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Abstract: The present work focuses on the application of frequency domain electromagnetic
induction methods (FDEM) to profile conductivities at Platja dels Gossos in Mataró, aiming to
study the potential of this technique. To do so, data was obtained using the CMD Mini Explorer,
then processed and interpolated with Python programmes, inverted with the EMagPy software, and
graphically represented with Surfer™ to further analyse it.
On the one hand, results indicate an intrusion of saltwater into the sand, disregarding, though, any
contributions of underground fresh water. On the other, the FDEM technique has proven to be a
useful and reliable tool for a first surveying of the ground, as it is quick, non-intrusive, economical
and practical.

I. INTRODUCTION

An increasing concern for localising, analysing and
protecting sources of fresh water can be observed
during recent years. For instance, the UN Sustainable
Development Agenda aims to “eradicate poverty in all
its forms” by 2030, and this includes, according to said
organism, securing a safe access to water for the world’s
population [1]. In the same vain, as for October 2022,
the EU Water Framework Directive requires the study
and management of groundwater bodies, recognising
them as a valuable resource upon which many European
ecosystems and economic sectors depend.

Electromagnetic methods have been widely used
in soil exploration since the 1970s and there exists a
plethora of techniques. Particularly, some precedents
in groundwater profiling include mapping resistive
freshwater channels and saltwater intrusions, profiling
the confluence of freshwater and saltwater in coastal
aquifers and monitoring temporal soil water content [2]
[3] and references therein.

Focusing on electromagnetic induction methods or
EMI for short, a time varying magnetic field is used to in-
duce eddy currents in the studied terrain; its properties
can be evaluated through measuring a secondary mag-
netic field, sum of the primary one and the ground re-
sponse. EMI methods can be categorised into time do-
main (TDEM) and frequency domain (FDEM). In the
former case, changes in the primary magnetic field are
made by turning on and off a steady current, whereas in
the latter case it is an a.c. current the one producing
the variations. Disregarded from mineral exploration be-
cause of lower performance, nowadays FDEM still find
interesting applications in shallow investigations such as
groundwater research [2]. For it does not need contact
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with the ground, surveys are carried out faster. More-
over, only one operator is needed, reducing costs. Hence,
it is thought that EMI profiling will be useful in con-
texts when it is wanted a first evaluation of an area. The
present work aims to analyse this potential via the ap-
plication of FDEM methods and its inversion techniques
in the profiling of Platja dels Gossos in Mataró. This
study is encompassed within a larger investigation, the
TERRAMAR project supported by the Agència Cata-
lana de l’Aigua, focused on evaluating the underground
water resources along the Catalan coast.

II. THEORY

Let the transmitter be a coil trough which an a.c.
current flows. This creates a magnetic field that changes
amplitude and direction with time, the primary magnetic
field or HP. Following Faraday’s law, if HP intersects a
conductor body it induces eddy currents, which, in turn,
create a secondary magnetic field, HS. By recording
the response -sum of HP and HS- in a receiver coil,
conductive properties of the ground can be inferred.

When using frequencies below 50Hz, as the distance
between the receiver and the transmitter coil is orders of
magnitude smaller than the electromagnetic wavelength,
wave properties and effects can be neglected; this is called
the quasi-static scenario [3]. Nevertheless, obtaining the
ratio between HS and HP is still an arduous mathemat-
ical exercise. Furthermore, it depends on specific pa-
rameters such as instrument frequency, coil positioning
and subsurface conditions. Commonly -and it is the case
for the CMD Mini Explorer-, coplanar coil orientations
in which loops are situated horizontal or vertical to the
ground are used. Respectively for this cases and in homo-
geneous ground, the electrical conductivity (EC) σ will
be described by
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H
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2
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[
−3 + γ2s2 + (3 + 3γs + γ2s2)e−γs] , (1)
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where γ =
√
iωµ0σ and ω = 2πf, being f the frequency,

µ0 the permeability of free space and s, the coils’ spacing
[4] [5].
Both ratios are complex numbers composed of an in-
phase part, determined by magnetic properties, and a
quadrature part, proportional to the ground conductiv-
ity [6]. But working with low frequencies allows a further
approximation. Focusing on the quadrature part, let

d =

√
2i

γ
(3)

be the skin depth. It informs about the depth at which
the magnetic field attenuates e–1 (37%) [2]. Rearrang-
ing (3) a dimensionless number β, called the induction
number, emerges:

γs =
√
2iβ, (4)

β = s

√
ωµ0σ

2
. (5)

McNeill pointed out that if β ≪ 1 (low induction num-
ber or LIN approximation) a Taylor expansion of (1) and
(2) can be performed, thus arriving to the simplified Mc-
Neill’s formula [4]

(
HS

HP

)
q

≈ iωµ0σs
2

4
(6)

which allows finding σ. In a non-homogeneous ground,
the above conductivity is called apparent conductivity,
ECa [4], and it is the data used for interpretation.

