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L’ acqua sotterranea è considerate l’arteria vitale di ogni regione del mondo. Questa è all’origine 
dello sviluppo economico e agronomico e contribuisce quindi a trattenere la popolazione locale 
sul posto, soprattutto nelle aree svantaggiate. Questo studio valuta l’indice di qualità dell’acqua 
nelle pianure alluvionali della regione nord-occidentale dell’Algeria. Questo indice fornisce un 
valore che esprime la qualità complessiva dell’acqua sulla base di diversi parametri. Pertanto, 
in questo studio integrato sono state utilizzate misure fisiche sul campo abbinate ad analisi 
idrochimiche di laboratorio su 36 campioni di tre regioni (Frenda, Ain Hedid e Takhemert). La 
dominanza ottenuta di anioni e cationi, in particolare per HCO3

-, Cl- e Ca2+, Mg2+, ha evidenziato 
che la speciazione chimica dell’area di studio presenta tre facies. La prima bicarbonato-calcica, la 
seconda cloruro-sodica e la terza e bicarbonato-magnesiaca. L’elevata correlazione del TDS (Totale 
Solidi Disciolti) con tutti gli ioni, in particolare Ca2+, Mg2+, Cl-, Na+ eccetto HCO3

- e NO3
-, 

dimostra che la mineralizzazione, anche in accordo con la letteratura, dovuta all’alterazione e alla 
dissoluzione della roccia madre, in particolare delle rocce carbonatiche e delle rocce evaporitiche, 
è il fattore determinante di questa correlazione. Per quanto riguarda l’indice di qualità dell’acqua, 
i risultati hanno mostrato che il 2.77% dei campioni appartiene alla categoria di buona qualità, 
mentre il 63.88% e il 33.33% appartengono rispettivamente alle categorie di qualità scarsa e 
molto scarsa. Fortunatamente, i risultati di questo indice hanno dimostrato la totale assenza di 
acque di qualità inutilizzabile. Tuttavia, data l’importanza vitale dell’acqua e per lo sviluppo 
sostenibile della regione, la necessità di implementare un controllo continuo di questa fonte 
rimane una questione urgente anche a beneficio delle generazioni future.
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Groundwater is considered as the living artery of each region worldwide. It is at the origin of such economic 
and agronomic development and help therefore to keep the local population in place especially in disadvantaged 
areas. This study assesses water quality index in the alluvial plains in northwestern region of Algeria. This 
index provides a value that expresses the overall water quality based on various parameters. Wherefore, field 
physical measurements coupled with laboratory hydrochemical analysis were used in this integrated study 
from 36 samples of three regions (Frenda, Ain Hedid and Takhemert). The obtained dominance of anions 
and cations in particular for HCO3

- , Cl- and Ca2+, Mg2+ highlighted that the chemical facies of the study 
area  shown three facies. The first is bicarbonate calcium and the second is chloride sodium and the third one 
is bicarbonate magnesium. The high correlation of TDS (Total Dissolved Solids) with all ions notably Ca2+, 
Mg2+, Cl- , Na+ except HCO3

- and NO3
- demonstrate that the mineralization, according to the literature, 

which is due to the alteration and dissolution of the source rock, in particular the carbonate rocks and the 
evaporitic rocks is the main factor of this correlation. For water quality index, the results showed that 2.77 
% of the samples belong to the good quality category, while 63.88% and 33.33 % for poor and very poor 
quality respectively. Fortunately, the results of this index demonstrated the complete absence of unsuitable 
water quality. Nevertheless, given the vital importance of water and for the sustainable development of the 
region, the need to implement a continuous control of this source remains an urgent practice for the benefit of 
future generations.
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Fig. 1 - Geographic localization of the studied area. 
Fig. 1 - Localizzazione geografica dell’area 
studiata.

 Introduction
Groundwater is the main source that provides drinking 

water around the world (Jasechko et al., 2017). Also, it has an 
important resource for irrigation and industrial uses as well 
as hydropower generation and livestock production (El Baba 
et al., 2020). Unreliable rainfall frequently and quality water 
scarcity are serious concerns in many countries, especially in 
arid and semi-arid regions (Batarseh et al., 2021).

Studies on hydrochemical conditions aim to investigate and 
expend the knowledge on the hydrochemical pressures and 
impacts of natural processes and various human activities 
(Wątor & Zdechlik, 2021). The analysis of hydrochemical 
properties is intimately related to biological, physical, and 
chemical data for water quality (Mehreen et al., 2021). 
There are many natural factors that affect this quality, 
including hydrological, atmospheric, climatic, topographic 
and lithological factors (Galal Uddin et al., 2018). Recently, 
developing countries have serious problems in protecting 
water quality when attempting to improve water supply and 
sanitation (Galal Uddin et al., 2021).

