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Abstract

The investigation in question involved the collection of 85 groundwater specimens from Complex Terminal aquifer
wells in the Guerrara region. The purpose was to appraise the chemical quality of the water and examine the hydro
chemical operations that influence the mineral content of the groundwater. The data obtained revealed that the
water samples showcased a slightly alkaline pH and had high mineral concentrations. The order of decreasing
concentration of the mainstream ions present in the water is as follows: sulfate ion (SO4-2), chloride ion (Cl-),
sodium ion (Na+), calcium ion (Ca+2), bicarbonate ion (HCO3-), magnesium ion (Mg+2), nitrate ion (NO3-), and
potassium ion (K+). The Geographic Information System (GIS) was utilized to visually represent the spread of
parameters across the area under study. Hierarchical Component Analysis (HCA) was employed to identify four
distinct geochemical water facies: SO4-Na-Ca, SO4-Na-Cl, SO4 with no dominant cation, and SO4-Cl-Na-Ca.
Principal Component Analysis (PCA) was implemented to categorize water parameters into three principal
components (PCs) that represented 72.66% of the overall variance. The analysis revealed that the foremost sources
of water mineralization are the dissolution of evaporitic and carbonate rocks, as well as anthropogenic activities.
The Saturation Index indicated that the water samples were supersaturated with respect to calcite and dolomite,
while being undersaturated with regard to gypsum, anhydrite, and aragonite. Geochemical plots demonstrated that
evaporation and the interaction between rocks and water, particularly through the base ion exchange process, are
the key mechanisms influencing groundwater mineralization.
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Introduction

There has been a growing interest in studying groundwater aquifers in arid regions with limited and unpredictable
rainfall in recent years. These aquifers are crucial for meeting human needs such as drinking water, agricultural
development, and industrial activities (Nadhira and Omar 2019; Slimani et al. 2023). The North-Western Sahara
Aquifer System (NWSAS) (Brauch et al. 2011),spans Algeria, covering 700,000 km?; Libya, covering 250,000
km?; and Tunisia, covering 80,000 km?n North Africa (Dhaoui et al. 2016; Benaraba et al. 2022). The aquifer
system in questioncovers an area of around one million km? and is recognized as the second-largest aquifer system
globally, surpassed only by the Nubian Sandstone (Dhaoui et al. 2016). It is the primary water source for the Sahara
Desert(Li et al. 2024) andconsists of three major Saharan aquifers, namely the Continental Intercalaire , the
Complexe Terminal and the phreatic aquifer (OSS 2003; Slimani et al. 2017; Guendouz and Moulla 2010; Castany
1982). The Complex Terminal aquifer extends across the majority of the Algerian and Tunisian sedimentary
basins, including an area exceeding 350,000 km? and it is predominantly unconfined (Guendouz et al. 2003). This
aquifer exhibits a notable increase in the number of boreholes (over 5,300 boreholes), resulting in the extraction
volume from the aquifer surpassing the volume replenished by recharge. Other hazards to the aquifer encompass
water salinization, the depletion of artesian wells, the drying up of outlets, and excessive pumping elevations
(Swezey 1999). Agriculture is the primary occupation in the Guerrara oasis (Lower-Sahara, Algerian), and it
heavily relies on groundwater for irrigation. The irrigation water is supplied from three main reservoirs: the
unconfined alluvial aquifer, the Continental Intercalary aquifer, and the Complex Terminal aquifer. In recent times,
the alluvial water has experienced a decline in quality, transitioning from being low in salt content to becoming
overly salty. This change has harmed the soil quality and agricultural productivity (Khemgani et al. 2019). In
addition, the scarcity of Continental Intercalary deep wells has compelled farmers to resort to constructing
Complex Terminal wells, which are relatively shallow and inexpensive, in order to ensure an adequate water
supply for irrigation and to expand their agricultural operations. The hydrochemical quality of the water from
Algeria's Complex Terminal aquifer has been the subject of numerous studies (Reghais et al., 2023; Barkat et al.,
2021; Kherroubi et al., 2022). However, this study uniquely assesses the appropriateness of Complex Terminal
water for consumption and irrigation,while analyzing the hydrochemical conditions and underlying processes in
the reservoir aquifer of the Guerrara region. The main objectives of this study are to (1) assess the physicochemical
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properties of Complex Terminal water, (2) create a GIS-based map of chemical parameters, (3) determine the
water quality of the Complex Terminal water, through WQI analysis (4) discuss the suitability of the water for
drinking, agricultural and industrial purposes.

Hydrochemical evaluation is conducted using several tools such as Statistical Analysis, Saturation Index, Gibbs
diagram, Chadha plot, and Ionic Plots. The water quality index (WQI) is employed to verify the potability of
water.Sodium Adsorption Ratio (SAR), Electrical Conductivity (EC)(Madjeed et al. 2021), Residual Sodium
Bicarbonate (RSBC), SSP (Soluble Sodium Percentage),Magnesium Percentage (Mg%), Kelly’s Ratio
(KR),Potential Salinity (PS), Permeability Index (PI), and the Chloralkaline Index (CAI) are employed to assess
the suitability of water for irrigation purposes (Sangaré et al. 2023).This study should be a useful resource for the
scientific community and for decision makers involved in the sustainable management of groundwater.

Materials and Protocols

Investigation area display

The research area is 600 kilometers south of Algiers in the Ghardaia province in the northern Algerian desert. The
location is approximately 2,900 Km?, with geographical coordinates of 32° 4725'N latitude and 4° 29'32'E
longitude. The population exceeds 70,000. Guerrara is renowned for being a highly productive agricultural area
specializing in growing palm trees, olives, and citrus fruits. It also supports livestock farming, particularly cattle
and sheep. The National Meteorological Office (2023) states that the area experiences hyper-arid climatic
conditions., with hot summers and mild winters. The annual precipitation is meager, with an average of 81 mm.
The average minimum temperature fluctuates between 3 and 17 degrees., with an average of 10 degrees, and the
average maximum temperature fluctuates between 28 to 40 degrees, with an average of 34 degrees.

