" RESEARCH “6(“

Geological Quarterly, 2023, 67: 58
DOI: http://dx.doi.org/10.7306/gq.1735

This paper is a part of Climate and environmental changes
recorded in loess covers (eds. Maria tanczont, Przemystaw
Mroczek and Wojciech Granoszewski)

Electrical resistivity tomography as a modern tool for identifying loess covers —
case study the Magdalenian site Wilczyce 10 (Sandomierz Upland, Poland)

Bogdan ZOGALA', Przemystaw MROCZEK? *, Maria LANCZONT? and Iwona STAN-KLECZEK'

1 University of Silesia, Institute of Earth Sciences, Faculty of Natural Sciences, ul. Bedzinska 60, 41-200 Sosnowiec, Po-
land, ORCID: 0000-0002-6397-5599 [B.Z.], 0000-0003-0757-5926 [I.S.-K.]

2 Maria Curie-Sktodowska University, Institute of Earth and Environmental Sciences, al. Krasnicka 2d, 20-718 Lublin, Po-
land ORCID: 0000-0003-2702-5577 [P.M.], 0000-0002-0459-8658 [M.t..]

Zogata, B., Mroczek, P., Lanczont, M., Stan-Kteczek, |., 2024. Electrical resistivity tomography as a modern tool for identify-
ing loess covers — case study the Magdalenian site Wilczyce 10 (Sandomierz Upland, Poland). Geological Quarterly, 67: 57;
https://doi.org/10.7306/9q.1735

This research utilises electrical resistivity tomography (ERT) in geophysical surveys conducted in the vicinity of a Magda-
lenian (Upper Palaeolithic) site in Wilczyce, Poland, focusing on loess covers and their litho- and pedological formation in re-
lation to bedrock. The study yields several key findings: ERT effectively determines the depth of the rock mass.
Measurements were made along two 200 m long measurement lines. High-resolution ERT sequences enable precise
boundary delineation between layers, uncovering distinct palaeorelief and identifying large palaeo-cavities. Achieving reli-
able results requires well-designed research plans and the use of the Schlumberger-Wenner or gradient array. The study
also confirms the continuity of the L1 loess cover, variable thickness (ranging from 5 to 15 metres), and lithological identifica-
tion through electrical resistivity imaging. The presence of a wavy palaeosurface beneath the loess layer indicates past land-
scape undulations, offering insights into geomorphological evolution and soil transformations in the presence of the loess
mantle. While interglacial palaeosol (S1) was reliably detected, identifying lower-ranked mid-loess palaeosols posed chal-
lenges, highlighting complexities in soil formation processes and limitations in discerning underdeveloped horizons with
electrical resistivity cross-section. The study specifically examines the sequence of loess-palaeosol S0-L1-S1, providing
valuable insights into the geological and palaeoenvironmental context of the Late Magdalenian site.
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INTRODUCTION

In palaeoenvironmental research, particularly in the recog-
nition of loess layers and archaeological sites commonly found
within them, the 2D resistivity method, known as electrical resis-
tivity tomography (ERT) or electrical resistivity imaging (ERI),
plays a crucial role. Its primary advantages lie in its non-inva-
sive nature and ability to quickly conduct tests and generate re-
sults. ERT/RI helps address various challenges, including de-
termining the extent, thickness, and depth of loess layers, re-
constructing palaeorelief, identifying fossil soils, and locating
Palaeolithic sites inhabited by early humans (Lanczont et al.,
2014, 2015a, b, ¢; Zogata, 2015; Ling et al., 2016; Zeng et al.,
2016). It enables the resolution of several issues, including the
determination of the extent, thickness, and depth of loess lay-
ers, the reconstruction of palaeorelief, the separation of fossil
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soils, and the location and identification of archaeological sites
inhabited by Palaeolithic people. The reconstruction of
palaeorelief holds significant importance in archaeology, espe-
cially when the original arrangement of cultural layers has been
disrupted due to post-depositional processes, primarily peri-
glacial processes (Deeben et al., 2010), which frequently occur
in areas particularly susceptible to slope processes. Cultural ar-
tifacts carried by solifluction-deluvial flows may have been dis-
placed over varying distances. Hence, questions arise regard-
ing their original placement and the necessity of reconstructing
the former topographical surface from the settlement period.
Research conducted using this method often serves as prelimi-
nary research, helping to delineate potential excavation sites. In
the field of hydrogeophysics, which has seen recent intensive
development, the ERT method ranks among the most crucial
geophysical methods. Its high sensitivity characterises the
hydromechanical and structural properties of loess, which are
pivotal for understanding its stability as both soil and subsurface
structure (Qin et al., 2020). It is also used to identify water infil-
tration that can initiate mass movement (Zhao et al., 2020;
Feng et al., 2020; Zhang et al., 2022; Bian et al., 2022) and for
detecting reservoir waters with significant spatial heterogeneity
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(Palis et al., 2017; Whiteley et al., 2019). The presented re-
search aimed to explicitly recognise the loess cover and the
palaeorelief at the archaeological site of Wilczyce 10 near
Sandomierz, Poland, using the electrical resistivity tomography
method.

