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Abstract The consumption of contaminated river water
can have severe effects on human health. This study aims
to investigate the trace elements (TES) content and their
health risk assessment in the Badigad River Basin in the
lesser Himalayas of Nepal. In total, 44 water samples were
collected from 22 different sites during the pre-monsoon
and monsoon seasons, and 25 TEs were analyzed. Corre-
lation matrix and principal component analysis (PCA) were
used to analyze the potential relationship between the
measured TEs and their source tracking. Furthermore, the
water quality index (WQI), metal index (MlI), and cancer
index (CI) were evaluated. The TEs content in all samples
were found to be within the WHO recommended guideline
for drinking and domestic purposes. The dominancy order
of the TEs was observed as Sr[ Ba[ Li[ Rb[ Zn[ Cr[

Sc[ Mn[ Ti[ Cu[ As[ Ni[ Co[ U[ V[ Pb[ Cs[

Ga[ Y[ TI[ Th[ Zr[ Bi[ Cd[ Nb. The PCA analysis
suggested that TEs could have natural, anthropogenic, and
mixed origins. The WQI indicated that the river water is
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safe from a human health perspective. The MI suggested
that Badigad River can be considered safer for drinking
purposes, and the cancer index (Cl) showed that all the
reported TEs are at low-risk levels. The findings of this
study could be useful for government agencies in devel-
oping more sustainable water management policies in the
region. However, it is suggested that further investigations
should be conducted in terms of other hydrogeochemical
variables, including major ions, at spatiotemporal levels for
the sustainability of the river basin.

Keywords Trace elements - Water quality - Health risk
assessment - Multivariate analysis - Badigad River

1 Introduction

Surface water is a vital natural resource that is used for a
variety of purposes, including drinking and utility water
supply, aquaculture, irrigation, and energy production
(Boyd et al. 2016; Pant et al. 2020). However, the
increasing reliance on water resources, combined with
rapid industrialization, agriculture, and urbanization, has
resulted in the release of pollutants into water bodies,
leading to water pollution (Bishwakarma et al. 2022; Pant
et al. 2022; Ustaoglu and Tepe 2019). The quality of sur-
face water is highly impacted by various natural and
anthropogenic factors (Diamantini et al. 2018; Pant et al.
2021a; Sarin et al. 1989). Natural factors such as precipi-
tation, chemical weathering, and evapo-crystallization,
along with groundwater discharge and anthropogenic
activities, all play a role in controlling the hydrochemistry
of river water (Gibbs 1970; Pant et al. 2018, 2022; Thomas
et al. 2015).
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Fig. 1 Sampling locations in Badigad River Basin

Table 1 Land use distribution in Badigad River Basin

Class Area (km?) Percentage cover (%)
Forest 1124.6 56.50
Shrubland 60.6 3.00
Grassland 63.3 3.20
Agriculture area 734.3 36.90
Barren area 6.6 0.30
Waterbody 1.9 0.10
Built-up area 0.8 0.01

Sc, Mn, Ti, Cu, As, Ni, Co, U, V, Pb, Cs, Ga, Y, Tl, Th, Zr,
Cd, Bi, and Nb, using standard operating conditions.
Duplicate measurements were taken for each sample to
ensure accuracy. To ensure quality control, one blank
sample and a standard sample of 2.5 pg/L of each TE were
analyzed. The accuracy of the analytical protocol was
determined by repeated measurement of an externally
certified reference solution, which showed analytical pre-
cision of less than 5%.

2.3 Statistical analysis

The statistical analysis included the computation of
descriptive statistics, such as the minimum, maximum,
mean, and standard deviation (SD), using SPSS version
22.0. Additionally, a correlation matrix (CM) was gener-
ated to observe the spatio-temporal variation of TEs in
different settings of the river basin. To identify possible
sources and potential correlations of TEs with each other,
principal component analysis/factor analysis (PCA/FA)
was performed on the normalized dataset of TES concen-
tration. The PCs were subjected to varimax rotation, and
the suitability of the dataset for PCA/FA was evaluated by
examining the Kaiser—Meyer-Olkin (KMO) tests (Ben-
graine and Marhaba 2003).