Geology and hydrogeology

The study area has three types of geological formations:the upper cretaceous, which extends from west to east and
to the Northwestern part of Guerrara (fig. 1); the Neogene or Mio-pliocene; and the Continental Pliocene, which
is an extended form of thick and continuous limestone; and the Continental Quaternary, which is presented as river
alluvium by the Saharan sedimentary formations (S.C.G 1952; Hadj-said et al. 2013; Chellat et al. 2014). The
Middle Pliocene formation is prominent in the central and southeastern areas, characterized by sand, clay,
argillaceous sand, and gypsum crystals. In the eastern region, the Middle Pliocene deposit transitions to the Eocene
epoch, with a decrease in rock thickness and composition of carbonate Eocene and evaporative Eocene, comprising
limestone and marl limestone (Chellat et al. 2014). The Wadi Zegrir River exhibits sedimentary layers including
alluvium, rocky desert areas, and sand dunes, indicating the Quaternary period (Djili and Hamdi-Aissa 2018).

The aquifers exhibiting the hydrogeological traits of the region are the following: firstly, the alluvial aquifer located
at the surface, with a depth ranging from 3 to 30 meters, according to Melouah&Zeddouri (2016), the Complex
Terminal aquifer includes mainly the Mio-Pliocene, Eocene, and Senonian aquifers, the Senonian aquifer covers
a thickness of approximately 275 meters, while the Mio-Pliocene and Eocene aquifers are approximately 200
meters thick. At the bottom, there is the Intercalary Continental aquifer, which has an average thickness of 650
meters. The intermittent water flow in Wadi Zegrir reflects the hydrological features of the research area(Melouah
et al.2020). Figure 1 depicts the cross-section representing the hydrogeological structures of the study area created
using the Strater 5 program. The cross-section is based on five end-of-borehole reports that focus on the intercalary
continental aquifer at various locations within the Guerrara region.

5 e wove a0 2
SE Industrial ZORE 4 patm € HGuertoufa Foussad prine NW
o 11406 m ® Gicone 1574 5 o 28128 m -

e B

= Um [
50

T

- 100
150
200

— )

o

350
— ACO
A%0
a0

550

50 Legend
Albian

700

750 Alluvaim

TITTTITTTITTTITTTITTTIIY

a0 Cenomanian

Eccene

200mm

can Miopliocene

Senonian

— ']

16000 Turonian

- 1050

Fig.1 Hydrogeological cross-section of the research area.
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Methods for sampling and analysis

Eighty-five samples were obtained from wells located in agricultural farms around four sampling campaigns
between 2020 and 2022. The sampling of wells over the research region needs to be more balanced. To do this,
we gathered samples from most agricultural boundaries. Figure 2 displays the spatial arrangement of wells in the
research region using a Digital Elevation Model (DEM)acquired from the United States Geological Survey
website(US Geological Survey, 2023). The model has a precision of 12.5 meters and the study area's boundaries
were established using contour topography. The sampling, storage, and analysis procedures were conducted per
international standards. The physicochemical parameters, which are temperature, pH, and electrical conductivity
(EC), were documented on-site utilizing a Multiparameter portable meter (Multiline ® Multi 3630 IDS). Before
taking samples, the polyethylene bottles underwent a preliminary cleaning process consisting of one wash with
deionized water and three washes with sample water.After a short period of extracting water from wells, samples
are collected and subsequently kept at 4°C until they can be analyzed in the laboratory (Khan et al. 2020). The
primary chemical constituents (Ca?*, K, Na*, Mg?', HCOj5, CI, SOs*, and NOs) were analyzed at the
biogeochemistry laboratory of desert environments at the University of Ouargla. The contents of sodium and
potassium were estimated with a flame photometer. (PFP7 Jenway), while sulfate and nitrate concentrations were
determined using a DR2000-HACH spectrophotometer (Bouselsaland Saibi. 2022). To measure calcium and
magnesium content, complexometric titration is used in the presence of an Ethylene Diamine Tetra Acetic (EDTA)
solution.The volumetrictitration procedure employing 0.1 N hydrochloric acid is used to determine the bicarbonate
concentration(Nayak et al. 2022). Chemical tests of water samples are considered valid only if the ionic balance is
equal to or less than 5%(Rodier. 1996).
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Fig. 2Geographical dispersion of wells across the research area on a Digital Elevation Model (DEM) with a
precision of 12.5 meters.

All the results are displayed in mg/l except EC which is expressed in 1S/cm. For better accuracy of the water quality
results, the ionic balance was calculated for selected cations (Ca, Mg, Na, K) and anions (HCO3, Cl, SO4, NO3),
and the error was in between £+ 10% and which is well within the limit. The application of factor analysis to the
whole dataset to simplify the large dataset with proper arrangement, and by generalizing, it leads to meaningful
interpretation. Statistical package for social sciences (SPSS) is used for statistical analysis and to draw the
relations. As per the standard statistical procedures, the data have been standardized. The factor analysis and factors
extraction were done with the PCA technique.

In this research, the methodological for assessing the water quality of the Complex Terminal aquifer in theGuerrara
region. This framework integrates statistical methods, GIS techniques, and hydrochemical analysis of water data,
as illustrated in Fig. 3.
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Fig. 3.Flow chart of the methodology used to assess water quality.