FACTORS DETERMINING THE ELECTRICAL
RESISTIVITY OF ROCKS

The resistivity method is based on resistivity changes in the
geological medium. Changes in resistivity result from both natu-
ral factors like the structure and texture of the rocks (Plewa and
Plewa, 1992; Schon, 1996; Zogata and Stan-Kteczek, 2022)
and artificial: as a result of human activity, e.g., mining, drilling,
earthworks, or contamination (Ryncarz, 1993; Mendecki et al.,
2013; Zogata, 2013). Mass movement is also important (de Bari
etal., 2011; Fabregat et al., 2017). Each type of rock has a spe-
cific range of resistivity values. The resistivity range for a spe-
cific type of rock can vary widely (Table 1).

The wide range of resistivity values depends on several fac-
tors: water content and mineralisation degree (the higher the
mineralisation, the lower the electrical resistivity), stratification,
and clay minerals. A specific parameter affecting the resistivity
is the porosity of the rocks. In the case of dry pores, the resistiv-
ity value increases significantly; conversely, when the rocks are
saturated with water, it decreases markedly. Clay minerals, be-
ing excellent conductors, strongly reduce the resistivity of the
rocks in which they are present. The water content is another
factor that lowers the resistivity value; the more mineralised the
water, the lower the resistivity. These factors illustrate that with-
out knowledge of the lithology. It can only infer changes in an
electrical parameter, namely the separate resistivity layers.

PARAMETERS AFFECTING THE RESISTIVITY VALUES
OF LOESS SEDIMENTS

Loess deposits are unique sediments for resistivity mea-
surement, primarily due to their aeolian accumulation. Due to
the physical and chemical similarities among various loess lay-
ers, they relatively often form covers composed of strata from
different periods, but exhibiting no lithological differences. Ac-
curate measurement of the loess covers’ thickness is feasible
only when the underlying layer exhibits a distinct resistivity con-
trast. From the perspective of recognising loess layers, their

wide resistivity range is crucial (Table 1). This range mainly re-
sults from lithological diversity, including sandiness, the pres-
ence of clay minerals and soil sediments, and, to a lesser ex-
tent, their porosity and water content.

Polish periglacial loess typically comprises quartz
(60—80%), aluminosilicates (10—20%), iron oxides (several per-
cent), and calcium carbonate (up to 15%; Skurzynski et al.,
2019, 2024; Skurzynski, 2020). Minor quantities of micas,
glauconite, phosphate rock, and heavy minerals are also pres-
ent (Malinowski, 1971; Racinowski, 1976; Chlebowski and
Lindner, 1991; tanczont and Wilgat, 1994; Maruszczak and
Wilgat, 1995). The clay minerals mainly include kaolinite and
hydromicas. Their presence varies across different loess hori-
zons. In the upper part of the younger loess (L1), the content
ranges from 1-3%, while in older horizons, it can reach up to
15% (Malinowski, 1959; Kowalska et al., 2022).

An increase in clay minerals significantly reduces electrical
resistivity. Effective recognition of loess sequences is possible
when different loess fractions vary in clay mineral content. How-
ever, within a given loess facies, the concentration of these min-
erals should remain relatively consistent (Zogata et al., 2015).

Soil materials, which are slightly different from loess, be-
come less effective electrical conductors due to changes in the
granulometric and mineralogical composition of the loess mate-
rial due to the soil-forming process. A decrease in resistivity in
soil sediments is observed when they mix with loess material,
for instance, due to solifluction or when loess separates soil lay-
ers. Consequently, the lower resistivity values recorded by
measuring equipment reflect the entire geological rock complex
(Zogata et al., 2015). Iron oxides also lower the electrical resis-
tivity value. Loess composition is predominantly dust fraction,
constituting 60—-70%, followed by up to ~20% each of the clay
and sand fractions (cf. tanczont et al., 2014, 2015b). The aver-
age loess fraction size is 0.02—0.05 mm. Colluvial and alluvial
loess contains more sand fractions, while weathered (clay)
loess has a higher clay fraction. Generally, smaller fractions
correspond to lower resistivity values.

Porosity and moisture content also significantly impact the
measured electrical resistivity. These two factors are interre-
lated. Loess porosity is high, reaching approximately 40-60%
(Frankowski and Grabowski, 2006), and tends to decrease with
depth. A reduction in porosity always accompanies a decrease
in resistivity. Conversely, lower moisture content results in in-
creased resistivity.

