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Abstract

Saltwater intrusion is as an environmental hazard in coastal lines if not appropriately managed.
The over-exploitation, over-population and climate change have invited and pushed the saltwater
landwards and polluted the freshwater aquifers. This research studies the results of the
implemented project at the coast of Saint Andre' located in Koksijde, Belgium, to study this
phenomenon through near-surface geophysics. Two geophysical methods, including Electrical
Resistivity Tomography (ERT) and Electromagnetic Induction (EMI) were used to identify the
saltwater intrusion. The present study aimed to investigate the possibility of saltwater intrusion, its
extension and assess the government reclamation attempts to push back the saltwater. In the
inversions, the Depth of Investigation Index (DOI) and the topography effect were evaluated. The
subsurface conductivity of both methods was compared. The reliability of both methods to identify
the saltwater intrusion has been established; however, the ERT survey provided a more
comprehensive visualization than the EMI. The saltwater intrusion was found in the first 80 m of
the coastal line with resistivity values of 2 to 5 Ohm.m; however, the infiltration of freshwater and
the reclamation operation have stopped the further progress salinity into the dunes. Local
possibilities of brackish water or clay lenses were identified with 7 to 25 Ohm.m resistivity values.
The freshwater body was observed at distances between 120 and 220 m of the ERT line with
values between 46 and 136 Ohm.m. The results were correlated with other studies, proving the

reliability of the models.

Keywords: Electrical resistivity tomography, Electromagnetic induction, Reclamation, Depth of

investigation index, Brackish water.

1. Introduction

In coastal unconfined aquifers, the freshwater
discharges into the shallow seafloor. The
saltwater in the sea and the fresh water in the
aquifer collide with a sharp boundary
developing due to the molecular diffusion
and short-term tidal fluctuations. The
fluctuations of the tides and freshwater head
lead to the salt-fresh water interface shift
towards or away from the sea, which forms
saltwater intrusion in the case of the former
(Fitts, 2002). The saltwater intrusion is
recognized as an environmental hazard that
threatens the quality of aquifers and water
resources. The frequency of this phenomenon

is severely more prominent in the coastal
areas. The reason for this incident is the
freshwater exploitation of the local industrial
and urban lands close to the sea, which
results in diminishing the water quality and
unsustainable use of coastal resources such as
land and stocks (Nowroozi et al., 1999). It is
mostly due to the demand for freshwater
resources that water extraction increases and
saltwater intrusion occurs (Mtoni, 2013). The
coastal areas are dynamic and interfaces
between two different densities of saline
water and freshwater. In saltwater intrusion,
the interface between these two bodies of
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water moves landwards, which results in the
change of hydrological and environmental
stability of the shore. The appropriate
explanation for saltwater intrusion is found in
the study of Allen & Matsuo (2002), in
which they believe that the saltwater
intrusion is the Dynamic equilibrium
between the hydraulic gradient driving
groundwater seaward and the hydraulic
gradient emerging from the ocean in a
landward direction. In summary, the
excessive drainage of freshwater from the
coastal aquifers, the increase of water
demand and climate change are the
significant factors that can easily lead to the
intrusion of saltwater into the shore
(Fennema & Newton, 1982; Werner et al.,
2013; Barlow & Reichard, 2009). The rise of
the sea level is another cause of the coastal
saltwater intrusion, rapidly increasing due to
the climate change. It could cause concern in
certain geographical parts of the world, such
as the North Sea and countries like the
Netherlands, Belgium, and England (Essink,
2001; Nicholls, 2011). However, some
studies suggest that the rise of seawater does
not have a long-term effect on the saltwater
intrusion of the coasts (Chang et al., 2011).
The principle of Ghyben-Herzberg relation
identifies this phenomenon and states that
assuming no mixing between the saltwater
and freshwater, for every foot above sea
level, the freshwater head is stabilized and
then extracted, the depth of sea water-
freshwater interface will be 40 times larger. It
indicates the 40-time stronger advancement
of the saltwater into the shore for every unit
volume of freshwater extraction. Since
several studies attempt to address this issue
(Kebede & Nicholls, 2010; Norconsult, 2007;
Polemio et al., 2010; Mtoni et al., 2011;
Papadopoulou et al., 2005), it is necessary to
develop an objective approach to identify the
extent of this problem in the coastal area.
Saltwater intrusion can be studied using
several methodologies, amongst which one
can refer to: 1- Material analysis methods
such as hydrological sampling and drilling;
2- Simulation technology based on runoff
and historical data; and lastly 3-

