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Keywords The physicochemical parameters selected for this study, namely pH, total dissolved
solids, electrical conductivity, total hardness, alkalinity, calcium, magnesium, sodium,
potassium, bicarbonate, chloride, sulfate, and Temperature, were determined by
following the procedures prescribed by international standards. were determined by
following the procedures prescribed by international standards. In groundwater quality
studies, statistical analysis techniques such as correlation analysis, principal component
analysis (PCA) and analysis of variance (ANOVA) were used to assess the main factors
and mechanisms governing spatial variations in the Ouargla basin region. The results
obtained showed that the facies characterizing the study area were a mixed combination
of Ca—Mg-Cl, Ca-Cl and Na-ClI, with the dominant ions being most often chlorides and
sulfates, as well as calcium and magnesium. The WQI values calculated for the Ouargla
basin region ranged from 174.69 to 312.71. The geospatial distribution of the water
quality index shows that the water of the Albian aquifer is poor, while the majority of
the water of the Miopliocene and Senonian aquifers is very poor. However, the results
of this study indicate that most of the water is not potable and requires additional pre-
treatment before consumption.
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1. Introduction groundwater. This groundwater, contained in the

continental ~ formations of the Intercalary
Water is one of the essential resources for the Continental (IC) and the Terminal Complex (CT),
sustenance of all living beings. The demand for constitutes one of the largest hydraulic reservoirs in
water for various purposes is increasing rapidly due the world [2,3]. With a better understanding of the
to the continual rise in population, rapid importance of drinking water quality to human
urbanization with changing lifestyles, and growing health, there is a significant need to assess
industrialization [1]. In the Algerian northern groundwater quality [4]. Moreover, there is a need
Sahara, most of the water resources are for studies on how groundwater will be managed.
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For efficient management, the assessment of
groundwater resources requires an understanding of
the hydrogeochemical and hydrogeological features
of the aquifer [5,6]. To achieve this, the
examination of groundwater quality is essential,
considering both the physical and biological
characteristics that must be compatible with
international or local standards, along with its
implications for human health and various
application domains. It is also important to know
the rate of groundwater renewal, the role of
precipitation in layer recharging, and the time water
remains on the surface before penetrating the
subterranean layers [7]. The Water Quality Index
(WQI) is a mathematical method and composite
factor that provides information based on the
variables (elements) that the water contains. These
variables are converted into a single result that
describes the quality of the studied water [8, 9]. The
Ouargla Basin, the subject of this study, is one of
the basins north of the Algerian Sahara. Over the
past decades, this basin has witnessed significant
exploitation, leading to qualitative and quantitative
degradation of this resource. However, the main
objective of this study is to evaluate and map the
groundwater quality status of the Ouargla Basin
using the Water Quality Index and Geographic
Information System.

2. Materials and Methods
2.1 Description of the Study Area

The Our study area is located in the city of Ouargla,
one of the main oases of the Algerian Sahara. It is
situated in the southeast of Algeria, approximately
750 km from the capital. The Ouargla basin is
occupies an area of 95000 hectares, measuring 30
km long and 12 to 18 km wide. Its height is
between 103 and 150 meters above sea level, it is
bordered to the West by a plateau of 200 to 230 m
altitude and to the East by a plateau less than 160
meters above sea level. altitude, linked to the sands
of the great oriental erg. On the east it is bordered
by Eurg Touil and Arifdji; on the west by the valley
of Me Zab; On the north by Sebkhet Safioune and
on the south by the dunes of Sedrata. The
geographical coordinates of the study area are
longitudes 5°23' and 5°49' East and latitudes 31°89'
and 32°28' North [10]. Figure 01 presents the study
area location and Wells locations. The climate of the
Ouargla region is of the Saharan type, characterized
by a hot, dry summer and a mild winter. Over the
course of the year, the temperature typically varies
from 5°C to 42°C and is rarely below 2°C or
above 46°C. The annual average rainfall is about
40.44 mm.
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2.2 Geological and Hydrogeological Settings

In study area, the Miopliocenelands outcrop,
they are covered by a small thickness of Quaternary
deposit (ergs, dunes). The basin is dug into the
continental formations of the MioPliocene. These
are red sands and soft sandstones with cross-
stratification, with limestone nodules, interspersed
with limestone or gypsum levels that can be seen
outcropping on its eastern and western edges. The
description of the sedimentary formations was
established by interpreting water and oil drilling
logs [11,12]. The stratigraphic series of the Ouargla
basin is represented from bottom to top by the
following formation (Figure 2):The Quaternary
consisting of alluvial or eolian sands with the
surface layer, located at a depth of 2 meters on
average, sometimes gypsum and reworking
products of the MioPliocene terrains, The
Miopliocene formed by sands and sandstones and
sometimes limestones and clays; the thickness of
this formation is of the order of 85 meters on
average. The Eocene is characterized by marls,
anhydrite and sometimes sand at the top; it
constitutes a lithological continuity with carbonated
senonian. The Senonian is divided into three
different lithological units. Namely, the carbonate
Senonian at the top, constituted by limestone with
dolomitic marl layers its average thickness is
around 150 meters, and the Anhydritic Senonian at
the base, constituted by an irregular alternation of
anhydrite, dolomite, clay, and salt banks, and by a
more or less uniform composition its average
thickness is around 250 meters. At the base there is
the Salty Senonian is known for its massive salt; we
sometimes find clays, limestones, and anhydrite.
The thickness of this formation is of the order of
200 meters on average. The Turonian appears in the
form of carbonacious clays and limestone banks
with a thickness not exceeding 100 meters in most
cases. The Cenomanian is characterized mainly by
interbedded clay and dolostones; we sometimes
find limestone, anhydrite, and rarely salts, its
thickness varies around 200 meters. The Albian is
characterized by a great thickness (>400 m) in
almost all the boreholes; it is marked mainly by
sandstone, sand, sometimes clay and marl, and very
rarely limestone.The North Sahara Aquifer System
(SASS), shared by Algeria, Tunisia, and Libya,
extends over an area of more than one million km?,
about 70% of which lies within Algeria [13 ,14].
The SASS consists of two main superimposed
aquifers: The Continental Intercalary (Cl) aquifer,
which is the deepest, and the Complex
TerminalCT) aquifer. The subsoil of the Ouargla
region contains the following aquifer systems
(Figure 2) [15 ,16]:-The phreatic aquifer has a
thickness ranging from 1 to 8 meters. Its reservoir,
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of heterogeneous composition, is made up of
detrital materials such as blocks, pebbles, gravel,
and sand. The bedrock consists of a thick clay
formation, which sometimes appears as sand lenses
in discordance with the clay layers. The aquifer is
mainly recharged by precipitation, infiltration from
valleys, and irrigation return flows. However, it is
not exploited due to the high salinity of its water.

