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ABSTRACT

The Akermoud coastal aquifer, situated in the northern region of Essaouira, Morocco,
is an aquifer that has an important productive capacity, mainly used for irrigation.
However, uncontrolled exploitation has increased the risk of sea water intrusion,
leading to deteriorating water quality and threatening agricultural sustainability.
In this research, in order to access susceptibility to sea water intrusion (SWI), six
elements derived from diverse databases are used. Variables were combined in a
GALDIT and GIS models, resulting in the analysis of 40 groundwater samples from
wells. Results highlight the imminent threat of sea water encroachment into the
coastal groundwater system. The resulting GALDIT index map indicates a notably
high susceptibility index along a 3 km coastal band, between Tensift Oued and
Bhaybeh Beach, enlarging southwards up to 5 km. Saline intrusion patterns are
particularly observed between Zaouiet El Kourati and Ouled El Fequih villages,
where the merging of saline and fresh waters amplifies salinization, affecting ap-
proximately 24% of the study area.

I. INTRODUCTION

Groundwater is vital for ecosystem balance (Gholami et al., 2010; Humphreys,
2006) and is a primary water source in coastal areas (Amiri et al., 2016; Ma et
al., 2020). However, groundwater quality in these regions is deteriorating, posing
environmental challenges, especially in semi-arid and arid areas (Bahir and Ou-
hamdouch, 2020; Ez-zaouy et al., 2022; Moumane et al. 2021). Over-extraction
of aquifers increases mineral content (Alabjah et al., 2018) and harms freshwater
ecosystems (Mirzavand et al., 2020). Seawater intrusion, a major issue in coastal
regions, is driven by groundwater recharge, discharge, and geological structure
(Kumar, 2006; Seddique et al., 2019), disrupting the freshwater-seawater balance
(Xue et al., 1999). Over-extraction lowers groundwater levels, triggering saline
water intrusion (Pinder, 1973; Pulido-Leboeuf, 2004), which raises total dissolved
solids (TDS) and renders water resources unusable (Sherif and Hamza, 2001). This
issue is exacerbated by sea level rise and excessive coastal pumping (Werner and
Simmons, 2009; Moujabber et al., 2006; Seddique et al., 2019).

Additional factors like agriculture (Zalidis et al., 2002), tourism (Ez zaouy et al.,
2022), population density (Erostate et al., 2020), and climate change (Benini et al.,
2016; Ez zaouy et al., 2022) further degrade groundwater quality in coastal regions.
Salinization of coastal aquifers has garnered global attention, with various studies
using models like GALDIT, coupled with hydro-geochemical analysis, to understand
salinity causes and impacts (Hermans and Paepen, 2020; Ez zaouy et al., 2022).
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InMorocco, population growth, economic activities, and climate change-induced
rainfall decline strain water resources (Ez-zaouy et al., 2022). Uncontrolled ground-
water extraction has led to unauthorized withdrawals (Laouina, 2006). The GALDIT
model is effective for assessing seawater intrusion vulnerability, evaluating six key
indicators (Chachadi and Lobo Ferreira, 2001; Hu et al., 2018; Ma et al., 2020).
Additionally, research in hydro-geochemistry integrates major ion chemistry to
analyze groundwater salinity and the fresh-saltwater interface (Han et al., 2011).

Localized studies are needed to address groundwater salinity in specific regions
like the Akermoud coastal aquifers, where comprehensive investigations are lacking.
Implementing preventive measures and understanding the processes controlling
groundwater salinity and geochemical evolution are essential for effective manage-
ment. This study integrates the GALDIT model and hydro-geochemical analysis to
assess the degradation of the Akermoud aquifer under climate change and human
activities, involving:

1. Assessing seawater intrusion and vulnerability using the GALDIT model.
Conducting a multi-approach study integrating hydro-geochemical parameters
and in-situ measurements from 40 samples.

3. Evaluating groundwater quality and potential future impacts of over-extraction.

4. Enhancing the understanding of the Akermoud aquifer to develop effective
management strategies.

Il. GENERAL OVERVIEW OF SEAWATER INTRUSION

The chemical makeup of water plays a role in determining its usages such as
drinking water, irrigation and industrial use. The quality of water and how it changes
over time and across locations can be influenced by factors like the dissolution of
formations as well as industrial waste and agricultural practices. Coastal underground
water sources hold amounts of water for areas along the coast that are experiencing
population growth and expanding agriculture, which increases the demand for water.
However, there are challenges in using these resources due to issues like declining
reserves and deteriorating water quality (Mdiker et al., 2009).

The Essaouira region is one area that is seeing a significant increase in its pop-
ulation as well as a flourishing agricultural sector. Most of the water used by the
population for drinking and irrigation comes from underground sources. Seawater
intrusion is a known phenomenon in regions where saltwater moves inland beneath
freshwater causing significant changes in its chemistry. This has consequences on
its suitability for several purposes (Fadili A., 2014).
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lI-1 Impact of Water Salinization on Seawater Intrusion
[I-1-1 Definition of Seawater Intrusion

Seawater intrusion is an occurrence that happens when there is an inequity be-
tween the amount of freshwater and seawater. This results in a reduction of fresh-
water levels and an influx of seawater causing a decline in the quality of freshwater
(Custodio, 2010).

[1-1-2 Mechanisms of Seawater Intrusion

Coastal aquifer systems naturally discharge water towards the sea as part of the
water cycle. The groundwater level in these freshwater aquifers is typically higher
than the sea level, and the interface between the two is defined by a transition zone
where hydrostatic equilibrium is maintained. Intensive exploitation of coastal aquifers
can cause depressions that are filled by nearby seawater. Due to the density contrast
between continental freshwater and saline water, seawater infiltrates the subsurface,
leading to the phenomenon of seawater intrusion and subsequent degradation of
water quality (Derradji, 2015).

