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Summary

The aim of this study is to combine the hydrochemical data, geostatistical methods, and numerical
approaches with the water pollution vulnerability index of the Mitidja alluvium. This index is ob-
tained by applying the DRASTIC model and a numerical rating system to develop a methodology
based on the water sensitivity index. The socio-economic development has led to the overexploita-
tion of groundwater and surface water resources, coupled with insufficient rainfall, which has ex-
acerbated the sensitivity and vulnerability of this precious resource. Compared to previous studies,
the most recent sensitivity map serves as an important decision support tool for relevant authori-
ties. According to the survey, this index was very low, accounting for 45.43% of the total drinking
water area in 2010. It decreased to 8.25% and later increased to 28.06% in 2018. The high and very
high sensitivity index to water pollution (SI) accounted for 5.34% and 9.87% in 2010, and 19.77%
and 15.78% in 2018. The variation in irrigation water sensitivity was similar that of drinking water
sources (DWS). The medium and high sensitivity indices (SI) increased from 27.21% and 18.20%
to 37.19% and 42.01%, reflecting a significant and alarming increase in groundwater sensitivity,
vulnerability, and pollution within the study area. The results of the geostatistical approach yielded
some interesting results, considering the water intended for drinking water supply and the water
intended for irrigation separately in the Mitidja alluvial aquifer.
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1. Introduction

In recent decades, droughts have disrupted the supply of drinking water and water
intended for irrigation and industry, leading to excessive exploitation and increased
demand for groundwater, which is often non-renewable or already polluted. These
resources are both economically significant and environmentally fragile, requiring
careful management and preservation. Surface and groundwater resources are contin-
uously polluted by urban, agricultural, industrial, and accidental sources, providing
a permanent risk of resource depletion. For their sustainability in terms of quantity and
quality, their conservation and protection are required or even mandated [Djoudar and
Toubal 2012a].

Algeria has experienced much higher than normal monthly average temperatures
in recent years, with heatwaves in 2018 and the daily maximum surface air tempera-
tures of 49°C for July 2023 [Copernicus 2023]. In addition, the current state of coastal
aquifers in Algeria and the recent developments aftecting them indicate that the signifi-
cant deficits observed (due to the conflict between demand and resources) will increase
[Haouchine et al. 2016]. Many researchers have also studied this issue [e.g. Benziada
1994, Djabri et al. 2003, Hadjoudj 2008, Drouiche 2012, Djoudar and Toubal 2014,
Guendouz and Moula 2017, Aziez 2020, Medjdoub Leulmi 2021, Tachi et al. 2023,
Ikhlef et al. 2024, Benouara et al. 2024]. The risk of depletion is superimposed on the
qualitative degradation of the resource, essentially the risk of marine intrusion (where
some aquifers are already abandoned), as well as anthropogenic pollution caused by
agricultural activities (92% of the samples analyzed on the Mitidja aquifer exceed the
maximum NO," concentration allowed for the DWS), and industrial (where 250,000
m® of wastewater are discharged daily into the El Harrach river) [Haouchine et al.
2016]. According to Ouchene et al. [2018], the coastal zone alone accounts for nearly
44% of the population in the northern part of the country and almost half of the urban
population, most of which is concentrated in the metropolitan area of Algiers.

The aim of the study is to highlight the vulnerability and sensitivity of groundwa-
ter (Mitidja) to contamination, providing a decision-support tool based on updated,
revised, and recent data, as well as on unconventional techniques as geostatistics.

In order to carry out this work, the sensitivity indexing of alluvial aquifers will be
combined with the DRASTIC parametric model [Aller et al. 1987] and the geographic
information systems (GIS). The used indexing method was proposed by Pusatli et
al. [2007]. This method was first applied to the Menderes aquifer in Turkey in 2007,
then to the Cheba Mloulech aquifer in Tunisia by Saidi et al. [2009], and for the first
time in Algeria by Djoudar and Toubal [2012b] and by Djoudar [2014], in the Mitidja
specifically. This study is an update of the vulnerability assessment, using data from
chemical groundwater analyses and piezometric in 2018, collected by National Water
Resources Agency [NWRA]. The aim of the study is to provide an overview of the
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evolution of the vulnerability and sensitivity of groundwater in the Mitidja aquifer. The
method will make it possible to consider separately the water intended for DWS and
the water intended for irrigation. The application results from 2018 will be the subject
of a comparative approach with the results of 2010, obtained by Djoudar [2014].

