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Abstract Elevated levels of arsenic in groundwater have
caused serious health problems in many countries of the
world. In the present study, the level of arsenic and asso-
ciated physicochemical parameters of groundwater of
Sahibganj district along the river Ganga in Jharkhand, India
was assessed in three seasons. The groundwater was found
to be Ca—HCO;~ type with low redox potential and high
total dissolved solids load. Arsenic concentration was
found to be highest in postmonsoon ranging between 1 and
133 pg L™" compared to (2 to 98 pg L") monsoon and (7
to 115 pg L™") premonsoon. Depth-wise heterogeneity
suggested an incremental trend of arsenic with depth.
Arsenic was found to be positively correlated to depth,
PO,*~ and Fe suggesting both natural and anthropogenic
role in release mechanism. Principal Component Analysis
helped further to support this observation. Spatial distri-
bution of As indicated discrete patches with high concen-
trations. Health risk analysis revealed high to very high
carcinogenic and non-carcinogenic risk for adults and
children in the communities dependent on groundwater of
the study area. The present observation will help in
defining strategies for managing the arsenic problems of
Sahibganj in future.
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Introduction

Arsenic contamination of groundwater is an alarming
problem worldwide. Globally As (arsenic)-contaminated
water has caused serious chronic human diseases like
dermatological problems, hyperpigmentation, keratosis,
gangrene and cancer (Rahman et al. 2006). Natural cala-
mity due to arsenic toxicity has prompted World Health
organisation to set the guideline value for As as 10 pg L™"
for drinking water (WHO 2007), though a few countries
have developed their own guideline values to meet com-
pliance. With time, the concern for arsenic contamination
of soil and ground water and its transfer to human and other
forms of lives through agriculture and other means has
gained much attention. Food represents a further potential
exposure pathway to arsenic in instances where crops are
irrigated with high arsenic groundwater, grown in con-
taminated fields or where food is cooked using arsenic-
contaminated water (Halder et al. 2012; Chakraborty et al.
2014). However, the pathway of exposure may vary from
region to region depending on human activities, geological
composition of the aquifer and bioavailability of arsenic
and presence of other heavy metals (Alvarez et al. 2003). In
India, cases of arsenic toxicity due to drinking of arsenic-
contaminated water were first reported from Chandigarh in
early 1976. In 1984, a large number of arsenic-induced skin
lesion cases were reported from Kolkata, West Bengal.
Since then many studies reported that a considerable part of
all the states along the Ganga plain (Uttar Pradesh, Bihar,
Jharkhand, West Bengal), some parts of the Brahmaputra
plain (Assam) and most parts of Bangladesh in the Padma-
Meghna-Brahmaputra (PMB) plain are arsenic affected
(Chakraborti et al. 2004). Regarding the source and
mobilisation of arsenic in groundwater, a number of
propositions are there. Though it is believed the natural
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release is a major phenomenon, which depends on natural
process of geological formation, it has been found that rock
water interaction, weathering and biological transforma-
tions play a vital role in arsenic release (Oinam et al. 2011).
The mineralogy and reactivity of geological formation in
aquifers along with anthropogenic inputs control the geo-
chemical mobility of arsenic in groundwater environment
(Bhattacharya et al. 2009). In India, arsenic in Gangetic
plain is believed to be naturally originating from eroded
Himalayan sediments, and entering into the solution fol-
lowing reductive release from solid phases under anaerobic
conditions (Polizzotto et al. 2008). Many authors have
reported arsenic-rich pyrite in the sediment samples of
Ganges delta of West Bengal to be the causative factor for
arsenic release (Chakraborti et al. 2001), while others have
put forward that arsenic is mobilised either by slow
reduction of iron oxyhydroxides or sorbed arsenate by
detrital organic carbon (Nickson et al. 1998) or through
sulphide oxidation reactions that is induced by the massive
increase of irrigation pumping in dry-season (Chowdhury
et al. 1999). Based on the data compilation from Bangla-
desh and West Bengal, DPHE (1999) reported that the
average total As concentrations in fluvio deltaic sediments
are 159 and 10.3 mg Kg~' for onshore and offshore
samples, respectively (Ravencroft et al. 2005).

