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In arid and semi-arid regions, assessment of groundwater quality and potentially toxic elements is essen-
tial issue for health of the human being. Groundwaters were collected from sixty-eight wells in Harrat
Khaybar, Saudi Arabia to evaluate their suitability for drinking and irrigation purposes and to document
the potential sources of contamination. Several contamination indices and inverse distance weighted
technique were applied for assessing contamination and generate spatial maps for the potentially toxic
elements (PTEs). The results showed that the average values of the ions, Cl–, SO4

2–, HCO3
–, NO3

–, Na+,
Ca2+, Mg2+, and the total dissolved solids (TDS) were greater than the permissible limit for drinking water
while the average values of PTEs were less than the permissible limit, with exceeding limits of Cr, Se, As,
Zn, and Pb in some individual samples. Piper diagram indicated that 47.10% of the water samples are of
Na-K-SO4-Cl type, 23.51% of Ca-Mg-CO3-HCO3 type, 23.51% of Ca-Mg-SO4-Cl type, and 5.88% of Na-K-CO3-
HCO3 type. Based on the groundwater quality index (GWQI), 29 of the groundwater wells were catego-
rized as excellent and good water for drinking purposes, while 29 wells fell under poor, very poor water,
and unsuitable for drinking. Additionally, results of heavy metal pollution index (HPI) indicated that all
waters fell within the low pollution category, while results of the metal index (MI) indicated that 35 wells
fell within very pure, pure, and slightly affected categories, while 33 wells fell in the moderately, strongly,
and seriously affected categories. Results of sodium adsorption ratio (SAR), sodium percentage (%Na), and
magnesium ratio (MR) revealed that 33.82–98.5 % of the water samples are suitable for irrigation depend-
ing on the parameter type. Ions exchange reactions and dissolution of rock forming minerals, as well as
industrial and domestic effluents and intensive use of fertilizers and pesticides were the natural and
anthropogenic factors controlling the groundwater geochemistry in the study area and PTE contamina-
tion in some wells.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The quality and quantity of groundwater used for drinking,
industrial, agriculture, and domestic uses must be evaluated and
monitored to ensure access to water of good quality especially in
areas with urban development (Delgado et al. 2010; Alghamdi
et al. 2020). Anthropogenic activities close to boreholes and shal-
low hand dug wells such as domestic practices (waste disposal
and poor sanitation), agriculture, mining, industrialization, and
urbanization deteriorate the groundwater system (Salifu et al.
2015; Ashehri et al. 2021). The climate, rock weathering, and evap-
otranspiration were the natural geochemical characteristics affect-
ing groundwater quality, while, sewage disposal, agriculture and
industrial wastes were the anthropogenic ones (Singh and
Chandel 2006).

The shallow groundwater aquifers near the major cities in Saudi
Arabia are becoming polluted due to agriculture and domestic
sewerage and industrial effluent discharge (Mallick et al. 2021).
Various agricultural farms around Al-Madinah and Khaybar cities
conduct important agricultural activities. Shraim et al. (2013) Pro-
ven that the nitrate, fluoride, and arsenic levels of the groundwater
collected from Al-Madinah Almunawarah were higher than the
guideline values of WHO in 65 %, 8 %, and 5 %, of the samples,
respectively. The higher nitrate and biological oxygen demand
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values in groundwater of Al-Madinah city were attributed to
industrial and septic tanks (Khan et al. 2020). Excess of different
inorganic pollutants in groundwater, such as nitrate, chloride,
arsenic, lead, zinc, and cadmium due to overuse of chemical fertil-
izers causing serious health complications for human being, such
as methemoglobinemia in infants, stomach cancer, liver, kidney
and skin damage, and high blood pressure (Bryan and Ivy 2015;
Al-Hashimi et al. 2021).