Geoelectrical data acquisition (An et al.,
2009; Nowroozi et al., 1999). Some studies,
such as Mtoni (2013), state that a
combination of hydrogeochemical and
geophysical studies and modeling shall
be considered a comprehensive methodology
to address saltwater intrusion. Geophysics
is widely used in hydrogeological studies
to establish a link between the electrical
properties of the formation and its
fluid content (Zohdy et al., 1974). Due to
the  difference between freshwater
and  saltwater's  electrical  resistivity
(ER), geophysical methods such as resistivity
and electromagnetic have been often used
for saltwater intrusion studies (Frohlich et al.,
1994; Goodell, 1986; Flanzenbaum, 1986).
Material resistivity depends on fluid salinity,
fluid saturation, porosity and aquifer
lithology (Lashkaripour et al., 2005).
This parameter has been vastly implemented
in the studies of many researchers to account
for various problems (Walraevens et al.,
1993; Obikoya & Bennell, 2012). The use
of geophysical methods has always been
a valuable approach in geological
and engineering studies, gaining the attention
and satisfaction of scientists. This is factual
and remains so because geophysical methods
investigate the earth in a short time and
on large scales without physical disturbance.
Thanks to the immense advance in science
and technology, shallow geophysics surveys
have been developed with 2D, 3D, and 4D
spatial and temporal imaging abilities
(Jongmans & Garambois., 2007). The
mentioned methods have the advantages
of being abrupt, deployable on slopes,
and non-invasive; however, they might
need certain calibration levels. Measuring
the electrical conductivity can be a very
good way of determining the quality of
the groundwater. With any increase in the
TDS values of the water, the salinity and
electrical conductivity show fluctuations.
Lebbe et al. (2011) formulated a
categorization for the determination of
groundwater salinity where he related the
conductivity and TDS values of water to its
salinity (Table 1).
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Table 1. Salinity classification according to TDS and Conductivity values (Lebbe et al., 2011).

Salinity TDS (mg/l) Conductivity (mS/m)
Very Fresh <200 <5
Fresh 200-400 5-10
Moderately Fresh 400-800 10-20
Low Fresh 800-1600 20-40
Moderately Brakish 1600-3200 40-80
Brakish 3200-6400 80-160
Very Brakish 6400-12800 160-320
Moderately Salie 12800-25600 320-640
Very Saline >25600 >640

Similar to conductivity, its reverse parameter
(resistivity) also plays a significant role

in  salinity  classification.  Identifying
the electrical resistivity is a widely
used geophysical method in shallow

investigations (Telford et al., 1990), often
used in saltwater investigations (Mtoni,
2013). The ER is a parameter that
can identify different geological media and
is effective for various surveys. In saltwater
intrusion, the effect of salinity can be
quite accurately determined using resistivity
detection surveys such as electrical resistivity
tomography (ERT). Walraevens et al. (1994)
and De Moor & De Breuck (1969) stated
that formation resistivities below 3.12 chm.m
are an indication of saltwater and below
125 ohms.m relate to brackish water
(Table 2).

The ERT method, which seeks to depict the
ER, is based on the differences in the amount

of resistivity of the geological medium and
carries certain robustness to electrical
interfaces. It identifies both vertical and
horizontal variations and, as a geo-electrical
method, has a good capability to identify soil
physical properties and can also be correlated
with soil strength parameters and clay
content (Jefabek et al., 2017; Garcia-Tomillo
et al.,, 2018; Maslakowski et al., 2014,
Mansourian et al., 2020). It measures the
potentials between one pair of electrodes
while a direct current is transferred between
another pair of electrodes. The depth of
current influence is a factor of the electrode

spacing and the configuration of the
electrodes (Mtoni, 2013; Kirsch, 20009,
George, 2006). Between several

configurations that the ERT technique can
have, the ideal array will be the one with a
high resolution and high signal-to-noise ratio
(Martorana et al., 2017).

Table 2. Relation of formation resistivity (p;) and water resistivity (p,) to groundwater quality and the groundwater
classification of De Moor & De Breuck (1969) (Walraevens et al., 1994).

o
Schematic Subdivision Pr (Qm,11 0C) Groundwater quality class
(Qm,11 °C) Oy P
(7w ="t )
>200 >50 very fresh (VF)
200-100 50-25 fresh (F)
Fresh Fresh
100-50 25-12.5 moderately fresh (MF)
50-25 12.5-6.25 weakly fresh (WF)
. 25-12.5 6.2-3.13 moderately brackish (MB)
Brackish -
12.5-6.25 3.13-1.56 brackish (B)
Salt 6.25-3.12 1.56-0.78 very brackish (VB)
a
Salt 3.12-1.56 0.78-.0.39 moderately salt (MS)
>1.56 >0.39 salt (S)
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The gradient array, dipole-dipole, and the
Schlumberger configurations are
recommended by Dahlin & Zhou (2004).
When looking at large anomalies, the
difference between the configurations, as
mentioned earlier, becomes insignificant.
However, some configurations, such as
dipole-dipole, can be more reliable when
looking at small anomalies or thin interfaces
(Mansourian et al., 2020; Salami, 2020). The
use of the electromagnetic induction (EMI)
approach is another additional method to
investigate the subsurface. It can be used in
several disciplines such as contamination
studies, soil, agriculture, hydrology, etc.
(Everett, 2012). It comprises a transmit coil
that generates a primary electromagnetic
field (by indirect alternating currents). The
primary field causes eddy -currents that
manifest the secondary magnetic field
identified with a receiver coil (Mansouian et
al., 2020; George, 2006; Bell et al., 2001).
For the particular EM34 device used in this
study, two separated coils can be positioned
vertically (Horizontal dipole) or horizontally
(Vertical dipole). In the latter case, the depth
of investigation will be extended. When the
depth of the horizontal dipole is 15 m, the
vertical dipole can investigate 30 m depth
(McNeill, 1980).