Results and discussion
Physicochemical characteristics

Tables 1 and Figure 4 present the results of the physicochemical analyses. The pH ranges from 7 to 7.93, with a
typical value of 7.40, signifying neutral to slightly alkaline circumstances. The electrical conductivity (EC) at 25°C
varies from 701 to 7298 uS/cm, with an average of 2903.16 pS/cm. Total dissolved solids (TDS) have an average
of 1993.03 mg/1 and range from 419 to 5084 mg/l. Sodium is the most concentrated cation, with values between
57.18 and 1103.48 mg/l, and a mean of 329.11 mg/l. Next comes calcium, which has an average of 207.22 mg/I
and a range of 38.71 to 508.35 mg/l. The range of magnesium values is 1.74 to 270 mg/l, with an average of 79.93
mg/l. Potassium concentrations vary from 1.32 to 34.4 mg/l, with a mean of 9.31 mg/l. The dominant anion is
sulfate, ranging from 152.7 to 1924 mg/l, and averaging 737.76 mg/l. Chloride concentrations vary between 73.5
and 1858.3 mg/l, with a mean of 462.81 mg/l. The concentration of bicarbonate ranges from 19.8 mg/I to 378.2
mg/l, with an average of 156.1 mg/l. Nitrate concentration vary from 0 mg/I to 37mg/1, with an average of 10.7mg/1.

Table 1 Statistical propertises of the analysed data

SSta“S“"alpmpeme pH |TDS |EC Na® | K* |ca | Mg | |soe | HOO | Nos

Median 740 | 1778 | 2578 | 280 |5.62 (1)74'4 68.64 217'1 863'8 (1)46'4 7.80

Skewness 0.14 | 1.17 1.13 158 |1.42 137 111 141 [1.09 |120 |1.23

gz;f“)f variation | 5 53 50.8 699 |85 |606 |673 |756 |542 |339 |773

Convidence

e 0SosLower | 735 | 17363 | 2585.1 | 2795 | o [ 180.1 | (oo, 3873 | 6514 | 1446 | oo
5 7 2 3 7 7 9

Bound

Confidence

P 050y | 745 | 22207 [ 32211 [ 3787 || oo | 2343 | o (o | 5382 | 8240 1675 | |, 40
1 6 0 1 4 5 2

UpperBound

Dist. caracteristics

gﬁ?ﬂ{ggg"“’“ 0.929 | 0.077 |0.085 |0.005 | 0.000 | 0.013 | 0.138 | 0.007 | 0.093 | 0.308 | 0.001

signification)
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Fig.4. Box plots showing the concentration of water parameters with outlier data

Thegeographical dispersion of mineralization

The regional distribution of sulfates, chlorides, and sodium within the scope of the study region positively
correlates with the geographical dispersion of Electrical Conductivity, suggesting that those charged particles are
the primary contributors to water mineralization (Fig. 5; 6). The center and eastern regions of the examined area,
close to the old palm grove of Guerrara Oasis and the new agricultural perimeters, exhibit the highest levels of
electrical conductivity, sulfates, chlorides, and sodium. Groundwater over pumping at the Complex Terminal
causes an accumulation of salts in the water due to the dissolving of the underlying rocks of the aquifer, which

primarily consist of gypsum, anhydrite, halite, calcite, and dolomite.
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Hierarchical component analysis and hydrochemical facies
Hierarchical component analysis (HCA) is a data analysis method that categorizes groundwater wells into four
distinct groups based on their similar chemical makeup. The groups froml to 4 are visually represented in the

dendrogram shown in Figure 8 and table 2.

e Group 1 consists of 30 wells. The average electrical conductivity is 1957.03 ps/cm, with a range of 701 to
4707 ps/cm. According to the Piper diagram, the hydrochemical facies SO4-Ca-Na distinguish this group.

e  Group 2 consists of 12 wells; the average electrical conductivity is 3594.41 us/cm, ranging from 1970 to
7298us/cm; the hydrochemical facies SO4-Cl-Na differentiate this group according to the Piper diagram (Fig.

7).

e  Group 3 comprises 23 wells. The electrical conductivity goes from 1383 and 4267 ps/cm, the average is
2369.26 us/cm. Depending on the Piper diagram analysis, sulfate (SO4>) and chloride (CI°) anions with no

prevailing cation are the dominant facies of this group.

e  Group 4, which consists of 20 wells, has an average electrical conductivity of 4521.6 ps/cm and a range of
2337 to 7119 ps/cm. The Piper diagram indicates that the hydrochemical facies of SO4-CI-Ca-Na distinguish

this group.
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Table 2 Descriptive statistics for water groups (SD: Standard Deviation)

Chemical | T pH | EC Ca?* Na* K* Mg?" | CI SO | HCO; | NOs
parameter | (°C) (us/cm | (mg/l) | (mg/l) | (mg/ | (mg/l | (mg/l | (mg/l |- (mg /1
) ) ) ) ) (mg/1 1)
)
S| Min [208 |72 [701 38.71 57.18 132 | 194 |735 152.7 | 55.6 ] 0.05
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Max | 26.1 7.93 | 4707 286.4 625.27 | 344 | 124 855 1225 1201.3 | 22.1

Mean | 24.03 | 7.52 | 1957.0 | 140.79 | 213.04 | 10.4 | 46.17 | 240 525.7 | 147.0 | 7.33

SD 1.2 0.17 231.37 61.48 128.34 | 8.54 | 30.93 | 152 376.5 4610.46 4.21
Min 21.2 7 1970 115.06 | 148.9 2.1 83.12 | 251.1 43114.7 1318 | 0
Max | 25.6 7.75 | 7298 382.87 | 939.03 | 325 | 270 1858 513299. 3782 | 17.69
Mean | 23.62 | 7.3 | 35944 | 17536 | 401.43 | 16.4 | 143.7 | 706.5 227.5 2375 | 7.6
™
g SD 1.11 0.28 1356.5 75.27 225.01 | 8.96 25.54 416.7 581.7 66.01 | 6.56
= Min 23.9 7 1383 53.67 128.79 | 2.33 | 33.6 124.3 ;44.3 104 0.2
Max | 299 7.75 | 4267 37835 | 37293 | 14 221.6 | 859.4 ?163 195.2 | 30
% Mean | 26.44 | 7.26 2369.2 180 22353 | 5.74 é3.23 335.8 228.0 é42.6 15.31
35 | SD 1.65 0.18 | 770.29 | 77.31 76.64 274 1437 208.9 | 223.6 | 2441 | 897