2. Methodology

This research has two parts: the determination of the sensitivity index to water pollu-
tion (SI) and the assessment of the water vulnerability index (IV) to pollution using the
DRASTIC method. In fact, after the introduction of the concept of aquifer pollution
vulnerability [Margat 1968], several groundwater vulnerability assessment methods
have been developed and applied to different contexts in order to achieve the most
adequate vulnerability maps for a given site. However, although different methods
often result in significantly different vulnerability maps, there are some methods that
can be applied to the aquifers, such as the DRASTIC parametric system [Guastaldi et
al. 2014]. In order to optimize the use of both approaches and to have a better evalu-
ation of the vulnerability values, the geostatistical approach was used for analyzing all
the studied parameters. The study of the Mitidja aquifer area was divided into square
meshes measuring 100 x 100 m, totaling 130,441 meshes and covering an area of 1,314
km?. This step relied on the combination of geostatistics and geographic information
systems to model and estimate the phenomenon in each cell of the studied area, taking
into account its structure and spatial correlation, obtaining optimal estimates.

An in-depth preliminary geostatistical analysis of the experimental data is required
in order to clearly identify the characteristics of these data, as well as to describe and
model the spatial structure of the variable under study. This allows for the creation of
statistically robust maps through kriging and quantifying of sample uncertainties using
simulations to assess associated risks [Guastaldi and Del Frate 2012]. These analyses
then allow the user to identify and process data anomalies and possible anisotropic
conditions by using appropriate statistical representations such as variograms [Djoudar
etal. 2019], coupled with map representations performed by QGIS version 2.18.24.The
existing multidisciplinary data (geological, structural, geophysical, hydrogeological
and hydrochemical) of the study area were processed by using the ISATIS 7.0 software
[Geovariances 2007], to improve their quality (statistical study, outliers, variography
analysis and data validation). The geostatistical approach allowed us to calculate kriged
maps of chemical elements and the quality index (QI) of drinking water supply (DWYS)
and irrigation.

2.1. Evaluation of the water pollution vulnerability index using the DRASTIC
method

DRASTIC is a standardized method for assessing and mapping the vulnerability of
groundwater, regardless of the type of pollutant, which takes into account most of the
hydrogeological factors that affect and control groundwater flow [Aller et al. 1987].
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The DRASTIC index (IV) is based on the evaluation of seven parameters. Each
parameter is assigned a relative weight, with a value between 1 and 5, according to its
importance in the process of mitigation of contaminants. The weight of a main param-
eter is 5, while the weight of a parameter with less impact on the fate of pollutants is 1.
Each parameter is then assigned a value that can vary from 1 to 10, from the least to the
most vulnerable state (Equation 1).

DRASTIC Index = (Dc - Dp) + (Rc- Rp) + (Ac- Ap) + (Sc- Sp) + (1)
+ (Tc- Tp) + (Ic- Ip) + (Cc - Cp)

where:
C - rates of the considered parameters,
Dc - rate of parameter,
D - its weight.

The DRASTIC vulnerability index provides a way of assessing the degree to which
the aquifer system is at risk of contamination from surface pollution. This vulnerability
increases as the index value increases, from a minimum value of 23 to a maximum of
226. It can only be assessed by a comparative analysis of different sites or hydrogeologi-
cal units.

2.2. Determination of water pollution sensitivity index (SI)

The results of the DRASTIC vulnerability index (IV) and water quality indexes (IQ)
[Pusatli et al. 2007] are taken into account in the calculation, namely (Equation 2):

SI=1V-IQ (2)

It is assumed that when the DRASTIC method is applied at the regional level, the
initial sources of pollution spread from the surface into the environment, and the qual-
ity of the pollutants does not affect the vulnerability. The indexing of the sensitivity of
the quality of irrigation water and drinking water supply takes into account the classi-
fication of waters into five groups with respect to each concentration of ions, very good
(I), good (II), usable (III), usable with caution (IV) and harmful (V). The limit values
for each category of the parameters considered are listed in Tables 1 and 2. The quality
index for a given location was calculated according to the following formula (3):

