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Abstract Oualidia city is located on the Moroccan Atlantic
coast. Groundwater is the only resource for agriculture irriga-
tion in this area. This operation is done by intensive pumping
mainly in the coastal fringe. In this study, hydrochemical and
geophysical methods were conducted to evaluate both com-
position and processes which control groundwater mineraliza-
tion in Oualidia. For this purpose, 19 samples of groundwater
were analyzed in major ions. The results showed that the min-
eralization is mainly due to sea water intrusion, especially in
the first kilometer over the ocean, with abundance of Na+

(651.3 mg/l on average) and Cl− ions (1,425 mg/l on average).
Beyond this fringe, 1 km, the mineralization is low, with an
abundance of calcium (190.4 mg/l on average) and bicarbon-
ate (241.1 mg/l on average) indicating the rock nature effect.
Data interpretation from six profiles of electrical resistivity
tomography (ERT), performed in the region, has led to detect
seawater intrusion extension. The level assigned to the marine
effect is characterized by a resistivity lower than 30 Ω m.
Moreover, hydrochemical and geophysical studies were pro-
vided information on the mineralization extension in the aqui-
fer of this zone, which is limited to 1 km from the ocean.
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Introduction

The seawater intrusion in coastal aquifers leads to quality
degradation of fresh waters. Excessive increasing groundwa-
ter exploitation lowering water tables is well known to be the
primary cause of saltwater intrusion. The extent of saltwater
intrusion is controlled mainly by geological characteristics of
the area, hydraulic gradient, and the rate of exploitation with
respect to the reload of the groundwater (Choudhury et al.
2001; Morgan and Werner 2014). Analyzing seawater intru-
sion in coastal aquifers requires multidisciplinary approach,
combining several methods, such as geophysics and
hydrochemistry. Electrical prospecting was applied by several
authors to delimit the marine intrusion extension (Bugg and
Lloyd 1976; Urish and Frohlich 1990; Vandam and
Meulankamp 1967; Zohdy 1969; Frohlich et al. 1994;
Nowroozi et al. 1999. Choudhury et al. 2001; Hodlur et al.
2010; Agoubi et al. 2013; Atwia and Masoud 2013; Hamdan
and Vafidis 2013; Naidu et al. 2013; Rey et al. 2013;
Sonkamble 2014). Other investigations have been focused
on the processes definition and chemical reactions that char-
acterize groundwater mineralization, and thus be responsible
for the enrichment or depletion of groundwater chemical ele-
ments (Nadler et al. 1980; Tulipano and Fidelibus 1984;
Fidelibus and Tulipano 1986; Pascual and Custodio 1990;
Fetter 1993; Tellam 1995; Fidelibus and Tulipano 1996; Allen
and Suchy 2001; Farber et al. 2004; Grassi and Cortecci 2004;
Cardona et al. 2004; Banerjee et al. 2012;. Reddy 2013; Han
et al. 2014; Srinivasamoorthy et al. 2014). InMorocco, several
studies have applied geophysics and hydrochemistry to inves-
tigate the seawater intrusion effect on coastal aquifers salinity.
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Among these studies, we cited the following: Benkabbour
et al. (2004), Zouhri et al. (2008), Zouhri (2010), El Yaouti
et al. (2009), Re et al. (2013), and Vinson et al. (2013).

Oualidia city, the area subject of this study, is located on the
Moroccan Atlantic coast (Fig. 1), 70 km south-west of El
Jadida city. The only natural water resources are those of
Plioquaternaire calcareous sandstones and late Hauterivian
limestones groundwater as shown in Fig. 2 (known in the
region as Dridrate limestone) (Ferré 1969). In this region,
groundwater exploitation is done by intensive pumping espe-
cially in the coastal fringe (Fakir et al. 2002). Intensive
pumping involves fresh waters quality deterioration as a result
of the seawater advancement to the inland (Fakir et al. 2002;
Kaid rassou et al. 2005).

However, the aim of this study is first to identify processes
and chemical reactions responsible for the salinization of
Oualidia coastal aquifers and next to determine the seawater
intrusion extension. For the first purpose, hydrochemical an-
alyzes were performed on water samples issued from the wells
in the area under study. For the second objective, electrical
resistivity tomography (ERT) profiles were carried out in the
Southern of Oualidia. Electrical models are compared with
geological borehole data and hydrochemical results. The
study of marine intrusion by electrical resistivity tomography
is an original work in the region.

