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Abstract
Coastal aquifer overexploitation represents a concerning trigger for water salinization around the world and especially in 
arid and semi-arid regions along with urban growth and urbanization, as well as land use human-induced changes. This 
study aims to assess the groundwater quality in the Mitidja alluvial aquifer (northern Algeria) along with its suitability for 
domestic and agricultural utilizations. A hydrogeochemical approach, based on the interpretation of groundwater physi-
ochemical parameters (EC, pH, dry residue, Ca2+, Mg2+, Na+, K+, Cl−, SO4

2−, HCO3
−, and NO3

−) collected during the wet 
and dry periods for the years 2005 and 2017 along with an isotopic characterization, including stable isotopes to identify 
the recharge sources for the samples collected in October 2017, has been proposed. The results show the presence of three 
dominant hydrochemical facies: (i) calcium chloride, (ii) sodium chloride, and (iii) calcium bicarbonate. Groundwater min-
eralization and salinization are so ascribable carbonates and evaporitic dissolution, especially during the dry periods, and to 
the presence of seawater. Ion exchange significantly affects groundwater chemistry along with human activities which directly 
or indirectly contribute in raising groundwater salts concentration. Specifically, NO3

− concentrations are very high in the 
eastern portion of the study area which is exposed to fertilizers pollution where also the Richards classification pointed out 
the necessity of limit water utilization for agricultural use. The δ2H = f(δ18O) diagram indicates that the recharge origin for 
this aquifer is mainly due to the oceanic meteoric rainwater from the Atlantic and the Mediterranean Sea. The methodology 
proposed in this study can be applied in the similar worldwide coastal areas in order to contribute and sustainable water 
resource management in these regions.
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Introduction

The world’s population has changed dramatically from 2.6 
billion in 1950 to almost 8 billion in 2022 (United Nations 
2022). This population growth, particularly in the major 

urban regions, inevitably leads to increasing economic and 
social needs. This is characterized by the great wave of 
industrialization and the increased demand for agricultural 
production. As a result, global water use has increased six-
fold over the past 100 years and continues to increase stead-
ily by about 1% per year (United Nations 2018). The use of 
this precious resource is expected to continue to increase 
globally, driven not only by population growth but also by 
economic development and changing consumption patterns 
(United Nations 2018). However, this resource is becom-
ing increasingly scarce and coveted. More than 80% of the 
world’s wetlands have been lost since the pre-industrial 
era, and over the past 20 years, the water stock on land has 
decreased by one centimeter per year, taking into account 
surface, sub-surface, soil moisture, snow, and ice. In total, 
the number and duration of drought have increased by 29% 
in 20 years (WMO 2021).
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Highlights 
• Hydrogeochemistry and stable isotopes were employed to 
assess the groundwater quality in the Mitidja plain (northern 
Algeria).
• Groundwater mineralization is due to the dissolution of 
carbonates and evaporitic formations, especially during the dry 
periods.
• Seawater intrusion and nitrate contamination constitute a 
significant threat in the study area for the agricultural purposes.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-27952-9&domain=pdf
http://orcid.org/0000-0002-7093-5659


80030	 Environmental Science and Pollution Research (2023) 30:80029–80054

1 3

Groundwater makes up almost 99% of the world’s total 
liquid freshwater supply and currently accounts for a quarter 
of all freshwater used by humans. Large volumes of freshwa-
ter are found throughout the world beneath the surface of the 
land, but their abundance varies considerably from place to 
place (UNESCO 2022). These groundwater resources play 
an essential role in meeting society’s basic needs, such as 
human consumption and industrial and agricultural needs, 
with the latter accounting for almost 70% of the available 
resources. According to UNEP (1999), almost one third of 
the world’s population uses groundwater, particularly in 
developing countries. However, overexploitation is creating 
enormous pressure on this vital resource due to increasing 
demand, as well as decreasing natural recharge related to 
decreasing precipitation in recent decades (Chabaca et al. 
2007). The Maghreb countries, like all the others in the 
Mediterranean basin, have experienced a decrease in rain-
fall since the 1970s (Meddi and Hubert 2003; Bouderbala 
and Hadj Mohamed 2020). Uncontrolled discharges of urban 
and industrial effluents are frequent sources of point-source 
groundwater pollution. In addition, the disproportionate use 
of fertilizers and pesticides in agriculture directly affects 
the quality of aquifers (Scanlon et al. 2007; Bouderbala and 
Hadj Mohamed 2020).

In Algeria, particularly in the northern region of the 
country where the Mitidja plain is located, water resources 
are limited, vulnerable, and spatially unevenly distributed. 
Indeed, for more than two decades, anthropogenic changes 
have been observed in the area, such as the large wave of 
urbanization which has led to the sealing of soils in this 
region, as well as the overexploitation of the water table 
caused mainly by the decrease in rainfall observed since 
1975 (Meddi and Hubert 2003; Zeroual et al. 2016). We 
also note the construction of several surface water storage 
and transfer works which considerably limit the recharge 
of the aquifer and lead to a drop in piezometric levels. In 
addition, the multiplication of uncontrolled discharge points 
emanating from large urban clusters and industrial zones 
that are constantly multiplying across the area (Ait Ouali 
2007). However, another problem that accentuates the pol-
lution of groundwater is the careless use of fertilizers and 
pesticides in hydro-agricultural operations, which consider-
ably affects the underlying water table (DSA-Blida 2003). 
These so-called anthropogenic changes are also accompa-
nied by certain natural changes visible in the image of the 
climatic hazards recorded in the region and the intrusion of 
sea water through its northeastern part; more exactly in the 
Algiers bay. This delicate situation, illustrated by the drop in 
groundwater levels and the risks of pollution it faces, inevi-
tably requires new actions to be taken in order to exploit this 
underground resource in a rational manner.

The groundwater of the Mitidja aquifer contributes to the 
drinking water supply of many localities in the capital as 

well as several cities located in the plain. They also ensure 
the irrigation of tens of thousands of hectares and the supply 
of almost all industrial units (Hadjoudj et al. 2014; Zamiche 
2019). Therefore, special attention must be paid to ground-
water quality in the context of sustainable and integrated 
groundwater management. Knowledge of the physical and 
chemical properties of plain water is important to deter-
mine the origin of the chemical composition of groundwater 
(Adams and Greeley 2000).

Such an effort requires consultation between all actors 
and decision-makers in the sectors concerned and the 
research community, which must be able to provide more 
information and results that can be used as decision-making 
tools (Messahel and Benhafid 2007). The aim is not only 
to understand the functioning of groundwater systems and 
to better quantify them, but also to detect the sources of 
problems related to quality and to be able to intervene and 
act accordingly.

These problems affect many aquifers around the world 
and particularly in Mediterranean countries (Bachtouli and 
Comte 2019; Bouaissa et al. 2021; Bouaissa et al 2022). 
Many regions of the world have experienced the problems of 
water pollution from domestic and industrial discharges, as 
well as excessive use of fertilizers in agriculture (Adimalla 
et al. 2018; Bouteldjaoui et al. 2020).

To this context, this study aims to characterize the physic-
ochemical properties, to evaluate the groundwater quality in 
the Mitidja alluvial plain and its appropriateness for domes-
tic and agricultural use, as well as to identify the sources 
of recharge using isotopic technique which was carried out 
from the data values of stable water isotopes (18O and 2H) 
taken in the dry period of the year 2017.

Study region

Broad view of the study area

Mitidja plain is located just to the south of Algiers City 
(Fig. 1). WSW–ENE trending and with an average altitude 
of 100 m, it occupies an area of 1500 km2 which represents 
3% of northern Algeria’s surface with an average length of 
100 km and an average width of 10 to 18 km. It is located 
between the longitudes 2°32′00″ and 3°19′00″ East and 
latitudes 36°25′17″ and 36°47′40″ North. It is limited to the 
south by the Blidean Atlas piedmonts. This plain encom-
passes the cities of Algiers, Blida, Tipaza, and Boumerdes.

