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ABSTRACT

The proposed study aims to assess groundwater quality and suitability of the Upper and Middle Cheliff plains (northwest of Algeria) for irriga-
tion and drinking. Here the groundwater is the main source for domestic, agricultural and industrial activities similarly to any other region of
the world. The suitability for drinking and for irrigation was evaluated on the basis of water quality index, salinity risk, hardness risk, sodium
risk, magnesium risk, permeability index, water infiltration rate, Kelly index and Wilcox and Richards diagrams. The aquifer system is mainly
composed of alluvium (gravel, sand, silt, clay, ...) from the Mio-Plio-Quaternary. The results of this study highlighted that the majority of the
chemical elements analyzed exceed the WHO's drinking water standards and FAQ's irrigation water standards. Based on the GroundWater
Quality Index (GWQI) results, the Upper and Middle Cheliff groundwater plains shows Doubtful class in most of the plains. In addition, the
GroundWater Quality Index for Irrigation (GWQII) shows the predominance of the Good/Permissible groundwater quality class in most of
the plains. According to these results, drinking water can cause health problems (a danger) for the human consumption making necessary
a proper treatment be able to use it. As for irrigation water, it does not present a danger for irrigating for the vast fields of the region, with the
exception of sensitive crops such as: garlic, onion, beans and strawberry. The proposed approach demonstrated to be appropriate in asses-
sing the groundwater quality for irrigation and drinking water supply since it can be easy applicable and suitable in humid, arid or semi-arid
regions around the world.
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HIGHLIGHTS

® The study aims to assess groundwater quality of the Upper and Middle Cheliff plains (northwest of Algeria) for irrigation and drinking water
supply.

® Groundwater Quality Index for drinking shows a predominance of the Doubtful class in the plains.

® Groundwater Quality Index for Irrigation shows a predominance of the Good/Permissible class in the plains.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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Index map (GWQII) of the irrigation groundwater quality in the Upper and Middle Cheliff alluvial aquifers for Dry period 2017

INTRODUCTION

Groundwater represents the main resource of potable water all over the world (Margat & Van Der Gun 2013), with an esti-
mated exploitation rate of 982 km>/year. About 70% of the latter is commonly used for irrigation (Siebert et al. 2010)
providing nearly half of the world’s drinking water needs (Smith ef al. 2016). The Mediterranean region, which is considered
as one of the water-poorest regions in the world (Leduc et al. 2017), could even reach higher than average percentage of
water exploitation. This is particularly true in the state of Algeria where the exploitation index of renewable water
(surface water and groundwater) is reaching its maximum of sustainability (El Jihad & Taabni 2019) with a rate approximately
of 67%.

In Algeria, water is a precious and rare resource since it can be scarce and very poor in many places. Groundwater is the
main source of potable water in the country (irrigation and municipal use) due to its relatively easy utilization, but the growing
overexploitation has driven to an increasing reduction and pollution of this precious resource. According to this scenario, the
necessity of a specific and reliable groundwater quality study become imperative (FAO 2016).

The Upper and Middle Cheliff alluvial aquifers, located in northwestern Algeria, are a perfect example of arid places with a
semi-arid climate characterized by a high evapotranspiration rate. In recent years, the area saw important population growth
as well as an industrial and agricultural development. The application of the National Program for the Development of Agri-
culture (NPDA) developed in 2000 along with the National Fund for the Regulation of Agricultural Development (NFRAD)
in 2001 triggered a huge increase of water demand for irrigation, leading to an intensive overexploitation of the local alluvial
aquifers. This overexploitation also generated a worrying situation of groundwater quality deterioration and pollution suscep-
tibility making mandatory to determine the spatial discretization of groundwater quality.
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Several tools have been proposed and tested around the world using both physicochemical and biological parameters for
describing water quality and among the others, the water quality indices (WQIs) are the most used one (Machiwal ef al. 2018).
The WQI approaches are useful tools used to convert complex databases into easily interpretable results and have been
widely used in recent years to characterize the groundwater quality (Papazotos et al. 2019).

Mehdaoui et al. (2019) studied physicochemical and bacteriological characterizations for groundwater quality assessment
in the Middle Ziz Valley, south-east of Morocco. Abboud (2018) evaluated the geochemistry and groundwater quality of the
Yarmouk Basin aquifer in northern Jordan. An & Lu (2018) investigated the main hydrogeochemical processes and causes of
groundwater pollution in the northern Ordos Basin in China. Chitsazan ef al. (2019) examined the hydrochemical processes,
quality change and pollution of groundwater, in Iran. Khodabakhshi ef al. (2015) coupled WQI with DRASTC methodology
in Iran while Rufino et al. (2019) and Rufino et al. (2021) proposed specifics WQI for potable, drinking and irrigation
purpose, along with a drinking hazard risk for South Italy.

In Algeria, Gouaidia et al. (2013), Touhari ef al. (2015), Bouderbala (2017), Gorine et al. (2020), Rezig et al. (2021) already
investigated groundwater quality and surface water status for drinking and irrigation purposes. They identified the main
anthropogenic hydrogeochemical processes responsible for groundwater pollution (domestic waste, untreated wastewater
and intensive use of chemical fertilizers in agriculture) and for groundwater quality degradation. Accordingly, groundwater
quality assessment has become a necessary and mandatory task to achieve for the current and future qualitative management
groundwater, also in view of expected climate changes, which will further decrease the groundwater availability in Mediter-
ranean regions (Busico ef al. 2021).

In this scenario, the main goal of this study is to evaluate the spatio-temporal groundwater suitability for human consump-
tion and irrigation in the Upper and Middle Cheliff plains. This study tried to updated the preexistent scientific basis in the
groundwater quality deterioration and its sources in this region and to provide valuable insight for future research.

