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A B S T R A C T   

Geophysical prospecting methods can reveal structures and objects connected with past settlement in a nonin-
vasive manner and thus contribute significantly to understanding a fortified settlement’s function. It is chal-
lenging to discriminate properly between geogenic and anthropogenically influenced soil features. In highly 
magnetic soil that is locally influenced by water, this is not straightforward and more detailed study is needed. 
We propose to address this challenge by combined measurements of electrical resistivity tomography, magnetic 
susceptibility, and elements content on vertical soil profiles. Pedological description is completed by examining 
the content of soil organic matter (OM) and active soil reaction. We found this combination of methods to enable 
distinct identification of water reservoirs (WR) of artificial versus natural origin. Soils in the vicinity of the three 
WRs reflect physicochemical mineral changes by magnetic susceptibility (χ), its frequency dependence param-
eters (χFD, and χFD,%), and differences in element concentrations. The strongly magnetic Cambisol and Cambisol 
with gleying features at the Štěpánov hillfort reveal the best links between χF, χFD, and concentrations of the 
elements Fe, Mn, Ti, Sr, and Ca. The most enriched elements in soil were Pb, S, K, Rb, Si, and Zr compared to 
parent rock. Topsoil accumulates Pb and S originated from recent human activities. Zinc positively correlates 
with OM and magnetic parameters in the acropolis and near WR1. Stagnant water has a significant effect on links 
between magnetic susceptibility and element concentrations, but χ significantly correlates with Ti, Al, Ca, Sr, and 
Cr. This study provides new insight into the applicability of magnetic susceptibility for the identification of past 
settlement at highly magnetic sites in discriminating between natural and anthropogenic particles.   

1. Introduction 

Geophysical methods register natural or artificially generated phys-
ical fields to determine the physical parameters of investigated subsoil, 
bedrock, and artificial or natural structures and objects. These methods 
determine a wide range of physical parameters, such as density, elec-
trical resistivity, velocity of seismic waves, and others (e.g., Blecha et al., 
2018; Klanica et al., 2020). It is possible to infer an environmental model 
based upon acquired physical properties, to fit the measured data, and 
then to interpret that data in terms of natural or anthropogenic struc-
tures. Geophysical methods are widely used today as noninvasive tools 
for imaging of archeological objects (e.g., Leopold et al., 2011; Martínez 
et al., 2015; Urban et al., 2019). They also can be used for detecting 
former hydraulic network or natural water reservoirs (e.g., McLachlan 

et al., 2017; Mele et al., 2013; Uhlemann et al., 2016). 
The investigated Štěpánov hillfort is unique due to the presence of 

water at the acropolis and the bailey, but the origin of these three water 
reservoirs (WRs) is not clear (Šteffl, 2021). The electrical resistivity to-
mography (ERT) can characterize subsurface distribution of electrical 
resistivity and thus distinguish archeological features from surrounding 
geological environment (e.g., Al-Saadi et al., 2017; Leontarakis and 
Apostolopoulos, 2013; Nowaczinski et al., 2012). Because water acts as a 
low-resistivity element, it decreases the subsurface’s electrical resistivity 
and thus allows to identify water-saturated zones or to map the extent of 
water reservoirs. 

The ERT can identify water reservoirs in the subsurface while map-
ping their extent and/or thickness as well as internal structure. How-
ever, the ERT is unable to determine whether Bronze Age inhabitants 
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extensively used the water reservoir. The essential parameter for iden-
tifying human activity in preserved sediments is magnetic susceptibility 
(e.g., Crowther, 2003; Crowther and Barker, 1995). Sediment magnetic 
susceptibility can be influenced by a large number of processes, 
including soil heating (Tite and Mullins, 1971), occurrence of magnetic 
bacteria (Faßbinder et al., 1990), and other mechanisms such as lessiv-
age, solubilization, or leaching (Singer et al., 1996). The magnetic sus-
ceptibility measurements can depict spots of magnetic enhancement 
that when supported by additional laboratory measurements may be 
used as a proxy parameter for the identification of past human settle-
ment activity. Because the investigated site is within a highly magnetic 
area, where magnetic susceptibility is driven primarily by strongly 
magnetic basaltic lithology, a pedogenic magnetic fraction may be 
difficult to assess by the parameter of frequency dependence of magnetic 
susceptibility (χFD%) due to the masking effect of the coarse-grained 
geogenic magnetic fraction (Szuszkiewicz et al., 2021). The pedogenic 
fraction is well preserved in humus and may be detected based upon 
comparing parent rock material and soil along its depth (Grison et al., 
2017). The detection of surface anomalies caused by increased pedo-
genesis have to be assessed with support of geochemical indices, such as 
content of soil organic matter and element composition. The identifi-
cation of past settlement can be made by determining the concentrations 
of certain elements. The chemical properties of soil record the effects of 
past human activities even from prehistoric settlements (Hejcman et al., 
2012). Therefore, magnetic and elemental concentration signatures can 
sensitively delineate clusters of past activities near the surrounding 
water reservoirs located on the acropolis and bailey. In waterlogged 
zones, the increased gleying can affect the original soil properties, and 
that is why we attempt to evaluate changes in soil magnetic properties 
and changes in concentration of elements along the profile. 

To summarize the main aims of this study, we use measurements of 
ERT, magnetic susceptibility, and content of elements within the 
Štěpánov hillfort specifically (i) to map the extent and thickness of water 
reservoirs in order to determine their origin (i.e., natural versus 
anthropogenic); (ii) to assess the links between magnetic parameters 
and element concentrations in the investigated soils with respect to soil 
type; and (iii) to evaluate soil enrichment as possible tracer of the past 
settlement within the hillfort area. 

2. Site specification 

The Štěpánov hillfort is located on top of Štěpánov Hill (651 m a.s.l.; 
GPS 50.5368 N, 13.8803E). It covers the hilltop and an adjacent 
promontory oriented in the east–west direction (Čtverák et al., 2003). 
Excavated metal and ceramic artifacts allow dating of the hillfort to the 
Late Bronze Age (1000 to 750 BCE), when it was inhabited by people of 
the Knovíz culture. The period is documented by bronze objects (knives, 
sickles, axes) and mostly settlement-related ceramic artifacts (Smrž, 
1995). 