It is evident that the coastal sector (northwestern part) of the studied region,
where intensive pumping for water supply and irrigation occurs, is a vulnerable
zone where the coastal aquifer is prone to saltwater contamination and direct contact
with the Atlantic Ocean.

[I-1-3 Transition Zone or Mixing Zone

The area where freshwater and seawater come together in aquifers is a feature.
When seawater seeps into the aquifers it creates a zone where dense freshwater
meets denser seawater. Over the years numerous studies have been conducted to
determine the shape and location of this interface, between freshwater and seawater.
Some of these studies date back to the century by researchers like Ghyben (1889) and
Herzberg (1901). The thickness of this mixing zone can vary significantly ranging
from a few meters to kilometers. It depends on factors such as the hydrodynamic
properties of the aquifer including its permeability and diffusivity. In aquifers with
hydraulic gradients this transition zone can stretch over several kilometers. Other
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external factors, like tides and excessive extraction of groundwater can also impact
the thickness of this mixing zone (Custodio, 2002; Fadili, A., 2014).

The phenomenon of seawater intrusion in coastal aquifers can be explained by

the relationship between the freshwater head (h) above mean sea level and the depth
(hs) of the freshwater-saltwater interface below sea level. This is encapsulated by
the Ghyben-Herzberg equation, which can be written as:

p.(hs + h) = ps.hs

where:

e hs: depth of the interface,

e h: hydraulic head (or piezometric level) relative to the base level,
e p: density of freshwater,

e ps: density of seawater.

In general, hs is approximately 40 times h.
This hydrostatic equilibrium can be altered over time. A decrease in piezometric

level can lead to the intrusion of seawater into the aquifer and a difficult-to-reverse
salinization.

[1-1-4 Potential Sources of Freshwater Mineralization

There are two causes of freshwater salinization that can be identified;

Human induced salinization; One of the reasons, for this phenomenon is
the excessive extraction of groundwater compared to its replenishment rate.
This issue is further exacerbated by the growth of populations in areas.
Natural salinization; There are primarily two factors that influence saliniza-
tion, namely geology and climate. Various chemical elements originate from
rocks in the aquifer. In semiarid regions salts in water become concentrated
due to evaporation. In zones salinization can occur when seawater intrudes
due to limited precipitation and subsequent low recharge of the aquifer.
(Fadili, A., 2014).

Sources of salinity in coastal aquifers; The main cause of salinization in
aquifers is seawater intrusion. However, there are contributing factors includ-
ing (i) sea spray, as a source of salinity, (ii) sea level rise, (iii) evaporation and
concentration of shallow water tables, (iv) dissolution of evaporites found in
aquifer formations and (v) human-induced salinization. (Bear et al., 1999;
Werner and Simmons 2009; Fadili, A., 2014).
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1I-2 GALDIT Model

Understanding the variability of aquifers regarding seawater intrusion is an
essential step for his management. Numerous International literature discusses
methods for evaluating vulnerability, including the GALDIT approach (Nadjla et
al. 2021). GALDIT is a numerical assessment system that takes into account factors
impacting the hydrogeological system. It specifically assesses the susceptibility of
aquifers to seawater intrusion. This model was created by Chachadi and Lobo Fer-
reira (2001) within the COASTIN project a collaboration between Europe and India
(Chachadi and Labo Ferreira 2005; Nadjla et al. 2021). The GALDIT method has
been implemented in areas like Goa in India and Algarve, in Portugal as an index
based mapping technique (Nadjla et al. 2021).

lll. STUDY AREA

The focus of this chapter is on the coastal aquifer of Akermoud, situated approx-
imately 45 km north of the city of Essaouira, Morocco. The aquifer is composed of
sandstone dunes and shell limestone of the Plio-Quaternary age. It stretches along
the coastline in a 20 km wide and 40 km long band (Figure 1).
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Figure 1. Location of the study area
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lli-1 Hydrological Framework

From a hydrogeological perspective, the Essaouira basin relies heavily on a
network of watercourses due to the scarcity of surface water and its limited sources.
The study area is intersected by several significant rivers. The drainage basins of
Oueds Chaibat Alhamra and Chaibat Almars originate from nearby mountains and
the Jbel Hadid anticline, flowing into the synclinal cuvettes of the Akermoud plain
(Khouz et al. 2023). These rivers tend to be short and frequently dry compared to
Tensift Oued in the far north, which collects water from the High Atlas mountains.

lll-2 Geological and Structural Framework

The formation of the Essaouira Basin can be attributed to the central Atlantic
Rift, which initiated during the Triassic period, leading to the separation of the con-
tinents and the formation of the Atlantic Ocean. This region represents a transition
from basins dominated by siliciclastic deposits to basins characterized by evaporate
deposits in the Mesoproterozoic era (Salvan 1984). The Essaouira Basin, situated
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between the Jbel Amsittene anticline to the south and the Jbel Hadid anticline to
the north (Figure 2), is a large synclinal area that is open to the ocean. While it is
influenced by various anticlinal and synclinal cuvettes individually, it is also affect-
ed by multiple tectonic events, such as the Akermoud syncline (Figure 2), located
between the Atlantic Ocean and the Jbel Hadid anticline. This syncline is positioned
at the center of a triangular region and marks the opening of the Akermod plain's
coastal syncline (Hanich L., 2001).