1Q = Z(Q)z (3)

where the sum is generally considered as the quality parameter (of the ions), and C, -
the class of parameter i (Ion). The integer value for a given position ranges between 1
and 5. Using of the square of the C, concentration per ion can enhance the impact of
low-quality levels [Pusatli et al. 2007].
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Table 1. Classification of irrigation water

Limits used for irrigation water
P Class I Class II Class III Class IV Class V
(very good) (good) (usable) (usable with caution) | (harmful)

EC (uS/cm) 0-250 250-750 750-2000 2000-3000 > 3000
Cl- (mg/1) 0-142 142-249 249-426 426-710 > 710
NO; (mg/1) 0-10 10-30 30-50 50-100 > 100
SO;~ (mg/l) 0-192 192-336 336-575 576-960 > 960
Na* (mg/1) 0-69 69-200 200-252 > 252

Source: Pusatli et al. [2007]

Table 2. Classification of drinking water

Limits used for drinking water
I Class I Class II Class III Class IV Class V
(very good) (good) (usable) (usable with caution) | (harmful)

EC (uS/cm) 0-180 180-400 400-2000 2000-3000 > 3000
CI (mg/1) 0-25 25-200 > 200
NO; (mg/1) 0-10 10-25 25-50 > 50
SOz~ (mg/l) 0-25 25-250 > 250
Na* (mg/l) 0-20 20-200 > 200

Source: Lenntech [2008], Saidi et al. [2009]

3. Overview of physical environment

Mitidja is located in north central Algeria. It is part of the large Algerian coastal basin,
coded 02 by the NWRA. Due to its geographical location and agricultural use, it is
a strategic sublittoral plain.

The Mitidja plain is located to the south of Algiers. It includes the areas of Algiers,
Boumerdes, Tipaza and Blida. It has a WSW-ENE orientation, with an average altitude
of 100 m. It starts from the Boudouaou river in the east and ends at the Menacer basin
in the west, with an area of 1314 km?, a length of about 100 km, and a width of 15-20
km (Fig. 1).

The eastern end of the plain is open to the sea, while the Sahel hills at the west-
ern end are connected to the Chenoa Mountains (905 m above sea level). The plain is
divided into four sub-basins (Hamiz, Harrach, Mazafran and Nador), with a total area
estimated at 3544 km? The water is drained from the south to the north by a dense
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water system. All the tributaries of these wadis originate at the top of the Altlas Blidéen,
and their general direction of flow is south-north.
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Fig. 1. Geographical location of the study area

The highest flows are recorded in the Mazafran Wadi, the largest of which is the
Mazafran river, with a length of 65 km. The Mazafran river basin covers an area of
1,900 km? It includes three groups of watercourses: Oued Djer, Oued Bou Roumi and
Oued Chiffa. A hydrological study carried out between 1971 and 2004 showed that the
average rainfall was 607 mm; the infiltrated water was 35 mm, accounting for 6% of
the rainfall, while the run-oft was 51 mm, representing 9% of the rainfall. This is due
to the dominance of the geomorphic features and the impermeable layers of the basin,
conducive to runoff. The Martonne drought index of the study area is equal to 16, in
a semi-arid climate [Djoudar 2014].

Given its agricultural nature, characterized by the existence of an area of high agro-
nomic value, Mitidja is considered one of the most important agricultural complexes
in the PAC zone [PAC 2004].

According to PAC [2004], the urbanization of agricultural land in Mitidja stopped
between 1962 and 1980. However, since the 1980s onwards, the urbanization of Mitidja
began with the construction of houses on less appropriate land (Bouzaréah, El Biar, Ben
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Aknoun, etc.), but very quickly the construction zones extended to the entire coastal
area.

Most of the industrial activity is concentrated in the central and eastern part of the
plain (Arbaa, Blida, El Harrach, Boufarik), including two industrial centers in Rouiba
and Reghaia. Mitidja plain is a Neogene basin in Algeria, where several geological
surveys have been carried out mainly based on the work of Glangeaud [1952], Ayme
[1956], Durand Delga [1969] and Bennie and Partner [1983].