The entire area is naturally protected by steep slopes from the 
northern, western, and southern sides, with elevation difference relative 
to the surrounding landscape reaching up to 150 m. The hillfort was 
spread over 12 ha and can be divided into an acropolis and outer bailey, 
each covering 6 ha (Fig. 1). The most striking remains are two fortifi-
cation lines, which were built on the eastern side of the hillfort, pro-
tecting it from the neighboring massif. The total width of the 
fortification within the southern part, where both ramparts are present 
is about 30 m. The outer rampart is 2.5 m high and the inner rampart 
almost 3 m. These include a ditch with an outer transverse rampart 
delimiting the outer bailey from the rest of the massif and an inner 
double rampart with two ditches between the bailey and acropolis. It is 
probable that the ditches are mostly filled with collapsed material from 
the ramparts, and their depth is thus only between 0.7 and 0.9 m (Šteffl, 
2021). 

Three water reservoirs were found within the area (marked WR1–3 
in Fig. 1). The largest of these (WR1) is in the southern part of the bailey, 
close to the inner fortification line. It is placed on a larger plateau, where 
the tank-like water reservoir has an irregular oval shape with di-
mensions 21.5 × 13 m, and water is present for most of the year. The 
second water reservoir (WR2) is located at the NW border of the 
acropolis within a natural terrain depression in the middle of the valley. 
It has a circular shape 9 m in diameter and, like the first water reservoir, 
looks like a water tank. The third water reservoir (WR3) is in a small 
valley running from the north of the bailey and which drains water from 
the promontory. It has no strict boundary and looks more like a large 
muddy puddle 3–9 m in diameter, depending upon the wet or dry season 
of the year (Šteffl, 2021). Photographs of the investigated water reser-
voirs are in the supplementary material (Fig. S1). 

Geologically, the investigated locality is a part of the volcanic- 

Fig. 1. Map of the ̌Stěpánov hillfort based on topographic a LiDAR digital elevation model (CUZK, 2017) with emplacement of water reservoirs (WR1-3), soil profiles, 
soil profiles of the area A 30 × 30 m, and 3 ERT profiles. 
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sedimentary complex of the Central Bohemian Highlands, which con-
sists of Tertiary alkaline volcanics and sedimentary intercalations. Vol-
canics are mainly represented by basaltic products (lavas and 
volcaniclastics) and subvolcanic forms of basaltic and trachytic rocks. 
Štěpánov Hill is formed by the alkaline basalt of the Ústí Formation 
(approximately 36–26 million years old), which forms rubble fields 
(Cajz, 2000). Solid bedrock is assumed at depths of the first few meters. 

The vegetation of the Bronze Age coincides with the subboreal 
climate (Davis et al., 2003). Vegetation at altitudes above 500 m a.s.l. 
was rich in forests, composed mostly of spruce stands and gradually 
spreading beech and fir (Kočár et al., 2015). These forests have not been 
used intensively due to their poor accessibility, and so they have 
remained almost unchanged. Recent vegetation is relatively diverse: 
birch, oak, spruce, hazel, and willow are mixed with many small 
grassland clearings. Penížek (2021) carried out a soil survey of ̌Stěpánov 
Hill and described strong heterogeneity of the soil types. Within the 
investigated site there occur Cambisols (CM), Cambisols with gleyic 
features (CMg), and Stagnosols (ST), (IUSS Working Group WRB, 2015). 
No arable farming activity on this land is known. 

3. Methodology 

3.1. Electrical resistivity tomography 

Three ERT profiles with different lengths and electrode spacing were 
measured using the ARES II resistivity system (GF Instruments, Brno, 
Czech Republic) with a Wenner-Schlumberger HD electrode array on the 
Štěpánov hillfort. The survey was done in July, when all of the water 
resources were almost dry and thus allowing easy access to usually wet 
areas. Electrode spacing at the WR1 ERT profile was 1 m, and at the WR2 
and WR3: 0.5 m. The ERT profile at WR1 was 31 m long, at sites WR2 
and WR3 the ERT profiles were 23.5 m long. 

The data were subsequently inverted using Res2Dinv software by 
nonlinear optimization techniques (Loke and Barker, 1996). Topo-
graphic corrections were applied based upon in situ leveling by level 
telescope and stadia rod. 

3.2. Sample strategy for magnetic and geochemical analyses 

The approach is based upon comparison of the soil’s magnetic 
properties and its element concentrations of 8 sub-groups of soil profiles 
located at the acropolis top hill plateau (CM profiles), CM profiles from 
the WR1, WR2, and WR3 sites, CMg profiles from the WR1, WR2, and 
WR3, ST profiles and “Rocks” from parent rock material (rock fragments 
larger than 3 cm). Soil profiles were classified in the field and described 
according to pedological standards. The position of each vertical soil 
profile was determined in a spot of about 4 m2, where in situ volume 
magnetic susceptibility was measured using two instruments, the MS2D 
Surface Scanning Probe (Bartington Instruments Limited, Oxon, UK) and 
SM30 probe (ZH instruments, Brno, Czech Republic). Soil profiles were 
collected in close proximity to the three water reservoirs and at further 
distances, including the hilltop of the acropolis (Fig. 1). Soil profiles 
were acquired using two soil core samplers: a HUMAX® core sampler 
(HUMAX, Martin Burch AG, Rothenburg, Switzerland) was used to 
collect profiles 40 cm long and a Royal Eijkelkamp (Giesbeek, the 
Netherlands) sampler for well-developed profiles 50–80 cm long. The 
soil profiles were divided into individual samples according to soil ho-
rizon development. Each profile represents at least 3 samples (from A-A/ 
B, B-B/C horizons). 