Figure 2. The Akermoud plain coupe (Extracted from Monition's 1953 work)

Wes | The Akermond plan

=

i
%0 00
“0 % Nouday T Rests 2a Mot w
20 00
20 " w0
L et
100 / B = 10e
0 R W — - ®
‘-[
i |
| | Quserran > e oot Camtaaron | | towmCraran o
————
| et B oo rnnc B e | o

To gain a comprehensive understanding of the structure and geometry of geolog-
ical formations, especially those of hydrogeological significance, a detailed study of
geological data from various exploitation wells and hydrogeological reconnaissance
boreholes was conducted. These data were made available to us by the ABHT and
are presented in the form of descriptive sheets and lithological logs.

The well data was also used to create a geological cross-section across the entire
Essaouira Basin, including the study area. The available well logs don’t provide
information on the ages of the encountered facies, making it impossible to estab-
lish stratigraphic correlations in terms of geological stages. Therefore, the cross-
section was established through lateral facies correlation, considering three major
lithological units: (i) a marl unit or predominantly marl unit, (ii) a limestone unit
or predominantly limestone unit, and (iii) a suite of detrital facies encompassing
silt, alluvium, dunes, etc.

The completed cross-section illustrates the deep structure of the entire Essaouira
Basin to a depth of approximately 200 m. The overall shape exhibits a relatively
undeformed synclinorium dominated by limestone formations with intercalated
layers of marl or predominantly marl. The general picture depicted by this cross-
section indicates the presence of two synclinal basins that could potentially serve as
preferential zones for groundwater accumulation. The first basin, located southwest
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of the cross-section, is the Meskala basin, delimited by bordering normal faults. The
second basin is shallower and less pronounced, extending from the northwestern
half of the basin to Jebel Hadid. The coastal zone of interest (located on the left side
of the Figure 2 is characterized by the presence of significant recent overburden
composed of probable Plio-Quaternary deposits. The deposition of this overburden
may be related to series collapse due to normal faulting.

Due to a lack of information, the cross-section could not be extended beneath
Jebel Hadid, which is known as a Triassic core anticline expected to act as a barrier
between the two aquifers in our study area (Figure 2).

llI-3 Hydrogeological Framework

Within the coastal plain of Akermoud, the Plio-Quaternary aquifer consists of
marine or terrestrial calcite with primary hydraulic conductivity resulting from its
porosity, offering a significant amount of available space. The enclosing walls of
this aquifer are formed by synclinal Senonian marls. This aquifer is primarily uti-
lized in rural areas to meet domestic water needs and other essential requirements
(Bahir et al., 2000).

IV. METHODOLOGY

The methodology employed in this chapter encompasses two main axes:
GALDIT modeling and hydro-geochemical approaches. By utilizing the various
datasets mentioned in the Figure 3, our aim is to identify the areas most susceptible
to salinization in the Akermoud water table using GIS techniques. The subsequent
sections will elaborate on the methodology used for the GALDIT model and the
hydro-geochemical approaches.
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Figure 3. Flowchart for Marine Intrusion Methodology
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IV-1 GALDIT Modeling

The GALDIT method uses six factors related to hydrogeology, hydrology and
morphology (Chachadi and Lobo Ferreira 2007) to evaluate susceptibility. These
factors include the presence of groundwater (G), the aquifer's ability to transmit
water (A), the groundwater level's distance from sea level (L), proximity to the
shoreline (D), the impact of existing seawater intrusion (I), and the thickness of the
aquifer layer (T). The significance of seawater intrusion is determined by assigning
weights to each factor ranging from 1 to 4. Moreover, each factor is assigned a rating
on a scale from 2.5 (indicating vulnerability) to 10 (indicating high vulnerability)
as shown in Table 1.

To calculate the vulnerability index ArcGIS utilizes the raster calculator tool
along, with the equation:

GALDIT — Index = =
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The GALDIT vulnerability index is calculated by combining the assigned ratings
(R) and weights (W). The resulting index is then classified into three classes: high
vulnerability (>7.5), moderate vulnerability (5 to 7.5), and low vulnerability (<5). A
higher GALDIT index value indicates a greater potential for groundwater pollution
and a higher vulnerability of the aquifer to seawater intrusion.

To generate the final vulnerability map, each point (borehole) is assigned a value
(rating) based on Table 1. The coordinates of each borehole are used in conjunction
with a GIS program to produce the map. In our study area, the hydro-geochemical
parameters were obtained from sampled wells, while the other parameters were

derived from the ABHT boreholes.

Table 1. Weight and ratings of the six parameters of GALDIT method

Factor Weight Classes Factor variable Rating
Class | Range
Groundwater occurrence/aquifer type (G) 1 Class 1 Unconfined aquifer 10
Aquifer hydraulic conductivity (Ms/l) (A) 3 Class 1 High >9 10
Class 2 Medium 9-6 7.5
Class 3 Low 6-3 5
Class 4 Very low <3 25
Groundwater level above sea level (m) (L) 4 Class 1 High <30 10
Class 2 Medium 30-50 75
Class 3 Low 50-80 5
Class 4 Very low >80 25
Distance from the shore (m) (D) 4 Class 1 High <1000 10
Class 2 Medium 1000-2000 75
Class 3 Low 2000-6000 5
Class 4 Very low >6000 2.5
Impact of the existing status of seawater intrusion (I) 1 Class 1 High >10 10
Class 2 Medium 10-6 7.5
Class 3 Low 64 5
Class 4 Very low <4 2.5
Thickness of the aquifer (m) (T) 2 Class 1 High >70 10
Class 2 Medium 70-50 7.5
Class 3 Low 50-30 5
Class 4 Very low <30 2.5

The following data is required for the study:

e Inventory and coordinates of boreholes: Information and precise locations of

the boreholes in the study area.
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e  Lithological profiles from boreholes: Detailed descriptions of the geological
layers encountered in the boreholes, including the type and thickness of the
aquifer.

e  Depth to groundwater: Measurements of groundwater level, indicating the
depth at which the water table is found.

e  Hydraulic conductivity: Data obtained from pumping tests or extracted from
relevant literature, providing information on the permeability of the aquifer
based on its lithology.

e  Topographical map: A map displaying the topography of the study area, spe-
cifically focusing on a 100-meter distance from the coastline.

e  Water quality data: Data related to water quality, specifically used to calculate
the Revelle coefficient (CI/HCO,). This information helps assess the salinity
of the groundwater and its potential for seawater intrusion.