2.4 Water quality index (WQI)

The WQI acts as a robust index to represent the river water
quality (Sahu and Sikdar 2008). WQI can be calculated
using Eq. (1):
X )

W; % x 100 (1)

WQI =

1=
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Table 3 Descriptive analysis of trace elements (ng/L)
Elements  Overall Pre-monsoon Monsoon

Minimum  Maximum SD Mean  Minimum Maximum SD Mean  Minimum Maximum SD Mean
As 0.05 1.83 047 099 0.37 1.83 049 107 0.05 1.67 044 091
Ba 0.37 251.10 58.29 62.94 1.40 251.10 7183 7325 0.37 128.9 39.69 52.63
Bi 0.00 0.03 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.00 0.00
Cd 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Co 0.00 6.35 144 067 0.03 0.17 0.05 0.11 0.00 6.35 189 124
Cr 0.08 10.10 207 265 0.48 4.42 130 234 0.08 10.10 263 296
Cs 0.00 0.33 0.08 013 0.01 0.33 0.08 0.12 0.00 0.27 0.08 0.14
Cu 0.01 7.67 189 197 0.70 1.61 032 099 0.01 7.67 228 295
Ga 0.00 0.05 0.01  0.02 0.00 0.02 0.01 001 0.00 0.05 0.01  0.03
Li 0.00 22.03 589 549 0.00 22.03 772 6.67 0.10 8.93 293 432
Mn 0.01 7.51 1.85 2.08 0.15 3.60 115 134 0.01 7.51 214 281
Nb 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ni 0.09 3.27 0.60 0.98 0.29 1.43 038 092 0.09 3.27 077 104
Pb 0.02 0.55 012  0.16 0.02 0.55 0.16 0.16 0.03 0.24 0.04 0.15
Rb 0.04 10.71 3.26 4.96 1.45 10.25 3.08 442 0.04 10.71 3.42 5.51
Sc 0.04 5.25 1.70 210 0.71 5.25 131 350 0.04 0.94 0.18  0.69
Sr 1.98 226.80 59.33 89.19 10.09 226.80 68.31 86.87 1.98 176.9 50.29 9151
Th 0.00 0.06 0.01 0.01 0.00 0.02 0.00 001 0.00 0.06 0.01 0.01
Ti 0.02 10.58 199 206 0.45 2.66 061 171 0.02 10.58 273 241
Tl 0.00 0.06 0.01 0.01 0.00 0.06 0.01 001 0.00 0.02 0.00 0.01
U 0.01 0.95 029 044 0.01 0.87 026 037 0.02 0.95 031 052
\Y% 0.00 0.48 0.10 0.28 0.14 0.42 0.08 0.27 0.00 0.48 0.11 0.29
Y 0.00 0.04 0.01  0.02 0.01 0.03 0.01 001 0.00 0.04 0.01  0.02
Zn 0.00 8.90 245  3.05 0.59 7.80 218 233 0.00 8.90 255  3.77
Zr 0.00 0.02 0.00 0.01 0.00 0.01 0.00 001 0.00 0.02 0.00 0.01
were obtained from various sources, including Pant et al. X C
(2021b) and Rupakheti et al. (2017). For TEs such as As, = MAC (2)
Cd, Cr, Mn, and Pb, a weightage of 5 was assigned due to A

where

their particularly harmful effects on water quality. Ba and
Cu were assigned a weightage of 2, while Co, Ni, and Zn
were assigned a weightage of 1, as their impact on water
quality is relatively low. Li, Cs, Sc, Sr, and V were
excluded from the calculation of the water quality index
(WQI) due to a lack of sufficient data. Therefore, out of 25
elements, only 10 were included in the WQI calculation.
The WQI is categorized into five different levels:\ 50 is
excellent, 50-100 is good, 100-200 is poor, 200-300 is
very poor, and[ 300 is unsuitable for drinking.

2.5 Metal index (MI)
The MI designates the possible effects of TEs on human

health. It was calculated using Eq. (2) (Tamasi and Cini
2004).

C = average concentration of TE,

MAC = Maximum allowable concentration of TE.

MAC for the As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn
is allocated 10, 700, 3, 50, 50, 2000, 400, 70, 10, and
3000 pg/L, respectively.

The value MI[ 1 is a threshold of warning for low
water quality and thus cannot be used for drinking purposes
and MI\ 1 is considered suitable for drinking purposes.