Studies on the ground water quality in a major part of
the middle Gangetic plains of India have indicated the
presence of elevated concentrations of arsenic in dug wells
(Nayak et al. 2008; Chauhan et al. 2009). Fifteen districts
in Bihar exhibited high arsenic contamination on either
side of the banks of river Ganga (Kinniburgh and Smedley
2001). In Jharkhand, only Sahibganj, situated on the
western bank of river Ganges, facing Maldah district of
West Bengal in the eastern bank has been reported to be
arsenic affected (Nayak et al. 2008). First occurrence of
arsenic contamination in Sahibganj was reported by
Chakraborti et al. (2004). National Metallurgical laboratory
with UNICEF has also reported about the presence of
arsenic in Sahibganj in 2005 (Nickson et al. 2007). Dete-
rioration of health condition in Jharkhand state of the
Middle Gangetic Plain (Huq et al. 2001) and Central
Ground Water Board (2008) of arsenic contamination in
Sahibganj block of Sahibganj district also indicated sig-
nificant arsenic contamination. Nayak et al. (2008) has
reported 88 % out of 367 studied biological samples (nail,
hair and urine) to contain arsenic above normal level in
Sahibganj district in the gangetic plains with occurrences
of arsenical skin lesion and neurological disorders due to
arsenic intoxication. However, detailed study of arsenic
contamination in groundwater with other associated
hydrochemical parameters of the district has been very
limited and sporadic till date to our knowledge. Hence, the
current study was attempted with the following objectives:
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1) determine the spatial (horizontal and vertical) and sea-
sonal variation of total arsenic concentration in ground-
water samples of three blocks of Sahibgunj along the river
bank with the physical and chemical factors which can
potentially influence the arsenic release into groundwater
and 2) assess the potential health risk including non-car-
cinogenic and carcinogenic impacts due to the level of
arsenic contamination in groundwater of the study area.

Materials and Methods
Sampling Site Description

The present area, i.e. three blocks namely Sahibganj,
Rajmahal and Udhwa of district situated in the western bank
of river Ganga, is located in the north east of Jharkhand state
in India (Fig. 1). It is bounded by Bhagalpur and Godda
district in the west, Murshidabad and Maldah district of
West Bengal in the east and river Ganges and Katihar dis-
trict of Bihar in the north. It covers an area of approximately
1599 sq km (37.185 m above sea level) and extends
between 87°25’ and 87°54’ East Longitude and 24°42' to
25°21" North Latitude. The terrains are dominantly undu-
lating and mainly consist of hills, valley and undulating
land. Geologically the area has basaltic trap, laterite and
alluvium (Central Ground Water Board 2008). Alluvium
occurs in the northern and eastern boundary of the district
which is composed of sand and subordinate clay. Laterites
are mainly of insitu origin and have been formed by sub-
aerial erosion of underlying basalts under favourable cli-
matic condition in which the massive basaltic component is
hard and compact in nature with insignificant primary
porosity and permeability (Central Ground Water Board
2008). The area is characteristic of semi-confined aquifers
in joints and fractures of shear zones in 15- to 40-m depth
and confined aquifers below 40 m depth due to the presence
of highly impermeable basaltic beds (Central Ground Water
Board 2008). Major drainage lines are Gumani and Udhawa
nala. Important crops grown in flood plains are rice, wheat,
maize and jute. During recent year, people have started
growing vegetable and seasonal fruits.

Collection and Preservation of Samples

Groundwater samples were collected from the tubewells of
three blocks of Sahibganj district during three seasons
(premonsoon, monsoon and postmonsoon) from December
2013 to September 2014. Sampling locations were recor-
ded using Garmin etrex30 global positioning system
(GPS), and the depth of the tube wells was noted from the
consultation with the local villagers and Ground Water
Board, Jharkhand. Groundwater was collected after
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Fig. 1 Study area map showing the sampling locations

pumping out the water 40-80 times depending on tubewell
depth to remove the partially oxidised water out of the
tubewell ascent pipe, and immediately, onsite measurement
of pH, Temperature, electrical conductivity (EC), total
dissolved solids (TDS), dissolved oxygen (DO), oxidation
reduction potential (ORP), ammonium, nitrate and chloride
was done using Flow cell and portable instrument (YSI
multi-parameter analyser 6,050,000) at 20 sampling loca-
tions, in two sets. One set of water samples was filtered
using Whatman filter paper (0.45 p), collected in
polypropylene bottles, acidified with HNO; to pH 2 and
brought to the laboratory for elemental analysis (Loring
and Rantala 1992), and another unacidified set was utilised
for bicarbonate, phosphate and sulphate analysis by stan-
dard APHA, AWWA protocols. All the groundwater
samples were stored at 4 °C prior to analysis.

Elemental Analysis of the Water Samples

Acidified filtered samples were used directly for arsenic, Fe
and Mn analysis by using ICP-OES (Inductively coupled

plasma—optical emission spectrometry), the technique by
which elements (water soluble) are analysed in its elemental
forms using spectrophotometer and plasma. In our study, we
have used Perkin Elmer Optima 2100 DV ICP-OES Spec-
trophotometer for analysis of the sample using argon gas
and plasma zone temperature of 8000-10,000 °C. The
standard curve (multi-element) is prepared using Merck
supra pure and sample acidified with 5 % HNOj.

