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Abstract: The paper presents an integrated use of multichannel analysis of surface waves (MASW) and electri-
cal resistivity tomography (ERT) to characterise the physical properties of near-surface materials, identify sub-
surface structures, and estimate the depth to bedrock in a planned construction area near Czernichów, close to 
Krakow (southern Poland). The study shows that integrating MASW and ERT provides a cost-effective and com-
plementary approach to subsurface characterisation, delivering more reliable and less ambiguous interpretations 
than when the methods are applied independently, thereby reducing the need for expensive and invasive in situ 
geotechnical investigations. Particular emphasis is also placed on the methodological aspects of both methods. 
The study site is located on an alluvial plain composed of alluvial soils, sands, sand–gravel mixtures, and silty 
clays overlying limestone bedrock. Geophysical data were collected along five profiles. The resulting shear wave 
velocity models and the inverse model resistivity sections show good agreement with borehole data. The study 
area is characterised by a wide range of physical parameters derived from both methods. The MASW survey en-
abled recognition of the subsurface down to the bedrock, revealing four seismic layers differing in S-wave velocity. 
Nevertheless, the MASW inversion did not provide reliable estimates of the limestone S-wave velocity, although it 
successfully delineated its depth and morphology. The ERT survey identified three geoelectrical layers and proved 
to be more effective in resolving shallow geological structure, particularly in identifying the boundaries between 
alluvial soils and sand–gravel mixtures, whereas the depth and morphology of the limestone bedrock were con-
strained primarily by MASW.

Keywords: near-surface geophysics, multichannel analysis of surface waves, electrical resistivity tomography, in-
tegrated interpretation, site characterisation

INTRODUCTION

A key factor in designing building foundations is 
gaining a thorough understanding of the subsur-
face geology and the mechanical characteristics 

of the ground (Clayton et al. 1995). Understand-
ing the geotechnical characteristics of subsurface 
materials, such as soil strength, is essential. Sever-
al methods can be applied to evaluate subsurface 
conditions. In most cases, research is conducted 

http://www.wydawnictwa.agh.edu.pl
mailto:kcichy@agh.edu.pl
https://orcid.org/0000-0001-7982-4763
https://orcid.org/0000-0002-9661-8184
https://orcid.org/0000-0001-8735-4992


70

https://journals.agh.edu.pl/geol

Cichostępski K., Bania G., Borecka A.

using invasive geotechnical methods that measure 
the resistance of the soil to penetration, such as 
the standard penetration test (SPT) or cone pen-
etration test (CPT, CPTu). Nevertheless, the key 
disadvantage of intrusive approaches is that they 
supply data solely from sampling locations. Cov-
ering a large area, especially in regions with sus-
pected lateral facies variations or complex geolog-
ical structures, requires numerous investigations. 
This limitation can be addressed by implement-
ing complementary geophysical surveys. Incorpo-
rating geophysical measurements into geotechni-
cal investigations helps to reduce the number of 
mechanical tests needed, thereby lowering proj-
ect costs.

Geophysical methods are non-invasive and 
make it possible to determine quasi-continuous 
variations in soil properties. They are faster and 
more cost-effective than conventional geotechni-
cal methods and enable the detection of subsur-
face anomalies that may not be identified through 
point measurements (Cosenza et  al. 2006, Hub-
bard 2009). Geophysical techniques that can assist 
in characterising the near-surface zone include, for 
example, seismic refraction tomography (Golonka 
et  al. 2022, Cichostępski et  al. 2024), multichan-
nel analysis of surface waves (Park 2013), high- 
resolution reflection profiling (Cichostępski et al. 
2019a, 2019b, Cichostępski & Dec 2021), elec-
trical resistivity tomography (Bania & Woźniak 
2022), ground-penetrating radar (Akinsunmade 
et  al. 2020), and microgravimetry (Gołębiow-
ski  et  al.  2018). Such geophysical techniques are 
very efficient at identifying underground structur-
al irregularities that may threaten the stability and 
safety of foundation design. Selecting a method de-
pends on the survey objectives, the geological con-
ditions of the site, and the required solution. Al-
though geophysical methods have limitations, such 
as restricted penetration depth, a decrease in detail 
with increasing depth, and dependence on partic-
ular physical characteristics of the underground 
materials, their advantages largely compensate 
for the limitations of conventional geotechnical 
methods. To reduce the limitations and ambigu-
ity associated with relying on a single geophysical 
technique, it is strongly recommended to combine 
multiple methods. In recent years, multichannel 
analysis of surface waves (MASW) and electrical 

resistivity tomography (ERT) have gained rou-
tine application in geotechnical studies, enabling 
the mapping of 2D subsurface structures through-
out the surveyed area (Adenuga & Popoola 2020, 
Zhao et al. 2020). Combining the MASW and ERT 
methods can address challenges commonly faced 
in near-surface geophysical investigations.