Min 22.3 7.06 | 2337 141.53 | 255.66 | 1.86 | 16.04 | 263.9 | 535.0 | 19.8 0.06

Max | 26.3 7.84 | 7119 580.35 [ 1103.5 | 233 172 1355 | 1924 | 198.9 | 37

Mean | 24.64 | 7.44 | 4521.6 | 357.27 | 581.24 | 7.51 | 88.47 | 796.9 | 1188. | 136.3 | 12.32

SD 1.13 0.23 | 1408.6 | 146.82 | 259.78 | 6.45 | 53.4 318.6 | 433.4 | 41.56 | 10.23

Group 4

Pearson correlation

Pearson correlation is a statistical approach that determines the level and trajectory of the linear relationship
between two variables (Dehbozorgi and Kunuki. 2023).The Pearson correlation coefficient is employed to appraise
the associations and disparities among groundwater samples based on physicochemical parameters and the
concentration of major ions (EI-Rawy et al., 2023). Shoff et al. (2015) state that the correlation coefficient runs
from -1 to +1. A correlation is considered high when the coefficient is between +£0.8 and 1.0, moderate when it
is between +0.5 and +0.8, and weak when it is between £0.0 and +0.5. The strong relationships between electrical
conductivity and calcium, sodium, chloride, and sulfate ions provide evidence that these ions are the primary
contributors to the mineral content of groundwater. A robust association was also seen between the sodium cation
and the chloride and sulfate anions. Calcium cations exhibit a significant association with sulfate. The observed
outcomes can be attributed to the interaction between water and the adjacent rocks, which consist of gypsum,
anhydrite, calcite, dolomite, and halite, hence influencing the composition of the water.

Table 3 Pearson correlation coefficient values

T pH EC Na* K* Ca* | Mg* | CI SOs* | HCO;5 | NOy
T 1
pH -0.271 |1
EC 0.1 0.169 1
Na* 0.007 0.264 0.951 | 1
K* -0.119 | 0.069 0.324 | 0.327 | 1

Ca? 0.247 0.102 0.813 | 0.711 | 0.153 |1
Mg?* | 0.095 -0.124 | 0.548 | 0.363 | 0.194 | 0.239 | 1
Cr 0.019 0.175 0.945 | 0.876 | 0.29 0.698 | 0.624 | 1
SO+ | 0.219 0.14 0.895 | 0.858 | 0.286 | 0.855 | 0.352 | 0.713 | 1
HCO; | -0.143 | -0.137 | 0.166 | 0.174 | 0.305 | -0.1 0.349 | 0.18 | -0.01 |1
NOs~ | 0.263 -0.235 1 0.204 | 0.145 | -0.132 | 0.259 | 0.189 | 0.17 ] 0.207 | 0.063 |1

Principal component analysis (PCA)

Principal component analysis (PCA) is a statistical method used to reduce the number of parameters in a dataset,
reducing them to a smaller set to avoid linearity issues (Karamizadeh et al., 2013; Kurita, 2019). It is commonly
used to assess and analyze surface and groundwater quality, revealing changes over time and space (Mohammadi
2009).PCA identifies correlations and reduces data into principal components (PCs) that account for a percentage
of total variances in chemical parameters (Yang et al. 2021). The variances are linked to the chemical parameters
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with the highest loading components, which serve as benchmarks to determine geochemical processes (Liu et al.
2020).

In Table 4, PCA was conducted with an eigenvalue of 1, resulting in the extraction of three compounds. These
three principal components (PCs) explained 72.66% of the total variance andare selected to represent the
hydrochemical process influencing groundwater mineralization. The first principal component explains 43.85% of
the total variation. It is mainly associated with EC, Na*, Ca?", CI', and SO4%, suggesting that the primary origin of
mineralization in the groundwater is the dissolving of evaporitic rocks, specifically NaCl, KCl, CaSOQa,
CaS042H»0, Na,S04, and CaCl,. The second principal component accounts for 15.42% of the total variance and
is primarily associated with HCO5", Mg?*, and K, suggesting the leaching and dissolution of carbonate minerals
such as CaCO3, MgCOs3, and CaMgCOs. The third principal component represents 13.39% of the total variance. It
is mainly linked to NOs", pH, and water temperature, indicating pollution sources from human activities such as
agricultural fertilizer use, wastewater seepage, and animal waste (Fig. 9).

Table 4 loadings of variables on PCs, eigen values, variability and cumulative percent.