Table 1

The electrical resistivity ranges for rocks characteristic of loess areas

Type of rocks Resistivity [Qm] References
Limestone 50-5000
Clay 1-100 Loke (2011)
Shale 20-2000
Gravel 100-10000 Ward (1990)
Loess 30-100
Mules 20-50
Gravel and sand 50-10000 Knddel et al. (2007)
Clay (wet) 5-30
Clay (dry) >1000
Sand above the groundwater table 250-10000
\Ii\:)aetsesrlogged sands, gravels 8200__36500 Stenzel and Szymanko (1973)
Silt, clay 35-80
Loess 30-100 tanczont et al. (2015b)



https://doi.org/10.1016/j.geomorph.2011.06.013
https://doi.org/10.1016/j.geomorph.2011.06.013
https://doi.org/10.1016/j.geomorph.2017.02.024
https://doi.org/10.1016/j.catena.2021.105874
https://doi.org/10.1007/978-90-481-8702-7_46
https://doi.org/10.1016/j.quaint.2014.03.045
https://doi.org/10.1016/j.quaint.2014.03.045
https://doi.org/10.1016/j.quaint.2018.04.023
https://doi.org/10.1017/qua.2023.69
https://doi.org/10.1029/2018RG000603

Bogdan Zogata et al. / Geological Quarterly, 2023, 67: 58 3

Loess deposits are characterised as poorly diagenetic
rocks. In this context, bound water is crucial rather than free wa-
ter in the pore space. The degree of water mineralisation signifi-
cantly affects electrical resistivity; higher mineralisation always
leads to lower resistivity. Similarly, a reduction in moisture con-
tent corresponds to an increase in resistivity.

METHODS

Geophysical research, which constitutes the main subject
presented in this article, was complemented by analyses of the
litho- and pedological formation of loess covers, based on a
profile from drilling carried out at the culmination of a loess hill
(kanczont et al., 2014, 2015b). Analyses of grain size, humus
content, and carbonates were conducted on the material ob-
tained. The drilling reached the lower boundary of the Vistulian
(Weichselian) loess (L1 = MIS2—MIS4), ending at the upper ho-
rizons of the Last Interglacial palaeosol complex (S1 = MIS5).
Each sample studied represents a 10 cm interval. Particle size
measurements in the range of 0.01-2000 ym were performed
using a Malvern Mastersizer 2000 HydroG diffractometer. The
results obtained were used to calculate the percentage share of
three basic fractions — clay (<5.5 pm), silt (5.5-63 um), and
sand (>63 pm). Additionally, grain size indicators such as mean
grain, kurtosis, and skewness were calculated according to Folk
and Ward (1957), as well as grain size index (GSI
21-52/<21 pm) and U-ratio (16-44/5.5-16 um) indicators (cf.
Ujvari et al., 2016). To visualise the grain size distribution in indi-
vidual samples, a heat map was developed with particle size
measurements divided into 100 logarithmic intervals. The hu-
mus content was determined using the Scheibler method, and
Fe,O3 — using a colorimetric method.

CHARACTERISTICS OF THE STUDY AREA

LOCATION, GEOLOGY AND RELIEF

Geophysical studies were conducted around the Late Mag-
dalenian site of Wilczyce 10 (Fiedorczuk and Schild, 2002;
Schild, 2014; tanczont et al., 2014, 2015b), located in the
Opatéw Upland, on the eastern foreland of the Swietokrzyskie
Mountains (Gilewska, 1972). This is the northeastern part of the
Sandomierz loess patch, which forms the central part of the Pol-
ish section (Fig. 1A) of the North European Loess Belt (e.g.,
Haase et al., 2007; Li et al., 2020; Lehmkuhl et al., 2021).

The study area is located in the contact zone of the Opatéw
Anticlinorium, which is the eastern extension of the tysogory
Anticlinorium zone and the Northern Syncline. Its structural plan
was ultimately shaped during the Hercynian orogeny
(Samsonowicz, 1960; Bielecka, 1968b; Tomczyk, 1974), and
superimposed on it is a Middle Miocene zone of depressions,
likely tectonic, which also includes the Opatdwka region. This is
associated with the development of the northern Fore-Car-
pathian Depression (Bielecka, 1968b). The Opatdwka tectonic
depression is filled with Middle Miocene sediments, when this
region was incorporated into the area of the fore-mountain bas-
ins repeatedly occupied by the oscillating sea bays. These are
sands and silts with inserts of carbonaceous clays and brown
coals, covered by a discontinuous series of glauconitic sands,
as well as limestones and marls interspersed with shell lime-
stones (Bielecka, 1968a). The Quaternary is represented by
two complexes of glacigenic sediments, separated by an inter-
glacial river series. The older complex, from the South Polish
glaciation, is formed as a till clay underlain by a series of glacio-
fluvial sands. The younger Middle Polish glacial period is also

documented by tills, glaciofluvial series, as well as submoraine
and supramoraine varved clays and silts, and patches of
submoraine loess (Czarnecki, 2005). The youngest link in the
Pleistocene sediments is formed by a loess cover up to 25 m
thick in culmination zones (Makowski, 1976). The continuous
loess mantle covers older landforms.

In the landscape of the Opatéw Upland in the Wilczyce
area, the central position is occupied by the east-west oriented
valley of the Opatéwka River, consisting of several distinct ba-
sin-like expansions and narrow structural sills (Fig. 1B). The
depth of its contemporary incision is ~40 m. North of the
Opatéwka River valley, the maximum heights of the plateau
reach 210-217 m a.s.l, while to the south, they exceed
230 m a.s.l. (Fig. 1B, C). The northern slopes of the valley are
noticeably longer and gentler than the southern ones, and they
also have an uneven course, which is conditioned by the pres-
ence of plateau outcrops in the form of promontory peninsulas —
loess remnants representing the full range of terrain exposure.
The loess plateau has a wavy or flat surface, encompassing
three hypsometric levels (Fig. 1B). The plateau is divided by a
system of dry erosional-denudational valleys, with different de-
velopment to the north and south of the Opatéwka River valley.
They form highly branched systems. The largest of them is lo-
cated near Wilczyce.

