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Abstract: Jazan province on Saudi Arabia’s southwesterly Red Sea coast is facing significant chal-
lenges in water management related to its arid climate, restricted water resources, and increasing
population. A total of 180 groundwater samples were collected and tested for important hydro-
chemical parameters used to determine its adaptability for irrigation. The principal components
analysis (PCA) was applied to evaluate the consistency/cluster overlapping, agglomeration in the
datasets, and to identify the sources of variation between the 11 major ion concentrations (pH, K+,
Na+, Mg2+, Ca2+, SO4

2−, Cl−, HCO3
−, NO3

−, TDS, and TH). The EC values ranged from excellent
to unsuitable, with 10% being excellent to good, 43% permissible, and 47% improper for irrigation.
The SAR classification determined that 91.67% of groundwater samples were good to excellent for
irrigation, indicating that they are suitable for irrigation with no sodium-related adverse effects.
Magnesium hazard values showed that 1.67% of the samples are unsuitable for irrigation, while
the remaining 98.33% are suitable. Chloro-alkaline indices signify that most groundwater samples
show positive ratios indicating that ion exchange is dominant in the aquifer. The Gibb’s diagram
reflects that evaporation, seawater interaction, and water–rock interaction are the foremost processes
impacting groundwater quality, besides other regional environmental variables. A strong positive
correlation was declared between TDS and Na+, Mg2+, Ca2+, Cl−, SO4

2− in addition to TH with
Mg2+, Ca2+, Cl−, SO4

2−, TDS, and also Cl− with Na+, Ca2+, Mg2+ were major connections, with
correlation coefficients over 0.8 and p < 0.0001. The extracted factor analysis observed that TH, Ca2+,
TDS, Cl−, and Mg2+ have high positive factor loading in Factor 1, with around 52% of the total
variance. This confirms the roles of evaporation and ion exchange as the major processes that mostly
affect groundwater quality, along with very little human impact. The spatial distribution maps of
the various water quality indices showed that the majority of unsuitable groundwater samples were
falling along the coast where there is overcrowding and a variety of anthropogenic activities and the
possible impact of seawater intrusion. The results of the hierarchical cluster analysis agreed with the
correlations mentioned in the factor analysis and correlation matrix. As a result, incorporating physic-
ochemical variables into the PCA to assess groundwater quality is a practical and adaptable approach
with exceptional abilities and new perspectives. According to the study’s findings, incorporating
different techniques to assess groundwater quality is beneficial in understanding the factors that
control groundwater quality and can assist officials in effectively controlling groundwater quality
and also enhancing the water resources in the study area.
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1. Introduction

In arid and semi-arid regions such as Saudi Arabia, groundwater is the most essential wa-
ter resource. Saudi Arabia ranks among the driest and hottest countries. The Kingdom’s yearly
average precipitation varies between 80 and 140 mm, with summer temperatures frequently
exceeding 45 ◦C. High temperatures and low precipitation make Saudi Arabia one of the
world’s most water-short countries [1,2]. Water consumption has increased from 227 L/c/d in
2009 to 278 L/c/d in 2018 [3]. Groundwater, desalinated water, treated sewage, and renewable
surface sources meet the Kingdom’s water requirements. According to Chowdhury and Al-
Zahrani [4], the yearly recharge was recorded for the non-renewable groundwater reservoirs
as 886 MCM, and overall precipitation water recharge as 2.4 BCM, while the yearly water
production from the desalination facilities was 1.06 BCM. Up until now, new desalination
plants have been created to comply with expanding domestic water needs.

The Jazan region occupies the southwestern part of Saudi Arabia. It is a fast expanding
coastal city and an important Red Sea port, offering a wide variety of aqua products [5]. It
is also one of the most tempting tourist sites in Saudi Arabia due to its varied topography
and geology, including farmland, sandy coasts, muddy shores, beautiful islands, valleys,
and high mountains [6]. It is home to a number of heavy and light industries, containing
petrochemical plants, sewage treatment plants, cement stations, oil refineries, energy and
desalination plants, as well as the Jazan Marine Port. Until now, this region has been
challenged by a number of geological hazards such as sabkhas, sand dunes, wind erosion,
salt domes, and frequent flash floods. These geological hazards are catastrophic situations
that can result in environmental destruction [7]. The demand for water in the province is
driven by industry, agriculture, and residential needs, and is projected to increase in the
future. To promote the long-term usage of water resources in Jazan, it is important to assess
the current situation, identify the challenges and opportunities, and develop strategies
for sustainable water use [8]. Jazan has limited water resources, with an average annual
rainfall of less than 100 mm [9]. The main sources of water in Jazan are groundwater
and desalinated water. Due to over-exploitation, the shallow coastal aquifer in the Jazan
area is exposed to seawater salinization, where groundwater quality in the coastal plain
area has deteriorated. Accordingly, groundwater in the inland areas is fresher than that
close to the coast, which justifies the influences of seawater intrusion [10–12]. Al-Bassam
and Hussein [13] have carried out 41 vertical electrical soundings to assess the aquifer
system along the coastal zone of the Jizan area; their results indicated that the aquifer is
hydraulically in contact with the seawater from the Red Sea. Afterward, Masoud et al. [14]
proved that the water-bearing deposit, which is composed of gravel, coarse sand, and sand
with clay interbedded, makes the groundwater in the coastal region inappropriate due
to excessive salinity, TH, and major ion concentrations. In order to explore the general
geochemical processes and determine the cause of salt in the groundwater throughout the
Jazan aquifer, 80 groundwater samples were recently collected and examined in 2022 by
Masoud et al. [15]. The findings show that evaporation and infiltration have a significant
influence on the groundwater quality at the research site.

