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Abstract
Trace metals pollution in the freshwater system is an emerging concern. Thus, a systematic study was performed in the 
Wadi Fatimah basin to appraise the trace metals pollution status, sources and associated health risks using integrated 
tools, namely indices, international standards, multivariate statistical techniques and health risk assessment models. The 
groundwater salinity shows a wide range (TDS = 391 to 11,240 mg/l). The heavy metal pollution index and contamination 
index justify that most of the samples are unfit for drinking due to high metal pollution. Severe pollution is noticed by the 
Li (100%), Ni (98%), Pb (86%) and B (78%), and it is in the decreasing order of Mo > Cr > Al > Fe = Mn > V > Sr > Ag > C
u. Pearson correlation matrix suggests that most of the metals have a significant strong positive correlation with Al, Fe and 
Mn and originated from geogenic sources. Principal components analysis and R-mode HCA indicate that trace metals are 
mostly derived from weathering of aluminium silicates, oxides/hydroxides of Fe and Mn followed by evaporation, evaporite 
dissolution and restricted flow. Q-mode HCA resulted in 4 clusters, and the water chemistry of WG1 and WG4 is governed 
by mineral weathering. In addition, evaporation also enriched the metal load and salinity in WG4 wells. In WG2, the water 
chemistry is predominantly affected by long storage, evaporation and mineral weathering. In WG3, the water chemistry is 
influenced by evaporation, irrigation return flow and evaporite dissolution. The hazard quotient and hazard index suggest that 
groundwater in this basin causes potential non-carcinogenic health risks to the consumer. This study strongly recommends 
treatment for groundwater before supply to the local inhabitants.

Keywords Groundwater pollution · Trace metals · Health risk assessment · Multivariate statistical analysis · Wadi Fatimah · 
Saudi Arabia

Introduction

Groundwater pollution due to trace metal accumulation is a 
serious concern worldwide as groundwater is an important 
source for various sectors, namely drinking, agriculture and 
industries. Recent studies give more importance to exploring 
the metals contamination, and their sources in groundwater 
because most of them are toxic even at low concentrations, 
persistent and non-biodegradable (Alfaifi et al. 2021; Long 
et al. 2021; Rajmohan et al. 2022). Further, polluted water 
resources act as a source for metal transfer/transport to the 
ecosystem and living organisms. Numerous studies were 
performed globally to evaluate the metal pollution status 
and sources in the groundwater (Prasanna et al. 2012; Pal-
mucci et al. 2016; Arslan et al. 2017; Esmaeili et al. 2018; 
Barzegar et al. 2019; Mthembu et al. 2020; Usman et al. 
2020; Rajmohan et al. 2022).
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Metals enrichment in the aquifer occurred through geo-
genic and anthropogenic processes. Geogenic sources such 
as weathering of bedrock, volcanic emission, soil–water 
interaction, flushing of weathered materials and seawater 
invasion in coastal regions (Basahi et al. 2018; Wen et al. 
2019; Rajmohan et al. 2022) and anthropogenic processes, 
namely industries, agriculture, mining, wastewater recharge, 
sewage lines leakage and dumping sites (Caritat et al. 1998; 
Nouri et al. 2008; Rajmohan et al. 2017; Samadder et al. 
2017) are widely reported for the accumulation of metals 
in the aquifer.

In the Arabian Peninsula, water resources are limited 
and most of the countries in this region experience high 
water demand due to a lack of surface and groundwater 
resources and low rainfall, and high evaporation (Lezzaik 
and Milewski 2018). The Kingdom of Saudi Arabia (KSA) 
also experiences water scarcity owing to rapid growth in 
the agricultural sector, industries, population, and urbani-
zation. In addition, groundwater contamination is also an 
emerging issue in this kingdom. Earlier studies documented 
the groundwater deterioration in this country and mostly 
occurred through natural sources and anthropogenic activi-
ties (Alshikh 2011; Al-Hobaib et al. 2013; Sharaf 2013; 
Zaidi et al. 2015; Bamousa and El Maghraby 2016; Raj-
mohan et al. 2019, 2021; Alqahtani et al. 2020; Alfaifi et al. 
2021; Masoud et al. 2022). Further, some studies focused on 
metals accumulation in the groundwater in this region (Al-
Hobaib et al. 2013; Basahi et al. 2018; Alfaifi et al. 2021; 
Alshehri et al. 2021; Rajmohan et al. 2022). These studies 
ensure that detailed knowledge of groundwater quality and 
pollution status is imperative for sustainable groundwater 
management.

The present study was performed in the Wadi Fatimah 
basin, Makkah Al-Mukarramah Province, Saudi Arabia. 
Rural communities in this basin rely on groundwater for 
domestic, livestock and agricultural activities. Earlier studies 
conducted in this basin reported groundwater deterioration 
(Alyamani 2007; Sharaf 2013; Alshehri et al. 2022; Osta 
et al. 2022) and most of them discussed on geology, hydro-
geology and water suitability. None of them provided deep 
knowledge about the water chemistry and metal pollution in 
this basin. Hence, the present study can aid researchers to 
acquire insights about trace metals pollution status, sources 
and associated geochemical processes in the groundwater 
in Wadi Fatimah.

The primary goal of this study is to (a) appraise the extent 
of trace metals distribution in this aquifer, (b) evaluate the 
groundwater suitability for drinking using World Health 
Organisation (WHO) and United State Environmental Pro-
tection Agency (USEPA) prescribed drinking water stand-
ards, (c) assess the groundwater pollution status using heavy 
metal pollution index (HPI) and contamination index (Cd), 
(d) ascertain the trace metals source using the multivariate 

statistical tool and (e) evaluate the health risks owing to 
exposure to trace metals for residents in this basin. This 
study renders a background knowledge about the trace met-
als distribution and status that will assist groundwater man-
agement and supply in this basin.

Study area

Wadi Fatimah basin is located in Makkah Al-Mukarramah 
Province and covers about 4869  km2 (Fig. 1a). The study 
basin is a part of the Tihama coast of the Arabian shield and 
slopes towards the Red Sea. Wadi Fatimah basin is extend-
ing from the Taif water divide to the coast of the Red Sea. 
The annual average rainfall varies from 80 to 150 mm. In 
the upper reaches, it goes to 280 mm, whereas the lower 
reaches are dry and receive 80 mm (Alyamani and Hussein 
1995; Şen et al. 2017; Osta et al. 2022). In this basin, vast 
variation is noticed in the climate and rainfall due to varying 
topography (Şen et al. 2017). Likewise, the maximum tem-
perature ranges from 30 to 35 °C and the annual evaporation 
is > 1000 mm/year (Alyamani and Hussein 1995).

