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Abstract

River Yamuna is one of the most sacred major tributaries of river Ganga. This study aimed
to assess the level of heavy metals in monsoon and non-monsoon season in river Yamuna
in Uttar Pradesh, India and to assess the possible source of contamination and its associ-
ated health risk. Except for iron (Fe), the mean levels of all metals were within drinking water
safe limits in both seasons. Except for chromium (Cr), lower values were observed for other
metals in the monsoon season could be attributed dilution effect. Multivariate analysis indi-
cated that both geogenic and anthropogenic sources contribute to heavy metals in river
Yamuna in monsoon and non-monsoon seasons. The health risk in terms of hazard index
(HI) and fuzzy-logic hazard index (FHI) demonstrated that both HI and FHI values among
children exceeded the safe limit in most of the sites in non-monsoon seasons and in few in
monsoon season. For adults, HI and FHI values were within safe limit.

1. Introduction

River water have been used for various purposes including drinking, irrigation, domestic and
industrial applications [1, 2]. Unfortunately, the water quality in rivers has recently suffered
from dramatic deterioration due to various anthropogenic and natural activities [3]. Among
different pollutants, heavy metals are of serious concern due to their toxic, bioaccumulative,
non-biodegradable nature [4].

Arsenic (As), cadmium (Cd), chromium (Cr) and lead (Pb) rank among the priority metals
that are of great public health significance and are also classified as either “known” or “proba-
ble” human carcinogens based on epidemiological and experimental studies [5]. Other
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complications associated with heavy metals include gastrointestinal and kidney dysfunction,
nervous system disorders, skin lesions, vascular damage, immune system dysfunction and
birth defects [6]. The International Agency for Research on Cancer (IARC) has classified
nickel as a potentially carcinogenic substance [7]. Metals such as zinc, copper and iron are
essential elements that are required for several chemical or biochemical processes in the body
but are toxic above a certain concentration [8]. In the past few decades the concentration of
metals in almost all the Indian rivers has increased due to anthropogenic activities [9-11].
Heavy metals from industrial effluents and surface and agricultural runoff have been consid-
ered a major source of water pollution, causing serious human health risks [12, 13]. Accord-
ingly, comprehensive investigations should be performed to assess the health risks associated
with human exposure to metal-contaminated water, providing sustainable strategies for man-
aging the river systems.

India’s population relies on the River Yamuna as the primary water source for domestic
purposes and agricultural applications, fulfilling more than 90% of the total water demand in
several districts [14]. Unfortunately, in recent years the Indian Yamuna river and its major
tributaries and catchment area have suffered from severe pollution due to the discharge of
untreated or partially treated wastewater containing undesirable levels of toxic metals [2].
Hence, the study objectives are four fold: (1) to analyze the toxic elements along the entire
Yamuna stretch for the monsoon and non-monsoon seasons compared with the national and
international standards, (2) to assess their possible sources by using multivariate analysis, (3)
estimate potential noncarcinogenic human health risk for adults and children, (4) employ a
fuzzy-logic approach to generate a new criterion for health risk forecasting, namely fuzzy-logic
hazard index (FHI).

2. Materials and methods
2.1. Study area and water sampling

The Yamuna is one of the largest and longest rivers in India, with a total length of about 1376
km and a catchment area of 366,223 km?. It originates from the Yamunotri glacier (38° 59’ N,
78° 27" E) of the lower Himalayas in the District Uttarkashi (Uttranchal). The river can be clas-
sified into five sectors: the Himalayan, Upper, Delhi, Eutrophicated, and Diluted segments, as
demonstrated by Sharma and Kansal [14]. The important geo-environmental conditions of
the River Yamuna and the associated catchment basins are listed in the S1 Table. No special
permission was needed for collecting the samples from all along the stretch of river Yamuna.

In this study, 13 sampling sites were selected to monitor and assess the distribution of metal
pollution along the entire Yamuna stretch. These sites corresponded to 13 districts, namely
Poanta, Kalanaur, Mawi, Palla, Delhi, Mohana, Mathura, Agra, Etawah, Auraiya, Hamirpur,
Rajapur, and Pratappur (Fig 1). The sampling sites and location details are given in S2 Table.
The water sampling procedure was performed twice a year, during the monsoon (July to Octo-
ber) and non-monsoon (November to June) seasons from 2011 to 2018. One liter of water
samples was collected from 30 to 50 cm depth using the grab method from the middle of the
river. During non-monsoon, there is no or limited rainfall, and river water levels decrease;
during monsoon, river water levels increase due to heavy rain. The variation in rainfall during
monsoon and non-monsoon seasons can cause the variation of metals concentration in water.

After collection, the samples were filtered, acidified, and preserved at 4°C in an icebox, fol-
lowing Gupta et al. [10]. Eight metals, i.e., arsenic (As), cadmium (Cd), chromium (Cr), copper
(Cu), nickel (Ni), lead (Pb), iron (Fe), and zinc (Zn), were selected in this study to assess the
human health risk along the river.
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Fig 1. Map showing river Yamuna, its tributaries, and sampling locations.

https://doi.org/10.1371/journal.pone.0272562.9001

2.2 Analytical analysis

The water samples were acid digested for metal analysis by adding 20 mL of concentrated

HNOj; at 100°C until dryness [15]. The respective digests were cooled to room temperature,
diluted, and filtered by Whatman no. 42 filter paper, following Gupta et al. [10]. Further, the
atomic absorption spectrometry (Varian AA240 Zeeman, USA) was used to measure the metal
concentrations of each digest. All reagents and chemicals used in this study were of analytical
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grade and procured from E. Merck Ltd., India. Ultrapure water (18.2 MQ cm at 25°C; USF
Elga, Germany) was used throughout the study to prepare all standards. Certified stock solu-
tions purchased from E. Merck Ltd., Germany, were used for preparing the calibration curves.
Quality control of the analytical analysis was guaranteed by the use of standard operating pro-
cedures (SOP), reagent blanks, reagent set spike samples, and recovery of spiked control
replicate.