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

The archaeological site Wilczyce 10 is situated in the culmi-
nation zone of a remnant loess promontory at an elevation of
195-197.4 m a.s.l.,, and 37.4 m above the bottom of the
Opatéwka valley (Fig. 1B, C; Bataga et al., 2008; £anczont et
al.,, 2014, 2015b). This hill forms the eastern part of a seg-
mented loess ridge, separating two basin-like expansions of the
valley. The culmination of the promontory with the site is almost
flat, but the slopes are quite steep, especially from the W, NW,
and NE sides. The slope system is divided by a series of side
hollows and small basin-like valleys. The largest of these, bor-
dering the west of the described culmination and perpendicular
to the Opatdéwka river valley, is 600 m long (Fig. 1C). The top
part of the loess is cut by a network of polygonal structures
(Lanczont et al., 2014, 2015b).

The loess cover surrounding the Wilczyce 10 site is formed
by the youngest loesses of the most recent cycle of aeolian dust
accumulation during the last glaciation. They are designated as
LM loess according to Maruszczak (1991), the main part of
which consists of younger upper loess (LMg), lying on younger
middle and lower loesses (LMs, LMd) separated by soil hori-
zons of lower stratigraphic rank, among which a fossil
gley/cambic soil correlated with MIS 3 (gi/LMd) is distinguished.
The Vistulian loesses rest on the top of the soil complex from
the Last Interglacial s.I. (=MIS 5) and are formed on older upper
loess (LSg; MIS 6). Additionally, at the top of the LMg loess, a
contemporary soil (GH) forms, which is more accurately de-
scribed as a Late Glacial-Holocene soil corresponding to MIS 1
(e.g., Maruszczak 1991; Mroczek, 2018). According to the stra-
tigraphy by Kukla and An (1989) as modified by Markovic et al.
(2008, 2015), this sequence is recorded as: SO-L1LL1-L1SS1-
L1LL2-S1-L2LL1.

Based on field investigations (archaeological excavations,
soil mapping) and the results of laboratory analyses of the drill
core, it can be observed that the loess cover in the vicinity of the
site display variation in terms of structure, lithology,
physicochemical properties, and age (Lanczont et al., 2014,
2015b). The boundaries between the individual layers clearly
denote horizons of buried soils of different stratigraphic ranks
and erosional surfaces (Fig. 2).
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Fig. 1. Location of the study area depicted against: (A) the extent of loess covers in Poland as identified by Maruszczak (2001);
(B) surface sediments mapped by Bielecka (1968a, b); and (C) a hypsometric map showing the distribution of electrical
resistivity profiles (A-B, A’-B’ and C-D) and soil probes, as modified from tanczont et al. (2014)

In the entire analysed sequence, the dominant fraction is
silt, constituting on average 83.5% of the total mass (Fig. 3A,
B). Its share varies widely from 45.4 to 87.9%. The average
content of the clay fraction was 8.2%, with extreme values of
5.8 and 10.8%. Characteristic percentages for the sand fraction
are as follows: 8.1% and a range between 3.1% and 38.5%. In
the heatmap image (Fig. 3B), it is clear that the dominant sub-
fractions are medium and coarse silt (mSi and cSi). Addition-
ally, there is an enrichment in clay in soil horizons, while in the
sand of the primary loess layers — but in this case, the increase
in its share often is limited to individual samples (thin layers).

Generally, the grain size indices are not very variable, and
their values change significantly at the boundaries of adjacent
units reflecting the litho- and pedological formation. The mean

grain size (median) ranges from 16.2 to 37.4 um, with the over-
all sequence averaging 22.3 ym. The average standard devia-
tion for the described sequence is 1.8, varying widely from 1.5
to 3.5. Based on this, the sediments should be considered as
poorly and very poorly sorted, but generally, the sorting im-
proves upwards. The average skewness for the entire analysed
sequence is 0.3, changing from almost 0.0 to 0.4, thus from
symmetrical to positively skewed. Meanwhile, the kurtosis value
for the entire sequence varies widely from 0.6 (flat, broad curve)
to 1.5 (sharp-peaked curve). The high variability of the GSI and
U-ratio indicators suggests that loess formation took place in a
highly dynamic environment. The curves characterising both
aforementioned indices show similar trends, and noticeable
step changes in their values are observed.
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Fig. 2. Characterisation of loess-palaeosol sequences from a borehole drilled at the Wilczyce 10 archaeological site, together
with dating results, stratigraphic interpretation and correlation with marine sediment isotope-oxygen stages (MIS)
according to £anczont et al. (2015b) with modifications

Explanations in the text

Almost the entire sequence is carbonaceous. The only lay-
ers devoid of CaCOj; are the S1 palaeosol unit (drill core bot-
tom) and the contemporary SO soil profile (top). The top of the
loess under the mid-loess palaeosol L1SS1 (correlated with
MIS 3) is also carbonate-free, dividing the profile in terms of
CaCOs; richness into two parts: below, the sediments have a
carbonate compactness of up to a maximum of 7%; whereas
above, it ranges from 7 to 12%. Additionally, in the upper unit,
their maximum values are recorded in the lower part of the
gleyed loess with features of an initial horizon (at a depth of
4-5m) and in the youngest top section under the contemporary
soil (~1.5 m).