III. METHODOLOGY

A. DATA ACQUISITION

The conductivity profiling was conducted at Platja
dels Gossos in Mataró (Fig. 1), one of the several loca-
tions chosen in the project TERRAMAR. The reason
is its potential to harbour ground freshwater intrusions
into the sea water. During that day, the beach was
also surveyed by the electrical resistivity tomography
method (ERT), and the salinity of water samples at var-
ious points along the coast and the sea was measured too.

FIG. 1: Google Earth photo of Platja dels Gossos, with
the surveyed area framed in red.

The instrument used for data acquisition was the CMD
Mini Explorer, from GF Instruments. Briefly, it is com-
posed of a control unit, a probe where the coils are sit-
uated, and its holder (Fig. 2). The probe has two con-
nection configurations, high and low, corresponding re-
spectively to the horizontal (HCP) and vertical (VCP)
coupling plane loop orientations [6]. Additionally to the
transmitter coil, the probe is equipped with three receiver
coils, hence, allowing six depth ranges (Table I). Data
can be taken in two modes: manual, when the operator
selects the points where to measure, or continuous, when
the instruments measure conductivity as an average of
its values during a chosen period of time. CMD Mini
Explorer has a maximum sampling rate of 10Hz [6], sit-
uating the data not only in the quasi-static but also in
the LIN approximation.

TABLE I: Coil separations and their respective depth
range for high and low configurations.

Dipole centre

(m)

Effective high

depth range (m)

Effective low

depth range (m)

0.32 0.5 0.25

0.71 1.0 0.5

1.18 1.8 0.9

Before going to Mataró, a test was conducted in
the gardens of Facultat de Biologia (UB), to become
acquainted with the device and the way it provides data.
Once the survey is completed, the dataset includes: x
and y positions (because the incorporated GPS was
not available, they had to be input manually), date,
time, conductivities measured by the three receiver coils
(mS/m), their respective standard deviations and a 1D
inversion model (depth at which each conductivity may
be found).

In the Mataró survey a GPS was also provided. Thus,
by collecting data simultaneously with the CMD Mini
Explorer the coordinates of each conductivity could be
determined. Data was taken in a continuous mode every
1s. Thanks to a measuring tape, a grid, which served as
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FIG. 2: Photography during the surveying of Platja
dels Gossos, with the CMD Mini Explorer device.

a reference to maintain the constant speed and to follow
straight and equidistant paths along the beach, was cre-
ated. In total, 13 lines parallel to the coast were made,
separated near the sea by 1m and then by 1.5m, for the
interest area was the hypothetical interface between fresh
and salt water. To avoid interfering with the ERT sur-
vey, the beach was divided in two sections, separated by
the line of the ERT device. The trails, each saved in a
different file, were always followed in the same direction,
first in high and then in low configuration.

B. DATA PROCESSING

In order to process the raw data and make models,
a Python program was developed with the assistance of
Chat GTP3.5. Previously, using g7towin.exe, the GPS
latitudes and longitudes were converted into a readable
format, in UTM coordinates. The program firstly unites
the high/low data files from the CMD in one. Then, it
converts each time data into seconds and calculates their
difference relative to the smallest value. CMD conduc-
tivities and GPS locations with the same time difference
are joined. Lastly, since the GPS records values every
5s while the CMD measurements were acquired every 1s,
the program conducts a linear interpolation to obtain the
in-between position data -a constant speed between each
point was assumed, a quite reasonable approach consid-
ering they were 5s intervals. Finally, a revision and a
subsequent removal of the outlier points was performed.
An example of the results is presented in Fig. 3.

C. INVERSION

Geophysical inversion is a non-unique problem due to
the fact that different combinations of variables might
end up reproducing the same ground characteristics.
To deal with this, some constraints can be applied,
for instance, previously known information or multiple

FIG. 3: Map of conductivities in each position (x and y
axis are in UTM coordinates) measured in high

configuration by the coil separated 1.18m.

source data [2]. For the present analysis, a three layer
conceptual model of dry sand, moist sand and saltwater
saturated sand is expected. The models were developed
on the bases of these assumptions.