Contour Mapping for Spatial Distribution
of Arsenic in the Study Area

The coordinate values of the sample locations were taken
using GPS. The coordinates were then placemarked on
Google Earth and a polygon was digitised on Google earth
surrounding the sample location to be identified as study
area. Both the KML files were then exported to SHP format
so as to be processed in ARC GIS 10. Interpolation of data
obtained for Arsenic, Phosphate and iron was created using
IDW method in ARC GIS 10. Study area was used as a
polyline for limiting the boundaries of interpolation.
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Table 1 Scales for chronic and

carcinogenic risk assessment Risk level HQ/HI Chronic risk Calculated cases of cancer occurrence Cancer risk
(USEPA 1999) | <0.1 Negligible <1 per 1000,000 inhabitants Very low
2 >01<1 Low >1 per 1000,000 inhabitants Low
<1 per 100,000 inhabitants
3 >1<4 Medium >1 per 100,000 inhabitants Medium
<1 per 10,000 inhabitants
4 >4 High >1 per 10,000 inhabitants High
<1 per inhabitants
5 >1 per 1000 inhabitants Very high

HQ hazard quotient, HI hazard index

Health Risk Assessment

The degree of health risk of metal or any metalloid is
usually expressed as carcinogenic or non-carcinogenic
health risk (USEPA 2009). Bortey-Sam et al. (2015) stated
that hazard and exposure combines together to cause a risk
and according to WHO definition, a risk factor is any
attribute, characteristic or exposure of an individual that
increases the likelihood of developing a disease or injury.
The two principal toxicity risk factors are the slope factor
(SF) for carcinogen risk characterisation and the reference
dose (RfD) for noncarcinogen risk characterisation
(USEPA 1997, 1999).

Considering oral RfD (mg Kg~' day™') for arsenic
3.00E-04 and oral SF (mg Kg~'day™")™' 1.50 as per
toxicity index (USEPA IRIS http://www.epa.gov/iris/), the
HQ (Hazard quotient) is calculated taking into considera-
tion the average concentration of arsenic in three seasons.
If the value of HQ exceeds 1, it indicates potential non-
carcinogenic effects on health and if it is less than 1, the
exposed population is supposed to be free from any health
risk as a result of exposure (USEPA 2001; ECETOC 2001).

The formula for calculating HQ is as follows:

HQ = ADD/R{D,

where ADD (Average Daily Dose) (in mg Kg~' day ™) is
the estimation of magnitude, frequency and duration of
human exposure to a heavy metal or metalloid in the
environment (USEPA 1992).

ADD = (C x IR x EF x ED)/(BW x AT),

where C is the geometric mean concentration (mg L™") of
heavy metal or metalloid, IR is the water intake rate (3.49
and 2.14 L day™" for adults and children respectively in
India) (Hossain et al. 2013), EF is the exposure frequency
(365 days year™ "), ED is the exposure duration (70 years
for adults and 10 years for children respectively), BW is
the average body weight (48.56 kg for adults and 31 kg for
children, respectively, in Jharkhand) (Shome et al. 2014)
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and AT is the average time (25,550 days, i.e. EF x ED for
adults and 3650 days for children) (Bortey-Sam et al. 2015.

The carcinogenic probability was calculated as the
product of ADD (mg/Kg/day) and SF (mg/Kg/day/)~". The
scale of characterisation was done according to Table 1
(USEPA 1999).

Statistical Analysis

Statistical analysis, including Pearson’s correlation, Single
factor ANOVA and regression, was performed using
microsoft excel. PCA (Principal component analysis) was
performed in SPSS 17 software. Piper diagram or Trilinear
diagram was constructed by Groundwater chart software of
USGS.

Results and Discussion
Physicochemical Characteristics of Groundwater

The physicochemical characteristics of the groundwater of
Sahibganj district situated in the river basin of Ganges for
premonsoon, monsoon and postmonsoon seasons are pre-
sented in Table 2(a—c). Physical and chemical parameters
which generally help in understanding the rock water
interaction, anthropogenic influences and mechanism of
arsenic release in groundwater (Kumar et al. 2010) showed
significant variation in the present study. pH was found to
be ranging between 6.2 and 7.7 in premonsoon, 6.9 to 8.2
in monsoon and 7.6 to 8.6 in postmonsoon season. The
observation indicated slightly acidic to mildly alkaline
nature of groundwater in premonsoon season, whereas
nearly all the samples in monsoon and postmonsoon season
were found to be slightly alkaline. Low pH is generally due
to application of acid producing synthetic fertilisers like
(NH4),SO4 and Ca(H,POy), (Laluraj and Gopinath 2006),
which might be possible here, since these three blocks are
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Table 2 continued