Studies dealt with groundwater resources in Harrat Khaybar
and their human health risks are very limited. Moreover, numerous
villages and residential communities were developed in the area
and the nearsurface groundwaters are limited and insufficient for
residential consumption and agricultural projects (Alshehri and
Abdelrahman 2021). Given that the shallow aquifers were contam-
inated with agriculture, domestic, and industrial effluents, thus,
the main objectives of the present work are: i) to assess the con-
tamination of the major cations and anions, and PTEs in groundwa-
ter of the Harrat Khaybar using pollution indices, ii) to document
the spatial distribution of PTEs in the study area, and iii) to identify
the possible sources of ions and PTE contamination using multi-
variate analyses. The outcomes provide essential information for
decision-makers to manage the aquifer and the suitability of the
groundwater for different purposes.

2. Materials and methods

2.1. Geology of the study area

The Harrat Khaybar is situated to the north of Al-Madinah
Almunawarah, Saudi Arabia, at 25�44ʹ0400 N and 39�58ʹ5100 E, and
covers approximately 14,000 km2 (Fig. 1). It is a Cenozoic lava field
which is mainly composed of basaltic lava flows and created dur-
ing the formation of Red Sea (Pint 2006; Sonbul 2016). Geologi-
cally, the following rock units were described from Harrat
Khaybar (Fig. 2): Al Ays volcanic and sedimentary group, the
Khanzirah complex, Hamra Badi—partly covered by lower Paleo-
zoic sandstone and Cenozoic flood basalt—Cambrian-Ordovician
Fig. 1. Location map of the groundwater sa
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thick-bedded and pink weathering Saq sandstone, Cenozoic Harrat
Khayber and Tertiary boulder conglomerates and fissile shales,
unconsolidated Quaternary deposits of wadi alluvium, eolian sand,
and sabkhah deposits (Kemp 1981; Sonbul 2016).

The tuff rings and domes of white felsic rocks are characteristic
features of Harrat Khaybar rather than all other harrats in Saudi
Arabia (Sonbul 2016). On the eastern edge, there are many villages
and small towns, such as Al-Nakheel, Al-Hanaquiyah, Al-Huwait,
Al-Hayit, and Ash-Shamly, while Khaybar and Al-Ashash lie on its
western edge. The paleoclimate in Harrat Khaybar varies between
wet periods during the Pliocene and some parts of the Pleistocene
to dry-arid conditions during the Holocene and desert at present
(Peel et al. 2007; Sulieman et al. 2021). The Harrat Khayber is con-
sidered as an arid region with high temperatures throughout the
whole year with high evaporation and relatively less infiltration
rates. The major source of any natural water storage is the rainfall.
The annual rainfall varied from year to year with high percentage
in the winter and spring seasons. The mean of precipitation
is<13 mm rainfall per year.

2.2. Sampling, analytical, and multivariate analyses

A total of 68 groundwater samples were sampled in winter,
2020—from 4.2 to 130 m depth dugwells and boreholes in Harrat
Khaybar, western Saudi Arabia (Fig. 1). The investigated groundwa-
ter is almost used for irrigation through dug wells and boreholes in
farms, as well as livestock, domestic, drinking, and industrial ben-
efits. The major source of domestic water is desalinated water that
is pumped from Yanbu Power and desalination plant at the Red Sea
coast. Data were obtained from the Saudi Ministry of Water and
Electricity reports (MoWE, 2015), including hydrogeochemical
parameters (pH, EC, and TDS), the ions (Cl–, NO3

–, F–, SO4
2–, HCO3

–,
Mg2+, Ca2+, K+, and Na+), and PTEs (Hg, Al, Sb, Cu, Cr, B, Pb, Ni, Se,
Cd, As, and Zn) (Supplementary Table 1). The anions, HCO3

–, NO3
–,

Cl–, and SO4
2– were determined using acid titration, phenoldisul-

fonic acid, silver nitrate titration, and a turbidity procedure,
respectively. The cations, K+ and Na+ were determined by a flame
mples at Harrat Khaybar, Saudi Arabia.



Fig. 2. Geologic map of Harrat Khaybar, Saudi Arabia (Modified after Alshehri et al., 2022).

Table 1
Procedures of calculation and classifications of pollution indices and parameters.