At the hydrogeological level, there are two distinct aquifers:

o The Astian, formed by limestone and sandstone of continental origin.

o The Quaternary layer is mainly composed of coarse alluvium (gravel, pebbles, silt
and clay, in varying amounts).

The latter is very thick in the center (100-200 m) and becomes thinner towards the
edges. The two aquifers are separated throughout the plain by semi permeable yellow
marl of the El Harrach formation (Villafranchen), except in the Rouiba pocket where
the two aquifers meet. These two aquifers are located on an impermeable basement and
are usually composed of grey and blue marls of Plaisancian period (Fig. 2).

SSE NNW
Blideen Atlas

Source: modified from Bouderbala [2019]

Fig. 2. Cross-sectional of the Mitidja aquifer

In the present study, only the Quaternary formation will be the subject of the study
of the vulnerability and sensitivity of the groundwater in the Mitidja alluvial aquifer.

To better understand of the hydrodynamic behavior of the Mitidja alluvial aquifer
reservoir, we used the interpretation of the 2018 low water piezometric map (B), the
results of which were compared with those of 2010 (A) (Fig. 3).

By analyzing the piezometric maps (Figs. 3A and B), the following conclusions can
be drawn:

o The piezometric values decrease from south to north, indicating the general flow
of the aquifer towards the sea, while on the eastern side of the study area, the flow
was reversed in previous works, highlighting the seawater intrusion first mentioned
by [Mania 1985], and also attested by many other authors also [e.g. Djoudar 1993],
[Haouchine et al. 2016]. It is worth noting that this situation continues to exist be-
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Fig. 3. Piezometric maps of low water periods in the alluvial aquifer of Mitidja from 2010-2018:
A. 2010, B. 2018
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cause NWRA technicians no longer measure the coastal area on the side of Bordj El
Kiffan. As a result, the lack of a coastal survey means that it is not shown on either
map.

o East of Blida town, the SSE-NNW groundwater line connects the Boufarik well field
and then the Mazafran 1 well field to the north.

o Two converging flow depressions are observed; to the east, the well fields of, Baraki,
three cellars, Oued Adda and Stamboul to the west, on the side of Mazafran 1 and
2, Blida, Boufarik, well fields.

o The map of low water levels in 2018 shows a more pronounced drawdown than in
2010 with a depression reaching a depth of 0 m. This indicates that the scarcity of
rainfall is leading to over-exploitation of groundwater.

o The hydraulic gradient is low, around 0.005 in the whole northern aquifer zone,
while in the south, the gradient is higher, ranging from 0.016 to 0.023.

The hydrochemical method allows us to determine the nitrate pollution in the west
and the east of the study area in 2010. Unfortunately, the nitrate pollution in the middle
and east of the study area increased in 2018, reaching over 50 mg/1 (Fig. 4).

According to Gouaidia [2012], chloride ion has different characteristics from other
elements, is not adsorbed by geological structures, is not easily combined with chemi-
cal elements and maintains high mobility. It is a good indicator of pollution (Table 3).

Table 3. Descriptive statistical parameters of the variables, 2010/2018

Variables
Year Parameters EC cl NO; SO Na*
(uS/cm) (mg/1) (mg/1) (mg/1) (mg/1)
Minimum 599/560 33/36 1.3/17 15/0.5 12/19
Maximum 2900/2415 | 400/490.1 | 108.7/96.5|407.5/419.5| 190/324
Mean 1404.2/1416| 135.2/145.9 | 35.3/51.3 |163.5/167.1| 73.9/97.7
(2010/2018) | Median 1400/1302 | 130/106 | 26.4/50.5 175/165 64/85

Standard deviation 607.2/579.6 | 86.5/109.7 | 26.6/22.8 | 97.5/111.2 | 49.3/74.3

Coeflicient of variation | 0.43/0.41 | 0.64/0.75 | 0.75/0.44 | 0.60/0.66 | 0.67/0.76