Mitidja region enjoys a Mediterranean climate marked 
by a dry and hot summer and a wet and cold winter. Mean 
annual temperature is estimated at 18 °C; average annual 
rainfall is about 660 mm. Potential evapotranspiration is 
estimated at 501 mm or 79% of rainfall.
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The important agricultural activities in Mitidja plain 
are arboriculture and vegetable production, while the 
Sahel, situated in the north of the plain, is characterized 
by a forest covers (Ouradi 2014; Semmoud and Ladhem 
2015). The total population in the Mitidja plain was about 
3.9 million inhabitants in 2021. The population density 
is below 62 inhabitants per km2. The highest urban con-
centrations are in the center and the east of the plain. The 
majority of industrial activities are grouped in the center 
and east of the plain (Larbaa, Rouiba, Reghaia, Blida, EI-
Harrach and Boufarik localities).

The groundwater resource in the quaternary aquifer of 
the Mitidja is estimated at 259.26 Mm3; it is recharged sea-
sonally by rainwater (Ait Ouali 2007). The main wellfields 
are located in the west (Mazafran I and II), in the center 
(Barraki), and in the east (Hamiz). However, surface water 
is stored, essentially, by three dams located in the plain: 
Hamiz, Boukerdene, and Bouroumi dams with a capac-
ity of 15.6 Mm3, 90 Mm3, and 200 Mm3, respectively. 
However, the increase in population and the presence of 
vast fertile irrigable areas in their major parts generate a 
growing demand for water which has led to groundwater 
overexploitation (Zamiche 2019).‬‬‬‬‬‬‬‬‬‬‬‬‬
‬‬‬‬‬‬‬‬‬‬‬‬‬‬

Geological and hydrogeological contexts

Mitidja plain is an intermont collapse basin filled with 
deposits of Plio-Quaternary age. The lithostratigraphy of 
this plain reveals the following succession: (1) the primary 
basement outcrops mainly in the north part (Algiers) and 
in the west end part (Chenoua region) of the study area. It 
is consisted by a highly metamorphic gneissic basement; 
(2) the Mesozoic mainly outcrops in the southwest of the 
study area. It is composed by limestones (Jurassic age), 
limestones and sandstones (Neocomian and Aptian ages), 
and marls and limestones (Upper Albian to Senonian age); 
(3) the Tertiary is represented in the east and southeast by 
marls of Vindobonian and including the limestone lenses 
of Miocene which outcrop in the Blidean Atlas. Moreo-
ver, the Tertiary is made up of eruptive rocks which out-
crop in the southwest boundary of Mitidja, where they are 
in contact with recent alluvium from Mitidja basin. On 
its southern and western borders, the existence of calc-
alkaline volcanism dated from 11 to 16 million years is 
reported, showing evidence of the opening by east–west 
collapse of the basin during the Miocene (Bellon et al. 
1977); (4) the Plaisancian corresponds to the sediments of 
the deep environment which settled on an erosion surface 

Fig. 1   Location map of Mitidja plain
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with an average thickness of 200 m. It outcrops at surface 
and is only found in the Sahel hills (Fig. 2) at the core of 
an anticlinal folding and in the east where they constitute 
the eastern closure of the basin (Rivoirard 1952); (5) the 
Astian formation comprises several facies separated by a 
4-m glauconitic key bed to a few centimeters thick, the 
most frequently encountered lithologies are the follow-
ing: limestones or sandy limestones, sandstones, yellow 
limestone clays, and reef facies limestone. The average 
thickness of the Astian varies between 100 and 130 m; it 
is generally located at depths ranging from 250 to 300 m 
below Mitidja soil surface. In the east of the study area 
(Rouïba region), it is found at low depths because the ero-
sion has been very important (Glangeaud and Aymé 1935). 
The outcrops of the Astian meet on the southern side of 
the Sahel and in the southern suburbs of Algiers, and (6) 
the Quaternary alluvial aquifer is mainly composed by 
sands, gravels alternating with silts, and clays. Apart from 
Mazafran’s area in the west, this aquifer is entirely uncon-
fined and lies on El-Harrach’s yellow marls. Its thickness 
varies from 100 to 200 m. Its eastern and western limits 
are ensured by the uplifting of the Pleistocene’ blue marl 
formation. This aquifer which piezometric level varies 
between 4 and 40 m, at depth below soil surface, is the 
main groundwater reservoir for the region. Its recharge 
originates mainly not only from rainfall, but also from the 
infiltrations through the beds and banks of the wadis that 
flow in this area.

The lithostratigraphic analysis shows two main aquifer 
systems: the Quaternary alluvium (Soltano-Tensiftian age 
or Mitidja formation) and the sandstone-limestone forma-
tions of the Astian, which rests on the Plaisancian marls 
forming the watertight boundary of almost the entire basin. 
These two aquifers are separated by the semi-permeable Vil-
lafranchian formation (yellow marls), called the El Harrach 
marls.

The Astian reservoir extends all most of the plain at 
depths ranging from 200 to 400 m. It is mainly supplied 
by the effective infiltration of rain in the Blidean Atlas 

piedmonts. The Astian is also recharged by leakage from 
the Mitidja groundwater through the semi-permeable Vil-
lafranchian formation (the yellow marls). This formation is 
not very thick and displays a permeability varying from 10−7 
to 10−8 m/s. Furthermore, the average thickness of Mitidja 
Plio-Quaternary aquifer is around about 100 to 200 m and 
gets thinner towards the plain bordering; it reaches 40 m 
to the north at Algiers bay. This aquifer has hydrodynamic 
characteristics of special interest, and that is the most needed 
in the region. It is recharged by infiltration of precipitation 
falling on the plain, infiltration from wadis crossing the 
plain, except Reghaïa wadi (in the east), and probably verti-
cal ascending leakage from the Astian aquifer.

The transmissivity values in the Astian aquifer range 
between 0.8 × 10−4 and 2.9 × 10−3 m2/s, i.e., permeability 
between 4 × 10−6 and 1.6 × 10−4 m/s. It includes neverthe-
less channels of good transmissivities with values ranging 
from 10 to 30 × 10−3 m2/s, lining up most often with trans-
missive channels of the alluvial aquifer (SOGREAH 2009). 
Storage coefficient values vary from 5 × 10−3 to 5 × 10−6 in 
confined areas and from 0.03 to 0.05 in unconfined areas 
(SOGREAH 2009). This aquifer is generally considered as 
confined, except in areas where it outcrops.

According to the values acquired since 1968, Mitidja 
alluvial aquifer transmissivity ranges between 1 × 10−4 and 
2 × 10−2 m2/s (SOGREAH 2009). Often, they reach very 
high values, especially in the eastern part, where large wadis 
deposits coarse materials are found. There are three areas 
zones of hydrogeological interest in the study area: (i) The 
first zone is situated in the east (El Hamiz region) where 
transmissivity varies between 1.7 × 10−2 and 2.3 × 10−2 
m2/s, (ii) the second zone is located in the center (El Har-
rach region) where transmissivity varies between 0.4 × 10−2 
and 3 × 10−2 m2/s, and (iii) the third zone is located in the 
west (Mazafran region) where transmissivity ranges from 
1.5 × 10−2 to 2 × 10−2. However, the low values are found 
in low permeability zones along the axis of the west to the 
center and the Blidean Atlas piedmonts. These zones of low 

Fig. 2   Hydrogeological section 
AA′ in the Mitidja plain (refer 
to Fig. 1 for location) (Boufe-
kane et al. 2021)
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transmissivities correspond to the places where the marls top 
is topographically raised.

The storage coefficient values vary from 10−3 in confined 
parts of the aquifer to 0.15 in unconfined parts (SOGREAH 
2009) where the vertical permeability for the Mitidja allu-
vial aquifer is about 6 × 10−6 m/s and for the Astian aquifer 
about 10−5 m/s.

Materials and methods

Sampling and analysis techniques

The hydrogeochemical study of the Mitidja groundwater was 
performed using physicochemical data (cations, anions, dry 
residues, and electrical conductivity) measured on samples 
collected wet and dry periods of years 2005 (54 samples) 
and 2017 (50 samples).

