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a b s t r a c t
During the last decades, Algeria has been subjected to an intense drought that has particularly 
affected the southern region. Consequently, groundwater use has proven to be more than an inev-
itable necessity. The region of Igli, an oasis located in southwestern Algeria at the confluence of 
the Zousfana and Guir wadis, is located 160 km south of the capital city of Béchar. This region 
is part of the ancient Saharan platform and has always experienced water quantity and quality 
problems. The latter situation is only the result of population growth, expansion of the indus-
trial sector, and agricultural development. This study aims to evaluate the infero-flow aquifer of 
the Igli Region and the impact of natural and anthropogenic factors on groundwater quality in 
this region. Samples were collected from 16 groundwater points in the study area. The analytical 
results show that slight alkalinity characterizes the groundwater with an average (pH = 7.59) value. 
High conductivity values represent high mineralization due to an ionic reaction between water 
and host rocks in the dissolution of minerals. In addition, the human factor is responsible for the 
discharge of untreated urban wastewater and septic tanks arbitrarily located in the study area.
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1. Introduction

Worldwide, water quality and quantity are under 
threat [1]. Most countries are experiencing significant 
water shortages, especially in arid and semi-arid regions 
[2]. Despite new dams and desalination, Algeria will have 
a water deficit of 1 billion m3 by 2025 [3]. To cope with the 
growth in water supply for agricultural and urban pur-
poses in the Saharan oasis, significant mobilization of water 
resources from deep aquifers (Continental Intercalative 
and Complex Terminal Aquifers) has been necessary [4,5]. 
However, the considerable increase in flow rates and the 

haphazard use of water resources have resulted in waste-
ful use, resulting in huge amounts of excess water, which 
has caused surface water tables to rise and promoted 
environmental degradation [6].

Saharan oases owe their survival and success to the 
considerable availability of underground water reserves in 
an environment as harsh and hostile as the Sahara. For a 
correct groundwater study, attention must be paid to quan-
titative and qualitative aspects. pH is an important para-
meter to characterize the acid–base properties of water and 
the quality of water for drinking uses; permissible limits for 
pH in drinking water range from 6.5 to 8.5 [7]. pH values 
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in drinking water outside of the allowable values can cause 
eye irritation, skin irritation, and gastrointestinal upset [8]. 
Electrical conductivity is the parameter that indicates the 
ability of water to transfer electrical current. The World 
Health Organization has confirmed that electrical conduc-
tivity (EC) values in water must be less than 1,500 μS/cm 
to be potable [7]. Total dissolved solids (TDS) values are 
considered a basic indicator of whether the groundwater 
studied is suitable for drinking and irrigation, especially 
water recorded with high TDS values.

According to the World Health Organization, the allow-
able value of TDS should not exceed 1,000 mg/L to avoid 
consumer health issues [9]. Calcium Ca2+ and magnesium 
Mg2+ are the most important cations in the physico- chemical 
parameters of groundwater. According to the standards 
adopted by the World Health Organization, the maximum 
allowable values for calcium should not exceed 200 mg/L. 
As for magnesium, no maximum value has been set, but 
the imbalance in the values of these elements can lead to 
health damage such as hypertension diseases, bone prob-
lems, cardiac arrhythmias, and many other symptoms of 
excess or deficiency of calcium and magnesium in drinking 
water [10]. Researchers have classified sodium Na+ as one of 
the most abundant elements in natural water [11]. Through 
experiments, it has become clear that exceeding permissible 
sodium levels contribute to many diseases, including blood 
pressure, arteriosclerosis, and hyperosmolarity [12].

In addition, higher sodium values negatively affect 
agricultural land and the quality of crops by damaging 
the soil [13]. The maximum value for sodium has been 
set at 200 mg/L [7]. Chloride Cl– is an important anion in 
natural waters. The recommended chloride values for 
drinking water should be less than 250 mg/L. Excessive 
amounts of chloride in water are generally estimated to 
indicate groundwater contamination and pollution [14]. 
Nitrate values are an important anion that measures 
groundwater contamination rates from a source of possi-
ble pollution sources (wastewater, excessive fertilizer use, 
etc.). The desirable limit of NO3

– in drinking water should 
not exceed 50 mg/L [7]. Consumption of water with nitrate 
values above this threshold can negatively affect the  
human body [15].

This study conducts a physico-chemical characteri-
zation of groundwater in the alluvial aquifer of the Igli 
Region to determine the degree of compatibility of these 
waters with major human and agricultural activities in 
the study area. Many scientists and researchers have con-
firmed that the study of the change in the concentration of 
major ions in spatial and temporal terms may be sufficient 
to perceive the characteristics and processes controlling the 
water chemistry [16–18]. During this study, we used the 
graphical representation of the concentration of the stud-
ied water samples to know the spatial effect of the location 
of the samples on the characteristics of the water chem-
istry according to the geological diversity of each part of 
the study area [19,20]. Numerous graphs were used, such 
as the Piper diagram, to determine the chemical facies of 
each sample and the interrelationships between them 
through the use of cluster analysis, which classifies these 
samples into small interconnected groups based on location 
[21–23]. Principal component analysis (PCA) was applied 

to the sampled chemical parameters to better understand 
groundwater hydrochemistry [24,25].

2. Study area

The territory of the commune of Igli is located in the 
center of the province of Béchar, in the South-West of 
Algeria (between 2°10’ and 2°20’ West and between 30°20’ 
and 30°35’ North). Its capital is 153 km south of the city 
of Béchar, 63 km south of Taghit, and 75 km north of 
Béni Abbès, two famous tourist sites in the region. Igli is 
the point where the rivers Guir and Zousfana meet, thus 
becoming the Oued Saoura (Fig. 1). The region of Igli is 
under the influence of a hyperarid climate with a hot and 
dry summer and very cold winter and precipitation that 
does not exceed 83 mm/y. In May 2021, 8,180 people were 
working mainly in agriculture and livestock.