Skewness coefficient 0.31/0.10 | 0.95/1.28 | 1.02/0.19 | 0.33/0.39 | 0.61/1.16

In 2010, the recorded concentration showed that the significant value was over 300
mg/l, far exceeding the World Health Organization [WHO 2011] drinking water stand-
ard of 250 mg/l, and the average value of the low water level was 135.2 mg/l. Areas of
high concentrations were observed on the northeastern coast of the study area. The
phenomenon of seawater intrusion persists with the advance of the salt water into the
continent, confirming the previous interpretation of the piezometric maps.
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Fig. 4. Map of Nitrates in low water period: A. 2010, B. 2018
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In 2018, the areas with chloride concentrations higher than the standards recom-
mended by the WHO continue to be distributed in the same areas as in 2010, with
the appearance of new beaches, namely, north of the Algiers city side and south of
the communities of Bouinan and Chebli, upstream of the west of El Harrach, west of
Bougara. The western zone on both sides of the Oued Mazafran is also characterized
by high concentrations and the last is Ahmer El Ain at the westernmost end (Fig. 5).
This increase in values can be explained by the leaching of eruptive formations and clay
alluvium; they could also have several origins:

o Quaternary clay alluvium.
o Sewage discharged into the plain.
o The marls of the El Harrach formation.

e Marine intrusion.

4. Results and discussion

4.1. DRASTIC maps

The 2010 DRASTIC map indicates that approximately 44% of the region is moderately
vulnerable, while nearly 39% is highly vulnerable. Since the vulnerability index of most
of the study areas is between 114 and 175, these vulnerable areas are mainly located in
sensitive areas. Specifically, in the northern supply region (Bourelet Sahelian), in the
south (alluvial cones of the Blideen Atlas) and along the river banks (Wade-aquifer
relationship) (Fig. 6).

On the other hand, the 2018 DRASTIC map indicates that about 56% of the total
area is classified as medium vulnerability. Although the scope of high vulnerability has
expanded and damaged low vulnerability areas, high vulnerability areas cover nearly
45% of the total area. This is because the vulnerability index of most of the study areas
is between 146 and 175.

Most of these vulnerable areas are mainly located in sensitive areas: in the northern
supply area (Bourelet Sahelian Rouiba and Ain Taya), the Atlas dejection cones Larbaa,
Bougara, Blida, and Chiffa; and at the level of the banks of the Oueds in the south.
According to the lithology of the saturated zone, these areas are composed of gravel
and sand with a low clay content. Their hydraulic conductivity ranges from 4.720 - 10~
m/s to 9.44 - 10* m/s, and can exceed 9.44 - 10™* m/s at any point. They are located in
the Baraki well field in the center and in the east of Hamiz. Therefore, in most parts of
the west, in the south of Chifa Blida, Attatba and Koléa, large beaches can be seen along
Mazafran and Oued Chifa.

Notably, areas classified as having low vulnerability (92.5 to 114) in 2010 transi-
tioned to medium vulnerability (115 to 145) in 2018, mainly in the center of Boufarik
and to the east of the study area. They are composed of alternating gravel, sandy clays,
marls and clayey gravels with a hydraulic conductivity varying from 3.30 - 10* m/s —
4.72 - 10 m/s. It covers an area of 722.7 km? of the Mitidja alluvial aquifer.
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4.2. Water quality index

Chemical analysis data from the 2018 dry season were used to calculate the water qual-
ity index for drinking water supply (IQ DWS) and the irrigation water quality index
(IQ irrigation) (Table 3). This is the period when the groundwater is in high demand
by farmers.

Only chemical elements with high concentrations are taken into account, namely:
electrical conductivity (EC), chloride (Cl"), sodium (Na*), nitrates (NO;) and sulphates
(SO,M).

For this purpose, we have assigned an integer (1 to 5) to each concentration C, of an
element i. defined in Tables 1 (irrigation water) and 2 (drinking water DWS).

As a result, two groundwater quality maps were produced for the year 2018: water
intended for DWS and water intended for irrigation. These two maps will be compared
with the 2010 map.

The map based on the thematic analysis of chemical quality attributes (IQ) (Fig. 7)
shows that this parameter is no longer as reassuring as it was in 2010.