3.2.1. Magnetic susceptibility 
Magnetic susceptibility measurements of soil and rock samples were 

made in the Laboratory of Rock Magnetism at the Institute of Geophysics 
CAS. Soil samples were air-dried. After removing plant residues, they 
were homogenized in an agate mortar and passed through a sieve of 2 
mm mesh size. Dry soils and crushed parent rock samples were filled into 

cylindrical plastic pots of 10 cm3 volume and weighed. Volume-specific 
magnetic susceptibility (κ, SI) was determined using an MFK1-FA Kap-
pabridge device (AGICO, Brno, Czech Republic). Each sample was 
measured three times at low (LF) and high (HF) frequency, 976 Hz and 
15,616 Hz, respectively and the obtained values were averaged. Mea-
surement accuracies declared by AGICO are 0.5% for κLF and 1% for κHF 
(at field amplitude of 200 A/m). Mass-specific susceptibilities (χ, m3/kg) 
were calculated after weighing the sample. The quantification of nano- 
sized, stable, single-domain and/or superparamagnetic (SP) fraction was 
assessed by relative (χFD%) and absolute (χFD) change of frequency 
dependence of the magnetic susceptibility, calculated according to a 
well-established approach using the formulae: 

χFD = χLF − χHF[m
3/kg], and (1)  

χFD% = 100 × (χLF − χHF)/χLF[%], (2)  

where χLF and χHF are low and high-frequency mass-specific magnetic 
susceptibility (e.g., Dearing 1996; Worm, 1998; Hrouda, 2011). 

3.2.2. Geochemical data 
Before determination of element concentrations, samples used for 

MS analyses were finely ground in an agate mortar and sieved through 
0.5 mm mesh. Capsules ca 1 cm thick were pressed into the sample 
holder. Each of the soil samples was measured in three replicates, and 
their average values are shown. The element content was determined 
using a portable NitonTM XL3t GOLDD + XRF X-ray fluorescence 
analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The Niton 
pXRF instrument was operated in the All Geo Mode. The samples were 
irradiated during an interval of 360 s, thereby ensuring good quality of 
data and low measurement error. We evaluated general trends, and 
therefore external calibration in a certified laboratory was not done. 

The active soil reaction (pHH2O) and soil organic carbon were 
measured at the Research Institute for Soil and Water Conservation 
(VUMOP, Prague). The pH was measured potentiometrically using a 
WTW pH 7110 pH meter (WTW, Weilheim, Germany). The proportion of 
soil to distilled water was 1:2 (ISO 10390: 2005). Soil organic carbon 
was determined by wet combustion of soil sample with a mixture of 
potassium dichromate and sulfuric acid at about 125 ◦C. The residual 
dichromate was titrated against ferrous sulfate (ISO 14235: 1998). Soil 
organic matter (OM) was calculated using the Welte coefficient of 1.724 
(Welte, 1963). 

3.3. Statistical analysis 

Principal component analysis (PCA) was used to evaluate links be-
tween magnetic susceptibility and element concentrations, as the com-
plete data set did not exhibit normal distribution. Data are 
compositional and can be considered as closed data. Therefore, the data 
needed to be log-transformed prior to compiling the PCA (e.g., Filzmoser 
et al., 2009). The transformation was done according to the following 
formula: 

Log − transformed EL = log(EL/ EL0), (3)  

where EL is the element concentration, EL0 is the element’s concentra-
tion median over all profiles of each sub-group. Magnetic parameters of 
the χ, χFD, and χFD% were transformed analogously. Calculation of the 
PCA was performed in the program STATGRAPHIC CENTURION XVI, 
software version 16.1.18 (StatPoint Technologies, Warrenton, VA, USA). 
The relationship among magnetic parameters (χ, χFD, and χFD%) and 
concentration (ppm) of 15 elements (Zr, Sr, Rb, Pb, Zn, Fe, Mn, Cr, Ti, 
Ca, K, S, Al, P, and Si) were extracted into two components. 

Spearman’s rank correlation analysis was used to evaluate relation-
ships between the magnetic parameters and element concentrations of 
samples evaluated by the PCA. The significance of the data is assessed by 
p-values below 0.05, indicating statistically significant non-zero 
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correlations at the 95.0% level. 

4. Results 

4.1. ERT method 

The inverted cross section of the largest water reservoir (WR1) in 
Fig. 2a clearly shows high-resistivity near-surface layers (>300 Ωm, R1) 
on the edges of the profile. Partly underneath and in the middle of the 
profile is a low-resistivity zone (<10 Ωm, C1) with thickness of ca 2 m, 
which is to the depth followed by a higher resistivity transition zone 
down to high-resistivity bedrock (>1000 Ωm, R2). 

The inverted cross section of WR2 in Fig. 2b shows a high-resistivity 
layer ca 1 m thick (300–1000 Ωm, R3) near the surface at the edges of 
the profile and which is interrupted in the middle by a low-resistivity 
zone (<30 Ωm, C2) with thickness of 1 m. The low-resistivity zone 
continues to the south with a little higher resistivities (ca 100 Ωm, C3). 
The lower parts of the profile exhibit increasing resistivity down to high- 
resistivity bedrock (300–1000 Ωm, R4). 

The results obtained in the case of WR3, presented in Fig. 2c, show a 
high-resistivity layer (>1000 Ωm, R5) with a thickness around 1 m at the 
southern part of the profile. The near-surface part of the profile up to the 
northern end has a low-resistivity layer (ca 30 Ωm, C4) with a thickness 
of 1 m embedded in a slightly higher resistivity zone (ca 100 Ωm). The 
lower part of the profile shows increasing resistivity down to high- 
resistivity bedrock (>1000 Ωm, R6). 

