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® Geogenic or non-point source arsenic (As) contamination of
groundwater 1s widespread in South-East Asian countries.

® The level of the As contamination 1n Bengal basin (the lower
region of Ganga-Brahmapura-Meghna) has been well
documented and known as the most severely affected region of
the world (Nickson et al. 1998:; Burgess et al. 2010).

® A survey was done in central Gangetic basin (CGB) and
found ~359 % of the hand pumps of the villages (2040 m
depth) were reported with (As > 50 ug/L) (Chakraborti et al., 2003).
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it 1s noteworthy that mobility, (phyto)toxicity, potential risk, retention and
bioavailability of As in the environment depend on the form in which they
enter and the final form 1n which they are present (Sanz et al., 2007)

Determining the total As concentration alone is insufficient for many
environmental exposure scenarios

Nonetheless, As speciation analysis 1s a powerful tool that can generate
accurate assessments of environmental impact and risk to human health

(Sanz et al., 2007: Rahman et al., 2009: Vassileva et al.,2001)

Arsenic remedial action strongly depends on arsenic speciation, the
presence of other possible contaminants, and on the general water
composition (Katsoyiannis et al., 2007)

The presence of As in the central Gangetic Basin 1s now well documented
by various studies that have examined water, agricultural soil and
subsurface sediments (Srivastava et al.,2013; Kumar et al., 2016; Saha et
al., 2013; Kumar et al.,2012). But all these studies are limited to total
estimations, except vey few study and those are limited to groundwater
only.




‘a) Diffuse melanosis,

(b) Spotted melanosis,

(c) Leucomelanosis,

(d) Tongue melanosis,

(e) Keratosis on palm,

(f) Spotted keratosis on sole

(g) Dorsal keratosis.

Images: Different skin symptoms
due to arsenic toxicity

Chakraborti et al., 2016
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List of arsenic endemic states in India

—_— Area of endemic states = 529674 sq km (app—g;
~ T———Pepulation of endemic states = 359 iiiilliuii (approx)

Potentially exposed population = 50 million (approx)

A
B 5001
[110-50 ug/l
[ ] <10 ngl

India 1s one of the worst As Groundwater |

affected country in the world
(Chakraborty et al., 2016)

In 6 states of the (GB-Plain),
70.4 million people are potentially
at risk from groundwater As toxicity

>10 pg/L)

* West Bengal A

e Bihar UTTAR PRADESH

e Uttar Pradesh N9t E*‘G

* Assam 02 —@

° Manipur CHATTISGARH
e Jharkhand N=140150

* Chhattisgarh & ) ‘@

S

e ___,,n‘" \___..:_-’7 e .
JHARKHAND WEST BENGAL MANIPUB



Mean concentration of As (ng/L)
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B Ballia, Uttar Pradesh (Chandrasekharam et al., 2007)

B Ballia, Uttar Pradesh (Chauhan et al., 2009)

B Ballia and Ghazipur, uttar Pradesh (Srivastava and Sharma
| 2B(a)1h313 Uttar Pradesh Shah (2008)

B Ballia, Uttar Pradesh and Patna, Bihar (Chandra et al., 2010 )
B Ghazipur, Uttar Pradesh (Kumar et al., 2010b)

B Varanasi, Uttar Pradesh Raju (2012)

B Bhojpur, Bihar (Saha et al., 2009)

B Bhojpur, Bihar (Saha et al., 2011)

E Bhagalpur, Bihar (Kumar et al., 2010a)

B Samastipur, Bihar (Saha and Shukla, 2014)

B Samastipur,Bihar (Kumar et al., 2016)

© Bhojpur, Bihar (Chakraborti et al., 2016)

As and Fe in central Gangetic bz
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® Ballia U.P. (Shah 2008)

B Ballia & Patna, Bihar (Chandra et al., 2010 )

B Ghazipur, U.P. (Kumar et al., 2010 (b))

B Varanasi, U.P. (Raju, 2012)

® Bhojpur, Bihar (Saha et al., 2009)

E Bhojpur, Bihar (Saha et al., 2011)

E Bhojpur, Bihar (Saha et al., 2011)

B Bhagalpur, Bihar (Kumar et al., 2010 (a))

O Samastipur, Bihar (Saha and Shukla, 2014)

B Samastipur,Bihar (Kumar et al., 2016) 7



ost acceptable mechanism for As mobilization in CGB

Tubewell

o T b
Water with low As contamination | Water with hizh 4+ contamination

. Fine to
medinm sa

'-3:Gruuudwater flow -

(a) (b)

Fig. Groundwater flow could play a role by supplying As directly or indirectly by
supplying reactive organic carbon that triggers reductive dissolution of iron oxides
(modified from van Geen, 2011)




~ Study Area

® The area undertaken for the study encompasses parts of
the flood plain deposits of the Ganges and its tributaries in
the states of Bihar.