2.1. Geological setting

The study area belongs to the Saharan platform [26]; 
it is characterized by a carboniferous bedrock overlain by 
continental deposits of the Mio-Plio-Quaternary tabular 
age [27]. The Carboniferous formations dip monoclinally to 
the South-West with a dip of 10°–30° and consist of various 
deposits, ranging from Upper Visian to Namurian (Fig. 2). 
Overall, the structure of the study area is related to the tec-
tonics of the Ougarta Mountains, the latter being character-
ized by “A flexible or plicative tectonic and a brittle tectonic” 
[28]. The studied area comprises various sediments belong-
ing to the Carboniferous on the litho-stratigraphic level. 
The geological map of Béni Abbès, drawn by [29], shows 
the outcrops encountered in the areas studied. The litholog-
ical succession is Carbonifer, Mio-Pliocene (Neogene), and 
Quaternary.

2.2. Hydrogeological framework

From a hydrogeological point of view, two aquifers 
can be distinguished. The lower aquifer includes all the 
carboniferous formations allowing the presence of water 
in the formations constituted by the carboniferous series 
called, according to the local jargon [29]: El Hariga (750 m), 
Akacha-Mazzer (250 m), Boulmane (750 m), Harrez (200 m), 
Igli (150 m) and Taouerta series (250 m). The upper aquifer 
is complex in detail. It contains the western aquifer of the 
Grand Erg and the lower terraces of the Saoura. Note that 
the works concerned by this study are located in the lat-
ter [30–34]. According to Roche [31] (Fig. 3), there are two 
plausible possibilities for recharging the water table in the 
Grand Erg Occidental: rainwater infiltration and the legacy 
of the humid phases of the Quaternary, particularly the last 
Neolithic phase.

2.3. Methodology

A sampling network was designed to collect data rep-
resentative of the geographic variation of potable ground-
water in the region. This network consists of 16 wells that 
are scattered around the research site. In general, the 
depth of the sampling wells varies between 10 and 15 m.  



155H. Abdelbaki et al. / Desalination and Water Treatment 268 (2022) 153–169

The campaigns took place in October of the year 2018. A vol-
ume of 1.5 L intended for physico-chemical analysis is taken 
in polyethylene bottles made at the National Agency of Water 
Resources (ANRH) of Adrar. The sampling bottles were 
transported to the laboratory in a cooler at a low temperature 
(4°C). The physico-chemical parameters (temperature, con-
ductivity, pH, and salinity) were measured in situ using a 
multiparameter (Consort 861) with a tolerance of 2%. In the 
laboratory, the following dosing procedures were applied:

•	 Potentiometric method (Consort 861) for pH, salinity, 
HCO3 and EC conductivity;

•	 The apparent TDS values were estimated using the fol-
lowing relationship: Conductivity;

•	 TDS = K × EC (at 25°C), the TDS/EC ratio (k-value) for 
natural water is between 0.55 and 0.75 [35];

•	 The volumetric method is applied to the quantitative 
analysis of calcium and magnesium. The calcium and 
magnesium contents of the samples are determined by 
complexometric titration, with the disodium salt of eth-
ylenediaminetetraacetic acid (EDTA); NFT90-003;

•	 The measurement of nitrates is done by the potentiomet-
ric method (HI 121) using a specific electrode;

•	 Spectrophotometry was used to determine sulfates by 
precipitating sulfates as barium sulfate with barium chlo-
ride. The resulting very fine precipitate was stabilized 
with gelatin. A turbidimetric measurement at a wave-
length of 495 nm is performed on the turbidity;

•	 Flame spectrophotometry with a wavelength of 
495 nm to determine sodium and potassium content.

3. Results and discussion

3.1. Physical parameters

Table 1 lists the analytical results of the groundwater 
sample investigation for the 2018 sampling campaign. The 
hydrogen potential (pH) ranges from 7.02 to 8.83; this may 
indicate that all of our samples meet the World Health 
Organization standards [7] and that the groundwater 
in this area is alkaline to a minor degree (pH > 7.0). This 
result can be explained by the influence of infiltration 
from the surface [36].

The EC values range from 547 to 14,990 μS/cm. Thus, 
more than 87.5% of the water samples exceed the recom-
mended 1,500 μS/cm standard [7]. They were not allowed 

 
Fig. 1. Location of the study area.
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and were considered unsafe for drinking water. The val-
ues of TDS follow an identical pattern to that of the EC, 
and they vary from 329 to 8,866 mg/L, with an average of 
4,652.68 mg/L, reporting that more than 93.75% of the sam-
ples are above the permissible threshold of 1,000 mg/L.

Based on the TDS categorization of groundwater [7], only 
one sample has an acceptable quality for consumption, while 
the largest number of other samples have a salty taste with 
TDS > 1,000 mg/L. This results from groundwater processes, 
such as aquifer lithology, and climatic and anthropogenic 
factors [37]. The maximum EC and TDS values occurred in 
the northern half of the study area, near the Wadi Saoura. 
They are probably due to the impact of salt enrichment due 
to water-rock contact [38]. The concentration of total hard-
ness (TH) varies from 16 to 396°F (Fig. 4). This result indi-
cates that the majority of water points (87.5%) in the study 
area are of very poor quality (TH > 54°F), and this could be 
related to the high levels of Ca2+ and Mg2+ resulting from 
the dissolution of the limestone layers [39].