The Jazan Desalination Plant, which has a capacity of 150,000 m3/day, produces desali-
nated water from seawater [16]. Water management challenges in Jazan are multifaceted,
including climate change, over-extraction of groundwater, and a lack of sustainable water
use practices. Over-extraction of groundwater has resulted in declining water levels and
increased salinity, posing a threat to both agriculture and domestic use. Water shortage
in the region is exacerbated by a lack of sustainable water use practices, such as efficient
irrigation techniques and the reuse of treated wastewater [12,16]. Several researchers
have already discussed various geotechnical properties and the ecological pollution of
Jazan’s aquifer, as Mogren [12] who used vertical electrical sounding (VES) surveys to
study the marine ecosystem confirmed that the current water wells in Jazan’s coastal zone
are hazardous because of the pollution of the shallow groundwater aquifer by seawater
interference. Additionally, Alfaifi et al. [17] used multivariate statistical techniques to assess
groundwater quality; the findings revealed that anthropogenic and ecological causes such
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as herbicides, pesticides, and fertilizers from agricultural operations had an impact on
groundwater quality. Alnashiri [18] studied numerous heavy metals that were found in
the waste waters of several cities in the Jazan Region. According to the research, Cd and
Mn were present in high concentrations in all samples compared to permissible standards.
Likewise, Masoud et al.’s [19] study indicates that 85% of wells are unfit for usage because
of excessive hardness and salinity, which are obtained from evaporation, saline sources,
and anthropogenic activity. They also discovered that wells with poor quality groundwater
appeared on the shoreline.

These facts add to the release of significant metal concentrations into the aquatic
environment, changing chemical and biological parameters, which have a direct influence
on the Red Sea marine ecology. Subsequently, to guarantee long-term viability water in
Jazan, it is important to adopt a holistic approach that integrates traditional groundwater
management practices with modern technologies and governance.

Restoring groundwater and/or providing alternate water sources may be costly, so
groundwater quality assessment may determine a significant portion of this investment.
As a result, gathering valuable data on groundwater quality is technically challenging,
encompassing transportation, collection, and experimental analysis. The designer of a
groundwater quality assessment program must comprehend, identify, and be aware of the
many monitoring techniques that may be used [20].

Several techniques may be used to evaluate the groundwater quality: (1) water quality
index approach; (2) statistical analysis approach; (3) trophic status index approach; and
(4) biological analysis approach [21]. Nowadays, a range of multivariate statistical ap-
proaches are being employed for reliable data analysis, interpretation, and impact factor
determination due to the expansion in the physical and chemical characteristics of ground-
water, such as by cluster analysis (CA), factor analysis (FA), principal components analysis
(PCA), and discriminant analysis (DA) [22]. Recently, groundwater resources in Makkah
Al-Mukarramah province, Saudi Arabia, with similar climatic attributes as the study area
were assessed using numerous water quality indices (WQIs), GIS technologies, and the
partial least squares regression model (PLSR). The findings indicated that 95% of the wells
needed proper treatment since they were poor and unsuitable for use [23].

Several studies around the world used the above methods to assess physico-chemical
parameters such as electrical conductivity (EC), total dissolved solids (TDS), hydrogen
ion concentration (pH), sodium (Na+), magnesium (Mg2+), potassium (K+), bicarbonate
(HCO3

−), chloride (Cl−), nitrate (NO3
−), sulfate (SO4

2−), and calcium (Ca2+). The con-
centrations of these parameters refer to the different contamination levels of groundwater
affected by residential, industrial, municipal, agricultural, and commercial activities.

Krishna Kumar et al. [24] and Kaur et al. [25] used the Gibbs diagram, the piper
trilinear diagram, and the water quality index (WQI) classification on samples from the
study area in India and discovered that a significant percentage of observations fall into
the excellent to good water category and are acceptable for use as drinking water. Nazzal
et al. [26] used statistical methods to analyze the data distribution, such as histograms,
and quantile plots for each interval variable to visualize the extent to which variables are
normally distributed. According to the findings of the KSA study, all of the metal pairs
have positive relationships. Boateng et al. [27] used PCA, CA, and the WQI in Ghana,
and the results showed that with the exception of phosphate, all physico-chemical mea-
surements were found to be below WHO permitted limits for drinkable water. Eldaw
et al. [28] developed_irrigation_water quality index (IWQI) for rating the water quality of
shallow and deep aquifers in North Sudan, and the findings showed that most samples
are suitable for irrigation. Several recent studies in various countries around the world,
including Egypt [29–34], Indonesia [35,36], Bangladesh [37], Saudi Arabia [38], Turkey [39],
and Algeria [28], used different hydrochemistry, graphical plots, and multivariate statistical
analyses to assess the groundwater quality. As a result, they discovered that incorporating
various techniques to assess groundwater quality is beneficial in understanding the fac-
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tors that control groundwater geochemistry, and can aid in administering and handling
groundwater quality effectively.

