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   Foreword   

 There is a lack of detailed understanding on the primary and secondary sources 
controlling the spatial variability of arsenic in alluvial aquifers in the Gangetic 
plain. Further the factors controlling the temporal changes in arsenic concentrations 
are of great concern now since arsenic toxicity creates an impediment to water 
usage for agriculture and drinking water purposes. These knowledge gaps critically 
affect our scientifi c understanding and ability to develop informed policy to miti-
gate and manage arsenic contamination. The book thus addresses the extent to 
which the reductive dissolution of As-bearing Fe(III) oxides hypothesis is applica-
ble, sustainability of the deeper aquifer system(s) as an alternate arsenic-free water 
source, vertical connectivity between the shallow and deep aquifer system(s) and 
the lateral heterogeneity of aquitards/semi-confi ning layers, type of groundwater 
extraction strategies required to maintain the sustainability of the deeper aquifer 
system(s) and institutional approach to address and mitigate arsenic issues. In order 
to resolve these extant knowledge gaps, this book has been brought out as a research 
frontier to address this public health problem faced by millions of people, through 
highly integrated, multi-disciplinary hydrogeochemical research. Further it attempts 
to integrate quantifi cation of arsenic mobilization, sustainable abstraction of arsenic- 
safe drinking water, predication of the long-term viability of As-safe groundwater, 
quantifying reactive transport processes of arsenic and simultaneous and compre-
hensive documentation of As-contaminated shallow aquifer systems.  

   Department of Sustainable Development,   Gunnar   Jacks
Environmental Science and Technology,   Prosun Bhattacharya Ph.D.
KTH-International Groundwater            
 Arsenic Research Group ,

  Teknikringen 76 ,  SE-100 44   Stockholm ,  Sweden                   
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  Pref ace   

 The Arsenic problem in the groundwater of the Gangetic fl uvial plains has direct 
consequences for human health and is presumed to be one of the biggest natural 
groundwater calamities that mankind is facing. The Gangetic basin is affected by 
arsenic contamination in the groundwater that is above the permissible limit of 
10 μg/L. People are chronically being exposed to drinking arsenic-contaminated 
hand tube-wells water from Holocene aquifers (recent alluvial sediments). The 
arsenic distribution in this region has routes originating from the Himalayan region, 
and its ingestion through the food chain has far-reaching consequences including 
health hazards and socio-economic impacts. The rapid spreading of arsenic toxicity 
in these ground waters is due to the slow to moderate movement and 
over-exploitation. 

 Despite taking a number of precautionary measures by various agencies, the 
arsenic contamination in ground water continues to be an unsolved social problem. 
To resolve this problem in an adequate manner it desperately needs the bonding of 
strategic scientifi c research. This book thus addresses numerous scientifi c investiga-
tions in the Central Gangetic plain and comes out with a number of fi ndings, and 
alternative propositions, which are collectively presented in this book refl ecting 
exclusively the authors’ view and diverse perspectives from their intensive research 
outputs. The chapters are thus aimed at highlighting the state-of-affairs of arsenic in 
ground water with scientifi c narration done in different states. These chapters also 
discuss the knowledge gaps and areas in which further actions are to be taken up 
along with their scope. 

 Section I covers chapters on the role of fl uvial geomorphology, quaternary stra-
tigraphy and sedimentology in arsenic distribution using hydrogeochemical evolu-
tion and resistivity survey approaches in the different shallow aquifer of Central 
Gangetic plain. Section II has four chapters covering groundwater topography and 
aquifer characterization and risk assessment in public groundwater wells along with 
the existing challenges in managing arsenic contamination. 

 The chapters in Section III deal with arsenic mobilization and distribution 
processes and their temporal and spatial variations. Spatio-vertical heterogeneity 
and surface generated organic matter act as a driver in arsenic mobilization in 
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these basins including delta and coastal regions are also discussed in detail. Section 
IV emphasizes “arsenic and health” and its impact on the food chain. This section 
also encompasses innovative new remediation techniques including the low-cost 
arsenic removal method. 

 Thus, this book offers a meaningful and practicable guidance for the better man-
agement of arsenic problems in the ground water of the Gangetic plain with contri-
butions from distinguished scientists from both academic and research institutions 
from all over the world, who have been actively working in this area. We would like 
to thank all the authors for their contributions and the publishers for bringing out 
this volume successfully. This book will be of great treasure for those working and 
planning to work on ground water, hydrogeology, hydrogeochemistry, water quality 
and other issues related to drinking water quality and the remediation techniques. 
This book is recommended for all libraries of universities, colleges and other insti-
tutions working on water and will be an invaluable reference work for planners who 
are working on water supply and sanitation.  

    New Delhi ,  India      A  L.     Ramanathan   
    East Lismore ,  Australia      Scott     Johnston   
    Kharagpur ,  India      Abhijit     Mukherjee   
    Sydney ,  Australia      Bibhash     Nath       

Preface
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    Chapter 1   
 Hydrogeochemical Evolution in the Different 
Shallow Aquifers of Central Gangetic Plain 
and Kosi Alluvial Fan and Their Implications 
for the Distribution of Groundwater Arsenic 

             Abhijit     Mukherjee    

1.1            Introduction 

 For a long time it was understood that the extent of the arsenic (As) enriched 
groundwater is confi ned within the lower Ganges plain and delta in eastern India. 
However, during the last few years, reports of elevated As in groundwater of 
 different parts of the middle portions of the Gangetic plain, upstream from West 
Bengal, in U.P. (Ramanathan et al.  2006 ) and Bihar, got published. Subsequently, 
As contamination was detected in foothills of Himalayas in Nepal (Shrestha et al. 
 2003 ), which is a  sediment provenance for many of the tributaries of the Ganges, 
and also in the Indus alluvial plains in Punjab and Sindh provinces of Pakistan 
(Nickson et al.  2005 ). In spite of some surveys on As distribution, there is a lack of 
hydrogeochemical knowledge about the distribution, extent, severity, source and 
cause of the contamination in these areas. However, initial estimates show that the 
poisoning might be widespread and several million people may be at risk. 

 The groundwater chemistry of the Gangetic aquifers and its associated tributary 
basin aquifers e.g. the river Kosi fan is suggested to be controlled by the presence of 
carbonates, the composition of silicates, and the oxidation of sulfi des (Galy and 
France-Lanord  1999 ). According to these authors, in scarcity of Ca-plagioclase in 
the Himalayas, weathering of the alkaline Himalayan silicates releases Na and K as 
the dominant cations. Dissolution of hydrobiotite, vermiculite, and smectite of the 
sediments derived from the Himalaya (Baumler and Zech  1994 ; Grout  1995 ), and 
introduced from weathering of biotite, are the source of Mg in the groundwater 
(Galy and France-Lanord  1999 ). However, Dowling et al. ( 2003 ) suggested that the 
groundwater chemistry is indicative of dissolution of detrital carbonates in the upper 

        A.   Mukherjee      (*) 
  Department of Geology and Geophysics ,  Indian Institute of Technology-Kharagpur , 
  Kharagpur ,  West Bengal   721302 ,  India   
 e-mail: amukh2@gmail.com  

mailto:amukh2@gmail.com
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reaches of the river leading to dominance of carbonate weathering. However, 
 proponent of the silicate weathering hypothesis suggested that the chemical evolu-
tion would have been dominated by the deposition of silt-dominated sediments in 
the foreland basin from the rising Himalayas (Burbank  1992 ; Derry and France-
Lanord  1996 ; Galy and France-Lanord  1999 ; Kumar et al.  2006 ). Nevertheless, it is 
believed that most of the weathering in basin is caused by H 2 CO 3  liberated by deg-
radation of organic matter in the soil, and <10 % of the weathering is caused by 
H 2 SO 4  derived from sulfi de oxidation. The groundwater has concentrations of NO 3  −  
(<1–120 mg/L) and SO 4  2−  (15–379 mg/L), suggesting a relatively different redox 
environment than the Bengal basin groundwater. The observed Eh ranges from 0.12 
to 0.7 V, indicating oxic to slightly iron reducing conditions. Such a redox condition 
might not be conducive of and would limit the microbial reduction of NO 3  − , SO 4  2−  
and Fe(III) (Kumar et al.  2010 ; Seyler and Martin  1989 ). A detailed hydrogeochem-
ical characterization of the study area has been provided in Mukherjee et al. ( 2012 ). 

 Shallow groundwater were sampled during the present study along few regional 
transects, which covered the majority of the aquifers encountered in the central 
Gangetic plain, comprising the states of Bihar and Jharkhand. The detailed hydroge-
ology of the area, till date, is largely un-comprehended. The objective of this study is 
to decipher the regional hydrochemical conditions and trends in various aquifers of 
the study area, and their infl uence on the distribution of the groundwater As. The 
importance of the study is in the fact that the study area is hydrologically and sedi-
mentologically just upstream of Bengal basin (Mukherjee et al.  2009a ), and thus the 
study results can provide immense insight on the conducive environment, conditions 
and mechanisms for groundwater As mobilization in various  geologic- geomorphic 
terrains, which are obscure in the predominantly fl uvio-deltaic Bengal basin.  

1.2     Study Area 

 The study area extends over the fl ood plain deposits of the river Ganges (also known 
as the river Ganga) and its tributaries in the states of Bihar and Jharkhand in eastern 
parts of India (Fig.  1.1 ). The area is stretched from Indian cratonic outcrop rocks, 
representing Peninsular India, and extending up to the Terrai plains in north, located 
in the piedmonts of the Himalayas near the Indo-Nepal international boundary. 
The southern bank lithology of the river Ganges are composed mostly of 
 Pre-Cenozoic metamorphics, along with some igneous rocks, mostly as volcanics of 
Rajmahal fl ood basalt, overlain by a layer of alluvial fl ood plain deposits. In the 
northern bank of the river Ganges, the fl uvial sedimentation are much more 
 pronounced, and together with the alluvial deposits of river Kosi (or river Kaushiki 
in Sanskrit), one of the primary tributaries of the Ganges forms the extensive  alluvial 
deposits of the Kosi alluvial fan, which, with its thick coarse to medium grained sand 
aquifer systems, is sometimes regarded as the “bread basket” for Northern India.  

 The alluvial deposits in the northern bank of the river Ganges and the Kosi fan is 
made up of thick pile of unconsolidated Quaternary Alluvium (Fig.  1.2 ) with several 

A. Mukherjee
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cycles of fi ning upward sequence. Seismic studies have indicated the thickness of 
Quaternary Alluvium in the range of 300–400 m. The beds have gentle dip towards 
south. Within a depth of 100 m, the beds steeply dip toward south in the northern part 
of this fan deposit, and the layers are mostly composed of coarse sand and pebble 
with localized thin layers of clay. From north to south laterally  continuous aquifers 
are present within a depth of 80 m bgl (Fig.  1.2 ). These are made up of coarse sand 
and gravels. The water levels observed during pre-monsoon ranged from 2.5 to 7.8 m 

  Fig. 1.1    Maps of the study area showing ( a ) disposition of the study area in the Indian- 
subcontinent, and with reference to the Bengal basin; ( b ) a FCC (false colour coded) imagery of 
the study area highlighting the geological and hydrological features; and ( c ) delineated geomor-
phologic features within the study area (Modifi ed from Mukherjee et al.  2012 )       

  Fig. 1.2    A conceptual cross-section along the line AA′ shown in Fig.  1.1b , showing the probable 
disposition of the aquifers within the study area       
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bgl (mean 4.2 m bgl). During mid-monsoon the difference between maximum (2.6 m 
bgl) and minimum (0.9 m bgl) water levels were found to be least. Mean water level 
during August is near surface (~1.5 m bgl) indicating a large part of post-August 
rainfall may be considered as rejected recharge. Average water level rise from mon-
soon recharge is ~3 m. Between August and November, i.e. monsoon period ~37 % 
of the recharged water has been calculated to be seeping out as base- fl ow to rivers.   

1.3     Methodology 

 Groundwater samples were collected from two transects (Fig.  1.3 ): (1) A 135 km 
long north-south transect extending from southern bank of the river Ganges up to 
the Indo-Nepal border in the north, through the river Kosi fan (groundwater sample 
 n  = 38); (2) A 90 km long east-west transect, running parallel to, and along the 
southern bank of the river Ganges. The groundwater sample collection and fi eld 
measurements were done following standard procedures (e.g. Woods  1981 ). The 
groundwater samples are collected from hand-pumped tube wells and public water 
supply wells. The total depth intervals of the samples vary between 8 and 137 m.  
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  Fig. 1.3    Map showing the groundwater samples collected from the study area, classed by the 
arsenic concentrations detected in those samples       
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 The groundwater sample locations in this study have been described following 
fi eld information and other secondary information e.g. remote sensing. Accordingly, 
the samples have been classifi ed into four geologic-geomorphic groups: aquifers 
composed of Pre-Cenozoic aged geologic media (comprising Precambrian metased-
iments and Rajmahal basalts,  n  = 20 [PC]), Alluvial sediments in the valleys of the 
river Ganges and its tributaries including Older Alluviums (the older fl ood plains 
and interfl uve plains,  n  = 17 [OA]) and Younger Alluvium (comprise the channel 
sediments and active fl ood plain deposits of rivers Ganges, river and other tributary 
systems,  n  = 25 [YA]), and Piedmont aquifers at the foothills of the Himalayas, irre-
spective of age or deposition agents,  n  = 4 [PD] (Figs.  1.3  and  1.4 ). Hence, the PD 
aquifer group does comprise characteristics of both younger and older alluvium of 
the numerous Himalayan fi rst and second order tributaries of the river Kosi 
system.   

  Fig. 1.4    Plots showing the ( a ) percentage of the samples having groundwater arsenic concentra-
tions ≥10 μg/L in each of the aquifer terrains, and ( b ) percentage of samples within each concen-
tration classes       

 

1 Hydrogeochemical Evolution in the Different Shallow Aquifers



8

1.4     Groundwater Chemistry 

 Here, we evaluate the different sources and mechanisms, which have led to the 
 present composition of shallow groundwater for each of the terrains of the Central 
Gangetic Plain. The cations and anions in the groundwaters in the study area are 
probably sourced from silicate weathering, carbonate dissolution, and/or reactions 
like cation exchange (Figs.  1.5  and  1.6 ). Because of the known tropical, humid con-
dition of the study area, presence of evaporite minerals and its dissolution seems to 
be impractical.   
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  Fig. 1.5    Plots showing median concentrations of ( a ) selected major cations, ( b ) selected major 
anions, and ( c ) selected minor ions present in the different aquifer terrains       
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 Groundwaters in all of the aquifers are mostly of Ca–HCO 3  facies with variants 
ranging from Ca–Na-HCO 3 –Cl to Na-HCO 3  types, suggesting evolution from 
water-rock interaction. To ascertain the sources of the major solutes Ca + Mg vs. 
total cations, were plotted to show distinct trends between the alluvial and non- 
alluvial aquifers (PC terrain). However, although the ratio of Ca + Mg to total cat-
ions tends to be higher for the YA group (medians of ratios ~0.7) than the other type 
of aquifers in the study area (the ratios are 0.34 for PD, 0.45 for OA and 0.57 for 
PC), the ratio for Na + K to total cations tends are lowest for YA (median ratio = 0.17 
for YA), and median ratio ranges from 0.25 to 0.4 for other three groups. If the biva-
lent cations (e.g. Ca and Mg) in the YA groundwaters are derived from the silicate 
weathering, the provenance, i.e. the Himalayan source rocks would have been 
enriched in alkaline earth silicates e.g. Ca-feldspars, which are in contrary more 
enriched in orthoclase silicates, providing the fl ux of monovalent Na and K to the 
groundwater systems by silicate dissolution (Sarin et al.  1989 ; Galy and France- 
Lanord  1999 ; Mukherjee et al.  2009b ). 

 The concentration of the total anion present in the PC and YA aquifer groundwa-
ter samples (>8,000 μM) are much more than of the total anion concentrations of the 
other groups, although in all of the aquifers, HCO 3  −  predominates the total anion 
budget. However, the concentrations of the anion in PC and YA (median >7,000 μM) 
are more than three times that of the OA and PD samples (median <3,000 μM). The 
median values for the molar ratio of total anion concentrations to HCO 3  −  in OA 
samples (<0.8) are less than that of YA samples (>0.9) suggesting that carbon 
cycling from primary mineral and/or secondary organic sources are a more domi-
nant process in the YA aquifers than other aquifer groups. The median ratio of PC 
and PD aquifers are between that of OA and YA aquifer types. The HCO 3  −  versus 
Ca + Mg and Na + K bivariate plots suggest that the carbonate weathering has con-
tributed to the HCO 3  −  in the YA and silicate dissolution contributing that to the PC 
aquifer groundwater. Generally, in the PC and OA aquifers, the Cl and 
SO 4  2− concentrations are quite enriched than the YA and PD groundwaters. 

  Fig. 1.6    Plot showing the percentage of the Fe(II) and As(III) redox species present within the 
total Fe and As concentrations detected in the groundwater samples of the different terrains       
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 Bivalent cations (Ca 2+  and Mg 2+ ) may have mobilized sorbed monovalent cations 
like Na +  and K +  from the aquifer matrix by cation exchange reactions for long resid-
ing groundwater in the study area, and the infl uence of the process can be estimated 
by subtracting equivalent concentrations of co-introduced anions (HCO 3  −  and SO 4  2− ) 
from other processes of solute introduction like water-rock reactions. The Na +  
leaching from the aquifer sediments are the residual from the subtraction of the 
equivalent concentrations of meteoric originated Cl from the Na (McLean and 
Jankowski  2000 ). A negative slope in bivariate plot (i.e.  y  = − x ) would suggest a pos-
sibility of active ion exchange reactions in the study area, as being observed in the 
case of PC samples, that have a slope of about −0.8. The proximity to the  y  = − x  line 
might indicate that the long residing groundwater in the PC aquifers probably would 
have been exposed extensively to cation exchanges. On the contrary, the groundwa-
ter in the alluvial or piedmont aquifers can be conceptualized to have shorter 
groundwater residence time, along with dominance of shallow, local scale fl ow path 
in the shallow aquifers in higher gradient terrains of the study area, thus possibly 
translated to low to very low negative slope value, as indicator of lack of cation 
exchanges.  

1.5     Groundwater Arsenic Distribution and Fate 

 The regional signature of the extent of groundwater As in the study area is not as 
pervasive as observed in the downstream fl uvio-deltaic plains of the Bengal basin, 
and only ~35 % of the groundwater samples collected from the study area, irrespec-
tive of the aquifers, were detected to have dissolved As concentrations ≥10 μg/L 
(WHO standard for safe drinking water), and only 14 % were found to have As 
≥0.05 mg/L. Groundwater As detection ranges from <1 to 520 μg/L (mean 30 μg/L 
and median <5 μg/L), if all the aquifers of the study area are taken together (Fig.  1.4 ). 
However, when classifi ed by the separate terrains observed in the study from where 
the samples have been collected, even 75 % samples for the recent alluviums and 
foothill deposits were detected to have As ≥10 μg/L. In contrast there is none to 
negligible As detected in the groundwater collected from the aquifers of the PC and 
OA terrains. The YA aquifers are found to be most enriched in groundwater arsenic 
with an arithmetic mean of 73 μg/L and median 27 μg/L. 

 It is expected that because of the proximity, and similarity in lithology and 
groundwater systems, the As fate in the present study area existing in the upstream 
in the Ganges alluvial system should have some similarity with the downstream 
Bengal basin in terms of chemical characteristics and the spatial distribution of the 
As, along with its fate and transport. In order to understand the As fate, multivariate 
relationship have been evaluated in the study area, non-parametric Spearman cor-
relations were calculated for As and other potentially infl uencing groundwater 
parameters of the samples suggested some interesting insight. These calculations 
indicate that different processes control the As fate in different terrains. For aquifers 
of all terrain, redox dependent mobilization of As is demonstrated by strong  negative 
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correlation with Eh (ρ = −0.44 to −0.76), as observable in reductive (Fe-Mn)OOH 
dissolution (Fig.  1.7 ). Such reduction dependent mobilization is also reinforced by 
correlation of As with reduction indicators like DO, SO 4  and NH 4  +  (Acharyya et al. 
 1999 ). It is expected that reductive dissolution of FeOOH onto which As is adsorbed, 
would lead to moderate to strong correlation between As and Fe. Such relationships 
have been advocated by workers like Nickson et al. ( 1998 ), Dowling et al. ( 2003 ), 
McArthur et al. ( 2004 ) and Stüben et al. ( 2003 ). However, in many other studies, 
such good correlation have not been observed (e.g. Swartz et al.  2004 ; Mukherjee 
and Fryar  2008 ; Mukherjee et al.  2008 ), probably suggesting the heterogeneity in 
the inter-dependence of the processes that might be controlling the co-existence of 
these elements. In the samples of this study, Fe correlates moderately to strongly 
with As with ρ = 0.38 for YA and 0.66 for OA. However, for PD, Fe and As have very 
weak negative correlation (ρ = −0.12). Similarly, while Mn and As show moderate to 
strong correlation for YA and OA (ρ = 0.32–0.47), PD shows a negative correlation 
(ρ = −0.57). In the contrary, competitive anions to As like HCO 3  and ortho-PO 4  show 
very strong (for PD, ρ > 0.8) or strong positive correlationship (for OA, ρ = 0.53 and 
0.49, respectively), while they are moderate to insignifi cant for YA (ρ = 0.32 and 
0.14, respectively).  

 Such differences in correlations between the OA, YA and PD sites suggest that 
As is mobilized by multiple processes, in-situ or along the fl ow path. The YA and 
PD also have some correlation for As with pH (ρ = 0.48 and 0.78), indicating prob-
ability of pH-dependent sorption reactions playing an infl uential role in regulating 
As mobility in the study area, which has not been suggested to have signifi cant role 
in the Bengal basin (Mukherjee and Fryar  2008 ; Mukherjee et al.  2011 ). In sum-
mary it might be stated that the enrichment processes of dissolved As in the YA and 
PD might be infl uenced by considerably different mechanisms. While in YA, which 
are located mostly at the discharge ends of the fl ow paths, mobilization by metal-
reductive dissolution is a potential dominant mechanism, enrichment in the recharge 

  Fig. 1.7    Range of  p  e  values for the groundwater samples collected from each of the terrains along 
with their relative position in the geochemical environment (Modifi ed after Mukherjee et al.  2012 )       

 

1 Hydrogeochemical Evolution in the Different Shallow Aquifers



12

areas, i.e. PD might be more infl uenced by competitive anion exchange between 
adsorbed As and ion  introduced from mineral dissolution processes or competitive 
ionic exchanges by agricultural processes (e.g. ortho-PO 4 ).  

1.6     Conclusion and Synthesis 

 It can be concluded from the present study and in earlier work (Mukherjee et al. 
 2012 ) that the water chemistry and elevated As distribution in the previously not-
much- studied Central Gangetic plain and Kosi fan aquifers have some similarity, 
but more dissimilarity to that of the downstream, extensively studied, Bengal basin. 
The present study area is located in the eastern parts of the India subcontinent, 
stretching from the northern edge of the cratonic India to Himalayan foothills. 
Tectonically, thus the aquifers become part of the Himalayan foreland basin, mostly 
of stable shelf composition. The aquifers considered in the present study may be 
considered to be one of the best yielding aquifers of the subcontinent, and probably 
among some of the most prolifi c aquifers across the globe. Hence, the aquifers are 
most extensively agriculturally exploited. However, the concern about the reported 
As enriched groundwater from geogenic and non-point source has raised serious 
alarm in the huge population dependent on groundwater for their day to day needs. 
Moreover, the proximity of the immediately downstream, highly groundwater As 
enriched Bengal basin pose an intriguing question about the connection of the 
source and sedimentary history of the two adjoining basins. In this study, the objec-
tive was to delineate the As-enriched/prone aquifers of the Central Gangetic basin 
(including the Central Gangetic plain and Kosi fan). The hydrogeological tech-
niques used in this study have shown that the groundwater in the aquifers within 
different host rocks in this basin suggests hydrochemical compositions that they 
have inherited from their geological and geomorphical evolutionary history. The 
aquifers in the study area can be generalized to be composed of the geologic mate-
rial of Pre-Cenozoic aged rocks that comprise Precambrian metasediments and 
Cretaceous fl ood basalts, alluvial sediments in the valleys of the River Ganges and 
its tributaries including older alluviums in the older fl ood plains and interfl uve 
plains, and younger alluviums that are comprised of the channel sediments and 
active fl ood plain deposits of rivers Ganges, Kosi and other tributary systems, and 
Piedmont aquifers at the foothills of the Himalayas. 

 In general, the groundwaters existing in all of the aquifers are mostly of Ca–
HCO 3  hydrochemical facies, with compositions ranging from Ca–Na-HCO 3 –Cl to 
Na-HCO 3  types. Like groundwater in many of the modern alluvial aquifers with 
wide water-rock interaction and organic load, HCO 3  is found to be the dominant 
anion. However, concentrations of anion in the PC and YA group are more than 
double that of the OA and PD groups, probably for totally different type of geo-
chemical reactions. Much of the YA solutes in the groundwater are introduced from 
carbonate weathering reactions. However, the PD groundwater and many of the PC 
and OA samples are largely affected by silicate weathering by incongruent leaching 
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of the argillaceous metamorphics and volcanics in the Himalayas and the 
 Pre- Cenozoic deposits, which act as a major solute provenance for groundwaters 
residing in these aquifers. Further, the potentially long residence time of groundwa-
ter in the PC terrain has resulted in to suspected cation exchange reactions, whereby 
monovalent cations got introduced from the host aquifer matrix. The PD samples 
are found to be more similar to OA in terms of major solutes composition but are 
more similar to YA groundwater in term of minor solutes. 

 The presence of redox sensitive species like As(III), Fe(II), NH 3(dis) , and elevated 
HS −  indicates the occurrence of a reductive, post-oxic redox environment, with 
most groundwater samples being plotted in the metal reducing hydrogeochemical 
condition. Dissolved Fe concentrations in predominantly Fe(II) in groundwater for 
all terrains and As exist mostly as As(III). Reduction is more dominant in ground-
waters in YA and PD aquifers, with signature of infl uence of agricultural re- 
circulated water. Redox conditions (oxic to methanic, dominated by metal-reduction) 
are highly spatially variable, with no systematic depth-dependence. Almost 35 % of 
all of the collected groundwater from all of the four aquifers of the study area were 
cumulatively found to have dissolved As concentrations ≥10 μg/L, of which, a 
major percentage (~45 %) have concentrations ≥50 μg/L. However, when classifi ed 
by the aquifer terrains, while the PC and OA groundwaters have none or negligible 
As, almost 75 % or more YA and PD groundwaters are enriched by As ≥10 μg/L. The 
YA groundwaters are most enriched with As, with detected concentrations up to 
520 μg/L. Analyses of correlation between As and other redox parameters suggest 
that most of the As liberation and mobilization in the YA and OA aquifers are infl u-
enced by redox related mobilization, with suggested reductive dissolution of metal 
(Fe-Mn)-oxyhydroxides leading to reasonably good correlation of As with Fe. 
Interestingly, the piedmont groundwaters strongly correlate competitive anions that 
are probably infl uenced from anthropogenic activities like nutrients introduced by 
agricultural processes. Hence, the As fate in the regional groundwater recharge 
areas near the Himalayan foothills are infl uenced by mechanistically different geo-
chemical methods than the groundwater residing in the discharge areas typifi ed by 
extensive alluvial deposits in vicinity of the modern river channels. Hence, in the 
present study area of Central Gangetic Basin that is located upstream of the Bengal 
basin or the Lower Gangetic plain and delta, hydrochemistry are much more vari-
able in the solute distribution and fate as a function of differently evolved geological 
and geomorphic terrains. In comparison, the Bengal basin aquifers have overlap-
ping facies aquifer systems with obscure terrains divisions. Consequent to the huge 
active sedimentation in that basin, most of the aquifers are geochemically similar to 
composition of the younger alluviums, with similar distribution and fate of As like 
the YA aquifers of the present study area.     
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Chapter 2
Assessment of Subsurface Lithology 
by Resistivity Survey Coupled 
with Hydrochemical Study to Identify Arsenic 
Distribution Pattern in Central Gangetic 
Plain: A Case Study of Bhagalpur District, 
Bihar, India

Pankaj Kumar, Ram Avtar, Alok Kumar, Chander Kumar Singh, 
and AL. Ramanathan

2.1  �Introduction

The occurrence of arsenic (As)-rich alluvial groundwater is a worldwide problem 
(Kumar et al. 2010). Most studies of As pollution have focused on the predomi-
nance of As poisoning in the groundwater of West Bengal (India) and Bangladesh 
and thought to be limited to the Ganges delta i.e. the lower Gangetic plain 
(Bhattacharya et al. 1997; Ahmed et al. 2004; Ben et al. 2003). Some states as Uttar 
Pradesh and Bihar reported the presence of elevated concentrations of arsenic in 
drinking water wells sporadically (Acharyya and Shah 2004; Chakraborti et  al. 
2004; Acharyya 2005; Chauhan et  al. 2009; Sankararamakrishnan et  al. 2008; 
Srivastava et al. 2008; Kumar et al. 2010). Several authors suggested that the reduc-
tive dissolution of Fe (III)-oxyhydroxides in strongly reducing conditions in the 
young alluvial Holocene sediments is the cause for arsenic mobilization (Harvey 
et al. 2002; Nickson et al. 1998; Nickson et al. 2000). Groundwater quality is con-
trolled by various factors viz. composition of recharging water, the mineralogy and 
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reactivity of the geological formations in the region of aquifer recharges, the impact 
of human activities and the environmental parameters that may control the geo-
chemical mobility of redox (oxidation and reduction potential as varies from 
169 mV to –134 mV respectively in this case) sensitive elements in the groundwater 
environment (Bhattacharya et al. 2009). The arsenic contaminated aquifers are per-
sistent within lowland organic rich, clayey deltaic sediments in the Bengal basin and 
locally within similar facies in narrow, entrenched river valleys within the Gangetic 
alluvial plain (Acharyya and Shah 2004; Acharyya 2005).

The current drinking water quality guideline for arsenic is 0.01 mg/L (WHO
2004). Contaminated drinking water (i.e. water samples having arsenic in excess of 
above mentioned permissible limit/concentration level) is the main source of chronic 
human intoxication (Gabel 2000; Smith et al. 2000), which results in skin ailments 
such as hyper pigmentation and keratosis, and leads progressively to cancer and 
ultimately death (WHO 2004; National Academy Press 2001). In south Asia, enrich-
ment of arsenic (As) in groundwater possesses a serious health threat not only lim-
ited to human being (e.g., circulatory disease, neurological effects, black foot 
disease and carcinogenicity) but also accumulates in plants and fish (Nath et  al. 
2010).

Electrical resistivity is primarily a function of porosity, pore fluid resistivity 
(salinity), mineral content, texture, moisture content, fissures and fractures of geo-
logical formations, temperature and clay content. The resistivity value of rocks var-
ies depending upon the presence of secondary porosity such as weathered, fractured 
and joints (Yadav and Singh 2007; Raju and Reddy 1998). The resistivity value 
depends more on water content and quality in a porous aquifer as compared to hard 
rock aquifer. For aquifers composed of unconsolidated materials, the resistivity 
decreases with the degree of saturation and the salinity of groundwater (Khan et al. 
2008). Clay minerals conduct current through their matrix, therefore clay forma-
tions tend to display lower resistivity than do permeable alluvial aquifers (Mukherjee 
et al. 2007). Resistivity methods are intensively used by geophysicists for evalua-
tion of subsurface features (Rhoades et  al. 1990). Several methods such as 
Schlumberger, Wenner, pole-dipole and dipole-dipole have been used in several 
studies for delineating subsurface features. The probes are applied on the soil sur-
face as well as in bore-hole logging (Rhoades and Schilfgaarde 1976). Vertical elec-
trical sounding was applied to estimate hydraulic conductivity (Mazac et al. 1990) 
and texture (Banton et al. 1997) of the stratified soils and sediments.

Though there are few studies on resistivity application to locate arsenic ‘hotspots’ 
through lithological characterization in lower Gangetic plain (Charlet et al. 2007; 
Aziz et al. 2008; Hoque et al. 2009; Nath et al. 2010), the idea is fairly new in case 
of middle Gangetic plain. Because of patchy distribution of As, drilling and geo-
chemical study at point scale can only help to target As-safe aquifers; however these 
are economically not viable in developing countries like India and Bangladesh. 
Therefore this study strives to show the hydro-geochemical signature along with 
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spatial distribution of As and Fe in Bhagalpur district in middle Gangetic plain. 
We used the above findings as a validation tool while targeting the As-safe aquifer 
through geophysical survey which is cost effective. It will definitely help in 
sustainable use of the As-low aquifer which can reduce the future casualty due to its 
contamination.

2.2  �Study Area

Bhagalpur district is located in the eastern part of Bihar from 25°1329′ to 25°608′ 
N latitude and from 86°6408′ to 87°542′ E longitude (Fig. 2.1). The district is a 
peneplain, intersected by numerous streams. Surface levels varied due to high banks 
of the Ganga, Koshi (Ghugri), Chanari and Chandan. The geomorphology of the 
area is monotonously flat and featureless plain with gradient towards the river 
Ganges.
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Fig. 2.1  General geomorphology of Bhagalpur district, Bihar (India) (Kumar et  al. 2010) 
(Resistivity surveys were conducted along the points shown in brown colour)
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2.2.1  �Geology and Hydrogeology

Geologically, the area is represented by alluvial deposits of Quaternary age. The 
area has been divided into four different zones: Recent alluvium (non-calcareous), 
Recent alluvium (calcareous), Tal land soils and Older alluvium. The large-scale
features of the Gangetic plain correspond to major climate changes in the late 
Quaternary (Singh 2004). The geomorphic surfaces identified in the regional map-
ping of the Quaternary deposits of the Gangetic plain are upland interfluvial surface 
(T2), marginal fan upland surface (MP), mega fan surface (MF), piedmont fan sur-
face (PF), river valley terrace surface (T1) and active flood plain surface (T0) (Singh 
2004; Shah 2008) as shown in Fig. 2.2. A significant aspect of these surfaces is that 
all of them are depositional surfaces, having a succession of overlying sediments. 
The Bihar Gangetic plain shows prominent distinction between T0, T1 and T2 sur-
faces. The Holocene aggradations, mostly due to rising base level and climate-
driven sediment supply, are pronounced as much as 5–10 m thick. XRD studies on 
soil samples of arsenic-safe older alluvial and arsenic-contaminated newer alluvium 
from Middle Gangetic plain reveals mineralogical assemblage of quartz, muscovite, 
chlorite, kaolinite feldspar, amphibole and goethite (Shah 2008). The depth of well 
in uppermost aquifer varies from 6 m bgl (below ground level) to 13 m bgl. The 
multiple aquifer system of this region has variable hydraulic conductivity and water 
quality. This district has two types of irrigation system: (a) canals and (b) tube wells.

Fig. 2.2  Schematic model shows major As-contaminated zone in Newer Alluvium. (T0-Surface) 
entrenched channels and floodplains and As-free zone in Older Alluvium upland terraces
(T2-Surface) in Middle Ganga Plain (Bihar and UP). Newer Alluvium older floodplains (T1-Surface) 
are locally As-contaminated (Singh 2004; Shah 2008)
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2.3  �Materials and Methods

2.3.1  �Sampling Phase I: Groundwater and Core Sampling 
and Analysis

Thirty-six groundwater samples (both from hand pumps/tube wells) were collected 
in polypropylene bottles (Tarsons). Care was taken while sampling that a number of 
times sufficient volume of groundwater has to be purged prior to collecting the 
groundwater sample for chemical analysis so that sufficient inflow is induced from 
the subsurface geological formation of the well and to minimize the impact of iron 
pipes through which water was pumped out. Further these samples were stored 
below 4 °C in a portable ice-box to minimize chemical alteration. In-situ measure-
ments—mainly electrical conductivity (EC), pH and oxidation-reduction potential 
(ORP)—were measured using a portable Orion Thermo water analyzing kit (Model
Beverly, MA, USA; 01915) with a precision level of 1 %. Total arsenic was deter-
mined with the help of a Digital Arsenator (Wagtech, UK) and arsenic speciation 
was performed in the field with disposable cartridges (Metal Soft Center, PA, USA) 
with precision level of 5 %. Here, mode of operation is simple as it absorbs As (V), 
but allows As (III) to pass through and thus help to identify different species of 
arsenic.

H3BO3 was used as preservative for nitrate analysis. Fe and Mn were analyzed in 
the laboratory using an atomic absorption spectrophotometer (AAS) (Shimadzu 
AA-6800) with a precision level of 1 %. Concentrations of total arsenic were cross-
checked on acidified samples using graphite furnace (GF) AAS (Shimadzu 
AA-6800) in absorption mode using chemical standards, with the detection limit of 
2 μg/L. Major cations analysis was carried out by use of an EEL flame photometer
with an error percentage of <2 % using duplicates (APHA 1995). The concentration 
of HCO3

− was measured by acid titration. Other anions F−, Cl−, NO3
−, SO4

2− and 
PO4

3− were analyzed by use of Dionex DX-120 ion chromatograph with a precision 
level of 1 %. Other characteristics, for example SiO2 and NH4

+, were analyzed with 
a Jenway model 6505 dual beam spectrophotometer. Oxygen and hydrogen isotopes
were analyzed by mass spectrometer (Model MAT 252, Thermo Finnigan Inc.) at 
university of Tsukuba. The results for both isotopes are expressed through deviation 
from the VSMOW (Vienna Standard Mean Ocean Water) standard using the δ-scale 
according to the Eq. (2.1) and unit is per mil
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1000

	

(2.1)

where R is the isotopic ratio (i.e. 2H/1H and 18O/16O) for the sample and standard.
For the sample preparation before isotopic measurement, we adopted hydrogen gas 
equilibrium method using platinum catalyst with 6 h for δD and carbon dioxide gas 
equilibrium method with 9 h for δ18O. Analytical precisions of stable isotopes were
better than 0.1 ‰ for δ18O and 1.0‰ for δD.  High-purity reagents (Merck) and 
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Milli-Q water (Model Milli-Q, Biocel) were used for all the analyses. The analytical 
precision for ions measurement was determined by calculating the ionic balance 
error which was in between ±5 % (Kumar et al. 2011). One core sediment (up to
21-m depth from surface) was taken through borehole drilled with the help of local 
drillers using hand percussion technique (Kumar et al. 2010). Mineralogical study 
for clay at different lithological units is done with the help of XRD (PANalytical) to 
confirm arsenic enrichment.

2.3.2  �Sampling Phase II: Geophysical Survey

In order to get insight of deep lithology, electrical resistivity surveys were carried 
out to determine the lithology, weathered, fractured pattern, depth to basement and 
resistivity variations in the study area. Ten vertical electrical soundings (VES) were 
taken at different locations within the study area. The Schlumberger method was 
used, in which the distance between the two current electrodes (AB) is successively 
expanded, while the distance between the two potential electrodes (MN) is kept at a 
minimum (MN ≤1/5 AB). Resistance was calculated, with the known value of posi-
tion of current and potential electrodes.

The apparent resistivity is given by equation (2.2):
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4 	

(2.2)

where S and A are current and potential electrode spacing, V is voltage difference 
between the potential electrodes, and I is apparent current.

Increase in the distance between the electrodes leads to the greater depth penetra-
tion and gives information about more sub-surface properties. The measured appar-
ent resistivity values were plotted against half the distance between current 
electrodes (AB/2) on a log-log graph to calculate the vertical electrical sounding 
curves, which were interpreted using IPI2 win software to determine the apparent 
resistivity and the thickness of subsurface layer of different composition.

2.4  �Results and Discussion

The value of resistivity has a direct relationship between porosity of subsurface 
material. Subsurface material with high porosity like sandstone generally leads to 
increase in resistivity value. So the variation in subsurface lithology of the aquifer 
can be clearly defined on the basis of vertical electrical sounding (VES). The statis-
tical distribution of apparent resistivity for the study area is shown in Fig.  2.3, 
whereas depth wise resistivity profile for different locations of the study area is 
shown in Fig. 2.4.
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As most of the study area lies in Gangetic alluvial plain and the top horizon of 
soil has relatively high humus content with high cations exchange capacity; therefore 
it provides high density of mobile electric charges and thus the resistivity value of 
this region is very low (Wilding et al. 1983). Points 1 and 2 show lower value of 
resistivity in the top-most layers but it increases with depth. Here it is suggested that 

Fig. 2.3  Statistic distribution of apparent resistivity

Fig. 2.4  Profile showing resistivity change with the depth in different location of the sounding of 
the study area (where horizontal and lateral distances are given in metres)
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surface layer soil has higher salinity because of secondary salts like chlorides and 
sulphates coming from organic matter breakdown and agricultural runoff carrying 
unutilized sulphates which ultimately result in to lower value of resistivity. On the
other hand, subsurface lithology is dominated with sand and silt with high porosity 
resulting in to high resistivity. For points 3 and 4, since both of them are located at 
meandering of river i.e. active flood plain, they show low value of resistivity because 
of the presence of clay mineral in shallow subsurface layer (which is ranging 6–15 m 
below ground level in this case). To validate this result, borehole lithology (taken 
near point 3) is presented along with the resistivity curve (Fig. 2.5). It was found 
that VES curve is consistent with the subsurface structure. Resistivity value was 
very low (>10 Ω m) up to a depth of 16 m approximately due to presence of humus 
dominated top surface layer followed by thick layer of clay. From 16-m downward 
there is a huge deposition of homogenous fine sand layer which can be shown by 
increasing trend of resistivity value (Paranis 1997) with an exception of sudden 
decrease in resistivity value which might be because of thin layer of old alluvium 
which forms perched aquifer for few metres. Points 5 and 6 show sudden lateral 
increase in the value of resistivity mainly because of presence of potential aquifer 
and presence of sandstone. However, for point 6, through the examination for depth 
profile of resistivity, it was found that value of resistivity decreases after a certain 
depth showing presence of clay layer. Lithological evidence indicates the presence
of pyrites and dolomites in the sandstones which can contribute arsenic to 
groundwater.

For point 9, because of bare soil with very high rate of evaporation, upper hori-
zon of soil has high salinity, which was well supported by relatively lower value of 
resistivity. The pH of the groundwater varied in the range at 8.1 ± 0.1 (Table 2.1). It 
indicates that when iron is more the arsenic is retained on the iron compound and 
during favourable redox conditions ferric arsenate gets aerated and releases arsenic 
in water.
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Fig. 2.5  Comparison between apparent and interpretive resistivity with the lithology of the bore-
hole near to the point VES 3. Thick black lines denoting true/calculated resistivity value
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2.4.1  �Arsenic and Its Speciation

The statistics of general water geochemistry is given in Table  2.1. Total arsenic 
concentrations in the groundwater varied from 19.1 μg/L to 118 μg/L with an aver-
age value of 51.23 μg/L (Table 2.1). Distribution pattern of arsenic and iron in this 
area is shown in Figs 2.6 and 2.7 respectively, from which it is observed that higher 
concentration of both the elements is clustered near river Ganges and its tributary 
Koshi (Ghugri). From XRD study of the soil samples, it was found that goethite, 
dolomite, calcite, quartz and feldspar are the major minerals for most of the sam-
ples. Speciation modeling (calculated with the help of PHREEQC code) results for 
selected minerals in specified water samples is shown in Table 2.2. The result shows 
that the value for log PCO2 is low for most of samples i.e. all selected samples are 
undersaturated with respect to it. Most samples are saturated with respect to calcite 
and dolomite, except for some samples from Golgamma, Panchrukhi, Marwa and 

Table 2.1  Statistical analysis for water samples of Bhagalpur

Parameters Unit Minimum Maximum Average St. Dev.
P.L. WHO
(2004)

Depth (ft) 30.0 95.0 55.7 34.6 NA
pH 7.8 8.3 8.1 0.1 9.2
ORP mv −134.0 169.0 8.9 95.2 NA
EC μs/cm 250.0 980.0 599.2 175 1,400
TDS mg/L 191.2 710.0 455.2 133 NA
Na+ mg/L 5.7 41.9 18.7 8.54 200
K+ mg/L 0.4 3.2 1.4 0.7 150
Ca+2 mg/L 20.7 126.0 64.8 30.3 200
Mg+2 mg/L 7.8 18.2 10.7 2.2 150
HCO3

−- mg/L 15.2 214.5 104.8 42.2 NA
F− mg/L 0.1 4.9 0.8 0.9 1.5
Cl− mg/L 6.6 219.9 69.7 50.8 600
NO3

− mg/L 1.0 39.0 23.7 11.6 45
SO4

2− mg/L 3.8 72.8 32.9 20.2 400
PO4

3− mg/L 2.7 6.4 4.0 0.9 150
SiO2 mg/L 14.0 49.3 30.0 8.1 NA
NH4

+ mg/L 0.6 3.1 1.4 0.8 NA
Fe mg/L 0.7 7.6 3.2 2.2 0.3
Mn mg/L 0.01 1.8 0.7 0.6 0.1
As(tot) μg/L 19.1 118.0 51.2 27.6 10
As3+ μg/L 10.9 81.1 34.4 21.0 10
As5+ μg/L 7.1 55.2 16.8 10.3 10
δ18O Per mil −9.61 −7.15 −8.36 0.62 NA
δ2H Per mil −65.47 −49.89 −56.27 4.07 NA

Note: P.L. Permissible limit, NA Not applicable
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Mahesitilakpur. Groundwater is undersaturated with respect to poorly crystalline 
minerals like FeCO3 and Fe(OH)3, but saturated with respect to goethite mineral. 
Hence goethite is suggested as the sink for dissolved iron minerals which precipi-
tates during oxidation and may result in the de-coupling of As and Fe (Mukherjee 
et  al. 2008). Here redox coupling (As (III)/As (V)) of As associated with Fe is 
assumed to govern arsenic mobilization in groundwater. Oxyhydroxide reduction
mechanism driven by microbial activity degrades the arsenate to arsenite and trig-
gers the mobilization.

So presence of iron mineral associated with clay results in high conductance and 
thus low resistivity reaffirm the conclusion made for relatively lower resistivity 
value in case of clay layer at shallow depth for points 3 and 4. Most of the arsenic 
compounds are present in the form of sulfides or as arsenide of iron, copper, nickel 

Fig. 2.7 Contour diagram showing spatial distribution of iron concentration (mg/L)

Fig. 2.6  Contour diagram showing spatial distribution of arsenic concentration (μg/L) (Kumar
et al. 2010)
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and cobalt ores, into the thick sedimentary deposit such as clay and their mobilization 
is being governed by the active terminal electron accepting processes (TEAPs) as 
reported by Bhattacharya et al. (2009).

2.4.2  �Relationship Between VES and Hydrochemical 
Signature of the Aquifer

When the resistivity profile at point 3 was compared with the contour for both As 
and Fe, a good correlation was found which suggests that VES values can be used 
to delineate As-contaminated aquifer zone. The low resistivity which represents 
very fine silt and clay soil in subsurface is believed to be deposited during meander-
ing in a floodplain environment and thus has a strong anoxic condition to result in 
the negative Eh value along with high As and Fe concentrations in groundwater. 
Thus such clay layer at shallow depth with abundant iron minerals along with high 
concentration of arsenic can be detected by geophysical as well as geochemical 
techniques.

Combined with the geochemical composition, this study reveals that the control-
ling factor of arsenic in groundwater is redox condition and iron content of the 
aquifer and release of arsenic may depend on oxidation followed by reduction due 
to vertical movement of water. Finally it can be concluded that “oxyhydroxide 
reduction theory” is responsible for release of arsenic in the aquifer of Bhagalpur.

2.4.3  �Stable Isotopic Chemistry

Relationship between δ18O and δD values for groundwater samples is shown in 
Fig.  2.8. Value for δ18O ranges from −9.61 to −7.15 ‰ with a median value of
−8.36 ‰, whereas for δD it ranges from –65.47 to –49.89 ‰ with a median value of 

Table 2.2  Speciation modelling result for selected minerals in specified water samples

Sample/SI PCO2 Calcite Dolomite FeCO3 Goethite Fe(OH)3

Golgamma –1.447 –0.332 –1.611 –2.557 –0.172 –0.053
Panchrukhi –1.898 –0.182 –0.735 –1.608 –0.436 –1.708
Merwa –2.457 –0.277 –0.223 –2.263 –0.300 –1.788
Mahesitiakpur –0.681 –0.006 –0.630 –0.770 –0.116 –1.818
Sultanganj –0.614 –2.415 –1.240 –0.599 –0.619 –2.048
Bhagalpur –1.858 –1.648 –0.458 –0.382 –0.530 –1.917
Sabour –3.406 –0.845 –0.476 –3.371 –2.071 –2.186
Rannuchak –2.146 –1.441 –2.462 –1.316 –1.430 –1.598
Pirpainti –2.475 –1.761 –0.308 –0.360 –1.470 –2.135
Naugachhia –1.708 –1.542 –0.521 –0.925 –1.869 –2.137
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–56.27‰. Most of the result points were plotted near the GMWL (drawn from the
equation δ2H = 8δ18O+10 (Craig 1961)) except fewer samples but the value range is 
huge. Groundwater samples falling along the global meteoric water line (GMWL)
indicates that origin of ground water is meteoric and non-evaporated water rapidly 
infiltrated to the saturated zone. High range of value may be due to continental 
effects. However point away from the GMWL might be because of non-equilibrium
fractionation during evaporation and exchange with carbonaceous rock minerals as 
in case of younger flood plain (Tsujimura et al. 2007). Groundwater samples with 
highest δ18O values ranging between –7.00 ‰ and –8.00‰ are mainly representing
samples from calcareous young alluvial plain region. Therefore, the high As con-
centration in the groundwater is mainly because of infiltration of river water through 
contaminated river bed sediment in this region. Finally it can be concluded that 
depositional environment and geological age are also very important factors in con-
trolling arsenic mobilization.

2.5  �Conclusion

This study reveals that resistivity survey is useful for predicting subsurface geologi-
cal formation. It also gives information about soil salinity, water content, humus and 
texture especially presence of clay, silt and sand stone content. It is observed that at 
shallow depth i.e. low resistivity zone (>10 Ω m), redox reactions support the release 
of As from arseniferous iron oxyhydroxides in the groundwater and the given facts 
were also validated through geochemical characterization of water samples (Kumar 
et al. 2010) and the borehole lithology (silty clay). For observation site, though the 
subsurface distribution pattern of clay layer is very irregular but in general after 
40-m depth there is a thick layer of fine sand which can be labelled as potentially 
safe zone for groundwater extraction. This important finding can help the local 

Fig. 2.8  Bivariate plot of δ18O and δD values for groundwater samples
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driller/local administration in many ways to target arsenic safe aquifer if resistivity 
survey will be done on extensive spatial scale. Result for stable isotopic composi-
tion shows that most of sample points plotted near the global meteoric water line 
(GMWL) i.e. origin of ground water is meteoric in principle; however point away
from the LMWL might favour exchange with rock minerals and evaporation pro-
cesses. Younger alluvial plain water samples with distinguished isotopic values also 
supporting the idea that depositional environment and aquifer structure are main 
driving force behind arsenic mobilization.
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    Chapter 3   
 Arsenic Contamination in Groundwater 
in the Middle Gangetic Plain, India: Its 
Relations to Fluvial Geomorphology 
and Quaternary Stratigraphy 

             Babar     Ali     Shah    

3.1            Introduction 

 Pollution of groundwater by naturally occurring arsenic (As) is found in  sedimentary 
aquifers worldwide and health problems associated with groundwater As have been 
documented in many parts of the world such as Bangladesh, India, Pakistan, Nepal, 
China, Hungary, Vietnam, Thailand, Cambodia, Taiwan, Inner Mongolia, Ghana, 
Egypt, Japan, Argentina, Mexico, USA and Chile (Mandal and Suzuki  2002 ; 
Mukherjee et al.  2006 ; Ravenscroft et al.  2009 ). Long-term intake of As-contaminated 
groundwater above 50 μg/L has caused skin diseases (pigmentation, dermal hyper-
keratosis, skin cancer), cardiovascular, neurological, hematological, renal and respi-
ratory diseases, as well as lung, bladder, liver, kidney and prostate cancers (Smith 
et al.  1992 ,  1998 ). The mode of occurrence, origin and mobility of As in sedimen-
tary aquifers are infl uenced by local geology, geomorphology, hydrogeology and 
geochemistry of sediments (Bhattacharya et al.  1997 ; Nickson et al.  1998 ; Acharyya 
et al.  2000 ; Kinniburgh and Smedley  2001 ). The upper permissible limit of As in 
drinking water is 10 μg/L as per WHO guideline (WHO  1993 ), which has been 
endorsed by Bureau of Indian Standards (BIS  2003 ). India is the second most popu-
lated country in the world, where a large percentage of world’s population (17.5 %) 
is living on limited land area (2.4 %). The Gangetic plain is one of the vast Quaternary 
alluvium track in Asia, and many cities, towns, villages, and hamlets are located on 
the bank of the Ganga and Ghaghara rivers. The Ghaghara river has originated from 
Matsatung glacier in the Himalayas and travelled a distance of about 1,080 km in 
NW–SE direction, to join the Ganga River. The topography of the Gangetic plains 
are heterogeneous, varying between upland surfaces, plain areas and low lying small 
natural bodies, viz., swamp and ponds. Recently, groundwater As contamination has 

        B.  A.   Shah      (*) 
  Department of Geological Sciences ,  Jadavpur University , 
  Kolkata   700032 ,  West Bengal ,  India   
 e-mail: bashahju@yahoo.com  

mailto:bashahju@yahoo.com


34

been reported in the states of Uttar Pradesh (UP), Bihar and Jharkhand (Chakraborti 
et al.  2003 ; Acharyya and Shah  2004 ; Bhattacharjee et al.  2005 ; Ahamed et al.  2006 ; 
Shah  2008 ). In this study, a survey on arsenic content in groundwater was carried 
out in Mirzapur, Varanasi, Ghazipur, Ballia, Buxar, Bhojpur, Patna, Vaishali, 
Faizabad, Gonda and Basti districts of UP and Bihar in the Gangetic plain (Fig.  3.1 ).  