3.2. Chemical parameters

Individual anion concentrations range from Cl– (40–2,500 
mg/L); SO4

2– (40–3,500 mg/L); HCO3
– (37–366 mg/L); NO3

– (6.16–
123.2 mg/L). The major comparative anion richness order, 
expressed as percent meq/L, was SO4

2– > Cl– > HCO3
– > NO3

–. 
Bicarbonate concentrations in this area range from 37 to 
366 mg/L; only one sample (P11) records a value above 
the standard (150–350 mg/L) [7]. The dissolution of 
carbonate rocks and minerals could explain the exis-
tence of bicarbonate and the quaternary limestone crust 
developed in the bed of Oued Saoura [40]. It may also 
be due to the oxidation of organic matter in the soil lay-
ers on the emerged land [41]. Chloride levels in the study 
area indicate that more than 93.75% of the samples are 
above the WHO’s normal value of 250 mg/L.

Very high chloride concentrations were observed in the 
northern and middle plains of the study area, along the 
Oued Saoura. This result can be justified by the direction 

Fig. 2. Geological map of the study area (Extract from the Béni Abbès geological map1/200,000) (Royal Museum for Central 
Africa, 2014).
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of groundwater flow, residence time, and reactions in the 
system in the form of salt accumulation. The high chloride 
content of the groundwater is probably also due to the infil-
tration of excess moderately mineralized irrigation water 
(Fig. 5) [42,43]. The highest values of sulfate concentration 
in groundwater show that more than 93.75% of the samples 
exceed the WHO standard (200 mg/L). They could result 
from the dissolution of gypsum outcrops in the research 
area [44,45] (Fig. 6).

The nitrate levels in the study area (Fig. 6) reveal that 
most parts of the area have values between 6.16 and 50 mg/L, 
with an average value equal to 42.11 mg/L. Only 4 samples 

were recorded with nitrate concentrations above the 50 mg/L 
thresholds established by the World Health Organization 
standards [7]. These may be related to excessive fertilizer 
use in agricultural plots and palm groves along the stream 
that runs through the research area [46,47]. The highest 
nitrate readings are noted in the middle part of the study 
area, especially in irrigated areas located in the ancient 
Quaternary formations represented by conglomerate and 
pebbles, limestone crust, and alluvial fan. The concentra-
tion of main cations in the groundwater samples would 
range from Ca2+ (46–820 mg/L); Mg2+ (11–580 mg/L); Na+ 
(34–1,600 mg/L) and K+ (2.2–270 mg/L). The order of relative 

Fig. 3. Geological section of the study area [31].

Table 1
Results of physical and chemical analyzes of groundwater (2018 sampling campaign)

Nom pH Apparent 
TDS

EC 
(μS/cm)

TH 
(mg/L)

Ca2+ 
(mg/L)

Mg2+ 
(mg/L)

Na+ 
(mg/L)

K+ 
(mg/L)

Cl– 
(mg/L)

SO4
2– 

(mg/L)
HCO3

– 
(mg/L)

NO3
– 

(mg/L)

P1 7.58 7,737.00 12,920.00 3,270.00 652.00 410.00 1,200.00 270.00 1,850.00 3,100.00 244.00 11.43
P2 7.39 8,389.00 14,990.00 3,780.00 700.00 507.50 1,400.00 54.00 2,500.00 3,000.00 213.50 13.51
P3 7.44 7,659.00 12,270.00 3,960.00 656.00 580.00 950.00 118.00 1,450.00 3,500.00 366.00 39.00
P4 7.50 2,605.00 4,080.00 940.00 176.00 125.00 500.00 16.00 750.00 750.00 244.00 43.41
P5 7.44 5,797.00 9,230.00 2,510.00 496.00 317.50 950.00 34.00 1,450.00 2,300.00 213.50 35.67
P6 7.55 5,229.00 8,340.00 2,400.00 400.00 350.00 796.00 23.40 1,250.00 2,100.00 213.50 95.23
P7 7.21 4,458.00 7,330.00 1,470.00 168.00 263.00 875.00 225.00 1,400.00 1,400.00 116.00 11.00
P8 7.97 5,586.00 8,960.00 2,100.00 400.00 275.00 1,100.00 72.00 1,700.00 1,800.00 213.50 25.88
P9 7.39 8,866.00 14,380.00 3,630.00 820.00 395.00 1,600.00 9.70 2,500.00 3,200.00 335.50 6.16
P10 7.02 1,096.00 1,660.00 420.00 80.00 55.00 180.00 8.10 270.00 280.00 152.50 70.00
P11 7.87 5,312.00 8,870.00 1,840.00 320.00 260.00 1,100.00 22.00 1,700.00 1,700.00 183.00 26.95
P12 7.84 1,949.00 3,030.00 650.00 156.00 65.00 400.00 15.00 600.00 500.00 152.50 60.00
P13 7.50 329.00 547.00 160.00 46.00 11.00 34.00 2.20 40.00 40.00 125.00 31.00
P14 8.83 1,577.00 2,710.00 650.00 124.00 85.00 300.00 23.60 480.90 318.24 122.00 123.20
P15 7.78 1,999.00 3,140.00 940.00 257.00 74.00 260.00 10.70 395.00 925.00 37.00 40.00
P16 7.13 5,855.00 9,240.00 2,810.00 772.00 220.00 820.00 8.30 1,280.00 2,500.00 213.50 41.33
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abundance of major cations, expressed as percent meq/L, was 
Ca2+ > Na+ > Mg2+ > K+.

According to the World Health Organization (WHO) 
guide, the recommended daily calcium intake for an adult 
(19–50 y) is 1,000 ppm [48]. As for drinking water, the cal-
cium concentration should not exceed 200 mg/L [7]. The 
majority of wells in this area have significant amounts of 
Ca2+ concentration (more than 60%) in accordance with the 
WHO recommendations (Fig. 6). This is due to the litho-
logical deposits of the subsoil and the dissolution of com-
pacted detrital sedimentary rocks [49]. Very high calcium 
levels in drinking water have harmful and dangerous 
consequences for human health. They stimulate vascular 
degeneration (arteriosclerosis) and osteogenesis (osteoar-
thritis) and can interfere with the absorption of extravital 
mineral components by the human body [50].