A combination and implementation of hydrogeological and hydrogeochemical approaches such as piezometry variation (wet
and dry periods) and physicochemical quality will be applied and evaluated simultaneously to obtain a more accurate and
reliable evaluation of groundwater availability and quality. Moreover, the results of four measurement and sampling campaigns
carried out in different years (2012 and 2017) will allow the analysis of groundwater quality changes through time. All date have
been digitalized and spatialized using geographic information system (GIS) to allow a reliable spatial distribution of the results
(Ramachandran et al. 2020). Four indices were calculated: Groundwater Quality Index (GWQI) for human consumption,
sodium adsorption index (SAR), percent sodium (%Na) and percent exchangeable sodium (ESP) for agricultural use.

Study area

The basin of the Upper and Middle Cheliff is an intra-mountainous basin, located in the northwest of Algeria and it is part of
the Cheliff hydrographic basin (ABH 2004). Geographically, the study area (Figure 1) is located between longitudes 1° 00" and
3° 20’ East and latitudes 35° 40’ and 36° 30’ North. The study area corresponds to the center of what geographers call the
‘Maghreb’. It can be divided into eleven sub-basins areas according to the geomorphological delimitations. They are drained
by the Chlef wadi which crosses them over a length of about 349 km (ABH 2004). It covers an area of 10,916 km?. The valley
of the Upper and Middle Cheliff crossed by the Chlef wadi is located in the northern part of the watershed, which occupies
10% of the total area of the basin. It is composed of three plains: the plain of the Upper Cheliff (plain of El-Khemis), the plain
of the Middle Eastern Cheliff (plain of El Abadia-El Amra) and the plain of the Middle Western Cheliff (plain of Chlef). These
plains are made up of coarse alluvial deposits, occupying an area of 1,070 km? (Upper Cheliff: 370 km?, Middle Eastern Che-
liff: 360 km? Middle Western Cheliff: 340 km?).

The study area is characterized by Mediterranean climate (semi-arid). The rainfall distribution is very spatially marked.
North of the study area, interannual precipitation (1972-2014) is very important on the southern slopes of the Dahra and
Zaccar mountains, with a yearly average of more than 600 mm. Precipitation decreases in the plains of Upper and Middle
Cheliff where it varies between 300 and 400 mm for year. The average annual temperature is about 18.5 °C.

Geologically, the upper and middle Cheliff basin corresponds to a large synclinorium of the Neogene and Quaternary age
where more than 3,000 meters of sediments have been accumulated through time (Glangeaud 1955; Perrodon 1957; Mattauer
1958; Kireche 1977; Meghraoui 1982). However, this system is mainly made of formations of Mio-Plio-Quaternary age
(Figure 2) (Meghraoui et al. 1986; Kireche 1993; Achour et al. 1998). The quaternary formations are represented by alluvium
while the Miocene and the Pliocene sediment are represented by sandstone. The carbonate formations that border the plain
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Figure 1 | Location of the Upper and Middle Cheliff watershed.

are of secondary age (Zaccar, Doui, Témoulgat and Dahra massifs) (Perrodon 1957; Mattauer 1958; Lepvrier 1971; Lepvrier
1978; Kireche 1977; Meghraoui 1982; Djeda 1987; Achour 1997).

From a hydrogeological point of view and based on the lithostratigraphic and structural characteristics of the study area,
five main aquifers have been identified (Figure 3):

(i) fissured limestones with lithothamnium, (ii) the Astian marine sandstones and the dune sands with helix, (iii) sand-
stones, conglomerates and sands of Villafranchian (red layer), (iv) the coarse alluvium of the Cheliff and its tributaries;
and finally (v) the ancient quaternary complex.

Piezometry

The piezometric monitoring allowed to define the general flow direction and to identify the main hydraulic gradient. The
piezometric maps reveal no significative changes in the piezometric curve morphology during the wet and the dry periods
in the two years 2012 and 2017 reflecting the same overall flow regime. All the piezometric maps indicate that the water
table flows from the edges towards the central axis of the valley before taking an east-west direction parallel to the main water-
course of the Chlef wadi (Figures 4 and 5). Anomalous disturbance of the piezometric levels is observed in some places, along
the Chlef wadi, due to wells overexploitation to ensure supplies.
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Figure 2 | Simplified geological map of the study area (Perrodon 1957; Mattauer 1958).

MATERIALS AND METHODS
Data collection and analysis

Water samples belonging to the Upper and Middle Cheliff alluvial aquifers were collected from wells and piezometers during
the months of May, June, October and November following the wet and dry periods of 2012 and 2017. The database includes
two sampling campaigns: in 2012 with 63 water samples (43 wells and 20 piezometers) in the wet period and 71 water
samples (47 wells and 24 piezometers) in the dry period. However, another series of two sampling campaigns, organized
respectively in the months of May and October of the year 2017, allowed the collection of 38 water samples (26 wells and
12 piezometers) in the wet period and 48 water samples (33 wells and 15 piezometers) in the dry period. The physicochemical
parameters include pH, electrical conductivity (EC) and temperature (T), which were measured in situ. In addition, Ca®",
Mg?*, Na*, K*, Cl-, SO%~, HCO3 and NO5 were determined using a Dionex 120 ion chromatography in the CRNA labora-
tory and using a UV Spectrophometer, turbidimeter and colorimeter in the ANRH laboratory.

The ionic balance-error is within the acceptable limit of 4 5%. The results obtained in this study were analyzed, interpreted
and presented in the form of tables and thematic maps to give an idea about the quality of the water quality and their spatial
and seasonal evolution by using GIS (the software ArcGis) and the statistical software (the software SPSS).