 Moreover, groundwater As in tubewells were tested within the Holocene Newer 
Alluvium aquifers, as well as the Pleistocene Older Alluvium aquifers. The main 
objective of study is to investigate the distribution of groundwater As in entrenched 
channels and fl ood plains of the Ganga and Ghaghara rivers system under Quaternary 
geomorphologic setting.  

3.2     Study Area 

 The study areas in the entrenched channels and fl oodplains of the Ganga and 
Ghaghara rivers system are shown in three parts viz., Buxar, Ghazipur, Varanasi and 
Mirzapur districts (Fig.  3.2 ), Vaishali, Patna, Bhojpur and Ballia districts (Fig.  3.3 ), 
and Faizabad, Gonda and Basti districts (Fig.  3.4 ). The geomorphologic and 
Quaternary morphostratigraphic maps in the Middle Gangetic Basin (85° 21′ 11.80″ 
E to 82° 27′ 23.56″ E) and the Ghaghara Basin (82° 00′ E to 82° 30′ E) were pre-
pared based on Survey of India topographic sheets of 1:50,000 scale. The  geomorphic 
features of the Gangetic plains show differences in their elevations, spatial 

  Fig. 3.1    Quaternary sediments in the Indo-Ganga foredeep and Bengal Basin. The study areas 
from parts of the Middle Gangetic Basin and the Ghaghara Basin are shown in Figs.  3.2 ,  3.3 , and 
 3.4 . Abbreviations:  A  Allahabad,  V  Varanasi,  BX  Buxar,  B  Ballia,  C  Chhapra,  P  Patna,  BG  
Bhagalpur       
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distribution and nature of sediment, indicating that their formation must have 
occurred at different times, under different climates, water budget and sediment 
supply during the Pleistocene-Holocene period (Singh  2004 ). The Gangetic plains 
are subdivided into three zones i.e., the Pleistocene Older Alluvium upland Inter- 
fl ue surface (47 ± 12 ka), the Holocene Newer Alluvium river valley terrace surface 
(3 ± 1 ka), and the Holocene to Recent active channels and fl ood plains (Srivastava 
et al.  2003 ).    

 The major parts of the Gangetic plains consist of inter-fl uve upland surfaces of 
the Older Alluvium. These Pleistocene Older Alluvium inter-fl uve upland surfaces 
are characterised by yellow-brown coloured sediments with profuse calcareous and 
ferruginous concretions, and is exposed or occurs under shallow cover of the 
Holocene sediments. The Holocene Newer Alluvium surfaces are characterised by 
organic rich grey to black coloured argillaceous sediments in entrenched channels 
and fl oodplains of the Gangetic rivers. In this study, approximately 6,500 km 2  
(Figs.  3.2  and  3.3 ) in the Middle Gangetic Basin, and approximately 1,500 km 2  
(Fig.  3.4 ) in the Ghaghara Basin have been mapped to delineate groundwater 
As-contaminated and As-safe areas. This work is mainly compilation of earlier data 
from the Middle Gangetic Basin and the Ghaghara Basin under Quaternary geomor-
phologic setting.  

3.3     Geological Setting 

 The Quaternary geology of the Indo-Gangetic plain has been discussed by Pascoe 
( 1964 ) who sub-divided the sediments into Older Alluvium and Newer Alluvium. 
This classifi cation was revised by Pathak et al. ( 1978 ) as Upper Siwalik (Upper 
Pliocene to Lower Pleistocene), Older Alluvium (Middle to Upper Pleistocene), and 
Newer Alluvium (Upper Pleistocene to Recent) in order of superposition. The fi rst 
cycle of Quaternary sedimentation in the post-Middle Siwalik basin probably 
started during Upper Pliocene/Lower Pleistocene with sediment supply in the south-
ern part coming from the peninsular provenance leading to the deposition of varie-
gated clays followed by clastic sediments overlying Chitrakoot Formation (Dwivedi 
and Sharma  1992 ). The Banda Group is the oldest Quaternary lithostratigraphic unit 
in the southern part of the Indo-Gangetic Plain. The sediments formed Bandra Older 
Alluvium, which is characterized by Siwalik boulder conglomerate, sandstone, silt-
stone, quartzite that are embedded with yellowish to brownish coloured matrix 
(Pathak et al.  1978 ; Kumar et al.  1996 ). 

 A new basin was evolved due to Middle Pleistocene Orogenic movement with 
upliftment and folding in the northern part of the basin and development of the 
Himalayan foothill faults. This basin gradually shifted towards south due to subsid-
ence and received sediments supply from the northern Himalayan provenance. The 
second cycle of sedimentation during Middle to Early Upper Pleistocene period 
formed under warm, humid and dry climate (Dwivedi and Sharma  1992 ) has been 
referred here as the Varanasi Alluvium. The Varanasi Older Alluvium constitutes 
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upland surfaces, which are occupying major parts of the Gangetic Plain. The 
Varanasi Older Alluvium consists dominantly of multiple fi ll polycyclic sequence of 
sand, silt and clay. The Pleistocene Older Alluvium sediments are recognized by 
yellow-brown coloured sediments with profuse calcareous and ferruginous 
 concretions (Kumar et al.  1996 ). The river Ganga draining the area has developed a 
second geomorphic unit, the low-lying fl oodplains. The second-generation sedi-
ments in the Holocene period were deposited within the fl oodplain domain of each 
river defi ned by their palaeobank. These sediments constitute the Newer Alluvium. 
The main geomorphic features are giant channel bar, natural levee, and fl oodplains. 
It is the youngest geomorphic surface present on all other surfaces of the Gangetic 
plain. The Holocene Newer Alluvium comprise grey to black coloured organic-rich 
argillaceous sediments in entrenched channels and fl oodplains of rivers in the 
Gangetic plain. The top thin layer of silt-clay has been deposited in a lacustrine 
condition towards the close of sedimentation. The Gangetic plain exhibits variety of 
landforms, namely incised river valleys, abandoned channels, palaeo-channels, 
alluvial ridges, ponds, lakes etc. (Singh  2004 ). 

 The valley of Ghaghara river is very wide (5–15 km) with narrow channel (100–
200 m during summer). The Ghaghara Basin consists of thick pile of Quaternary 
sediments. Geomorphologically, the Older Alluvium surfaces i.e. the Varanasi Older 
Alluvium constitute upland surfaces, which are also recognised as the Bhangar sur-
face and are occupying major parts of the area. In the Ghaghara Basin, the top 3 m 
part is of silt-clay facies corresponding to suspension load of fl ood plain environ-
ment underlain by arenaceous facies corresponding to channel-fi ll palaeo- 
environment. The Older Alluvium and Newer Alluvium deposits in the Gangetic 
plain has been shown in Table  3.1 .

3.4        Materials and Methods 

 In this study, hand tubewell water samples were collected in acid pre-washed 10 ml 
plastic bottles. Immediately after collection, one drop of dilute nitric acid (1:1) GR 
Grade was added as preservative. The geographic locations of all samples were 
recorded by a hand-held Global Positioning System (Garmin eTrex Vista). The 
information of tubewell depth was acquired from owner of the tubewell. The Older 
and Newer Alluvium sediment samples were collected from vertical sections of the 
Ganga river and its tributaries. All samples were collected from 15 to 20 cm inside 
of vertical sections, and GPS locations of all samples were recorded. Each sediment 
sample was dried in an oven at about 50 °C for approximately 24 h. Sediment sam-
ples were ground homogenously and crushed with a mortar and pestle. Analysis of 
As and iron (Fe) were carried out both from tubewell water and sediment samples. 
Sediment sample weighing 0.5 g was taken in a Tefl on bomb and 2 ml nitric acid 
was added with it. It was digested at 120 °C temperature for 8 h in hot air oven. 
After cooling, 5 ml distilled de-ionised water was added in digested sample and it 
was fi ltered through 0.45 μm millipore fi lter and prepared volume 10 ml. During 
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analysis, 5 ml acidifi ed sample was added with 10 ml buffer, 5 ml hydroxylamine 
hydrochloride, and 2.5 ml phenanthroline and a fi nal volume 25 ml was prepared. 
The prepared solution was used for As and Fe analyses. 

 Iron was analyzed by 1,10 phenanthroline method by the use of UV spectropho-
tometer. Arsenic analysis was done at the laboratory through fl ow injection hydride 
generation atomic absorption spectrometry (FI-HG-AAS) system. (A Perkin-
Elmer Model 3,100 atomic absorption spectrometer equipped with a Hewlett-
Packard Vector Computer with GEM software.) The minimum detection limit with 
95 % confi dence level was 3 µg/L As (Samanta et al.  1999 ). A solution of 1.25 % 
NaBH 4  (Merck, Germany) was prepared in 0.5 % NaOH (Merck, India). A 5.0 M 
solution of HCl (Merck, India) was used. All reagents are Analar grade. All these 
solutions were prepared using distilled de-ionised water. The fl ow rate for both 
tetrahydroborate and hydrochloride acid was 1 ml/min. Blank was prepared and 
measured under the same conditions. Details of the reagents and glassware were 
given elsewhere (Samanta et al.  1999 ). The accuracy of analytical method using 
FI-HG-AAS was verifi ed by analyzing Standard Reference Materials CRM (BND 
301) NPL, Indian water (certifi ed value 990 ± 20 μg/L; observed 960 ± 40 μg/L); 
Water SRM (quality control sample for trace metal analysis) from USEPA 
Environmental Monitoring and Support Laboratory, Cincinnati, Ohio, USA 

   Table 3.1    Classifi cation of Quatemary deposits in the Indo-Gangetic Basin   

 Age  Lithounit  Distribution/Lithology 

 Channel 
alluvium 

 Active channel deposits of light grey, fi ne to medium grained 
micaceous sand and pebbles-cobbles (Himalayan provenance) 
and red quartzo-feldspathic medium to coarse sand along with 
drapes of silt and clays (Peninsular provenance) 

 Holocene  Terrace 
alluvium 

 Older fl ood plain deposits (Terraces) composed of grey fi ne 
grained micaceous sand with silt beds in the Himalayan rivers 

 Alluvium fan 
deposits 

 Occur bordering the Himalayan hill front and composed of 
sediments ranging from cobbles-pebbles to fi ne sand and silt 
 Disconformity 

 Varanasi 
alluvium 

 Polycyclic sequence of clay, silt and micaeous sand of the 
Himalayan provenance with  Kankar  and ferruginous 
concretions 

 Pleistocene  Unconformity 
 Banda 
alluvium 

 (a) Chitrakoot Formation: medium to coarse quartzo- 
feldspathic and silt, clay of the Peninsular provenance with 
minor  Kankar  
 (b) Variegated clays 
 Unconformity 

 Pre- Quaternary   Vindhyan  Upper Siwalik Boulder Conglomerate 
 Supergroup  Bundelkhand Gneissic Complex in south and (? Marwar 

Supergroup) 
 Aravalli group  Lower and Middle Siwalik groups in north 

  Modifi ed after Khan et al. ( 1996 )  
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 (certifi ed value 17.6 ± 2.21 μg/L; observed 16 ± 3.5 μg/L). The X-ray Diffractometry 
(XRD) with Cu target was used (Model Philips APD-15) to determine the constitu-
ent minerals in sediment sample.  

3.5     Results and Discussion 

3.5.1     Distribution of Groundwater Arsenic in Middle 
Gangetic Basin  

 A result of As concentrations of 144 tubewells from Buxar, Ghazipur, Varanasi and 
Mirzapur districts in the Middle Gangetic Plain (Fig.  3.2 ) has been shown in 
Table  3.2 .

   About 66 % of tubewells have As concentrations above 10 μg/L (WHO guide-
line), and 36 % of tubewells have As above 50 μg/L. Maximum concentrations of 
As and Fe in tubewell water are 550 μg/L and 9.3 mg/L, respectively at Chyan 
Chappra village (25° 43.28ʹ N : 84° 16.24ʹ E), UP. About 87 % of tubewell water 
samples have higher concentrations of Fe beyond its permissible limit of 1 mg/L 
(WHO guideline). The Fe content in tubewell waters varies from 0.2 to as much as 
9.3 mg/L (Shah  2014 ). Arsenic contaminated areas in and around Buxar, 
Muhammadabad, Ghazipur, Zamania, Varanasi, Chunar and Mirzapur towns are 
mainly confi ned in the meandering belt of the Ganga river (Fig.  3.2 ). Maximum As 
concentration at Karkatpur village is 450 μg/L, which is located in the entrenched 
channels and fl oodplains of the Ganga river. However, tubewells located in its oppo-
site side at Zamania town are As-safe in groundwater (<10 g/L), as the areas belong 
to the Pleistocene Older Alluvium surfaces. Few As-contaminated areas are also 
located in the Newer Alluvium older fl oodplains at the northeast of Zamania and 
east of Muhammadabad towns. These areas are shallow cover of the Newer Alluvium 
with As-level ≤100 μg/L. However, the Pleistocene Older Alluvium upland surfaces 
in and around Zamania and Muhammadabad towns exposing yellow-brown oxi-
dized clay with calcareous and ferruginous concretions are As-safe in groundwater 
(Shah  2014 ). Moreover, tubewells in the Older Alluvium fl oodplains covered with 
the Holocene sediments on top are locally As-contaminated. Tubewells located in 
Buxar, Muhammadabad, Ghazipur, Saidpur, Varanasi, Chunar and Mirzapur towns 
are As-safe in groundwater (<10 g/L), because of their positions on the Older 
Alluvium upland surfaces (Fig.  3.2 ). 

   Table 3.2    Distribution of tubewell water As (μg/L) in percentage in the Middle Gangetic Basin   

 Study areas  Samples  As > 10  As > 50  As > 100  As > 250  Max. As (μg/L) 

 Buxar to Mirzapur 
towns (Fig.  3.2 ) 

 144  66  36  20  8  550 

 Patna to Ballia 
towns (Fig.  3.3 ) 

 80  89  50  29  18  1,300 
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 A result of As concentrations of 80 tubewells from Vaishali, Patna, Bhojpur and 
Ballia districts in the Middle Gangetic plain (Fig.  3.3 ) are shown in Table  3.2 , where 
89 % of tubewells have As concentrations above 10 μg/L, and 50 % of tubewells 
have As above 50 μg/L. Maximum concentrations of As and Fe in tubewell waters 
are 1,300 μg/L and 12.93 mg/L at Semariya Ojjhapatti (25° 36.97ʹ N : 84° 25.71ʹ E) 
and Pandey Tolla (25° 41.27ʹ N : 84° 36.97ʹ E) villages, respectively. About 85 % of 
tubewell water samples have higher concentrations of Fe beyond its permissible 
limit of 1 mg/L. The Fe content in tubewell waters varies from 0.1 to as much as 
12.9 mg/L (Shah  2014 ). Few As-contaminated areas are also located at the north of 
Myil, north of Ara, and east of Ballia. All are confi ned within the Newer Alluvium 
older fl oodplains of the Ganga and Ghaghara rivers system. Low levels of As con-
centrations are also observed along the left bank of the Ganga river in the Manupur–
Hajipur–Myil areas due to the oxidized Pleistocene Older Alluvium upland surfaces 
(Shah  2014 ). Tubewells in Ballia, Ara, Chhapra, Patna and Hazipur towns are 
located on the Older Alluvium upland surfaces and are As-safe in groundwater 
(Fig.  3.3 ). 

 The density of As-contaminated tubewells from Patna to Ballia areas is higher 
compared to that of Buxar to Mirzapur areas. Table  3.2  shows 66 % of tubewells 
have As >10 g/L from Buxar to Mirzapur areas, whereas 89 % of tubewells have As 
>10 g/L from Patna to Ballia areas. Moreover, 36 % of tubewells have As above 
50 μg/L from Buxar to Mirzapur areas, whereas 50 % of tubewells have As above 
50 μg/L from Patna to Ballia areas. The correlation of As and Fe of 224 tubewells 
in the Middle Gangetic Basin shows a scatter diagram, where lower value of As 
corresponds with the higher value of Fe (Fig.  3.5 ). Therefore, arsenic is always 
available with iron but high iron with high arsenic is not possible always. Depth 
information of 224 tubewells in the Middle Gangetic Basin shows that 77 % of 
tubewells are located in shallow depth (21–40 m). About 40 % of tubewells have As 
>50 μg/L within the depth of 17–50 m (Shah  2014 ). However, most of the As con-
taminated tubewells are located within the depth of 20–50 m in the Newer Alluvium 
aquifers (Fig.  3.6 ). Maximum value of As (1,300 μg/L) corresponds to a depth of 
33 m at Semariya Ojjhapatti village (25° 36.97ʹ N : 84° 25.71ʹ E).    

  Fig. 3.5    Correlation between As and Fe concentrations of tubewell water in the Middle Gangetic 
Basin       
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3.5.2     Distribution of Groundwater Arsenic in Ghaghara Basin 

 A result of As concentrations of 231 tubewells in the Ghaghara Basin (Fig.  3.4 ) are 
shown in Table  3.3 . About 38 %, 61 % and 42 % of tubewells in Faizabad, Gonda 
and Basti districts, respectively have As > 10 μg/L (WHO guideline). Moreover, 
15 %, 45 % and 26 % of tubewells in Faizabad, Gonda and Basti districts, respec-
tively have As above 50 μg/L. Maximum concentrations of As in tubewells from 
Faizabad, Gonda and Basti districts are 350 μg/L, 510 μg/L and 150 μg/L, respec-
tively. The subsurface information of tubewell has been collected from owners of 
the tubewells and accordingly a profi le section (A-B) is plotted (Fig.  3.7 ).

    The profi le section shows that tubewells located in Holocene Newer Alluvium 
aquifers in the Faizabad side have As concentrations of 25, 23 and 72 μg/L corre-
sponding to the depth of 30, 37 and 12 m, respectively. Moreover, tubewells located 
in Holocene Newer Alluvium aquifers in the Durgaganj areas have As concentra-
tions of 140, 125 and 410 μg/L corresponding to the depth of 33, 33 and 10 m, 
respectively. However, As-safe tubewells (<10 μg/L) are mainly located in the 
Pleistocene Older Alluvium aquifers at the both ends of Faizabad and Durgaganj 
areas (Fig.  3.4 ). Durgaganj Village (26° 49.786ʹ N : 82° 11.873ʹ E) and Jayedpur 
Majha (26° 49.786ʹ N : 82° 11.873ʹ E) are located on the north bank of the Ghaghara 
River, where As concentrations in tubewells are 410 μg/L and 455 μg/L, respec-
tively. These areas are in entrenched channels and fl oodplains of the Ghaghara river. 
However, opposite side of Durgaganj village is Ayodhya town, and tubewells in 
Ayodhya town are As-safe in groundwater (<10 μg/L) because of their positions on 
Older Alluvium upland surfaces. As-contaminated tubewells (As ≤ 200 μg/L) are 
also located on the older fl oodplains (zone 2) to the southeast of Ayodhya town near 
the bank of Ghaghara river (Fig.  3.4 ). Further, villages in and around Parbati Tal are 

  Fig. 3.6    Relation between As concentration and depth of tubewell in the Middle Gangetic Basin       

   Table 3.3    Tubewell As (μg/L) distribution in percentage in the Ghaghara Basin   

 Study area  >10  >50  >100  >200  >300  Max. As 

 Faizabad district (N = 101)  38  15  9  5  2  350 
 Gonda district (N = 88)  61  45  33  25  18  510 
 Basti district (N = 42)  42  26  2  –  –  150 
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As affected in groundwater, where maximum As 450 μg/L has been reported from 
Raghuraj Nagar Village (26° 56.101ʹ N : 82° 10.969ʹ E). These inundated areas con-
sist of  palaeo- channels and ox-bow lakes of the Ghaghara river and its tributaries 
(Fig.  3.4 ). Faizabad and Ayodhya twin towns are historically famous places and are 
located on the yellow-brown coloured oxidized Pleistocene Older Alluvium 
upland surfaces with calcareous and ferruginous concretions. Tubewells in twin 
towns are As-safe (<10 μg/L) in groundwater. However, tubewells in outskirts of 
Faizabad town near Pathan tolia (26° 47.136ʹ N : 82° 09.990ʹ E) and Kala Majhar 
(26° 46.999ʹ N : 82° 04.627ʹ E) have maximum As concentrations of 72 μg/L and 
350 μg/L, respectively. 

 About 47 % As-contaminated (As > 10 μg/L) tubewells in these three districts are 
located within the depth of 10–35 m. About 86 %, 69 % and 35 % of tubewells in 
Faizabad, Gonda and Basti districts, respectively are within the depth of 21–45 m 
(Shah  2013 ). Maximum As concentration 510 μg/L is reported from Bhakir 
Mahangopur village (25° 51.559ʹ N : 82° 07.669ʹ E) corresponding to a depth of 40 m.  

3.5.3     Groundwater Arsenic Contamination from Different 
Parts of Middle Gangetic Basin 

 Apart from above studies, groundwater As-contamination has been reported from 
different parts of the Middle Gangetic Basin. Arsenic contamination in groundwater 
above 50 μg/L is reported in Shapur, Dhokra, Lilapur, Malikpur, Fathupur villages 
of Allahabad district in UP (Chakraborti et al.  2009 ). Moreover, As contamination 
>50 μg/L has been reported in the Unnao district of UP in the Suklaganj-Kanpur 
urban areas and Purani Bazar, Misra Colony, Rishi Nagar, Ananda Nagar, Subash 
Gram, Kanchan Nagar villages. These locations are close to the entrenched 

  Fig. 3.7    A-B profi le section is marked in Fig.  3.1 . As value (μg/L) of each tubewell is marked in 
its  top        
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channels and fl oodplains of the Ganga river. Generally the tubewells are of shallow 
depth ranging from 15 to 35 m (Chakraborti et al.  2009 ) and most of them are 
located within the depth of 30 m. However, the temporal variation of As concentra-
tions in Ghazipur district are greater in the pre-monsoon than that of the post-mon-
soon season (Ahamed et al.  2006 ; Kumar et al.  2010a ; Yano et al.  2012 ). Lakhimpur 
Kheri district of UP lies in Terai region along the Himalayan foothills. The Ghaghara 
and Sharda are the two major rivers draining the area. Arsenic concentrations in 
tubewell waters above 10 μg/L are found in fi ve blocks (hot spot) viz., Pallia, 
Nighasan, Ramia Beher, Dhawhara and Isanagar. In these blocks almost all the 
handpumps were found to be contaminated. About 41.18 % (42 out of 102) of hand-
pumps of these blocks have As above 10 μg/L (Pathak et al.  2013 ). 

 Groundwater As in Bihar was fi rst reported in Bhojpur district (Chakraborti et al. 
 2003 ). Last several years, Public Health and Engineering Department (PHED), 
Government of Bihar, initiated the blanket testing of hand pumps and shallow tube-
wells and reported arsenic contamination in parts of 12 districts on the bank of the 
Ganga river. The hand pumps and shallow tubewells with As concentration above 
10 μg/L being unfi t for consumption were coloured red by PHED. Central Ground 
Water Board (CGWB) initiated exploratory drilling and groundwater sample 
 analysis and identifi ed another three districts with As above 10 μg/L. By now, 57 
blocks in 15 districts of Bihar, mainly along the river Ganga are As-affected 
(10 μg/L). The As-affected districts in Bihar are Buxar, Bhojpur, Patna, Saran, 
Vaishali, Begusarai, Samastipur, Lakhisarai, Purnea, Kathitar, Khagaria, Darbhanga, 
Bhagalpur, Kishanganj and Munger. Most of the As-contaminated tubewells are 
located within the depth of 15–40 m in the Holocene Newer Alluvium sediments 
(Chakraborti et al.  2003 ; Nickson et al.  2007 ; Shah  2008 ; Ghosh et al.  2009 ; Kumar 
et al.  2010a ,  b ; Saha  2010 ; CGWB  2010 ). Arsenic contamination in groundwater 
has been reported in the fl oodplains of the Kosi River and its confl uence with the 
Ganga River. Contaminated tubewells (As >10 μg/L) are located in the Holocene 
Newer Alluvium sediments, whereas the upland areas in the Kosi fan are As-safe in 
groundwater (Nickson et al.  2007 ; Mukherjee et al.  2012 ). 

 The low-lying entrenched channel and fl oodplain of the Ganga River that fl ank 
the northern tip of the Rajmahal Hills and parts of the Sahibganj district in Jharkhand 
are As-contaminated. Most of the As-contaminated tubewells belong to Sahibganj, 
Rajmahal and Udhawa blocks. Average 36 % of tubewells have As >10 μg/L in 
these three blocks (Bhattacharjee et al.  2005 ; Nayak et al.  2008 ). In Bhagalpur dis-
trict, groundwater As-contamination has been reported, where As-contaminated 
tubewells are located within the depth of 12–32 m. Arsenic concentrations in the 
groundwater varied from 19.1 to 118 μg/L in the pre-monsoon and from 18.8 to 
113 μg/L in the post-monsoon season. The average As-concentration in Bhagalpur 
district (50 μg/L) was fi ve times than that of Vaishali district (10 μg/L). About 95 % 
of tubewells (20 samples) were found As-contaminated above the WHO standard 
for drinking water. Sediment grain-size analysis has indicated the presence of clay 
at shallow depth with enrichment of As concentrations (Kumar et al.  2010b ; Singh 
et al.  2014 ). Arsenic and iron concentrations in Older and Newer Alluvium sedi-
ments were found in signifi cant amount in the Middle Gangetic Plain (Shah  2014 ). 
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Maximum As in the Older Alluvium sediments is 13.73 mg/kg near Saidpur village, 
UP (25° 23.20ʹ N : 81° 47.58ʹ E), whereas maximum As in the Newer Alluvium 
fl ood top clay is 30.91 mg/kg on the bank of Ganga river near Loktola village (25° 
18.69ʹ N : 82° 04.59ʹ E), UP. Maximum Fe in the Older Alluvium sediments at 
Charri village (25° 20.20ʹ N : 81° 55.69ʹ E), and the Newer Alluvium sediments at 
Pancharukhia village (25° 45.80ʹ N : 84° 21.80ʹ E) are 6.15 g/kg and 6.31 g/kg, 
respectively (Shah  2014 ). Moreover, As and Fe concentrations in borehole sedi-
ments ranges from 1.1 mg/kg to 11.9 mg/kg, and 0.2 g/kg to 10.97 g/kg, respec-
tively from Varanasi areas in the Middle Ganga Plain (Raju  2012 ). Arsenic and 
Fe concentrations in the Newer Alluvium sediments are 6.19 mg/kg and 7.12 g/kg, 
respectively in the Ghaghara Basin (Shah  2013 ). From previous published reports, 
it was known that average As content in clayey sand is 12 mg/kg in Murshidabad 
district, West Bengal (Acharyya et al.  2000 ). Arsenic and Fe concentrations in core 
sample are 7.7 mg/kg and 4.26 g/kg, respectively in Manikganj, Bangladesh 
(Shamsudduha et al.  2008 ). 

 The mineralogical assemblage in the Newer Alluvium sediments in the Middle 
Gangetic Basin is quartz, muscovite, chlorite, montmorillonite, kaolinite, feldspar 
and goethite (Shah  2010 ). However, the same mineralogical assemblage is also 
reported from borehole sediments in Jessore district of Bangladesh and Nadia 
 district of West Bengal (Akai et al.  2004 ; Acharyya and Shah  2007 ). Arsenic and 
iron concentrations in suspended river sediments were found in signifi cant amount 
in the suspended river sediments of the Yamuna, Ganga, Gomati, Ghaghara, Sone, 
Gondak, Buri Gandak and Kosi rivers (Shah  2014 ). Maximum As in suspended 
river sediments of the Kosi river is 10.59 mg/kg near Saharsa town (25° 53.07ʹ N : 86° 
26.21ʹ E), and minimum As is 5.61 mg/kg in the Yamuna river near Sihonda town 
(25° 21.27ʹ N : 81° 38.59ʹ E). The Ganges is one of the major rivers of the Indian 
subcontinent and maximum As in suspended river sediments is 9.52 mg/kg near 
Buxar town (25° 34.58ʹ N : 83° 58.25ʹ E). The Sone river is the largest of the Ganges’ 
southern tributaries, have As 6.60 mg/kg in suspended sediments near Koelwar 
town (25° 34.11ʹ N : 84° 48.31ʹ E). Arsenic in suspended river sediments of the 
Gomati, Ghaghara, Gandak and Buri Gandak rivers ranges from 7.01 to 9.04 mg/kg 
(Shah  2014 ). 

 During high water discharge, the contribution to suspended sediments in rivers 
most probably originates from erosion and weathering processes of bed sediments 
and bank scour which results in fl uvial transport and sedimentation of As-enriched 
metal hydroxides especially Fe oxy-hydroxides (Berg et al.  2001 ). Iron content in 
suspended river sediments of the Yamuna, Ganga, Gomati, Ghaghara, Sone, Gandak, 
Buri Gandak and Kosi rivers varies from 5.65 to 1.17 g/kg (Shah  2014 ). Arsenic 
concentration in suspended river sediments of the Jamuna, Padma and Meghna 
rivers during post-fl ood period varies from 4.07 to 5.47 mg/kg. The As load carried 
annually with suspended sediments of the Jamuna, Padma and Meghna rivers have 
been estimated to be 3,054, 4,121 and 4,584 tons, respectively (Chowdhury et al. 
 2009 ). Thus, the Himalayan rivers have high content of As and Fe in suspended river 
sediments that has been deposited in the Ganga-Meghna-Brahmaputra plains. 

 Quaternary morphostratigraphy play a role on groundwater arsenic contamination. 
The Ganga is the axial river in the Himalayan foreland basin. The sub-surface 
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extension of the Gangetic Basin is limited to the west by the Aravalli–Delhi ridge 
and to the east by the Monghyr–Saharsa ridge (Kumar et al.  1996 ). The Ganga plain 
has developed a network of small drainages and entrenchment of major rivers dur-
ing ~20–13 ka BP. The network became dense during 13–8 ka BP (early Holocene) 
and moved large amounts of sediment-water to the Ganga Delta. During 8–6 ka BP 
small drainages changed to large lakes and extensive deposition of sediment took 
place on the upland interfl uve surfaces. A large number of small drainages, dense 
networks of channel and numerous lakes, and swamps have developed (8 ka BP–
present) in the Gangetic Basin (Singh  2004 ). The major parts of the Gangetic plain 
consist of inter-fl uve upland surfaces of Older Alluvium. These Pleistocene Older 
Alluvium upland surfaces are characterized by yellow-brown coloured sediments 
with profuse calcareous and ferruginous concretions, and are either exposed or 
occur under shallow cover of Holocene sediments. Most of the towns in the Gangetic 
Basin are located on the Pleistocene Older Alluvium upland surfaces. Moreover, 
Holocene Newer Alluvium sediments are characterised by grey to black coloured 
organic-rich argillaceous sediments, and occur in the entrenched channels and 
fl oodplains of the Gangetic rivers (Figs.  3.2 ,  3.3 , and  3.4 ). 

 Geomorphologically, the Gangetic plains are sub-divided into three zones viz. 
(1) the Pleistocene Older Alluvium upland surfaces, (2) the Older Alluvium fl ood 
plains covered with the Holocene sediments on top, and (3) the Holocene Newer 
Alluvium entrenched channels and fl ood plains. Tubewells located in the Pleistocene 
Older Alluvium aquifers are As-safe in groundwater, whereas tubewells located in 
the Holocene Newer Alluvium aquifers are As contaminated in groundwater in the 
Ganga and Ghaghara Rivers system. Moreover, the Older Alluvium covered with 
the Holocene sediments on top are locally As contaminated in groundwater. Arsenic 
affected villages are located in proximity to meander or abandoned channels 
(Figs.  3.2 ,  3.3 , and  3.4 ) in the Ganga and Ghaghara Rivers system. In the Gangetic 
plains, the Pleistocene Older Alluvium surfaces were dissected by channels and 
fl oodplains and buried under the younger Holocene Newer Alluvium sediments. 
This yellow-brown coloured oxidizing Pleistocene Older Alluvium surfaces were 
well fl ushed by groundwater fl ow due to high-hydraulic head and devoid of organic 
matter. The environment of the oxidized Pleistocene Older Alluvium aquifer is not 
favourable to release sorbed As to groundwater (Shah  2008 ,  2010 ). However, distri-
bution of high content of groundwater As in alluvial aquifers in Bangladesh and 
West Bengal is also controlled by regional geologic–geomorphic units of Older 
Alluvium and Younger Alluvium (Acharyya et al.  2000 ; von Brömssen et al.  2007 ; 
Shamsudduha et al.  2008 ). The groundwater As status in the Gangetic Basin is 
shown in the schematic 3D-diagram (Fig.  3.8 ).  

 Tubewells located in entrenched channels and fl ood plains of the Ganga and 
Ghaghara rivers are mostly As contaminated (zone 3). Moreover, tubewells located 
in Pleistocene Older Alluvium aquifers with thin cover of Holocene sediments on 
top are As-safe in groundwater (zone 1). Arsenic affected tubewells are also locally 
observed in older fl oodplains (zone 2) covered with Holocene Newer Alluvium 
sediments on top (Shah  2008 ,  2010 ). Regional geologic–geomorphic units of the 
Older and Younger Alluvium sediments control distribution of high content of 
groundwater As in alluvial aquifers in fl uvial deltaic setting in south and southeast 
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Asia. Groundwater As is mostly found in the delta plains, modern fl oodplains, 
marshes, and depressed lowland areas. High groundwater As concentration is found 
in the Holocene aquifers, while the Pleistocene aquifers have a low As level. 
Occurrences of high groundwater As are signifi cantly linked with the Pleistocene 
and Holocene aquifers in the Mekong Delta, Red River Delta and Bengal Basin 
(Acharyya et al.  2000 ; Kinniburgh and Smedley  2001 ; Berg et al.  2001 ; Acharyya 
and Shah  2007 ; von Brömssen et al.  2007 ; Shamsudduha et al.  2008 ; Polizzotto 
et al.  2008 ; Winkel et al.  2008 ).  

3.5.4     Source and Release of Arsenic in Groundwater 

 There are several potential sources of As which have been identifi ed both in the 
Himalayan belt, as well as in the Peninsular India. The Gangetic plains were formed 
due to accumulation of bulk sediments from the Himalayan hill range, whereas the 
input of the Peninsular India is minor. There are several As-bearing minerals depos-
its in the Himalayan hill range including hydrothermal pyrite-chalcopyrite- 
arsenopyrite- galena mineralization associated with quartz veins in Buniyal, Doda, 
Almora Garhwal, J and K Hills (Tewari and Gaur  1977 ). The Indus-Tsangpo suture 
in north India is marked by ophiolitic rocks, including olivine serpentinites. These 
ophiolites are composed of serpentinized peridotite, layered mafi c to ultramafi c 
rock, volcanic and oceanic sediments that contain high As (Guillot and Charlet 
 2007 ). The Peninsular India is also accounted for source of As where pyrite-bearing 
shale in Amjhore mine has As 2.6 g/kg (Das  1977 ). In the gold mineralization belt 
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of Sone valley, As concentrations in bedrock locally reach 28 g/kg to 1 g/kg (Mishra 
et al.  1996 ). Arsenic contamination of groundwater also affects Terai belt of Nepal 
(Shrestha et al.  2003 ; Gurung et al.  2005 ). Major rivers in Terai belt originate from 
the Higher Himalaya and minor rivers emanate from the nearby Siwalik hills 
(Fig.  3.1 ). Fine sediments and organic material are deposited in inter-fan lowlands 
in wetlands and swamps. It was observed that sediments carried from the Siwalik 
hills by the minor rivers release more As than those carried by major rivers from the 
Higher Himalaya (Shrestha et al.  2003 ; Gurung et al.  2005 ). 

 Most of the rivers in the northern part of the Gangetic Plain viz., Yamuna, Ganga, 
Gomati, Ghaghara, Sone, Gandak, Buri Gandak and Kosi rivers originated from the 
Himalayas. The possibility of erosion, oxidation and transportation of As-bearing 
products in suspension and solution in the Gangetic plains are high. The southern 
belt of the Himalayas is subjected to high erosion and intense rainfall during the 
Holocene time (Williams and Clarke  1984 ). Most of the As-bearing sediments are 
enriched with Fe oxides. Oxides of Fe and Mn are potentially the most important 
source/sink for As in aquifer. Hydrous Fe oxide has a very high specifi c surface 
area, and thus a very high adsorption capacity to absorb heavy metals. Arsenic 
adsorbed on Fe/Mn oxides/hydroxides is released into the groundwater due to a 
decrease of the redox state in the aquifer (Davis and Kent  1990 ). Reduction of 
hydrated iron oxide (HFO) is common, and high concentration of dissolved Fe in 
groundwater indicates strong reducing condition. Mobilisation of As in the Gangetic 
plains is expected to follow a similar course as observed in the Bengal Delta of West 
Bengal and Bangladesh. Arsenic sorbed on discrete phases of hydrated Fe-Mn 
oxide coated sediments grains were preferentially entrapped in grey to black 
coloured organic-rich argillaceous sediments in entrenched channels and fl ood-
plains of the Gangetic rivers. Biomediated reductive dissolution of hydrated iron 
oxide (HFO) by anaerobic heterotypic Fe 3+  reducing bacteria (IRB) play an impor-
tant role to release sorbed As to groundwater (Nickson et al.  1998 ; Kinniburgh and 
Smedley  2001 ; Islam et al.  2004 ; Polizzotto et al.  2008 ).   

3.6     Conclusions 

 A survey on arsenic content in groundwater in Mirzapur, Varanasi, Ghazipur, Ballia, 
Buxar, Bhojpur, Patna, Vaishali, Faizabad, Gonda and Basti districts of Uttar 
Pradesh and Bihar shows that tubewells located in entrenched channels and fl ood-
plains of the Ganga and Ghaghara rivers are prone to As contamination in ground-
water. The Holocene Newer Alluvium aquifers are characterised by organic-rich 
grey to black coloured argillaceous sediments and hence the tubewells located in 
these aquifers are As contaminated. Most of the As-affected villages are preferen-
tially located close to abandoned or present meander channels of the Ganga and 
Ghaghara rivers. Tubewells in Mirzapur, Chunar, Varanasi, Saidpur, Ghazipur, 
Muhammadabad, Ballia, Buxar, Ara, Chhapra, Patna, Hazipur, Faizabad, Ayodhya 
and Nawabganj towns are located on the Pleistocene Older Alluvium upland 
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surfaces and are As-safe in groundwater. The major parts of the Gangetic plain con-
sist of inter-fl uve upland surfaces of the Pleistocene Older Alluvium. These upland 
 oxidizing Pleistocene yellow-brown coloured sediments were well fl ushed by 
groundwater fl ow due to high hydraulic head and devoid of organic matter. The 
environment of the Pleistocene Older Alluvium aquifers is not favourable to release 
sorbed As in groundwater and aquifers are generally As-safe. However, in 
As-contaminated areas, deeper tubewells in the Pleistocene Older Alluvium aqui-
fers would be better option for As-safe drinking water. The potential sources of 
As-bearing sediments are mainly from the Himalayas. The Older Alluvium and 
Newer Alluvium sediments have high content of As. The Yamuna, Ganga, Gomati, 
Ghaghara, Gandak, Buri Gandak and Kosi rivers originated from the Himalayas and 
have high content of As in suspended river sediments, and most of the As-bearing 
sediments are deposited in the Gangetic Basin.     

  Acknowledgements   The author thanks School of Environmental Studies, Jadavpur University 
for As and Fe analyses. The author would like to thank local fi eld assistants from Bihar and UP for 
helping to collect tubewell waters, riverbank sediments, and turbid river waters. The fi nancial 
 support for this study came from Department of Science & Technology Fast Track Young Scientist 
Scheme and Council of Scientifi c and Industrial Research Scientists’ Pool Scheme, which is grate-
fully acknowledged.  

   References 

    Acharyya SK, Shah BA (2004) Risk of arsenic contamination in groundwater, affecting Ganga 
alluvial plain, India. Environ Health Perspect 112:A19–A20  

     Acharyya SK, Shah BA (2007) Groundwater arsenic contamination affecting different geologic 
domains in India—a review: infl uence of geological setting, fl uvial geomorphology and 
Quaternary stratigraphy. J Environ Sci Health A 42:1795–1805  

       Acharyya SK, Lahiri S, Raymahashay BC, Bhowmik A (2000) Arsenic toxicity of groundwater of 
the Bengal Basin in India and Bangladesh: the role of Quaternary stratigraphy and Holocene 
sea level fl uctuation. Environ Geol 39:1127–1137  

     Ahamed S, Sengupta MK, Mukherjee A, Hossain A, Das B, Nayak B, Pal A, Mukherjee SC, Pati 
S, Dutta RN, Chatterjee G, Mukherjee A, Srivastava R, Chakraborti D (2006) Arsenic ground-
water contamination and its health effects in the state of Uttar Pradesh (UP) in upper and 
middle Ganga plain, India: a severe danger. Sci Total Environ 370:310–322  

    Akai J, Izumia K, Fukuhara H, Masuda H, Nakano S, Yoshimura T, Ohfuji H, Anawar HM, Akai 
K (2004) Mineralogical and geomicrobiological investigations on groundwater arsenic enrich-
ment in Bangladesh. Appl Geochem 19:215–230  

     Berg M, Tran HC, Nguyen TC, Schertenleib R, Giger W (2001) Arsenic contamination of ground-
water and drinking water in Vietnam: a human health threat. Environ Sci Technol 
35:2621–2626  

     Bhattacharjee S, Chakravarty S, Maity S, Dureja V, Gupta KK (2005) Metal contents in the 
groundwater of Sahibganj district, Jharkhand, India, with special reference to As. Chemosphere 
58:1203–1217  

    Bhattacharya P, Chatterjee D, Jacks G (1997) Occurrence of arsenic-contaminated groundwater in 
alluvium aquifers from delta plains, Eastern India: options for safe water supply. Water Resour 
Dev 3:79–92  

B.A. Shah



51

   Bureau of Indian Standards (2003) Indian standard: drinking water. Specifi cation (fi rst revision), 
Amendment no. 2, New Delhi  

    Central Ground Water Board (2010) Ground water quality in shallow aquifers of India. Central 
Ground Water Board, Ministry of Water Resources, Government of India, Faridabad  

      Chakraborti D, Mukherjee SC, Pati S, Sengupta MK, Rahman MM, Chowdhury UK, Lodh D, 
Chanda CR, Chakraborty AK (2003) Arsenic groundwater contamination in Middle Ganga 
Plain, Bihar, India: a future danger? Environ Health Perspect 111:1194–1200  

     Chakraborti D, Ghorai S, Das B, Pal A, Nayak B, Shah BA (2009) Arsenic exposure through 
groundwater to the rural and urban population in the Allahabad-Kanpur track in the Upper 
Ganga plain. J Environ Monit 11:1455–1459  

    Chowdhury MAI, Ahmed MF, Ali MA (2009) Arsenic in water and sediments of major rivers in 
Bangladesh. J Civ Eng 37:31–41  

    Das S (1977) A note on prospecting of Amjhore pyrite, Rohtas district, Bihar with discussion on 
the origin of the deposits. Indian Miner 31:8–22  

    Davis JA, Kent DB (1990) Surface complexation modeling in aqueous geochemistry. Rev Mineral 
23:177–260  

     Dwivedi CN, Sharma SK (1992) Quaternary geology and geomorphology of a part of Ghaghara 
Basin, Azamgarh, Ballia and Mau districts, Uttar Pradesh. Rec Geol Surv India 125:51–53  

    Ghosh AK, Singh SK, Bose N, Singh SK (2009) Arsenic hot spots detected in the state of Bihar 
(India): a serious health hazard for estimated human population of 5.5 lakh. In: Ramanathan 
AL, Bhattacharya P, Keshari AK et al (eds) Assessment of ground water resources and manage-
ment. I.K. International Publishing House, New Delhi  

    Guillot S, Charlet L (2007) Bengal arsenic, an archive of paleohydrology and Himalayan erosion. 
Environ Sci Health A 42:1785–1794  

     Gurung JK, Ishiga H, Khadka MS (2005) Geological and geochemical examination of arsenic 
contamination in groundwater in the Holocene Terai Basin, Nepal. Environ Geol 49:98–113  

    Islam FS, Gault AG, Boothman C, Polya DA, Charnock JM, Chatterjee D, Lloyd JR (2004) Role 
of metal-reducing bacteria in arsenic release from Bengal delta sediments. Nature 430:68–71  

    Khan AU, Bhartiya SP, Kumar G (1996) Cross faults in Ganga Basin and their surface manifesta-
tions. Geol Surv India Spl Pub 21:215–220  

      Kinniburgh DG, Smedley PL (2001) Arsenic contamination of groundwater in Bangladesh, Report, 
WC/00/19. British Geological Survey, Dhaka  

      Kumar G, Khanna PC, Prasad S (1996) Sequence stratigraphy of the foredeep and evolution of the 
Indo-Gangetic plain, Uttar Pradesh. Geol Surv India Spl Pub 21:173–207  

     Kumar M, Kumar P, Ramanathan AL, Bhattacharya P, Thunvik R, Singh UK, Tsujimura M, Sracek 
O (2010a) Arsenic enrichment in groundwater in the Middle Gangetic Plain of Ghazipur dis-
trict in Uttar Pradesh, India. J Geochem Explor 105:83–94  

     Kumar P, Kumar M, Ramanathan AL, Tsujimura M (2010b) Tracing the factors responsible for 
arsenic enrichment in groundwater of the Middle Gangetic Plain, India: a source identifi cation 
perspective. Environ Geochem Health 32:129–146  

    Mandal BK, Suzuki KT (2002) Arsenic round the world: a review. Talanta 58:201–235  
    Mishra SP, Sinha VP, Tripathi AK, Sharma DP, Dwivedi GN, Khan MA, Yadav ML, Mehrotra RD 

(1996) Arsenic incidence in Son valley gold belt. In: Shanker R, Dayal HM, Shome SK, Jangi 
BL (eds) Symposium on earth sciences in environmental assessment and management. 
Geological Survey of India, Lucknow  

    Mukherjee A, Sengupta MK, Hossain MA, Ahmed S, Das B, Nayak B, Lodh D, Rahman MM, 
Chakraborti D (2006) Arsenic contamination in groundwater: a global perspective with empha-
sis on the Asian scenario. J Health Popul Nutr 24:142–163  

    Mukherjee A, Scanlon BR, Fryar AE, Saha D, Ghosh A, Chowdhuri S, Mishra R (2012) Solute 
chemistry and arsenic fate in aquifers between the Himalayan foothills and Indian craton 
(including central Gangetic plain): infl uence of geology and geomorphology. Geochim 
Cosmochim Acta 90:283–302  

3 Arsenic Contamination in Groundwater in the Middle Gangetic Plain, India



52

    Nayak B, Das B, Mukherjee SC, Pal A, Ahamed S, Hossain MA, Maity P, Dutta RN, Dutta S, 
Chakraborti D (2008) Groundwater arsenic contamination in the Sahibganj district of Jharkhand 
state, India in the middle Ganga plain and adverse health effects. Toxicol Environ Chem 
 90:673–694. doi:  10.1080/02772240701655486      

     Nickson R, McArthur JM, Burgess W, Ahmed KM, Ravenscroft P, Rahman M (1998) Arsenic 
poisoning of Bangladesh groundwater. Nature 395:338  

     Nickson R, Sengupta C, Mitra P, Dave SN, Banerjee AK, Bhattacharya A, Basu S, Kakoti N, 
Moorthy NS, Wasuja M, Kumar M, Mishra DS, Ghosh A, Vaish DP, Srivastava AK, Tripathi 
RM, Singh SN, Prasad R, Bhattacharya S, Deverill P (2007) Current knowledge on the distribu-
tion of arsenic in groundwater in fi ve states of India. Environ Sci Health A 42:1707–1718  

    Pascoe EH (1964) A manual of the geology of India and Burma, vol III. Geological Survey of 
India, Calcutta  

     Pathak BD, Karanth KR, Kidwai AL, Rao AP, Bose BB (1978) Geology and groundwater resources 
in parts of Jaunpur, Azamgarh, Ballia, Allahabad, Sultanpur and Faizabad districts, Uttar 
Pradesh. Bull Geol Surv India Sr B 44:1–77  

    Pathak VK, Agnihotri N, Khatoon N, Khan AH, Rahman M (2013) Hydrochemistry of groundwa-
ter with special reference to arsenic in Lakhimpur Kheri district, Uttar Pradesh, India. IOSR J 
Appl Chem 6:61–68  

     Polizzotto ML, Kocar BD, Benner SB, Sampson M, Fendorf S (2008) Near-surface wetland sedi-
ments as a source of arsenic release to ground water in Asia. Nature 454:505–508  

    Raju NJ (2012) Arsenic exposure through groundwater in the middle Ganga plain in the Varanasi 
environs, India: a future threat. J Geol Soc India 79:302–314  

    Ravenscroft P, Brammer H, Richards K (2009) Arsenic pollution: a global synthesis. Wiley 
Blackwell, Chichester  

    Saha D, Sreehari SS, Shailendra ND, Kuldeep GB (2010) Evaluation of hydrogeochemical pro-
cesses in arsenic contaminated alluvial aquifers in parts of mid-Ganga basin, Bihar, eastern 
India. Environ Earth Sci 61:799–811  

     Samanta G, Roy Chowdhury T, Mandal B, Biswas B, Chowdhury U, Basu G, Chanda C, Lodh D, 
Chakraborti D (1999) Flow injection hydride generation atomic absorption spectrometry for 
determination of arsenic in water and biological samples from arsenic-affected districts of West 
Bengal, India, and Bangladesh. Microchem J 62:174–191  

       Shah BA (2008) Role of Quaternary stratigraphy on arsenic-contaminated groundwater from parts 
of middle Ganga plain, UP-Bihar, India. Environ Geol 53:1553–1561  

      Shah BA (2010) Arsenic-contaminated groundwater in holocene sediments from parts of middle 
Ganga plain, Uttar Pradesh, India. Curr Sci 98:1359–1365  

     Shah BA (2013) Status of groundwater arsenic pollution in holocene aquifers from parts of the 
Ghaghara Basin, India: its relation to geomorphology and hydrogeological setting. Phys Chem 
Earth 58–60:68–76  

             Shah BA (2014) Arsenic in groundwater, quaternary sediments, and suspended river sediments 
from the Middle Gangetic Plain, India: distribution, fi eld relations, and geomorphological set-
ting. Arab J Geosci 7:3525–3536. doi:  10.1007/s12517-013-1012-4      

      Shamsudduha M, Uddin A, Saunders JA, Lee MK (2008) Quaternary stratigraphy, sediment char-
acteristics and geochemistry of arsenic-contaminated alluvial aquifers in the Ganges- 
Brahmaputra fl oodplain in central Bangladesh. Contam Hydrol 99:112–136  

     Shrestha RR, Shrestha MP, Upadhyay NP, Pradhan R, Khadka R, Maskey A, Maharjan M, Tuladhar 
S, Dahal BM, Shrestha K (2003) Groundwater arsenic contamination, its health impact and 
mitigation program in Nepal. J Environ Sci Health A Tox Hazard Subst Environ Eng 
38(1):185–200  

      Singh IB (2004) Late Quaternary history of the Ganga Plain. J Geol Soc India 64:431–454  
    Singh SK, Ghosh AK, Kumar A, Kislay K, Kumar C, Tiwari RR, Parwez R, Kumar N, Imam MD 

(2014) Groundwater arsenic contamination and associated health risks in Bihar, India. Int J 
Environ Res 8:49–60  

B.A. Shah

http://dx.doi.org/10.1080/02772240701655486
http://dx.doi.org/10.1007/s12517-013-1012-4


53

    Smith AH, Hopenhayn-Rich C, Bates MN, Goeden HM, Hertz-Picciotto I, Duggan HM, Wood R, 
Kosnett MJ, Smith MT (1992) Cancer risks from arsenic in drinking water. Environ Health 
Perspect 97:259–267  

    Smith AH, Goycolea M, Haque R, Biggs ML (1998) Marked increase in bladder and lung cancer 
mortality in a region of Northern Chile due to arsenic in drinking water. Am J Epidemiol 
147:660–669  

    Srivastava P, Singh IB, Sharma M, Singhvi AK (2003) Luminescence chronometry and late qua-
ternary geomorphic history of the Ganga Plain, India. Palaeogeogr Palaeoclimatol Palaeoecol 
197:15–41  

    Tewari AP, Gaur RK (1977) Geological conditions of formation of pyrite-polymetallic deposits of 
the Himalaya and the Great Caucasus – a comparison. Himal Geol 7:235–245  

     von Brömssen M, Jakariya M, Bhattacharya P, Ahmed KM, Hasan MA, Sracek O, Jonsson L, 
Lundell L, Jacks G (2007) Targeting low-arsenic aquifers in Matlab Upazila, Southeastern 
Bangladesh. Sci Total Environ 379:121–132  

    WHO (1993) Guideline for drinking- water quality, vol 1, 2nd edn, Recommendations. WHO 
Library Cataloguing, Geneva. ISBN 9241544600  

    Williams MAJ, Clarke MF (1984) Late quaternary environments in north-central India. Nature 
308:633–635  

    Winkel L, Berg M, Amini M, Hug SJ, Johnson CA (2008) Predicting groundwater arsenic con-
tamination in Southeast Asia from surface parameters. Nat GeoSci 1:536–542  

    Yano Y, Ito K, Kodama A, Shiomori K, Tomomatsu S, Sezaki M, Yokota H (2012) Arsenic polluted 
groundwater and its counter measures in the Middle Basin of the Ganges, Uttar Pradesh State, 
India. J Environ Protect 3:856–862    

3 Arsenic Contamination in Groundwater in the Middle Gangetic Plain, India



   Section II 
   Groundwater Arsenic Characterisations 

and Risk Assessments        



57© Capital Publishing Company 2015 
AL. Ramanathan et al. (eds.), Safe and Sustainable Use of Arsenic-Contaminated 
Aquifers in the Gangetic Plain, DOI 10.1007/978-3-319-16124-2_4

    Chapter 4   
 Preliminary Assessment of Arsenic 
Distribution in Brahmaputra River Basin 
of India Based on Examination of 56,180 
Public Groundwater Wells 

             Chandan     Mahanta    ,     Runti     Choudhury     ,     Somnath     Basu    ,     Rushabh     Hemani    , 
    Abhijit     Dutta    ,     Partha     Pratim     Barua    ,     Pronob     Jyoti     Borah    , 
    Milanjit     Bhattacharya    ,     Krisaloy     Bhattacharya    ,     Wazir     Alam    ,     Lalit     Saikia    , 
    Abhijit     Mukherjee    , and     Prosun     Bhattacharya   

4.1            Introduction 

 Arsenic (As) rich groundwater in alluvial aquifers is a worldwide problem (Nriagu 
et al.  2007 ). Elevated arsenic concentrations have long been detected in Southeast 
Asia (e.g. Thailand, Myanmar, Vietnam, Cambodia and Lao), India, Bangladesh, 
China, Mongolia, Nepal and Pakistan (Smedley and Kinniburgh  2002 ). Recent 
reports of discovery of arsenic (As) enrichment in groundwater of the Brahmaputra 
river basin (Bhattacharya et al.  2011 ) has exposed a signifi cantly large population 
inhabiting in the river valley to serious health threats, although the actual distribu-
tion and extent of the As affected groundwater in the aquifers are yet to be estab-
lished. Because of its vicinity to the highly As rich groundwater regions of Bengal 
basin (Bangladesh and West Bengal state of India), the extent of the polluted areas 
within the Brahmaputra basin may be much wider than what is initially understood. 
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Groundwater arsenic contamination in the Brahmaputra basin aquifers in Assam, a 
state in the northeastern part of India, has started gaining attention relatively 
recently. Singh ( 2004 ) reported maximum groundwater arsenic concentrations in 
Jorhat district (Fig.  4.1 ), located in the southern bank of the Brahmaputra river in 
Assam (maximum groundwater As concentration ranges between 194 and 657 μg/L), 
with relatively lower concentrations in the northern bank like Lakhimpur district 
(50–550 μg/L). Based on studies conducted in Darrang and Bongaigaon districts 
located in the northern bank (Fig.  4.1 ) of the Brahmaputra river in Assam, Enmark 
and Nordborg ( 2007 ) reported the concentration of arsenic in the two districts 
between 5 and 606 μg/L. In a study conducted in 2010 (Mahanta et al.  2008 ), con-
centrations beyond 50 μg/L have been confi rmed in 72 blocks out of 214 blocks in 
22 districts of Assam. A study by Chetia et al. ( 2011 ) in the Golaghat district reported 
As concentration ranging between 1 and 128 μg/L in six blocks of the district. These 
studies so far have remained spatially limited and a comprehensive picture is yet to 
emerge. To comprehensively evaluate the extent of As contamination in the region, 
a blanket rapid assessment study was undertaken in large parts of the Brahmaputra 
basin in Assam. This paper reports the preliminary assessment of arsenic distribu-
tion in the Brahmaputra basin in Assam based upon results from 56,180 public 
groundwater wells, tested during the rapid assessment programme.   