Variable PC1 PC2 PC3
T° 0.135 -0.194 0.703
EC 0.963 0.244 -
Na 0.927 0.184 -
K 0.273 0.515 -0.308
Ca 0.881 -0.127 0.188
Mg 0.394 0.634 0.273
Cl 0.878 0.317 -
SO4 0.928 - 0.110
HCO3 - 0.849 -
NO3 0.210 - 0.676
pH 0.311 -0.309 0.699
Eigen value 4.823 1.697 1.473
Variability(%) 41.691 15.772 15.205
Cumulative(%) 41.691 57.463 72.668
104 HCO3™
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Fig.9. Principal Component Analysis plot

Saturation Index
The saturation index is commonly employed to measure the saturation level (Hwang et al. 2017). The equation
SI=log(IAP/Ksp) represents the relationship between the saturation index (SI), the ion activity product (IAP) of
the mineral groundwater action, and the equilibrium constant (Ksp)(Roy et al. 2021).When a mineral and an
aqueous solution are in equilibrium, the saturation index (SI) approaches zero.The saturation index (SI) is negative
if a solution is sub-saturated while supersaturated solutions have a positive value for the saturation index (SI)
(Plummer et al.1983). The saturation index was determinedusing PHREEQC version 3, a computer tool for
conducting various aqueous geochemical studies (Parkhurst and Appelo 2013). Table Sdisplays the findings of the
geochemical modeling for each of the four water types.
e Groupl: The average values of SI indicate that the groundwater has lower levels of some individual
minerals, except for calcite, which is slightly higher than the optimal saturation level.
e Group 2: The saturation index (SI) findingsshow that groundwater is deficient in many specific minerals,
except calcite and dolomite, which are in excess.
e Group 3: The statistical measures of the saturation index (SI) illustrate that the minerals present in
groundwater is in a state of undersaturation.
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e  Group 4: The saturation index (SI) values indicate that groundwater has higher concentrations of
aragonite, calcite, and dolomite than their saturation levels, rendering them supersaturated. However,
they exhibit lower concentrations of anhydrite and gypsum than they can hold, making them sub-

saturated.
Table 5. Saturation Index means value
Anhydrite Aragonite Calcite Dolomite Gypsum

— Min -1.92 -1.04 -0.9 -1.62 -1.7

% Max -0.66 0.39 0.54 1.08 -0.44
3 Mean | -1.17 -0.03 0.1 -0.01 -0.95
« Min -1.32 -0.6 -0.45 -0.61 -1.1

= Max -0.64 0.63 0.78 1.66 -0.42
(% Mean | -1.07 -0.02 0.12 0.5 -0.85
- Min -1.61 -0.73 -0.59 -0.85 -1.39

= Max -0.55 0.49 0.63 1.01 -0.33
(% Mean | -1.03 -0.22 -0.07 -0.15 -0.81
< Min -1.1 -0.65 -0.51 -1.61 -0.88

= Max -0.28 0.73 0.87 1.35 -0.06
8 Mean | -0.64 0.09 0.23 0.15 -0.42
Means -3.91 -0.18 0.38 0.49 -3.03

Gibbs Diagram

The Gibbs diagram is employed to evaluate the dominant mechanism governing Water's chemical makeup and the
origins of dissolved ions (Singaraja et al. 2017). This is achieved by graphing the Total Dissolved Solids (TDS)
against two ratios: the ratio of Sodium ions (Na") to the sum of Sodium ions and Calcium ions (Na* + Ca?"), and
the ratio of Chloride ions (CI°) to the sum of Chloride ions and Bicarbonate ions (Cl-+ HCO3") (Toumi et al. 2015).
The Gibbs diagram displays three distinct areas: the precipitation dominance area, the area dominated by rock-
water interaction, and the area dominated by evaporation (Gibbs 1970). Based on the Gibbs plot analysis (Fig. 10),
the water samples are situated in a region dominated by evaporation.The extremely arid climate is the primary
factor affecting the groundwater composition in the study area. The evaporation process increases water salinity,
which is further influenced by rocks and groundwater interaction.
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Fig. 10. Gibbs plot for groundwater samples

Chadha plot

The Chadha diagram is employed for the analysis of hydrochemical mechanisms that govern the mineralization of
groundwater (Abdel Wahed et al. 2015). The graph illustrates the disparity in the milliequivalent ratio between
alkaline earth metals and alkali metals as well as the contrast in the milliequivalent ratio between weakly acidic
anions and strongly acidic anions, using two axes (Nolakana et al. 2016). Chadha (1999) expands the
milliequivalent percent difference for the X and Y coordinates to subareas with clearly defined geochemical
processes and water types.

All samples examined in this study (Figure 11) are located in an area where the concentration of alkali metals,
specifically potassium and sodium cations, is higher than that of alkaline earth, primarily calcium and magnesium
cations. The main geochemical processes in this area are base ion exchange and the presence of brine. The Na-K-
HCO:s facies develop during base ion exchange, where sodium and potassium from the water replace calcium and
magnesium in the surrounding rock, such as limestone, dolomite, or silicate. These facies result from the invasion
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of an area previously inhabited by saltwater or sodium brine, which is generated from saltwater by fresh
groundwater high in CaMgHCOs; (Sidibé et al.,2019).The Na-K-CI-SO4 facies suggest a long period of water
presence and aged water formed by the dissolution of metals, primarily from halite, gypsum, and anhydrite.
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Fig.11. Chadha plot for groundwater samples.

Ionic relationship

The link between sodium (Na*) and chlorine (CI)

Figure 12's Na vs. Cl plot can help determine the origin of chloride and sodium ions in water. A Na/Cl ratio near
1, found in 64.75% of samples, indicates that the main origin of these ions is halite dissolution (Zaidi et al., 2015;
Igbal et al., 2018). The sodium surplus compared to chlorine in the sample points falls along the 1:1 equiline,
accounting for 31.76%. This can be ascribed to base ion exchange and silicate weathering (Sajil Kumar et al.
2014). The Chadha plot and chloralkaline index provide evidence to support this claim. Samples with chlorine
levels exceeding sodium levels account for 3.52%. They are likely due to human-made pollution and may be
caused by the interaction of aquifer water with the shallow subsurface aquifer water (Rao et al. 2014).
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Fig.12.The plot of Na* vs CI".
The link between calcium (Ca”*) and sulfate (SO4%)
The Ca/SO4 plot is used to identify the origin of sulfate and calcium in groundwater (Bouderbala, 2020). These
ions come from the breakdown of gypsum when the samples fall on the 1:1 line (Kuldip et al., 2011). Calcium to
sulphate ratio averages 0.69 meq/l. According to Chadha plot, the surplus of sulfate ions compared to calcium ions
in Figure 13 is attributed to the calcium exchange process.
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Fig.13. Ca®" vs SO4*plot.