Ca Mn As Fe

Cl (mg/ Mg

EC (uS/ TDS HCO?~ S0,>~ PO~ NO*~(mg/ NH,*
cm) L) D)

pH ORP

Depth

(m)

Sample

(ng/L)
210
230

(mg/L) (mg/L) (pg/L)

(mg/L)

(mg/L)

(mg/L) (mg/L)

(mg/L)

(mg/L)

(mV)

location

88
94
39

11

0.37
0.63
0.24
0.14
0.22
0.28
0.35

107
184

39
55
26
35
41

47

1.5
0.8

14.8

0.11
0.13
0.05
0.04
0.04
0.07
0.03

69
59
14
57
32
32

166
135
226
520
419

559
657
361
573

1111
1313

—105
—105
—123

7.6
7.8

8

20
29
14

Keswa

120

154

Ghat Jamni

55
70

198

85
155

42

8.3
2.6

10.8

729
1149
1152

Radhanagar
English

62
370

1.5

-90
-90
—56
-57

7.7

27

160

577

7.6
8.6

7.7

18
20

17

Kathalbari
Udhwa

61

85
157

25

32
115

1.1

0.7

7.2
8.2

502
348

240

492

493

120

42

31

990

Begumganj

situated along the bank of river Ganges are predominantly
agricultural lands. Only Udhwa village showed pH values
of 8.6 in postmonsoon, higher than WHO permissible limit
of 8.5 (WHO 2004).

Oxidation reduction potential, an approximate indica-
tion of the redox potential of any solution and a major
modifier of water chemistry including speciation of arsenic
(APHA 1998) in the present study, was found to be con-
siderably low in all the three seasons in all the sampling
locations of Sahibganj, ranging between —20 and
—197 mV in premonsoon, —1 to —193 mV in monsoon
and —38 to —199 mV in postmonsoon. Dehari, which
exhibited the highest arsenic concentration among the
villages, showed the most negative ORP values in pre-
monsoon and monsoon season and significantly low value
in postmonsoon season. Similar observation of prevalence
of arsenic in strong or moderate reducing aquifers has been
found in previous reports of Gangetic basin (McArthur
et al. 2004; Nath et al. 2008). However, seasonal variation
of ORP was not prominent.

Total dissolved solids and EC generally represent the total
ionic species of water. In the present study area, EC varied
between 539 and 2388 uS cm™' with an average value of
1162 pS cm ™' in premonsoon, 406 to 2220 pS cm™' and
mean 1011 pS cm™ ' in monsoon and 372 to 1313 uS cm ™'
and 924 uS cm™' in postmonsoon season. TDS ranged
within 338 and 1529 mg L 'in premonsoon, 165 to
1106 mg L™" in monsoon and 189 to 818 mg L™" in post-
monsoon. Higher EC values in monsoon might be attributed
to enhanced chemical weathering and lengthier residence
time of groundwater in the aquifers (Oinam et al. 2011).
Ravindra and Garg’s (2007) theory of ion exchange and
solubilisation in the aquifer with agricultural runoff to be
responsible for higher EC could be applicable here, since the
study area is composed of older alluvium.

The concentration of major anions in the present study
area was found in the order of HCO3;™ > ClI™ >
S0, > NO*~ > PO,°~ in majority of the samples.
Bicarbonate (HCO5; ™) was the main anionic constituent of
the groundwater samples ranging from 285 to 740 mgL ™" in
premonsoon, 246 to 565 mg L~' in monsoon and
124-520 mg L™ in postmonsoon season. HCO;™ repre-
senting the major source of alkalinity generally prevails due
to the dissolution of CO, and carbonates, reaction of silicates
with carbonic acid (Ranjan et al. 2013) and oxidation of
organic matter (Jeong 2001). With regard to arsenic release
mechanism, it normally causes the leaching of arsenic into
groundwater by carbonation of arsenic sulphide minerals
(Hossain et al. 2004).

CI™ which generally arises from precipitation (Ranjan
et al. 2013) was found to be highly variable ranging
between 8 and 415 mg L™, 8 and 283 mg L™" and 5 and
370 mg L' in premonsoon, monsoon and postmonsoon,
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respectively. All values were below the permissible limit of
250 mg L™" except Kathalbari (Premonsoon and post-
monsoon) and Begumganj (in monsoon). Sulphate (SO427)
which originates from oxidation of sulphite (Ranjan et al.
2013) ranged between 3 and 129 mg L™ in premonsoon, 3
and 254 mg L™ in monsoon and 4 and 105 mg L™' in
postmonsoon season, showing higher concentration in
monsoon season, which might be due to increased agri-
cultural runoff containing elevated concentration of SO42_
(Kumar 2008). Otherwise, sulphate concentration was
lower in other seasons and this corroborates with lower
ORP environment in the groundwater inhibiting sulphide
oxidation. NO®~, arising from biological oxidation of
nitrogenous substances produced from wastes (Ranjan
et al. 2013), varies from 1.6 to 21.5 mg L™" in premon-
soon, 0.8 to 26.9 mg L™' in monsoon and 2.4 to
20.3 mg L™" in postmonsoon season.