-The Complex Terminal (CT) aquifer is
composed of two distinct aquifer horizons. The first
is the Mioplioceneaquifer, which is about 100
meters thick and consists of sands, clays, and
evaporitic materials, occurring at depths between
20 and 100 meters. The second is the Senonian—
Eocene (Upper Cretaceous) aquifer, composed
mainly of limestone, with a thickness of
approximately 300 meters and located at a depth of
around 200 meters.

- The Continental Intercalary (CI) aquifer
consists of sandy and sandstone formations
interbedded with clay and dolomitic sandstone
layers. It dates from the Albian to Barremian age
and has a total thickness of approximately 550
meters. The top of the aquifer lies at depths
between 850 and 1200 meters. The CI aquifer is
artesian and gushing, with wellhead pressures of
about 15 bar and flow rates exceeding 160 I/s. The
water temperature is relatively high, ranging from
50 °C to 60 °C, due to the considerable depth of the
aquifer.

2.3 Sampling and analysis

The study area was spanned by five water sampling
campaigns that covered 59 wells, which included
six wells from the Albian aquifer (ALB), 38 wells
from the Senonian aquifer (SEN) and 15 wells from
the Miopliocene aquifer (MP) (Figure 01: C). The
samples were collected in 1.5 L plastic bottles,
which were cleaned with tap water and then
distilled water. During field preparation, the bottles
were rinsed with the sample water itself before
sampling. After collecting the water samples, each
vial was properly labeled for identification, packed
in a special box, and transported to the Laboratory
of the ADE (Algérienne Des Eaux), Ouargla

unit.The  physicochemical  parameters  (pH,
temperature, and electrical conductivity) were
measured in situ immediately after sample

collection using the Multi-parameter SL 1000.
Chloride ions were determined by Mohr’s method.
Concentrations of Bicarbonate were determined by
titration using 0.1 N HCI. Sodium and potassium
ions were determined by flame atomic absorption
spectrometry using the JENWAY PFP7 Flame
Photometer. Sulfates were determined by the
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spectrophotometricmethod using a Hach Lange DR
6000 spectrophotometer. Calcium concentrations
were measured by complexometry (EDTA), and
magnesium concentrations were derived from total
hardness. The accuracy of the chemical analysis
was verified bycalculating ion balance errors using
Eqg. (1), which is based on the principle that the sum
of major anions and the sum of major cations
should be equivalent (concentrations expressed as
meq L1). The error in % is given by Eq. (1).

IB = (Z cations — ), anions) % 100 (1)

> cations + Y anions
A chemical analysis of the water is considered
representative and acceptable only when the ionic
balance error is equal to or less than 10% [17] .

2.3 Estimation of the Water Quality Index

The Water Quality Index (WQI) is used because it
provides a single number (a grade) that expresses
overall water quality at a certain location based on
several water quality parameters (WHO standards)
[18]. It is calculated from different water
parameters to evaluate the water quality in the area
and its potential for drinking purposes [19, 20].Four
steps are followed to estimate the WQI. In the first
step, a weight (wi) is assigned to each element
between 1 and 5 according to its importance and
influence on drinking water and human health [18,
19]. The highest weight, 5, was assigned to sulfate
(SO+*), chloride (CIl"), and total dissolved solids
(TDS), as these often most significantly influence
groundwater quality. A weight of 4 was assigned to
pH, while a weight of 3 was assigned to calcium
(Ca?"), magnesium (Mg?*), and total hardness (TH).
A weight of 2 was assigned to potassium (K*) and
sodium (Na'). The minimum weight, 1, was
assigned to bicarbonate (HCOs"), which rarely
plays a significant role in groundwater quality [21].
In the second step, the relative weight (Wi) is
computed using Eq. (2) with the weighted
arithmetic index method, as detailed below [22,
23], and the following steps [24, 25].

wi

Wi = m (2)
Where:
Wi s the relative weight
wi  is the weight parameter
n is the number of parameters

In the 3 step, the quality rating scale (qi) for any
parameter was determined using Eg. (3).

qi = (§) x 100
Where:
gi is the quality rating.

®)
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Ci
(mg/L).
Si
(mg/L).
Assign weights, relative weights and the limits
required by WHO are shown in Table 2.

is the chemical concentration/water sample

is the WHO drinking water quality standard

In the final step, the Sl; is first determined for each
chemical parameter Eq. (4),

Sli=qxW; (4

then used Sli to calculate the WQI as per the following
Eq. (5):

wQIl = Y SI; (5)

Table 1. The assigned weights and relative weightof
physicochemical parameters

Parameter WHOs Wight \F;\?igrt]itve
wi Wi
pH 6.5-8.5 4 0.1212
TDS 1500 mgLt |5 0.1515
Ca? 200 mgL*! 3 0.0909
Mg2* 150 mgLt 3 0.0909
K* 30 mgL? 2 0.0606
Na* 200 mgL?! 2 0.0606
CI 250 mgL? 5 0.1515
HCOs 380 mgL? 1 0.0303
SO4* 400 mgL* 5 0.1515
TH 500 mgL? 3 0,0909
EC 1500 pS/cm | - -
Total 33 1

In the final step, the Sl; is first determined for each
chemical parameter Eq. (4),

Sli=q;xW; (4

then used Sli to calculate the WQI as per the following
Eqg. (5):

WQI = %S (5)

2.4 GIS analysis

Generating spatial distribution maps of various
water quality parameters involves integrating
attribute and spatial data. Interpolation, a process
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for estimating unknown values that fall between
known values, can address this challenge [26].
Therefore, the inverse distance weighted (IDW)
interpolation technigue in ArcGIS 10.2 has been
used to prepare spatial distribution maps for all
physicochemical parameters. This interpolation
method assumes that each point has a local
influence that decreases with distance. Many
researchers have used IDW interpolation to create
water quality index maps [27, 28]. Maps of the
spatial distribution of pH, EC, TDS, TH, anions and
cations, and WQI for the study area have been
created to support water resources management and
decision-making.

2.5 Multivariate statistical analysis

The major groundwater quality factors were
examined using multivariate statistical methods.
The IBM SPSS version 21 software was used to
process the analytical data. Basic statistics,
including Principal component analysis (PCA) and
analysis of variance.

2.5.1 Principal component analysis PCA

Principal Component Analysis (PCA) studies and
visualizes correlations between variables to
potentially reduce the number of variables to be
measured  subsequently. It provides crucial
information for the entire data set while preserving
the relationships in the original data. PCA mainly
involves the following steps: First, the correlation
matrix of the original data is calculated. Then, the
eigenvalues and eigenvectors are computed, and a
set of mutually perpendicular principal component
(PC) axes are established. Finally, a new group of
variables is extracted by rotating the axes defined
by PCA [29-30]. The varimax method rotates the
variables such that the loadings of all variables on
each factor are close to 1, 0, or -1. Loadings close
to 1 reflect a strong correlation with the main
factor, while loadings close to 0 indicate no
significant correlation with the variables [31-32].
Variables with rotated loadings greater than 0.5 are
considered significant [30].