4.2. Magnetic and geochemical signatures 

Magnetic and element concentration characteristics of the investi-
gated 42 soil profiles (consisting of 176 soil and rock samples). Magnetic 
characteristics χ, χFD% concentration of Fe, Ca, P, Zn, and Pb of the 
investigated Cambisols (CM), Cambisols with gleyic features (CMg), and 
Stagnosols (ST) are presented as box-and-whisker plots in Fig. 3, and in 
Supplement Figure S2; all the remaining parameters are shown. Data 
were divided into two groups, samples from the A and A/B horizons are 
from the first 0–20 cm and samples from the B and B/C horizons, 
sometimes reaching the C horizon. The CM and CMg profiles exhibit 
much different properties than do ST profiles. The soil properties of the 
CM and CMg profiles between the upper and lower parts of the profiles 
show similar trends. The median values of the B-B/C horizons show 
lower values than the soils from the A-A/B horizons. Exceptions are Zn, 
Pb and S. 

In Fig. 4a, b, and c, we present a drawing of typical CM, CMg, and ST 
soil profiles and vertical distribution of the most important magnetic and 
geochemical parameters (χ, χFD%, pH, OM, and concentrations of Fe, Ca, 
P, Zn, and Pb). In Supplement Table S2 all the investigated data are 
shown. Zinc significantly correlates with OM in the CMg profile. 

Summary statistics evaluated for 8 examined sub-groups and parent 
rocks are given in Table S1. We present median, average, standard de-
viation, and minimal and maximal values, and average measurement 
error expressed in percent. The measurement error κ was assessed in 10 
randomly selected soil samples, evaluated from 5 measurements. Our 

Fig. 2. Inversion results from electrical resistivity to-
mography (ERT) for three profiles crossing water reser-
voirs: a) WR1, b) WR2, and c) WR3. The logarithmic 
color scale represents electrical resistivity, showing the 
shape of water reservoir (blue colors – low resistivity). 
‘R’ abbreviation representing high resistivity structures, 
while ‘C’ shortcuts low resistivity structures. For detailed 
explanation see section 4.1. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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samples are very strongly magnetic, display κ in order 10-3SI, therefore, 
κ error was < 0.2% for LF and < 0.5% for HF. Measurement error for the 
elements Fe, Si, Ti, Zr, and Sr was less than 2%. The element Pb, S, and P 
were measured with average error of 16%. Concentrations of Pb and S in 
the rock samples were measured with high measurement error (>25%) 
due to their low concentrations. Copper was not included into the set of 
evaluated elements due to high measurement error in a majority of the 
investigated samples. 

Pedological characteristics pH and OM were assessed for 9 profiles 
(CM and CMg). The pH was increasing with the depth, from 4.7 to 7.3 (in 
average 5.7). The content of OM in A – A/B horizons was in average 
13.7% (9.5–18.8%). In depth below 20 cm (B – B/C – C horizons) con-
tent of OM was 5.2–0.3%. 

For the purpose of evaluating the magnetic and elements enhance-
ment within the investigated sub-groups, we introduce an enrichment 
ratio (E) of soil/parent material (Table 1). The median data for the 
investigated parameters were used because they best characterize each 
investigated sub-group, including local enhancement and/or depletion 
along each soil profile. The most enriched were the elements Pb, S, K, 
Rb, Si, and Zr. On the acropolis plateau these included also Zn, Mn, Cr, 
and Ti. Zinc is in the acropolis soils enriched at levels 30% higher than in 
other sites. Content of Ca, and P are the highest on the acropolis 
compared to other WR sites. Moreover, all the magnetic parameters 
show the highest values on the acropolis compared to the other inves-
tigated sites. 

The differences between the three water reservoirs were assessed in 
the CM and CMg profiles by the PCA using the associations of magnetic 
parameters (χLF, χFD, and χFD%) with concentration of elements Zr, Sr, 
Rb, Pb, Zn, Fe, Mn, Cr, Ti, Ca, K, S, Al, P, Si, and depth (Fig. 5). The ST 
profiles were not taken into evaluation as they show very low χ and χFD 
compared to the CM and CMg profiles. Moreover, the PCA are completed 
by the Spearman’s rank correlations to determine the relationships be-
tween magnetic parameters and element concentrations (Table 2). ST 
profile data were included to evaluate links between magnetic and 
chemistry parameters in the water-logged zone. 

At the WR1 site, the PCA were composed for 8 CM profiles (Fig. 5a) 
and 7 CMg profiles (Fig. 5b). The CM and CMg profiles show significant 
correlations between magnetic parameters χ, χFD, and Zn, Fe, Mn, Ca, 
Rb, and Sr, in dependence with the depth. Lead and S show associations 
with χFD%. In the CM profiles the closest associations show χFD, and Zn. 
Phosphorous positively correlates with χ, but shows negative significant 
correlation with χ in the CMg. At the WR2 site, the PCA were composed 
for 7 CM profiles (Fig. 5c) and 5 CMg profiles (Fig. 5d). The CM and CMg 
profiles show very close relationships with correlations between mag-
netic parameters and Fe, Sr, Mn, Al, Ca, and Ti. At the WR3 site, the PCA 
were composed for 3 CM profiles (Fig. 5e) and 4 CMg profiles (Fig. 5f). 
The CM and CMg profiles show significant correlations between χ, χFD, 
and Zr, Sr, Ti and Al, and are depth dependent. In case of CM profiles, 
magnetic parameters χ, χFD significantly correlate also with Fe, Mn, and 
Ca. 

The space distribution of changes in χ, Fe, Zn, Ca, and Pb was visu-
alized in the WR1 site (Fig. 6). The variations between three horizons 
TOP (0–20 cm), MID (20–35 cm), and SUB (30+) were assessed from 14 
soil profiles taken at regular 10 m intervals within a 30 × 30 m grid and 
from 6 profiles located around the WR1. Profiles number 9, 10, 11, 12, 
13, 14 and 20 are Cambisols and have the highest χ along depth. 
Contrarily, profiles numbers 2, 3, 5, 6, and 16 are Stagnosols and show 
the lowest χ. 