4.2     Study Area 

 Brahmaputra river basin is bound by the Eastern Himalayas in its north and east, the 
Naga and Patkai range in the northeastern end, with the Shillong Plateau on its south 
(Sharma  2005 ). The basin is characterized by rocks and sediments of both the 

  Fig. 4.1    Map showing Assam along with its administrative districts       
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Paleozoic and Cenozoic era, comprising gneisses, high and low grade schists, ultraba-
sic rocks, shales, sandstones, mottled clays and conglomerates (Sharma  2005 ). Recent 
alluvial deposits in the basin are represented by alluvial fans and fl oodplain sediments 
carried by the Brahmaputra river and its tributaries (Sharma  2005 ). 

 The northern tributaries of the river are braided, constituting the aquifers with 
recent sedimentary alluvial plains. Some of these sedimentary aquifers are potential 
key locations of arsenic enrichment in groundwater. The basin is covered by a 200–
300 m thick recent alluvium comprising silt, clay, sand and gravels (CGWB  1995 ), 
which can be divided into young alluvial and older alluvial sediments (Talukdar 
et al.  2004 ). The recent alluvial sediments are light grey to dark grey in colour con-
fi ned to the fl ood plain areas adjacent to the Brahmaputra river and its tributaries, 
while the older alluvial sediments are sandy loam to silty and clay characterized by 
light yellowish brown to light brown colour (CGWB  2008 ).  

4.3     Methodology 

 Groundwater was sampled within this blanket rapid assessment programme from 
community hand pump wells following standard groundwater sampling procedure 
(APHA  2005 ). 

 Groundwater samples were collected from the wells after purging the wells for 
several times. Samples were collected in 200 mL LDPE sampling bottles acidifi ed 
with 1 mL dilute hydrochloric acid in the ratio 1:1 to maintain the pH below 2 and 
to prevent precipitation of iron and possible co-precipitation of arsenic. A stepwise 
analytical procedure, involving three different instruments—Arsenator, UV 
Spectrophotometer and Atomic Absorption Spectrophotometer—was adopted that 
yielded reasonably consistent agreement, showing good analytical performances 
and helping in establishing contamination levels conclusively. 

 To check the relative precision and accuracy of the three instruments viz. 
Arsenator, UV-1 Spectrophotometer and AAS, simultaneous calibration and com-
parison between the different test results were carried out regularly using calibration 
standards. The test results were found to be consistent and a 95 % order of confi -
dence was assigned for analytical performance of all the three instruments (Fig.  4.2 ).   

4.4     Results 

 Based on the three-tier analytical procedure followed, a total of 56,180 samples 
spread across 76 blocks in the Brahmaputra fl oodplain in Assam were analysed. 
29.75 % of all sampled wells have As concentrations above the WHO guideline of 
10 μg/L and 7.95 % sources were found to be with arsenic concentrations above the 
Bureau of Indian Standard permissible limit of 50 μg/L. An estimated 7,00,000 
people located in 1970 affected population centres spread across 76 blocks in 18 
districts were found to be exposed to the risk of As contamination (Table  4.1 , 
Figs.  4.3a  and  4.3b ). The fi ndings revealed that occurrence of elevated arsenic con-
centrations were localized at several discreet patches of the fl oodplain (Fig.  4.4 ).
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   Table 4.1    Affected habitations spread across 76 blocks based upon fi ndings from the present 
arsenic screening and surveillance programme   

 District 

 Total 
no of 
blocks a  

 Surveyed 
blocks 

 Total 
population 
in each 
district 

 Total 
population 
in surveyed 
blocks 

 Population 
at risk in the 
surveyed 
blocks 

 % of population 
at risk in the 
surveyed blocks 

 Sonitpur  14  3  1,755,000  269,000  19,981  7.4 
 Bongaigaon  5  3  533,000  290,000  10,299  3.6 
 Dhubri  15  7  1,531,000  760,000  47,716  6.3 
 Goalpara  8  2  850,000  243,000  6,527  2.7 
 Golaghat  7  4  779,000  415,000  56,773  13.7 
 Hailakandi  5  5  571,000  571,000  11,659  2.0 
 Jorhat  8  6  941,000  769,000  104,033  13.5 
 Bokakhat  1  1  199,000  199,000  6,408  3.2 
 Karimganj  7  6  1,092,000  991,000  40,146  4.1 
 Sibsagar  9  5  1,102,000  672,000  29,760  4.4 
 Cachar  15  8  1,609,000  752,000  132,971  17.7 
 Nagaon  20  1  2,298,000  112,000  541  0.5 
 Barpeta  11  6  1,354,000  926,000  51,230  5.5 
 Morigaon  6  1  846,000  343,000  16,852  4.9 
 Lakhimpur  9  5  951,000  476,000  37,350  7.8 
 Darrang  7  4  820,000  678,000  35,413  5.2 
 Nalbari  9  7  716,000  299,000  99,219  33.2 
 BTAD  11  2  1,053,000  86,000  15,725  18.3 
 Total  167  76  19,000,000  8,851,000  722,603  8.2 

   a Block is an administrative unit within the district  

  Fig. 4.2    Comparison of arsenic analysis results using different calibration standards for Arsenator, 
UV-1 and AAS       
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  Fig. 4.3a    Graph showing total number of blocks surveyed per district during the arsenic screening 
and surveillance programme       

  Fig. 4.3b    Graph showing number of population at risk in the surveyed blocks       
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4.5           Discussion and Conclusion 

 A systematic three-phase study to carry out a primary assessment of groundwater 
As contamination in the Brahmaputra fl oodplain revealed groundwater As distribu-
tions to be localized at discrete pockets within the river basin, with variable concen-
tration ranges. With little evidence of industrial sources, sources and mobilization 

  Fig. 4.4    Groundwater arsenic distribution map of the Brahmaputra basin in Assam, India with 
10 μg/l as the limit, as identifi ed from the samples collected from the present study       
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mechanisms for arsenic release in the Brahmaputra fl oodplains in India are most 
likely dependant on geological, geomorphological and geochemical factors (e.g. 
sediment source, sediment grain size, density, fl uvial dynamics of deposition) which 
may have played a collective role for such localised nature of arsenic contamination 
in the region. However, to ascertain the source and causes a detailed scientifi c study 
needs to be undertaken. In terms of the health impacts, reported cases of arsenicosis 
in the region is yet to be verifi ed, indicating the need for a health mapping in the 
study area relating clinical symptoms to arsenic consumption through drinking 
water or other modes.     
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    Chapter 5   
 Problem, Perspective and Challenges 
of Arsenic Contamination in the Groundwater 
of Brahmaputra Flood Plains and Barak 
Valley Regions of Assam, India 

             Nilotpal     Das    ,     Latu     Khanikar    ,     Rajesh     Shah    ,     Aparna     Das    ,  
   Ritusmita     Goswami    ,     Manish     Kumar    , and     Kali     Prasad     Sarma    

5.1            Introduction 

 The problem of naturally occurring As pollution in groundwater is a burning issue 
which has now been recognised as one of the greatest environmental hazards, threat-
ening the lives of the millions across the globe (Nickson et al.  1998 ,  2000 ; Smith 
et al.  2000 ; Berg et al.  2001 ; Anawar et al.  2002 ; Smedley and Kinniburgh  2002 ; 
Guo et al.  2003 ; Ravenscroft et al.  2003 ; Smedley et al.  2003 ; Li et al.  2005 ; Polya 
et al.  2005 ; Anawar et al.  2006 ; Enmark and Nordborg  2001 ; Nriagu et al.  2007 ; 
Kumar et al.  2010a ,  b ; Bundschuh et al.  2012 ). Long-term ingestion of drinking 
water having As concentration beyond the permissible limit of 50 μg/L leads to 
detrimental effects on human health. Epidemiological studies have shown that inor-
ganic As is a serious toxicant and can cause a variety of adverse health effects, such 
as dermal changes, respiratory, pulmonary, cardiovascular, gastrointestinal, haema-
tological, hepatic, renal, neurological, developmental, reproductive, immunologic 
lead to cancer and other degenerative effects of the circulatory and nervous system 
(Golub et al.  1998 ; Lin et al.  1998 ; NRC  2001 ; Ahamed et al.  2006 ). In view of the 
above perspective WHO in 1993 has lowered its earlier permissible limit of 50 μg/L 
in drinking water to 10 μg/L. The BIS has also endorsed 10 μg/L as the permissible 
limit for As in drinking water. 

 The most widespread As enrichment in groundwater has been documented from 
parts of Asia, including Bangladesh, India, Nepal, Cambodia, Thailand, Vietnam, 
China and Taiwan; this region is known as south and southeast Asian As belt 
(SSAAB) (Bhattacharya et al.  1997 ,  2002a ,  2006 ,  2009 ; Acharyya et al.  1999 ; 
Smedley and Kinniburgh  2002 ; Bhattacharyya et al.  2003 ; Ahmed et al.  2004 ; 
Nickson et al.  2005 ). In terms of the clinical manifestation due to As induced 
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diseases and percentage of tube wells with high As concentration, Bangladesh is the 
worst affected nation in the world (Nickson et al.  1998 ; Smith et al.  2000 ; Kinniburgh 
and Smedley  2001 ; Ravenscroft et al.  2005 ,  2009 ; Shamsudduha et al.  2008 ). In the 
recent decades, occurrence of elevated concentration of As in groundwater has been 
reported extensively from different parts of India namely the middle Gangetic plains 
(Bihar, UP, Jharkhand), lower Ganga (West Bengal) (Chakraborti et al.  2003 ; 
Ahamed et al.  2006 ; Nayaka et al.  2008 ; Shah  2008 ,  2010 ; Kumar et al.  2010a ,  b ) 
and several states of northeast India (Chakraborti et al.  2004 ,  2008 ; Singh  2004 ; 
Shah  2007 ,  2012 ). However, in India the worst cases of As related health problem 
have been reported from the state of West Bengal where As problem is endemic and 
the fi rst case of chronic As poisoning due to drinking water was diagnosed from the 
state way back in 1983 (Bundschuh et al.  2000 ,  2004 ; Bhattacharya et al.  2001 , 
 2002a ; Bhattacharyya et al.  2003 ; Smedley et al.  2002 ,  2003 ; Smedley and 
Kinniburgh  2002 ; Ben et al.  2003 ; Ahmed et al.  2004 ; Rahman et al.  2005 ; Samanta 
et al.  2004 ; Kumar et al.  2010a ,  b ). 

 Occurrence of geogenic As in excess of the permissible limit of 10 μg/L in pota-
ble groundwater resources of north-east India was fi rst reported in the year 2004 
(Chakraborti et al.  2004 ; Singh  2004 ). However, the scale of the problem is poten-
tially large in the state of Assam where 21 of the total 27 districts are severely 
affected by groundwater As contamination (Singh  2004 ). The maximum level of As 
was found in the fl ood plain of Jorhat, Lakhimpur, Nalbari and Nagaon districts 
(Hazarika et al.  2003 ; Singh  2004 ; Borah et al.  2009 ; CGWB  2009 ; Linthoingambi 
Devi et al.  2009 ; Baviskar et al.  2011 ; Chetia et al.  2011 ). Reductive dissolution of 
ferric hydroxides is believed to be the release mechanism for controlling the mobil-
ity of As in Assam (Mahanta et al.  2008 ). The reducing condition by microbial 
activities controls the dissociation of Fe from its compounds (iron hydr (oxides), 
ferromanganese compounds), which is responsible for the leaching of Fe into the 
groundwater from the aquifer sediments (Bhattacharya et al.  2002b ; Roden  2006 ). 
As the As is adsorbed on these iron oxides or oxyhydroxides, the leaching of Fe 
facilitates As mobilization. 

 Almost all the As affected groundwaters in Assam and Manipur are located in the 
fl oodplains of Brahmaputra and Barak respectively (Singh et al.  1996 ; Chakraborti 
et al.  2004 ; Goswami et al.  2014 ). All the As affected districts of Assam (18 from 
BFP and three in the BVP) are overlain by successions of alluvial Quaternary sedi-
ments. The source of the As enriched sediments is widely believed to be the moun-
tainous rocks. Himalayas towards the north appear to be the source of As in the 
BFP; and the Barail in the south appears to be the source of the As in the BVP 
(Chakraborti et al.  2004 ; Enmark and Nordborg  2001 ; Baviskar et al.  2011 ; Shah 
 2012 ). However, the probable As release medium in these two fl ood plains appear 
to be reductive dissolution of iron hydr (oxides) (Bhattacharya et al.  1997 ; Nickson 
et al.  1998 ,  2000 ; McArthur et al.  2001 ; Harvey et al.  2002 ; Ahmed et al.  2004 ; 
Kumar et al.  2010a ,  b ). Under such an anoxic condition reduction of iron hydr(oxides) 
coatings on sand, silt and clay particles is a common phenomenon, which ultimately 
leads to the release of the adsorbed As (Nickson et al.  2000 ; Harvey et al.  2002 ; 
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Smedley and Kinniburgh  2002 ; Meharg and Rahman  2003 ; MacArthur et al.  2004 ; 
Zheng et al.  2004 ). 

 Very similar conditions are also present in the state of Assam, and in recent times 
the state has witnessed the problem of As contamination in its groundwater. Assam 
is drained by a number of important rivers, the entire northern and middle half of the 
state is drained by the river Brahmaputra, while towards the south the Barak river is 
a very important river system. The economy of Assam is agrarian and the people 
here depend on groundwater for a variety of utilities, most importantly drinking. 
Due to a strong monsoon season and the presence of two well developed drainage 
systems i.e. BFP and BVP, the dependence of the people on groundwater for crop-
ping and irrigation is limited. The present work is a review of the state of As con-
tamination and its release mechanism in the groundwater of the Brahmaputra Flood 
Plain (BFP) and Barak Valley Plain (BVP). Therefore, an attempt has been made to 
bring to light the current scenario of As contamination in the state of Assam. In this 
study we have mainly used secondary data as our source material.  

5.2     Study Area Characterisation 

 The vast alluvial plains of Brahmaputra valley occupy most of the North Assam and 
it extends from Sadiya in the east to Dhubri in the west. The greater part of Assam 
lies within the Brahmaputra valley and its length is nearly 640 km and has the width 
of about 100 km. The Brahmaputra plain is formed of the sediments carried by the 
river Brahmaputra and its tributaries from the Himalaya and surrounding hills. It is 
bounded by Arunachal Himalaya in the north and northeast, Patkai-Naga-Lushai 
range of Nagaland and the Shillong Plateau in the south and southeast. The southern 
part of Assam (Barak Valley) consists of three districts viz. Cachar, Karimganj and 
Hailakandi (24°8′ and 25°8′ N latitudes and 92°15′ and 93°15′ E longitudes). The 
valley is bounded by the North Cachar Hills District of Assam and the state of 
Meghalaya to the north, Manipur to the east, Mizoram to the south, and Tripura and 
Bangladesh to the west (Fig.  5.1 ). The climate of the region is described as ‘Tropical 
Monsoon Climate’, which is characteristically warm and humid, and experiences a 
high rainfall under the infl uence of the south-east monsoon from June to September. 
Mean annual rainfall is 320 cm with a variability of 10–15 %. Rainfall varies along 
the stretch of the plains, from as low as 175 cm in the Kapili basin in central Assam 
to as high as 410 cm in Jidhal basin in the north-eastern part (Jain et al.  2007 ). 
Towards the south the rains are scantier in the rain shadow zones of Nagaon and 
Karbi Anglong. Minimum temperature during winter in the plains and the valley 
areas of the basin varies from 9 °C in the western part to 4 °C in the north-eastern 
part, summer temperatures are around an average of 35 °C, maximum temperature 
can go higher than 40 °C, especially in regions like Silchar in the extreme south 
(Jain et al.  2007 ).  
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5.2.1     Geology 

 In this region rocks representing diverse geological ages from Archaean to Recent 
are found to occur. The Brahmaputra and the Barak valleys (Fig.  5.1 ) of Assam 
were formed by the deposition of older and newer alluvium and more than 75 % of 
the state is underlain by unconsolidated formation comprising clay, silt, sand, gravel 
and pebble where ground water is available at low to moderate depth. The state of 
Assam has a unique geology, the northern plains (BFP) are dominated by deposits 
of new Quaternary Holocene alluvium, but tertiary sandstones along the fractures 
and solution cavities in limestones also occur (Jain et al.  2007 ). The BFP which is 
underlain by recent alluvial deposits are about 200–300 m thick and consist of clay 
silt, sand and gravels. In BFP groundwater occurrence in hard rock inselberg areas 
are controlled by foliations, fractures/joints and weathered joints. Both confi ned and 
unconfi ned aquifers are found in the BFP: groundwater in the piedmont and the 
alluvial fan deposits occurs generally under water table conditions. In relation to the 
surface topography, the water table has a roughly southerly slope. 

 Unconfi ned aquifers occur mainly in the older alluvium, while both confi ned as 
well as unconfi ned aquifers occur in the newer alluvium. Shallow and deeper aqui-
fers also have different distribution, the former occur in the fl ood plain and inselberg 
zones, while the latter are more profound in the Chapar formation. The present 
confi guration of BFP is known to have evolved during the last two million years of 
Pleistocene and Recent era. The valley is situated in an extremely unstable seismic 
zone. The morphology of the BFP in Assam is determined by two geological fac-
tors. First of all the Himalayas are uplifting at a rate of the order of one metre per 
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century, and secondly as explained earlier the whole region is an extremely unstable 
seismic zone. Some of the most devastating earthquakes in the recent times have 
occurred in this region, like the earthquakes of 1987 and 1950 both of which had a 
magnitude of 8.7 on the Richter scale (Jain et al.  2007 ). Towards the south ortho and 
paragneisses, schist, migmatite, granulites, quartzite, phylite, quartz-sericite schist, 
conglomerate and porphyritic coarse granite constitute majority of the Karbi 
Anglong hills. Much of the North Cachar Hills are underlined by sandstones, shale, 
sandy shale, carbonaceous shale and coal seam, while much of Cachar is underlined 
by alluvium, sandstone, clay, shale, conglomerate, siltstones, mudstones and sandy 
shale. 

 The Surma basin of south Assam (Barak valley) forms a part of the greater 
Bengal basin (Sarkar and Nandy  1977 ). Barak valley consists of hilly terrain sur-
rounded by bowl shaped synclinal valley elongated towards east to west. In Assam, 
Surma group is exposed in Surma valley and north Cachar hills. Geologically the 
Surma (Lower to Middle Miocene) are the oldest rock and has been subdivided into 
a lower arenaceous facies (Bhuban) formation and an upper argillaceous facies 
(Bokabil Formations). A major part of the Barak valley consists of Tertiary upland 
surfaces with the presence of shale, sandstone, ferruginous sandstone, mottled clay, 
pebble and boulder beds or lowland valley areas with thin cover of Holocene Newer 
Alluvium sediments on top. Both newer and older alluviums are found in the area. 
The semi-consolidated older rocks consists of shale, ferruginous sandstone, mottled 
clay, pebble bed and boulder bed etc., belonging to Bhuban and Barail groups of 
rocks formed under marine condition (Mathur and Evans  1964 ). Newer Alluvium 
Holocene deposits along Barak valley in the central parts mainly consist of sand, 
silt, carbonaceous shale and clay with gravel (Dasgupta and Biswas  2000 ).   

5.3     Distribution of As in the State of Assam 

 In Northeastern India, As has been detected in 21 of the total 27 districts of Assam. 
Maximum As content was observed in Jorhat, Dhemaji, Golaghat and Lakhimpur 
districts (Singh  2004 ). In a study conducted by NERIWALM (Singh  2004 ) 1,500 
water samples were collected from tube wells and dug wells during post-monsoon 
in the year 2003. The NERIWALM study shows that 21 out of Assam’s then 24 
districts have groundwater with an As content exceeding 50 μg/L and As concentra-
tion was found to be higher adjacent to Himalayan foothills. The concentration of 
As was relatively high in shallow tube wells (15–40 m deep) as compared to deep 
tube wells and rings wells. No report of  Arsenocosis  from any area of the region has 
been known till date. Chakraborti et al. ( 2004 ) also reported high groundwater As in 
the plains of upper Brahmaputra. Analysis of 137 tubewells samples from the area 
revealed that 43 % of the samples contained As above 10 μg/L and 26 % above 
50 μg/L; the maximum concentration detected was 490 μg/L. 

 The PHED (Public Health Engineering Department) Assam conducted an assess-
ment of presence of arsenic in groundwater of Assam in collaboration with UNICEF 
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covering an area of 192 blocks spread across 22 districts and observed that 76 blocks 
in 18 districts were indeed at risk, with As level greater than 50 μg/L (JOPA  2005 ). 
Moreover, the PHED, UNICEF and IIT Guwahati jointly implemented the As 
screening and surveillance programme in which the surveillance of an estimated 
56,180 public water sources was carried out. The result of the analysis was used for 
preparation of district level As concentration maps. 

 Available literature shows that groundwater of Assam valleys is highly ferrugi-
nous (Aowal  1981 ; Singh  2004 ). The problem of As contamination in groundwater 
of Assam has been investigated by various researchers (Baruah et al.  2003 ; Borah 
et al.  2009 ; Bhuyan  2010 ; Chetia et al.  2011 ; Buragohain and Sarma  2012 ). 

5.3.1     Distribution in the Brahmaputra Flood Plain 

 Ministry of Drinking Water & Sanitation, Govt. of India report (2014) suggests that 
in many states of India, such as in Assam, Bihar, Uttar Pradesh, West Bengal and 
Karnataka, As contamination co-exists with Fe, salinity and nitrate (Table  5.1 ). The 
fi gure suggests that co-contamination percentage is highest in Uttar Pradesh in com-
parison to other states. Arsenic occurrence in India have been predominantly 

   Table 5.1    State-wise representation in the percentage of total groundwater wells found affected 
with arsenic contamination   

 State  No of wells analyzed  As  Fe  Salinity     NO 3  

 Andhra Pradesh  3,875  0.00  3.54  25.68  8.67 
 Assam  14,645   3.86   96.06  0.00  0.00 
 Bihar  14,068   7.76   77.82  0.00  0.01 
 Chhattisgarh  7,191  0.00  92.45  2.78  0.00 
 Gujarat  366  0.00  0.00  0.27  53.28 
 Haryana  15  0  0  0  0 
 Jharkhand  100  0  79  0  0 
 Karnataka  5,123   0.43   16.49  10.68  24.50 
 Kerala  928  0.00  62.82  18.10  7.22 
 Madhya Pradesh  2,888  0.00  6.82  2.74  0.00 
 Maharashtra  1,659  0.00  19.11  17.18  32.31 
 Orissa  10,264  0.00  87.97  7.81  0.11 
 Punjab  262  0.00  87.40  2.67  0.00 
 Rajasthan  24,437  0.00  0.05  64.91  5.85 
 Tamil Nadu  670  0.00  83.13  11.94  2.69 
 Uttar Pradesh  946   16.38   8.14  42.39  0.11 
 Uttarakhand  49  0.00  85.71  0.00  8.16 
 West Bengal  3,190   18.93   77.46  0.09  0.00 

  Source: Ministry of Drinking Water and Sanitation, 2014. Database for Delhi is not available but 
both As and F contamination are reported in this region  
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reported in aquifers with variable thicknesses but boreholes with depth ranging 
from around 10–80 m from the youngest, Holocene, alluvial deposits (CGWB 
 1999 ). Interestingly, high As concentrations have also been found in groundwater 
from some areas of crystalline basement rocks in northern India. Acharyya ( 2002 ) 
found locally high concentrations in groundwater from weathered granitic rocks 
from the Dongargarh rift belt of Chhattisgarh. These occurrences are under wetter 
conditions than those in the central region of India as the climatic regime is humid 
subtropical over here. Therefore due to presence of similar climatic pattern and 
Precambrian crystalline basement of granitic rock in Assam, we suspected the sus-
ceptibility of contamination of As in the groundwater.

   The Majuli river island (in Jorhat district of Assam) is the largest inhabited riv-
erine island in the world (Sarma and Phukan  2004 ) and is located in the Brahmaputra 
river. It has two administrative blocks, Majuli and Ujani Majuli. The island has seen 
many episodes of deposition and erosion in the recent years. The alluvial deposits 
of this island harbour aquifers are especially very high in As (Goswami et al.  2014 ). 
A preliminary survey of As content in ground water from shallow tube wells/hand 
pumps within 50 m depth of Majuli Island, was fi rst conducted by Saha et al. ( 2009 ). 
Results of the chemical analysis of the 24 groundwater samples collected from shal-
low groundwater abstraction structures, mainly tubewells, have shown that the As 
ranged from 6 to 90 μg/L in the area. The concentration of As has been found above 
permissible limit of 10 μg/L at all locations except two. 

 A recent study on the As in groundwater Majuli (Goswami et al.  2014 ) revealed 
that As in excess of 50 μg/L occur in the groundwater of many of the villages of the 
Majuli sub-division. The result of analysis of 380 tube-well samples collected from 
all 20 blocks of Majuli sub-division for As concentration showed that 37 % and 
16 % of the water samples have As concentration more than 10 μg/L (WHO guide-
line value of As in drinking water) and 50 μg/L (Indian standard of As in drinking 
water) respectively and 1.8 % samples had As concentrations >300 μg/L. A maxi-
mum concentration of 468 μg/L was reported from the Sriluhit gram Panchayat 
where 58.3 % of the tubewell contained As level more than 10 μg/L. The study also 
reported elevated level of Fe (36–22,000 μg/L) in the groundwaters of Majuli. 
Arsenic concentration in groundwater of Majuli was found to decrease gradually 
beyond 25 m depth of tube-wells and no correlation was observed between the con-
centration of As in water and depth. It was observed that As levels in tubewells 
deeper than 45 m are found to be less than 10 μg/L and is considered as safe. Similar 
results were also reported by Kumar et al. ( 2010a , b) from the middle Gangetic 
plains where elevated As levels were mostly observed in the tube-wells with a depth 
range of 10–20 m and As level decreased beyond a depth of 40 m. The range of As 
concentration in bore-hole sediment was 0.29–1.44 mg/kg. 

 Hydrogeological studies are required to understand the source and mobilization 
process of As in groundwater of Majuli. Early mitigation measures are urgently 
needed to save the inhabitants of Majuli from As exposure and possible health 
effects. It has been established by research that the dissolved As in the groundwater 
of GMB plain mostly originates from the sediments deposited by rivers. However, 
the Majuli research on As in groundwater (Goswami et al.  2014 ) has revealed that 
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levels of As in the aquifer sediment is not rich in As and concentration is lower than 
background levels (5–10 mg/kg) suggesting that the mobilization of As in ground-
water could be derived locally or proximally (Goswami et al.  2014 ). Besides, the 
As/Fe (identical values) in sediments from consecutive layers of a single borehole 
or different boreholes indicate that both Fe and As are coming from a defi nite 
source. Similar result was also observed in the earlier study of Chakraborti et al. 
( 2001 ) in the Bengal delta region. 

 Statistically a poor correlation was found between As and Fe levels in sediment 
and the possible explanation of such poor relationship could be other processes by 
which Fe may be removed from groundwater and that some of these do not involve 
As (Harvey et al.  2002 ). Similarly poor correlation ( r  = 0.23) between As and Fe 
was observed in the groundwater of Majuli. Researchers have already reported such 
poor relation between As level and Fe level in both water and sediments from GMB 
delta plain (Nickson et al.  2000 ; Ravenscroft et al.  2001 ; Ahmed et al.  2004 ; 
Mukherjee and Bhattacharya  2001 ). One of the possible reasons of this behaviour 
could be difference in the conservation status of the two species (Fe and As) in 
groundwater; another reason could be spatial difference in the ratio of As and iron 
hydr(oxides) based on the chemical characteristics, abundance and concentrations 
of the mineral phases (Ravenscroft et al.  2001 ; Goswami et al.  2014 ). Several other 
processes like mineral weathering, oxygen consumption and nitrate reduction may 
infl uence As release in groundwater, which can explain the poor relation observed 
between As and Fe in the groundwaters of the middle Gangetic plains of Ghazipur, 
Uttar Pradesh, India (Kumar et al.  2010a ). 

 The level of As in biological samples (hair, nail and urine) of the inhabitant resid-
ing in the high As affected areas of the Majuli river island was investigated by 
Goswami et al. ( 2014 ) to evaluate the As body burden. The result of analysis of 
biological samples revealed that about 90 % urine samples, 100 % hair samples and 
97 % nail samples contained As level above the maximum normal level. The maxi-
mum normal level of As in urine, hair and nail were 50 μg/kg, 200 μg/kg and 500 μg/
kg respectively. It is noteworthy that the As in the hairs of the residents of Majuli 
was found out to be higher than those recorded in previous studies from Vietnam 
and Cambodia (Agusa et al.  2006 ; Berg et al.  2007 ; Nguyen et al.  2009 ). 

 But mean As concentrations in hair, nail and urine of Majuli residents were lower 
than those in other contaminated areas of the GMB fl ood plain (Table  5.2 ) (Goswami 
et al.  2014 ). Signifi cant positive correlations were observed between As in drinking 
water and As concentrations in hair, nail and urine samples ( r  = 0.71–0.78) (Goswami 
et al.  2014 ). Arsenic concentration in bore-hole sediment was 0.2–1.44 mg/kg. 
Early mitigation measures are urgently needed to save the inhabitants of Majuli 
from As exposure and possible health effects (Goswami et al.  2014 ).

   Mahanta et al. ( 2008 ) had established that reductive dissolution of iron hydr 
(oxides) was the cause of As release in the fl ood plains of Assam. To investigate 
the possible release and mobilization mechanism of As in the aquifer, Baviskar 
et al. ( 2011 ) studied the borehole sediments from As enriched areas of Jorhat, 
Assam. It was observed that the groundwater in the study area was under reducing 
conditions and Fe(II) and As(III) were the dominant species. High concentrations of 
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As ranging between 1 mg/kg and 18.6 mg/kg in the sediment samples was also 
observed as contrary to earlier report from Majuli where As concentration in sedi-
ments was very low (Goswami et al.  2014 ). 

 The chemical characteristics and nature of As release into the groundwater from 
borehole sediments were investigated by Baviskar et al. ( 2011 ). The objective of 
the study was to gain an understanding about the process of Fe leaching and As 
mobilization in Assam by investigating the sediments and groundwater samples 
 collected from As enriched areas of Jorhat, Assam. Combined Eh-pH stability 
 diagram of Fe and As indicated the presence of Fe(II) and As(III) species in the 
groundwater, indicating the presence of a reducing condition. Under reducing con-
ditions arsenic generally exists in a trivalent form such as H 2 AsO 3−  and HAsO 3  2−  and 
the qualitative relationships between arsenic species can be understood with the 
help of Eh-pH diagram. However in oxidising environment As is present in the 
arsenate form (Ravenscroft et al.  2009 ). Concentrations of elevated As in the sedi-
ment samples collected at variable depths of the three boreholes ranged between 
1 mg/kg and 18.6 mg/kg, with maximum concentrations found in the fi ne sand 
fractions. The silt and the fi ne sand sediment fractions seem to be the key reposito-
ries of high Fe and As concentrations in the study area, which is supported by the 
SEM/EDX and XRD analysis. Similar results are also reported from the fl uvio 
deltaic sediments of West Bengal and Bangladesh (Nickson  1997 ; Perrin  1998 ; 
DPHE  1999 ; Ahmed et al.  2004 ). 

 The groundwater and sediment chemistry of Bongaigaon and Darrang districts 
of Assam were investigated to fi nd out the distribution, origin and release mecha-
nisms of arsenic (Enmark and Nordborg  2001 ). Fifty groundwater samples from 
domestic wells and public water supply schemes, and fi ve sediment samples were 
collected. Fifteen groundwater samples had As concentration above the Indian 
national drinking standard (BIS) of 10 μg/L, and 33 of them had As concentration 
above the WHO guideline of 10 μg/L, besides DOC levels were moderately high 
ranging 0.3–4.2 mg/L. The study could not identify distinct zones or depths with 
specifi c sedimentological features producing arsenic-free water. However, the sedi-
ments with a green-olive colour are more likely to bear As contaminated water than 
white sediments and probably that reductive dissolution of ferric hydroxides is 
thought to be the release mechanism controlling the mobility of As. No relation was 
found between dissolved As and SO 4  2− . According to McArthur et al. ( 2004 ), aqui-
fers having grey coloured sediments have elevated concentration of As as compared 
to brownish due to reduction of iron hydr (oxides). 

 In the extreme north-eastern part of the state the district of Dhemaji which lies in 
the northern bank of the river Brahmaputra experiences annual episodes of mass 
fl ooding and deposition. The district is also known to be one of the most As con-
taminated areas in Assam and some of the earliest incidences of As detection in 
groundwater come from this district. Arsenic level as high as 100–200 μg/L has 
been detected in Dhemaji district; the locations where high As levels in groundwater 
has been detected are Sissiborgaon, Dhemaji town and Jonai (Buragohain and 
Sarma  2012 ). Spatial distribution maps for arsenic in different seasons were pre-
pared using curve fi tting method in Arc View GIS software. Chetia et al. ( 2011 ) 
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investigated the As content in the 222 groundwater samples collected from shallow 
and deep tubewells of six blocks of Golaghat district (Assam). The results of the 
analysis showed that 67 %, 76.4 %, and 28.5 % were contaminated with higher As, 
Fe and Mn, respectively. A strong signifi cant correlation was observed between As 
and Fe (0.697 at  p  < 0.01), suggesting a possible reductive dissolution of As-Fe-
bearing minerals for the mobilization of As in the groundwater of the region. Borah 
et al. ( 2009 ) studied the As, F −  and Fe contamination in the tea gardens of Darrang 
district. Bhuyan ( 2010 ) found high levels of As in three developmental blocks of 
Lakhimpur district, Assam.  

5.3.2     Arsenic Distribution in the Barak Valley Plain 

 In Cachar and Karimganj districts of Barak valley, Assam the presence of naturally 
occurring As in shallow tube wells (14–40 m) have been reported where 66 % and 
26 % tubewells have As concentration above the 10 μg/L and 50 μg/L respectively. 
The earlier study carried by Shah ( 2007 ) also detected elevated As in groundwater 
from parts of Barak valley, Cachar and Karimganj districts. Most of the As affected 
areas of these two districts are covered by newer alluvial sediments of the Barak 
river basin, and are characterized by grey to black coloured fi ne grained organic rich 
argillaceous sediments. The As affected villages of these two districts are situated 
in entrenched channels and fl ood plains of Barak-Surma-Langai rivers system. In 
contrast, Plio-Pleistocene older alluvium aquifers, which are located at higher alti-
tude or have thin cover of Newer Alluvium sediments, are safe from As (Shah 
 2012 ). In Barak valley As is getting released from the As bearing sediments which 
are brought down by the rivers from the surrounding Tertiary Barail hill range. The 
study also revealed that Fe content in the tube wells were especially high; 48 and 
40 mg/L in Cachar and Karimganj districts respectively were the maximum recorded 
Fe levels. Even wells which were As safe had very high Fe (arsenic 3 μg/L and iron 
23 mg/L). It was observed from the study that Fe and As didn’t show any proper 
relation; in fact a reverse relation was observed between the two. Like in many other 
reported studies it was found that As decreased with an increase in depth. The study 
lays importance of Quaternary stratigraphy in As mobilization; most of the high As 
level groundwater was detected in aquifers which belonged to Holocene, while Plio- 
Pleistocene aquifers were As safe.   

5.4     Conclusion 

 A uniform characteristic observed throughout the As affected areas in the state of 
Assam is that, these are mostly located in the alluvial plains of the rivers Brahmaputra 
and Barak. The process of reductive hydrolysis of iron hydr(oxides) appears to be 
the principal process of As release in the fl ood plains of the Brahmaputra and Barak. 
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Bacterial oxidation of organic matter in the newer sediments creates a reducing 
environment which is conducive for As release. Although reductive dissolution is 
the process of As mobilization in BFP and BVP, the actual source of As appears to 
be the sediments which are deposited by the rivers. Both the Brahmaputra as well as 
the Barak are mountainous rivers, the former originating from the Himalayas while 
the latter originating from the Barail hills in the border areas of Assam, Nagaland 
and Manipur. The ultimate source of As in BFP could be the Himalayan mountains 
while the Barail hill range could be the source of As in the BVP. Also it is important 
to note that not a single case of arsenicosis has been reported in the state of Assam 
due to the widespread use of sand fi lters among the common people. These fi lters, 
although crude, are quite effective in removing As from the water due to the pres-
ence of iron oxides and hydroxides which effectively adsorbs the As from the water.     
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Chapter 6
Arsenic Contamination of Groundwater 
in Barak Valley, Assam, India: Topography-
Based Analysis and Risk Assessment

Abhik Gupta, Dibyajyoti Bhattacharjee, Pronob Borah,  
Tushar Debkanungo, and Chandan Paulchoudhury

6.1  �Introduction

Arsenic (As) contamination of groundwater is a major environmental and public 
health issue in the Ganga-Brahmaputra-Meghna (GBM) plains, including almost all 
states in the Ganga basin, large areas of Bangladesh (GBM basin), and some dis-
tricts of Assam (Brahmaputra and Meghna sub-basins of the GBM basin) in North 
East India (Chowdhury et al. 2000; Chakraborti et al. 2003; Singh 2004; Ahamed 
et al. 2006; Nickson et al. 2007). Further, the detection of As in the groundwater of 
several districts of Manipur, which are part of the Chindwin-Irrawaddy basin 
(Chakraborti et al. 2008; Oinam et al. 2011, 2012; Singh et al. 2013), suggests pos-
sible As contamination of groundwater in the river valleys of Myanmar as well. 
Arsenic in the groundwater of this area is derived from the microbial reductive dis-
solution of iron (Fe) oxyhydroxide and subsequent release of the sorbed As (Nickson 
et al. 2000; Winkel et al. 2008). The presence of arsenic in this region is, therefore, 
a natural phenomenon that warrants realistic assessment of the risks involved fol-
lowed by proper, often locale-specific management in order to reduce public misery 
while achieving safe and sustainable utilization of surface- as well as ground-water 
resources. The problem of arsenic contamination of groundwater in the lower Ganga 
basin state of West Bengal and in Bangladesh has been amply highlighted (Nickson 
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et al. 1998, 2000; Chowdhury et al. 2000; Smith et al. 2000; Rahman et al. 2001; 
Fazal et al. 2001; Chakraborti et al. 2009) since long, while that in the middle Ganga 
plain is relatively less widely known, although the situation may be no less alarming 
in this region as well.

Arsenic in groundwater in this area was first detected in the state of Bihar a decade 
earlier (Chakraborti et al. 2003). Subsequently, arsenic was also detected in Uttar 
Pradesh in the upper and the middle Gangetic plain. In the three Uttar Pradesh dis-
tricts of Ballia, Varanasi and Ghazipur, 46.5 % of samples tested exceeded 10 μg L−1, 
26.7 % 50 μg L−1, and 10 % 300 μg L−1, with the highest concentration recorded 
being 3,192 μg L−1. However, in the worst-affected gaon panchayats (village clus-
ter), 91.8 % samples were above 10 μg L−1, 75.4 % above 50 μg L−1, and 41 % above 
300 μg L−1 (Ahamed et al. 2006). Nickson et al. (2007) detected arsenic at levels 
greater than 50 μg L−1 in 10.8 % of samples tested in Bihar, 2.4 % of samples from 
Uttar Pradesh and 3.7 % from Jharkhand. Arsenic concentrations of up to 468 μg L−1 
was found in the groundwater of Ballia district, Uttar Pradesh, at a depth of 30–33 m,
while it was 12–20 μg L−1 at a depth of 66–75 m (Chauhan et al. 2009). Fluvial input 
was found to be the main source of arsenic in the middle Gangetic plain with 47 % 
of the samples exceeding the Indian permissible limit of 50 μg L−1, and with a high 
percentage contribution (66 %) of toxic As III to total arsenic concentration. High As 
concentrations were associated with low NO3

− concentrations, while there was poor 
correlation between As and Fe (Kumar et al. 2010a, b). In the Ganga and Sone river 
floodplains in Bihar, shallow aquifers contained arsenic up to 178 μg L−1. Flood-
prone areas with fluvial swamps were more arsenic-prone. The newer alluvial tracts 
of Patna and Bhojpur districts had a two-tier aquifer system of which the shallow
(<50 m depth) aquifer was contaminated with arsenic, while the deeper (>130 m 
depth) aquifer had extremely low As load (Saha 2009; Saha et al. 2011).

It is noteworthy that Bangladesh as well as the Indian states of Uttar Pradesh,
Bihar, West Bengal, Assam and Manipur in this arsenic-affected stretch of the Indian 
subcontinent are rich in surface water ecosystems like rivers and wetlands, and 
receive adequate average rainfall of c.a. 1,000–3,000 mm annually. Traditionally, the 
people of this area met their drinking and other domestic water needs from surface 
water bodies, especially ponds and tanks, and shallow groundwater in open wells. 
Poor sanitation resulting in large-scale coliform contamination of surface water eco-
systems as well as open wells led to widespread morbidity and mortality, especially 
of infants. Switching over to groundwater as the main source of domestic water was 
seen as a deliverance from the scourge of enteric diseases. Use of shallow ground-
water in irrigation was also instrumental in augmenting agricultural production in 
this region. Detection of arsenic in the groundwater of this area, therefore, imposes 
constraints on its continued use for both domestic and agricultural use. Widespread 
presence of arsenic also thwarts the recent trend of trying to achieve self-sufficiency 
in water supply among many urban as well as rural consumers by investing in a 
hand- or electrically-operated shallow (<100 m) tubewell. Such self-sufficiency is 
increasingly sought because of the uncertainty as well as insufficiency of domestic 
water supply operated by government or quasi-government service providers to the 
burgeoning consumers. The proliferation of multistorey apartments in urban centres 
that has been at least partly able to address the housing problem in this region has 
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been made possible, among other factors, by the exploitation of groundwater. 
Groundwater management is, therefore, an important issue in the entire GBM basin, 
as well as in the other As-affected areas of south and Southeast Asia.

Most of the existing studies on arsenic contamination in different states or 
regions of India have taken the approach of assessment at the administrative district 
or block level (Chowdhury et al. 2000; Ahamed et al. 2006; Nickson et al. 2007; 
Chakraborti et al. 2008). While such mapping has been useful in bringing to light 
the status and extent of arsenic contamination in a given area, it is not able to show 
the local, micro-level differences in the risk involved in consumption of groundwa-
ter in that area. Furthermore, the boundaries between administrative units are often 
more political or linguistic rather than physical or topographical. Consequently, 
adjacent blocks or districts may share highlands or low-lying floodplain areas that 
may differ considerably in the arsenic concentration of groundwater or in the fre-
quency of occurrence of arsenic-contaminated wells or both. Thus low arsenic 
pockets are likely to exist in blocks or districts labeled as highly or mildly affected 
and vice versa. Block or district level assessments, therefore, do not provide to the 
potential users a realistic appraisal of the risk involved in investing in a groundwater 
well in their respective localities.

Keeping this in mind, the present study has classified the groundwater collection 
sites in Barak valley, Assam, India, which represents the extreme northeastern cor-
ner of the Meghna sub-basin of the GBM basin, into clusters on the basis of their 
geographical location and broad topographical features, such as the upstream or 
downstream sections of a river valley, low-lying floodplains, and relatively high 
ground between river valleys and amidst floodplains. Similar topographic variations 
were observed to influence groundwater As distribution in Bangladesh and 
Cambodia (Buschmann et al. 2007; Shamsudduha et al. 2009; Hoque et al. 2011). 
Subsequently, the potential risk of consuming groundwater in different areas of 
Barak valley was estimated by Bayesian Statistics and Monte Carlo Simulation. 
Such an approach could help the existing and potential groundwater users in the 
GBM basin and other areas affected through similar mechanisms of arsenic con-
tamination to objectively assess the risk of finding arsenic in their tubewell water 
and adopt appropriate management strategies.

6.2  �Material and Methods

6.2.1  �The Study Area

The state of Assam in the northeastern region of India comprises two valleys: the larger 
Brahmaputra valley in the north and the smaller Barak valley, which is a part of the 
Meghna basin of India-Bangladesh, in the south. Barak valley includes the three south 
Assam districts of Cachar, Hailakandi and Karimganj, situated at 24°8′–25°8′ N and 
92°15′–93°15′ E with a geographical area of 6,921 km2. Barak valley is flanked by the 
North Cachar Hills district of Assam and the state of Meghalaya to the north; Manipur 
to the east; Mizoram to the south; and Tripura and Bangladesh to the west. This area is 
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drained by R. Barak and its tributaries such as Jiri, Chiri, Dolu-Jatinga, Madhura,
Larang, Harang and Kalainchera on the north bank and Sonai-Rukni, Ghagra, Katakhal 
and Dhaleswari on the south bank. The Barak bifurcates into two branches – Surma
and Kusiara – before entering the Sylhet district of Bangladesh. Singla is among the
major tributaries of Kusiara, while Longai, another important river that originates in 
the hills of Mizoram, flows through Karimganj district to flow into a wetland in 
Bangladesh. All these rivers, especially the Barak, which adopt a meandering path 
through the alluvial plains, frequently shift their courses and form ox-bow lakes.

The topography of this area is heterogeneous comprising small hillocks strewn 
within plain areas and low lying river floodplains that are locally called as beels or 
haors. The climate is humid sub-tropical with temperatures ranging from c.a. 9–38 °C
and an annual average rainfall of >2,500  mm. Geologically the region comprises 
unconsolidated alluvial deposits of sub-recent to recent age and semi-consolidated 
Bhuban, Bokabil, Tipam, Dupitila and Dihing formations of Miocene to Pliocene age.
The alluvial deposits are in the central parts of the valleys and made up of sand, silt 
and clay. The semi-consolidated rocks in the hills are composed of shale, sandstone, 
pebble and boulder beds. Groundwater occurs in phreatic condition in shallow aquifer 
and semi-confined condition in deeper aquifer. Flow of groundwater is north to south 
in the northern and south to north in the southern parts of the valley.

The 644 tubewells sampled in this study were distributed in the three districts in 
15 clusters, of which 12 were in the floodplains of River Barak and its major tribu-
taries, while three were in low hills and in terrain elevated from the floodplain 
(Fig. 6.1). A brief description of the 15 sites is given in Table 6.1.

Fig. 6.1  Map of Barak valley, Assam, India, showing the groundwater collection sites. The num-
ber assigned to a given site indicates the area from which the groundwater samples were collected. 
The Site Code is the same as in Table 6.1. CHR Cachar, HKD Hailakandi, KMJ Karimganj

A. Gupta et al.
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6.2.2  �Collection and Analysis of Water Samples

Water samples were collected in polythene bottles, which had been kept overnight 
in dilute laboratory grade nitric acid (1:1) and finally washed with distilled water. 
The samples were preserved by adding a drop of dilute nitric acid (1:1) GR Grade 
immediately after collection. Arsenic concentrations were determined in these  
samples by flow-injection hydride generation atomic absorption spectrometry 
(FIHG-AAS) at the School of Environmental Studies Laboratory, Jadavpur
University, Kolkata, India. The accuracy of estimation was verified by analyzing 
standard reference materials.

6.3  �Statistical Analysis

The data were normalized by log transformation and then subjected to one-way 
ANOVA. Least square difference (LSD) test was used for multiple comparisons. 
The software used was SPSS 20 for Windows.

6.3.1  �Risk Assessment

The potential risk of boring a shallow hand-operated tubewell in Barak valley was 
estimated by Bayesian Statistics and Monte Carlo Simulation as follows:

Let θI be the actual concentration of arsenic (μg l−1) that was available in the ith 
locality. The actual value of θI was unknown.

Let the observed rate of occurrence of As be

	
t

Z

ni
i

i

=
	

(6.1)

where ni was the number of water samples considered from the ith locality; and Zi 
was the concentration of arsenic (μg l−1) that was found in all the ni samples taken 
together.

Thus, considering θI to be a random variable we can have E (θI) = μi and Var 
(θI) = σi

2. Under this assumption it can be demonstrated that the best Bayes estimate 
of θI is a linear combination of the observed rate ti and μi (Guttman et al. 1971; 
Carvalho and Carvalho 2004).

The estimated value of

	
q m

i i i i iw t w= + −( )1
	

(6.2)

where  0 ≤ wi ≤ 1.
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This estimator is useful for improving the estimation by reducing the mean 
squared error towards zero. The value of wi is given by,

	

w
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i
i

i
i

i

=
+

s

s
m

2

2

	

(6.3)

The Bayes estimate of θI given in (6.2) is also called the shrinkage estimator. 
Shrinkage is implicit in Bayesian inference. This estimate shrinks or moves the 
individual estimate ti toward the pooled estimate μi where the parameter 0 < wi < 1 
determines the size of the shrinkage.

Now, if we assume that μi and σi
2 were the same in all the i localities then we 

could estimate them as follows:
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However, if μi and σi
2 were not considered to be the same in all the i localities, 

Monte Carlo simulation could be employed to determine the values of μi and σi
2 for 

all the localities individually.
Based on the samples collected from the ith locality, the distributional pattern 

(relative frequency) of the arsenic level was arranged. The resultant distribution took 
the form of a discrete probability distribution. The arsenic content is a measurable 
quantity and was, therefore, continuous. Yet it could be well approximated by a 
discrete distribution provided large samples were considered. Even though the discrete 
distribution was an approximation to reality, it could still give important insights into 
the actual problem (Albright et al. 2009). On identification of the probability distribu-
tion of arsenic content (μg l−1) in the ith locality, Monte Carlo simulation was used to 
generate several random samples of size 1,000 each. Computation based on such large 
samples was expected to provide consistent estimates of the parameters with consid-
erably diminished standard error (Lynch 2007).

One hundred such samples, each of size 1,000 were generated. The distribution 
of sample means were obtained using the Central Limit Theorem (CLT) which in 
turn could be gainfully applied to estimate the values of μi and σi

2. The central limit 
theorem states that for any population distribution with mean μ and standard devia-
tion σ the sampling distribution of the sampling mean X¯ is approximately normal 
with mean μ and standard deviation σ/√n (Albright et al. 2009). Notationally, for 
this example we would have
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The values of μi and σi
2 obtained in this fashion can then be replaced in (6.3) and 

then in (6.2) to obtain the corresponding estimate of θI. This estimate is obtained 
under the consideration that the arsenic contents in the different localities are not 
equal.