Presentation of the study area

Geographical and geological setting

Oualidia is a coastal area from theMoroccan coastalMeseta. It
is marked by ridge lines of consolidated dunes formed during

Quaternary transgressions and regressions (Ferré 1969). Ferré
(1969) specified that the outcrops are mainly formed by con-
solidated dunes, sandstone and limestone, of Plioquaternaire
age with 50 m thick and decreases toward the ocean. The
dunes are elongated into long ridges with SW-NE orientation
parallel to the shoreline (Fig. 1). Below the Plioquaternary
sandstone-limestone formation, the following geological for-
mations (Fig. 2) are found:

& Red clay layer from the late Hauterivian age which forms
the wall of Plioquaternaire and the roof of the Hauterivian.
Their thickness varies from 20 to 50 m with respect to the
position relative to the shore. These clays disappear due to
erosion near the ocean, allowing direct contact between
the Plioquaternaire and Hauterivian.

& Dridrate limestone from the late Hauterivian age; 30 to
50 m thick. They constitute the second aquifer from the
area.

& Blue clay from late Valanginian-Early Hauterivian. They
are gray marl forming the bedrock of Dridrate limestone.

& The gypsum limestone from Jurassic, which forms the
third aquifer. The presence of evaporite causes high salin-
ity and, thus, non-exploitation of this aquifer.

Geomorphological context

To analyze the geomorphology of the study area, we have
established a digital elevation model from the topographic
map of the Oualidia. Modeling was performed on Arcgis soft-
ware (McCoy 2004).

On the geomorphological plan, the region of Oualidia is
marked on the side of the Atlantic Ocean by a low sandy

Fig. 1 Geological and
geographical location of the area
under study
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depression called Oulja. It is dominated by a quaternary cliff
from which extends a rocky soil, mainly naked and without
drainage network. The soil is composed of consolidated
Plioquaternary dunes, arranged parallel to the coast with alti-
tudes between 100 and 150 m (Fig. 3). The lagoon of Oualidia
extends to the North of Oulja and is separated from the ocean
by a consolidated dunes barrier (Bidet and Carruesco 1982).

Major geomorphological structures found in the region of
Oualidia, from downstream to upstream, are as follows:

& Oulja: This is a depression limited from the hinterland by
Plioquaternaire abandoned cliff and from the ocean by the
Atlantic coast dunes. It extended from south to north,
allowing large amount of seawater penetration, giving
birth to the lagoon of Oualidia (Ouadia 1998).

& Abandoned cliff: It corresponds to abandoned shoreline
with measured altitudes of 5, 20, and 30 m (Gigout
1951; Ouadia 1998). This is the barrier which separates
the Oulja to the hinterland.

& The hinterland: is characterized by Pliocene and Quater-
nary sandstone consolidated dune relief, parallel to the
ocean, with a SSW-NNE orientation (Abou Maria 1993).

Hydrogeology and piezometry

The piezometric map of May 2011 period has been prepared
using data from 40 wells capturing the Plioquaternary in the
area between El Oualidia and El Akarta (Fig. 4). Piezometric
curves are generally parallel to the coast. The groundwater

Fig. 2 Lithology of geological
borehole of Oualidia

Fig. 3 Digital elevation model
made from the Oualidia
topographic map (Scale 1/50,000)
showing the region
geomorphology
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flow is toward the ocean, from the south-east to north-west. A
drainage line was observed in the middle of the map. This
structure was also observed on the piezometric maps of
1992 and 2003 (Fadili 2014). It was probably caused by the
topography or a network karst effect which would drain the
groundwater (Hilali 2002; Gilli et al. 2008).

This map shows two main hydrodynamic regions.
The first is located in the south-east and characterized

by slightly constricted piezometric lines, with calculated
hydraulic gradient of 1.67 %. The second is located in
the north-western, near the ocean, materialized by
spaced piezometric lines and a low hydraulic gradient
of 0.62 %. In the south of El Akarta, the piezometric
curves are constricted with a high hydraulic gradient of
2.5 %. This is the consequence of the aquifer wall as-
cent and the low permeability.

Fig. 4 Piezometric map of the
study area

Table 1 Physicochemical characteristics of the groundwater from wells

Wells Distance from
the Ocean (m)

Water
depth (m)

Na (mg/l) K (mg/l) Mg (mg/l) Ca (mg/l) Cl
(mg/l)

Br (mg/l) NO3

(mg/l)
HCO3

(mg/l)
SO4

(mg/l)
EC
(mg/l)

pH T (°C)

