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Abstract: The primary goal of this study is to analyze the hydrogeochemical properties and assess
the groundwater quality for drinking, domestic, and irrigation purposes in West El Minia, Egypt.
Major components were determined in 49 groundwater samples to evaluate water quality in the
study area. Principal component analysis (PCA), hierarchical cluster analysis (HCA), geostatistics,
and spatial mapping were used to identify the chemical components and processes that influence
groundwater quality and highlight areas of health risks. According to the TDS values, about 22%
of the groundwater samples are suitable for drinking. Due to the elevated values of hardness in
the examined water, none of the water samples are suitable for use in a household. The majority
of groundwater samples are acceptable for irrigation based on the sodium adsorption ratio (SAR),
residual sodium carbonate (RSC), Kelley ratio (KR), magnesium hazard (MH), and permeability index,
and some can be adequately treated. The study indicated that different groundwater characteristics
(such as TDS, Na*, K*, HCO3~, C1~, and SO4%7) do not comply with WHO requirements in some
regions, which may pose a threat to human health.

Keywords: groundwater; spatial analysis; principal component analysis; irrigation; human health

1. Introduction

The deterioration of water quality is a sensitive issue in many areas worldwide
because it affects human health, ecosystems, plant growth, water, and food security [1-5].
Groundwater is an essential natural resource for water supply in dry and semi-arid areas,
where it is used mainly for drinking, agriculture, and industry. The amount and quality
of groundwater are influenced worldwide by over-pumping and increasing land-use
activities [6,7]. As a result of urbanization, industrialization, and agricultural operations,
groundwater quality has become one of the world’s most severe challenges. Ground-
water quality significantly impacts the sustainable management of water resources and
their suitability for drinking, agricultural, and industrial purposes [8,9]. Poor water
quality can cause various health problems in humans while using poor-quality water for
irrigation reduces crop output. The major and trace element contents of water used for
drinking or irrigation must be closely monitored and evaluated [8-10]. Interactions be-
tween water, rock, sediment, and soil and the paragenesis of the aquifer parent materials
through which water flows play a significant influence in groundwater chemistry and
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quality variation [3,8,9]. Additionally, anthropogenic activities frequently affect ground-
water quality [1,3,9,11]. Water resources are under significant threat due to rapid and
unplanned population increase, mismanagement, and excessive irrigation and industrial
use in Egypt. Major constituents of groundwater that exceed the allowable limit directly
impact human health and the environment.

One of the issues that policymakers face worldwide is the long-term usage of ground-
water for drinking purposes [12]. Around the world, over two billion people lack access
to safely managed water services (readily available services, uncontaminated by faeces
and priority chemicals, and available when required) [13]. Because of the importance of
water intake in public health, the World Health Organization (WHO) has set various quality
requirements for groundwater features [14]. As a result, the physical and chemical char-
acteristics offered by the WHO are crucial monitoring tools for establishing groundwater
safety for drinking. Unsuitable drinking water and inappropriate conditions are estimated
to cause 80% of all infections in most developing countries [15].

Climate change, a scarcity of surface water, and ongoing population growth have
pushed agriculture to use groundwater more extensively worldwide to create potential
food security resilience [16]. Around 70% of groundwater extraction in arid and semi-
arid countries is used for irrigation [17]. Due to various anthropogenic and geogenic
factors, groundwater quality has significantly decreased [16]. Long-term use of low-
quality groundwater for irrigation could introduce harmful constituents into the soil,
changing its physio-chemical composition and reducing soil fertility, significantly im-
pacting crop yield and quality. In order to guarantee the availability of high-quality food
fit for human consumption, it is crucial to observe groundwater quality and investigate
its suitability for irrigation.

Water quality analysis based on hydrochemical investigation is vital for detecting
the chemical features of groundwater and its acceptability for varied uses. In order to
map groundwater susceptibility and address and assess water quality concerns, the spatial
analysis of groundwater parameters should be evaluated to control and manage ground-
water quality. Therefore, Geographic Information Systems (GIS) can be a valuable tool
for monitoring, assessing, and managing groundwater quality. Geostatistical methods
(e.g., kriging and inverse distance weight) are powerful methods to estimate the data at
unobserved locations and map their spatial distribution [16]. GIS and geostatistics are
widely used in environmental research, particularly groundwater quality studies [18-22].

Multivariate analysis techniques are practical statistical tools that can be used to
quickly identify the factors that affect the quality of a water system and change its geo-
chemical processes and assist in controlling those features to reduce contamination [23-25].

This research focuses on a newly reclaimed district in Egypt, the West of Minia. In
this district, groundwater is the main water supply for irrigation and domestic use. Prior
research discussed water resources’ management, sustainability, and quality in the study
area [26-36]. However, most previous studies did not describe the geochemical processes
that control groundwater quality, a detailed analysis of groundwater characteristics spatially
and statistically, or a detailed study of groundwater suitability for industrial, irrigation,
and drinking usage.