The objectives of this research are to investigate the hydro-geochemistry of groundwa-
ter in the Jazan coastal aquifer; identify the main processes influencing the ion enrichment
of the groundwater; and, finally, evaluate the suitability of groundwater for irrigation
purposes. These could be achieved using physicochemical parameters, different water
quality indices, multiple graphical approaches (GIS), and multivariate statistical analysis.

2. Materials and Methods
2.1. Study Area Describtion

The study area, including locations along a coastal strip that extends for a distance of
300 km, has a boundary between longitudes 42◦31′20′′ and 43◦20′16′′ East and latitudes
16◦49′40′′ and 17◦25′13′′ North as shown in (Figure 1). Jazan has a total area of 12,200 km2,
19 m above sea level. There are more than 80 islands in the Red Sea area, the most famous
of which are the Farsan Islands. The area covers an area of 16,000 km2, with a percentage
of 0.7% of the total area of the Kingdom.

Jazan’s climate is defined as dry, with an annual average relative humidity of 68%; the
average high temperature during the moderate summer is 38.5 ◦C and the average low
temperature is 30 ◦C during the winter [16]. The evaporation is about 2600 mm/year and
yearly precipitation is about 1.3 cm. Dominant winds range in speed from 2 to 50 km/h,
coming out of the west in the summer and the southwest in the winter [6,40].

Geologically, the majority of the study area is alluvial, generated by the soil eroding via
the main valleys and drainage canals that drain into the sea from the land. The interaction
of brackish groundwater and marine sediments is the primary source of Cl− in the soil [41].
Quaternary sediments fill the 40 km wide coastal plain of Jazan, which is surrounded by
5 km Quaternary and Tertiary sediments [17].

The shallow alluvial aquifer is composed mainly of the Quaternary wadi deposits [10].
The maximum thickness of the water bearing formation is more than 100 m, which varies
in depth from 5 m to 35 m [13]. Transmissivity values range from 540 to 5400 m2/day (avg.
2190 m2/day), which indicates the aquifer has good storage and conductive properties that
enhance horizontal seawater intrusion into the aquifer. The main recharge components
of the aquifer are from flood spates that fall directly at the east and southeastern elevated
areas, and/or from local surface water infiltrations through the wadi beds [12,42].

2.2. Sampling and Analysis

To consider a good representation of the spatial variability of quality indicators across
the section of water quality monitoring, sampling locations were selected carefully through-
out the study area; 180 samples were collected from both public and private shallow dug
wells, and boreholes tapping the Quaternary alluvial aquifer were collected (Figure 1).
Most of these wells are used for domestic and agricultural purposes within Jazan province.
The depths of the wells sampled ranged from 15 to 97 m above sea level.

The water samples were collected in 1 L polyethylene bottles. To reduce the possibility
of contamination, these bottles were disinfected before being filled with water. The samples
were preserved, collected, and analyzed in accordance with the protocols established by the
American Public Health Association (APHA) [43]. Field measurements such as temperature,
total dissolved solids TDS, electrical conductivity EC, and pH were all measured in the field.
The field pH values were determined using the digital pH meter (Model Cole Parmer). EC
was determined using the EC meter (Model WPA cm 35).

The major cations (Na+, Mg2+, K+, and Ca2+) were examined using an atomic absorp-
tion spectrophotometer. Chloride (Cl−) and bicarbonate (HCO3−) were investigated using
volumetric methods. Sulfate (SO4

2−) was determined using a turbidimetric method. Ion
chromatography was used to analyze nitrate (NO3

−). To assess the variability of groundwa-
ter data resulting from sample collection and laboratory analysis, all samples were collected
in duplicate and analyzed in replicate. The chemical analysis results were checked for
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reliability against the anion–cation balance, where the assessment of the quality control
data resulted in <5% error from the different replicates.

Water 2023, 15, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 1. The study area and locations of samples. 

2.2. Sampling and Analysis 
To consider a good representation of the spatial variability of quality indicators 

across the section of water quality monitoring, sampling locations were selected carefully 
throughout the study area; 180 samples were collected from both public and private shal-
low dug wells, and boreholes tapping the Quaternary alluvial aquifer were collected (Fig-
ure 1). Most of these wells are used for domestic and agricultural purposes within Jazan 
province. The depths of the wells sampled ranged from 15 to 97 m above sea level. 