2.6 Health risk assessment (HRA)

Assessing the human health risk associated with TEs in
aquatic environments is crucial for developing effective
management strategies. Several parameters can be utilized
to evaluate health risk, as demonstrated by studies con-
ducted by Tripathee et al. (2016) and Wu et al. (2009). For
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Fig. 3 Seasonal variation of
trace elements (TEs) in Badigad
River during pre-monsoon and
monsoon seasons

the assessment of non-carcinogenic effects, the U.S.
Environmental Protection Agency (USEPA) recommends
the use of Hazard Quotient (HQ) and Hazard Index (HI), as
described by Meng et al. (2016). Typically, the risk
assessment considers the amount of TE exposure through
ingestion and skin absorption (Ustaoglu and Tepe 2019).
The equations for calculating HQ and HI are provided
below:

ADDijngestion = (Cw x IR x EF x ED)=(BW x AT) (3)
ADDgermal = Cw X SA X Kp x ET x ED x 1072 =

(BW x AT) )
HQingestion = ADDingestion=RfD (5)
HQuermal = ADDgermai=RfD (6)
HI = HQijngestion + HQdermal (7)

The calculation of HQ and HI involves several param-
eters. ADDjngestion and ADDgermar (ngkg ™" day ™) refer to
the average daily dose from ingestion and dermal absorp-
tion, respectively. C,, denotes the average TE concentra-
tion in each water sample (ng/L), while BW represents the
average body weight (70 kg for adults and 15 kg for
children). The ingestion rate (IR) is set at 2 L/day and 0.64
L/day for adults and children, respectively, and EF refers to
the exposure frequency (350 days/year). The exposure
duration (ED) is 30 years for adults and 6 years for chil-
dren, and AT is the average time (ED x 365 days/year).
The exposed skin area (SA) is 18,000 cm? for adults and
6,600 cm? for children, and ET denotes the exposure time
(0.58 h/day and 1 h/day for adults and children, respec-
tively). Kp is the dermal permeability coefficient in water
(cm/h), while RfD represents the corresponding reference

1=

Fig. 4 Spatial variability of the trace elements (TEs) in different
sampling locations

dose (ug kg~ day ). These values are taken from USEPA
(2004). When HQ exceeds 1, non-carcinogenic effects that
may pose a risk to human health should be considered.

The assessment of Cancer Risk (CR) is important for
evaluating the likelihood of individuals developing cancer
because of exposure to chemicals over their lifetime.
However, only a limited number of elements are classified
as having carcinogenic properties. To determine the Cancer
Index (CI), the CR from ingestion is combined with the
cancer risk resulting from dermal absorption. Among the
elements investigated, the CR and CI for As, Cd, Pb, and
Cr were calculated using Eq. 7 and 8, respectively.
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Fig. 5 Principal components (PCs) loading plot for the trace elements (TEs)

CRingestion = ADDingestion=SF (8)
CRdermal = ADDgermal=SF (9)
Cl = CI:{ingestion + CRdermal (10)

where SF is the oral cancer slope factor (ug kg~* day™2).
The SF values were 0.0015 and 0.00366 pg kg~ day ™ for
ingestion and dermal exposure, respectively (Shah et al.
2012). It is recommended that CR within the range of 10~*
and 107% is the acceptable tolerable range for the car-
cinogenic risk (USEPA 2004).

3 Results and discussion
3.1 General composition of TEs

Descriptive statistics, including minimum, maximum,
mean, and standard deviation (SD), were calculated for
each parameter, as shown in Table 3. The analysis revealed
that among the 25 measured TEs in the basin, Nb, Cd, and
Bi had the lowest average concentrations, while Sr, Ba, and
Li had the highest. The concentration hierarchy, from
highest to lowest, was found to be Sr[ Ba[ Li[ Rb[ Zn
[ Cr[ Sc[ Mn[ Ti[ Cu[ As[ Ni[ Co[ U[ V[ Pb
[ Cs[ Ga[ Y[ TI[ Th[ Zr[ Bi[ Cd[ Nb. Based on
the concentration groups, the TEs were classified as low,
medium, or high. The low-concentration group included
Ga, Y, Tl, Th, Zr, Bi, Nb, and Cd { 0.10 ng/L), the
medium group included Rb, Li, Zn, Cr, Cu, Mn, Ti, Co, Ni,
As, Sc, U, V, Pb, and Cs (0.10-10 ng/L), and the high
group included Sr and Ba { 10 pg/L), as shown in Fig. 3.