The Ca*" + Mg?* versus HCOjsplot

The Ca?*+Mg?* and HCOs™ plots reveal the origin of calcium, magnesium, and carbonate ions in groundwater and
the precipitation or dissolution of carbonate rock minerals (Islam et al., 2018). The saturation index data indicates
that the mean values for aragonite are negative, while the mean values for dolomite and calcite are positive. The
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plot and the groundwater saturation index show the presence of aragonite dissolution and calcite and dolomite
precipitation processes.
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Fig. 14.The plot of Ca*" +Mg?* vs HCOs".

The plot of Ca*+Mg?* versus HCO3+ SO4*

The Ca?>’+Mg?" vs. HCO3+SO4> graph depicts the relationship between calcium, magnesium, sulfate, and
bicarbonate ions in groundwater, this graph also predicts potential hydrochemical reactions that may occur and
control the ion concentrations, points along the equiline 1:1 demonstrate the dissolution of minerals containing
sulfate, calcium, and magnesium (Kumar et al. 2009). The saturation index and the Ca?" vs SO4> plot confirm
gypsum dissolution. Calcite and dolomite dissolution can be ascribed to the undersaturation of CO2, as indicated
by the dissolution equation below:

CaCO3 + CO2 + H20—pCa?"+ 2HCO5"

CaMg(CO3) +2CO2+2H20—p Ca*+Mg>"+4HCO; (Islam et al. 2018; Jean et al. 2020).

In figure 14, the points above the equiline demonstrate reverse ion exchange between calcium and magnesium in
rock-forming clay and sodium in groundwater. Points below the 1:1 equiline indicate the weathering of silicates
and carbonates due to the excess bicarbonate content in groundwater (Rajmohan and Elango, 2004).
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Fig. 15.The plot of Ca?* +Mg?* vs HCO;™ + SO4%.

Evaluation of groundwater quality for consumption

Water Quality Index

The water quality index is a mathematical methodused to assess the quality and possible applications of a particular
body of water in a clear and comprehensible manner (Jumber et al. 2024). It summarizes extensive information on
water quality into a singular metric (Kizar 2018). Water quality estimation methods include: the Oregon Water
Quality Index (OWQI), the Canadian Council of Ministers of Water Quality Index Environment (CCMEWQI),
the National Sanitation Foundation Water Quality (NSFWQI), and the Weighted Arithmetic Water Quality
Index(WAWQI)(Ojukwu et al. 2021).

The study utilized the weighted arithmetic water quality index technique, which categorized water quality based
on the most often measured variable to determine its purity level (Brraich et al., 2021).

The water quality index is determined using four steps outlined in Brown et al.'s 1972 formula.

Step 1: Gather data from various physicochemical water quality metrics.

Step 2: Calculate each parameter's unit weight (wn) factors using the formula Wn=K/Sn.
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The formula calculates the value of K as the reciprocal of the sum of the reciprocals of S1, S2, S3 and so on up to
Sn.

Sn is the standard desirable value of the net parameters obtained by summing all selected parameters unit weight
factors.

Wn=1 (Unity)

Step 3: Calculate the sub-index (Qn) value using the formula Qn= {(Vn-V0)/(Sn-V0)} * 100

Vn represents the average concentration of the n parameter.

The standard desirable value of the n" parameter in this study was based on the WHO guidelines 2011.

The current values of the parameters in pure water are typically V0=0, except for pH.QpH is calculated as a
percentage using the formula: QpH = (VpH - 7) / (8.5 - 7)) * 100

Calculate the Water Quality Index (WQI) using the formula: WQI = ((3;Wn*Qn)/Y Wn) (Chandra et al., 2017)
The table below (Table 5) presents the computed water quality index for the four water classes. Group 2 and Group
4 waters are deemed unfit for consumption, Group 3 waters are considered very bad, and Group 1 waters are
classified as poor.

Table 6 Water Quality Index for the four water groups.

Water group Index value Water Quality Index | Water Quality

/ / 0 to 25 Excellent water

/ / 26 to 50 Good water

Group 1 68.10 51to 75 Poor water

Group 3 88.20 76 to 100 Very poor

Group 2 and Group 4 | 130.36 and 114.61 | More than 100 Unsuitable for consumption

Evaluation of groundwater quality for irrigation purpose
Table 4 outlines criteria, calculation, and water classification intervals utilized to evaluate groundwater suitability
for irrigation. Table 5 summarizes the data on the irrigation parameters that were assessed.

Electrical conductivity (EC)

Electrical conductivity refers to a material's ability to conduct electricity. Since the majority of salts in water are
present in ionic form, electrical conductivity is considered a dependable indicator for assessing water quality.
(Balachandar et al. 2010). High salt levels increase the osmotic pressure of the soil solution, leading to a
physiological drought condition and plant withering (Zaman et al., 2018). The elevated salt of irrigation water can
impact soil structure, permeability, and aeration (Costa and Aparicio 2015).

Based on Richard classification (1954), only 2.35% of Guerrara Complex Terminal water is appropriate for
irrigation (C2), while 36.47% is doubtful for irrigation (C3), and 61.17% is deemed unsuitable for irrigation.