Indices Procedures of calculation and classifications

Water quality index (WQI) WQI = RSIi
SIi = Wi � qi
qi = (Ci/Si) � 100
Wi = wi/R wi

where SIi is the sub index of each parameter and qi is the rating based on concentration of each parameter, Ci and Si are the
concentration of each parameter in each water sample and the standard of each parameter in mg/L, respectively (WHO 2017). wi is the
weight of each parameter. The quality rating scale (qi) for each parameter is calculated by dividing the parameter concentration in each
water sample by its respective standard (WHO 2017) multiplied by 100. The computed WQI values are classified into five categories
(Alharbi et al., 2021): WQI < 50 (excellent water), WQI = 50–100.1 (good water), WQI = 100–200.1 (poor water), WQI = 200–300.1 (Very
poor water), and WQI > 300 (Unsuitable for drinking purposes).

Heavy metal pollution
index (HPI)

Wi = 1/MAC
Qi = R (Mi - Ii/Si – Mi) � 100
HPI =

P
WiQi/

P
Wi

whereWi and MAC are the relative weight of each parameter and its maximum allowable concentration in drinking water (Table 2). Mi is
the monitored value of PTE in the water sample, Si is the highest permissible value for drinking water and Ii is the maximum desirable
value for each parameter (WHO 2011). Based on the HPI, the groundwater quality is classified into three categories (Mohan et al. 1996):
HPI < 45 (low pollution), HPI = 45–90 (medium pollution), and HPI > 90 (high pollution).

Metal index (MI) MI =
P

Ci=MAC
where C and MAC are the concentration of each element and its maximum allowed concentration, respectively. MI is classified into six
categories (Siegel 2002): MI < 0.3 (very pure), MI = 0.3–1.0 (pure), MI = 1.0–2.0 (slightly affected), MI = 2.0–4.0 (moderately affected),
MI = 4.0–6.0 (strongly affected), and MI > 6.0 (seriously affected).

Sodium adsorption ratio
(SAR)

SAR = Na+/(
p

Ca2+ + Mg2+)/2
All concentrations are stated in meq/L. The ratio classifies groundwater quality into four groups (Richards 1954): SAR < 10 (excellent),
SAR = 10–18 (good), SAR = 18–26 (doubtful), and SAR > 26 (unsuitable).

Sodium percentage (Na%) Na% = Na+/(Na++ K++ Ca2++Mg2+) � 100
All the values are expressed in meq/L. All the values are expressed in meq/L. It classifies groundwater quality into five groups (Alharbi
et al. 2021): Na% < 20 % (excellent), Na% = 20–40 % (good), Na% = 40–60 % (permissible), Na% = 60–80 % (doubtful), and Na% > 80 %
(unsuitable).

Magnesium ratio (MR) MR = Mg2+/ (Ca2+ + Mg2+) � 100
All the values are expressed in meq/L. It is proposed by Raghunath (1987) and classifies groundwater quality into two groups: MR < 50 %
(suitable) and MR 50 % (unsuitable).

Kelly’s ratio (KR) KR = Na+/(Ca2+ + Mg2+)
The ratio classifies groundwater quality into two groups (Zhang et al. 2021): KR < 1 (safe) and KR > 1 (unsafe).
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Table 2
The minimum, maximum, average, relative weight, and maximum allowable concentrations for parameters.

Minimum Maximum Average MAC Weights (wi) Relative weight (Wi)