Groundwater quality index (GWQI)

The GWQI has been calculated to determine the suitability of water for drinking and irrigation purpose. The WQI, allow to
obtain a number that expresses the water quality based on several quality parameters (Kumar & Dua 2009). The methodology
of calculating the GWQI is described in details by many authors (Pradhan et al. 2001; Asadi et al. 2007; Dwivedi & Patha
2007; Yidana et al. 2008; Varol & Davraz 2015; Aher et al. 2016; Bouderbala 2017; Bekkoussa ef al. 2018; Bodrud-Doza et al.
2020; Ramachandran et al. 2020; Talhaoui et al. 2020; Mehreen et al. 2021).

The calculation procedure consists of three steps. In the first step (1), a weight (wi) based on their perceived effects on
human health (Table 1) was assigned to each parameters. The maximum weight of 5 was assigned to EC, Cl-, SO~ and
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Figure 3 | Interpretative hydrogeologic sections in the study area.

NOj3 due to their importance in assessing water quality (Srinivasamoorthy ef al. 2011). The minimum weight of 1 was instead
assigned to HCO3 and K*, as they do not play a significant role in the water quality evaluation. Finally, Ca®>*, Mg*" and Na™
were assigned a weight between 2 and 5 according to their importance in the overall quality of drinking water. Generally, the
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Figure 4 | Piezometric map of May 2012 (Dry period).
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Figure 5 | Piezometric map of June 2017 (Wet period).

Table 1 | Water quality parameters, standard values, ideal values and water weight factors (Bouderbala 2017)

Drinking water Irrigation water
Parameters (s) Weight (wi) Relative Weight (W;) Ayers & Westcot (1988) Weight (wi) Relative Weight (W;)
pH 9 3 0.081 9 3 0.075
Electrical conductivity (uS/cm) 1,500 5 0.135 2,250 5 0.125
Chloride (mg/L) 250 5 0.135 350 5 0.125
Sulphates (mg/L) 250 5 0.135 250 5 0.125
Calcium (mg/L) 100 2 0.054 200 5 0.125
Sodium (mg/L) 150 5 0.135 200 5 0.125
Potassium (mg/L) 12 1 0.027 10 3 0.075
Magnesium (mg/L) 50 5 0.135 100 5 0.125
Bicarbonates (mg/L) 250 1 0.027 400 2 0.05
Nitrates (mg/L) 50 5 0.135 50 2 0.05
Total 37 01 40 01
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weights (wi) were assigned to the measured parameters based on their relative importance in the overall water quality for
irrigation purposes and potential effects on soils and plants (Bouderbala 2017).
In the second step (2), the relative weight (W;) of each parameter is calculated using the following formula:

where W; is the relative weight, wi is the weight of each parameter, n is the number of parameters.

The weight (wi), relative weight (W;) and WHO standards for each parameter are given in Table 1.

In the third step (3), a quality rating scale (q;) for each parameter is assigned by dividing its concentration in each water
sample by its respective standard according to the WHO guidelines established in 2008 and FAO (Ayers & Westcot
1988), using the following equation:

q; = (Gi/S;) x 100

where C; is the concentration of each parameter, S; is the threshold limit according to the standard expressed in mg/1. Finally,
the water quality index is calculated by the following formula (Krishan ef al. 2016):

GWQI = 3" Wig;

The final groundwater classification for drinking and irrigation will be made according to the Table 2.

Salinity and irrigation indices

Along with GWQ), several other indices were considered to determine the water suitability for irrigation purpose (Table 3):
salinity (EC), sodium absorption ratio (SAR), %Na, soluble sodium percentage (PSS), residual sodium carbonate (RSC),
exchangeable sodium percentage (ESP), permeability index (IP), magnesium adsorption ratio (MAR), Kelly’s Ratio and
graphical methods (Wilcox and Richards diagram). Specifically:

EC is a useful parameter to estimate mineralization (Hceflcd 2006). The electrical conductivity of water is an indirect
measure of the ions content (Ca%*, Mg?*, Na*, K*, HCO3, SOZ~, Cl-, NOs, ...). A water with an EC of more than
3,000 uS/cm is generally considered unsuitable for irrigation.

The SAR is an indicator of the water sodization risk that can generate the irrigation water for a well-defined situation and is
an important parameter in determininig the groundwater suitability for irrigation (USSL 1954). This index is calculated by the
formula developed by Gapon (1933) and Richards (1954). It is a measure of alkali/sodium hazard to crops. A very low SAR
(less than 2) indicates no sodium hazard; a low SAR (2 to 12) indicates a low sodium hazard. Medium hazard is indicated
between 12 and 22 and high hazard is presented between 22 and 32. A very high hazard over than 32.

The combination of EC and SAR has also been used to determine the water suitability for irrigation (Richards 1954).

Chloride occurs naturally in groundwater due to leaching of salt deposits including halite, dissolution of salt deposits and
anthropogenic pollution. The Cl~ concentration in water depends on the water origin, the terrain through which it flows, the

Table 2 | Water classification according to the GWQI (Sahu & Sikdar 2008)

Cl:;i(:_nd Quality Index Definition of the quality class
<50 Excellent Water
50-100 Good Water

100-200 Permissible water
200-300 Doubtful

03
04
_ > 300 Water unsuitable for drinking or irrigation
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Table 3 | Water quality parameters used for the calculation (All ionic concentrations in the formulas are expressed in meg/L; and %Na and IP

in %)
Water quality parameters Formulas References
Sodium absorption ratio (SAR) SAR = __Na Richards (1954)
Ca+ Mg
2
. Na + K .
0 0 - cers
Sodium percentage (% Na) oNa Cat Mgt NaiK x 100 Wilcox (1955)
. Na x 100
Soluble sodium percentage (SSP) SSP = CatMgsNaiK Eaton (1950)
Residual sodium carbonate (RSC) RSC = (CO5 + HCO3) — (Ca + Mg) Richards (1954)
Exchangeable sodium percentage (ESP) ESP = 100 x (~0.0126 + 0.0147 SAR) Abdul Hameed ef al. (2010)