MASW is a  non-invasive seismic technique 
that analyses surface waves to estimate shear-
wave velocities, usually within the upper several 
tens of metres of the subsurface. It was introduced 
in 1999 by scientists at the University of Kansas 
(Park et al. 1999, Xia et al. 1999). MASW measure-
ments employ seismic waves generated by a ham-
mer or weight drop that propagate through the 
subsurface. The velocity of propagation varies de-
pending on the properties of the medium, such as 
the lithology and its textural and structural char-
acteristics. Generally, the denser and more con-
solidated the material, the faster the seismic waves 
travel (Olona et  al. 2010). Over the last two de-
cades, the use of MASW has increased, as S-wave 
velocity is one of the most important geotechnical 
parameters in civil engineering (Park 2013). Fur-
thermore, the S-wave velocity correlates well with 
the blow counts parameter obtained from a  in 
situ standard penetration test (Mayne & Rix 1993, 
Samui & Sitharam 2010). Compared to the S-wave 
refraction tomography method, which also pro-
vides S-wave velocities, MASW is much easier to 
perform and provides reliable and accurate re-
sults. S-wave refraction is often limited by a  low 
signal-to-noise ratio, whereas MASW can easi-
ly achieve high signal quality. Moreover, MASW 
can be applied at sites where a shallow groundwa-
ter level is expected, as this method is not sensi-
tive to the presence of water and can effectively 
resolve subsurface geological structure beneath 
it, especially when loose sediments are present. 
Under such conditions, the commonly used seis-
mic P-wave refraction tomography method may 
prove ineffective, thereby limiting its applicability 
for site characterisation. This is why the MASW 
method is widely applied in various geotechni-
cal, environmental and engineering studies such 
as soil characterisation (Foti et al. 2011), bedrock 
mapping (Miller et al. 1999), seismic site charac-
terisation (Craig & Hayashi 2016), levee and dam 
assessment (Craig et al. 2021), fault zone mapping 
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(Ivanov et  al. 2006), sinkhole detection (Park & 
Taylor 2010), landslides (Harba et  al. 2019) and 
landfill characterisation (Naveen et al. 2021). 

The ERT technique works by applying an elec-
tric current into the subsurface via electrodes and 
recording the resulting potential difference, which 
can be used to calculate the resistance and, con-
sequently, resistivity. This method underwent sig-
nificant development in the 1990s, driven by ad-
vances in the automation and computerisation of 
electrical resistivity measurements. During this 
period, the possibility of computer interpretation 
of this type of research data also appeared (Dah-
lin 1996). The ERT method provides the apparent 
resistivity distribution of the subsurface. This pa-
rameter characterises a heterogeneous geological 
medium and varies considerably, ranging from ap-
proximately 1 Ω · m in saline and silty formations 
to several thousand ohm-metres in sediments 
such as dry sands or volcanic rocks (Loke 2018). 
Apparent resistivity is a  complex parameter that 
depends on many factors, such as fluid content, 
water mineralisation, porosity, lithology, miner-
al composition, and pore filling. With knowledge 
of the media’s resistivity ranges and borehole data 
from the area, the results can be interpreted as 
the lithology of the geological formations. Nowa-
days, the ERT technique is well established as the 
most popular and effective non-invasive method 
of electrical resistivity research techniques, allow-
ing for the 2D/3D recognition of the geoelectrical 
structure of the near-surface zone and its moni-
toring in time (4D). ERT is widely applied in the 
general recognition of geological structure (see, 
e.g., Smith & Sjogren 2006, Ikhane et  al. 2012, 
Woźniak et  al. 2018, Woźniak & Bania 2019a, 
2019b, Bania et al. 2024, Łój et al. 2025). Moreover, 
it is particularly suitable for characterising uncon-
solidated deposits of fluvial origin (see e.g., Matys 
Grygar et al. 2016, Akinbiyi et al. 2019), which ex-
hibit high resistivity variability depending on the 
porosity, type of pore-filling medium (air/water), 
proportion of clay/sand material, and groundwa-
ter mineralisation (Telford et al. 1990).

The aim of this article is to present the effec-
tiveness of integrated geophysical methods in 
the characterisation of subsurface media, and it 
focuses on the methodological aspects of both 
methods. The geophysical data used in this study 
were measured during surveys carried out prior 

to the geotechnical investigations for the planned 
construction in the vicinity of the village of Czer-
nichów, near Krakow, southern Poland. The sur-
vey was designed as an initial stage of site charac-
terisation, preceding geotechnical drilling and in 
situ testing. Its dual objective was to identify zones 
of interest for further testing and to constrain key 
subsurface physical parameters. The investigation 
focused on determining the physical properties of 
near-surface materials, mapping subsurface struc-
tures, and estimating the depth to bedrock as well 
as its morphological variability. To achieve this, 
MASW and ERT were applied in a complementa-
ry manner: MASW was intended to constrain the 
depth and morphology of the bedrock, whereas 
ERT was used primarily for detailed characterisa-
tion of the shallow overburden. It should be noted 
that part of the ERT data has previously been pre-
sented by Mościcki et al. (2014), who showed in-
verse model resistivity cross-sections for three of 
the five ERT profiles, whereas the structural maps, 
including the interpreted tops of lithological lay-
ers, were based on all five profiles. In this study, 
these data are revisited and fully reprocessed, vi-
sualised, and interpreted using up-to-date soft-
ware tools. The earlier processing (Mościcki et al. 
2014) was based primarily on the default settings 
of the Res2Dinv software, except for the applica-
tion of the robust inversion option, whereas the 
present reprocessing involved testing selected in-
version options and applying a customised set of 
inversion parameters. The primary goal of this re-
analysis was to compare the ERT results with pre-
viously unpublished MASW data as part of an in-
tegrated interpretation. This integrated approach 
enabled the development of a  more reliable and 
less ambiguous model of the geological subsurface 
in the study area.