Data were collected from a large sampling network 
selected so that the wells are representative with regard to 
the spatial and temporal variability of groundwater qual-
ity. Water samples were taken by the National Agency 
for Hydraulic Resources (ANRH) from wells, located in 
the Mitidja Plio-Quaternary aquifer. Four sampling cam-
paigns were carried out during the two years 2005 and 2017 
according to the wet (WP) and dry (DP) periods of each 
year. The collected sample number for each period is as fol-
lows: 20 samples during the WP/2005, 34 samples during 
DP/2005, 22 samples during WP/2017, and 28 samples dur-
ing DP/2017.

The piezometric evolution study was performed based 
on the head data collected in April and September 2005 
and May and October 2017, where the months of April and 
May correspond to the wet period (WP) and the months of 
September and October correspond to the dry period (DP).

The groundwater samples were collected after 15 min 
minimum of pumping, respecting the sampling instructions 
and minimize any risk of pollution. The temperature, pH, 
and electrical conductivity (EC) were measured in situ using 
WTW ProfiLine 340i Universal multi-parameter portable 
instrument. The samples were taken according to standard-
ized techniques, using polyethylene bottles with a capacity 
of 1 L (Barcelona et al. 1985). The groundwater samples 
were transported in coolers at 4 °C, and the analyses were 
performed according to the methods approved by Rodier 
et al. (2009) at the laboratory of the National Hydraulics 
Resource Agency. The cations (Ca2+, Mg2+, Na+ and K+) 
were acidified with 1% HNO3

− and analyzed using a flame 
emission spectrometry (CORNING Model 410 Flame 
Photometer). The anions (Cl−, SO4

2−, HCO3
− and NO3

−) 
and dry residue were determined by ion chromatography 
method (Dionex ICS 1100). The accuracy of all chemical 
analysis was verified by calculating the ionic equilibrium 

errors, which are generally within ± 5% (American Public 
Health Association 2005). However, isotopic measurements 
(18O and 2H) were realized at the Algiers Nuclear Research 
Center (CRNA) using a Laser Picarro-L2110i spectrometer. 
Analyses were processed under LIMS (Laboratory Infor-
mation Management System). The analytical uncertainties 
on the measurements were 0.36‰ for deuterium (2H) and 
0.05‰ for oxygen-18 (18O).

Finally, the results obtained in this study were analyzed, 
interpreted, and presented in the form of tables and the-
matic maps to give an idea about the groundwater quality 
and their spatial evolution using statistical analysis (Xlstat 
software, version 2016.2), hydrogeochemistry presentation 
(Diagrammes software, version 6.77), calculation of water 
mineral saturation indices (PHREEQC software, version 
2.0), and cartography of the results (ArcGis software, ver-
sion 10.8).

Methodological steps of the research process

Figure 3 shows the general flowchart that summarizes the 
methodology utilized in this study. The work begins with 
the study area presentation in its different contexts: geo-
graphical, geological, and hydrogeological. A work of sam-
pling and analysis of the physicochemical, piezometric, and 
isotopic parameters was carried out until the identification 
and validation of the reliability of the samples collected. 
Statistical and geostatistical analyses, hydrochemical facies, 
and piezometric studies were contributed to characterize 
the mineralization process of groundwater. Also, isotopic 
tool based on the analysis of stable isotopes (18O and 2H) 
was carried out in order to determine the recharge sources 
of groundwater. Finally, the quality assessment of Mitidja 
groundwater defined their suitable for domestic and agri-
cultural use.

Groundwater hydrochemistry and controlling 
processes

The hydrochemistry of the Mitidja Plio-Quaternary aqui-
fer was assessed using statistical and graphical methods. 
Descriptive and correlative statistics were used to evalu-
ate the quality of the data set and search for relationships 
between the physicochemical parameters. Hydrochemical 
facies and their evolution were investigated using graphical 
tools as Piper diagram (Piper 1944).

To assess the processes controlling groundwater minerali-
zation and the sources of salinity, various methods were uti-
lized. Binary diagrams, such as Na+ vs Cl−, Ca2+ + Mg2+ vs 
HCO3

− + SO4
2−, and (Na+/Cl−) vs dry residue were plotted 

to identify rock-water interactions and the evaporation role.
Mineral saturation indices are very useful for ground-

water quality assessment considering that water chemistry 
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is controlled by solid phase balance. PHREEQC V.2 
(Parkhurst and Appelo 1999) was used to calculate the fol-
lowing water minerals saturation indices: calcite (CaCO3), 
dolomite (CaMg (CO3)2), anhydrite (CaSO4), gypsum 
(CaSO4·2H2O), and halite (NaCl). Mineral saturation 
index is obtained from Eq. (1) (Appelo and Postma 2005; 
Yidana et al. 2007).

where PAI is a product of ion activity of the chemical ele-
ment in solution and KT is the equilibrium constant of the 
considered reaction to T temperature (K). This index is inter-
preted as follows:

(1)IS = log(
PAI

KT
)

Fig. 3   Methodological steps of the research process
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–	 IS < 0 means the water is undersaturated with respect to 
the mineral in question.

–	 IS = 0 means the water is in equilibrium with the mineral.
–	 IS > 0 means a solution oversaturated with respect to the 

mineral in question.

Ion exchange processes can be evaluated using the 
chloro-alkaline index (Schoeller 1977). This index is the 
ratio between exchanged ions and ions of the same nature 
originally existing in water. It is given by the following 
expression:

All values are expressed in milliequivalent per liter. This 
index defines ionic exchanges between groundwater and sur-
rounding host-rocks:

–	 CAI = 0, no exchange;
–	 CAI < 0, Ca2+ and Mg2+ of groundwater are exchanged 

by Na+ and K+ of hosting rocks;
–	 CAI > 0, Na+ and K+ of groundwater are exchanged by 

Ca2+ and Mg2+ of hosting rocks.

Evaluation of groundwater quality for irrigation 
purposes

Groundwater containing salts can be unsuitable for irriga-
tion. This risk is determined using absorbable sodium value 
(sodium absorption ratio (SAR)). For the same conductiv-
ity, the magnitude of the risk is proportional to the value of 
the coefficient. SAR is defined by the following relationship 
where all ions are expressed in milliequivalent per liter.

Richards (1954) proposed the groundwater classification 
according to the EC and SAR values. This diagram is very 
useful and reliable to characterize the suitability for irriga-
tion. However, it cannot be used to assess a risk of saliniza-
tion or sodization.

Electrical conductivity evolution

Electrical conductivity (EC) is an important parameter 
in groundwater quality characterization, where salinity is 
dependent on natural and/or anthropogenic factors. Figure 4 
shows the EC values distribution map. In April 2005 (Fig. 4 
a), the low EC values (0.66 to 0.75 mS/cm) are located in 
the center of the plain. They are surrounded with the EC 

(2)CAI = r
Cl− −

(

K+ + Na+
)

Cl−

(3)
SAR =

(

��+ +�+
)

√

(��2++��2+)
2

medium values (0.75 to 1.00 mS/cm). The rest of the plain 
is characterized by a high EC values (1.00 to 2.25 mS/cm). 
In September 2005 (Fig. 4 b), the area of low EC values is 
located in the center of the plain, while the area of medium 
EC values surrounds it and extends to the west. The rest of 
the plain is characterized by a high EC values. In May 2017 
(Fig. 4 c), a medium EC area appeared around the industrial 
zone in the center over a radius ranging from 1.5 to 2.5 km, 
while the rest of the plain is characterized by a high EC 
values. In October 2017 (Fig. 4 d), medium EC area extends 
throughout the center of the plain. The rest of the plain is 
characterized by high EC values.

The evolution for the EC values depends on several essen-
tial factors, including evaporation linked to the piezometric 
surface proximity in some places (in the western and north-
eastern areas of the plain), the geological factor or proximity 
of lands endowed with evaporitic rocks, as well as marls 
in piedmonts of the Blidean Atlas which may explain the 
increase in electrical conductivities in the regions located 
just downstream; anthropogenic factor also impact through 
pollution infiltration in industrial zones in the southwestern 
and in the northeastern and uncontrolled discharge points. 
Also, seawater intrusion in the Algiers Bay region is a main 
cause in the increases in the EC in the coastal part of the 
study area.