O19 490 4 654.1 30.3 290.9 591.7 1,416.9 3.6 53.7 345.7 20.3 5.8 7.06 21.7

O25 510 3.2 675.4 32.5 321.9 639.9 1,508.3 3.9 47.8 265.5 19.7 6.21 7.15 22.2

O27 534 29.2 566.4 22.2 338.1 320.5 1,242.2 3.5 89.0 189.9 22.4 4.79 7.48 22.2

O26 544 6.9 558.0 26.1 265.1 467.8 1,190.0 3.1 73.9 370.1 21.0 5.08 7.21 22.5

O20 600 6 632.4 26.7 287.6 640.0 1,410.2 3.7 24.0 223.3 20.8 5.91 6.97 22.9

O22 607 4.9 919.4 40.1 406.4 735.0 2,010.7 5.4 86.0 210.5 18.5 7.94 7.01 22.1

O16 622 23.15 553.6 25.1 244.8 507.4 1,199.9 3.1 39.0 255.4 21.0 5.07 7.05 22.9

O39 1,073 67.4 230.0 10.7 82.5 232.8 609.9 1.5 39.0 231.2 421.7 2.85 7.39 21.2

O41 2,309 62.3 187.4 8.6 63.6 193.3 414.1 1.0 79.4 211.0 362.2 2.14 7.46 21.9

O40 2,394 48 114.0 7.6 25.1 145.1 270.1 0.6 69.9 281.1 149.3 1.31 7.84 21.8

O10 4,648 21.72 34.4 8.6 10.9 63.4 37.9 0.1 47.1 225.3 41.8 0.33 7.69 27

O13 6,338 75.4 23.0 1.8 3.2 80.7 56.8 0.1 26.9 194.4 10.1 0.33 7.67 26.8

O12 6,689 63.8 27.4 2.1 3.7 80.1 52.8 0.1 27.1 233.6 20.3 0.31 7.69 27

O8 8,003 24.1 34.3 1.2 4.2 83.9 66.9 0.2 25.9 110.7 19.5 0.33 7.59 26

O5 8,166 50.92 35.9 3.6 6.9 84.8 79.0 0.2 98.4 195.1 22.1 0.26 7.8 23

O6 8,480 5 36.4 2.5 4.8 111.5 71.1 0.1 45.0 213.5 44.0 0.67 7.49 21.6

O3 9,028 11.56 29.1 7.1 2.8 62.6 41.3 0.1 35.2 191.7 25.2 0.19 7.8 25

O2 9,089 6.18 26.2 2.7 2.9 72.0 47.8 0.1 36.5 187.6 23.0 0.45 7.91 21.6

O1 9,440 5.78 32.9 1.8 3.6 90.6 62.7 0.2 30.8 190.1 19.4 0.58 7.41 21.5
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Materials and methods

Sampling and hydrochemical analysis

In this study, freshwater was taken as rainwater concentrations
and samples were taken from 19 wells during a high water
period (May 2011). The sampled wells are located, as far as
possible, in a profile perpendicular to the coast line (Fig. 4).
Hydrochemical analyzes (Table 1) were performed in the I2M
UMR 5295 Laboratory at the University of Bordeaux, by the
ion chromatography method. This method was used to deter-
mine the concentrations of major elements: Na+, K+, Mg2+,
Ca2+, Cl−, and Br−. Some physicochemical parameters were
measured in situ, such as water temperature, electrical conduc-
tivity (EC), and pH. Bicarbonates were also titrated in situ by
the volumetric method on 100 ml of water using sulfuric acid
(H2SO4 1 N) as a titrand.

Geophysics

Six electrical resistivity tomography profiles (ERT profiles:
W1, W2, W3, W4, D1, and D2), perpendicular to the shore
in the NW-SE direction, were carried out in the region to
detect seawater intrusion extension from the edge of the coast
to the hinterland (Fig. 5). The first four profiles (W1,W2,W3,
and W4) were located in the sandy depression (Oulja) with
Wenner array type. The two other profiles (D1 and D2) were
located beyond the Plioquaternary cliff, on rocky area with
dipole-dipole array type. The acquisition was performed by
the Syscal Junior menu of 72 electrodes placed at intervals of
5 m; the length of each profile is 355 m. Data inversion was
carried out by Res2Dinv software using L1 robust inversion
(Loke and Barker 1996).

For the geophysical prospection investigation in hydroge-
ology, the aim was to define parameters associated directly or
indirectly to the groundwater aquifer and the measured resis-
tivity (Guerin 2004). Archie (1942) proposed an empirical
formula (Eq. 1) which permit determining the electrical resis-
tivity of an aquifer formation:

ρ f ¼ aφ−mS−nρw ð1Þ

With: ρf the formation resistivity (Ωm), ρw the water resis-
tivity (Ω m), φ the formation porosity (dimensionless), S the
saturation, and a, m, n are respectively the coefficient of sat-
uration that depends on lithology (0.5≤a≤2.5), cementation
factor which depends on the pore shape and the rock compac-
tion and varies between 1.3 and 2.2 for unconsolidated
cemented limestone sands, and saturation exponent which is
close to 2.

However, for better calibration of the ERT data, electrical
profiles were calibrated by mechanical borehole and by
Archie formula, knowing the formation porosity and ground-
water electrical conductivity.