® The area extends from Bank of the River Ganges near
district Patna in the south to the Terai plains in the north,
located 1n the foothills or piedmont of the Himalayas near
the Nepal border.

* Tectonically, the study area may be regarded as a part of
the Himalayan foreland basin.
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~ Sample locations— —{ "

Figure. Study area map:
India, Uttar Pradesh and Bihar and
water sample and drilling locations.
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Material and methods

Sample collection

Two sites, specifically a new alluvium region (also known as the Diara formation) and
older alluvium deposition (also known as the Vaishali formation) were selected to fulfill
this objective

Water samples were collected from tubewells, aquifer sediment was collected using hand-
flapper method and agricultural soil samples (0—-15 cm depth) were collected from 11
different locations

Digestion procedure for the total elemental extraction

A microwave digester (CEM, MARS 6) consisting of 42 digester vessels was employed
to digest all soil and sediment samples

Extraction procedure of soil and sediment samples

Microwave-assisted extraction technique along with 1M Ortho-phosphoric acid were

used to extract the As species from agricultural soil and subsurface sediment samples.

Analysis: ICP-MS for As and other elements, (IC) coupled with ICP-MS for speciated
As, Scanning electron microscopy (SEM) and X-Ray diffraction (XRD analysis

12



Table

Arsenie-species present in groundwater (tesults-expressed in pg/L and are based

on peak area calculation)

v#’/V/

As!l! As (t)

S.No. Depth(m) pH pe (il As'(%) AsV(pg/L) AsY(%) (i Asy/Asy
1. 30.5 7.4 -2.4 17.0 57.8 12.4 4242 29.4 1.4
24 24.4 7.8 -4.9 78.0 95.8 3.4 4.2 81.4 23.0
24 15.2 g -2.5 15.8 44.9 19.4 55.1 35.1 0.8
4. 212 7.6 -3.0 5.1 84.6 0.9 15.4 60.0 5.5
5. 18.3 gA- -1.9 1.6 91.8 1.0 8.2 12.6 11.2
6. 30.5 7.5 -1.6 1.1 76.7 0.3 228 1.5 2.2
2 27 7.4 -1.4 ) 88.1 0.3 11.9 2.6 Zed
8. 54.9 7.4 -1.5 0.5 8.1 5.1 91.9 5.6 0.1
9. 36.6 7 -2 10.0 67.6 4.8 220 14.8 !

10. 18.3 7 -2.0 13.6 70.9 5.6 29.1 19.2 2.4
11. 19.8 7.4 -1.9 0.8 S 0.6 42.3 1.4 1.4
124 36.6 7 -0.5 2.5 87.5 0.4 12.5 2.8 7.0
13. 24.4 —d -2.5 7 42.9 9.5 57.1 16.7 0.8
14. 36.6 72 -4.2 4.1 58.9 2.9 41.1 7.0 1.4
15. 21.3 7.8 -3.4 L2 94.6 0.1 5.4 La 17.4
16. 19.8 g -3.7 0.4 14.8 p) 85.2 2.0 0.2
124 27.4 7.6 -0.0 P 1.6 20.8 88.4 23.5 0.1
18. 21.3 7 -0.3 83.4 79.6 212 20.4 104.7 3.9
19. 30.5 7.5 -0.2 10.9 77.8 2 220 14.0 2.5
Mean 227k 7.5 -2.1 14.1 63.8 6.0 36.2 20.1 1.8

13
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~___Total'and norgante-As-in agricultural seils

“Table

Concentration of inorganic As species with their respective extractable amount (%) in
agricultural soil (n = 11) (results expressed in pg/kg and are based on peak area calculation)

