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A b s t r a c t  

In 2011, a geophysical survey was carried out in the surroundings 
of the Jagiellonian University in Cracow, using a Very Low Frequency 
method. The measurements were designed to determine the reason of 
frequent flooding of the lowest level of the building. The main objective 
of the study was to find out from where and in which way the rainwater 
seeps into the building and how this problem can be solved in the least 
invasive manner. The aim of geophysical methods was also to provide 
necessary information that will enable the construction of a hydro-
geological model of the local environment. The interpretation revealed 
the presence of a sandy gutter surrounded by impermeable clay. There is 
a big resistivity contrast between those layers. Their location and ap-
proximate dimensions were determined.  

Key words: Very Low Frequency method, groundwater research, elec-
tromagnetism, shallow geophysics, near surface. 
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1. INTRODUCTION 
The aim of this study is to examine the extent to which the Very Low Fre-
quency method can be useful in mapping shallowly buried geological struc-
tures. VLF EM induction method is used to determine the electric properties 
of the rock in the superficial zone. Then, on this basis, there is a possibility 
to establish the type of material present in the examined environment. The 
method is used in two modes: VLF-R (electric) and VLF (magnetic). A 
qualitative interpretation method was used to interpret VLF EM data to iden-
tify anomalous zones. Research has been done using the VLF-3 Scintrex in-
strument. The receiving frequency has been set at 21.75 kHz (HWU, 
Table 1). We have analysed a case which theoretically is on the border of 
applicability of the method. We tried to detect shallowly buried, watered 
sand trough in a low resistivity environment. The justification of application 
VLF method in this case is very simple. There is a big resistivity contrast be-
tween layers occurring there (Kleczkowski et al. 1994). Clays and loams 
have very low electrical resistivity (Table 2), but sands (even saturated by 
water) are characterized by higher resistivity (Table 3). The resistivities of 
different rocks vary within wide limits. The saline water, which saturates 
rocks, clays and sands is characterized by ionic conduction, and their resis-
tivities are relatively low (Antoniuk et al. 2003). The increase of the water 
salinity causes a significant increase in its conductivity (Plewa and Plewa 
1992). The main impact on the resistivity of biphasic rock has the compo-
nent of lower resistivity. In this case, VLF EM as a geophysical method 
should provide information about the hydrogeological conditions for techni-
cal and construction purposes. 

2. VERY  LOW  FREQUENCY  METHOD 
The VLF EM method belongs to the electromagnetic methods applied in 
near-surface geophysics. Its main application is the mapping of vertical dis-
continuities such as faults, flexures and ore mineralization zones (Saydam 
1981). It is used also in hydrogeological studies and detecting deposits of 
particular rock material (Chandra 2015).  

The VLF method uses electromagnetic waves of very low frequency in 
terms of radio waves. From the standpoint of geoelectrical methods, these 
frequencies are considered to be quite high. The sources of such waves are 
strong military radio stations used to maintain communication with subma-
rines. There are 11 major VLF transmitters distributed around the world 
(Reynolds 2011). They are emitting waves in the frequency range from 15 to 
30 kHz. Electromagnetic field is polarized cylindrically around the antenna. 
Registered electromagnetic waves can be divided into: 
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� Ionospheric waves, which once or multiply bounce off the ionosphere and 
the surface of the earth. The most common are singly (first sky hop) and 
doubly (second sky hop) reflected waves; 

� Spatial waves, which propagate in the air, directly from the transmitter to 
the receiver; 