Geomorphologically, the Wadi Fatimah basin expresses 
typical characteristics of Saudi hydrographic basins in the 
western part of the escarpment ridge of the Arabian shield. 
It initiates from the eastern high mountainous range of sharp 
gradients and slopping towards the west at the coastal plain 
of the Tihama region (Alyamani and Hussein 1995; Hamimi 
et al. 2012). The elevation ranges between 10 and 2314 m 
in this basin.

Wadi Fatimah basin exhibits several geomorphological 
landscapes and is classified into three classes, namely the 
mountainous area, the hilly region and the piedmont plains. 
The mountainous area has high elevations (2300 m above 
mean sea level (AMSL)) and includes Proterozoic rocks, 
which form the water divide of the drainage basin. The hilly 
region is located in the eastern and middle portions of the 
basin that consists of undulating dissected and eroded rocks. 
The piedmont plains are between high lands and the Red sea 
and include morpho-tectonic depressions with a high order 
of the stream network.

Geologically, the Wadi Fatimah basin is comprised of 
Precambrian, Tertiary rocks, and Quaternary alluvial depos-
its (Fig. 1a) (Hamimi et al. 2012). The Precambrian base-
ment rocks are composed of Proterozoic basalt to rhyolite 
(volcanic), metamorphic rocks and intercrossed with plu-
tonic Gabbro and Diorite dykes. The exposures of tertiary 
rocks are encountered below the lava and Quaternary depos-
its by about 14% of the area of the Wadi Fatimah basin. 
These Tertiary rocks are sandstone, shale, and mudstones 
with conglomerates. Quaternary aquifer covers 22% of the 
Wadi Fatimah basin and its thickness ranges from 2 to 80 m, 
which consists of gravels, sands, alluvial, and Wadi deposits. 
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Fig. 1  Sampled wells location, geology and drainage pattern (a) and depth to groundwater level and groundwater flow direction (b) in the Wadi 
Fatimah basin
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In the Quaternary aquifer, the hydraulic conductivity value 
is from 15 to 79 m/day with an average value of 43.9 m/day 
whereas the transmissivity value is between 150.3 and 2008 
m2/day with a mean value of 1026 m2/day (Osta et al. 2022). 
This shallow aquifer is mostly recharged through flash floods 
and runoff events. The depth to groundwater level, measured 
in this study, varied from < 1 to 57.6 m and it is deeper in 
the central part of this basin (Fig. 1b). In this basin, the 
groundwater flows from the east and northeast to the south-
west direction. Agriculture and horticulture are predominant 
groundwater consumers along with livestock in this basin.

Materials and methods

In total, 59 samples were obtained from both bore and dug 
wells in the Wadi Fatimah basin and their locations were 
recorded using a global position system (GPS, Garmin) 
(Fig. 1). Before pumping, groundwater levels were meas-
ured using a water level sounder. A portable handheld meter 
(SevenGo Duo SG23, Mettler Toledo) was used to measure 
the pH, electrical conductivity (EC), and temperature in the 
field. International standard protocols (APHA 2017) were 
employed during water sampling, handling, storage and 
chemical analysis. After the stabilization of EC and pH dur-
ing pumping, water samples were collected in HDPE bottles 
(500 ml). Water samples were filtered (0.45 µm), acidified 
and stored at 4 °C and transported to the laboratory. Fifteen 
trace metals, namely Ag, Al, B, Ba, Cr, Cu, Fe, Li, Mn, Mo, 
Ni, Pb, Sr, V, and Zn, were analysed by inductively coupled 
plasma atomic emission spectrometry (ICP-AES, Shimadzu 
ICPE-9000). ICP-AES was calibrated by Accu Trace Refer-
ence Standard and Accu Trace Blank. Both standard and 
blank were run frequently to ensure the precision and accu-
racy of the analyses. The detection limit for the metals is 
1 μg/l except for Mo (10 μg/l) and Al (10 μg/l).

Groundwater quality data were employed to perform mul-
tivariate statistical analysis and to calculate the contamina-
tion index (Cd) and heavy metal pollution index (HPI). For 
health risk assessment (HRA), chronic daily intake (CDI) 
and hazard quotient (HQ) were calculated using USEPA 
methods. ArcGIS v10.3 software was applied to plot spa-
tial maps for various parameters using the inverse distance 
weighted (IDW) interpolation method.

Heavy metal pollution index

Heavy metal pollution index (HPI) was applied to assess the 
overall impact of individual metals on groundwater quality. 
HPI is computed using the rating and weight of each metal. 
The rate is an arbitrary value between 0 and 1, and weight 

is inversely proportional to the international drinking water 
standards of individual metals (Mohan et al. 1996; Edet and 
Offiong 2002; Rajmohan et al. 2022). HPI is computed by the 
following Eq. (1)

where Qi is sub-index of ith metal, Wi is the unit weight 
of the ith metal, and n is the number of metals considered.

The sub-index (Qi) is computed using Eq. (2)

where Mi is the measured concentration of the metal in the 
ith sample and Ii and Si are the lower desirable limit (LDL) 
and maximum permissible limit (MPL) of ith metal, respec-
tively. For LDL and MPL, WHO (2017) and USEPA (2012) 
recommended drinking water standards were used (Table 1).

Contamination index

The contamination index (Cd) is widely employed to appraise 
metal pollution in drinking water and several studies applied 
this index worldwide (Mohan et al. 1996; Backman et al. 1998; 
Basahi et al. 2018). This index is more appropriate to com-
pute the cumulative impact of pollutants (trace metals) in the 
groundwater. Cd is calculated using Eqs. (3) and (4).

(1)HPI =

∑n

i=1
WiQi

∑n

i=1
Wi

(2)Qi =
∑n

i=1

Mi − Ii

Si − Ii
× 100

(3)Cd =

n
∑

i=1

Cfi

Table 1  LDL, MPL, Wi and RfD used in the HPI, Cd and HRA cal-
culations

Metals LDL (µg/l) MPL (µg/l) Weightage 
(Wi)

RfD (mg/kg/day)

Ag 0 100 0.0100 0.005
Al 50 200 0.0050 0.0004
B 0 500 0.0020 0.2
Ba 700 2000 0.0005 0.2
Cr 50 100 0.0100 0.003
Cu 1300 2000 0.0005 0.005
Fe 300 1000 0.0010 0.7
Li 0 10 0.1 0.002
Mn 50 400 0.0025 0.14
Mo 0 70 0.0143 0.005
Ni 0 20 0.0500 0.02
Pb 10 15 0.0667 0.0036
Sr 0 4000 0.00025 0.6
V 0 20 0.0500 0.009
Zn 3000 5000 0.0002 0.3
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where  Cfi is the contamination factor, CMi and CLi are meas-
ured concentration and the maximum permissible limit 
(MPL) of the ith metal recommended by the WHO (2017), 
respectively.