Assessing water quality needs an analysis of large number 
of samples from many areas. The Water Quality Index 
(WQI) model is one of the tools developed to evaluate this 
characteristic (Galal Uddin et al., 2021, Misaghi et al., 2017). 
Many factors are responsible for the deterioration of water 
quality (Chadli & Boufala, 2021). This alteration can be 
detrimental to human health (Mehreen et al., 2021).  Ameur 
et al. (2016) pointed up that in Tunisia the water quality is 
altered due to the nitrate pollution that originates from the 
excessive use of nitrate fertilizers. Same observations have 
been recorded in Morroco with a high value of 80.60 mg/L 
(Barakat, 2020). Therefore, to ensure the high water quality, 
it is necessary to evaluate it with the appropriate techniques 
(Li & Li, 2021 , Cosgrove et al., 2019).

In Algeria, studies on the quality of groundwater, 
particularly in the Northwestern zone, have held great 
importance through numerous studies (Zemour et al., 2023, 

Kenniche et al., 2022). Furthermore, this region is characterized 
by water scarcity and deteriorating water quality primarily 
due to climate change, particularly periods of intense drought, 
and secondarily due to human activities (Rahal et al., 2024). 
This study evaluates the current state of groundwater in the 
alluvial plains of El-Abd and El-Taht wadis in Tiaret. Given 
that people in these regions widely use groundwater resources 
for their own supply and agricultural needs, this study aims to 
provide a set of the quality of this resource. 

The simple and traditional methods used in hydrochemical 
researches are essentially based only on a quantitative analysis 
of the physical-chemical parameters of groundwater. To better 
understand the origin and evolution model of groundwater, 
our study adopted different methods of analysis including the 
water quality index (WQI) assessment combined with Piper 
and Gibbs diagrams. In addition, multivariate statistical 
methods (PCA and HCA) were applied. Finally, the spatial 
distribution of the ions is used in this study. 

Materials and Methods 
This study is carried out in the alluvial plains of El-Abd and 

El-That valley (Fig. 1) which are located in three regions of 
Tiaret province in Northwestern Algeria (Frenda, Ain Hedid 
and Takhemert). This study has swept an area of 44,630 km² 
between latitude 35º40’ and 34°40’ N and between longitudes 
0º20’ and 1º10’ E. The alluvials plains are part of the sub-
watershed of El-Abd and El-Taht valley, which belongs to 
the watershed of Mina valley. The latter belongs to the great 
basin of the Chellif valley (Fig. 3).

Geology and hydrogeological of the studied area
The geological context of the wadis El- Abd and El-Taht 

consists of Upper Jurassic formations (Figure 2-1). These 
geological formations occupy the entire of El-Taht’s watershed 
and half of the El- Abd’s watershed (Safa, 2010). Also the 
Middle Jurassic and Callovo-Oxfordian formations largely 
predominate the other formations (Strojexport, 1976). 
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Fig. 2 - Carta geologica (1) e colonne 
stratigrafiche (2) dell’area di studio. 

Fig. 2 - Geological map (1) and stratigraphic 
logs (2) of the study area.

To better understand the geology of the studied area, 
the stratigraphic logs located in Frenda, Ain Hedid, and 
Takhemert (Figs. 2a, 2b, 2c) show the vertical succession 
of the geological formations, particularly the variation in 
thickness of the El Gaada dolomites toward the south and 
southwest of the region. Additionally, Figure 2d highlights 
the thinning of the Upper Jurassic carbonate formations 
towards the northwest (Safa, 2010).

According to Figure 2d, two distinct hydrogeological 
environments are closely associated with the geological 
framework of the El-Taht watershed, the first one is in the 
downstream area, detrital formations consisting of clayey-
loamy sands, pudding stones, and sandstone clays dominate, 
while the second  one is in the upstream zone, carbonate 
formations prevail. In contrast, the El-Abd sub-watershed 
exhibits more significant surface runoff, influenced by the 
nature of its terrain and lithological structure.

The watersheds of the wadis El -That and wadis El- 
Abd have a complex hydrographic network, especially 
pronounced in their upstream regions, where they are fed by 
numerous karstic sources. In downstream, the density of the 

hydrographic network decreases due to the gentle slopes of 
the clay formations (Fig. 3).

According to Safa (2010), the El-Abd and El-Taht valleys 
have formed wide plains which are subject to erosion.

The alluvial plains are part of a vast hydrogeological system 
which is composed of three superimposed reservoirs. Firstly, 
the Plio-Quaternary formations (Figure 2,d), consist of 
clayey-loamy sands and massive limestone from the Senonian 
age, forming the base of a superficial aquifer. The second 
reservoir is made up of formations from the Portlandian and 
Kimméridgien periods, consisting of dolomitic formations 
with intercalations of sandstone and clay, which rest on an 
Oxfordian clayey substrate, representing a perched aquifer. 
The third reservoir is located in the fractured bedrock 
and constitutes the main deep reservoir of the region. It is 
characterized by the presence of dolomites, limestones, and 
sandstones from the Aaléno-Bajo-Bathonian age. At the top 
of this reservoir, there is a layer from the Callovo-Oxfordian 
age which is characterized by a thin and impermeable clay 
deposit with intercalations of sandstone and dolomite layers 
(Safa, 2010).
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Fig. 4 - Piezometric map of the study area (m asl).

Fig. 4 - Carta piezometrica dell’area di studio (m slm).

Three superimposed aquifer levels are distinguished 
(Figure 2d):
1. A superficial aquifer within the Plio-Quaternary 

formations and Senonian limestone, with medium 
permeability.