5. Discussion 

5.1. Geophysical interpretation 

This interpretation is supported by results from previous research by 
Šteffl and Fárek (2021), who found concretely the extent of sediment 
layers. The results of ERT profile at the WR1 (Fig. 2a) clearly show the 
saturated body of the reservoir with low resistivity (C1) to depth of ca 2 
m, under which is a layer of saturated sediments with slightly higher 
resistivity. This fits well with the excavation of the sediment pit filled by 
clay sediments to a depth of as much as 170 cm with a diverse mixture of 
small stones, while underneath was weathered basement. The discrep-
ancy between the excavations and the ERT is probably caused by water 
leakage from the reservoir to the weathered basement, which reduces its 
resistivity. Alternatively, the excavations may have been in a place 
where the reservoir was not so deep. Water leakages can be observed on 
both sides of the reservoir. High-resistivity layers near the surface shows 
weathered rocky debris (R1), while a high-resistivity zone down to 
basement can be linked to weathered basalts down to compact rock 
(R2). The resistivity distribution at the WR2 (Fig. 2b) shows in the 

Fig. 3. Box-and-whisker plots for the investigated Cambisol profiles (CM), 
Cambisol profiles with gleyic features (CMg), and Stagnosol profiles (ST). Data 
were divided according soil horizons: A-A/B horizons (ca first 20 cm) and B-B/ 
C- C horizons. Box show median data, and the lower and upper quartiles, 
whiskers display the lower and upper extremes. 
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middle of the profile the low-resistivity saturated body of the reservoir 
to depth of around 1 m (C2). Medium resistivity values of the sur-
roundings can be connected to soil and/or sediments. An interesting 

feature is a continuing lower resistivity zone from the reservoir to the 
south, possibly indicating drainage from the reservoir (C3). The high 
resistivity values near the surface show weathered rocky debris (R3), 

Fig. 4. Drawing of typical Cambisol (CM), Cambisol with gleyic features (CMg), and Stagnosol (ST) profile and vertical distribution of selected magnetic and 
geochemical parameters. Magnetic susceptibility (χ), frequency-dependent magnetic susceptibility (χFD%), soil reaction (pH), content of soil organic matter (OM), 
and concentrations of Fe, Ca, P, Zn, and Pb. The pH, and OM in the ST soil profile was not determined. 

Table 1 
Enrichment ratio (E) soil/parent rock material determined for magnetic parameters and element concentrations. Lower index indicates magnetic susceptibility (χ), 
frequency-dependent magnetic susceptibility parameters (χFD, χFD%), concentration of elements Zr, Sr, Rb, Pb, Zn, Fe, Mn, Cr, Ti, Ca, K, S, Al, P, Si. Data are evaluated 
for 8 sub-groups located at acropolis top-hill plateau (ACROP), Cambisol profiles (CM) neat to water reservoirs 1–3 (WR1-3), Cambisol profiles with gleyic features 
(CMg) near to water reservoirs 1–3 (WR1-3) and Stagnosol profiles (ST) near to WR1. Numbers in bold indicate values > 1.1.  

Soil/Rock Eχ EχFD EχFD% EZr ESr ERb EPb EZn EFe EMn ECr ETi ECa EK ES EAl EP ESi 

ACROP/Rock  0.75  1.05  1.97  1.05  0.66  2.23  4.19  1.45  0.91  1.15  1.12  1.15  0.55  3.71  2.52  0.73  0.69  1.12 
CM-WR1/Rock  0.51  0.57  1.39  1.23  0.50  1.50  3.33  1.16  0.76  0.79  0.98  1.11  0.24  1.32  2.24  0.81  0.59  1.26 
CM-WR2/Rock  0.42  0.53  1.63  1.08  0.49  2.63  3.52  1.09  0.71  0.61  0.87  0.81  0.41  1.40  3.07  0.71  0.42  1.25 
CM-WR3/Rock  0.23  0.22  1.26  1.36  0.39  3.42  4.72  0.71  0.44  0.30  0.49  0.62  0.19  1.60  2.75  0.58  0.13  1.46 
CMg-WR1/Rock  0.41  0.42  1.29  1.31  0.44  1.19  4.10  1.11  0.72  0.59  1.03  1.08  0.17  1.29  2.67  0.75  0.64  1.25 
CMg-WR2/Rock  0.31  0.38  1.51  1.06  0.44  2.11  3.47  0.89  0.59  0.46  0.88  0.73  0.37  1.37  3.31  0.70  0.56  1.15 
CMg-WR3/Rock  0.15  0.12  1.10  1.14  0.45  1.93  3.06  0.78  0.53  0.34  0.72  0.70  0.27  1.56  2.82  0.73  0.43  1.23 
ST - WR1/Rock  0.16  0.16  1.16  1.30  0.39  1.25  3.92  0.88  0.60  0.41  0.97  1.12  0.14  1.29  2.46  0.74  0.59  1.27  
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and there is a high-resistivity zone under the reservoir consisting of 
weathered basaltic bedrock (R4). Sediment pit excavations at the WR2 
revealed that the reservoir was filled with clay to depth of 1 m, while 
underneath was weathered basement. This is similar to the resistivity 
zones identified by the ERT. The results at the WR3 (Fig. 2c) show a low- 
resistivity zone in the middle of the profile that can be attributed to 
water-saturated sediments (C4). A high-resistivity layer near the surface 
on the southern part of the profile indicates weathered rocky debris 
(R5). High resistivity under the water-saturated zone can be linked to a 
transition zone down to compact basaltic bedrock (R6). The excavations 
of sediment pit revealed impenetrable rocks mainly. They are succeeded 
to penetrate substantially only at one spot, where sediments were 
recorded down to a depth of 60 cm. 

The origins of water reservoirs (anthropogenic versus natural) can be 
indicated by the boundaries of water-saturated zones or by their internal 
structures. Steep changes of resistivity between the bodies of the reser-
voirs and surrounding soil and/or sediments together with sharp 
boundaries and homogeneity of saturated zones on both water reservoirs 
WR1 and WR2 suggest anthropogenic origin. The ERT profile at the WR3 
has a different internal structure (not so homogeneous), shows weaker 
anomaly, and its transition from water body to the surroundings is more 
blurred than in the cases of WR1 and WR2. This suggests that its origin 
was natural. It is also interesting to compare the maximum surface 
manifestations during the wet period (i.e., the maximum surface reser-
voir extent, Fig. 2) with the ERT results obtained during the dry months. 
The subsurface extent of the WR1 and WR2 (C1 and C2) is smaller than 
recorded surface manifestations. This imply that these water reservoirs 
can be strictly bounded, as could be expected in the case of anthropo-
genic WR. The subsurface extent of WR3 (C4) continues far beyond the 
observed muddy puddle with the same intensity of resistivity anomaly. 

