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Abstract

Many places on Earth have been experiencing the impact of climate change. Due to a rise in the frequency of hydrological
and climatic events, the worsening trend of potable water quality due to floods has increased, which has possible health
repercussions. Hence, the present study was planned to examine the water quality following a flood event. This study deter-
mined water quality by estimating physicochemical parameters and quality indices. Moreover, health risks associated with
water intake through ingestion and dermal contact were assessed. Consequently, all of the samples were found to be polluted
to varying degrees, and the majority of them were found unsuitable for human consumption as the high values of total dis-
solved solids (TDS) 1120 mg/L, total hardness (TH) 575 mg/L, total alkalinity (TA) 3516.75 mg/L was observed. Further,
60% of the samples exceeded the recommended values of Mg* and C1~ showing that the quality of floodwater, handpump
and well water was found to be extensively poor. Furthermore, the Water Quality Index (WQI) revealed that 20% of samples
had poor water quality with the highest value of 161. The elemental analysis revealed that arsenic (As) had a high value
(0.0516 mg/L). Additionally, it was discovered that the oral (66.03) and dermal (201.43) pathways had high hazard quotients
(HQs), indicating health risks to both adult and children. The Pearson correlation and principal component analysis revealed
a positive association between physicochemical and heavy metals, indicating a similar origin.
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Introduction

Water is one of the principal substances for humans, ani-
mals, plants, and other living things to survive. On this
planet, no life is possible without water (Srivastava et al.
2011). It is a vital natural resource that is substantial and
covers around two-thirds of the earth's surface. How-
ever, freshwater accounts for only 1% of the total water
resources. (i.e., lakes, surface water-rivers, streams, and
groundwater) for drinking and other purposes (Sangu
et al. 1987). According to a study conducted by the World
Health Organisation (WHO), ensuring access to potable
water is the highest priority among all water requirements
for human consumption (Reed et al. 2013; Udhayakumara
et al. 2016).

With an increase in anthropogenic activities and rising
events of climate change, water quality is continuously
decaying (Jennerjahn et al. 2004). The climate influences
the hydrological regimes in ecosystems, predominately
riverine ecosystems (Krasner et al. 2008). Further, climatic
variations also influence weather patterns like rainfall pat-
terns and rainy days contributing to widespread flooding as
a major natural disaster globally (Bates et al. 2008; Alfieri
et al. 2017; Slater and Villarini 2016). Heavy rains cause
floods along the course that pickup soil, waste materials
and several pollutants that ultimately get deposited into the
freshwater bodies and deteriorate water quality (Krasner
et al. 2008; Fida et al. 2021).

Currently, all the populated areas worldwide are at risk
of being flooded. In India, floods account for more than
half of all natural disasters since the last decade, and it’s
damage has been extremely severe, indicating that floods'
intensity and frequency are increasing (Patankar 2019).
Flood hazards have a wide range of vulnerabilities that
are far more significant than most other hazards. Floods
directly or indirectly affect human communities through
water contact or damage to natural and built environ-
ments. Even if they are modest and confined, floods can
significantly influence on individual’s physical and mental
well-being. (Tapsell and Tunstall 2008; Ferrari et al. 2020;
Masson et al. 2019).

India has seen an increase in the number of flood-related
fatalities as well as financial damages (Mishra and Mishra
2010; Nanditha and Mishra 2021). According to data from
the Central Water Commission (CWC) of India, from 1952
to 2018, floods claimed over 10,000 lives and caused 4.69
trillion INR in economic losses (Mahapatra 2020). Fur-
thermore, it is predicted that floods may have a detrimental
effect on the quality of water (Ching et al. 2015; Mohan
et al. 2019; Saha et al. 2020). Many Indian cities such as
Mumbai, Hyderabad, Chennai, Ahmedabad, Delhi, Surat,
Patna, Kolkata, Srinagar, Jaipur and Kerala experienced
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flooding during the recent decades (2010-2020) (Nan-
ditha and Mishra 2021). Despite the implementation of
structural measures such as building levees, flood control
reservoirs and river training works to manage flooding,
there have been instances where these systems proved inef-
fective resulting in severe and catastrophic damages from
floods (Kundzewicz et al. 2014; Rammelt et al. 2018).
Due to the increase in flood frequency and intensity; the
individual’s livelihood are affected in several ways. The
primary effects of rising floods in India could seriously
impact human life by disturbing access to and availability
of clean water, resulting in severe health hazards (Sam
etal. 2017).

Floods modify water quality by the direct effect of dilu-
tion or concentration of dissolved substances including
ions and metals. There are several studies from Patna city
examining the water quality and metal concentration and
associated health risks (Chakraborti et al. 2003; Saha 2009;
Chakraborti et al. 2016; Nath et al. 2013; Kumar et al. 2019;
Dubey et al. 2018; Abhinav et al. 2019). However, in the
context of Patna floodwater analysis, a comprehensive health
risk assessment studies have not yet been carried out. In
light of this knowledge gap and the public health concern,
this study aims is to evaluate the water quality of post-flood
in Patna. The main objective is to assess floodwater accept-
ability for human consumption and investigate any potential
health risks by using the Water Quality Index (WQI) and
health risk assessment (HRA) approach, especially in areas
affected by flooding (2019) in Patna, Bihar, India. The water
quality characteristics in a post-flood environment are funda-
mental in understanding the effects of flood and associated
health risks. This study will be helpful for the development
of more effective strategies to improve the water quality in
flood-affected areas.