Results and discussion

General hydrochemistry of groundwater

Table 2 showed statistical summary of concentrations of
analyzed major ions. Samples groundwater EC ranges
from 0.2 to 7.9 mS/cm with an average of 2.7 mS/cm
higher than the median of 1.3 mS/cm. The pH is be-
tween 7.0 and 7.9 with a mean value of 7.5 which
equals to the median (Table 2).

Fig. 5 Localization of electrical
resistivity tomography profiles
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Major ions concentrations showed that most dominant
anions are Cl− and HCO3

− and the most dominant cat-
ions are Ca2+ and Na+ in the groundwater. The Cl−

concentrations are between a minimum of 37.9 mg/l
and a maximum of 2,237.9 mg/l with an average of
620.5 mg/l higher than the median of 270.1 mg/l. Bi-
carbonates HCO3

− concentrations varies from a maxi-
mum of 370.1 mg/l and a minimum of 110.7 mg/l with
an average value of 227.7 mg/l slightly above the me-
dian which equals to 213.5 mg/l. The Ca2+ concentra-
tions are between 62.6 and 735.0 mg/l; the average is
equal to 620.5 mg/l and higher than the median of
270.1 mg/l. The sodium concentration is ranging from
23.0 to 919.4 mg/l with an average value of 282.6 mg/l
and a median of 114.0 mg/l.

The carbonate nature of the aquifer may be the possible
source of calcium and bicarbonate in groundwater. The pres-
ence of Cl− and Na+ in groundwater can be from seawater
origin as will be detailed later. The most important source of
sulfate in water is the dissolved evaporite as gypsum (CaSO4·
2H2O) and anhydrite (CaSO4). The SO4 concentration is be-
tween 10.1 and 421.7 mg/l.

Electrical conductivity of the Plioquaternary Groundwater

Water EC represents the salinity degree, which is a linear
function of dissolved ions (Meybeck 1987). The EC measures
were performed on site with a conductometer (Hanna HI
9828).

The EC map represented in Fig. 6 was obtained by the data
interpolation of 40 wells distributed on the studied area. The
map showed that the highest conductivities are observed at the
coast fringe. To inland, conductivities become weaker. This
suggests the existence of seawater intrusion being responsible
for groundwater salinization near the ocean. Indeed, it has
been reported that along the coastline, the high values of EC
are generally attributed to the seawater intrusion (Stamatis and
Voudouris 2003).

Toward the south of El Akarta, EC become weaker despite
the proximity of the ocean. This may be the consequence of
the Plioquaternaire base level ascend. In contrast, it was col-
lapsed between Oualidia el Akarta. This observation may be
explained by the high value of the piezometric gradient
(Fig. 4), the low number of wells, and the low aquifer exploi-
tation in this part.

Table 2 Statistics summary of chemical elements

Na (mg/l) K (mg/l) Mg (mg/l) Ca (mg/l) Cl (mg/l) Br (mg/l) NO3 (mg/l) HCO3 (mg/l) SO4 (mg/l) EC (mS/cm) pH

Minimum 23.0 1.2 2.8 62.6 37.9 0.1 24.0 110.7 10.1 0.2 7.0

Maximum 919.4 40.1 406.4 735.0 2,010.7 5.4 98.4 370.1 421.7 7.9 7.9

Average. 282.6 13.8 124.7 273.9 620.5 1.6 51.3 227.7 68.5 2.7 7.5

Median. 114.0 8.6 25.1 145.1 270.1 0.6 45.0 213.5 21.0 1.3 7.5

Standard deviation 303.7 12.7 148.5 240.0 668.6 1.8 24.0 58.5 118.2 2.6 0.3

Fig. 6 EC map of the study area
(May 2011)
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Chemical facies of groundwater

To identify the hydrochemical facies of groundwater,
results are presented in Piper diagram (Fig. 7) based
on anions and cations concentrations. The Piper diagram
realization was made using the software Diagrammes
(Simler 2004). The facies of all wells located in the
first 2 km from the ocean are of Cl-SO4-Ca and Cl-
SO4-Na facies. Wells located beyond 2 km perpendicu-
lar to the ocean have a Ca-HCO3 facies. Moving from
the closest well to the ocean to the far one, the cations
diagram indicates a migration from Na-facies to Ca-fa-
cies. As regards the anions diagram, it can distinguish
two groups. The first is characterized by a Cl-SO4 fa-
cies for the wells located in the first 2 km, and a sec-
ond group is characterized by a HCO3 facies for the far
wells.

However, Piper diagram indicate a facies change, mainly
due to the distance from the ocean as well as the morphology
variation.