2. A perched aquifer within the Kimmeridgian formations, 
resting on impermeable Oxfordian clays.

3. A deep aquifer within the fractured formations of the 
Aaléno-Bajo-Bathonian, confined beneath the Callovo-
Oxfordian clays.

In order to better understand the hydrogeology of the 
alluvial plains as well as the dynamics and variations of 
groundwater in the two aquifers of the studied region, a 
piezometric map has been developed (Fig. 4). 

According to this map, piezometric level varies among 
the three investigated areas. In Frenda, this level range from 
689.5 to 1215.44 meters above sea level. As for Ain Hedid and 

Fig. 3 - Localizzazione del bacino idrografico dell’area 
di studio. 

Fig. 3 - Watershed localization of the study area.

Takhemert, the piezometric level varies between 564 and 950 
meters above sea level, and between 526.8 and 728 meters 
above sea level respectively. Moreover, the Figure 5 highlights 
an information about the topography and elevation of the 
study area.

The Table 1 indicates additional information by specifying 
the geographical coordinates, static level and piezometric 
level of the 36 water points in the study area. 

The static level was measured before the sampling of water 
intended for physico-chemical analyses at the beginning of 
June 2021. This operation was carried out over three days: the 
first day in the Frenda region, the second in Ain Hedid, and 
the third in Takhemert.

Sampling procedures and analytical techniques
A total of 36 samples across the study area (Fig. 5) were 

collected between June to August (2021). All of them were 
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Tab. 1 - Geographic coordinates, static level and piezometric level of the sampling points in the study area.
Tab. 1 - Coordinate geografiche, livello statico e quota piezometrica dei punti di campionamento nell’area di studio.

Water point
Geographic coordinates Static level

(m)
Elevation 

(m asl)
Piezometric level 

(m asl)X Y

F1 1.09798 35.04705 44.5 1121 1076.5

F2 1.17174 35.02548 6.56 1222 1215.44

F3 1.11158 35.01928 44.38 1187 1142.62

F4 0.99155 35.01995 44.5 853 808.5

A1 0.87556 35.07156 32.35 788 755.65

A2 0.78325 35.02164 45 845 800

A3 0.85021 35.25491 8.86 628 619.14

A4 0.85992 35.0481 8.72 850 841.28

T1 0.68299942 35.1070021 26.29 636 609.71

T2 0.68015797 35.2196824 18.2 545 526.8

A5 0.86823 35.09242 34 798 764

A6 0.81044 35.07708 91 843 752

A7 0.87556 35.07156 133 788 655

A8 0.86199 34.95796 66.65 937 870.35

F5 0.97052 35.13237 66.7 873 806.3

F6 1.06979 35.08003 59.37 1061 1001.63

F7 1.0778 35.06391 133 1095 962

F8 1.07798 35.05705 8.86 1103 1094.14

T3 0.79703017 34.9722646 45 927 882

T4 0.74769372 35.0729593 26.8 742 715.2

T5 0.74769481 35.0729142 40 745 705

T6 0.65963236 35.1196789 30 611 581

T7 0.72061761 35.1433479 60 788 728

T8 0.72051008 35.143256 68 650 582

F9 1.08174 35.03548 83 1147 1064

F10 0.98863 35.0283 28 839 811

F11 0.99858 35.0371 48.5 850 801.5

F12 0.94052 35.12237 65.5 755 689.5

F13 0.97121 35.07367 50 782 732

F 14 0.98863 35.02839 44.5 839 794.5

A9 0.8727 35.08843 37.7 793 755.3

A10 0.79072 35.14535 34.5 821 786.5

A11 0.83421 35.18703 87 677 590

A12 0.85691 35.20271 81 645 564

A13 0.7863 35.10032 98 775 677

A14 0.90991 35.06826 40 990 950

collected in pre-cleaned polyethylene bottles with high 
quality. Our sampling method was based on a selection of 
36 wells during low flow, taking into account the location of 
water sources in relation to the lithology of the study area. 
The samples were taken after pumping for 10 to 15 min until 
constant conductivity,  were kept in coolers (at 4 C°) until 
physical-chemical laboratory analyses.

In this study, the quantification of anions and cations is 
useful for identifying the ionic composition of the water, 

which is essential for assessing its mineralization and 
detecting possible pollution. The Water Quality Index 
(WQI) aims to provide a global and synthetic assessment of 
water quality based on several physicochemical parameters. 
A complementary study to classify water types according 
to their dominant ionic composition (Piper diagram) and 
identify the major geochemical processes controlling water 
composition (Gibbs diagram) will be conducted.
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Fig. 5 - Location of water point in the study aera.

Fig. 5 - Ubicazione dei punti di campionamento 
delle acque nell’area di studio.