1=

3.2 Temporal distribution of TEs

The seasonal variation of dissolved TEs is summarized in
Fig. 3, which displays significant seasonality. This varia-
tion can be attributed to varying seasonal inputs to the main
river and its tributaries from natural and/or anthropogenic
activities (Varol et al. 2013). The pre-monsoon season
showed the highest mean concentration of Sr, while Nb had
the lowest. The mean concentration in this season followed
the order of Sr[ Ba[ Li[ Rb[ Sc[ Cr[ Zn[ Ti[ Mn
[ As[ Cu[ Ni[ U[ V[ Pb[ Cs[ Co[ Y[ TI[ Th
[ Ga[ Zr[ Cd[ Bi[ Nb. Inthe monsoon season, the
mean concentrations of Sr and Nb were also found to be the
highest and lowest, respectively. The concentration of TEs
during the monsoon season was in the order of Sr[ Ba[
Rb[ Li[ Zn[ Cr[ Cu[ Mn[ Ti[ Co[ Ni[ As[ Sc
[ Ul V[ Pb[ Cs[ Ga[ Y[ TI[ Th[ Zr[ Bi[ Nb][
Cd. A comparison of monsoon and pre-monsoon data
revealed that most of the TEs had a lower concentration
during the monsoon season (Fig. 3).

3.3 Spatial variation of TEs

Figure 4 illustrates the spatial variability of TEs in the
BRB, which displayed significant variations in concentra-
tion. Except for Ba and Sr, all other TEs had mean con-
centrations below 10 pg/L across all sampling sites. Bi, Cd,
Co, Th, Ga, Nb, TI, Y, and Zn were classified as low
abundance elements as their concentrations were found to
be\ 0.01 pg/L. In contrast, As, Cr, Cs, Cu, Li, Mn, Ni, Pb,
Rb, Sc, Ti, U, V, and Zn were classified as medium
abundance elements, with concentrations ranging from
0.1 ug/L to 10 pg/L. Ba and Sr, on the other hand,
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negative correlation with Rb and Th. Co had a strong = s 8
positive correlation with Ni and Ba and a moderate positive Nle e e
correlation with Zr and U, while Ni showed a moderate clemd&8an 8
positive correlation with Zr, Ba, and U. Zn displayed a N|lo =SB 33 s s
moderate positive correlation with Y and Pb but a negative 8 g
correlation with Ga. Ga exhibited a moderate positive S
correlation with As, Rb, and Sr, while As showed a mod- 88885888
erate positive correlation with Rb and Tl but a negative > ©
correlation with Pb. Rb had a moderate positive correlation g, ,8 8,
with Sr and Cs but a negative correlation with Pb. Sr .
exhibited a high positive correlation with Cr, and Zr had a 1S o
moderate positive correlation with Ba. In summary, the g 2
CM results suggest that certain TEs likely share common [ I A te o
sources while others have distinct origins. These findings - g g
could aid in identifying potential sources of TEs contami- Els 0 388 %
nation in the study area. 2% g3 § =
5188 1 8248388 |3
3.5 Principal component analysis (PCA) o < ~ o 8
3 P BT B I §
PCA is a powerful statistical tool used to reduce the s 3 ks
dimensionality of large datasets. In this particular study, N
PCA was used to analyze 25 experimental variables (Sr, 92 gag8ssg i,
Ba, Li, Rb, Zn, Cr, Sc, Mn, Ti, Cu, As, Ni, Co, U, V, Pb, @ flccicdcss3 g
Cs, Ga, Y, Tl, Th, Zr, Cd, Bi, and Nb) for both pre-mon- _f = § g E E . R = @ o ‘g,
soon and monsoon seasons and presented in Fig. 5. Before E TE
conducting the analysis, the researchers performed Kaiser— E s g B
Meyer-Olkin (KMO) and Bartlett’s sphericity tests to ..g Z e 1 S S |3
ensure the validity of the PCA. The resulting factor loading 2 e S m W ;
scores were classified based on their correlation values, 2 Sl228485Sg3 8|S
with\ 0.5 representing weak correlation, 0.5-0.75 repre- 3 > < © o o - g
senting moderate correlation, and [ 0.75 representing E SlesgaSd 3|3
strong correlation. The strong and moderately correlated E N - b
variables were considered to have a major influence on the = 31118183 |s
river water quality. S - T S §
In the pre-monsoon season, four principal components E 32893322383
(PCs) with an eigenvalue greater than one explained S @ o ® o g
75.44% of the total variance. PC1 accounted for 31.45% of S 8ls 11813 |8
the total variance and had strong positive loading on Cr, @ oy Na LS. z
Co, Zr, and Ba, and moderate positive loading on Sc, Mn, £ S|lad oS deows B3
Ni, Y, Cd, and Pb. The co-location of these trace elements é ol B3 83 =
(TEs) suggested mixed sources, potentially related to 5 R I %;
anthropogenic activities such as domestic and agricultural ; z|8&8&8888 . §
practices. PC2 explained 23.18% of the total variance and E - - s
showed strong positive loading on Li, Rb, Sr, Tl, and Bi, sIElS]3S P 1
and moderate positive loading on Ga and As. The co-lo- g | g v o e e =
cation of these TEs suggested geological and lithological —E 508 3 3 \ S 3S 3 E w 8|8
sources, likely related to natural rock weathering. Rb is ol o o - o o %
primarily derived from natural sources, whereas Tl is a ZlElel8S ., 253 2|&
sulfophilic element derived primarily from sulfides. PC3 = o v ;
explained 12.42% of the total variance and showed strong § 558 82% 8% |8
positive loading on Zn and moderate positive loading on Cs ° = g =g g § % i
and Cu. The co-location of these TEs suggested common 2|5 &% E § Z8 5§ 20|k
sources, potentially related to anthropogenic activities. PC4 & 8828858z |%
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Table 8 Hazard quotient by ingestion and dermal pathways and Hazard Index for both children and adults for non-carcinogenic risk assessment