� Ground waves, which propagate in the soil. These are recorded only at 
short distance from the source. 
Source signal is described by cylindrical coordinates, but it is better to 

transform it into Cartesian system. The primary field contains a vertical elec-
tric field component (Ez) and a horizontal (tangent) magnetic field compo-
nent (Hy), both perpendicular to the direction of propagation, x, and a 
horizontal (radial) electric field component (Ex). Electromagnetic field prop-
erties usually are discussed for two areas: the near zone (induction) and far 
zone (radiation). The far zone refers to the regions in which the distance be-
tween transmitter and receiver is many times bigger than the wavelength. 
The VLF measurements are carried out at a great distance (far zone). Con-
ductors in the earth modify the Hy component and create the vertical compo-
nent Hz. The vertical magnetic component is measured as ratio Hz/Hy. The 
primary Hy penetrates into the ground and induces eddy currents forming a 
secondary horizontal electric component in buried conductive structures. At 
a great distance, the horizontal electric component is much less than the ver-
tical electric component (Tabbagh et al. 1991). A secondary magnetic field 
is generated which is out of phase with the primary magnetic field. The in-
tensity of the secondary magnetic field depends on the conductivity of the 
ground (Khalil and Santos 2010). Resultant magnetic field, which is pro-
duced by the interference between the primary and the secondary magnetic 
fields, is elliptically polarized. The parameters of interest are: (a) the orienta-
tion of the minor ellipse axis (tilt angle, �), also called the real (in-phase); 
and (b) the ratio of the minor to the major ellipse axes of the polarization 
(ellipticity, e), also called the imaginary (quadrature) component (Karous 
and Hjelt 1977). 

As a result of low attenuation and high diffraction, at a small distance 
from the source, very long waves propagate mainly as spatial waves. How-
ever, at a distance of 1000-2000 km from the transmitter, ionospheric wave 
field strength exceeds the field strength of spatial waves. These bounce off 
the lowest layers of the ionosphere, which have very low electron density. 
Propagation range of these waves is very large and extends over several 
thousand kilometres (McNeill and Labson 1992). 

The most powerful transmitters emitting frequencies of interest to us are 
summarized in Fig. 1. The ellipses mark the ranges of spatial waves. 
Ionospheric waves are recorded worldwide. Military stations usually do not 
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Fig. 1. Location of stations; ellipses mark the maximum range of spatial waves, 
source: Scintrex (1988). 

provide a continuous signal. Station designated as HWU transmits practi-
cally without significant breaks. It is the Rosnay station in France, which 
emits electromagnetic waves with a frequency of 21.75 kHz (HWU France). 
A list of the transmitters whose signals are received in Poland is presented in 
Table 1 (Graf et al. 2011). 

Table 1  
List of VLF transmitters whose signals are received in Poland 

(source: http://www.classaxe.com/dx/ndb/reu/) 

ID Frequency  [kHz] Location 
VTX 16.3; 17.0 India 
JXN 16.4 Norway 
SAQ 17.2 Sweden 
RDL 18.1; 21.1 Russia 
HWU 18.3; 21.75; 22.6 France 
NWC 19.8 Australia 
ICV 20.27 Italy 
NPM 21.4 USA 
GQD 22.1 United Kingdom 
DHO38 23.4 Germany 
NAA 24.0 USA 
NML4 25.4 USA 
TBB 26.7 Turkey 
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3. METHODOLOGY  AND  DATA  ACQUISITION 
The method is based on measurement of the secondary fields produced by 
the underground conductive bodies, which are subject to action of the pri-
mary electromagnetic field. Although the source of the waves is artificial, we 
classify the VLF method as passive and operating in a far field of the source. 
The reason is that the signal transmission is done completely independently 
of its registration (serves other purposes), and takes place at a distance of at 
least several hundred kilometres from the research area. We can therefore 
consider an electromagnetic wave as a planar rather than spherical wave. In 
the VLF method, measurements are carried out mostly along profiles parallel 
to each other. Theoretically, designing profiles perpendicular to the investi-
gated structure should lead to the best results. However, the course of the 
structures seldom is well understood, which requires previous reconnais-
sance measurements (Kaufman and Keller 1981). 