PO, varied between 0.04 and 0.19 mg L™' in pre-
monsoon, 0.009 to 0.20 mg L™ in monsoon and 0.01 to
0.24 mg L™" in postmonsoon season.

Major cations here followed the order of Ca > Na >
Mg > K. The groundwater seemed to be dominated with Ca
ions followed by Na, Mg and K being the lowest abundant.
The mean concentrations of the major cations calculated
from the data of three seasons (mentioned in Table 2a—c.)
were Ca" (44 to 196 mg L™"), Mg*" (16 to 144 mg L"),
Na™* (8.7 to 67.8 mg L™") and K™ (2.16 to 38.9 mg L™ ).
The trilinear Piper diagram constructed by summarising the
concentration of the cations and anions of the present study
area of three seasons suggested the groundwater to be Ca—
HCO; type (Fig. 2). Piper diagrams generally give an idea
about the hydrogeochemical composition of various
groundwater sources (Kar et al. 2010). Bicarbonate

As (ugLY)
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Fig. 2 Linear regression showing relationship between As and depth,
PO4>~, Fe in 693 groundwater samples (p < 0.05)
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was reported to be the most dominant anion in the Ganges
delta plain with comparatively higher concenytrations in
deep wells in earlier studies (Kar et al. 2010).

Elemental Composition of groundwater

Fe concentrations of the groundwater samples were below
WHO permissible limit (1000 mg L™" WHO 2004). Mean
concentration of Fe ranged from 54 to 344 pg L' in
premonsoon, 55 to 154 ug L™' in monsoon and 55 to
280 ug L' in postmonsoon season. ANOVA suggested
significant seasonal variation for Fe (F = 5.609,
F.i = 3.158) (Table 3). Generally reduction of
arsenopyrites by oxygen deficient groundwater or perco-
lation of precipitation leads to higher concentration of Fe in
groundwater (Oinam et al. 2011). The mean manganese
concentration in all three seasons is higher than the
acceptable limit of WHO (0.05 mg Lfl) (WHO 2004) and
BIS (0.1 mg Lfl) (BIS 2009). It ranges from 0.13 to
0.8 mg L™ in premonsoon, 0.05 to 1.17 mg L™" in mon-
soon and 0.02 to 0.99 in postmonsoon season. The high
concentration of manganese is due to the ubiquity of
manganese in the soil and rocks.

Mean arsenic concentration of groundwater was found
to be the highest in the postmonsoon season and similar
observation in postmonsoon was reported by Oinam et al.
(2011) in Bishnupur district, Manipur. As concentrations
ranged from 7 to 115 pg L™ in premonsoon with all the
sampling locations except English village exhibiting con-
centrations above WHO standard (10 pg L™") and eight
out of twenty sampling points above BIS permissible limit
(50 pg L™Y). It was as high as 115 pg L™" in Dehari fol-
lowed by Badi Koderjanna and Ghat Jamni (97 and
96 pg L™, respectively) in premonsoon season. However,
arsenic contamination in monsoon was found to be slightly
lower though statistically not significant (Table 3) than the
other two seasons ranging between 2 and 98 pug L™ with
the highest concentration being 98 pg L™' in Dehari.
Lowering of arsenic concentration in monsoon might be
due to dilution of groundwater by more infiltration of
precipitation. 17 out of 20 sampling points showed arsenic
concentration above 10 pg L' and 7 locations above
50 pg L™". In postmonsoon season, again Badi Koderjanna
exhibited the maximum concentration of arsenic
(133 pg L") followed by Dehari (117 pg L"), Ghat
Jamni (94 pg L™") and Keswa (88 pg L™'). Range of
arsenic concentration varied between 1 and 133 L' 9
sampling points showed arsenic above BIS limit of
50 pg L. Spatial distribution of arsenic in the study area
suggested elevated concentrations along the bank of river
Ganges.
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Table 3 Analysis of variance between the physicochemical parameters of groundwater within locations and seasons

Within seasons

Within locations

Significance

F crit

Significance

F crit

Significant

4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075
4.38075

55.0014

Not significant

2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825
2.16825

1.10156
1.17304
1.72613
2.21566

pH

Not significant

0.01494

0.84446

0.00014
21.0361

Not significant

ORP (mV)