Since the conductivity and resistivity are the
reversed values of each other, they can easily
be used in the same context, for example, soil
water content, clay content, groundwater
flow patterns and depth identification
(Doolittle & Brevik, 2014). The sensitivity of
the methods mentioned above (ERT and
EMI) to water content and electrical
conductivity has made them reliable methods
for hydrological surveys (Romero-Ruiz et al.,
2018). Still, there are several differences
between the two discussed methods. EMI is a
fast, non-invasive method and does not
require ground contact, and depending on the
case study, it does not necessarily require
inversion for the results. On the other hand,
the ERT is a multichannel contact approach
that provides inverted profiles for the results.
The inverted data provides better
visualization of the results, leading to a more
reliable subsurface interpretation
(Mansourian et al.,, 2020). Since both
methods evaluate the same parameter, an
appropriate choice between the two can

partly depend on the user's preference. Toy
(2015) clarified this and stated that both
methods had equal reliability in qualitative
data for studies related to water content, e.g.
saltwater intrusion.

The problem of saltwater intrusion was
investigated utilizing several geophysical
methods. Since this problem can be resolved
by several means, e.g. artificial recharge or
change in water exploitation patterns (Abarca
et al., 2006), it is helpful to temporally and
spatially investigate it. Wiederhold et al.
(2013) used ground-penetrating radar,
seismic, ERT, and EMI to identify water
lenses. However, in several studies, the ERT
method, although having some depth
limitations, has been proven as a very reliable
approach for saltwater intrusion studies
(Ronczka et al., 2015; Nguyen et al., 2009;
Ogilvy et al., 2009; De Franco et al., 2009;
Martinez et al., 2009; Zarroca et al., 2011).
Geo-electrical methods are well suited for
characterizing saltwater intrusion, which is
because these methods are sensitive to
ground conductivity and can depict the
subsurface conductivity fluctuations that
mostly occur due to a change in water
content or salinity (Knight & Endres, 2005;
Goldman & Kafri, 2006). Wiederhold et al.
(2013) used surface and borehole ERT
methods to investigate the saltwater
intrusion, successfully imaged the salinity
with an inversion model, and correlated the
behavior with borehole and sampling data of
fluid conductivity. De Franco et al. (2009)
used the concept of ERT in a time-lapse
fashion and analyzed the daily ERT
tomograms of two different electrode
spacings (2.5 and 5 m) close to a 12m thick
phreatic aquifer. They depicted three
consecutive aquifers down to 40 m depth.
They managed to find the saltwater intrusion
and a seasonal variation with a landward
approach in winter and the opposite direction
in summer. They related the summer drop of
saltwater to the rainfall recharge of
freshwater over the mainland. The latter
scientist believes that saltwater has a
dynamic behavior, and constant monitoring is
vital in reclamation areas where recharge and
discharge  occur  consecutively.  This
significance is also addressed in the study of
Goebel et al. (2017). They carried out a
comprehensive ERT survey on the coast of
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California. They found significant saltwater
intrusion and severe fluctuations that
depended on several recharge zones or
pumping wells. In this research, we carried
out two geophysical surveys on a reclamation
area on the coast of Belgium, using ERT and
EMI techniques and attempted to depict the
saltwater intrusion and visualize the spatial
distribution of saltwater and freshwater in the
region and compare the two methods in both
accuracy and depth concerning their errors.
The surveys were carried out, and the
inversion detection methods were developed
in a software. The saltwater intrusion was
assessed qualitatively by visualization
through ERT sections and quantitively by
comparing with literature values. This project
aimed to determine if the saltwater intrusion
can be equally identified using both methods
and comparing the two methodologies. The
ERT technique and non-inverted EMI
methods were compared to demonstrate the
difference between the accuracy of the
visualization. In addition, the success and
failure of the reclamation project of the
government were also assessed using both
methodologies. The significance of this study
lies within a comprehensive comparison
between the two methods and the assessment
of the depth of the investigation index (DOI),
using the evaluation of the effect of
topography in the ERT approach.

2. Study Area

2-1. Land use and General description

The project area is located on the coast of
Belgium in Saint Andre's site in Koksijde and
consists of two zones of extraction an

infiltration. The extraction zone is where the
fresh groundwater is pumped and extracted
from the phreatic aquifer in the dunes. Since
the dunes of the extraction site are in the
vicinity of the Belgian coast, they are highly
susceptible to saltwater intrusion originated
from the North Sea and the Polder area. The
pumping operations will therefore attract the
saltwater towards the land, causing severe
environmental problems. Due to the increase
in the water demand and the rate of water
extraction from the groundwater table in
summer, a decline in the water level becomes
evident, resulting in ecological problems
emerging from the intrusion of saline water
and drought. To achieve sustainable
groundwater extraction for agricultural and
urban use, the government constructed two
infiltration lakes at Saint Andre's site to inject
the treated (on-site) sewage water into
the phreatic aquifer and keep the saltwater
away from the dunes of the extraction
site. The sewage water is picked over the
surface water due to the negative impacts of
the surface water infiltration on the
environment and groundwater quality
(Janssen, 1993).

