re corded as: S0-L1LL1-L1SS1-
L1LL2-S1-L2LL1.

Based on field in ves ti ga tions (ar chae o log i cal ex ca va tions,
soil map ping) and the re sults of lab o ra tory anal y ses of the drill
core, it can be ob served that the loess cover in the vi cin ity of the 
site dis play vari a tion in terms of struc ture, li thol ogy,
physicochemical prop er ties, and age (£anczont et al., 2014,
2015b). The bound aries be tween the in di vid ual lay ers clearly
de note ho ri zons of bur ied soils of dif fer ent strati graphic ranks
and ero sional sur faces (Fig. 2).
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In the en tire ana lysed se quence, the dom i nant frac tion is
silt, con sti tut ing on av er age 83.5% of the to tal mass (Fig. 3A,
B). Its share var ies widely from 45.4 to 87.9%. The av er age
con tent of the clay frac tion was 8.2%, with ex treme val ues of
5.8 and 10.8%. Char ac ter is tic per cent ages for the sand frac tion 
are as fol lows: 8.1% and a range be tween 3.1% and 38.5%. In
the heatmap im age (Fig. 3B), it is clear that the dom i nant sub -
frac tions are me dium and coarse silt (mSi and cSi). Ad di tion -
ally, there is an en rich ment in clay in soil ho ri zons, while in the
sand of the pri mary loess lay ers – but in this case, the in crease
in its share of ten is lim ited to in di vid ual sam ples (thin lay ers).

Gen er ally, the grain size in di ces are not very vari able, and
their val ues change sig nif i cantly at the bound aries of ad ja cent
units re flect ing the litho- and pedological for ma tion. The mean

grain size (me dian) ranges from 16.2 to 37.4 µm, with the over -
all se quence av er ag ing 22.3 µm. The av er age stan dard de vi a -
tion for the de scribed se quence is 1.8, vary ing widely from 1.5
to 3.5. Based on this, the sed i ments should be con sid ered as
poorly and very poorly sorted, but gen er ally, the sort ing im -
proves up wards. The av er age skew ness for the en tire ana lysed 
se quence is 0.3, chang ing from al most 0.0 to 0.4, thus from
sym met ri cal to pos i tively skewed. Mean while, the kurtosis value 
for the en tire se quence var ies widely from 0.6 (flat, broad curve) 
to 1.5 (sharp-peaked curve). The high vari abil ity of the GSI and
U-ra tio in di ca tors sug gests that loess for ma tion took place in a
highly dy namic en vi ron ment. The curves char ac ter is ing both
afore men tioned in di ces show sim i lar trends, and no tice able
step changes in their val ues are ob served.
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Fig. 1. Lo ca tion of the study area de picted against: (A) the ex tent of loess cov ers in Po land as iden ti fied by Maruszczak (2001);
(B) sur face sed i ments mapped by Bielecka (1968a, b); and (C) a hypsometric map show ing the dis tri bu tion of elec tri cal

re sis tiv ity pro files (A–B, A’–B’ and C–D) and soil probes, as mod i fied from £anczont et al. (2014)



Al most the en tire se quence is car bo na ceous. The only lay -
ers de void of CaCO3 are the S1 palaeosol unit (drill core bot -
tom) and the con tem po rary S0 soil pro file (top). The top of the
loess un der the mid-loess palaeosol L1SS1 (cor re lated with
MIS 3) is also car bon ate-free, di vid ing the pro file in terms of
CaCO3 rich ness into two parts: be low, the sed i ments have a
car bon ate com pact ness of up to a max i mum of 7%; whereas
above, it ranges from 7 to 12%. Ad di tion ally, in the up per unit,
their max i mum val ues are re corded in the lower part of the
gleyed loess with fea tures of an ini tial ho ri zon (at a depth of
4–5 m) and in the youn gest top sec tion un der the con tem po rary
soil (~1.5 m).

The hu mus con tent es sen tially re flects the de gree of soil
trans for ma tion of the loesses (Fig. 3A). Its max i mum val ues (up
to 1.6%) were found in the con tem po rary soil (S0) and the top of 
the loess L1LL1. In the other units of the pro file, its con tent re -
mains at ~0.2%. Only in the up per ho ri zon of the interstadial soil 
L1SS1 and in the Early Gla cial Cher nozem soil is an in crease in 
hu mus con tent (0.4–0.7%) no tice able.