2.5.2 Analysis of variance

The Kruskal-Wallis test is a statistical test used to
compare two or more groups for a continuous or
discrete variable. It is a non-parametric test,
meaning that it assumes no specific distribution of
the data and is analogous to one-way analysis of
variance (ANOVA). For each water quality
parameter, the Kruskal- Wallis test was used to
investigate differences among the three aquifers
(Miopliocene, Senonian, and Albian). The Kruskal—-
Wallis test was applied to test the following
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hypotheses:

* HO: There are no differences among the three
aquifers.

* H1: There is at least one difference among the
three aquifers [33, 34].

3.Results and discussion
3.1. Water Quality for Drinking Purpose

characteristics of
were  statistically

Thephysicochemical

thegroundwater ~ samples
evaluated, with results including minimum,
maximum, average, and standard deviation
parameters presented in Table 2. Groundwater
quality is crucial for evaluating its suitability for
drinking purposes.The spatial variation of water
quality parameters, such as EC, TDS, TH, pH, Na*,
K+, Ca?, Mg*, CI, SO+*, and HCOs", is assessed
based on WHO standards. These parameters
arecategorized as desirable, permissible, and not
permissible. Temperature (T) is an important abiotic
factor as it affects the solubility of gases, the
dissociation of dissolved salts, and pH. It depends
on the geological nature and depth of the aquifer
relative to the Earth'ssurface. Temperature
increases gradually with a geothermal gradient of
about 1 °C per 30 meters. The aquifers in the study
area extend to depths between 50 and 1600 meters
[35, 36].The temperature of the Mioplioceneaquifer
ranges from 20.2°C to 27.75°C, while the
temperature of the Senonian aquifer ranges from
23.5°C to 29°C. Both levels are thermally
homogeneous, with a slight increase in temperature
for the Senonian aquifer, which is expected as
temperature increases with depth. The Albian
aquifer is characterized by very high temperatures,
ranging between 52°C and 54°C, which exceed the
WHO recommended norm of 18°C to 25°C.The pH
depends on the origin of the water, the geological
nature of the substrate, and the watershed crossed
[37, 38]. The pH of all water samples ranged from
7.00 to 7.99, indicating that the groundwater in the
Ouargla Basin is generally slightly alkaline.  TDS
values ranged from 1075 to 2955mgL?, with

average values of 1864.12, 1793.16, and
1361.67mgL* for the Miopliocene, Senonian, and
Albian aquifers, respectively. TDS values

decreased with increasing aquifer depth, with the
Senonian aquifer having the highest TDS value
(2955 mgL™). The TDS map (Figure 3: D, E, and
F) shows that water in the Miopliocene aquifer is
generally above the permitted limit (1500 mgL™),
especially in the southwest part of the region. In the
SEN aquifer, TDS values are below the permissible
limit in the center of Ouargla city towards the west,
while the rest of the area exceeds the permissible
limit. This indicates that water-rock interactions
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increase with aquifer depth, likely due to excessive
use in shallower aquifers. Conductivity indicates
the quantity of ionic matter dissolved in water and
depends on soil characteristics. According to WHO
[18], the minimum conductivity for all samples
collected exceeds the potable standards (>1500
uS/cm). The spatial distribution of EC (Figure 4:
a,b,and c) shows that 100% of water samples are
not permissible for drinking. Total hardness of
water is influenced by the concentration of ions
such as Ca*" and Mg?". It is usually expressed as the
equivalent quantity of CaCOs (WHO). Total
hardness (TH) ranged from 710 to 1500 mgL™,
with average values of 992.35, 1010.53, and 804.50
mgL* for the Miopliocene, Senonian, and Albian
aquifers, respectively. According to water quality
standards established by the WHO (Table 1), all
samples exceed the minimum hydrotimetric titre of
500 mgL* CaCO:s, indicating very hard water in the
region. However, the TH map (Figure 4: d, e, and f)
shows that the Albian layer is less hard compared to
the Senonian and Miopliocene layersThe
concentrations of Sodium vary from 150 to 750
mgL-1. Based on WHO standards, 86.67%, 92.1%,
and 66.67% of the samples exceeded the
permissible limits for the Miopliocene, Senonian,
and Albian aquifers, respectively. High sodium
levels are harmful and cause cardiac, renal, and
circulatory diseases [39].The Calcium values in the
groundwater layers of the study area ranged
between 148.29 and 344.68 mgL™. The percentage
of samples exceeding the permissible limit
according to WHO standards was 86.67%, 68.41%,
and 16.67% for Miopliocene, Senonian, and Albian
aquifers, respectively. High concentrations of
calcium lead to the development of kidney or
bladder stones in humans [40].The range of
magnesium concentrations vary from 51.04 to
170.13 mgL™. All samples from the Miopliocene
and Albian aquifers are below the permissible
limits, except for the Senonian aquifer, where
13.36% of magnesium concentrations exceeded the
permissible limits. A high concentration of
magnesium causes scouring diseases in livestock
[39].The concentration of potassium in the area was
between 12 and 65 mgL™. According to WHO
standards, the majority of samples from all aquifers
were under the permissible limit. However, some
samples were found to exceed the permitted limit
by varying percentages:20%,5.26%, and 16.67% in
Miopliocene, Senonian, and Albian aquifers,
respectively. The concentrations of chloride in the
area ranged from 399.9 to 1359.69 mgL™. All
samples were within the not permissible limits set
by WHO standards for all aquifers. High levels may
be injurious to health and affect the heart and
kidneys. Taste, indigestion, corrosion, and
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palatability are also affected[41].
3.2. Groundwater Type

Overall characterization of the hydrogeochemical
data is possible if the hydrogeochemical types of
water are known, generally referred to as water
types, and expressed using various plots, such as
Durov, trilinear Piper [42].Representation on the
Piper diagrams allowed a rapid approach to
analytical results to characterize the waters and to
classify the anions and major cations for the
aquifers. The chemical facies and order of major
cations and anions in each aquifer are shown in
Figure 4 as follows:In the Miopliocene water, we
encounter three types of water: Calcium chloride
(Ca-Cl) type (40%), Sodium chloride (Na-Cl) type
(40%), and Calcium chloride and magnesium (Ca-
Mg-Cl) type (20%). The dominant cations are
calcium (Ca*" >Na* >Mg?*), changing with the
direction of flow to become (Na'> Ca?" >Mg?").
The dominant anions are chlorides (ClI- >SO.*
>HCOs").The waters of Senonian are of the
Calcium chloride and magnesium type (57.9%) and
Calcium chloride type (31.6%), with a tendency to
become Sodium chloride type(10.5%). The
dominant cations are calcium and magnesium. The
dominant anions are chlorides (ClI© >SO+*
>HCOs"), with a trend downstream towards the
sulfate pole.The type of Albian water is a mixture
of Calcium chloride and magnesium type (50%)
and Calcium chloride type (50%). The dominant
cations are calcium (Ca*" > Mg?* > Na'). The
dominant anions are chlorides (CI- > SO+ >
HCO:s").