The water samples were collected in 1 L polyethylene bottles. To reduce the possibil-
ity of contamination, these bottles were disinfected before being filled with water. The 
samples were preserved, collected, and analyzed in accordance with the protocols estab-
lished by the American Public Health Association (APHA) [43]. Field measurements such 
as temperature, total dissolved solids TDS, electrical conductivity EC, and pH were all 
measured in the field. The field pH values were determined using the digital pH meter 
(Model Cole Parmer). EC was determined using the EC meter (Model WPA cm 35). 

The major cations (Na+, Mg2+, K+, and Ca2+) were examined using an atomic absorp-
tion spectrophotometer. Chloride (Cl−) and bicarbonate (HCO3−) were investigated using 
volumetric methods. Sulfate (SO42−) was determined using a turbidimetric method. Ion 
chromatography was used to analyze nitrate (NO3−). To assess the variability of ground-
water data resulting from sample collection and laboratory analysis, all samples were col-
lected in duplicate and analyzed in replicate. The chemical analysis results were checked 
for reliability against the anion–cation balance, where the assessment of the quality control 
data resulted in < 5% error from the different replicates. 

  

Figure 1. The study area and locations of samples.

2.3. Data Processing and Analysis

The adequacy of the water for irrigation was determined using the groundwater
quality metrics used globally for evaluating water suitability, i.e., EC, Na%, SAR, PS, KR,
MH, PI, CAI-I, and CAI-II. The equations in Table 1 are used to calculate these parameters.
All concentrations were given in milliequivalents per liter. Moreover, the spatial distribution
maps of the water quality indices were interpreted using ArcGIS with the inverse distance
weighted (IDW) technique to categorize groundwater and determine if it is suitable for
agricultural use by determining various factors based on the chemical parameters of water.

Table 1. Different water quality indices (WQIs) formulas were used in this study.

Equation Description Source

Na% =
(Na2++K+)

(Ca2++Mg2++Na2++K+)
× 100 Sodium percentage (Na%) [44]

SAR = Na2+√
(Ca2++Mg2+)/2

Sodium Adsorption Ratio (SAR) [45]

PS = Cl− + 1
2 SO2−

4 Potential salinity (PS) [46]

KR = Na2+

(Ca2++Mg2+)
Kelley’s ratio [47]

MH =
Mg2+

(Ca2++Mg2+)
× 100 Magnesium hazard [44]

PI = Na+±
√

HCO−3 ×100
Ca+2+Mg+2+Na++K+ Permeability index [46]

CAII = Cl− − (Na++K+)
Cl−

CAIII = Cl− − (Na++K+)
[SO2−

4 +HCO−3 +NO−3 +CO2−
3 ]

Chloroalkaline Index (CAI) [48]
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3. Results and Discussion
3.1. Ionic Dominance

The whisker and box plots of anionic and cationic dominance are shown in Figure 2.
The figure shows that the cationic dominance was Na+ > Ca2+ > Mg2+ > K+, while the
anionic dominance was Cl− > SO4

2− > HCO3
− > NO3

−. Ion dispersion in water samples
links to the interaction of water and rock, which occurs as water flows through the ground
and reacts to different degrees with nearby minerals and other components [49]. Further-
more, the presence of alkali earth elements (Ca2+ + Mg2+) in excess of HCO3

− in some
groundwater samples of the study area suggests that they are provided by reverse ion
exchange reactions within the aquifer.
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3.2. Irrigation Water Quality Assessment

The following groundwater hydro-chemical parameters are important in determining
its suitability for irrigation: EC, Na%, SAR, PI, PS, KR, MH, CAI-I, and CAI-II. The results of
the statistical analysis for all of the water quality indicators are shown in Tables 2 and 3 and
Figure 3. According to Table 3, the observed EC values for groundwater samples from the
study area range from good to unsuitable for irrigation, with 10% being good, 43% being
permissible, and 47% being improper for irrigation (Table 3 and Figure 3a). SAR values
for groundwater samples range from 0.11 to 41.7, with an average of 8.25 (Table 2 and
Figure 3c). According to the SAR classification, the SAR values for 91.67% of groundwater
samples in the study area range from good to excellent for irrigation (Table 3), showing
that they are suited for irrigation with no sodium-related adverse effects. In terms of PI
values, 77% of the groundwater samples are moderately suitable for irrigation, while the
remaining 21% are good and 2% are poor (Table 3 and Figure 3d). Potential salinity PS
values range from 0.95 to 117 meq/L, with an average of 20 meq/L. It indicates that 7.87%
of the collected groundwater samples are excellent to good for irrigation, 8.89% are good
to injurious, and the majority (83.33%) are injurious to unsatisfactory for irrigation uses
(Table 3 and Figure 3e). Magnesium hazard values indicate that 1.67% of the samples are
unsuitable for irrigation, while 98.33% are classified as suitable for irrigation purposes
(Table 3 and Figure 3f). Based on Kelley’s ratio (KR) values, about 45% of the groundwater
samples are suitable for irrigation, while 55% have a Kelley’s ratio of >1, indicating that the
water is unsuitable for irrigation (Table 3 and Figure 3g). The PS, PI, and Cl− vs. Na+ and
TDS correlations indicate that seawater has an impact on the hydrochemical conditions of
the studied area, particularly its southeastern coast, as shown in Figure 3.
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Table 2. Statistical analysis for all of the water quality indicators.