In creased Fe2O3 con tent (2–3%) has also been doc u -
mented within the palaeosol L1SS1 and the loesses
underlaying it. In the re main ing sam ples, the iron ox ide con tent
was low, at the level of 1.5–2%. Ex cep tion ally low Fe2O3 con -
tent were found in the top ho ri zon of the S1 palaeosol com plex.

Soil cover map ping around the ar chae o log i cal site
(£anczont et al., 2014, 2015b; Mroczek, 2018) dem on strated
strong ero sion of the Late Gla cial-Ho lo cene soil (S0) formed at
the top of the loess L1LL1. This was con firmed by anal y ses of
ar chae o log i cal ex ca va tions and most soil probes (Fig. 1C),
where the wide spread oc cur rence of sim ple ApC-Ck soil pro -
files was doc u mented, that is, soils formed con tem po rar ily di -
rectly on the top of the car bon ate loess. The orig i nal for ma tion
of soils in the Luvisols type is ev i denced by well-de vel oped pro -
files with a se quence of Adel-Et-Bt-C-Ck ho ri zons, bur ied at the
bot toms of slope hol lows. The col lu vial layer in their top is com -
posed of re de pos ited older soil ma te rial.

The sig nif i cant de gree of ero sion of the loess cover, in ter -
preted based on the ab sence of nat u ral soil cover (zonal soils of 
the Luvisols type), trans lates into the de gree of pres er va tion of
cul tural lay ers at the Late Mag da lenian site (cf. Schild, 2014).
The dis tri bu tion of ar ti facts is closely re lated to the sys tem of
po lyg o nal struc tures in ter preted as pseudo morphs of ice
wedges, with an OSL age cor re spond ing to the late part of the
Up per Pleniglacial (Kolstrup and Schild, 2014). Ar ti facts oc cur
di rectly un der the top soil or at a depth of only a few tens of cen ti -
me ters in the fill of a de pres sion in the node of a po lyg o nal net -
work (Kolstrup and Schild, 2014).
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Fig. 2. Char ac teri sa tion of loess-palaeosol se quences from a bore hole drilled at the Wilczyce 10 ar chae o log i cal site, to gether
with dat ing re sults, strati graphic in ter pre ta tion and cor re la tion with ma rine sed i ment iso tope-ox y gen stages (MIS) 

ac cord ing to £anczont et al. (2015b) with mod i fi ca tions

Ex pla na tions in the text
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GEOPHYSICAL MEASUREMENT

BASICS OF RESEARCH METHODOLOGY

ERT is based on stan dard vari ants of re sis tiv ity sur veys like
ver ti cal elec tri cal sound ing and elec tri cal re sis tiv ity cross-sec -
tion. The quan tity di rectly mea sured in the field is the elec tri cal
re sis tance R = V/I, which is pro por tional to the ap par ent re sis tiv -
ity r:

r = kR [Wm]

where: k is the geo met ric fac tor which de pends on the ar range ment
of se lected ar rays [m].

In the ERT method, re sis tiv ity mea sure ments are car ried
out au to mat i cally in all se quences with a “mo men tary and sta -
ble” mea sur ing ar ray with a dig i tal re cord in the me ter’s mem ory 
(Fig. 4).

The re sults ob tained are in ter preted us ing the Res2Dinv
soft ware. When mea sure ments are made in mor pho log i cally di -
verse ter rain, the in ver sion pro cess ac counts for the to pog ra -
phy, in clud ing con sid er ing the sta bi lised elec trodes’ heights.
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Fig. 3. Char ac ter is tics of the loess-palaeosol se quence in the drill core at the Wilczyce 10 site: A – main frac tions,
granulometric in di ces, hu mus, Fe2O3 and CaCO3 con tent; B – heat map show ing grain size (GS) fre quency and sub frac tions C –

clay, Si – silt, S – sand, f – fine, m – me dium, c – coarse)

Fig. 4. Di a gram of mea sure ment ar ray: Schlumberger (A) and Wenner (B)

O – a cen tre of the mo men tary mea sure ment ar ray (point to which the mea sured value of ap par ent re sis tiv ity re fers; ¯oga³a, 2013)



The fi nal out come of this in ver sion is a re sis tiv ity cross-sec tion
along the stud ied pro file, de pict ing vari a tions as a func tion of
depth.