3.3. Water quality index for domestic suitability

The quality of water is very significant to human
health because it has a direct link with human well-
being. The WQI results based on groundwater
quality categories are presented in Table 3.The
WQI values for the Miopliocene aquifer show that
6 samples (40%) are considered poor, 8 samples
(53.33%) were estimated as very poor, and 1
sample (6.67%) was estimated as water unsuitable
for drinking. In the Senonian aquifer, 14samples
(36.84%) are considered poor, 21 samples (55.26%)
were estimated as very poor, and 3 samples (7.9%)
were estimated as water unsuitable for drinking.
For the Albian aquifer, 5 samples (83.33%) were
classified as poor, whereas 1 sample (16.67%) was
classified as very poor. The WQI values calculated
for the Ouargla Basin range from 174.69 to
312.71.The maps in Figure 6 show that the majority
of the water is in poor or very poor condition.
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4.Multivariate statistical analysis
4.1. Principal Component Analysis Results

The correlation matrix is used to find the
correlation between the physicochemical properties
of groundwater. It reveals the sources of solutes and
the processes that produce the observed water
composition [43]. A high correlation coefficient
(close to 1 or -1) indicates a strong positive
relationship between two variables, while a value
around zero indicates no significant relationship at
a significance level of P<0.05. Specifically,
parameters with r > 0.7 are strongly correlated,
while an r value between 0.5 and 0.7 represents a
moderate correlation [44]. In our study, data
including 11 parameters were analyzed. To better
understand the correlation within this large dataset,
a heat map of correlation  coefficients  and
Principal Component Analysis (PCA) were used to
monitor the relationship between the WQI and the
other variables. The results are shown in Figures 7—
9.Figure 7.shows that WQI indicates a low positive
correlation with all elements except for pH and Mg,
which have low and negative correlations, and two
principal components explained a total of 67.22%
of the dataset, with PC1 representing 50.52% and
PC2 representing 16.7%. The first group consists of
TDS, Na“, SO4*, and CI". These parameters are
highly correlated (r > 0.9), indicating that the
Miopliocene water acquires its chemical properties
primarily from these minerals. The second group
consists of pH and HCO3~, which explain the
alkalinity of the water.According to Figure 8 the
WQI is highly correlated with Cl-, TDS, TH,
SO4%, Nat, Ca*", and Mg* (r > 0.71), and weakly
correlated with HCO3-, pH, and K*. The positions
of the variables in the rotated 2D space explain
72.58% of the Senonian aquifer data.lt was
demonstrated that the PC1 factor represents 50.52%
and forms a homogeneous set of observations
composed of variables that are WQI is strongly
positively correlated with Mg?" and TH (r > 0.75),
while the relationship with SO+*" is moderate (r >
0.63). The other parameters have a low correlation
with the WQI (see Figure9), with some showing
low and negative correlations. exhibits similar
observationsindicating that the water quality of the
Albian aquifer is linked to the concentrations of
Mg?*, SO4>", and TH.

4.2. The Kruskal-Wallis test
For each of the twelve water quality parameters, the

Kruskal-Wallis test was used to investigate
differences  between  the three  aquifers
(Miopliocene, Senonian, and Albian). The

significance of the results is assessed based on the
p-value. When p is greater than 0.05, there is no
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significant variation in the parameter under study.
Otherwise (p<0.05), a significant difference is
inferred, and the analysis continues with the Mann-
Whitney test to locate this difference. Table 4
shows the statistical treatments based on the
Kruskal-Wallis test. For parameters such as pH,
TH, Ca*", Mg*, K*, SO+*", and CI, with p > 0.05,
there is no significant difference in the values of
these parameters between the different aquifers. On
the other hand, for parameters such as TDS, EC,
Na*, HCO3", and temperature, there is a significant
variation (p <0.05) in the values between the
different aquifers. The Mann- Whitney test
conducted on these parameters yields the following
results:There is no difference between the
concentrations of all parameters in the Miopliocene
and Senonian aquifers. This may indicate an
exchange between them, which could be due to
their excessive and indiscriminate exploitation in
the study area [21- 43].

4. Results of the Kruskal-Wallis test for the three
Table studied aquifers. The significance level is
0.05.0n the other hand, for TDS, EC, Ca*', and
Na*, we observe significant variation in the values
of these parameters between the Albian aquifer and
the other aquifers (Miopliocene, Senonian). This
variation is attributed to the diverse soil
composition and the great depth of the Albian
aquifer.

There is also a difference
temperature (T) and Dbicarbonate
concentrations for the

Albian aquifer compared to the Miopliocene
andSenonian aquifers. The Albian aquifer's water
temperature can reach 56°C due to its great depth.
The concentration of bicarbonates in this aquifer is
higher because of the water coming into contact
with carbonate rocks and the evaporation of carbon
dioxide.
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Table 2. Physicochemical parameters of groundwater samples of study areas