2.3 Data analysis

The relationship between various metals was analyzed using Pearson’s correlation coefficient.
Correlation analysis was performed to understand the relationship among metal pairs. Princi-
pal component analysis (PCA) was carried out to identify the principal sources of variation in
the data set due to interrelated variables [16]. Two multivariate statistical techniques were
employed, the PCA and the HCA (Hierarchical Cluster Analysis). The details of PCA and
HCA are mentioned elsewhere [17]. The similarity and variation among various sites were
determined by Cluster analysis. Before performing the FA/PCA, the dataset was first standard-
ized to avoid numerical ranges of the original variables. The data were analyzed using a statisti-
cal package SPSS™ (Window Version 17.0), and with XlStat, an add-in package of Microsoft
Excel 2011.

2.3.1 Health risk assessment. In this study, the magnitude, frequency, and duration of
human exposure to metals in the River Yamuna were used to estimate the non-cancer health
risk. For this purpose, the average daily dose (ADD) was derived from Eq 1 [18].

C x IR x EF x ED
ADD = (Eq1)
BW x AT

where, ADD is the average daily dose (mg/kg/day), C is the mean concentration of metal (mg/
L), IR is the intake rate of metal-contaminated water (3.45 L/day for adults and 2.0 L/day for
children), EF is the exposure frequency (365 days/year), ED is the exposure duration (70 years
for adults and 10 years for children), BW is the average body weight (60 kg for adults and 25
kg for children), and AT is the average time (25,550 days for adults and 3,650 days for
children).

HQ expresses the potential exposure to an element divided by the appropriate chronic or
acute dose that has no adverse effects [19]. HQ of an individual metal in the dose-response
assessment was calculated by Eq (2).

ADD
M=% (Bq2)

where, RfD is the oral reference dose in mg/kg/day considered as 3.0E—04 (As), 1.0E—03 (Cd),
3.0E-03 (Cr), 3.7E-02 (Cu), 2.0E-02 (Ni), 3.5E-03 (Pb), 7.0E—01 (Fe), and 3.0E-01 (Zn).

HI defines the total hazard of all constituents in a mixture of toxics, affecting a specific
route/pathway [19]. HI was computed from Eq (3) by the summation of individual HQs of
each metal.

HI = HQ (Eq3)

For the risk assessment of a mixture of elements, if the value of HQ and/or HI exceeds 1,
there could be potential noncarcinogenic effects on human health. The HQ and HI criteria
were calculated for two population groups, i.e., adults and children.

2.3.2. Fuzzy logic-based model for health risk assessment. 2.3.2.1 Fuzzy model concept.
The fuzzy logic approach was initiated by Zadeh [20] to represent intrinsically vague or

PLOS ONE | https://doi.org/10.1371/journal.pone.0272562 August 8, 2022 4/19


https://doi.org/10.1371/journal.pone.0272562

PLOS ONE Heavy metal contamination in the Yamuna River: A fuzzy approch for health risk assessment

[
\ 3
4 :
o _ N | Questionnaire, experience, |
| Sampling | | and knowledge }

g
Hazard estimation

¥

Hazard Index
(HI)

Fuzzy If-Then rules

L 2
Fuzzy Hazard Index
(FHI)

Validation

®  Chidren

Adults
"'"’* exposure

exposure

Fig 2. Framework for HI and FHI estimations.
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linguistic knowledge using a set of If-Then inference rules, i.e., “IF X AND Y THEN Z”. Gen-
erally, the number and quality of the rules affect the robustness of the system under study.
Models based on fuzzy rules could extract relevant information from uncertain and inaccurate
data, depending on the human inference process and knowledge [21]. Hence, the fuzzy-based
classification allows for logical, reliable, and transparent information of data collection by
expressing multiple levels within the scale (0-1), i.e., instead of only two levels (0 or 1) in classi-
cal clustering.

In this study, fuzzy logic was employed to describe the human health risk associated with
exposure to the trace metals in the River Yamuna (Fig 2). The parameters of the fuzzy-based
model used to predict the fuzzy-logic hazard index (FHI) were selected based on personal
knowledge, experience, and understanding of the metal-health risk relationship. For this pur-
pose, a Mamdani-type fuzzy model was employed to represent concise correlations between
eight metals (As, Cd, Cr, Cu, Ni, Pb, Fe, and Zn) and FHI. Each input was classified into three
categories (clusterl, cluster2, and cluster3), using the Gaussian curve membership function.
The parameters of the Gaussian shape functions, along with the linguistic classification of FHI
for adult and children, are given in S3 and S4 Tables. The amount of overlap of membership
functions for each input variable was assigned by an expert’s advice and the permissible limit
of each metal [3]. Three fuzzy If-Then rules were considered to be suitable for this study. The
ranges of the fuzzy sets for each variable were selected, following the methodologies performed
elsewhere [12, 22, 23].

2.3.2.2 Fuzzy-model procedures. The fuzzy logic-based index was developed by conducting
three major steps, which can be described as follows (Fig 3):

(i) Fuzzification (Fuzzify inputs):

PLOS ONE | https://doi.org/10.1371/journal.pone.0272562  August 8, 2022 5/19


https://doi.org/10.1371/journal.pone.0272562.g002
https://doi.org/10.1371/journal.pone.0272562

PLOS ONE

Heavy metal contamination in the Yamuna River: A fuzzy approch for health risk assessment

28

33

IFE is A, THEN uis B,
IFE is A, THEM u is B,

TFE i AL THEN 0 is B, Output
: (FHI)

Ni As
b Cd
Fe Cr
znY(Cu
Inputs

(Metals)

1
| If-Then rules |
| Defuszlcatlon —
—
—
Fu221f1cat10n =l J
1
Inference engine ! I I !
1—
0. 5 0,5
OU 2 4 G 8 00 0.5 q 1.5 2
Membership Functions for As Membership Functions for Cd
05 r \ 05 F/\\i
5 10 15 20 5 10 15 20
Membershlp Functions for Cr Membershlp Functions for Cu
1 . 1 -
T
05 \ { 0.5’ /L/ |
OD 5 10 15 00 2 4 6 8
Membership Functions for Ni Membership Functions for Pb
1
: | WS
0
200 400 600 0 200 400 600
Membershlp Functions for Fe Membership Functions for Zn

Membership functions

Fig 3. Fuzzy model procedures for FHI estimation: (i) Fuzzification (Fuzzify inputs); (ii) Inference Engines or Fuzzy If-Then Rules; (iii) Defuzzification.

https://doi.org/10.1371/journal.pone.0272562.9003

In the Fuzzification process, each non-fuzzy value is transferred into a number between 0
and 1 through a membership function. The Gaussian shape was selected in this study as the
appropriate membership function for all variables (input and output). For instance, the first
input, “As” was classified into three fuzzy linguistic sets: inlclusterl, inlcluster2, and inlclus-
ter3 (S3 and S4 Tables).