Good re sults are achieved in re cog nis ing loess cov ers us -
ing the Schlumberger-Wenner mea sure ment protocole, con -
sist ing of two Wenner and Schlumberger ar rays. Fig ure 5
shows the dis tri bu tion of ap par ent re sis tiv ity points un der the
mea sure ment pro file.

The method en ables con tin u ous de tec tion of elec tri cal lay -
ers at depths rang ing from sev eral metres to over 100 m, de -
pend ing on the elec trode spac ing. The dis tance be tween elec -
trodes de ter mines the de tec tion depth and af fects the de sired
res o lu tion. In both the Schlumberger-Wenner and gra di ent ar -
rays, the max i mum de tec tion depth is es ti mated to be ap prox i -
mately one-fifth of the max i mum sep a ra tion be tween the cur -
rent elec trodes C1 and C2, as shown in Fig ure 5. When de sign -
ing mea sure ments, it is im por tant to re mem ber that in creas ing
the dis tance be tween elec trodes en hances depth range de tec -
tion at the ex pense of res o lu tion. Con se quently, lay ers with min -
i mal thick ness may be come un de tect able, and the re corded re -
sis tiv ity value rep re sents the av er age re sis tiv ity across all thin
lay ers. Com plete depth de tec tion is typ i cally con fined to the
cen tral parts of the pro file. The edge zones of the re sis tiv ity
cross-sec tion are most prone to sig nif i cant RMS (root mean
square) er ror, a con se quence of the re search meth od ol ogy and 
the in ver sion of mea sure ment data, as de tailed in the User’s
Man ual for Res2D and 3D (2001).

SCOPE OF FIELDWORK

Mea sure ments were made us ing a sym met ri cal Schlum -
berger-Wenner ar ray along two pro files ap prox i mately per pen -
dic u lar to each other: pro file A–B with a W–E ori en ta tion and
pro file C–D with an N–E ori en ta tion. The unit dis tance be tween
elec trodes for A–B and C–D was set at 2.5 m, re sult ing in a
main line length of 100 m. With two repositions of the mea sur ing
ca ble, 50 m each, the fi nal length of the pro files was ex tended to 
200 m. The pro files in ter sected at a shal low geo log i cal bore -
hole, 9 m deep. Ad di tion ally, along the trace of the AB pro file,
mea sure ments were con ducted with a dou bled unit spac ing be -
tween elec trodes, set at 5 m, re sult ing in a main line length of
200 m for pro file A’–B’. Each re po si tion ing of the mea sur ing ca -
ble did not al ter the depth of de tec tion af forded by the length of
the main se quence but in creased the length of full de tec tion
along the de signed pro file (Fig. 5). The XYZ co or di nates for
each elec trode were de ter mined us ing GPS. Given the area‘s
to pog ra phy, all re sults were in ter preted us ing Res2D soft ware.
The in ver sion was done us ing the mod ify smooth ness al go rithm 

– con strained least-squares method, tak ing into ac count the to -
pog ra phy, max i mum it er a tion quan tity was 5. The lo ca tions of
the mea sure ment pro files are shown in Fig ure 1C.

RESULTS OF ELECTRICAL RESISTIVITY
TOMOGRAPHY

The ob tained re sis tiv ity cross-sec tions re veal a dis tinctly
lay ered struc ture with rel a tively low re sis tiv ity val ues, rang ing
from 15 to 235 Wm (Fig. 6). The depth of de tec tion along the
A–B and C–D pro files is ~20m, while for the A’–B’ pro file, it is
~40 m, due to the ap plied unit spac ing of the elec trodes. All
cross-sec tions are char ac ter ised by very low RMS er ror val ues, 
in di cat ing an ex cel lent fit of the ob tained mod els to the stud ied
geo log i cal me dium and, con se quently, their high cred i bil ity.