WellsID [PH| T [ Ca* [Mg* | Na* | K" [HCOs | CI' [SO2 | TH | TAC [TDS| EC
Miopliocene water
MP1 7.0[24.0]1320.6] 85.1 [ 500 [ 42 [ 117.9 ] 999.8 [ 780.0 | 1150 | 96.7 [ 2325 4650
MP2 7.1[265]2525] 82.6 | 500 | 31 | 134.2 | 939.8 | 600.0 | 1040 | 110.0 | 2000 | 4000
MP3 75[23.9(216.4|1045| 450 | 14 | 138.3 | 879.8 | 600.0 | 970 | 113.3 [ 2005 | 4010
MP4 75]22.0(216.4| 948 | 500 | 19 | 113.9 | 834.1 | 680.0 | 930 | 93.3 [2050| 4100
MP5 75[20.2]192.4] 82.6 | 350 | 21 | 105.7 | 647.9 | 540.0 | 820 | 86.7 |1620| 3240
MP6 7.8[27.8]2445] 899 | 400 | 36 | 174.7 | 8325 | 550.0 | 980 | 155.8 | 1900 | 3800
MP7 7.2]229(216.4|1045| 450 | 14 | 116.7 | 9159 | 600.0 | 970 | 955 |[2005| 4010
MP8 7.7]22.6(2405] 923 | 200 | 14 | 143.2 | 618.0 | 420.0 | 980 | 117.4 |1425| 2850
MP9 75[27.01292.6] 82.6 | 400 | 21 | 122.0 | 819.8 | 512.0 | 1070 | 100.0 | 1800 | 3600
MP10 | 74(27.0[200.4] 97.2 | 300 | 15 | 85.4 | 647.9 [ 580.0 | 790 | 70.0 |1585| 3170
MP11 | 7.5[22.6(260.5] 51.0 | 250 | 17 | 148.8 | 579.9 | 444.0 | 860 | 121.7 | 1425 | 2850
MP12 | 7.6[24.0[212.4] 924 | 300 | 23 | 1342 | 624.6 | 520.0 | 910 | 110.0 | 1515| 3030
MP13 | 7-2(22.9]216.4]104.5| 450 | 14 | 116.7 | 9159 | 600.0 | 970 | 955 |2005| 4010
MP14 | 7.9(25.9(340.7[133.7| 500 | 25 | 134.2 | 1239.7 | 800.0 | 1400 | 110.0 | 2680 | 5360
MP15 | 7-4|24.7]180.4] 948 | 200 | 14 | 149.0 | 539.0 | 436.0 | 840 | 122.1 | 1335| 2670
Min 7.0[20.2(180.4| 51.0 | 200 | 14 | 854 | 539.0 | 420.0 | 790 | 70.0 [1335| 2670
Max 7.9[27.8]340.7]133.7| 500 | 42 | 174.7 | 1239.7 | 800.0 | 1400 | 155.8 | 2680 | 5360
Mean | 7.5]24.2]242.6] 92.8 | 379.4 [22.1] 129.1 | 8125 [ 581.3 | 992.4 | 107.3 | 1864 | 3728.2
SD 0322|466 | 174 | 109.7 [ 88| 21.4 | 191.9 [ 1120 | 151.3 | 19.6 [369.9] 739.8
Z’b%fv‘é"‘;‘flr_e 0| o087 0o | 87|20/ 0 100 | 100 | 100 | o | 8 | 100
Senonian water
SEN1 |7.1|24.6(224.4| 826 | 250 | 17 | 130.1 | 608.9 | 495 | 900 | 106.7 | 1405 | 2810
SEN2 |7.1(27.9(328.7| 55.9 | 400 | 32 | 117.9 | 799.8 | 680 | 1050 | 96.7 | 2090 | 4180
SEN3 [7.1[25.0(220.4| 72.9 | 250 | 16 | 126.1 | 571.9 | 441 | 850 | 103.3 | 1395 | 2790
SEN4 |7.2(27.0(148.3| 85.1 | 300 | 29 | 105.7 | 639.9 | 456 | 720 | 86.7 |1420| 2840
SEN5 | 7.2|24.0(2525| 72.9 | 350 | 12 | 130.1 | 756.2 | 500 | 930 | 106.7 | 1950 | 3900
SEN6 |7.2(27.7|288.6| 82.8 | 300 | 13 | 134.2 | 783.8 | 500 | 1060 | 110.0 | 1735| 1735
SEN7 [7.3[29.0(280.6(170.1| 300 | 17 | 146.4 | 799.8 | 700 | 1300 | 120.0 | 1765 3530
SEN8 |7.4[235[176.4] 875 | 250 | 19 | 1179 | 599.9 | 416 | 800 | 96.7 [ 1395| 2790
SEN9 |7.2]27.0(2405[158.0] 500 | 22 | 126.9 | 1079.8 | 844 | 1300 | 103.3 | 2430 | 4860
SEN10 [7.1[24.0[2685 729 | 750 | 65 | 146.4 | 1119.7 [ 950 | 970 | 120.0 | 2725 | 5450
SEN11 [7.3[285[196.3| 705 | 250 | 17 | 105.7 | 554.4 | 480 | 780 | 85.7 [1335| 2670
SEN12 [7.5[26.0(300.6]/133.7| 600 | 30 | 105.7 | 1359.7 | 852 | 1300 | 86.7 [2790 | 5580
SEN13 [7.4[25.0(320.6[170.1| 600 | 29 | 101.7 | 1299.7 | 788 | 1500 | 83.3 [ 2955 | 5910
SEN14 [7.9[28.4[2405[162.8] 400 | 23 | 184.9 | 998.0 | 720 | 1270 | 151.6 [ 2300 | 4600
SEN15 |7.4[27.0[196.4| 68.0 | 300 | 27 | 22.4 | 659.9 | 464 | 770 | 18.3 [ 1440 | 2880
SEN16 |7.4[23.9(184.4] 997 | 300 | 12 [ 109.8 | 599.9 | 504 | 870 | 90.0 [1445| 2890
SEN17 [7.2]24.0(180.4] 753 | 350 | 25 | 1255 | 676.0 | 520 | 760 | 102.9 [ 1550 | 3100
SEN18 |[7.2[23.8[240.5[116.7| 400 | 18 | 146.4 | 899.8 | 510 | 1080 | 120.0 [ 1980 | 3970
SEN19 [7.3[24.0[180.4 60.8 | 250 | 15 | 105.7 | 5104 | 450 | 990 | 86.7 [ 1250 | 2500
SEN20 |7.4[255(220.4[111.8| 450 | 24 [ 122.0 | 743.8 | 680 | 1010 | 100.0 | 1745 | 3490
SEN21 |7.3[25.0(220.4[157.4| 500 | 30 | 122.0 | 1059.8 | 800 | 1200 | 100.0 | 2360 | 4720
SEN22 [7.3[24.3[304.6[102,1| 450 | 30 | 1505 | 963,6 | 780 | 1440 | 123,3 [ 2165 | 4330
SEN23 [7.4[26.0]256.5[148.3| 480 | 30 | 1383 | 936.6 | 720 | 1250 | 113.3 [ 2180 | 4360
SEN24 [7.3[249(176.4] 705 | 300 | 15 | 126.1 | 579.9 | 410 | 730 | 103.3 [1380| 2760
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SEN25 |7.1]25.8]2285] 85.1 | 200 | 42 | 172.0 | 6180 | 436 | 920 | 141.0 | 1535 3070
SEN26 | 7.5|26.0|216.4] 99.7 | 350 | 22 | 109.8 | 655.1 | 520 | 950 | 90.0 |1555| 3110
Table 2. Cont.
WellsID [PH| T | Ca [Mg* | Na* | K" |[HCOs | €I [so# | TH | TAC | TDS | EC
Senonian water
SEN27 |7.3]26.1[216.4] 99.7 | 300 | 22 | 955 | 6239 | 520 | 950 | 78.3 | 1550 | 3100
SEN28 | 75|250(212.4|109.4| 350 | 27 | 1432 | 859.8 | 480 | 980 | 117.4 | 1790 | 3580
SEN29 | 7.4 |23.9|200.4]109.4| 350 | 21 | 1220 | 719.8 | 550 | 950 | 100.0 | 1740 | 3480
SEN30 |7.3|25.0]160.3]|109.4| 300 | 26 | 200.3 | 719.8 | 744 | 850 | 164.2 | 1400 | 2800
SEN31 |7.3|24.8|3447| 948 | 400 | 23 | 127.3 | 9452 | 664 | 1250 | 104.3 | 1870 | 4300
SEN32 |80 |258|180.4| 89.9 | 200 | 15 | 110.9 | 4232 | 496 | 820 | 90.9 | 1075 | 2150
SEN33 | 7.526.2|1643| 948 | 200 | 18 | 1020 | 549.6 | 405 | 800 | 83.6 | 1200 | 2400
SEN34 | 7.4 |258|2405| 559 | 300 | 15 | 127.3 | 679.8 | 480 | 830 | 104.3 | 1550 | 3100
SEN35 | 7.4 |26.4|160.3| 97.2 | 400 | 25 | 1438 | 8415 | 520 | 800 | 117.9 | 1305 | 3610
SEN36 | 7.3|25.3|312.6|136.1| 600 | 30 | 96.2 | 1083.1 | 960 | 1340 | 76.4 | 2720 | 5440
SEN37 | 7.1|246|2725]109.3| 250 | 16 | 137.9 | 799.8 | 450 | 1020 | 109.3 | 1575 | 3170
SEN38 | 7.3|26.3|2445|1215| 400 | 17 | 1342 | 979.8 | 550 | 1110 | 110.0 | 2090 | 4180
Min | 7.1|235|1483] 559 | 200 | 12 | 22.4 | 4232 | 4050 | 7200 | 18.3 | 1075 | 1735
Max | 8.0 |29.0|344.7|170.1| 750 | 65 | 200.3 | 1359.7 | 960.0 | 1500.0 | 164.2 | 2955 | 5910
Mean | 7.3 |25.6 2316 102.6 | 3653 | 23 | 1255 | 792.1 | 590.4 | 1010.5 | 102.7 | 1793.2| 35825
SD 02| 14| 519 | 323 | 1258 | 10 | 286 | 219.7 | 158.8 | 212.6 | 235 | 485.8 | 10116
(ﬁ)b‘c’)fv‘é”‘;tﬁr 0| 0 |684]132] 921 |53 o0 100 | 100 | 100 0 | 658 | 100
Albian water
ALBOL |7.1] 51 [180.4] 948 | 300 | 24 | 1342 | 5104 | 585 | 852 | 143.2 | 1500 | 3000
ALBO2 |7.1]| 52 |196.4| 875 | 200 | 30 | 1644 | 570.3 | 450 | 850 | 134.7 | 1450 | 2900
ALBO3 |80 52 |1788] 97.2 | 150 | 35 | 162.3 | 399.0 | 480 | 830 | 133.3 | 1195 | 2390
ALBO4 |7.0]| 53 |180.4| 63.2 | 300 | 18 | 126.1 | 830.3 | 232 | 710 | 103.3 | 1210 | 2420
ALBO5 |7.3| 53 |160.3|109.4 | 300 | 26 | 200.3 | 719.8 | 744 | 850 | 164.2 | 1400 | 2800
ALBO6 | 7.4 | 53 | 2445|1069 | 200 | 46 | 1843 | 573.8 | 480 | 849 | 69.1 | 1415 | 2830
Min | 7.0] 51 |160.3| 632 | 150 | 18 | 126.1 | 399.9 | 232 | 710 | 69.1 | 1195 | 2390
Max | 80| 53 |2445|109.4| 300 | 46 | 200.3 | 830.3 | 744 | 852 | 164.2 | 1500 | 3000
Mean | 7.3 |52.3|190.1| 932 | 241.7 |29.8| 161.9 | 600.7 | 495.2 | 8235 | 124.6 | 1361.7| 27233
SD 04| 08| 290 | 16.7 | 665 | 9.8 | 284 | 1530 | 1684 | 56.2 | 335 | 128.1 | 256.2
O/;’b%fv‘é"ifﬁr 0 |100|167| 0 | 667 |167] 0 100 | 833 | 100 0 | 167 | 100