Consequently, 17 parameters were analyzed in situ1 
and in the laboratory2 according to Rodier et al. (2009). 
1Conductivity (EC), (pH), water temperature (T°) and (TDS) 
were measured using a portable device (HACH SL 1000). 
The instrument was calibrated using buffer solutions with 
pH values of 4, 7 and 9, as well as EC values of 147, 1413, 
and 12.88 µS/cm, respectively.2The concentration of calcium 
(Ca2+), magnesium (Mg2+), chloride (Cl-) and bicarbonate 
(HCO3

-) was determined by the volumetric method. The 
EDTA titration analysis was used to examine calcium using 
Eriochrome Black and Murexide indicators, respectively. The 
nitrates (NO3

-) and sulfate (SO4
2-) were measured using a 

Spectrophotometer (HACH DR2500).
For the sodium and potassium, the concentration was 

determined using flame photometer (Jenway PFP7). Methyl 
orange was used with HCl (0.1N) titration to determine 
the bicarbonate (HCO3

-). Chloride (Cl-) was determined 
by titrating with silver nitrate (AgNO3

-) solution using 
potassium chromate (K2CrO4). 

The error ionic balance (EIB) has been assessed in this 
study to confirm the analytical precision for correct ion 
measurement. Several studies have established this EIB on 
a value precision at approximately ±8% (Fu et al., 2022) and 
±10% (El Baba et al., 2020). However in our study this error 
ionic balance is acceptable at ± 5% (Adimalla, 2019, Adimalla 
and Qian, 2021) using following equation:

EIB=(∑ Cations - ∑ Anions) / (∑ Cations + ∑ Anions)∙100

Water quality index (WQI)
In order to properly classify water quality according to 

international standards as recommended by the WHO (2008), 
a quality index has been adopted in this study (Vasanthavigar 
et al., 2010). This index provides the composite influence 
of individual parameters on the overall quality of water for 
human consumption.

This index is calculated using the following equation 
reported by Bekkoussa et al., (2017):

Step 1

      1 100i i
ii i i

iin

w CWQI SI W q
Sw=

    
  = = = ⋅ ⋅      

∑ ∑ ∑ ∑  (1)

Where:
Ci: concentration of each parameter,
Si: limit value of each parameter set by WHO standards,
wi: the weight of each parameter according to its relative 
      importance in the quality of drinking water (Table 2),
qi: quality notation for each parameter,
Wi: the relative weight,
SIi: the sub-index of parameteri.

Tab. 2 - Weight of physico-chemicals parameters (Bekkoussa et al., 2018).

Tab. 2 - Peso dei parametri fisico-chimici (Bekkoussa et al., 2018).

Parameters
Si 

(WHO standard maximum 
value) 2008

wi Wi

pH 9 3 0.094

TDS(ppm) 1500 5 0.156

Cl-(mg/L) 250 4 0.125

SO4
-2 (mg/L) 250 4 0.125

Ca2+(mg/L) 100 2 0.063

Na+(mg/L) 150 3 0.094

K+(mg/L) 12 3 0.094

Mg2+ (mg/L) 50 2 0.063

HCO3
-(mg/L) 250 1 0.031

NO3
-(mg/L) 50 5 0.156

total 32 1
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For a detailed explanation of the applied calculations, a 
numerical value named relative weight (Wi), specific to each 
physico-chemical parameter is calculated using following 
Equation according to Brown (Brown et al.,1970,1972):

Wi=K/Si                 (2)
Where:
K: proportionality constant and is calculated using the 

following equation:

 ( )11 / 1/in

iK S== ∑   (3)
n: number of parameters
Si: maximum value of the WHO standard (2008) for surface 
    water of each parameter in mg/L except for pH and TDS 
    (ppm).

Step 2: the sub-index (SIi) value was calculated by using the 
expression

 
( ) ( )/ 100i i o i oSI C S S S= − − ⋅        (4)

where 
So = actual values of the parameters in pure water (generally 
       So = 0 for most parameters, except for pH).
SpH = [(C pH − 7)] / [(8.5 − 7)] × 100

Irrigation index
In this study, a set of parameters such as the sodium 

adsorption ratio (Richards, 1954), sodium percentage 
(Wilcox, 1955), Kelly’s ratio (Kelly, 1963) and magnesium 
hazard ratio (Ragunath, 1987) were evaluated to determine 
the irrigation index of the groundwater in the studied area, 
using the following equations:

2

NaSAR
Ca Mg

=
+    (a)

% 100Na KNa
Ca Mg Na K

+
= ⋅

+ + +   (b)

( )
NaKI

Ca Mg
=

+
    (c)

( )
100NaMH

Ca Mg
= ⋅

+     (d)

Statistical analysis
Various statistical techniques including PCA and HCA 

are used to present our data using SPSS 20 software and 
OriginoPro 22. PCA is one of the important statistical 
methods that groups the data based on the inter-correlations 
between the variables and similarity between study factors. 
Correlations between water quality variables can mention 
many significant hydrochemical relationships (Adimalla & 
Qian, 2021). The box plots have been set up using OriginoPro 
22. 

Hydrochemical Characteristics of groundwater of the 
study area
Hydrochemical Composition  

All charge-balance errors (EIB) for the three regions are 
within an acceptable limit of ±5%. The groundwater of the 
study area is characterized by its richness in the chemical 
elements. The results of the surveyed water chemical and 
physical parameters are shown in Table 3.

As expected, for all samples the pH values have alkaline 
properties. Previous studies indicated the alkaline nature of the 
groundwater in Algeria (El Baba et al., 2020, Zemour et al., 2023). 