EC (lS/cm) 347 12,870 3333 1500 3 0.073
pH 6.54 8.07 7.44 6.5–8.5 3 0.073
TDS (mg/L) 225 8340 2165 1000 4 0.098
Ca2+ (mg/L) 11.00 746.90 150.95 75 2 0.049
Mg2+ (mg/L) 9.10 711.60 99.86 30 2 0.049
Na+ (mg/L) 9.60 2244.52 427.90 200 2 0.049
K+ (mg/L) 0.20 130.57 12.42 12 2 0.049
Cl–(mg/L) 5.50 3700.00 635.74 250 3 0.073
HCO3–(mg/L) 106.00 876.00 361.00 200 2 0.049
NO3–(mg/L) 1.00 450.00 67.87 50 5 0.122
SO42–(mg/L) 8.00 2200.00 518.34 250 3 0.073
F–(mg/L) 0.01 1.71 0.53 1.5 3 0.073
B (lg/L) 35.87 1888.38 454.33 2400 3 0.073
Al (lg/L) 0.10 266.86 6.47
Cr (lg/L) 0.10 78.93 12.90 50
Mn (lg/L) 0.09 735.85 11.68
Ni (lg/L) 0.10 34.77 4.39 70
Cu (lg/L) 0.13 9.69 1.61 2000
Zn (lg/l) 0.11 123.31 7.51 50
As (lg/L) 0.13 25.39 2.84 10
Se (lg/L) 0.10 110.72 14.27 40
Cd (lg/L) 0.10 0.42 0.11 3
Sb (lg/L) 0.10 0.49 0.11 20
Ba (lg/L) 0.10 311.13 23.76 700
Pb (lg/L) 0.10 18.97 0.40 10
U (lg/L) 0.18 21.20 4.40 30

F. Alshehri, A.S. El-Sorogy, S. Almadani et al. Journal of King Saud University – Science 35 (2023) 102586
photometer (Corning 400), while Mg2+ and Ca2+ were determined
using the titration method with ethylenediaminetetraacetic acid.
PTEs were determines using Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS).

Herein, the Piper plot is prepared to determine the groundwater
facies, and monitoring of groundwater quality and spatial distribu-
tion maps have been prepared using ArcGIS 10.7.1. The inverse dis-
Fig. 3. Classification of the groundw
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tance weighted (IDW) technique was used to generate spatial
interpolation maps for PTEs (Alshehri et al., 2020). The multivariate
statistical techniques were principal component analysis (PCA), Q-
mode hierarchical cluster analysis (HCA), and correlation analysis
(CA). The GWQI, HPI, and MI were used to document water quality,
while SAR, %Na, and MR are used as criteria to identify the charac-
teristics of water used for irrigation (Table 1).
ater types using Piper diagram.
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3. Results and discussion

3.1. Groundwater chemistry

The geological and hydrogeological setting of the study area, as
well as chemical weathering, and human activities were the main
factors affecting the hydrochemistry of groundwater (Wu et al.
2020). Results of pH indicated slightly acidic to slightly basic
groundwaters (from 6.54 to 8.07), and fall within the standards
prescribed for drinking water (WHO, 2014; 2017). TDS varied from
225 to 8340, with an average of 2165 mg/L, exceeding the accept-
able limit (1000 mg/L) of WHO (2017). According to Freeze and
Cherry (1979), 24 groundwater samples (35.29 %) fall under the
freshwater category (e.g., S14, S15, S46, S52, S63, S64, S65, and
S68) with TDS<1000 mg/L, and 44 samples (64.71 %) fall under
the brackish to saline water category (e.g., S3, S4, S19, S34, S40,
S41, and S54) with TDS>1000 mg/L. Na+ was the most abundant
cations (average of 427.90 mg/L), followed by Ca2+ (average of
150.95 mg/L), Mg2+ (average of 99.86 mg/L), and K+ (average of
Fig. 4. Distribution of GWQI, HPI,
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12.42 mg/L), and B3+ (average of 0.45 mg/L). Cl– was the most
abundant anions (average of 635.74 mg/L), followed by SO4

2– (aver-
age of 518.34 mg/L), HCO3

– (average of 361 mg/L), NO3
– (average of

67.87 mg/L), and F– (average of 0.53 lg/L) (Table 2).
Fig. 3 illustrates the groundwater types. The triangle diagram of

cations shows that sodium and potassium are the leading cations
in 52.94 % of the groundwater samples, 32.35 % fall within the
no dominant type, and 14.71 % of the samples have cations that
are dominated by calcium and magnesium. On the anions plot,
70.59 % of groundwater samples fall under the sulphate and chlo-
ride type, while the remaining 29.41 % are of the bicarbonate type,
indicating a leading role for bicarbonate in groundwater. The dia-
mond diagram shows that 32 samples (47.10 %) represent the
(Na-K)-(SO4-Cl) type, 16 samples (23.51 %) account (Ca-Mg)-
(CO3-HCO3) type, 16 samples (23.51 %) represent (Ca-Mg)-(SO4-
Cl) type, and 4 samples (5.88 %) represent (Na-K)-(CO3-HCO3) type
(Fig. 3). The 24 fresh water samples (e.g., S14–S17, S46, S51, S52,
S63, S65, S67, S68) showed the lowest values of TDS and Na+,
and Cl– (S15), Mg2+ (S52), K+ and SO4

2– (S14), F–, and (S67).
and MI in the studied wells.