Therefore, the objectives of this study are: (a) to evaluate the groundwater quality of
the study area; (b) to investigate the suitability of groundwater for household, irrigation,
and drinking uses; and (c) to delineate sensitive and high-risk areas using the GIS
interpolation techniques, multivariate statistical methods approach, and the irrigation
water quality indices [26-36].

2. Description of the Study Area
2.1. Geographic Location
The study area is located between the longitudes of 29°75" and 30°86’ E and the

latitudes of 28°00” and 28°58’ N in the western part of Minia governorate, Egypt covering
an area of 5,400 km? (Figure 1). It is an arid region where the average low-temperature
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ranges between 1 °C in the winter (in January) and 18 °C in the summer (in August), the
average high temperature ranges from 25 °C in the winter (in January) to 45 °C in the
summer (in June) and around 19.6 mm of rain falls on average each year.

2.2. Geomorphological and Geological Settings

The area studied is situated on a high plateau above the Nile. It primarily comprises
limestone and is covered with alluvial sand and gravel deposits (Figure 1). It can be
categorized into three geomorphological units: the young alluvial plain (the original
agricultural land), the ancient alluvial plains (terraced fields that have recently been
reclaimed and are perched above a young alluvial plain at various heights), and the
calcareous structural plateau.

The region is geologically positioned on the Nile Valley’s western bank. The area’s
stratigraphic sequence contains sedimentary rocks from the Eocene to the Quaternary
(Figure 1). Based on the previous stratigraphic and geologic studies [37-40], the strati-
graphic sequence of the study area is predominantly comprised of the following lithos-
tratigraphic units, from the youngest (top) to the oldest (bottom): (a) Nile silts, sand
dunes, and Fanglomeates (Holocene sediments); (b) gravels and sands intercalated
with clays creating the Neonile, Prenile, and Protonile deposits (Pleistocene sediments);
(c) sands and gravels (Plio-Pleistocene sediments); (d) clays (Pliocene sediments); and
(e) basalts (Oligocene).
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levels in the studied area; and (c) a geological cross-section of the area (modified after [41]).
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2.3. Hydrogeological Settings

According to data from the drilled wells (Samalut Formation), the Eocene aquifer is
the dominant aquifer in the studied area, a fractured white limestone interbedded with clay
and marl. The aquifer is unconfined and recharged by the excess water used in irrigation,
the underlying Nubian aquifer, and water discharged by groundwater extraction wells
and lateral outflow to the Quaternary aquifer to the east because of its higher elevation.
The aquifer’s typical groundwater flow direction is northeast (Figure 1) [41]. The Eocene
aquifer’s average transmissivity value is 11,607 m?/day [26], and pumping rates range
from 80 to 120 m®/h. The major flow regime is mainly northeast toward the Nile, and
groundwater levels range between 29 and 40 m [42].

3. Materials and Methods
3.1. Sampling and Analytical Procedures

Forty-nine groundwater samples were collected in the study area (Figure 1). Using a
global positioning system (GPS), the sample sites” geographic coordinates and ground ele-
vation were documented. Groundwater depth was measured at each test site to determine
groundwater flow and create a map showing water levels in the study area. The stagnant
water was purged by groundwater pumping for one h before collecting the samples. Before
storing water samples in bottles, the bottles were cleaned with diluted HCI (1:1) and washed
using distilled water. The water samples were stored in polyethene, sealed, labelled, and
transported to the laboratory according to the guidelines proposed by [43]. Bioevopeak
Ultrameter SM101 equipment was used to determine temperature, pH, total dissolved
solids (TDS), and electrical conductivity in the field (EC). At the Ministry of Agriculture
Laboratory in Minia Governorate, Egypt, chemical analysis of the acquired water samples
was carried out using techniques advised by the American Public Health Association [44].
Volumetric titration methods were used to examine calcium (Ca2*), magnesium (Mg2+),
bicarbonate (HCO3 ™), and chloride (C17). A flame photometer was used to determine
sodium (Na*) and potassium (K*) in water samples. A UV spectrophotometer was used
to determine sulfate (SO427) concentrations in water samples. The ionic balance error
fell within the permitted limit of 5% for all water samples. The concentration of ions was
compared with the guideline values for drinking water established by the World Health
Organization [45] (Table 1).

Based on the physico-chemical testing of groundwater samples, irrigation quality
metrics (EC, SAR, sodium per cent (Na%), residual sodium carbonate (RSC), Kelley’s ratio
(KR), magnesium hazard (MH), and permeability index (PI)) were produced. The analytical
data were related by projecting different graphical representations, including Piper, Wilcox,
and Gibbs diagrams, to classify the groundwater and its suitability for employment in
diverse purposes. Aquachem software was used to evaluate the quality measurements and
the graphs mentioned above to study the hydrochemical features of groundwater.