(ii) Inference Engines or Fuzzy If-Then Rules:

In the second step, three If-Then inference rules were created to map conceivable relation-
ships between the input and output variables. The first rule can be enunciated simply as
follows:

If the inputs to the FIS, i.e., As, Cd, Cr, Cu, Ni, Pb, Fe, and Zn, strongly belong to their
respective cluster membership functions, then the output (FHI) must strongly belong to its
cluster membership function. In the fuzzy description, this rule can be transformed into an If-
Then fuzzy rule:

Rule 1: IF (As is inlclusterl) AND (Cd is in2cluster1) AND (Cr is in3clusterl) AND (Cu is
in4clusterl) AND (Ni is in5clusterl) AND (Pb is in6clusterl) AND (Fe is in7clusterl) AND
(Zn is in8clusterl) THEN (FLHI is outlclusterl) (1).

In the same way, the other two rules used to define the behavior of the system are:

Rule 2: IF (As is inlcluster2) AND (Cd is in2cluster2) AND (Cr is in3cluster2) AND (Cu is
in4cluster2) AND (Ni is in5cluster2) AND (Pb is in6cluster2) AND (Fe is in7cluster2) AND
(Zn is in8cluster2) THEN (FLHI is outlcluster2) (1).
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Table 1.

As
Monsoon season
Minimum 0.790
Maximum 6.213
Mean 2.553
SD 1.700
Non-monsoon season
Minimum 0.893
Maximum 4.660
Mean 3.232
SD 1.174

https://doi.org/10.1371/journal.pone.0272562.t001

Cd

0.072
0.875
0.300
0.238

0.110
1.776
0.621
0.571

Rule 3: IF (As is inlcluster3) AND (Cd is in2cluster3) AND (Cr is in3cluster3) AND (Cu is
in4cluster3) AND (Ni is in5cluster3) AND (Pb is in6cluster3) AND (Fe is in7cluster3) AND
(Zn is in8cluster3) THEN (FLHI is outlcluster3) (1).

Each rule has a weight, which can take a value between 0 and 1. In this study, the (1) at the
end of the rule indicates that the rule has a weight or importance of "1".

The fuzzy operator was employed to give one number that denotes the result of the rule
antecedent (i.e., the “If” part of each rule), covering the eight input attributes. The logical
“AND?” operator (the minimum of the options) was applied to the antecedent, followed by the
implication method “MIN” to truncate the output membership function. This output is
known as the consequent of the rule (i.e., the “Then” part of each rule).

(iii) Defuzzification:

The consequents of all rules are combined into a single fuzzy set via the “MAX” (maximum)
aggregation method. Other aggregation tools, including “PROBOR” (probabilistic OR) or
“SUM?” (sum of the rule output sets), could also be selected based on the fuzzy model applica-
tion. Finally, the result of aggregation was subjected to a defuzzification process to obtain the
final decision (a single number). The defuzzification method used was the Centroid calcula-
tion, whereas other mathematical techniques, including Bisector, Largest of maximum, Middle
of maximum, and Smallest of maximum, could also be adopted. The centroid method was
selected for defuzzification since it is the most prevalent and physically appealing to various
model structures.

All the computations were processed using the “fuzzy logic toolbox” in MATLAB R2013a
(http://www.mathworks.com/).

3. Results and discussion
3.1 Trace and toxic elements in water

In this study, water samples were collected from 13 districts distributed along the River
Yamuna stretch and analyzed for metals (As, Cd, Cr, Cu, Ni, Pb, Fe, and Zn). Statistical sum-
mary of metal concentrations in river Yamuna in monsoon and non-monsoon seasons are
shown in Table 1.

The mean concentrations of 8 metals in monsoon and non-monsoon seasons in all the dis-
tricts and its comparison with permissible limits are shown in Fig 4A and 4B. The level of pol-
lution of each element and the associated health concern is given as follows:

Cr Cu Ni Pb Fe Zn
0.385 1.803 1.965 0.485 26.933 4933
18.280 19.470 10.975 3.953 412.000 279.267
7.451 5.374 4.790 1.800 117.354 45.272
6.276 5.352 2.820 0.903 112.853 74.282
2.429 2.518 3.078 0.885 47.643 13.350
10.300 8.713 12.701 6.808 303.286 459.953
5.118 6.141 5.405 3.213 145.345 192.023
2.397 1.945 2.512 2.035 92.395 130.077
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3.1.1. Arsenic. In this study, the As ranges were 0.79-6.21 ug/L for monsoon and 0.89-
4.66 pg/L for non-monsoon, with mean values of 2.55 and 3.23 ug/L, respectively (Table 1).
The results depicted that the mean As concentrations were within the acceptable limits in both
the seasons (Fig 4A). The highest As level was reported in Agra during the monsoon season
and Hamirpur during the non-monsoon season. Arsenic comes into water from weathering
and leaching of rocks, arsenical pesticides, fertilizers, and disposal of industrial and animal
wastes [24]. Arsenic contamination in river Yamuna in Delhi has also been linked to coal-
based thermal power plants [25]. Similarly, in another study in river Yamuna, the maximum
As level reported was 6 pg/L [26].