Minimum Maximum Average Std. Deviation Variance Skewness Kurtosis

Na% 1.9 97.1 56.06 16.21 262.83 −0.35 0.49
SAR 0.01 41.7 8.25 6.50 42.29 2.15 7.04
PI% 5.5 79.9 58.98 17.36 301.28 −0.10 −0.28
PS 0.95 117.0 19.89 20.47 419.14 2.43 7.34
MH% 4.0 56.9 24.36 9.61 92.26 1.05 1.17
KR 0.01 19.19 1.49 1.75 3.06 6.46 59.06
CAI (I) −42.97 104.23 14.24 19.69 387.79 2.25 7.43
CAI (II) −1.68 101.37 14.70 18.22 332.06 2.73 9.06
Gibbs ratio1 0.07 0.98 0.69 0.20 0.04 −0.59 −0.42
Gibbs ratio2 0.02 0.98 0.62 0.16 0.03 −0.73 1.30
r(Na + K)/rCl 0.03 43.27 1.78 3.42 11.71 10.22 121.17
rCa/rMg 0.74 47.69 3.99 4.00 16.01 8.03 81.42
rSO4/rCl 0.06 19.50 1.00 1.69 2.85 7.82 80.57

Table 3. Classification of the different water quality indices (WQIs).

Water Quality Indices Water Type Range No. of Samples %

EC (µS/cm) <250 Excellent 1 0.56
250–750 Good 17 9.44

750–2250 Permissible 77 42.78
2250–5000 Doubtful 63 35.00

>5000 Unsuitable 22 12.22

The sodium percentage (Na%) <20 Excellent 3 1.67
20–40 Good 24 13.33
40–60 Permissible 78 43.33
60–80 Doubtful 65 36.11
>80 Unsuitable 10 5.56

Sodium adsorption ratio (SAR) <10 Excellent 131 72.78
10–18 Good 34 18.89
18–26 Doubtful 11 6.11
>26 Unsuitable 4 2.22

Permeability Index (PI) >75 Good 38 21.11
75–25 Moderate 139 77.22
<25 Poor 3 1.67

Potential salinity (PS) <3 Excellent to good 14 7.78
3–5 Good to injurious 16 8.89

>5 Injurious to
unsatisfactory 150 83.33

Magnesium hazard (MH) >50% Unsuitable 3 1.67
<50% Suitable 177 98.33

Kelley’s ratio (KR) >1 Unsuitable 99 55.00
<1 Good 81 45.00
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3.3. Ion Exchange Processes
3.3.1. Chloro-Alkaline Indices CAI-1 and CAI-II

The mechanism of water–rock interaction is critical for validating different variants
in groundwater geochemical processes during their residence or transport in the ground-
water. Schoeller [48] proposed the chloro-alkaline indices CAI-I, II, which indicate the
exchange of sodium and/or potassium ions with calcium and/or magnesium ions between
groundwater and its surrounding locations (the exchanger of aquifer materials, typically
clay minerals). The chloro-alkaline indexes used in the base exchange assessment are deter-
mined by applying the formulas shown in Table 1. Positive values indicate ion exchange
(direct base exchange) reactions, which involve the substitution of Na+ and K+ ions from
groundwater for Ca2+ and Mg2+ ions from the aquifer substance. This process reduces the
Ca2+ and Mg2+ content and increases the Na+ concentration in the groundwater. While
negative indices values indicate reverse ion exchange in the aquifer, this means that Ca2+

and Mg2+ ions form groundwater interactions with Na+ and K+ ions from the aquifer
substance. According to the calculated values of the chloro-alkaline indices, the CAI-I
values are ranging between −42.97 and 104.23 with mean values of 12.24, while CAI-II
values lie between −1.68 and 101.37 with mean values of 14.70 (Table 2 and Figure 4). The
results revealed that 88.89% of the CAI-I and 97.78% of the CAI-II values for the collected
groundwater samples show positive ratios (direct base-exchange reaction). While the rest
of the samples, 11.11% of the CAI-I and 2.22% of the CAI-II values, are negative chloro-
alkaline indices, reflecting reverse ion exchange in the aquifer where the Ca2+ and Mg2+

in the aquifer matrix have been replaced by Na+ at favorable exchange sites. The high
chloride concentration detected in groundwater is mostly due to base exchange of Na+ for
Ca2+ and Mg2+ within the aquifer and/or agricultural return-flow.