The humus content essentially reflects the degree of soil
transformation of the loesses (Fig. 3A). Its maximum values (up
to 1.6%) were found in the contemporary soil (S0) and the top of
the loess L1LL1. In the other units of the profile, its content re-
mains at ~0.2%. Only in the upper horizon of the interstadial soil
L1SS1 and in the Early Glacial Chernozem soil is an increase in
humus content (0.4—0.7%) noticeable.

Increased Fe,O3; content (2-3%) has also been docu-
mented within the palaeosol L1SS1 and the loesses
underlaying it. In the remaining samples, the iron oxide content
was low, at the level of 1.5-2%. Exceptionally low Fe,O3 con-
tent were found in the top horizon of the S1 palaeosol complex.

Soil cover mapping around the archaeological site
(kanczont et al., 2014, 2015b; Mroczek, 2018) demonstrated
strong erosion of the Late Glacial-Holocene soil (S0) formed at
the top of the loess L1LL1. This was confirmed by analyses of
archaeological excavations and most soil probes (Fig. 1C),
where the widespread occurrence of simple ApC-Ck soil pro-
files was documented, that is, soils formed contemporarily di-
rectly on the top of the carbonate loess. The original formation
of soils in the Luvisols type is evidenced by well-developed pro-
files with a sequence of Adel-Et-Bt-C-Ck horizons, buried at the
bottoms of slope hollows. The colluvial layer in their top is com-
posed of redeposited older soil material.

The significant degree of erosion of the loess cover, inter-
preted based on the absence of natural soil cover (zonal soils of
the Luvisols type), translates into the degree of preservation of
cultural layers at the Late Magdalenian site (cf. Schild, 2014).
The distribution of artifacts is closely related to the system of
polygonal structures interpreted as pseudomorphs of ice
wedges, with an OSL age corresponding to the late part of the
Upper Pleniglacial (Kolstrup and Schild, 2014). Artifacts occur
directly under the topsoil or at a depth of only a few tens of centi-
meters in the fill of a depression in the node of a polygonal net-
work (Kolstrup and Schild, 2014).
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GEOPHYSICAL MEASUREMENT where: k is the geometric factor which depends on the arrangement
of selected arrays [m].
BASICS OF RESEARCH METHODOLOGY
. . o . In the ERT method, resistivity measurements are carried
ERT is based on standard variants of resistivity surveys like  out automatically in all sequences with a “momentary and sta-

vertical electrical sounding and electrical resistivity cross-sec-  ple” measuring array with a digital record in the meter's memory
tion. The quantity directly measured in the field is the electrical (Fig. 4).

resistance R = V/I, which is proportional to the apparent resistiv- The results obtained are interpreted using the Res2Dinv
ity p: software. When measurements are made in morphologically di-
verse terrain, the inversion process accounts for the topogra-

p = kR [Qm] phy, including considering the stabilised electrodes’ heights.
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Fig. 4. Diagram of measurement array: Schlumberger (A) and Wenner (B)

O - a centre of the momentary measurement array (point to which the measured value of apparent resistivity refers; Zogata, 2013)
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/ surface area
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h=1/5C1C2

Fig. 5. Apparent resistivity measurement points distribution be-
neath sequence C1-C2 using the Schlumberger-Wenner array,
with the grey line showing the best fit zone from the inversion
process

The final outcome of this inversion is a resistivity cross-section
along the studied profile, depicting variations as a function of
depth.

Good results are achieved in recognising loess covers us-
ing the Schlumberger-Wenner measurement protocole, con-
sisting of two Wenner and Schlumberger arrays. Figure 5
shows the distribution of apparent resistivity points under the
measurement profile.

The method enables continuous detection of electrical lay-
ers at depths ranging from several metres to over 100 m, de-
pending on the electrode spacing. The distance between elec-
trodes determines the detection depth and affects the desired
resolution. In both the Schlumberger-Wenner and gradient ar-
rays, the maximum detection depth is estimated to be approxi-
mately one-fifth of the maximum separation between the cur-
rent electrodes C1 and C2, as shown in Figure 5. When design-
ing measurements, it is important to remember that increasing
the distance between electrodes enhances depth range detec-
tion at the expense of resolution. Consequently, layers with min-
imal thickness may become undetectable, and the recorded re-
sistivity value represents the average resistivity across all thin
layers. Complete depth detection is typically confined to the
central parts of the profile. The edge zones of the resistivity
cross-section are most prone to significant RMS (root mean
square) error, a consequence of the research methodology and
the inversion of measurement data, as detailed in the User’s
Manual for Res2D and 3D (2001).