Materials and methods
Site specification

Patna is located in the alluvial plains of South Bihar. The
district is bordered on the north by the river Ganga, on the
south by the districts of Jahanabad and Nalanda, on the east
by Lakhisarai, and on the west by Bhojpur. The district is
located between 25° 13" and 25° 45" north latitude and 84°
43" and 86° 44’ east longitude and inhabits 3202 km? geo-
graphical areas with a population of 5,772,804 as per Patna
population census (Census of India 2011). It is divided into
23 major blocks in the district. The Ganga is located in the
north, the Sone in the west, and the Punpun and Phalgu, as
well as their tributaries, are located in the centre. The district
is majorly drained by the river Ganga. In the district, net
irrigation covers 1,09,000 ha (Government of Bihar), with
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irrigation through groundwater accounting for about 80%
of the total area. The weather is moderately extreme, being
rather hot during summer and cold during winter. January is
generally the coldest in this district; in March, the tempera-
ture begins to rise and reaches its peak in May. The rainy
season starts in mid-June and lasts until mid-September.
The monsoon months of July and August see the most rain.
Winter showers occur of January and February. The average
annual rainfall in the district is 1076 mm.

Hydrology and geology of the study area

The district is located over the Ganga basin and has a monot-
onously flat topography with height changes. The land sur-
face elevation varies from 68 m in the south to 48 m in
the north and from 67 m in the west to 45 m in the east in
the western half of the district. In addition to providing a
natural barrier, there is a strong natural embankment forma-
tion along the Ganga’s southern bank, allowing many of the
streams to flow parallel to the river’s path until they meet the
Ganga further east of the district line.

This district’s soil tends to be sandy loam and clay loam,
usually in areas with low to medium nutritional status. It has
a pH range of 6.3-8.2 and is usually alkaline. Traditionally,
soils have been classed according to their deposition mech-
anism. Soils are classified into three categories: younger
alluvium, older alluvium and tal. Most of the district’s soil
is made up of younger alluvial ‘deposit’s formations due
to physical weathering, resulting in soil being coarser in
texture.

The area is covered with a quaternary alluvial formation
comprising various grades of sand, silt, gravel and clay with
the rare sandstone. The entire district comes into the good to
excellent category regarding groundwater potential. The pri-
mary water supply for agriculture and drinking in this area
is groundwater. The state has roughly 1700 deep tube wells
and 0.9 million small tube wells (Sukumaran et al. 2015).
In some areas, the combination of kankar (CaCO; nodules)
and fine sand make the top clay zone semi-permeable, allow-
ing groundwater to flow under phreatic conditions. Aquifers
deeper in the ground contain sand and gravel of medium to
coarse grains (CGWB 2007; Fig.S1). A groundwater reser-
voir formed in Patna, which is a part of the Indo-Gangetic
Plains, is made up of ancient alluvial sediments varying in
clay, sand, and silt grades from the Quaternary period. At
a depth of 45-70 m, an aquitard layer separates the upper
shallow and lower deeper aquifers. During the pre-monsoon
season, the depth of wells varied from 2 to 5 mbgl in the
southwest part, while in the eastern part, it varied from > 10
mbgl. Meanwhile, in the post-monsoon season, the water
level is > 10 mbgl in the southern, central, and eastern parts
of the area.

Collection of samples and analysis

In total, 20 water samples post-flood event from differ-
ent locations (Rajendra Nagar; Bahadurpur; Ramkrishna
Nagar; Rampur; Patliputra; Bhagwat Nagar; Jaganpura
Pipra; Kankarbagh; Bhoothnath Road; Sairam place and
Saidpur Nandnagar) and from different sources, inclusive
of bore well, deep pumphouse, deep bore, supply water,
hand pump, submersible, and floodwater, were gathered
from different sampling locations of Patna district, Bihar,
India, enlisted in Table 1. The composite sampling technique
was employed by the different challenges faced during the
collection process, ensuring a representative sample from
different flood- affected areas. The samples were collected
in duplicates. The sampling site's coordinates were recorded
using GPS (Garmin Montana 650) and detail is provided in
Fig. 1. The colour, odour and effect on the human health
around the sampling site were noted during the sampling
period. Samples were collected in cleaned plastic bottles fol-
lowing American Public Health Association (APHA 2005)
standards.

Water was run for ten minutes before the collection
of samples. After which the water was collected in high-
density polyethylene (HDPE) thoroughly cleaned bottles
followed by filtration with membrane filters of pore size
0.45 and closed tightly to prevent air exposure (Vig et al.
2023a). Sample’s pH, EC and TDS were determined by
applying an electronic meter (Waterproof pen tester 7200
pH/Conductivity/TDS/Salt of KUSAM-MECO) in each
sample and then the reading was recorded instantaneously.
After collecting samples, bottles were stored in an icebox
to maintain the temperature below 4 °C and immediately
transferred to the laboratory for physicochemical and ele-
mental examination. After every reading, pH, EC, TDS
meter was rinsed with distilled water before recording the
value of another sample.

The other parameters, such as total Hardness (TH), total
alkalinity (TA), calcium (Ca*"), chloride (CI7) and magne-
sium (Mg**), were analyzed using the titrimetric method.
Fluoride (F~) and nitrate (NO;™) were analyzed using the
spectrophotometry method. Sodium (Na‘) and potassium
(K*) were analyzed using a Flame photometer. Different
heavy and trace elements such as silver (Ag), aluminium
(Al), arsenic (As), boron (B), barium (Ba), bismuth (B1),
cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu),
iron (Fe), gallium (Ga), indium (In), potassium (K), lithium
(Li), manganese (Mn), molybdenum (Mo), phosphorus
(P), lead (Pb), mercury (Hg), sulphur (S), scandium (Sc),
strontium (Sr), titanium (Ti) and zinc (Zn) were also deter-
mined with inductively coupled plasma mass spectrometry
(ICP-MS). For cation analysis samples were fixed with
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Table 1 Details of samples collected from different sources in Patna, Bihar, India