Moreover, the closest surface water supply is
located 6 km away from the project, which
causes additional costs and jurisdictional
problems that the sewage water treatment can
easily be avoided. The lakes are 50 cm deep
and 500 m long and are located between 40
and 100 m away from the extraction site (112
pumping wells). The land use is divided
between the agricultural, recreational, natural
reserve and residential areas with high water
demand (Figure 1).

ea with ecological value

Area for community facilities and public utilities

Groundwater extraction areas

Project area

Figure 1. Regional land use plan.



6 Journal of the Earth and Space Physics, Vol. 48, No. 4, Winter 2023

Optimizing the infrastructure of water
extractions: existing infrastructure  for
groundwater extraction (water-saving basins,
pumping stations, etc.) must be optimized,
considering the present nature- and landscape
values, and agricultural potentials. For
this reason, any underground survey that
could inform the users of the subsurface
conditions such as salinity and saltwater
volume carries a significance that should not
be overlooked.

2-2. Soil Properties

The soil type and relative soil properties are
depicted in Figure 2. The soils are classified
and characterized according to the
Taxonomic Classification System from the
DataBank Underground Vlaanderen (DOV)
and WRB classification system. As
demonstrated, the main soil fraction in the
region is sand with 90% frequency content
and increasing towards the sea. The soil has
good permeability and not much fertility. The
infiltration area is mainly on Arenosols with
non-gravelly and moist sandy texture, with
aeolian crossbedding and Calcaric properties
and low nutrient evidence. The bulk density
of the sandy soils is between 1.4 and 1.9

Mg/m® with 035 to 0.60 porosity,
respectively, and the permeability of 1
m/day.

The entire area lies within two sections of the
dunes and the polders with the infiltration
and exploitation zones. The depth of the
region varies between 6.58 m and 6.80 m
TAW at the dunes and 7.5 m at the polders.
Kortrijk is the primary form of dunes with 95
m thickness (Figure 3). It is a marine deposit
formation made of clay with an approximate
thickness of 100 m in the eastern Flanders.
This formation is mainly impermeable and
represents a well-defined threshold (Geets.,
1988; Matthijs et al., 2013), considered the
lower boundary of this study. This area
comprises of one un-confined and one
confined aquifer. The former is at the surface
and 30 m thick, and the latter is deeper and
110- m wide.

2.3 Geophysical lines

The ERT and EMI lines were implemented
perpendicular to the coastline after the
infiltration and exploitation zones. Both lines
covered the shore and the dunes with a
comprehensive visualization of the aquifer
(Figure 4).

Figure 2. The soil type of the project area (red zone indicates the infiltration zone).

Geological Model - Per Unit
7.3TAW

(DHMV2)

2227 -4
- -33.0

Tabular Quatemary Sediments (40.5m)

Kortrijk formation(95.4m)

Tienen formation( 17.8m)
b -146,2

&

Hanaut formationt 31.0m) 170.9 -

Dornel formationd 48. 7im) s——

--225.0

Bernissart formationd 31.5m) .240.0 ~

Hydrogeological Model - Per Unit

0100:Quaternary Aquifer System (30.6m)

0900:leperiaan Aquitand System (109, 7m)

BIGREE

1000: Paleocene Aquifer System (38.5m)

1100:Knijt Aquifer System (79m)

Figure 3. The geological and hydrogeological models of the dunes.
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Figure 4. The study area in three different scales. a) represents the geographical location of the study area in Western
Europe (Red Circle). b) represents the enlargement of the study area at the coast of Oostduinkerke with the
infiltration zone located on top of the aquifer. The Geophysical lines (red line for ERT array and blue line for
EMI) are depicted in (c). The Blue circle represents the location of the EM-39 study carried out by De Latte

(2021).

3. Materials and Methods

The theoretical foundation of this study
follows the equations of Archie's law, where
he established a relationship between the
bulk rock conductivity (op) and water
conductivity (o) in porous media at variably
saturated conditions.

m

Gb=%ow><5n (D)

where 'a’ is the empirical constant =1, 'm' is
the cementation exponent=1.2 to 4, which
depends on the soil/rock type (Friedman,
2005), 'n' is the saturation exponent, which
approximately equals 2, and "S" is the
saturated fraction of the pore space ().

To evaluate salinity in the region, assessing
the electrical properties like conductivity was
the most reliable method. Therefore, two
geo-electrical surveys were implemented on
the coast of Belgium to account for the
saltwater intrusion. The measurements of the

field were carried out, using a multielectrode
system (Syscal Pro Switch from Iris
instruments). The Syscal Pro is an all-in-one
multinode resistivity  and induced
polarization imaging system for
environmental  geophysical  studies. It
includes a 10-channel receiver and a 250W,
2000Vpp internal transmitter that allows to
perform up to 10 measurements at a time.
The Syscal ERT system was powered by an
external battery. The first survey was an ERT
Schlumberger array with 10 m electrode
spacing, from the shore to 320 m into the
dunes and over the phreatic aquifer. The
electrodes were inserted into the dry and
loose sand and connected to the current wires
(Figure 5). The EMI test was implemented
using an EM34 device with 20 m inter coil
spacing in horizontal dipole mode starting
from the shore and continuing to 120 m on
the dunes. The EM-34 device, with this



8 Journal of the Earth and Space Physics, Vol. 48, No. 4, Winter 2023

spacing of the coils in horizontal dipole
mode, can reach 15 m of depth (Genotics
limited Catalogue, 2017). While holding the
dipoles, the applied induction steps of the
EMI was 1 m. Considering that the phreatic
aquifer is at a depth of 30 m, the
implemented inter coil spacing and electrode
spacing of the EMI and ERT methods made
it possible to reach a suitable depth of
investigation. The effect of the tide
fluctuations was negligible in the results as
both tests were approximately carried out
simultaneously. The study area was cleared
from any metallic objects that possess
interference potential in the magnetic and
electrical data acquisition. The ERT and EMI
lines were situated away from fences and
electrical towers to increase the data
accuracy.