In the re sis tiv ity im age, start ing from the top, there are four
lay ers in sec tions A–B and C–D, and five lay ers in sec tion
A’–B’. Layer no. 1, with a re sis tiv ity of ~50–100 Wm, main tains a 
con sis tent thick ness of ~1.5–2 m. Layer no. 2, show ing a re sis -
tiv ity of 20–50 Wm, has a thick ness of around 10 m and is con -
sis tently sta ble. Its ap par ent in crease is ob served at the be gin -
ning of the A–B pro file and the end of the C–D pro file, also con -
firmed in the deeper A’–B’ pro file. Be neath layer no. 2 is a thin
layer no. 3, ~2.5 m thick, with a re sis tiv ity of ~50–110 Wm. On
the A–B and A’–B’ pro files, a col lapse of this layer is ob served,
sim i lar to layer no. 2, from ~40 m to wards their start and on the
C–D pro file from ~150 m to wards its end. The next layer, no. 4,
has a re sis tiv ity rang ing from ~120–300 Wm. Its to tal thick ness,
vis i ble only in the deeper A’–B’ sec tion, reaches ~25 m. The
base of this layer was not reached on the A–B and C–D pro files. 
Its ceil ing is un du lat ing with no tice able de pres sions, vis i ble only 
in shal low cross-sec tions. The deeper re sis tiv ity cross-sec tion
A’–B’ re vealed an other low-re sis tiv ity layer - layer no. 5. Its top
is iden ti fied at a depth of ~35 m, with a re sis tiv ity range sim i lar to 
layer no. 2 (20–50 Wm). In the deep cross-sec tion A’–B’, the
layer bound aries are smoother, while in the shal lower A–B and
C–D cross-sec tions, the edges are more sharply de fined.

INTERPRETATION OF ELECTRICAL RESISTIVITY
CROSS-SECTIONS

The elec tri cal re sis tiv ity cross-sec tions ob tained (Fig. 6) are
char ac ter ised by very low RMS er ror val ues (1.0–1.3%), in di -
cat ing a per fect fit of the mea sure ment data to the in ter preted
the o ret i cal model and con firm ing an ideal match with the geo -
log i cal con di tions. In the cross-sec tions, the up per most layer,
layer no. 1, is vis i ble only in Fig ure 6A and C and is as so ci ated
with the pres ent-day soil. Layer no. 2, also vis i ble in these fig -
ures, cor re lates well with the loess L1 iden ti fied in the study
area, con firm ing the re sults of shal low geo log i cal drill ing to a
depth of 9 m (£anczont et al., 2014). The slightly higher elec tri -
cal re sis tiv ity val ues in the ceil ing of the loess cover, reach ing
~90 Wm, can be as so ci ated with lower mois ture con tent and a
small amount of sand.

Di rectly un der the loess cover is a thin layer of fos sil
palaeosol S1 – layer no. 3 (Fig. 6A, C), also ev i dent in the
bore hole. This soil has a granulometric com po si tion dif fer ent
from the loess (Fig. 3A, B), mak ing it a slightly worse con duc -
tor. The rel a tively wide range of elec tri cal re sis tiv ity in this
layer may re sult from the pres ence of loess ma te rial, with mix -
ing of loess and soil ma te rial or the pres ence of thin loess
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Fig. 5. Ap par ent re sis tiv ity mea sure ment points dis tri bu tion be -
neath se quence C1–C2 us ing the Schlumberger-Wenner ar ray,
with the grey line show ing the best fit zone from the in ver sion
pro cess



laminae caus ing vis i ble changes in re sis tiv ity value. How ever,
the res o lu tion of the re search pre vents iso la tion of in di vid ual
sev eral-centi metre laminae.

The three for ma tions de scribed in Fig ure 6B form one large
sed i men tary com plex known as the L1-S1 loess-palaeosol se -
quence. The lack of de tailed rec og ni tion of sed i ments in this
area is due to the lower res o lu tion, a re sult of the elec trodes be -
ing twice the dis tance apart com pared to the main se quence on
the A–B and C–D pro files. As the dis tance be tween the elec -
trodes in creases, the rec og ni tion depth in creases and the res o -
lu tion de creases. In the bed rock of layer no. 3, there is a com -
plex of flu vio gla cial sand and gravel sed i ments – layer no. 4
(Fig. 6), char ac ter ised by a rel a tively low range of elec tri cal re -
sis tiv ity, pos si bly due to mois ture or wa ter con tain ment. The
mor phol ogy of their ceil ing is ac cu rately re flected in the high-
res o lu tion shal low pro files A–B and C–D (Fig. 6A, C), which
show an ir reg u lar sur face with two dis tinct palaeo-cav i ties cov -
ered with S1 fos sil soil and L1 loess. The greater ex plo ra tion
depth of the deep pro file A’–B’ (Fig. 6B) al lowed for de ter min ing
the depth of their bot tom and es ti mat ing their thick ness at ~25
m. How ever, the greater depth re sults in lower res o lu tion, as
seen in the smoother mor phol ogy of the ceil ing in this pro file.

