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Riassunto

Il fenomeno dell’intrusione salina rappresenta un fattore di rischio per l'approvvigionamento
idrico, l'agricoltura e le attivita industriali nella regione di Seybouse, nel nord-est dell’Algeria.
Per analizzare questo rischio, € stato sviluppato un modello tridimensionale utilizzando i codici
MODFLOW ed MT3DMS per prevedere gli effetti dell’intrusione salina sull’acquifero costiero.
Lapplicazione di questo modello indica che i prelievi di acque sotterranee determinano un
continuo abbassamento del livello idrico e un aumento della concentrazione di cloruri. Inoltre, il
fronte salino potrebbe avanzare da 300 a 2500 m verso l'entroterra. Questi risultati mostrano la
necessita di misure adeguate per la protezione dell’acquifero. Le previsioni numeriche per il 2045,
considerando un aumento dei prelievi di falda del 20%, mostrano una diminuzione importante
dei livelli idrici, fino a -6 m rispetto al livello medio del mare, e un aumento delle concentrazioni
di CI' fino a circa 10 km nell’entroterra .

Abstract

Seawater intrusion represents a bhigh risk for the water supply, the agriculture and industry activities in
the lower Seybouse region of North-Eastern Algeria. In order to analyze this visk, a three-dimensional
model was developed using the MODFLOW and MT3DMS codes to predict seawater intrusion in the
coastal aquifer. The application of this model indicates that the groundwater withdrawals vesult in a
continuous decrease of the water level and in an increase of chloride concentration. Moreover, the salt front
could progress by 300 to 2500 m in the land. These results show the necessity of adequate measures for
the protection of the aquifer. Numerical predictions for 2045, considering an increase of groundwater
withdrawals by 20%, show a fairly significant decrease in water levels, up to -G m with respect to the
mean sea level, and an increase of CI concentrations up to about 10 km inland.
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Introduction

Fresh groundwater resources in coastal aquifers are
significantly impacted by seawater intrusion (Chang & Yeh,
2010; Mastrocicco, 2021). Climate change, sea level rise,
change in land use and excessive groundwater pumping led to
severe seawater intrusion (Yang et al., 2013). Coastal areas are
the most populated regions in the world (Werner et al., 2013).
The public water supply, together with the agriculture and
industry activities, resulted in an important overexploitation
of the coastal aquifers (Datta et al., 2009) and consequently to
seawater intrusion which damaged the coastal groundwater
resources (Ilias & Pericles, 2016).

Prediction of the seawater intrusion requires a
multidisciplinary approach (Yang et al., 2013; Werner et al.,
2013; Datta et al., 2009; Sappa et al., 2017; Sappa et al., 2019;
Alfio et al., 2020; Sae-Ju et al., 2020).

Several authors (Oude Essink, 2001; Comte, 2008; Cimino et
al., 2008) used analytical, geophysical and numerical methods
to determine the position of the interface between freshwater
and marine water. Other authors (Alfio et al., 2022; Acufa-
Alonso et al., 2021; Sappa et al., 2019; Bouderbala, 2015)
analyzed the chemical processes and reactions responsible
for the enrichment or depletion of the groundwater with
chemical elements. Several approaches were used to study
marine intrusion (Yang et al., 2013; Werner et al., 2013;
Datta et al., 2009; Parisi et al. 2022) with emphasis on:

—  the role of the major hydrodynamic factors;

— the analysis of the sources and origins of salinization;,

—  thecorrelation between the major elements concentrations
and the CI ion concentration, which constitutes a good
salinity tracer;

— the development of a numerical model of pollutant
transport.

This paper presents an analysis of the saltwater intrusion in the
coastal plain of Annaba using the MODFLOW code (Harbaugh,
2005) coupled to the MT3DMS model (Zheng et al., 2012).