Sample IDs Location Type Population
1 Rajendra Nagar Road No.11 Pumphouse Deep bore 36,904
2 Bahadurpur Shyam Mandir near well Well 1332
3 Ramkrishna Nagar Near Umapati Homeopathy Hospital Handpump 27,665
4 Patliputra Golamber Near Ruban Hospital Borewell 3531
5 Rampur Pump House Deep Pump House 166
6 Rajendra Nagar 6H Mahamudhi Chak Handpump 36,904
7 Rajendra Nagar Road No.10H Submersible 36,904
8 Bhagwat Nagar Hand pump (traditional) -
9 Jaganpura Pipra Submersible 257
10 Navratan Mandir Sachiwalya Colony Kankarbagh Tubewell 36,461
11 Bhoothnath Road HIG Colony Flood water -
12 Bhoothnath Road HIG Colony Bore well -
13 Sairam place T point Gola Road Patna Flood water -
14 Rajendra Nagar Road No.11 Supply water from 5/AE 36,904
15 Ramkrishna Nagar Near Umpati Homeo Hospital Submersible 27,665
16 Bahadurpur Bagaicha Patna Borewell 1332
17 Sairam place T point Golaroad Patna Borewell -
18 Jaganpura Pipra Flood water 257
19 Rajender Nagar Road No.13C Handpump 36,904
20 Saidpur Nandnagar colony Submersible 7392
Source: Patna Population Census, 2011
Study Area
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Fig. 1 Map showing the sampling locations of water samples during post-flood

concentrated HNO;. Before elemental analysis, water sam-
ples were filtered with Whatman no. 42 and then fixed with
1% analytical grade (AR) nitric acid (HNO;). After that,
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samples were run on ICP-MS by preparing the standard
curves of standards solutions.
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Water quality and pollution indices

Water quality index (WQI), heavy pollution index (HPI)
and metal index (MI) were computed. Ten parameters were
considered, such as pH, EC, TDS, TH, CI™, NO;™, Ca2+,
Mg**, F~, and Fe for WQI analysis. The estimation was done
by following mathematical expression using the relative
weightage method as used in previously conducted studies
(Vig et al. 2023a; Sadat-Noori et al. 2014; Sethy et al. 2017,
Vasanthavigar et al. 2010) as shown in Table 2.

WQI was computed in three major steps (Noori et al.
2014; Sethy et al. 2017; Vasanthavigar et al. 2010). First,
a weight (w;) between 1 and 5 was assigned to calculate
the relative weight (W;). The weighting given to chemical
parameters, reflect their relative value in the overall evalua-
tion of water quality, and largely determines the significance
of the overall assessment of water quality. W; was computed
by following Eq. 1:

W= M

where W, represents the relative weight, w; denotes the
weight assigned to individual parameters, and n signifies
the total number of parameters involved.

The second step showed the quality rating scale (g;) for
particular parameters, divided by its concentration in the
tested samples (c;) with its corresponding standard (s;) of
drinking water quality prescribed by WHO in mg/L, then
multiplied by 100 as shown in Eq. 2.

G
g = ¢ % 100 )

L

The third step included calculating the SI; for an indi-
vidual chemical parameter that depicted the sub-index of ith
parameter, following Eq. 3.

SI, =W, X g; 3)

Lastly the WQI was calculated concerning the submission
of SI; by following Eq. 4

WQI, = ) S, @)

After the calculation of WQI, the water can be grouped into
5 classes as per WQI (Brown et al. 1972): excellent (0-25),
good (25-50), poor (50-75), very poor (75-100) and unsuit-
able for drinking (> 100). In addition, the pollution extent of
particular metals HPI and MI were computed by following
the methodology as detailed in a previous study by Ravindra
and Mor (2019). For HPI calculations, the metal rating system
ranges of metal is ranged between 0 and 1 according to their
importance in drinking water. A unit weightage (W,) was taken
as a value in the assessment that is reciprocal to the standard
permissible limits (S;) for metals identified in this study. The
HPI was estimated following Eq. (5):

Y WiQi
Z:’:] Wi

W, is considered the unit weightage of ith heavy metal; O,
is the ith metal sub-index; n signifies the evaluation of metal's
number. To determine the unit weightage (W,) Eq. (6) was
applied.

HPI = (5)

K

Wl'z—'
Si

(6)

where K represents the proportionality constant and is cal-
culated by using Eq. (7)

a1
K=1/Z;§ 7

Table2 Water quality

. . . Water quality parameters BIS 10500: 2012 WHO standards Weight Relative
parafneters'wnh thelr assigned standards assigned (w,) weight
relative weights with BIS and W, =
WHO standards PoYhw

pH 6.5 6.5-8.5 4 0.13
TDS 500 500 4 0.13
Chloride 250 250 3 0.10
Nitrate 45 50 5 0.17
Calcium 75 100 2 0.07
Magnesium 30 50 2 0.07
Fluoride 1 1.5 4 0.13
Iron 0.3 0.3 4 0.13
Total hardness 300 500 2 0.07

Water quality parameters were measured in mg/L except pH
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S; signifies the standard recommended value for the ith
heavy metal (mg/L). Finally, the sub-index (Q,), as given in
Eq. (5) of each metal, was assessed employing Eq. (8):

n

Qi:ZAS/I_i_IixIOO ®)

P i—1i

I; as an ideal value of ith heavy metal unified from Indian
BIS (2012) drinking water standards limits; M, is the metal's
monitored value. The §; and I; for each metal are given in
Table S1.