3.2. Statistical Investigation Approaches

Two correlation methods were used to identify the relationships between the hydro-
chemical parameters: Pearson’s coefficient, which measures the linear associations between
the variables, and Spearman’s rank-order coefficient, which finds the monotonic correla-
tions. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) are used
to distinguish the chemical parameters that control the geochemistry of the groundwater
system and its origin. The statistical investigations performed in this study were con-
ducted using IBM SPSS Statistics and Python modules for data analysis and visualizations,
including Numpy and Matplotlib.
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Table 1. Descriptive statistics of major elements (in mg L~1) and EC (in pS/cm) in the groundwater of the area studied.

. No. of Percentage (%) of
Min Max Mean D S.tci.. Variance Skewness Kurtosis IYV HO Ml;xlx 1r£1u n}t Samples Exceeding Samples Exceeding
eviation ermissible Limi WHO Limit WHO Limit

Na* 100 1800 500.24 449.046 201,642.314 1.825 2.356 200 36 73
Ca%* 30 215 91.84 50.922 2593.056 0.849 —0.214 200 3 6
Mngr 28 121 59.80 21.396 457.791 1.058 0.443 100 2 4
K+ 11 125 51.47 30.899 954.754 0.430 —0.255 12 46 94
CO52- 15 90 43.12 25.009 625.443 0.578 —-1.077 - - -
HCO5;~ 92 275 199.14 45.084 2032.583 —0.458 —0.304 100 48 98
Cl~ 135 2010 650.76 511.884 262,025.272 1.554 1.408 250 43 88
S042- 96 1600 453.43 424,131 179,886.792 1.759 1.924 250 30 61
EC 1147 9344 3044.18 2263.390 5,122,932.486 1.787 2.149 1400 42 86
TDS 734 5980 1948.29 1448.579 2,098,380.708 1.787 2.149 1000 37 78

TH 240 969 467 199.65 39,863.27 0.915 —0.138 500 18 37




Water 2023, 15, 2909

6 of 23

3.3. Spatial Mapping

For groundwater explorations, continuous monitoring and evaluation of a wide range
of physical and chemical characteristics are required. Geographical Information Systems
(GIS) are helpful tools for gathering, preserving, analyzing, and displaying the spatial
and non-spatial data. It is widely used in assessing water quality, spatial mapping, and
evaluation of risks [46—48]. This study applied the inverse distance weighted IDW) method
to create spatial variability maps of the groundwater quality parameters using ArcGIS.

4. Results and Discussion
4.1. Hydrochemical Characteristics

The general characteristics of hydrochemical parameters of major elements are sum-
marized with values of the highest permitted limits, as defined by the World Health
Organization [45] in Table 1.

Electric conductivity (EC) is used to identify salinity hazards and irrigation suitability.
Values obtained in this study varied from 1147 to 9344 uS/cm, with a mean of 3044.18 uS/cm,
a standard deviation of 2263.390 uS/cm, and a variance of 5,122,932.486 uS/cm. TDS values
range from 734 to 5980 mg/L, with a mean of 1948.29 mg/L, a standard deviation of
1448.579, and a variance of 2,098,380.708. Sodium is the dominant ion among major
examined cationic concentration, ranges from 100 to 1800 mg/L (mean 500.24mg/L),
followed by calcium ranging from 30 to 215 mg/L (mean 91.84 mg/L), magnesium varies
between 28 and 121 mg/L (mean 59.80 mg/L), and potassium varies between 1land
125 mg/L (mean 500.24 mg/L). The dissolved anions of groundwater samples were
found to have the principal dominating ions of C1~, 50427, HCO;3, and CO52" ina
range of 135 to 2010 mg/L, 96 to 1600 mg/L, 92 to 275 mg/L, and 15 to 90 mg/L, with
average values of 650.76 mg/L, 453.43 mg/L, 199.14 mg/L, and 43.12 mg/L, respectively.
The sequence of the major ions in the groundwater sample sites is Na*> Ca?*> Mg?*> K*
and Cl™> 8042_ >HCO; > CO32_ .

Elevated level of solids and ions present in groundwater may have adverse effects on
human health. The data presented in Table 1 indicate that the maximum acceptable Total
Dissolved Solids (TDS) concentration in water, as per WHO guidelines, is 1000 mg/L. In
the northern region of the study area, 37% of the groundwater samples have TDS values
exceeding this limit. Sodium content in groundwater exceeds the recommended limit in
73% of the samples analyzed, whereas only 6% of the water samples have calcium levels
that exceed the permissible limit, and these are also situated in the north of the research
area. The manganese concentration in water is below the permissible limit, indicating no
risks associated with manganese in the study area. Potassium concentration is above the
recommended limit in 94% of the samples analyzed, while bicarbonate contents exceed the
allowable limit in 98% of the groundwater samples. Additionally, chloride levelin water
samples of the study area exceeds the recommended limit in 88% of the samples. Taken
together, 61% of the samples analyzed exceed WHO guidelines, which suggests that the
presence of TDS, sodium, potassium, bicarbonate, chloride, and sulfate may pose potential
health hazards in the study area.