Multivariate statistical analysis

Multivariate statistical analysis (MSA) including Pearson 
correlation analysis, principal component analysis (PCA) 
and Hierarchical cluster analysis (HCA) was adopted using 
SPSS v16.0. To eliminate the bias in the analysis, data were 
log-transformed and standardized. Further, standard scores 
(z-score) were used to get a dimensionless data set, which 
eliminates the variables unit’s impact (Güler et al. 2002; 
Barzegar et al. 2019; Ren et al. 2021). In both PCA and 
HCA, 17 variables (EC, pH, Ag, Al, B, Ba, Cr, Cu, Fe, Li, 
Mn, Mo, Ni, Pb, Sr, V, and Zn) were employed. Sample 
numbers 1, 5 and 11 are excluded from the MSA analysis 
due to extreme salinity and metals. In the PCA, the varimax 
rotation method with Kaiser normalization was adopted 
(Kaiser 1960). A principal component with an eigenvalue 
greater than one was extracted for interpretation. HCA was 
carried out using the Ward method with the squared Euclid-
ean distance (Ward 1963).

Health risk assessment

Health risk for adults and children due to trace metals pollu-
tion is often caused by the oral injection of polluted drinking 
water. Other pathways such as dermal contacts and inhala-
tion are insignificant compared to oral consumption. In this 
study, USEPA-recommended methods are adopted to com-
pute the chronic daily intake (CDI, mg/kg/day) and hazard 
quotient (HQ) (USEPA 2011). The CDI for each trace metal 
is calculated by Eq. (5).

where C represents the measured concentration of metal 
in the groundwater (mg/l) and IR is ingestion rate (l/day) 
(adults 2.5; children 0.78) (USEPA 2014). EF (days/year) 
and ED (years) are exposure frequency (365 days) and expo-
sure duration (adults 70 and children 6), respectively (Nar-
simha and Rajitha 2018; Kadam et al. 2019). Likewise, BW 
represents average body weight (kg) (adults 65 and children 
15). AT (average exposure time, days) is calculated by the 
multiplication of ED and EF.

The non-carcinogenic risk of each metal is estimated 
using the hazard quotient  (HQoral) using Eq. (6) (USEPA 
1989).

(4)Cfi =
CMi

CLi

− 1

(5)CDIoral =

CX IR X EF X ED

BW X AT

where RfD represents the oral reference dose (mg/kg/day) 
of each trace metal, which is provided in Table 1 (USEPA 
1993, 2019). Finally, the hazard index (HI) for each ground-
water sample is estimated by the summation of  HQoral values 
of each metal using the Eq. (7)

Groundwater samples with HI < 1,  CDIoral < 1 and 
 HQoral < 1 are suitable for drinking without any health haz-
ards whereas higher values (> 1) produce potential non-
carcinogenic health risks to the consumer.

Results and discussion

Table 2 illustrates the descriptive statistics calculated for 
pH, EC, TDS and trace metals analysed in this study. In 
this aquifer, groundwater is slightly acidic to alkaline and 
pH ranged from 6.6 to 7.8 with an average of 7.3. The elec-
trical conductivity (EC) varied from 782 to 22,500 µS/cm 
with a mean value of 4292 µS/cm. Similarly, total dissolved 
solids (TDS) calculated from EC (TDS = EC*0.64) ranged 
from 391 to 11,240 mg/l with an average of 2145 mg/l. The 
standard deviation of both EC and TDS is 4645 µS/cm and 
2321 mg/l, respectively, which implies that groundwater 

(6)HQoral =
CDIoral

RfD

(7)HI =

n
∑

i=1

HQi

Table 2  Descriptive statistics for pH, EC, TDS and metals analysed

N = 59 Unit Min Max Average STD

pH 6.6 7.8 7.3 0.2
EC µS/cm 782 22,500 4292 4645
TDS mg/l 391 11,240 2145 2321
Ag µg/l BDL 640 54 127
Al µg/l 19 479 100 110
B µg/l 184 10,300 1378 1618
Ba µg/l 12 387 93 70
Cr µg/l 17 501 101 108
Cu µg/l BDL 2440 276 467
Fe µg/l 74 1020 254 229
Li µg/l 19 432 99 102
Mn µg/l 17 897 72 123
Mo µg/l 15 2280 255 355
Ni µg/l 17 623 122 134
Pb µg/l 6 196 39 44
Sr µg/l 422 34,339 5513 6497
V µg/l BDL 469 36 80
Zn µg/l 19 335 79 76
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chemistry is governed by various processes and sources. 
The spatial distribution map of EC illustrates that there is 
no trend in the EC (Supplementary Figure SF1). Few wells 
in the northeast and southern regions have higher values. 
Most of the areas in the central region have low values 
(EC < 3000 µS/cm and < 5000 µS/cm). In contrast to this 
observation, extreme values are recorded in the downstream 
coastal region.

Trace metals distribution and drinking water quality 
assessment

Descriptive statistics of trace metals analysed in this study 
are provided in Table 2. Similarly, spatial distribution maps 
of trace metals are presented as supplementary Figures 
SF1 to SF3. The trace metal concentrations analysed in the 
groundwater were compared with WHO guideline (GV) val-
ues and the United States Environmental Protection Agency 
(USEPA) maximum contamination level (MCL) recom-
mended for drinking water (Table 3) (USEPA 2012; WHO 
2017). The concentration of Ag ranged from below the 
detection limit (BDL) to 640 µg/l (average 54 µg/l) and 15% 
of samples exceeded the WHO standard limits (100 µg/l), 
which are unfit for consumption (Tables 2, 3, Fig. 2a). The 
spatial distribution of Ag depicts that it is less than 50 µg/l in 
almost 80% of the study area and higher values were noticed 
in a few wells in northern and southern regions (Figure 
SF3). The groundwater Al concentration varied from 19 to 
479 µg/l with a mean of 100 µg/l and 15% of samples sur-
passed the GV (200 µg/l) whereas 46% of samples exceeded 

the MCL values (50 µg/l) (Tables 2, 3, Fig. 2a), which are 
not recommended for drinking application. High Al in drink-
ing water causes various health issues for the consumer such 
as arthritic pain, and vomiting, and affects the nervous sys-
tem (WHO 2003c). Like Ag, the concentration of Al in the 
central part of the study area is also low (< 50) and higher 
values have appeared in the north-eastern, southern and 
western regions (Figure SF2). Al-Hobaib et al., (2013) and 
Basahi et al. (2018) also documented high Al concentrations 
in groundwater in Saudi Arabia.