Fig. 5. Spatial distribution of PTEs in the groundwater wells at Harrat Khaybar.
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3.2. Suitability of groundwater for drinking

The average values of Cl–, SO4
2–, HCO3

–, NO3
–, Na+, Ca2+, and Mg2+

were greater than the permissible limit for drinkingwater (Table 1),
especially in most of the Na-K-SO4-Cl and Ca-Mg-SO4-Cl water
types, indicating ion exchange reactions and dissolution of bearing
minerals (Li et al. 2016). Moreover, some of these ions might orig-
inate anthropogenically, from overuse of fertilizers, domestic and
industrial effluents, and the metal industry (Reimann and Caritat
1998; Alghamdi et al. 2020).

Water samples from wells 1 and 13 showed F– levels that were
greater than the permissible limit in drinking water (1.5 mg/L),
implying extensive use of phosphatic fertilizers in agricultural
areas and leaching of F–-rich minerals (Dissanayake and
Chandrajith 2009). Notably, 54.41 % and 48.53 % of the water sam-
ples had SO4

2– and Cl– concentrations greater than the permissible
limit (250 mg/L), respectively. Further, 91.18 % and 67.65 % of the
water samples had HCO3

– and Na+ concentrations greater than the
permissible limit (200 mg/L), respectively. Furthermore, 70.59 %,
55.88 %, and 45.59 % had Mg2+, Ca+ and NO3

– concentrations greater
than the permissible limit (30, 75, 50 mg/L), respectively.

In the present study, GWQI ranged from 24.25 in S15 to 637.20
in S40 (Fig. 4, Supplementary Table 2). Based on the calculated val-
ues of the GWQI, 19.12 % of the water samples (13 samples),
23.53 % (16), 35.29 % (24), 5.88 % (4), and 16.18 % (11) were cate-
gorized as excellent water, good water, poor water, very poor
water, and unsuitable for drinking purposes, respectively. The
excellent quality samples (S14–S17, S46, S51–S53, S63–S65, S67,
and S68) showed the lowest values of EC, TDS, Na+, and Cl– (S15),
Mg2+ (S52), K+ and SO4

2– (S14), F– (S67), and B3+ (S46). In the other
hand, the wells of unsuitable water recorded the highest levels of
TDS, Na+, Cl– (S40), TH (S62), Ca2+ (S61), Mg2+ (S34), K+ (S39),
NO3

– (S54), SO4
2– and B3+ (S4), and F– (S13).

Groundwater from Harrat Khaybar showed HPI values varied
from 2.17 in S65 to 43.55 in S10, with an average of 10.07
(Fig. 4, Supplementary Table 2). Accordingly, all water samples fell
Fig. 6. Distribution of Na%, MR, SAR
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within the low pollution category (HPI < 45). The higher levels of
HPI in same water samples, e.g., S10 (43.55), S36 (41.37), and
S40 (28.67) might be related to exceeding the levels of As (S10),
Cr and Pb (S36), and As and Se (S4) in comparison to MAC values
of the drinking water (Table 2). MI values varied in the study area
from 0.22 in S65 to 16.38 in S44, with an average of 3.83 (Supple-
mentary Table 2). Based on the calculated values of MI, two water
samples (S46 and S65) fell within very pure category, 19 samples
as pure, 14 samples as slightly affected, 13 samples as moderately
affected, 7 samples as strongly affected, and 13 samples as seri-
ously affected. The high concentrations of Se in S23, Cr in S36,
S37, and S43–S45, and Pb in S36 could be the reasons for the higher
values of MI in these samples.