IV-2 Hydro-Geochemical Study
IV-2-1 Sampling and In-Situ Analysis

The work carried out in the context of this study involved sampling groundwater
at 40 points distributed throughout the study area, accompanied by measurements
of groundwater levels. Two field campaigns were conducted, one in 2020 (prior to
precipitation) and another in 2021 (after direct recharge of the aquifer by precipita-
tion). During these campaigns, the physicochemical parameters of the water were
measured in situ using a HORIBA U-50 multi-parameter probe (Table 2), which
provides measurements of electrical conductivity, pH, temperature, dissolved oxygen,
salinity, and other parameters.

In addition to the new hydro-chemical measurements we conducted, the database
provided by ABHT includes groundwater analyses conducted between 1954 and
2002. The U-50 probe used in this study simultaneously displays results for nine
water characteristics parameters, namely:

pH (Redox potential)

DO (Dissolved oxygen)

EC (Electrical conductivity)

PPT (Salinity)

TDS (Total dissolved solids)

oT (Sea water specific gravity)
T°C (Temperature)

NTU (Turbidity)

ORP(V) (Redox potential in volts)
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Table 2. The specifications and typical performance characteristics of the U-50
multi-parameter probe

Range Resolution Accuracy
pH 0-14 0,01pH + 0.1pH, Automatic temperature
compensation.
DO (mg/l) 0-50 mg/1 0,01 mg/l 0220 mg/l +0.2 mg/l, et 20 a 50 mg/l +0.5
mg/l
EC (ms/cm)EC (ms/ 0-9,99 S/cm | 0,001 20,1 mS/ + 1% from full scale
cm) cm
PPT 0-70 ppt 0,1 ppt +3%
TDS (g/) 0-100 g/1 0,10% +5¢g/l
T 0-50 6T 0,1 6T +50t.
T°C -5a55°C 0,01 °C +0,15°C
NTU 0-1000 0,1 NTU +2% of reading or 0,3 NTU
NTU
ORP (mV) + 1999 mV 1 mV +15mV.

Operational Procedure of the HORIBA U-50 Multi-Parameter Probe:
The HORIBA U50 multi-parameter probe, a water quality analyzer, consists of
two components: a control unit and a probe that houses the various sensors (Figure 4).

Figure 4. Components of the HORIBA U-50 Multi-Parameter Probe

WATER QUALITY MOMNITON

The operational procedure involves:
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e  Submerging the probe sensor into the water and waiting for the parameters to
stabilize.

e  Once the parameters have stabilized, initiating the measurement.

e  The data for all the measured parameters are recorded in the device's memory
and can be transferred to a computer later via a cable.

In addition to the hydro-chemical analysis, we conducted piezometric measure-
ments using the manual piezometric probe from the Department of Geology at the
Faculty of Sciences and Techniques, University Cadi Ayyad, in Marrakech. This
probe is used to measure the water depth in wells, boreholes, reservoirs, etc. When
the piezometric probe reaches the water surface, it emits an audible signal, and the
depth reading can be observed on the graduated tape (Figure 5).

Figure 5. Examples of some wells measuring piezometric level
e T Lo
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The collected samples were filtered first as illustrated in the Figure 6 before
doing the laboratory analysis to eliminate suspended matter.

Figure 6. The samples filtration
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IV-3 Laboratory Analysis
IV-3-1 Alkalinity

The alkalinity of water refers to its ability to neutralize acids. In water, alkalinity
is mainly connected to carbonates, bicarbonates and hydroxides. Measuring alka-
linity using the titration method involves observing the decrease in pH that happens
during the determination process. To determine the alkalinity in samples, from both
basins, a 0.02 N sulfuric acid solution (H,SO,) was used for titration (Rodier 2009).

CO,> + H* — HCO;
HCO, + H* — H,CO,

During titration, the pH slightly decreases. When the sample contains carbonates,
an initial equivalence point can be observed around pH 8.3. This point corresponds
to the conversion of carbonate and bicarbonate ions. The endpoints can be deter-
mined using the color indicators used, such as methyl orange and phenolphthalein
(Rodier 2009).

The concentrations are then visualized in mg/L, based on simple calculations
involving the different volumes and equilibrium concentrations.

IV-3-2 Sulfate Determination by Nephelometry

Sulfates are commonly found in natural water bodies. Their concentrations can
vary depending on factors such, as the makeup of the area or potential sources of
contamination. There are techniques to determine sulfate levels, all of which rely on
the formation of insoluble barium sulfate (BaSO,). In this study the nephelometric
method was used to measure the turbidity of the solution indicating the amount of
BaSO, formed. This method involves precipitating sulfates in an environment, as
barium sulfate as shown by the reaction;

BaCl, — Ba** + 2CI
Ba** + SO,> — BaSO,

The obtained precipitate is stabilized using a Tween 20 solution. The homoge-
neous suspensions are measured using a UV spectrophotometer.
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Itis necessary to prepare calibration solutions with known sulfate concentrations
in order to establish a calibration curve. This curve will allow us to determine the
SO,* content in mg/L.