3.1.2. Cadmium. The mean Cd concentrations was found to be 0.30 pg/L in monsoon
and 0.62 pg/L in non-monsoon and the values were within permissible limits (Fig 4A). In
another study in river Yamuna in Delhi stretch, the mean Cd level reported in monsson, pre-
monsoon and post-monsoon season was 26.5 ug/L, 110.1 ug/L and 6.3 pg/L, respectively, indi-
cating higher concentration in all seasons [27]. Similarly, Kaushik et al. [28] also reported
higher Cd concentration in the range of 10 to 28 ug/L in river Yamuna in Haryana, India. In
contrast, in Delhi segment of Yamuna basin, Cd was found to be below detectable limit at all
locations [26]. In the present study, the water samples at the Delhi, Mohana, and Mathura
regions contained higher Cd levels during the non-monsoon season. Higher levels in these dis-
tricts could be attributed to use of Cd-containing fertilizers, combustion emissions, and indus-
trial activities (e.g., mining and metal industry).

3.1.3. Chromium (Cr). The highest Cr levels during the monsoon and non-monsoon sea-
sons were 18.28 and 10.30 pg/L, respectively. Mean Cr levels in all districts were found to be
within permissible limits (Fig 4A). High Cr levels in some districts such as Pratappur, Agra,
Hamirpur, and Etawah could be linked to dissolution from rain and industrial activities (e.g.,
electroplating, textile, metal finishing, and leather tanning). In another study in river Yamuna
along Delhi stretch, Cr concentration of 60.6, 362.7 and 18.1 pg/L was reported in monsson,
pre-monsson and post-monsoon season, respectively [27]. As high as 52 pg/L and 1374 ug/L of
Cr was reported in Yamuna river in Delhi by Asim and Rao [29] and Sehgal et al. [26],
respectively.

3.1.4. Copper (Cu). In this study, the Cu ranges were 1.80-19.47 ug/L for monsoon and
2.52-8.71 ug/L for non-monsoon, respectively. The mean values were 5.37 and 6.14 pg/L in
monsoon and non-monsoon season, respectively and these values were found to be within the
permissible limits (Fig 4A). However, increased Cu values in the water at Agra and Etawah
may be linked to the excessive application of fungicides, fertilizers, and pesticides in irrigation,
in addition to industrial activities (e.g., leather and paint production). A very higher range was
reported by Sehgal et al. [26] (11-595 pg/L), Asim and Rao [29] (50-120 pg/L) and Bhardwaj
etal. [27] (18.4-17642.4 pg/L) in river Yamuna at different sites.

3.1.5. Nickel (Ni). In this study, the Ni levels in River Yamuna ranged between 1.97 and
10.98 ug/L for monsoon and 3.08 and 12.70 pg/L for non-monsoon, respectively. As shown in
Fig 4B, the mean Ni values (4.79 ug/L in monsoon and 5.41 ug/L in non-monsoon) complied
with both Indian Standards [30] and WHO safe limits [31]. The high Ni concentration in
water samples collected from Delhi could be linked to the existence of several industrial pro-
cesses such as electroplating, porcelain enameling, and metal finishing. Higher mean level of
Ni was reported by Bhardwaj et al. [27] in river Yamuna in monsoon (232.4 ug/L), pre-mon-
soon (851.5 pg/L) and post-monsoon (42.8 pg/L). Asim and Rao [29] (2021) also reported a
mean level as high as 164 pg/L in river Yamuna. Higher levels of Ni was also reported in the
Godavari river basin [32], viz., Bhatpalli (40.25 ug/L), Kumbhari (24.26 pg/L), and Hivra
(45.26 pg/L).
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3.1.6. Lead (Pb). In this study, Pb ranged between 0.49 and 3.95 pg/L for monsoon and
0.88 and 6.81 pg/L for non-monsoon, with mean values of 1.80 and 3.21 ug/L, respectively.
The mean Pb levels along the Yamuna stretch were within BIS and WHO safe limits during
both seasons (Fig 4B). High Pb concentrations in the Delhi, Mohana, and Agra districts could
be ascribed to intense anthropogenic activities (e.g., pigments, electroplating, and battery
manufacturing). These industries have also been revealed to discharge effluents containing Pb
into the aquatic environment [27].

3.1.7.Iron (Fe). In this study, the Fe concentrations reached the highest levels of
412.00 pg/L for monsoon and 303.29 pg/L for non-monsoon, with mean values of 117.35 and
145.35 pg/L, respectively. In the non-monsoon season, the maximum Fe values at several sites
was close to the permissible limit. Generally, the elevated Fe concentrations in water samples
implied that River Yamuna suffered from discharges of Fe-related industries in several areas
such as Agra, in addition to various anthropogenic and geogenic causes.

3.1.8. Zinc (Zn). Zn level ranged between 4.93 and 279.27 ug/L for monsoon and 13.35
and 459.95 pg/L for non-monsoon, with mean values of 45.27 and 192.02 ug/L, respectively.
Although the Zn levels in River Yamuna were higher than other heavy metals in all sites, it was
within the safe limit (below 5000 pg/L) during both seasons(Fig 4B). Some studies reported
possible risk to aquatic species and potential environmental risks of zinc in surface waters [33].

3.2. Correlation analysis for metals in water

Correlation analysis was performed for monsoon and non-monsoon seasons to assess the rela-
tionship among metals, as shown in S5 Table. Inter-metal interactions are indicative of metal
sources and pathways in the media [34]. A positive correlation may indicate a common or sim-
ilar source of these metals. In the present study, significant positive correlations were observed
among various metal pairs: As-Cr, Cu-Cr, Pb-Cu, Pb-Nij, Fe-As, Fe-Cr, Fe-Cu, and Zn-Cu in
monsoon, indicating a common source of origin. In the non-monsoon season, significant neg-
ative correlations were observed among metals pairs: Cr-Cd, Ni-Cr, and positive correlations
were observed as Cu-Cd, Pb-Cd, Pb-Ni, Fe-As, Fe-Cr, Fe-Cu, and Zn-Pb. Fe shows a signifi-
cant positive relationship with As, Cr, and Cu in both seasons. It is a naturally abundant metal
and mainly comes from crustal sources. Chromium is used in leather, glass, and pigments
industries.