The concentration of B is between 184 and 10,300 µg/l 
(average 1378 µg/l) (Table 2). Table 3 and Fig. 2a depict 
that 78% of samples exceeded the WHO recommended 
guideline values and are not advisable for drinking. Basahi 
et al. (2018) also reported high B content in groundwater in 
Jazan province, Saudi Arabia. Like Al, high B also creates 
health problems for consumers, namely vomiting, abdominal 
pain and diarrhoea (WHO 2003a). The spatial distribution 
pattern of B shows a similar trend to EC and the central 
region expresses lower values and extreme values recorded 
in the coastal region. Further, higher values (> 2000 µg/l) 
also appeared in the northern region (Well numbers 40, 42). 
Groundwater Ba concentration is from 12 to 387 µg/l (mean 
93 µg/l), and it is within the recommended limit for drinking 
(Tables 2, 3, Fig. 2a). The spatial distribution map indicates 
a different trend, and high concentrations are noticed in the 
central region (Figure SF3).

The range of Cr concentration in the groundwater is from 
17 to 501 µg/l (average 101 µg/l) (Table 2). Table 3 and 
Fig. 2a denote that 47 and 36% of samples surpassed the GV 
and MCL, respectively, and were unfit for drinking at the 
study site. Haemorrhagic diathesis, gastrointestinal disorders 
and lung cancer are common health issues resulting from 
high Cr drinking water (WHO 2003d). Figure SF2 illustrates 
that downstream wells and a few wells that existed in north-
ern and southern regions express high concentrations in the 
study site. But the occurrence of Cr in the central region is 
low (< 50 µg/l). The concentration of Cu varied from BDL 
to 2440 µg/l with an average of 276 µg/l (Table 2). In most 
of the samples, the concentration is within the recommended 
limit (Table 3, Fig. 2a). The Cu concentration is generally 
less than 500 µg/l and uniformly distributed in the study 
area except for a few locations in the downstream region 
(Figure SF1).

In the study area, Fe concentration is between 74 and 
1020 (mean 254 µg/l) and the Fe concentration in 98% of 
samples is within the drinking water limit recommended 
by WHO (1000 µg/l); however, 42% of samples exceeded 
the MCL (300 µg/l) recommended by USEPA (Tables 2, 3, 
Fig. 2a). Figure SF2 illustrates that Fe concentration is less 
than 300 µg/l in most of the sites and high values are noticed 
in the downstream wells and a few wells in the northern 
and southern regions. The concentration of Li is from 19 

Table 3  Metals contamination status in groundwater and water usa-
bility assessment using WHO and USEPA standards

Metals Drinking water limit (µg/l) Samples sur-
passed (%)

WHO GV USEPA MCL GV MCL

Ag 100 – 15 –
Al 200 50 15 46
B 500 – 78 –
Ba 700 2000 – –
Cr 50 100 47 36
Cu 2000 1300 3 5
Fe 1000 300 2 42
Li 10 – 100 –
Mn 400 50 2 42
Mo 70 – 75 –
Ni 20 – 98 –
Pb 10 15 86 59
Sr – 4000 – 37
V 20 – 39 –
Zn 3000 5000 – –
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to 432 µg/l with an average of 99 µg/l and all the samples 
exceeded the drinking water recommended limit (Tables 2, 
3, Fig. 2a). Li also behaves like Fe and the central region has 
low values, whereas enrichment is observed in a few wells 
in the northern, southern and western regions.

Groundwater Mn concentration ranged from 17 to 
897 µg/l (mean 72 µg/l) and almost 98% of samples are 
within the drinking water limit recommended by WHO 
(Tables 2, 3, Fig. 2a). However, 42% of samples surpassed 
MCL and are not advisable for consumption. Figure SF1 
indicates that Mn concentration in the central part of the 

study site is less than 50 µg/l and in most of the area, it is 
less than 200 µg/l. The concentration of Mo varied from 15 
to 2280 µg/l (average 255 µg/l) and 75% of samples sur-
passed the WHO GV (70 µg/l) that are unsuitable for drink-
ing application (Tables 2, 3, Fig. 2a). The spatial distribution 
of Mo illustrates that in most of the region, the concentration 
is between 70 and 300 µg/l and the elevated concentrations 
are recorded in the downstream wells (Figure SF1).

The concentration range of Ni and Pb is 17–623 µg/l and 
6 −196 µg/l with an average of 122 and 39 µg/l, respec-
tively (Table 2). In the case of Ni, 98% of samples are 

Fig. 2  Water samples surpassed 
the guideline value (GV) and 
maximum contamination level 
(MCL) (a), water pollution 
status (b, c) and health risk 
assessment (HRA) results (d) in 
the Wadi Fatimah basin
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not recommended for drinking which exceeded the drink-
ing water limit (20 µg/l) (Table 3, Fig. 2a). In the case of 
Pb, 86% and 59% of samples surpassed the GV and MCL, 
respectively and are unfit for drinking usage (Table  3, 
Fig. 2a). Drinking water with high Ni and Pb results in vari-
ous health problems, namely neurological disorders, lung 
cancer, gastrointestinal distress, reduced lung function and 
chronic bronchitis (WHO 2003b). Figure SF2 expresses that 
the spatial distribution trend of both Ni and Pb are similar 
and groundwater in the central region has low values and 
enrichment is observed in three zones (north, south and 
west) like other metals.

The concentration of Sr ranged from 422 to 34,339 µg/l 
(mean 5513 µg/l) and 37% of samples surpassed the MCL 
which is not appropriate consumption (Tables 2, 3, Fig. 2a). 
Like other metals, the central region has lower concentra-
tions and high concentrations are noticed in some pock-
ets in the northern region as well as downstream regions. 
However, wells with high concentrations in downstream are 
located far from the coast. Likewise, the concentration of V 
also expresses a different trend compared to other metals 
and the lowest concentrations (< 20 µg/l) are noticed in the 
high salinity wells that existed in the northern and southern 
regions (Figure SF3). High values appeared in some pock-
ets in the central region and downstream. In this study, V 
concentration ranged from BDL to 469 µg/l with an average 
of 36 µg/l (Table 2). Table 3 and Fig. 2a describe that 39% 
of samples are not suitable for drinking and surpassed the 
WHO recommended GV. Asthma, lung cancer, rhinitis and 
respiratory problems are common health complications to 
the consumer owing to high V drinking water (WHO 2001; 
ATSDR 2020). The concentration of Zn in the groundwater 
is between 19 and 335 µg/l with a mean of 79 µg/l (Table 2). 
According to USEPA and WHO drinking water standards, 
Zn concentration is within the recommended limit in this 
aquifer. Like other metals, high concentrations occurred 
in the few wells in northern, southern and western regions 
(Figure SF2). The Zn concentration is generally < 100 µg/l 
in most of the study areas.