Not significant

Not significant

EC (uS em™})

Not significant

Significant

TDS (mg L™h

Significant

Not significant

1.96484
0.92573

HCO;™ (mg L")
SO,%” (mgL™")

Not significant

0.06624
7.69631

Not significant

Significant

Significant

3.48015
0.53634

PO/~ (mg L™

Not significant

2.26435

Not significant

NO;~ (mg L")
NH," (mg L™")
Cl~ (mg L™

Not significant

2.58369
0.21278
0.92036
1.8124

Not significant

1.13967
222719

Not significant

Significant

Not significant

Not significant

1.90671

Mg (mg L™")

Not significant

Not significant

2.16037
2.08245
5.27329

Ca (mgL™h

Not significant

1.37829
5.97617
15.1572

Not significant

Mn (mg L™

Significant

Significant

As (ngL™)

Significant

Not significant

1.64143

Fe (ug L™

Depth-Wise Heterogeneity of Arsenic

Arsenic concentration suggested a positive increment
with depth of the tubewells (Fig. 3), though in the pre-
sent study depth of the tube wells were limited to 40 m,
which according to previous studies in West Bengal and
Bangladesh has been known to be formed of grey sedi-
ments of the Holocene age up to depth of 100 m
(Bhattacharya et al. 1997; DPHE 1999; van Geen et al.
2003). The higher concentrations of arsenic in the sam-
pling locations like Dehari (mean = 110 pg L™, depth
36 m), Badi Koderjanna (mean = 97 pg L', depth
31 m), Ghat Jamni (mean = 84.33 pg L depth 29 m)
and Keswa (mean = 73.67 pg L™', depth 20 m) were
all found at greater depths. Up to 15 m depth, the
average concentration of As was 27.33 ug L™'; how-
ever, As increased steadily with depth after that and
reached an average of 110 pgL™' at 36-m depth.
Pearson correlation coefficient between arsenic and
depth was 0.82 (p <0.05) in premonsoon, 0.69
(» <0.05) in monsoon and 0.80 (p < 0.05) in post-
monsoon showing positive significant correlation
(Table 4). Regression curves also indicated strong
dependence of arsenic on depth (R* = 0.64, p < 0.05)
(Fig. 4). Similar trend has been observed in West Bengal
Bangladesh, up to 3040 m of depth (Kar et al. 2010).
The presence of arsenic up to 40-m depth indicated
probable source in the aquifer, which is released due to
dissolution (Kar et al. 2010).

Probable Release Mechanism

Pearson correlation analysis of the three seasons, pre-
monsoon, monsoon and postmonsoon was performed to
analyse the relationship between pairs of hydrochemical
parameters of the study area. Correlation co-efficients
were considered to be showing strong positive or nega-
tive correlation when the values were near 1 (4 or—) ata
significance level of p < 0.05. During all the three sea-
sons, positive correlation was observed between
arsenic—depth (0.822 in premonsoon, 0.695 in monsoon
and 0.804 in postmonsoon) (p < 0.05) and depth—
phosphate (0.721 in premonsoon, 0.774 in monsoon and
0.655 in postmonsoon) (p < 0.05) and depth—Fe (0.44
in premonsoon, 0.465 in monsoon and 0.784 in post-
monsoon) (p < 0.05). Arsenic showed strong positive
correlation with phosphate (0.717 in premonsoon, 0.657
in monsoon and 0.809 in postmonsoon) (p < 0.05)
(Table 3). Phosphate, which generally leach into the
groundwater from agricultural runoff containing fer-
tilisers, helps in release of arsenic in groundwater (Oi-
nam et al. 2011). In the present deposited alluvium
tracts, there are several agricultural fields, so phosphate
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Fig. 3 Piper diagram showing major ions of the groundwater (n = 20)

contamination can be easily happening here due to perco-
lation of runoff, which ultimately goes and competes with
arsenic for the adsorption sites in Fe and Mn oxides and
thus mobilise the arsenic into groundwater (Katsoyiannis
and Katsoyiannis 2006). Stollenwerk et al. (2007) has also
proposed similar theory of reductive dissolution mecha-
nism of Fe (hydr)oxides to be responsible for arsenic
release in groundwater. As was also found to be moderately
positively correlated to Fe in premonsoon (0.534)
(p < 0.05), and strongly positively correlated in postmon-
soon (0.900) (p < 0.05). The relation between As and Fe
can be attributed to the fact that Fe(III) oxides are the most
likely electron acceptors for As(IIl) in reducing environ-
ment according to Stollenwerk et al. (2007). However,
statistical analysis did not exhibit significant correlation
between arsenic and HCO®~, suggesting no probable role
of HCO®~ in the release of arsenic in the present study
area. Strong positive correlation between EC and TDS was
also observed in all the three seasons (0.972 in

@ Springer

premonsoon, 0.937 in monsoon and 0.865 in postmon-
soon). High values of EC indicate prevalence of inorganic
ions like H, Na®, K*, Mg**, Ca’", Cl~, SO,*~ and
HCO;™, etc., that have major influence on the conductivity
of water.