MODFLOW allowed to analyze the effects of the
intensification of pumping rates in the plain on the aquifer.
Steady-state calibration of the model was used to check the
boundary conditions assumptions. Transient simulations
allowed to improve knowledge about the distribution of the
aquifer storage coefficients and to analyze the hydrodynamic
evolution of the aquifer.

The use of the MT3DMS model involved calibrating the
salinity of the groundwater (expressed as Cl” concentration)
in steady-state and then in transient conditions over a period
of 12 years.

Materials and Methods
Study Area

The studied area is located in the extreme North Eastern part
of Algeria. It is bounded to the North by the Mediterranean
Sea, to the West by the metamorphic Edough complex, to
the South by the Fetzara Lake and by the Numidian chain of
Cheffia mounts (Fig. 1). The aquifer formation is composed of
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Mio-Pliocene and Quaternary sediments of the Ben-Ahmed

graben. Such formation is composed of an alternation of clays,

sandy clays, sands and gravels. Two main aquifers can be

distinguished (Fig. 2):

- The unconfined superficial aquifer, which is located
in sandy-clayey formations, including sandy lenses, with
a transmissivity of this horizon varies from between
2 10°and 8 10° m?/s. Despite its low hydrodynamic
potential, this aquifer feeds, by leakage, the main gravel
and pebble aquifer below.

- The confined deep aquifer, which is located in an
alternation of coarse layers of gravel and pebbles and
clayey-sandy layers. Its transmissivity varies from 10 to
102 m?/s with a storage coefficient varying between 1074
and 107,

These two aquifers are generally separated by a semi-
permeable horizon consisting of sandy clay, silt, clay and sand.
The thickness of this layer varies from 0 m in the Southern
and Western borders to more than 75 m in the coastal part.
The permeability of the semi-permeable horizon varies from
10% to 107 m/s.

Previous studies (Lamouroux & Hani, 2006; Majour et al.,
2018) in the Seybouse region pointed out the following:

— a decrease in the water levels occurred from 1995 to
2009, due to the intensive use of groundwater near the
coast (Fig. 3);

—  the dip of the gravel strata mainly occurs towards the
sea: the geometrical characteristics (thickness and dip
changes) of the gravel layer shows that the deep aquifer
sediments outcrop few kilometers (about 4-5 km) from
the coast (Vila, 1980).

Study Site
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Fig. 1 - Location map of the study area. 1. Marshes, 2. Ancient Alluvium, 3. Numidian
sandstone or clay, 4. Metamorphic formation, 5. Cross Section S-N, 6. Physico-chemical
Profiles, 7. Pumping Well, 8. Monitoring network.

Fig. 1 - Ubicazione dell’area di studio. 1. Paludi, 2. Sedimenti alluvionali,
3. Arenaria o argilla Numidiana, 4. Formazione metamorfica, 5. Sezione S-N,
6. Profili dei parametri chimico-fisici, 7. Pozzo di emungimento, 8. Rete di
monitoraggio.
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Fig. 2 - Cross section S-N through the lower Seybouse aquifer system (the profile of the cross section can be inferred from the item 5 in Fig.1). 1. Sandy-clayey formations including
sand lenses (superficial aquifer), 2. Sandy clay, silt, clay and sand (semi-permeable hovizon), 3. Sands, 4. Alternation of coarse layers of gravel and pebbles and clayey-sandy layers
(deep gravel layer), 5. Numidian or Paleocene clays; 6. Groundwater level of the deep aquifer, 7. Direction of flow in the deep aquifer. Elevation is expressed in m with respect to the
mean sea level.

Fig. 2 - Sezione S-N attraverso il sistema acquifero di Seybouse (il profilo della sezione & indicato dall’elemento 5 in Fig.1). 1. Formazioni sabbioso-argillose
con lenti sabbiose (acquifero superficiale), 2. Sabbie argillose, limi, argille e sabbie (orizzonte semi-permeabile), 3. Sabbie, 4. Alternanza tra strati grossolani di
ghiaie e ciottoli e strati argilloso-sabbiosi (strato ghiaioso profondo), 5. Argille Numidiane Paleoceniche; 6. Livello dell’acquifero profondo, 7. Direzione di flusso

dell’acquifero profondo. Le quote sono espresse in m rispetto al livello medio del mare.
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Fig. 3 - Variation of piezometric levels
between 1995 and 2009 (values in m above
mean sea level).