3.3. Principal components analysis and cluster analysis for metals in water

PCA with Varimax normalized rotation was performed separately for monsoon and non-
monsoon seasons to understand the relationships among the metals. Based on absolute loading
values, the factor loadings were classified as ‘strong(>0.75)’, ‘moderate(0.75-0.50)’, and ‘weak’
(0.50-0.30) [35]. PCA yielded three PCs for the monsoon season and four PCs for the non-
monsoon season with Eigenvalues >1, explaining 71.7% and 69.1% of the cumulative variance,
respectively. PCA is depicted by loadings and score plot and is shown in S1 and S2 Figs for
monsoon and non-monsoon, respectively. In the monsoon season, PC1, explaining 28.5% of
total variance, had strong positive loadings (loadings>0.75)of As, Cr, and Fe (S1 Fig and S6
Table).

As is affected by natural factors, such as the parent rock composition [36] In addition to the
natural source, effluents from thermal-based power plants also contribute to As contamination
in river Yamuna [25]. The high As levels reported in this study could be ascribed to the
increased industrial processes, automobile emissions, application of As-based pesticides,
smelting of metals and usage of fossil fuels [37] at multiple districts such as Agra, Etawah, and
Hamirpur. In general, Fe is present in relatively higher concentrations under natural

PLOS ONE | https://doi.org/10.1371/journal.pone.0272562 August 8, 2022 10/19


https://doi.org/10.1371/journal.pone.0272562

PLOS ONE

Heavy metal contamination in the Yamuna River: A fuzzy approch for health risk assessment

conditions. Fe is a major component of crustal materials [38]. Cr is low in concentrations and
is within the drinking water guideline limit. This component, therefore, appeared to be pri-
marily associated with the geogenic source. Thus, metals in PC1, therefore, appeared to be pri-
marily associated with the geogenic source. PC2 explained 24.8% of the total variance with
strong loadings on Cu and Pb and moderate loading on Ni. These metals may have mainly
come from anthropogenic sources such as industrial and urban discharges. Lead battery-based
units are a common source of Ni and Pb [27]. In addition, these sites have high traffic density
areas that would release toxic emissions containing Pb to the atmosphere, which are then
deposited and accumulated into ecosystems. PC3 explaining 18.4% of total variance, showed
strong loadings on Cd and Zn. Since the maximum concentrations of Cd and Zn in the water
samples are within the WHO safe limit, it is inferred that this component represents a natural
source. A similar result was reported in the surface water of the Lhasa River basin [39].

In the non-monsoon season, PC1 explained 18.3% showed strong positive loading on Cd
and moderate loading on Cu (S2 Fig and S6 Table). Cd may have come from very unique
anthropogenic sources such as from battery and dye-making industries [27]. In addition,
Delhi and Mohana include large agricultural landscapes, utilizing pesticides and fertilizers that
might release Cd into the aquatic environment. Cu may have its origin from both anthropo-
genic and natural sources. PC2 showed strong loading on Fe and moderate loading on Zn.
Although both Fe and Zn are naturally present in the crust, their high concentrations in the
river water during the dry season indicate that anthropogenic sources also contribute to them.
This may include industrial and urban sewage discharges, electroplating industries, etc. Both
As and Pb in PC3 that explained 16.7% of the total variance might have come from mixed
sources in the non-monsoon season. Possible anthropogenic sources of As and Pb could be
from industries and the use of agrochemicals.

In PC4, Ni showed strong positive loading and may have come from a unique anthropo-
genic source such as from some particular type of industrial discharges.

Hierarchical agglomerative cluster analysis was performed on the data set of both seasons
using Ward’s linkage method using squared Euclidean distance. The result obtained for mon-
soon and the non-monsoon season is presented in the form of a dendrogram in S3 and S4
Figs. Three clusters are depicted in both seasons. In the first cluster representing monsoon sea-
son, As, Cr, Cu, and Ni are very well associated with each other (S3 Fig). The second cluster is
comprised of Pb and Cd but is also linked to the first cluster. In the third cluster, Fe and Zn are
very well linked with each other. Heavy metals such as As, Cr, Cu, and Ni during the monsoon
season may be have come mainly from natural sources. Fe and Zn are, although are relatively
high concentrations under natural conditions, may have come from anthropogenic sources as
well, especially during the non-monsoon season. Pb and Cd may have come from mixed
sources. In the non-monsoon season, Cr, As, Pb, Cu, and Ni in the first cluster may have come
from mixed sources. Fe and Zn in the first cluster may have mainly natural origin (54 Fig). Cd
is separated from other groups indicating a unique source for this metal, and the result is simi-
lar to those of PCA. The main anthropogenic sources of various heavy metals in river Yamuna
were linked to industrial sources (electroplating, dyeing, paper manufacturing, fertilizer, sug-
arcane etc) located on the banks of river, agricultural run-off, sewage discharge, agrochemical
usage and vehicular sources [26-29].

3.4. Health risk assessment

Table 2A and 2B lists the statistical summary of the noncarcinogenic health risks in monsoon
and non-monsoon season, respectively in terms of HQ and HI. In all districts, the mean HQ
level of each metal was below 1 among adults in both monsoon and non-monsoon seasons.
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Table 2. a. Site-wise calculated values of HQ and HI for adults and children in monsoon season. b. Site-wise calculated values of HQ and HI for adults and children in
Non-monsoon season.