Results and discussions

Piezometric study

The piezometric study was based on the monitoring of four 
surveys of the following wet and dry periods: April 2005, 
September 2005, May 2017, and October 2017. The first 
examination of the established piezometric maps (Fig. 5) 
and (Fig. 6) do not reveal any change in the morphology of 
the piezometric contour lines during the wet and dry periods, 
but a significant drop in the piezometric depth was noticed 
from the year 2005 to the year 2017. In general, piezometric 
levels are decreasing from the North to the South, which 
means that groundwater flow takes place in a North–South 
direction which substantially coincides with the direction of 
the four wadis (Mazafran, Chifa, El Harrach, and El-Hamiz 
wadis) that cross the plain. Also, we can see the existence 
of the drawdown area in the northeastern characterized by 
the groundwater overexploitation.

In the central part, groundwater contours are distant, 
showing low hydraulic gradients which are around 2.7 × 10−3 
in September 2005 and 6.6 × 10−3 in October 2017. This 
indicates that the formations are more and more coarse and 
regular. They are linked to the formation of dominant gravel 
and pebbles in this region. These values vary just a little 
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across different sectors. This region indicates a better perme-
ability of the aquifer.

In the upstream part of the study area (the Blidean Atlas 
piedmont), the piezometric curves are closer showing a high 
hydraulic gradient ranging from 1.1 × 10−2 in April 2005 to 
2 × 10−2 in October 2017.

The piezometric surface depth is variable along the plain. 
The lowest values are recorded in the eastern region, which 
vary from 11 m in April 2005 to 18 m in October 2017. 
Moreover, the highest values are recorded in the Blidean 
Atlas piedmonts and west zone, which vary from 76 m 
(April 2005) to 67 m (October 2017), respectively.

Finally, these maps indicate, probably, the appearance of 
the seawater intrusion phenomenon in the northeastern part 
of the study area (the Algiers bay) which is caused by the 
overexploitation of the aquifer in this zone and particularly 
in El Hamiz wellfield.

Ionic balance error

The ionic balance of all samples collected wet and dry 
period of years 2005 and 2017 has been checked. Correla-
tion between anion and cation concentrations in all samples 
is high (R2 ≥ 0.98). Similarly, the correlation between total 

Fig. 4   Electric conductivity distribution maps (mS/cm) in the study area: a April 2005 and b September 2005; c May 2017 and d October 2017
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concentration and dry residue is very high (R2 ≥ 0.94). All 
the hydrochemical analyses were validated according to their 
charge balance error (CBE):

Out of 104 sample analyses, 102 samples have a 
CBE ± 5%. The remaining analyses of CBEs were between 
5 and 9%. It can therefore be concluded that analytical pro-
cedures are very good.

Statistical analysis of physicochemical data

Tables 1 and 2 show the descriptive statistics of the hydro-
chemical data for the years 2005 and 2017. In most cases, 
the standard deviation is lower than the average. Standard 
deviation characterizes the dispersion of the values around 
average. This indicates that the physicochemical parameters 

(4)

Charge Balance Error (CBE %) =

∑

cations −
∑

anions
∑

cations +
∑

anions
× 100

are not widely dispersed. They thus highlight a certain 
hydrochemical homogeneity of the groundwater samples in 
the study area for all the years.

Correlation matrix

Pearson’s correlation matrix was used to analyze the rela-
tionships between the elements (Tables 3, 4, 5, and 6). 
During the period 2017/WP, sodium/potassium (R = 0.70) 
and chlorides (R = 0.77). During 2017/DP, the correlation 
coefficient slightly increases between dry residue and cal-
cium (R = 0.83), magnesium (R = 0.78), sodium/potassium 
(R = 0.80), chlorides (R = 0.79), and sulfates (R = 0.78). The 
same evolution occurs in both periods WP and DP in 2005.

These relationships identify clearly the main elements 
that contribute to groundwater mineralization.

The highest correlations between elements combine 
Cl− and Na+ where the R = 0.87 in 2005/WP, R = 0.84 
in 2005/DP, R = 0.8 in 2017/WP, and R = 0.61 in 2017/

Fig. 5   Piezometric maps of the 
study area: a April 2005 and b 
September 2005

Fig. 6   Piezometric maps of the study area: a May 2017 and b October 2017
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DP, respectively. Other significant correlations are found 
between Cl− and Mg2+ (R = 0.68 in 2005/WP and R = 0.82 in 
2017/DP), SO4

2− and Mg2+ (R = 0.84 in 2005/WP, R = 0.75 
in 2005/DP), and Cl− and Ca2+ (R = 0.7 in 2005/WP and 
R = 0.68 in 2017/DP).

However, the relationship Na+ vs. Cl− suggests the hal-
ite dissolution in groundwater, which causes the release of 
equal concentrations of sodium and chloride in the solution:

High relations between Cl− vs. Mg2+ and Cl− vs. Ca2+ 
suggest that the cations exchange may also influence consid-
erably subsurface water composition. The positive and sig-
nificant correlations between sulfate and calcium, sodium, 
and magnesium with R values ranging from 0.63 to 0.75 
for the 2005/WP, 2005/DP, 2017/WP, and 2017/DP periods 

(5)NaCl → Na+ + Cl−

Table 1   Variation in groundwater physicochemical parameters for the year 2005

Element Wet period Ionic balance Dry period Ionic balance

Min Max Mean Standard 
deviation

CV Min Max Mean Standard 
deviation

CV

Ca2+ (mg/L) 41.1 233.5 142.9 62.0 0.43  − 1% 41.4 254.4 136.2 56.5 0.41 2%
Mg2+ (mg/L) 18.8 84.6 45.4 19.3 0.42 13.8 106.4 38.4 23.4 0.61
Na+ + K+ (mg/L) 18.0 207.0 87.3 51.7 0.59 10.0 300.0 77.4 64.9 0.84
Cl− (mg/L) 30.0 530.0 163.0 126.4 0.78 30.0 652.5 152.8 132.6 0.87
SO4

2− (mg/L) 19.0 562.5 213.1 130.4 0.61 40.0 445.0 164.3 98.2 0.60
HCO3

− (mg/L) 166.2 435.5 281.2 77.3 0.27 102.8 434.0 258.4 94.5 0.37
NO3

− (mg/L) 0.0 229.2 73.5 64.1 0.87 4.0 145.0 43.7 32.0 0.73
EC (mmhos/cm) 0.5 2.8 1.4 0.6 0.44 0.4 2.6 1.2 0.6 0.48
pH 6.8 7.9 7.3 0.3 0.04 7.0 8.5 7.5 0.4 0.05

Table 2   Variation in groundwater physicochemical parameters for the year 2017

Element Wet period Dry period Ionic balance (%)

Min Max Mean Standard 
deviation

CV Ionic bal-
ance (%)

Min Max Mean Standard 
deviation

CV

Ca2+ (mg/L) 18.6 280.4 142.5 56.1 0.39 3% 24.2 250.5 136.3 58.7 0.43 2%
Mg2+ (mg/L) 0.0 63.1 24.2 17.3 0.72 12.1 155.9 45.0 32.4 0.72
Na+ + K+ (mg/L) 22.0 133.0 75.8 37.2 0.49 34.0 185.0 98.5 47.6 0.48

34.0 737.5 176.6 139.3 0.79Cl− (mg/L) 37.0 353.0 142.9 83.9 0.59
SO4

2−(mg/L) 0.1 291.0 95.4 92.9 0.97 0.0 432.0 165.7 115.0 0.69
HCO3

− (mg/L) 91.5 488.0 310.5 101.8 0.33 79.3 552.1 307.7 122.5 0.40
NO3

− (mg/L) 5.0 91.0 42.1 25.0 0.59 7.0 94.0 41.3 24.2 0.59
EC (mmhos/cm) 0.4 2.2 1.3 0.5 0.38 0.4 3.0 1.4 0.6 0.45
pH 7.6 8.3 8.0 0.2 0.03 7.0 8.5 7.7 0.3 0.04