Human health risk assessment

Following USEPA guidelines, the health risks due to heavy
metals (As, Cd, Co, Cr, Cu, Ni, Pb and Zn) intake via ingestion
and dermal pathways as explained below:

Non-carcinogenic

This was calculated by following equations Egs. (9) and (10):

C x IngR X EF X ED
Intakeingestion = BW x AT

)]

The intake of metal was also determined with the dermal
pathway, which was calculated using Eq. (10):

C x SA x SL x ABS x EF x ED

Intake[)ermal = BW X AT

(10)

C is the concentration (mg/kg) of metal. BW is the body
weight (kg), which is defined as 60 for adults and 15 for chil-
dren according to USEPA (1989) guidelines. EF is the expo-
sure frequency of 365 (days/year) (USDoE 2011); ED depicts
the exposure duration (years) and is defined as 24 years for
adults and 6 years for children (UNEP 1999). LT demonstrates
the lifetime (years), which is 65 (MoHFW 2010). AT is the
averaging time (days) which is (ED X 365 days) for non-carci-
nogenic and (LT X 365 days) for carcinogenic (USDoE 2011).
IngR (ingestion rate mg/day) is 2 L for adults (Valtin 2002).

SA (exposed area of skin 2800 cm?), SL (Skin adherence
factor 0.2 mg/cmzlday) (USEPA, 2011), ABS (dermal absorp-
tion factor 0.001) for all except As and it is 0.03 (USDoE
2005).

In addition, the ingested and dermal amounts of heavy met-
als computed above and used to calculate the hazard quotient
(HQ) and hazard index (HI), respectively (USEPA 1989) by
Egs. (11) and (12):

Intake
HO =
Q=T5 (1
HIEX = Z HQpalhways (12)
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where 'ex' is an exposure pathway such as ingestion and
dermal is considered as an exposure mode. The values for
RfD were obtained from Ravindra and Mor (2019). Lastly,
HI was calculated by summating all the HQ results of both
(ingestion and dermal) exposure pathways. According to
USEPA guidelines, HQ and HI values of less than one are
considered to be safe for human health and more than one
is considered unsafe.

Carcinogenic health risk assessment

Intake of metals can also pause the carcinogenic health risks.
This was calculated by multiplying the individual metal’s
HQ values with that specific metal’s cancer potency fac-
tor of that specific metal. The values > 107° are thought to
potentially cause cancer (USEPA 19809).

Data analysis

The Pearson correlation analysis p <0.01, 0.05 and principal
component analysis (PCA) between multiple physicochemi-
cal parameters and heavy metals were discussed. Origin Pro
21 data analysis and graphing software were used to com-
pute the results and plot the graphs.

Results and discussion
Physico-chemical analysis

The information regarding the colour, odour and health
effects of the population living around the sampling area
was noted and listed in Table 3. It was observed that most of
the samples (50%) were clear and without smell, while 15%
of the samples were clear with smell, 20% of the samples
were yellowish without smell and the remaining 5% of the
samples were yellowish with a smell. The inhabitants around
the sampling sites reported itching, diarrhoea, cold cough,
fever, and low blood pressure during the sampling.

Figures 2, 3 and 4 present the results of all physicochemi-
cal parameters. The pH of water samples collected from dif-
ferent sources ranged from 6.73 to 7.88, with a mean of 7.28.
The pH values showed a slightly alkaline trend. The accepta-
ble pH limit, as per BIS standards is 6.5-8.5. Flooding water
generally has a lower pH than river water as it increases the
solubility of metals and nutrients (Saha et al. 2020). Further,
this is also explained by higher amounts of bicarbonate ions
produced by rainwater seeping through the soil. The pH of
the research area may be influenced by the rock’s weathering
and subsequent interactions with water resources (Ravindra
et al. 2024; Zafar et al. 2022; Ram et al. 2021). The observed
level of pH poses no major adverse effects on human health.
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Table 3 Colour, odour of the collected water samples and self-
reported health effects of the inhabitants during the sampling period

Sample ID Colour Odor Health effects

1 Clear - Itching
2 Clear No  Fever, cold cough
3 Clear - No effect
4 Clear No  Itching
5 Clear - -
6 Clear Yes Itching and diarrhoea
7 Clear - Itching
8 Yellowish No  Itching
9 Clear Yes Itching and diarrhoea
10 Clear No -
11 Yellowish - -
12 Clear/yellowish No -
13 Yellowish - -
14 Morning dirt, normal clear — Itching
15 Clear Yes  No effect
16 Clear - Itching, diarrhoea
17 Clear - -
18 Yellowish - Itching
19 Clear No Low B.P, fever
20 Yellowish Yes -
pH
8
7.5
7
|l
6
12345678 91011121314151617181920
" DS TDS(mg/L)
= Acceptable limit
1000
800
600
400
200

1234567 8 910111213141516171819 20

However, pH can modify the reaction mechanism of various
ions in water as reported by Muhammad et al. (2010).

The presence of inorganic dissolved solids in water affects
the EC. Increased conductance indicates a rise in dissolved
solids content, and vice versa, and serves as a primary
approach for determining the suitability of water for various
applications. The EC values for the collected water samples
were found to be in the range of 325-1550 pS/m and the
average value of 662.5 pS/m. According to WHO (2017)
and BIS (2012) EC has no permissible limit. However, the
highest EC was found for sample 2 taken from a well. This
may be due to the enhanced salinity and minerals in the
water sample during the flood. Consuming water with a high
EC can cause gastrointestinal discomfort and an unpleasant
smell (Zhang et al. 2018).

The TDS of water is denoted by the cations and anions
level in the water. A high TDS value in water may negatively
affect the consumer’s health (Mor et al. 2006; WHO 2006).
TDS levels of more than 500 mg/L are not considered safe
for drinking water supply. The value of TDS ranges from
228 to 1120 mg/L with a mean of 418.55 mg/L. Out of 20
water samples, only 4 samples including 1 of flood water, 2
of hand pumps, and 1 from a well, were found to have TDS
values higher than the permissible limits of BIS (2012) and
WHO (2017). This may be attributed to the high concentra-
tion of cations, anions, organic matter, salt and other dis-
solved impurities in water. Anthropogenically, it increases
primarily by waste sewage, soap and detergents.