The calibration curve (Figure 7) showed a high correlation coefficient (R? =
0.99), indicating the reliability of the standards and the results.

Several samples exhibited absorbances exceeding the range threshold (0.16),
requiring multiple dilutions, especially for samples affected by seawater intrusion
(dilutions up to x20).

Figure 7. Calibration curve for sulfate determination
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IV-3-3 Chloride Determination by Titration

The Mohr method involves precipitation titration with a solution of chloride
ions of unknown concentration. After adding the potassium chromate indicator, the
solution is titrated with a silver nitrate solution.

With each addition of silver ion, a precipitate of silver chloride is formed, and
the solution turns red to visualize the equivalence between Ag and Cl (Rodier 2009).

Ag* + CI' - AgCl (solide)

The concentrations are then visualized in mg/L using simple calculations involv-
ing the volumes and concentrations at equilibrium.
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IV-3-4 Sodium and Potassium Determination
by Atomic Absorption Spectrometry

This method provides high precision and is more sensitive than flame spectro-
photometry.

The solution is atomized either in a flame or in a graphite furnace at estimated
temperatures of 2800°C, where it is transformed into atomic vapors. These vapors
are exposed to radiation characteristic of the elements to be determined, produced
by a source typically a hollow cathode lamp containing the element of interest. The
radiation is absorbed by the unexcited atoms along the path of light. The concen-
trations are expressed in mg/L (Rodier 2009).

IV-3-4 Barium, Calcium, and Magnesium Determination
by Atomic Absorption Spectrometry

Most atomic emission devices include a plasma torch (ICP torch) as this device
is well suited for samples in aqueous solution. The sample, in the form of an aerosol
produced by a nebulizer, is introduced at a constant flow rate of a few mg/min at
the base of the torch through another small-diameter tube (1 to 2 mm). The chosen
location for “light collection” from the plasma (transverse or end-on, also known
as radial or axial) depends on the element and whether the analysis is based on the
study of an ionic or atomic line. The temperature can range from 9,000 to 2,000 K.

IV-3-5 lonic Balance

The ionic balance is an essential analytical tool for evaluating the quality of
chemical analyses of water, and it is calculated using a simple formula:

I.B. = (X (cations) - X (anions) / X (cations) + X (anions)) x 100

The quality of the analyses is evaluated based on the following percentages:

e -5% < 1.B. < 5%: Good analyses

e [.B. < +£10%: Acceptable analyses

e [.B. > +10%: Suspicious analyses
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IV-3-6 Preparation of Input Parameters

The susceptibility to Sea Water Intrusion (SWI) was evaluated using the GALDIT
model, which incorporates six key parameters derived from various data sources, as
illustrated in Figure 3. The Digital Elevation Model (DEM) with a 12.5 m resolution
was obtained from the Alaska website.

The aquifer type (G) and thickness map were developed based on field surveys
and extensive well-log profiles from the Akermoud aquifer, provided by ABHT. The
hydraulic conductivity (A) of the aquifer was mapped using in-situ measurements.
The groundwater depth (GW) for the Akermoud coastal aquifer was calculated by
integrating static groundwater levels with topographic altitude data, collected in
2021 from 40 monitoring wells and piezometers. This data was then interpolated
to provide a smooth representation of average groundwater levels.

The distance from the shore (D) was determined using Euclidean distance cal-
culations. To evaluate the current status of SWI (I), samples from 40 groundwater
boreholes and wells were analyzed. Additionally, electrical conductivity (EC) data
from 16 samples were used to validate the GALDIT groundwater susceptibility
model. The thickness data (T) were extracted from various well log reports.

ArcGIS Pro was employed to systematically process and prepare the thematic
layers. The spatial data were georeferenced to the Lambert metric projection, zone:
1 Merchich datum. Each parameter was assigned attributes, including ratings and
weights, based on their relevance to SWI. The GALDIT index was calculated us-
ing the ratings and weights recommended by Chachadi and Lobo-Ferreira (2001),
considering the local hydrogeological conditions.

V. RESULTS AND DISCUSSION
V-1 GALDIT Model
V-1-1 The Akermoud GALDIT Index Parameters

Figure 8 shows the six thematic maps used to compute the GALDIT SWI sus-
ceptibility index:

e  (G) - Groundwater Occurrence/Aquifer Type: The type of aquifer signifi-
cantly affects the extent of SWI in freshwater. Aquifers can be classified as
bounded, leaky confined, unconfined, or confined (Parizi et al., 2019; Zghibi
et al., 2022). Confined aquifers with large piezometric cones due to excessive
groundwater pumping are more susceptible to SWI. The Akermoud aquifer,

53



dellah . khouz@amail.con Jownloaded: 1

in this case, is unconfined with an average thickness ranging from 20 to over
100 meters, consisting mainly of sand, sandstones, and conglomerates within
Quaternary deposits (Figure 8).

(A) - Aquifer Hydraulic Conductivity: The hydraulic conductivity was con-
verted into a raster grid and weighted appropriately. In the Akermoud area,
high hydraulic conductivity zones, exceeding 9 m/day, are found along the
coastal strip and near the Tensift river (Figure 8). These areas, characterized
by Quaternary alluvial plains with high sand or fine sandstone content, are
particularly vulnerable to SWI. In contrast, southern and eastern parts of the
study area have lower permeability values (0—6 m/day), indicating reduced
SWI susceptibility, with formations of Cretaceous and Jurassic origin.