Despite the high-level degree of industrialization in the Mitidja plain, the chemical
quality of groundwater is very good in most the areas studied. As a result, the water
quality map, IQDWS 2018, is characterized by a spreading of areas of average quality
to the detriment of areas with good and very good quality, particularly in the central
and eastern part of the study area. This confirms the observation made by Khous et al.
[2019], where they state that the quality of waters is also characterized by the presence
of nitrate, which can be reasonably attributed to the use of fertilizers in the agricultural
area.

The IQDWS 2018 map reveals a new usable quality zone that can be adopted with
caution upstream of the El Harrach river. This may be worrying, considering that this
area constitutes a groundwater recharge area where the height of the penetrating water
layer is greater than 25cm/year. It also receives rainwater, water from the Blideen Massif
and water from the wadi by infiltration [Djoudar 2014]. Thus, the waters of the aquifer
can be used with caution, especially in the industrialized areas of Mitidja. As for the
poor-quality waters in 2010 and 2018, they are still located in the westernmost part
on the side of Ahmer El Ain and the northeasternmost on the side of Reghaia, due to
industrial discharges.

The irrigation water chemical quality index maps (Fig. 8A and B) show an increase
in water chemical quality degradation in 2018.

The difference between the two maps lies in the eastern and central Mitidja. The IQ
irrigation map in 2018 shows that the situation of poor water quality is getting worse
and worse, deteriorating the good water quality. Unfortunately, the very good qual-
ity, that prevailed in 2010, has given way to water categorized as good quality in the
western zone near Ahmer El Ain and the far north-east near Ain Taya with a spread
of average quality water, which should be used with caution. This process is explained
by urbanization and massive industrialization of agricultural land and the increase in
water demand, which has led to the continuous problem of seawater intrusion problem
in the coastal zone Bordej El Kiffan for 30 years, as previously mentioned.
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In this regard, and in order to understand the current state of groundwater qual-
ity in the Mitidja alluvial aquifer, the study of the semi-variograms of the different
chemical elements analyzed was carried out to highlight the evolution of groundwater
contamination from 2010 to 2018, especially in the central and eastern area of the study
area.

The possible presence of an anisotropic structure of the spatial variability was
checked by mapping the directional variability in the plane (variogram map) and then
analyzing its span according to the spatial direction. However, even if some variables
could show some kind of anisotropy, the resulting semi-variograms were too erratic, so
the isotropic condition was preferred (Fig. 9).

This paper presents a calculation of the best omnidirectional experimental semi-
variogram (ESV) of EC variable - its step length (lag distance) is 650 m and 12000
m: Cl7, NO;, SO;? and Na*in 2010 and 2018. Their modeling is done by the Gaussian
model function.

Table 4 shows the number and type of structures, the span in meters, the models
applied to these experimental variable maps, and the cross validation to verify the
robustness of the models.

The results show that the model has a spherical variability. The exponential and
Gaussian structures of all variables are well structured (Fig. 10). It appears that the
standard error distribution is Gaussian, the mean standard error (MSE) is zero, and the
standard error variance (VSE) is equal to the unit. This means that the model chosen
is not too wrong. These models have been utilized for interpolating the variables by
ordinary kriging, which has the advantage ensuring the minimum estimation variance
[Laborde 2000].

4.3. Map of the IS sensitivity index of the Mitidja groundwater

After the mapping of the chemical composition of water intended for drinking water
supply TQ. DWS’ and for irrigation ‘IQ Irrig), the water sensitivity index in each water
point was calculated using formula (2). The DRASTIC value for each water point
considered is multiplied by the value of the pollution water quality index obtained by
formula (1) for the same water point considered. These spatial data were processed in
the QGIS software in order to develop two 2018 sensitivity maps: a ‘ST DWS’ drinking
water index map (Fig. 11) and ‘SI Irrig’ irrigation water sensitivity map (Fig. 12). These
two maps will be compared to those produced by [Djoudar 2014].

4.3.1. Drinking water sensitivity index map

Figure 11 shows that in 2018, the medium-high sensitivity of the aquifers in the central
and eastern parts of the study area changed, and the ultra-high sensitivity increased
significantly, especially in the coastal areas between Bordj El Kiffan and Reghaia,
including the entire Rouiba industrial zone in the easternmost part of the study area
and the westernmost part of Ahmer El Ain.
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Unfortunately, the low and very low sensitivity beaches that characterized the area
from Attatba to Koléa in 2010 have disappeared, to the detriment of the high sensitivity
areas surrounding the very high sensitivity area area in 2018. More worryingly, the first
two highly sensitive areas around Bougara and Khemis el Khechna, which are recharge
zones for the Mitidja aquifer, have appeared.