Table 3   Correlation matrix 
between variables in 2005/DP

Variables Ca2+ Mg2+ Na+ + K+ Cl− SO4
−2 HCO3

− NO3
− EC pH

Ca2+ 1
Mg2+ 0.40 1
Na+ + K+ 0.42 0.41 1
Cl− 0.48 0.68 0.84 1
SO4

−2 0.65 0.75 0.47 0.49 1
HCO3

− 0.73  − 0.06 0.18  − 0.02 0.29 1
NO3

− 0.53 0.20 0.41 0.53 0.05 0.25 1
EC 0.77 0.74 0.82 0.89 0.77 0.34 0.50 1
pH  − 0.04 0.40 0.38 0.33 0.32  − 0.16  − 0.14 0.30 1
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suggests that these elements can have a common origin and 
can originate from the dissolution of evaporitic salt forma-
tions. The gypsum (CaSO4·2H2O) is an evaporite element 
present in the study area. Gypsum dissolution reaction 
releases sulfate and calcium ions:

Other less significant correlations between dry residue 
vs. bicarbonates and dry residue vs. nitrates suggest that the 
groundwater high salinity is due to the saline formations 
such as gypsum. However, human activity related to agri-
culture can also contribute to these elements. In the studied 
plain, farmers widely use potassium, sulfate, ammonium, 

(6)CaSO
4
+ 2H

2
O → Ca

2

+ + SO
4

2− + 2H
2
O

and phosphate-based fertilizers (Imerzoukène and Wal-
raevens 1999; DSA-Blida 2003; Boudi 2005; Hadjoudj et al. 
2014). In addition, the nitrates are to a lesser degree corre-
lated with all chemical elements.

Binary diagrams

The Na+/Cl− ratio has often been used to identify the mecha-
nism of salinity acquisition. Na+ and Cl− ions show a good 
correlation (r = 0.87, r = 0.84) in WP/2005 and DP/2005, 
respectively, and in WP/2017 and DP/2017 (r = 0.8, r = 0.61, 
respectively), indicating that Na+ and largely Cl− are derived 
from the dissolution of diffused halite in fine-textured sedi-
ments. However, a notable characteristic of the Mitidja 

Table 4   Correlation matrix 
between variables in 2005/WP

Variables Ca2+ Mg2+ Na+ + K+ Cl− SO4
−2 HCO3

− NO3
− EC pH

Ca2+ 1
Mg2+ 0.54 1
Na+ + K+ 0.61 0.50 1
Cl− 0.70 0.46 0.87 1
SO4

−2 0.68 0.84 0.44 0.37 1
HCO3

− 0.31 0.03 0.26 0.13  − 0.12 1
NO3

− 0.55 0.17 0.42 0.28 0.32 0.19 1
ECE 0.88 0.70 0.87 0.88 0.70 0.24 0.51 1
pH  − 0.31 0.05  − 0.31  − 0.36  − 0.08 0.08  − 0.42  − 0.31 1

Table 5   Correlation matrix 
between variables in 2017/DP

Variables Ca2+ Mg2+ Na+ + K+ Cl− SO4
−2 HCO3

− NO3
− EC pH

Ca2+ 1
Mg2+ 0.53 1
Na+ + K+ 0.60 0.45 1
Cl− 0.60 0.82 0.61 1
SO4

−2 0.79 0.56 0.63 0.42 1
HCO3

− 0.55 0.08 0.40  − 0.03 0.42 1
NO3

− 0.26 0.47 0.56 0.42 0.39 0.19 1
EC 0.86 0.81 0.79 0.85 0.78 0.38 0.53 1
pH  − 0.43  − 0.31  − 0.31  − 0.22  − 0.30  − 0.51  − 0.25  − 0.40 1

Table 6   Correlation matrix 
between variables in 2017/WP

Variables Ca2+ Mg2+ Na+ + K+ Cl− SO4
−2 HCO3

− NO3
− EC pH

Ca2+ 1
Mg2+ 0.19 1
Na+ + K+ 0.21 0.45 1
Cl− 0.38 0.29 0.80 1
SO4

−2 0.67 0.42 0.48 0.27 1
HCO3

− 0.68 0.35 0.06 0.20 0.28 1
NO3

− 0.36 0.22  − 0.10  − 0.08 0.29 0.09 1
EC 0.76 0.56 0.72 0.77 0.66 0.59 0.15 1
pH  − 0.12 0.21  − 0.03  − 0.05  − 0.06  − 0.12 0.12  − 0.09 1
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aquifer is the enrichment in Cl− compared to Na+. This 
excess can be explained by the existence of the dissolution 
of halite. And this ion can also have an anthropogenic origin 
such as pollution or even the intrusion of seawater towards 
the aquifer. Indeed, urban wastewater is discharged untreated 
into the environment and can reach groundwater by infiltra-
tion (Chabaca et al. 2007; Hadjoudj et al 2014). The increase 
in Cl− contents that accompanied the low Na+ contents is 
due to the phenomenon of base exchange, because the bed-
rock clays can release Ca2+ ions after having fixed the Na+.

The HCO3
− ion is weakly correlated with Mg2+ (r = 0.03, 

r = − 006) in WP/2005 and DP/2005, respectively, and in 
WP/2017 and DP/2017 (r = 0.35, r = 0.08, respectively) and 
Ca2+ (r = 0.31 in WP/2005 and r = 0.55 in DP/2017), indicat-
ing that the dissolution of carbonate rocks (calcite, dolomite) 
is not the only source for these elements.

The correlation of SO4
2− with these two elements is 

significant with Ca2+ (r = 0.68, r = 0.65) in WP/2005 and 
DP/2005, respectively, and in WP/2017 and DP/2017 
(r = 0.67, r = 0.79, respectively) and with Mg2+ (r = 0.84 in 
WP/2005 and r = 0.75 in DP/2005). This shows that these 
elements (Ca2+, Mg2+, and SO4

2−) are partly derived by the 
dissolution of gypsum.

The ratios of Ca2+ vs SO4
2−, Ca2+ vs HCO3

−, and Ca2+ 
vs Mg2+ show a large excess of Ca2+ (Figs. 7 and 8); this 
indicates that the origin of Ca2+ is not only the dissolution 
of calcite and gypsum and confirms thus the hypothesis of 
a contribution of Ca2+ by ion exchange following the basic 
reaction, such as the following: Ca2+ − Clay + 2Na+ (water) 
→ Ca2+ (water) + 2Na+ − Clay.

Evaporation role

Evaporation effect on the mineralization processes of the 
Mitidja groundwater is studied using the relation between 
the ratio (Na+/Cl−) and dry residue in 2017. During both 
periods (Fig. 9), the ratio Na+/Cl− remains more or less 
constant highlighting a significant effect of evaporation on 
groundwater mineralization. A slight decrease of the Na+/
Cl− ratio can be noticed caused probably by ions exchanges 
processes investigated below.

The Gibbs diagrams (Gibbs 1970) of the two periods of 
2005 and 2017 show that the majority of samples are located 
in the upper part of the graphs with the presence of two 
groups (Fig. 10) for the all observed periods: (i) the first 
group shows a mineralization influenced, especially, by the 
action of the sea and by a low level for evaporation and (ii) 
the second group shows a mineralization influenced by the 
processes of water–rock interaction and by the phenomena 
of evaporation. From these results, it can be concluded that 
the groundwater of the Mitidja plain may be the consequence 

of evaporation; influence of the sea and water–rock interac-
tion of the geological formations make up this plain.

Nitrate concentration evolution

Figures 11 and 12 show the nitrate concentration distribu-
tions in the study area. In April 2005 (Fig. 11 a), 2/3 of 
the study area has a nitrate concentrations above the WHO 
standard (≤ 50 mg/L) where the concentration values range 
from 50 to about 200 mg/L. It can be explained by the exces-
sive use of fertilizers and uncontrolled discharges. The high 
concentrations are recorded in the East of the study area. 
In September 2005 (Fig. 11 b), the nitrate concentrations 
decrease considerably in the study area, while the aver-
age concentrations are observed in the eastern region. This 
decrease in concentration compared to the previous period 
is due to seasonal change in agricultural practices with 
a reduced use of the nitrate concentrations (Boudi 2005; 
Imache et al. 2007). In May 2017 (Fig. 12 c and d), there is 
a drop in nitrate concentrations across the whole plain except 
in the East and the West. This is due to the new irrigation 
techniques used and the control of the fertilizers by the agri-
cultural services.