4.2. Spatial Variability of Groundwater Parameters

Figure 2 displays the distribution of major cations (calcium, magnesium, sodium,
potassium) and anions (bicarbonate, chloride, sulfate) and EC, TDS, and TH. The study
area is characterized by a shale layer intermixed with limestone, which is highly susceptible
to weathering and rock-water interaction, causing an increase in ion concentration towards
the northern part of the research zone. Moreover, most parameters exhibit higher values
towards the west, which is attributed to limestone degradation and a lack of direct surface
water recharge. Sodium concentration exceeds that of other principal cations and increases
in the northwest direction, corresponding to the direction of calcium increase. Manganese
and potassium concentrations are lower than sodium and calcium concentrations, with
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their values increasing towards the north and west and decreasing towards the middle and
east. Chloride and sulfate exhibit higher cation concentrations than carbonate and bicar-
bonate. The maps of cation distribution illustrate that chloride and sulfate concentrations
significantly increase towards the north. The northern and western directions towards Bahr
Yusef exhibit higher values of EC, TDS, and TH due to recharging from surface water and
infiltration of additional irrigation water into the aquifer.
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Figure 2. Spatial distribution of major cations in the study area (units are in mg/L).
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4.3. Correlation and Multivariate Analysis
4.3.1. Scatter Matrix and Correlation Analysis

The relationships and distribution of various hydrochemical parameters in the research
area were investigated using a scatter matrix (Figure 3). The scatter matrix shows that some
elements have linear relations, such as TDS and most other parameters, especially EC; the
other elements show non-linear or no relationships. The matrix’s plotted histograms show
that most parameters are not normally distributed. Two different correlation types were
used to study and present the relations between various parameters to describe the variables
that affect groundwater quality: Pearson correlation which requires the analyzed data to be
normally distributed, and Spearman correlation, which does not rely on normality.

@3
T
i
I
|
i

Em A v
wl
O w00
e b a K v
1500
1000
3™ T
»‘ " P ¥ I
700
2 30
g .4 i 0 . i
@ 0
[}
200 e -
%4 fua” < b L3
0 '
E ks
00 kA
o L7 e ' v
g8 g8 R ® 38 L
N =) Mg [3

b Pearson Correlation

10 -10

o
z

3
08

Mg

K

06

- 067

069 021 069

Co3

Lo B9 o B H
|| -06

023 033 029 029 o023

HCo3

-04 04

a

02

0.0

023

Co3  HCO3

HCO3

Figure 3. (a) Heat maps analysis, (b) Pearson and (c) Spearman’s correlation matrices of correlations
between the hydrochemical variables in the area studied.
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Figure 3 displays two heat maps of the resulted correlation coefficients (r) of the
two types of correlations. For both correlation types, strong correlations are between
0.7 and 1, moderate correlations are between 0.5 and 0.7, weak correlations are between
0.5 and 0.3, and values lower than 0.3 reflect no correlations. Positive values represent
positive correlations, while negative values represent negative correlations. A significant
positive relationship pointed to a common cause, whether anthropogenic or natural.

The results of the two-correlation analysis indicate that TDS shows strong positive
correlations with EC, Na, Cl, Ca, Mg, Cl, and SO4, showing that these ions control
groundwater salinity and electric conductivity in the aquifer and both EC and TDS are
highly dependent. Groundwater hardness is linked to these constituents, as evidenced
by a strong positive correlation between TH and Ca?* (r Spearman = 0.92) and Mg?*
(r Spearman = 0.88). A strong positive correlation appears between Na and CI, Na and
Ca, Na and 5O4, Ca and SOy, and Ca and Cl, mainly originating from natural processes,
such as dissolution and rock-water interaction. This can be attributed to the dissolution
of rocks such as gypsum, halite, and silicates.

4.3.2. Principal Component Analysis (PCA)

The key factors influencing groundwater quality in the area under research were
identified using Principal Component Analysis. The analysis used varimax rotation and
only considered eigenvalues more significant than one. Table 2 and Figure 4 display
the PCA results, including eigenvalues, variance, and cumulative percentages for each
principal component (PC). Three principal eigenvalues (PC1, PC2, and PC3) were calculated,
accounting for 91.789% of the total variance. These components are the main factors which
mainly control groundwater composition in the study area:

Table 2. Eigenvalues, factor loadings, variability, and cumulative% of the resulted components.