High magnesium levels can cause an undesirable taste 
in drinking water and significantly alter digestive patterns 
(Diarrhea) when magnesium is associated with high sulfate 
concentrations above 700 mg/L [51]. More than 60% of the 
samples exceed the WHO guidelines (200 mg/L) for sodium 
(Na+) in the study area. This result can be related to silicate 

weathering or cation exchange [52] or anthropogenic actions 
such as the presence of organic contamination. (Untreated 
sewage discharge) accompanied by the discharge of fertil-
izers used in agriculture [53]. High sodium levels in drink-
ing water can be a significant problem for consumers with 
kidney problems, high blood pressure, or heart disease [54].

Generally, groundwater has potassium concentrations 
above 10 mg/L. Potassium levels result from weathering of 
silicate formations (gneisses and shales), potassium clay, and 
leaching of chemical fertilizers into groundwater (intense fer-
tilization applied in agricultural practices); it can also come 
from residential and manufacturing waste [55]. In the study 
area, more than 62.5% of the samples in this area exceed 
the maximum allowable limit of potassium in drinking 
water at 12 mg/L [56].

The correlation matrix analyzes correlations between 
groundwater chemical characteristics and conveys pollu-
tion data for better water quality management [57] (Table 2). 
Strong positive correlations were noticed between apparent 
TDS and EC, Ca2+, Mg2+, Na+ and Cl–, SO4

2– and HCO3
–, and 

EC and Ca2+, Mg2+, Na+ and Cl–, SO4
2– and HCO3

–. The strong 
positive correlation between Na+, Mg2+, and Cl– confirms that 

Fig. 4. Graph of apparent TDS (mg/L) vs. TH (°F).

 

Fig. 5. Bar graph of chloride ion Cl– and sulfate ion SO4
2– (mg/L) concentrations in the groundwater of the study area.
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there is a mixing of groundwater samples with saltwater, 
affirming the impact of lithologic formations on the concen-
tration of these parameters in groundwater; There is also a 
strong positive correlation between Ca2+, Mg2+, Na+ and Cl–, 
SO4

2– and HCO3
–. These are inherent indicators of the impor-

tance of these parameters in the groundwater chemistry of 
the study area [58]. Moderate positive correlations were iden-
tified between Na+ and Cl– and HCO3

–, suggesting that these 
parameters also significantly impact the groundwater chem-
istry of this aquifer.

The low correlation of K+ with the other ions can be justi-
fied by the different origin of this ion with the other chemical 
parameters. K+ can be derived from the weathering of feld-
spar and clay. NO3

– can result from fertilizers and manure 
used in agriculture. pH values correlate poorly with other 

groundwater parameters and do not follow any consistent 
trend.

3.3. Hydrochemical facies

The groundwater chemistry of the study area was evalu-
ated by arranging the samples on the Piper trilinear diagram 
[59]. The use of groundwater as a solution to the problem 
of cationic components was advocated (Ca2+, Mg2+ and alkali 
metals), anionic components (SO4

2–, Cl–), and components 
that affect the degree of alkalinity (carbonate (CO3

2–) and 
HCO3

–). Groundwater types were defined by a combination 
of cation and anion domains.

The pyramid feature shows that most of the sam-
ples are clustered at the junction of Zone I and IV in equal 

Fig. 6. Bar graph of nitrate NO3
– and calcium Ca2+ (mg/L) concentrations in groundwater in the study area.

 

Fig. 7. Piper diagram illustrating the hydrochemical facies of groundwater samples in the study area.
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proportion (37.5%), indicating that there is a mixture of alka-
line earth metals (Ca2+) and alkali (Na+). Concerning cations 
and anions, most samples indicate the respective dominance 
of Ca2+ and Cl–. Three hydrochemical facies in this aquifer 
can be recognized on the diagram (Fig. 7). The Ca2+–Cl– water 
type is the first dominant facies comprising 6 samples. This 
facies is related primarily to the geological origin (alluvial 
formations) and secondarily to the result of evaporation in 
the aquifer (an arid region with shallow groundwater depths 
<20 m) and may be caused by the dissolution of carbonate 
rocks in sandstone units, limestones and clay minerals in 
alluvial deposits [60].

Six samples belong to the Na+–Cl– water type, estimated 
as the second dominant water type. Silicate weathering, 
the main hydrochemical process of this facies, relies on ion 
exchange and mixing fresh groundwater with saline ground-
water. Four samples (25%) belong to the mixed facies Cl––
Ca2+–Mg2+, This type of water is formed by the combination 
of several parameters: geological origin (water-rock ion 
exchange), evaporation, and the direction of flow (accumula-
tion of mineral salts) and anthropogenic effects [61]. For the 
last water point, we observe a sample (P13) that appears far 
from the rest of the points and approaches the facies of Ca–
HCO3. This sample has low TDS levels, indicating the dilu-
tion process following rainwater infiltration and illustrates 
the impact of rainwater recharge [62].

3.4. Analysis of the main components

Eleven variables Ca2+, Mg2+, Na+, K+, Cl–, SO4
2–, HCO3

–, NO3
–, 

pH, EC, and apparent TDS were analyzed to determine the 
principal components of the 16 samples collected from the 
study area. An orthogonal Varimax rotation with Kaiser–
Meyer normalization was used to identify the principal 
components in XLSTAT.