5.2. Magnetic and geochemical interpretations 

Previous findings of Hejcman and Janovský (2021) reveal the 
acropolis to have increased average concentration of elements such as P, 
Ca, Zn, Cu, and Mn. Those authors’ approach was based upon comparing 
the content of elements accumulated in topsoil (0–10 cm) on the 
acropolis, bailey, and a control site. We consider such an approach to be 
insufficient for proper discrimination between elements derived from 

past or recent human activities and elements naturally enriched from 
lithology. Our approach evaluates changes in soil magnetic properties 
(concentration of ferrimagnetic minerals) and changes in concentration 
of elements along the depth of whole profiles in the vicinity of water 
reservoirs WR1, WR2, and WR3 and acropolis top-plateau. Acropolis 
and WR1 site have similar topography (top hill plateau). Profiles near to 
the WR2 and WR3 sites are located within the hillside and, therefore, 
can be influenced by erosion. That may contribute to the local in-
homogeneity in elements distribution. The investigated CM, CMg, and 
ST profiles visualized by box-and-whisker plots show that upper soil part 
(in A-A/B horizons) evidences slightly lower values of χ, χFD%, con-
centration of Fe, Ca, P concentrations, than in the bottom part of soil (in 
B-B/C-C horizons). Contrarily, Zn, Pb and S are accumulated in A, A/B 
horizons. 

The soil magnetic and element enrichment is compared to material 
from the parent rock, as this is considered an important reference 
parameter that allows distinguishing the origin of geogenic and 
anthropogenic elements (Grison et al., 2021). In general, soil magnetic 
enhancement is caused by strong lithology, pedogenic super-
paramagnetic (SP) fraction, and anthropogenic contribution caused by 
atmospheric deposition (e.g., Fe-rich dust particles). Unfortunately, high 
content of coarse-grained ferrimagnetic fraction obstructs the identifi-
cation of pedogenic SP fraction and/or atmospheric deposition of 
anthropogenic particles (Szuszkiewicz et al., 2021). Grison et al. (2017) 
explained how to detect the SP fraction by comparing of χFD% in 
different soil fractions. Inasmuch as quantification of SP fraction is not 
needed for this study, we assess the increased presence of SP pedogenic 
fraction from enrichment ratio soil/rock(E). The EχFD% clearly shows 
values > 1.1 at all the investigated soils. The highest concentration of SP 
pedogenic fraction is on the acropolis (EχFD% > 1.97) compared to WR 
sites. This can be connected with the burning of wood and the presence 
of excrements that activated pedogenic processes and humus accumu-
lation. Acid soil reaction supports leaching of Fe from Fe-rich lithology 
and accelerates precipitation of new, pedogenic ferrimagnetic minerals 
(e.g., SP magnetite) which, together with clay minerals, form humus 
complexes in the topsoil. The soil enrichment ratio was used also for 
comparison of the investigated parameters between sub-sites. Elements 
Pb, Rb, K, S, Si, Zr show enrichment at all the investigated sites. Zinc, 
Mn, Cr, and Ti are enriched on the acropolis (Table 1). Increased 

Fig. 5. The principal component analyses (PCA) composed from Cambisol (CM) profiles a), c), and e) near to the WR1, WR2, and WR3, respectively; b), d), and f) 
Cambisol profiles with signatures of gleying (CMg) near to the WR1, WR2, and WR3, respectively. Mass-specific magnetic susceptibility symbol is χ, relative and 
absolute change of frequency dependence of the magnetic susceptibility symbols are χFD% and χFD. 
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Table 2 
The Spearman’s correlation coefficient of data evaluated by the principal component analyses (PCA) composed from Cambisol (CM) profiles near to the WR1, WR2, and WR3, respectively; Cambisol profiles with gleying 
features (CMg) near to the WR1, WR2, and WR3, respectively, and for Stagnosol profiles (ST) near to WR1. Mass-specific magnetic susceptibility symbol is χ, relative and absolute change of frequency dependence of the 
magnetic susceptibility (χFD% and χFD), concentration of elements Zr, Sr, Rb, Pb, Zn, Fe, Mn, Cr, Ti, Ca, K, S, Al, P, Si, soil reaction (pH), content soil organic matter (OM), and depth of soil sample. Numbers in bold indicate 
statistically significant non-zero correlations at the 95.0% confidence level (p-values below 0.05), symbol – (minus) indicate negative correlation. Numbers in italic indicate p-values.  

rs WR1-CM  WR1-CMg  WR2-CM  WR2-CMg  WR 3-CM  WR3-CMg   WR1-ST  

MS kFD kFD% MS kFD kFD% MS kFD kFD% MS kFD kFD% MS kFD kFD% MS kFD kFD% MS kFD kFD% 

kFD 0.95  0.05 0.94  0.23 0.95  0.72 0.99  0.85 0.98  0.55 0.92  0.60 0.99  0.60  
0.00  0.78 0.00  0.21 0.00  0.00 0.00  0.00 0.00  0.06 0.00  0.02 0.00  0.01 

kFD% − 0.20 0.05  − 0.04 0.23  0.52 0.72  0.82 0.85  0.41 0.55  0.35 0.60  0.50 0.60   
0.22 0.78  0.83 0.21  0.02 0.00  0.00 0.00  0.15 0.06  0.16 0.02  0.03 0.01  

Zr ¡0.47 ¡0.43 0.22 0.30 0.20 ¡0.47 0.36 0.38 0.27 0.50 0.49 0.33 0.57 0.58 0.17 0.54 0.55 0.33 0.14 0.11 − 0.09  
0.00 0.01 0.17 0.11 0.29 0.01 0.11 0.09 0.23 0.04 0.04 0.16 0.05 0.05 0.56 0.03 0.03 0.19 0.55 0.65 0.72 