The sensors do measurement the total field consisting of the primary and 
secondary field. Like the primary field, secondary field contains also two 
horizontal components, vibrating perpendicular to the direction of wave 
propagation. Also, the vertical component is measured. As a result of meas-
urements, we obtain three components: Ex, Hy, and Hz. Horizontal compo-
nents Ex and Hy are derived from primary and secondary fields, while the 
component Hz comes from the secondary field only. Due to measured com-
ponents, the measurement can be divided into magnetic mode (Hz and Hy 
components are measured) and electric mode (Ex and Hy). In the VLF meth-
od, the apparent resisitivity (�a [@m]) is obtained by calculating the imped-
ance (Z = Ex/Hy) from measured components in electric mode, according to 
the following formula similar to magnetotelluric measurement (Zdhanov and 
Keller 1994): 
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where �a [@m] is the apparent resistivity; � is the angular frequency, which 
is equal to 2�f, where f is a frequency of an electromagnetic wave in Hertz; 
	0 =is the magnetic permeability of a vacuum, which is equal to 4�`10–7 
[Vs/Am]; and Ey and Hx are horizontal components of the electric and mag-
netic field, respectively, expressed in millivolts per meter [mV/m] and in mi-
croamperes per meter [AA/m]. 

The unit of apparent resistivity is the same as for the true resistivity 
[@m], but only for a homogeneous medium these parameters are equal in 
value. In any other case, we obtain a function reflecting the distribution of 
resistivity in the ground only approximately (Tabbagh et al. 1991). At the 
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beginning, the analysis of apparent resistivity along individual profiles is 
done. Interpolated data from several profiles allow obtaining an estimated 
apparent resistivity distribution in the study area. The second parameter ob-
tained in the electric mode is the phase shift of impedance, expressed in de-
grees (Zhdanov and Keller 1994). 
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For a homogeneous half-space, the phase shift of impedance should be 
equal to –45 degrees or 45 degrees. The sign depends on the approach used 
for the solution of Helmholtz equation. The instrument which was used in 
this measurement calculates it with the negative sign. This parameter be-
haves inversely to the resistivity changes. The phase is maximum, where the 
apparent resistivity has its maximal slope. It increases when the resistivity of 
the soil decreases. Primary field coupled with conductors will be substantial-
ly shifted in phase. In the magnetic mode, searching for a buried conductor is 
performed by analyzing the axis of the elongated conductive structure. In a 
typical application of the VLF method, the conductive structure would reveal 
as a change in a sign of the vertical component. This characteristic sign re-
versal is generally analyzed separately for each profile. However, the place-
ment of the component Hz on the research area map enables to specify the 
zone of occurrence of anomalous structures approximately. When the anom-
alous structure is present, an extreme of the curve for the horizontal compo-
nent (Hy) can be expected. Above the high-conductivity layer the maximum 
is received. A low-conductivity layer causes a minimum (Karous and Hjelt 
1983). 

In the ground, the magnetic field is disturbed in phase and direction. It is 
attenuated, and the depth range is determined by skin effect. The depth of 
electromagnetic field penetration is the depth at which the wave amplitude 
decreases by one neper, in relation to the field at the surface of the earth. 
Depth range can be estimated using the following formula (Spies 1989): 

 503 3. f .B �� 8  (3) 

As is clear from the formula, the depth range depends only on the aver-
age resistivity and frequency. Considering that it is based here on a fixed 
frequency wave, the depth range depends only on the average resistivity in 
the soil. 
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4. DATA  ANALYSIS  AND  INTERPRETATION 
Research area was located near the Faculty of Management and Social 
Communication of the Jagiellonian University in Cracow (Lesser Poland, 
Poland). In the picture below (Fig. 2) there are two maps, which present the 
location of the survey area. Minor map contains location of Cracow city in 
Poland.  

The major map illustrates the research area with greater accuracy. VLF 
method was used to detect the sand gutters which cause the uncontrolled wa-
ter flow and flooding of the lowest level of the building. Eight parallel pro-
files were made in lengths from 43 to 56 m, spaced to each other by 1.5 m. 
The distance between the measuring points along the profile was 1 m. 
Rosnay station in France with a transmitted wave frequency of 21.75 kHz 
served as a source of electromagnetic waves (Bernard and Valla 1991). 