The bi-plot projection shows that three components 
(factors) have Eigenvalues >1 and are the extracted prin-
cipal components, as shown in Table 3. The two principal 
components (factors) explain 80.93% of the total variance in 
the data (Fig. 8). The factor loading is classified as strong, 
moderate, and weak, corresponding to absolute loading 
values of >0.75, 0.75–0.50, and 0.50–0.30, respectively [63]. 

Component 1, with the highest variance of 70.65% for the 
combined dataset, reflects the highly mineralized character 
of the groundwater. High positive loadings >0.56 reveal that 
the chemical structure factors are mainly Ca2+, Mg2+, Na+, Cl–, 
SO4

2–, and HCO3
–. They have high loads, which are assumed 

to be related to geo-climatic conditions, multifaceted natu-
ral processes, and anthropogenic toxic wastes. Component 2 
explains 10.28% of the total variance, with a strong positive 
loading between pH and NO3

–. pH may be related to varia-
tions in groundwater mineral configuration and mixing of 
rainwater and groundwater through deep infiltration. Levels 
of HCO3

– values in groundwater can result from minerals 
dissolution in saturated and unsaturated zones [64].

3.5. Control mechanisms of groundwater chemistry

3.5.1. Evaporation and alteration of silicates

Groundwater quality is influenced by various vari-
ables, including storm water infiltration, aquifer geological 
formation, mineral content, mineral dissolution, precipita-
tion, seawater intrusion, and anthropogenic impacts [65]. 
The Gibbs graph [66] can be used to categorize the three 
main hydro geochemical processes governing groundwa-
ter chemistry in an aquifer, namely evaporation/crystalli-
zation and water-rock interactions [67]. A significant level 
of Ca2+ and HCO3

– denotes rock-water interaction, and a 
high level of Na+ and Cl– exposes evaporation/crystalliza-
tion processes. The Gibbs diagram was used to report the 
chemical data of the groundwater samples (Fig. 9). Only 
one sample shows a chemical change in the rock-forming 
minerals and influences groundwater quality by dissolv-
ing the rocks through which the water flows, suggesting a 
chemical change in the rock-forming minerals. The rest of 
the samples represent evaporation dominance, and most of 
the samples that fall into evaporation dominance were col-
lected from boreholes drilled near the river. Evaporation 
causes an increase in salinity by also increasing Na+ and 
Cl– relative to the increase in apparent TDS. In addition, 
anthropogenic activities and irrigation practices (agricul-
tural fertilizers) also affect evaporation by increasing Na+ 
and Cl–, and therefore apparent TDS [68].

Table 2
Correlation matrix of hydrochemical parameters

Variables pH Apparent TDS EC Ca2+ Mg2+ Na+ K+ Cl– SO4
2– HCO3

– NO3
–

pH 1
Apparent TDS –0.2630 1
EC –0.2502 0.9969 1
Ca2+ –0.3004 0.9205 0.9098 1
Mg2+ –0.2435 0.9362 0.9373 0.8065 1
Na+ –0.1865 0.9574 0.9595 0.8208 0.8464 1
K+ –0.1296 0.3959 0.4016 0.1966 0.4565 0.3620 1
Cl– –0.1908 0.9521 0.9612 0.8153 0.8493 0.9946 0.3482 1
SO4

2– –0.3114 0.9765 0.9663 0.9446 0.9433 0.8759 0.3943 0.8657 1
HCO3

– –0.2720 0.7430 0.7170 0.7107 0.7491 0.6618 0.1526 0.6296 0.7566 1
NO3

– 0.5147 –0.5357 –0.5420 –0.4498 –0.4133 –0.5824 –0.4073 –0.5781 –0.4886 –0.2843 1
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The evaporation process is not only a regular phe-
nomenon in surface water but also groundwater. The 
Na+/Cl– vs. EC graph was used to describe the influence 
of evaporation on groundwater chemistry. This graph 
would provide a horizontal line, indicating halite con-
centration by evaporation, evapotranspiration, and disso-
lution. Normally, the Na+/Cl– ratio is nearly equal to that 
attributed to halite dissolution, while a ratio greater than 
(1) generally indicates the release of Na+ due to silicate 
deterioration [6]. In the study area, it can be seen that Na+/
Cl– ratios decrease with increasing EC. The Na+/Cl– molar 

ratio for groundwater samples from the Igli infero-flow 
ranges from 0.98 to 1.30 (Fig. 10). Most samples have a 
Na+/Cl– molar ratio greater than “1”, which is generally 
interpreted to be due to sodium release from a silicate 
weathering reaction. However, water points with a Na+/Cl– 
molar ratio of less than “1” indicate halite dissolution was 
the primary process. EC vs. Na+/Cl– scatter plot shows a 
sloping trend line, indicating that evaporation may not be 
the primary geochemical process controlling groundwater 
chemistry [69].

Na+ and Cl– are important natural ions, and if the 
sodium in groundwater were from halite alteration [70], 
the concentrations of sodium and chloride would be very 
close to the 1:1 line in the Na+ vs. Cl– [71]. Most groundwa-
ter samples do not lie along with the 1:1 line in the pres-
ent work. Therefore, it is clear from the graph (Fig. 11) that 
the chemistry of sodium and chloride in the region cannot 
be explained solely based on halite dissolution processes 
because halite dissolution releases nearly equal amounts of 
sodium and chloride into the solution. In the present study, 
it is observed that the Na+/Cl– ratio in water is greater than 1  
in almost all samples. This may explain that the main sup-
plier of Na+ is silicate weathering and therefore suggests 
that a higher sodium concentration may be added due to 
rock weathering or human activities compared to atmo-
spheric precipitation [6].