EC EC (nS/m)

1800 = Acceptable limit

1600
1400
1200
1000
800
600
400
200

123456 7 8 91011121314151617181920

Hardness (mg/L)
700 = Hardness
600 == A cceptable limit
500
400
300
200
100 I I I
, 111
3 7 8 9 10111213 141516 17 18 19 20

Fig.2 Presenting pH, EC (uS/m), TDS (mg/L), hardness (mg/L) of all twenty post-flood water samples from Patna, Bihar
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=Na Sodium(mg/L) “ Potassium (mg/L)
250 = Acceptable limit
200 40
150 | 30
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50 - . 10 I
I ST I DR R o |m s | . R
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12345678951011121314151617181920 123456 7 8 910111213 14 15 16 17 18 19 20
= Ca Calcium(mg/L) Mg Magnesium(mg/L)
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70 35
60 - 30
50 25
40 20
30 15
20 10 -
K | 1 Lalilnl ;
) I I "
2 5 8 9 10 11 12 13 14 15 16 17 18 19 20 123456 7 8 91011121314151617 181920

Fig.3 Presenting calcium (mg/L), magnesium (mg/L), sodium (mg/L) and potassium(mg/L) of all twenty post-flood water samples from Patna,
Bihar
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Chloride Chloride (mg/L) = Fluoride Fluoride(mg/L)
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Fig.4 Presenting alkalinity (mg/L), chloride(mg/L), fluoride (mg/L), nitrate and sulphate (mg/L) of all twenty post-flood water samples from
Patna, Bihar
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In the different sources of water samples of Patna, TH
values were 107-575 mg/L with a mean of 403.3 mg/L.
According to the BIS standards 2012, the acceptable limit
for TH is 200 mg/L. The results revealed that the majority
of the samples, i.e. 65%, have TH higher than the prescribed
limits due to the higher 'cation's (Ca* and Mg*) and 'anion's
concentration (HCO;™, CO;~, SO,~ and C17). TA of the
water samples varied from 911.25 to 3516.75 mg L™! with
a mean of 1664.55 mg L™". In all the samples, alkalinity
was observed to be relatively higher than desirable limits.
Bicarbonate and a weak acid like carbonic acid contribute to
the alkalinity of water samples. High alkaline water is highly
corrosive and can irritate the eyes.

Increased hardness of freshwater is typically attributed to
Ca** and Mg?* salts, which can limit its usage for cleaning,
washing, and other industrial purposes. Ca** in the collected
water samples ranged from 12.97 mg/L to a maximum of
47.35 mg/L with a mean of 21.78 mg/L. All the samples
observed Ca’* below the permissible limit of BIS (75 mg/L).
Mg?* is an enzyme activator in many living things and a
lack of it can cause structural and functional alterations. The
elevated Mg?* ion content in the waterbodies may be caused
by weathering and reverse ion exchange processes dissolving
silicate and dolomite rocks (Gaikwad et al. 2020; Panneer-
selvam et al. 2021). This high level, can be poisonous and
have a cathartic and diuretic impact. Mg** concentration in
the collected samples ranged from a minimum of 4.37 mg/L
to a maximum of 23.81 mg/L with a mean of 18.23 mg/L.
The amount of Mg?* observed in all the samples was noted
below acceptable limits, i.e., 30 mg/L, as per BIS 2012
standards.

Na* and K* ions are vital for human health, and they must
be consumed regularly to keep the blood salt level stable. As
aresult, it aids in regulating the human body's water balance.
From the figures, it could be noted that the concentration
of Na* ranged from 4.732 to 30.77 mg/L with a mean of
11.60 mg/L. As per BIS standards for Na*, the prescribed
limit is 200 mg/L and all the samples were found to be
within the prescribed standard limits. K* levels in drinking
water are very low, so there are no health-based guidelines.
However, some studies reported that K™ might be harmful
to those within high-risk groups, such as those with kidney
disease, cardiac problems, hypertension, diabetes, or older
people and infants. The value of K* ranged from 12.97 to
44.09 mg/L with a mean value of 5.73 mg/L.

The presence of major anions in the water samples was
observed in the order: CI~>S0,*” >F~>NO;"~. CI” is
found in the water by natural processes such as dissolution
of salt deposits, road salting, and chemical industries efflu-
ent. As per BIS standards, the permissible limit of CI™ is
250 mg/L. CI™ varied from 130 to 2380 mg/L with a mean of
745.5 mg/L in the water samples. Most of the samples (60%)
were observed to exceed the prescribed limit, including at

least one sample from each type of source with the highest
CI” content in floodwater. The high concentration of CI™ in
the samples may be due to the landfill leaching, effluent dis-
charge, and septic tanks (Mor et al. 2006). High C1~ content
may affect metallic pipes and plants' growth.

NO;™ results from nitrogenous material conversion and
the final product of aerobic stabilization of organic nitro-
gen. Also, NO;™ proficient solubility in water, which can
seep through the soil and contaminate water when com-
bined with precipitation (Alessandro et al. 2008). In the
water samples of Patna, the value of NO;~ obtained varied
from 0.139 to 2.33 mg/L with a mean of 0.33 mg/L and are
shown in Fig. 3. As per drinking water standards of BIS and
WHO, the results were found within the limits of 45 mg/L.
F~ is widely distributed in the natural environment and a
significant trace element in groundwater, soil, food, air,
rocks, flora, fauna and the human body (Singh et al. 2015;
Patel et al. 2016; Enalou et al. 2018; Li et al. 2021). It is an
essential micronutrient as it strengthens teeth and skeletal
structure (Rashid et al. 2018). However, the excess level of
F~ in water leads to various health concerns in which fluoro-
sis and dental caries are well recognized (Singh and Kumar
2017; Nayak et al. 2009; WHO 2006). This is particularly
important in the plains that experienced flood event. In this
study, the F~ values in water samples ranged from 0.259 to
0.749 mg/L, with a mean of 0.558 mg/L, showing that all
the samples were within limits (1 mg/L).