Fi nally, the deep elec tri cal re sis tiv ity cross-sec tion A’–B’
(Fig. 6B) iden ti fied an other layer – layer no. 5, char ac ter ised by
the same re sis tiv ity val ues as the loess L1 layer (20–50 Wm)
and as so ci ated with the pres ence of gla cial till.

When com par ing the three de scribed cross-sec tions, de -
spite sim i lar re sis tiv ity ranges, no tice able dif fer ences are ev i -
dent. High res o lu tion was achieved with a short main pro file
(100 m) in the A–B and C–D pro files (Fig. 6A, B). This al lowed
for the pre cise rec og ni tion of thin, shal low lay ers and the ac cu -
rate de ter mi na tion of their bound aries. How ever, the depth of
rec og ni tion is lim ited, at ~20 m. With a lon ger main pro file
(200 m) – as in pro file A’–B’ (Fig. 6B) – the num ber of mea sure -
ment points per unit of length is half that of the shal low A–B and
C–D pro files. Con se quently, the res o lu tion is lower, but the rec -
og ni tion depth is greater, around 40 m. Due to this lower res o lu -
tion, the bound aries of the lay ers ap pear smoothed and lie hor i -
zon tally. The shal low lay ers (lay ers no. 1–3) were iden ti fied as a 
sin gle loess-soil se quence. Mean while, the greater ex plo ra tion
depth not only al lowed for de ter min ing the lower part of the flu -
vio gla cial sands and grav els (layer 4) but also for iden ti fy ing the
pres ence of layer 5 – gla cial till.
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Fig. 6. Elec tri cal re sis tiv ity of three cross-sec tions lo cated in the vi cin ity of the ar chae o log i cal site Wilczyce 10

The paths of these cross-sec tional lines are in di cated in Figure 1C



DISCUSSION WITH GEOMORPHOLOGICAL
APPLICABILITY

Elec tri cal re sis tiv ity cross-sec tion con ducted along two
straight lines per pen dic u lar to each other (Fig. 6) re vealed the
con ti nu ity of the youn gest loess layer (L1), which is com monly
re cog nised as a typ i cal fea ture of loess from the last cy cle of ae -
olian sed i men ta tion in Eu rope (e.g., Frechen, 2003; Smalley,
2011; Rous seau, et al., 2018; Lehmkuhl et al., 2021). How ever,
the cross-sec tion showed vari able thick ness of these cov ers,
rang ing from ~5 to a max i mum of 15 m. This is con sis tent with
the rec og ni tion of loess cov ers in the Sandomierz-Opatów re -
gion con ducted, among oth ers, by Lindner (1972), Jersak et al.
(1992) and Czarnecki (2005). These thick nesses are also typ i -
cal for periglacial loess of the Weichselian age in Eu rope and
fall within the av er age val ues be tween the “oce anic” thin
loesses of the west ern part of the con ti nent and the sev -
eral-metre or over 20 m thick ness doc u mented in the con ti nen -
tal east (e.g., £anczont et al., 2022). The thick ness of the L1
loess here is sim i lar to that of loesses of this age de scribed in
the nearby, key-site of Z³ota (also known as Polanów
Samborzecki; e.g., Dolecki and £anczont, 1998; Jary, 2007;
Mroczek, 2013; Moska et al., 2015; Skurzyñski et al., 2024).
These sites dif fer geomorphologically: Wilczyce is sit u ated on a
loess pla teau, whereas Z³ota lies at the edge of a loess patch,
ad ja cent to the Vistula River Val ley. De spite sim i lar i ties in lu mi -
nes cence age (TL, OSL) and litho-pedological for ma tions in
both pro files, Wilczyce fea tures much finer mean grain size
(me dian) and better-sorted sed i ments. This sug gests se lec tive
wind-blown par ti cle trans port from their pri mary source at the
bot tom of the Vistula River Val ley. In Z³ota, the sed i ment re sults
from very short-dis tance trans port, whereas in Wilczyce, the
source is sev eral kilo metres away (Pañczyk et al., 2020).