Moreover, the aquifer is very sensitive to the nitrate pol-
lution due mainly to the abusive use of fertilizers, manure, 
and pesticides in agriculture, especially in the western and 
northeastern regions where market gardening is practiced 
contrary to the center zone which is characterized by arbo-
riculture. This pollution is materialized by the uncontrolled 
discharges from domestic and industrial activity near the 
urban regions.

Determination of chemical facies

Interpretation of the hydrochemical data for the 2 years 
(2005 and 2017) was carried to analyze the chemical facies 
of the Mitidja alluvial aquifer, their evolution in the time, 
and the natural conditions of their origin.

The Piper diagrams established for the two periods of 
wet and dry water periods in 2005 and 2017 (Fig. 13) con-
tribute to represent the many analyzes authorizing grouping 
of chemical facies. The projection of the chemical analysis 
results in this diagram clearly shows that the set of point 
clouds presents a dominance of chloride and bicarbonate 
ions for the anions, whereas the calcium ion is the cation 
which marks the majority of the samples and is followed 
by the sodium cation. This reveals the dominance of the 
calcium bicarbonate facies followed by the calcium-chloride 
facies in DP/2005 on the global diagram with an appearance 
of the sodium-chloride facies, while we find the three facies: 
bicarbonate calcium, chloride-calcium and sulphate-calcium 
in WP/2005. In 2017, some development may be noticed, 
with the emergence of a sodium-chloride pole, linked with 
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groundwater degradation by seawater intrusion and other 
sources of contamination (uncontrolled discharges, …).

Figures 14 and 15 show the spatial distribution of the 
chemical facies in the groundwater in 2005 and 2017 peri-
ods. In April 2005 (Fig. 14 a), three facies are noticed in 
the plain: (1) sulfate–calcium facies in the Blidean Atlas 

piedmont. Its origin is probably geological related to 
the base exchanges with saliferous formations upstream. 
Exchanged elements would then migrate towards the plain 
according to groundwater flow. Also, this facies can have 
an anthropogenic origin if it is found near the cities or 
industrial zones; (2) bicarbonate-calcium facies is found in 

Fig. 7   Relations between the 
main major elements in 2005 
(red points: dry period, blue 
points: wet period)
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the center of the plain, due to the carbonate-bearing rock 
dissolution located in the Blidean Atlas upstream from 
which groundwater is drained to the center of the plain; (3) 
chloride-calcium facies is found very rarely. It is located 
much more near industrial zones of the study area.

In September 2005 (Fig. 14 b), a calcium-bicarbonate 
facies is more visible in the center of the plain, due to the 
geological processes and groundwater recharge via the car-
bonate Blidean Atlas piedmont (limestone and dolomites). 
A chloride-calcium facies is observed near the industrial 

Fig. 8   Relations between the 
main major elements in 2017 
(red points: dry period, blue 
points: wet period)
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zones and along the wadis draining the discharges of the 
large urban groups (Semar, El Harrach, Reghaia, Maza-
fran, and Bouroumi wadis).

In May and October 2017 (Fig. 15 c and d), a bicarbo-
nate-calcium facies is more abundant in the study area, 
but the sodium-chloride facies is clearly observed near the 
industrial zones (anthropogenic origin) and in the Algiers 
bay (northeastern part), caused by the seawater intrusion.

Mineralization processes

Dissolved species and their relationships can reveal the 
origin of solutes and processes that generated the observed 
composition of the groundwater (Aboubaker et al. 2013; 
Diaw et al. 2010; Madene et al. 2020; Sujatha and Reddy 
2003). These relationships are examined for 2005 and 2017 
in wet and dry periods.

Fig. 9   Relation between the 
ratio (Na+/Cl.−) and the dry 
residue for the DP and WP/2017

Fig. 10   Gibbs diagrams: a WP/2005, b DP/2005, c WP/2017, and d DP/2017
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The Na+ vs. Cl− relationship was often used to identify 
salinity acquisition mechanism. Significant linear relations 
are highlighted in 2005 and 2017, indicating that both ele-
ments result from the dissolution of halite in the quaternary 
sediments of the plain. However, at places, high Cl− con-
centrations are noted compared to Na+ (Fig. 16). Excess 
of Cl− can be related to seawater intrusion (Bachtouli and 
Comte 2019; Zamiche et al. 2018) and/or infiltration of 
urban wastewater without prior treatment (Madene et al. 
2020). Defect of Na+ comes also from the base exchanges 
processes in which Ca2+ is released from the substratum 
clays and exchanged with Na+ from the groundwater.

HCO3
− does not display any significant relationship 

with the alkaline earth, Ca2+ and Mg2+, suggesting that the 

carbonate-bearing rocks (calcite, dolomite) are not the only 
source for these elements. SO4

2− relationships with the alka-
line earth, Ca2+ and Mg2+, are quite significant, which shows 
that these elements (Ca2+, Mg2+, SO4

2−) come partly from 
gypsum dissolution which are found in the south (Blidean 
Atlas piedmont). The Ca2+vs SO4

2−, Ca2+ vs HCO3
−, and Ca2+ 

vs Mg2+ relationships show an important excess of Ca2+. This 
indicates that the Ca2+ origin is not only calcite and gypsum 
dissolution but confirms the hypothesis of a contribution of 
the Ca2+ by ion exchange following the basic reaction, such 
as the following:

(7)
Ca2+ − Clay + 2Na+(Water) → Ca2+(Water) + 2Na+Clay

Fig. 11   Nitrate distribution maps in the study area: a April 2005 and b September 2005

Fig. 12   Nitrate distribution maps in the study area: c May 2017 and d October 2017
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The Na+ ion can exchange the Ca2+ and Mg2+ ions 
adsorbed in exchangeable sites of clay minerals, which leads 
to the increase in Ca2+ and Mg2+ and the decrease in Na+ 
in groundwater.

The knowledge of the variations in groundwater 
chemistry during its flow through the aquifer is essen-
tial. The ion exchanges between groundwater and 
aquifer rocks were analyzed with the Ca2+ + Mg2+ vs 
SO4

2− + HCO3
− diagram (Fig.  17). In Ca2+ + Mg2+ vs 

SO4
2− + HCO3

− diagram, the points around the equilib-
rium straight line (Ca2+ + Mg2+ = SO4

2− + HCO3
−) sug-

gest that these ions are results of the calcite, dolomite, 
and gypsum dissolutions (Cerling et al. 1989; Datta and 
Tyagi 1996; Rajmohan and Elango 2004). When the base 
exchanges is the dominant process, points will move to the 
left due to an important excess of Ca2+ + Mg2+ compared 

to SO4
2− + HCO3

−. In this study, most points are on the 
Ca2+ + Mg2+ side (Fig. 17), suggesting the base exchanges 
are the major hydrogeochemical process operating in this 
aquifer. For this, the ion exchange process is further exam-
ined using the Chloro-Alkaline Index (CAI) (Schoeller 1977; 
Rachid 2020).

The CAI, defined by Schoeller (1977), is the ratio between 
exchanged ions and ions of the same nature originally exist-
ing in groundwater. It is given by the following expression:

All values are expressed in milliequivalent per liter. This 
index defines ionic exchange direction between groundwater 
and surrounding host-rocks. It is interpreted as follows:

(8)CAI = r
Cl− −

(

K+ + Na+
)

Cl−

Fig. 13   Piper plot showing the groundwater chemical types
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–	 CAI = 0, no exchange;
–	 CAI < 0, Ca2+ and Mg2+ of water are exchanged by 

Na + and K+ of enveloping formations;
–	 CAI > 0, Na+ and K+ of water are exchanged by Ca2+ and 

Mg2+ of enveloping formations.