1+ (—0.0126 + 0.0147 SAR)

e _ Na+HCO;
Permeability index (IP) P= Ca+t Mg Na x 100 Doneen (1964)
Magnesium adsorption ratio (MAR) RAM = Mgl\/_l‘rg Ca” 100 Szabolcs & Darab (1964)
Kelly’s ratio RK — - N&__ Kelly (1963)
J " Ca+ Mg v

chemical composition of the soils, the pollution of septic tanks and rocks that are in contact with the water sources. Generally
it is not absorbed or retained by soils but absorbed by crops. Toxicity limits of Cl~ for some fruit crops are given by Ayers &
Westcot (1988) with a concentration above 12 meq/1.

Excessive Na* in relation to Ca®* and Mg?* concentrations could causes damage to the soil structure. It reduces the per-
meability of the soil to water and air, resulting in less water availability for the plant and negative effects on soil aeration
(Arveti ef al. 2011). Several classifications are used to assess the water quality for irrigation. The most used are the Wilcox
classification based on EC and Na™ content in water expressed as a percentage (Gouaidia 2008), the %Na and SSP. Accord-
ing to the World Health Organization (WHO), %Na of 60 is the maximum recommended limit for the irrigation water.

It has been found that in cases where the chemical facies of agricultural water is chlorinated, SAR frequently minimizes the
sodalization and alkalization risks. For this reason, the determination of RSC was chosen to assess the quality watery of irri-
gation. RSC is a rapid test to determine if the irrigation water can release free Ca®* and Mg?* into the soil. All water with a
RSC value less than 1.25 meq/L is considered suitable irrigation. SSP and RSC are used to assess the sodium risk (Meena &
Bisht 2021).

ESP is the main factor considered in determining the water suitability for irrigation. The %Na/ESP versus EC parameters
using the Wilcox diagram was commonly used to classify the irrigation water (Richards 1954; Wilcox 1955).

Pl is a key factor in determining the water quality of irrigation in relation to the soil for agricultural improvement (Doneen
1964).

The Magnesium Adsorption Ratio (MAR) is indicator that can be used to specify the danger of Mg?*. It is proposed, defined
and developed for irrigation water by Szabolcs & Darab (1964) and Raghunath (1987). In ordinary cases, excess Mg?" in
groundwater can reduce soil structure which influences crop yield (Arveti ef al. 2011; Nagaraju et al. 2014). MAR values
exceeding 50 are considered unsuitable for irrigation (Raghunath 1987).
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Kelly’s Index (Kelly 1963) is calculated to assess the water suitability for irrigation. A Kelly’s ratio greater than 1 indicates
excess sodium in the water.

Spatial representation map
The spatial distribution maps of GWQI values were created using the inverse distance weighting (IDW) interpolation tech-
nique. IDW is a deterministic method for multivariate interpolation where the relative influence of an observation point
decreases with the distance (Benjamin 2007). The IDW method proved to produce satisfactory results in several similar
studies. It was successfully used by several authors to estimate the spatial distribution of groundwater quality (Venkatramanan
et al. 2016; Hamouche et al. 2021; Koussa & Berhail 2021).

The produced maps allowed the representation of the geo-spatial distribution of groundwater quality and specifically give
the possibility to:

(i) classify the water points according to their quality indices, (ii) to plan water management (drinking water, industry or
other uses), (iii) to identify suitable areas for exploitation and (iv) point out the pollution sources on the territory.

RESULTS AND DISCUSSIONS

Descriptive statistics

The descriptive analysis for the two years is shown in Table 4. The descriptive statistical indices were the minimum and maxi-
mum values, the mean, the standard deviation and the coefficient of variation.

Table 4 shows that the standard deviation values in most cases are lower than the mean indicating low dispersion. They
highlight an hydrochemical homogeneity of the water sampled in the aquifer.

The coefficients of variation calculated in 2012 and 2017 are high for Ca?*, Mg®>", SO2~ and NOj3 ions and very high for
Na't, K™ and Cl~ ions which indicates a significative spatial variability (spatial heterogeneity) of these elements. The results
show that the pH varies between 7 to 9.4 in 2012 and 5.1 to 9.4 in 2017. The pH does not show a large difference between the
four sampling periods.

The mineralization is relatively high with a dry residual value ranging from 470 to 12,727 mg/l in 2012 and 392 to
9,423 mg/l in 2017. Chloride ion can be a very good indicator of surface pollution in areas far from the sea. The Cl~ concen-
trations range from 81 mg/I to 7,660 mg/l in 2012 and 87 mg/I to 5,700 mg/I in 2017.