The Piper diagram (Fig. 6) illustrates three distinct chemical 
facies: the first facies is HCO3-Ca (27.77%), the second facies 
is Cl-Na (25%), and the third facies is HCO3

-Mg (19.44%). 
This could be explained by the increase in Ca2+ and Mg2+ 
concentrations resulting from the dissolution of carbonate 
formations (calcite and dolomite), as well as the dissolution 
of evaporitic formations (halite), which leads to a rise  

Components
fREnda ain HEdid taKHEMERt

Min Max Mean Min Max Mean Min Max Mean

Na+ (mg/L) 22 265 61.51 29 415 185 24 225 129.75

Ca2+ (mg/L) 48.89 142.68 100.31 44.08 226.8 136.79 48.89 195.59 135.06

Mg2+ (mg/L) 3.96 103.66 47.69 30.25 160.704 78.12 4.96 202.36 59.02

K+ (mg/L) 1.2 13.8 5.99 2.4 19.4 9.43 2.5 8.5 4.11

HCO3
- (mg/L) 201.3 463.6 358.16 262.3 463.6 345.96 323.3 463.6 366

SO4
-2 (mg/L) 12.9 219.11 84.71 20.14 466.75 191.21 13.7 193.07 128.59

Cl- (mg/L) 56.8 383.4 126.28 71 937.2 377.3 35.5 454.4 284

NO3
- (mg/L) 3.53 141.71 66.45 4.33 152.95 34.66 14.49 117.87 53.05

T° C° 26 29 27.89 25.3 29.2 27.56 25.5 29.2 27.6

pH 7.4 7.63 7.55 7.25 7.83 7.55 7.27 7.82 7.41

EC (μS/cm) 477 1860 1097.79 765 4630 2047.7 615 2390 1614.8

TDS (ppm) 239 933 549.5 383 2320 1038.64 308 1194 807.37

Tab. 3 - Groundwater Physicochemical parameters.
Tab. 3 - Parametri fisico-chimici delle acque sotterranee.
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in Cl- and Na+ concentrations in the water. Moreover, the 
study area, located 200 km from the sea, suggests the absence 
of Na+2 and Cl- intrusion into the groundwater.

Fig. 6 - Piper diagram.

Fig. 7a - Spatial distribution of Ca2+ in the study area.

Fig. 7b - Spatial distribution of SO4
2- in the study area.

Fig. 7c - Spatial distribution of NO3
- in the study area.

Fig. 7d - Spatial distribution of Na2+ in the study area.
Fig. 7 - Spatial distribution of the major cations and anions in the study area.

Fig. 6 - Diagramma di Piper.

Fig. 7a - Distribuzione spaziale del Ca2+ nell’area di studio.

Fig. 7b - Distribuzione spaziale di SO4
2- nell’area di studio.

Fig. 7c - Distribuzione spaziale di NO3
- nell’area di studio.

Fig. 7d - Distribuzione spaziale di Na2+ nell’area di studio.
Fig. 7 - Distribuzione spaziale dei principali cationi e anioni nell’area di studio.

Indeed, according to average results, among the measured 
element Ca2+ (6.10 meq/L) and Mg2+ (5.10 meq/L) represent 
the majority cation, while chloride (7.30 meq/L) is the most 
dominant anion. This could be explained by the dissolution 
of Ca2+, Mg2+ and Cl- with respect from calcite, dolomite and 
Halite (Chen et al., 2023; Martínez-Martínez et al., 2021). 

This richness in Ca2+ is significantly observed in Ain Hedid 
(226.8 mg/L), a value that exceed the drinking water standard 
of 75 mg/L (WHO, 2008). Indeed, this same region (Ain 
Hedid) recorded the highest value of Cl- (Table 3). In another 
study carried out in the Ghriss plain basin (Western Algeria), 
Bekkousa et al. (2017) demonstrated the same findings.

The result showed that the study area has a high NO3
- 

and EC value exceeding WHO standards (2008). The use of 
fertilizers and pesticides in agricultural practice could be the 
main factor contributing to the increase for NO3

- levels. Our 
study externalizes results exceeding those reported by Kenniche 
et al. (2022) in the Ghriss plain basin (Western Algeria).   

According to the spatial distribution of ions, calcium is 
distributed over the entire plain with high concentrations and 
above the standard (WHO, 2008) with a maximum value of 
226.8 mg/L. Both of the magnesium and sodium are strongly 
localized in the north and south west of Ain Hedid and 
the center of Takhemert (Figs 7e, 7d), with 160.704 (mg/L)  
202.36 (mg/L) respectively.

The majority ions, including chloride with a maximum 
value of 454.4 mg/L, exceeded the WHO standard (2008) and 
are generally distributed in the Northwestern part of Ain El 
Hedid. Additionally, high nitrate concentrations are found in 
the northwestern part of Ain El Hedid (152.95 mg/L) and the 
center of Frenda (141.71 mg/L) (Fig. 7c). 
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Fig. 8 - Correlation between  groundwater hydrochemical parameters of the studied area.

Fig. 8 - Correlazione tra i parametri idrochimici delle acque sotterranee 
dell’area studiata.