Sr 0.39 0.42 0.18 0.83 0.74 − 0.14 0.73 0.80 0.62 0.83 0.81 0.70 0.84 0.83 0.35 0.85 0.75 0.21 0.71 0.67 − 0.01  
0.02 0.01 0.26 0.00 0.00 0.45 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.39 0.00 0.00 0.95 

Rb 0.56 0.60 − 0.05 0.64 0.59 − 0.15 ¡0.56 ¡0.57 − 0.36 0.09 0.15 0.17 0.01 − 0.08 − 0.12 − 0.09 − 0.15 0.02 − 0.09 − 0.12 − 0.01  
0.00 0.00 0.75 0.00 0.00 0.43 0.01 0.01 0.10 0.71 0.51 0.46 0.97 0.78 0.68 0.72 0.54 0.92 0.69 0.61 0.97 

Pb 0.17 0.22 − 0.09 − 0.24 − 0.21 0.08 ¡0.44 ¡0.47 − 0.31 ¡0.79 ¡0.74 ¡0.61 ¡0.57 ¡0.59 − 0.32 ¡0.54 − 0.41 − 0.09 − 0.32 − 0.34 0.02  
0.30 0.17 0.59 0.19 0.26 0.68 0.05 0.04 0.16 0.00 0.00 0.01 0.05 0.04 0.26 0.03 0.10 0.72 0.17 0.14 0.94 

Zn 0.78 0.78 − 0.17 0.73 0.77 0.18 0.18 0.09 − 0.03 − 0.30 − 0.31 − 0.38 ¡0.59 ¡0.55 − 0.15 − 0.41 − 0.35 − 0.01 0.33 0.30 0.27  
0.00 0.00 0.28 0.00 0.00 0.33 0.42 0.68 0.90 0.20 0.19 0.11 0.04 0.06 0.61 0.10 0.16 0.95 0.16 0.20 0.26 

Fe 0.62 0.51 ¡0.33 0.41 0.45 0.14 0.71 0.66 0.38 0.83 0.80 0.65 0.89 0.89 0.43 0.48 0.25 − 0.17 0.42 0.44 0.01  
0.00 0.00 0.04 0.03 0.02 0.46 0.00 0.00 0.09 0.00 0.00 0.01 0.00 0.00 0.13 0.05 0.33 0.49 0.08 0.06 0.96 

Mn 0.41 0.33 − 0.26 0.40 0.49 0.24 0.64 0.70 0.63 0.50 0.50 0.45 0.63 0.64 0.15 0.42 0.30 0.11 0.37 0.36 − 0.12  
0.01 0.04 0.11 0.03 0.01 0.19 0.00 0.00 0.00 0.03 0.03 0.06 0.03 0.03 0.61 0.10 0.22 0.67 0.12 0.12 0.60 

Cr 0.28 0.13 − 0.57 0.13 0.19 0.06 0.32 0.39 0.37 0.66 0.66 0.62 0.14 0.29 0.62 − 0.17 − 0.29 − 0.39 0.56 0.58 0.15  
0.08 0.42 0.00 0.48 0.30 0.74 0.16 0.08 0.10 0.00 0.01 0.01 0.62 0.31 0.03 0.50 0.25 0.11 0.02 0.01 0.52 

Ti 0.47 0.34 − 0.36 0.29 0.31 − 0.03 0.51 0.45 0.22 0.61 0.57 0.38 0.82 0.84 0.34 0.85 0.73 0.21 0.54 0.53 0.10  
0.00 0.03 0.03 0.12 0.09 0.86 0.02 0.04 0.32 0.01 0.02 0.11 0.00 0.00 0.25 0.00 0.00 0.40 0.02 0.03 0.67 

Ca 0.59 0.56 0.01 0.56 0.54 − 0.05 0.57 0.62 0.60 0.80 0.76 0.63 0.68 0.65 0.32 0.43 0.40 0.24 0.49 0.47 − 0.16  
0.00 0.00 0.93 0.00 0.00 0.80 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.02 0.27 0.09 0.11 0.35 0.04 0.05 0.50 

K ¡0.65 ¡0.61 0.17 0.27 0.16 ¡0.56 0.19 0.30 0.50 − 0.06 − 0.11 − 0.31 0.53 0.54 0.23 0.61 0.47 − 0.07 − 0.23 − 0.27 − 0.40  
0.00 0.00 0.28 0.14 0.40 0.00 0.40 0.18 0.03 0.80 0.63 0.18 0.07 0.06 0.42 0.01 0.06 0.78 0.33 0.25 0.09 

S 0.01 − 0.05 − 0.31 ¡0.54 ¡0.49 0.14 − 0.37 − 0.40 − 0.23 ¡0.71 ¡0.70 ¡0.58 ¡0.59 ¡0.58 − 0.14 ¡0.65 ¡0.53 − 0.23 − 0.37 − 0.39 0.06  
0.97 0.74 0.05 0.00 0.01 0.45 0.10 0.07 0.30 0.00 0.00 0.01 0.04 0.05 0.63 0.01 0.03 0.36 0.11 0.10 0.81 

Al − 0.14 − 0.23 − 0.15 0.27 0.20 − 0.15 0.67 0.67 0.44 0.92 0.89 0.76 0.64 0.63 0.20 0.70 0.50 0.15 0.46 0.47 − 0.09  
0.37 0.15 0.35 0.14 0.27 0.42 0.00 0.00 0.05 0.00 0.00 0.00 0.03 0.03 0.48 0.01 0.05 0.54 0.05 0.05 0.70 

P 0.32 0.26 ¡0.32 ¡0.54 ¡0.46 0.19 0.34 0.43 0.44 0.45 0.42 0.36 − 0.04 0.05 0.30 − 0.13 − 0.14 − 0.21 0.08 0.10 0.11  
0.05 0.12 0.05 0.00 0.01 0.31 0.12 0.06 0.05 0.06 0.07 0.13 0.89 0.86 0.30 0.61 0.57 0.40 0.75 0.67 0.63 