S.ID. Latitude  Longitude  All AsV As (ext) As (tot) % extractable

1 25.572 85.668 Nd 1050 1050 3528 29.8
2 25.570 85.038 Nd 2413 2413 10600 22.8
2 25.554 85.669 39 6835 6874 12040 53.1
4 25.501 85.718 20 5913 5933 10830 54.8
5 25.5603 85.723 Nd 3420 3420 9527 35.9
6 25.5603 85.713 31 4257 4289 0525 45.0
Z 25.539 85.042 40 5404 5444 9742 55.9
8 25.579 85.677 Nd 4403 4403 12410 35.5
9 25.545 85.662 0.1 4513 4513 1630 38.8
10 25.608 85.066 12 3766 3779 13490 28.0
1 25.549 85.670 Nd 6152 6152 14690 41.9

As (ext) = total sum of arsenic species extracted, As (tot) = concentration
of arsenic by using aqua regia, Nd = not detected.

The concentration of As!!l and AsV varied from not detectable —
40.1 and 1050-6835 ug/kg, respectively.

16
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Figure Inorganic As species in agricultural soil samples. Values at
secondary axis are the sum of As (ext) and As (tot) (ng/kg)

The total concentration of As observed in agricultural soils ranged from

3527-14690 ng/kg
A high discrepancy was observed in the concentration of As in agricultural

soils in the study area.
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‘Sediment color and-As severity in the sediment

High

Highly reduced

A modified Munsell Color Chart which “
was reduced into a four color tool (see ~ FFFEE
Figure) on the basis of comparative
analysis of 2240 sediment samples was

served to categorize the samples into
four colors

Risk of arsenic in groundwater
Redox status

A/

A Less reduced
Low

Figure Four color sands with corresponding risks of As concentration
in groundwater under varying redox status adopted from (Hossain et al., 2014).
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Table -

Concentration of inorganic As spectes-in-subsurface sediments
Depth (m) pH As AsVY  As(ext) As(tot) (%) ext. S(?)/rol)d Silt (%) Clay (%) EOC (%) OM (%)
Methrapur
1.5 83 Nd 4328.0 4328.0 160071 27.0 277 63.8 8.6 0.8 2.
4.5 82 Nd 3480.0 3480.0 16450.1 212 29.7 66.8 3.6 0.6 1.8
9.1 82l Ndil 320388 3203 9876 32 26.5 63.9 9.6 0.5 1.6
21.3 8.4 264.2 6288.6 6552.8 20056.7 32.7 89.8 9.4 0.7 0.5 )
36.5 83 m7.8 2328 2445.8 11291 pAR 39.0 57-4 2.0 0.5 1.6
42.6 828 Ndi 333288 33325 9119 36.5 56.2 411 2.5 0.6 1.8
Mean 8.3 191.0 3826.8 3890.5 13800.0 28.6 44.8 50.4 4.8 0.6 Lo
Min 82 Nd 2328.0 24458 o9ug.0 212 26.5 9.4 0.7 0.5 13
Max 84 264.2 6288.6 6552.8 20056.7 36.5 89.8 66.8 9.6 0.8 2.2
Harail
Chapar
1.5 83 Nd 8820.6 8820.6 15663.4 56.3 31.4 59.2 9.4 0.5 )
9.1 7.8 368.5 60921.8 7290.2 19681.1 37.0 pAR 66.3 12 0.9 2.2
18.3 S.28 22.88 722488 724768 1365448 53.1 35.1 56.5 8.5 0.5 12
24.4 S8zl Ndi 22128 221388 478898 462 A 51.8 8.1 0.8 2.2
33.5 8.0 Nd 1u34.9 1577 5515.6 21.0 82.5 15.3 2.1 0.5 1.6
Mean S84l 1055 526728 534558 1800 424 43.7 49.8 8.0 0.6 1.8
Min 788 Ndil 13408 1572788 47889 21.0 210 15.3 2.1 0.5 12

Max 8.3 368.5 8820.6 8820.6 196811 56.3 82.5 66.3 12.0 0.9 2.2
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~core Samples along with their
corresponding photographic
view of sediment (a). Graph
shows inorganic As species in
subsurface sediment samples of
Harail Chapar, Mohiuddin Nagar

(b).