Fig. 3 Variazione del livello
dell’acquifero tra il 1995 e il 2009 (valori
in m sul livello medio del mare).

—3: Piezometric
contours
.. Pathlines

5/2009

958

o2 984 956 950 %62 964 986

Piezometric level measurements and geochemical analysis
were carried out in 2009-2012 over a network of 45 water
points in the deep Seybouse gravel aquifer.

Electrical conductivity (EC) was measured using a WITW
multiparameter (Multiline P3 PH/LF SET). Chloride and
sodium concentrations were determined by the volumetric
method (AFNOR, 1987). The strontium contents were
measured by ICP-MS with an accuracy of 5%. Results are
presented in section “Evolution of the groundwater mineralization
as a function of distance to the sea”.

The collected data was used in the groundwater flow
and mass transport model for the assessment of the impact
of abstractions on the Seybouse coastal aquifer (sections

“Groundwater flow model” and “Simulation of saltwater intrusion”).

Methodology

Two approaches have been used to study the impact of the
water withdrawals on the Seybouse coastal aquifer:
1. analysis of the piezometric and physico-chemical
measurements of the gravel aquifer, which constitutes

the main water resource in the region. The needed

data was provided by the National Agency for Water
Resources (ANRH) through unpublished documents.
Unfortunately, the measurements were not carried
out regularly at the same points, due to difficulties in
accessing water points, influence of pumping around the
plezometers, etc...;
2. development of a groundwater flow and transport model.
The hydraulic head (h) is obtained from the solution of a
three-dimensional groundwater flow equation (Bear, 1972):

0 oh oh
P K”_ s = S_ (1)
x| " ox ot
where:
- tis time (T);
- X, is the distance along the respective Cartesian

coordinate axis (L);

K is the hydraulic conductivity of the porous material
L)

S, is the specific storage of the porous material (L);

qs is the source/sink term (T*).

11



DOI 10.7343/as-2023-635

The transport equation is linked to the flow equation
through groundwater velocity term given by:

K. oh
0 oz,
where:
- K, is the principal component of the hydraulic

conductivity tensor (L/T);
— 0 is the porosity of the porous medium.
The differential three-
dimensional transport of contaminants in groundwater
(Javandel le Pape et al., 1984) can be written as:

partial equation describing

y 3
ac_a{Dac} d 9.c 3)

a oyl o

where:

- C is the concentration of contaminants dissolved in
groundwater (M/L3);

- tis time (T);

- ;is the distance along the respective Cartesian coordinate
axis (L);

- Dj is the hydrodynamic dispersion coefficient (L?/T);

- v; is the seepage or linear pore water velocity (L/T);

- (s is the volumetric flux of water per unit volume of
aquifer representing sources (positive) or sinks (negative)
1/T);

- C,is the concentration of the sources or sinks (M/L%);

— 0 is the porosity of the porous medium;

— Rk is the chemical reaction term [M/AL>T)}.

Assuming that only equilibrium controlled linear or non-
linear sorption and first order irreversible rate reactions are
involved in the chemical reactions. The chemical reaction
term can be expressed as (Grove & Stollenwerk, 1984):

p, oC P =
R =L slc+PC
LR =9 [ 0 } “

where:
— C is the concentration of contaminants sorbed on the
porous medium;
— M\ is the first-order reaction rate (1/T);
- Py is the bulk density of the porous medium (M/L3).
Rewriting the first term on the right side of Equation (4) as:

£, 9C _p, 0C 3C
- g oo 6 ot oC

(&)