Table 4 | Statistical results of groundwater physicochemical variables in 2012 and 2017

Wet period Dry period

Year Parameters Max Min Mean SD cv Max Min Mean SD cv

2012 Ca%* mg/1 979 38 219 150.23 0.68 1,143 35 246 165.39 0.67
Mg>* 940 25 145 121.18 0.83 1,266 20 186 164.01 0.88
Na* 1,650 43 329 299.13 0.91 1,990 13 322 342.53 1.06
K* 30 1 6 7.06 1.23 50 01 7 7.87 1.14
Cl™ 4,980 124 804 792.03 0.98 7,660 81 932 1,072.03 1.14
SO;~ 2,610 31 461 426.07 0.92 2,590 9 456 434.00 0.95
HCO3 641 76 318 110.67 0.34 763 31 342 142.07 0.41
NOs3 100 0 50 38.42 0.77 195 0 53 44.26 0.82
TDS 12,727 700 2,442 1,841.92 0.75 15,764 470 2,884 2,304.80 0.79
pH 9.4 7.00 7.90 0.33 0.04 8.7 6.8 7.8 0.34 0.04

2017 Ca%* mg/1 990 14 275 173.52 0.63 701 4.1 214 132.15 0.62
Mg2+ 240 5 68 55 0.80 140 3.8 70 35.08 0.50
Na* 2,100 55 320 379.56 1.18 2,900 11 393 490.55 1.25
K* 20 02 05 3.56 0.65 38 0 8 7.51 0.98
Cl™ 4,720 110 786 863.22 1.09 5,700 87 752 911.30 1.21
SOz~ 1,035 01 310 253.00 0.81 1,100 4.2 284 223.26 0.78
HCO3 534 46 280 106.71 0.38 488 27.45 278 108.46 0.39
NOj3 111 0 40 34.01 0.85 225.5 0 61 60.20 0.98
TDS 7,659 392 2,125 1,529.57 0.72 9,423 497 1,975 1,584.04 0.80
pH 8.3 7.1 7.9 0.28 0.03 9.4 5.1 7.6 0.62 0.08
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More than 90% of the analyzed water points show a Cl~ increasing trend. These contents exceed the OMS fixed standard,
which is 250 mg/1. The excessed Cl ™, in this aquifer, may be related to dissolution of evaporate formations (the dissolution of
halite) and wastewater infiltration. The increase in Cl~ concentrations that accompanied the low Na™ concentration is due to
the base-exchange phenomenon as the bedrock clays can release Ca®" ions after binding Na™*.

For the HCOs, the evolution of concentrations shows that only 40% of the points analyzed have values above the WHO
drinking water standard (50 mg/1). This is due to the excessive use of nitrogen fertilizers and pesticides in agricultural activi-
ties, and from the carbonate rock. Livestock and wastewater may be another origin of HCOj in this area. Nitrates can be used
as indicators of water chemical pollution. As reported by different authors (Girard & Hillaire-Marcel 1997; Njitchoua ef al.
1997; Stadler et al. 2008; Bernard-Jannin et al. 2017; Busico et al. 2018; Leulmi et al. 2021), the presence of high NO5 con-
centrations in aquifers under arid climate would be due to anthropogenic pollution.

The results of physicochemical analyses were also compared to the standards recommended by the World Health Organ-
ization. Water intended for human consumption must be free of all pollutants and impurities. The physicochemical analysis
percentage values of the samples are represented in Table 5.

The physicochemical analysis for the two observation periods shows that more than 60% of the water points exceed the
recommended standard for the drinking water. The pH measurements show that all the water points are within the range
of drinking water standards during the wet and dry periods in the both years. This indicates that the pH values are close
to the natural values. The main sources of Ca>" and Mg?" in groundwater is related mainly to two natural origins: the dis-
solution of carbonate formations such as dolomite (CaMgCOs), the dissolution of gypsum formations such as gypsum
(CaS0,) and other minerals such as apathite (Cas(PQy)3) or fluorite (CaF) (Bakalowicz 1979).

The water potability can be evaluated by the total water hardness presented by the sum of the Ca®>" and Mg®" concen-
trations. It is expressed in French degrees and calculated by the following formula:

Total hardness = (rCa?* + rMg?*) x 5(°F)

The results of the calculation of this parameter are shown in Table 6.
The total hardness calculated for the groundwater of the Upper and Middle Cheliff alluvial aquifers shows hard to very hard
water. These results show that the groundwater has a Permissible to Doubtful for drinking.

Classification of waters according to the Piper diagram

The interpretation of the hydrochemical analyses results allowed having an idea about the groundwater chemical facies of the
Upper and Middle Cheliff aquifers, their evolution over time and the natural or anthropogenic conditions. According to the
Piper diagram representation (Figure 6), the water chemical facies of the Upper and Middle Cheliff alluvial aquifers is domi-
nated by the Ca>", Na* and Cl~ (cations/anions), which explains the dominance of the chloride-sodium and chloride-calcium
facies for the two observation years (2012 and 2017). It is can be due to the alluvial formations dissolution of the Mio-Plio-
Quaternary and the evaporate formations (gypsum formations) presented in the study area.

Groundwater quality index (GWQI)

Ten parameters analyzed from 134 water points in 2012 and 86 water points in 2017 were used to calculate GWQI. The par-
ameters used are: pH, EC, Ca?*, Mg?>", Na*, K, Cl-, HCO3, NO3 and SO7 .

Table 5 | Physicochemical analysis percentage values of the samples

ca*' mg? Na‘ K' cl- S0~ HCO; NO3 DS
mg/l
Element pH
Year WHO standards 100 50 150 12 250 250 250 50 1,500 6,5< pH <9,5
2012 Wet period 22% 13% 33% 87% 19% 48% 21% 51% 32% 100%
Dry period 15% 11% 46% 87% 14% 45% 22% 49% 28% 100%
2017 Wet period 25% 50% 85% 92% 12% 52% 42% 72% 40% 100%
Wet period 18% 31% 23% 85% 21% 54% 39% 58% 52% 98%
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Table 6 | Classification of samples according to their water hardness

Total hardness (°F) 0-7 07-14 14-22 22-32 32-54 >54
Water qualification Very soft Sweet Moderately soft Quite soft Hard Very hard
(%) of samples Wet period 2012 0 1 0 5 18 76
Dry period 2012 0 0 1 4 13 82
Wet period 2017 0 2 10 8 8 72
Dry period 2017 4 0 6 5 12 73
Domestic Use Good water for Permissible water for drinking Doubtful to water
drinking unsuitable for
drinking
Period 2012 Period 2017
100 100

Chiorinated and sulphated
calcium and magnesium
compounds

g/ /e
& o &o
/ey
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7%
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Figure 6 | Presentation of Upper and Middle Cheliff alluvial aquifers on the Piper diagram (Red points: wet period 2012 and 2017; Green
points: dry period 2012 and 2017).