Fig. 7e - Spatial distribution of Mg2+ in the study area.

Fig. 7f - Spatial distribution of K+ in the study area.

Fig. 7g - Spatial distribution of HCO3
- in the study area.

Fig. 7h - Spatial distribution of Cl- in the study area.

Fig. 7e - Distribuzione spaziale del Mg2+ nell’area di studio.

Fig. 7f - Distribuzione spaziale di K+ nell’area di studio.

Fig. 7g - Distribuzione spaziale di HCO3
- nell’area di studio.

Fig. 7h - Distribuzione spaziale di Cl- nell’area di studio.

Major ion correlation
Correlation analysis helps assess the relationships between 

the hydrochemical parameters of groundwater (Cosgrove et 
al., 2019). Electrical conductivity (EC) shown a strong positive 
correlation with most ions, except for HCO3

− and NO3
− (Fig. 

8). The correlations with Cl−, SO4
2-, and Na+ are all greater 

than 0.8. Fu et al. (2022) showed that EC is largely influenced 
by these ions.

The correlation between pH and other elements is relatively 
weak, a similar pattern being observed for HCO3

− and NO3
−. 

Our results also indicated a positive correlation between 
Na+ and Cl−, likely due to the dissolution of evaporitic 
minerals such as halite and gypsum (Calligaris et al., 2019). 
Additionally, we observed a positive correlation between 
Na+ and SO4

2-, which can be attributed to the dissolution 
of Glauber’s salt (Na2SO4·10H2O), a common source of 
both ions. Certain clay minerals, particularly illites, may 
incorporate sodium and potassium cations in their structure, 
explaining the positive correlation between Na+ and K+ (Kom 
et al., 2023). We also found a positive correlation between 
Cl− and K+, linked to the dissolution of evaporitic minerals 
like sylvite. Furthermore, Cl− has a strong positive correlation 
with SO4

2- and Mg2+, likely due to groundwater interacting 
with geological formations, releasing these ions into the water 
through natural geochemical processes or human activities.

Evolution of Groundwater Chemistry
Gibbs diagram provides a method for better understanding 

the processes that affect geochemical parameters underlying 
groundwater mineralization (Yahiaoui et al., 2023). It is 
intended to study the essential natural mechanisms controlling 
water chemistry and also to establish the relationship between 
the water composition and the lithological characteristics 
of the aquifer. Precipitation effects, rock weathering, and 
evaporation are the main factors involved in this diagram 
(Gibbs, 1970). According to Figure 9, evaporation and mineral 
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Fig. 9 - Gibbs diagram.

Fig. 10 - Durov Diagrams.

Fig. 9 - Diagramma di Gibbs.

Fig. 10 - Diagrammi di Durov.

weathering are the main factors affecting the chemical 
composition of studied groundwater.

Classification of water according to the Durov Diagram
The Durov diagram is based on the percentage of major 

ions in meq/L (Durov, 1948), where the percentages of total 
positive and negative ions always add up to 100%. The values 
of cations are represented in the left triangle, while those 
of anions are located in the upper triangle. Both are then 
projected onto the main field square. This diagram has the 
advantage of visualizing various geochemical processes that 
could influence water formation. Lloyd and Heathcoat (1985) 
divided the central square into nine sectors, each representing 
a specific hydrochemical process. 

The Durov diagram (Fig. 10) can explain three major 
processes: mixing/dissolution, ion exchange, and reverse 

a b

ion exchange, especially when the total water concentration 
exceeds 1500 mg/L. This method was adopted to assess water 
types based on geochemical processes that may have influenced 
the nature of groundwater. It also allows presenting total 
concentrations of cations and ions, as well as pH and TDS.

The diagram results shown that most water samples exhibit 
simple dissolution or mixing. The results corroborate those 
obtained by the Gibbs diagram (Fig. 9). 

Statistical analysis with PCA (Principal Component 
Analysis) and (HCA) (Hierarchical Cluster Analysis)

For more characterizing the revealed water parameters, the 
Principal component analysis (PCA) is adopted by previous 
studies (Gibbs, 1970; Gaur et al., 2022; Rahman et al., 2021; 
Adimalla, 2019, Gan et al., 2022).Therefore, the Scree plot has 
been, generally, using for selecting the principal components 
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Fig. 11 - Principle component analysis (PCA) screen plot of studied parameters.

Fig. 12 - Component diagram (PCA).

Fig. 11 - Diagramma dell’analisi delle componenti principali (PCA) dei 
parametri studiati.

Fig. 12 - Diagramma delle componenti (PCA).

(PCs) (Fartas et al., 2022). Figure 11 highlighted that the first 
three components have the highest contribution to explain 
the variance of 49.14%, 14.66% and 12.755%. Hence, they 
accounted for 76.553% of the variability within the data.

Table 4 shows the factor weights values of observed factors 
related to each principal component. The coefficients of each 
parameter indicated the contribution of the corresponding 
variable to the specific principal component. Previously, Liun 
et al. (2003) have given the classification of PCs according to 
these values. Indeed the PCs are classed as weak, moderate, 
and strong if their factor loading values are 0.30–0.50, 0.50–
0.75, and > 0.75 respectively.