Pre sented in Fig ure 6, the dif fer ing re sis tiv ity char ac ter is tics 
of the loess and the un der ly ing lay ers al low for the un am big u -
ous lithological iden ti fi ca tion of the sed i ments. Based on the re -
sis tiv ity im age, it can be con cluded that the L1 loess forms a
con tin u ous layer com pletely cov er ing the older, ge net i cally dif -
fer ent sub strate. The vary ing re sis tiv ity re corded in dif fer ent
parts of the elec tri cal re sis tiv ity pro files in di cates that the loess
was ac cu mu lated on a sur face with sig nif i cant, sev eral-
metre-level el e va tions. The intra-loess palaeo-sur face has a
wavy course, which in a spa tial con text likely cor re sponds to
con cave lin ear forms (small val leys) and/or closed de pres sions
sep a rated by con vex wa ter sheds. More over, a very steep fos sil
edge of the bur ied layer, ~10 m high (Fig. 6C), was com pletely
bur ied as a re sult of ae olian ac cu mu la tion of L1 loess, reach ing
a thick ness of at least 15 m here. This is an ex am ple of land -
scape in ver sion that oc curred due to the dense cov er ing (mask -
ing) of older land forms un der a loess man tle. Sim i lar mask ing of 
the older sub strate un der Weichselian loess iden ti fied in elec tri -
cal re sis tiv ity pro files was also dem on strated by ¯oga³a (2015)
in the Up per Dnister re gion and the Podillia Up land (West ern
Ukraine) and Ko³odyñska-Gawrysiak (2019) in the wes tern most 
part of Wolhynian re gion (East ern Po land).

The iden ti fi ca tion of the S1 palaeosol com plex in the lower
decimetres of the drill core (Figs. 4 and 5) al lows for the in ter -
pre ta tion of lay ers from the elec tri cal re sis tiv ity im age. The wavy 
palaeo-sur face de scribed above should also be iden ti fied with
soil ho ri zons formed at the top of flu vio gla cial de pos its. In Fig -
ure 6, this is ev i dent in the dif fu sive change in re sis tiv ity. Ad di -
tion ally, these changes sug gest that there are var i ous
morphologies of soil pro files, and per haps also a vary ing de -
gree of pres er va tion of the S1 soil com plex. In neigh bor ing ex -
po sures (e.g., Z³ota, ref er enced lit er a ture above), the soil com -
plex is doc u mented as inter gla cial, ei ther fully or par tially ero -

ded Luvisol with su per im posed interstadial cher nozem ho ri -
zons, cor re spond ing to gether to the evo lu tion of a rel a tively
warm MIS5 en vi ron ment and their sub se quent periglacial trans -
for ma tion in MIS 4.

The lev eled top of the loess cover at the Wilczyce 10 site is
char ac ter ized by var i ous soil types, as doc u mented dur ing field -
work (£anczont et al., 2014, 2015b). The di verse mor phol ogy of 
soil pro files sug gests ac tive soil ero sion pro cesses and con cur -
rent lev el ing of the top o graphic sur face. The vary ing de grees of
de vel op ment in pro files at the top of the loess (Fig. 1C) im ply
sig nif i cant un du la tions in the orig i nal re lief, likely in dic a tive of a
wavy land scape formed in a periglacial en vi ron ment dur ing the
fi nal stage of the ae olian de po si tion pe riod. This type of ae olian
char ac ter of the loess land scape was re con structed by Rodzik
et al. (2014) based on stud ies of the soil cover at the Mag da -
lenian site in Klementowice (the Na³êczów Pla teau), lo cated
just ~70 km to the NE of Wilczyce. Sim i lar geomorphological
con clu sions re lated to the trans for ma tion of Luvisols into
Regosols de vel oped on loess were reached by Loba et al.
(2023), based on ex am ples from SW Po land. How ever, in the
case of Wilczyce, this vari abil ity in soil cover for ma tion was doc -
u mented in di rectly through geo phys i cal meth ods along two
straight-line pro files in a catena ar range ment, as well as
toposequences.