For the inversion, EMagPy software, specialised in pro-
cessing FDEM data, was employed [7]. It features a
Python programming interface and a GUI, which was the
one used. In addition to displaying the data in different
formats, the GUI allows to invert it through a wide range
of minimisation methods, both in the LIN approximation
and using the full solution of Maxwell’s equations. The
quality of the inversion can be evaluated by its RMSPE,
that is, the percentage of the model-to-data ratio

RMSPE = 100

√√√√1

n

n∑
i=1

(
di − ri
di

)2

. (7)

The total inverted points is n, di is each observed
value and ri is the simulated one. The smaller the
RMSPE, the best the data fits the model.

Then, the high and low separated datasets were
inverted and represented via the Software Surfer™.
After different tests it was found that the minimisation
of RMSPE (Fig. 5) is optimal when the first layer is
set between 0m and 0.6m of depth, the second layer
between 0.6m and 1.8m and the third one from 1.8m
forward (Fig. 4). For the analogous models in low
configuration see Appendix A.

In addition, a joined file with high and low configu-
ration values was inverted. For doing so, EMagPy re-
quires the measurements to be taken in the same points,
so a second interpolation was needed. In this case, the
high configuration values -as they were more numerous-
were interpolated into the low ones via a second Python
program. Some trial showed that the best results were
obtained with a five layer model; still, the RMSPE was
notoriously higher than that with the separated datasets,
indicating a worse adjust to the model (see Appendix B).
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FIG. 4: Models of conductivities σ (mS/m) for the high configuration. From left to right: first layer (0m-0.6m),
second layer (0.6m-1.8m) and third layer (1.8m -).

FIG. 5: Modelled to observed ECa for the high
configuration data, with layers at 0.6m and 1.8m.

D. INTERPRETATION

From Fig. 4, it is noticeable a tendency of decaying
conductivity as the data moves away from the seashore.
Far from the sea, it keeps approximately constant, with
low values between ∼ 0mS/m and 120mS/m, whereas
higher conductivities can be observed near the sea, with
some points reaching up to 520mS/m in the first layer.

Another interesting feature is the overall behaviour
of the conductivity by the sea and how it evolves with
depth: the deeper the slice, the larger becomes an area
of medium-high conductivities (180mS/m-300mS/m).
This trend can also be appreciated for the low and the
merged datasets (see Appendix A and Appendix B).

IV. DISCUSSION OF THE RESULTS

In terms of inversions and their quality, for the studied
case, arguably the separated datasets present better
fittings. The reliability of having double measurements
might be lost with the second interpolation. Further-
more, it adds difficulty not only per se but because the
modelling of more data is needed. The FDEM tech-
nique’s main strength is its rapidness and easy usage,
and has high potential if employed to do preliminary
surveys. Hence is more advisable to analyse the datasets
separately, bearing in mind that low configuration
provides maximum sensitivity in shallower depths while
the high one has lower resolution but reaches deeper.

On the other hand, the conductive area increasing
with depth might be a saltwater intrusion into the sand.
Regarding underground fresh water, even though higher
conductivities are expected for naturally fresh water due
to impurities, no sings of it are visible.

Lastly, via Archie’s law [8], a relationship between
physical and electrical properties can be established.
Wanting to know how moisture is distributed along the
beach, the saturation index Sw

Snw =
aσrock

ϕmσseawater
(8)

can be calculated. Because Platja dels Gossos is
roughly composed by coarse sand grains, porosity is
ϕ = 38, 6%, saturation exponent n = 2, cementation ex-
ponent m = 1.37 and a = 0.88 [8] [2]. The sea water
conductivity was obtained in-situ σseawater = 0.18Ωm,
whereas σrock is the conductivity proportioned by the
models. Results in Fig. 5 led to the conclusion that sand
has more water content with depth, indicating once more
the existence of a sea water intrusion.
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FIG. 6: Distribution of the saturation index (%) along the beach for the conductivities modelled in high
configuration. From left to right: first layer (0m-0.6m), second layer (0.6m-1.8m) and third layer (1.8m -).