SCOPE OF FIELDWORK

Measurements were made using a symmetrical Schlum-
berger-Wenner array along two profiles approximately perpen-
dicular to each other: profile A-B with a W-E orientation and
profile C—D with an N-E orientation. The unit distance between
electrodes for A-B and C-D was set at 2.5 m, resulting in a
mainline length of 100 m. With two repositions of the measuring
cable, 50 m each, the final length of the profiles was extended to
200 m. The profiles intersected at a shallow geological bore-
hole, 9 m deep. Additionally, along the trace of the AB profile,
measurements were conducted with a doubled unit spacing be-
tween electrodes, set at 5 m, resulting in a mainline length of
200 m for profile A'-B’. Each repositioning of the measuring ca-
ble did not alter the depth of detection afforded by the length of
the main sequence but increased the length of full detection
along the designed profile (Fig. 5). The XYZ coordinates for
each electrode were determined using GPS. Given the area‘s
topography, all results were interpreted using Res2D software.
The inversion was done using the modify smoothness algorithm

— constrained least-squares method, taking into account the to-
pography, maximum iteration quantity was 5. The locations of
the measurement profiles are shown in Figure 1C.

RESULTS OF ELECTRICAL RESISTIVITY
TOMOGRAPHY

The obtained resistivity cross-sections reveal a distinctly
layered structure with relatively low resistivity values, ranging
from 15 to 235 Om (Fig. 6). The depth of detection along the
A-B and C-D profiles is ~20m, while for the A'-B’ profile, it is
~40 m, due to the applied unit spacing of the electrodes. All
cross-sections are characterised by very low RMS error values,
indicating an excellent fit of the obtained models to the studied
geological medium and, consequently, their high credibility.

In the resistivity image, starting from the top, there are four
layers in sections A-B and C-D, and five layers in section
A'-B’. Layer no. 1, with a resistivity of ~50—100 Qm, maintains a
consistent thickness of ~1.5-2 m. Layer no. 2, showing a resis-
tivity of 20-50 QOm, has a thickness of around 10 m and is con-
sistently stable. Its apparent increase is observed at the begin-
ning of the A-B profile and the end of the C-D profile, also con-
firmed in the deeper A'-B’ profile. Beneath layer no. 2 is a thin
layer no. 3, ~2.5 m thick, with a resistivity of ~50—110 Om. On
the A-B and A’-B’ profiles, a collapse of this layer is observed,
similar to layer no. 2, from ~40 m towards their start and on the
C-D profile from ~150 m towards its end. The next layer, no. 4,
has a resistivity ranging from ~120-300 Qm. Its total thickness,
visible only in the deeper A'-B’ section, reaches ~25 m. The
base of this layer was not reached on the A-B and C-D profiles.
Its ceiling is undulating with noticeable depressions, visible only
in shallow cross-sections. The deeper resistivity cross-section
A’-B’ revealed another low-resistivity layer - layer no. 5. Its top
is identified at a depth of ~35 m, with a resistivity range similar to
layer no. 2 (20-50 Qm). In the deep cross-section A'-B’, the
layer boundaries are smoother, while in the shallower A-B and
C-D cross-sections, the edges are more sharply defined.

INTERPRETATION OF ELECTRICAL RESISTIVITY
CROSS-SECTIONS

The electrical resistivity cross-sections obtained (Fig. 6) are
characterised by very low RMS error values (1.0-1.3%), indi-
cating a perfect fit of the measurement data to the interpreted
theoretical model and confirming an ideal match with the geo-
logical conditions. In the cross-sections, the uppermost layer,
layer no. 1, is visible only in Figure 6A and C and is associated
with the present-day soil. Layer no. 2, also visible in these fig-
ures, correlates well with the loess L1 identified in the study
area, confirming the results of shallow geological drilling to a
depth of 9 m (Lanczont et al., 2014). The slightly higher electri-
cal resistivity values in the ceiling of the loess cover, reaching
~90 Om, can be associated with lower moisture content and a
small amount of sand.

Directly under the loess cover is a thin layer of fossil
palaeosol S1 — layer no. 3 (Fig. 6A, C), also evident in the
borehole. This soil has a granulometric composition different
from the loess (Fig. 3A, B), making it a slightly worse conduc-
tor. The relatively wide range of electrical resistivity in this
layer may result from the presence of loess material, with mix-
ing of loess and soil material or the presence of thin loess
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Fig. 6. Electrical resistivity of three cross-sections located in the vicinity of the archaeological site Wilczyce 10

The paths of these cross-sectional lines are indicated in Figure 1C

laminae causing visible changes in resistivity value. However,
the resolution of the research prevents isolation of individual
several-centimetre laminae.