SO,*" can cause biological corrosion and dysentery
in infants if present in high concentrations in the water
(Mazloomi et al. 2009). The consumption of drinking water
containing high amounts of SO,?~ may result in intestinal
disorder, dehydration and diarrhoea. If the concentration
of SO,>~ in water surpasses 250 mg/L, it may have a bit-
ter or medicinal flavour that makes it unpleasant to drink.
The results obtained for Patna water samples showed that
in the studied area, the concentration of SO42_ ranged from
13.24 mg/L to 63.91 mg/L with a mean of 33.98 mg/L. No
samples were found to be above the recommended limit
(200 mg/L).

The physicochemical parameters were comparable
with studies conducted latest before flooding of this area.
Sukumaran et al. (2015) reported the pH (6.59-7.69);
EC (229-2010); TDS (mg/L) (174-1283); TA (mg/L)
(140-572); TH (mg/L) (156-760); C1-(mg/L) (2-247.9);
Ca** (mg/L) (44.2-212.6); NO;~ (mg/L) (0.06-13.71);
SO,>~ (mg/L) (2.27-78.4); Mg*" (mg/L) (10.2-68.8) in
groundwater of Patna. Further Majhee et al. (2019) done
groundwater analysis in different blocks of Patna during
Pre-monsoon and Post-monsoon season and resulted with
pH (7.62-8.97); EC (220-1050); TDS (mg/L) (174-1283);
TA (mg/L) (27.52-250.2); TH (mg/L) (25-465); CI™ (mg/L)
(21.5-390); Ca** (mg/L) (8.02-148.3); NO;~ (mg/L)
(0.008-0.624); SO,*~ (mg/L) (0.314-15.3); Mg>* (mg/L)
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(0-66.8) during Pre-Monsoon and pH (7.94-8.92); EC
(232-995); TDS (mg/L) (150-639); TA (mg/L) (40-247.7);
TH (mg/L) (25-1777.7); C1~ (mg/L) (22.5-400);
Ca’* (mg/L) (6-104.2); NO5;~ (mg/L) (0.001-0.138);
S0,%~ (mg/L) (0.01-67.75); Mg** (mg/L) (1.8-37.1) dur-
ing Post-monsoon season.

Elemental analysis of similar water samples was done
using ICP-MS. The minimum and maximum values of the
detected elements along with their prescribed limits (BIS
10500: 2012), are tabulated in Table 4. Based on the find-
ings, it was observed that (Al, As, Ba, Mn, Mo and Zn) were
found above the prescribed limits. However, the remaining
elements were identified as below detection limits (BDL).
Only floodwater samples with higher values than other sam-
ples were noticed. One sample showed the highest value of
Mn at 2.041 mg/L, resulting in a black to brown colour of
water, making the water taste metallic and bitter (USEPA,
2004). Out of 20 samples, 14 samples were found with a
high concentration of Al. Only 3 samples showed a high
value of As, 2 samples showed a high value of Ba and 4 sam-
ples showed a high value of Mo with a maximum value of
0.098 mg/L. The cause of these heavy metals was intended
to be the erosion of former contaminated soils and sedi-
ments. Moreover, a high level of heavy metals contamination
in water may also affected by flow velocity, huge overland
flow, natural properties of sediment matrix and adsorbed
compounds during the flood (Lim et al. 2021).

Water quality index and pollution index

The results of WQI are presented in Fig. 5. The outer layer
shows the quality of water and inner layer shows the respec-
tive water source. WQI varied from 41 to 161. As a result, 7
samples (35%) were in the good category, 5 samples (25%)
demonstrated of poor category, 4 samples (20%) indicated
very poor water quality and further remaining 4% samples
were found to be unfit for human consumption.

The poor quality of water samples may be attributed to
effluent discharge as many colonies have close proximity
to water and sewage pipes, introducing the leachate in the
water and further raising the risk of water contamination
(Fuentes-Rivas et al. 2020; Sawyer et al. 2016). Addition-
ally, the surface run-off during flood can transport microbial
contaminants into the water body, particularly Escherichia
coli (E. coli), in pit latrines and serves as a strong indicator
of water quality degradation. The discharge from pit latrines
introduces contaminants into water sources, increasing the
risk of waterborne diseases. Several previous studies argued
that flood events significantly affect the prevalence of diar-
rhoea (Mellor et al. 2016; Chowdhury et al. 2018; Zhang
et al. 2019). This is also noted that flood-affected areas have
a higher risk of water and vector-borne illnesses and preva-
lence of diarrhoea rises during the period of floods (Pant