4.3.2. Irrigation water sensitivity index map

Figure 12 (A) shows that in 2010, the water quality was generally poor, and the sensi-
tivity index ‘SI irrig’ exceeded 2800. Therefore, the sensitivity of these waters was very
high in most parts of the study area.

This issue got even worse in 2018. The sensitivity index ‘SI irrig’ is greater than 4200
in the most of the high sensitivity and very high sensitivity study areas, as shown in
Figure 12 (B). However, the areas of low sensitivity in the central area between Boufarik
and Blida decreased in 2018 compared to 2010, with the complete disappearance of
the very low sensitivity areas. This confirms that the primary source of anthropogenic
pollution is the leaching of layers in contact with the groundwater within the study
area. In order to confirm the results of the study, we compared the values of the vulner-
ability indices DRASTIC 2010 and DRASTIC 2018, as well as the sensitivity index 2010
and 2018 (Table 5).

Table 5 indicates that the vulnerability and sensitivity of groundwater in Mitidja has
changed and deteriorated in 2018 compared to 2010. In fact, this index was lower in
2010, since it was equal to 45.43% of the total area of drinking water in the study area,
only 8.25% of the total area, compared to 9.53% in 2010 and 28.06% in 2018. Therefore,
the index is increasing, since it is equal to 5.34% and 9.87% in 2010, rising up to 19.77%
and 15.78% in 2018.

Table 5. Comparison of DRASTIC indexes 2010-2018 and sensitivity indexes 2010-2018

Vulnerability index (VI, %)

Years Low Medium High Very High
2010 17.08 44 38.34 0.56
2018 0.003 55.35 44.62 0.03
Sensitivity index (SI, %)
Years Type Very Low Low Medium High Very High
DWS 45.43 29.83 9.53 5.34 9.87
2010
Irrigation 1.80 47.26 27.21 18.20 5.53
DWS 8.25 28.13 28.06 19.77 15.78
2018
Irrigation 0.05 12.21 37.19 42.01 8.55
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The change of sensitivity of irrigation water is almost the same as that of DWS
water. In fact, the IS medium sensitivity index and high sensitivity index increased from
27.21% and 18.2% to 37.19% and 42.01%, respectively, indicating that the groundwater
pollution in the study area has increased alarmingly.

The vulnerability and sensitivity level map of the Mitidja river alluvial aquifer to
potential pollution was created using the method developed by Pusatli et al. [2007]. It
provides a groundwater sensitivity map tool for decision-making by water resource and
environmental managers. The results are very interesting, namely the chemical water
quality and its sensitivity index are plotted by considering DWS and irrigation water of
the Mitidja alluvium aquifer separately.

5. Conclusion

According to the obtained results, the DRASTIC model and the sensitivity index
method based on the geostatistical approach to define (drinking water and irriga-
tion water) have been combined to carry out a comprehensive study of groundwater
resources in the alluvial aquifer of Mitidja.

In this study, hydrogeological and hydrochemical data were compiled through
numerical and geostatistical calculations and then integrated into a GIS environment.
The two sensitivity maps are derived from the integration of two methods: the irriga-
tion water sensitivity map and the drinking water supply sensitivity map.

The pollution results of these two water sensitivity maps (two years considered in
2010 and 2018) are compared with different chemical water quality maps of the Mitidja
alluvial aquifer. Our conclusion is that the index method adopted by Algeria for the
second time in the same groundwater is reliable. It confirms the pollution of the water
by nitrates and chlorides, and therefore provides time for the water and environmental
policy makers to take action against this phenomenon.

In this regard, all measures should be taken to protect the water resources, which
are constantly under threat, and the conditions for the water resources administration
to establish near-shore and far-shore protected areas should be reviewed. In addition,
regulations and standards for the use of phytosanitary products in agriculture should
be reviewed.
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