The GWQI values were calculated for each sample (Table 3) and it is presented in Table 7.
The results analysis provided us with the following information:

- Four quality classes (Good quality, Permissible, Doubtful and Unsuitable for consumption and irrigation) were identified in
the year 2017 while five classes with the addition of the Excellent quality class in the year 2012 (dry period).

- 1.40% of water points analyzed, specifically only 1 point out of 132 in 2017, has been characterized with Excellent water
quality (Pz 5) for human consumption.

- From 16.90% to 21.31% in 2012 and from2.63 to 4.16% in 2017 presents the Good quality water for consumption,
respectively.

- It is noted that most of the points are above the limit of Good quality: 80% in 2012 and 95% in 2017.

For example, the monitoring of groundwater quality has shown deference in the number of quality classes in the two cam-
paigns from the same period (dry period). We note that the 2017 campaign has 4 classes while the 2012 campaign has 5
classes. This is due to the following reasons:

- The effect of precipitation and evaporation on groundwater mineralization: rainfall in 2012 was marked as a wet year
(450 mm) and 2017 was marked as a dry year (360 mm), compared to 2012.
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Table 7 | Groundwater quality statistics using the GWQI

Type of water

Water unsuitable for

Periods Excellent Good Permissible Doubtful drinking
Wet period 2012 Number of samples 00 13 26 15 07

% 00 21 43 25 11
Dry period 2012 Number of samples 01 12 30 16 12

% 02 18 39 23 18
Wet period 2017 Number of samples 00 01 16 15 06

% 00 03 42 39 16
Dry period 2017 Number of samples 00 02 22 19 05

% 00 04 46 40 10

- Socio-economic development in the year 2017 compared to 2012 causing the increase in water needs, the increase in the
discharge of domestic wastewater and industrial and the degradation of groundwater quality.
- The return of salty irrigation water to the aquifer (increasing groundwater concentrations).

Figure 7 shows the spatial distribution of GWQIs of the Upper and Middle Cheliff alluvial aquifers for the wet and dry
periods years of 2012 (Figure 7(a)) and 2017 (Figure 7(b)).
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Figure 7 | Index map (GWQI) of the groundwater quality in the Upper and Middle Cheliff alluvial aquifers in 2012.
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The analysis of the four maps (Figures 7 and 8) shows that the overall water quality was better in 2012 compared to 2017.
The water points with very low quality are located in: (1) the south-east of the Haut Cheliff plain; exactly in the regions of Bir
Ouled Kalifa, Khemis Miliana and Djendal, (2) the west of the plain of Middle Cheliff; precisely in the region of El Attaf, near
to Djebel Témoulga, and (3) the center of the Middle Western Cheliff plain, near the cities of Chlef and Boukadir. This
deterioration can be due to (i) the leaching of Triassic formation outcropping in the southern part of the plain of Khemis Mili-
ana, (i) the loaded water with SOF~ and Cl~ transported by Massine and Deurdeur wadis and (iii) the ascent of the deep
salted water in the El Attaf region. Only the northern part of the Middle Cheliff plain, between El Amra and El Abadia is
characterized by the Good to Excellent water quality.

The spatial analysis of the GWQI map of the Upper and Middle Cheliff alluvial aquifers showed that:

- 65 km? of the area is classified with from Good to Excellent quality. These areas are located in the northern and northeastern
part of the Middle Cheliff plain and west of the city of Arib. This area is decreasing in 2017.

- More than 450 km? of the area is characterized by a Doubtful groundwater quality (observed almost in all the part of the
plain in 2017) in particular around the points located in the region of Khemis Miliana, Djendal, El Attaf and Chlef cities.

- We note an increase in the area of non-drinking water quality (Unsuitable for drinking) from 2012 to 2017, indicating
exposure of groundwater in the Upper and Middle Cheliff alluvial aquifers to several natural and anthropogenic pollutants
over the five years.

- Finally, we can conclude that some wells located in El Abadia and El Amra cities have Good quality water for drinking.
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Figure 8 | Index map (GWQI) of the groundwater quality in the Upper and Middle Cheliff alluvial aquifers in 2017.
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Water quality for irrigation uses

As discussed before, groundwater is the main resource of irrigation in semi-arid areas and salinity can cause significant
adverse effects due to the binding of Na* and Cl~ salts by soil colloids.

The water suitability for a specific use depends on the types and quantities of dissolved salts. The accumulation of these
chemical elements in the water, in the form of water-soluble salts, can negatively affects the characteristics of the soil. More-
over, they cause disorders in the metabolism of plants and in the osmotic process (Todd 1980). Indeed, these salts cause the
risk of soil salinization.

- The SAR values of the groundwater samples (Table 8) range from 0.20 to 20.39 in 2012 and 0.19 to 42.93 in 2017.

- For the EC values (Table 8), more than 56 and 31% of the groundwater samples exceed a value of 3,000 uS/cm, for years 2012
and 2017, respectively. In addition, all water samples fall into the Permissible to Doubtful/Unsuitable categories for irrigation.