MATERIALS AND METHODS

Study area

The research site is situated in Czernichów vil-
lage, close to the Vistula River in southern Poland, 
around 20 km southwest of Krakow (Fig. 1). The 
site is relatively flat and covered with grass. Lo-
cal geology consists of soft alluvial Holocene sedi-
ments and clastic Miocene deposits overlying solid 
Upper Jurassic carbonate bedrock (Golonka 1981). 
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The Upper Jurassic deposits consist of light-
grey, massive siliceous limestones, with occasion-
al occurrences of black flint. These formations are 
intersected by numerous faults, forming tectonic 
horsts and grabens of various sizes. Exposures of 
limestone can be observed in the northern part 
of the study area. Miocene sediments are main-
ly grey, silty clays with silt laminations, filling ir-
regularities on the limestone surface and tectonic 
grabens. The investigation area is part of the Vis-
tula River alluvial plain, composed of unconsol-
idated Holocene clastic sediments overlying the 
Miocene strata. The basal section of the Holo-
cene profile is mainly composed of sandy gravels 
and gravels, grading upward into medium sands. 
The overlying sediments display alternating layers 
with varying grain sizes, such as silts, silty sands, 
medium sands, dusts, and sandy dusts (Golonka 
1981, Borecka et al. 2014). 

The groundwater table was encountered with-
in Quaternary sandy-gravel deposits (Borecka 
et al. 2014). It forms a laterally continuous uncon-
fined aquifer that is hydraulically connected to the 
nearby Vistula River. Owing to the close proxim-
ity of the river channel, groundwater level fluctu-
ations are strongly correlated with variations in 
the river stage. During the acquisition campaign, 

groundwater was observed at a depth of approxi-
mately 6.1 m in borehole BH-1 (Fig. 2).

Fig. 2. Lithology profile from BH-1. See Figure 1 for its loca-
tion. The groundwater level was found at a  depth of 6.1  m 
within a sand–gravel mix

Fig. 1. Lithological map of the study area (modified after Ryłko & Paul 2013) showing the locations of geophysical profiles along 
which MASW and ERT measurements were conducted. Explanations: 1–5 – geophysical profiles, lm – Jurassic limestones, mr – 
Cretaceous marls, as – alluvial soils, ld – lacustrine deposits 

https://journals.agh.edu.pl/geol


73

Geology, Geophysics and Environment, 2026, 52 (1): 69–85

Integration of MASW and ERT methods for site characterisation: A case study from Czernichów (Southern Poland)

Methods

For the site characterisation in the study area, the 
multichannel analysis of surface waves (MASW) 
and electrical resistivity tomography (ERT) tech-
niques were applied. Five parallel geophysical 
survey profiles were laid out across the planned 
foundation area (Fig. 1). MASW and ERT 2D 
measurements were acquired along these profiles. 
Borehole BH-1, located at the 130 m position along 
Profile 1, provided lithological information down 
to the bedrock (Fig. 2). The methodology of each 
geophysical method is presented in the following 
section.

Multichannel analysis of surface waves
Multichannel analysis of surface waves utilises 
the dispersive nature of surface waves (mainly the 
fundamental mode of Rayleigh waves), which ex-
hibit the highest energy in seismic records. Dis-
persion refers to the phenomenon in which var-
ious frequencies propagate at different speeds 
(called phase velocities) in a heterogeneous medi-
um (Park et  al. 1999). This characteristic is thus 
utilised to derive a dispersion curve, representing 
the relationship between frequency and phase ve-
locity. By applying an inversion process, these dis-
persion curves can be converted into a 1D shear-
wave velocity profile with depth. Combining 
several 1D profiles then makes it possible to create 
a final pseudo-2D cross-section. (Xia et al. 2000). 

Seismic data were collected along five profiles 
(Fig. 1) using a  24-channel Geometrics GEODE 
seismograph with 4.5 Hz vertical geophones 
spaced every 2 m. Only 19 geophones were avail-
able during the survey, which gives a total spread 
length of 38 m. Surface waves were generated us-
ing an 8 kg sledgehammer striking a polyethylene 
plate. A conventional roll-along acquisition tech-
nique was used, with the source placed 15 m ahead 
of the spread. After each shot, the spread was 
moved 10 m along the profile. The study area was 
characterised by low seismic noise. Nevertheless, 
up to five hammer strikes at each shot position 
were performed to enhance the signal-to-noise 
ratio. This allows the acquisition of high-qual-
ity data. The record length was 1 s, which was 
enough to record fully developed surface waves. 
The sampling interval was 1  ms. The lengths of 

the MASW-1, MASW-2 and MASW-3 profiles 
were 210  m, while the lengths of the MASW-4 
and MASW-5 profiles were 140  m. The MASW 
data processing was carried out with the Geogi-
ga Surface Plus software package (ver. 10.0, Geo-
giga  Technology Corp.). The initial stage of data 
processing involved converting selected shot gath-
ers from the time–distance (t–x) domain to the 
frequency–phase velocity (f–v) domain using the 
phase shift method (Park et al. 1999). For each re-
cord, the dispersion curve of the Rayleigh wave 
fundamental mode was interpreted and inverted 
individually to generate a 1D profile of VS (S-wave 
velocity) variation with depth. The accurate in-
terpretation of the dispersion curve is the most 
crucial part of this process. Proper interpretation 
requires dispersion curves to be smooth and con-
tinuous over the widest possible frequency range. 
The precision and clarity of the dispersion image 
are determined by the field data acquisition set-
tings (Ivanov et  al. 2008, Taipodia et  al. 2018). 
The theoretical minimum wavelength and shal-
low depth resolution are influenced by the spac-
ing between the geophones, while the maximum 
wavelength and depth of the investigation are de-
termined by the geophones’ natural frequency 
and the overall spread length. In general, however, 
the features of the dispersion image are strongly 
affected by local site conditions. For most of the 
acquired data, dispersion curves could be inter-
preted across a broad frequency range of 7–60 Hz. 
Below 7 Hz, the signal was blurred and unsuitable 
for interpretation. The initial models for inversion 
consisted of 9 layers. The thickness of each layer 
was determined using the formula:

Hi+1 = Hi + 1.20	 (1)

where Hi is the thickness of the ith layer. The thick-
ness and depth penetration range was estimated 
based on the wavelength (velocity/frequency rela-
tionship) divided by 2 (Dal Moro 2014). The first 
layer thickness was assessed from the highest fre-
quency of the dispersion picks, while the maxi-
mum depth was controlled by the lowest frequen-
cy picked on a given record. 