Most samples in the Mitidja alluvial aquifer have a positive 
index except in the east and in the west. This dominance of posi-
tive values reflects the sodium and the potassium replacement 
in groundwater with calcium and magnesium in surrounding 
host-rocks.

Mineral saturation indices are very useful in assessing 
the groundwater quality as water chemistry is controlled by 

solid phase equilibria. PHREEQC was used to calculate the 
following groundwater mineral saturation indices: calcite 
(CaCO3), dolomite CaMg(CO3)2, anhydrite (CaSO4), gyp-
sum (CaSO4·2H2O), and halite (NaCl) during the observa-
tion years.

Calculations show that carbonate minerals have differ-
ent degrees of saturation. Dolomite saturation index ranged 
from − 1.76 to − 0.76 in 2005/WP and from − 0.51 to + 3.01 in 
2017/WP, while the calcite intervals vary from − 0.56 to + 1.08 
in 2005/WP and from − 0.08 to + 1.67 in 2017/WP. Based on 
the assumption that equilibrium is reached in interval from − 0.5 
to + 0.5, results show that the calcite has reached equilibrium 
and the dolomite is in super-saturation condition.

Fig. 14   Chemical facies distribution maps in the study area: a April 2005 and b September 2005

Fig. 15   Chemical facies distribution maps in the study area: a May 2017 and b October 2017
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The evaporitic minerals show degrees of saturation 
lower than those of the carbonate minerals. The satura-
tion index of gypsum varies from − 2.39 to − 0.76 in 2005/
WP and from − 5.02 to − 0.85 in 2017/WP, and the satura-
tion index of halite varies from − 7.84 to − 5.6 in 2005/
WP and − 7.69 to − 5.98 in 2017/WP, which indicates that 
groundwater is very under-saturated as regards this min-
eral. For anhydrite, the saturation index ranges from − 2.63 
to − 0.98 in 2005/WP and − 5.24 to − 1.07 in 2017/WP. In 
addition, the analysis of the results showed a positive and 
significant evolution between calcite, dolomite in relation 
with bicarbonates and gypsum, and the halite with sulfates 

and chlorides, respectively, which gives an indication of 
the different salt dissolutions (Fig. 18).

Groundwater aptitude for drinking water 
and irrigation

Groundwater quality is characterized by some physical and 
chemical parameters, which in turn determine organoleptic 
property, alone immediately perceptible to the user (Suf-
fet et al. 1995). The parameters taken into account are the 
total hardness, pH, and mineral substance content gener-
ally in dissolved form. Mitidja’s alluvial aquifer potability 

Fig. 16   Correlation figures between Na+ and Cl.−: a WP/2005, b DP/2005, c WP/2017, and d DP/2017
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DP/2017 (R2 = 0.49)WP/2017 (R2 = 0.86)

Fig. 17   Relation between (Ca2+ + Mg2+) and (HCO3
− + SO4.2−) for WP and DP/2017

Fig. 18   Variation in saturation index for minerals for WP/2017
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has been assessed according to the international standards 
(WHO 1993). Contents of the main elements of wet and dry 
periods in 2005 and 2017 were compared with the WHO 
(2004) standards and are presented in Table 7.

Table 7 shows that only the potassium contents and pH 
values are below WHO standards during the 2 years and 
the dry residue and sodium in 2017/WP. Dry residue con-
tents are at 83% below the WHO standard in 2005/WP. They 
increase to 91% in 2005/DP and reach 100% in 2017/WP. 
Sulfates increase from 71% in 2005/WP to 87% in 2005/DP 
and reach 91% in 2017/WP. Chlorides increase from 79% in 
2005/WP to 80% in 2005/DP and reach 90% in 2017/WP. 
Sodium increase from 83% in 2005/WP to 87% in 2005/
DP. In addition, elements that most exceed WHO standards 
are bicarbonates and nitrates. Also, a clear improvement of 
water quality in the Mitidja alluvial aquifer is noticed in 
2017.

For the agricultural sector, almost 70% of the surface and 
subsurface water resources are allocated in Mitidja region 
(Hadjoudj et al. 2014) which contains more than 65% of cul-
tivated cropland over a total area of nearly 1500 km2. Agri-
culture development in this area is currently encountering, 
apart from scarcity of water resources, new problems such 
as soil salinization risk which can be assessed by electrical 
conductivity and that of soil alkalinization; it is due to ionic 

exchanges (sodium, calcium and magnesium) between water 
and irrigated soil.

As Mitidja region is agricultural and soil salinization 
risks can be envisaged, a study of groundwater suitability 
for irrigation proves necessary, because this region is charac-
terized by an average rainfall (660 mm), a high evaporation 
(501 mm), and a highly bicarbonate and nitrate concentra-
tions (Table 7).

In this approach, we estimated some salinity parameters 
in relation to agricultural use for 2005 and 2017. Richards 
diagram gives the following classes highlighted in Table 8:

–	 Classes C2S1 and C2S2 characterized by 15% of wells 
in 2005/WP and 20.58% in 2005/DP, which reached 20% 
in 2017/WP and 14.29% in 2017/DP, represent a good 
quality water, usable for the irrigation of all salt-tolerant 
crops, on well drained or with good permeability soils. 
They are located in the center of the plain.

–	 Classes C3S1 and C3S2 characterized by 75% of wells 
in 2005/WP and 74% in 2005/DP, which reached 80% in 
2017/WP and 79% in 2017/DP. They represent a mediocre 
water, usable only for irrigation of salts tolerant crops, on 
well drained or with good permeability soils, with a salin-
ity that must be controlled. Class C3S1 characterizes wells 
located in the center and west of the plain.

Table 7   Percentage of 
groundwater samples that have 
concentrations above WHO 
standards

Element WHO standards Percentage of points with the concentration above WHO 
standard

2005/DP (%) 2005/WP (%) 2017/DP (%) 2017/WP (%)

Ca2+ (mg/L) 100 76 75 68 73
Mg2+ (mg/L) 150 0 0 0 0
Na+ (mg/L) 150 13 17 18 0
K+ (mg/L) 12 0  − 0 0 0
Cl− (mg/L) 250 19 21 21 9
SO4

2− (mg/L) 250 13 29 18 9
H CO3

− (mg/L) 250 53 59 61 44
NO3

− (mg/L) 50 44 55 29 27
Dry residue (mg/L) 1500 8 17 11 0
pH 6.5 < pH < 9.2 0 0 0 0

Table 8   Mitidja alluvial aquifer 
wells distribution (in % of the 
wells number) according to 
Richards diagram during the 
periods 2005/WP, 2005/DP, 
2017/WP, and 2017/DP

Class Water quality 2005/WS 2005/DS 2017/WS 2017/DS

C2S1 Good 15% 15% 21% 21% 20% 20% 14% 14%
C2S2 0% 0% 0% 0%
C3S1 Mediocre 75% 75% 74% 74% 80% 80% 79% 79%
C3S2 0% 0% 0% 0%
C4S1 Poor 10% 10% 0% 6% 0% 0% 7% 7%
C4S2 0% 6% 0% 0%
C4S3 0% 0% 0% 0%
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–	 Classes C4S1, C4S2, and C4S3 characterized by 10% of 
wells in 2005/WP and 6% in 2005/DP, which reached 0% 
in 2017/WP and 7% in 2017/DP. They indicate a poor-
quality water, highly mineralized, which may only be 
suitable for species that are well tolerant to salts and on 
well drained and bleached soils. Finally, the majority of 
wells belonging to the C4S1 and C4S2 classes are located 
in the east, on the side of Algiers bay; this may be due to 
the seawater intrusion.