Survey area is located on the right bank of Vistula river within Miocene 
tectonic graben. The graben is filled by clay deposits mainly containing 
small inserts of evaporates. In the area of interest, the deposits originate from 
the middle Miocene–Tortonian (Gradziski 1972, Pitera 2004a, b). Tortonian 
sediments were covered with a thin layer of Holocene alluvial sediments and 
locally with the Pleistocene weathered deposits. In the area of our survey, 
shallowly beneath the surface, impervious clay material is divided with small 
sand structures that let the water through (Pociask-Karteczka 1994). The clay 
of marine origin, occurring in the area of study, is characterized by a very  
 

Fig. 2. Location of the survey area. The red polygon stands for study area. 
Source: Google Earth. 
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Table 2  
Values of resistivity (�) and conductivity (+) of rocks (Kobranova 1989) 

Rock �=[Wm] + [mS/m] 
Sand 100-2500 0.4-10 
Clays 1-100 10-1000 
Loam 5-50 20-200 
Marls 3-70 14-300 
Sandstone 500-5000 2-20 
Limestone 1-2×105 0.5-0.01 
Gypsum 105-106 0.01-0.001 
Anhydrite 102-105 0.001-10 
Rock salt 104-108 10–5-0.1 

Table 3  
Values of resistivity (�) and conductivity (+) of water (Keller 1966) 

Material �=[Wm] + [mS/m] 
Natural waters 1-100 10-1000 
Saline waters, 3% 0.15 (average) 6700 
Saline waters, 20% 0.05 (average) 20000 

Table 4  
Values of resistivity (�) and conductivity (+) of sandstones (Guinea et al. 2010) 

Material �=[Wm] + [mS/m] 
Solid sandstone > 1000 < 1 
Saturated sandstone < 100 < 10 
 

low resistivity (Table 2). In general, the sands have a high resistivity, but 
rainwater (Table 3) may reduce its value, even to just several ohmmeters 
(Table 4). So, a slight resistivity contrast should be visible and it would be 
possible to separate the layers of sandstone from clay. 

The depth range of such layers may vary from about 3 to 10 m. The data 
has been filtered by a 2 × 2 window and edited due to disturbances and sub-
mitted in the map. 

The first analyzed parameter is the distribution of the real magnetic ver-
tical component (Hz in phase) as ratio Hz/Hy (Fig. 3). In the behavior of the 
vertical component the change of sign is of the greatest interest. In the figure 
a contour line for the value equal to zero Hz/Hy is marked with a red line. 
Most of the profiles, between 20 and 30 m, reveal a change of sign in Hz/Hy 
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Fig. 3. The distribution of the vertical magnetic field, ratio Hz/Hy (phase). 

value. This zone corresponds to the location of the flooded building. In the 
northern part of the study area, a very strong positive anomaly shows up in 
the value of Hz/Hy in phase. It coincides with a strong minimum of apparent 
resistivity in this region (Fig. 6). 

The distribution of the values of quadrature component Hz(quad)/Hy is 
presented in Fig. 4. We can clearly observe an area in the northern part of the 
map. This zone is characterized by extremely high positive values of the ver-
tical component, while for the rest of the area the values are negative, reach-
ing their minimum in the southern part of the study area. Extremely low 
values of the magnetic component in the southern part of the study area may 
be related to rain-water saturated sands.  

For a better illustration of results, they distribution of parameter Hz/Hy in 
phase for Profile IV is additionally shown (Fig. 5). This profile is marked by 
a red line in Fig. 4. The zero crossing around 27 m of the profile is clearly 
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Fig. 4. The distribution of the vertical magnetic field, ratio Hz/Hy (quadrature). The 
redline marks Profile IV. 

Fig. 5. The distribution of Hz in phase component on Profile IV. 
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Fig. 6. The distribution of the phase shift of impedance. 

visible. This correlates with the location of the gutter. It also coincides with 
the positive anomaly of the apparent resistivity distribution (Fig. 6). 