In monsoon season in addition to the above-mentioned
parameters, SO,>~ was found to be strongly positively
correlated to Cl1™, which might be due to higher rate of
leaching of ions due to precipitation and runoff.

Positive correlation was not found between As—SO,>~
and As—Cl, hence suggesting no probable role in arsenic
release mechanism in the present study area.

Principal Component Analysis

In premonsoon season, predominant components or factors
were 1 and 2. Factor 1 and 2 explained 26.77 and 20.9 %
of the variability in data, respectively (Fig.5). Strong
loadings were found for EC (0.78) and TDS (0.75) in the
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Fig. 4 Depth-wise variation of
arsenic of groundwater in the
three seasons of the study area
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factor 1, and medium loadings were shown by depth
(0.46), As (0.72), HCO; (0.65), PO, (0.56), Mg (0.68),
Ca (0.56), Fe (0.64) and K (0.67). This indicates that the
sources can be geological and anthropogenic (Sikdar and
Chakraborty 2008). Geological sources can be weathering
of soil and rock minerals, whereas anthropogenic source
can be pesticides or fertilisers. Depending on the factor
loadings, Factor 2 can be termed as ‘solid factor’ as
medium loadings were shown by ORP, TDS, S04,
NO37, CI™, Mg and Ca (Mukherjee et al. 2011; Jiang et al.
2015). These anions and cations can be present in the
water in dissolved forms. In monsoon season, however,
factor 1, 2 and 3 explained 18.75, 14.7 and 9.16 % of the
variability of the total data, respectively. None of the
parameters showed significant loading in any of the factors
(Fig. 5). This signifies that in this season, sources may
vary widely. This is may be due to the fact that in this
season, water from various sources percolates and influ-
ence the groundwater quality. In postmonsoon season,
factor 1 explains 32.21 % and factor 2 explains 26.1 % of
the data structure. Factor 1 is showing strong loadings of
depth (0.853), arsenic (0.961), POZ3 (0.827), NOs3~
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(0.816) and Fe (0.898). Medium loadings are shown by
Mn, K, HCO; and ORP. It seems that major ions are
associated with hydrochemical variables from the mineral
weathering and water—rock interactions in the aquifer.
Strong loadings of phosphate, iron and arsenic also suggest
the possible replacement mechanism of arsenate from the
iron oxide bearing minerals by phosphate (Sikdar and
Chakraborty 2008; Sappa et al. 2014). Factor 2 is showing
strong loadings of EC (0.878), TDS (0.943), Ca (0.895)
and Mg (0.905). This again signifies the dissolution of
minerals.

Contour Map of Spatial Distribution of Arsenic
in the Study Area

The spatial analysis of As, Fe and PO4°~ showed discrete
patches of high concentration of arsenic and phosphate
(Fig. 6a—c). High arsenic concentrations were found in
villages of Dehari, Badi Koderjanna, Ghat jamni, Keswa
and Hazipur diara in all the three seasons. Majority of the
areas showed concentration above WHO and BIS permis-
sible limit. Fe distribution, however, showed a more
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Fig. 5 Projection of the variables on the factor plain for the first two principal components during the three seasons

uniform pattern in the study area with high concentrations
at Dehari, BadiKoderjanna, Kabutorkhopi, Gadai, Ghat-
Jamni, keswa and Kathalbari.

Health Risk Assessment

Health risk assessment calculation showed very high
arsenic-induced non-carcinogenic detrimental health risk
for both adults and children (Table 5) in all the twenty
sampling locations of the three blocks of Sahibganj district.
HQ values ranged from 1.284 (adults) and 1.230 (children)
at English to as high as 26.270 (adults) and 25.200 (chil-
dren) at Dehari village, which contained the highest geo-
metric mean value of As concentration (0.110 mg L_l).
Children are yet more vulnerable to non-carcinogenic
arsenic toxicity, since they consume more per unit of body
weight than adults (ENHIS 2007).