Equation (3) can be rewritten by substituting Equations (4)

and (5) as:

oc_0 Dij oc —i(viC)+&Cs—&a—Ca—C—l[C+&E) )
o Oy, ox, | o 4
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Rearranging the terms, the governing equation of mass
transport model is obtained:

r€_ 2 {D“ac} 0 (vl.c)+%fcj—/1(c+%5j

oC_ 0|, 0C| o
a oy | o, | o, )

Where R is the retardation factor, defined as:

R:1+&8_C &)
6 oC

In this paper, the MODFLOW software (Harbaugh,
2005) was used to analyze the effects of withdrawals on the
Seybouse coastal aquifer system. The modeled area extends
for 264 km?. It was discretized horizontally into 1056 square
cells of 500 m side and vertically into four layers representing
the superficial aquifer, the semi-permeable horizon, the deep
gravel aquifer and the Numidian clay bedrock. The elevations
of the ground surface and of the bottoms of each horizon were
determined from the analysis of the available drilling data.

The permeabilities of each layer were determined using the
transmissivity values resulting from the available pumping
tests carried out in the region.

Effective rainfall was calculated by the Thornthwaite’s
formula using monthly rainfall and temperatures observed at
Salines station over a 32 years period (1985 to 2017).

The main rivers of the region were represented through
the River MODFLOW package (Harbaugh, 2005), using
the gauging carried out by the National Agency for Water
Resources upstream of the plain.

The superficial aquifer is limited to the North, along the
coast, by the dune cord, which contains an aquifer with a
higher water level, having the effect of blocking groundwater
flow towards the sea and creating swamps. The Western
limit is made up of the old Edough massifs (micaschists
and gneisses), whose altered parts contain an untapped
low permeability aquifer. South of the Western border, the
isopiezes show a very low influx of water from Lake Fetzara.
To the South and East, along the boundary with the horst
of Daroussa, the piezometric maps show continuity of the
aquifer, which suggests permanent exchanges with the rest of
the plain. The inflow to the superficial horizon is ensured by
the infiltration of rainwater and runoff from the Seybouse and
Meboudja rivers. The outflows from the aquifer are related to
the drainage of surface water and to evaporation.

The gravel deep aquifer is limited to the North by the
Mediterranean Sea, which is its main outlet. To the West, the
aquifer receives a weak supply from metamorphic limestones
and alluvium from the high terraces.

As far as the Eastern limit is concerned, two hypotheses
can be envisaged. Given the thinning of the gravel levels, in
this sector, bordered by the Ben-Ahmed graben, where the
piezometry indicates a continuity of flows over the whole of the
plain. This limit can be assimilated either to a barrier boundary
or to a permeable boundary. The validity of these hypotheses
were tested numerically during the calibration of the model.
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To the South, in the Dréan sector, the aquifer, which is less
than 10 m deep, receives inputs from rainfall recharge, the
Seybouse River and underground inputs from the alluvium
of the high terraces.

The MODFLOW code was coupled to the MT3DMS model
(Zheng & Wang, 1999) for the following scopes: i) simulation
of saltwater intrusion stabilization up to 2003, ii) simulation
of the evolution of salinity from 2003 to 2015, integrating
hydroclimatic data acquired during this period and iii)
30-years forecast simulation of salinity from 2015 to 2045.

To simulate the mineral load of the Mediterranean Sea,
a chloride concentration (Cl) of 25 g/L was imposed at the
Northern limit, based on the analysis of samples of seawater
periodically collected during the campaigns carried out on
the wells of the plain. In addition, a longitudinal dispersion
value varying from 10 to 20 m and a porosity of 20% were
applied to all the cells of the model. The transverse dispersion
was fixed between 0.1 and 0.2 m (INERIS, 2000).