It may be noted that when estimation of θI is done using the second method, one 
part of the Bayes estimate of θI [Eq. (6.2)] is determined from the observed sample 
and hence is deterministic for a given sample (i.e., ti). However, the other part is 
stochastic i.e. μi. So we can generate 95 % or 99 % credibility interval for the sto-
chastic part and hence express the estimated value of θI in terms of an interval 
instead of a point value. The interval estimate of a parameter is a robust approach 
compared to point estimate, where one can express with a given level of confidence 
the expected range in which a particular parameter is supposed to lie (Freund 1992).

6.4  �Results and Discussion

6.4.1  �District-Wise Distribution of Arsenic in Groundwater

The distribution of arsenic in the groundwater of the three districts in the Barak 
Valley region of south Assam, viz., Cachar, Hailakandi and Karimganj is shown in 
Table 6.2. When all 644 samples irrespective of sites were taken into consideration, 
395 (61.34 %) had arsenic at or below the detection limit (3 μg L−1) of the equip-
ment used in the present study. The remaining 249 (38.66 %) had detectable levels 
of arsenic, with 39 (6.06 %) samples having arsenic ≤10 μg L−1.

Thus a total of 434 (67.4 %) groundwater sources in the study area were within 
the safe limit of 10 μg L−1 recommended by the World Health Organization (WHO). 
Of the 210 samples (32.6 %) above the WHO standard, 10.86 % also exceeded the 
Indian Standard of 50 μg L−1. Chakraborti et al. (2008) reviewed the groundwater 
arsenic concentration status of several Indian states as well as Bangladesh. The 
percentage of samples in Barak valley exceeding the 10 μg L−1 WHO Standard was 
comparable to that in Bihar and Jharkhand (32.7 and 35.0 %, respectively), but con-
siderably less than that in states like Manipur (only valley area), Uttar Pradesh and
West Bengal (63.3, 46.5 and 48.1 %, respectively) as well as Bangladesh (40.3 %). 
Similarly, the percentage of samples exceeding the Indian standard of 50 μg L−1 was 
also comparatively less in this area. The mean arsenic concentration of 4.39 μg L−1 
in Hailakandi district was well below the permissible concentration of 10 μg L−1 
prescribed by the World Health Organization (WHO), while those of 16.55 and 
18.01 μg L−1, respectively, in Cachar and Karimganj districts were considerably less 
than the Indian Standard of 50 μg L−1. Kumar et al. (2010a, b) showed that 47 % of 
the samples tested from the central Gangetic plain exceeded the Indian permissible 
limit of 50 μg L−1 along with a high percentage contribution (66 %) of toxic AsIII to 
total arsenic concentration. Hence, compared to the situation in both middle and 
lower Gangetic plains, the arsenic contamination scenario in Barak valley is 
relatively less alarming. Further, the percentage of tubewells having >300 μg L−1 
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arsenic in their water is relatively less in the Barak valley districts. This was perhaps 
the reason for no confirmed incidence of arsenicosis in this area, as opposed to 
those in West Bengal, Bangladesh, and parts of the central Gangetic plain.

6.4.2  �Topography-Based Distribution 
of Arsenic in Groundwater

A topography-based categorization of groundwater sources allowed a closer 
examination of arsenic contamination in the study area. The predominant landforms 
in Barak valley comprise river floodplains and low hills. The lithology and land-
scape of this area is typically fluvial, characterized by active channels of river Barak 
and its tributaries, abandoned channels, natural levees, back swamps and flood 
plains. The hill areas of Borjalinga-Dwarbond in Cachar and Ramkrishnanagar (RK 
Nagar) in Karimganj districts comprise Tipam sandstones and Girujan clay forma-
tions in certain places. Table 6.3 shows the distribution of arsenic in the groundwater 
of tubewells located in different river floodplains and hill areas of Barak valley, 
Assam.

Tubewells sampled in the hill areas of Borjalinga and RK Nagar were arsenic 
free (<3 μg L−1). Nickson et al. (2007) identified the Ramkrishna Nagar (RK Nagar) 
administrative block as As-affected. However, as the topography of this block com-
prises both hills and the low-lying floodplain of river Singla (shonbeel wetland), 
block-level categorization did not distinguish between As-free areas in high-relief 
topography, where users could safely access groundwater for domestic consump-
tion, and the low-relief floodplain with its As-affected wells. This difference, there-
fore, calls for different drinking water management strategies for the two 
topographically different areas in the same administrative unit. Hence, it may be 
useful to supplement block or district level characterization with topography-based 
distribution of arsenic. In contrast to these high-relief areas, tubewells in the flood-
plain of river Longai in Karimganj district had the highest mean arsenic concentra-
tion (47.3 ± 7.59) followed by Barak 2 and Surma sites (39.15 ± 19.5 and 36.81 ± 4.78, 
respectively). However, only two tubewells among those sampled had arsenic con-
centrations of >300 μg L−1, and were in Barak 2 site, while the maximum percentage 
of tubewells exceeding the Indian Standard of 50 μg L−1 were in Longai, followed 
by Surma. At the Barak 2 site, which is downstream of the confluence of the com-
bined flow of river Rukni and river Sonai with river Barak, the river follows a mean-
dering course through low-lying areas. Among the upper tributaries of river Barak, 
river Chiri, Rukni and Sonai floodplains also had moderately high arsenic concen-
trations (12.85 ± 7, 11.16 ± 3.35 and 19.13 ± 5.32 μg L−1, respectively). Downstream 
from Barak 2, all tubewells barring one in the Silchar HL site in Silchar urban area 
were arsenic-free. This area comprises elevated ground (c.a. 25–28 msl) in the
southern part of Silchar city that is above the high flood level, and was largely 
As-free. The relatively low-lying areas of Silchar (Silchar LL) had a higher mean 
arsenic concentration of 15.87 ± 2.81 μg L−1.
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Ta
bl

e 
6.

3 
G

ro
un

dw
at

er
 q

ua
lit

y 
fr

om
 B

ar
ak

 v
al

le
y,

 A
ss

am
, I

nd
ia

Si
te

 (
n)

N
um

be
r 

of
 g

ro
un

dw
at

er
 s

am
pl

es
 (

%
 o

f 
to

ta
l)

M
ea

n 
±

 S
E

 μ
g 

 
L

−
1  (

ra
ng

e)

%
 

Sa
m

pl
es

 
ex

ce
ed

in
g 

10
 μ

g 
L

−
1

%
 S

am
pl

es
 

ex
ce

ed
in

g 
50

 μ
g 

L
−

1
≤

3 
μg

 L
−

1
4–

10
μg

 L
−

1

11
–5

0
μg

 L
−

1

51
–1

00
μg

 L
−

1

10
1–

20
0

μg
 L

−
1

20
1–

30
0

μg
 L

−
1

>
30

0 
μg

 L
−

1

C
hi

ri
 (

13
)

7 
(5

3.
8)

2 
(1

5.
4)

3 
(2

3.
1)

1 
(7

.7
)

0
0

0
12

.8
5 

±
 7

 (
≤

3–
91

)
30

.8
7.

7
B

ar
ak

 1
 (

14
)

8 
(5

7.
1)

1 
(7

.1
)

4 
(2

8.
4)

1 
(7

.1
)

0
0

0
9 

±
 4

.2
 (
≤

3–
58

)
35

.5
7.

1
So

na
i (

48
)

23
 (

47
.9

)
8 

(1
6.

8)
12

 (
25

.2
)

3 
(6

.3
)

2 
(4

.2
)

0
0

19
.1

3 
±

 5
.3

2 
(≤

3–
18

6)
35

.7
10

.5
R

uk
ni

 (
32

)
21

 (
65

.6
)

0
10

 (
31

.1
)

1 
(3

.1
)

0
0

0
11

.1
6 

±
 3

.3
5

(≤
3–

70
)

34
.2

3.
1

B
ar

ak
 2

 (
26

)
11

 (
42

.3
)

4 
(1

5.
4)

8 
(3

0.
8)

1 
(3

.8
)

0
0

2 
(7

.6
)

39
.1

5 
±

 1
9.

5 
(≤

3–
38

3)
42

.2
11

.4
Si

lc
ha

r 
L

L
 (

84
)

45
 (

53
.6

)
4 

(4
.8

)
27

 (
32

.1
)

7 
(8

.3
)

1 
(1

.2
)

0
0

15
.8

7 
±

 2
.8

1 
(≤

3–
16

1)
41

.6
9.

5
M

ad
hu

ra
 (

23
)

11
 (

47
.8

)
1 

(4
.3

)
8 

(3
4.

8)
2 

(8
.6

)
1 

(4
.3

)
0

0
21

.1
3 

±
 7

.5
9 

(≤
3–

15
6)

47
.7

12
.9

Si
lc

ha
r 

H
L

 (
30

)
29

 (
96

.7
)

0
1 

(3
.3

)
0

0
0

0
0.

73
 ±

 0
.7

3 
(≤

3–
22

)
3.

3
0

B
or

ja
lin

ga
 (

37
)

37
 (

10
0)

0
0

0
0

0
0

0
0

0
D

ha
le

sw
ar

i-


K
at

ak
ha

l (
98

)
77

 (
78

.6
)

3 
(3

.0
)

17
 (

17
.4

)
1 

(1
.0

)
0

0
0

4.
39

 ±
 1

.0
 (
≤

3–
58

)
18

.4
1

R
K

 N
ag

ar
 (

22
)

22
 (

10
0)

0
0

0
0

0
0

0
0

0
B

ar
ak

 3
 (

48
)

25
 (

52
.1

)
6 

(1
2.

5)
13

 (
27

.1
)

2 
(4

.2
)

2 
(4

.2
)

0
0

17
.0

4 
±

 5
.3

1 
(≤

3–
19

6)
35

.5
8.

4
Su

rm
a 

(8
5)

36
 (

42
.4

)
3 

(3
.5

)
19

 (
22

.4
)

15
 (

17
.6

)
12

 (
14

.2
)

0
0

36
.8

1 
±

 4
.7

8 
(≤

3–
15

0)
54

.2
31

.8
K

us
ia

ra
 (

44
)

36
 (

81
.8

)
2 

(4
.5

)
3 

(6
.8

)
2 

(4
.5

)
1 

(2
.3

)
0

0
7.

71
 ±

 3
.3

3 
(≤

3–
11

0)
13

.6
6.

8
L

on
ga

i (
40

)
7 

(1
7.

5)
5 

(1
2.

5)
15

 (
37

.5
)

6 
(1

5.
0)

7 
(1

7.
5)

0
0

47
.3

 ±
 7

.5
9 

(≤
3–

15
4)

70
.0

32
.5

To
ta

l B
ar

ak
 

V
al

le
y 

(6
44

)
39

5 
(6

1.
34

)
39

 (
6.

06
)

14
0 

(2
1.

74
)

42
 (

6.
52

)
26

 (
4.

04
)

0
2 

(0
.3

)
17

.1
4 

± 
1.

47
 

(≤
3–

38
3)

32
.6

10
.8

6



92

River Madhura, which is an important north bank tributary of river Barak that 
flows down from North Cachar Hills, also had a fairly high mean arsenic concentra-
tion (21.13 ± 7.59 μg L−1) in the tubewells located in its floodplain. Further down-
stream, the Badarpur-Bhanga stretch (Barak 3) of river Barak had a mean arsenic 
level of 17.04 ± 5.31 μg L−1. Beyond Bhanga, the Barak bifurcates into two branches, 
viz., Surma and Kusiara at a place called Haritikar. River Surma flows north through 
the Katigorah area forming the international boundary with Bangladesh, while the 
Kusiara flows in a more or less westerly direction along the Bangladesh border. 
Tubewells in the Surma catchment contained significantly higher arsenic concentra-
tions (36.81 ± 4.78 μg L−1) than those in the Kusiara catchment (7.71 ± 3.33 μg L−1). 
Because As concentrations in the tubewells were not normally distributed, non-
parametric Mann-Whitney tests among sites revealed that As concentrations at 
Silchar HL site were significantly lower than those in all the other sites; and those 
at Longai significantly greater than all sites other than Surma. The Katigorah area 
through which the Surma flows has numerous low-relief floodplain lakes locally 
called as beels or haors, while the Kusiara catchment is on slightly higher ground. 
The Sylhet district of Bangladesh is contiguous to Barak valley, and is in the lower 
catchment of Surma and Kusiara rivers. Arsenic data from Bangladesh show that 
the two districts of Sylhet and Sunamganj, which are in the Surma catchment, had 
higher groundwater arsenic levels than those in Moulavi bazar, which is in the 
Kusiara basin (Fazal et al. 2001).

Thus the present study shows that the low-lying river floodplains in Barak valley 
have relatively high As concentrations. High As concentrations were observed to be 
associated with low-relief topography in the flat land between the Mekong and the 
Bassac rivers in Cambodia (Buschmann et  al. 2007). High arsenic (>50 μg  L−1) 
tubewells in Bangladesh were found to be located in low-lying areas and within 
extremely low slopes (<0.7°). Low elevation and gentle slopes resulted in the accu-
mulation of fine sediments, As-containing iron oxyhydroxide minerals and organic 
matter that facilitated As release by microbial activity (Shamsudduha et al. 2009). 
Hoque et al. (2009) observed that low arsenic aquifers had thinner silt/clay layer or 
permeable sandy materials at the surface at slightly higher topography. Spatial vari-
ations in distribution of As in shallow groundwater were likely to be due to differ-
ences in topography on multiple scales, where even slightly elevated areas with 
sandy soil could be largely free of As (Fendorf et al. 2010). In the present study, 
areas above the flood level in Silchar HL had As-free groundwater. Hoque et al. 
(2011) identified several indicators such as a shallow water table (≥1- ≤ 7 m depth), 
≥ 50 % loamy silt in the surface soil, and <15 m thickness of the uppermost silty-
clay layer that characterize low-arsenic shallow groundwater in the holocene flood-
plains of Bangladesh. Viewed in this perspective, it is important to delineate possible 
low-arsenic areas of groundwater in the floodplain-predominant topography of the 
GBM, Mekong and other river basins in south and southeast Asia. In these areas, the 
depth distribution of wells vary considerably, being up to 350 m deep in India and 
Bangladesh and mostly within 100 m in Nepal, Cambodia and Vietnam (Fendorf 
et al. 2010). However, considerable local variations exist within this general pattern. 
For example, in the Barak valley region of Assam, which is a part of the Meghna 
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sub-basin of the GBM basin, the majority of the tubewells are in the depth range of 
c.a. 30–40 m. This is because the most commonly available tubewell (Tara pump) 
package in this area is equipped with a set of pipes running to a depth of 100–120 ft
(30.5–36.5 m), which can be installed manually with ease, the expenditure being
c.a. INR 40,000 (c.a. US $ 700), which an average middle income family can afford 
to spend to own a tubewell and ensure access to pathogen-free safe water. Tubewells 
going beyond 100 m are difficult to install as this cannot be done manually, and the 
drilling rig has to be hired and transported from outside the Valley with the resultant 
cost becoming prohibitive for most consumers. Therefore, the delineation of areas 
with a minimal risk of As contamination of shallow groundwater could improve 
access to microbiologically safe water for a large segment of population not only in 
Barak Valley but in the entire region, where diarrhea still remains a killer disease. 
Of course, the vulnerability of these low-As zones to fresh As contamination needs 
to be better understood before they can be extensively used in a given area. A better 
alternative could be to install deeper (>100  m) community tubewells in low-As 
zones (Fendorf et al. 2010). In most countries of this region, installation of such 
wells would need funding or other forms of subsidies from government or aid orga-
nizations, and till such programmes could be planned and executed, shallow ground-
water wells in low-As zones could comprise an interim source of relatively safe 
drinking water to rural and suburban populations.

6.4.3  �Risk Assessment

The results of the risk assessment study are presented in Table 6.4, which provides 
the estimated values of θI obtained through two different methods. For each locality 
the estimates were very close to each other.

This implies that it is not unreasonable to think that μi and σi
2 were equal in all 

the i localities. Based on the interval estimates (Table 6.4) we may conclude that 
Barak 2, Longai and Surma sites had the highest risk in terms of arsenic contamina-
tion and investing money in a tubewell is more than likely to be an unwise decision. 
Nevertheless, the estimated level in all these three sites were less than the Indian 
Standard for arsenic (50 μg L−1) but more than the international level set by the 
WHO. The safest sites were Barak 1, Silchar HL, Dhaleswari-Katakhal and Kusiara 
which were safe even by the international standard, and Borjalinga and RK Nagar, 
where the groundwater was found to be free from arsenic contamination.

6.5  �Conclusion

The results of this study further confirm some previous observations that high 
groundwater As concentrations were largely associated with low-relief topography, 
especially in those areas where As mobilization took place through microbial 

6  Arsenic Contamination of Groundwater in Barak Valley, Assam, India
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reductive dissolution of organic matter. Such areas were common in most south and 
Southeast Asian countries, which also have ample surface water resource that is 
annually replenished by heavy monsoon rainfall. This resource needs to be con-
served and measures taken to improve its microbial quality. Nevertheless, as the risk 
of arsenic is very low in even slightly elevated areas, people living there could 
safely enjoy the cost-effective option of exploitation of shallow groundwater for 
achieving water self-sufficiency in individual households, multistorey apartments, 
educational institutions, government offices and business concerns alike.
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    Chapter 7   
 Hydrogeochemistry and Arsenic 
Distribution in the Gorakhpur District 
in the Middle Gangetic Plain, India 

             Hariom     Kumar    ,     Rajesh     Kumar     Ranjan     ,     Shailesh     Yadav    , 
    Alok     Kumar    , and     AL.     Ramanathan   

7.1            Introduction 

 About one-third of the earth’s land surface is facing challenge of water scarcity in 
both quantitative and qualitative terms (Postel  1997 ). In the last few decades, the 
global fi nding of the presence of elevated concentrations of various toxic solutes 
from natural and anthropogenic sources has limited the available volume of safe 
drinking water. Understanding the aquifer hydraulic properties and hydrochemical 
characteristics of water is crucial for proper planning, management and sustainable 
utilization of groundwater. Generally, the motion of groundwater along its fl ow 
paths below the ground surface increases the concentration of the chemical species; 
hence the groundwater chemistry could reveal important information on the 
 geological history of the aquifers and the suitability of groundwater for domestic, 
industrial and agricultural purposes (Kortatsi  2007 ). 

 One of the main reasons for the increased concern over dissolved arsenic (As) in 
middle Gangetic plain is the recognition of its acute carcinogenicity and other 
related health effects, and its natural, ubiquitous presence in varied geologic, geo-
graphic, geomorphic (e.g. fl uvial, aeolian, marine and lacustrine deposits), hydro-
geochemical and hydrologic systems (Welch et al.  2000 ; Smedley et al.  2005 ; 
Bhattacharya et al.  2006 ; Mukherjee et al.  2008 ). Research on As in environmental 
systems has substantially increased in the last two decades. During the same period, 
the lowering of the As drinking-water standard from 0.05 to 0.01 mg/L by regula-
tory agencies and advisory bodies (e.g. WHO  2011 ) has caused previously “safe” 
drinking water sources to be labelled as unsafe. Recent studies have revealed the 
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prevalence of natural As in hydrologic systems in scores of geological settings in 
India (Bhattacharya et al.  2007 ; Mukherjee et al.  2008 ). The impact of natural As 
toxicity from groundwater has been particularly prevalent in Southeast and East 
Asia. This region has some of the highest population densities and is drained by 
some of the largest river systems in the world, which generally originate from the 
Himalayan or Tibetan highlands. The Indo-Gangetic plain occupied by states of 
Uttar Pradesh (U.P.), Bihar and West Bengal, is extremely fertile for agriculture and 
rich in water resources, providing favourable conditions for the growth of rural and 
urban centres. Thus, groundwater has extensively been exploited for domestic sup-
plies and irrigation in the last few decades (Bhattacharya et al.  2011 ). The excessive 
pumping of shallow and deep aquifers caused imbalance in the groundwater dynam-
ics and resulted in induced leakage of arsenic contamination from shallow aquifers 
to the deep aquifers (Muralidharan  1998 ). The present study gives an account of 
the hydrogeochemistry of the Gorakhpur district in U.P. showcasing groundwater 
As risk in the region.  

7.2     Study Area 

 Gorakhpur is located between 26.5°–27.9°N and 83.4°–84.26°E in the north-east 
“Tarai” region of Middle Gangetic plain in Uttar Pradesh, India. It is located on the 
bank of river Rapti and Rohini of Ghaghara tributary originating in Nepal. The 
Rapti is interconnected through many other small rivers following meandering 
courses across the interfl uve region of the Gangetic plain. The district is spread over 
an area of 3483.8 sq. km, with a total population of 44,36,275 (Census of India 
2011). On the eastern side of the city, a shallow but perennial eutrophic lake, 
Ramgarh Lake is situated. The changing course of river Rapti has resulted into for-
mation of ponds, lakes and depressions, which act as buffer zones for groundwater 
recharge. However, rapid urbanization in recent years has led to infi lling of these 
recharge areas. There are four layers of aquifers at different depth from surface viz. 
(1) 6–8 m, (2) 22–34 m, (3) 40–46 m and (4) >60 respectively. Between these aqui-
fers, an impermeable bed of clay, sandy clay, and hard clay are found which sepa-
rate the two aquifers (Verma  2009 ). Groundwater is the only source of drinking 
water for the city. Due to shallow groundwater table, the groundwater is easily 
accessible to majority of population. 

7.2.1     Geology and Geomorphology 

 Geology of the district is dominated by older and newer alluvium which is gradu-
ally deposited by these rivers. Khadar is the new alluvial and Bhangar is the old 
alluvial and it is the dominant lithological constituent of the study area. On the 
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basis of the cross section of the tube wells of Jal Nigam and private colonization, 
lithology of the study area is mostly deposited by clay and sand (medium and fi ne 
quality). Sand have different composition and structure while clay is found with 
or without sand. Therefore in this area fi ne to moderate sand and clay are found. 
Thus, the geological structure of the city area is very favourable for infi ltration of 
surface water to the underground because most of the sediments are made of sand 
and clay through which water can percolate easily to the permeable strata. 
Likewise the sub-surface water can easily be drafted out for various uses due to 
soft rock lithology.   

7.3     Methodology 

7.3.1     Groundwater Sampling 

 Total 29 groundwater samples were collected from bore wells (hand pumps) at 
 different depths (20–135 ft.) in fl ood plain of the middle Gangetic plain of Gorakhpur 
district during May and June 2012 (Fig.  7.1 ). The locations of the tube wells were 
determined with the help of a global positioning system (Garmin, GPS map 76CSx).  

 Groundwater samples were collected following the standard procedures which 
included: (1) fi ltered samples using fi ltration unit with prebaked 0.45 μm Whatman 
GF/C fi lters and acidifi ed with HNO 3  (1:1) for the analysis of heavy and trace ele-
ments including As and (2) Non-acidifi ed samples for the analysis of major ions. 
Temperature, pH, conductivity (EC), oxidation-reduction potential (ORP) and total 
dissolved solids (TDS) were determined in situ by portable corresponding digital 
instruments (HANNA HI9828) multi-parameter. Collected samples were stored at 
4 °C in the laboratory until analyzed.  

7.3.2     Analytical Techniques 

 Groundwater samples were analyzed to understand the hydrochemistry of water 
using standard methods (APHA  2005 ). Bicarbonate was measured by acid titration 
method. Major anions like chloride, nitrate, sulphate and phosphate were measured 
by standard titrimetric method using UV-spectrophotometer (JENWAY 6505 UV 
spectrophotometer accuracy of ±0.1 % @10 % T). Fluoride was measured using 
ion-selective electrode (ISE). Major cations like sodium and potassium were esti-
mated using Flame photometer with Na ‘4’ ppm and K ‘2’ ppm FSD standard accu-
racy. Calcium, iron and magnesium were measured using atomic absorption 
spectroscopy (AAS) (Thermo Fischer M series). Concentrations of As were mea-
sured on acidifi ed samples using Hydride Generator (HG) AAS on wavelength in 
absorption mode using chemical standards with detection limit of 2 μg/L.   
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  Fig. 7.1    ( a ) Location map of study area; ( b ) Sampling sites in google maps snapshot       
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7.4     Results and Discussion 

7.4.1     Major Ion Geochemistry 

 Descriptive statistical data of various physico-chemical analyses of the ground 
water samples is presented in Table  7.1 . Groundwater was predominantly near neu-
tral to mildly alkaline (pH value 6.38–7.72) in nature. Electrical conductivity (EC) 
of groundwater widely varied from 459 to 1,714 μS/cm at different sampling sites. 
High EC values of some samples (viz. GW 40, GW12, GW14) indicated the pres-
ence of alkaline groundwater. Oxidation reduction potential (ORP) data varied from 
86.6 to 162.8 mV. In study area, bicarbonate (HCO 3  − ) concentration ranged between 
156.27 and 783.3 mg/L indicating bicarbonate forms the dominant source of alka-
linity in the region. High HCO 3  −  concentration is mainly due to presence of carbo-
naceous sandstones in the aquifers and weathering of carbonate minerals related to 
the fl ushing of CO 2  rich water from unsaturated zone, where it is formed by decom-
position of organic matter (Chauhan et al.  2009 ). The concentration of major cat-
ions, e.g. Ca 2+  (18–94.5 mg/L), Mg 2+  (3.461–7.679 mg/L), Na +  (10.32–53.75 mg/L) 
and K +  (0.235–17.79 mg/L) levels do not change systematically between different 
sampling locations. The high concentration of Ca 2+  could be due to weathering of 
carbonate and plagioclase feldspar minerals, which are abundant in fl ood plain 
regions (Bhattacharya et al.  1997 ). The groundwater of the study area showed a 
wide variability in the concentration of Cl −  (bdl to 46.98 mg/L), which is consistent 
with EC values. Sulphate (SO 4  2− ) concentrations varied from 0.29 to 105 mg/L 

   Table 7.1    Summary of the physico-chemical parameters of groundwater samples ( n  = 29)   

 Unit  Min  Max  Average  SD 

 pH  6.38  7.72  6.89  0.30 
 TDS  mg/L  279  1,036  547.03  232.24 
 EC  μS/cm  459  1,714  904.14  386.07 
 ORP  mV  86.6  162.8  145.35  18.28 
 Ca 2+   mg/L  18  94.5  48.88  19.92 
 Mg 2+   mg/L  3.461  7.679  4.57  1.17 
 Na +   mg/L  10.32  53.73  28.82  13.27 
 K +   mg/L  0.235  17.79  4.23  4.38 
 Cl −   mg/L  bdl a   46.98  12.84  13.21 
 HCO 3  −   mg/L  156.27  783.3  374.68  193.45 
 SO 4  2−   mg/L  0.29  105.86  31.86  26.60 
 PO 4  3−   mg/L  0.001  0.008  0.00  0.00 
 F −   mg/L  0.1  0.605  0.28  0.16 
 NO 3  −   mg/L  bdl a   54.22  6.53  13.37 
 Fe  mg/L  0.121  11.65  2.96  3.25 
 As  μg/L  10  400  60  0.10 

   a Below detection limit  
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while NO 3  −  ranged from 0.67 to 54.22 mg/L. High concentration of anions such as 
Cl − , SO 4  2− and NO 3  − are part of major inorganic components and may be responsible 
in deteriorating the quality of groundwater as drinking water. High concentrations 
of NO 3  −  could be due to leaching of fertilizer residues from agricultural activities 
and microbial mineralization on the groundwater systems. Piper plot (Piper  1944 ) 
showed that most of the samples were clustered at left hand side of the central dia-
mond, thus two hydrochemical facies were identifi ed in cation facies Ca 2+ -HCO 3  −  
type (Fig.  7.2 ). Most of the samples were Ca–HCO 3  type in central diamond 
suggesting carbonate dissolution and cation exchange may be the dominant pro-
cesses infl uencing the major-ion composition.

    Overall, the general trend of various ions was found to be Ca 2+  > Na +  > Mg 2+  > K +  
and HCO 3  −  > SO 4  2−  > Cl −  > NO 3  −  > F −  > PO 4  3−  .  Such trend could be explained by attri-
butes such as Ca 2+  and Mg 2+  could be possibly derived from both silicate and car-
bonate weathering whereas Na +  and K +  may enter the groundwater from incongruent 
dissolution of feldspars, micas and pyroxenes (Kumar et al.  2010 ). Other than car-
bonate and silicate weathering, HCO 3  −  in groundwater can originate from the vadose 
zone or biogenic CO 2  gas dissolution (Garrels  1967 ). Mg 2+  may be introduced from 
weathering of biotite, and to a lesser extent from pyroxenes, chlorites and garnets 
(Galy and France-Lanord  1999 ), to form hydrobiotite, vermiculite or smectite, 

  Fig. 7.2    Piper plot showing various hydrochemical facies distribution for the groundwater sam-
ples ( n  = 29)       
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which are found in the Himalaya-derived sediments (Grout  1995 ). Thus Ca 2+  in the 
groundwater of middle Gangetic plains might be introduced from carbonate 
 dissolution, while Mg 2+  will probably have mixed contributions.  

7.4.2     Arsenic Concentration 

 Groundwater As concentrations ranged from <0.01 to 0.4 mg/L for all samples 
( n  = 29). About 59 % of all the groundwater samples collected from the study area 
have dissolved As concentrations ≥0.01 mg/L (WHO  1993 ; BIS  1991 ), and 24 % 
have As ≥0.05 mg/L. The highest concentration of As were observed in GW 48 
(0.4 mg/L) and GW 40 (0.5 mg/L). It may be noted that higher concentration of total 
As were more prevalent in the samples that were in proximity of the Ganges river, 
suggesting role of fl uvial inputs in the groundwater arsenic. High As concentration 
in the groundwater is mainly because of infi ltration of river water through contami-
nated river bed sediment (Ravenscroft et al.  2005 ). The weathering of carbonate 
and silicate minerals along with surface-groundwater interactions, ion exchange, 
and anthropogenic activities seem to be the processes governing groundwater 
contamination, including arsenic.  

7.4.3     Relationship Between Hydrogeochemical Variable 

 Multivariate statistical analysis such as Pearson correlation and factor analysis of 
various hydrogeochemical variables revealed strong pairing and affi nity amongst 
each other. Strong positive correlation exists between pH ~ K + , the EC and TDS. TDS 
also showed positive correlation with Cl − , HCO 3  − , SO 4  2− , Na + , K + ; and Cl −  ~ SO 4  2− , 
Na + , K +  can be linked to leaching of fertilizers from agricultural areas. HCO 3  −  ~ Mg 2+  
and SO 4  2−  ~ (Na + , K + ) showed signifi cant correlation between pairs. Ca 2+  and PO 4  3−  
also exhibited positive correlation ( r  = 0.57). Also, As and Fe showed strong 
( r  = 0.86) positive correlation (Table  7.2 ), which indicate iron dependent mechanism 
for the release of As into the groundwater. Signifi cant correlations of As with Fe, 
therefore, suggest microbially mediated processes that lead to Fe (III) oxide disso-
lution under anoxic conditions which generally promotes the release of As (Rowland 
et al.  2008 ).

   Factor analysis of physico-chemical parameters of the groundwater indicates 
fi ve factors which explained 80.74 % of total variability (Table  7.3 ). The number of 
signifi cant factors within the data set was established by considering only those with 
an eigen value >1.0. Factor 1 explained 33.44 % of variation, which is contributed 
by strong geochemical associations between TDS, EC, Na + , K + , Cl − , HCO 3  −  and 
SO 4  2− , which is mainly resultant of water-rock interaction and weathering process. 
Factor 2 comprising Fe and As explained 13.27 % of variability among parameter, 
which indicate that reduction of FeOOH was the dominant mechanism for the 
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release of As into the groundwater. Factor 3 explained 12.89 % of variability with 
strong association between Ca 2+  and PO 4  3− . Factor 4 showed positive loadings of pH 
and K +  and negative loading of NO 3  − . Factor 5 showed positive loading of ORP, 
while inverse association with Mg and HCO 3  − .

7.5         Conclusions 

 The spatial and temporal variation of groundwater chemistry in the study site sug-
gests that the hydrogeochemical compositions of groundwater have been mainly 
controlled by groundwater fl ow pattern that follows the topography of the study 
area. The groundwater in the region is above desirable limits for Ca at GW 30, GW 
40 and GW 50, for K at GW 40 and for Mg and Na the concentration is well below 
the prescribed desirable limits by WHO. The anions Cl − , HCO 3  − , SO 4  − , PO 4  3− , F −  
and NO 3  −  are well below desirable limits, indicating the concentration of various 
ions well below WHO limits. Piper plot clearly depicts that the groundwater was 
that of Ca 2+ -HCO 3  −  type. Schoeller diagram (Fig.  7.3 ) indicates that HCO 3  −  is the 
most dominant constituent of the groundwater in the region followed by Ca 2+  > Na +  
+ K +  > Cl −  > Mg 2+  > SO 4  2− . About 59 % of all the groundwater samples collected 
from the study area have dissolved As concentrations ≥0.01 mg/L and 24 % have 

   Table 7.3    Factor analysis of hydrogeochemical variables of groundwater ( n  = 29)   

 Factor 1  Factor 2  Factor 3  Factor 4  Factor 5 

 pH  0.201  −0.083  0.066   0.887   0.104 
 TDS   0.948   0.234  0.002  0.047  −0.096 
 EC   0.952   0.233  −0.002  0.043  −0.076 
 ORP  0.418  0.055  −0.066  −0.195   0.791  
 Ca  0.005  0.104   0.824   0.122  0.233 
 Mg  0.467  −0.256  −0.269  −0.017   −0.643  
 Na   0.844   0.129  −0.219  0.033  0.126 
 K   0.624   0.182  0.174   0.628   −0.136 
 Cl   0.875   0.211  0.313  0.091  0.041 
 HCO 3    0.528   −0.119  −0.072  −0.160  −0.465 
 SO 4    0.860   0.043  0.005  0.060  0.008 
 PO 4   −0.102  0.025   0.864   −0.103  −0.171 
 F  −0.230  −0.350  −0.455  0.206  0.491 
 NO 3   0.269  −0.074  0.397  −0.603  0.146 
 Fe  0.215   0.913   0.073  −0.045  0.019 
 As  0.208   0.925   0.070  0.080  0.125 
 Eigen values  5.35  2.12  2.06  1.70  1.68 
 % of Variance  33.44  13.27  12.89  10.64  10.50 
 % Cumulative  33.44  46.71  59.60  70.24  80.74 
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As ≥0.05 mg/L. Multivariate analysis and Factor analysis indicate that the 
groundwater of the region is mostly under the infl uence of natural geochemical 
processes while at few places it may be affected by anthropogenic practices.      
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    Chapter 8   
 Arsenic Distribution and Mobilization: A Case 
Study of Three Districts of Uttar Pradesh 
and Bihar (India) 

             Manoj     Kumar    ,     Mukesh     Kumar    ,     Alok     Kumar    ,     Virendra     Bahadur     Singh    , 
    Senthil     Kumar    ,     AL.     Ramanathan     , and     Prosun     Bhattacharya   

8.1            Introduction 

 Tectonic evolution of Himalayas is related to high erosional potential and  substantial 
sediment transport. Fluvial deposition of clastic material in the Middle Gangetic 
plain (MGP) is mainly governed by crustal deformation and climatic condition of 
Himalayas (Singh et al.  2007 ). Seven large Asian rivers—Ganga, Indus, 
Brahmaputra, Yangtze, Huang He or Yellow River, Salween and Mekong—are fed 
by Himalayan glaciers which are supplying ~30 % of the global sediments to the 
ocean (Milliman and Meade  1983 ; Singh et al.  2014 ,  2005 ). High fl ux of sediment 
transported from different terrain of Himalayas is product of geologically young 
rock formation (Singh et al.  2014 ). It provides an opportunity to study the fl uvial 
system and post- depositional changes in sediment water interaction depending on 
the degree of mobility of element under the altered environmental conditions. 
Arsenic (As) contamination of groundwater is a global problem. Understanding of 
As mobilization from sediments to As-contaminated aquifers is important for water 
quality management in areas of MGP of India. 

 The acute and chronic toxic effects of As are well recognized and As has also 
been declared as human carcinogen, contributing to a high incidence of skin and 
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other cancers in populations exposed to high levels of As in drinking water. Standard 
limit 10 μg/L of As concentration for safe drinking water has been set by the World 
Health Organisation (WHO  1993 ). 

 The Lithostratigraphic studies of the MGP covering parts of Uttar Pradesh and 
Bihar show that the terraces of older alluvium (Pleistocene) are free from As con-
tamination, whereas the organic rich recent alluvium deposit (Holocene) are rich 
in As content (Acharyya and Shah  2007 ; Shah  2008 ). Several studies have been 
conducted on the mobility of As in the ground water of MGP of India (Chakraborti 
et al.  2003 ; Acharyya and Shah  2004 ,  2005 ,  2007 ; Shah  2008 ; Chauhan et al. 
 2009 ; Kumar et al.  2010a ,  b ,  2012 ) but the processes leading to the mobilization 
of As into the groundwater are not properly understood. Quaternary sediments 
around the Ganges delta have high proportions of clay and contain relatively large 
amounts of organic carbon whereas Quaternary sediments in the Ganges alluvial 
tract in Uttar Pradesh and Bihar contain more sand and are much narrower than 
sediments in the Bengal basin, which may explain why they retain less As 
(Acharyya et al.  1999 ). 

 A knowledge of fl uvial processes involved in the transportation and deposition of 
geogenic contaminants passing through river sediments is of fundamental impor-
tance in the hydrogeochemistry of groundwater to enhance our understanding of the 
fate and transport of As in the MGP. It will also help to strengthen our understanding 
to make credible long-term plans for better use and management of the groundwater 
in the MGP for millions of people. The principal objective of this paper is to empha-
size the present As contamination situation in Uttar Pradesh and Bihar based on 
chemical analysis of groundwater to make immediate remedial actions to avert fur-
ther worsening of the situation. 

8.1.1     Geological Setting and Location of Study Area 

 Study area (districts: Ballia, Buxar and Bhojpur) located along the active fl oodplain 
in the MGP, States of eastern Uttar Pradesh and Bihar (Fig.  8.1 ). Middle Gangetic 
fl oodplains have numerous natural riparian features like small ponds, Oxbow lakes, 
Point bar complexes, Cut off meanders, Buried channels, and other natural depres-
sions. Ballia district (Uttar Pradesh) is situated in the alluvial plains between the 
Ganga and Ghaghara river systems. Ballia district covers 329,023 ha and lies on the 
border of Uttar Pradesh and Bihar. The Ganges fl ows along its southern border 
while the Ghaghara fl ows along its northern border, joining around at some 
60–70 km east of Ballia town. 

 Geological formation of the Bhojpur district forms a part of the Indo-Gangetic 
plain consisting of newer and older alluvial. The alluvial sediments consist of clay, 
fi ne to coarse-grained sand, kankar, gravel and have a maximum thickness along the 
present course of the Ganga.   
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8.2     Material and Methods 

8.2.1     Sampling and Field Parameter Analysis 

 A set of 84 water samples were collected in the winter season of 2012 from three 
districts namely Ballia, Buxar and Bhojpur of MGP. Geo- referencing Lat/Log of 
each tube well was done with the help of portable Global Positioning System (GPS) 
device at the time of fi eld survey. A multi-parameter instrument (HANNA HI 9828) 
was used to measure environmental variable (pH, electrical conductivity, oxidation/
reduction potential).  

 For approximate As concentration an arsenator fi eld kit (Wagtech Arsenator 
W9000167) was used for selected tube wells. Measurement of bicarbonate (HCO 3  − ) 
was done by acid titration method (APHA  2005 ) on site. Samples for analysis of 
major cations and heavy metals were fi ltered through (0.45 μm cellulose fi lter) and 
then acidifi ed with HNO 3  and other samples fi ltered but not acidifi ed were used for 
analysis of anions.  

8400 E8400 E

  Fig. 8.1    Map showing sampling locations in Ballia, Buxar and Bhojpur districts       

 

8 Arsenic Distribution and Mobilization



114

8.2.2     Laboratory Analysis of Water Samples 

 The major ions were determined in the fi ltered non-acidifi ed water sample. Dissolved 
chloride (Cl − ), soluble sulfate (SO 4  2− ), dissolved phosphate (PO 4  3− ) and nitrate 
(NO 3  − ) were analysed by the Dionex Ion-Chromatography (DX-120). Dissolved 
silicate (H 4 SiO 4 ) was measured by molybdosilicate blue method (Strickland and 
Parsons  1968 ). Atomic Absorption Spectrophotometer (AAS Thermo Scientifi c M 
Series) was used to determine metals (Na + , K + , Ca ++ , Mg ++ , Fe, Mn ++ , Zn ++  and 
Cu ++ ), total As concentration in the fi eld acidifi ed samples was determined by using 
hydride generation atomic absorption spectro-photometer (HG-AAS, <1 μg/l detec-
tion limit). A high purity reagents (Merck) and milli-Q water (Model Milli-Q, 
Biocel) were used for all the analysis.   

8.3     Results and Discussion 

8.3.1     Hydrochemistry 

 Table  8.1  shows the summary of the statistical analysis of the three districts. The pH 
values vary widely from 7 to 8 with mean value of 7.3 (ranges 7.0–8.0), 7.0 (ranges 
6.9–7.9) and 7.4 (ranges 6.7–7.9) for Ballia, Buxar and Bhojpur respectively, indi-
cating that the groundwater is generally neutral to alkaline in nature. The higher 
values of pH during end of the winter season may be due to high reactive nature of 
the soil resulting from more elemental dissolution which may alter geochemical 
conditions resulting in high arsenic concentration dissolution (Kumar et al.  2010a , 
 b ; Ramanathan et al.  2012 ). Electrical conductivity and TDS values were found 
highest in district Buxar with the mean values for TDS being 793 ± 220 mg/L 
(ranges 570–1,304 mg/L) and 992 ± 408 μS/cm (ranges 660–2,038 μS/cm) for 
EC. However the lowest values were observed in Bhojpur with mean values for 
TDS 667 ± 167 mg/L (ranges 494–1,168 mg/L) and for EC 796 ± 252 μS/cm (ranges 
516–1,559 μS/cm). Ballia has moderate values for TDS and EC with compare to 
both the places. The abundance of cations in the groundwater follows the same 
trend for Ballia, Buxar and Bhojpur (i.e. Ca ++  > Na +  > Mg ++  > K +  and for anions 
HCO 3  −  > Cl −  > SO 4  −  > NO 3  −  > PO 4   − ). The abundance of ions contributes signifi cantly 
for the water classifi cation in the MGP. The concentration of iron was found higher 
in Bhojpur with mean values 2.3 ± 1.9 mg/L (ranges 0.1–9.3 mg/L) while for Ballia 
and Buxar the concentration of Fe were 1.4 ± 1.4 and 1.6 ± 1.9 mg/L respectively. 
Zinc, Cu and Mn concentration does not vary for the three places. Arsenic concen-
tration was found higher in Ballia with the mean value of 35.1 ± 23.8 μg/L (ranges 
16.1–127.9 μg/L) while it was comparatively less 20.3 ± 13.4 and 24.3 ± 27.2 μg/L 
for Buxar and Bhojpur respectively.
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8.3.2        Hydrochemical Facies 

 Piper trilinear diagram has been used to delineate the hydrochemical facies that 
exists in the study area. It has been found that major water type that exists is 
Ca-HCO 3  which is characterized by low conductivity and evolves from water–rock 
interaction. The Ca-HCO 3  water type has been reported from all three districts of 
MGP i.e. Ballia, Buxar and Bhojpur (Fig.  8.2a–c ). This indicates the presence of 
carbonaceous sandstone and weathering of carbonate minerals. It is also supported 
by high log pCO 2  values in its comparison with the carbonate minerals (Fig.  8.4 ).   

8.3.3     Aquifer Vulnerability 

 In Ballia, all the tested samples have As concentration above 10 μg/L which is WHO 
and the Bureau of Indian Standards (BIS) notifi ed permissible limit for As. 
Similarly, for Buxar all the tested samples have As above WHO and BIS permissi-
ble limit of 10 μg/L while only 8 % of the samples are contaminated in nature. For 
Bhojpur, 66 % of the tested samples have As above 10 μg/L while 34 % water 
samples show As values below 10 μg/L and, thus, are uncontaminated in nature as 
per WHO and BIS norms. With respect to aquifer depth groundwater As concentra-
tions of ≥ 50 μg/L consistently occurs in the aquifers of depths ranging from 40 to 
160 ft and further with depth the As concentration decreases in the groundwater 
(Fig.  8.3a ). As shown in this graph the variation of As with depth shows certain 
inconsistent trends and it seems to behave in a patched manner with respect to 
groundwater As contamination. Generally, microbiological reduction of Fe oxy- 
hydroxide (FeOOH) would take place when reduction of free molecular O 2  and 
NO 3  −  has exhausted these more thermodynamically favourable oxygen sources. 
Also, waters that contain NO 3  −  do not contain detectable amounts of dissolved As 
(Nickson et al.  2000 ) and the similar scenario is very well represented in the plot 
between NO 3  −  and As (Fig.  8.3b ). With respect to HCO 3  −  concentration which 
ranges from 244 to 762 mg/L but most of the samples fall under 300–600 mg/L of 
HCO 3  −  which represents a source of dissolved organic matter and its oxidation in 
the groundwater (Fig.  8.3c ). Dissolved Fe follows a very strong correlation with As 
in Buxar (≈0.6196) and Bhojpur (≈0.6661) but in Ballia (≈0.2659) it shows a non- 
conservative behaviour with dissolved Fe (Fig.  8.3d ). The occurrence of Mn is low 
in the groundwater of MGP and does not show any consistent behaviour with 
groundwater As concentration (Fig.  8.3e ). The representation from the present data 
supports the release and mobilization of As into the groundwater through reduction 
of arseniferous iron-oxyhydroxides when anoxic conditions develop during sedi-
ment. There is no correlation between Fe and NO 3  −  like As and NO 3  -  (Fig.  8.3f ).   
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(a)

(b)

(c)

  Fig. 8.2    Piper diagrams of the groundwater of ( a ) Ballia, ( b ) Buxar and ( c ) Bhojpur       
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8.3.4     Geochemical Modelling for Mineral Phases 
Identifi cation Using PHREEQC 

 Saturation Indices (SI) values were calculated to know the different mineral phases 
present in groundwater of the three districts by using 18 parameters (viz. 
Temperature, pH, ORP, Na + , K + , Mg ++ , Ca ++ , HCO 3  − , Cl − , PO 4  3− , SO 4  2− , NO 3  − , 
H 4 SiO 4 , Fe, Zn, Cu, Mn and As (tot) ). Computer code WATEQ4F.DAT (The 
PHREEQC.DAT database extended with many heavy metals) was used to target 
metal containing minerals (Appelo and Postma  1994 ). Table  8.2  shows the SI values 

  Fig. 8.3    Relation between concentrations of As vs. ( a ) Depth, ( b ) NO 3  − , ( c ) HCO 3  − , ( d ) Fe and ( e ) 
Mn; and ( f ) Fe vs NO 3  −        
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for some of the important phases known to control the chemistry of the  groundwater. 
Oxygen and carbon dioxide are known as most important reactive gases present in 
the subsurface (Deutsch  1997 ). In the subsurface CO 2  gas, normally increased by 
factors of 100 or more, contrast with atmospheric air values due to result of oxida-
tion of organic matter (Deutsch  1997 ). Log pCO 2  values (−1.8 ± 0.27, −1.7 ± 0.30 
and −1.6 ± 0.24 at Ballia, Buxar and Bhojpur respectively) are greater than 100 
times atmospheric value 10  −3.5  atm which indicate that oxidation of organic matter 
occurs in these aquifers. The groundwater is highly undersaturated with O 2  in all the 
three locations. The groundwater is undersaturated with respect to the major As 
phases like arsenolite (As 2 O 3 ) and arsenic (V) oxide (As 2 O 5 ) along with Mn oxide 
phases like birnessite (MnO 2 ), nsutite (MnO 2 ) and pyrolusite (MnO 2 ) but they show 
near equilibrium to slightly saturated condition with rhodochrosite (MnCO 3 ) and 
revealed that these phases will remain in dissolved form once it enters the ground-
water (Mukherjee and Fryar  2008 ). Hence, these phases may be the source of arse-
nic in the groundwater in these areas.

   The groundwater is moderately to highly saturated with iron phases like goethite 
(FeOOH), hematite (Fe 2 O 3 ), magnetite (Fe 3 O 4 ), greenalite (Fe 3 Si 2 O 5 (OH) 4 ), and 
siderite (FeCO 3 ) suggesting these phases may be sink for dissolved iron (Kumar 
et al.  2010a ,  b ). However groundwater is moderately undersaturated with ferrihy-
drite (Fe(OH) 3 ) and magnetite (Fe 2 O 3 ). The groundwater is nearly equilibrium to 
slightly supersaturated with respect to carbonate phases like aragonite (CaCO 3 ), 
calcite (CaCO 3 ) and dolomite (Ca, Mg(CO 3 ) 2 ) indicating carbonate precipitation in 
the aquifers. However magnesite (MgCO 3 ) is undersaturated.  

8.3.5     Log pCO 2  vs State of Saturation 

 Log pCO 2  values were compared for all three districts with pH and found that there 
is negative correlation hence if pH increases log pCO 2  value decreases (Fig.  8.4a ). 
The dissolution of silicate minerals results in consumption of large amount of CO 2 . 
The groundwater is slightly supersaturated with quartz in all three districts. If dis-
solution of quartz is proceeded under the CO 2  closed system or in the subsurface 
then the amount of CO 2  required for the dissolution is larger than the amounts gen-
erated from biological process (Chidambaram et al.  2011 ). There is no sharp cor-
relation found between log pCO 2  and As (Fig.  8.4b ). A plot of district-wise samples 
with log pCO 2  was plotted and found that all the ranges between log pCO 2  values −1 
to −2.5. In two samples of Bhojpur log pCO 2  value was higher may be due to shal-
low wells and are in equilibrium with atmospheric CO 2 . Saturation indices of the 
carbonate minerals like aragonite (CaCO 3 ), calcite (CaCO 3 ), dolomite (CaMg(CO 3 ) 2 ) 
and magnesite (MgCO 3 ) were calculated and compared with log pCO 2  values 
(Fig.  8.4d–f ) and found that in all three districts decreasing the log pCO 2  increases 
the SI.    
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8.4     Conclusion 

 The Ca-HCO 3  water type has been reported from all the three districts of MGP i.e. 
Ballia, Buxar and Bhojpur. In MGP the aquifers fall under Pleistocene-Recent allu-
vial aquifers and the concentration of As correlates strongly with concentration of 
dissolved Fe and consistently with concentrations of HCO 3  − . This strongly suggests 
that the As in groundwater beneath the MGP is derived by reductive dissolution of 
Fe oxyhydroxides in the sediments. The groundwater was highly undersaturated 
with pO 2  whereas pCO 2  is 100 times greater than the atmospheric pCO 2  values in all 
the three locations. Groundwater was also observed to be undersaturated with 
respect to major As phases like arsenolite (As 2 O 3 ) and arsenic(V) oxide (As 2 O 5 ) 
which might have acted as the source of arsenic dissolution in the aquifer. Mn oxide 
phases like birnessite (MnO 2 ), nsutite (MnO 2 ) and pyrolusite (MnO 2 ) also indicated 
undersaturation in groundwater. Moderate to high saturation of groundwater was 

  Fig. 8.4    Relationship of log pCO 2  with ( a ) pH, ( b ) As, ( c ) area samples, ( d ) S.I. of Ballia, ( e ) S.I. 
of Buxar and ( f ) S.I. of Bhojpur       
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observed with iron phases like goethite (FeOOH), hematite (Fe 2 O 3 ), magnetite 
(Fe 3 O 4 ), greenalite (Fe 3 Si 2 O 5 (OH) 4 ) and siderite (FeCO 3 ) suggesting that these 
phases may be a sink for dissolved iron. The groundwater was nearly in equilibrium 
to slightly supersaturated with respect to carbonate phases like aragonite (CaCO 3 ), 
calcite (CaCO 3 ) and dolomite (CaMg(CO 3 ) 2 ) indicating carbonate precipitation in 
the aquifers. Log pCO 2  showed negative correlation with pH in all the three dis-
tricts. The saturation indices obtained for all carbonate minerals showed negative 
correlation with log pCO 2  values which indicated that decrease in log pCO 2  may 
have enhanced the dissolution of carbonate minerals.     
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    Chapter 9   
 Understanding Hydrogeochemical Processes 
Governing Arsenic Contamination 
and Seasonal Variation in the Groundwater 
of Buxar District, Bihar, India 

               Kushagra    ,     Manish     Kumar    ,     AL.     Ramanathan     , and     Jyoti     Prakash     Deka   

9.1            Introduction 

 The presence of high concentrations of arsenic (As) in groundwater is a worldwide 
well known environmental problem in recent years (Nriagu et al.  2007 ). Most esti-
mates of As pollution have focused on the predominance of As poisoning in the 
groundwater of West Bengal (India) and Bangladesh and thought to be limited to 
the Ganges delta (the lower Ganga plain) (Bhattacharya et al.  1997 ,  2002a ; Ahmed 
et al.  2004 ; Ben et al.  2003 ). High As in the groundwater of the Lower Gangetic 
plain of Bangladesh and West Bengal was reported by Bhattacharya et al. ( 1997 ). 
Several authors suggested that the reductive dissolution of Fe (III)-oxyhydroxides 
in strongly reducing conditions of the young alluvial sediments is the cause for 
groundwater As mobilization (Ahmed et al.  2004 ; Bhattacharya et al.  1997 ,  2002b ; 
Harvey et al.  2002 ; McArthur et al.  2001 ; Nickson et al.  1998 ,  2000 ). The reduction 
is driven by microbial degradation of sedimentary organic matter, which is a redox- 
dependent process consuming dissolved O 2  and NO 3  −  (Stumm and Morgan  1981 ; 
Bhattacharya et al.  1997 ,  2002a ,  b ; Nickson et al.  2000 ). Overall, the quality of 
groundwater depends on the composition of recharging water, the mineralogy and 
reactivity of the geological formations in aquifers, the impact of human activities 
and the environmental parameters that may control the geochemical mobility of 
redox sensitive elements in the groundwater environment (Kumar et al.  2006 ,  2007 ; 
Bhattacharya et al.  2009 ; Hasan et al.  2009 ). 
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 Globally, contaminated drinking water is the chief source of chronic human 
intoxication (Smith et al.  2000 ; Kapaj et al.  2006 ; Rahman et al.  2009 ) that may 
result in skin ailments, such as hyper pigmentation and keratosis, and progress to 
cancer and ultimately death (WHO  1993 ). The current drinking water quality 
 guideline for As is 10 μg/L (WHO  1993 ). Based on the data compilation from West 
Bengal and Bangladesh, (DPHE  1999 ) the average total As contents of fl uvio- 
deltaic sediments is 15.9 mg/kg for onshore samples and 10.3 mg/kg for offshore 
samples (Ravenscroft et al.  2005 ). Sediment core analyses show that maximum As 
concentrations are noted for the fi ne-grained sediments at shallow depths (Nickson 
 1998 ; Paranis  1997 ; AAN  1999 ; DPHE  1999 ; Ahmed et al.  2004 ; Hasan et al.  2009 ). 
The As contaminated aquifers are pervasive within lowland organic rich, clayey 
deltaic sediments in the Bengal basin and locally within similar facies in  narrow, 
entrenched river valleys within the Ganga Alluvial Plain (Acharyya and Shah  2004 ; 
Acharyya  2005 ). 