To verify the carbonate weathering process, the scatter 
plot of (Ca2+ + Mg2+) and (Na+ + K+) against the total cat-
ion plot was used [72]. Fig. 12 shows that all the plotted 
points are less than 1:1 equiline with an equivalent ratio on 
average of 0.53 ± 0.07 for Ca2+ + Mg2+/∑cations.	While	 the	
ratios of (Ca2+ + Mg2+)/(Na+ + K+) were 1.19 ± 0.33, in con-
trast, the Na+ + K+/∑cations	 ratios	were	 low	at	0.47	±	0.07.	
The high levels of Ca2+ + Mg2+/∑cations	and	 (Ca2+ + Mg2+)/
(Na+ + K+) ratios and the low Na+ + K+/∑cations	 ratios	
indicate that carbonate alteration is the dominant mech-
anism controlling the major ion chemistry of the Igli 
alluvial aquifer, with a minor contribution from silicate  
alteration.

3.5.2. Ion exchange process

The (Ca2+ + Mg2+) vs. HCO3 diagram was applied to 
better understand the mechanism that influences ground-
water calcium concentrations [68,73] (Fig. 13). The low 
molar ratios (<0.5) of Ca2+ + Mg2+/HCO3

– can be explained 
by the exchange of calcium and magnesium in the water 
or by the enrichment of HCO3

– possibly due to weather-
ing with silicates [74]. In contrast, high ratios (>0.5) sug-
gest other sources of Ca2+ and Mg2+, for example, reverse 
ion exchange that can be detected in hard rock layers and 
increased salinity [75]. In the study area, the Ca2+ + Mg2+ 
molar ratio ranges from 1.60 to 40.24 and may be caused 
by the dissolution of the Quaternary limestone crust 
(reverse ion exchange). Most samples are below the 1:1 
line, demonstrating that silicate alteration is dominant 
and contributes to HCO3

– to the groundwater [76]. Ion 
exchange is one of the major mechanisms contributing to 
groundwater ion concentrations. The chlor-alkali indices 
1 and 2 (CAI-1 and CAI-2), calculated for groundwater 
samples in the basin, clearly imply ion-exchange activity.

Table 3
Principal component matrices with Varimax rotation and 
groundwater sample variables

Variables F1 F2
pH 0.1113 0.5141
TDS 0.8228 0.0082
EC 0.9837 0,0042
TH 0.9466 0.0135
Ca2+ 0.8080 0.0135
Mg2+ 0.8935 0.0108
Na+ 0.8916 0.0032
K+ 0.1733 0.1818
Cl– 0.8820 0.0030
SO4

2– 0.9482 0.0035
HCO3

– 0.6641 0.0493
NO3

– 0.3527 0.4284
Eigenvalues 8.4779 1.2335
Initial Eigenvalues of variances in % 70.6489 10.2792
Cumulative % of variance 70.6489 80.9281

Fig. 8. Projection of variables onto the factorial plane (1 × 2) of 
the Igli alluvial aquifer.
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where the units of the chemical parameters are in meq/L.
When exchange takes place between Ca2+ or Mg2+ in 

the groundwater with Na+ and K+ in the aquifer, both of 
the above indices are negative; a reverse ion exchange then 
means that both indices will be positive [77]. From (Fig. 14), 
it can be seen that the majority of the CAI values for the 
groundwater samples in CAI-1 and CAI-2 were negative. 
Therefore, the exchange of Ca2+ + Mg2+ with Na+ and K+ is 

the predominant cation exchange process, while three sam-
ples (P1, P3, and P5) remained positive. This indicates that 
reverse cation exchange occurred at these locations.

3.5.3. Saturation index

The thermodynamic process can be determined via 
the calculation of mineral equilibrium. In a groundwa-
ter system, SI can help recognize the presence of certain 
dominant thermodynamic processes [78]. SI values for 
relevant minerals were determined using the PHREEQC 
program. If the SI is zero, it expresses solubility equi-
librium as a function of the mineral composition of the 
water. An SI less than zero indicates that the groundwater 

 

Fig. 9. Gibbs diagram.

Fig. 10. Diagram of Na+/Cl– as a function of EC.

Fig. 11. Diagram of Na+– as a function of Cl–.
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is under saturated with respect to that mineral, and if it 
is greater than 0, it shows that the groundwater is super-
saturated with that specific mineral and therefore cannot 
dissolve many minerals. As shown in Table 4, equilibrium 
is assumed to be between SI = –0.1 and 0.1 [79]. SI values 
for aragonite, calcite, and dolomite range from –0.65 to 
1.08, –0.51 to 1.22, and –0.84 to 2.63, respectively, with an 
average of 0.29, 0.43, and 0.98. Most samples are saturated 
with these minerals (Fig. 15). The SI values for anhydrite, 
halite, and gypsum range from –2.34 to –0.15, –7.13 to –4.16, 
and –2.12 to 0.07, respectively, suggesting that the sam-
ples are not saturated with anhydrite, gypsum, and halite 
(Fig. 15). This means that the samples tend to dissolve these 
minerals continuously due to the impact of precipitation 
and irrigation water before reaching the groundwater [80].

3.6. Assessment of water resources for irrigation

Agriculture is crucial for meeting the population’s food 
needs in many nations worldwide, especially in Third 
World countries experiencing a large population explosion. 

On the other hand, agricultural activities have a well- 
established impact on groundwater quality, but there is 
very little information on how these activities ultimately 
influence groundwater quality. Many hydro-geochemi-
cal reactions can occur, and the mixing of these activities 
determines the composition of groundwater. The degrada-
tion of groundwater quality in these countries is a major 
obstacle to its use in agriculture. Recognizing that the suit-
ability of groundwater for irrigation depends on its min-
eral constituents, many studies have been conducted to 
assess its suitability [81–83]. Many studies have assessed 
its suitability. In this study, the groundwater produced by 
the alluvial aquifer is mainly used for irrigation in the Igli 
area. Thus, it becomes essential to evaluate the quality and 
suitability of groundwater for irrigation. Parameters such 
as EC, sodium adsorption rate (SAR) [Eq. (3)], percent 
sodium (Na%) [Eq. (4)], and magnesium hazard (MH) [Eq. 
(5)] were employed to estimate the suitability of the studied 
groundwater for irrigation purposes. Table 5 summarizes 
the results of the calculated values.