V. CONCLUSIONS

FDEM technique to study the conductivity patterns
has proven to be a practical and reliable tool. In addi-
tion, the EMagPy software allows a quick and intuitive
interpretation of the results, positioning this method as
a very valid framework for further investigations and for
an initial reconnaissance of the terrain, particularly in
large areas with complex orography.

In terms of Platja dels Gossos, whilst conductivity
and moist distributions point out towards a salt water
intrusion, underground fresh water can be discarded.

A substantial improvement would be the incorporation
of the GPS to the CMD device. Not only the data will
become more trustworthy by eliminating the first inter-

polation, but also all the process will turn quicker.

Acknowledgments

First and foremost, I want to express my gratitude to-
wards Dr. Alex Marcuello for all the teachings, his con-
stant support and availability. Likewise, I would like to
thank Dr. Pilar Neus Queralt and particularly Jose Tur
Piedra and his team for offering their helping and letting
me join their research. I also ought to acknowledge my
colleagues Carles Figueroa and Marc Gener for their as-
sistance during the surveys and the feedback from their
work. Finally, I want to thank my family and friends for
always being by my side.

[1] United Nations, [Online]. Available:
https://sdgs.un.org/2030agenda. [Last access: 02 06
2024].

[2] Dentith, M., Mudge, S. T.. Geophysics for the mineral ex-
ploration geoscientist. Cambridge: Cambridge University
Press, 2014.

[3] Nabighian, Misac N. (ed.). Electromagnetic methods in
applied geophysics, Volume 2, Application, Part A. Ok-
lahoma: Society of Exploration Geophysicists, 1991.

[4] McNeill, J.D.. Electromagnetic terrain conductivity mea-
surement at low induction numbers. Geonic technical note
TN-6, 1980.

[5] INSTRUMENTS, G. F. Short Guide for electromagnetic
conductivity mapping and tomography. 2016.

[6] INSTRUMENTS, G. F. CMD Electromagnetic conductiv-
ity meter user manual V. 2.0. Geophysical Equipment and
Services, Czech Republic, 2011.

[7] McLachlan, Paul, Guillaume Blanchy, and Andrew Binley.
2020. EMagPy: Open-Source Standalone Software for Pro-
cessing, Forward Modeling and Inversion of Electromag-
netic Induction Data’. Computers & Geosciences, August,
104561. https://doi.org/10.1016/j.cageo.2020.104561

[8] Schön, Jürgen H. Physical properties of rocks: fundamen-
tals and principles of petrophysics. Oxford: Elsevier, 2015.

Treball de Fi de Grau 5 Barcelona, June 2024



VIABILITY OF DETECTING FRESH WATER ON THE COASTLINE Judith López Zancajo

VI. APPENDIX

In Appendix A the models for the low configuration
and its RMSPE are displayed. In Appendix B two models
with their RMSPE are shown: a shallower model with
layers at depths at 0.1m, 0.2m, 0.5m and 1m and a
deeper one with layers at 0.2m, 0.6m, 1.2m and 1.6m.

Appendix A: Models and RMSPE for the low
configuration

FIG. A1: Models of conductivities (mS/m) for the low
configuration. From left to right: first layer (0m-0.6m),
second layer (0.6m-1.8m) and third layer (1.8m -).

FIG. A2: RMSPE for the low configuration with three
layers at depths 0.6m and 1.8m.

Treball de Fi de Grau 6 Barcelona, June 2024



VIABILITY OF DETECTING FRESH WATER ON THE COASTLINE Judith López Zancajo

Appendix B: Models for the merged data

FIG. B1: Models for the merged data. From left to
right and top to bottom: first (0m-0.1m), second (0.1m-
0.2m), third (0.2m -0.5), forth (0.5m-1m) and fifth layer
(1m -). The blank spaces at the first layer correspond to
artefacts, areas with negative conductivity, which does
not have physical meaning.

FIG. B2: RMSPE for the merged dataset with five layers
at 0.1m, 0.2m, 0.5 and 1m.
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FIG. B3: Models for the merged data. From left to right
and top to bottom: first layer (0m-0.2m), second layer
(0.2m-0.6m), third layer (0.6m -1.2), forth layer (1.2m
-1.6m) and fifth layer (1.6m -). The blank spaces at the
first layer correspond to artefacts, areas with negative
conductivity, which does not have physical meaning.

FIG. B4: RMSPE for the merged dataset with five layers
at 0.2m, 0.6m, 1.2 and 1.6m.
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