District Group As Cd Cr Cu Ni Pb Fe Zn HI

a

Monsoon season

Poanta Adult 1.19x107°" [ 1.98x107™°% | 9.40x107% | 1.82x107* | 3.60x107™" | 4.16x107" | 3.29x107 |9.34x10™" | 1.61x107"
Children |3.91x10™"" | 6.47x107% |3.08x10™ |5.95x10™ | 1.18x107%* | 1.37x10™%* | 1.08x10™** | 3.06x107* |5.28x107%
Kalanaur Adult 9.66x107% | 1.17x107°* | 4.95x107%° | 2.89x107%° | 4.40x107% | 4.75x107 | 5.09x107" | 8.71x107% | 1.34x107%
Children | 3.16x107°" | 3.82x107% | 1.62x107™%* | 9.44x10™* | 1.44x107%* | 1.55x107%* | 1.67x10™% | 2.85x107% | 4.39x107%
Mawi Adult 1.41x107°" | 1.26x107°% | 2.89x107%° | 1.80x107** | 1.45x107°* | 4.24x107% | 5.13x107" |6.19x107** | 1.80x10°"*
Children | 4.63x10™°" | 4.13x107% | 9.47x10™® |587x10™" | 4.76x107%* | 1.39x107%* | 1.68x10™% | 2.03x107* | 5.90x107"
Palla Adult 9.70x107°% | 4.69x107°* | 1.34x10™™* | 2.88x10°" | 7.71x107"° | 6.49x10™" |534x10 |1.27x107° | 1.68x107"
Children [ 3.17x107°" | 1.53x107%" | 4.38x10™* | 9.41x10™" | 2.52x107%* | 2.12x107* | 1.75x107% | 4.16x107% | 5.48x107"
Delhi Adult 2.54x107°" | 327x107%% | 1.05x107™* | 1.79x107% | 6.39x107% | 4.14x107% | 5.05x107% | 6.03x10™** | 3.05x107"
Children |831x10™°" | 1.07x107°" | 3.44x10™** | 5.85x107 | 2.09x10™%* | 1.35x107* | 1.65x107%* |1.97x10™" |9.97x107"
Mohana Adult 141x107° | 2.96x10™2 | 561x107% | 2.51x107%  [3.93x107 | 7.39x107% | 5.62x107° | 8.19x107%* | 1.91x107"*
Children | 4.61x107°" | 9.71x107°* | 1.84x10™™* | 8.19x107® | 1.29x107™ |2.42x10™ | 1.84x107°* |2.68x10™" |6.25x107"
Mathura Adult 2.73x107% [ 1.29x107°% | 4.65x107%° | 2.08x107%° | 4.40x107% | 4.63x107 | 4.93x10™" | 8.23x107™* | 3.02x107%
Children | 8.92x107°" | 4.24x107% | 1.52x107** |6.83x10™° | 1.44x107% | 1.51x107* | 1.61x10™* | 2.69x107% | 9.90x10™*
Agra Adult 7.59x107°" | 1.64x107°% | 2.59x107%* | 1.39x107°* | 1.45x107%* | 2.61x107” | 5.03x107* | 3.41x107°* | 8.92x107"
Children | 2.49x10*%° | 538x107% |846x107%* |4.55x107°% | 4.75x10°%% |8.55x107 | 1.65x107°" | 1.12x107°" | 2.92x10"%°
Etawah Adult 5.17x107% | 2.16x107°% | 4.09x107** | 1.93x107% | 8.09x107% | 1.04x107°* | 3.06x107% | 4.46x107% |6.12x107"
Children | 1.69x10"° | 7.07x107°* | 1.34x10°° | 6.30x107°* | 2.65x10™°% | 3.39x107°* | 1.00x10™*" | 1.46x10™°* | 2.00x10**
Auraiya Adult 3.95x10°°" | 5.80x107 | 2.09x10™* | 451x107% | 1.33x107%* | 3.30x10° | 1.30x107%* | 4.08x10°* | 4.39x10°"
Children | 1.29x10%"° | 1.90x107% | 6.84x10™%* | 1.48x10™°% | 4.35x107°% | 1.08x107* | 4.26x10™% | 1.33x107™°% | 1.44x107°
Hamirpur | Adult 525x10°°" | 6.62x107 | 4.47x107* | 4.81x107° | 2.01x107% | 5.51x107 | 2.30x107%* | 3.04x107** | 5.88x107"
Children | 1.72x10"° | 2.17x107°* | 1.46x10™° | 1.57x107°* | 6.58x10™°% | 1.80x107°* | 7.52x107°% | 9.95x10™** | 1.93x10"®
Rajapur Adult 4.80x10™"" | 6.43x107%*  [2.39x107** | 543x107 | 6.41x107° | 1.27x107" | 1.69x107%* | 1.20x10™* | 5.75x107"
Children | 1.57x10"° | 2.10x10°" | 7.82x10™** | 1.77x107°* | 2.10x10™°* | 4.16x10™* | 5.54x10°% |3.94x10™** | 1.88x10"
Pratappu Adult 2.60x107% | 528x107 [ 3.76x107** | 554x107° | 6.78x107% | 2.44x107 | 1.81x107% | 2.83x107% | 3.01x107*
Children |851x10™°" | 1.73x107% | 1.23x10™® | 1.81x107™°* | 2.22x107% | 7.99x107 |5.93x10™ | 9.27x107® | 9.86x10™"

b
Poanta Adult 1.09x107°" [ 271x107°% | 594x107%° | 4.98x107" | 6.14x107" | 3.22x107% | 595x107 | 1.59x107% | 1.72x107"*
Children |3.57x107°" | 8.86x107% | 1.94x10™®* | 1.63x10™°* | 2.01x107%* | 8.43x10™" |7.27x10™** | 1.95x107% | 4.93x107"
Kalanaur Adult 2.74x107°" | 1.84x107°* | 9.99x107%° | 447x107" | 6.93x107 | 2.32x107" | 9.06x10°% | 3.35x10™°* | 3.49x107"
Children |8.98x10™°" | 6.02x107%* |3.27x10™** | 1.46x107°* | 2.27x107 | 6.07x107 | 1.11x107% | 4.09x10™" | 1.01x10*®
Mawi Adult 3.52x107°" | 8.04x107 | 1.07x107™* | 2.49x107% | 7.86x107"°  |3.95x10™" | 5.82x107"* |8.93x10™" | 3.89x107"
Children | 1.15x10%%° | 2.64x107%% | 3.49x10™* |8.16x10™" | 257x107% | 1.04x107* |7.12x107** | 1.09x107° | 1.22x107
Palla Adult 2.59x107°" | 2.67x107% | 7.44x107%° | 6.61x10° | 9.96x10° | 547x107% | 8.70x107% | 7.07x10™* | 3.24x107"
Children | 8.49x10™°" | 8.75x107%* | 2.44x10™™* | 2.16x107°* | 3.26x10™% | 1.43x107°* | 1.06x10™" |8.64x10™* | 1.01x10"®
Delhi Adult 3.24x107% | 113107 | 751x107" | 6.41x107° | 2.33x107%% | 1.70x107%* | 3.71x107* | 1.09x107 | 5.31x107%
Children |1.06x10"° | 3.71x10°" | 2.46x10™** | 2.10x107°* | 7.62x10°™°% | 4.46x107°* | 4.53x10" | 1.34x10™** | 1.58x10"
Mohana Adult 3.66x10°% | 1.30x107° | 1.05x107** | 4.11x107° | 1.32x107%* | 1.78x107%* | 3.20x107% | 9.96x107% | 5.73x107%
Children | 1.20x10%%° | 4.26x107% |3.45x10™®* | 1.34x107°* | 4.30x10°%% | 4.66x107* |3.91x10™" | 1.22x10™® | 1.73x10"
Mathura Adult 5.06x107°" | 1.04x10™°" | 8.29x10™ | 8.58x107° | 1.22x107%* | 1.24x107°* | 1.05x107°* | 3.94x107% | 6.94x107%
Children | 1.66x10%%° | 3.42x107% | 2.71x107%* |2.81x10™"* | 3.98x107%% |3.24x107* | 1.29x107" | 4.82x10™° | 2.11x10"®
Agra Adult 433x107°" | 521x107* [ 2.52x107** | 8.64x107" | 9.30x10°° | 1.50x107** | 3.39x10°* | 5.62x10°** | 6.08x10°"
Children | 1.42x10"° | 1.71x107°" | 8.24x10™** | 2.83x107°* | 3.05x10™°% |3.93x107°* | 4.15x10° | 6.87x10™" | 1.70x10*°
Etawah Adult 550107 | 2.56x107°% | 1.82x107™* | 6.42x107 | 1.00x107%* | 7.58x10™* | 2.41x107* |3.11x107** | 6.55x107"
(Continued)
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Table 2. (Continued)