(L) - Groundwater Depth: The depth of groundwater is crucial for maintain-
ing hydrodynamic pressure along the coast, which counteracts the inland pro-
gression of SWI. Shallower depths result in lower hydrodynamic pressure,
increasing SWI risk. Conversely, higher water table levels reduce SWI risk.
Groundwater depth, measured from mean sea level, is categorized into four
classes (Table 2): <30 m, 30—50 m, 50-80 m, and >80 m. Areas with depths
less than 30 meters, especially along the coast and near the Tensift river,
are highly susceptible to SWI due to significant groundwater extraction for
agriculture.

(D) - Distance from Shore: This parameter measures the influence of SWI
based on proximity to the shoreline. The extent of SWI diminishes as the
distance from the coast increases (Zghibi et al., 2022). The D-parameter map
for Akermoud is divided into four distance classes, with ratings ranging from
2.5 (low) to 10 (high). Areas within 1,000 m of the shore are most vulnerable
to SWI, with a rating of 10. Offshore distances beyond 6,000 m receive a
low rating of 2.5 (Figure 8). This parameter is assigned a weight of 4 in the
GALDIT groundwater index due to its significance.

(D) - Impact of Existing SWI Status (C1/HCO,): This parameter assesses the
disruption of the natural freshwater/saltwater hydraulic balance in the transi-
tion zone.
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Figure 8. The six layers of GALDIT parameters of Akermoud aquifer.

V-1-2 GALDIT GW Susceptibility Map

The GALDIT index map for the Akermoud area (Figure 9) reveals a high to
very high susceptibility index, primarily observed parallel to the coastal region of
the study area (discharge areas). Additionally, susceptible areas are found within a
3000-meter band inland between Tensift oued and up to 5000 meters in the southern
part of Bhaybeh Beach. Further intrusion is evident between Zaouiet El Kourati and
Ouled El Fequih villages, extending in an east-west direction. Notably, the Tensift
Outlet experiences interference between marine and continental waters, leading
to salinization of nearby wells. These vulnerable areas, characterized by sandy
sandstone formations and intensive vegetable farmland, encompass approximately
24% of the study area (Table 3). This high susceptibility is attributed to multiple
factors: the parameter (D) indicating a distance from the shore of less than 1 km,
the parameter (I) indicating an impact of existing SWI with values above 6, the
parameter (A) indicating hydraulic conductivity mostly exceeding 6 m/day, and
a significant groundwater level below sea level of less than 30 meters. To ensure
reliability and consistency, the results were subjected to testing and validation in
subsequent analyses involving hydro-geochemical analysis.
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Figure 9. Resultant SWI susceptibility maps of Akermoud aquifer
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Table 3. The covered areas by the 5 classes
Susceptibility Count pixels Area (km?) Percentage
Very low 709100 110.80 22.81%
Low 313466 48.98 10.09%
Medium 747336 116.77 24.04%
High 580012 90.63 18.66%
Very high 758153 118.46 24.40%
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V-2 Hydro-Geochemical Contribution

The statistical analysis was conducted on 40 samples and 10 variables (EC, TDS,
Ca*, Mg**, Na*, K*, HCO,", CI~, SO,*", Ba) for the Akermoud coastal aquifers sit-
uated along the Atlantic coast. To observe the spatial variation of these parameters,
they were projected onto maps using GIS. Subsequently, diagrams were utilized to
present the results and classify the degree of mineralization for each sample.

V-2-1 Seasonal and Spatial Variations of In-Situ Parameters

Asmentioned in the methodology section, two analysis campaigns were conducted
in the Akermoud aquifer: one in 2020 (before precipitation) and another in 2021
(after precipitation). There were slight differences in the sampled wells between the
two campaigns, as some of them were no longer accessible. Figure 10 illustrates
the spatial distribution of EC, TDS, dissolved oxygen, pH, and piezometric level
for both 2020 and 2021.

For EC, which ranged from 1.36 to 9.11 in 2020 and 0.04 to 11.9 in 2021, it
is worth noting that the values increased even after precipitation. This could be
attributed to a greater intrusion of saline water toward the land during that year,
resulting in higher EC values. Similar observations can be made for TDS, which
exhibited a similar pattern of variation with different values.

Dissolved oxygen, indicating the amount of oxygen dissolved in the water,
showed higher values in the northern region of Laguia and around Bhaybeh beach
for both dates. The pH map, which can provide an indication of the presence of
marine water or alteration of carbonic formations, revealed that pH values closer to
the coastal line were more basic, with significant differences between the two dates
due to variations in the sampled wells. Similarly, the piezometric level showed a
change as a well located in the south of Sidi Ishak was sampled in 2020 but was no
longer available in 2021.
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Figure 10. Seasonal variations of in-situ measured parameters between 2020 (top
row) and 2021 (bottom row)
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V-2-2 Spatial Variation of Laboratory Measured Parameters

After collecting water samples from the wells, various elements including Ca**,
Mg**, Na*, K*, HCO,", CI-, SO*, and Ba, were measured in different laboratories
at Cadi Ayyad University. These measurements were conducted only for the second
campaign, while for the first campaign, only in-situ measurements were available.
Figure 11 displayed the spatial distribution of the aforementioned elements. From
the Figure 11, several observations can be made:

e  Bicarbonate (HCO,), which is the predominant form of dissolved inorganic
carbon in seawater and most freshwater sources, exhibited the highest values,
surpassing 900 mg/l, in close proximity to Jbel Hadid. This suggests a poten-
tial lithological contamination from carbonate formations present within Jbel
Hadid.