The RES2DINV software was used to
analyze and model the ERT data as an
inversion modeling approach to obtain a 2D
inversion profile as a subsurface tomogram.
RES2DINV is a computer program that
automatically determines a two-dimensional
(2-D) resistivity model for the subsurface for
data obtained from 2-D electrical imaging
surveys (Dahlin, 1996). The 2-D model used
by the inversion program consists of many
rectangular blocks that depend on the
distribution of the data points in the pseudo
section. The program uses a finite-difference
or finite-element modeling procedure to
calculate the apparent resistivity values. In
addition, a  non-linear  smoothness
constrained  least-squares  optimization
technique is used to calculate the resistivity

of the model blocks (De Groot-Hedlin &
Constable, 1990). The interpretation of
modeled apparent resistivity may be
qualitative, which involves visual inspection
of resistivity variation and anomalous
occurrences (George, 2006). This image
pictures the model of the difference between
measured and calculated apparent resistivity
(George, 2006; Loke & Barker, 1994). This
software creates a 2D model, divides the
subsurface into multiple rectangular blocks,
and determines each block’s resistivity. The
program uses an inversion algorithm to adjust
the resistivity of each block and minimize the
difference between observed and calculated
apparent resistivity. The initial model used in
the software is usually a homogenous earth
model. The program calculates the change in
the model parameters that will reduce the
difference Dbetween the calculated and
measured apparent resistivity values. It
adjusts the resistivity of the model blocks,
subject to the smoothness constraints used.
This difference is measured by the root-
mean-squared (RMS) error. However, the
model with the lowest possible RMS error
sometimes shows large and unrealistic
variations in the model resistivity values and
might not always be the "best" model from a
geological perspective. The best approach is
to choose the model at the iteration, after
which the RMS error does not change
significantly. This usually occurs between the
3" and 6" iterations (Geotomo Software,
2002). The depth of Investigation Index
(DOI) and sensitivity were modeled along
with topography.

Figure 5. The ERT setup and electrode of the Schlumberger configuration.
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In addition, the data was modeled for 10 m
electrode spacing with the removal of bad
data points to account for the variations of
the error in the software. The apparent
resistivity data was inverted, and the
influence of topography, electrode spacing
and DOI were evaluated in RES2DINV. The
depth of the investigation refers to a
threshold where the data is sensitive enough
to interpret the inversion results. Below
reliably, the information is not sensitive
enough to pick the properties of the soil
(Oldenburg & Li, 1999). Hence, the
evaluation of this parameter is of paramount
importance. Following Oldenburg & Li's
(1999) method, the DOI was modeled and
assessed in the software and compared with
EMI results. Topographic data were
measured on-site and entered into inversions
for possible resistivity changes in the model
due to the topographic effect. Besides, after
removing the "bad data" points and obtaining
a lower error rate, the RMS errors were
plotted to account for the data accuracy and
measurement quality. The profile models of
the errors were also compared before and
after the removal of the errors to assess the
depth of the effect of the possible missing
points in the inversions.

4. Results and Model Discussion
4-1. ERT Inversions (Resistivity)
4-1-1. Inversions without topography

Depth  Iteration 4 RNS error = 15.5 %
0.0 10.0

80.0 120.0

160.0

./ Mansourian et al. 9

Figure 6 represents the geophysical inversion
of the Schlumberger configuration of the
multichannel ERT survey with 10- m
electrode spacing. The topographical data
were not added to these profile sections to
assume a smooth surface. The profiles

embody the resistivity and sensitivity
representations of the coast.
The figures demonstrate the resistivity

variations of the coast and the dunes on the
coast of Oostduinkerke in Belgium. The
profile depicts the North Sea to the left of the
top panel and signifies some small spatial
distributions of low resistive zones across the
line towards the dunes. The inversions cover
more than 300 m in length, which are
situated above the phreatic zone. The
resistivity panel indicates that the saltwater
has approached the coastal area to a certain
extent. The shallow resistivity values
(between 2 and 5 Ohm.m) have extended to
approximately 100 m landwards. The profile
indicates a trim level of saltwater intrusion in
the region; however, this salinity has not
been mixed with the aquifer and has not
delivered a significant amount of low
resistive saltwater into the dunes. These are
the beneficial effects of the infiltration lakes
injecting sewage water into the phreatic
aquifer. The treated water has undoubtedly
pushed the saltwater back towards the North
Sea and reduced the level of saltwater
intrusion.

200.0 2h0.0 200.0 n.