3.3.2. Hydrochemical Ratios and Chemical Water Type

The hydrochemical parameters such as r(Na + K)/rCl, rCa/rMg, and rSO4/rCl
(meq/L) were used to determine the genesis of the groundwater and to detect any mixing
processes in Jazan aquifer (Table 2). The ratio of r(Na + K)/rCl could be useful to detect the
salinity sources of groundwater through the flow path. Approximately 57% of groundwater
samples showed a ratio greater than unity reflecting the meteoric origin, where more Na
was released from silicate weathering and ion exchange processes. The ratio of rCa/rMg
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suggests the dissolution of calcite and dolomite from the aquifer materials. Most of the
groundwater samples (98%) showed a rCa/rMg ratio greater than unity, supporting the
silicate weathering processes as well as gypsum and/or calcite dissolution. The rSO4/rCl
ratio is a good indicator for detecting any excess of sulphate in groundwater-associated
gypsum dissolution. About 77% of groundwater samples showed rSO4/rCl ratio less than
unity, where the other 33% have a ratio greater than unity, which indicates a long residence
time and an additional source of SO4

2− from gypsum dissolution.
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3.3.3. Mechanisms of Controlling Groundwater Chemistry

Gibbs [50] proposed a scatter diagram to describe the relationship among dissolved
chemical constituents in groundwater and aquifer lithology, and this explains the mecha-
nism of major ion chemistry of groundwater such as precipitation dominance, rock domi-
nance, and evaporation dominance. The Gibbs diagram represents the ratio of dominant
ions plotted against the TDS values in groundwater; it shows the three main important nat-
ural mechanisms controlling various hydrogeochemical processes including precipitation,
evaporation, and rock dominance. The Gibbs ratio was determined using the formulas
as follows:

Gibbs ratio 1 (anion) = Cl−

Cl−+HCO−3

Gibbs ratio 2 (cation) = Na++K+

Na++K++Ca2+

According to the Gibb’s diagram, all of the obtained groundwater samples are located
in the evaporation and seawater mixing dominance areas (Figure 5). This denotes that the
dominant processes controlling the quality of groundwater in the area are evaporation and
seawater mixing processes, followed by water–rock interaction. Furthermore, the higher
evaporation processes as a result of extreme aridity and the seawater intrusion and, to some
extent, irrigation return-flow from the irrigated fields in the study area increase the salinity
of groundwater. The contribution of seawater in groundwater varies from less than 0.01%
in the western parts (inland areas) to 17% in the southeastern part (close to the coast), which
justifies the influences of seawater intrusion along with cation exchange linked to seawater
intrusion [10]. Therefore, Jazan province is heterogeneous in terms of hydrochemistry, and
different factors may determine the composition of groundwater depending on the place of
intake and its distance from the coast.
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The scatter diagrams of Na+ versus HCO3
− and Ca2+ + Mg2+ vs. HCO3

− + SO4
2−

can assist with identifying the origin of these ions by analyzing the trend line created by
these ions (Figure 6). The data plots showed that most of the groundwater samples suggest
both ion exchange and, to some extent, reverse exchange processes. Figure 6a shows that
the points are falling on both sides of the equiline 1:1, where approximately 66% of the
groundwater samples are falling right below the equiline, indicating ion exchange process
dominance which involves the depletion of Ca2+ + Mg2+ as compared to HCO3

− + SO4
2−

(Figure 6a). Therefore, Na+ must balance the relative deficiency of Ca2+ + Mg2+ and the
excess HCO3

− + SO4
2− as shown by the excess Na+ concentration (Figure 6b), where more

Na+ is released from ion exchange processes and/or the dissolution of NaCl. Regarding the
rest of the groundwater samples, 34% are falling left/above the equiline which involves the
excess of Ca2+ + Mg2+ as compared to HCO3

− + SO4
2−, indicating reverse ion exchange [51],

while the points approaching the equiline give an indication of silicate weathering as well
as gypsum, anhydrite, calcite, and dolomite dissolution. Moreover, HCO3

− is released
from silicate and carbonate weathering to balance the Ca2+ + Mg2+ in the groundwater.
Here, the weathering of silicate minerals regulates the concentration of major ions such as
Na+, Ca2+, Mg2+, and K+ in the groundwater [51].

Water 2023, 15, x FOR PEER REVIEW 13 of 19 
 

 

  
(a) (b) 

Figure 6. Plots of Ca2+ + Mg2+ vs. HCO3− + SO42− and Na vs. HCO3− values for groundwater samples 
in the study area. 

3.4. Principal Component Analysis (PCA) 
3.4.1. Correlation Coefficients 

Data reduction was aided by principal components analysis (PCA) to assess the clus-
tering/similarities in the datasets, the consistency/overlap of the clusters, and to identify 
the sources of variation between parameters. Statistical analysis was carried out by calcu-
lating Pearson’s correlation coefficient (r) value to identify relationships and differences 
between the groundwater samples using physico-chemical parameters and main ion con-
centration. The values were sorted according to the parameters so that the data could be 
analyzed. The correlation coefficient of all the variables (pH, K+, Na+, Mg2+, Ca2+, SO42−, Cl−, 
HCO3−, NO3−, TDS, and TH) were determined and tabulated as a matrix in Table 4, respec-
tively. 

Table 4. Correlation matrix (r) of studied physico-chemical parameters. 