District Group
Children
Auraiya Adult
Children
Hamirpur Adult
Children
Rajapur Adult
Children
Pratappu Adult
Children

As

1.80x10*%°
5.57x10~"
1.82x10%%
5.70x10~%!
1.86x10"%°
5.38x10™""
1.76x10"%°
2.97x107%
9.73x10™

cd

8.37x10™2
1.98x107°
6.47x10"2
2.43%1072
7.96x10™"2
1.02x107%
3.34x1072
3.19x107%
1.05x107"

https://doi.org/10.1371/journal.pone.0272562.t1002

Cr

5.97x107*
1.53x10°%
4.99%x107
1.46x107%
4.79x10”%
8.41x107%°
2.75x107**
2.05x107*
6.72x107*

Cu

2.10x107*
6.96x107%
2.27x107%
7.74x107%
2.53x107%2
3.97x107%
1.30x107%
7.74x107%
2.53x107%

Ni

3.28x1072
7.06x107
2.31x107*
9.84x107
3.22x1072
7.46x107%
2.44x107%2
5.64x107%
1.85x107%

Pb

1.98x107*
6.64x107"
1.74x107%
7.18x107%
1.88x107%
4.13x107%
1.08x107%
6.72x107%
1.76x107%

Fe

2.94%x107%
2.48%1072
3.04x107
1.83x107%
2.23x107%
9.99x10™%
1.22x107%
1.07x107%
1.30x107%

Zn

3.80x107%
2.44%107
2.99%x107%
3.53%x107"2
4.32x107%
1.63x107%
1.99x107%
3.07x107%
3.75x107%

HI

1.97x10%%
6.47x107%
1.96x10%%
6.72x107%
2.03x10%%°
5.75x107""
1.84x10%%°
3.91x107%
1.14x10%%°

However, the mean HQ value estimated from As among children exceeded the safe limit of 1,
suggesting that As was the main contributing element to non-cancer health risks of the River
Yamuna. Similarly, Li and Zhang [40] demonstrated that As was the main pollutant that
caused non carcinogenic risks to children, resulting in HI values above unity.
The data in Table 2A and 2B also depicted that the HI values exceeded the safe limit among
children during both seasons, implying that children’s exposure to the water source could
potentially trigger adverse non-cancer health effects. Children have higher occasions to inter-
act with environmental contaminants than adults because of their behavioral and physical
activities, playing periods, and inattention during eating and drinking food items [40]. Overall,
in the monsoon season, the HI values at different sites followed the order of Agra >Etawah>
Hamirpur >Rajapur>Auraiya> Delhi Rly Bridge > Mathura >Pratappur> Mohana
>Mawi>Palla>Poanta>Kalanaur. In the non-monsoon season, the HI values at different sites

followed the order of Mathur-

a>Hamirpur>Etawah>Auraiya>Rajapur>Mohana>Agra>Delhi Rly Bridge
>Mawi>Pratappur>Kalanaur>Palla>Poanta.
Although the HI data provided an appropriate indication of the noncarcinogenic health
effects for residents, these values might suffer from a degree of uncertainty [3]. For instance,
the exposure parameters and water consumption rates used to characterize the risks might
vary according to regional or individual differences. FHI is presented in the following section
based on local and real experience for drinking water contamination to minimize the uncer-

tainty sources and sustain a healthy aquatic environment.

3.5. Fuzzy-based HI classification

3.5.1. Fuzzy hazard index (FHI) results. One of the major problems of the health risk
assessment is the uncertainty in the HI values because the employed parameters (e.g., intake
rate of water and body weight) can differ among districts and locations. Ali Hosseini et al. [41]
suggested that a new “Quality Index” hypothesis could be established based on the fuzzy logic
theory to deal with ambiguous and biased concepts and data. The estimated values of FHI,
based on practical experience and understanding of the environmental conditions of the
Yamuna River, are shown in the fuzzy inference diagram (Fig 5). The nine plots across the top
of this structure represent the antecedent and consequent of the first rule. The first eight col-
umns of plots (the 24 yellow plots) denote the membership functions referenced by the ante-
cedent, or the “If” part of each rule (S3 and 54 Tables). Rule 1 crisply maps cluster 1 in the
input space to cluster 1 in the output space. Similarly, the other two rules map cluster 2 and
cluster 3 in the input space to cluster 2 and cluster 3 in the output space, respectively. The
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Fig 5. Rule Viewer showing the roadmap of the whole fuzzy inference process for estimating FHI in the Yamuna river for (a) adults, and (b)

children.

https://doi.org/10.1371/journal.pone.0272562.g005

ninth column of plots (the three blue plots) demonstrates the membership functions refer-
enced by the consequent or the “Then” part of each rule. The fourth plot in the ninth column
represents the aggregate weighted decision for the entire inference system. The defuzzified
decision (crisp output) is shown as a bold vertical line on this plot. The metal variables and
their instant concentrations are positioned at the top of the columns.