Hne
9.6
48.0

57.3
Inverse Model Resistivity Section

EEEEE DN DCOEEEE
(@)

166.0
s

1.4 5.21 15.5 A4 138 u3 1233 3679
Inverse Hodel Resistivity Section

Tteration 4 RNS error = 15.5 %

0. 40.¢ $0.0 120.0
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24.9
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200.0 249.) 280.0 n.
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Figure 6. Inversions of the ERT method- Panel (a) shows the inverse resistivity and (b) represents the sensitivity section.
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The local lenses of low resistivity can be
evidence of remaining rain or brackish water
or small clay lenses that will not cause
concern. The values of resistivity observed in
the inversion profile can also be a tool for
identifying the saltwater and distinguishing
between various bodies of water. According
to Walraevens et al. (1994), the subsurface
salinity can be determined by resistivity
values below 12.5 ohms.m. It is also evident
in the inversion profiles of the first 100 m of
the survey line, where values start from app.
2 to 16 ohm.m. The transition between
saltwater to freshwater passes through a
phase of brackish water, which can be
depicted by resistivity values between 6 and
25 ohms.m. This water phase can be found
between 120 and 220 m of the survey line,
manifested in small local water lenses. The
possibility of small clay lenses is also
considered as both bodies may appear with
the same manifestation in the resistivity
profiles. ER values above 50 ohms define the
freshwater  (green color), and their
corresponding resistivities can be seen
between 46 and 136 ohms.m under the dunes.
The high resistivity values (above 3000
ohm.m) can be a representative of the
Kortrijk formation. The quantity of current
flowing into the subsurface quickly decreases
with depth for a homogeneous ground. The
sensitivity panel represents the spatially

Topography after trend removal
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averaged quantity of currents and the near-
surface  resistivity  distribution,  which
depends on the type of ERT configuration.
The sensitivity function (S) defines the
magnitude of the perturbation in the voltage.
These plots give a good indication of the
subsurface region to which a given
measurement array is sensitive. This study
shows that the profile is more sensitive,
closer to the surface and the potential
electrodes. It is true for Schlumberger
configuration by the nature of the array
(Everett, 2013). Note that the extent of the
inversion profiles is already limited to the
estimated depth of investigation being
approximately 58 m (see DOI section).

4-1-2. Inversions with the topography

The topographical data was recorded at the
site survey and added to the results. The
height from the sea level maximizes at 10 m,
with the highest points located at the dunes.
Figure 7 represents the resistivity profile with
topographical data. For these inversions, the
field measurements of topography were
added to the ERT data. The topographical
variations were modeled in RES2DINV to
account for the distortions of current flow
lines due to the non-horizontal soil-air
interface. The topography variations can
impose a difference in the resistivity blocks,
which is assessed in this section.

160.90

Figure 7. Topographical inversion of the study area: panel (a) trend of the topographical variations in the field; panel (b)
the resistivity section with the effect of topography.
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A comparison between Figures 7 and 6
shows that drastic changes cannot be
seen when the topographical data is added
to ERT  results.  However, small
local variations can indeed be observed
in some spots. The depth of the ERT survey
is reduced by 7 m and reached 50 m.
The extent of saltwater intrusion remain the
same as in Figure 6. However, the absolute
error (12.6%) indicates a 3% drop in the
value. This means that adding the
topographical data has indeed increased the
accuracy of the model. A relatively high error
in this area is due to the weak contact
between the loose sand and the current
electrodes inserted in the sand. Although the
water was added to the location of the
electrodes, the connection between the
metallic pins and the sand prevented a great
data acquisition. Any further attempts to
manually reduce the absolute error would
lead to a loss of important data and
manipulate the model inversion. However, as
indicated before, the lowest RMS error does
not equal the best reliability (Geotomo
Software, 2020). The objective was to
achieve a minimum stable RMS error
between iterations 3 to 6 without losing
valuable data. This objective was
successfully achieved, which confirms a
reliable visualization of the models. The
depth of the anomalies is approximately 2 m
deeper without the effect of topography
(Figure 6). The shape of some local
anomalies over the dunes, this effect,
however being insignificant, is still evident in
specific locations, e.g. at 80-, 120- and 240-
m length. At the highest elevation,
approximately 10 m above the land surface, a
relatively high resistive material can be seen
with above 1000 ohm.m value related to the
elevated dunes along the coast. Overall, a
pronounced change in the inversion model is
not observed due to the addition of
topographical data yet the drop of error is
visible.

4-1-3. Depth of Investigation Index (DOI)

After finalizing the inversions, the depth of
investigation was modeled in RES2DINV
following the Oldenburg and Li (1999)
approach. They used two functions as data