Variables pH K+ Na+ Mg2+ Ca2+ SO42− Cl− HCO3− NO3− TDS TH 
pH 1 
K+ −0.239 1          

Na+ −0.107 0.456 1         
Mg2+ −0.251 0.274 0.424 1        
Ca2+ −0.283 0.279 0.505 0.795 1       
SO42− −0.221 0.577 0.590 0.441 0.580 1      
Cl− −0.167 0.286 0.809 0.786 0.805 0.412 1     

HCO3− −0.276 0.241 0.078 0.128 0.042 0.079 0.004 1    
NO3− −0.043 0.489 0.166 0.193 0.248 0.479 0.089 0.131 1   
TDS −0.228 0.426 0.850 0.804 0.852 0.650 0.957 0.094 0.230 1  
TH −0.283 0.292 0.494 0.937 0.957 0.545 0.841 0.085 0.235 0.876 1 

 Bold values indicate high correlation between variables. 

Several parameters were shown to have statistically significant correlations with one an-
other in the correlation matrix (Table 4). A strong positive correlation was declared be-
tween TDS and Na+, Mg2+, Ca2+, Cl−, and SO42−  in addition to TH with Mg2+, Ca2+, Cl−, SO42−, 
and TDS, and also Cl− with Na+, Ca2+, and Mg2+ were significantly related, with correlation 
coefficients over 0.8 and p < 0.0001, suggesting that these ions may have a similar source. 

The observed salt combinations suggest the influence of seawater on the hydrochem-
ical conditions of the studied area, especially its southeastern parts, i.e., close to the coast. 

The observed salt combinations may be obtained through the erosion of rock salts, 
hydrated lime aquifers, and agricultural runoff flow. The nitrate content is most likely due 

Figure 6. Plots of (a) Ca2+ + Mg2+ vs. HCO3
− + SO4

2− and (b) Na vs. HCO3
− values for groundwater

samples in the study area.



Water 2023, 15, 1466 12 of 17

3.4. Principal Component Analysis (PCA)
3.4.1. Correlation Coefficients

Data reduction was aided by principal components analysis (PCA) to assess the
clustering/similarities in the datasets, the consistency/overlap of the clusters, and to
identify the sources of variation between parameters. Statistical analysis was carried
out by calculating Pearson’s correlation coefficient (r) value to identify relationships and
differences between the groundwater samples using physico-chemical parameters and
main ion concentration. The values were sorted according to the parameters so that the data
could be analyzed. The correlation coefficient of all the variables (pH, K+, Na+, Mg2+, Ca2+,
SO4

2−, Cl−, HCO3
−, NO3

−, TDS, and TH) were determined and tabulated as a matrix in
Table 4, respectively.

Table 4. Correlation matrix (r) of studied physico-chemical parameters.

Variables pH K+ Na+ Mg2+ Ca2+ SO42− Cl− HCO3− NO3− TDS TH

pH 1
K+ −0.239 1

Na+ −0.107 0.456 1
Mg2+ −0.251 0.274 0.424 1
Ca2+ −0.283 0.279 0.505 0.795 1

SO4
2− −0.221 0.577 0.590 0.441 0.580 1

Cl− −0.167 0.286 0.809 0.786 0.805 0.412 1
HCO3

− −0.276 0.241 0.078 0.128 0.042 0.079 0.004 1
NO3

− −0.043 0.489 0.166 0.193 0.248 0.479 0.089 0.131 1
TDS −0.228 0.426 0.850 0.804 0.852 0.650 0.957 0.094 0.230 1
TH −0.283 0.292 0.494 0.937 0.957 0.545 0.841 0.085 0.235 0.876 1

Note(s): Bold values indicate high correlation between variables.

Several parameters were shown to have statistically significant correlations with one
another in the correlation matrix (Table 4). A strong positive correlation was declared
between TDS and Na+, Mg2+, Ca2+, Cl−, and SO4

2− in addition to TH with Mg2+, Ca2+,
Cl−, SO4

2−, and TDS, and also Cl− with Na+, Ca2+, and Mg2+ were significantly related,
with correlation coefficients over 0.8 and p < 0.0001, suggesting that these ions may have a
similar source.

The observed salt combinations suggest the influence of seawater on the hydrochemi-
cal conditions of the studied area, especially its southeastern parts, i.e., close to the coast.

The observed salt combinations may be obtained through the erosion of rock salts,
hydrated lime aquifers, and agricultural runoff flow. The nitrate content is most likely due
to human activity. In addition, the correlation matrix shows significant positive correlations
between Mg2+ with Ca2+ and Cl−, with correlation coefficients over 0.75 and p < 0.0001; this
demonstrated the significant reliance of hardness on calcium, magnesium, and chloride.
The moderate correlation between SO4

2− with K+, Na+, Mg2+, and Ca2+, highlights the
presence of limy magnesium minerals in the aquifer.

3.4.2. Factor Analysis

Factor analysis (FA) explains the correlations among findings of the dependent vari-
ables, which are not directly measurable [29]. It decreases as attributes range from an
excessive number of variables to a lesser number of factors. The variables with similar
characteristics were grouped, and some excessive information was removed. Some new
factors were produced, which might be the linear group of original variables and could
explain the observed variance in the more significant number of variables.