The three formations described in Figure 6B form one large
sedimentary complex known as the L1-S1 loess-palaeosol se-
quence. The lack of detailed recognition of sediments in this
area is due to the lower resolution, a result of the electrodes be-
ing twice the distance apart compared to the main sequence on
the A-B and C-D profiles. As the distance between the elec-
trodes increases, the recognition depth increases and the reso-
lution decreases. In the bedrock of layer no. 3, there is a com-
plex of fluvioglacial sand and gravel sediments — layer no. 4
(Fig. 6), characterised by a relatively low range of electrical re-
sistivity, possibly due to moisture or water containment. The
morphology of their ceiling is accurately reflected in the high-
resolution shallow profiles A-B and C-D (Fig. 6A, C), which
show an irregular surface with two distinct palaeo-cavities cov-
ered with S1 fossil soil and L1 loess. The greater exploration
depth of the deep profile A'—B’ (Fig. 6B) allowed for determining
the depth of their bottom and estimating their thickness at ~25
m. However, the greater depth results in lower resolution, as
seen in the smoother morphology of the ceiling in this profile.

Finally, the deep electrical resistivity cross-section A'—B’
(Fig. 6B) identified another layer — layer no. 5, characterised by
the same resistivity values as the loess L1 layer (20-50 Om)
and associated with the presence of glacial fill.

When comparing the three described cross-sections, de-
spite similar resistivity ranges, noticeable differences are evi-
dent. High resolution was achieved with a short main profile
(100 m) in the A—B and C-D profiles (Fig. 6A, B). This allowed
for the precise recognition of thin, shallow layers and the accu-
rate determination of their boundaries. However, the depth of
recognition is limited, at ~20 m. With a longer main profile
(200 m) —as in profile A'-B’ (Fig. 6B) — the number of measure-
ment points per unit of length is half that of the shallow A-B and
C-D profiles. Consequently, the resolution is lower, but the rec-
ognition depth is greater, around 40 m. Due to this lower resolu-
tion, the boundaries of the layers appear smoothed and lie hori-
zontally. The shallow layers (layers no. 1-3) were identified as a
single loess-soil sequence. Meanwhile, the greater exploration
depth not only allowed for determining the lower part of the flu-
vioglacial sands and gravels (layer 4) but also for identifying the
presence of layer 5 — glacial till.
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DISCUSSION WITH GEOMORPHOLOGICAL
APPLICABILITY

Electrical resistivity cross-section conducted along two
straight lines perpendicular to each other (Fig. 6) revealed the
continuity of the youngest loess layer (L1), which is commonly
recognised as a typical feature of loess from the last cycle of ae-
olian sedimentation in Europe (e.g., Frechen, 2003; Smalley,
2011; Rousseau, et al., 2018; Lehmkuhl et al., 2021). However,
the cross-section showed variable thickness of these covers,
ranging from ~5 to a maximum of 15 m. This is consistent with
the recognition of loess covers in the Sandomierz-Opatéw re-
gion conducted, among others, by Lindner (1972), Jersak et al.
(1992) and Czarnecki (2005). These thicknesses are also typi-
cal for periglacial loess of the Weichselian age in Europe and
fall within the average values between the “oceanic” thin
loesses of the western part of the continent and the sev-
eral-metre or over 20 m thickness documented in the continen-
tal east (e.g., tanczont et al., 2022). The thickness of the L1
loess here is similar to that of loesses of this age described in
the nearby, key-site of Ziota (also known as Polanow
Samborzecki; e.g., Dolecki and tanczont, 1998; Jary, 2007;
Mroczek, 2013; Moska et al., 2015; Skurzynski et al., 2024).
These sites differ geomorphologically: Wilczyce is situated on a
loess plateau, whereas Zlota lies at the edge of a loess patch,
adjacent to the Vistula River Valley. Despite similarities in lumi-
nescence age (TL, OSL) and litho-pedological formations in
both profiles, Wilczyce features much finer mean grain size
(median) and better-sorted sediments. This suggests selective
wind-blown particle transport from their primary source at the
bottom of the Vistula River Valley. In Ztota, the sediment results
from very short-distance transport, whereas in Wilczyce, the
source is several kilometres away (Panczyk et al., 2020).

Presented in Figure 6, the differing resistivity characteristics
of the loess and the underlying layers allow for the unambigu-
ous lithological identification of the sediments. Based on the re-
sistivity image, it can be concluded that the L1 loess forms a
continuous layer completely covering the older, genetically dif-
ferent substrate. The varying resistivity recorded in different
parts of the electrical resistivity profiles indicates that the loess
was accumulated on a surface with significant, several-
metre-level elevations. The intra-loess palaeo-surface has a
wavy course, which in a spatial context likely corresponds to
concave linear forms (small valleys) and/or closed depressions
separated by convex watersheds. Moreover, a very steep fossil
edge of the buried layer, ~10 m high (Fig. 6C), was completely
buried as a result of aeolian accumulation of L1 loess, reaching
a thickness of at least 15 m here. This is an example of land-
scape inversion that occurred due to the dense covering (mask-
ing) of older landforms under a loess mantle. Similar masking of
the older substrate under Weichselian loess identified in electri-
cal resistivity profiles was also demonstrated by Zogata (2015)
in the Upper Dnister region and the Podillia Upland (Western
Ukraine) and Kotodynska-Gawrysiak (2019) in the westernmost
part of Wolhynian region (Eastern Poland).