The interpreted dispersion curves for all re-
cords were inverted using a  genetic algorithm 
(GA). This technique is considered a global search 
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approach, capable of bypassing local minima that 
the conventional iterative non-linear least squares 
inversion may fall into. It is a reliable and robust 
method, which has been successfully used by 
numerous researchers for inverting dispersion 
curves (Yamanaka & Ishida 1996, Hayashi 2012). 
The genetic algorithm relies on three fundamen-
tal operations inspired by biological evolution: se-
lection, crossover, and mutation (Boschetti et  al. 
1996). In this approach, geophysical properties 
like wave velocity, layer thickness, and density are 
considered as genes. Using a  GA for the disper-
sion curve inversion requires minimal prior in-
formation and does not depend on the parameters 
needed for the forward modelling problem (Dal 
Moro et al. 2007). A notable drawback of the GA is 
its need for substantially more forward modelling 
than traditional methods. 

The parameters used in the genetic inversion 
algorithm are listed below:
–	 iterations: 30;
–	 population: 128;
–	 crossover probability: 0.90;
–	 mutation probability: 0.020;
–	 seed: 80.

By inverting the interpreted dispersion curves, 
the S-wave velocity was estimated down to ap-
proximately 24  m. After inversion, the resulting 
1D VS model was positioned at the centre of the 
geophone spread. The root mean square error 
(RMSE) for all estimated VS models was under 
2.5%, indicating a  high degree of reliability. The 
RMSE was calculated as the difference between 
the interpreted dispersion curve and the theo-
retical curve derived from the VS model obtained 
through inversion (Xia et al. 1999). 

Fig. 3. Representative shot gathers and their associated interpreted dispersion curves, together with the derived 1D S-wave veloc-
ity models through inversion: A) Shot #1 from the beginning of the MASW-1 profile; B) Shot #15 from the end of the MASW-3 pro-
file. In panel A, the bedrock occurs at the greatest depth, while in panel B, it occurs at the shallowest depth within the study area

A

B
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Figure 3 presents two exemplary seismic re-
cords together with their spectral analyses and 
the resulting 1D shear-wave velocity models ob-
tained through inversion. The final step involved 
interpolating 1D velocity models in sequential or-
der along the given profiles to create a 2D S-wave 
cross-section. The resulting cross-sections were 
then smoothed using a mean filter with a horizon-
tal window width of 5.

Electrical resistivity tomography 

The ERT measurement technique usually involves 
placing several dozen electrodes at equal distanc-
es (Δx  – spacing) and performing a series of elec-
trical resistivity profiling in an automated manner 
(Burger et  al. 2006) with selected measurement 
arrays. The result of ERT measurements is the so-
called apparent resistivity pseudosection (ARP), 
where the vertical axis represents a parameter re-
lated to the measurement array size (half the spac-
ing of the current electrodes, AB/2, or the so-called 
pseudo-depth), and the horizontal axis indicates the 
distance along the profile (Loke 2018). This pseu-
dosection is subjected to quantitative analysis, i.e., 
geophysical interpretation (inversion).

Inversion involves choosing a  discrete 2D re-
sistivity model of the geological medium whose 
response to simulated measurements (theoretical 
ARP) closely matches the ARP recorded in field 
surveys. The accuracy of the inversion is assessed 
using the RMS error or the absolute error be-
tween the theoretical and field ARP (Loke 2018). 
By repeating this process many times (iterating), 
an inverse model resistivity section is obtained as 
a  function of depth and distance on the profile. 
It is important to note that the resistivity distribu-
tion derived from the inversion does not necessar-
ily represent the actual subsurface resistivity and 
should instead be considered as interpreted resis-
tivity. This phenomenon arises due to the inherent 
non-uniqueness of the inversion process. 

Electrical resistivity tomography was acquired 
along the same profiles as the MASW measure-
ments (Fig. 1). In the measurements, the GDRM-
VAR resistivity system with a set of 96 electrodes 
was employed. For all ERT profiles, a  1  m spac-
ing (Δx) (distance between adjacent electrodes) 
was applied. This made it possible to construct 

a basic profile of 95 m in length (using the max-
imum number of electrodes) for all five survey 
lines. To achieve the desired length of the pro-
files, that is, 231 m, the roll-along technique was 
used. It involves successively moving the ini-
tial sections of cables with electrodes to the end 
of the current basic profile and then continuing 
the measurements (Dahlin 1996). This way, a pro-
file of any length can theoretically be run. In this 
case, the overall single profile consisted of three 
basic sections (A, B, and C), with each subsequent 
section overlapping the previous one by approxi-
mately one-third of its length. The lengths of the 
individual sections, measured relative to the en-
tire study profile, were as follows: A – 0–95 m, B  – 
64–159 m, and C  – 136–231 m. This arrangement 
provided complete coverage of the apparent resis-
tivity data both along the entire profile and across 
the desired depth range. The Wenner alpha array 
with parameters a = 1, 2, 3, 4, 5, 6, 8, 10, 13, and 
16 Δx was applied. The Wenner array was selected 
due to its strong signal, low noise sensitivity, and 
highest vertical resolution, making it particularly 
effective for delineating layer boundaries in hori-
zontally stratified geological settings. The chosen 
measurement sequence allowed for the acquisi-
tion of over 2,000 apparent resistivity values along 
each ERT survey line, providing dense spatial cov-
erage and reliable data for subsequent inversion 
and interpretation. Additional information for 
all profiles is given in Table 1. The exact positions 
of the electrodes and the distance between them 
on the individual profiles were determined using 
geodetic measurements. Simultaneously, the el-
evation of each electrode along the ERT profiles 
was measured using geodetic levelling. The coor-
dinates of characteristic points on individual sur-
vey lines were measured using a  GNSS receiver.