In Harail Chapar, larger amounts
of As(t) and As'™ were observed
at a depth of 9.1 mbgl having a
range of 19681 and 368 ug/kg,
respectively. Meanwhile the
highest AsV concentration was
observed at a depth of 1.5 mbgl
and having a value of 8821 ug/kg
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* Statistical analysis for the subsurface arsenic mobilization

Component Plot in Rotated Space Component Plot in Rotated Space

(b)

pP.Component 2

Multivariate analysis, principal component in rotated space (a) Methrapur, (b) Harail Chapar
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Mineralogy of the aquiter sediment |
—— Methrapur, Dalsingh Sarai o
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Figure Comparative XRD pattern of
four different depth

(a) upper light yellowish silty clay (red) at

1.5m vertical depth

(b) Middle dark grey silty clay (black) at

9.1m vertical depth

(¢) middle white to grey sand (off-white)

at 24.4 m vertical depth and

(d) lower yellowish sand (red) sediments

at 33.5m vertical depth

Harail Chapar, Mohiuddin Nagar
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{b) Element Weight (%) Atomic (%) Error (%) NetlInt. K Ratio

CK 2 5.6 29.0 1.9 0.0061
O K 25.6 51.8 8.4 101.7 0.1343
SiK 0.7 0.8 33.6 53 0.0039
TiK 24 1.6 16.6 17.0  0.0267
Fe K 69.2 40).2 2.9 227.2 0.6379

Tool used for identification of SEM images (a) intensity vs. keV plot (b) table of
clements indentified (c) SEM image of FeOx.
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ubsurface /

Scanninﬁg_“_electron microscopy of s
- Methrapur, Dalsingh Sarai

Scanning electron microscopic
images of the minerals support
the XRD results in Methrap

as shown in Figure

Figure Backscattered close view obtained by Environmental SEM of sediment of different

depths: (a) layered mica (b) calcite (¢) Fe-oxide on Al-silicate (d) weathered pyrite (e) Ferric-oxide
(f) Show intense chemical weathering (g) hematite (h) muscovite on biotite (large piece)

(i) Fe-oxide in precipitated form (bright object). .



Harail Chapar, Mohiuddin Nagar =

Weathered pyrite framboid was noted in lower dark grey micaceous sand at a
depth of 9.1m, indicating signature of sulphate reduction in some extent and
prevalence of highly reducing condition in the aquifer.

Figure Backscattered Environmental SEM images of sediment of different depths: (a)
Na-Mg-Fe-Al silicate (b) weathered pyrite framboid (¢) highly weathered zircon (d) Fe-
oxide (e) Fe-oxide (surface alteration) (f) fibrous goethite.

27



77!‘/7

: Conclusions =

The present study finds that As(IlI) is dominant in groundwater while
As(V) is dominant in agricultural field soil and subsurface sediment.

Concentrations of As(III) were higher in subsurface sediment than the
agricultural field soil.

The As in extracted or in totally digested samples indicates that
subsurface sediments are necessarily the source to soils.

Variations inorganic As forms were associated with: firstly, the redox
conditions of the aquifer depicted in sediment’s color; and secondly,

with grain size, dark sediment with fine grain size contains more
As(III) as well as As(V).

Siderite appears in the reduced portion of the sediments, and it is a
known sink for As.

The alteration of Fe-oxides and presence of fibrous form of goethite
indicating partial solubilization of oxyhydroxides in this area.

This current study did not include any microbiological comfponent to
determine whether microbes are involved in mobilization of As in the
middle Gangetic plain.

Future studies should include the involvement of microbes to discuss
the biogeochemical process of As mobilization from the study area.
Further studies with larger core sediment samples are required to
understand the As mobilization process in the middle Gangetic plain.
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mately 73% of the groundwater samples p-lﬂbmmlﬂ]ﬂhm species while 27% reveals A=Y was

Accpied 16 August 2016 the doaminam species. The concentration of As(ILT} in agricubiural soil samples varies from not detectable to 460 pg/kg and