@ Springer

Table 4 Summary of elemental analysis of post-flood water samples

Parameter BIS (2012) Minimum con- Maximum
standards centration concentra-
tion
pH 6.5-8.5 6.73 7.88
EC (pS/m) - 325 1550
TDS 500 228 1120
TH 200 107 575
TA 200 911.25 3516.75
Ca% 75 12.97 47.35
Mg>* 30 437 23.81
Na*t 200 4.732 30.77
K* - 12.97 44.09
CI~ 250 130 2380
NO;~ 45 0.139 2.33
F 1.0 0.259 0.749
SO42‘ 200 13.24 63.91
Ag 0.1 BDL 0.0021
Al 0.03 BDL 3.95
As 0.01 0.0032 0.0516
B 0.5 BDL 0.2622
Ba 0.7 BDL 46.22
Bi NA BDL 0.0006
Cd 0.003 BDL 0.0009
Co NA BDL 0.0016
Cr 0.05 BDL 0.002
Cu 0.05 BDL 0.0025
Fe 0.3 BDL 0.0286
Ga NA BDL 0.0007
In NA BDL 0.0021
K NA 0.6459 44.09
Li NA 0.0098 0.0292
Mn 0.1 BDL 2.041
Mo 0.07 0.0022 0.098
P NA BDL 41.51
Pb 0.01 0.001 0.0098
Hg 0.001 BDL 0.0005
S NA 0.1827 32.06
Sc NA BDL 0.0069
Sr NA 0.06 0.1864
Ti NA BDL 0.0024
Zn 5 BDL 8.791

Water quality parameters were measured in mg/L except EC and pH
BDL below detection limit

et al. 2023; Kikuchi 2023). In contrast, HPI results revealed
that all the samples were below the critical limits (100),
demonstrating an insignificant pollution level.

Health risks from different (As, Cd, Pb, Zn, Co, Cr and
Co) metals through the oral and dermal intake to people
were assessed. The calculated health risk were categorized
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Fig.5 Presenting the water quality of different water samples col-
lected from various sources

into adult and children risks in the context of carcinogenic
and non-carcinogenic. HI values were varied accord-
ing to the different exposure roots, as shown in Fig. 6 and
Table S2. HQ,,; and HQyo o for metals in adults ranged
from —0.1286 to 11.333 and —0.11 to 51.41. Similarly, the
values observed for children ranged from —0.61 to 52.20
for oral and —0.228 to 149.1058 for dermal, respectively.
HQ value for dermal is more than oral intake, suggesting
that dermal exposure is the most prominent pathway for

non-carcinogenic health risks. It was observed highest for
arsenic (As) with HQ dermal (201.43) and HQ oral (66.03).

On the basis of HI values, it was noticed that As, Pb and
Zn metals are more vulnerable to non-carcinogenic health
risks. The value for HI was observed to be the highest for
As, followed by Pb. On the other hand, children were shown
to be more vulnerable to non-carcinogenic health risks than
adults in the area under investigation. Moreover, simi-
lar results were observed in the case of carcinogenic risk
assessment. The highest HI values were found for As (HI,;,
69.4) and (Hl gy 211). The values were higher for adults
(214.09) than children (52.6). Arsenic (As) is a naturally
existing element present in soil, air, rocks, natural streams,
and living organisms. The majority of the environmental
problems linked to arsenic are caused by natural events like
floods but human activity also plays a role in the release of
As into hydrologic systems. In geochemical settings, arsenic
forms a stable association with sediments, and its dissolved
levels typically remain minimal until released by the parent
rock systems (Vig et al. 2023b; Reddy and Sunitha 2023).
During floods, the disturbance of sediment layers can lead
to the release of As into the water, potentially increasing
dissolved levels and posing risks to water quality. Moreover,
the other source of As in waterbodies is As bound to iron
oxides in flood plain sediments (Khan and Rai 2023). The
study results were coherent with previous studies conducted
in the similar region (Thakur and Gupta 2019; Chakraborti
et al. 2018; Rajmohan and Prathapar 2016). Consumption
of As contaminated water results in various health issues
mainly skin cancer are well and various other forms of can-
cer in different parts of the human body (Vig et al. 2023c).
Skin lesions can even occur at a value of 50 ug/L of As

Non Carcinogenic Health Risk

230 -

180 -

130

Metals

m HQoral (adults)
HQoral (children)
m HQdermal (adults)
® HQdermal (children)
m HI(Oralt+dermal) (adults)

® HI(Oral+dermal) (children)

Fig. 6 Hazard index (HI) and hazard quotient (HQ) for children and adults based on the observed concentration of metals
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in drinking water with the people over 40 years of age
(Chakraborti et al. 2018). Peripheral neuropathy and skin
hyper- and hypopigmentation are the results of long-term
arsenic exposure (Reddy and Sunitha 2023). Children show
more severe arsenical skin lesions than adults and are more
vulnerable to the toxic effects of As than adults as the daily
water intake per unit of infant’s body weight is three to four
times greater than that of an adult (Wasserman et al. 2007).

Several previous studies reported the high level of arse-
nic in groundwater and associated health risk problems in
various districts of Bihar, threatening more than 10 million
people in the state (Chakraborti et al. 2003; Saha 2009;
Chakraborti et al. 2016; Nath et al. 2013; Kumar et al.
2019; Dubey et al. 2018; Abhinav et al. 2019). These studies
reported a high concentration of As in this area in the hand
pump-tube wells and bore well water along with the associ-
ated health risks among the population of this area. There-
fore, measures must be taken to address multiple health risks
in the study area.

Data analysis

In correlation analysis, the parameters of the post-flood sam-
ples were found to be weakly and moderately correlated to
each other at the p (0.05) and p (0.01) levels as shown in
Fig. 7. The heavy metals pair Zn-Mo (0.652) showed a sub-
stantial positive correlation, indicating that their sources of
origin are geogenic. Similarly, a strong positive correlation
was also noticed between physicochemical parameters. EC
showed a positive correlation with TDS (0.982), TA (0.801),
TH (0.857), C1~ (0.828), Na* (0.90), Ca* (0.848), Mg™*
(0.904) and moderate positive correlation with NO;™ (0.766)
and K* (0.690). Similarly, TDS was found to be positively
correlated with TA, TH, CI~, Na*, Ca* and Mg*. NO;~ was
found to be positively correlated with Mg*™ (0.621). A
positive correlation was also observed between cations and
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anions (NO; —Ca*-K™). TH with Ca*" (0.863) and Mg>*
(0.855). Na™—Ca**—Mg>* (0.743, 0.942, 0.801) showed posi-
tive correlation.