Table 3. Water Quality Classification based on WQI

Type of water WQI range
Excellent water <50
Good water 50-100
Poor water 100-200
Very poor water 200-300
Unfit for drinking > 300
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Figure 3 (A — F): Spatial variation maps of PH, and TDS for aquifers Miopliocene, Senonian, and Albian.
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Figure 7:Correlation heat plot and Principal component analysis biplot (2PC) for the Miopliocene aquifer
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Figure 8: Correlation heat plot and Principal component analysis biplot (2PC) for the Senonianaquifer
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Figure 9: Correlation heat plot and Principal component analysis biplot (2PC) for the Albian aquifer

5. Conclusions

In this study, groundwater quality and its suitability
for drinking purposes were evaluated across
different aquifers in the Ouargla region. The
assessment utilized a hydrochemical approach, the
Water Quality Index (WQI), and Geographic
Information System (GIS) tools. The key findings
of the study are as follows:

* The groundwater system across the study area is
weakly alkaline. TDS values indicate that the water
in the Miopliocene and Senonian aquifers often
exceeds the limits established by the World Health
Organization (2011), while the water in the Albian
aquifer is generally slightly below the permissible
limit. All aquifers exceed the permitted limits for
electrical conductivity and total hardness, reflecting
very high conductivity and hard to very hard
groundwater in the study area.

GIS-based  spatial  analysis  using  spline
interpolation techniques represented the spatial
variation of pH, EC, TDS, and TH. Higher
concentrations are predominantly found in the
southern portion of the study area and decrease
with the depth of the aquifer from the
Mioplioceneto the Albian aquifer.

* The study of chemical facies shows that the
groundwater in the study area is of the mixed Ca-
Mg-Cl, Ca-Cl, and Na-ClI types, with dominant ions
being chlorides and sulfates, as well as calcium and
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magnesium. This is attributed to water-rock
interactions.

* The WQI was used to evaluate groundwater
quality and its suitability for drinking purposes. The
WQI values for the Quargla basin range from
174.69 to 312.71. The majority of the water falls
into poor or very poor quality categories. The WQI
has a strong positive or weak positive correlation
with most elements, except for pH and HCOs,
which have negative or very weak correlations.

* Two factors are related to the formation of
groundwater quality in the study area. Factor 1
characterizes the natural hydrogeochemical
characteristics through water-rock interactions,
described by the dissolution of minerals in rocks.
Factor 2 reflects the weathering and dissolution of
carbonate minerals from the soil.