Ao ol As{V) was obezrved ns the major species {ramging from 18350 6835 jypficg) whike the total As conceniration varied from
Eiflepk: FAL Thel 3528 1o 14,690 pgkg. Totel extracied concentrution of As was higher in the subsurfice soil (range 91 19-20,036 pgfkg
im Methragear and 4788-19.881 pgfkg o Hemil Chaper) than she sgriculvaml soil, indicating the subsurface scdiment os
“3'""?'_"' 2 a source of As. Results of Noray diffraction {XRIY) and envirorments] scanming electron microscope (ESEM) revealed
e the presence of bensme and i the ventical saetion below whils magnstite was obzarved anly in the
A hisil sail
EIF'ﬁ'“ i apper oxidized lsver & Methrapur and Harsil Chapar. Alseration of Fe-oxides and presence of fibrous goethie indicating
Pl didee presence of diagenetic sediment. Sideriie ploys o crecial role as sinks io the As in sobsurface sediments. The siady also
Mhidlle Gasgetic plain concluded thm decomposition of organic maiter present i dask and grey sections promoie the redox conditions and tng-
ger mobilizarion of As inio groundwaser.
@ 1016 Puhlished by Elsewier Lul.
L. Introduction As in agrculiurz] soils and the mbewell water used for rmigaton for

For the past few decades, arsenic {Ax) :mmmmefwmd—
water and soil bas becoane an & blem globe
ally. Many As compounds exist in the environment and biological
systems as well. Matumlly occurring As contamination of groundwas
Lailasbenmpnc‘dmgmmdmﬂr in > 105 countries of all cons
tinenis except G and A [l and Reilly, 2013;
Naujokas et al., N3} The mnjm'mim'l]mumuf.‘\lzﬂnmgﬂ!
soil is weathering of rocks containing As, while the anth

a Jong time have been confirmed by various studies from Bangladesh
{Ahsan et al., 2009; Brammer and Ravenscroft, 2009; Kamm et al.,
200r%; Meharg and Rabman, 2003), Nepal {Dahal et al., 2008), West
Bengal {Rowchowdhury et al, 2005) and maddle Gangebic plain
{Srivastava and Sharma, 2013). Higher As concentration {86,004 pgf
kg dry wit) was reported in agnculturzl soil in most affected zone
compared {0 a low level of As (< 10,000 pgfkgl m As safe grounds
mrmne[M:hnrgnml Rahman, 2003). The level of Ax uptake and

sources include combustion of coal, “\'.‘bﬂ like smelting of base
metal ores, of Ashased CApQCT ars
senate (CCA) for wood preservation amd mining activities | Smedley
and Kinniburgh, 2002} Smce these activities, and very low deples
tiom are mainly charcterized by plant uptake, methylation, leaching
or erosion, As may accumulale mpidiy in the soil envinronment and
alse act a5 a sink in As=comammated belts of alluvial plains (Samyal
w\humllmuﬂhﬂmmmh:ﬁemmdﬁ:mm
lize in the o strongly, a ph d by fis 2=
sociation with the solid phase 10 sediments and soals (Brammer, 20809,

m crops is strongly influenced by ihe concentrations
of As in sofls and irmigated water (Smith et al., 20046). A study re-
parted thmt 641 of As was falling on the seil ax a result of using
‘wader Eum 30 contamiraded tubeswells for agricolivral imigation
in 201 ken® area of Deganga block, North 24 Parganas, West Bengal
(Chowdhury et al., 2001 . Another study reported that tetal As withs
dbrawn by the four shallow tubewells, used for agricultaral frmigation in
Az=affected areas of Murshidabad district, West Bengal was 6.8 kg per
year {Roychowdhury et al., 2005). Continuous irmigation with As=cons
teminated groundwater may lead to a busldsup of this toxic clement in
soils, whach in tum may trigger its entry indo the food chain in harms

Pandey et al., 2004; Winkel et al, 2008). A of an elevated

athes Al Bﬂc«mnmwm-mme
F.nm}-nrswn-d‘ frersaon Techrslagy, Usiverty af Newsste, Usi
Divirve, Callaghan, HEW 1308, Austraba.
sl sddress: mvinsidug@orocan.com R Maidu)

‘htiprzfhd chsd g 10,1 0 6] scinotemn: 200608, 109
OO4E-SE5TANE 2006 Peblished by Elsvier L

ful i This process further depends on soil type and plant

=8
w.-\:muicaﬂci:dhyirrigaﬁnm water is adsorbed 1o fermc oncphydrox.
ides in the topsoal (Roberts et al., 2007) where it gradually accm
‘mulate over time (Meharg and Rahman, 2003; Roychowdbury o al,
2005). This accumulation is more prevalont in soils wsed for paddy
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