Adsorption Sodium Ratio (SAR)
The Sodium Adsorption Ratio (SAR) signifies sodium's risk in irrigation water compared to calcium and
magnesium levels. High SAR levels can cause soil permeability issues and degrade soil structure (Zamam et al.,
2018).
Richards classification (1954) categorizes the water at the Guerrara Complex Terminal as follows:

o 85.88% is excellent for irrigation (S1, SAR less than 10).

e 12.94% is good for irrigation (S2, SAR from 10 to 18).

e  Only 1.17% is moderate for irrigation (S3, SAR exceeding 18).
The Riverside graphic categorizes water by examining the correlation between SAR values and Electrical
Conductivity (Figure 15). In our investigation, samples fall into six distinct classes.2.35% of the samples belong
to class S1-C2, 35.29% to class S1-C3, and 47.05% to class S1-C4. In addition, 2.35% of the water samples fall
under S2-C3, 11.76% under S2-C4, and 1.17% under S3-C4.

Table 7 Irrigation water parameters utilized in the study for assessing water quality.

Water parameter | Formula Reference Range Water classification
<250 Excellent (C1)
Electrical - 250-750 | Good (C2)
conductivity Richard 1954 | 750-2250 | Doubtful (C3)
>2250 Unsuitable (C4)
Richard 1954 | <10 Excellent (S1)
Sodium Na* 10-18 Good (S2)
Adsprption Catt thgPt 18-26 Mode:rate (S3)
Ratio (SAR) — >26 Unsuitable (S4)




669 Benameur Farid et al.

20-40 Good
Soluble Sodium Na* Wilcox 1955 40-60 Permissible
Percentage Ca?** +Mg?>* + Na* + K+ 60-80 Doubtful
(SSP) %100 >80 Unsuitable
Residual Gupta and | <5 Satisfactory
Sodium HCO; — Ca?* Gupta 1987 5-10 Marginal
Bicarbonate >10 Unsatisfactory
(RSBQC)
Magnesium Mg?* Szablocs and | <50 Suitable for irrigation
Hazard (Mg%) Ca?* + Mg+ *100 Darab 1964 >50 Unsuitable for irrigation
Kelly’s  Ratio Na* >1 Good
(KR) Ca?* + Mg+ Kelly 1963 1-2 Doubtful
<2 Unsuitable
Permeability Na* + . [HCO; 100 Doneen 1964 >75 Suitable
Index (PI) 2T T T * 75-25 Good
Ca™ +Mg™ + Na <25 Unsuitable
Potential <5 Excellent to good
Salinity (PS) - + 1 So2- Doneen 1964 | 5-10 Good to injurious
274 >10 Injurious to Unsuitable
Chloro-alkaline Cl~— (Na*+ K" Scholler 1967 | >1 CA equilibrium
1 (CAl) Cl- <l CA disequilibrium
Chloro-alkaline Cl-— (Na*+K™") Scholler 1967 | >1 CA equilibrium
2 (CA2) SO2~ + CO; + HCO; + NO; <1 CA disequilibrium
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Fig.15 Riverside diagram of the groundwater samples.

Soluble Sodium Percentage (SSP)

SolubleSodiumPercentage (SSP) is a crucial parameter that signifies the percentage of sodium cations in water,
and it is used to classify water quality for irrigation purposes(De Andrad Costa et al. 2020). Excessive salt levels
in irrigation water can influence the soil structure by accumulating in pore spaces, decreasing soil permeability,
and ultimately lowering crop yields. High sodium levels in the soil can result in the displacement of calcium and
magnesium by sodium in the clay, causing the degradation of the soil's physical characteristics (Joshi et al., 2009;
Hem, 1991; Musika et al., 2021).

Based on Wilcox's classification (Figure 16),specimens being examined can be categorized into four types: 1.17%
of water samples classified as good for irrigation, 47.05% as suitable, 50.58% as doubtful, and 1.17% as unsuitable
for irrigation.
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Fig.16 Wilcox diagram of the groundwater samples.
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Residual Sodium Bicarbonate (RSBC)

If the quantity of sodium bicarbonate in water exceeds the amount of calcium, residual sodium bicarbonate (RSBC)
forms, elevating the water's pH. High RSBC irrigation water causes sodium bicarbonate to accumulate in the soil,
increasing salinity (Eaton1950; Nassem et al. 2010).

Based on Gupta and Gupta's classification (1987), the Residual Sodium Bicarbonate Concentration (RSBC) of all
the water examined is below 5, indicating satisfactory levels, and no risk of sodium carbonate precipitation in the
soil.

Magnesium Hazard (Mg%)

Magnesium hazard is critical in assessing the influence of magnesium concentration in water on soil parameters
(Tamsasebi et al., 2018). Furthermore, soil alkalinity can result from elevated levels of magnesium in irrigation
water (Ramesh and Elango 2018). Moreover, the significant water absorption by clay and magnesium impacts soil
infiltration capability, while elevated magnesium levels in irrigation water might also harm crops (Kawo and
Karuppannan 2018).

Based on the Szablocs and Darab classification from 1964, 64.70% of the water analyzed has a magnesium
concentration below 50% and is considered suitable for irrigation, whereas 23.52% of the water examined has a
magnesium content exceeding 50% and is deemed unfit for irrigation.

Kelley’s Ratio (KR)

The Kelly ratio quantified the sodium level in water relative to calcium and magnesium (Nassem et al., 2010).
Kelley (1963) reported that 15.29% of the water has a Kelly's Ratio (KR) of less than 1, which is suitable for
irrigation. 56.47% have a KR between 1 and 2, considered doubtful for irrigation, while 28.23% have a KR greater
than 2, deemed unsuitable for irrigation.

Permeability Index (PI)

High salinity in irrigation water impacts soil permeability. Prolonged exposure to irrigation water with elevated
amounts of bicarbonate,sodium, magnesium, andcalciumcan lead to various soil permeability issues (Rawat et al.,
2018).

Donnen (1964) categorized irrigation water into three classes based on their PI. In our study, 49.41% of water
samples had a PI between 25 and 75, deemed good, whereas 50.58% had a PI more than 75, which was judged
unsuitable.