misfit and model misfit. The data misfit
ensures that the final solution fits the
observed data, and the model misfit describes
the nature of the model and stabilizes the
inversion to produce realistic results. They
developed two inversions to find the DOI for
different reference models. The processing of
the calculation of the DOI index uses cells
that extend to the ends of the survey line and
a depth range of about three to five times the
maximum median depth of investigation of
the arrays in the data set. It ensures that data
has minimal information about the resistivity
of the cells near the bottom of the model, i.e.
in theory, the bottom cells have DOI values
of almost 1.0. However, if the model does
not extend downwards sufficiently, the
maximum DOI value might be much less
than 1.0 (Geotomo Software, 2002). In this
study, the approximation of the bottom DOI
value (0.8) is acceptable. The reference
model is usually a homogenous model with
the average apparent resistivity value. In the
DOI method, two inversions are carried out
with different reference models, normally
with 0.1 and 10 times the average apparent
resistivity —values. The DOl index
will approach a value of 0.0 where
the inversion  produces the  same
cell resistivity values. However, regardless
of the reference model resistivity, in
areas well constrained by the data. It
means more reliability for the data with
smaller DOI index values (closer to 0.0). In
areas with no information about the cell
resistivity, this index will approach a value of
1.0 as the cell is similar to its reference
resistivity. Thus, the model resistivity in
areas where the DOI index has small values
is considered reliable, while areas with high
values are unreliable. Some model sections
might have small local artifacts that might
result in irregular DOI contours (Figure 8
middle panel). The 'Smoothed normalized
DOI' display takes a weighted average of the
DOI value for a particular model cell with the
DOI values for the neighboring cells and
attempts to remove and normalize the artifact
(Geotomo Software, 2020). In this study, we
followed this methodology, modeled the
depth of investigation index and presented it
in Figure 8.
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Figure 8. Depth of Investigation Index (DOI)- the panel (a) represents a larger scale of the resistivity section of the coast,
with an extended depth of Figure 7. Panels (b) and (c) represent the DOI profile and variations.

The top section of Figure 8 shows the inverse
resistivity model where the second reference
model was used. As such, the inverse model
values tend to be higher towards the bottom
of the section as it trends to the reference
resistivities used by the program. The middle
section is the DOI section plot. If a DOI
contour value of 0.4 is used as the cutoff
point (the area which shows a rapid change
of colors), the maximum depth of
investigation in the middle of the survey line
is about 60 m. The DOI panel of Figure 8
(middle panel) shows an abrupt increase in
the DOI index, which occurs approximately
at the vicinity of the green horizon (DOI ~
0.4). Very thin layers can depict this abrupt
increase. The homogenous dark blue horizon
covering most surface layers is situated
within the high sensitivity depth of
investigation (DOl ~ 0.02). The multilayer
nature of the bottom panel, below 60 m
depth, indicates the lower accuracy of the
survey at this depth. It is also inferred from
the changing colors from dark and shallow
blue (DOI ~ 0.02 to 0.26) to green and
yellow (DOI ~ 0.03 to 0.6). This change in
the color sequence is more abrupt compared

with the above 60 m. It means that the depth
of investigation for this spacing and
configuration is 60 m at the middle of the
section, and below that, the results are not
reliable. The reliability of the inversion
remains only in the first 60-meter depth of
the profile. This depth corresponds with the
natural depth of the ERT survey that the
software automatically picked to carry out
the modeling (Figure 6). By calculating the
smoothed normalized DOI, the problem of
the artifact was solved, and it can be
indicated that the DOI index values have not
changed. It indicates that the artifact in the
middle panel is an anomaly and must be
disregarded. It is noteworthy that the
evidence of the entire confined and
unconfined aquifer under the dunes is
observable in the top panel of Figure 8 (with
purple and green colors) between 120- and
260-m lengths. The presumed aquifers are
situated between 20- and 150-m depths,
which correspond with the hydrological
profile of the coast (Figure 3).

4-1-4. Inversion Errors
Starting from an initial model (usually a
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homogenous earth model), we calculate the
change in the model parameters using the
program. That will reduce the difference
between the calculated and measured
apparent resistivity values. It adjusts the
resistivity of the model blocks subject to the
smoothness constraints used. A measure of
this difference is given by the root-mean-
squared (RMS) error. However, the model
with the lowest possible RMS error can
sometimes show large and unrealistic
variations in the model resistivity values and
might not always be the "best" model from a
geological perspective. In general, the most
prudent approach is to choose the model at
the iteration, after which the RMS error does
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not change significantly. This usually
occurs between the 3™ and 6" iterations.
Therefore, when the final models
rests between iteration numbers 3 and 6, we
can conclude that the model is reliable. Here,
the data was displayed as a histogram and
error plots (Figures 9a to 9d). The data points
are grouped according to the difference
between the measured and calculated
apparent resistivity values. This option was
utilized to remove the data points where a
significant difference occurs. After removing
the noisier data points, the inversions were
carried out again with the trimmed data set to
develop the prior presented models (Figures
6 to 8).
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Figure 9. The histogram and RMS errors before and after the removal of bad data points: panels (a) and (b) show the
status before removing the bad data points; and panels (c) and (d) demonstrate the status after the removal of

bad data points.
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In this study, due to the surface's texture and
moisture content, which led to weak surface
contact, the lowest possible error after the
removal of bad data points, as demonstrated
in the inversion profiles, was 12%. This weak
contact resulted from the loose sandy
material and the high saturation and
precipitation of the coastal material at the
time of the survey. It is noteworthy that in the
next section, the EMI results can confirm the
reliability of the ERT results.