PCA is also regarded as an exemplary method for identi-
fying sources (Islam et al. 2018). The PCA results are pre-
sented in Table 5 and Fig. 8. The components were identified
using the varimax rotation approach based on the Eigen-
values. PCA revealed three components with eigenvalues
greater than one. The first, second, and third components
had a variance of 31.17%, 21.34%, and 11.23%. Compo-
nents were found to have a cumulative frequency of 31.17%,
52.52%, and 63.75%. Component 1 showed that EC, TDS,
TA, TH, Ca, Mg, Li, Mn, and Sr had high loading values of
more than 0.6. The results were consistent with the correla-
tion analysis, which revealed a high degree of association
between these measures. TDS, nitrate, Na, K, and S were
found in the second component, with the greatest loading
of 0.941. The third component found high loadings of Al,
Mo, Pb, and Zn, with Mo having the highest loading value
of 0.801, indicating similar sources of these elements in the
water samples, revealing geogenic and anthropogenic pol-
lution causes.

Conclusion

The current study established a detailed water quality analy-
sis of 20 samples obtained from various sources during the
post-flood event. The consequences of heavy metal contami-
nation on human health were explored. The water samples
were found alkaline and most parameters such as TDS, TH,
TA, Mg**, and CI~ for a few flood samples, hand pump,
and well samples were found above the BIS and WHO
acceptable limits. The elevated water quality characteristics
caused by rock weathering, mineral dissolution, and human
activity such as sewage seepage. During flood, these factors
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Fig. 7 Pearson correlation analysis (p <0.05) for water quality parameters and heavy metals
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Table 5 Principal component analysis of post-flood water quality
parameters

Component
1 2 3

pH 0.034 0.051 —0.504
EC 0.659 0.717 0.155
TDS 0.721 0.667 0.090
Chloride 0.556 0.594 —-0.072
TA 0.938 0.118 0.051
TH 0.764 0.421 0.141
NO;~ 0.007 0.874 0.055
F- -0.677 -0.242 —0.105
Na* 0.497 0.668 0.340
K* —0.030 0.941 -0.129
Ca* 0.942 0.211 -0.014
Mgt 0.746 0.546 0.029
Al 0.443 0.010 0.621
As —0.083 0.012 0.008
Ba -0.117 —0.143 -0.232
Li 0.915 0.293 —0.034
Mn 0.813 —0.091 —0.105
Mo —0.240 0.093 0.801

P -0.257 0.476 —0.304
Pb —0.187 -0.225 0.607
Hg 0.101 —0.046 —0.009
S 0.362 0.767 0.276
Sr 0.764 0.319 -0.229
Zn —0.063 0.171 0.742
Eigen value 74 5.1 2.6
Variance (%) 31.17 21.34 11.23
Cumulative (%) 31.17 52.52 63.75

Component 2

Fig.8 Principal component analysis of physicochemical and heavy
metals

include increased runoff, sediment transport, changed land
use, and infrastructure disruption, ultimately raising the
concentrations of contaminants, suspended particles, and
dissolved minerals in water bodies. According to the WQI,
20% of samples from floods, hand pumps, and wells were
found unsafe for drinking due to very poor water quality
which may be due to the high bacteriological contamina-
tion. The HPI findings confirmed that all of the samples
met the guidelines. On the other hand, health risk assess-
ment revealed that adult and child population are vulner-
able towards arsenic metal pollution. Additionally, the HQ
values were observed higher for the dermal pathway than
the ingestion pathway. A strong positive correlation between
physicochemical parameters and heavy metals showed the
significant correlation, implying a similar source of origin.
Additionally, the PCA analysis showed that the majority of
the heavy metal in water supply comes from anthropogenic
inputs, and that geogenic activity during floods contributes
to water contamination. The study results revealed a neces-
sity for regular water quality monitoring after flooding and
considerable upgrades on a priority basis.

Recommendations and future perspectives

For the comprehensive assessment of water quality, the water
samples of this area should undergo further bacteriological
examination. Some practical solutions include application
of sodium hypochlorite bleach or calcium hypochlorite
powder to ensure the safety of drinking water. To mitigate
the spread of water borne infections among flood affected
areas, implementing a water treatment approach is highly
recommended. Chlorine spot treatment has also proven to
be a particularly successful approach. Further floodwater
harvesting techniques are a common and beneficial practice
using floodwater to recharge various water resources in this
area for irrigation.

The study makes it evident that the challenge for future
research is to encourage the creation of dynamic vulnerabil-
ity assessments that consider citizens' ability to cope with
flood events. This is necessary to promote routes towards
flood risk reduction and to improve our understanding of
flood susceptibility (Moreira et al. 2021). Further policy
documents of India have given valuable recommendations on
different aspects of flood management such as flood damage
assessment; performance evaluation of flood management
schemes and works, requisite funds, master plans for flood
management, future multi-purpose projects and emphasis
on research, education and training on flood management.
In addition, India must evaluate how climate change may
affect rainfall and the effectiveness of flood-related infra-
structure, and it must start making plans for the necessary
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climate adaptation. When it comes to fighting unending
floods, advanced scientific and technological expertise, such
as the use of remote sensing and geographic information
systems, can be a very successful tactic (Singh and Kumar
2017). Further flood zoning and flood mapping are also ben-
eficial for flood disaster preparedness. The community must
be included in a basin-specific, holistic approach to increase
the effectiveness of flood management efforts. It is necessary
for everyone to participate in disaster response, flood preven-
tion, and readiness. It is essential to educate the community,
farmers, professional associations, businesses, and nonprofit
organization on flood management.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40899-024-01052-z.
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