The average values of the PTEs in the examined wells were less
than the permissible limit of WHO standards for drinking water
(Table 1), although the values of Cr, Se, As, Zn, and Pb were higher
than the permissible limit mentioned in Table 1 in 7, 6, 3, 2, and
one water samples, respectively. Leakage of industrial wastewater
and the overuse of chemical fertilizers might be the main point
source of the pollution with Cr, Se, As, Zn, and Pb in some ground-
water wells (Al-Hashimi et al. 2021). Fig. 5 presented the spatial
distribution of the PTEs in the groundwater samples.
3.3. Suitability of groundwater for irrigation

The % Na values indicated the soluble sodium content and ran-
ged from 9.52 to 85.66, with an of average 50.55. Water quality
classification based on % Na showed that 51 of the groundwater
samples (75 %) were suitable for irrigation, (excellent, good, and
permissible categories), and 17 samples (25 %) were doubtful and
unsuitable for irrigation (Fig. 6, Supplementary Table 2). The
doubtful and unsuitable groundwater samples, e.g., S3, S4, S27,
S31, and S40 showed higher levels of Na+. Long-term use of water
for irrigation with excessive sodium will destroy the soil structure
and permeability, leading to soil compaction and reduction of crop
yields (Marghade et al. 2021). Based on SAR results, 85.3 % (58
, and KR in the studied wells.
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samples) were categorized as excellent, 9 samples as good, and
only one (S53) as doubtful for irrigation. The doubtful for irrigation
sample belongs to the Na-K-SO4-Cl water type. MR varied from
16.65 to 84.62 %, with an average of 48.07 %, suggesting that 37
of the water samples (54.41 %) were suitable for irrigation
(MR < 50 %) and the remaining 31 samples (45.59 %) were unsuit-
able for irrigation. The unsuitable water samples for irrigation, e.g.,
S12, S25–S27, S40–S42, S54, and S60 showed higher concentra-
tions of Mg2+, which might be reduces the crop yield (Dumaru
et al. 2021).

3.4. Multivariate analysis

HCA is an effective tool to divide water samples into different
clusters based on groundwater chemistry data (Belkhiri et al.
2010). Q mode HCA categorizes the 68 groundwater samples into
three clusters, mainly based on TDS and ion levels (Supplementary
Fig. 1). Cluster 1 includes 7 samples (S3, S4, S19, S34, S40, S41, and
S54), which account higher levels of TDS (ranged from 5490 to
8340 mg/L, with an average of 6950 mg/L), and the highest values
of EC, Na+, Cl–, and Ni (S40), Mg2+, Sb, and Ba (S34), NO3

– (S54),
SO42– and B (S4), and U (S19). Increasing NO3

– might be related to
the intensive use of fertilizers and pesticides (Alshahri and
El Taher 2018). All groundwater samples of cluster 1 belong to
Na-K-SO4-Cl type, except sample 34, which belongs to Ca-Mg-
SO4-Cl type. Cluster 2 includes 8 samples (S26, S27, S35, S39,
S42, S55, S61, and S62), with medium TDS levels (ranged from
3250 to 5250 mg/L, with an average of 4018.75 mg/L). S35, S42,
S55, S61, and S62 belong to Ca-Mg-SO4-Cl type, while S26, S27,
and S39 belong to Na-K-SO4-Cl type. Cluster 3 includes the remain-
ing 53 samples, accounting the lower values of TDS (ranged from
225 to 2930 mg/L, with an average of 1264.64 mg/L), and the low-
est levels of EC, TDS, and Na+ (S15), pH, HCO3

–, and U (S66), TH
(S30), Ca2+ (S29), Mg2+ (S52), K+, Cl–, SO4

2–, and Zn (S14), NO3
–

(S31), F (S6), B (S46), Cr (S2), Mn (S43), Ni (S22), Cu (S11), As
(S65), Se (S67), Ba (S44). 23 samples of the cluster 3 belong to
Na-K-SO4-Cl type, 16 samples to Ca-Mg-CO3-HCO3 type, 10 sam-
ples to Ca-Mg-SO4-Cl type and 4 samples to Na-K-CO3-HCO3 type.
24 groundwater samples of cluster 3 were of freshwater category
(TDS<1000 mg/L).