Figure 2a illustrates the pictorial representation of metal 
pollution status at the study site. It illustrates that extreme 
pollution, based on the percentage of samples surpassed, is 
observed by the Li followed by the Ni > Pb > B > Mo > Cr > 
Al > Fe = Mn > V > Sr > Ag > Cu. The concentrations of Ba 
and Zn in this aquifer are within the drinking water recom-
mended limit.

Integrated trace metals pollution assessment

Heavy metals pollution index

The heavy metals pollution index (HPI) was computed using 
Eqs. (1) and (2) and its descriptive statistics are stated in 

Table 4. Table 4 indicates that HPI ranged from 56 to 2848 
with an average of 592. Groundwater samples were clas-
sified into five classes using HPI values, namely excellent 
(0–25), good (26–50), poor (51–75), very poor (75–100) 
and unsuitable (> 100) (Basahi et al. 2018). Figure 2b poses 
the pictorial representation of this classification in the study 
area. Almost 93% of samples are not appropriate for drink-
ing due to high metal load. The remaining 7% of samples 
fall into poor (2%) and very poor (5%) classes. Overall, the 
groundwater in this basin is not recommended for drinking 
and requires proper treatment before distribution.

Contamination index

Like HPI, the contamination index (Cd) is also an important 
parameter to appraise the pollution status in any aquifer. In 
this study, it is calculated using Eqs. (3) and (4) and the 
descriptive statistics are rendered in Table 4. The Cd value 
in the groundwater ranged from 1 to 155 with a mean of 
23. Like HPI, water contamination status is assessed using 
Cd and classified into three classes such as low (Cd < 1), 
medium (1 > Cd < 3) and high (Cd > 3) contamination. In 
the study site, well number 27 only comes under the low 
contamination class. According to the Cd classification, 
27% of samples fall medium contamination category, while 
71% of samples are belongs to the high contamination class 
(Fig. 2c).

Figure 3 depicts that groundwater with medium contami-
nation is observed in the central part of the study area. In 
the remaining area, the groundwater is highly polluted by 
metals. Figures SF1-SF3 also well resembled this obser-
vation because the low concentrations of most of the met-
als are recorded in the central part of the study area. Depth 
to groundwater level also shows that deep water levels are 
recorded in the central part of the study site (Fig. 1b).

Appraisal of pollution sources using multivariate 
statistical analysis

Pearson correlation matrix

Pearson correlation matrix is employed to explore the inter-
relationship between the variables and to identify their 
sources in groundwater (Table 5). Table 5 shows the results, 

Table 4  Descriptive statistics for HPI, Cd and HI computed

Minimum Maximum Average STD

HPI 56 2848 592 649
Cd 1 155 23 30
HI Adults 3.0 105 18.8 21.4
HI Children 4.0 142 25.4 28.9
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Fig. 3  Spatial distribution of contamination index in the Wadi Fatimah basin

Table 5  Results of Pearson correlation analysis

Bold values indicate significant correlation and highly loaded variables, respectively

EC pH Ag Al B Ba Cr Cu Fe Li Mn Mo Ni Pb Sr V Zn

EC 1.00
pH −0.56 1.00
Ag 0.12 −0.26 1.00
Al 0.93 −0.58 0.38 1.00
B 0.84 −0.40 0.05 0.74 1.00
Ba 0.24 −0.42 0.10 0.32 −0.01 1.00
Cr 0.83 −0.54 0.54 0.96 0.70 0.23 1.00
Cu 0.84 −0.41 0.35 0.83 0.85 0.00 0.81 1.00
Fe 0.84 −0.52 0.36 0.90 0.75 0.19 0.92 0.73 1.00
Li 0.55 −0.46 0.70 0.67 0.48 0.14 0.74 0.58 0.80 1.00
Mn 0.87 −0.53 0.32 0.92 0.75 0.23 0.91 0.73 0.99 0.77 1.00
Mo 0.80 −0.46 0.12 0.78 0.73 0.26 0.73 0.70 0.72 0.46 0.74 1.00
Ni 0.83 −0.55 0.55 0.96 0.68 0.25 0.99 0.81 0.89 0.71 0.89 0.74 1.00
Pb 0.83 −0.56 0.58 0.96 0.67 0.27 0.99 0.82 0.87 0.74 0.87 0.72 0.99 1.00
Sr 0.94 −0.59 0.13 0.91 0.73 0.32 0.81 0.77 0.78 0.49 0.81 0.78 0.82 0.83 1.00
V 0.09 −0.11 −0.12 0.03 0.11 0.16 0.01 0.07 −0.02 −0.09 −0.01 0.53 0.02 0.01 0.11 1.00
Zn 0.86 −0.56 0.49 0.95 0.73 0.24 0.97 0.80 0.98 0.81 0.97 0.74 0.96 0.96 0.81 −0.01 1.00
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and the correlation coefficient values greater than 0.6 are 
considered for further discussion. Variables, namely pH, 
Ba and V, are not correlating with other variables. Like-
wise, variables such as Ag, Ba and V are not correlating 
with Al, Fe, EC, B and Sr. Li also behaves like Ag and 
is not correlating with EC, B and Sr. Al has a significant 
(p < 0.01) strong positive correlation with Cr (r = 0.96), Ni 
(r = 0.96), Pb (r = 0.96), Zn (r = 0.95), EC (r = 0.93), Mn 
(r = 0.92), Sr (r = 0.91), Fe (r = 0.90), Cu (r = 0.83) and sig-
nificant (p < 0.01) positive correlation with Mo (r = 0.78), 
B (r = 0.74) and Li (r = 0.67). Similarly, Fe has a strong 
positive correlation with Mn (r = 0.99), Zn (r = 0.98), Cr 
(r = 0.92), Al (r = 0.90), Ni (r = 0.89), Pb (r = 0.87), EC 
(r = 0.84), Li (r = 0.80), Sr (r = 0.78), B (r = 0.75), Cu 
(r = 0.73) and Mo (r = 0.72). Mn is correlated well with 
Fe (r = 0.99), Zn (r = 0.97), Al (r = 0.92), Cr (r = 0.91), 
Ni (r = 0.89), Pb (r = 0.87), EC (r = 0.87), Sr (r = 0.81), Li 
(r = 0.77), B (r = 0.75), Mo (r = 0.74) and Cu (r = 0.73). In 
this study, Fe, Mn and Al express a strong positive correla-
tion with each other. Further, metals originating from geo-
genic sources generally expose a strong positive correlation 
with Fe, Mn and Al (GAE 2005; Badr et al. 2009; Rajmohan 
et al. 2020, 2022). As an aforementioned, volcanic forma-
tion, mafic rocks and basaltic rocks are the predominant 
rock types in the study site and these geological formations 
have enormous metals in various forms, namely oxides, 
hydroxides, carbonates and sulphides, and are associated 
with silicates (Alyamani and Hussein 1995; Reimann et al. 
2003; Salminen et al. 2005; Ahmed et al. 2017; Rajmohan 
et al. 2022). Weathering and dissolution of these formations 
mostly likely accumulate the trace metals in this aquifer.