e  Chloride levels, typically associated with high or elevated total dissolved sol-
ids, showed a significant increase in the Akermoud aquifer. In the northern
part of the study area, after Chaibat Almars to Tensift oued, and in the south
of Chaibat Elhamra around Bhaybeh beach, chloride concentrations exceed-
ed 4500 mg/l. This indicates contamination by seawater intrusion.

e  Sulfate concentrations, which should normally not exceed 250 mg/L in drink-
ing water, exceeded 2900 mg/I near wells 11 and 17, as shown in the Figure
11.

e  Calcium, a major positive ion in natural freshwater, is widely found in min-
erals and constitutes 4.9% of the Earth's surface. Increased calcium concen-
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trations can result from the leaching of rocks containing dissolved salts of
calcium, magnesium, or iron. Groundwater in the study area receives sig-
nificant calcium input from streams flowing over calcium-containing rocks
and minerals found in Jbel Hadid's southern side. This explains the highest
concentration of calcium between Akermoud and Zaouiat Bouzarktoune.
Potassium (K) is one of the major components in seawater, typically present
at a concentration of 380 mg/L K*. In natural bodies of water, potassium
concentrations are usually only 4% to 10% of sodium concentrations. Apart
from marine contamination, the sources of potassium in the study area are
likely silicate minerals, gypsum, and evaporate deposits, which release con-
siderable amounts of potassium. This explains the higher potassium values
observed in the Zaouiet El Kourati to Jbel Hadid and Lamrarecha to Tensift
oued regions. Sodium (Na) is more dominant in our study area.

Magnesium (Mg) is commonly found in groundwater that interacts with spe-
cific rocks and minerals, particularly limestone and gypsum. The dissolution
of these materials releases both calcium and magnesium into the water. In our
study area, magnesium mainly originates from the breakdown of dolomite,
which is prevalent along Chaibat El Hamra, stemming from Jbel Hadid.
Barium is a naturally occurring metal found in certain types of igneous and
sedimentary rocks. Barium can enter groundwater and well water when rocks
containing barium break down and dissolve. Barium can also combine with
other chemicals to form compounds. The highest concentrations of barium
are mainly located around the northern region of Jbel Hadid, suggesting po-
tential lithological contamination.
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Figure 11. Spatial variation of laboratory measured parameters (Ca**, Mg**, Na*,
*, HCO, CI-, SO ? and Ba)
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V-3 Water Classification With Conventional Diagrams
V-3-1 Piper Diagram

Theresults presented in Figure 12 demonstrate the dispersed distribution of samples
in the piper diagrams, indicating the presence of specific hydro-chemical processes
and mixing between different types of water samples. The diagrams provide insights
into the groundwater characteristics of the Akermoud coastal aquifers, revealing a
predominance of Ca—Cl type water followed by Na—Cl type water and mixed types.
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Figure 12. Piper's trilinear diagram, illustrates the relationship between dissolved
ions and water types in the Akermoud coastal aquifers

Piper Diagramm

The samples were categorized into six groups:

Sea group (G1): This group includes samples W7, W9, W12, W21, and W40.
Intrusion group (G2): This group comprises samples W11, W33, W8, W5,
W16, W18, W37, W1, W32, W6, W35, W10, W3, W19, W2, W23, W24,
W4, W17, and W20.
Fresh group (G3): Only sample W28 belongs to this group.
Mixing group (G4): Only sample W38 falls into this group.

e  Slightly intrusion group (G5): This group consists of samples W26, W25,
W13, W31, W14, and W39.

e  Freshening group (G6): This group includes samples W27, W22, W40, W15,
W29, W30, and W34.

Based on the data presented in Figure 12, it is evident that 50% of the samples

(20 out of 40) fall into the intrusion category, characterized by a predominant Ca—Cl
water type. This suggests significant interaction between groundwater and saline
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waters. The anion triangle plot indicates that several samples are closer to the chlo-
ride apex. However, two distinct trends emerge: one group of samples is located
between the bicarbonate and chloride poles, while the other group falls between
the sulfate and chloride poles. These trends can be attributed to the dissolution of
geological formations and the impact of seawater intrusion, which intensifies base
exchange processes.

In the cation plot, most data points are concentrated around the (Na* + K*) zone,
with the exception of point W28, which lacks a dominant cation signature. Addi-
tionally, the majority of the points are positioned above the theoretical mixing line,
indicating that many of the samples have been influenced by saltwater intrusion.
The water types in the study area appear to be shaped by a combination of factors,
including anthropogenic activities (e.g., agriculture and groundwater overuse), sur-
face water-aquifer interactions, and the mixing of groundwater with marine waters.

V-3-2 Gibbs Diagram

The Gibbs diagrams (Figure 13) reveal that most samples are located within the
evaporation domain and the rock weathering zone, trending towards the seawater
influence field. Notably, sample W31 is positioned within the rock dominance re-
gion. This pattern indicates that the groundwater chemistry in the studied aquifer is
predominantly influenced by rock weathering processes, which are associated with
seawater intrusion. It's important to note that nearly all samples extend beyond the
Gibbs diagram boundaries, especially in terms of the Na* / (Nat + Ca**) ratio. This
occurrence is likely due to an excess of Ca?* resulting from water-rock interactions
and ion exchange processes influenced by seawater intrusion (Chen et al., 2020;
Liu et al., 2020). Furthermore, the CI~/ (Cl- + HCO,") ratio shows variation with
increasing total dissolved solids (TDS), which may be attributed to higher C1~ con-
centrations resulting from evaporation-crystallization processes (Liu et al., 2020b),
sea spray, or seawater intrusion.
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Figure 13. Gibbs diagram representing the ratio of Na*/(Na* + Ca**) and CI-/(Cl~ +
HCO;) as a function of TDS in Akermoud coastal aquifers.
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V-3-3 Sodium Absorption Ratio (SAR) and
Sodium Percentage (Na* %)

Itis important to note that, for the Wilcox graphs, we have once again categorized
our samples into four groups based on their quality:

. Group 1: Includes samples W5, W7, W8, W9, W10, W11, W12, W15, W16,
W18, W20, W21, W22, W24, W26, W29, W30, W32, W33, W34, W36, and
W37.