Pearson correlation is a technique used to identify similar
sources of major ions and PTEs with good correlation (Yin et al.
2021). The correlation coefficient (r) < 0.5 indicates weak correla-
tion, r = 0.5 to 0.7 indicates moderate correlation, and r > 0.7 indi-
cates strong correlation (Oinam et al. 2012). Table 3 showed strong
and moderate correlations between EC and TDS, Ca2+, Mg2+, Na+,
Cl–, NO3

–, SO4
2–, B, Ni, Cu (r = 1.00, 0.75, 0.85, 0.94, 0.98, 0.55, 0.93,

0.70, 0.77, and 0.66, respectively), which indicates a similar origin
related to rock-water interaction and evaporation (Khan et al.
2020). Ca2+ showed moderate and strong correlations with Mg2+,
Na+, Cl–, SO4

2–, Ni, and Cu (r = 0.64, 0.55, 0.78, 0.69, 0.70, and
0.56, respectively), reflecting the rock–water interaction is possible
source of these ions in groundwater (Li et al. 2016; Wu et al., 2020).
SO4

2– is strongly and moderately correlated with Ca2+, Mg2+, Na+,
Cl–, and NO3

– (r = 0.69, 0.78, 0.89, 0.86, and 0.50, respectively), indi-
cating the possibility of dissolution of halite, gypsum, sulfur-
bearing minerals, as well as agricultural and industrial wastewater
(Jalali 2010; Zhang et al. 2021). Moreover, Ni and Cu are strongly
and moderately correlated with Ca2+, TH, Mg2+, Na+, Cl–, and
SO4

2–. Moreover, Ba is moderately correlated with Mg, Ni, and Sb.
Moreover, U is moderately correlated with SO4

2– and B, suggesting
that soluble sulphate minerals and excessive use of phosphate-
containing fertilizers are sources of these metals (Alfaifi et al.
2021; Alshehri et al. 2021; Alharbi et al., 2021).

PCA divided the hydrochemical parameters according to the
relationship between the different variables (Wen et al. 2019).
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Table 4
Principal component loadings and explained variance of the analyzed parameters with varimax normalized rotation.