Principle component analysis

Principle components analysis (PCA) was adopted to 
appraise the source of trace metals in this aquifer. In this 
study, PCA resulted in three PCs with eigenvalue > 1 
(Table 6), which explains 85% of the total variance (Table 6). 
The PCs scores were plotted to demark the influence of each 
PC in the study area (Fig. 4).

PC1 is the most significant and explains 57% of the total 
variance. The variables, namely EC, B, Al, Sr, Cu, Mn, Fe, 
Zn, Cr, Mo, Ni and Pb, are highly loaded in the PC1. High 
loading of Al, Mn and Fe suggests that the weathering of 
aluminium silicates and oxides/hydroxides of Fe and Mn 
are predominant sources of these metals in the study site 
(Badr et al. 2009; Rajmohan et al. 2014, 2017). Moreover, 
the concentration of Cu (3 µg/l), Mn (2 µg/l), Zn (10 µg/l), 
Cr (< 0.05 µg/l), Mo (10 µg/l), Ni (7 µg/l) and Pb (0.3 µg/l) 
in the seawater is very low (Hem 1985). Further, groundwa-
ter head varies from 13 to 1924 m above MSL, which rules 
out the possibilities for saline water invasion and marine 
origin of these metals in the study area. Thus, enrichment of 

these metals (Al, Cr, Cu, Fe, Mo, Ni, Pb, Zn) in the down-
stream wells is caused via weathering of respective minerals 
followed by evaporation (Figure SF1-SF3) (Salminen et al. 
2005). The elevated concentration of Cr and Ni in ultramafic 
rocks is reported (Salminen et al. 2005). Likewise, Pb is 
mostly associated with clay minerals, organic matter, Al/
Fe hydroxides and Mn oxides, which influence the Pb con-
centration in groundwater. Alyamani and Hussein (1995) 
reported various rock types and minerals in this basin, 
namely granodiorite (hornblende, biotite, oligoclase), chlo-
rite schist (epidote, chlorite), metabasalt (actinolite, albite, 
chlorite), diorite (andesine, hornblende, biotite) and granite. 
Further, flash flood and groundwater flow from upstream 
to downstream seem to be accumulated these metals in the 
downstream wells (Basahi et al. 2018).

However, high loading of EC, B and Sr reveals that apart 
from weathering, other sources such as evaporation, dissolu-
tion of evaporites and infiltration of highly evaporated irriga-
tion water from the agricultural field are likely contributing to 
the groundwater quality (Esmaeili et al. 2018). Spatial distribu-
tion of B and EC shows that elevated concentrations occurred 
in the coastal region as well as two wells in the north-eastern 
region (Figure SF1). Ure and Berrow (1982) reported the accu-
mulation of hydrated borate minerals in the evaporite deposits 
in an arid environment. Hence, the dissolution of evaporites 

Table 6  Results of principal component analysis

Bold values indicate significant correlation and highly loaded vari-
ables, respectively

Variables Principle components

PC1 PC2 PC3

pH −0.44 −0.24 −0.56
EC 0.95 0.04 0.18
Ag 0.13 0.87 0.12
Al 0.90 0.30 0.25
B 0.92 −0.09 −0.08
Ba 0.02 0.13 0.86
Cr 0.85 0.45 0.19
Cu 0.89 0.15 −0.04
Fe 0.87 0.36 0.12
Li 0.56 0.68 0.10
Mn 0.88 0.33 0.15
Mo 0.84 −0.14 0.39
Ni 0.84 0.44 0.22
Pb 0.82 0.47 0.23
Sr 0.88 0.05 0.29
V 0.13 −0.51 0.53
Zn 0.87 0.44 0.18
Total 9.7 2.8 1.9
% of Variance 57 17 11
Cumulative % 57 73 85
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Fig. 4  Spatial variation of prin-
cipal components PC1, PC2 and 
PC3 in the Wadi Fatimah basin
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is likely governed by both EC and B in the downstream wells. 
Likewise, the enrichment of these variables in the upstream 
region suggests the impact of long storage of groundwater, 
which facilitates the rock-water interaction. The spatial dis-
tribution pattern of Sr illustrates that high concentrations are 
noticed in the wells located far from the coast in downstream 
as well as a few wells in the northern region (Figure SF1). 
Further, Sr is a lithophilic element and belongs to group 2 in 
the periodic table. Hence, it can easily substitute with carbon-
ates, sulphates, gypsum, plagioclase and other silicates (Mielke 
1979). Dissolution of these minerals enhances the Sr concen-
tration in this aquifer along with evaporation.

The spatial distribution of the PC1 score (Fig. 4) explains 
that the highest values appeared in the downstream region 
(well numbers 10, 18) as well as in two wells (well numbers 
42, 40) in the northern region. Overall, PC1 explains that the 
predominant source of these metals is mineral weathering, 
evaporation, and irrigation return flow followed by evaporite 
dissolution in the groundwater (Barzegar et al. 2019).

The PC2 represents 17% of the total variance and is associ-
ated with Ag and Li. Further, moderate negative loading of 
V is noticed in this PC. The spatial distribution of Ag depicts 
that high concentrations occurred in the northern and southern 
regions. In the rest of the area, the Ag concentration is less 
than 50 µg/l (Figure SF3). Hence, rock–water interaction is 
the primary source of this metal in the study area (GAE 2005; 
Al-Shanti 2009). Similarly, the spatial distribution of Li shows 
that wells in downstream, northern and southern regions have 
high concentrations. The Li concentration in the seawater is 
170 µg/l. In the study site, the Li concentration in 15% of sam-
ples exceeded the seawater concentration and the maximum 
concentration is 432 µg/l, which ruled out the marine origin 
and reveals the impact of evaporation. The primary source for 

Li is silicate minerals and Li occurs as an accessory element 
in feldspar, amphibole and biotite mica (GAE 2005; Panda 
et al. 2020). Hence, Li is derived from the geogenic origin 
followed by evaporation. Figure 4 depicts the highest posi-
tive score of PC2 in the northern and southern regions where 
groundwater is largely regulated by the weathering processes 
facilitated by the long storage and evaporation.