° Group 2: Includes samples W2, W3, W14, W17, W27, W35, and W40.

° Group 3: Includes samples W4, W6, W13, W19, W23, W25, W28, W38, and
W39.

e Group 4: Contains only sample W31.

In Figure 14, the SAR (Sodium Adsorption Ratio) values of the groundwater
in the Akermoud aquifer are depicted, ranging from O to 5 with an average of 2.
Analyzing the SAR diagrams in relation to electrical conductivity, we find that
the samples fall into the following classes: C3S1, C4S1, C5S1, and C5S2 (Figure
14). These classes indicate high to very high salinity and low to medium alkalinity,
suggesting that the water is unsuitable for irrigation purposes.
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Figure 14. Classification of Akermoud aquifer and the groundwater suitability for
irrigation purpose based on (EC and SAR).
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Additionally, in Figure 15, the Wilcox (1955) diagram presents the Na* % pro-
jection for the Akermoud coastal aquifers, showing a wide range of Na* % values
from 0% to over 100%. Based on this projection, we can identify four main groups
that were previously mentioned in this context. Group 1 corresponds to water of
poor quality, Group 2 represents water of mediocre quality, Group 3 indicates good
quality water, and Group 4 signifies excellent quality water. The majority of the
water samples fall within the range of poor to mediocre quality. This situation can
be attributed to an excess of sodium caused by the intrusion of seawater and water-
rock interactions involving the dissolution of halite and evaporitic formations.
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Figure 15. Classification of Akermoud coastal aquifer and groundwater suitability
for irrigation purpose based on (EC and Na* %).
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VI. CONCLUSION

In summary, effectively managing the coastal aquifer in the Akermoud district
necessitates a thorough understanding of the factors influencing groundwater
salinity and geochemical changes. To this end, a combined approach of modeling
and hydro-geochemical analysis was utilized to evaluate the extent of the aquifer's
degradation due to climate change and human activities.

The GALDIT model was utilized to understand the encroachment and extent of
seawater susceptibility into the groundwater system. The model indicated high to
very high susceptibility index zones, primarily located parallel to the coast and in
areas within a 3000 m inland band. Notably, the Tensift Outlet exhibited significant
salinization of nearby wells due to the interaction between marine and continental
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waters. These findings were further validated through hydro-geochemical analysis
to ensure reliability and consistency.

A comprehensive study was conducted, involving the collection of 40 groundwater
samples from different types of tubewells. These samples were then subjected to
analysis using the GALDIT Model, and hydro-geochemical techniques. The combined
results of these analysis revealed the presence of marine intrusion in the study area.

Notably, the groundwater samples obtained from wells in close proximity to the
coast, Tensift Oued, and certain areas in the eastern part of the study area exhibited
significantly high values of electrical conductivity (EC) and total dissolved solids
(TDS). This indicates a clear influence of seawater on the groundwater quality in
these locations. The intrusion of marine water and the presence of saline lithological
formations contribute to the observed geochemical variations.

The hydro-geochemical analysis focused on major ions and total dissolved sol-
ids (TDS). The results showed that a significant portion of the samples exhibited a
dominant Ca-Cl water type, indicating groundwater interaction with saline waters.
The analysis also revealed the dissolution of evaporitic formations and the impact
of seawater intrusion, which led to the exchange of bases. Furthermore, the cation
analysis demonstrated a tendency towards the domain of Na** and K* for most
samples, suggesting the influence of seawater intrusion. Overall, the water types
in the aquifer were affected by multiple factors such as anthropogenic activities,
surface water interaction, and mixing with marine waters.

Overall, this multi-approach study provided valuable insights into the state of
the Akermoud aquifer, including the susceptibility to seawater intrusion, hydro-
geochemical characteristics, and subsurface features. The findings emphasized the
need for effective management strategies to address the current groundwater quality
and potential future impacts, particularly due to overexploitation and climate change.

The consequences of such geochemical variations are profound. The quality of
irrigation water, as indicated by these samples, was found to be extremely poor in
approximately half of the cases. Moreover, the quality of potable water has deterio-
rated to a significant extent due to the effects of marine intrusion and the contribution
of saline lithological formations. This poses a serious concern for both agricultural
activities and access to safe drinking water.

The impact of saline irrigation water on soil structure is particularly notewor-
thy. The higher the salinity of the irrigation water, the greater the adverse effects
on soil quality and structure. Continuous irrigation with saline water leads to the
accumulation of sodium in the soil over time, resulting in diminished soil fertility
and decreased crop yields. This highlights the urgent need for improved water man-
agement practices to mitigate the detrimental effects on soil and ensure sustainable
agricultural productivity.
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Due to the scarcity of soil resources in these regions, it is vital to encourage
societal adaptation and promote behavioral changes. Moreover, the formulation of
suitable management strategies is necessary to support a shift towards sustainable
hydrological conditions. By embracing sustainable practices and implementing
effective water management approaches, the impacts of marine intrusion can be
minimized, ensuring the long-term sustainability of the hydrological system in
these areas.
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