Measurement data obtained during ERT sur-
veys were inverted in the Res2Dinvx64 software 
(ver. 4.10.21, Aarhus Geosoftware). Numerous pa-
rameter configurations offered by the software 
were tested, and their own set was developed. Two 
basic inversion variants were analysed, i.e., ro-
bust (l1-norm) and smooth (l2-norm) (Loke et al. 
2003). Finally, the robust inversion approach was 
selected, as the goal of the interpretation was to 
most accurately delineate the boundaries between 
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contrasting geoelectrical mediums on the ob-
tained resistivity cross-sections (see, e.g. Elwaseif 
& Slater 2010, Bania & Woźniak 2022). The inver-
sion mesh was created so that all model blocks were 
of equal width and there were two mesh nodes be-
tween adjacent electrodes. The Use extended mod-
el option, which is turned on by default, was also 
disabled, giving the inversion mesh a  trapezoi-
dal shape. Moreover, the influence of the model’s 
boundary blocks on the inversion results was lim-
ited. It is important to note that this effect is fairly 
common, particularly when there are relative-
ly large resistivity contrasts in the medium (above 
around 1:200). It appears as an artificial increase 
or decrease in the resistivity values of interpret-
ed zones situated at the edges of the ERT sections 
(Loke 2018). This effect was mitigated by adjust-
ing the default Reduce effect of side blocks setting 
to Slight, which also helped decrease the abso-
lute error for the tested data. Other inversion op-
tions not mentioned in the paper were also tested.

After inversion, in the case of the ERT-3 sur-
vey line, additional filtering was applied using the 
RMS error statistics option (thanks to the excellent 
quality of the data, the remaining profiles did not 
require this step). A cutoff error of 20% was select-
ed. This filtering enabled the removal of data points 
that showed relatively large discrepancies between 
the measured and calculated apparent resistivity 
values (Loke 2018). After filtration, the inversion of 
the ERT-3 dataset was performed once again. The 
high quality of the data and the filtering applied to 
the ERT-3 dataset granted the inverse model resis-
tivity sections relatively small absolute error values 
(Table 1). With the applied methodology, the depth 
of investigation is approximately 10 m.

Table 1
Characteristics of field measurements and l1-norm inver-
sion results for the ERT method. For each profile, the effective 
number of electrodes (regarding roll-along overlaps) was 232, 
and the spacing was Δx = 1 m

ERT 
profile

Electrode 
no.

Data col-
lected no.

Iterations 
no.

Absolute 
error [%]

ERT-1

96

2046 8 2.04

ERT-2 2048 8 1.89

ERT-3 2048 10 1.98

ERT-4 2048 9 2.62

ERT-5 2047 9 1.46

RESULTS AND DISCUSSION

MASW results
The MASW-1, MASW-2, MASW-3, MASW-4 and 
MASW-5 2D cross-sections along five geophysi-
cal profiles are presented in Figures 4A, 5A, 6A, 
7A and 8A, respectively. The obtained S-wave ve-
locities vary between 100 and 800 m/s, showing 
the variation in subsurface properties at the site 
designated for construction. The applied method-
ology makes it possible to recognise subsurface 
materials down to 24  m. All MASW 2D cross- 
sections show a similar image of the subsurface, 
where four distinct layers can be differentiated 
based on velocity contrasts (L1s  – L4s seismic 
layers). The uppermost layer (L1s) indicates that 
the surface and near-surface materials possess 
very low S-wave velocities, around 120 m/s. This 
thin, continuous layer reaches up to 2 m in thick-
ness. In the northern section of the study area, 
velocities within this layer drop to approximate-
ly 100 m/s. S-wave velocities in the second layer 
(L2s) are around 200 m/s. Across the study area, 
the layer’s thickness decreases from approximate-
ly 12 m in the southern region to 3 m toward the 
north. Within this layer, a thin zone of relatively 
higher velocity (approx. 280 m/s) is embedded in 
lower-velocity sediments, although this sublayer 
is not visible in the westernmost profile (Fig. 7A). 
The third layer (L3s) shows S-wave velocities be-
tween 350 and 550 m/s, with the thickness reduc-
ing from 7 m in the south to 2 m in the northwest. 
The lowermost layer (L4s) has the highest S-wave 
velocities (exceeding 600 m/s), and its depth rang-
es from 22 m in the southern part of the area to 
8 m in the north.