Simulation of saltwater intrusion is affected by uncertainties
related to (Lucassou et al., 2019):

- the conceptual groundwater flow model: all the
characteristics of the freshwater flow model (geometry,
boundary conditions, hydrodynamic parameters, in
particular permeability and storage coefficient, etc.)
will have a preponderant influence on the validity of the
results in terms of salinity;

- incorrect initialization of the salinity distribution: the
salinity measurements used in the calibration phase

Profile 2
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must correspond to a stabilized hydrodynamic state of
the aquifer with a freshwater-saltwater balance invariant
in time (pseudo-permanent regime). This is a major
source of error in the case of heavily exploited aquifers,
because the hydrodynamic rebalancing that manifests
itself in a more or less marked displacement of the
freshwater-saltwater interface can last several years. This
rebalancing may never be achieved with time-varying
sampling flows;

- numerical dispersion: the transport and mixing effects in
modelling processes generates non-linearities in transport
equations and numerical oscillations that can lead to
calculation errors and/or non-convergence problems.

In this study, the TVD resolution method (third-order
method) was adopted to minimize the numerical dispersions
and oscillations related to the advection and dispersion effects
(Zoubhri et al., 2009).

Results and Discussion

Evolution of the groundwater mineralization as a function of
distance to the sea

To highlight the influence of the saltwater intrusion on the
groundwater quality, we present here the spatial distribution
of chlorides CI, sodium Na*, strontium Sr contents and
the values of electrical conductivity (CE) carried out along
three S-N profiles perpendicular to the boundary with the
Mediterranean Sea (Fig. 4; the profiles are those represented
in Fig. 1).

Profile 3
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Fig. 4 - Graphs for CI', Na*, Strontium and EC trends along the N-S profiles drawn in Figure 1.

Fig. 4 - Grafici di concentrazione di Cl', Na* e Stronzio e di Conducibilita Elettrica lungo i
profili N-S indicati in Figura 1.
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The graphs of profile 1 show adrop in Cl', Na* concentrations
and CE values in the first 15 kilometers from the coast. In this
area, Cl" values dropped from about 400 mg/L to less than
200 mg/L and Na* values dropped from about 400 mg/L to
less than 100 mg/L, while CE values decrease from almost
3000 to about 1000 pS/cm. Towards the South, the values
raise again to reach higher contents for the various elements.
The increase in strontium values may reflect the influence of
evaporitic formations on the groundwater physico-chemical
characteristics (Bougherira et al., 2015).

Profile 2 shows a decrease in the values of Cl-, Na* and CE
when moving away from the coast from a distance of about
2.85 km. However, unlike the first profile, no further increase
occurs along the section. This is related to the absence of
supply leaching from the evaporitic formations conveyed by
the Seybouse.

The graphs of profile 3 are similar to those of profile 2.
Average CI” concentration around 450 mg/L are observed
up to 5.4 km from the coast. Concentrations drop sharply
moving towards the South, probably for the same reasons as
in the second profile.

Groundwater flow model

The model was calibrated in steady state conditions using
the piezometric data collected in October 2003.
The results for the deep gravel aquifer are showed in Figure 5.

Fig. 5 - Boundary Conditions and comparison between measured and calibrated
piezometry for the deep gravel aquifer (steady-state conditions; reference year: 2003).
Legend: Imposed Potential: 1. Sea, 2. Seybouse; No Flow Boundary: 3. High Level
Alluvium and Numidian Clays, 4. Impermeable formations, 5. Ben-M’hidi Gaben
limits; Fixed Head Boundary: 6. Metamorphic formations, 7. Alluvium Ancient, 8.
Ben-M’hidi Graben limits; 9. Measured Piezometric Curve (values in m above mean sea
level); 10. Simulated Piezometric Curve (values in m above mean sea level).