1=

HI

HQdermaI

RfI:)ingt-,‘stion RfDdermaI HQingestion

Kp

Elements

Child

Adult

Child

Adult

Child

Adult

3.00 x 107¢ 1.20 x 1072 9.06 x 1072 1.35 x 10°* 3.29 x 107° 3.40 x 1072 9.06 x 1072 1.39 x 107*
1.40 x 10'

2.00 x 107

1.00 x 1073

As

1.29 x 1072 1.84 x 107° 1.90 x 1073 8.62 x 1073 1.48 x 1072

3.00 x 1074

8.62 x 1073

1.00 x 1073

Ba

6.00 x 10~° 2.00 x 107* 3.70 x 1074

6.00 x 1078

5.00 x 107* 3.00 x 1072 2.00 x 10~*

1.00 x 1073

Cd

3.00 x 107t 6.00 x 1072 6.15 x 1072 9.19 x 1072 1.84 x 107° 1.89 x 1073 6.15 x 1072 9.38 x 1072
3.00 x 10°
400 x 10*
2.40 x 10*
2.00 x 10°

1.40 x 10°
3.00 x 107

4.00 x 107

Co

8.00 x 1072 242 x 1072 3.62 x 1072 1.45 x 107° 1.49 x 1072 242 x 1072 511 x 1072

8.00 x 10°

1.00 x 1073

Cr

202 x 1072 1.00 x 10~ 1.00 x 1074 135 x 1073 212 x 1073

1.35 x 1073

1.00 x 1073

Cu

9.60 x 107t 2.37 x 1072 354 x 1073 8.80 x 1077 9.10 x 107 237 x 1072 4.45 x 1072

1.00 x 1073
2.00 x 1074

Mn

1.35 x 1073 2.01 x 1073 1.00 x 1077 1.00 x 10~* 1.35 x 1073 2.12 x 1073

8.00 x 107t

Ni

420 x 107t 3.04 x 1072 453 x 1072 2.00 x 1078 2.00 x 107° 3.04 x 1072 455 x 1072

6.00 x 10!

1.00 x 10~*
6.00 x 1074

Pb

420 x 1074 1.00 x 1078 1.00 x 1073 2.80 x 107 430 x 1074

2.80 x 107

Zn

Badigad River is currently in a relatively pristine state in
most of the sampling locations to date.

3.7 Water quality index (WQI) and metal index
(MI)

Water quality is a crucial aspect of water resource man-
agement, especially for rivers (Misaghi et al. 2017). The
WQI and MI values obtained for both seasons are pre-
sented in Table 7. The WQI for both pre-monsoon and
monsoon seasons was found to be\ 50, with values of
3.41 and 3.30, respectively. The combined WQI for both
seasons was 3.38. These results indicate that the Badigad
River has excellent water quality in terms of TEs based on
the WQI, making the river water suitable for drinking and
other domestic purposes. Furthermore, Table 7 shows that
there is very little difference in the WQI of the Badigad
River between the pre-monsoon and monsoon seasons.