4-2. Conductivity
4-2-1. EM-34 results
The electromagnetic induction methods was

300
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carried out to assist and validate the ERT
result’s interpretation. Figure 10 represents
the conductivity values measured by the
EM34 device. Due to the shorter survey line
of the EMI compared with the ERT, the
plausible comparison of the data relies on the
first 110 m of both surveys. For a more
accurate comparison with the ERT, the
conductivity values of the ERT survey line
were extracted in the first 120 m of the
survey line. The values of three depths of 12,
15, and 20 m were averaged and compared
with the EMI device's conductivity values,
which related to the depth of approximately
15m.
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Figure 10. Conductivity values of the coast measured by EM34 device.
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Figure 11. Average Conductivity values extracted from ERT survey (N=3).
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4-2-2. EM-39 results

In order to further validate the results of the
ERT tests the results of both EM-34 and ERT
surveys were correlated with the studies of
De Latte (2021) when he carried out a study
using the EM-39 device inside the boreholes
in the dunes of the study area. The presented
conductivity profiles (Figure 12) correspond
to 100 to 120 m distance of the ERT arrays of
this study (Figure 4). Based on Figure 12, the
entire interval is occupied with semi-fresh
water; however, the measurements are
disturbed by the unsaturated sediments at the
top layer (De Latte, 2021).

The result of the EMI validated the result
obtained from the ERT. A very high
conductive material related to saltwater was
found at the beginning of the induction
measurement. Comparing Figure 10 and
Figure 6 informs us that both methods have
successfully identified the saltwater body at
the root of their survey lines. The general
descending trend of the EMI values shows
that the saltwater intrusion does not advance
the first 60 m of the coast. Such a fact is also
evident in the ERT inversion. However, due
to the better visualization of the ERT and
more data density of this method, the
accuracy of the results is much more reliable
than the EM34. Figure 11 shows that the
average conductivity values extracted from

Depth [m)

the ERT data follow a similar trend to
the EMI device. Both lines of Figures 11 and
10 have a descending pattern yet with
different quantities. It is due to the averaged
nature of the ERT extracted data (Figure 11)
and that the EMI results are not inverted. In
addition, the study of De Latte (2021)
demonstrates similar values to the EM34 at
approximately 100 m distance from the
starting line, as both studies show a variation
of approximately 20 mS/m. Both EMI
surveys depict a transition of borderline
saline water, at the coast, to fresh water
(Table 1) at the dunes, with a drop of
conductivity from 300 mS/m to 20 mS/m.
These results can also be correlated with
Table 2 and Resistivity data, where the
values of resistivity increase from 2 ohm.m at
the coast and elevate to 400 ohm.m after the
dunes. Therefore it can be concluded that all
the three surveys are reliable and their
provided results are acceptable.

4-3. Resistivity and Sensitivity of Blocks
The resistivity and sensitivity data of the
resistivity blocks were extracted from the
field data (of the ERT measurements) and
plotted in graphs to compare with the visual
results of the ERT. Figure 13 represents the
variations of the parameters as mentioned
above with depth.

-

20

Conductivity (mS/m)

Figure 12. Borehole EM-39 Results (De Latte, 2021)- representing a borehole in the zone of saline water and freshwater

interface.
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Figure 13. (a) Resistivity and (b) Sensitivity variations versus depth in three particular locations of the survey line.

Figure 13-a, shows the variations of
resistivity in response to depth in three
locations of the ERT line. They include 85,
165 and 245 m, corresponding to the left, top,
and right dunes. Besides, the graph indicates
a significant amount of drop-in resistivity
after -10m. The resistivity value under 85 m
point indicates that this location is situated
over the saltwater. However, at 165 and 245
m, the wvalues of resistivity increase
successively and show a sudden increase
deeper than -30 m. It shows a shallower yet
less conductive anomaly in this region. These
two points correspond to the freshwater
aquifer of the area and possible clay lenses in
the dunes. Also, Figure 13-b presents the
sensitivity values of the same three points as
the left image. It shows that the sensitivity
drops below -10 m and continues until the
depth of investigation (57 m) and proves that
the sensitivity decreases with depth.

5. Conclusions

After the detailed analysis of the ERT and
EMI data, the saltwater intrusion was
detected on the coast of Oostduinkerke in
Belgium. The increase in water demand and
excess water extraction is the saltwater's
cause of approaching the phreatic aquifer.
This phenomenon is visible in the first 60 to
80 m of the coast with ERT and EMI
measurements. The ERT method found the
saltwater with resistivity below 7 ohms.m.
The same location was identified as saltwater
with  non-inverted EMI  results to
conductivity above 250 mS/m. However,
because of Flemish’s government efforts, the
advancement of the salinity and its progress

to becoming an environmental hazard were
prevented. The infiltration lakes constructed
in the vicinity of the project area have pushed
the saltwater back and stabilized its status.
Evidence of brackish water and possible clay
lenses have been observed in the area.
Besides, the freshwater was identified
between 120 and 220 m of the survey line
with resistivity values between 46 and 136
ohms.m. The topographical data of the ERT
did not have a significant influence on the
inversion results. The depth of investigation
in which the data can be perfectly trusted is
approximately 57 m in this project. Both
ERT and EMI devices successfully identified
the saltwater. Although averaged between
three depths, the conductivity values
extracted from the ERT still demonstrated a
similar pattern to the EMI graph. It proves
that both methods depict identical variations
in the subsurface conductivities of the study
area. However, due to the nature of the ERT
and the non-inverted results, it is evident that
the ERT results are more accurate and
provide a more reliable visualization. The
RES2DINV software successfully carried out
the inversion. The error of the models could
not be lower due to the bad ground contact
between the soil particles and the electrodes
and remained at the lowest possible value of
12.6%.
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