 Since the Middle Gangetic Plain is the most heavily populated area, so deteriora-
tion of health condition in this study is a matter of chief concern. Recent studies on 
the water quality in a major part of the Gangetic plains of India in the states of Uttar 
Pradesh and Bihar indicate the presence of elevated concentrations of As in drink-
ing water wells (Acharyya and Shah  2004 ; Chakraborti et al.  2004 ; Acharyya  2005 ; 
Chauhan et al.  2009 ; Sankararamakrishnan et al.  2008 ; Srivastava et al.  2008 ). 
However, as seen from the above review of these cited literatures, water quality 
parameters and their relationship to the distribution of As has not been evaluated 
especially in this region. The present study has been attempted with the following 
objectives: (1) to quantify the As in the groundwater of the Buxar district, Bihar, 
India; (2) to trace the seasonal variations of As and associated major ions over two 
consecutive years of time, and (3) to understand the mechanism controlling the 
mobilization of As and its evolution.  

9.2     Methodology 

9.2.1     Study Area Description 

 The area taken for current study falls under two neighbouring districts of Bhojpur 
and Buxar of Bihar. The region lies just south to the River Ganga under middle 
Gangetic alluvial plain amid the fl ood prone belt of Sone-Ganga interfl uves of 
Middle Ganga Plains (MGP). River Sone is a southern perennial tributary of Ganga 
and joins river Ganga at midway to Patna, capital of Bihar state (CGWB  2009 ). The 
study area is comprised of two elongated crescent shaped old river channels of 
Ganga (‘Bhagar’, local name), which is completely disconnected from main river 
course and are located opposite to each other. These channels are of different dimen-
sions, the bigger one (situated west) is a 27 km long harbouring large number of 
villages while the smaller one is Gaura Bhagar, approximately 10 km long and 
harbouring comparatively lesser population. In southern part, Dharmawati river 
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(Dehra Nadi), meets Gaura Bhagar, which is an oxbow left over portion of mean-
dered Ganga, that fi nally meets Ganga (CGWB  2009 ). A recent manmade embank-
ment between abandoned river channel and River Ganga completely  disconnects its 
link with main river. Between these two crescent shaped ponds Ganga fi rst moves 
northward and then takes a southward loop, making this region active in respect to 
sedimentary processes (Saha et al.  2009 ). 

 The annual fl ood cycle of river Ganga spread new silt over entire area that is 
considered to be good for soil fertility, which in turn supports highly dense popula-
tion. This area is known for surplus food production and intensive groundwater 
extraction to support the agriculture and drinking water need of suffi ciently high 
population. Majority of geographical area about 94,000 km 2  of Bihar fall under 
Middle Ganga Plains (MGP) (Saha et al.  2009 ). Annual rain fall in study region is 
between 1,021 and 1,080 mm, and nearly 85 % of annual rainfall is due to Southwest 
monsoon (active between June and September). There is large fl uctuation of tem-
perature (5–45 °C). Important land uses for economic activities of local people in 
the study area are subsistence agriculture including main crops of paddy, wheat, 
maize, pulses and sugarcane. Arsenic contamination is posing a serious health crisis 
after reporting of several arsenic hotspots as there is no alternative source of drink-
ing water supply other than groundwater extracted through local hand pumps. 

9.2.1.1     Hydrogeological Settings 

 The study area typically lies on thick Holocene deposits and reported to be affected 
by elevated groundwater arsenic in south-eastern part of MGP (Central Ground 
Water Board  2010 ). The newer alluvium deposition is called Diara formation. 

 The channels are not deeply incised and exposed banks are those of the recent, 
aggrading fl oodplain system and the alluvial sequences in this area range from mid-
dle Pleistocene to Holocene. The sedimentation in the narrow entrenched Sone- 
Ganga interfl uve was infl uenced by sea level fl uctuation in Holocene causing 
formation of large fl uvial lakes (Singh 2004). The older alluvium is present in the 
ground above fl ood level line in basin whereas newer alluvium is confi ned to the 
river channel and their fl ood plains. Both alluviums are distinct on the basis of 
colour and chemical composition. The newer alluvium is anoxic and composed of 
sand and silt-clay. The upper part is argillaceous (silty clay to sandy clay) and shal-
low part is made up of fi ne to medium sand with clay lenses (Saha et al.  2010 ). 
Lower alluvium is more weathered and oxidized, typically have yellowish colour 
which is indicative of oxic environment at the time of its deposition. Saha ( 2009 ) 
reported presence of quartz, muscovite, chlorite, kaolinite, feldspar, amphibole and 
goethite in newer alluvium of MGP.  

 The physiography of combined Bhojpur and Buxar districts are divided into two 
main parts, Northern Alluvium which has gentle slope toward north and fl at plains 
of south. The selected abandoned river channels for present investigation are con-
fi ned within newer alluvium entrenched channels and fl ood plains of Ganga river 
(Fig.  9.1 ). The detailed lithology of upto 300 m depth of this area is underlain by 
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multilayer sequence of aquifers alternating with aquitards like sandy-clay and clay 
represents a two-tier aquifer system. This typical two-tier system is in continuance 
across entire stretch of Ganga-Sone interfl uve (Buxar to Patna). The upper 
 100–120 m depth is marked with shallow unconfi ned aquifers, where arsenic 
 dissolution is reported. Deeper aquifers exist upto depth of 300 m which are sepa-
rated by middle clay (light yellow sandy clay) of 20–30 m thickness. The upper 
aquifer system is referred as active channel deposits and marked as newer alluvium 
(Saha et al.  2009 ; CGWB  2006 ). Shallow aquifers in this region face groundwater 
fl uctuation at moderate extent, typically 5.3 m in pre-monsoon and 3.78 m in 
 post-monsoon. Groundwater fl ow is directed towards Ganga river with sluggish 
speed. Groundwater of both shallow and deeper aquifer system are of different age, 
approximated at 40 years and 3,000 years respectively, which suggest their uncon-
fi ned and confi ned to semi-confi ned nature of aquifers and also establishes the role 
of middle clay as aquitards (Saha et al.  2009 ).   

9.2.2     Materials and Methods 

 To understand the spatial and temporal variation in groundwater chemistry of the 
study area, groundwater samples were collected from Buxar district for two con-
secutive seasons representing pre-monsoon season in January 2009 ( n  = 52) and 
post-monsoon seasons in June, 2009 ( n  = 69). All the monitoring wells were drilled 

  Fig. 9.1    Study area map showing sample location with their respective As concentration       
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where groundwater extraction is being carried out by hand pumps or tube-wells. 
The information about the age of wells was collected from local people and the 
range varied from less than 1 year to 35 years, with an average of 6 years. Similarly, 
the depth information was collected from users and it varied from 40 to 185 m. 

 Alkalinity was measured in the fi eld using a titration method. Three duplicate 
samples were collected and fi ltered using 0.45 μm Millipore membrane fi lters at 
each location. For analyses of major cations, 1 L of each sample was acidifi ed by 
adding about 8 ml of ultra-pure nitric acid to bring pH less than 2. For NO 3  −  analy-
sis, H 3 BO 3  acid was used as preservative (Kumar et al.  2009 ). The samples were 
stored at 4 °C until analysis. The analysis was done by standard techniques using 
Atomic Absorption Spectrophotometer (Shimadzu AAS) (for Na + , K + , Ca 2+  and 
Mg 2+ ) and Spectrophotometer (Shimadzu, UV-1700) (for Cl − , NO 3  −  and SO 4  2− ) 
(APHA et al.  2005 ). The precision of the chemical analyses was carefully defi ned 
by checking ion charge balance, which was generally found within ±10 %. To evalu-
ate the potential relationship between the various physicochemical parameters the 
Pearson correlation coeffi cient was used. Factor analysis for groundwater samples 
was carried out by using “Statistical Package for Social Sciences (SPSS), version-
 16.00”. “Principal component analysis” and “Varimax Rotation” were used for 
extracting and deriving factors, respectively.   

9.3     Results and Discussion 

9.3.1     General Expressions of Hydro-geochemical Data 

 The analytical results of groundwater samples of Buxar and their computed values 
have been summarized along with their standard deviation in Table  9.1 . In general, 
groundwater was found alkaline in nature with an average value of more than 7.00. 
A slight increase observed in the post-monsoon with respect to the pre-monsoon 
indicates that dissolution has been enhanced due to high interaction between soil 
and rainwater as well as due to dilution from the infl ux of rainwater of lower alka-
linity (Kumar et al.  2009 ). TDS and EC were found higher in the post-monsoon in 
terms of range but lower in their mean values. This pattern of data clearly shows that 
there are some areas affected with salt patch where additional leaching is taking 
place. On the other hand the higher average value of EC in the pre-monsoon sug-
gests the enrichment of salt due to evaporation effect in the pre-monsoon followed 
by subsequent dilution through rainwater. Very high standard deviation in EC for 
the post-monsoon also suggests the spatial variability of leaching and dilution with 
recharging rainfall water, which can be further, linked with the local variation in 
point sources, soil type, multiple aquifer system and other agriculture related activi-
ties in the area.

   In Buxar, dominant cations remain in the order of Ca 2+  > Mg 2+  > Na +  > K +  through-
out the study period. Although, clear seasonal variations were observed both in 
minimum and maximum concentrations of these cations, but the difference in mean 
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value is not signifi cant except for K +  (Table  9.1 ). This may be due to the dynamic 
change among the different hydro-geochemical processes operating in the area. 
Despite the greater resistance of potassium silicate weathering, ions are released 
during weathering but they seem to be used up in the formation of secondary miner-
als. The abnormal concentration of potassium at few places may be due to urban 
pollution and fertilizer leaching. 

 Alkalinity of water is the measure of its capacity for neutralization. Bicarbonate 
represents the major sources of alkalinity. Bicarbonate is slightly higher in post- 
monsoon period indicating the contribution from carbonate weathering process. 
There was a slight variation observed in seasonal and spatial distribution of HCO 3  −  
but very signifi cant at certain locations, may be due to contributions from carbonate 
lithology. The signifi cant increase of Cl −  in the post-monsoon substantiates the high 
leaching of salt with percolating rain water. In general, in most of the natural waters, 
SO 4  2−  is found in smaller concentrations than the Cl − . This indicates addition of 
sulfate by the breakdown of organic substances of weathered soils, sulfate leaching, 
from fertilizers and other human infl uences. 

    Table 9.1    Comparative statistical summary of hydrogeochemical parameters of groundwater in 
the pre-monsoon and post-monsoon   

 Parameters 

 Pre-monsoon ( n  = 52)  Post-monsoon ( n  = 69) 

 Mean ± SD  Range  Mean ± SD  Range 

 Eh  −173  ±  59.3  −58.2–15.6   − 165  ±  84.0  −38.7–129 
 pH  7.6  ±  0.1  7.9–8.2  7.1  ±  0.1  8.0–8.4 
 EC  417.9  ±  70.7  539.5–684.9  275  ±  197.5  514.1–1,201 
 TDS  201.5  ±  35.1  261.8–334.1  132  ±  97.7  249.2–592 
 Na +   18.3  ±  8.3  27.8–46.0  14 ± 8.1  26.1–50.3 
 K +   1.3  ±  1.0  3.4–5.1  1.9 ± 9.4  5.4–78.1 
 Mg 2+   20.2  ±  10.9  37.8–72.4  14.3 ± 8.4  31.2–60.2 
 Ca 2+   59.7  ±  25.0  104.4–156.7  41.6 ± 16.0  67.2–122.1 
 H 4 SiO 4   15.2  ±  5.5  24.4–39.9  15.7 ± 3.6  23.9–33.4 
 HCO 3  −   167.4  ±  60.6  292–387.1  184.2 ± 81.8  390.8–524.6 
 NO 3  −   1.5  ±  9.0  10–44.0  0.3 ± 31.4  18.2–170.4 
 PO 4  3−   0.03  ±  0.4  0.8–1.4  0.016 ± 1.6  1.32–10.8 
 SO 4  2−   1.9  ±  11.6  13.1–44.8  1.7 ± 29.8  17.7–152.3 
 F −   0.02  ±  0.1  0.2–0.6  0.006 ± 0.05  0.1–0.3 
 Cl −   21.3  ±  13.8  49.5–79.7  4.2 ± 9.6  16.0–46.6 
 As (T)  1.7  ±  126.9  124.5–401  0.5 ± 39.1  73.5–945.3 
 As 3+   22.4  ±  100.5  199–325  10.9 ± 10.0  132.3–392.5 
 Fe 2+   0.19  ±  6.5  6.2–22.8  0.2 ± 7.5  7.3–24.7 
 Mn 2+   0.005  ±  0.3  0.4–1.1  0.003 ± 0.3  0.5–1.8 
 Zn 2+   0.01  ±  0.2  0.1–1.0  0.005 ± 0.2  0.1–1.0 
 Tz +   3.8  ±  1.2  7.1–9.6  4.6 ± 1.3  7.5–11.3 
 Tz −   3.6  ±  1.2  6.7–9.3  4.3 ± 1.4  7.6–11.4 

  All values are in mgL −1  except pH, EC (μScm −1 ), ORP (mV), As(T) (μgL −1 ) and As 3+  (μgL −1 )  
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 Nutrients in the groundwater were found in the order of NO 3  −  > H 4 SiO 4  > PO 4  3− . 
The concentration of silica in groundwater samples showed some seasonal 
 fl uctuations. The possible explanation may be viewed in the perspective of the 
 existence of alkaline environment, which enhances the solubility of silica and 
reveals secondary impact of silicate weathering. The average value of nitrate found 
higher in the post- monsoon, may be due to leaching of NO 3  −  from fertilizers and 
biocides during irrigation of agriculture land. The PO 4  3−  in the study area was very 
low, may be because of phosphate adsorption by soils as well as its limiting factor 
nature due to which whatever PO 4  3−  is applied to the agricultural fi eld is used by the 
plants (Holman et al.  2008 ). Wheat plantation in the area consumes more PO 4  3−  
which supports our observation (Kumar et al.  2008 ).  

9.3.2     Graphical Representation of Hydro-geochemical Data 

 An overall characterization of hydro-geochemical data can be possible by knowing 
the hydro chemical facies of water, generally known as water type, using various 
plots like Durov diagram ( 1948 ), Piper ( 1944 ) tri-linear diagram, Schoeller diagram 
( 1965 ), Stiff diagram and Radial plot. Figures  9.2 ,  9.3 ,  9.4  and  9.5  traces the sea-
sonal variation in water type of groundwater samples collected in January ’09 and 

  Fig. 9.2    Piper plot showing water type in both pre- and post-monsoon season       
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  Fig. 9.3    Durov plot showing water type in Buxar district in both the seasons       

  Fig. 9.4    Schoeller plot for the groundwater samples of Buxar district       
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June ’09. There is a little change in the hydro-geochemical facies of water, as a little 
shift towards bicarbonate and alkali metals domain can be observed in the post-
monsoon with respect to the pre-monsoon samples. After plotting entire data set in 
the piper plot, the diamond fi eld suggests that Ca 2+ -Mg 2+ -HCO 3  −  type of water 
remain the major water type in the area throughout the year.     

 Durov representation in Fig.  9.3  also suggests that alkaline earths exceed alkali 
metals and weak acidic anions exceed strong acidic anions. Such water has tempo-

(Na+ + K+) (meqL-1) (Ca2 + Mg2+) (meqL-1) 

EC (mScm-1) Cl (meqL-1)

Cl (mmolL-1) (Ca2 + Mg2+) (meqL-1)

Ca2+ (meqL-1) Ca2+ (meqL-1)

Jan-09 Jun-09

  Fig. 9.5    Scatter diagram showing hydro-geochemical process governing groundwater chemistry 
in Buxar district       
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rary hardness. The positions of data points in this domain represent Ca 2+ –Mg 2+ –
HCO 3  −  water type. However, the presence of Ca 2+ –Mg 2+ –SO 4  2−  type of waters as 
well as Na + –HCO 3  −  type of waters cannot be overruled. Such water has permanent 
hardness and does not deposit residual sodium carbonate in irrigation use. Thus, 
salinity is not an issue in the area and no problem for irrigation and drinking uses. 
As far as major ions are concerned, some waters are prone to deposit residual 
sodium carbonate in irrigation use and cause foaming problems. 

 Finally, the distribution of dataset on the Schoeller plot (Fig.  9.4 ) suggests that 
most of the sampling points exhibit temporary hardness i.e. Ca 2+ –Mg 2+ –HCO 3  −  
water type. This fi nding is in line with the previous work. In addition Schoeller plot 
suggests that it is Na +  and Cl −  that varies a lot and differs most from sample to 
sample. Thus the impacts of irrigation return fl ow and landuse in the fl oodplain of 
Buxar is getting prominent. It also suggests that, while Ca 2+ -Mg 2+  and HCO 3  −  seem 
to originate from geological processes, Na + , Cl −  and sulfate are mainly anthropo-
genic induced that makes difference between the sampling locations.  

9.3.3     Identifi cation of Hydro-geochemical Process 

 The hydro-geochemical data are subjected to various conventional graphical plots 
in order to identify the hydro-geochemical processes and mechanisms in the aquifer 
region of study area. 

 Silicate weathering can be understood by estimating the ratio between Na + +K +  
and total cations (TZ + ). The relationship between Na + +K +  and total cations (TZ + ) of 
the area indicates that the majority of the samples are plotted much above the 
Na + +K +  = 0.5TZ +  line (Fig.  9.5a ) indicating the involvement of silicate weathering 
(Stallard and Edmond  1983 ). Furthermore, weathering of soda feldspar (albite) and 
potash feldspars (orthoclase and microcline) may contribute Na +  and K +  ions to 
groundwater. Feldspars are more susceptible for weathering and alteration than 
quartz in silicate rocks. 

 Further, Ca 2+ +Mg 2+  vs total cations (TZ + ) plot of groundwater samples (Fig.  9.5b ) 
has a linear spread mostly on or above 1:1 equiline (Ca 2+  + Mg 2+  = TZ + ) which indi-
cates that Ca 2+  and Mg 2+  are major contributing cations to the groundwater of the 
area resulting from the weathering of carbonate minerals. In the groundwater of 
Buxar alkali metals are not as abundant as that of alkaline earth metals that may be 
due to its fi xation in the formation of clay minerals. The source of Ca 2+ +Mg 2+  could 
be weathering and dissolution of carbonate and sulphate minerals like calcite, dolo-
mite and gypsum. 

 The molar ratio of Na + /Cl −  for groundwater samples of the study area generally 
ranges from 0.03 to 3.92 (Fig.  9.5c ). As most of the samples having Na + /Cl −  molar 
ratio below 1 are found in the post-monsoon indicating halite dissolution in the 
post-monsoon, which is replaced by silicate weathering in the pre-monsoon at few 
locations where ratio is found above 1. The trend of EC vs Na + /Cl −  scatter diagram 
of the groundwater samples shows that the trend is inclined, which indicates that 
evaporation may not be the major geochemical process controlling the chemistry of 

Kushagra et al.



135

groundwater. The sodium versus chloride (Fig.  9.5d ) plot indicates that most of the 
pre-monsoon samples lie slightly above the equiline. The excess of Na +  is attributed 
from silicate weathering (Stallard and Edmond  1983 ) while the post-monsoon 
 samples are lying below it, indicating that evaporation may have led to the addition 
of Cl −  in the post-monsoon due to water level rise which causes more salt dissolu-
tion from the soil. Na +  concentration is also being reduced by ion-exchange. Hence 
Na +  and Cl −  do not increase simultaneously. The samples in both the pre and post 
monsoon seasons do not show increasing trend of Ca + Mg with salinity (Fig.  9.5e ), 
indicating that reverse ion exchange is the dominant process. 

 The carbonates from various sources might have been dissolved and added to the 
groundwater system with recharging water during irrigation, rainfall or leaching 
and mixing processes. In Ca 2+ +Mg 2+  vs SO 4  2−  + HCO 3  −  scatter diagram (Fig.  9.5f ), 
the points falling along the equiline (Ca 2+ +Mg 2+  = SO 4  2−  + HCO 3  − ) suggest that these 
ions have resulted from weathering of carbonates and silicates (Rajmohan and 
Elango  2004 ; Kumar et al.  2006 ,  2009 ). Most of the points, which are placed in the 
Ca 2+ +Mg 2+  over SO 4  2−  + HCO 3  −  side, indicate that carbonate weathering is the domi-
nant hydro-geochemical process, while those placed below the 1:1 line are indica-
tive of silicate weathering. The plot of Ca 2+ +Mg 2+  versus SO 4  2−  + HCO 3  −  suggests 
that most of the points in the post-monsoon seasons are placed in the Ca 2+ +Mg 2+  
over SO 4  2−  + HCO 3  −  side, indicating that carbonate weathering is the dominant 
hydro-geochemical process. 

 Figure  9.5f  also suggests that the dissolutions of calcite, dolomite and gypsum are 
the dominant reactions in a system. Ion exchange tends to shift the points to right due 
to an excess of SO 4  2−  + HCO 3  −  (Cerling et al.  1989 ; Fisher and Mulican  1997 ). If 
reverse ion exchange is the process, it will shift the points to the left due to a large 
excess of Ca 2+ +Mg 2+  over SO 4   2−  + HCO 3  − . The plot of Ca 2+ +Mg 2+  versus SO 4  2−  + HCO 3  −  
shows that most of the groundwater samples of the post-monsoon were below the 1:1 
line except few samples which do indicate reverse-ion exchange that is the case with 
pre-monsoon samples. A possibility of calcite weathering by sulfuric acid is also 
there as indicated by Ca 2+  and SO 4  2−  ratio (Fig.  9.5g ). Sulphuric acid may be pro-
duced by SO x  emission dissolved in rain from automobile and industrial sources. 

 The presence of carbonic acid and sulphuric acid enhances weathering reactions. 
If the weathering of carbonates is by carbonic acid, the equivalent ratio of dissolved 
Ca 2+  and HCO 3  −  in the groundwater resulting from calcite weathering is 1:2, whereas 
for dolomite weathering it is 1:4. If sulphuric acid is the weathering agent, then the 
Ca 2+ :SO 4  2−  ratio is almost 1:1 (Das and Kaur  2001 ). In Ca 2+  vs HCO 3  −  scatter dia-
gram (Fig.  9.5h ), only few groundwater samples fall along the 1:2 line and most of 
them lie above the 1:1 equiline.  

9.3.4     Distribution of Arsenic 

 In both the pre and post monsoon seasons, it was observed that As decreased with 
increase in HCO 3  −  (Fig.  9.6a ), the reason could be due to the fact that As and HCO 3  −  
compete with each other for adsorption at the mineral surfaces, e.g. Fe/Mn 
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oxyhydroxides, clay minerals, and weathered mica. The relationship between As 
and Fe is shown in the plot (Fig.  9.6b ). Only a few samples of post and pre monsoon 
fall close to the equiline, indicating a linear relationship between the samples. 
However majority of the samples do not show a linear relationship between As and 
Fe.  

 The plot of Depth versus As (Fig.  9.6c ) shows that maximum As concentration is 
observed at shallow depths between 50 and 100 m. As decreases with an increase in 
depth of over 100–150 m. The reason could be the existence of Fe-oxyhydroxide 
layer and organic matter at shallower depths. The scatter plot between As vs NO 3  −  
(Fig.  9.6d ) shows that As concentration in both the pre and post monsoon seasons 
are high, but the concentration of NO 3  −  are low. This indicates that NO 3  −  is a donor 
of oxygen for microbial degradation of organic matter, and facilitates As release. 

 Overall, these observations suggest that the high As concentrations in the lower 
catchment of the Ganges river are a result of multiple source areas and the likelihood 
of related mechanisms of mobilization across the entire fl ood plain. The As concen-
tration <50 μg/L in the central portion and >50 μg/L in the Buxar district could be 

  Fig. 9.6    Scatter plot showing relationship between ( a ) total As vs HCO 3  − , ( b ) total As vs Fe, ( c ) 
total As with depth and ( d ) As with NO 3  −        
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possibly due to an accumulation of coarser sediment along a Holocene course of the 
river or due to some local effects. This indicates that how depositional environment 
and geological age are important factors in controlling As mobilization. 

 The depth distribution of As shows similar observations reported by Bhattacharya 
et al. ( 2009 ) where a maximum As concentration was observed at a depth of 
20–40 m where the active terminal electron accepting processes (TEAPs) drive the 
As mobilization (Bhattacharya et al.  2002a ,  2006 ,  2009 ; McArthur et al.  2001 ; 
Mukherjee et al.  2006 ; Dhar et al.  2008 ; Zheng et al.  2004 ). High concentration of 
As is associated with low concentration of HCO 3  −  in the well waters at depth 
between 10 and 20 m (Fig.  9.6a ). The low concentration of HCO 3  −  between 10 and 
20 m depth corresponds to the most important anion species, which competes with 
As for adsorption sites at mineral surfaces (e.g., Fe/Mn oxyhydroxides, clay miner-
als, and weathered mica), consequently releasing As into the groundwater (Charlet 
et al.  2007 ). Moreover, the reduction of arseniferous Fe-oxyhydroxides may be 
coupled to precipitation of Fe 2+  as FeCO 3  (Sracek et al.  2004 ; Bhattacharya et al. 
 2001 ) when anoxic conditions develop during microbial oxidation of sedimentary 
organic matter (Bhattacharya et al.  1997 ) and may be responsible for poor relation-
ship between As and iron. This assessment is supported by poor correlation between 
As and NO 3  −  (Fig.  9.6d ), which reveals that apart from dissolved O 2 , NO 3  −  is ther-
modynamically favoured electron acceptor for microbial degradation of dissolved 
organic materials (Drever  1997 ) in the shallow aquifers (HP) of Buxar district. 
Biomediated reductive dissolution of hydrated iron oxide (HFO) by anaerobic het-
erotrophic Fe 3+  reducing bacteria (IRB) play an important role in release of sorbed 
As to groundwater (Nickson et al.  1998 ).  

  Fig. 9.7    3d plot PCA analysis of groundwater samples of ( a ) January and ( b ) June 2009       
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9.3.5     Statistical Analysis 

 In the month of January 2009 (Fig.  9.7a ), i.e. the post-monsoon season, it is observed 
that NO 3  − , Mg 2+  and Fe 2+  have positive loading on the component one. The reason 
could be the existence of a reducing or anoxic condition after precipitation, high 
NO 3  −  facilitates the decomposition of organic matter and a reducing condition. 
Component two has high loadings by EC and TDS, indicating that silicate and 
 carbonate  weathering are the major processes controlling the chemistry of water. 
PO 4  3−  and Mn 2+  show positive loadings on component three. In component four, 
total arsenic and arsenite show positive loadings, while H 4 SiO 4  and F show negative 
loading, indicating the presence of anion exchange as a process for the release of 
As 3+  in water. Component 5 has high loading by Cl − , due to dilution by 
precipitation.  

 In the month of June 2009 (Fig.  9.7b ), in the pre monsoon season, high positive 
loadings on component one is shown by EC, TDS, indicating a low water table, and 
concentration of the ions. Component two has high loadings by total arsenic and 
arsenite; F −  and HCO 3  −  have high loading on component three. It indicates the pres-
ence of carbonate dissolution, which can be a source of F −  and HCO 3  − .   

9.4     Conclusion 

 The groundwater quality depends mainly on composition of recharging water, the 
mineralogy and reactivity of the geological formations in aquifers, and the impact 
of human activities. Arsenic contamination in groundwater in the Ganga- 
Brahmaputra fl uvial plains in India becomes major concern for India. As contami-
nation depends upon Red-ox potential (Eh), adsorption/desorption, precipitation/
dissolution, presence and concentration of competing ions, biological transforma-
tion, etc. Environmental conditions may also affect the geochemical mobility of 
certain constituents. As concentration decreased with increase in HCO 3  −  may be 
due to the fact that As and HCO 3  −  compete with each other for adsorption at the 
mineral surfaces. As and Fe did not have signifi cant co-relation indicating their 
independent source. Maximum As concentration is observed at shallow depths 
between 50 and 100 m. As decreased with an increase in depth of over 100–150 m. 
The reason could be the existence of Fe-oxyhydroxide layer and organic matter at 
shallower depths. Low concentration of NO 3  −  indicates that NO 3  −  is a donor of oxy-
gen for microbial degradation of organic matter, and facilitates As release. 
Depositional environment and geological age are important factors in controlling 
As mobilization. 

 Hydro-geochemical study showed that carbonate weathering is the main gov-
erning process controlling groundwater quality in the Buxar district. Groundwater 
in the district is mainly Ca 2+ -Mg 2+ -HCO 3  −  type which remains the major water 
type in the area throughout the year. There is a little change in the hydro-geo-
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chemical facies of water, as a little shift towards bicarbonate and alkali metals 
domain can be observed in the post-monsoon with respect to the pre-monsoon 
samples. Salinity is not an issue in the area thus no problems for irrigation and 
drinking uses as far as major ions are concerned. Though hardness may be a 
concern which may create problem for irrigation purpose, it can also cause foam-
ing problems.     
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    Chapter 10   
 Chemical Characteristics of Arsenic 
Contaminated Groundwater in Parts 
of Middle-Gangetic Plain (MGP) 
in Bihar, India  

             Sanjay     Kumar     Sharma     ,     AL.     Ramanathan    , and     V.     Subramanian   

10.1            Introduction 

 Groundwater is the primary source of water for domestic, agricultural and industrial 
uses in many countries. Water resources of good quality are becoming an important 
issue being vital to health, safety and socio-economic development of man. The ris-
ing demands for hygienic water often cannot be met by surface water supplies. This 
has led to increased dependence on groundwater resources in many parts of the 
world. Hence suitable quantity and quality of groundwater become a more crucial 
alternative resource to meet the drastic increase in social and agricultural develop-
ment and to avoid the expected deterioration of groundwater quality due to heavy 
abstraction for miscellaneous uses. Water quality and its management have received 
added attention in developing countries. Further intensive use for irrigation makes 
groundwater a critical resource for human activities. Thus water remains the princi-
pal driver for development in South Asia. 

 The shallow aquifers (~50 m depth) in the Gangetic alluvial deposits encounter 
intensive groundwater draft. The middle Ganga plain (MGP) covering about 89 % 
geographical area of Bihar (~94,000 km 2 ) holds potential alluvial aquifers. The 
tract is known for surplus food production and intensive groundwater extraction 
for drinking, irrigation, and industrial uses. Chemical quality plays a signifi cant 
role in groundwater resource management in Bihar as the entire drinking and a 
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major part of irrigation consumption is extracted from Quaternary aquifers (Saha 
 1999 ). Chemical composition of groundwater is controlled by many factors that 
include composition of precipitation, geological structure and mineralogy of the 
watersheds and aquifers, and geological processes within the aquifer (Andre et al. 
 2005 ). However, in a groundwater system of alluvial nature, anthropogenic infl u-
ences may mask the normal chemical alteration trends. The impact of agricultural 
practices and domestic waste disposal pose a major threat to quality of shallow 
groundwater. 

 Groundwater arsenic contamination in fl uvial plains of India and Bangladesh 
and its consequences to the human health have been reported as one of the world’s 
biggest natural groundwater calamities to mankind. Arsenic (As) occurrence in 
natural waters is the result of natural or anthropogenic sources, natural sources 
being the major cause of environmental As problems (Smedley and Kinniburgh 
 2002 ). Natural As in groundwater at concentrations above the drinking water stan-
dard of 10 μg/L is not uncommon. Extensive spread of As-contaminated areas in the 
Bengal basin and parts of the Ganga plain, which are virtually free of industrial, 
mining, or thermal water activities, and reports of similar problems in other deltas 
and fl oodplains suggest that As-contamination in groundwater in fl ood-delta region 
is geogenic. Recent studies have linked the occurrence of arsenic in aquifers with 
regional geology and hydrogeology, the most serious contamination being in allu-
vial/fl uvial or deltaic plains (Mandal et al.  1996 ; Bhattacharya et al.  1997 ,  2004 , 
 2009 ; Nickson et al.  2000 ; Acharyya  2002 ; Ahmed et al.  2004 ; Nath et al.  2008 ; 
Chauhan et al.  2009 ; Kumar et al.  2010 ; Bhowmick et al.  2013 ). The most common 
process that explains the As mobilization is the reductive dissolution of iron and 
oxides/hydroxide minerals and subsequent release of As into the groundwater, 
which occurs under anaerobic conditions (Bhattacharya et al.  1997 ; Nickson et al. 
 2000 ; Zheng et al.  2004 ; Mukherjee et al.  2008 ). Holocene alluvial sediment with 
slow fl ushing rate is one of the signifi cant contributors to As enrichment in ground-
water (Nordstrom  2002 ). The As-contaminated areas, in the Ganga plain, are exclu-
sively confi ned to the Newer Alluvium (Holocene). 

 The investigated area is located in the middle Ganga plain, amid the fl ood-prone 
belt of Sone-Ganga interfl uve region. The Quaternary deposits within 300 m below 
ground in As affected areas in Sone–Ganga interfl uve is two-tier aquifer system as 
revealed by hydrostratigraphic analysis. The upper part of the shallow aquifer 
(within ~50 m bgl) is affected by groundwater As contamination (Saha  2009 ). 
Tracts of As-polluted areas are reported from adjoining parts of eastern Uttar 
Pradesh (U.P.), and northern parts of Jharkhand states, which are located in the 
middle section of the Ganga alluvial plain and of the deltaic Bengal basin located in 
lower Gangetic plain. 

 The paper intends to evaluate the natural and human induced chemical processes 
in the shallow alluvial aquifers and characterize the groundwater in parts of Bhojpur 
district in Bihar. A detailed periodic investigation was carried out to appraise the 
groundwater chemistry of As-contaminated aquifers. This study also investigates 
the mechanisms of As mobilization from Quaternary sedimentary aquifers in parts 
of MGP and its enrichment in the local groundwater.  
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10.2     Materials and Methods 

10.2.1     Site Description 

 The study was carried out in two rural residential areas namely Semaria Ojha Patti 
and Kastulia in northern Bhojpur district of Bihar, India (Fig.  10.1 ). Bhojpur district 
lies between 25°10′ to 25°40′N and from 83°45′ to 84°45′E inhabiting population 
of 22,33,415 with population density 903 km −2 . The study area is located in the 
middle-Gangetic alluvial plain amid the fl oodprone belt of Sone-Ganga interfl uve 
region at about 8 km south of the Ganga river. Sone river, a right-hand perennial 
tributary of the Ganga, fl ows along the eastern boundary of the study area whereas 
the northern, southern and western boundaries are marked by the Ganga course. 
This region has some of the most fertile soil found in the country as new silt is con-
tinually laid down by the rivers every year. Annual normal rainfall in this part of 
MGP is 1,061 mm. The period of general rains (southwest monsoon) usually starts 
in third week of June with a sudden rise of relative humidity to over 70 % and a fall 
in temperature between about 5 °C and 8 °C from about 35 °C. The rainfall 

  Fig. 10.1    Study area maps showing sampling location and its physiographic features.  UGP  Upper 
Gangetic Plain,  MGP  Middle Gangetic Plain,  LGP  Lower Gangetic Plain       
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continues with intermissions till the end of September or the early part of October 
providing over 85 % of the annual rainfall.  

 Semaria Ojha Patti (~4 km 2  in area) and Kastulia (~3 km 2  in area), with popula-
tion of 3,500 inhabitants and 1,500 inhabitants, respectively, are remote agricultural 
regions located at nearly 30 km from Ara, the district’s headquarter lying between 
two major important cities Patna and Buxar in the MGP in Bihar. Important land 
uses for economic activities to the local people in the study area are subsistence 
agriculture and pastoral production. Numerous mechanical bore-wells were found 
in the area drilled by farmers for irrigation. The depth of these wells ranges from 30 
to 60 m yielding few litres to 30 L/s of water. The main cultivation for livelihood 
sustenance is focused on paddy, wheat, maize, pulses, and some cash crops (e.g. 
sugarcane) which are water intensive. The irrigation demand is largely met by the 
extraction from shallow aquifers in the area. There are no potable water supply 
networks in these rural localities; hence people rely mostly on groundwater extracted 
through hand-pumps and dug-wells.  

10.2.2     Hydrogeological Settings 

 The MGP is predominantly alluvial deposits of Quaternary age. Most parts of the 
MGP are characterized by a rapidly fi lling and aggradational regime. The channels 
are not deeply incised in this area, and exposed bank sediments are those of the 
recent, aggrading fl oodplain system and the alluvial sequences in this area range in 
age from Middle Pleistocene to Holocene (Sinha et al.  2005 ). The sedimentation in 
the narrow and entrenched Sone-Ganga interfl uve region of the active middle- 
Gangetic fl ood plain was infl uenced by sea level fl uctuation during the Holocene, 
causing increased aggradations and formation of large fl uvial lakes and swamps 
(Singh  2001 ). A higher sediment supply in the MGP may be a function of, apart 
from its greater proximity to the Himalayan front in the north, a higher crustal short-
ening rate and a higher average Holocene uplift rate (Lave and Avouac  2000 ). The 
newer alluvium, as distinct from the older unit, is characteristically unoxidised and 
consists of sand and silt-clay, which were mainly deposited in a fl uvial and fl uvio- 
lacustrine setting (Acharya  2005 ). The upper succession of the newer alluvium is 
predominantly argillaceous (silty clay or sandy clay), followed by fi ne to medium 
sand with occasional clay lenses forming the shallow aquifer (Saha et al.  2010 ). The 
As is generally associated with many types of mineral deposits and in particular 
those containing sulphide minerals such as arsenopyrite. However, elevated concen-
trations are sometimes found in fi ne grained argillaceous sediments and phospho-
rites (Thornton  1996 ). 

 X-ray Diffractrometry results of As-safe older alluvial and As-contaminated 
newer alluvial soil samples from the MGP reveals presence of minerals such as 
quartz, muscovite, chlorite, kaolinite, feldspar, amphibole and goethite (Shah  2008 ). 
The study area is confi ned within newer alluvium entrenched channel and fl ood-
plain of the Ganga river (Fig.  10.1 ). The area is underlain by a multi-layer sequence 
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of sand (aquifer) alternating with aquitards like sandy-clay and clay, down to depth 
of 300 m. In the Sone-Ganga interfl uves region, the Quaternary deposits within 
300 m below ground exhibit two-tier aquifer system. The shallow aquifer system is 
confi ned within 120–130 m depth, followed by a laterally continuous 20–30 m thick 
clay/sandy-clay zone forming the aquitard. The deeper aquifer system exists below 
this aquitard, which continues down to 240–260 m below ground (Saha  2009 ). The 
shallow aquifer system is referred as active channel deposit and marked as newer 
alluvium. The groundwater in deep aquifer remains under confi ned to semi- confi ned 
condition in the affected Bhojpur district as revealed by the pumping test carried out 
by Saha ( 2009 ). The deep aquifer can, therefore, be developed for safe community 
based drinking water supply in the area.  

10.2.3     Sampling, Field Measurements 
and Laboratory Analyses 

 A total of 20 groundwater samples were collected from 20 shallow wells (≤55 m 
depth) located in residential houses within the study areas based on general survey 
of water quality from the occupants of the respective houses during August 2006–
May 2009. Sampling locations were chosen on the basis of availability of wells and 
in a manner such that the whole study area is uniformly covered. The wells’ loca-
tions are shown in Fig.  10.1 . Some wells were selected from the houses where resi-
dents reported symptoms of arsenic poisoning. This was with a view of evaluating 
the quality and safety of the water being consumed, from elemental composition 
and possible health implication perspectives. The samples were collected from 
hand-pumps and few active dug-wells. First, the water was left to run from the sam-
pling source (hand-pump) for 4–6 min to pump out the volume of water standing in 
the casing before taking the fi nal sample and then water samples were collected in 
pre-cleaned, acid sterilized high density 250 ml polypropylene bottles. The physical 
parameters namely pH, Eh, EC and TDS were measured in-situ by portable corre-
sponding digital instruments. Further, water samples were fi ltered through 0.45 μm 
Millipore membrane fi lter papers and immediately preserved in portable ice-box to 
minimize chemical alteration until they were brought at the earliest possible to the 
laboratory where the samples were kept at 4 °C in a thermostatic cold chamber until 
further processing and analyses. About 100 ml of sample was acidifi ed with ultra-
pure HNO 3  (2 % v/v) to pH ~2 to stabilize the dissolved metals and rest of the por-
tion was kept unacidifi ed. Additional samples were collected in chromic-acid-washed 
brown glass bottles and fi ltered with glass-fi bre (GF/C) fi lter papers for the analysis 
of dissolved organic carbon (DOC). 

 Cations were analyzed in the acidifi ed fraction, whereas the unacidifi ed fraction 
was used for the analysis of anions. Bicarbonate content was determined following 
the potentiometric titration method (Clescerl et al.  1998 ). Anions and cation (NH 4  + ) 
were analyzed by Dionex ICS-90 Ion Chromatograph using the specifi c analytical 
columns “IonPac AS12A (4 × 200 mm)” for anions and “IonPac CS12A 
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(4 × 250 mm)” for cations. Dissolved silica (H 4 SiO 4 ) and DOC were determined 
from the unacidifi ed water samples by the molybdosilicate method (Clescerl et al. 
 1998 ) and the vial digestion method using COD reactor, respectively; fi nally, absor-
bance measurements were carried out using a Cecil Spectrophotometer (model no. 
594) for both the parameters. Metals such as Na, K, Ca, Mg, Fe and Mn were mea-
sured by Shimadzu AA-6800 Atomic Absorption Spectrophotometer (AAS) in 
Flame mode of analysis, whereas total dissolved As were quantifi ed using AAS 
coupled with on-line hydride generator (HG). Samples were added with 20 % (w/v) 
KI (2 mL in 20 mL sample) and kept for 15 min reaction period for the reduction of 
As(V) to As(III) prior to the analysis. Further, As(III) was reduced to arsine (AsH 3 ) 
by on-line HG using 1 % (w/v) NaBH 4  in 0.1 % (w/v) NaOH and 5 M HCl as buffer 
solution. The inclusion of on-line HG generally increases the sensitivity of detec-
tion and reduces the possible interferences from the sample matrix. Merck-certifi ed 
standard solutions and AnalR grade chemicals were used for quality control during 
analyses. Milli-Q water was used during processing and analyses of the samples. 
Standards for major and trace elements were analyzed as unknown intermittently to 
check precision as well as accuracy of the analysis and the precision was ≤5 %. The 
AAS was programmed to perform analyses in triplicates and RSD was found within 
±3 % in most of the cases refl ecting the precision of the analysis. The computed 
ionic balance errors for the analytical database were observed within a standard 
limit of ±5 % attesting good quality of the data.   

10.3     Results and Discussion 

10.3.1     Groundwater Chemistry 

 Chemical characteristics of groundwater as observed during investigation period in 
the study area are statistically presented in Table  10.1 . Groundwaters are character-
ized as nearly neutral to moderately alkaline with pH ranging 7.5–8.3 (mean 7.9). 
The lower redox potential (Eh) recorded in groundwater wells (−41 mV to −15 mV; 
mean ~ −23 mV) suggest that groundwater in the studied area of MGP was under 
moderately reducing condition perhaps induced by frequent fl ooding in the region. 
The moderately reducing aquifer condition in the area is further confi rmed by 
 considerable presence of other redox-sensitive elements such as Fe and Mn 
 discussed in next section. Signifi cant variations in chemical composition indicate 
high salinity in many of the groundwaters, with total dissolved solids (TDS) ranging 
375–1,087 mg/L (mean 602 mg/L) and conductivity (EC) in the range 581–1,643 μS/
cm (mean 943 μS/cm). Higher EC implies intensive mineralization in groundwater. 
Irrigation increases the salinity of irrigation-return-fl ow from three to ten times that 
of the applied water (Todd  1980 ). Since irrigation is the primary user of water, 
 irrigation-return-fl ow may be the major cause of groundwater pollution in the study 
area. Further recycling of saline groundwater for irrigation may result in a progres-
sive increase in soil and groundwater salinity.
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   Major ion composition showing a wide range of variations in the parts of 
 middle- Gangetic alluvial aquifers is dominated by HCO 3  −  (253.49–519.60 mg/L, 
mean 386.63 mg/L) and in lower proportion by Cl −  (8.48–155.23 mg/L, mean 
44.64 mg/L). Concentrations of NO 3  −  (3.03–133.80 mg/L, mean ~34.5 mg/L) and 
SO 4  2−  (3.99–94.56 mg/L, mean 27.56 mg/L) were relatively low in the samples, 
except for some locally high occurrences, contributing 0.75–13.61 % (mean 5.64 %) 
and 1.27–23.33 % (mean 6.33 %), respectively to the total anions. The dominance 
of HCO 3  −  accounting for 50.23–93.33 % (mean ~75 %) of the total anions, classifi es 
the area as a recharge zone (Subba Rao  2007 ). The elevated HCO 3  −  refl ects an 
apparent lithological control of major ion composition in groundwaters. Hence, this 
infers a dominance of mineral dissolution in the aquifers (Stumm and Morgan 
 1996 ). High HCO 3  − concentrations are typical features of many of these groundwa-
ters that can be attributed to the dissolution of carbonate via biodegradation of 
organic matter under local reducing condition and reaction of silicates with car-
bonic acid. The origin of Cl −  derives mainly from the non-lithological sources and 
can also be contributed, especially, from the surface sources through the domestic 
wastewaters, septic tanks, irrigation-return fl ows and chemical fertilizers (Hem 

     Table 10.1    Statistical chemical characteristics of groundwater in parts of middle-Gangetic plain 
in the state of Bihar, India    

 Parameters  Unit  Minimum  Maximum  Average  Std. Dev. 

 Depth  m  15.24  54.86  27.36  13.4 
 pH  pH unit  7.5  8.3  7.9  0.3 
 Eh  mV  −41  −15  −23  6.2 
 E.C.  µS/cm  581  1,643  943  269 
 TDS  mg/L  375  1,087  602  179 
 Na +   mg/L  26.95  94  37.1  16.7 
 K +   mg/L  4.51  119.91  20.99  32.4 
 Mg 2+   mg/L  20.31  41.93  31.67  7.4 
 Ca 2+   mg/L  49.19  119.62  78.26  19.9 
 HCO 3  −   mg/L  253.49  519.6  386.63  72 
 F −   mg/L  0.22  1.37  0.47  0.3 
 Cl −   mg/L  8.48  155.23  44.64  41.1 
 NO 3  −   mg/L  3.03  133.8  34.55  32.8 
 PO 4  3−   mg/L  0.27  1.36  0.65  0.3 
 SO 4  2−   mg/L  3.99  94.56  27.56  23.4 
 H 4 SiO 4   mg/L  27.35  41  34.49  3.8 
 DOC  mg/L  0.98  5.25  3.22  1.2 
 NH 4  

+   mg/L  0.2  4.08  1.49  1.1 
 Fe  mg/L  0.227  4.728  1.037  1 
 Mn  mg/L  0.042  0.231  0.099  0.1 
 As T   µg/L  21.96  190.21  83.57  46.8 
 pCO 2   atm  −2.67  −1.7  −2.21  0.3 
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 1991 ). The Cl −  contribution of 3.88–28.14 % (mean ~13 %) to the total anions in 
groundwater of the study area may be attributed to the infl uences of irrigation 
return-fl ows and chemical fertilizers. The agricultural activity is intensive and long-
term, and no other sources are evident in the area. The NO 3  −  can be a direct indicator 
of anthropogenic contaminants from agricultural land uses and Cl −  also indicates 
the same source because salinization due to seawater intrusion or brines from deep 
aquifers would not be expected in the newer alluvial regime. 

 Natural NO 3  −  sources are minor which include low concentration soil NO 3  −  from 
decay of sparse, natural vegetation and nitrogen-bearing rock units. Indeed, 25 % of 
the groundwater samples exceeds drinking water limit of 45 mg/L NO 3  −  (BIS  2003 ). 
In natural conditions, mainly from the non-lithological sources, the concentration of 
NO 3  −  does not exceed 10 mg/L in the water (Ritzi et al.  1993 ). The observed higher 
concentrations exceeding 10 mg/L, in 80 % of the monitored locations, refl ect the 
man-made pollution (Hem  1991 ), apparently due to application of fertilizers tar-
geted for higher crop yields in the study area. The shallow aquifers in Ganga 
Alluvial Plain at places are known for high NO 3  −  load (Handa  1983 ), often exceed-
ing the limit for human consumption (45 mg/L) prescribed by BIS ( 2003 ). The 
SO 4  2−  is likely to be contributed by multiple sources, such as atmospheric deposi-
tion, agricultural activities and pyrite oxidation (N’egrel and Pauwels  2004 ). In gen-
eral, high SO 4  2−  concentrations may be derived either by sulphide or SO 4  2−  weathering 
(Stallard and Edmond  1987 ). Because the shallow aquifers in the area were 
recharged from the irrigated agricultural fi eld and were not affected by seawater, it 
might also possibly be inferred that SO 4  2−  dissolved in groundwaters were derived 
from agricultural activities and decomposition of organic matter. Higher SO 4  2−  con-
centrations in some cases may partly be attributed to pyrite oxidation. High levels of 
Cl −  and SO 4  2−  generally observed together with high NO 3  −  levels in shallow ground-
waters of agricultural areas are reported to be derived from fertilizers (Chae et al. 
 2004 ). Thus the observed higher concentrations of Cl − , SO 4  2−  and NO 3  −  are an indi-
cation of man-made source, as also reported by Hem ( 1991 ). 

 The PO 4  3−  concentrations, on the other hand, are fairly low (0.27–1.36 mg/L, 
mean 0.65 mg/L) accounting for 0.09–0.63 % (mean 0.25 %) to the total anions. 
Under natural conditions, the dissolved phosphate (PO 4  3− ) concentration should 
not exceed 0.5 mg/L, as the solubility of phosphate mineral is limiting 
(Subramanian  1984 ). High concentrations in some wells are apparently due to 
anthropogenic infl uences including use of fertilizers in copious quantities to 
increase agricultural output. Contamination sources from household activities, 
such as sewage and large- scale livestock feedlots also appear to contribute to the 
contamination, because the area is devoid of proper sewage system. The concen-
tration of F −  in groundwaters varied signifi cantly from 0.22 to 1.37 mg/L (mean 
0.47 mg/L), contributing 0.12–0.87 % (mean 0.32 %) to the total anions. The F −  in 
drinking water has a narrow optimum concentration range in relation to human 
health. While a moderate concentration range between 0.7 and 1.2 mg/L prevents 
dental caries, higher concentrations are responsible for dental and skeletal fl uoro-
sis (Marimon et al.  2007 ). Mere 5 % of the samples exceeded drinking water qual-
ity limit of 1.0 mg/L recommended by BIS ( 2003 ). Elevated concentration in 
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some of the groundwater samples could be attributed to the weathering of 
 F − -bearing minerals such as micas and amphiboles in the rocks. 

 The concentrations of major cations such as Ca 2+ , Mg 2+ , Na +  and K +  ions in the 
groundwater samples varied between 49.19–119.62 mg/L, 20.31–41.93 mg/L, 
26.95–94.00 mg/L and 4.51–119.91 mg/L, with mean values of 78.26, 31.67, 37.10 
and 20.99 mg/L, respectively. Their concentrations (on an equivalent basis) repre-
sent 28.34–53.07 %, 20.93–39.11 %, 12.38–27.60 % and 1.03–22.80 % with mean 
values ~46 %, ~31 %, ~18 % and ~5 % of the total cations, respectively. The 
observed excess of Na +  over K +  is because of the greater resistance of K +  to chemi-
cal weathering and its adsorption on clay minerals restricting its mobility. Although 
K +  is the least dominant cation in the groundwater of the study area, its concentra-
tion in most of the samples were detected often modest to high for the study period. 
Dissolution of K-bearing minerals and ion-exchange reactions may be involved. But 
high K +  concentrations in the basin cannot exclusively be linked to groundwater- 
rock interaction as its natural occurrence in higher concentrations is rare and may be 
the result of increased K-rich fertilizer used for agricultural land uses. The occur-
rence of K +  in groundwater, especially in higher concentrations refl ects manure 
spreading and fertilization on the surface as well as a short fl ow path and infi ltration 
length of the shallow aquifers in the area. The results suggest that K +  is the potential 
indicator of anthropogenic impacts on groundwater, namely agricultural practices in 
the recharge area of the aquifers. High K +  concentration in several groundwater 
samples also seems to be derived from domestic effl uents. The elevated concentra-
tions of Ca and Mg may be attributed to the dissolution of carbonate minerals. 
Dissolved silica (H 4 SiO 4 ) concentration in groundwater is most conveniently related 
to interaction with solid phases, as it enters the system during the weathering of sili-
cate minerals. The groundwater has high concentrations of H 4 SiO 4  ranging between 
27.35 and 41.00 mg/L (mean 34.49 mg/L). The range refl ects both high groundwa-
ter temperatures and reaction of fi ne-grained (e.g. clays) and easily weathered (e.g. 
feldspar) silicate minerals in the aquifers. Further, H 4 SiO 4  shows dominance over 
other nutrients such as NO 3  −  and PO 4  3− . 