The next step is to analyze electric parameters as phase shift of imped-
ance and apparent resistivity. Firstly, the distribution of phase shift of im-
pedance is presented (Fig. 6). The instrument used in this measurement 
calculates this parameter as –45 degrees for homogenous half-space, so it is 
presented in that way. For the majority of research area the phase shift oscil-
lates about –30 degrees, but in the northern part it grows up to +30 degrees. 
It is related to accumulation of low resistive clays in there. Phase shift gives 
better results for good conductors in resistive surroundings, than otherwise. 
Due to that fact, sandy gutter is not visible in this map.  

The last analyzed parameter, which is the most reliable, is the distribu-
tion of apparent resistivity (Fig. 7). It is well-known that the vertical compo-
nent of magnetic field (Hz) well appears in horizontal conductivity  
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Fig. 7. The distribution of apparent resistivity in a logarithmic scale. 

discontinuity, whose strike is not parallel to the direction of propagation of 
the EM field. In such a situation Hz crosses zero value over conductive body 
(Saydam 1981). In the discussed area, the sand gutter is low-conductive but 
the other rock, that is, clay is a good conductor. Clays form a lot of conduct-
ing bodies, which probably disturbs the magnetic field (Hz). In this disconti-
nuity (sand-clay), the electric field must be of interest. The electric field (Ex) 
reacts for local horizontal changes of resistivity because it describes currents 
flowing across the discontinuity. So the apparent resistivity is probably the 
most reliable parameter in the area. 

The map was made for the logarithm of apparent resistivity due to the 
high variability of this parameter. The zone of reduced resistivity is clearly 
visible. It coincides very well with the anomalies of magnetic component 
Hz/Hy which were described earlier. In the northern part of the map, a region 
of extremely low resistivity occurs. The reason for that is the presence of the  
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Fig. 8. Distribution of apparent resistivity in a logarithmic scale superimposed on a 
map of the study area. Purple arrow shows the direction of flooding. Source: 
www.googlemaps.com. 

very low-resistivity clays, which have been described previously. In the cen-
tral part of the study area, between 20 and 25 m of profile, there is a zone of 
increased apparent resistivity. It may indicate the presence of a sandy trough, 
which is responsible for the flooding of the building. 

The last figure (Fig. 8) shows the distribution of apparent resistivity su-
perimposed on a map of the study area.With such a result, we can conclude 
that just in this area a watered sandy trough is located, with an east-west 
course, responsible for the flooding of the lowest floor of the building. 

5. DISCUSSION 
These VLF surveys were carried out in order to define the location of a sand 
gutter. As we can see from the obtained data, our subject has been detected, 
although with low precision. All analysed parameters revealed an anomaly in 
the middle part of the study area. It coincides with the expected location of 
the gutter. The results of the study were affected by an adverse impact of the 
close proximity to the buildings. It could greatly weaken or distort the signal. 
This is undoubtedly a disadvantage of VLF method. In these circumstances, 
the Electrical Resistivity Tomography (ERT) could be very helpful as a 
complementary method. Both methods seem to be suitable for this particular 
case from a theoretical point of view. However, taking into account close 
proximity to the buildings, VLF method is more convenient because it does 
not require such spacing as the ERT method. 
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6. CONCLUSIONS 
The study shows that although the method is dedicated to the detection of 
conductors in low-conductive soils, it is also effective for shallow issues de-
tection in low resistivity layers. Small resistivity contrasts between low resis-
tivity materials are very well recorded. Very important matter in this method 
is to determine the expected depth range. The method is based on a wave 
with a fixed frequency, so the depth of penetration depends only on the dis-
tribution of resistivity in the study area. The higher it is, the greater the range 
of penetration. The theoretical maximal depth range of the method in this 
case was calculated as 10 m. For this research the studied structure is located 
at a depth about 5 m below the ground. We can conclude that registered 
anomaly comes from the searched structure. In this case, the theoretical 
depth of penetration is from 3 to 10 m. Therefore, we can conclude that the 
recorded anomaly derived from the studied structure. VLF method appears 
to be sensitive to changes in resistivity, even in low-resistivity rocks. It can 
be successfully used for the determination of water flow zones. This method 
is suitable for solving problems related to the protection of buildings against 
flooding. 
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