Variable PC1 PC2 PC3 Communalities
Na*t 0.969 0.011 0.035 0.941
Ca?+ 0.904 —0.297 0.005 0.905
Mg2+ 0.845 0.295 —0.141 0.821

K+ 0.212 0.889 —0.303 0.927
COz%~ 0.741 —0.499 —0.152 0.821
HCO3~ 0.294 0.261 0.905 0.974
Cl- 0966 0.083 —0.062 0.944
SO,2~ 0.950 0.006 0.082 0.909
EC 0.986 0.043 0.016 0.974
TDS 0.986 0.043 0.016 0.974
TH 0.949 —0.059 —0.061 0.907
% of Variance 71.174 11.795 8.820
Cumulative% 71.174 82.969 91.789

PC 1 represents the main component and comprises 71.174% of the total variance. It
is composed primarily of EC, TDS, TH Na®, Ca?*, Mg2+, CO3%27, Cl7, and SO42~, with
the loading of 0.986, 0.986, 0.949, 0.969, 0.904, 0.845, 0.212, 0.741, 0.294, 0.966, and 0.950,
respectively, that show strong positive loading. PC1 mainly shows that the major ions are
produced by natural processes, while anthropogenic factors may not yet be present. This
represents the influence of common natural processes, including weathering and dissolu-
tion of minerals and rocks (rock-water interaction) on groundwater hydrochemistry. The
strong positive loading of EC indicates a strong ion exchange through mineral dissolution.
The component also illustrates that the increase in EC, TDS, and TH is mainly caused by
the high ion levels of Na*, CaZ*, Mg2+, CO52~, Cl~, and SO,4%~. PC2 has 11.795% of the
entire variance, mainly represented by K+ with a strong loading of 0.889 and CO32~ with
a moderate negative loading of —0.499. This implies that anthropogenic activities could
potentially affect groundwater quality in the research area. PC3 contains 8.820% of the total
variance and is composed of HCO3™ with a high load of 0.905. This factor can be described
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by groundwater recharge from the Nile River and the irrigation canals containing high
bicarbonate concentration [49].

Scree Plot

Eigenvalue

1 2 3 4 5 3 7 g 9 10 "

Component Number
Figure 4. The scree plot shows the resulting principal components.

4.3.3. Hierarchical Cluster Analysis (HCA)

The hierarchical cluster analysis used the ward’s linkage method and squared
Euclidean distances to categorize the hydrochemical parameters. Figure 5 illustrates
the findings of the analysis in a dendrogram. The dendrogram displays clusters in a
horizontal direction according to the physicochemical parameters producing clusters
comprising comparable features and in a vertical orientation to classify the wells based
on the hydrochemical parameters. The dataset was resized before the analysis to provide
more accurate findings.

In the horizontal orientation, three primary clusters were generated. Cluster 1
(matches PC1) includes Na*, Ca2*, Mg2+, CO32~,Cl~,S04%", EC, TDS, and TH show-
ing that these parameters were produced by rock weathering and mineral dissolution
through water-rock interaction. This cluster can be classified into two sub-clusters,
a cluster contains TH, Ca?*, and Mg?* reflecting that these two ions have the same
origin and are responsible for groundwater hardness and a cluster includes Na*, CO3%~,
Cl-, 5042’, EC, and TDS demonstrating the role of theses ions in groundwater salin-
ity. Cluster 2 (matches PC2) is constituted of K*, implying that human-made sources,
such as potassium-rich fertilizers, are responsible for the creation of potassium in the
groundwater. Cluster 3 (matches PC3) is constituted of HCO3™ which may arise from a
different source such as penetration of surface water into the aquifer.

However, the vertical axis indicates two primary clusters possessing identical ion
concentrations. The first cluster comprises eight water samples (sample 1 to sample 8) in
the area’s northern half. These samples have high concentrations of main ions and high
TDS, EC, and TH. Consequently, groundwater geochemistry is predominantly regulated by
water—rock interaction at this site. This cluster can also relate to the interaction between
groundwater and the Shale layer found in this location. The other cluster contains the
additional groundwater samples (samples 9 to 48) that mostly contain low to moderate
quantities of the analyzed ions.
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Figure 5. The hierarchical cluster analysis of groundwater parameters in the studied area.
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4.4. Hydrochemical Analysis

The chemical features of an aquifer system are represented by hydrochemical facies
that present the impact of the interaction between water and aquifer minerals within a
lithological framework. Hydrochemical facies describes the variations in the chemical
make-up of varying groundwater bodies within an aquifer. The aquifer’s lithology, solution
kinetics, flow patterns solution, kinetics, and flow patterns of the aquifer all influence the
facies [50]. The Piper diagram is a handy tool for categorizing and comparing different
types of water depending on their ionic content. It divides into three parts, two triangular
shapes and a diamond-shaped part, all of which have been widely examined to understand
groundwater geochemical evolution issues better. In the right triangle, the anions are
plotted as a single point as a % age of total cations in meq/L, whereas the cations are plotted
in the triangle to the left as a single point as a percentage of total cations in meq/L [51].