Over all, the facies of water is modified due to the influence
of several factors: interaction between water and aquifer ma-
terial mainly carbonated, and the influences of human activi-
ties such as the return of flow irrigation and overexploitation
of the aquifer system. The increase of sodium, sulfate and
chloride concentration, from fresh water to seawater (mixing
line), indicates the influence of the seawater on the aquifer
facies.

Relationship between chemical elements and groundwater
mineralization processes

The analysis by ascending hierarchical classification aims to
classify the observation into groups according to similarities
and differences between them. It successively joins the most
similar observations with respect to the gravity center (Davis
1986). This classification was performed by Ward method
with the Euclidean distance. The result showed the existence
of three main groups (Fig. 8). The first group of water has high
conductivity in the range of 4.8 to 7.9 mS/cm, with an average

Fig. 7 Piper diagram
representation of chemical facies
of Oualidia groundwater

Fig. 8 Hierarchical classification data of the wells in Oualidia
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of 5.8 mS/cm. These waters are characterized by Na+

(651.3 mg/l on average) and Cl− (1,425 mg/l on average)
abundance. The first group wells are located in a morpholog-
ical unit called Oulja at a distance not exceeding 1 km of the
ocean. The second group presents means EC between 1.3 and
2.9 mS/ cm, with an average value of 2.1 mS/cm. The most
abundant ions in this group are HCO3

− (241.1 mg/l on average)
and Ca2+ (190.4 mg/l on average). The wells of the second
group are located between 1 and 2 km to the ocean. The third
group is characterized by low electrical conductivity, ranging
from 0.2 to 0.7 mS/cm, with an average of 0.4 mS/cm. This
group is characterized by the abundance of HCO3

− ions. The
third group wells are located in the hinterland beyond 2 km
from the ocean.

Principal component analysis is a method of multivariate
data analysis used to reveal trends in large data sets (Winter
et al.; 2000; Chen et al.; 2007; Choi et al. 2014; Masoud
2014). The variables (major ions) projection on the F1-F2
factorial plane (Fig. 9) shows that the F1 axis which
expresses 79.92 % of the total variance is mainly deter-
mined by the electrical conductivity, Na+, Cl−, K+, Ca2+,
Mg2+, Br−, and HCO3

−. Thus, it represents the axis of

mineralization. The vertical axis, F2, expresses 12.52 %
of the total variance and determined, in a positive man-
ner, only by SO4

2 − and NO3
−. However, it shows the

sulfates and nitrates pole.
The projection of individuals (sampled wells) on the F1-F2

factorial plane (Fig. 10) revealed that the F1 axis shows op-
position between the weakly and the highly mineralized wa-
ters. Weakly mineralization waters (group 2 and group 3) are
located in the upstream of the aquifer, beyond 1 km of the
ocean. Highly mineralized waters (group 1) are located in
Oulja at 1 km of the ocean. Also, F2 axis showed an opposi-
tion between waters rich in SO4

2− and NO3
−, and waters weakly

charged by these elements (Fig. 10).
In summary, the first group wells are the most mineralized

with facies mainly sodium and chloride type, which could be a
marine effect consequence. The wells of the second group
indicate a migration to the nitrates and sulfates pole which is
the result of crop agriculture activities effect.

The ionic relationships study permit to explain the different
hydrogeochemical mechanisms involved in the groundwater
mineralization. The representation of Ca2++Mg2+ in function
of HCO3

−+SO4
2− (Fig. 11) shows that most points of the first

Fig. 9 Variables correlation
circle on the F1-F2 factorial plane

Fig. 10 Individuals diagram on
the F1-F2 factorial plane
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group are above [1:1] line, indicating that the ion exchange, as
a result of seawater intrusion, could be the process responsible
for the enrichment in Ca2+ and Mg2+ in favor of HCO3

−+SO4
2−

(Cerling et al. 1989; Fisher and Mullican 1997; Wanda et al.
2011). Second and third group samples are aligned on the
[1:1] line, which suggests that Ca2+, Mg2+, HCO3

−, and SO4
2−

ions are derived from the calcite, limestone, and gypsum dis-
solution, indicating aquifers lithology effect in the area
(Belkhiri et al. 2012;. Nasher et al. 2013; Khairy and
Janardhana 2013; Han et al. 2014; Srinivasamoorthy et al.
2014).

The Na/Cl ratio is often used to identify the mechanisms of
groundwater mineralization (Magaritz et al. 1981; Dixon and
Chiswell 1992; Sami 1992; Mtoni et al. 2013). If the halite
(NaCl) dissolution is responsible for the sodium presence in
the water, the ratio will be equal to 1. A ratio greater than 1
indicates Na+ release from the claymatrix (Meybeck 1987). In
this case, the samples have abundance in HCO3

− (Stallard and
Edmond 1987; Rogers 1989; Mtoni et al. 2013). The Na/Cl
ratios in the case of seawater intrusion are generally lower than
the seawater ratio (i.e., <0.86, molar ratio) (Jones et al. 1999;
Rao and Rao 2009; Reddy 2013).