*There were no significant differences in the
hydrochemical properties of the Miopliocene and
Senonian  aquifers, likely due to their
interconnection. However, the Albian aquifer
differs due to its diverse soil composition and
significant depth.

e In general, the water in the study area is
excessively saline, with concentrations of major
elements exceeding WHO potability standards.
This confirms the poor quality of these waters for
human consumption, indicating that
demineralization is necessary before use.




Abdelmalek Merkhoufi, Samir Kateb, Kais Baouia, Samir Djireb / IJCESEN 12-1(2026)678-693

Author Statements:

Ethical approval: The conducted research is
not related to either human or animal use.
Conflict of interest: The authors declare that
they have no known competing financial
interests or personal relationships that could
have appeared to influence the work reported in
this paper

Acknowledgement:. Our special gratitude and
many thanks are forwarded to all the workers at
Algérienne Des Eaux for their support and
encouragement.

Author  contributions:  Conceptualization,
MERKhOUFI Abdelmalek; Formal analysis,
MERKhOUFI  Abdelmalek; Investigation,
MERKhOUFI  Abdelmalek;  Methodology,
MERKhOUFI Abdelmalek and KATEB Samir;
Project  administration, KATEB  Samir;
Software, MERKhOUFI Abdelmalek;
Supervision, KATEB Samir and BAOUIA Kis;
Validation,KATEBSamirandBAOUIAKIis;Writi
ng-original draft, MERKhOUFI Abdelmalek;
Review & editing, KATEB Samir and BAOUIA
Kis.

Funding information: The authors declare that
there is no funding to be acknowledged.

Data availability statement: The data that
support the findings of this study are available
on request from the corresponding author. The
data are not publicly available due to privacy or
ethical restrictions.

Use of Al Tools: The author(s) declare that no
generative Al or Al-assisted technologies were
used in the writing process of this manuscript.

References

1-

Sarita, G. M., Manoj, K. A., and Shailesh, K. S.
(2014). Assessment of ground water quality. Lambert
Academic Publishing, Germany, ISBN 978-3-659-
53985-5

BEL, F., and CUCHE, D. (1970). Etude des nappes
du complexe terminal du bas Sahara. Données
géologiques et hydrogéologiques pour la construction
du modele mathématique, D.H.W., Ouargla.

Nora, T., and Samia, A. (2004). Etude de la qualité
des eaux souterraines de la région orientale DU
Sahara Septentrional Algérien. Larhyss Journal, ISSN
1112-3680, n° 03, pp.99-113

Mohammed, B., Salah, O., Paula, M.C., and Kamel,
Z. (2019). Relationship between hydrochemical
variation and the seawater intrusion within coastal
alluvial aquifer of Essaouira basin (Morocco) using
HFE-diagram. Springer Nature Switzerland. pp.195-
197 https://doi.org/10.1007/978-3-030-01572-5_47
Shah, C.A., Ahmad, Z.A., Mohd, K.Y., Mohammad,
F.R., and Hafizan, J. (2015). Classification of river

692

10-

11-

12-

13-

14-

16-

19-

water quality using multivariate analysis. Procedia
EnvironSci 30(1):79-84.
https://doi.org/10.1016/j.proenv.2015.10.014.
Younes, H., Riheb, H., Belgicus, R., Karim, Z., Fathi,
B., and Attiya, E. (2018). Climate impact on surface
and groundwater in North Africa: a global synthesis
of findings and  recommendations.  Euro-
Mediterranean Journal for Environmental Integration
3(1). ttps://doi.org/10.1007/s41207-018-0067-8
Vasant, W., Dipak, P., Manesh, A., Yogesh, L.,
Shrikant, M and Narsimha, A. (2018). Hydrochemical
characterisation and groundwater suitability for
drinking and irrigation uses in semiarid region of
Nashik, Maharashtra, India. Journal Hydrospat
Analysis, 2(2), 43-60.
https://doi.org/10.21523/gcj3.18020104.

Chan, J.H. (2001). Effect of land use and urbanization
on hydrochemistry and contamination of groundwater
from Taejon area, Korea. Journal of Hydrology
253(1-4):194-210.https://doi.org/10.1016/S0022-
1694(01)00481-4.

Adimalla, N. (2019). Groundwater quality for
drinking and irrigation purposes and potential health
risks assessment: a case study from semi-arid region
of South India. Exposure and Health, 11(2),109-123.
https://doi.org/10.1007/s12403-018-0288-8.

Riyadh, B.A, and Djamel, B. (2017).
Characterization of groundwater in arid zones (case of
Ouargla basin). Science Direct Energy Procedia, 119 -
556-564
https://doi.org/10.1016/j.egypro.2017.07.077.
ANRH. (2004). Data on the stratigraphic logs of
boreholes in the Wilaya of Ouargla. Algeria. National
Agency for Hydraulic Resources. Regional Direction
South, Ouargla.

Houari, .M., Imed, E.N and Slimane, B. (2014).
Description géologique et géométrique des formations
aquiféres de la cuvette de Ouargla. Algerian journal
of arid environment. 4, n° 1. 12-19. DOI
:10.12816/0008906.

Cornet, A. (1964). Introduction a I’hydrogéologie
saharienne. Géographie Physique et Géologie
Dynamique. Vol.VI. 1964. fascl, pp.5-72.

0SS, (2003). Systeme Aquifere du Sahara
Septentrional. Vol.4 : Modéle Mathématique. Projet
SASS rapport interne. Annexes. Tunis. Tunisie 229P.
Aziez, Z., Elfadel, D., and Samia, H. S. (2010).
Salinity Origin of Terminal Complex Water in
Ouargla Region (South East of Algeria). Physical and
Chemical News, 53, 62—69.

Boualem, B., Aziez, Z., Mohamed, S.B., and Bilal, F.
(2015). Contribution de la Méthode de Vulnérabilité
Intrinséque GOD a I’Etude de la Pollution de la
Nappe Libre d’Ouargla (SE Algérie). International
Journal for Environment & Global Climate
Change,3(4), 92-99.

Jean, R. (2009). L’analyse de 1’eau : Eaux naturelles,
Eaux résiduaires, Eau de mer (9e édn, pp. 100-110).
Paris: Dunod. ISBN/ISSN :978-2-10-053027-4.
WHO, (2011). Guidelines for drinking-water quality”.
4th edition. World Health Organization, Geneva
ISBN: 9789241548151.

Laxmi, P.C. (2018). Assessment of ground-water



https://doi.org/10.1007/978-3-030-01572-5_47
https://doi.org/10.1016/j.proenv.2015.10.014
https://doi.org/10.1016/j.egypro.2017.07.077

20-

21-

22-

26-

27-

28-

20-

31-

32-

Abdelmalek Merkhoufi, Samir Kateb, Kais Baouia, Samir Djireb / IJCESEN 12-1(2026)678-693

quality using water quality index in and around Korba
City, Chhattisgarh, India. Am J Software Eng Appl
7(1) :15-21 DOI: 10.11648/j.ajsea.20180701.12.
Rao, G.S., and Nageswararao, G. (2013). Assessment
of ground water quality using water quality index.
Arch Environ Sci7(1):1-5.