PC1 PC2 PC3

T°C -0.019 0.555 0.555

pH -0.064 0.916 -0.160

EC 0.971 -0.169 0.066

TDS 0.975 -0.163 0.063

Ca2+ 0.430 -0.690 -0.023

Mg2+ 0.641 -0.136 0.318

K+ 0.811 0.234 -0.132

Na+ 0.937 0.023 -0.149

HCO3
- -0.215 -0.058 0.647

Cl- 0.951 -0.218 -0.040

NO3
- 0.024 -0.160 0.843

SO4
2- 0.872 -0.033 -0.075

Tab. 4 - Principal component loadings of the PCA.

Tab. 4 - Carichi delle componenti principali della PCA.

It was determined that the PC1 was connected with a 
positive weight with, conductivity (0.971), sodium (0.937), 
chloride (0.951), potassium (0.811), and SO4

- (0.872) with 49.14 
per cent variation. This group of variables associated with 
PC1 indicates that salinization is the main factor influencing 
mineralization. Thus, the increase in salinity is primarily 
linked to the dissolution of minerals and the weathering of 

evaporitic rocks (Benadela et al .,2022). The second factor 
PC2, representing 14.66% of the total variance, is strongly 
correlated with pH (0.916) and T°C (0.555), suggesting that 
the increase in temperature influences the rate of chemical 
reactions, potentially leading to a rise in the pH of the waters 
(BITENCOURT et al., 2019). However, Nitrate (0.843) and 
HCO3

- (0.647) had positive weight in PC3, with a 12.76% of 
variance (Fig. 12). These elements are the main indicators of 
contamination related to agricultural activities (Bekkoussa et 
al., 2018).

The HCA method is the most approach which uses squared 
Euclidean distance that gives the most meaningful findings 
(Sharma et al., 2017). Cluster analysis using Ward’s method 
and squared Euclidean distance (Fig. 13) validated the results 
of the Piper diagram (Amadou et al., 2022). The water sources 
are grouped into three main categories:

Cluster (A) (22.22% of sources): Primarily controls the 
salinity of groundwater, with a major influence from Na+ and 
Cl- resulting from the dissolution of evaporitic formations 
(halite).

Cluster (B) (25% of sources): Includes HCO3
-, Ca2+, and 

Mg2+, highlighting the role of the dissolution of carbonate 
rocks (limestone, dolomite) and evaporitic minerals (gypsum) 
in groundwater chemistry.

Cluster (C): Dominated by the dissolution of dolomite 
[CaMg(CO3)2], representing the majority of sources in the 
region (52.77% of sources)
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Fig. 13 - Classification of the studied parameters and sources according to HCA.

Fig. 14 - Box plot of WQI.

Fig. 15 - Water quality index for the three studied regions.

Fig. 13 - Classificazione dei parametri e delle fonti studiati secondo la HCA.

Fig. 14 - Box plot del WQI.

Fig. 15 - Indice di qualità dell’acqua per le tre regioni studiate.

Water quality index (WQI)
Water quality is main information in nature resources 

management (Abdelaziz et al., 2020). It presents the water 
parameter datas that aggregate to produce a single value of 
the water quality from the huge amount of variable (Nguyen 
et al., 2022). With other parameters such as hydrogeochemical 
facies study and pollution index evaluation, the water 
quality index remains the most important to determine the 
groundwater quality for drinking and irrigation (Aljanabi et 
al., 2021). So, water quality standards have been established 
to evaluate this index on international and regional scale. 

According the established Box plot (Fig. 14), the values of 
WQI are between 89.8 (Frenda) and 281.8 (Ain Hedid).

Additionally, the results showed that 2.7% of the samples 
from the studied alluvial plains belong to the good quality 
category (Table 5). While 63.8 % and 33.3% of the samples 
are classified in the poor and very Poor category respectively 
(Figure 15). Fortunately, our study disclosed a total absence of 
the very mediocre and unsafe drinking water categories.

index Classes WQi Sample numbers and (%)

Excellent (<50) None

Good (50 – 100) 1 (2.7)

Poor (100 – 200) 23 (63.8)

Very poor (200 – 300) 12 (33.3)

Unsafe drinking water (>300) None

Tab. 5 - Water classification according to WQI (Nayak et al., 2022, Bekkoussa et 
al., 2018).
Tab. 5 - Classificazione delle acque secondo il WQI (Nayak et al., 2022, 
Bekkoussa et al., 2018).

According to the mapping and the special analysis of the 
WQI of the study region (Fig. 16), it has been shown that the 
whole region has poor to very poor potability, except the part 
of Frenda, with good potability (Agidi et al., 2022).

Fig. 16 - Map of the water quality index.

Fig. 16 - Mappa dell’indice di qualità dell’acqua.

Correlation between the water quality index and the major 
elements

 According to the studied correlations between WQI and 
the determined ions, the increase in the amounts of the cations 
affects negatively the final water quality. Nevertheless, the 
evaluated index decreases with high values of HCO3

-. Upon 
studying the analysis correlation (Fig. 17), the water quality 
index is positively correlated with Na+ ,K+, Mg2+, Ca2+ , and 
Cl-, SO4

2- ions (Zamiche et al., 2018). Results confirmed by the 
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Fig. 17 - Correlation between the water quality index and the major ions.