In this study, Na/Cl molar ratio is between 0.6 and
1.11 with an average of 0.8 (Fig. 12). Two samples
have a ratio greater than 1 (O10 and O3) with an

abundance of HCO3
− ions (197.7 mg/l for O3 and

225.3 mg/l for O10). This result indicates that the sili-
cate weathering is responsible for these two wells en-
richment by sodium. The ratio is less than 1 in most
samples, reflecting that the enrichment in sodium is
caused by the marine influence; mainly in the first
group samples which are close to the ocean.

The correlation between the sum of anions Cl− and SO4
2−

and the sum of cations Na+ and K+ (Fig. 13) showed that the
first group present high chloride concentration suggesting salt-
water intrusion. However, the second and third groups showed
a low Cl− concentration, which suggests freshwater and aqui-
fer interaction. The abundance of Cl− and Na+ in the first
group is the result of seawater intrusion, while SO4

2− and
Ca2+ ions indicates a water-rock interaction trough the gyp-
sum dissolution which is derived from deep gypsiferous for-
mations (Srinivasamoorthy et al. 2014). These formations
may also present a mineralization source of Plioquaternary
groundwater (Kaid rassou et al. 2005).

Nitrates are mainly issued from the anthropic activities,
leachate, agriculture, domestic wastewater (Park et al. 2005;
Kass et al. 2005; Schiavo et al. 2006). The nitrates concentra-
tion in groundwater of the area range from 24.0 to 98.4 mg/l.
To investigate fertilizer as probable source of potassium and
nitrate in groundwater, the concentration changes of these el-
ements were plotted in the Fig. 14. The graph showed nitrate
enrichment relative to potassium with simultaneous increase
of both ions. This is the consequence of water K+ fixation by
clay minerals and release of NO3

− (Nasher et al. 2013), dem-
onstrating nitrates contamination of groundwater issued from
anthropic activities (Dutta et al. 1997; Kumar et al. 2006;
Reddy 2013).

To understand groundwater mineralization process against
seawater intrusion, the graphs showing the relationship be-
tween the major elements (Ca2+, Mg2+, Na+, K+, Br−, and
SO4

2−) of 19 wells and Cl− were represented (Fig. 15). How-
ever, chlorides have conservative tracer, which participate nei-
ther in water-rock interactions, nor in redox reactions and does
not form insoluble precipitate (Fetter 1993). They characterize

Fig. 11 Graphic of Ca2++Mg2+ versus HCO3
−+SO4

2−

Fig. 12 The Na/Cl ratio versus EC Fig. 13 The correlation between Cl−+SO4
2− and Na++K+
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the water salinity origin and form a mixture tracer (Tellam
1995; Fidelibus and Tulipano 1996; Rajesh et al. 2012; Ako
et al. 2012; Re et al. 2013; Xing et al. 2013).

In general, sampled water showed a Ca2+ enrichment and
Na+, K+, and Br− depletion. The enrichment or depletion of
major elements in groundwater is due either to Ca2+ and Mg2+

exchange under the interaction between water and carbonated
rock, or to Na+-Ca2+ or Na+-Mg2+ reaction through basic

exchange or sulfates reduction (Fidelibus and Tulipano
1996; Duriez et al. 2008; Fehdi et al. 2009; Belkhiri et al.
2012; Ako et al. 2012; Xing et al. 2013).

The graph of Na+ in function of Cl− indicated that all points
are located below the mixture line. This phenomenon is ex-
plained by the ion exchange between water and aquifer which
leads to Na+ fixation and Ca2+ release. This is observed in the
figure representing Ca2+ versus Cl− (Fig. 15), which showed
that all points are above the mixture line. This is the conse-
quence of Na+ fixation and Ca2+ release (Fidelibus and
Tulipano 1996; Duriez et al. 2008; Giambastiani et al. 2013;
Han et al. 2014; Srinivasamoorthy et al. 2014).

The graph of Mg2+ showed dispersion around the mixture
line, with depletion in the wells distant from the ocean and
enrichment in those close to the ocean (Fig. 15). In carbonated
environment, such as the area under study, the water-rock
interaction or dolomitization is the Mg2+ depletion cause
(Tulipano and Fidelibus 1984; Fidelibus and Tulipano 1986;
Duriez et al. 2008; Fehdi et al. 2009; Rajesh et al. 2012).