ERT results 
The ERT-1, ERT-2, ERT-3, ERT-4 and ERT-5 2D 
cross-sections along five geophysical profiles are 
shown in Figures 4B, 5B, 6B, 7B and 8B, accord-
ingly. The employed Wenner alpha array offers the 
highest signal-to-noise ratio and excellent verti-
cal resolution. With an electrode spacing of 1 m, 
it enables precise imaging of the upper 10 m of the 
subsurface. The inverse model resistivity sections 
reveal that the resistivity values across the study 
area vary between 10 and 4,000 Ω · m, reflecting 
significant contrasts in subsurface conductivity. 

https://journals.agh.edu.pl/geol
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Fig. 4. Results of the MASW-1 (A) and ERT-1 (B) geophysical measurements. Explanations: L1s – L4s – interpreted seismic 
layers, L1e – L3e – interpreted geoelectrical layers. The oval within L2s indicates a sublayer characterised by relatively higher 
S-wave velocities

Fig. 5. Results of the MASW-2 (A) and ERT-2 (B) geophysical measurements. Explanations: L1s  – L4s  – interpreted seismic 
layers, L1e  – L3e  – interpreted geoelectrical layers. The oval within L2s indicates a sublayer characterised by relatively higher 
S-wave velocities

A

A

B

B



78

https://journals.agh.edu.pl/geol

Cichostępski K., Bania G., Borecka A.

Fig. 6. Results of the MASW-3 (A) and ERT-3 (B) geophysical measurements. Explanations: L1s  – L4s  – interpreted seismic 
layers, L1e  – L3e  – interpreted geoelectrical layers. The oval within L2s indicates a sublayer characterised by relatively higher 
S-wave velocities

Fig. 7. Results of the MASW-4 (A) and ERT-4 (B) geophysical measurements. Explanations: L1s  – L4s  – interpreted seismic layers, 
L1e  – L3e  – interpreted geoelectrical layers

A

B

A
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Generally, the geological medium can be divid-
ed into three nearly horizontal layers (L1e  – L3e 
geoelectrical layers). The uppermost layer (L1e) is 
around 2  m thick and exhibits an average resis-
tivity of approximately 1,000 Ω · m. On the ERT-4 
section, the resistivity values within this layer 
reach up to 4,000 Ω · m. This layer does not occur 
throughout the study area. In its northern part, 
a  zone of low resistivity values (up to 200 Ω · m) 
begins to appear. The second, underlying layer 
(L2e) exhibits low resistivity values, varying from 
40 to 400 Ω · m, with an approximate thickness 
of 2 m. Towards the north, the layer increases in 
thickness to approximately 4  m (in ERT-1 sec-
tion) and emerges at the surface in the northeast 
(sections ERT-1, ERT-2, ERT-3 and ERT-5). In the 
ERT-3 section, this layer has the highest resistivity 
values, which reach 400 Ω · m. The deepest, third 
layer (L3e) shows resistivity values in the range of 
several thousand ohm-metres, with low-resistivity 
zones occurring at the lower parts of all sections.

Integrated interpretation of MASW and ERT 
The geophysical investigation integrating MASW 
and ERT conducted in the vicinity of Czernichów 

village provided valuable information about the 
vertical and lateral distribution of subsurface ma-
terials. The results of both methods were correlat-
ed with lithological data from borehole BH-1 (Figs. 
2, 4), allowing the derived geophysical parameters 
to be linked to soil types. The study area consists 
mainly of soft, sandy soil layers overlying rigid 
limestone bedrock. Both methods show very good 
agreement with the borehole lithology and indi-
cate that the subsurface is relatively homogeneous, 
with the distribution of physical parameters being 
similar across all profiles (Figs. 4–8). The first 2 m 
(interpreted layers L1s and L1e) are characterised 
by low shear wave velocities (below 120 m/s) and 
high resistivity values (more than 1,000 Ω · m). 
These parameters correspond to weak, very loose 
soils and dry sands. 

Below this zone, a layer with lower resistivity is 
clearly evident in the ERT cross-sections (L2e). Its 
thickness is approximately 2 m. This layer, rich in 
clay, corresponds to the alluvial sediments iden-
tified in borehole BH-1. Along the ERT-3 profile, 
however, it shows the highest resistivity values, up 
to 400 Ω · m, indicating a lower clay content at this 
location. At the northern ends of all ERT sections, 

Fig. 8. Results of the MASW-5 (A) and ERT-5 (B) geophysical measurements. Explanations: L1s  – L4s  – interpreted seismic 
layers, L1e  – L3e  – interpreted geoelectrical layers. The oval within L2s indicates a sublayer characterised by relatively higher 
S-wave velocities
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low resistivity values extend to the surface, form-
ing a near-surface anomaly with increased thick-
ness. This anomaly is also visible in the MASW 
profiles as a decrease in velocity down to 100 m/s. 
It can be interpreted as very loose, weak, clay- 
dominated soil. 

The third geoelectrical layer (L3e) is charac-
terised by high resistivity values, reaching up to 
4,000 Ω · m and can be correlated with the compact, 
poorly sorted sands and gravels found in borehole 
BH-1. Changes in resistivity in the layer highlight 
the increase of poorly sorted granular rock com-
ponents and/or a different amount of pore water. 
Within the depth range of the geoelectrical sec-
ond and third layers (from 2 to 8 m below ground 
level), S-wave velocities vary only slightly, with 
values of approximately 200 m/s (L2s). This sug-
gests that the sands, alluvial soils, and sand–gravel  
mixtures present here, despite showing significant 
variations in resistivity, do not differ in terms of 
strength. Within this depth range, a thin sublay-
er characterised by relatively higher S-wave veloc-
ities (approximately 280 m/s) is observed, indicat-
ing the presence of stiffer material. This layer is 
not resolved in the westernmost profile (Fig. 7A), 
which may suggest lateral discontinuity or a  re-
duction in thickness below the resolution limit of 
the MASW survey.