Fig. 5 - Condizioni al contorno e confronto tra piezometria misurata e calibrata
per Pacquifero ghiaioso profondo (condizioni stazionarie; anno di riferimento:
2003). Legenda: Potenziale Imposto: 1. Mare, 2. Seybouse; Flusso nullo:
3. Sedimenti alluvionali e argille Numidiane, 4. Formazioni impermeabili,
5. Graben Ben-M’hidi; Carico idraulico imposto: 6. Formazioni metamorfiche,
7. Sedimenti alluvionali, 8. Graben Ben-M’hidi; 9. Isopiezometriche misurate
(valori in m sul livello medio del mare); 10. Isopiezometriche simulate (valori
in m sul livello medio del mare).
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The correspondence between the simulated and observed
water heights is generally acceptable (Fig.06).
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Fig. G - Comparison between measured and simulated piezometric head, October 2003
(values in m above mean sea level).

Fig. 6 - Confronto tra carico idraulico misurato e simulato, Ottobre 2003
(valori in m sul livello medio del mare).

To assess the effects of the increasing withdrawals on the
aquifer, the model was run in transient conditions over a
period of 12 years (2003-2015) (Fig.7 and Fig.8).

The groundwater flow model shows a significant drop in the
piezometric levels due to the increase of the water withdrawals
close to the coast.

MEDITERRANEAN SEA

Fig. 7 - Comparison of reference and calibrated piezometry in transient conditions for
the deep gravel aquifer (year 2015).

Legend: 1. Control Piezometers; 2. Measured Piezometric Curve (values in m above
mean sea level); 3. Simulated Piezometric Curve (values in m above mean sea level).

Fig. 7 - Confronto tra piezometria di riferimento e piezometria calibrata in
condizioni transitorie per I'acquifero ghiaioso profondo (anno 2015).
Legenda: 1. Piezometri di monitoraggio; 2. Isopiezometriche misurate (valori
in m sul livello medio del mare); 3. Isopiezometriche simulate (valori in m sul
livello medio del mare).
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Fig. 8 - Transient model calibration (vesults at selected piezometers). Legend: 1. Observed Head (values in m above mean sea level); 2. Simulated Head (values in m above mean sea level).

Fig. 8 - Modello transitorio calibrato (risultati in corripondenza di piezometri selezionati). Legenda: 1. Carico idraulico osservato (valori in m sul livello medio del
mare); 2. Carico idraulico simulato (valori in m sul livello medio del mare).

Fig. 9 - Simulations of marine intrusion in the lower Seybouse aquifer system (CI concentration in mg/L).

Fig. 9 - Simulazioni del fenomeno di intrusione salina nel sistema acquifero di Seybouse (concentrazione di Cl” in mg/L).

Figure 10 shows the hydraulic head and Cl” concentration  heads up to -6 m with respect to the mean sea level and CI’

predicted in the aquifer by 2045. concentrations higher that 10 g/L up to about 10 km from
The pumping rates would induce a decrease in the hydraulic  the coast.
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Fig. 10 - Cross section representative of the expected hydraulic head (values in m above mean sea level) and CI concentration (values in mg/L) in the aquifer by 2045.

Fig. 10 - Sezione rappresentativa del carico idraulico atteso (valori in m sul livello medio del mare) e concentrazione di Cl™ (valori in mg/L) nell’acquifero
entro il 2045.
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Gonclusions

This paper presented a numerical investigation of the
seawater intrusion phenomenon in the Seybouse basin of
Northeastern Algeria. The analysis of the physico-chemical
parameters along three profiles perpendicular to the coast
shows that the salinization of groundwater results from two
main processes: the intrusion of seawater into the aquifer in
the Northern part and the potential dissolution/precipitation
of reservoir gypsum formations in the Southern part.

Numerical results show a significant drop in the groundwater
levels close to the coast, due to increasing abstractions, and
the advancing of saltwater inland.

Numerical predictions for 2045, considering an increase
of withdrawals by 20%, show a fairly significant decrease in
water levels, up to -6 m with respect to the mean sea level,
and increase of Cl” concentrations up to about 10 km inland.

These results show the necessity of adequate measures for
the protection of the groundwater resources in the region, in
order to meet the increasing demand for freshwater supply
and to take into account the effects of climate change.
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