According to Table 1, the EC values range from 547 to 
14,990 μS/cm with a mean value equal to 7,606.06 μS/cm. 
This wide variation in EC conductivity values is mainly 
attributed to the lithological composition and anthropo-
genic activities prevalent in this region. In general, irrigation 
water with an EC value <700 μS/cm does not threaten most 
crops, while its value >3,000 μS/cm can limit their growth 
[84]. Based on the classification of [85] (Fig. 16), the studied 
water samples are classified into 4 categories. A medium 
salinity risk is represented by only one sample (P18), the 
last one with a high risk (P23), and a very high salinity risk 
(4 samples), providing a respective distribution of 6.25%, 
6.25%, and 25. While the rest of the samples, 10 in num-
ber, provided salinity values outside the values of the form 
and are considered unsuitable for irrigation. Water with a 
high salinity hazard rating (C3) can harm sensitive crops 
and other plants. Careful management practices should be 
used in such a circumstance. Water with very high salin-
ity (C4) is not suitable for ordinary irrigation practices 
but can be useful for plants with high salt tolerance and 
through specific soil preparation practices

3.7. Alkaline danger

While high amounts of salt (high EC) in water cause 
the development of saline soils, high levels of sodium 
(SAR) cause the development of alkaline soils [86]. 
Irrigation with Na+ enriched water results in ion-exchange 
reactions, that is, absorption of Na+ and release of Ca2+ and 
Mg2+. This type of reaction causes the soil aggregates to 
disperse, reducing their permeability [87]. The presence 
of sodium or alkaline risk in the irrigation water is mea-
sured by the total and relative concentration of cations 
expressed as SAR. The following formula is used to calcu-
late SAR, where all ionic concentrations are expressed in  
meq/L [19]:

SAR Na
Ca Mg

� � �
�

�

� �2 2

2

 (3)

Fig. 12. Point cloud of Ca2+ + Mg2+ and Na+ + K+ vs. total cations.

Fig. 13. Point cloud of Ca2+ + Mg2+ vs. HCO3.
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Table 4
Saturation index (SI) of relevant minerals

Sample Anhydrite Aragonite Calcite CO2 (g) Halite Dolomite Gypsum

P1 –0.23 0.61 0.76 –2.33 –4.4 1.65 –0.01
P2 –0.24 0.4 0.54 –2.21 –4.21 1.29 –0.02
P3 –0.2 0.64 0.78 –2.02 –4.61 1.85 0.01
P4 –1.01 0.22 0.36 –2.19 –5.1 0.91 –0.79
P5 –0.38 0.36 0.5 –2.23 –4.59 1.16 –0.16
P6 –0.48 0.4 0.54 –2.34 –4.72 1.36 –0.27
P7 –0.94 –0.52 –0.37 –2.24 –4.62 –0.21 –0.72
P8 –0.54 0.81 0.95 –2.78 –4.45 2.08 –0.32
P9 –0.15 0.65 0.79 –2.01 –4.16 1.61 0.07
P10 –1.53 –0.65 –0.51 –1.88 –5.93 –0.84 –1.31
P11 –0.63 0.56 0.71 –2.73 –4.45 1.67 –0.42
P12 –1.14 0.35 0.5 –2.73 –5.27 0.96 –0.92
P13 –2.34 –0.33 –0.19 –2.41 –7.43 –0.65 –2.12
P14 –1.39 1.08 1.22 –3.91 –5.48 2.63 –1.17
P15 –0.73 –0.16 –0.02 –3.29 –5.65 –0.24 –0.51
P16 –0.16 0.24 0.38 –1.92 –4.71 0.55 0.05
Max. –0.1500 1.08 1.2200 –1.8800 –4.1600 2.6300 0.0700
Min. –2.3400 –0.65 –0.5100 –3.9100 –7.4300 –0.8400 –2.1200
Mean –0.7556 0.2913 0.4338 –2.4513 –4.9863 0.9863 –0.5381
SD 0.6116 0.4823 0.4820 0.5375 0.8336 1.0115 0.6099

Fig. 14. Bar graph of the chloro-alkaline indices CAI-1 and CAI-2.

Fig. 15. Variation of the SI saturation index.
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The amount of salt absorbed by soils is related to 
the SAR levels of the irrigation water. Due to the large 
amounts of salt absorbed colloidally, the continuous use 
of water with high SAR values degrades the soil’s physi-
cal structure. This decomposition then causes the clay in 
the soil to disperse, making it hard and compact when it 
is too dry and more impervious to water infiltration due 
to dispersion and expansion when it is wet [88]. The cal-
culated SAR values in the studied samples range from 1.17 
to 11.48 (Table 5). The SAR values plotted in the diagram 
(Fig. 16) are divided into four classes, from low (12.50%), 
medium (25.50%), high (31.25%) to very high (31.25%). 
According to Richard’s (1954) classification [85] applied to 
the calculated SAR values, (1) the water sample falls in the 
good category, (1) in the medium category, (4) as polluted, 
and (10) classified as unsuitable.