The carcinogenic risk for drinking arsenic laden water
for both adults and children was found to be equally very
high in the study area. Risk level in adults ranged from
5.78E-04 (high risk) in English village to 1.18E—02 (very
high risk) (Tables 1, 5) in Dehari. In fact cancer risk was
found to be very high in all the village communities except
English and Udhwa. Similar observation was observed for
children also. Cancer risk in case of children ranged from
5.60E-04 (high risk) in English to 1.14E-02 (very high risk)
in Dehari (Tables 1, 5) (USEPA 1999). Mean Cancer risk
for the exposed communities suggested very high risk of
4.63E-03 in adults and 4.45E-03 in children. Carcinogenic
risk of arsenic-contaminated groundwater in India has been
extensively reviewed by Mazumdar (2008), where it was
reported that occurrences of skin cancer and cancer of lung
and urinary bladder are quite common due to long-term
exposure to arsenic. Moreover, the present study area is
located in tropical region, where the local communities are
exposed to relatively high temperature, humidity and sun-
rays. As a result, their water intake is high (average 3.49
litres for adults and 2.14 litres for children) (Hossain et al.
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2013) leading to higher ADD and consequently higher
carcinogenic and non-carcinogenic risk (Bortey-Sam et al.
2015).

Conclusion

The physicochemical characteristics and total arsenic
concentration of groundwater of three blocks of Sahibganj
situated along the river bank of Ganga in north east of
Jharkhand in India have been evaluated. Overall observa-
tion suggests that the groundwater is slightly alkaline in
nature with low ORP, high electrical conductivity and TDS
with spatial as well as seasonal variation. The groundwater
is Calcium bicarbonate type with dominance of bicarbon-
ate. Phosphate concentration was high and showed a sig-
nificant positive correlation with arsenic. Arsenic
concentration was found to be much higher than the WHO
or BIS permissible limit in majority of the villages in the
study area. Arsenic was also seen to be positively corre-
lated with iron and phosphate. PCA results demonstrated
the role of both geological condition and anthropogenic
inputs to influence the water quality. These observations
hinted at reductive dissolution of Fe oxyhydroxides due to
high phosphate concentration from agricultural input to be
the probable mechanism of arsenic release from the sedi-
ments along river Ganges. Arsenic was also found to
increase with depth up to 100 m from the surface. Calcu-
lation of carcinogenic and non-carcinogenic effects of the
arsenic concentration in the communities exposed to the
groundwater for drinking and other purpose indicated high
risk with an average of more than 1 in a 1000 population.
The results of this study including the spatial, seasonal and
depth heterogeneity of arsenic will help formulating
strategies to avoid the highly arsenic polluted groundwater
sources and exploit new sources as mitigation strategies to
arsenic toxicity.
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Table 5 Non-carcinogenic (HQ) and carcinogenic risk of As in groundwater for adults and children in the study area

Village C mgL™! ADD HQ adults Carcinogenic ADD HQ Carcinogenic
adults risk adults children children risk children
Makhmalpur South 0.04 0.003 9.47 4.26E—-03 0.003 9.1 4.09E-03
Makhmalpur North 0.027 0.002 6.582 2.96E—-03 0.002 6.32 2.84E—03
Dehari 0.11 0.008 26.27 1.18E—02 0.008 25.2 1.14E-02
Rajgaon 0.03 0.002 7.226 3.25E-03 0.002 6.94 3.12E-03
Mahadev Baran 0.035 0.003 8.474 3.81E-03 0.002 8.14 3.66E—03
Hajipur Diara 0.012 0.001 2.879 1.30E—03 0.001 2.77 1.24E-03
Badi Kodarjanna 0.092 0.007 22.118 9.95E—03 0.006 21.2 9.56E—03
Chhoti Kodarjanna 0.016 0.001 3.902 1.76E—03 0.001 3.75 1.69E—03
Kabutar Khopi 0.061 0.004 14.644 6.59E—03 0.004 14.1 6.33E—-03
Chanan 0.059 0.004 14.049 6.32E—03 0.004 135 6.07E—03
Gadai 0.041 0.003 9.888 4.45E-03 0.003 9.5 4.27E-03
Lakhipur 0.035 0.003 8.451 3.80E—03 0.002 8.12 3.65E-03
Narayanpur 0.051 0.004 12.326 5.55E-03 0.004 11.8 5.33E-03
Keswa 0.072 0.005 17.209 7.74E—03 0.005 16.5 7.44E—03
Ghat Jamni 0.083 0.006 19.846 8.93E—03 0.006 19.1 8.58E—03
Radhanagar 0.024 0.002 5.853 2.63E-03 0.002 5.62 2.53E-03
English 0.005 0 1.284 5.78E—04 0 1.23 5.60E—04
Kathalbari 0.018 0.001 4.272 1.92E—03 0.001 4.1 1.85E—03
Udhwa 0.008 0.001 2.007 9.03E—04 0.001 1.93 8.70E—04
Begumganj 0.037 0.003 8.951 4.03E-03 0.003 8.6 3.87E-03
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