Below 8  m depth, a  sharp increase in S-wave 
velocity is observed (L3s). Here, the velocities 
vary from 350 to 550  m/s. They correspond to 
very dense soil composed of sandy gravel (veloc-
ities up to 480 m/s) and silty clay (velocities above 
480 m/s) as indicated in borehole BH-1. The lay-
er with the highest S-wave velocity (greater than 
600 m/s; L4s) can be associated with limestone, 
as confirmed by borehole BH-1. The interpreted 
depth of the limestone bedrock shows excellent 
agreement with the borehole data (Fig. 4), extend-
ing from the southwest (MASW-4 profile; Fig. 7), 
where the limestone occurs at its greatest depth 
of 22 m, to the northeast, where it rises to a shal-
low depth of 8  m (MASW-5 profile; Fig. 8). To-
gether with the overlying layer, it forms a distinct 
NE-trending structure.

The ERT sections end at 10  m depth. At the 
bottom of each ERT cross-section, low-resistivity  
zones appear. These zones may reflect increased 

clay and/or water content at the base of the L3e 
layer and may also indicate the presence of an un-
derlying silty clay layer below the investigation 
depth of the method, as suggested by the borehole 
BH-1 and by the transition to the deeper seismic 
layer L3s (Fig. 4). However, it may also be relat-
ed to edge effects in the inverted resistivity mod-
el. Because this low-resistivity response coincides 
with the transition to very dense sandy gravel and 
silty clay recognised in the MASW interpretation, 
it is more likely to be related to geological struc-
ture than to inversion edge effects alone. Never-
theless, since the ERT sections terminate at this 
depth, some contribution from boundary effects 
in the inverted resistivity model cannot be exclud-
ed (Loke 2018). Interpretation in such a situation 
remains uncertain. 

According to the National Earthquake Haz-
ards Reduction Program (NEHRP) (Building 
Seismic Safety Council 2001a, 2001b) and Inter-
national Building Code (IBC) (International Code 
Council 2009) soil classifications, the obtained 
S-wave velocities for limestone (600–800 m/s) are 
typical of stiff soil or soft rock rather than sol-
id rock. Preliminary results from earlier P-wave 
seismic refraction measurements along profile 1 
showed that the limestone has a P-wave velocity of 
4,860 m/s (Borecka et al. 2014). Assuming a typical 
Poisson’s ratio of 0.3 for the limestone, the S-wave 
velocity should be approximately 2,600 m/s. This 
discrepancy indicates that the MASW method 
underestimated the S-wave velocity of the lime-
stone. While variations in fracturing, porosity, or 
saturation could change the estimated S-wave ve-
locity, even a  reasonable range of Poisson’s ratio 
(0.20–0.35) still yields values much higher than 
those from MASW. In our case, an S-wave velocity 
of 800 m/s would imply a Poisson’s ratio of 0.486, 
which is unrealistically high for a limestone. One 
possible explanation is the significant contrast in 
elastic properties between the soft soil and the 
rigid bedrock. This contrast led surface waves to 
propagate within a waveguide formed by the soil 
layers above the bedrock and the ground surface. 
As a result, the signal was received from the top 
of the bedrock rather than from the bedrock it-
self. Another potential explanation relates to the 
inverse problem: since the inversion of MASW 

https://journals.agh.edu.pl/geol
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data is mathematically ill-posed, it may lead to 
non-unique solutions, which represents an inher-
ent limitation of the method (Foti et al. 2009). In 
addition, strong velocity contrasts between layers 
reduces the sensitivity of the dispersion curves to 
deeper, high-velocity formations, increasing the 
uncertainty in the estimated S-wave velocity of 
the bedrock.

Analysis of the dispersion images from the 
study area indicates that the depth of the bedrock 
has a significant effect on the propagation of sur-
face wave energy. This situation can be observed 
in Figure 2. When limestone occurs at greater 
depths, surface wave energy propagates to fre-
quencies down to 7 Hz (Fig. 3A). In contrast, for 
shallow limestone, no clear energy is observed at 
frequencies below 11 Hz (Fig. 3B). However, this 
phenomenon still requires further investigation. 
Moreover, the presence of shallow stiff rock can 
generate higher modes of surface waves. Although 
these modes may provide additional constraints 
for inversion, they are difficult to interpret because 
they do not necessarily occur in sequential order. 
For example, what appears in Figure 3B as a high-
er mode could correspond to the first higher mode 
or to the second mode, and even interference be-
tween these and higher modes. In certain cases, 
surface wave energy may not propagate as the fun-
damental mode at all. Misidentifying the modes 
can result in an overestimation of S-wave veloc-
ities, because higher modes travel at faster phase 
velocities (Ivanov et al. 2011, Gao et al. 2015). One 
possible approach to reduce the ambiguity in dis-
persion images is to use multichannel analysis 
based on Love waves. Compared with Rayleigh 
waves, Love waves are generally less prone to gen-
erating higher modes of surface waves, which may 
result in a less ambiguous dispersion image. How-
ever, the acquisition of Love wave data requires 
both a  horizontal seismic source and horizontal 
geophones. Such a configuration is generally more 
time-consuming and less practical in field condi-
tions than the standard MASW setup employing 
a  vertical impact source (e.g., a  sledgehammer) 
and vertical geophones (Dal Moro 2014). 

These factors illustrate that the interpretation 
of MASW data in areas with strong velocity con-
trasts and shallow bedrock should be treated with 

caution, and the obtained S-wave velocities should 
be considered as approximate estimates rather 
than exact values of the bedrock properties.