- According to the Richards diagram (Figure 9), the water samples belong to the following classes:

a- C3-S1: Average to poor quality, used with caution; requires drainage with leaching and/or whitewash application.

b- C4-S1: Poor to mediocre water quality, used with caution for heavy soils and sensitive plants, use for light and well-
drained soils requires a leaching dose and/or whitewash contribution.

c- C4-S2: Very bad quality water used only for light and well-drained soils and for resistant plants with necessity of leaching
doses and/or whitewash contribution.

d- C4-S3: Very bad quality used only for exceptional circumstances. Water not recommended for irrigation.

Table 8 | Classification of groundwater quality for irrigation

Wet period Dry period Wet period Dry period
2012 2012 2017 2017
Classification pattern Categories Ranges Nbr % Nbr % Nbr % Nbr %
Sodium absorption ratio (SAR) Very low <2 18 29 28 39 06 16 08 17
Low 2-12 43 68 41 58 30 79 35 73
Medium 12-22 02 03 02 03 02 05 01 02
High 22-32 00 00 00 00 00 00 03 06
Very high > 32 00 00 00 00 00 00 01 02
Electrical conductivity (EC) Excellent < 250 00 00 00 00 00 00 00 00
Good 250-750 00 00 01 01 01 03 00 00
Permissible 750-2,250 22 35 20 28 15 39 20 42
Doubtful 2,250-5,000 27 43 32 46 18 47 23 48
Unsuitable > 5,000 14 22 18 25 04 11 05 10
Chloride (meq/L) Excellent <4 02 03 05 07 01 03 02 04
Good 4-7 09 14 07 10 04 11 07 15
Permissible 7-12 14 22 13 18 13 34 16 33
Doubtful 12-20 16 26 18 25 14 26 16 33
Unsuitable > 20 22 35 28 40 06 16 07 15
Sodium percentage (% Na) Excellent 0-20 08 13 22 31 02 05 02 04
Good 20-40 34 54 30 42 25 66 23 48
Permissible 40-60 13 20 16 23 06 16 16 34
Doubtful 60-80 07 11 03 04 05 13 04 068
Unsuitable > 80 01 02 00 00 00 00 03 06
Residual sodium carbonate (RSC) Permissible <125 61 97 70 99 37 97 46 96
Unsuitable > 1,25 02 03 01 01 01 03 02 04
Permeability index (PI) Suitable <75 60 95 70 99 35 92 43 90
Unsuitable >75 03 05 01 01 03 08 05 10
Magnesium adsorption ratio (MAR) Permissible <50 36 57 30 42 34 89 38 79
Unsuitable > 50 27 43 41 58 04 11 10 21
Kelly’s ratio (KR) Suitable <1 49 78 62 87 32 84 34 71
Unsuitable >1 14 22 09 13 06 16 14 29

Nbr: Number of samples; (%): Percentage of samples.
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Figure 9 | Richards diagram (Riverside) representation of the groundwater samples in the Upper and Middle Cheliff alluvial aquifers
(Campaigns 2012 and 2017).

In the Upper and Middle Cheliff alluvial aquifers the same water quality for irrigation is found, during the entire obser-
vation period where the lithology influence (geological formations) is observed. For example, near El Attaf city, the high
salinity is explained by a saltwater invasion of deep origin (as a result of the the NW-SE fault replay that truncates the eastern
zone of Djebel Témoulga) and by the Triassic or Permo-Triassic formations rooted on the massif (IFES 2002). Also, near Bir
Ouled Khlif (Massina wadi) and Boukadir cities, the salinity is influenced by the dissolution of evaporite formations (gypsum
formations).

- 60, 66, 50 and 46% of the water samples are unsuitable for irrigation with Cl higher than 12 meq/1 in the wet and dry periods
of 2012 and 2017, respectively (Table 8). The high concentration may be related to halite dissolution and wastewater infil-
tration (Madene ef al. 2020). The higher Cl content in Oued Massin and Attafs regions (near Djebel Témoulga) could be
explained by the saltwater invasion of deep origin (as a result of the the NW-SE fault replay that truncates the eastern
zone of Djebel Temoulga) and by the Triassic or Permo-Triassic formations rooted on the massif (IFES 2002) and presence
of the domestic wastewater discharge from the agglomerations on the left bank of the Chlef wadi.

- The %Na varies from 3.70 to 84.15 in 2012 and from 4.06 to 96.23 in 2017 (Table 8). However, a percentage of 11, 04, 13 and
15% of the water samples analyzed in the wet and dry periods of 2012 and 2017, respectively, are Unsuitable for irrigation.

- The ESP values of groundwater samples range from —0.98 to 38.21 in 2012 and from 0.97 to 22.31 in 2017 (Table 8).

- The water samples classification considering the parameters %Na and ESP in relation to the EC indicates that more than
50% of water samples were classified as an Unsuitable water for irrigation (Figure 10). It can be seen that the groundwater is
undergoing degradation through the effect of the lithology on its quality.

- According to the Wilcox diagram (Figure 10), the water samples belong to the following classes:

* - The Good class: it gathers the water which is weakly mineralized. It occurs in the center and northeast of the El Abadia-
El Amra plain and west of the Khemis Meliana plain near the Arib city and in the southwest of Chlef plain near the edges of
the Ouarsenis massif (dissolution of evaporite formations of Triassic ante-nappes of Ouarsenis) with a percentage of 33 and
25% of water points analyzed in 2012 and 2017, respectively.

* — The Admissible class: it includes water slightly mineralized. It is presented in the North of the El Abadia-El Amra plain
with a percentage of 10% of water points analyzed for the dry period of 2017.