According to the hydrochemical facies presented on the diagram, the dominating
cation is Na*, while the principal anion is CI~ (Figure 6). The most prevalent facies are
Na-Cl, which accounts for most groundwater samples, and Ca-Mg-Cl, which accounts
for only two samples. This implies the presence of surface and paleo-water replenish-
ment, ion exchange, long-term interaction between groundwater and formations, and low
groundwater velocity, all of which are conducive to halite deposit disintegration.

Calcium type
E No Dominant
Magnesium type
m Sodium type
Bicarbonate type
Sulphate type
Chloride type

100

CO3+HCO;

100 80 60 40 20 0 0 20 40 60 80 100
Ca Cl

‘ ¢ | Groundwater samples

Figure 6. Piper diagram presenting the hydrochemical facies in the study area.

4.5. Geochemical Processes

Gibbs [52] devised a diagram to examine the primary natural factors that impact
groundwater chemistry and to aid in the determination of the interaction between an
aquifer’s lithological features and water composition.

The Gibbs plot shows three domains of dominance: evaporation, precipitation, and
rock-water interaction. The first diagram shows the link between TDS and the cationic
ratio (Na*/Na* + Ca?*) and the second diagram demonstrates the connection between the
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anionic ratio and TDS (C1~/(Cl~ + HCO3 ™). Figure 7 plots the gathered samples shown in
the Gibbs diagram. The chart reveals that most of groundwater samples (61%)(30 samples)
is dominated by rock, whereas only 39% (19 samples) are dominated by evaporation, and
no samples are dominated by precipitation. This reflects the importance of the water—
rock interaction in the groundwater chemistry of the area under study, implying that
the chemical weathering of minerals regulates groundwater quality via dissolving the
surrounding rocks. In addition, water evaporation in the unsaturated zone and bedrock
leaching can alter the characteristics of groundwater in the research area, but precipitation
has no effect on groundwater composition.
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Figure 7. Groundwater samples gathered in the studied area are shown in Gibb’s diagram (a) Cations
(b) Anions.

4.6. Evaluation of Drinking and Household Groundwater Quality

Using Hem classification [53], approximately 22% of the groundwater samples are
freshwater, 62% are somewhat saline, and 16% are moderately saline (Table 3). As a result
of the low salinity (TDS < 1000 ppm), 78% of water samples are unsuitable due to the high
salinity, while only 22% are safe for drinking (TDS > 1000 ppm). Groundwater use for
domestic purposes is evaluated by the total hardness and Hem classification [53]. The
results indicated that the Eocene water samples are unsuitable for domestic use due to the
high amounts of hardness (Table 4). Figure 8 illustrates the TDS and TH value classification
zones in the study area. According to TDS zonation, the research region’s western south
contains freshwater suitable for drinking, whereas the northern and the rest of the area
contain slightly and moderately saline water, respectively. Based on TH zonation, it is clear
that most of the groundwater in the area studied is hard, with specific places in the south
being extremely hard, and thus unsuitable for home use.

Table 3. Classification of groundwater suitability for drinking based on TDS.

Water Type TDS (mg/L) No. of Samples Percentage (%)
Fresh water <1000 11 22
Slightly saline 1000-3000 30 62
Moderately saline 3000-10,000 8 16
Very saline 10,000-35,000 0 0
Brine >35,000 0 0
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Table 4. Classification of groundwater quality for domestic purposes according to the total
hardness [53].

Total Hardness

0,
(mg/L) Water Class No. of Samples Percentage (%)
<70 Soft 0 0
70-150 Moderate hard 0 0
150-300 Hard 0 0
>300 Very hard 49 100
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Figure 8. Zonation maps of TDS and TH for groundwater assessment in drinking and domestic uses
according to the classification of Hem [53].

4.7. Evaluation of Groundwater Quality for Irrigation Use
4.7.1. Sodium Absorption Ratio (SAR)

According to sodium, magnesium, and calcium ions concentration, the sodium absorp-
tion ratio (SAR) determines the appropriateness of groundwater for irrigation purposes.
The permeability of the soil and the uptake of water by plants is affected by high sodium
ion concentration [54]. It can harm the soil composition by replacing adsorbed magnesium,
and calcium, causing it to become solid and impenetrable, increasing the soil hardness
and decreasing the permeability [55]. The sodium adsorption ratio (SAR) is defined by
Equation (1) [56]:

SAR =Na/,/(Ca+Mg)/2 1)

where all ions are expressed in meq/L.
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The SAR value ranges from 2.07 to 26.6 in the study area, with an average of 9.62.
Table 5 presents groundwater classification according to SAR values. It was found that
88% of SAR values (<10) fall into the excellent category (low-sodium class (S1)), 12%
into the good category (medium-sodium class (52)), and 10% into the doubtful category
(high-sodium class (S3)).