Potential Salinity (PS)

Potential Salinity (PS) is a water quality indicator utilized to evaluate the appropriateness of irrigation (Rawat et
al., 2018). The value is determined by adding the chloride concentration to half the sulfate concentration
(Ogunfowokan et al. 2013). The suitability of irrigation water is not determined only by the amount of dissolved
salts present, insoluble salts precipitate and build up in the soil after each round of irrigation. Conversely, excessive
amounts of soluble salts lead to a rise in soil salinity (Doneen 1964).

Our research found that 4.70% of the water is suitable for irrigation purposes, 30.58% is marginally appropriate,
and 64.70% is unsuitable for irrigation.

Chloro-alkaline Indices (CAI)

It is essential to predict future alterations in the chemical makeup of groundwater flows (Sastri 1994). Chloro-
alkaline indices analyze the ion exchange between groundwater and rocks in rock-water interactions (Kumar et al.
2020). The chloro-alkaline equilibrium occurs when positive chloro-alkaline values signify base exchange
reactions involving the exchange of sodium and potassium from water with magnesium and calcium in rock.
Conversely, the chloro-alkaline disequilibrium occurs when the chloro-alkaline values are negative, suggesting
that cation-anion exchange processes promote the exchange ofcalcium and magnesium from water with potassium
and sodium in rock (Gupta et al., 2009).

Only two groundwater samples in the study exhibit negative Chloro-alkaline values. In contrast, all other samples
show positive values, suggesting base exchange processes between sodium and potassium in water and magnesium
and calcium in rock (chloro-alkaline equilibrium). The process of base exchange leads to soil molecules
deflocculating and decreases soil permeability (Todd 2004).

Table 8 Data of irrigation parameters studied
EC SAR KR RSBC | MAR | SSP PI PS CAIl | CAI2
Min 701 2.34 0.58 -12.87 | 2.17 36.34 50.95 2.9 -1.58 3.47
Max 7298 18.67 | 4.66 1.33 70.29 82.1 95.06 59.86 523 69.44
Mean | 2903.16 | 6.78 1.69 -2.61 39.12 59.7 74.74 17.05 11.95 22.18

Conclusion
This research analyzed the water quality of a Complex Terminal aquifer in Guerrara utilizing Statistical Analysis
to evaluate hydrochemical quality. Geographic Information System (GIS) techniques were utilized to display
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parameter distribution across the area. Ionic plots were used to assess hydrochemical processes, while the water
quality index determined water drinkability. Irrigation Water Parameters were examined for irrigation suitability.
The average pH of groundwater is 7.40, indicating it is slightly alkalineheavily mineralized, with an average
electrical conductivity of 2903.1 pS/cm and 1993 mg/L for total dissolved solids. Anions are most prevalent in the
following order: SO4>> CI> HCO;™> NOs5", whereas cations are most prevalent in the sequence: Na™> Ca*>> Mg*?>
K*. The spatial distribution of the studied parameters discloses a significant positive correlation between dominant
ions and Electrical Conductivity, suggesting that these ions are the main contributors to water mineralization. The
central and eastern regions of the study area display the highest levels of mineralization.Water wells were
categorized into four groups using Hierarchical Component Analysis (HCA), each group exhibiting a distinct
hydrochemical facies: SO4-Na-Ca, SO4-Na-Cl, SO4 without a dominating cation, and SO4-CI-Na-Ca.. Pearson
correlations revealed considerable relationships among the tested parameters. Electrical conductivity is observed
with Ca?*, Na*, CI', and SO4* ions, specifically the interaction between Na' and SO4> and Cl- and between Ca®
and SO4*. Principal Component Analysis identified three main components explaining 75.67% of the variance in
water parameters. The first component, accounting for 48.02% of the variance, is associated with Electrical
Conductivity, Sodium, Chloride, Sulfate, and Calcium ions, suggesting mineralization from evaporitic rocks like
halite, gypsum, and anhydrite. The second component, explaining 16.42% of the variance, is linked to bicarbonate
and magnesium, indicating leaching from carbonate rocks. The third component, representing 11.02% of the
variance, is correlated with nitrates, potassium, and water temperature, pointing to anthropogenic contamination.
The Saturation Index, calculated using PHREEQC software, indicates that studied groundwater samples are
undersaturated with gypsum, anhydrite, and aragonite, and oversaturated with calcite and dolomite. These findings
elucidate the ionic composition of the water and forecast potential future mineral content. The Gibbs diagram
shows that evaporation and rock domination are the main factors increasing water salinity. The Chadha plot
demonstrated that alkali metals surpass alkaline earth metals and that base ion exchange and saltwater are the main
geochemical processes occurring in water. The water samples studied are classified as poor, very poor, or
unsuitable for irrigation based on the Water Quality Index. Based on Electrical Conductivity values, most of the
water samples analyzed contain high salt levels, rendering them questionable or unsuitable for irrigation. Although
SAR values are typically below safe limits, the sodium hazard potential indicates that caution should be exercised
when using this water for irrigation. RSBC states that sodium carbonate precipitation is not possible in the soil.
Analysis of magnesium risks shows that it is absent in two-thirds of the water samples and present in one-third of
the samples. Approximately 70% of the water samples are dubious or suitable for irrigation based on the KR
parameter, which assesses the sodium level in water relative to calcium and magnesium, whereas 30% are deemed
unsuitable for irrigation. Using the PI parameter to assess the impact of sodium, magnesium, calcium, and
bicarbonate on soil permeability, around half of the water samples exhibit acceptable quality. In contrast, the other
half shows poor quality. Salinity in water is primarily attributed to low soluble salts, with two-thirds resulting from
combining half of the sulfate concentration with the chloride content. Positive Chloro-alkaline readings indicate
that the base ion exchange mechanism is the primary process influencing upcoming chemical reactions.
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