3.8. Sodium content (Na%)

The concentration of sodium in the irrigation water 
is also represented as the percentage of sodium (percent 
Na), which can be determined by applying the following 
equation, where all ionic values are given in meq/L:

Na Na
Mg Na

%� � � �
� � �

�
� �

� � � �

K
Ca K2 2 100  (4)

Na% is classified as excellent (<20%), good (20%–40%), 
eligible (40%–60%), questionable (60%–80%), and inade-
quate (>80%) [89]. The values of the percentage of sodium 
in the studied groundwater samples range from 32.42 to 
59.31% (Table 5). It can be noted that (4) samples have good 
sodium content (20%–40%) and the rest of the samples 
(62.50%) are in the eligible category.

3.9. Magnesium hazard

Magnesium is an important element in the hydrochem-
ical makeup of water, but excess of this element tends toward 
soil alkalinity and influences agricultural yield. The MH 
value must be <50 to certify water as good for irrigation [90].

The MH is calculated as follows:

MH Mg
Ca Mg

�
�

�
�

� �

2

2 2 100  (5)

The MH values in the study area range from 28.35% to 
72.05%. Five water points are below the standard value of 
50. This shows that about 31.25% of water samples are 
suitable for irrigation.

3.10. Cluster analysis

HCA has long been a widely used method for iden-
tifying the clustering of chemical variables in ground-
water chemistry. This method is typically used to group 
variables into clusters based on similarities such that 
each cluster describes a specific action in a groundwa-
ter system [91]. The application of the cluster method 
was made using the XLSTAT software. Fig. 17 reveals 
the level of aggregation of a parameter in groundwater. 
The parameters integrated in the same cluster probably 
have a similar origin. This study used cluster analysis 
in R mode to group the groundwater parameters, which 
allowed the reconstruction of the group into 3 main 
clusters. Cluster 1 includes pH and NO3

– and reflects the 
influence of nitrate on water quality. This could come 
from anthropogenic sources such as runoff sources and 
agricultural practices. Group 2 includes only potas-
sium K+, while group 3 includes the rest of the parame-
ters (HCO3

–, apparent TDS, Na+, Cl–, Ca2+, Mg2+, EC, TH,  
and SO4

2–).
Table 5
Sodium adsorption ratio, sodium rate, and MH values for the 
study area

Name X Y SAR Na% MH

P1 –2.32 30.52 9.06 47.11 50.86
P2 –2.3 30.48 9.82 44.78 54.41
P3 –2.32 30.48 6.51 35.5 59.27
P4 –2.28 30.47 7.04 53.71 53.9
P5 –2.3 30.47 8.18 45.3 51.31
P6 –2.28 30.45 7.01 41.91 59.02
P7 –2.3 30.45 9.81 59.31 72.05
P8 –2.27 30.4 10.36 53.82 53.08
P9 –2.28 30.4 11.48 48.71 44.23
P10 –2.27 30.38 3.79 48.52 53.11
P11 –2.28 30.38 11.06 56.41 57.22
P12 –2.27 30.37 6.78 57.47 40.68
P13 –2.27 30.35 1.17 32.42 28.35
P14 –2.2 30.33 5.08 50.84 53.03
P15 –2.27 30.33 3.67 37.92 32.15
P16 –2.28 30.3 6.69 38.74 31.93 Fig. 16. Water classification based on EC and SAR values.
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4. Conclusion

This study aimed to conduct a hydrochemical assess-
ment of the infero-flux aquifer in the Igli Region to deter-
mine the influence of natural and human variables on the 
groundwater quality of this region. To achieve this objec-
tive, samples were collected from 16 water points in this 
research region. The studied water points illustrate that 
slight alkalinity marks the region’s groundwater with an 
average (pH = 7.59) and strong mineralization, defined by 
high conductivity values. This is due to the presence of 
ionic interaction between the water and the different geo-
logical strata, which leads to the dissolution of minerals. 
In addition, the excessive and irrational use of water in the 
region has largely contributed to the acceleration of these 
reactions. In addition, the human factor in these results may 
be responsible for the discharge of untreated sewage from 
the city and septic tanks arbitrarily placed in the research 
area, and the excessive use of fertilizers and organic mat-
ter in the agricultural lands adjacent to the Wadi. However, 
we cannot be sure because we could not perform a chemical 
oxygen demand analysis, which is an important indicator 
of whether there is pollution in the wastewater. Thus, the 
anionic and cationic classification process revealed that 
calcium Ca2+ and sodium Na+ are the dominant cations in 
groundwater, while chloride Cl– and bicarbonates HCO3

– are 
abundant anions. This proves that there is a first equilib-
rium between alkaline earth metals (Ca2+ + Mg2+) and alkali 
metals (Na+ + K+) and a second equilibrium between strong 
acids (Cl– + SO4

2–) and weak acids (HCO3
– + CO3

–). Using the 
Piper diagram, it was concluded that the chemical facies Cl– 
Na+ and Cl— Ca2+ are the most dominant, with equal ratios 
(37.5%) for each facies.

Due to the degradation of carbonate minerals by precip-
itation and irrigation water, the resulting saturation index 
(SI) values show that most samples are saturated with the 
minerals aragonite, calcite, and dolomite. The SI values 
also show undersaturation for anhydrite, halite, and gyp-
sum due to the dissolution of these minerals. Comparing 
the values of the studied chemical parameters with the 

standards described by the World Health Organization 
reveals that only 45.83% of the studied water points are 
of good quality and suitable for domestic consumption. 
In contrast, the remaining water points recorded high 
concentrations of the apparent parameters TDS, EC, Ca2+, 
Mg2+, Na+, K+, Cl–, and SO4

2–. According to the study results 
on the quality of groundwater adaptation for irrigation, 
more than 79 percent of the water points are acceptable 
for irrigation. In contrast, the remaining water points are 
considered unsuitable for irrigation due to the significant 
potential for adverse effects on soil and wildlife.
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