Component

1 2 3 4 5 6 7 8 9

EC 0.984 0.08 �0.032 0.001 0.058 0.016 0.038 0.007 �0.01
pH �0.279 0.392 �0.188 0.34 0.031 �0.008 0.546 �0.261 0.166
TDS 0.984 0.079 �0.032 0.002 0.058 0.017 0.038 0.007 �0.011
TH 0.287 000 �0.161 �0.233 �0.532 �0.136 0.068 0.265 0.117
Ca 0.781 �0.213 �0.152 �0.102 �0.081 �0.18 �0.011 0.136 0.283
Mg 0.855 �0.119 �0.097 0.07 �0.025 0.301 �0.007 �0.144 0.123
Na 0.911 0.226 0.034 0.023 0.138 �0.037 0.075 0.007 �0.181
K 0.488 �0.027 0.214 �0.247 0.015 0.019 0.495 0.088 �0.549
Cl 0.965 �0.028 �0.103 �0.036 0.027 �0.016 0.113 0.013 �0.04
HCO3 �0.086 0.356 0.3 0.418 0.423 0.264 �0.018 0.053 �0.107
NO3 0.554 0.223 �0.141 �0.092 �0.217 0.324 0.319 �0.315 0.192
SO4 0.928 0.201 0.033 �0.009 0.037 �0.052 �0.122 �0.022 0.056
F 0.273 0.355 0.136 0.353 0.175 �0.478 0.088 �0.156 0.174
B 0.678 0.373 0.261 0.105 0.224 �0.077 �0.159 0.156 0.161
Al �0.104 �0.217 0.207 �0.633 0.43 �0.017 0.2 �0.174 0.168
Cr �0.04 0.278 0.446 �0.224 �0.225 0.497 �0.365 0.08 �0.072
Mn �0.055 �0.185 �0.083 0.238 0.413 0.358 0.228 0.608 0.072
Ni 0.819 �0.336 �0.04 �0.105 �0.018 �0.021 0.037 0.076 �0.26
Cu 0.694 0.016 �0.134 �0.144 �0.09 �0.051 �0.054 0.135 0.212
Zn �0.017 �0.095 0.104 �0.615 0.566 �0.061 �0.127 �0.204 0.13
As 0.555 �0.412 0.329 0.246 �0.024 �0.268 �0.016 �0.164 �0.308
Se 0.471 0.428 0.102 �0.058 �0.105 0.494 �0.118 �0.226 �0.035
Cd 0.009 �0.239 0.876 0.161 �0.192 �0.114 0.084 0.006 0.132
Sb 0.307 �0.698 0.226 0.346 �0.044 0.148 �0.184 �0.349 0.091
Ba 0.408 �0.634 �0.226 0.289 0.187 0.273 �0.028 0.064 0.214
Pb �0.003 000 0.696 �0.126 �0.187 0.034 0.359 0.221 0.343
U 0.475 0.36 0.062 0.042 0.09 �0.311 �0.36 0.143 0.026
% of Variance 34.56 9.15 7.8 6.65 5.51 5.41 4.74 4.01 3.83
Cumulative % 34.56 43.7 51.51 58.16 63.67 69.09 73.83 77.84 81.67
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Nine principal components, accounting for 34.56 %, 9.15 %, 7.80 %,
6.65 %, 5.51 %, 5.41 %, 4.74 %, 4.01 %, and 3.83 % of the total vari-
ance, were extracted with eigenvalues>1 (Table 4). PC1 showed
high positive loading of EC, TDS, Ca2+, Mg2+, Na+, Cl–, NO3

–, SO4
2–,

B, Ni, Cu, and As, and represented the main factor affecting the
hydrochemistry of the groundwater in the study area (Rezaei
et al. 2017). Moreover, the high positive loading with NO3

– indicates
an anthropogenic factor from the agricultural activity (Li et al.
2018, 2019). PC3 shows high loading for Pb and Cd, which may
be attributed to fertilizers and pesticides through soil leaching
(Kukrer and Mutlu 2019). PC5 and PC8 showed high loading for
Zn and Mn, respectively, which might originate from mixed
anthropogenic and natural factors (Nour et al. 2019; Al-Hashim
et al. 2021).
4. Conclusions

In this work, several pollution indices, inverse distance
weighted technique, and multivariate tools were applied to evalu-
ate the suitability of groundwater in Harrat Khaybar for drinking
and irrigation purposes, and determine the potential sources of
contamination. The following were the findings:

1. Average concentrations of Cl–, SO4
2–, HCO3

–, NO3
–, Na+, Ca2+,

Mg2+, and TDS were greater than the permissible limit for drinking
water, and concentrations of Cr, Se, As, Zn, and Pb in some individ-
ual wells were greater than the permissible limits for these PTEs.

2. Overall, 35.29 % of the groundwater wells fell under the fresh-
water category and 64.71 % fell under the brackish to saline water
category. The freshwater category includes all wells of the Ca-Mg-
CO3-HCO3 and Na-K-CO3-HCO3 types, except one sample while
most wells of the Ca-Mg-SO4-Cl and the Na-K-SO4-Cl types were
of brackish to saline category.

3. GWQI indicated that 42.65 % of the wells fell under excellent
and good water for drinking purposes, and 57.15 % fell under poor,
very poor water, and unsuitable for drinking. MI results indicated
9

that 51.47 % of the wells fell within very pure, pure, and slightly
affected categories and 48.53 % fell under moderately affected,
strongly affected, and seriously affected categories. The irrigation
criterion revealed that more than half of the groundwater wells
were suitable for irrigation.

4. The dissolution of rock forming minerals as well as, leakage of
industrial, domestic, and agricultural wastewater, and the overuse
of chemical fertilizers might be the main factors that control the
geochemistry of groundwater and PTE pollution in some wells in
the study area.
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