* — The Mediocre (poor) class: it includes the water located in the east of the Khemis Meliana plain and the west of the
Chlef plain near the Boukadir city. While, this class represents only a percentage of 40 and 25% during the years of
2012 and 2017, respectively, for the analyzed water points.
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Figure 10 | Wilcox diagram representation of the groundwater samples in the Upper and Middle Cheliff alluvial aquifers (Campaigns 2012
and 2017).

* — The Doubtful class: It includes water located in the south of the Khemis Meliana plain near the Oued Massin and in the
northeast of the Chlef plain near Djebel Témoulga. While, this class represents a percentage of 25% in the periods of obser-
vation (2012 and 2017) of the water points analyzed.

- The RSC values ranges between 3.81 and —151.33 in year 2012 and 7.22 and —56.20 in year 2017 (Table 8). It revealed that
the Upper and Middle Cheliff aquifers represent 95 to 98% of the groundwater samples where the RSC values less than 1.25.
The following classes were found to be present:

* — Type 01 water (RSC >1.25) with a percentage of 01 to 03% in 2012 and 03% in 2017. They present a major degradation
risk of the physical soils properties by sodization. Two water points (Pz 13 and Pz 15) fall into the RSC >1.25 class showing
a very high risk of residual Alkalinity, indicating an Unsuitable water quality for irrigation.

* — Type 02 water (RSC <1.25) with a percentage greater than 96%. They present a low degradation risk compared to the
previous class (Sumner 1993; Marlet & Job 2006). They can be used for irrigation without any problem (permissible).
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- Groundwater PI values range between 13 and 100 in 2012 and 20 to 116 in 2017 (Table 8). Based on the PI results, the
water samples found in class II are categorized as Permissible to Good for irrigation with the percentage varying from 90
to 95%.

- For the MAR, the calculated values of groundwater samples vary between 24.29 and 100 in 2012 and 2.43 to 87.36 in 2017
(Table 8). Over 49% in 2012 and 16% in 2017 of groundwater samples exceed the limit (MAR >50).

- For the Kelly’s Index, over 17% in 2012 and 23% in 2017 of groundwater samples exceeded the value 1 (Table 8).

The groundwater quality assessment for irrigation was carried out by estimating the Groundwater Quality Index for Irriga-
tion (GWQII). This index is an important parameter to assess groundwater quality and suitability (Avvannavar & Shrihari
2008). In the study area, the GWQII values of groundwater samples range from 28.27 to 808.93 in 2012 and 46.36 to
544.23 in 2017.

For the periods 2012 and 2017, the GWQII indicated poor quality for the majority of points. It is 50% in 2012 and 60% in
2017. We also note that 2% to 4% of the water points analyzed present an unsuitable water quality for irrigation.

The Figures 11 and 12 show the spatial distribution of the GWQII during the two years of study (2012 and 2017). The low
values are observed in the downstream of the study area between El Amra and El Abadia cities; and Ain Defla and Arib cities
(Figure 8(a) and 8(b)). However, the high values are observed in the regions of El Attaf (Djebel Témoulga), Boukadir and
Massine wadi.

In the study area, the relationship between the GWQII and the classical parameters (SAR, EC, Cl, RSC and ESP) indicates
a good correlation (Table 9) where the GWQII gives a satisfactory classification of water quality for irrigation.
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Figure 11 | Index map (GWQII) of the irrigation groundwater quality in the Upper and Middle Cheliff alluvial aquifers in 2012.
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Figure 12 | Index map (GWQII) of the irrigation groundwater quality in the Upper and Middle Cheliff alluvial aquifers in 2017.

Table 9 | Correlation coefficient between the irrigation water quality index (GWQII) and the parameters used to assess irrigation water quality

Correlation coefficient

Parameters Relationship with GwQIl Wet period 2012 Dry period 2012 Wet period 2017 Dry period 2017
SAR GWQII 0.48 0.59 0.73 0.70
EC 0.99 0.99 0.98 0.98
Cl 0.94 0.94 0.92 0.95
RSC 0.93 0.93 0.87 0.68
ESP 0.49 0.59 0.72 0.61
%Na 0.08 0.24 0.19 0.36
PI 0.11 0.02 0.03 0.19
MAR 0.02 0.31 0.17 0.28
KR 0.01 0.24 0.33 0.11
CONCLUSION

The results obtained showed that the majority of the analyzed chemical elements exceed the standards fixed by the WHO.

Moreover, the high contents of Ca®>* and Mg?" contribute in increasing total hardness.
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According to the GWQI, the results show that the groundwater quality has been Permissible to Doubtful utilization. How-
ever, the analysis of the spatial distribution map of the GWQI shows that the downstream part of the study area is
characterized by an Excellent to Good water quality presenting 20% in 2012 and 5% in 2017 of the points analyzed.

Results based on the parameters of SAR, EC, CI, RSC, %Na, MAR, PI, KR and Richards and Wilcox classifications indicate
that the groundwater quality ranges from Good to Unsuitable for irrigation purposes. The salinity risk reveals that 20% of the
water samples fall into the C4-S3 class, which is considered unsuitable for irrigating. Two types of water were recognized by
the Richards method, namely poor to mediocre. The use of its waters could have a negative effect on the soil evolution. The
estimation of the GWQII in the wet and dry periods for 2012 and 2017 shows the predominance of the Good to Permissible
groundwater quality class in most of the plains. However, soil type as well as proper selection of plants should be taken into
consideration. Also, this study suggested that groundwater is Unsuitable for drinking purposes without treatment and quality
measures should be considered while cropping in its irrigation use. Finally, this study demonstrates the flexibility of the pro-
posed approach to assess groundwater quality for irrigation and drinking water supply as to reduce the risk of their use.
Moreover, it provides significant information necessary for the management and sustainability of groundwater in a semi-
arid region. It can be applicable too in humid and arid regions.
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