The relatively shallow investigation depth of 
ERT, compared with the seismic method, is at-
tributable to the chosen Wenner array dimensions 
and the selected electrode spacing. This config-
uration was dictated by technical constraints  – 
namely, the characteristics and limited power of 
the equipment used  – and by the adopted roll-
along acquisition procedure. In the present study, 
the roll-along technique required relocating the 
entire 95-electrode survey line at once and record-
ing overlapping segments, whereas more recent 
measurement systems allow selective relocation 
of electrode subsets. For example, the SuperSting 
measurement system (manufactured by Advanced 
Geosciences, Inc.) permits roll-along by shifting 
14  or 28 electrodes out of a  112-electrode layout 
(see e.g., Bania et  al. 2024), although the exact 
capability depends on the hardware variant, the 
number of cables, and the number of electrodes 
that can be operated simultaneously. Such flexible 
roll-along implementations afford greater oppor-
tunities to extend the method’s depth of investiga-
tion. Alternatively, larger sets of Wenner spacings 
or increased overall electrode spacing could have 
been employed by the authors; however, these op-
tions would have substantially increased the mea-
surement time required for a  single ERT profile 
and/or decreased the achievable depth resolution. 
The authors prioritised detailed characterisation 
of the near-surface strata while maintaining an 
optimal measurement duration and therefore ad-
opted the described measurement geometry. 

Groundwater was encountered in BH-1 at 
a depth of approximately 6.1 m, corresponding to 
an elevation of approximately 205.55  m (Fig. 2). 
This places the water table within the middle part 
of the L3e layer (Figs. 4–8), interpreted as sandy- 
gravel deposits. However, no distinct resistivity 
contrast within this layer can be directly linked 
to the groundwater table. This suggests that, un-
der the studied hydrogeological conditions, the 
groundwater table does not form a  well-defined 
geoelectrical boundary. A possible explanation is 
that the sandy fraction within the sand–gravel de-
posits promotes capillary rise and elevated pore 
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moisture above the groundwater table, leading 
to relatively uniform resistivity values through-
out much of L3e. Consequently, the observed re-
sistivity variability within this layer is interpret-
ed primarily in terms of lithological heterogeneity 
within the sand–gravel sequence, although the in-
fluence of spatial variations in pore-water content 
cannot be entirely excluded.

Although the acquisition of five parallel 2D 
ERT profiles suggests the use of 3D inversion, this 
approach was not included in the interpretation. 
According to the practical guidelines provided 
by Loke (2003, 2018), pseudo-3D inversion based 
on parallel 2D lines is appropriate only when the 
spacing between neighbouring lines is relatively 
small, and in practice should not exceed approx-
imately twice the unit electrode spacing. In the 
present survey, the inline electrode spacing was 
1  m, whereas the spacing between adjacent pro-
files ranged from 15 to 25 m, which significantly 
exceeds the recommended limits for pseudo-3D 
inversion. Under such conditions, the resistivity 
distribution between the profiles is poorly con-
strained, and the inversion may generate artifi-
cial banding related to the acquisition geometry 
itself (Loke & Dahlin 2010). Test inversions were 
nevertheless performed; however, the resulting 
3D models exhibited numerous artificial resistiv-
ity anomalies, particularly in the regions between 
adjacent profiles and near their boundaries. This 
effect was further amplified by lateral variability 
in the geological structure across the site. There-
fore, the acquired dataset is not suitable for reli-
able 3D inversion.

CONCLUSIONS

An integrated geophysical survey using MASW and 
ERT was carried out to aid the geotechnical inves-
tigation in Czernichów. This study demonstrates 
the effectiveness of combining these techniques for 
site assessment. The results indicate that the com-
bined application of MASW and ERT offers a cost- 
efficient approach to investigating subsurface con-
ditions, reducing the need for expensive, invasive 
geotechnical tests, and can be applied for recogni-
tion in most geological settings. 

The MASW method was able to image the sub-
surface to a  maximum depth of approximately 

24 m, allowing delineation of the depth and mor-
phology of the limestone bedrock (Figs.  4–8). 
However, it was not successful in accurately re-
solving its velocity. In contrast, the ERT meth-
od resolved only the upper approximately 10  m 
and provided greater detail for the shallow layers. 
Both techniques clearly resolved the top 2 m. Be-
tween 2 and 10 m depth, MASW indicated a sin-
gle, relatively homogeneous layer (L2s) with little 
variation in velocity (approximately 200 m/s). In 
comparison, ERT allowed clearer differentiation 
within the same depth, distinguishing alluvial 
soils (interpreted as the second layer, with resistiv-
ities of approximately 150 Ω · m) and sand–gravel  
mixtures (interpreted as the third layer, with re-
sistivities greater than 1,000 Ω · m). The differ-
ences in lithological identification between the 
two methods arise from the different physical pa-
rameters they measure. ERT is sensitive to vari-
ations in clay content, porosity, and the presence 
of water, whereas MASW reflects variations in 
soil shear strength. In the study area, sands, al-
luvial soils, and sand–gravel mixtures have simi-
lar shear strengths but differ significantly in resis-
tivity. Both methods indicate that the subsurface 
medium is characterised by a  relatively uniform 
structure. However, a shallow anomalous zone ex-
tending to the surface is observed at the northern 
ends of profiles 1, 2, 3, and 5 (Figs. 4–6, 8). This 
zone is defined by a decrease in both S-wave ve-
locity (down to approximately 100  m/s) and re-
sistivity (down to approximately 30 Ω · m). In the 
ERT-1 cross-section, it correlates with alluvial 
soils (Fig. 4B). The observed changes in geophys-
ical parameters suggest the presence of weaker 
alluvial soils with increased clay content, which 
may indicate a  potential risk area requiring fur-
ther geotechnical investigation. In the ERT-4 pro-
file (Fig. 7B), this zone is not observed because the 
survey line does not extend far enough.
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