10.3.1.1     Weathering Processes and Evolution of Groundwater Chemistry 

 Reactions between CO 2  and carbonate and silicate minerals, containing the common 
alkali and alkaline earth metals (Na, K, Mg and Ca), produce the bicarbonate and 
carbonate anions that neutralize the positive cation charges and generate alkalinity. 
The computed effective partial pressure of carbon dioxide (pCO 2 ) in groundwater 
samples range from 10 −1.70  to 10 −2.67  atm (mean 10 −2.21  atm), which are higher than 
that in the atmosphere (10 −3.50  atm) (Table  10.1 ). The trend indicates that groundwa-
ter is in disequilibrium with the atmosphere. The groundwater pCO 2  in the study area 
are higher than those reported in case of surface waters (Sharma and Subramanian 
 2008 ). This increase in pCO 2  would typically be counterbalanced by mineral weath-
ering reactions in the aquifer. Thus groundwater pCO 2 , signifi cantly higher (upto 
~10 −1.7  atm) than atmospheric as well as surface waters, could possibly be caused by 
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biologic activity leading to the decay of organic matter in the  sediments through 
sequence of redox reactions including reductive dissolution of Fe(III)–oxyhydrox-
ides in the solid phase and root respiration in the vadose zone during recharge. The 
observed high pCO 2  values suggest that, in general, redox reactions in the aquifers 
are responsible for the generation of CO 2  which, in turn, results in the elevated level 
of HCO 3  −  in the groundwater samples, as observed in the study area. 

 In order to understand the foremost functional sources of major dissolved ions in 
the groundwater, the chemical data of groundwater samples of the study area are 
discussed below taking into account stoichiometric relations among dissolved ions 
during weathering process. The predominance of Ca 2+  and Mg 2+  cations and high 
(Ca 2+  + Mg  2+ )/(Na +  + K + ) ratio is the characteristic feature of prevailing carbonate 
weathering in the basin (Sharma and Subramanian  2008 ). The average mill equiva-
lent ratio of (Ca 2+  + Mg  2+ )/(Na +  + K + ) worked out to be 3.66 (range 1.06–5.65). The 
observed higher ratio values indicate the dominance of carbonate weathering and 
suggest that chemical composition of groundwater in the parts of middle-Gangetic 
alluvial aquifers is controlled by carbonate lithology of the Ganga basin. Lower 
(Ca 2+  + Mg  2+ )/(Na +  + K + ) ratios obtained in few cases suggest additional source of 
Ca 2+  and Mg 2+  ions, which might have been balanced by Cl −  and SO 4  2−  and/or partly 
supplied by silicate weathering in addition to the carbonate weathering. The Ca 2+ /
Mg  2+  molar ratio was calculated for further justifi cation. In case of dolomite dis-
solution, the Ca 2+ /Mg  2+  molar ratio equals to 1 whereas, the higher ratio indicates 
the source from calcite (Maya and Loucks  1995 ). The observed higher Ca 2+ /Mg 2+  
ratios (>1) varying between 1.10 and 1.82 (mean 1.49) suggest dissolution of calcite 
favoured over dolomite in the aquifers. 

 Most of the samples (75 %) have Na + /Cl −  molar ratio >1, which indicate that Na +  
is released from silicate weathering (Meybeck  1987 ). If it is so, the groundwater 
would have HCO 3  −  as the most dominant anion (Rogers  1989 ), as observed in the 
study area. This also suggests that higher concentration of alkalies is from sources 
other than precipitation. At few locations, the ratio was found less than 1 which 
implies for halite dissolution as the source of Na + , indicating the infl uence of sec-
ondary evaporate deposits in the aquifers. However, the Cl − -enriched samples reveal 
that surplus chlorides are likely to result in aqueous species such as CaCl 2  and 
MgCl 2 . The (Na +  + K + )/TZ +  ratio is an index to assess the contribution of the cations 
via silicate weathering (Stallard and Edmund  1987 ). The (Na +  + K + )/TZ +  ratios 
ranging from 0.15 to 0.48 (mean 0.24) suggest inputs from the weathering of alumi-
nosilicates such as Na- and K-feldspars and/or from soils. Thus the results, taking 
into account hydrogeochemical processes discussed above, reveal that groundwater 
quality in the study area is primarily affected by natural mineralization with second-
ary inputs from anthropogenic sources in terms of major dissolved constituents. The 
Piper plot of major ions (in %milli equivalents) shown in Fig.  10.2  allows identifi ca-
tion of groundwater chemical types and presence of chemical evolutionary trends 
that may exist during processes of water-rock interaction in the study area.  

 Groundwater in the study area is of predominantly Ca-HCO 3  type, refl ecting 
the initial impacts of water-rock interaction in the soil zone and shallow bedrock 
environments. The occurrence of Cl −  in the groundwater cannot be explained 
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through water-rock interaction, since it derives mainly from a non-lithological 
source and it also tends to prefer to form compounds with alkalis rather than Ca 2+  
and Mg  2+ . Therefore, it may be inferred that Cl −  has been consumed in the forma-
tion of alkali chlorides. Further, the observed alkali concentrations in most of the 
samples are much higher than those required for the formation of chlorides. It is, 
therefore, logical to expect the existence of aqueous species such as alkali bicar-
bonates in the groundwater. The corollary to this situation is presented by the 
Cl-enriched samples in which surplus chlorides are likely to result in aqueous 
species such as CaCl 2  and MgCl 2  as discussed above. The diamond shaped fi eld 
(Fig.  10.2 ) further indicates that with very few exceptions, no cation-anion pair 
exceeds 50 % of the total ions which, in turn, refl ects that the chemical properties 
are dominated by alkaline earths (Ca 2+  + Mg 2+ ) and weak acids (HCO 3  −  + CO 3  2− ). 
Thus it may be concluded that the groundwater in the parts of middle-Gangetic 
alluvial plain is primarily of bicarbonate alkaline earth type. The rock-water inter-
action processes tend to release cations (especially Ca 2+  and Na + ) and anions 
(especially HCO 3  − ) with raising pH condition. Subsequent ion-exchange reactions 
may modify the groundwater chemistry, while redox condition may lead to the 
dissolution of minor and trace elements in groundwater. Solutes which are subject 
to these processes may have been derived from water-rock interaction and/or from 
leachates coming with the rainfall recharge.   

  Fig. 10.2    Piper diagram showing hydrochemical features of groundwater in the study area       
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10.3.2     Source and Distribution of Redox-Sensitive Parameters 

 The redox-sensitive characteristics of groundwater are presented in Table  10.1 . The 
concentration of DOC in groundwater varied considerably from 0.98 mg/L to as 
high as 5.25 mg/L, with a mean value of 3.22 mg/L. Abandoned channels, swamps 
and active channels in MGP are perennially or seasonally water fi lled where the 
aquifers are presumed to be enriched in biomass and thereby organic carbon (Shah 
 2008 ). During recharging of aquifers, organic carbon of surface water is also trans-
ported into the aquifers upto a certain depth depending on hydrological conditions. 
The reported high DOC concentration in these shallow alluvial aquifers is attributed 
to the sedimentary biomass contribution via microbial degradation in the aquifers 
and surfi cial contribution during groundwater recharge. Saline ammonia (NH 4  + ) is a 
useful indicator for sewage pollution. Another possible source of NH 4  +  is through 
natural anaerobic decomposition of sedimentary organic matter. The concentrations 
of NH 4  +  are fairly low to moderate with few exceptions, ranging between 0.20 and 
4.08 mg/L, with an average of 1.48 mg/L. Mobility of As could be affected by the 
redox reactions involving either aqueous or adsorbed As (Manning and Goldberg 
 1997 ). The total dissolved As (As T ) concentrations in the shallow aquifers in the 
study area signifi cantly varied from 21.96 to 190.21 μg/L (mean 83.57 μg/L), which 
far exceed drinking water guideline of 10 μg/L (BIS  2003 ; WHO  2011 ).

  Thick sequences of young sediments are quite often the sites of high groundwa-
ter As concentration. The variability may be attributed both to the variations in the 
As content of the soils, rocks and the aquifer minerals that serve as the proximate 
source of As in the groundwater and to the variable extent of processes that release 
or sequester As from or to solid phases. The exceptionally elevated As concentra-
tions at few locations could be attributed to the local dissolution of Fe(III)–oxyhy-
droxides in perhaps more reducing condition. Reducing conditions of the aquifers 
are also refl ected by sizeable presence of Fe and Mn in most of the groundwater 
samples ranging between 0.23 and 4.73 (mean 1.04) and 0.04–0.23 (mean 0.10), 
respectively. The As T  and other important redox parameters such as Fe, PO 4  3− , DOC 
and NH 4  +  related to its release into groundwater were plotted against depth of the 
wells monitored (Fig.  10.3 ). Variations in concentration of these redox  characteristics 
with the depth indicated some trend, generally high values being found in the shal-
lowest wells upto the depth of ~20 m with maximum concentrations at ~15 m below 
the ground level and then declined towards the deeper part of the shallow aquifers. 
These variations may be attributed to varying redox states at shallow depths within 
the aquifer. The trend suggests that microbial degradation of sedimentary organic 
matter in the shallow aquifers under anoxic condition is perhaps responsible for the 
release and mobilization of As in groundwater. Correlation between As and Fe or 
Mn is often observed in groundwater because, under certain conditions, the pres-
ence of Fe/Mn oxyhydroxides could lead to desorption of As, Fe and Mn. In order 
to infer their role in mobilization of As into groundwater, the As concentrations 
were plotted against selected physico-chemical parameters showing meaningful 
correlations. The highest As concentrations, in general, were detected in groundwa-
ters with pH values exceeding 8. This may be attributed to As desorption from the 
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oxide surfaces at pH above 8.0 (Smedley and Kinniburgh  2002 ). The positive cor-
relation between pH and As justifi es the desorption processes at higher pH values 
( r  = 0.62;  p  < 0.01; Fig.  10.4a ). A signifi cant positive correlation between As and Fe 
concentrations in the groundwater ( r  = 0.80;  p  < 0.01; Fig.  10.4b ) suggests that As is 
released in groundwater due to reductive dissolution of Fe(III)–oxyhydroxides. 
The As and Mn were negatively correlated ( r  = −0.46; p < 0.01), suggesting their 

  Fig. 10.3    Scatter plots of redox sensitive characteristics of groundwater with respect to well- 
depths depicting their vertical enrichment profi le       
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 different sources in the wells, while generally low concentrations of PO 4  3−  detected 
in the groundwater do not lead to any conclusion regarding its role in the mobiliza-
tion and enrichment of As in the aquifers.   

 It has also been confi rmed by the experimental desorption of As sorbed to min-
eral surfaces by PO 4  3−  (Manning and Goldberg  1997 ), that phosphorus in groundwa-
ter cannot contribute to As pollution. No clear correlation between As and SO 4  2−  was 
observed in present study, which suggests that pyrite oxidation is not the basic 
mechanism for As mobilization in these aquifers. The relationship between As and 
HCO 3  −  is also well documented because this ion can play an important role in the 
mobilization of As through the competition for adsorption sites and through the 
formation of arseno-carbonate complexes. However absence of any correlation 
between these two parameters nullifi es the hypothesis for the present case. 

 Strong positive correlations of As with DOC ( r  = 0.81;  p  < 0.01) and NH 4  +  
( r  = 0.71;  p  < 0.01) signify their role in mobilizing As through microbial degradation 

  Fig. 10.4    Relationship of Arsenic (As) with selected hydrogeochemical characteristics of 
 groundwater in the study area [(a) As T  vs pH; (b) As T  vs Fe; (c) As T  vs DOC; (d) As T  vs NH 4  + ; 
(e) As T  vs Eh]       
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of organic matter in the aquifer sediments (Fig.  10.4c, d ). Signifi cant negative 
 correlation between Eh and As ( r  = −0.73;  p  < 0.01) supports the phenomenon of As 
mobilization in the moderately reducing aquifers impacted by frequent fl ooding in 
the area (Fig.  10.4e ). Tremendous amount of groundwater pumped out especially 
during dry seasons leading to fl ow in of monsoonal rain and local surface water 
loaded with surfi cial organic matter, which upon reduction, dissolves Fe-oxides 
bearing As and thus may trigger the release of As from sediments in the study area. 
The positive correlation of As with Fe and elevated HCO 3  −  concentrations in 
groundwater are similar to those recorded over broader geographical areas 
(McArthur et al.  2001 ). Thus the results from present study support the hypothesis 
that desorption of As accompanied with reductive dissolution of Fe(III)–oxyhy-
droxides in the aquifer sediments is the principal mechanism by which As is released 
to the groundwater. Presence of elevated As concentration despite Fe concentration 
being low at few locations may be attributed to the precipitation of Fe-carbonates 
(Nickson et al.  2000 ). Slow groundwater fl ow also contributes to an elevated As 
concentration of water (Smedley et al.  2003 ). The aquifers in newer alluvial section 
of MGP have low hydraulic gradient with less fl uctuation suggesting a sluggish fl ow 
regime in the area (Saha  2009 ). Hence groundwater As enrichment in the study area 
may also be partly attributed to the infl uence of longer groundwater residence time 
due to its limited fl ow in the alluvial aquifers of MGP. Based on the above discus-
sion, it can be explicitly fi gured out that mobilization and enrichment of As in this 
part of middle-Gangetic plain is due to the infl uence of the sediments’ geochemical 
and hydrogeological characteristics of the alluvial aquifers with partial inputs from 
anthropogenic sources.   

10.4     Conclusions 

 Weathering, mineral dissolution, leaching and other processes related to anthropo-
genic activities generally control groundwater chemistry in this part of 
MGP. Groundwater is of predominantly Ca-HCO 3  type produced mainly by the 
dissolution of carbonate minerals, which refl ects the infl uence of their host rock in 
the study area. The predominance of Ca 2+  and Mg 2+  cations and high (Ca 2+  + Mg 2+ )/
(Na +  + K + ) ratio in the groundwater indicate the prevailing carbonate weathering in 
the aquifers. The elevated concentrations of NO 3  −  and Cl −  ions are caused by inten-
sive agricultural practices in the basin. Thus it can be concluded that the chemical 
solutes of groundwater samples are infl uenced by anthropogenic inputs in addition 
to the natural chemical weathering. The hydrogeochemical characteristics of the 
alluvial aquifers govern the mobility of As in groundwater. Positive correlations of 
As with Fe, NH 4  +  and DOC, as well as the negative correlation with Eh, typically 
characterizes anoxic aquifers where reductive dissolution of Fe-phases and release 
of surface bound As is the principal source of dissolved As in groundwater of the 
middle-Gangetic alluvial plain. The As contamination in groundwater presents sig-
nifi cant threats to health of the local communities in the area. Nevertheless, 
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groundwater is being widely used for drinking and other domestic works due to the 
lack of potable water supply networks or other clean water resources in these rural 
localities. Noticeable variations with well-depth were observed with higher As con-
centrations being found in the shallowest wells. Therefore, from mitigation and 
policy point of view, installation of deep wells in the affected villages can provide a 
reliable source of drinking water.     
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11.1            Introduction 

 Naturally occurring, carcinogenic, arsenic (As) is omnipresent in hydrological sys-
tems, and is considered as the most serious abiotic contaminant of groundwater in 
several parts of the world (Smedley and Kinniburgh  2002 ; Chatterjee et al.  2005 ; 
Charlet et al.  2007 ; Mukherjee et al.  2008a ; Neumann et al.  2010  and references 
therein). Holocene aquifers of south-east Asia (mostly shallow, <50 m) often con-
tain high As groundwater. The groundwater is predominantly used for irrigation and 
domestic purposes, e.g., cooking, drinking and bathing (Bhattacharya et al.  1997 ; 
Bhattacharyya et al.  2003a ; Charlet et al.  2007 ). In south-east Asia, As-rich 
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groundwaters are often found in alluvial plains of regional rivers (Fendorf et al. 
 2010 ). Prolonged consumption of groundwater with elevated levels of As may cause 
a formidable threat to human health and millions of people are now at risk 
(Bhattacharyya et al.  2003a ; Chatterjee et al.  2010 ; Nath et al.  2008a ). Arsenic con-
tamination in groundwater and related health issues is considered as the greatest 
mass poisoning in human history (Smith et al.  2000 ). 

 In the Bengal Delta Plain (BDP), the spatial distribution of groundwater As is 
often heterogeneous and patchy (contaminated areas interspersed with non- 
contaminated areas) (Charlet et al.  2007 ; Nath et al.  2008b ; Biswas et al.  2011 ). 
Arsenic content in aquifer sediments (1–22 mg/kg, average 6.9 mg/kg) is generally 
low (Nath et al.  2008c ). The level of As in sediments depend on their texture, grain 
size and mineralogy (Pal et al.  2002 ; Nath et al.  2005 ). In surface soils, As concen-
tration is also low (0.4–2 mg/kg) (Kabata-Pendius and Pendius  2001 ). Arsenic con-
tent in the deltaic river bed sediments (1.3–5.6 mg/kg) and their waters 
(0.33–3.83 μg/L) is also low (Datta and Subramanian  1998 ; Stüben et al.  2003 ), 
whereas extensively exploited alluvial and/or deltaic aquifers (<50 m) are contami-
nated with high As (>10 μg/L) groundwater. The occurrence of As-rich groundwater 
is, therefore, diffi cult to explain by As content in the BDP sedimentary environment. 
Over the years, it has become evident that instead of a local high As source in the 
Holocene sediment, several hot-spots of As-rich (>150 μg/L) groundwater have 
been identifi ed in various parts of the BDP (Bhattacharyya et al.  2003b ; Nath et al. 
 2005 ; Mukherjee et al.  2008b ; Bhowmick et al.  2013 ). 

 In the present study, we investigated spatial scale heterogeneity of As in a deltaic 
aquifer of the BDP (Chakdaha block, Nadia district, West Bengal, India) where a 
large number of high As wells were previously identifi ed (RGNDWM  2001 ; Jana 
 2004 ; IFCPAR  2004 ). The study initiated with groundwater collection (mostly from 
hand-operated drinking water wells in rural areas) and testing to demonstrate the 
degree of As heterogeneity. A statistical evaluation of (hydro)chemical features was 
carried out to explain the factors regulating the groundwater geochemical processes. 
Finally, the inter-relationship between prevailing land use pattern and groundwater 
chemistry of surveyed wells was studied to decipher local (hydro)chemical environ-
ment and to demonstrate their relationship to justify typical spatial heterogeneity of 
As distribution in the aquifer.  
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11.2     Materials and Methods 

11.2.1     Study Area 

 The study area (latitude 23° 00′ 20″–23° 05′ 20″ N and longitude 88° 31′ 40″–88° 
49′ 00″ E) is located in Nadia district, approximately 65 km north of Kolkata, West 
Bengal, India (Fig.  11.1 ), and encompasses an integral part of the BDP. The area is 
the main geomorphic component of the world’s largest fl uvio-deltaic system con-
sisting of Ganges, Brahmaputra and Meghna rivers.  

 A large part of the area (>70 %) is characterized by shallow (10–50 m) ground-
water wells (mostly hand operated). Apart from these, a few motorized large- 
diameter deep tube wells (depth >100 m) for community water supply are also 
available. A large number of shallow motorized irrigation wells (10–50 m) aid the 
practice of sustainable agriculture all-year round. These shallow wells signifi cantly 
support Boro rice cultivation (summer paddy during February–June). The gross 
crop area is ~1.0 million ha with a cropping intensity of 140 % (PHED  1993 ). The 
climate is tropical, hot and humid (temperature 16–42 °C; average relative humidity 
>65 %) with annual rainfall ranging between 1,295 and 3,945 mm (Bhattacharyya 
and Chatterjee  2001 ).  

11.2.2     Sampling and Analytical Techniques 

 Groundwater samples ( n  = 181) were collected from tube wells in acid washed pre- 
cleaned polyethylene (PE) bottles (capacity, 100–200 mL). Prior to sampling, tube 
wells were fl ushed for several minutes to discharge standing volume of water (about 

  Fig. 11.1    Map of the study area in Chakdaha block, Nadia district (West Bengal, India) showing 
locations where groundwater samples were collected from tube wells       
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40–60 L). This was done to get the fresh water from the aquifer. Water samples were 
fi ltered (0.45 μm cellulose nitrate membrane fi lter) on site and divided into two 
groups. First group was acidifi ed with HNO 3  (0.2 % v/v, Suprapur, MERCK, 
Germany) for the analysis of cations and As using double focussing High Resolution 
Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS VG AXIOM, VG 
Elemental) in a clean room. The second group was left un-acidifi ed for anion analy-
sis with the help of Ion Chromatograph (IC, DIONEX ICS 1000) with a separating 
column (DIONEX AS 4 SC). A few fi eld parameters pH, Eh, electrical conductivity 
(EC), temperature (using WTW multimeters) and HCO 3  −  (titrating with 0.2 M 
H 2 SO 4 ) were measured on site.  

11.2.3     Statistical and Thermodynamic Calculations 

 The software package Statistica 6.0 (StatSoft Inc., USA) was used to evaluate the 
geochemical variation in groundwater. The variation of the groundwater chemical 
composition was assessed by factor analysis (Liu et al.  2003 ; Nath et al.  2008b ). 
Principal Component Analysis (PCA) was used to derive factor loadings limiting 
maximum eigen value to 1.0. To facilitate the interpretation of factor loadings, the 
factor axis was rotated by the normalized varimax method, i.e., extracted factors 
were rotated until the variance of factor loadings become maximum. A loading 
close to ±1.0 indicates a strong relationship between the factors and the variables, 
while a loading close to zero explains a weak relationship between the factors and 
the variables (Davis  1986 ). 

 Saturation indices (SI = log [IAP K T  −1 ]) were calculated with PHREEQC version 
2.15 (Parkhurst and Appelo  1999 ) with IAP as the ion activity product and K T  as the 
equilibrium solubility constant of a mineral phase at ambient temperature.   

11.3     Results 

11.3.1     Groundwater Chemistry 

 The chemical composition of the groundwater samples that were collected from 
tube wells over a ~300 km 2  area is summarized in Table  11.1 . The results indicate a 
large variation in the chemical composition of the groundwater and also high varia-
tions in respective As concentrations (mean 52 μg/L, range 0.31–333 μg/L). It is 
worth to note that As concentration exceeded, in a large number of samples, the 
Indian threshold value for As in drinking water of 50 μg/L ( n  = 63, 35 % of total 181 
samples) and the WHO guideline value of 10 μg/L in a total of 132 samples (i.e., 
73 % of the surveyed tube wells). The values of electrical conductivity are moderate 
(mean 707 μS/cm, range 200–1,514 μS/cm) and pH is circum-neutral (mean 7.12, 
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    Table 11.1    Statistical summary of water quality parameters ( n  = 181) in groundwater from tube 
wells   

 Parameters  Min  Max  Mean  Median  SD (±) 

 Depth (m)  7.0  271  39  24  43 
 pH  5.95  7.99  7.12  7.12  0.37 
 Eh (mV)  −238  56  −109  −112  37 
 EC (μS/cm)  200  1,514  707  672  187 
 Temp (°C)  25  31  27  26  0.74 
 As (μg/L)  0.31  333  52  34  62 
 Fe (μg/L)  8.0  19,408  3,415  2,467  3,647 
 DOC (mg/L)  BDL  21  2.1  1.7  1.8 
 Na (mg/L)  4.4  112  22  18  15 
 Mg (mg/L)  5.4  43  23  22  6.4 
 K (mg/L)  0.77  45  3.8  3.0  3.8 
 Ca (mg/L)  20  178  100  99  26 
 Li (μg/L)  0.42  15  4.1  3.0  2.9 
 B (μg/L)  9.6  86  29  26  12 
 Al (μg/L)  2.4  913  22  11  75 
 P (μg/L)  2.2  3,196  628  406  651 
 V (μg/L)  0.03  15  0.74  0.11  1.9 
 Cr (μg/L)  0.04  39  0.76  0.13  3.5 
 Mn (μg/L)  5.3  2,524  321  263  284 
 Co (μg/L)  0.02  9.4  0.27  0.10  0.87 
 Ni (μg/L)  0.26  26  1.1  0.71  2.2 
 Cu (μg/L)  0.39  99  2.6  1.1  8.4 
 Zn (μg/L)  5.2  6,964  272  33  805 
 Rb (μg/L)  0.06  8.2  2.2  1.9  1.5 
 Sr (μg/L)  103  656  295  267  109 
 Mo (μg/L)  0.21  8.4  1.1  0.88  0.84 
 Cd (μg/L)  0.01  0.52  0.07  0.05  0.05 
 Sb (μg/L)  0.30  0.50  0.40  0.40  0.06 
 Ba (μg/L)  28  592  176  163  86 
 Tl (μg/L)  0.02  0.71  0.09  0.06  0.09 
 Pb (μg/L)  0.08  78  1.9  0.82  6.18 
 Th (μg/L)  0.10  0.30  0.20  0.10  0.10 
 U (μg/L)  0.01  12  0.60  0.03  1.7 
 HCO 3  −  (mg/L)  200  588  425  422  50 
 F −  (mg/L)  0.01  1.6  0.12  na  0.24 
 Cl −  (mg/L)  0.67  147  23  14  25 
 NO 3  −  (mg/L)  BDL  13  1.6  1.2  2.1 
 PO 4  3−  (mg/L)  0.11  4.0  0.71  0.48  0.68 
 SO 4  2−  (mg/L)  0.14  50  7.3  4.6  8.3 

   Note :  BDL  below detection limit,  na  not available  
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range 5.95–7.99). Eh values are low (mean −109 mV, range −238 to 56 mV), while 
values of dissolved oxygen (DO) are low to very low (<0.1 mg/L). Redox sensitive 
elements (such as Fe and Mn) are slightly elevated while NO 3  −  is low to very low 
(43 % of samples are below detection limit). SO 4  2−  concentrations have a mean 
value of 7.3 mg/L (range 0.14–50 mg/L), whereas Cl −  concentrations have a mean 
value of 23 mg/L (range 0.67–147 mg/L). The distributions of Cl −  and SO 4  2−  are 
depth dependent and generally decrease with depth (Fig.  11.2a, b ). Highest concen-
trations of Cl −  and SO 4  2−  are only restricted to shallow aquifers (15–50 m) while 

  Fig. 11.2    Scatter plots of ( a ) Cl − , ( b ) SO 4  2−  and ( c ) Na with respect to depth       
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mostly remain close to the detection limit in the deeper aquifers. P concentrations 
(mean 628 μg/L, range 2.2–3,196 μg/L) in the surveyed wells are considerably 
higher than the general trends in the BDP (BGS and DPHE  2001 ). The variation of 
P concentration in the groundwater follows a trend similar to that of As concentra-
tions. Highest P (>1 mg/L) and As (up to 332 μg/L) concentrations are found in the 
shallow wells (<50 m), while deeper wells show relatively lower P concentrations.

    The dominant anion is HCO 3  −  (mean 425 mg/L, range 200–588 mg/L) while cat-
ion is Ca (mean 100 mg/L, range 20–178 mg/L) (Table  11.1 ). Molar ratios of Mg 
and Ca are variable and ranging from 0.16 to 0.58 (mean 0.39). Among alkali metal 
concentrations, Na (mean 22 mg/L, 4.4–112 mg/L) is much higher than K (mean 
3.8 mg/L, range 0.77–45 mg/L) and their molar ratios are also variable (mean 0.12, 
range 0.02–0.96). Na concentration is generally high in the shallow aquifers together 
with high Cl −  concentrations (Fig.  11.2a, c ). The Piper plot shows that the ground-
water is predominantly of Ca-HCO 3  −  type (Fig.  11.3 ). Zinc, Sr and Ba show rela-
tively higher values, while rest of the elements show low values.   

  Fig. 11.3    Piper diagram illustrating main (hydro)chemical facies in groundwater. The  circles  rep-
resent the predominant Ca-HCO 3  type waters,  triangles  represent high Na – high Cl −  type waters 
and the  squares  represent high Na – low Cl −  type waters.       
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11.3.2     Depth and Spatial Distribution of Arsenic 

 Depth distribution of As shows a large variation (Fig.  11.4a ) with a high concentra-
tion prevailing in the near-surface aquifer. Arsenic in the shallow aquifer is most 
contaminated where 41 % of the tube wells (40 out of 98 wells) exceeded the Indian 
national standard and 83 % of the tube wells (80 out of 98 wells) exceeded the WHO 
guideline value. Only a few wells ( n  = 18 out of 98 wells) have As concentrations 
below the WHO guideline value. This suggests that even in the highly contaminated 
zone As concentrations are varying. Groundwater in the deep (81–150 m) and very 
deep (>150 m) aquifers and the intermediate aquifers contain low to very low As 
concentrations (Table  11.2 ). It is astounding to observe that dissolved As concentra-
tion in some of the deep wells are exceeding both the WHO guidelines and the 
Indian national drinking water standard. 

   The present investigation emphatically highlights the bewildering nature of the 
spatial distribution of As concentrations in groundwater of the study area. The spa-
tial distribution pattern indicates that the contaminated wells are surrounded by safe 

  Fig. 11.4    Scatter plot of arsenic concentrations with respect to depth       

   Table 11.2    Depth profi le of groundwater arsenic at different concentration ranges   

 As concentration 
ranges 

 Near- surface 
aquifer 
(<20 m) 

 Shallow 
aquifer 
(21–50 m) 

 Intermediate 
aquifer 
(51–80 m) 

 Deep 
aquifer 
(81–150 m) 

 Very deep 
aquifer 
(>150 m) 

 <10 μg/L  38.8 %  36.7 %  14.3 %  8.2 %  2 % 
 ( n  = 49)  ( n  = 19)  ( n  = 18)  ( n  = 7)  ( n  = 4)  ( n  = 1) 
 10–50 μg/L  30.4 %  57.9 %  2.9 %  7.2 %  1.4 % 
 ( n  = 69)  ( n  = 21)  ( n  = 40)  ( n  = 2)  ( n  = 5)  ( n  = 1) 
 50–150 μg/L  12.8 %  55.3 %  10.6 %  12.8 %  8.5 % 
  (n  = 47)  ( n  = 6)  ( n  = 26)  ( n  = 5)  ( n  = 6)  ( n  = 4) 
 >150 μg/L  12.5 %  87.5 %  None  None  None 
 ( n  = 16)  ( n  = 2)  ( n  = 14) 
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wells (Fig.  11.5 ). This is more pronounced in the low lying areas in the south and 
south-east of the study area.   

11.3.3     Heterogeneity of Arsenic in Relation to Land 
Use Characteristics 

 Land use survey was conducted during sampling campaign. Arsenic distribution in 
four major land use characteristics is shown in Table  11.3 . The highest number of 
wells (41 %) is located adjacent to sanitations (or sanitary installations) followed by 
sanitation and surface water bodies (28 %), agricultural fi elds (19 %) and surface 
water bodies (12 %). Mean As concentration varies among the selected land use 

  Fig. 11.5    Spatial distributions of As concentrations in groundwater       

     Table 11.3    Arsenic distribution in relation to local land use characteristics   

 Land use 
characteristics 

 Number 
of wells 

 % of 
wells 

 As 
(μg/L) 

 Mean As 
(μg/L) 

 As ≥50 μg/L 
(number of 
wells) 

 % of 
affected 
wells 

 Sanitation  74  41  0–217  44  26  35 
 Sanitation and surface 
water bodies 

 50  28  0–290  49  17  34 

 Surface water bodies  22  12  0–285  60  9  41 
 Agricultural fi elds  35  19  0–333  67  12  34 

 

11 An Insight into the Spatio-vertical Heterogeneity of Dissolved Arsenic



170

characteristics (Table  11.3  and Fig.  11.6a ). Tube wells located adjacent to agricul-
tural fi elds have the highest mean As concentrations (67 μg/L). It is interesting to 
note that the number of contaminated wells (As ≥50 μg/L) are associated with sani-
tations ( n  = 26) followed by sanitation and surface water bodies ( n  = 17), agricultural 
fi elds ( n  = 12) and surface water bodies ( n  = 9). However, tube wells located near 
the surface water bodies are mostly affected when percentage of affected wells 
(As ≥50 μg/L) is considered (Table  11.3  and Fig.  11.6a ).

    Average depth and age distribution of tube wells with respect to land use charac-
teristics are plotted in Fig.  11.6b . The fi gure illustrates that the contaminated wells 
are generally young (4–7 years) and located adjacent to surface water bodies and 
agricultural fi elds. Relatively older wells are located adjacent to sanitary installations 

  Fig. 11.6    Relation of land use characteristics with ( a ) As concentrations and ( b ) age and depth of 
tube wells       
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and sanitation and surface water bodies. The fi gure also indicates that deeper wells 
are located adjacent to surface water bodies and agricultural fi elds, whereas, shal-
lower wells are located adjacent to sanitary installations and sanitation and surface 
water bodies.  

11.3.4     Factor Analysis 

 Factor analysis aggregated the initial 21 variables into four factors (Table  11.4 ). 
Factor 1 has loadings >0.5 for Fe, V, Cr, Co and Ni. All these trace metals are typi-
cally associated with Fe-oxyhydroxide as well as mafi c minerals (silicates). Factor 
2 exhibited higher loadings for EC, Na, Mg, Ca, Cl −  and SO 4  2− . The combination of 
these variables into a common factor corresponds to the major dissolved ionic load 
of the groundwater. This can be explained by the interaction of groundwater with 
aquifer materials and rocks of the catchment area. Factor 3 shows higher loading for 
As and PO 4  3− . Their similar algebraic sign suggests that the mobilization of both 
elements is coupled by the same processes. Factor 4 contains high loadings for Al, 
Co, Zn, Cd and Pb.

   Table 11.4    Factor loadings (varimax normalized) of water quality parameters   

 Variables  Factor 1  Factor 2  Factor 3  Factor 4 

 pH  0.014  −0.158  −0.424  0.014 
 Eh  −0.118  −0.201  −0.291  −0.046 
 EC  −0.091   0.884   0.242  0.056 
 HCO 3  −   −0.234  0.477  0.491  0.232 
 As  0.261  −0.113   0.708   0.041 
 Fe   0.753   0.014  0.487  0.223 
 Na  0.029   0.763   0.078  0.175 
 Mg  −0.039   0.810   0.289  0.067 
 K  0.125  0.471  −0.279  −0.057 
 Ca  −0.010   0.749   0.218  0.054 
 Al  0.409  0.024  0.116   0.789  
 V   0.836   0.176  −0.091  0.183 
 Cr   0.855   0.004  0.163  0.198 
 Co   0.709   0.018  0.132   0.639  
 Ni   0.831   −0.024  0.083  0.139 
 Zn  −0.062  −0.014  0.052   0.838  
 Cd  0.462  0.105  −0.037   0.679  
 Pb  0.296  0.079  0.041   0.852  
 Cl −   0.109   0.789   −0.092  −0.141 
 SO 4  2−   0.141   0.691   −0.483  −0.008 
 PO 4  3−   0.468  −0.065   0.601   0.060 

   Note : Marked (bold) loadings are >0.5  
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11.3.5        Mineral Saturation Index 

 Groundwaters of the surveyed wells are saturated with respect to carbonate (aragonite, 
calcite, dolomite, siderite and rhodochrosite), oxide (hematite), hydroxide (gibbsite), 
oxy-hydroxide (goethite) and phosphate (hydroxyapatite, vivianite) minerals 
(Table  11.5 ). Saturation of these minerals varies with land use characteristics (i.e., 
sanitations, sanitation and surface water bodies, agricultural fi elds and surface water 
bodies). Calculated SI values of 0.03 indicate that rhodochrosite is the only mineral 
that is close to equilibrium with the groundwater collected from tube wells located 
adjacent to sanitary installations. Saturation index computation further suggests that 
carbonate, oxide-hydroxide and phosphate minerals are signifi cant contributors for 
the geochemical evolution of groundwater in tube wells located adjacent to agricul-
tural fi elds and surface water bodies. Hence, local recharge from agricultural fi elds 
and surface water bodies is likely to play an important role in controlling As release 
in groundwater.

11.4         Discussion 

 The (hydro)chemistry of the surveyed wells indicate that the groundwater is par-
tially enriched with dissolved As and other redox sensitive elements (such as Fe and 
Mn). The distribution of As is highly heterogeneous with some areas more contami-
nated than others. These results confi rm regional As distribution trends within the 
BDP (van Geen et al.  2003 ; Zheng et al.  2004 ; Polizzotto et al.  2006 ; Bhattacharya 
et al.  2007 ; Mukherjee and Fryar  2008 ; Fendorf et al.  2010 ; Mukherjee et al.  2011 ). 

   Table 11.5    Saturation indices of major mineral phases in groundwater   

 Minerals  Saturation indices (SI) 

 Agricultural 
fi elds  Sanitation 

 Sanitation and 
surface water bodies 

 Surface 
water bodies 

 Aragonite (CaCO 3 )  0.15  0.09  0.09  0.27 
 Calcite (CaCO 3 )  0.29  0.24  0.24  0.42 
 Dolomite [CaMg(CO 3 ) 2 ]  0.30  0.12  0.12  0.53 
 Hydroxyapatite 
[Ca 5 (PO 4 ) 3 OH] 

 1.49  1.29  1.65  1.88 

 Goethite (FeOOH)  2.83  2.62  2.68  3.05 
 Hematite (Fe 2 O 3 )  7.66  7.23  7.34  8.09 
 Vivianite  0.98  0.90  1.23  0.75 
 [Fe 3 (PO 4 ) 2 , 8H 2 O] 
 Siderite (FeCO 3 )  0.93  0.86  0.89  0.89 
 Rhodochrosite (MnCO 3 )  0.16  0.03  0.13  0.10 

 (Equilibrium) 
 Gibbsite [Al(OH) 3 ]  1.43  1.33  1.37  1.18 
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 Most signifi cant observation is the occurrence of high As concentrations in shallow 
wells where Na and Cl −  concentrations are high. Cl −  in groundwater is probably 
derived from sanitary systems (Jacks et al.  1999 ; McArthur et al.  2012 ). Such local 
pollution sources were earlier reported in the BDP by Chatterjee et al. ( 2010 ). In the 
deeper part of the aquifer, Na concentrations are varying and Cl −  concentrations 
remain stable. The combinations of high Na and high Cl − , and high Na and low Cl −  
groundwater suggest the occurrence of local anthropogenic pollution sources. High 
Na (and low Cl − ) groundwater may also be caused due to ion exchange processes 
(Mukherjee and Fryar  2008 ), facilitating groundwater with low alkalinity, low Cl −  
and high alkaline earth metals. Low SO 4  2−  concentration in some wells tends to be 
associated with strongly reducing groundwater. The lack of correlation between 
dissolved As and SO 4  2−  suggests removal of SO 4  2−  from groundwater as part of the 
bacterial reduction of SO 4  2−  within the aquifer (Radu et al.  2005 ; Gault et al.  2005 ; 
Lowers et al.  2007 ; Mukherjee et al.  2008b ). 

 The (hydro)chemical features and land use associations explain the importance 
of possible local anthropogenic infl uence on groundwater quality as well as hetero-
geneity in As distribution pattern. Higher concentrations of NO 3  − , SO 4  2−  and Cl −  in 
groundwater are associated with local sanitary installations as well as surface water 
bodies. The site specifi city of the tube wells in relation to sanitation is further con-
formed when high Na groundwater is found in tube wells located adjacent to sani-
tary installations. Higher concentrations of PO 4  3−  and HCO 3  −  are primarily linked 
with agricultural fi elds and surface water bodies. Relatively higher mean HCO 3  −  
concentrations advocate surface input of dissolved organic material from agricul-
tural fi elds and surface water bodies. Phosphate input into the groundwater from 
agricultural fi elds and ponds is common. During fi eld investigations, the location of 
the pond is often observed in between agricultural fi elds and habitations where sur-
face run-off from agricultural fi elds takes place (Biswas et al.  2011 ; Sahu et al. 
 2011 ). Mean As concentration is relatively higher in tube wells near agricultural 
fi elds and surface water bodies where PO 4  3−  (run-off from agricultural fi elds) and 
HCO 3  −  (bio-indicator and an end product of degraded natural organics) are high and 
dissolved organic carbon (DOC), NO 3  −  and SO 4  2−  are relatively low. This supports 
the infl uence of the combination of Fe-oxyhydroxide reduction and PO 4  3−  competi-
tive exchange processes for the occurrence of high As in groundwater (Biswas et al. 
 2011 ). In contrast, mean As concentration is relatively low in the tube wells located 
adjacent to sanitary installations and sanitation and surface water bodies, where 
SO 4  2− , NO 3  − , Cl −  and Fe are relatively high and PO 4  3−  and HCO 3  −  are relatively low 
and these groundwater compositions suggest Fe-oxyhydroxide reduction as the 
principal process for As release. 

 Spatio-vertical heterogeneity of As concentrations is an important issue in 
groundwater of the BDP. The present study suggests that this heterogeneity may be 
a matter of aquifer perturbation. In the absence of primary sources (e.g., pyrite and 
arsenopyrite), secondary metal oxides/hydroxides of Fe and Mn along with micas 
are considered to be important. These are often dominant sources as they are abun-
dant in the BDP sediments (Swartz et al.  2004 ; Polizzotto et al.  2006 ; Chakraborty 
et al.  2007 ; Nath et al.  2008b ). In addition, the fl uvial geomorphology and the land 
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use pattern are also important factors that infl uence the local release and distribution 
of As in the groundwater. 

 Saturation of carbonate minerals (such as aragonite, calcite, dolomite, siderite 
and rhodochrosite) and high values of Ca, Mg, Fe and HCO 3  −  in groundwater with 
circum-neutral pH is an indication of carbonate mineral dissolution. This often indi-
cates that carbonate reactions are important in infl uencing groundwater (hydro)
chemistry in the surveyed wells. Saturation index values for siderite are virtually 
unaffected amongst the various land use characteristics around the wells, refl ecting 
that the infl uence of these local features on the thermodynamic equilibrium of sid-
erite is not suffi cient. Groundwater is commonly super-saturated with respect to 
hematite and saturated with respect to siderite. This suggests that the precipitation 
of Fe(III) phases from the aqueous phase is thermodynamically favourable and 
therefore likely to regulate As concentration in the groundwater. Saturation index 
values indicate that vivianite is saturated in most cases where As concentrations 
vary largely (mean 49–67 μg/L). Saturation indices of rhodochrosite and gibbsite 
are also important because the formation of rhodochrosite and gibbsite can regulate 
As concentration in groundwater. These minerals can act as a sink for As by co-
precipitation with Mn(II) and Al(III) ions from the anoxic groundwater (Roman-
Ross et al.  2006 ; Bhowmick et al.  2013 ). Contrastingly, these processes can further 
accelerate the rate of reduction of metal(s) oxide/hydroxides by shifting the equilib-
rium and increasing dissolved As concentration in the groundwater (Biswas et al. 
 2011 ). However, when the minerals are in equilibrium (rhodochrosite in case of 
sanitary installations), the process gets slowed and As release is possibly hindered. 
This further reinforces that the combined release mechanisms are important and 
operated by various local features around the well site. 

 Heterogeneous distribution (spatial and vertical variability) of As can be linked 
with multiple geochemical processes. Nevertheless, ion exchange and ion concur-
rence with PO 4  3−  from anthropogenic sources (fertilizers) together with the complex 
deltaic environment may also have some impact on the As spatio-vertical 
heterogeneity.  

11.5     Conclusion 

 The present study demonstrates that the groundwater chemistry of As affected aqui-
fers in Chakdaha block, Nadia district, West Bengal, is predominantly under anoxic 
condition. Critical evaluation of the groundwater chemical composition reveals that 
Fe-oxyhydroxide reduction and As mobilization may not be the only process to 
explain high As concentrations in the studied groundwater. The major fi nding of our 
study is that the land use patterns (surface water bodies, sanitations and agriculture-
aquifer- sediment interactions) are likely to have a strong infl uence on the release 
and distribution of As in local shallow aquifers. The heterogeneous distribution of 
these factors can suitably explain the corresponding heterogeneity of As concentra-
tions in the groundwater. The competitive exchange of ions can also infl uence As 
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distribution when tube wells are located adjacent to agricultural fi elds. However, the 
extent and inter-connectivity of all the processes vary considerably from place to 
place and from depth to depth. The calculated SI values also suggest that there may 
be a relation between tube well site characteristics (i.e., land use pattern) and min-
eralogical compositions infl uencing the thermodynamic equilibrium of the 
sediment- water interaction and release of As. The release mechanism of As is com-
plex and no unique or individual mechanism can be universally applied to explain 
such heterogeneous distribution of As in the studied groundwater aquifers.     
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    Chapter 12   
 Surface Generated Organic Matter: 
An Important Driver for Arsenic Mobilization 
in Bengal Delta Plain 

             S.  H.     Farooq      and     D.     Chandrasekharam   

12.1            Introduction 

 An access to safe drinking water is primary human need, but at many places around 
the globe this primary requirement is not fulfi lled and millions of people are forced 
to drink contaminated water. On a larger scale, various elements such as As, F, V, U, 
Pb, Hg etc. are contaminating the available drinking water resources (WHO  2006 ). 
Among all the above mentioned elements, As is posing a major threat and several 
countries around the globe are facing problem of As contamination in the ground-
water. The problem of As contamination is most severe in the South-East Asian 
countries (Bhattacharya et al.  1997 ; Chandrasekharam et al.  2001 ; McArthur et al. 
 2004 ; Nickson et al.  1998 ; Smedley and Kinniburgh  2002 ; van Geen et al.  2008 ). 
Elevated As concentrations have been reported at places in Nepal, India, Bangladesh, 
Myanmar, Cambodia, Vietnam and Thailand etc. It is estimated that about 200 mil-
lion people living in Asia are exposed to various health risks due to consumption of 
As contaminated water (Sun  2004 ). In Bengal delta plain alone more than 50 mil-
lion people are routinely exposed, thus it is described as the worst case of mass- 
poisoning in the history of mankind (Ahsan et al.  2009 ; Chakraborti et al.  2003 ). 
The WHO ( 2011 ) permissible limit of As in drinking water is 10 μg/L, while the 
Indian permissible limit is fi ve times higher (50 μg/L). In Bengal delta plain As 
concentrations more than 1,000 μg/L has been reported at several places. Still it 
appears that the extent of the contamination is not fully known and many new 
affected areas are getting discovered on regular basis. Apart from West Bengal, 
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higher As concentrations have been reported from other Indian states including 
Bihar, Uttar Pradesh, Assam, Jharkhand, Chattisgarh and Madhya Pradesh 
(Acharyya et al.  2005 ; Ahamed et al.  2006 ; Bhattacharjee et al.  2005 ; Chakraborti 
et al.  1999 ,  2003 ; Das et al.  1996 ; Paul and Kar  2004 ). 

 In spite of a wealth of information available on occurrence of As in groundwater, 
no defi nite source of As in ground water is well established. However, most of the 
researchers agree that in Bengal delta plain, As is released from the sediments that 
have coating of As on it (Smedley and Kinniburgh  2002 ; Bhattacharya et al.  2002  
and references therein). Three models namely, oxidation, phosphate ion-exchange, 
and reduction have been proposed to explain “how As is releasing from the sedi-
ments and contaminating the groundwater”. Oxidation model suggests that due to 
huge withdrawal of groundwater, water table drops and some part of the aquifer 
which was earlier under saturated condition gets exposed to the atmospheric gases. 
Under such conditions As-rich pyrite breaks down and releases arsenic (Das et al. 
 1996 ; Mallick and Rajagopal  1996 ). The phosphate ion-exchange model suggests 
that the arsenic anions sorbed on aquifer minerals are displaced into solution by 
competitive exchange by phosphate anions, sourced from over-application of fertil-
izer to agricultural fi elds (Acharyya et al.  1999 ). 

 The most accepted reduction model proposes that the naturally occurring As 
sorbed on iron oxyhydroxide (FeOOH) remobilizes when reducing condition devel-
ops (Bagla and Kaiser  1996 ; Bhattacharya et al.  1997 ,  2002 ; Islam et al.  2004 ; 
McArthur et al.  2004 ; Nickson et al.  2000 ; Stüben et al.  2003 ). Currently, this is the 
most accepted model for Bengal delta and the South East Asia. Reduction model 
considers an internal organic matter source (peat layer) to be responsible for driving 
a sequence of reactions which mobilize arsenic (McArthur et al.  2001 ; Ravenscroft 
et al.  2001 ). However, over the time, several other organic matter sources (i.e. 
organic matter rich clay layer, seepage from petroleum-derived hydrocarbon etc.) 
have been suggested (Rowland et al.  2006 ). Despite its conjectural importance, sig-
nifi cant quantities of organic matter that remains available on the surface of Bengal 
delta (explained later), has not been discussed until recently. Different surface- 
derived organic compounds (more often represented in the form of a composite 
parameter as dissolved organic carbon (DOC)) that form due to decomposition of 
this organic matter can have a signifi cant role in As mobilization from the sedi-
ments. Thus, a study has been taken to evaluate the potential of surface-derived 
organic carbon (in terms of DOC) on mobilization of As from the sediments.  

12.2     Concept of Investigation 

 A careful observation of various As affected areas in South-East Asia clearly indi-
cates that all affected areas are paddy cultivating areas, and different varieties of rice 
are grown throughout the year. Additionally, the problem is more severe in areas 
where jute production is also high (i.e. Bengal delta plain). This leads to the idea 
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that there must be some relationship between paddy cultivation, jute production and 
As contamination of groundwater. The cultivation of rice (paddy cultivation) and 
processing of jute (to obtain jute fi bre from the plant) produces signifi cantly large 
quantities of DOC on the surface of Bengal delta. 

 In Bengal delta, the organic carbon production sites can broadly be categorized 
into two classes, (i) paddy fi elds and (ii) jute decomposing ponds.

    (i)     Production of organic carbon in paddy fi elds:  In paddy fi elds huge quantity 
of organic matter remains available which when decayed forms signifi cant 
quantity of DOC. The DOC produces mainly because farmer follows traditional 
way to cultivate paddy. In this method, the harvested crop is cut from the middle 
of stem, the remaining half of the stem and roots are ploughed back for the next 
cultivation. During the monsoon season, when the fi elds are fi lled with rain 
water, the remains of previous crop (roots and half of the stem) start to decom-
pose and produce large quantities of particulate organic carbon (POC) and 
DOC (Chandrasekharam  2008 ). This way signifi cant quantity of POC and 
DOC forms in the paddy cultivating fi elds of Bengal delta.   

   (ii)     Production of organic carbon in jute decomposing ponds:  Jute decompos-
ing ponds act as point source for supplying organic carbon to Bengal Delta. 
Like paddy cultivation, here also, traditional processing technique is followed 
to obtain jute fi bre from the jute plants. This involves retting of the jute plant in 
open ponds for several weeks, which generates signifi cantly large quantities of 
DOC. This again leaves signifi cant quantity of POC and DOC on the surface of 
Bengal delta.     

 The POC and DOC thus produced in paddy fi elds and jute decomposing ponds, 
ultimately moves downward with the percolating water. POC molecules being 
larger in size get clogged in the top sediments while DOC moves down. On its way 
to water table DOC molecules react with mineral surfaces and modify their sorption 
behaviour. Since West Bengal and Bangladesh rank among the top jute and rice 
(paddy) producing areas in the world, the quantities of decomposable organic mat-
ter available on the surface of Bengal delta can be imagined.  

12.3     Material and Methods 

12.3.1     Field Site 

 The study was conducted in the Nabipur block (24°14′,-24°17′ N; 88°31′-88°43′ E) 
of Murshidabad district of West Bengal, India (Fig.  12.1 ). Murshidabad is one of the 
most severely As affected district. Apart from paddy cultivation, it is also one of the 
main jute producing districts of West Bengal and the jute fi bres from the jute plants 
are obtained by the traditional processing method (as described earlier).   
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12.3.2     Collection and Analysis of Water Samples 

 To determine the DOC content in the water standing in paddy fi elds and jute 
 decomposing ponds, water samples from eight paddy fi elds and 12 jute decompos-
ing ponds were collected (Fig.  12.1 ). Samples were fi ltered with 0.45 μm polycar-
bonate fi lters in the fi eld and stored at a low temperature in amber coloured glass 
bottles to minimize the photo-oxidation of DOC. DOC concentrations in the col-
lected water samples were determined by Shimadzu total organic carbon analyzer 
(TOC-5000). The procedure involves a high temperature oxidation prior to IR 
detection of CO 2 . The detection limit was 0.1 mg/L and the precision ranged 
between 2 and 3 %.  