PC3 explains only 11% of the total variance and Ba and 
V are loaded positively, whereas pH is loaded negatively. As 
aforementioned, both Ba and V are not correlating with other 
metals (Table 6). The spatial distribution pattern expresses 
that both are enriched in the central part of the study area 
(Figure SF3). In addition, V shows enrichment in the down-
stream wells. Ba is mostly derived from weathering of mafic 
rocks and basalt in the study site (Mielke 1979; Ure and Ber-
row 1982). However, Ba is not correlating with Fe and Al 
in this study. Hence, the dissolution of carbonate (Witherite 
 (BaCO3)) and sulphate minerals (Barite  (BaSO4)) is most 
likely the primary control of Ba concentration in the ground-
water (Massey and Barnhisel 1972; Aiuppa et al. 2000). Bar-
ite is one of the important minerals in evaporite (Senior and 
Sloto 2006). In the case of V, basaltic and mafic rocks and 
volcanic emissions are predominant geogenic sources for 
this metal (Mielke 1979; Taylor et al. 1979). The spatial 
distribution of this PC indicates that the highest positive 
scores are identified in well number 38 followed by 31 and 
29 and the groundwater chemistry in the central part of the 
study area is governed by the mineral weathering processes.

Hierarchical cluster analysis (HCA)

Hierarchical cluster analysis (HCA) was also performed to 
investigate the potential sources of trace metals in the study 

Fig. 5  Dendrogram resulted 
from R-mode (variables) HCA 
analysis
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site. In this study, R-mode (variables) and Q-mode (wells) 
HCA were performed (Figs. 5, 6). R-mode HCA resulted 
in three major clusters as VG1, VG2 and VG3 and VG1 

shows the association of Cr, Ni, Pb, Al, Fe, and Zn. Loading 
of Al, Fe and Mn in this cluster strongly suggests the role 
of mineral dissolution (aluminium silicates, Fe/Mn oxides/

Fig. 6  Dendrogram resulted 
from Q-mode (wells) HCA 
analysis
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hydroxides) on water chemistry (Badr et al. 2009; Arslan 
et al. 2017; Rajmohan et al. 2017, 2022). The association of 
EC, Sr, B, Cu, Mn and Mo in VG2 indicates the influences 
of irrigation return flow, evaporation, evaporite dissolution 
and mineral weathering (Abiye and Leshomo 2014; Lima 
et al. 2014; Barzegar et al. 2019; Al-Bagawi et al. 2021; 
Rajmohan et al. 2022). In the PCA, variables loaded in PC1 
are clustered in VG1 and VG2. The Ba and V are associated 
with VG3 and both are highly loaded in PC3 and accumu-
lated in the groundwater through geogenic processes. Fur-
ther, Li, Ag and pH are not associated with any variables in 
this classification, which are highly loaded in PC2.

Q-mode cluster analysis clustered the wells with simi-
lar chemical characteristics. In this study, Q-mode HCA 
resulted in 4 clusters as WG1, WG2, WG3 and WG4 and 
well number 38 is not associated with any cluster (Fig. 6). 
The descriptive statistics of each cluster are presented in 
Table 7. The average concentration of each variable in 
each cluster is plotted in Fig. 7a. Based on the average of 
EC, the clusters follow the following decreasing order: 
WG3 > WG2 > WG4 > WG1. However, the average concen-
trations of variables indicate that samples in WG3 and WG2 
are extremely polluted compared to other clusters.

Table 7 and Fig. 7a depict that variable concentrations 
are generally low in cluster WG1 and the average pH is 
slightly higher than in other clusters. Further, 58% of sam-
ples are associated with WG1 and EC varied from 782 µS/

cm to 2840 µS/cm (Average, 1716 µS/cm) (Table 7). Wells 
clustered in WG1 are mostly located in the upstream and 
central parts of the study area (Fig. 7b). In the central 
region, groundwater metal concentrations are generally 
low (Figures SF1–SF3) and the water chemistry is pre-
dominantly governed by the geogenic sources.

In the WG4, the average concentrations of trace metals 
are higher than the WG1 but lower than WG2 and WG3 
(Fig. 7a, Table 7). The mean of Ag, Ba and Li in WG4 
is greater than that in WG3. Further, 22% of samples are 
clustered in this cluster and EC ranged from 1403 µS/cm 
to 6520 µS/cm with a mean of 4190 µS/cm. The spatial 
distribution pattern illustrates that these wells are located 
in the downstream (western region) region and far from 
the coast (Fig. 7b). Table 7 exhibits that 80% of samples 
are belongs to WG1 (58%) and WG4 (22%) clusters in the 
study area.

Four samples (7%) are associated with cluster WG2 and 
EC is between 3790 µS/cm and 6150 µS/cm (average 4875 
µS/cm). In this cluster, the average concentration of Ag, Ba, 
Cr, Fe, Ni, Pb, Zn and Li are higher than in other clusters; 
however, the concentration of V is below the detection limit. 
Figure 7 demonstrates that these wells have existed in the 
northern and southern regions (upstream). High EC values 
in the upstream wells imply that the water chemistry is pre-
dominantly affected by rock–water interaction triggered by 
the long storage and evaporation.

Table 7  Descriptive statistics of various variables for HCA groups

Sample numbers 1, 5 and 11 are excluded in the MSA. Sample number 38 is not associated with any cluster and is not included in the table