Table 5. Groundwater quality for irrigation use based onSAR.

SAR Alkalinity Hazard ~ Groundwater Class  No. of Samples  Percentage (%)

<10 S1 Excellent 38 88
10-18 S2 Good 6 12
18-26 S3 Doubtful 5 10

>26 S4 Unsuitable -

These findings show that groundwater is acceptable for irrigation use in the study
area. The distribution of SAR values is presented in Figure 9. The majority of the land
is covered by a low alkalinity hazard with excellent water (SAR < 10) and good water
(SAR = 10-18) for irrigation usage, with the exception of a small portion in the far
northeastern corner (doubtful water, SAR > 18).

The United States Salinity Laboratory [57] evaluates groundwater quality for
irrigation in detail, including the interaction between EC and SAR to designate distinct
water classes for agriculture usage regarding sodium and salinity hazards. Figure 10
depicts the analytical groundwater data for the research area on the USSL. C3-51 (high
salinity—low sodium) represented over 23% of the studied samples, C3-52 (high salinity—
low sodium) accounted for 25%, C4-S2 accounted for 18%, and 16% of water samples
fell outside the diagram. The salinity hazard in the study area ranges from high to very
high, but the sodium hazard is usually low to high, as shown in the diagram. This
means that most groundwater samples (84%) are acceptable for irrigation to irrigate
most kinds of soil under normal conditions.

4.7.2. Sodium Percentage (Na%)

The sodium percentage is used to assess the groundwater’s sodium risk and decide
whether it is suitable for agricultural use. High salt content in irrigation water inhibits
soil permeability, impacting plant growth [58]. Equation (2) [59] is applied for the

estimation of Na%:
(Na +K)

Na% = (Ca ¥ Mg + Na 1 K)

x 100 @)

where all ions are expressed in meq/L.

Na% ranged from 46.18 to 81.2 in the area studied, with a mean of 66.49. The Na%
shows that only 27% of the samples are appropriate for irrigation use, while 73% are
doubtful (Table 6). Groundwater with less than 60% Na content is deemed appropriate
for irrigation. The majority of the study area has doubtful water (Na% = 60-80), per-
missible water (60) in some sites, and unacceptable water (>80) in the far north-eastern
section (Figure 9).

Table 6. Groundwater quality for irrigation use according to Na%.

Na% Groundwater Class No. of Samples Percentage (%)
<20 Excellent 0 0

20-40 Good 0 0

40-60 Permissible 13 27

60-80 Doubtful 33 67

>80 Unsuitable 3 6
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Figure 10. United States Salinity Laboratory plot of groundwater classification for irrigation use [56].

The Wilcox diagram [59] explores the relationship between EC and Na% to classify
groundwater. Based on the Wilcox diagram (Figure 11), 22% of the water samples in the
study area are unsuitable for irrigation use.
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Figure 11. The Wilcox diagram for the classification of irrigation water [59].
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While 29% and 45% of the samples fall into the doubtful to unsuitable and permissible
to the doubtful category, respectively, which can be used in irrigation after appropriate
treatment, 4% fall into the category of good to permissible.

4.7.3. Residual Sodium Carbonate (RSC)

RSC is the term used to describe the relative abundance of sodium as measured by
surplus bicarbonate and carbonate over alkaline sediments. It influences the appropriate-
ness of groundwater for irrigation use. It is detrimental to plants above the recommended
levels. Equation (3) proposed by [56] was applied to calculate RSC values:

RSC = (HCO5 + €03 ) — (Ca?* + Mg*") ®)

where all ions are expressed in meq/L.

RSC varies between 13.77 and 0.57 in the groundwater of the study area, with a
mean value of 5.52. An RSC value of 1.25 meq/L was deemed a suitable water class for
irrigation, RSC ranging from 1.25 to 2.50 meq/L was considered a dubious water class,
and RSC > 2.50 meq/L was considered an undesirable water class for irrigation. All
groundwater samples in the study area show RSCs lower than 1.25 (Figure 9), suggesting
they can be used for irrigation.

4.7.4. Kelley’s Ratio (KR)

KR is a sodium indicator that monitors the level of sodium in terms of calcium and
magnesium in water used in irrigation. Kelley’s ratio [60] is determined using Equation (4):

Na

KR = (Ca+ Mg) @
where all ions are expressed in meq/L. KR values in the area vary between 0.49 and 4.2,
with an average of 2.06. A KR value of more than 1 indicates that the water contains
too much sodium and is unfit for irrigation, whereas a KR of less than 1 indicates the
suitability of water for irrigation. With a KR greater than 1, 91% of the groundwater
samples cannot be used for irrigation. Figure 9 depicts the distribution of KR values,
indicating the unsuitability of groundwater use in irrigation in most of the study area,
particularly in the northern section.