12.3.3     Collection and Analysis of Sediment Profi le 

 To determine the effect of percolating DOC on arsenic mobilization, sediment cores 
(up to aquifer depth, 9 m) were recovered from a paddy fi eld and from the bottom of 
a jute decomposing pond (in Fig.  12.1 , S1: paddy; S2: pond). To recover the undis-
turbed bulk sample Cable Percussion Technique was applied. The core was sliced 
into smaller segments at every 7.5 cm interval (≈3 in.). This way, 84 sediment sam-
ples were collected from paddy fi eld and 72 from the jute decomposing pond. The 
samples were immediately packed into resaleable plastic bags and purged with nitro-
gen gas to minimize the oxidation due to exposure to the atmosphere. In the labora-
tory, samples were freeze dried and stored at low temperature until further analysis. 

 Elemental composition of all collected sediments was determined by ED-XRF 
(Spectra 5000, Atomica). Arsenic content was measured using a Pd primary fi lter, 
which led to a detection limit of ≈ 1 mg/kg. To control the quality of data, a number 
of selected Certifi ed Reference Materials (CRMs) such as GXR-2, GXR-5, Soil-5, 
SL-1, SCO-1, SDO-1 (Park City, Utah, USA) etc. have been repeatedly analyzed. In 
general, precision (better than 5 %) was calculated from repeated measurements of 
the standard material and accuracy (better than 10 %) was checked by including 
CRMs (GXR-2, GXR-5 and Soil-5). Total C content of the sediments was mea-
sured by Carbon-Sulphur-Analyser (CSA 5003, Leybold Heraeus, Germany), 
while the inorganic C content was determined by a Carbon-Water-Analyser 
(CWA 5003, Leybold Heraeus, Germany). The total organic C (TOC) content of 
the sediments was calculated by subtracting inorganic C from the total C content. 
Constituent minerals (i.e. quartz, plagioclase, k-feldspar, kaolonite/chlorite etc.) 
in the sediments were identifi ed by X-ray diffraction (XRD) analysis (Krisallofl ex 
D500, Siemens, Germany) at 40 kV and 25 mA. CuKα-1 radiation was used at 
angles between 3° and 63°. The semi-quantitative evaluation of the spectra was 
done based on the calibration curves obtained from different samples with known 
mineral  composition produced at the IMG, KIT, Karlsruhe. Grain size of the bulk sedi-
ment samples was determined by using a Laser-granulometer (Hydro 2000G). 
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Approximately 0.5 g of dry bulk sample material was initially disaggregated with 
an ultrasonic probe using water as dispersant medium. Reported grain sizes were 
grouped into clay (<2 μm), silt (2–63 μm) and sand (>63 μm).  

12.3.4     Column Leaching Experiment 

 To determine the effect of percolating DOC on the sediments, conditions similar to 
those existing in Bengal delta (i.e. natural conditions) were created in the laboratory 
through the column experiment. Separate column experiments were run for paddy 
fi eld and pond profi les. 

 For paddy column experiment, based on the chemical composition of the sam-
ples (XRF) and grain size analysis, the 9-m long sediment core has been divided into 
two zones, i.e. Zone 1 and 2 (explained in Sect.  12.4.2 ). However, on the similar 
basis the sediment core collected from the jute decomposing pond has been divided 
into three zones: i.e. Zone 1, 2 and 3 (explained in Sect.  12.4.2 ). For paddy column 
experiment, representative material was prepared from the samples of each zone and 
used as the infi ll of two interconnected columns (30 cm each), arranged in the same 
order as the zones occur in the core (material from Zone 1 in Column 1AP, from 
Zone 2 in Column 2AP; P denotes paddy). Another identical set of columns (set B; 
labelled 1BP, and 2BP; B denotes blank) was prepared and run in parallel. Similarly, 
for pond column experiment the representative material was fi lled in three intercon-
nected columns (1AJ, 2AJ and 3AJ; J denotes jute), arranged as described above and 
an identical parallel set of columns containing columns 1BJ, 2BJ and 3BJ was pre-
pared and run in parallel. The columns were connected in such a way, that the leach-
ing solution successively passed through both columns for paddy and all the three 
columns for pond column leaching experiment (Fig.  12.2a, b ).  

 The leaching solution (i.e. DOC solution) for paddy column experiment was 
made by decomposing paddy plants and for pond column experiment by decompos-
ing the jute plants separately, in the laboratory under controlled conditions. Separate 
decomposition and leaching with the respective DOC solution was necessary as the 
quality (e.g. molecular size and functional groups) and thus reactivity of DOC 
depends mainly upon the composition of source/parent material, medium of decom-
position, temperature and rate of decomposition, and the presence of microbial 
communities. 

 By decomposing the respective material under comparable environment, it is 
reasonable to assume that the DOC produced in laboratory will be nearly identical 
to that of the DOC produced in a paddy fi eld and in the jute decomposing ponds of 
West Bengal, and will behave similarly to that produced under natural conditions in 
Bengal delta. 

 Based on average DOC concentration measured in the paddy fi elds and jute 
decomposing ponds, both the paddy column set (AP) and pond column set (AJ) 
were leached with a solution containing 100 mg/L of respective DOC, while the 
columns of set B (BP and BJ) were leached with plain water. Set B of columns was 
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used as reference, allowing to clearly determine the effect of DOC on As 
 mobilization. Leachates were sampled at the exits of each column on daily basis and 
were analyzed for As content. The column experiment for paddy and pond profi le 
was run continuously for a period of 41 days and 42 days respectively.   

12.4     Results and Discussions 

12.4.1     Water Samples 

 The DOC content in paddy fi eld ranges between 56 and 61 mg/L, except in one 
sample where DOC content as high as 128 mg/L is registered (Table  12.1 ). Similarly, 
in jute ponds also, DOC concentration ranges around the narrow limit of 60–70 mg/L 
and in few samples higher concentrations were registered (maximum conc. 
153 mg/L). The average DOC concentration registered in paddy fi eld and jute 
decomposing pond is 67.2 mg/L and 74 mg/L, respectively.

   The DOC concentrations in paddy fi elds and in jute decomposing ponds are con-
trolled by several factors such as time of sampling, availability/quantity of decom-
posable organic matter, rate of decomposition and the amount of rainfall. All these 
factors vary widely both in space and time; thus, no single concentration (neither 
mean nor highest) can be considered as representative for the entire Bengal delta. 
Specifi cally for paddy fi eld, the other factors that may also infl uence DOC concen-
trations include (i) the variety of rice cultivated in previous cropping, as different 
plant varieties have different decomposition rate and (ii) different agricultural fi elds 
usually do not have boundaries of similar height; one with higher boundary can 
accumulate more rain water that can act as diluting agent, when compared to others 
with lower boundary (Farooq et al.  2010 ). Similarly, in case of jute ponds, the main 
controlling factor for DOC content in pond water is the quantity of plant matter (jute 
plant) dumped in the pond for decomposition. The quantity placed in each pond 
depends primarily on the number of ponds present in the area and the harvest yield 
of the jute crop. There is no fi xed ratio of pond size to the amount of plant matter 
placed. Thus the concentration of DOC depends completely on the wish of the pond 
owner (Farooq et al.  2012 ). Keeping all these factors in mind, in this study, we took 
100 mg/L of DOC in the leaching solution for both the paddy and pond column 
leaching experiments. Further, this will help in comparing the As mobilization data 
from both column leaching experiments quickly and easily.  

   Table 12.1    DOC concentrations (mg/L) in different paddy fi elds and jute decomposing ponds   

 Sample no.  1  2  3  4  5  6  7  8  9  10  11  12 

 DOC cons. in 
paddy fi elds 

 58.9  56.0  60.9  61.1  57.3  128  56.5  58.1  –  –  –  – 

 DOC conc. in 
jute ponds 

 62.3  77.1  69.4  61.0  62.6  61.8  92.7  58.6  67.7  153  62.1  60.2 
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12.4.2       Elemental Composition and Grain Size Distribution 
Along the Sediment Profi les 

 The depth-wise variation of As and Fe content in paddy and pond sediments profi le 
is shown in Fig.  12.3  (a: paddy profi le, b: pond profi le). Paddy fi eld profi le clearly 
shows two zones (Fig.  12.3a ). Zone 1 is enrichment zone where the As concentra-
tions are well above the background concentrations (10 mg/kg) for the Bengal delta 
sediments (Norra et al.  2005 ). This is mainly because of the continuous infl ux of As 

  Fig. 12.3    Depth-wise distribution of As and Fe in the sediments: ( a ) paddy fi eld sediments and ( b ) 
pond sediments       
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through contaminated irrigation water. The As supplied through irrigation water 
accumulates itself on to the sediments and also gets adsorbed on the iron plaque 
formed at the roots of paddy plants (Ahsan et al.  2009 ; Dittmar et al.  2007 ; Norra 
et al.  2005 ; van Geen et al.  2006 ).  

 Around 50 % of roots of paddy plant extend in fi rst 10–15 cm below the ground 
surface (Mathan and Natesan  1988 ) and thus, the major fraction of unusually higher 
As concentration at this depth seems to be contributed by the accumulation of As in 
root zones (Otte et al.  1995 ). The presence of dominating fi ner particles in Zone 1 
sediments additionally facilitates As adsorption by providing abundant sites where 
As loosely binds itself (Ona-Nguema et al.  2005 ). Various studies have shown that 
the concentration of As in top sediments would have been much higher if a mecha-
nism for continuous removal of As does not exists. The removal mechanism may 
involve reduction induced mobilization or diffusion of accumulated As into fl ood-
water or transportation of As to the lower horizons (Dittmar et al.  2007 ). Zone 2 
sediments do not show higher As concentrations and As concentration near back-
ground concentration (at deeper level) has been registered. This may be because of 
the fact that all the As that mobilizes from top sediments of Zone 1 has been attenu-
ated within the lower portion of Zone 1 itself. The same is true, not just for As but 
also for other redox sensitive elements including Fe, Zn, Cu etc. 

 The elemental composition of sediment profi le below the jute decomposing pond 
clearly show three zones, (i) Zone 1 (0–2.6 m), which has As and Fe concentrations 
less than their background concentrations in Bengal delta sediments; (ii) Zone 2 
(2.6–6.1 m), in which the concentrations of the same elements are higher than their 
respective background values, and (iii) Zone 3 with a composition similar to the 
background (Fig.  12.3b ). Such a trend indicates the mobilization/transfer of As 
from Zone 1 to Zone 2 and in case of jute decomposing ponds this is mainly due to 
the effect of percolating DOC (explained later). 

 Mineralogy of paddy profi le shows that Zone 1 is dominated by clay minerals 
which make up to 66 % (average 48.7 %) of the total minerals present. Additionally, 
kaolinite (av. 9.8 %) and other clay minerals are also signifi cantly higher in this 
zone as compared to Zone 2, where quartz (av. 28.4 %), plagioclase (av. 11.5 %) and 
K-feldspar (av. 14.5 %) are the dominant minerals (Table  12.2 ). Concentrations of 
clay minerals in jute sediment profi le is 39.5 %, 56.6 % and 47.4 %, in Zone 1, 2 and 
3, respectively. Grain size analysis of paddy profi le shows that Zone 1 is dominated 
by silt (average 44.9 %), while Zone 2 is dominated by sand (average 57.2 %) sized 
grains (Table  12.3 ). In case of jute decomposing pond profi le, the clay sized parti-
cles show a general increase with depth (4–57 %), sand size particles a general 
decrease with depth (47–1 %) and the silt content vary within a narrow range (38–
54 %). However, the presence of sand laminations (in form of higher sand and lower 
clay content) is also noticed at different depths throughout the profi le. Clay patches 
are common feature of any deltaic morphology and in Bengal delta and jute decom-
posing ponds are located on these clay patches so that they can hold rain water for 
longer time. This makes these ponds more useable for jute decomposition.
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12.4.3         Column Experiments 

 The results of column leaching experiment conducted with paddy fi eld sediments 
are discussed under the sub-heading paddy profi le and jute decomposing ponds 
under the sub-heading pond profi le.

    (i)     Paddy Profi le      

 In column leaching experiment conducted with the Zone 1 sediments, for fi rst 
4 days higher fl uctuation in As concentration has been registered and from 5th to 
9th day a continuous increase in As concentration in the leachates has been noticed. 
However, As shows quite a constant mobilization from 10th day till the end of the 
experiment (Fig.  12.4a ).  

 In Zone 1 sediments, around 80–90 % of the As is associated with mobile, 
loosely bound, organically bound and Fe-Mn bound fractions (Farooq et al.  2010 ). 
In fi rst few days, mobile and loosely bound As fractions were mobilized while with 
the development of stronger reducing condition As bound to Fe-Mn phases also 
mobilized. Once the reducing condition developed appropriately the As mobiliza-
tion became stable and continued with almost the same rate throughout the experi-
ment. Thus, from 10th day onwards till the end of the experiment not much variation 
in As concentration was found. The reducing conditions in this column (1AP) gen-
erated mainly due to decay of a fraction of DOC used as leaching solution. Around 
80 % of the DOC gets consumed in this column and the leachates collected at the 
end of this column contained only 20 % DOC, which is used as leaching solution 
for column 2AP. As compared to column 1AP, in column 1BP—where the sedi-
ments are leached with water—do not show much As mobilization. This suggests 
that (i) DOC can mobilize signifi cant quantity of As from sediments and, (ii)  internal 
organic carbon (OC present in the sediments) is either in insuffi cient quantity or of 
refractory nature and do not play an important role in As mobilization. An external 
DOC source is thus responsible for As mobilization. Also, the concentration of OC 
present in sediments of both profi les is too low to induce the stronger reducing con-
ditions on basin scale (Table  12.4 ).

   Table 12.3    Grain size distribution along the sediment profi le   

 Site  Depth zone  Clay (0.063–2.0 μm)  Silt (2–63.0 μm)  Sand (63–2,000 μm) 

 Paddy  Zone 1  8. 5–50.0  35.3–55.7  2.2–56.2 
 (0–3.2 m)  (av. 33.0)  (av. 44.9)  (av. 22.1) 
 Zone 2  0.4–48.2  2.6–55.0  3.3–97.0 
 (3.2–9.0 m)  (av. 11.3)  (av. 31.6)  (av. 57.2) 

 Pond  Zone 1  3.9–41.7  37.8–53.8  7.4–58.3 
 (0–2.6 m)  (av. 24.4)  (av. 46.8)  (av. 28.7) 
 Zone 2  40.2–49.7  41.7–50.8  1.2–17.4 
 (2.6–6.1 m)  (av. 43.5)  (av. 47.2)  (av. 9.2) 
 Zone 3  38.4–57.4  38.1–48.6  4.1–16.0 
 (6.1–9.0 m)  (av. 45.7)  (av. 44.9)  (av. 9.4) 
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   The leachates collected at the end of column 2A show a continuous increase in 
As concentration till the end of the experiment (Fig.  12.4b ). However, if we look 
closely and consider the As concentration in the solution which is leaching column 
2AP (i.e. leachates of column 1AP), it will be realized that actually column 2AP is 
showing a considerable As adsorption. On an average ≈ 55 % of As which is released 
from column 1AP and entered into column 2AP along with leaching solution is getting 
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  Fig. 12.4    ( a ) Arsenic concentrations in the leachates collected from the columns 1AP and 1BP. 
( b ) Arsenic concentrations in the leachates collected from the columns 2AP and 2BP       

   Table 12.4    Distribution of carbon along the sediment profi le   

 Site  Depth zone  Total carbon (%)  Inorganic carbon (%)  Organic carbon (%) 

 Paddy  Zone 1  0.6–2.5  0.4–1.6  0.1–1.0 
 (0–3.2 m)  (av. 1.6)  (av. 1.3)  (av. 0.3) 
 Zone 2  0.6–1.9  0.6–1.5  0.0–0.4 
 (3.2–9.0 m)  (av. 1.1)  (av. 0.9)  (av. 0.1) 

 Pond  Zone 1  1.0–1.7  0.4–1.5  0.1–0.7 
 (0–2.6 m)  (av. 1.4)  (av. 1.2)  (av. 0.2) 
 Zone 2  0.8–2.6  0.3–1.6  0.0–1.2 
 (2.6–6.1 m)  (av. 1.6)  (av. 1.3)  (av. 0.4) 
 Zone 3  1.6–1.9  1.4–1.6  0.2–0.6 
 (6.1–9.0 m)  (av. 1.8)  (av. 1.5)  (av. 0.3) 
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adsorbed in this column (Fig.  12.5 ). However, as the experiment proceeded, the 
percentage adsorption of As in column 2AP decreased with time and from 39th day 
onwards the As adsorbed earlier in column 2AP started to remobilize. Most of the 
DOC of leaching solution consumed in column 1AP and very little DOC (20 %) 
could reach column 2AP to leach the sediments of Zone 2. Under such circum-
stances, it is reasonable to assume that the conditions in column 2A change from 
oxic in the start to mildly reducing as the experiment proceeds (i.e. strong reducing 
conditions could not develop). Under oxic condition Fe-oxide coating forms on the 
surface of sand grain which can trap As very effectively.  

 Thus, in general, column 2AP acted as sorption media for the As leached from 
column 1AP. However, with progressive occupation of available binding sites and 
development of reducing condition, adsorption of As became lesser and lesser and 
at the end of the experiment the As absorbed earlier again started to remobilize. 
Thus, it can be assumed that in future, if stronger reducing conditions are devel-
oped, more As will be mobilized and will reach the groundwater table.

    (ii)     Pond Profi le      

 The column experiment run over 42 days shows that signifi cant quantity of As 
mobilized from column 1AJ, notably during the fi rst 2 weeks of the experiment 
(Fig.  12.6a ). Studies have shown that in the sediments of Zone 1 up to 60 % of total 
As is in loosely bound form, associated with easily mobilizable and organically 
bound phases (Farooq et al.  2012 ). Consequently, it is reasonable to assume that As 
mobilized from this column is derived mainly from these phases. Gradually decreas-
ing As concentration in leachates again suggests the consumption of easily mobi-
lized As with time.  

 In the sediments of Zone 2 a signifi cant fraction of As is attached to Mn oxides 
and amorphous Fe oxide phases, which are highly redox sensitive (Farooq et al. 
 2012 ). The lagging of the maximum As concentration in column 2AJ behind that in 
1A is due to the development of progressively stronger reducing conditions in col-
umn 2A over the duration of experiment, which leads to a higher mobilization of As 

  Fig. 12.5    Percentage of As sorption in column 2AP       
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from Zone 2 sediments (Fig.  12.6b ). Further, a weaker relationship of As between 
Fe for fi rst few days of experiment and a stronger correlation at the later stage of 
experiment hints the redox driven As mobilization. 

 The As content in the sediment of third column (derived from Zone 3 of the core) 
seems not to be affected much by the percolating solution neither in column 3AJ nor 
in 3BJ (Fig.  12.6c ). The solution that is entering not only in column 3BJ, but also in 
column 3AJ contains much too low amounts of DOC. The average DOC concentra-
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  Fig. 12.6    ( a ) Arsenic concentrations in the leachates collected from the columns 1AJ and 1BJ. ( b ) 
Arsenic concentrations in the leachates collected from the columns 2AJ and 2BJ. ( c ) Arsenic con-
centrations in the leachates collected from the columns 3AJ and 3BJ       
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tion in solution entering and exiting column 3AJ are 39.7 mg/L and 11.0 mg/L, 
respectively, which means effectively 28.7 mg/L of DOC is getting consumed in 
this column. Such a low DOC content may not mobilize signifi cant quantity of arse-
nic. Even if, there may be some As mobilization in the upper part of this column, it 
must have been attenuated in the lower part of the same column as enough binding 
sites are available. Also, Zone 3 sediments contain very high clay content which 
may further increase the possibility of As re-adsorption. Thus, the water percolating 
through the jute decomposing pond does not pose an immediate threat of groundwa-
ter contamination but over the time if the DOC production in ponds continued Zone 
2 will keep in shifting downward.   

12.5     Conclusions 

 In Bengal delta, huge quantities of organic material remain available on the surface 
due to traditional practice of paddy cultivation and retting of jute plants to obtain 
jute fi bre. Paddy fi elds are irrigated by As contaminated water, this causes accumu-
lation of As in paddy fi elds. The decay of organic matter in paddy fi eld triggers a 
series of reactions that help in mobilizing the As accumulated in the top sediments. 
The column experiment with paddy fi eld sediments clearly demonstrate that the As 
mobilized from the top sediments ultimately reaches groundwater table and con-
taminates shallow groundwater resources. However, in case of jute decomposing 
ponds the As mobilized from upper horizon (0–2.6 m, Zone 1), subsequently gets 
fi xed in the horizon below (2.6–6.1 m, Zone 2), and the lowest horizon (6.1–9 m, 
Zone 3) remains unaffected. Though, signifi cant As mobilization takes place from 
upper horizon but still water reaching the groundwater table contains As lesser than 
the WHO prescribed limit of As in drinking water. Thus, it does not pose any immi-
nent threat to the groundwater resources. However, the column experiment further 
demonstrates that if the DOC production in ponds continues for a longer time, the 
As fi xation horizon will move further downward and ultimately will intersect the 
groundwater table. 

 In general, due to the availability of large quantities of organic matter on the 
surface of Bengal delta, groundwater resources are either getting contaminated (as 
in case of paddy fi elds) or posing a future threat (as in case of jute decomposing 
ponds). To protect the groundwater resources, it is advisable to reduce the availabil-
ity of organic carbon by changing the cultivation practices and jute processing 
technique.     
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    Chapter 13   
 A Comparative Study on the Arsenic Levels 
in Groundwaters of Gangetic Alluvium 
and Coastal Aquifers in India 

             S.     Chidambaram     ,     R.     Thilagavathi    ,     C.     Thivya    ,     M.  V.     Prasanna    ,     N.     Ganesh    , 
and     U.     Karmegam   

13.1            Introduction 

 The elevated levels of arsenic in water threaten human health in large areas globally 
and its origin is intensively discussed by researchers worldwide. There remains con-
siderable debate about the key control of arsenic concentrations in water. No spe-
cifi c sources of arsenic could be identifi ed in Gangetic plain of Uttar Pradesh, India 
but several potential minor sources have been identifi ed both in the Himalayan belt 
as well as, in peninsular India. Gangetic plain was formed due to the accumulation 
of bulk sediments from the Himalayan hill range, whereas the input of peninsular 
India is minor. The southern belt of the Himalayas is subjected to high erosion and 
intense rainfall during the Holocene time. The possibility of erosion, oxidation and 
transportation of arsenic-bearing products in suspension and solution in the Gangetic 
plain is high. Studies in Gangetic alluvium and few other reports in India are listed 
in Table  13.1 . The current status of knowledge of various workers (Bhattacharya 
et al.  1997 ; Nickson et al.  2000 ; Ahmed et al.  2004 ; Singh et al.  2010 ;    Kumar et al. 
 2010a ,  b ) indicates predominantly Geogenic source (arsenic sediments deposited in 
the Ganga plains by Himalayan Rivers) and its release in groundwater through natu-
ral processes. As per the study, from the data it is seen that arsenic present in the 
groundwater sample of Tamil Nadu within the safe limit of 0.05 mg/L (50 μg/L) as 
fi xed by the Bureau of Indian Standards for the drinking water. However the highest 
amount of arsenic 8.62, 16.67 and 11.5 μg/L have been noticed in the districts of 

        S.   Chidambaram      (*) •    R.   Thilagavathi    •    C.   Thivya    •    N.   Ganesh    •    U.   Karmegam    
  Department of Earth Sciences ,  Annamalai University , 
  Annamalai Nagar ,  Chidambaram   608002 ,  Tamil Nadu ,  India   
 e-mail: chidambaram_s@rediffmail.com   

    M.  V.   Prasanna    
  Department of Applied Geology ,  School of Engineering and Science, Curtin University , 
  CDT 250 ,  98009   Miri ,  Sarawak ,  Malaysia    

mailto:chidambaram_s@rediffmail.com


198

   Table 13.1    Few studies on arsenic in groundwaters of Gangetic alluvium and that of Indian 
aquifers   

 S. no.  Study details  Author  Year 

 1.  Geochemistries of arsenic, antimony, mercury and 
related elements in sediments of Puget sound 

 Crecerius et al.   1975  

 2.  Stable isotope study of the Ganga (Ganges) river 
system 

 Ramesh and Sarin   1992  

 3.  Occurrence of arsenic contamination of groundwater 
in alluvial aquifers from Delta Plain, eastern India: 
Option for safe drinking supply 

 Bhattacharya et al.   1997  

 4.  Arsenic levels in drinking water and the prevalence of 
skin lesions in West Bengal, India 

 Mazumder et al.   1998  

 5.  Arsenic poisoning of groundwater in Bangladesh  Nickson et al.   1998  
 6.  Groundwater arsenic in the Holocene alluvial aquifers 

of Bengal Delta Plains: Petrological, geochemical and 
isotope geochemical studies 

 Bhattacharya et al.   1999  

 7.  Contamination of drinking water by arsenic in 
Bangladesh: A public health emergency 

 Smith et al.   2000  

 8.  A report on isotope hydrology of groundwater in 
Bangladesh: Implications for characterization and 
mitigation of arsenic in groundwater 

 Aggarwal et al.   2000  

 9.  Arsenic in groundwater and health problems in 
Bangladesh 

 Karim   2000  

 10.  Groundwater arsenic-contamination status at four 
geo-morphological areas in Bangladesh (special 
reference to arsenic in biological samples and 
agricultural crop) 

 Chowdhury   2001  

 11.  Arsenic in groundwater in the Bengal Delta Plain: 
Slow poisoning in Bangladesh 

 Mukherjee 
and Bhattacharya 

  2001  

 12.  Arsenic contamination of ground and pond water and 
water purifi cation system using pond water in 
Bangladesh 

 Yokota et al.   2001  

 13.  Arsenic in groundwater: Testing pollution 
mechanisms for sedimentary aquifers in Bangladesh 

 McArthur et al.   2001  

 14.  Arsenic contamination of groundwater in Bangladesh     Kinniburgh 
and Smedley 

  2001  

 15.  Arsenic mobility and groundwater extraction in 
Bangladesh 

 Harvey et al.   2002  

 16.  Arsenic groundwater contamination in Middle Ganga 
Plain, Bihar, India: A future danger? 

 Chakraborti et al.   2003  

 17.  Arsenic enrichment in groundwater of West Bengal, 
India: Geochemical evidence for mobilization of As 
under reducing conditions 

 Stuben et al.   2003  

 18.  Spatial variability of arsenic in 6000 tube wells in a 
25 km 2  area of Bangladesh 

 Van Geen et al.   2003  

 19.  Antimony isotope variations in natural systems and 
implications for their use as geochemical tracers 

 Rouxel et al.   2003  

(continued)
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Table 13.1 (continued)

 S. no.  Study details  Author  Year 

 20.  Arsenic levels in groundwater from quaternary 
alluvium in the Ganga Plain and the Bengal basin, 
Indian subcontinent: Insights into infl uence of 
stratigraphy 

 Acharyya    2005  

 21.  Risk of arsenic contamination in groundwater 
affecting Ganga alluvial Plain, India? 

 Acharyya and Shah   2004  

 22.  Arsenic enrichment in groundwater of the alluvial 
aquifers in Bangladesh: An overview 

 Ahmed et al.   2004  

 23.  Groundwater arsenic contamination and its health 
effects in the Ganga–Meghna–Brahmaputra plain 

 Chakraborti et al.   2004  

 24.  Mechanism and source of arsenic contamination in 
groundwater in Bangladesh 

 Takaaki and 
Takahashi 

  2005  

 25.  Groundwater arsenic in the Central Gangetic Plain in 
Ballia District of Uttar Pradesh, India 

 Tripathi et al.   2006  

 26.  Groundwater dynamics and arsenic mobilization in 
Bangladesh assessed using noble gases and tritium 

 Klump et al.   2006  

 27.  Deeper groundwater fl ow and chemistry in the arsenic 
affected western Bengal basin, West Bengal, India 

 Mukherjee   2006  

 28.  Comparison of Antimony Behavior with that of 
Arsenic under Various Soil Redox Conditions 

 Mitsunobu et al.   2006  

 29.  Response to comments on “Limited temporal 
variability of Arsenic concentration in 20 wells 
monitored for 3 years in Araihazar, Bangladesh” 

 Cheng et al.   2006  

 30.  Ground water Arsenic contamination and its health 
effects: Case studies from India and SE Asia 

 Ramanathan et al.   2007  

 31.  Regional-scale stable isotopic signatures of recharge 
and deep groundwater in the arsenic affected areas of 
West Bengal, India 

 Mukherjee et al.   2007  

 32.  Hydrological and geochemical constraints on the 
mechanism of formation of Arsenic contaminated 
groundwater in Sonargaon, Bangladesh 

 Itai et al.   2008  

 33.  A study of arsenic, iron and other dissolved ion 
variations in the groundwater of Bishnupur District, 
Manipur, India 

 Oinam et al.   2011  

 34.  Tracing the factors responsible for arsenic enrichment 
in groundwater of the middle Gangetic Plain, India: A 
source identifi cation perspective 

 Kumar et al.   2010b  

 35.  Arsenic enrichment in groundwater in the middle 
Gangetic Plain of Ghazipur District in Uttar Pradesh 

 Kumar et al.   2010a  

 36.  Impact of groundwater abstraction and of the organic 
matter on release and distribution of arsenic in 
aquifers of the Bengal Delta Plain, India 

 Neidhardt   2012a  

 37.  Arsenic in groundwater of West Bengal: Implications 
from a fi eld study 

 Neidhardt   2012b  

 38.  Surface complexation modeling of temporal 
variability of arsenic in groundwater: Estimating the 
role of competing ions in the mobilization processes 

 Biswas et al.   2013  

(continued)
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Kancheepuram, Perambalur and Virudhunagar respectively. In Theni and Erode dis-
trict the lowest amount of Arsenic 1.00 μg/L have been noticed. Even for the geo-
logical sources, there are two explanations—one theory relies on the oxidation 
(addition of oxygen) and the other on reduction (loss of oxygen). These studies 
indicate the identifi cation sources of As and their geochemical process, evolution of 
As, groundwater contamination and their effects on human people. It also focuses 
on human health, living aspects and prevention of polluting agents of arsenic to the 
groundwater. The present study indicates the origin and occurrence to identifying 
the more concentrated areas located with arsenic enrichment and mobilization. This 
paper attempted to obtain a comprehensive idea about the arsenic in Gangetic allu-
vium and a coastal hard rock aquifer in south India.

13.2        Study Area 

13.2.1     Gangetic Alluvium 

 The Indo-Gangetic plain occurs on the convex side of the Himalayan and Burmese 
mountain arc and this plain parallels the Himalayan front for over 2000 km. The 
sediments of Indo-Gangetic plain consist of alluvial material in layers of sands and 
clays, with a depth of 3,000 m in the northwest (Punjab plains) to over 6,700 m in 
the central part (U.P. and Bihar). These sediment layers lie over the older formations 
of the Indian shield, and have deposited in the fore deep of Himalayas and this fore 
deep itself includes a frontal belt and a shelf zone which were created during the 
different phases of mountain building activities in the Himalayas. The basement to 
the fore deep is an extension of the Indian shield as depicted by three fault control 

Table 13.1 (continued)

 S. no.  Study details  Author  Year 

 39.  Reconstructing the sedimentation history of the 
Bengal Delta Plain by means of geochemical and 
stable isotopic data 

 Neidhardt et al.   2013b  

 40.  Infl uences of groundwater extraction on the 
distribution of dissolved As in shallow aquifers of 
West Bengal, India 

 Neidhardt et al.   2013a  

 41.  Role of competing ions in the mobilization of arsenic 
in groundwater of Bengal Basin: Insight from surface 
complexation modeling 

 Biswas et al.   2014c  

 42.  Spatial, vertical and temporal variation of arsenic in 
the shallow aquifers of Bengal Basin: Controlling 
geochemical processes 

 Biswas et al.   2014b  

 43.  Characterizing the controlling geochemical processes 
for spatial, vertical and temporal variation of arsenic 
in shallow groundwater of the Bengal basin 

 Biswas et al.   2014a  
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ridges below the sediments, namely (i) the Delhi-Hardwar ridge which is a continuation 
of the north-northwest Aravalli range, (ii) the Faizabad ridge which is a northeast 
extension of the Bundelkhand massif, and (iii) the Mungher-Saharsa ridge which is 
an extension of the Satpura belt. The area is drained by many major rivers, served 
by a large number of streams. Since the alluvium conceals the geology of its fl oor, 
it is of interest mainly on account of its tectonic and hydrological parameters, par-
ticularly since the entire area is highly populated.  

13.2.2     Southern Coast 

 Kalpakkam region located in northern part of Tamil Nadu State, India between 12° 
37′ and 12° 25′ North latitudes, 80° 00′ and 80° 12′ East longitudes (Fig.  13.1 ). It 
comprises both hard rock and sedimentary formation covering a total area of 385 

  Fig. 13.1    Study area, geology and sample location map       
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sq.km. The study area lies between the back water from Bay of Bengal in the east 
and the landfi ll sites of Mahabalipuram town in NE part. River Palar, a major river 
course which drains this region, originates from Western Ghats in Karnataka state, 
and discharges in Bay of Bengal near Pudupattinam. The study area reveals that 
there are two major lithologies, i.e., charnockite (hard rock) and alluvium formation 
(fl uvial and marine). The Palar River fl ows from the northwest to southeastern part 
of the study area fringed by this Quaternary alluvium (fl ood plain). The Quaternary 
formation is found along the river course of the Palar and it spatially divides the 
charnockites into northern and southern parts (Fig.  13.1 ). Marine alluvial formation 
is found parallel to the coast. The subsurface lithology of the study area shows dif-
ferent types of formations which include sand and clayey sand with weathered char-
nockite in west. Archaean basement at the bottom, which is made up of charnockites 
and is overlain by recent alluvium (Singh et al.  2004 ; Singh and Saxena  2004 ).  

 The depth of hard rock varies from 12.9 to 46.0 m below the ground surface. The 
bedrock is shallow on the northern and western sides and deeper in the central 
region. The weathered/fractured charnockite and alluvium form the major aquifer 
system. The thickness of alluvium is more on the southern and eastern sides, and 
lenses of clays were encountered in alluvial formations (Karmegam et al.  2010 ). 
Sand formations vary from 3 to 12 m in thickness and constitute a shallow uncon-
fi ned aquifer. The rock mass consists of quartz, feldspar, biotite and pyroxene. 
Fractures in the charnockite rock mass consist of fracture fi lling material, which is 
greenish/blackish green in colour and is predominantly composed of clay minerals 
biotite, sericite and chlorite, altered feldspar and quartz. Dug wells tap the alluvium 
with depths ranging between 6 and 12 m bgl (below ground level) and that of fi s-
sured crystalline rock it ranges in depth between 6 and 17 m bgl. The depth to water 
level ranged from 3.50 to 8.34 m bgl during summer and 1.32–7.53 m bgl post 
monsoon.   

13.3     Distribution of Arsenic 

 Arsenic was released later to groundwater mainly by reductive dissolution of 
hydrated iron-oxide and corresponding oxidation of sediment organic matter. Strong 
reducing nature of groundwater in the Bengal Basin and parts of affected middle 
Ganga fl oodplains is indicated by high concentration of dissolved iron (maximum 
9–35 mg/l). The maximum concentration of arsenic in groundwater of Bihar state is 
shown in Fig.  13.2 . It is worth to notice that the higher concentration of arsenic is 
observed in southern Gangetic alluvium compared to northern plain. The classifi ca-
tion of hydrogeochemical facies of groundwaters indicates that the dominant hydro-
chemical facies of the study area is Ca-Mg -HCO 3 .  

 The low concentration of HCO 3  between 10 and 20 m depth corresponds to the 
most important anion species, which competes with As for adsorption sites at min-
eral surface (e.g. Fe/Mn oxyhydroxides, clay minerals and weathered mica), 
 consequently releasing As into the groundwater (Charlet et al.  2007 ). Groundwater 
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being virtually stagnant under these settings, released arsenic accumulates and con-
taminates groundwater. The distribution of arsenic in the southern coastal aquifer 
shows that concentration in groundwater shows that it ranges from 0.84 to 8.66 ppb 
(Fig.  13.3 ). Higher number of samples fall in following order 4–6 ppb (14), fol-
lowed by 2–4 ppb (7), by 6–8 ppb (5), by 0–2 ppb category and fi nally 8–10 ppb 
category. Though all the samples fall within the permissible limit, there is a fear for 
increase of concentration in near future. Na-Mg-Cl-HCO 3  (Type I) and Mg-Na-Cl- 
HCO 3    (Type II) are the dominant water type of the study area. Majority of the 
samples from the charnockite shows the type II and higher As is mostly distributed 
in type I. 
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  Fig. 13.2    Maximum arsenic concentration in groundwater in affected districts of Bihar state. 
Arsenic concentration is expressed in mg/l. The districts on the left side of the  red line  are on the 
southern bank of River Ganga and remaining districts are from the northern plain       

  Fig. 13.3    Frequency chart for ranges as (μg/l)       
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13.4        Depth 

 Hydrogeochemical comparison of groundwater chemistry in geologically divergent 
sub-basins near the western margin (Nadia, Bhagirathi sub-basin, West Bengal) was 
done by    Mukherjee et al. ( 2008 ) to understand the controls of As occurrence in 
groundwater. 

 Results show that groundwater in the western site is mostly Ca −  and HCO 3  facies, 
while that in the eastern sub-basin consists of six different facies. Depth profi les of 
major solutes (Na, Ca and HCO 3 ) show different trends in the sub-basins; however, 
redox-sensitive solutes in both areas tend to behave similarly, strongly decreasing in 
concentration with depth, which suggests similarity in the redox processes along 
vertical fl ow paths. 

 Depth information of 68 tube wells in Uttar Pradesh indicates that 85 % of tube 
wells are from shallow depth (10–42 m) 51 tube wells have arsenic 40 μg/l within 
the depth of 10–54 m and 17 tube wells have arsenic 50 μg/l within the depth of 
30–50 m. However, most of the arsenic contaminated tube wells occur within the 
depth of 25–45 m. Maximum value of arsenic (180 μg/l) corresponds to a depth of 
42 m. 

 In Middle Ganga plain of Bihar, the area is underlain by a multi-layer sequence 
of sand (aquifer) alternating with aquitards like sandy-clay and clay, down to depth 
of 300 m. In an affected village Bariswan, an aquifer specifi c groundwater analysis 
revealed a rapid decline in arsenic load with depth, from 0.095 mg/l at 19 m to 
0.006 mg/l at 194 m below ground. The upper part of the shallow aquifer (within 
~50 m below ground) is affected by groundwater arsenic contamination. The low-
land Terai belt in Nepal, where groundwater is an important source for agriculture 
and drinking, recorded high load of arsenic (0.02–2.6 mg/l) in shallow tube wells, 
where cases of arsenicosis have also been reported. 

 The shallow ground water of the southern coastal hard rock aquifer reveals the 
presence of oxidizing conditions and infers that they are frequently fl ushed by the 
rain water/river water along the fl ood plains during the monsoonal period, which 
may also dilute or reduce the concentrations. Moreover the hard rock aquifer has a 
high residence time and variation in temperature will also induce the release of 
arsenic (Molerio León and Toujague de la Rosa  2004 ). The control of temperature 
is more clearly because of its effect on the solubility patterns and the oxidation 
reduction potential of the system, in particular, to the development of aerobic or 
anaerobic conditions in the sampling station. The range of metal concentrations of 
the groundwater in the region are provided in the Table  13.2 .  

13.5     Variation in Source of Arsenic 

 Groundwater from the upland terraces in the Bengal Basin and in the Central Ganga 
Alluvial Plain, made up of the Pleistocene sediments are free of arsenic contamina-
tion. These sediments are weakly oxidized in nature and associated groundwater is 
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mildly reducing in general with low concentration of iron (<1 mg/l), and thus 
incapable to release arsenic. These sediments are also fl ushed free of arsenic, 
released if any, by groundwater fl ow due to high hydraulic head, because of their 
initial low- stand setting and later upland terraced position. Arsenic mobilization is 
also controlled by redox-dependent reactions (Mukherjee et al.  2008 ). Saturation 
index calculations for groundwater in West Bengal is generally near equilibrium 
with respect to carbonate phases such as calcite (CaCO 3 ) and dolomite [MgCa(CO 3 )], 
suggesting that the high HCO 3  −  values in Bengal Basin groundwater cannot be 
totally attributed to carbonate dissolution and may have a signifi cant input from 
natural organic matter (NOM) oxidation (Ahmed et al.  2004 ). Arsenic is found 
along the landfi ll sites and in the south western part of the hard rock aquifer in the 
southern coastal region. A mechanism which could operate on a local scale is ion 
exchange of the adsorbed arsenic species by phosphate acquired in the aquifer from 
fertilizer application of ferrihydrite, goethite (Cornell and Schwertmann  1996 ) in 
charnockite and clay minerals (Reymond et al.  2001 ; Pfeifer et al.  2001 ) or decay of 
organic matter (   Raymahashay and Khare  2003 ). Arsenic is not contained in primary 
sulfi de minerals in the study area, but is adsorbed onto secondary alteration solids 
such as Fe-oxy-hydroxides. The presence of apatite in the charnockites of this type 
is reported by few authors (Chidambaram  2000 ; Ramanathan  1956 ). The apatites 
are also believed to be a source of arsenic (Stewart  1963 ).  

13.6     Statistics 

 Liu et al. ( 2003 ) applied factor analysis to assess the quality of ground water in Yun- 
Lin county in Taiwan, and stated that the arsenic pollutant factors included As, total 
organic carbon, and alkalinity, which were all signifi cantly positively correlated to 
each other. Correlation matrix and factor analysis were used to identify various fac-
tors infl uencing the gradual As enrichment in the middle Gangetic Plain. The poor 
relationship between As and Fe indicates that the As release into the groundwater 
depends on several processes such as mineral weathering, O 2  consumption, and NO 3  
reduction and is de-coupled from Fe cycling (Kumar et al.  2010b ). A negative cor-
relation between arsenic and iron content in three blocks of Assam is observed with 
correlation coeffi cient of  r  = 0.168 found to be non-signifi cant (Mridulchetia et al. 
 2008 ) and poor correlation between As and Fe is observed in Manipur valley 
(Chakraborti et al.  2008 ). The depth profi le of As revealed that low concentrations 
of NO 3  are associated with high concentration of As and that As depleted with 
increasing depth. 

 Results of correlation analyses indicate that arsenic contamination is strongly 
associated with high concentrations of Fe, PO 4  and NH 4  but relatively low Mn con-
centrations. Further, the enrichment of arsenic is more prevalent in the proximity of 
the Ganges River, indicating that fl uvial input is the main source of arsenic (Kumar 
et al.  2010a ,  b ). There was an inverse correlation between arsenic and Eh (redox 
potential), i.e., the value of Eh increases with decreasing arsenic concentration, 
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which means concentration of arsenic increases with increasing redox status of any 
environment. Further, signifi cant positive correlation between As and Fe, NH 4  and 
PO 4  were also noticed along with negative correlation between As and Mn, which 
substantiate the strong reducing character of this environment. In the post-monsoon 
season, Factors 1, 2, 3, 4 and 5 represent NO 3 , SO 4 , Cl and Na; HCO 3 , Ca and Mg; 
pH and Fe; Cl and As; and F and PO 4  respectively. Factor 4 indicating redox sensi-
tive Fe enrichment in the alkaline regime also reveals an association of As with Cl 
indicating the anthropogenic contributions, mainly through herbicide application in 
the agriculture fi elds. Moreover, Ravenscroft et al. ( 2001 ) studied the limiting depth 
of active groundwater circulation with anthropogenic infl uence on Cl and As con-
centrations, which may be controlled by the subdued topography and occurrence of 
a silty clay layer in shallow well in Gangetic basin.

   The factor analysis and correlation matrix of physico-chemical parameters 
reveals the association of As with pH (pre-monsoon) and Cl (post-monsoon). 
Ghazipur district experiences frequent fl oods caused by the south-west monsoon 
generating a channelized natural water system, which accelerates the sediment load, 
weathering and other hydrogeochemical processes, consequently triggering the 
accumulation of As in the study area (Kumar et al.  2010a ). Factor 1 exhibits high 
loading, i.e., strong geochemical associations between PO 4 , Fe, As and As (III) and 
inverse association with depth, ORP and Mn in both seasons. Such loading for the 
most important factor i.e., component 1 is a strong indicator of a reducing environ-
ment which seems to be the main reason for arsenic enrichment in the groundwater 
(Kumar et al.  2010a ,  b ). 

 In fl ood plain alluvium samples of Kalpakkam have the positive correlation 
Ca, Mg, Cl, NO 3 , Cu, Ni, Cr, Pb and pH (Table  13.3 ). It is possible that the high 
concentration of nitrate in groundwaters result from excessive application of manure 
and inorganic fertilizer (Sharifi  and Sinegani  2012 ). Chlorine (Cl), which is signifi -
cantly higher in fl ood plain deposits, shows good positive relationship with arsenic. 
The land use pattern and its utilization (e.g. fertilizers, saltwater intrusion) can infl u-
ence Cl concentrations, as Cl is quite mobile in the environment subject to leaching 
(Julie Wilson et al.  2008 ). Factor 3 represented by As, Ca, PO 4  and K indicates the 
signifi cant contribution of fertilizers for the potential release of arsenic into the 
coastal groundwater.  

13.7     Conclusion 

 This comparative study reveals that the upper part of the shallow aquifer is affected 
by groundwater arsenic contamination in middle Gangetic plain, whereas southern 
coastal shallow aquifer is frequently fl ushed by the rain water/river water along the 
fl ood plains which reduce the concentration. The major hydrochemical facies of 
groundwaters in gangetic alluvium is Ca − -Mg − -HCO 3 , where the low concentration 
of HCO 3  competes with As for adsorption sites at mineral surface, consequently 
releasing As into the groundwater. In southern coastal aquifer, majority of the 
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samples from the charnockite shows Mg-Na-Cl-HCO 3  and higher As is mostly dis-
tributed in Na-Mg-Cl-HCO 3 . The enrichment of arsenic is more prevalent in the 
proximity of the Ganges River, indicating that fl uvial input is the main source of 
arsenic; whereas in Kalpakkam region, As is found along the landfi ll sites and in the 
south western part of the hard rock aquifer. Results of correlation analyses indicate 
that arsenic contamination is strongly associated with high concentrations of Fe, 
PO 4  and NH 4  but relatively low Mn concentrations in Gangetic plain. In coastal 
alluvium aquifer shows higher factor loading of As with Ca, Mg, Cl, NO 3  and pH 
which represents anthropogenic factor of fertilizer and their infl uence of landfi ll 
leachate.     
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    Chapter 14   
 Groundwater Arsenic Contamination 
in Bengal Delta and Its Health Effects 

             Mohammad     Mahmudur     Rahman    ,     Khitish     Chandra     Saha    , 
    Subhas     Chandra     Mukherjee    ,     Shyamapada     Pati    ,     Rathindra     Nath     Dutta    , 
    Shibtosh     Roy    ,     Quazi     Quamruzzaman    ,     Mahmuder     Rahman    , 
and     Dipankar     Chakraborti    

14.1            Introduction 

 Arsenic contamination of groundwater has been detected in more than 70 countries 
and has become a major public health concern worldwide (Bundschuh et al.  2010 ). 
Arsenic contamination in groundwater of Southeast Asian regions received signifi -
cant interest in recent years. In this region, countries affected with As in ground-
water include Bangladesh, several states of India, Nepal, Myanmar, Pakistan, 
Vietnam, Lao People’s Democratic Republic, Cambodia, several provinces of China 
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(Inner Mongolia, Shanxi, Xinjiang, Ningxia, Jilin, Shandong, Qinghai, Sichuan, 
Anhui, Heilongjiang, Henan, Gansu, Jiangsu, Yunnan and Hunan) and lowlands of 
Sumatra in Indonesia (Rahman et al.  2009 ; Yu et al.  2007 ). 

 Several epidemiological studies showed that exposure of inorganic As via drinking 
water and food causes skin disorders, cardiovascular disease, neurological compli-
cations, reproductive disorders, respiratory effects, diabetes mellitus as well as 
 various types of cancers including skin, lung, bladder and kidney (NRC  1999 ,  2001 ; 
IPCS  2001 ; IARC  2004 ; Chakraborti  2011 ). According to the World Bank Policy 
Report ( 2005 ), about 0.7 million people had been thus far affected by As-related 
diseases in Southeast Asian regions. Based on our research surveys, it was predicted 
that large parts of Ganga-Brahmaputra basin in India (Uttar Pradesh, Bihar, 
Jharkhand, West Bengal, Arunachal Pradesh and Assam), six out of seven North 
Eastern hill states in India (except Mizoram) and Padma-Meghna-Brahmaputra 
plain in Bangladesh are adversely contaminated with As in groundwater (Chakraborti 
et al.  2004 ). 

 This article reports As contamination of groundwater in Bengal delta of West 
Bengal, India and Bangladesh to understand the extent and severity of the problem 
and consequences on human health including dermal, neurologic and obstetric 
effects based on our analytical, environmental, epidemiological and clinical surveys 
for more than two decades.  

14.2     Arsenic Contamination in Groundwater 

14.2.1     West Bengal 

 In 1983, K.C. Saha identifi ed the fi rst case of arsenicosis in West Bengal while 
examining patients in an outdoor department of the School of Tropical Medicine, 
Calcutta (Chakraborti et al.  2002 ). The fi rst published article of As contamination 
of groundwater and its health effects in the lower Gangetic plain (West Bengal) 
reported that 16 patients in three families were diagnosed with different types of 
arsenical skin lesions such as hyper-pigmentation, hyper-keratosis, dorsal keratosis, 
oedema, ascites, wasting, weakness, pain and burning sensation in toes and fi ngers 
from a village in 24-Parganas district (Garai et al.  1984 ). Since 1988, School of 
Environmental Studies (SOES), Jadavpur University has been conducting analyti-
cal, epidemiological and clinical surveys in As-contaminated areas of West Bengal 
to understand the magnitude of As contamination. According to our preliminary 
survey, 3,417 villages in 107 blocks in nine districts are contaminated (Chakraborti 
et al.  2009 ). We identifi ed increasing number of contaminated villages and affected 
people with every additional survey in As-affected districts. The magnitude of 
groundwater As contamination in West Bengal received scientifi c attention only 
after 1995 (International Conference on Arsenic  1995 ). 

 We collected and analyzed 150 hand tube-wells water samples from 7,823 
 villages of 241 blocks in 19 districts of West Bengal (Chakraborti et al.  2009 ). 
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  Fig. 14.1    Status of As contamination in groundwater of all districts in West Bengal, India 
(Chakraborti et al.  2009 )       

 

14 Groundwater Arsenic Contamination in Bengal Delta and Its Health Effects



218

   Table 14.1    Distribution of As concentration in groundwater of West Bengal, India   

 Status  Districts 
 Area 
in km 2   Population 

 Total 
no. of 
blocks 

 No. of 
blocks 
surveyed 

 No. of 
blocks 
with As 
>10 μg/l 

 No. of blocks 
with As >50 μg/l 

 Highly 
contaminated 

 North-24- PGS   4,094  8,934,286  22  22  22  21 

 South-24- PGS   9,960  6,906,689  29  17  12  11 

 Murshidabad  5,324  5,866,569  26  26  25  24 

 Nadia  3,927  4,604,827  17  17  17  17 

 Maldah  3,733  3,290,468  15  14  13  9 

 Haora  1,467  4,273,099  14  12  12  7 

 Hugli  3,147  5,041,976  18  17  16  11 

 Kolkata  185  4572876 a   141 b   100 b   65 b   30 b  

 Bardhaman  7,024  6,895,514  31  24  12  7 

  Sub total   38,861  50,386,304  172  149  129  107 

 Less 
contaminated 

 Cooch Behar  3,387  2,479,155  12  5  4  1 

 Darjiling  3,149  1,609,172  12  4  3  0 

 Dinajpur (N)  3,140  2,441,794  9  7  6  2 

 Dinajpur (S)  2,219  1,503,178  8  6  2  1 

 Jalpaiguri  6,227  3,401,173  13  7  4  0 

  Sub total   18,122  11,434,472  54  29  19  4 

 Non- 
contaminated  

 Bankura  6,882  3,192,695  22  17  0  0 

 Birbhum  4,545  3,015,422  19  11  0  0 

 Purulia  6,259  2,536,516  20  14  0  0 

 Medinipur (E)  14,081  9,610,788  25  10  0  0 

 Medinipur (W)  29  8  0  0 

  Sub total   31,767  18,355,421  115  60  0  0 

  Grand total   88,750  80,176,197  341  241  148  111 

  Chakraborti et al. ( 2009 ) 

  Note:   a Night time population = 4.6 million;  b Number of wards  

The current As contamination status in groundwater in West Bengal is presented in 
Fig.  14.1 . The district-wise distribution of As concentrations in 19 districts of West 
Bengal is given in Table  14.1 . The data revealed that 48.1 % of samples had As 
>10 μg/l and 23.8 % had As >50 μg/l. About 3.3 % samples had As >300 μg/l and 
0.13 % (187 samples) has As >1,000 μg/l. The highest As concentration was 
3,700 μg/l observed in Ramnagar village, South 24-Parganas district, West Bengal. 