Elec tri cal re sis tiv ity cross-sec tion con firmed the rec og ni tion
of lithologically dif fer en ti ated lay ers doc u mented in the drill core 
by £anczont et al. (2014, 2015b), as well as ear lier by Bielecka
(1968a, b). Sim i larly, inter gla cial soils (S1, S0) were well re cog -
nised, while mid-loess palaeosols of lower strati graphic rank
were poorly iden ti fied. This pri mar ily con cerns the interstadial
MIS 3 soil – de scribed in the drill core (Figs. 2 and 3), and also
avail able in the ex po sure at Z³ota (ref er enced lit er a ture above).
In the elec tri cal re sis tiv ity im ages, there is also a lack of rec og -
ni tion of lower strati graphic rank soils iden ti fied within the loess
L1LL1, which are fun da men tally poorly de vel oped (gleysol ho ri -
zons) and have a thick ness of only a few deci me ters. The pres -
ence of such 1–3 palaeosols in the loess of the Up per
Pleniglacial has been found in many cen tral Eu ro pean pro files
(e.g., Maruszczak, 1991, 1995; Jary, 2004; Antoine et al., 2009, 
2013; Fedorowicz et al., 2013).

CONCLUSIONS

Geo phys i cal sur veys of the loess cover have dem on strated
the ef fec tive ness of this method in study ing the char ac ter is tics
of loess cov ers – par tic u larly in ana lys ing their litho- and
pedological for ma tion, as well as de ter min ing their re la tion ship
to the bed rock. The con ducted re search en ables a num ber of
con clu sions to be drawn, re lated to both elec tri cal re sis tiv ity to -
mog ra phy and the geomorphological na ture:

– the ERT method in this study en abled com plete rock
mass rec og ni tion to a depth de ter mined by the main pro -
file length;

– in the 100 m pro file, high res o lu tion al lowed pre cise rec -
og ni tion up to ~20 m, dis tin guish ing four geo log i cal lay -
ers: mod ern soil, loess L1, and fos sil soil S1 cor re lated
with data from a shal low 9 m bore hole; layer 4 com -
prised flu vio gla cial sands and grav els be low ex plo ra tion
depth;

– in the 200 m pro file, rec og ni tion ex tended to around
40 m, with lower res o lu tion iden ti fy ing three thicker geo -
log i cal lay ers: L1-S1 loess-palaeosol se quence (con -
tem po rary soil, L1 loess, S1 fos sil soil), flu vio gla cial
sands and grav els, and low-re sis tiv ity gla cial till (base
be low rec og ni tion depth);
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– high-res o lu tion se quences pre cisely de lin eated layer
bound aries, re veal ing dis tinct palaeorelief on top of flu -
vio gla cial sands and grav els, along with large palaeo-
cav i ties be neath fos sil palaeosol S1 and loess L1 de -
pos its, fa cil i tat ing older re lief re con struc tion.

The stud ies pre sented above also al low us to draw a num -
ber of con clu sions about the char ac ter is tics of the L1 loess
cover – the most im por tant of which are:

– the ERT method con firms L1 loess con ti nu ity, a key fea -
ture of re cent ae olian sed i men ta tion in Eu rope, with vari -
able thick ness (5–15 m), typ i cal for Weichselian
periglacial loess;

– clear lithological iden ti fi ca tion via elec tri cal re sis tiv ity im -
ag ing re veals a wavy palaeo-sur face un der the loess
layer, in di cat ing un du la tions in the orig i nal re lief, cru cial
for un der stand ing geomorphological evo lu tion and soil
trans for ma tions un der the loess man tle;

– the ty po logi cal di ver sity of soils at the top of the loess
cover in di cates in tense ero sion and lev el ing of the orig i -
nal land forms. The inter gla cial paleosol (S1) is clearly
iden ti fied, but palaeosols of lower strati graphic rank are
poorly doc u mented. This points to the com plex ity of the
soil for ma tion pro cesses and the chal lenges in de tect ing
un der de vel oped ho ri zons us ing elec tri cal re sis tiv ity
cross-sec tions.
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