The identification of the S1 palaeosol complex in the lower
decimetres of the drill core (Figs. 4 and 5) allows for the inter-
pretation of layers from the electrical resistivity image. The wavy
palaeo-surface described above should also be identified with
soil horizons formed at the top of fluvioglacial deposits. In Fig-
ure 6, this is evident in the diffusive change in resistivity. Addi-
tionally, these changes suggest that there are various
morphologies of soil profiles, and perhaps also a varying de-
gree of preservation of the S1 soil complex. In neighboring ex-
posures (e.g., Ztota, referenced literature above), the soil com-
plex is documented as interglacial, either fully or partially ero-

ded Luvisol with superimposed interstadial chernozem hori-
zons, corresponding together to the evolution of a relatively
warm MIS5 environment and their subsequent periglacial trans-
formation in MIS 4.

The leveled top of the loess cover at the Wilczyce 10 site is
characterized by various soil types, as documented during field-
work (Lanczont et al., 2014, 2015b). The diverse morphology of
soil profiles suggests active soil erosion processes and concur-
rent leveling of the topographic surface. The varying degrees of
development in profiles at the top of the loess (Fig. 1C) imply
significant undulations in the original relief, likely indicative of a
wavy landscape formed in a periglacial environment during the
final stage of the aeolian deposition period. This type of aeolian
character of the loess landscape was reconstructed by Rodzik
et al. (2014) based on studies of the soil cover at the Magda-
lenian site in Klementowice (the Nateczéw Plateau), located
just ~70 km to the NE of Wilczyce. Similar geomorphological
conclusions related to the transformation of Luvisols into
Regosols developed on loess were reached by Loba et al.
(2023), based on examples from SW Poland. However, in the
case of Wilczyce, this variability in soil cover formation was doc-
umented indirectly through geophysical methods along two
straight-line profiles in a catena arrangement, as well as
toposequences.

Electrical resistivity cross-section confirmed the recognition
of lithologically differentiated layers documented in the drill core
by tanczont et al. (2014, 2015b), as well as earlier by Bielecka
(1968a, b). Similarly, interglacial soils (S1, S0) were well recog-
nised, while mid-loess palaeosols of lower stratigraphic rank
were poorly identified. This primarily concerns the interstadial
MIS 3 soil — described in the drill core (Figs. 2 and 3), and also
available in the exposure at Ztota (referenced literature above).
In the electrical resistivity images, there is also a lack of recog-
nition of lower stratigraphic rank soils identified within the loess
L1LL1, which are fundamentally poorly developed (gleysol hori-
zons) and have a thickness of only a few decimeters. The pres-
ence of such 1-3 palaeosols in the loess of the Upper
Pleniglacial has been found in many central European profiles
(e.g., Maruszczak, 1991, 1995; Jary, 2004; Antoine et al., 2009,
2013; Fedorowicz et al., 2013).

CONCLUSIONS

Geophysical surveys of the loess cover have demonstrated
the effectiveness of this method in studying the characteristics
of loess covers — particularly in analysing their litho- and
pedological formation, as well as determining their relationship
to the bedrock. The conducted research enables a number of
conclusions to be drawn, related to both electrical resistivity to-
mography and the geomorphological nature:

— the ERT method in this study enabled complete rock
mass recognition to a depth determined by the main pro-
file length;

— in the 100 m profile, high resolution allowed precise rec-
ognition up to ~20 m, distinguishing four geological lay-
ers: modern soil, loess L1, and fossil soil S1 correlated
with data from a shallow 9 m borehole; layer 4 com-
prised fluvioglacial sands and gravels below exploration
depth;

— in the 200 m profile, recognition extended to around
40 m, with lower resolution identifying three thicker geo-
logical layers: L1-S1 loess-palaeosol sequence (con-
temporary soil, L1 loess, S1 fossil soil), fluvioglacial
sands and gravels, and low-resistivity glacial till (base
below recognition depth);
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— high-resolution sequences precisely delineated layer
boundaries, revealing distinct palaeorelief on top of flu-
vioglacial sands and gravels, along with large palaeo-
cavities beneath fossil palaeosol S1 and loess L1 de-
posits, facilitating older relief reconstruction.

The studies presented above also allow us to draw a num-
ber of conclusions about the characteristics of the L1 loess
cover — the most important of which are:

— the ERT method confirms L1 loess continuity, a key fea-
ture of recent aeolian sedimentation in Europe, with vari-
able thickness (5-15 m), typical for Weichselian
periglacial loess;

— clear lithological identification via electrical resistivity im-
aging reveals a wavy palaeo-surface under the loess
layer, indicating undulations in the original relief, crucial
for understanding geomorphological evolution and soil
transformations under the loess mantle;

— the typological diversity of soils at the top of the loess
cover indicates intense erosion and leveling of the origi-
nal landforms. The interglacial paleosol (S1) is clearly
identified, but palaeosols of lower stratigraphic rank are
poorly documented. This points to the complexity of the
soil formation processes and the challenges in detecting
underdeveloped horizons using electrical resistivity
cross-sections.
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