Si ¡0.39 ¡0.42 − 0.08 0.45 0.30 − 0.51 0.07 0.06 − 0.03 0.21 0.22 0.11 0.41 0.40 − 0.03 0.50 0.51 0.40 − 0.08 − 0.12 − 0.18  
0.02 0.01 0.63 0.02 0.11 0.01 0.76 0.79 0.88 0.36 0.35 0.64 0.16 0.17 0.92 0.05 0.04 0.11 0.73 0.61 0.44 

no. 39 39 39 30 30 30 21 21 21 19 19 19 13 13 13 17 17 17 19 19 19  
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Fig. 6. Map of space distribution of mass-specific magnetic susceptibility (χ), cconcentrations of Fe, Zn, Ca, and Pb in the WR1 site. The map is composed from 20 soil 
profiles to visualize space distribution in TOP (0–20 cm), MID (20–35 cm), and SUB (30 + cm) levels. 
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concentrations of elements Zn, Ca, and P can be taken as a proof of active 
past human activity. Zinc and Ca are connected with wood burning 
(Šmejda et al., 2017). Phosphorous may reflect bone remains and 
excrement (Holliday and Gartner, 2007). All the magnetic parameters 
are enriched at the acropolis compare to other investigated sites. We 
must emphasize here that χLF and χHF have to be measured accurately, 
because coarse-grained geogenic fraction masks SP grains and even 
small variations (as shown in our study) may be significant for assessing 
pedogenesis. Here, parameter χFD seems to be more useful for the 
detection of SP fraction than χFD%, because in both soil types, significant 
positive correlations between χFD, OM, Zn, and Pb were obtained. 

Soils at the WR1 site show close association between Fe, Mn, Cr, Ti, 
and Al and are depth dependent. The most stable elements are Cr, Ti, and 
Si, and show similar concentrations in CM and CMg profiles. Phospho-
rous is stable even in a water environment and was found in deeper 
layers at the WR1 and WR2 sites. The increased concentration of P 
supports our conclusion as to the anthropogenic origin of water reser-
voirs WR1 and WR2 due to their frequent use during the Bronze Age. The 
effect of stagnant water causes in A horizon a decrease of magnetic 
susceptibility to 70% of its original value and general decrease in the 
concentration of elements Fe, Sr, Rb, Zn, Ca, and K, however, χ signifi-
cantly correlates with Ti, Al, Ca, Sr, and Cr. Stagnant water increases the 
reduction potential of soil, changes the magnetic minerals properties, 
and alters the chemical equilibrium of elements (Schwertmann, 1988). 
Anaerobic conditions and low pH importantly change iron oxide min-
erals: Fe3+ is reduced to Fe2+ and is reflected in increased Fe solubility. 
Highly magnetic ferrimagnetic minerals, such as magnetite and 
maghemite, are transformed to such less magnetic minerals as lep-
idocrocite, and goethite (Cornell and Schwertmann, 2003). 

Recent anthropogenic pollution is reflected by the increased con-
centration of Pb and S in the topsoil (in A horizon) at the locality. Origin 
of these elements is most probably from the combustion of coal and 
fossil fuels (Weiss, 1999, Wuana and Okieimen, 2011). The χ, Pb, and Ca 
show the highest gradient between topsoil and subsoil data. The increase 
of S is typical for all the CMg profiles. This may be due to the decom-
position of OM under anaerobic conditions (Linford, 2004). 

6. Conclusions 

Measurements of electrical resistivity tomography (ERT), magnetic 
susceptibility, and element content were used to investigate soil signa-
tures of Bronze Age settlement at the Štěpánov hillfort with the aim to 
discriminate the origin of three water reservoirs. 

The combination of ERT, magnetic, and geochemical analyses can 
differentiate the origins of water reservoirs at the hillfort. The deep 
subsoil of the site is generally formed by a weathered layer that grad-
ually turns into solid bedrock. The ERT measurement helped to identify 
two types of water reservoirs. The anthropogenic water reservoirs show 
lower resistivity than does the natural one, they have greater thickness 
of the water-saturated layer, and they are more sharply demarcated from 
their surroundings. The natural water reservoir is less thick, and the 
water-saturated zone extents outside the surface manifestation of the 
reservoir. 

Stagnant water influences soil features, and drastically decreases 
concentration of ferrimagnetic minerals. In our study, magnetic sus-
ceptibility in Stagnosols show significant correlation with Ti, Al, Ca, Sr, 
and Cr. Cambisols (CM) and Cambisols with gleyic features (CMg) at the 
Štěpánov hillfort reveal the best links between magnetic susceptibility, 
its frequency dependence, and concentrations of the elements Fe, Mn, Ti, 
Sr, and Ca. 

Settlement activities on the top part of the acropolis caused increase 
of all magnetic parameters and concentrations of elements such as Zn, 
Mn, Ca, K, and P. Increased concentrations of elements Zn, Ca, and P can 
be taken as proof of active past human activity. Recent human activities 
are reflected by an increase of Pb and S in the topsoil horizon rich in 
humus. The results of this study are important for the applicability of 

magnetic susceptibility as possible proxy approach for the identification 
of past settlement in highly magnetic areas and in areas affected by 
presence of water. 
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Cornell, R., Schwertmann, U., 2003. The Iron Oxides. Structure, properties, reactions, 
511 occurrence and uses. Weinheim, New York. 

Crowther, J., 2003. Potential magnetic susceptibility and fractional conversion studies of 
archaeological soils and sediments. Archaeometry 45 (4), 685–701. https://doi.org/ 
10.1046/j.1475-4754.2003.00137.x. 

Crowther, J., Barker, P., 1995. Magnetic susceptibility: distinguishing anthropogenic 
effects from the natural. Archaeol. Prospect. 2, 207–215. https://doi.org/10.1046/ 
j.1475-4754.2003.00137.x. 
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