The plots of K+ and Br− in function of Cl− (Fig. 15) showed
that all points are located below the mixture line, except for a
few points of potassium (K+), showing an origin probably

Fig. 14 Representation of NO3
− versus K+

Fig. 15 Relationship between
Br−, Na+, Mg2+, Ca2+, K+, and
Cl−

Arab J Geosci



oceanic for these elements mainly for the wells close to the
coast. Consequently, K+ depletion is the result of NO3

− release
as it has been showed above (Fig. 14).

From the graphs of Fig. 15, it was noticed that the wells
closer to the ocean are mineralized and tends toward the sea-
water mineralization, while the distant ones present a miner-
alization close to the freshwater. This is another indicator of
oceanic effect in these wells.

In summary, the Plioquaternary groundwater of Oualidia
presents two sources of mineralization. One first source is
through the interaction between groundwater and carbonated
rock. The second one is by ionic exchange under seawater
intrusion effect, mainly for wells located in the Oulja.

ERT profiles interpretation

Based on the results obtained by hydrochemical study, six
ERT profiles were performed on the two highlighted areas

(Fig. 5). Four profiles at the Oulja, the area which present
mineralization mainly due to ion exchange under the seawater
intrusion effect. Two profiles beyond the Plioquaternary aban-
doned cliff, where mineralization is mainly due to water-
aquifer interaction. Then, the purpose was to determine sea-
water intrusion extension.

The ERT profiles data were calibrated on geological bore-
hole taking into account water EC of the closest wells.

The profile W1 (Fig. 16) was performed at 179 m of the
ocean. The obtained resistivity along the profile at 10 m depth
ranged from 1 to 20 Ω m. This low resistivity corresponds in
part to a marshy area and aquifer saturated by brackish water.
The measured EC in the well O22, which is close to the pro-
file, is 6.15 mS/cm measured at 5.4 m depth and well corre-
lated to the conductor roof. The porosity of Oualidia coastal
aquifer formations varies between 10 and 20 %, with a mini-
mum of 15% for Plioquaternary deposits (DRHT-FAO 1994).
The apparent resistivity calculated by Archie formula (Eq. 1),

Fig. 16 Profile of electrical resistivity tomography W1

Fig. 17 Profile of electrical resistivity tomography W2
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taking into account the porosity of the aquifer and EC of the
well O22, shows resistivity from 2.4 to 9.2 Ω m which is
consistent with the resistivity values obtained by this profile.

The correlation of W1 profile with the borehole 223/26
shows that the conductor level (1 to 20 Ω m) accords with
Plioquaternary aquifer encroached by seawater at 10 m depth.
Below this level, resistivity between 20 and 70 Ω m is attrib-
uted to the Hauterivian aquifer with brackish water. At the
profile platform, the conductor level whose resistivity varies
between 10 and 30Ωm at 45–50 m depth corresponds to blue
clay observed at the end of borehole 223/26.

The profile W2 (Fig. 17) was performed at 180 m perpen-
dicular to the coastal fringe. The profile interpretation revealed
a high resistant level at 20 m depth with resistivity ranging
from 100 to 700 Ω m; and a lower conductor level whose
resistivity varies between 10 and 25 Ω m. Comparing the
profile (W2) with the lithology of the borehole 221/26 indi-
cates good correlation, allowing to attribute the high level to
unsaturated Plioquaternary formation and the lower level to
Plioquaternary aquifer and Hauterivian limestone encroached
by seawaters. The depth of the conductor level on the profile

corresponds to the water depth measured at the well O16
which is 23.2 m, with an EC of 5.2 mS/cm. Based on the
Archie formula calculation and the porosity given by DRHT
1994, cited above, lower resistivities of 2.8 Ω m are obtained
for a porosity of 20 %, 4.8 Ω m for a porosity of 15 %, and
10.6 Ω m for a porosity of 10 %. These resistivities character-
ize the water salinization.

The profile W3 (Fig. 18) was performed perpendicularly
and at a distance of 100 m from the coast. The interpretation of
this profile shows resistant formations at the surface (between
70 and 1,500 Ω m) up to 40 m deep, followed by a conductor
level whose resistivity is between 25 and 70 Ω m. Due to the
lack of lithological borehole near the profile, it is difficult to
estimate the lithology. Analogically with lithology observed in
other borehole, the first level may corresponds to the dry
Plioquaternary sandstone. The upper part of the second level
corresponds to the limestone Dridrate aquifer (late
Hauterivian). The well O30 measured EC which is near the
profile was 2.45 mS/cm, at water depth of 38 m. the water
depth measured in the well corresponds exactly at the conduc-
tor depth on the profile. Integrating the porosities from 10 to

Fig. 18 Profile of electrical resistivity tomography W3

Fig. 19 Profile of electrical resistivity tomography W4
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20 % (DRHT 1994) and the measured EC in the well in the
Archie equation, resistivities in the range of 6 to 22 Ωm were
obtained, indicating that the aquifer in this area is saturated
with brackish water.