WG1 (N = 32)

pH EC Ag Al B Ba Cr Cu Fe Ni Pb Zn Mo V Li Mn Sr

Min 7.1 782 BDL 19 184 12 17 1 74 17 6 19 15 BDL 19 17 422
Max 7.8 2840 173 90 1510 204 102 195 130 136 42 53 188 151 53 31 3784
Average 7.4 1716 12 35 592 74 32 61 85 41 13 27 80 17 27 20 1964
STD 0 535 36 13 297 46 15 52 10 21 6 6 36 27 9 3 871
WG2 (N = 4)
Min 6.94 3790 317 142 925 74 209 320 436 246 76 145 204 BDL 163 96 3095
Max 7.32 6150 640 228 2075 168 272 605 486 345 106 172 408 BDL 399 112 14,020
Average 7.11 4875 443 182 1406 105 236 423 462 288 93 162 291 – 248 102 7113
STD 0.16 1143 139 40 484 43 28 132 21 44 12 12 100 – 104 7 4796
WG3 (N = 7)
Min 6.85 6320 BDL 110 2120 42 112 471 380 125 38 103 245 BDL 124 87 6520
Max 7.51 11,580 98 246 4630 122 277 825 510 352 110 177 635 101 164 122 18,270
Average 7.13 9107 18 198 3008 75 191 664 450 235 76 142 483 46 138 106 12,762
STD 0.22 2140 36 49 843 28 52 111 41 71 23 24 138 38 13 13 4055
WG4 (N = 12)
Min 6.85 1403 BDL 44 426 37 53 1 111 56 16 47 50 BDL 116 22 715
Max 7.67 6520 289 185 1870 218 177 411 450 215 68 148 392 68 265 105 8720
Average 7.23 4190 31 101 1318 94 108 163 362 119 37 98 231 19 153 83 5119
STD 0.20 1294 83 44 370 63 39 169 85 50 15 26 98 25 43 21 2955
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In cluster WG3, seven samples (13%) are associated, 
and EC ranged from 6320 µS/cm to 11,580 µS/cm (mean 
9107 µS/cm) (Table 7). High salinity is noticed in these 
samples compared to other clusters and these wells are 
lies in the downstream region (Table 7; Fig. 7). In WG3, 
the average concentration of Al, B, Cu, Mo, V, Mn and Sr 
in the groundwater is higher than in other clusters. The 
average concentrations of V, Cu and Mo show significant 
variation and enrichment in these samples compared to 
other clusters. However, the variation in the average con-
centrations of Al, Fe and Mn between WG2 and WG3 is 
not significant (Fig. 7). This observation justifies that the 
enrichment of trace metals in the WG3 cluster wells is not 
due to mineral weathering alone, whereas other factors, 
namely evaporation, irrigation return flow and evaporite 
dissolution, also accumulated the metals in these wells. 
Hence, the water chemistry in this cluster is predominantly 
affected by evaporation, and evaporite dissolution followed 
by mineral weathering (Esmaeili et al. 2018; Barzegar 
et al. 2019).

Human health risk assessment

Human health risk assessment (HRA) was computed to 
evaluate the potential health risk due to the oral ingestion 
of metal-polluted groundwater for adults and children in the 
study area. The hazard quotient  (HQoral) for each metal as 
well as the hazard index (HI) was calculated in this study. 
Figure 2 depicts the percentage of samples that surpassed 
the recommended value (HQ > 1) based on each metal. In the 
case of Al, all the samples surpassed the recommended limit 
for both adults and children. Similarly, based on the percent-
age of samples that exceeded the limit, the metals follow the 
following decreasing trend: Al > Li > Mo > Cr > Cu > Ag > P
b > Sr > Ni = B = V (adults) and Al > Mo > Li > Cu = Cr > P
b > Ag > Sr > B = Ni > V (children). Metals, namely Ba, Fe, 
Mn and Zn, have  HQoral < 1 in all the samples.

In the study area, HI computed for adults ranged from 
3 to 105 with an average of 18.8 and for children, it var-
ied from 4 to 142 with a mean value of 25.4, respectively 
(Table 4). The HI values suggest that none of the samples are 
suitable (HI > 1) for drinking, which causes potential non-
carcinogenic health risks to the consumer. Further, children 
are highly vulnerable compared to adults in the study site. 
Hence, the groundwater should be treated before going to 
supply to the local inhabitants.

Conclusions

In the Wadi Fatimah basin, there is a large variation in the 
salinity in the groundwater and extreme salinity is noticed in 
the downstream wells; however, a few wells in the upstream 
region also have high salinity in the groundwater. The spatial 
distribution pattern of trace metals also depicts a similar 
trend in this basin. Trace metal concentrations HPI and Cd 
implied that none of the samples are suitable for drinking 
due to the high metal load. Extreme pollution is observed 
by the metals, namely Li (100%), Ni (98%), Pb (86%) and 
B (78%), and it is in the decreasing order of Li > Ni > Pb > 
B > Mo > Cr > Al > Fe = Mn > V > Sr > Ag > Cu. Thus, the 
groundwater needs proper treatment before going to supply 
for any application.

PCA resulted in three PCs (85% of total variance) and 
PC1 (57% of total variance) shows the high loading of Al, 
Mn, Fe, EC, B and Sr which justifies the role of mixed 
sources, namely mineral weathering (weathering of alu-
minium silicates and Fe and Mn oxides/hydroxides), evap-
oration, irrigation return flow and evaporite dissolution. 
The PC2 (17%, Ag and Li) explains the impact of long 
storage and evaporation along with mineral weathering, 
and the highest positive score is recorded in the northern 
and southern regions. PC3 (11%, Ba, V and -pH) justified 

Fig. 7  The average values of pH, EC (µS/cm) and trace metals (µg/l) 
in HCA groups (a) and their spatial distribution (b) in the study site
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the geogenic origin and the factor score depicts the higher 
values in the central part of the study area.

R-mode HCA rendered three major clusters, namely 
VG1, VG2 and VG3. VG1 justifies the role of rock-water 
interaction on water chemistry whereas VG2 indicates the 
predominant influences of evaporation, irrigation return 
flow and evaporite dissolution. Metals in VG3 imply the 
impact of geogenic origin in this aquifer. Q-mode HCA 
resulted in 4 clusters and samples in WG3 and WG2 are 
extremely polluted compared to other clusters. Ground-
water samples in WG1 (58%) are less mineralized, and 
the water chemistry is governed by the mineral disso-
lution. In WG4 (22%), groundwater is also affected by 
geogenic sources; however, the enhancement of EC and 
metals in these wells indicates the impact of evaporation. 
Groundwater samples in WG2 (7%) are highly mineral-
ized due to long storage, mineral weathering and evapora-
tion. In WG3 (13%), groundwater shows very high salinity 
(EC = 6320–11,580 µS/cm) and metal load owing to the 
impact of irrigation return flow, evaporation and evaporite 
dissolution followed by mineral weathering.

Human health risk due to the oral ingestion of metal-
polluted water was assessed using  HQoral for each metal 
and hazard index, which reveals that none of them is 
suitable (HI > 1) for drinking and causes potential non-
carcinogenic health risks to the consumer. Further, chil-
dren are highly vulnerable compared to adults in the study 
site. Hence, a mitigation plan should be imposed by local 
municipalities and policymakers to ensure a good qual-
ity water supply to the local inhabitants. The integrated 
approach employed in this study can be useful to assess 
aquifer contamination in any region.
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