For the case of As, Cd, Cr, Cu, Ni, Pb, Fe, and Zn, concentrations of 4.23, 0.29, 16.75, 19.47,
4.41, 3.95, 250.33, and 36.47 ug/L, respectively, the estimated FHIs are 0.58 for adults (Fig 5A)
and 1.82 for children (Fig 5B). These defuzzified outputs corresponded to the estimated HIs of
0.61 and 2.00, respectively, equivalent to the aggregation of about 80% outlcluster 1, 10% outl-
cluster 2, and 10% outlcluster3. The degree of membership allowed for a reliable understand-
ing and practical meaning of the hazard index, especially for public concerns. Hence, the fuzzy
theory was employed to overcome the traditional fact that a little shift in metal concentration
around its permissible limit would totally change the degree of health risk.

A similar observation has been reported by Tiri et al. [22], who estimated a water quality
index of Oued El-Hai Basin based on fuzzy logic, using ten parameters (e.g., pH, TDS, Ca, Mg,
Na, K). The fuzzy water quality index (FWQI) results were compared with the actual WQ],
resulting in a correlation coefficient within the 0.88-0.99 range [22].

3.5.2. Fuzzy model applicability. The fuzzy model results were compared with the actual
HI data estimated by Eq 3, at the 13 districts of the Yamuna stretch (Fig 6A-6D). One-way
ANOVA was applied to analyze the significant differences among sampling stations for health
risks in terms of HI and FHI. Tukey’s t-test was also performed to identify the homogeneous
type of the data sets. HI and FHI values showed significant difference (p < 0.05) among
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Fig 6. Comparison between new FHI and traditional HI estimated at 13 districts of the river Yamuna: (a) adults during monsoon season, (b) children during
monsoon season, (c) adults during non-monsoon season, and (d) children during non-monsoon season. Groups sharing the same letter do not statistically
differ from each other at the specified significance level (alpha = 0.05).

https://doi.org/10.1371/journal.pone.0272562.9006

sampling locations in both monsoon and non-monsoon seasons. The HI values during the
non-monsoon season for children ranged between 0.49 and 2.11, with an average value of

1.52 £ 0.50. These indices correspond to FHIs of 0.82 (minimum) and 1.95 (maximum), with
an average value of 1.57 + 0.32. The adequate correlation between the HI and FHI values (R*:
0.75-0.83) revealed the effectiveness and reliability of the fuzzy logic tool in predicting the
noncarcinogenic hazard indices depending on the human expert knowledge and experience.
Moreover, the results of both HI and FHI depicted that children were subjected to higher risks
due to metals exposure as compared with adults. Also, both HI and FHI retained their maxi-
mum values at Agra, Etawah, and Hamirpur (Fig 6A-6D). Additionally, the classic HQ and/or
HI values were estimated from exposure to a specific source (river); however, this was not the
case for the FHI approach that used the human understanding of the multiple pollution path-
ways in the study area. These benefits also ensure that human expert knowledge is essential in
determining the type of water treatment required to meet national and international stan-
dards. In addition, the fuzzy logic concept should be incorporated into the national water qual-
ity monitoring program to establish a consolidated framework for managing the river systems.

Mohanta et al. [3] proposed an index model using the fuzzy logic approach to investigate
the effect of fluoride on human health (adults and children). Fluoride concentration and FHI
were the model’s input and output, respectively. The study revealed a high determination coef-
ficient between FHI and HI, reaching up to R? =0.9755. Moreover, the study demonstrated
that the FHI approach attained more concise, stringent, and consistent results compared with
the conventional HI method. Hence, FHI could include both qualitative and quantitative vari-
ables with different values and meanings to estimate the hazard index associated with adults
and children during the monsoon and non-monsoon seasons.

Mohanta and Mishra [23] used the fuzzy theory to develop cancer risk (FCR) and hazard
index (FHI) associated with men, women, and children for aniline-enriched groundwater. The
model’s input (antecedent) was the aniline concentration described by triangular and trapezoi-
dal membership functions. The results of FCR and FHI were positively correlated with the
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data estimated from the conventional USEPA method, with R values of 0.97 and 0.99, respec-
tively. The sufficient R for validation implied that fuzzy logic would highly predict risks asso-
ciated with human health.

Li et al. [12] proposed a fuzzy water pollution index (FWPI) to assess the quality of Qu
River based on 125 fuzzy If-Then rules. The model’s inputs (antecedent sets) were DO, COD,
BOD, NH;-N, and TP, incorporated as trapezoid and triangular membership functions. Their
study demonstrated that the results of FWPI were consistent with those of fuzzy comprehen-
sive evaluation and grey relational model methods. Similar findings were observed by Icaga
[42], who proposed an index model for water quality evaluation using fuzzy logic with eleven
water quality parameters (as inputs). Their study demonstrated that environmentalists should
be well experienced in giving correct and precise field survey responses, leading to satisfactory
fuzzy model accuracy.

4. Conclusion

The study revealed that higher levels of most of the metals in the non-monsoon season in the
river Yamuna could be attributed to low flow conditions and less dilution. Overall, natural and
anthropogenic sources contributed to the heavy metals in Yamuna river water. Major anthro-
pogenic sources may include industrial and urban discharges and the use of agrochemicals.
An earlier study also indicated that the river was affected by pollution coming from untreated
household sewage, industrial effluents, and fertilizers used in agriculture [2]. Health risk
assessment indicated possible health threats to the children (HI>>1 and As was the main con-
tributing element to non-cancer risk in both the seasons in most sampled sites. Fuzzy logic-
based health risk assessment also indicated that children’s exposure to the Yamuna river water
might potentially trigger adverse non-cancer health effects. The study further elucidated that
incorporating fuzzy logic concept in water quality monitoring may contribute to developing a
consolidated agenda for managing the river ecosystems.
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