Isotope results and interpretations

Oxygen‑18 and deuterium  Stable isotopes of water, deute-
rium (2H) and oxygen-18 (18O), constitute a powerful tool 
for determining origin and history of water, recharge areas, 
and relations between surface water and groundwater. Vari-
ations in 18O and 2H water contents are linked to phenom-
ena of condensation, evaporation, steam mixtures (marine-
continental-lacustrine), and water/soil exchange reactions 
(George Darling et al. 2006). Results for isotopic analyzes 
of oxygen-18 and deuterium in the Mitidja alluvial aqui-
fer are grouped together in Fig. 19. Stable isotopes for 28 
groundwater samples taken during the wet and dry periods 
for the year 2017 were analyzed in order to better under-
stand the groundwater’s hydrodynamics in the studied. In 
the Mitidja alluvial aquifer, groundwater oxygen-18 contents 
vary between − 7.27 and − 5.22‰ vs SMOW (Vienna Stand-
ard Mean Ocean Water) with a mean of − 6.41‰ vs SMOW. 
Deuterium contents range from − 42.20 to − 29.40‰ vs 
SMOW with a mean of − 35.56‰ vs SMOW. The mean 
isotopic composition of samples (− 6.41‰ for δ18O 
and − 35.56‰ for δ2H) is close to the mean value for pre-
cipitation recorded in Algiers during the time-period 2016–
2018 (− 6.3‰ for δ18O and − 36.1‰ for δ2H) (Khous et al. 

2019). The most enriched values are recorded in the wells 
located in the northeast part of the plain (on the side of 
Rouiba-Reghaia industrial zone) and in the southwest part 
(between El-Afroun, Ahmar El-Ain, and Oued Djer locali-
ties), where the evaporation effect was detected. The results 
have been reported on δ2H = f (δ18O) diagram (Fig. 19).

Moreover, the Mitidja groundwater samples are on the 
whole distributed along the Western Mediterranean Meteoric 
Water Line (WMMWL) determined by Celle-Jeanton et al. 
(2001), where the deuterium excess is 14 per mile (WMWL: 
δ2H = 8 δ18O + 14). This implies that the predominant 
recharge source of the groundwater is the meteoric water 
originated from west Mediterranean vapor masses. However, 
the line of best fit between δ2H and δ18O values is shown by 
the following equation: δ2H = 5.7 × (δ18O) + 0.93. The slope 
of this line is less than 8 (slope value for WMMWL) indicat-
ing that the groundwater is likely to have been derived from 
meteoric water with significant evaporation that has been 
taken place during or after rainfall (Abu Jabal et al. 2018). 
In addition, sample fitting line is located above to the left of 
WMMWL, suggesting that dilution and mixing processes 
occur in the groundwater (Mokadem et al. 2016); samples 
showing depleted values in heavy isotopes and deuterium 
excess greater than 14 are probably impacted by altitude and/
or temperature effect (Khous et al. 2019).

Relationship between Cl− and δ18O  The correlation between 
chloride contents and δ18O values is studied to check if the 
isotopic content enrichment of the water samples is linked 
to an evaporation process (Bouchaou et al. 1995).

The representation of 18O contents according to chlo-
ride concentrations (Fig. 20) shows that the Mitidja alluvial 
aquifer can be subdivided into three distinct water groups: 
(1) the first group present well-homogenized water samples 
with a content that varies between 34 and 164 mg/L of chlo-
rides where the values of δ18O are comprised between − 7.27 

Fig. 19   Oxygen 18-deuterium 
relationship in the Mitidja allu-
vial aquifer for DP/2017
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and − 6.86‰; (2) the second group presents the evaporated 
water samples which are characterized by the oxygen-18 
enrichment with a content that varies between 51 and 
240 mg/L of chlorides, and the values of δ18O comprised 
between − 6.88‰ and − 5.43‰; and (3) the last category 
of evaporated water corresponds to the samples located in 
the central part of the plain and in the Blidean Atlas pied-
monts which proves that evaporation exists. This third group 
contains a chloride contents between 246 and 310 mg/L 
with the values of δ18O ranging from − 6.89 to − 5.22‰. 
This category corresponds to the groundwater located in 
the west and northeast regions. However, the weak correla-
tion between the chloride contents and the values of δ18O 
(R2 = 0.22) shows that the solution concentration by evapora-
tion is not the only cause of the increase in the groundwater 
salinity. The three groups show a rate of 35.71%, 32.14%, 
and 14.26% of the samples analyzed, respectively.

Relationship between EC and δ18O  Effect of water evapora-
tion is also highlighted by the electrical conductivity dia-
gram depending on δ18O of groundwater.

Graphic of EC variation depending on δ18O concentra-
tions (Fig. 21) shows that a relationship δ18O-EC suggests a 
different origin of salinization. We notice that water points 
located in the west and northeast regions and in the down-
stream zone of Blidean Atlas piedmonts have significantly 
higher EC values. These water points indicate salinization 
which could be the result of dissolution by deep water of 
evaporite and marl formations which are confirmed by the 
hydrogeochemical study. Furthermore, in this graph, the 
Mitidja alluvial groundwater is divided into two individual-
ized group: (a) In the first group, water points have average 
EC and stable isotopes depleted (from − 7.27 to − 6.81‰ vs 
SMOW for oxygen-18). This group represents 50% of the 
samples analyzed, and (2) the second group is made up of 
water characterized by medium to moderate EC, but a lit-
tle more enriched contents in stable isotopes (from − 6.48 
to − 5.22‰ vs SMW for oxygen-18). The water of this group 
which is distinguished by salinization could be the result of 
evaporitic deposits dissolution, anthropogenic activity char-
acterized by uncontrolled urban and industrial discharges, 
seawater intrusion, and evaporation phenomena. This group 
represents 43% of the samples analyzed. Finally, the rela-
tionship between δ18O-EC suggests a different origin of 
salinization and, consequently, confirms the salinity acqui-
sition by the double standard of evaporation and dissolution 
of evaporitic formations by groundwater.

Conclusion

The main mineralization processes are as follows: (1) dis-
solution of evaporite rocks as well as marls in the Blidean 
Atlas piedmont, (2) to be verified seawater intrusion in the 
northeastern region (the Algiers bay) of the plain, and (3) the 
infiltration of irrigation water loaded with salts and fertiliz-
ers into the irrigated areas of the plain and the processes of 
base exchanges.

The results show that the groundwater is characterized 
by a high salinity and two dominant facies according to 
the Piper method: The first is bicarbonate-calcium facies 
observed in the center of the study area. The second is chlo-
ride-calcium facies which is found near to the industrial 
zones. This facies is of anthropogenic origin. We also note 
the occurrence of the chloride-sodium facies in the north-
eastern part of the study area (the Algiers bay) at a distance 
ranging from 1.5 to 3.5 km from the coast which is due to the 
seawater intrusion confirmed on the electrical conductivity 
maps and on the piezometric maps which indicate a reverse 

Fig. 20   Relationship between chloride contents and δ.18O for the 
DP/2017

Fig. 21   Relationship between EC and δ.18O for the DP/2017
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groundwater flow from the coast towards the aquifer in the 
Hamiz wellfield (excessive pumping rates).

Moreover, the high salinity of the groundwater in other 
areas of the plain is mainly due to chlorides, leaching of 
chlorinated fertilizers and salts not used by plants. Nitrate 
pollution of the groundwater exceeds the threshold of 
50 mg/L recommended by WHO.

The isotopic analysis of oxygen-18/deuterium relations 
showed the existence of three types of freshwater: (1) 
water that is the result of the direct infiltration (recharge) 
of rainfall, (2) the return of irrigation water, and (3) the 
water dissolution of evaporitic rocks located in the Blid-
ean Atlas piedmont. The content of 18O versus Cl− of this 
aquifer would reflect a mixture of recharge water from 
current precipitation over the basin and saline water from 
interaction with evaporite rocks and seawater intrusion 
in the northeast region. The δ18O-EC relationship sug-
gests a different origin of salinization, which confirms 
that the salinity is due to both evaporation and dissolution 
by groundwater of carbonates and evaporite formations; 
hence, both processes occur in the Mitidja alluvial aquifer. 
Groundwater mineralization and salinization are due to the 
dissolution process of carbonates and evaporitic forma-
tions, especially during the dry periods.

Understanding of the Mitidja alluvial aquifer origin 
and its mineralization processes represents a major step 
forward for future management decisions with a view to 
preserving this essential water resource for the social and 
economic development of this region and the application 
of this approach in the similar worldwide regions.
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