Saber, K., Samir, K., and Rachid, Z. (2021). Spatial
and temporal model for WQI prediction based on
back-propagation neural network, application on EL
MERK region (Algerian southeast). Journal of the
Saudi Society of Agricultural Sciences 20(5):324-336
DOI: 10.1016/j.jssas.2021.03.004.

Robert, K.H. (1965) An Index Number System for
Rating Water Quality. Journal of the Water Pollution
Control Federation, 37, 300-306.

Robert, M.B., Nina, I.M., Rolf, A.D., and Ronald,
G.T. (1970). Water quality index-do we dare. Water
Sew Works 117(10):339-343.

Paulami, S., and Sikdar, P.K. (2008). Hydrochemical
framework of the aquifer in and around East Kolkata
wetlands, West Bengal, India. Environ Geol 55:823—
835 DOI 10.1007/s00254-007-1034-x.

Vasant, M.V., Shrikant, M., Dipak, P., and Aniket,
A.M. (2019). Study of groundwater hydrochemistry
and drinking suitability through Water Quality Index
(WQI) modelling in Kadava river basin India. SN
Appl Sci (1):10 DOI:10.1007/s42452-019-1268-8.
Mahmood, Y., Hossein, N.S., Ali, A.M., Amir, HM.,
Mansour, G., and Hamed, S. (2017). Data on water
quality index for the groundwater in rural area
Neyshabur County, Razavi province, Iran. Data Brief
15 :901-907. https:
://doi.org/10.1016/j.dib.2017.10.052.

ESRI, ArcGIS 10.5. (2015). Using ArcGIS Spatial
Analyst. Software User Guide ESRI.USA.

Zina, M., Youcef, L., Saber, K., and Nadhir, A.
(2022).  Hydro-Geochemistry and  Groundwater
Quality Assessment of Ouargla Basin, South of
Algeria. Water, 14, 2441,
https://doi.org/10.3390/w14152441.

Magesh, N. S., Krishnakumar, S., Chandrasekar, N.,
and John, P.S. (2012). Groundwater quality
assessment using WQI and GIS techniques, Dindigul
district, Tamil Nadu, India. Arabian Journal of
Geosciences 6(11) :4179-4189.
https://doi.org/10.1007/s12517-012-0673-8.

Kalyan, A., and Ujjal, M. (2019). Application of
multivariate statistics in the analysis of groundwater
geochemistry in and around the open cast coal mines
of Barjora block, Bankura district, West Bengal,
India. Environ Earth Sci 78, 72 (2019).
https://doi.org/10.1007/s12665-019-8071-0.

Sikdar, P.K., and Chakraborty, S. (2008). Genesis of
arsenic in groundwater of North Bengal Plain using
PCA: A case study of English Bazar Block, Malda
District, West Bengal, India. Hydrol. Process.
12,1796-1809. https://doi.org/10.1002/hyp.6742.
Agelos, P., Athena, M., Christos, H., Panagiotis, P.,
Olga, P., Eleni, D., and loannis, R. (2009).
Application of multivariate statistical methods for
groundwater physicochemical and biological quality
assessment in the context of public health. Environ.
Monit. Assess.170, 87-97. DOI:10.1007/s10661-009-

693

33-

34-

35-

36-

37-

38-

39-

40-

41-

42-

43-

1217-x.

Karen, K. W., David, L., David, W.H., and Bryan,
C.P. (2003). Identifying relationships between base
flow geochemistry and land use with synoptic
sampling and r-mode factor analysis. J. Environ.
Qual.32, 180-190. DOI :10.2134/jeq2003.0180.
Saadu, U.W., Kabiru, J. U., Cheikh, D.A., Ifatokun,
P. I, lbrahim, M. D., Ibrahim, M.S., and Safiyanu
G.Y. (2019). Hydrochemical Characterization of
Shallow and Deep Groundwater in Basement
Complex Areas of Southern Kebbi State, Sokoto
Basin, Nigeria. Applied Water Science.9, 169.
https://doi.org/10.1007/s13201-019-1042-5.

Morris, P.J., Baird, A.J., Phil, A.E., and Ben, W.J.S.
(2019). Controls on near-surface  hydraulic
conductivity in a Raised Bog. water resources
Research.55,1531-1543.
https://doi.org/10.1029/2018WR024566.

Nawel, B., Boualem, B., Slimane, B., and Nabila, H.
(2023). Geochemistry and water quality Assessment
of continental Intercalary Aquifer in Ouargla Region
(Sahara, Algeria). Journal of Ecological Engineering
JEE24,279-294
https://doi.org/10.12911/22998993/156832.
Bernard, D. (1966). Limnologie : Etude des eaux
continentales. Ed Paris: Gauthier-Villars. ISBN :138
F.

Imed, E. N. (2009). Approche hydrogéochimique a
I’étude des aquiféres de la basse vallée de 1’Oued
M’ya (Ouargla). Thése. Doc, Univ. Biskra, 143.
Robert, B., and René, V. (1973). Les paramétres
34. de la qualité des eaux. Ed. La Documentation
Francaise, Paris, 173p.

Edmund, J.L., and Charles, M.S. (1955). Water as a
sodium source and its relation to sodium restriction
therapy patient response. Am. J. Public Health 45:
1337-1338. DOI: 10.2105/ajph.45.10.1337.

Jack, E.M., and Harold, W. W. (1963). Water quality
criteria. California State Water Quality Control
Board, Pub. No: 3-A.

Piper, A.M. (1944). A graphical interpretation of
water—analysis. Trans Am Geophys Union 25:914—
928.

Fadoua, H.A., Mouna, K., Rachida, B., Moncef, G.,
and  Luis, R. (2011). Hydrogeochemical
characteristics and assessment of drinking water
quality in Zeuss-Koutine aquifer, southeastern
Tunisia. Environ. Monit. Assess. (174):283-98. DOI:
10.1007/s10661-010-1457-9.

Manish, K., Ramanathan, A., Rao, MS., and Bhishm,
K. (2006). Identification and evaluation of
hydrogeochemical processes in the ground-water
environment of Delhi, India. J. Environ. Geol. 50:
1025 — 1039. DOI: 10.1007/s00254-006-0275-4



https://doi.org/10.3390/w14152441
https://doi.org/10.1007/s12517-012-0673-8
https://doi.org/10.1007/s12665-019-8071-0
https://doi.org/10.1002/hyp.6742
https://doi.org/10.1007/s13201-019-1042-5
https://doi.org/10.1029/2018WR024566
https://doi.org/10.12911/22998993/156832