Fig. 17 - Correlazione tra l’indice di qualità dell’acqua e gli ioni principali.

Gibbs diagram (Fig. 9) where the origin of the mineralization 
is largely due to the alteration and dissolution of the source 
rock, in particular the carbonate rocks (dolomite) and the 
evaporitic rocks (halite and selvine) (Zamiche et al., 2018).
Therefore the decrease in the water qualaty index of the study 
area is hightly dependent on the increase in Na+, K+ and Cl-, 
SO4

2- (Mammeri et al., 2023; Hosseininia & Hassanzadeh, 
2023).

Evaluation of Groundwater Suitability for Irrigation
From the irrigation standpoint, most of the analyzed wells 

present an acceptable quality according to the evaluated 
indices such as SAR, %Na and Kelley’s Index. However, the 
presence of high salinity levels in some wells could restrict 
their use for irrigation. The Magnesium Hazard Index 
(MH) highlighted a risk associated in particular with a high 
concentration of magnesium, concerning more than 33.3% of 
the studied wells (Table 6).

Parameters Range Water class Samples index percentage (%)

Alkalinity hazard 
(SAR)

<10 Excellent 36 100

10 – 18 Good 0 0

18 – 26 Doubtful 0 0

>26 Unsuitable 0 0

Salinity hazard (EC)

<250 Excellent 0 0

250 – 750 Good 04 11.11

750 – 2000 Permissible 26 72.22

2000 – 3000 Doubtful 03 8.33

>3000 Unsuitable 03 8.33

Sodium percentage 
(Na %)

<20 Excellent 12 33.33

20 – 40 Good 16 44.44

40 – 60 Permissible 6 16.66

60 – 80 Doubtful 2 5.55

>80 Unsuitable 0 0

Kelly Index (KI)
<1.0 Suitable 33 91.66

>1.0 Unsuitable 03 8.33

Magnesium Hazard 
(MH) %

<50 Suitable 24 66.66

>50 Unsuitable 12 33.33

Tab. 6 - Classification of groundwater quality according to irrigation index.

Tab. 6 - Classificazione della qualità delle acque sotterranee in base all’indice di irrigazione.
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Conclusion
In this study, water quality index (WQI) has been assessed 

to characterize the suitability of groundwater of 36 samples 
throughout three regions in the plain of Tiaret (Northwestern 
Algeria). According to this study, the pH values of all the 
samples have alkaline properties. Indeed, Piper diagram 
shown three chemical facies. The first is bicarbonate calcium 
(HCO3-Ca) and the second is chloride Sodium (Cl-Na) and the 
third one is bicarbonate magnesium (HCO3-Mg). According 
to WHO (2008), HCO3

- and Cl- are the dominant anions, 
while Ca2+ and Mg2+ represent the majority cations. 

The spatial distribution of ions reveals that calcium is 
widely present throughout the plain, while magnesium and 
sodium are mainly concentrated in the north and southwest 
of Ain Hedid, as well as at the center of Takhemert. Cl- and 
sulphate are primarily found in the northwestern part of Ain 
Hedid. Furthermore, this region and the center of Frenda, are 
characterized by high nitrate concentrations. 

The results indicated that electrical conductivity (EC) and 
TDS are strongly correlated with most ions, except HCO3

- 
and NO3

-, while pH exhibited a weaker correlation with the 
other elements. A positive correlation was also found between 
Na+ and the anions Cl−, SO4

2- and K+. Additionally, a positive 
correlation is observed between Cl− and K+, SO4

2- and Mg2+.
Gibbs diagram confirmed that evaporation and mineral 

weathering are the main factors affecting the chemical 
composition of studied groundwater. Indeed, The Durov 
diagram revealed that most water samples exhibited simple 
dissolution or mixing. 

According to the statistical analysis, most of the parameters 
(EC, Na+, Cl−, K+, and SO4

2-) are associated with PC1, 
indicating that mineralization process is mainly caused by 
salinization. The second factor, PC2, is strongly correlated 
with pH and T°C, suggesting that temperature increases may 
influence the rate of chemical reactions, potentially raising 
the pH of the water. The final factor, PC3, is correlated 
with nitrate and bicarbonate, which are key indicators of 
contamination linked to agricultural activities. The HCA 
method revealed three clusters upon analysis.

The results of the WQI showed that 2.7%, 63.8 % and 
33.3% of the samples belong to the good quality category, 
poor and very poor category respectively. Most of the analyzed 
wells meet acceptable groundwater quality standards for 
irrigation, based on indices such as SAR, Na%, and Kelley’s 
Index. However, high salinity levels in some wells may 
limit their use for irrigation. The Magnesium Hazard Index 
(MH) identified a risk, particularly due to high magnesium 
concentrations, affecting more than 33.3% of the studied 
wells.Therefore, this study recommends that the groundwater 
in this region be preserved and protected to ensure sustainable 
development. Moreover and as perspective, a future research 
will focus on isotopic analyses to enhance understanding of 
groundwater origin and recharge mechanisms in this area.
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