The MI values for both seasons and the combined data
were 0.29 for each. Since the value of MI was\ 1, the
water is also suitable for drinking purposes in terms of M.
Therefore, both WQI and MI values indicate that the
Badigad River has excellent water quality, which can be
used for multiple purposes, including drinking.

3.8 Health risk assessment (HRA)

The presence of TEs in water can have both non-carcino-
genic and carcinogenic effects on human health, making
their assessment critical for aquatic risk management. The
widely used Hazard Quotient (HQ) and Hazard Index (HI)
were employed in this study, and the results are presented
in Table 8 for adults and children via ingestion and dermal
pathways. Children were found to be more sensitive than
adults, with higher HQjngestion, HQgermal, and HI values for
each element. This finding is consistent with previous
research (Wang et al. 2014). The HI values for both adults
and children followed an order: As[ Co[ Cr[ Ba[ Pb[
Mn[ Cu[ Ni[ Zn[ Cd. However, all HQ and HI values
for both adults and children were within safe limits { 1),
indicating no significant health risks associated with the
presence of TEs in the Badigad River water (Ustaoglu and
Tepe 2019).

Only a few of the studied elements, namely As, Cd, Pb,
and Cr, are known to pose a carcinogenic risk. Therefore,
cancer risk (CR) and cancer index (CI) were calculated for
these elements only (Table 9). Results showed that the risk
of developing cancer through both ingestion and dermal
exposure was higher for children than for adults (Rupakheti
et al. 2017). Similarly, the Cl was also higher for children,
indicating that they are more susceptible to the carcino-
genic effects of TEs. The order of CI for both adults and
children followed the same pattern, with Pb having the
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Table 9 Cancer risk and cancer Elements CRi ... CR Ccl

index for adults and children for ngestion dermal

the carcinogenic risk assessment Adult Child Adult Child Adult Child
As 408 x 107° 609 x 107° 148 x 10™° 153 x 107® 4.08 x 107° 6.24 x 107°
Cd 153 x 1077 228 x 1077 557 x 1072 575 x 10™° 153 x 1077 2.34 x 1077
Pb 1.09 x 107* 163 x 107* 397 x 107° 4.09 x 10°® 1.09 x 10™* 167 x 107*
Cr 637 x 107 952 x10° 232x 107 24x10® 637 x10° 954 x 10°°

lowest index and Cd the highest. Despite these higher risks,
the Cls for both adults and children were found to be within
the safe limit (10°° and 10~*), indicating a low risk of
carcinogenicity.

4 Conclusion and perspectives

In this study, we conducted a spatiotemporal analysis of
trace elements (TEs) in the Badigad River, Lesser Hima-
layas, Nepal, and assessed their potential health risks. Out
of the 25 elements analyzed, Sr was found in the highest
concentration, followed by Ba. The overall dominancy
order of the TEswas: Sr[ Ba[ Li[ Rb[ Zn[ Cr[ Sc[
Mn[ Ti[ Cu[ As[ Ni[ Co[ U[ V[ Pb[ Cs[ Ga[
Y[ TI[ Th[ Zr[ Bi[ Cd[ Nb. The concentration of
the TEs varied significantly seasonally and spatially, with
seasonal variation characterized by varying inputs,
including discharge to the main river and its tributaries.
Principal component analysis revealed that geogenic fac-
tors were the primary contributors to the TEs in the river
water, with anthropogenic factors being secondary.

Despite the marked spatiotemporal variation of the TEs,
the mean values of all the elements were within WHO
limits in both seasons. The water quality index (WQI) of
the river was\ 50, signifying excellent water quality.
Likewise, the metal index for both seasons was 0.29,
indicating that the water was well-suited for drinking
purposes. Overall, the water of the Badigad River posed
negligible hazardous impacts on human health, except for a
few elements (As, Cd, Pb, and Cr), showing minimum
carcinogenic risks.

The database and analytical results of this study could
be useful for governmental bodies and other concerned
stakeholders in developing sustainable river basin man-
agement policies and maintaining water quality in the river
basin. Further investigations on hydrochemical variables,
including major ions, are recommended to better under-
stand the sustainability of water quality under the context
of global climate change.
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