Profile W4 (Fig. 19) was performed at 200 m perpendicu-
larly to the coast. This profile was located at the southern of
the Oulja. It shows high resistivities level ranging from 70 to
700 Ω m up to 30 m depth, followed by a conductor level
whose resistivity varies between 3 and 20 Ω m. The upper
level corresponds to a sandy filling and dry Plioquaternary
sandstone. The water EC measured in the well O34 near the
profile is 1.7 mS/cm at 30.2 m depth, which corresponds to
W4 profile conductor roof. The apparent resistivity calculated
based on Archie formula, considering porosities described by
DRHT (1994), varies from 8 to 32 Ω m, indicating the pres-
ence of brackish-salt water in the aquifer. The conductor level
is attributed to the Plioquaternary sandstones and Dridrate
limestones aquifer (late Hauterivian) directly connected in this
part and saturated with brackish-salt water.

The profile D1 was executed at 1 km from the coast
(Fig. 20) beyond the Plioquaternary abandoned cliff. It shows
high resistivity between 1,000 and 6,000 Ω m. The water
depth measured in the well O38 near the profile is 50 m, with
a low EC of 0.59 mS/cm characterizing the presence of fresh-
water. Resistant formations correspond to Plioquaternary
sandstone and late Hauterivian Dridrate limestones. This pro-
file does not show any influence of seawater on the Dridrate
limestone aquifer.

The profile D2 was made at 1 km from the sea with dipole-
dipole array (Fig. 21). The pseudo-section obtained after in-
version shows resistivity that varies between 80 and 6,
000 Ω m. This resistivity fluctuation is due to the heteroge-
neous content of this formation. From 40 m depth, a resistant
formation with a resistivity ranging between 1,000 and 6,
000 Ω m was encountered; which is corresponding to the late
Hauterivian limestone.

In summary, in Oulja, where the two aquifers are directly
connected, the water level corresponds to a decrease in

Fig. 20 Profile D1 of electrical resistivity tomography

Fig. 21 Profile of electrical resistivity tomography D2
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measured resistivity. Oulja is characterized by the presence of
marshy and seawater intrusion. Tomographic profiles per-
formed in the first kilometer perpendicular to the coast showed
variable values of resistivity; one resistant level from 20 to
40 m thick with high resistivity ranging from 150 to 1,
000 Ω m, and one second conductive level with lower resis-
tivity less than 30 Ω m. The upper resistant level observed on
W2,W3, andW4 profiles becomes conductive with depth due
to the presence of brackish-salt water that are related to sea-
water intrusion. The decrease in thickness of the resistant level
from south to north, consequence of Oulja morphology de-
creasing altitude, involves the emergence to the surface of the
conductive layer on the W1 profile.

ERT resistivity models beyond the Plioquaternary paleo
cliff (D1, D2) (further than 1 km from the cost) show resistiv-
ity range different to that encountered in the Oulja. These
profiles were characterized by very high resistivity attributed
to Plioquaternary sandstone formation with high thickness up
to 50 m, overlying Hauterivian limestones.

Conclusions

Geophysical and hydrochemical analysis were performed to
evaluate groundwater mineralization and extension in the
Oualidia area, where the groundwater flow is toward the At-
lantic Ocean.

Geochemical analysis showed that the groundwater miner-
alization in Oualidia is conditioned by two factors; ion ex-
change under water-rock interaction and seawater intrusion
effect. However, the spatial variation of salinity is dependent
of the area morphology. In Oulja, near the coast, the mineral-
ization was highest while decreasing gradually from 1,000 m
of the ocean further than the Plioquaternary paleo cliff. This
subdivision was justified by the principal component analysis.
The first group of samples located in Oulja indicated signifi-
cant mineralization level with the abundance of sodium and
chloride facies type, indicating the seawater intrusion effect.
The second and third groups of samples, located beyond the
paleo cliff, present lowmineralization level with abundance of
calcium and bicarbonate facies type due to the interaction with
the aquifer.

To justify hydrochemistry results, seawater intrusion exten-
sion was detected based on electrical resistivity tomography.
After profiles calibration by lithological boreholes and
Archie’s formula, the results showed that the contamination
effect shown by the conductive layer (resistivity lower than
30 Ωm) on the profiles remains limited to the Oulja area. The
seawater intrusion effect disappears further on the hinterland
as shown by resistivity models. Consequently, the electrical
tomography confirmed the hydrochemical results in the region
between El Oualidia and El Akarta, devoted to agricultural
purposes. Over all, the seawater intrusion in the area between

El Oualidia and El Akarta remains limited within 1 km from
the ocean in the Oulja area.
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