Table 5 displays the findings of the factor analysis, along with the factor-loading
matrix, total cumulative variance, eigenvalues, and community values. From the principal
components analysis, three factors were extracted that accounted for 77.18% of the total
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variance. The extracted factor observed that TH, Ca2+, TDS, Cl−, and Mg2+ have high
positive factor loading in Factor 1, with around 52% of the total variance; it suggests that
these parameters are caused by higher evaporation processes as a result of extreme aridity,
seawater intrusion, cation exchange related to seawater intrusion, and irrigation return-
flow. Factor 2, which describes 14.37% of the total variance, has positive loading for NO3

−

and K+; this element may be related to human sources, such as household and agricultural
land recharge. Factor 3 accounts for 10.7% of the total variance. It has a positive load
factor on the variables of pH, and HCO3

−, implying that it is a comprehensive measure
of groundwater alkalinity. A biplot of F1 axis vs. F2 axis based on principal component
analysis of sample element concentrations is shown in Figure 7.

Table 5. Factor-loading matrix, eigenvalues, total, and cumulative variance values of the study area.

F1 F2 F3

pH 0.103 0.058 0.487
K+ 0.272 0.441 0.021
Na+ 0.574 0.000 0.071
Mg2+ 0.719 0.054 0.034
Ca2+ 0.801 0.040 0.006
SO4

2− 0.515 0.155 0.061
Cl− 0.802 0.114 0.002
HCO3

− 0.022 0.222 0.382
NO3

− 0.124 0.428 0.092
TDS 0.950 0.018 0.004
TH 0.850 0.051 0.018

Eigenvalue 5.731 1.581 1.178
Variability (%) 52.097 14.374 10.708
Cumulative% 52.097 66.472 77.180
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3.5. Hierarchical Cluster Analysis (HCA)

The objective of hierarchical cluster analysis (HCA) is to find homogenous subgroups
of instances within a set of groups that reduce within-group variance while maximizing
between-group variation. This method produces dendrograms, which reflect the relative
magnitude of the proximity coefficients at which examples are joined (Figure 8).
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Taking both the outputs of the cluster tree and the geochemical parameters of the
variables into account, they may be broadly categorized into three major groups. Parameters
(pH, K+, Na+, Mg2+, Ca2+, SO4

2−, HCO3
−, NO3

−) were all part of (Group 1) with very
good correlation. Parameters (Cl−, TH) constructed (Group 2); this group is closely related
to Group 1, which indicates that the rise in the concentration of some factors may be the
same. (Group 3) consisted of Groups 1 and 2 with TDS. The findings were in agreement
with the correlations mentioned in the factor analysis and correlation matrix. As a result,
adding physico-chemical variables to the PCA to assess groundwater quality is a practical
and adaptable approach with an extraordinary ability and new perspectives.

4. Conclusion and Recommendations

The present study uses a combination of primary and secondary data sources, includ-
ing field surveys, GIS, and statistical analysis, to provide a comprehensive overview of the
groundwater situation in Jazan. The major dominant mean concentrations for cations are
Na+ > Ca2+ > Mg2+ > K+, while the anions are Cl− > SO4

2− > HCO3
− > NO3

−. Most of
the samples were classified as suitable and within the permissible limits, but the presence
of unsuitable samples along the coastal strip was highlighted. This is seen as a critical
environmental concern that has a negative impact on the region’s blue economy and coastal
ecosystems. Chloro-alkaline indices calculations show that 88.89% of the CAI-I and 97.78%
of the CAI-II values for the collected groundwater samples show positive ratios, indicat-
ing exchange of Na+ and K+ from water with Mg2+ and Ca2+ from the rock, hence the
dominance of the direct base-exchange reaction in the aquifer. Gibb’s diagram suggests
evaporation is the predominant process, followed by rock–water interaction controlling
the ion concentrations in groundwater. Taking both the outputs of the cluster tree and the
geochemical parameters of the variables into account, they may be broadly categorized
into three major groupings with very good correlation for parameters (pH, K+, Na+, Mg2+,
Ca2+, SO4

2−, HCO3
−, NO3

−, Cl−, TH, and TDS), suggesting that these ions may have a
similar source. As a result, including physicochemical factors into the hierarchical cluster
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analysis and principal component analysis to assess groundwater quality is a practical and
flexible approach with exceptional capability and innovative perspectives.

The study findings are consistent with those of Abdalla [10], Mogren [12], and [13],
who reported on the role of seawater intrusion and ion exchange processes associated with
seawater intrusion in regulating groundwater salinity. According to the findings of the
study, sustainable groundwater management in Jazan requires a comprehensive approach
that combines traditional water management practices with modern technologies and
governance. The current study may be useful in assisting planners and decision-makers in
safeguarding our limited groundwater resources for future generations.

It can be concluded that long-term scenarios, such as establishing a seawater intrusion
monitoring well network, injection wells along the coast as a managed aquifer recharge,
and water quality monitoring measures, can be implemented to reduce or control the dete-
rioration of groundwater quality in the study area. The investigation of the aforementioned
management scenarios can be considered in future work.
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