4.7.5. Magnesium hazard (MH)

Magnesium hazard (MH) is another tool to assess groundwater’s suitability for irriga-
tion, which is proposed by [61]. Equation (5) was used to determine MH [62]:

_ Mg
MH = (CESTrIR 100, (5)

where all cations are expressed in meq/L. In the research area, MH’s maximum, minimum,
and average values are 38.81, 72.3, and 53.79, respectively. MH greater than 50 is regarded as
being unsuitable for irrigation. Thus, 51% of the analyzed water samples are unsuitable for
irrigation. Figure 9 presents the MH distribution throughout the research area, indicating
that the eastern part is suitable for irrigation while most of the western portion is not.

4.7.6. Permeability Index

Because long-term irrigation water use alters soil permeability, PI evaluates the
overall amount of sodium, calcium, magnesium, and bicarbonate in groundwater that
could decrease the capacity of the soil for infiltration. Equation (6) was applied to

determine the PI [63]:
Na 4+ VHCO?

PI =
Ca+ Mg+ Na

(6)
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where all ions are in meq/L. PI values are classified into three classes: class I is greater
than 75%, class Il ranges between 75 and 25%, and class 11l is less than 25% (Figure 12).
Class Il is inappropriate due to the extremely low soil permeability properties, whereas
classes I and II are acceptable for irrigation uses. PI ranged from 45.07 to 83.73% in the
research area, with a mean of 72.98%. Table 7 demonstrates that 47% of the samples
are suitable for irrigation, 53% are moderately suitable, and none are unsuitable for
irrigation. The distribution of PI in the area is depicted in Figure 9, suggesting that
groundwater in the study area is suitable for irrigation use.
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Figure 12. Permeability index used to classify the collected water samples [63].

Table 7. Groundwater quality for irrigation use based on PL

PI (%) Classification Water Quality No. of Samples  Percentage (%)
>75 Class I Good 23 47

25-75 Class II Moderate 26 53
<25 Class III Poor 0 0

5. Conclusions

This research indicates that the dominant cations and anions in groundwater of
the area studied are sodium and calcium, chloride, and sulfate. The proportion of the
examined groundwater samples exceeding the maximum permissible limit for TDS, Na*,
K*, HCO3~, Cl~, and SO42~ are 78%, 73%, 94%, 98%, 88%, and 61%, respectively. Therefore,
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groundwater treatment is required, especially for drinking use. Strong correlations were
observed between EC, TDS, calcium, sodium, chloride, sulfate, and magnesium based on
Pearson and Spearman correlations. The multivariate statistical approach using PCA and
HCA showed that groundwater geochemistry is mainly influenced by mineral dissolution
via water-rock interaction, particularly in the northern part of the study area, due to the
presence of the shale layer. The infiltration of irrigation water into the aquifer, excessive
usage of fertilizers, and industrial waste disposal, particularly in the western part of the
research area, may also impact the groundwater quality. The Gibbs diagram indicates
that rock dominates groundwater chemistry in the area, indicating the impact of aquifer
lithology on groundwater chemistry. The groundwater quality assessment for drinking and
domestic purposes indicates that 22% of the groundwater samples are freshwater, 62% are
slightly saline, and 16% are moderately saline. However, all the water samples are deemed
unsuitable for domestic use due to their high hardness levels (TH>300 mg/L). Spatial
analysis shows that freshwater can be extracted from the southwestern part of the area for
drinking, but other locations contain slightly to moderately saline water. Based on SAR, 88%
of the samples are in the low-sodium class (S1), indicating excellent irrigation water. Based
on Na%, only 27% of the examined water samples are suitable for irrigation, while 73% are
classified as doubtful. All the examined groundwater samples are acceptable for irrigation,
according to RSC. Regarding KR, 91% of the samples have a value greater than one and
are thus unsuitable for irrigation. Regarding MH, 51% of the analyzed water samples are
unsuitable for irrigation. All the examined samples fall in the good and moderate PI classes
and can be used in irrigation. Based on Wilcox and USSL’s proposed classification system,
most samples are permissible to the doubtful zone and can be used for irrigation with
proper handling in most soil types under normal circumstances. Overall, the findings of
this study suggest that various factors, including natural water—rock interactions, aquifer
lithology, and anthropogenic activities, influence groundwater quality in the study area.
The high values of hardness and other contaminants render the water unsuitable for
domestic use, highlighting the need for treatment before consumption. The irrigation water
quality is also affected, with most samples being unsuitable for irrigation due to their
high salt content. The spatial maps show that the groundwater quality varies across the
study area, and specific locations should be selected for different purposes. However, the
results also pose challenging points for managing groundwater resources in the region,
which should be addressed through proper planning and implementation of sustainable
management practices.
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