   We categorized entire West Bengal into three zones based on tube-well As 
 concentrations such as highly affected, mildly affected and un-affected (Chakraborti 
et al.  2009 ). Nine districts (Murshidabad, Malda, Nadia, North 24-Parganas, South 
24-Parganas, Bardhaman, Hoara, Hoogly and Kolkata), in which As concentration 
>300 μg/l was detected in some tube-wells, are considered as highly affected 
(Chakraborti et al.  2009 ). A total of 135,555 hand tube-wells water samples were 
analyzed from these highly affected districts, 49.7 % had As >10 μg/l and 24.7 % 
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 No. of 
samples 
analyzed 

 Number of samples 

 Max. As 
(μg/l)  ≤3  4–10  11–50 

 51–
100 

 101–
200 

 201–
300 

 301–
500 

 501–
1,000  >1,000 

 54,368  22,221  3,129  13,001  6,403  5,531  2,249  1,308  477  49  2,830 

 8,333  4,407  427  1,141  743  741  327  305  212  30  3,700 

 29,668  11,471  2,244  8,042  3,267  2,366  941  884  382  71  3,003 

 28,794  11,431  2,613  9,810  2,265  1,520  630  360  152  13  3,200 

 4,449  1,754  373  810  488  559  183  163  97  22  1,904 

 1,471  889  226  192  87  41  22  12  1  1  1,333 

 2,212  1,469  346  251  77  52  14  2  1  600 

 3,626  2,224  855  345  85  75  27  10  5  800 

 2,634  2,091  79  244  86  89  27  11  6  1  2,230 

 135,555  57,957  10,292  33,836  13,501  10,974  4,420  3,055  1,333  187 

 474  403  57  13  1  54 

 562  502  50  10  19 

 990  817  57  112  4  68 

 452  398  47  6  1  51 

 445  355  74  16  27 

 2,923  2,475  285  157  6 

 279  279  <3 

 718  718  <3 

 314  314  <3 

 182  182  <3 

 179  179  <3 

 1,672  1,672 

 140,150  62,104  10,577  33,993  13,507  10,974  4,420  3,055  1,333  187 

had As >50 μg/l (Chakraborti et al.  2009 ). About 3.4 % samples had As >300 μg/l 
(Chakraborti et al.  2009 ). 

 We also analyzed 2,923 hand tube-well water samples from fi ve districts (North 
Dinajpur, East Dinajpur, Jalpaiguri, Darjeeling and Cooch Bihar) situated in the 
northern part of West Bengal. Arsenic concentration in groundwater of these  districts 
was generally <50 μg/l (only a few sample >50 μg/l but none <100 μg/l), are 
 considered mildly affected. The results of As in water samples showed only six 
(0.2 %) samples had As >50 μg/l and 163 (5.7 %) samples had As >10 μg/l 
(Chakraborti et al.  2009 ). We analyzed 1,672 hand tube-wells water samples from 
fi ve districts (Birbhum, Bakura, Purulia, Mednipur East and Mednipur West) 
 situated in the western and southwestern parts of West Bengal. The results do 
not show As concentrations in groundwater >3 μg/l (Chakraborti et al.  2009 ). 
The groundwater of these districts is considered unaffected or safe (Chakraborti 
et al.  2009 ). 
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 State government of West Bengal with the support of UNICEF analyzed 132,262 
hand tube-well water samples from eight As-contaminated districts by the silver 
diethyldithiocarbamate (SDDC) method (Nickson et al.  2007 ). Their result shows 
that 25.5 % of samples were found to contain As >50 μg/l and 58 % had >10 μg/l. 
Our data reveals that groundwater of 107 blocks in eight districts (excluding 
Kolkata) had As >50 μg/l whereas Nickson et al. ( 2007 ) reported As >50 μg/l in 79 
blocks of West Bengal. Both studies showed that one fourth of the analyzed samples 
had As >50 μg/l. 

14.2.1.1     Arsenic Concentration in Deeper Tube-Wells (>100 m) 

 We analyzed 5,338 hand tube-wells for As at depth range 100–651 m from four 
highly affected districts (North 24-Parganas, Nadia, Murshidabad and South 
24-Parganas) of West Bengal (Chakraborti et al.  2009 ). About 28.6 % of 5,338 tube- 
wells >100 m had As >10 μg/l. Bureau of Indian Standard (BIS) recommended 
permissible limit of As in drinking water of 10 μg/l (BIS  2009 ). Still some tube- 
wells >350 m had As between 10 and 50 μg/l. Therefore, we cannot say tube-wells 
>100 m would be safe.  

14.2.1.2     Estimation of the Number of As-Contaminated Hand Tube-Wells 

 Field survey also included the number of people using a hand tube-well. We have 
information of users for 37,833 tube-wells from eight highly affected districts. We 
excluded Kolkata district from this calculation, because the principal source of 
drinking water is treated Ganges river water supplied by the city corporation. The 
estimated (average) number of people using each tube-well is 34 (Chakraborti et al. 
 2009 ). Based on this estimate and the population in each district, we estimated 1.34 
million tube-wells in these As-affected districts out of which 0.53 million tube- 
wells had As >10 μg/l and 0.28 million tube-wells had As >50 μg/l (Table  14.2 ). 
Extrapolating these data, the total number of tube-wells throughout West Bengal 
(excluding Kolkata) is expected to be 2.2 million and out of which 0.54 million 
tube-wells had As >10 μg/l and 0.28 million tube-wells had As >50 μg/l (Chakraborti 
et al.  2009 ).

14.2.1.3        Estimation of Population Exposed to As-Contaminated 
Drinking Water  

 We estimated the number of people who could be drinking As-contaminated water by 
multiplying average number of a tube-well user ( n  = 34) and number of As-contaminated 
tube-wells in different concentration ranges. We report here only the As-affected blocks 
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in eight As-affected districts that we surveyed (Table  14.3 ). It is apparent that about 9.5 
and 4.2 million people could be drinking As-contaminated water with levels >10 μg/l 
and >50 μg/l, respectively, and an estimated 0.53 million drinking water containing As 
>300 μg/l, the concentration predicted to cause overt arsenical skin lesions (Chakraborti 
et al.  2009 ). Throughout West Bengal, 26 million people could be potentially exposed 
to As-contaminated water at levels >10 μg/l (Chakraborti et al.  2009 ). This was calcu-
lated by multiplying the population of the affected blocks of each district by percentage 
of hand tube-well water samples >10 μg/l.

14.2.2         Bangladesh 

 Arsenic contamination of groundwater in Bangladesh was fi rst discovered in 1992 
through reports of arsenical skin lesions in few Bangladeshi married women living 
in Gobindapur village of West Bengal, India (Dhar et al.  1997 ). The magnitude of 
groundwater As contamination in Bangladesh surfaced only after the International 
Conference on As held in Dhaka, Bangladesh (International Conference on Arsenic 
 1998 ). Since 1996, extensive fi eld survey had been conducted in collaboration with 
the Dhaka Community Hospital (DCH) to determine the magnitude of As contami-
nation in groundwater in all 64 districts of Bangladesh. In 1997, we reported 
groundwater As calamity in Bangladesh based on the preliminary survey results of 
3,106 hand tube-well water samples from 28 districts and predicted that more than 
50 million people could be at risks from As poisoning (Dhar et al.  1997 ). We further 
reported that 66 % and 51 % of 8,065 hand tube-wells water samples from 60 dis-
tricts of Bangladesh contained As >10 μg/l and >50 μg/l, respectively (Dhar et al. 
 1998 ). We also reported that As was detected in groundwater of 52 districts >10 μg/l 
and in 41 districts >50 μg/l (Dhar et al.  1998 ). In 2000, we reported that 59 % of the 
10,991 hand tube-well water samples collected from districts where we identifi ed 
patients with arsenical skin lesions had As >50 μg/l (Chowdhury et al.  2000 ). 

 To date, we analyzed 52,202 hand tube-well water samples from all 64 districts 
of Bangladesh by the FI-HG-AAS method (Chakraborti et al.  2010 ). We surveyed 
3,600 villages (out of 68,000 villages) in 338 out of 490 thanas. The survey results 
indicated that groundwater from 2,000 villages of 50 districts and 2,500 villages of 
59 districts were found to contain As >10 and >50 μg/l (Chakraborti et al.  2010 ). 
Figure  14.2  shows groundwater As contamination status in all the districts of 
Bangladesh. Table  14.4  shows the district-wise distribution of hand tube-well water 
samples against different As concentration range. From the overall water analysis of 
64 districts of Bangladesh, it appears that 42.1 % of the samples had As >10 μg/l 
and 27.5 % >50 μg/l (Chakraborti et al.  2010 ). The results from 50 As-affected dis-
tricts of Bangladesh where we detected As >50 μg/l showed that out of 46,321 hand 
tube-wells, 48.1 % and 30.9 % were found to have As >10 μg/l and >50 μg/l, respec-
tively (Chakraborti et al.  2010 ). 
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  Fig. 14.2    Status of As contamination in groundwater of all districts in Bangladesh along with 
geo-morphological regions (Chakraborti et al.  2010 )       
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   Based on groundwater surveying efforts, we classifi ed all districts of Bangladesh 
into fi ve categories: highly affected (As >300 μg/l), moderately affected (As = 100–
300 μg/l), mildly affected (As = 50–100 μg/l), very mildly affected (As = 10–50 μg/l) 
and unaffected/As safe (As <10 μg/l). The groundwater of four districts (Rangamati, 
Khagrachari, Bandarban and Cox’s Bazar) is unaffected/safe (As <10 μg/l). Ten 
districts (Dinajpur, Joypurhat, Kurigram, Lalmonirhat, Naogaon, Nilphamari, 
Panchagarh, Barguna, Bhola and Patuakhali) are considered as very mildly affected 
(As levels were between 10 and 50 μg/l) and Natore is termed as mildly affected (As 
concentrations between 50 and 100 μg/l). Nine districts (Sirajganj, Thakurgaon, 
Habiganj, Moulavibazar, Sylhet, Sherpur, Tangail, Brahmanbaria and Chittagong) 
are regarded as moderately affected (As concentrations between 100 and 300 μg/l). 
The remaining 40 districts where As >300 μg/l was detected in tube-well water 
samples are considered as highly affected. The comparative results of As concentra-
tion of hand tube-wells water samples from Bangladesh and West Bengal is 
 presented in Fig.  14.3 .  

 British Geological Survey (BGS) and the Department of Public Health 
Engineering (DPHE) reported that 46 % and 27 % of the 3,534 analyzed tube-wells 
exceeded 10 and 50 μg/l of As, respectively (BGS-DPHE  2001 ). Based on their 
study, BGS and DPHE ( 2001 ) reported that 57 million and 35 million people may 
be drinking As-contaminated water >10 μg/l and >50 μg/l, respectively. BGS-DPHE 
( 2001 ) and our data show that 27 % of the analyzed tube-wells had As >50 μg/l although 
we analyzed greater number of samples from Bangladesh. van Geen et al. ( 2007 ) 

  Fig. 14.3    Comparison of As concentrations in hand tube-wells of Bangladesh and West Bengal 
(India)       
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reported half of the 6,500 tube-wells sampled in Araihazar thana of Bangladesh had 
As >10 μg/l, and one quarter contained As >50 μg/l. The As  database (tested by 
using various fi eld testing kits) of National Arsenic Mitigation Information Centre 
(NAMIC) showed that 1.4 out of 4.8 million (30 %) tube-wells analyzed contained 
As >50 μg/l (Johnston and Sarker  2007 ). Nationwide about 20 % of shallow tube-
wells are contaminated, and there are more than 8,000 villages where 80 % of the tube-
wells are contaminated (As >50 μg/l) (  www.unicef.org/bangladesh/Arsenic.pdf    ). 

14.2.2.1     Arsenic Concentration in Deeper Tube-Wells (>100 m) 

 To ensure the supply of As-safe water to the villagers in the affected areas of 
Bangladesh, thousands of hand tube-wells >100 m were installed. To assess As con-
tamination in these tube-wells, we analyzed 1,349 hand tube-wells (depth from 102 
to 415 m) from four principal geomorphological regions of Bangladesh. Arsenic 
concentrations >50 μg/l were not present in tube-wells >350 m in the fl ood plain 
and deltaic regions including coastal regions. BGS and DPHE ( 2001 ) study reported 
that only 1 and 5 % of the 327 deep tube-wells (>150 m) were contaminated with 
As >50 μg/l and >10 μg/l, respectively. BGS-DPHE ( 1999 ) data also showed that 
4 % of the 909 sampled wells >200 m are contaminated. Consequently, it is not 
possible to conclude that tube-wells >200 m will be free of As contamination. Out 
of 1,349 deep tube-wells 68 % had As <10 μg/l, 32 % had As >10 μg/l and 11 % had 
As >50 μg/l. 

 DPHE-DFID-JICA ( 2006 ) reported that there are substantial knowledge gaps 
regarding deep aquifers, including geology, water quality and hydraulic properties. 
As a result, it is very diffi cult to make any recommendations on the use of deep 
aquifers without a complete compilation of all these information. Recent study 
 indicated that most of the Bengal Basin is highly vulnerable to downward migration 
of high-As groundwater caused by increased withdrawals of deeper groundwater 
for irrigation, and the use of low-As deep groundwater for irrigation should there-
fore be discouraged, particularly in the areas that are vulnerable to As contamina-
tion (Radloff et al.  2011 ). The study also recommended that deep community wells 
now in use throughout Bengal delta clearly need to be tested periodically to prevent 
renewed exposure to As (Radloff et al.  2011 ).  

14.2.2.2     Estimation of the Number of As-Contaminated Hand Tube-Wells 

 During our fi eld surveys, we also collected number of users for each hand tube-well. 
Based on this information, it was estimated an average of 24 people used a tube- 
well; however this estimate may vary signifi cantly throughout Bangladesh as well 
as within each district. The total population in 50 As-affected districts of Bangladesh 
was roughly 102 million (   BBS  2001 ). We estimated approximately 4.9 million 
hand tube-wells existed in these 50 districts (Table  14.5 ). Extrapolation of this 
 estimate predicts approximately 5.2 million hand tube-wells across Bangladesh, 

M.M. Rahman et al.
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based on a total population of 124 million (BBS  2001 ). Using current population 
estimate of 153 million, the number of tube-wells is predicted to be 6.4 million. 
BGS and DPHE ( 1999 ) reported that about four million drinking water tube-wells 
exist in Bangladesh. BGS and DPHE ( 2001 ) further reported that there are roughly 
6–11 million tube-wells nationwide. UNICEF estimated that the number of tube- 
wells in Bangladesh was 9.7 million (as of 2007), based on the As mitigation project 
in Bangladesh (  www.unicef.org/bangladesh/arsenic.pdf    ).

14.2.2.3        Estimation of Population Exposed to As-Contaminated 
Drinking Water  

 Based on our data (water analyses and number of tube-well users), we have estimated 
population exposed to As-contaminated water in the As-affected districts of 
Bangladesh (Table  14.6 ). For this estimation, only population of the surveyed thanas 
was considered and did not consider the population of thanas where we found As 
<10 μg/l. It is estimated that about 36.6 million from 59 districts and 22.7 million 
from 50 districts could be exposed to As >10 and >50 μg/l, respectively. Up to 6.8 
million people could be exposed to As >300 μg/l. Based on As surveys in Bangladesh 
and several states in India, we believe that exposure to 300 μg/l of As-contaminated 
water for 2 years or more may produce arsenical skin lesions (Chakraborti et al. 
 2004 ). The manifestation of arsenical skin lesions depends on several factors including: 
(i) concentration of As in drinking water, (ii) volume of water consumed (including 
cooking water), (iii) duration of water consumption and (iv) health and nutritional 
status of the individual. Based on our survey (1996–2002), ~80 million people in 
As-affected areas of Bangladesh were potentially at risks of As-contaminated 
groundwater >10 μg/l.

   It is practically diffi cult to assess population size currently exposed to 
As-contaminated water at various concentration levels in Bangladesh. This is mainly 
because: (i) tube-wells are continuously installed or re-bored at different depths 
throughout Bangladesh and we need to know the contamination status of all tube-
wells, (ii) information on temporal variation of As in tube-wells is lacking and 
(iii) alternative safe water sources are installed regularly in affected areas and those 
realizing the danger of As toxicity are using water from these sources. It was also 
reported that previously safe tube-wells (<50 μg/l) were being contaminated 
(>50 μg/l) over the course of time (Chakraborti et al.  2001 ; Sengupta et al.  2004 ). 
Arsenic content in many hand tube-wells has increased by as much as 5–20 fold 
(Chakraborti et al.  2001 ). Others have also reported temporal increase in groundwa-
ter As contamination depending on sub-surface geology (   Burren  1998 ; Rosenboom 
 2004 ; BGS-DPHE  1999 ). Due to these reasons, it is hard to get the exact number of 
population exposed to As-contaminated water.    

M.M. Rahman et al.

http://www.unicef.org/bangladesh/arsenic.pdf
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14.3     Arsenic Concentration in Biological Samples 
and Sub- clinically Affected Population 

 Total As concentrations in hair, nail, blood and the total or metabolites of As in urine 
was used to identify As exposure in exposed subjects (IPCS  2001 ). Usually As accu-
mulates in keratin-rich tissues—such as palm and sole, skin, hair and nails whereas 
hair and nails may be used as an indicator of past As exposure (IPCS  2001 ). 
Inorganic As is rapidly cleared from human blood. So, blood As refl ects recent 
exposure and is very time dependent (IPCS  2001 ). Since As is rapidly metabolized 
and excreted through urine, total As, inorganic As and sum of As metabolites (i.e., 
inorganic As, MMA and DMA) in urine have all been used as biomarkers of recent 
As exposure (IPCS  2001 ). 

 We analyzed 8,400 hair, 8,665 nails, 11,000 urine and 230 skin-scale samples 
from As affected villages in West Bengal and 4,536 hair, 4,471 nail, 1,586 urine and 
705 skin-scale samples from As-affected villages in Bangladesh. About 32 % of 
these biological samples were collected from people with arsenical skin lesions and 
the rest from non-patients who lived in the As-affected villages (skin-scale is only 
from those having keratosis). We realize that many villagers may not be affected by 
arsenical skin lesions but have elevated levels of As in their hair and nails, and thus 
may be sub-clinically affected. The elevated As concentrations in urine demonstrate 
that most of the villagers were drinking contaminated water. Table  14.7  shows the 
concentration of As in biological samples including hair, nail, urine and skin scales 
from West Bengal and Bangladesh compared with control population (As <3 μg/l). 
Mean As concentrations in biological samples of Bangladesh are considerably 
higher than those of West Bengal. The results also revealed that people of Bangladesh 
were exposed to high level of As than West Bengal. Mean As concentrations in hair, 
nail and urine of exposed population were much higher compared to the control 
population of both West Bengal and Bangladesh.

14.4        Evaluation of Clinical Signs and Symptoms 
in Bengal Delta  

14.4.1     Arsenical Skin Lesions 

 Arsenic skin manifestations were diagnosed by the experienced dermatologists on 
the basis of characteristics detailed in Rahman et al. ( 2001 ) and Mukherjee et al. 
( 2005 ). Salient dermatological features are diffuse melanosis (blackening of body), 
spotted melanosis (pigmentation), diffuse keratosis (thickening of skin in palm and 
sole), spotted keratosis (rough, dry and papular skin lesions) and dorsal keratosis. 
Melanosis usually appears earlier than keratosis. Melanosis is diffused in palms, 
soles and later over whole body if As exposure continues. Early melanosis in palms 
is often overlooked. Melanosis may be spotted like raindrop pigmentation often 
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noticed over chest, back and limbs. Leucomelanosis (pigmentation and depigmenta-
tion side by side) usually appears in later stage (after discontinuing consumption of 
contaminated water). Guttate melanosis (like black mole) may sometimes be found. 
Buccal mucus membrane melanosis on the tongue, gums and lips (diffuse, patchy 
and spotted) may also be observed. Starting from palms and soles (palmo-plantar 
keratosis), in advanced cases, keratosis is often distributed over dorsal of hands and 
feet and even over other body parts. Early keratosis is better felt than noticed and 
may be missed unless palms and soles are carefully palpated. Large nodules are 
often pre-runners of cancer. Bowen’s disease is a premalignant condition called 
intraepidermal carcinoma in situ, which may be noted as a complication in chronic 
arsenicosis. Skin ulcer is a late feature of cutaneous arsenicosis that may turn into 
malignancy and skin cancers are late complications. 

 We examined 96,000 people (including children) randomly selected from 
As-contaminated areas of West Bengal and identifi ed 9,356 (9.7 %) people having 
or had arsenical skin symptoms. We surveyed all nine highly As-contaminated 
 districts of West Bengal and arsenicosis patients were identifi ed in seven districts. A 
total 602 villages were surveyed and arsenicosis patients were identifi ed in 488 
 villages of West Bengal. From Murshidabad, we screened 25,274 people for arseni-
cal skin lesions and registered 3,320 males, 1,371 females and 122 children (total 
4,813) with various types of arsenical symptoms. 

 Arsenicosis patients were found in 229 villages of Bangladesh. People with 
arsenical skin lesions were identifi ed in 69 thanas out of 77 surveyed. We have 
screened 18,991 people including children and 3,762 (19.8 %) people were regis-
tered with arsenical skin lesions. Out of 18,991 people, we had registered 1,906 
males, 1,558 females and 298 children, with arsenical skin lesions. Although the 
percentage of people including children showing arsenical skin lesions in As 
affected villages is 19.8 %, this does not mean that such a high prevalence of 
arsenicosis patients would be found at the same rate all over As affected districts of 
Bangladesh. The reason for such high percentage of arsenicosis patients is due to 
the fact that we had usually surveyed in those villages where people were drinking 
As-contaminated water and we had the information of arsenicosis patients. 

 Figure  14.4  tabulates the type of skin involvement of 3,762 and 9,356 arsenicosis 
patients including children of Bangladesh and West Bengal, respectively. We regis-
tered patients with various arsenical skin symptoms such as melanosis, leucomela-
nosis, keratosis, hyperkeratosis, dorsal keratosis, non-petting edema, Bowen’s, 
gangrene and cancer. We have also found some symptoms in arsenicosis patients 
that are not even mentioned in the literature. A few examples are: 80 % of the 
patients having arsenical skin lesions reported severe itching sensation when they 
are exposed to sunlight; and arsenical skin lesions usually do not appear on the face 
(except in some cases of diffuse melanosis). Figure  14.5a–g  show some arsenicosis 
patients from affected districts of West Bengal and Bangladesh including different 
types of melanosis and keratosis.   

 Squamous cell carcinoma, basal cell carcinoma, Bowen’s diseases, carcinoma 
affecting lung, liver, uterus, bladder, genitourinary tract or other sites often appear 
in an advance stage in cases that have been neglected for many years. Persistent 

M.M. Rahman et al.



241

enlargement of nodule or ulcer of skin is the cause of gangrene or malignancy. 
Gangrene patients with amputation and cancer are not rare in the affected villages. 
Figure  14.5h–k  show some arsenicosis patients from the affected districts of West 
Bengal and Bangladesh with Bowen’s, Gangrene and carcinoma. In addition to 
above symptoms, we observed some common problems in arsenicosis patients such 
as burning sensation on whole body, weakness and respiratory problems. 

 Our study efforts of more than two decades had only identifi ed a small percent-
age of the total population in As affected villages who had arsenical skin lesions. It 
appeared that only 15–20 % of the total number of people suffering from arsenicosis 
really come to our camp for clinical examination. This is due to following reasons: 
(i) affected people sometimes being isolated; (ii) young girls and women from 
 conservative families do not want to be examined; (iii) people are sometimes 
 frustrated and feel that there is no cure of this disease; and (iv) normally during the 
day most males were working in the fi eld, school and college going children were 
also not available in the village.  

14.4.2     Arsenic Affected Children 

 Infants and children are considered to be more susceptible to adverse effects of toxic 
substances (NRC  1999 ). From our fi eld experience in West Bengal and Bangladesh, 
we observed that children (<11 years of age) usually do not show arsenical skin 

  Fig. 14.4    Comparison of arsenical skin symptoms (in percentage) in arsenicosis patients observed 
in Bangladesh and West Bengal (India).  SMP  spotted melanosis on palm,  DMP  diffuse melanosis 
on palm,  SMT  spotted melanosis on trunk,  DMT  diffuse melanosis on trunk,  LEU  leuco – melano-
sis,  WBM  whole - body melanosis,  SKP  spotted keratosis on palm,  DKP  dorsal keratosis on palm, 
 SKS  spotted keratosis on sole,  DKS  diffuse keratosis on sole,  DOR  dorsal keratosis       

14 Groundwater Arsenic Contamination in Bengal Delta and Its Health Effects
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lesions although their biological samples such as hair, nail and urine contain high 
levels of As. However, we noticed exceptions in cases when (i) As content in water 
consumed is very high (≥1,000 μg/l) and (ii) As content in drinking water is not so 
high (around 500 μg/l) but their nutrition status is poor (Chowdhury et al.  2000 ). 
Figure  14.5l–m  show two children with arsenical skin lesions from West Bengal and 
Bangladesh, respectively. 

 In West Bengal, 778 (5.6 %) of the children out of 14,000 screened were detected 
with arsenical skin lesions (Chakraborti et al.  2009 ). We examined 4,864 children 
<11 years of age from affected villages of Bangladesh. Out of these, we have regis-
tered 298 children (6.1 %) with arsenical skin lesions. It was observed that children 
of As-contaminated areas of Bangladesh are more affected than those in West 
Bengal (Rahman et al.  2001 ). Analyses of 1,600 hair and nail samples from children 
in As-affected areas of Bangladesh and West Bengal demonstrated that about 90 % 
of the samples had As above normal levels (Chakraborti et al.  2004 ). The results 
showed that children in the As-affected areas of Bangladesh and West Bengal have 
a higher body burden, but less dermatological symptoms. 

 The major arsenical skin lesions observed in children are diffuse melanosis 
and spotted melanosis. We have not observed children suffering from severe 
(+++) stage of melanosis and keratosis. We have not observed any child <11 years 
of age with non-pitting edema, gangrene, Bowen’s or cancer. We have registered 
children patients from 24 out of 31 districts surveyed in Bangladesh. We have 
further observed that children recover from diffuse melanosis (blackening of 
colour) and light spotted melanosis (+) quickly if they use safe water and with 
better diet and with vitamins recovery is enhanced. Mild keratosis (+) also disap-
pears but the children having moderate to high spotted melanosis (++) and spot-
ted keratosis (++) even after drinking safe water and nutritious food, do not 
recover completely. 

 Watanabe et al. ( 2007 ) reported the effects of chronic As exposure through 
 consumption of contaminated water among 241 children (age range 4–15 years) 
living in two villages in Bangladesh. The As levels of the tube-well waters 
ranged from below detection limit to 535 μg/l (Watanabe et al.  2007 ). Guha 
Mazumder et al. ( 1998 ) reported pigmentation and keratosis among children 
(age <9 years) exposed to As-contaminated water >50 μg/l from South 
24-Parganas district of West Bengal. Twelve (1.9 %) out of 613 boys and 9 
(1.7 %) out of 536 girls had pigmentation due to high level of As exposure. 
Keratosis was found in one girl and three boys (Guha Mazumder et al.  1998 ). 
An epidemiological study of As in drinking water and the prevalence of respira-
tory effects in 7,683 participants of all ages in West Bengal, India showed that 
about 2 % of the children in the age groups ≤9 and 10–19 years manifested 
cough, shortness of breath and abnormal chest sounds (crepitations and/or bron-
chi) (Guha Mazumder et al.  2000 ). In Eurani village, Comilla district, 
Bangladesh four children below 16 years of age with arsenical skin lesions due 
to As-contaminated groundwater were identifi ed as having sensory  neuropathy, 
a more common fi nding in adults from the same village with arsenical skin 
lesions (Ahamed et al.  2006 ).  
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14.4.3     Neurological Involvements 

 We examined several groups of As-exposed subjects from three highly 
As-contaminated districts (Murshidabad, Naida and Bardhaman) of West Bengal 
for neurologic involvements due to As toxicity (Mukherjee et al.  2003 ,  2005 ). The 
presenting features of As induced peripheral neurological involvements from three 
groups of West Bengal is given in Table  14.8 . Basu et al. ( 1996 ) reported a sensory 
predominant distal polyneuropathy in eight arsenicosis patients exposed to 
As-contaminated water (range: 200–2,000 μg/l) from West Bengal. Guha Mazumder 
et al. ( 1997 ) found abnormal electromyographic in 10 subjects and altered nerve 
conduction velocity and electromyographic in 11 subjects.

   From Bangladesh, altogether 166 subjects (104 females and 62 males) were 
examined for arsenical neuropathy involvements (age ranged from 9 to 80 years) 
from Eruaini village of Bangladesh (Ahamed et al.  2006 ). The majority of the 
examined subjects presented with sensory features of distal paresthesias (57.2 %), 
limb pains (18.7 %), and distal hypesthesias (46.9 %) that outnumbered motor 
features of distal limb weakness or atrophy. The presenting features of As-induced 
neurological involvements were considerably higher in patients of Bardhaman 
district compared to other groups in West Bengal and Bangladesh. Hafeman et al. 
( 2005 ) examined the association between As exposure and peripheral neuropathy in 
137 Bangladeshi subjects, chronically exposed to As in drinking water and reported 
that increased As exposure, as measured by both cumulative and urinary measures, 
was associated with evidence of subclinical sensory neuropathy (Hafeman et al.  2005 ). 
Wasserman et al. ( 2004 ) reported children’s intellectual function decrease with 
increasing As exposure, based on their study from the Araihazar thana of Bangladesh.  

14.4.4     Obstetric Outcome 

 The obstetric outcomes due to As toxicity in the As-exposed women were examined 
from both West Bengal and Bangladesh (Mukherjee et al.  2005 ; Ahamed et al. 
 2006 ). The respondents of the As-exposed group of women from West Bengal were 
divided into: Group A, with As concentration in drinking water ranging 284–
400 μg/l and Group B, with As concentration ranging 401–1,474 μg/l. Table  14.9  
shows the results of these two groups compared with those of control group (Group 
C) from Midnipore district, West Bengal. Arsenical skin lesions were present in 
four out of six subjects of Group A and 9 out of 11 subjects of Group B. It was noted 
that the rate of spontaneous abortion increased with increase in As levels in water, 
i.e., 2 out of 21 pregnancies of Group A compared to 8 out of 44 pregnancies of 
Group B. In comparison to control Group C, both Groups A and B showed increasing 
trends in spontaneous abortion, preterm birth, and low birth weight rates. But no 
signifi cant change was observed in preterm birth, low birth weight, and neonatal 
death rates between Groups A and B.
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   Twenty-two women drinking As-contaminated water (201–1,200 μg/l) were 
studied for their pregnancy outcome from Eruani village of Comilla district where 
most of the villagers were exposed to As-contaminated hand tube-well water for the 
past 8 years (1997–2004). The pregnancy outcome of the group was compared with 
18 control group, from Dhaka city, drinking As-safe water (<10 μg/l). Table  14.9  also 
shows the pregnancy outcome of the exposed and control group from Bangladesh. 
Although several studies (Rahman et al.  2007 ,  2011 ; von Ehrenstein et al.  2006 ; 
Milton et al.  2005 ; Ahmad et al.  2001 ) have reported potential reproductive effects 
of As, the evidence of As and its effect on pregnancy outcome is not considered very 
conclusive due to lack of various other confounding factors such as other potential 
exposure, duration of exposure, minimum concentration of As exposure necessary 
for adverse effect on pregnancy, personal factors, congenital malformation, repeated 
child birth, malnutrition and causes of spontaneous abortion.  

14.4.5     Methylation Capacity of As-Exposed 
Adults and Children 

 Urinary As is generally considered as the most reliable indicator of recent exposure 
to inorganic As and is used as the main bio-marker of exposure. However, due to 
different toxicity of As compounds, speciation of As in urine is generally considered 
to be more convenient for health risk assessment than measuring total As concentration. 
Additionally, it can give valuable information about the metabolism of As species 
within the human body. 

 Mean As levels and range of total As metabolites in urine and the percentage of 
urinary As species of adults and children of exposed group from West Bengal and 
Bangladesh is given in Table  14.10 . For urine speciation study, 54 subjects (30 
adults and 24 children) were selected from two As affected blocks (Raninagar II and 
Bhagowangola II) in the Murshidabad district of West Bengal exposed to As through 
drinking water (average As concentration in drinking water was 446 μg/l and the 
range was 118–1,003 μg/l). The As species [arsenite (AsIII), arsenate (AsV), mono- 
methylarsonic acid (MMA) and dimethyl arsenic acid (DMA)] in the urine samples 
were separated and quantifi ed by using high performance liquid chromatography 
inductively coupled plasma mass spectrometry (HPLC-ICP-MS) method.

   It was observed that In-As and its metabolites in the examined subjects contained 
on average 17.2 % In-As (range: 7.7–43.4 %), 11.5 % MMA (range: 3.8–22.5 %) 
and 71.25 % DMA (range: 50.5–85.5 %). The effi ciency of fi rst and second meth-
ylation processes were assessed by the ratios of MMA/In-As and DMA/MMA, 
respectively. Higher values of MMA/In-As and DMA/MMA indicated higher meth-
ylation capacity. The results showed that the values of MMA/In-As ratio for adults 
and children were 0.77 and 0.69, respectively. These results indicated that fi rst reaction 
of the metabolic pathway was slightly active in adults than children. But a signifi -
cant increase in the values of DMA/MMA ratio in children than adults of exposed 
group (10.3 vs. 5.3 respectively) indicated second methylation step as more active 
in children than adults. 
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 For Bangladesh study, 42 urine samples were collected from Datterhat (South) 
village of Madaripur district and an average As concentration in their drinking water 
was 376 μg/l (range 118–620 μg/l). Results indicate that average total urinary 
As-metabolites in children is higher than adults and total As excretion per kg body 
weight is also higher for children than adults (Chowdhury et al.  2003 ). Results show 
the values of MMA/In-As ratio for adults and children are 0.93 and 0.74 respectively 
(Chowdhury et al.  2003 ). These results indicate that fi rst reaction of the metabolic 
pathway is more active in adults than children. But a signifi cant increase in the values 
of the DMA/MMA ratio in children than adults of exposed group (8.15 vs. 4.11 
respectively) indicates 2nd methylation step as more active in children than adults 
(Chowdhury et al.  2003 ). It has also been shown that the distribution of the values 
of DMA/MMA ratio to exposed group decrease with increasing age (2nd methyla-
tion process) (Chowdhury et al.  2003 ). Thus from these results we may infer that 
children retain less arsenic in their body than adults. This may also explain why 
children do not show skin lesions compared to adults when both are drinking same 
As-contaminated water.   

14.5     How to Combat the Present Arsenic Crisis 

 Elimination of arsenic crisis in the Ganges basin requires concerted action that 
includes: (i) a moratorium on the installation of more tube-wells in contaminated 
areas until all the installed tube-wells are checked for As contamination. The local 
and national governments should frame and implement regulation of new tube- 
wells. Around 95 % of the people in Bangladesh and West Bengal, India depend on 
tube-wells for drinking water. If the mouths of all safe tube-wells are coloured 
green, and unsafe wells are coloured red, villagers can use green tube-wells for 
drinking and cooking purposes, and red tube-wells for bathing, cleaning and washing. 

   Table 14.10    Comparative mean As (μg/l) and range of total As metabolites in urine (μg/l) and the 
percentage of urinary As species of adults and children of West Bengal (India) and Bangladesh   

 Area     Sex 
 Age 
(year) 

 Sum of As 
species 
(μg/l) 

 Inorganic As 

 %MMA  %DMA  % As III   % As V  
 % 
(As III  + As V ) 

 West Bengal 
(Rahman  2004 ) 

 Adults 
( n  = 30) 

 27.7 
(12–55) 

 614.3 
(192.2–
1447.6) 

 16.95 
(7.90–
32.30) 

 3.42 
(ND–
22.10) 

 20.37 
(7.90–
43.40) 

 13.72 
(6.10–
22.50) 

 65.88 
(50.50–
80.20) 

 Children 
( n  = 24) 

 7.9 
(1.5–
11) 

 347.2 
(39.3–
1180.8) 

 10.5 
(4.8–
18.6) 

 2.8 
(ND- 
12.1) 

 13.2 
(7.7–20.5) 

 8.7 
(3.8–17.2) 

 77.9 
(68.7–85.5) 

 Bangladesh 
(Chowdhury 
et al.  2003 ) 

 Adults 
( n  = 24) 

 32.25 
(13–70) 

 484.14 
(89.9–
1325.3) 

 7.33 
(ND- 
22.85) 

 11.21 
(ND- 
24.74) 

 18.54 
(ND- 26.81) 

 17.20 
(10.30–
29.51) 

 64.26 
(50.35–
79.38) 

 Children 
( n  = 18) 

 8.11 
(3–11) 

 563.49 
(129.3–
1089.5) 

 4.34 
(ND–
17.31) 

 11.84 
(1.99–
27.59) 

 16.18 
(8.92–
34.19) 

 10.65 
(5.32–
18.81) 

 73.17 
(58.46–
84.44) 
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We have disturbing evidence from West Bengal, India that previously safe tube- wells 
now show As contamination (Chakraborti et al.  2001 ). The currently safe tube-wells 
require monitoring every 3–6 months to track this new development; (ii) traditional 
water management like dug-well, three-Kalsi system and rain water harvesting with 
controls of bacterial and other chemical contamination; (iii) public awareness of As 
calamity; (iv) recognition that, so far, there is no effective therapy. Safe water and 
optimal nutrition are the only proven measures; and (v) world-wide effort by the 
scientifi c community addressing the problem that has put 100 million people in 
Bangladesh and West Bengal (India) at risks of cancer, vascular disease and other 
health complications. 

 Although tube-wells provide drinking water free of microbial contamination, the 
merciless exploitation of groundwater for irrigation without effective watershed 
management to harness huge surface water resources and rain water is seen as a 
gross miscalculation. In Bangladesh and West Bengal, there are huge surface 
resources of sweet water in the rivers, wetlands, fl ooded river basins and oxbow 
lakes. Per capita available surface water in Bangladesh is about 11,000 cubic metres. 
These areas are known as the land of rivers and have approximately 2,000 mm 
annual rainfall. Watershed management and villager participation are needed to 
assure appropriate utilization of these water resources.     
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    Chapter 15   
 Impact of Arsenic Contaminated Irrigation 
Water on Some Edible Crops in the Fluvial 
Plains of Bihar 

             N.     Bose     ,     A.  K.     Ghosh    ,     R.     Kumar    , and     A.     Singh   

15.1            Introduction 

 With increasing detection of arsenic contaminated aquifers upstream of the Bengal 
delta plain in last decade, groundwater contamination by arsenic is being perceived 
as the most severe health hazard over entire Gangetic Plain. The issue of mass arse-
nic poisoning was initially linked to direct consumption of arsenic contaminated 
groundwater through hand pumps, but the growing realization that such aquifers are 
also being increasingly tapped for obtaining irrigation water fuelled fears of arsenic 
ingestion by the affected population both directly through drinking water sources 
and indirectly through the water-soil-crop route in this highly fertile region. 
A signifi cant Arsenic contamination has been reported in soil and major cereals 
cultivated in Gangetic plains of Bihar (Maner Block of Patna District) where source 
of irrigation water is mainly tube wells with very high arsenic content (Singh and 
Ghosh  2011 ). 

 Rice, being the staple diet in the Indian sub-continent, has drawn considerable 
attention of scientists.    WHO ( 1992 ) permissible limit of arsenic is 10 μg/L for 
drinking water, FAO ( 1985 ) permissible limit of arsenic is 100 μg/L for irrigation 
water. The permissible limit of concentration of arsenic in rice grain as per WHO 
recommendation is 1.0 μg/g dry weight (Bhattacharya et al.  2009 ). It has been esti-
mated that irrigating a rice fi eld with groundwater containing 550 μg/L of arsenic 
with a water requirement of 1,000 mm results in an approximate addition of 5.5 kg 
of arsenic per ha per annum (Huq et al.  2006 ). As rice is cultivated in As-contaminated 
soils under anaerobic conditions, at which As is highly available for plant uptake 
(   Meharg  2004 ; Carbonell-Barrachina et al.  1998 ), rice grain has been reported to 
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accumulate arsenic up to 2.0 μg/g (Meharg and Rahman  2003 ). In 2009, 18 districts 
in Bihar were declared as “Arsenic affected” on the basis of contaminated drinking 
water (hand pump) sources.  

15.2     Materials and Methods 

15.2.1     Sample Collection 

 The eastern Indian state of Bihar is located between latitudes 24°20′10″N and 
27°31′15″N, and longitudes 82°19′50″E and 88°17′40″ E, and occupies 94,163 sq. 
km. in the Mid Ganga plains. Bihar lies mid-way between the humid West Bengal 
in the east and the sub humid Uttar Pradesh in the west. This fl uvial plain is consti-
tuted of 16 river basins, including the major Ganga basin. With a total population of 
103 million spread over its 38 districts, the average district population is 2.73 
million. The state of Bihar has an agro-based economy (Department of Agriculture, 
Govt. of Bihar  2010 ), in which there is heavy and increasing dependence on ground 
water irrigation. Out of about 44,000 km 2  of gross irrigated area 24,000 km 2  or 
54.5 % is being irrigated by the groundwater resources. Keeping in view the vast 
scope for accelerated development of irrigated agriculture based especially on 
groundwater wells, Bihar Ground Water Irrigation Scheme (BIGWIS) aimed at pro-
viding irrigation to further 9,280 km 2  of agricultural land of the State by installing 
464,000 units of private shallow tube wells with pump sets dug over a period of 
3 years ending 2011–2012 (Minor Irrigation Dept., Govt. of Bihar  2009 ). 

 Field tests were conducted in rural agricultural belts to determine the infi ltration 
of arsenic in the irrigation water-soil-crop route. Water samples of 406 functioning 
bore wells were collected. Basic information on depth of borewells, periods of their 
use, and pH values of the sample collected at source were obtained. Upon labora-
tory confi rmation of presence of arsenic in the water, soil and plant samples, pot 
experiments were undertaken in which ten locally produced rice varieties were 
grown under controlled laboratory conditions. In pot experiments, the young seed-
lings of rice were irrigated by different concentrations of arsenic spiked water of 50, 
500, 1,000, 1,500, 2,000 and 5,000 μg/L.  

15.2.2     Preparation of Soil Samples for Arsenic Analysis 

 The collected root soil samples from both fi eld and laboratory grown plants were 
converted into powdery form. Each sample was then dried and ground to pass 
through a 0.5 mm sieve. Five grams of powdered and dried soil was taken in a 100- ml 
conical fl ask and 50 ml of 0.5 M NaHCO 3  (sodium bicarbonate) solution was 
added. Then the whole material was put in for 6 h. in a horizontal shaker, after which 
the suspension was fi ltered through Whatman fi lter paper No. 42. The fi ltrate was 
collected for arsenic analysis with UV spectrophotometer using SDDC method.  
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15.2.3     Plant Sample Digestion Procedure for Arsenic Analysis 

 The plant samples were dried, grounded and allowed to pass through a 0.5 mm 
sieve. After fi ltration, 0.5–1.0 g of fi ltered sample was transferred into digestion 
tubes. 6–8 ml of nitric acid was mixed in the sample. The samples were placed in 
the hot oven for digestion and the temperature was set at 40 °C for 8 h, at 60 °C for 
3 h, at 80 °C for 3 h, at 120 °C for 2 h and fi nally at 140 °C for 4 h. The samples 
were then digested to reduce its quantity to reduce the total volume to about 1.0 ml. 
After digestion the crucibles were removed from hot oven, and allowed to cool. The 
leftover acid on the surface of the crucibles were washed by deionized water. The 
volume of the sample was maintained at 10–20 ml with deionized water. After 
dilution the samples were allowed to mix through vortex mixer. The samples were 
allowed to settle overnight before fi ltering through Whatman Filter No. 42. On the 
next day the samples were fi ltered again through Whatman Filter No. 42, and diluted 
up to 35 ml. for arsenic detection using SDDC Method on UV1 spectrophotometer 
(ImamulHuq and Alam  2005 ).  

15.2.4     GIS Applications for Spatial Analysis 

 In order to prepare the primary database of arsenic contamination in the food chain 
in Bihar, coordinates of the sources of all types of fi eld samples (irrigation water, 
rice and tomato cultivars, and soil) were recorded on GPS. Thereafter, the political 
division map of Bihar was geo-referenced, where each district could be individually 
assessed for the spatial spread of the stated contaminations. The entire database was 
entered in the mapping software (Geomatica 10). Layers of points of contaminated 
irrigation water samples, plant samples and soil samples were produced for fi nal 
analysis. Isolines and Choropleths were prepared to highlight spatial variations in 
the intensity of arsenic contaminations in irrigation bore wells, and their impact on 
plants and root soil.   

15.3     Results and Discussion 

15.3.1     Analysis of Field Work Data 

 More than 80 % of the irrigation bore wells had depths ranging from 20 to 80 ft in 
the new fl oodplains. However, in a few exceptional areas, maximum bore well 
depths of 300 ft (Buxar district) were also found. In the older alluvial soil at the 
southern plateau edge of Chotanagpur Plateau, aquifers at depths more than 100 ft 
were common. 
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 Figure  15.1  reveals the incidences of high arsenic contaminated irrigation water 
from two zones in the fl uvial plains. The hotspots of the eastern districts are fre-
quent with Khagaria district with a mean district contamination value of 327.31 μg/l, 
registering the highest water contamination of 857 μg/l. An important fact to be 
noted was that the contaminations form a continuous belt in the Kosi river basin, 
while being fragmented along the Ganga. They also indicate the extension of the 
Bengal contaminations at the political borders. In contrast, western Bihar has more 
diffuse arsenic contaminations in irrigation bore wells, which is in contrast to the 
already documented 1,861 μg/l arsenic level in one of the drinking water hand 
pumps in Bhojpur.  

 The mean contamination values in irrigation water also exhibit similar trends in 
Fig.  15.2 . Arsenic level of <10 μg/l along the southern boundary located on plateau 
edge were also found, thereby extending the area of geogenic arsenic contamina-
tions from the Himalayan Terai in the north to the northern boundary of Chotanagpur 
plateau in the south.  

 European Committee Recommendation for Agricultural Soil (Bhattacharya et al. 
 2009 ) states the acceptable limit of arsenic in soil to be 20 mg/kg. Arsenic content 
of 100 μg/kg were detected in the root soil samples in Sheohar, Sitamarhi, Supal and 
Madhepura districts in the north Bihar plains; and in Buxar, Bhojpur, Nawada, 
Nalanda, Sheikpura and Lakhisarai districts in south Bihar Plains, as depicted in 
Fig.  15.3 . Higher As concentrations in soil (>500 μg/kg) were found in Supaul, 
Buxar and Nawada. Four zones of different arsenic contaminated cropland soils 
were identifi ed: Madhubani-Supaul-Madhepura belt and Champaran-Sheohar- 
Sitamarhi belt in north Bihar; Nawadah-Nalanda-Sheikpura-Lakhisarai belt in south 
Bihar; and Bhojpur-Buxar belt in western Bihar.  

  Fig. 15.1    Irrigation bore wells: Spatial patterns of As contamination, Bihar       
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  Fig. 15.2    District-wise mean As values in irrigation bore wells, Bihar       

  Fig. 15.3    Isolines of As values in root soil of plant samples, Bihar       
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 In the second belt, arsenic contaminated irrigation water was being drawn from 
deeper wells of up to 170 ft. deep. This district also lies on the fringe of the 
Chotanagpur Plateau. These zones coincide with the upper reaches of the feeder 
channels of the Ganga, namely, the Kosi Basin and the Burhi-Gandak Basin in north 
Bihar; the Harohar Basin and the Sone-Kanhar and Kao-Gangi Basin. 

 Whole rice plants, rice grains and tomato fruit collected from the cropland irri-
gated from the water sample source were tested for arsenic content. The other crops 
grown were maize (maximum As uptake of 0.026 μg/g), sunfl ower and sugarcane 
crops, sugarcane juice having 52 μg/l of arsenic. In south Bihar, however, rice is the 
major  Kharif  crop, and accounted for much of the plant samples collected. All the 
rice grain samples collected tested positive for arsenic accumulations. Maximum 
plant uptake of arsenic was recorded from Khagaria district (0.052 μg/g) in north 
Bihar. In the south, arsenic uptake by rice plants in the range 0.030–0.040 μg/g 
predominated. In tomato fruits, 0.040–0.050 μg/g of As were detected in the eastern 
Bihar plains, thereby confi rming this fruit also to be an accumulator of ground water 
arsenic.  

15.3.2     Analysis of Pot Experiment Data 

 The following 10 local varieties of Oryza sativa L. were selected for pot experi-
ments, after consultation with the Director of ICAR, Patna Centre:

•     Saroj SDV, Turantha ESDV, PNR 381 MDV, IET 20800, Rajendra Sweta, BPT 
5204  and  Sugandha  — the seeds were procured from ICAR, Patna.  

•    Sarna, Katarni  and  Sonam  — the seeds were purchased from local market on the 
basis of larger market demand of these three cultivars.    

 The pots were arranged in series of fi ve pots each for the fi ve rice varieties  –  each 
series having one pot labeled “Control”, and the other 4 pots bearing the label of the 
particular amount of arsenic contamination in the irrigation solution. The solutions 
of concentrations 50 μg/l, 500 μg/l, 1,000 μg/l, 1,500 μg/l, 2,000 μg/l and 5,000 μg/l 
were prepared from 1 mg/l As stock solution in the laboratory. For each level of As 
solution, two pots were taken to guarantee adequate number of available plant spec-
imens for fi nal tests. The control plants were irrigated with plain water, while the 
four remaining pots of each variety were irrigated with As solutions of the afore-
mentioned concentrations, respectively. 

 Two local cultivars of the tomato plant ( Lycopersicom esculentum) ,  Gulshan  and 
 S 32 , were also tested for arsenic uptake under controlled laboratory conditions and 
periodically irrigated with As solutions of 50, 500, 1,000 and 2,000 μg/l. 

 In pot experiments, the responses of rates of arsenic uptake, plant growth and 
appearance for different varieties were varied. Fluctuations in growth rates occurred, 
as the length of the longest surviving plant in Control and each variety varied on 
each date. Growth observations in the early post-transplantation stage, mid-growth 
period and mature stage of the cultivars indicate that the irrigation inputs of As solution 
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resulted in selective enhancement of plants’ growth. In the early post transplant and 
mid-growth phases, growth was enhanced in  Saroj SDV, IET  and  Katarni  at 500 μg/l 
of As solution, in  Sugandha, Rajendra Shweta  and  Turantha ESDV  at 1,000 μg/l, in 
 Sarna  at 1,500 μg/l, in  Sonam  and  BPT  at 2,000 μg/l. In  PNR 381 MDV  maximum 
plant growth of up to 60 cm occurred during mid-growth phase at 5,000 μg/l of As 
solution, after which period the plant did not survive. Thereafter, with increasing 
concentrations of arsenic solution plant growths were retarded, with gradual chloro-
sis at leaf margins, indicating toxic effects of As accumulation. 

 It is recognized, and is also refl ected in this study (Tables  15.1 ,  15.2  and  15.3 ), 
that rates of arsenic uptake between different rice varieties and in different countries 
vary greatly (Brammer and Ravenscroft  2009 ). Arsenic amount varied between 
0.058 and 1.835 mg/kg in 13 different varieties in Bangladesh (Meharg and Rahman 
 2003 ), while another study showed variations of arsenic concentrations in the range 
of 0.032–0.046 mg/kg in aromatic rice from the countries of the Indian subcontinent 
(Duxbury and Zavala  2005 ).

     At higher levels of As concentration there was absence of seed formation, indica-
tive of “Straighthead disease” (Rahman et al.  2007 ), a physiological disorder of rice 
( Oryza sativa  L.) characterized by sterility of the fl orates/spikelets leading to 
reduced grain yield. There is a direct correlation of increase of soil As concentration 
with the severity of straighthead in rice plants (Rahman et al.  2007 ). 

   Table 15.1    Arsenic accumulation in selected local rice cultivars   

 Provided As concentration 
(μg/l) 

 As accumulation in selected local rice cultivars (μg/g) 

 Turantha  PNR-381  Sarna  Katarni 

 Control  0.01  0.01  0.003  0.002 
 50  0.013  0.028  0.045  0.023 
 500  0.136  0.042  0.055  0.052 
 1,000  0.349  0.131  0.039  0.165 
 1,500  0.122  0.15  0.033  0.044 
 2,000  0.077  0.101  0.017  0.03 
 5,000  0.065  0.05  0.012  0.007 

   Table 15.2    Arsenic accumulation in selected local rice cultivars   

 Provided As concentration 
(μg/l) 

 As accumulation in selected local rice cultivars (μg/g) 

 Sonam  Sugandha  Saroj  IET 

 Control  0.008  0.053  0.005  UR 
 50  0.045  UR  UR  0.007 
 500  0.057  UR  UR  0.017 
 1,000  0.029  UR  UR  0.019 
 1,500  0.051  0.004  UR   –  
 2,000  0.05  UR  UR  0.026 
 5,000  0.06  UR  UR   –  

   UR  under range  
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 In the pot experiments, three arsenic resistant rice cultivars, with “under range” 
readings in rice grains were identifi ed:  Sugandha, Saroj  and  BPT 5204.  The other 
cultivars registered peaks of As uptake concentrations of 1,000–1,500 μg/l. 
Thereafter, there were abrupt decreases in As accumulation at different higher As 
solutions. The results are indicative of a possible inhibited As absorbing mechanism 
at higher concentrations. Previous pot studies (Jahiruddin et al.  2004 ) showed that 
higher As concentration in irrigation water (above 1.0 mg/l) resulted in lower yield 
of a local rice variety (BR-29). 

 In the tomato cultivars, prominent enhancements of growth in both the cultivars 
were noted commensurate with increased inputs of As concentrates as compared to 
the control. In the early stages, height of 64 cm was attained at 500 μg/l, in the later 
stages, the growth rates picked up at 50 μg/l in  Gulshan . Figure  15.4  reveals the 
persistence of uniform high growth under As concentrate inputs of increasing 
levels.  

 In tomato cultivar  S 32  (Fig.  15.5 ), similar trends were noted, the magnitude of 
growth being higher in this case. Another feature was that among all the dates of 
plant growth measurements, the plant under 2,000 μg/L registered highest growth. 

   Table 15.3    Arsenic accumulation in selected local rice cultivars   

 Provided As concentration (μg/l) 

 As accumulation in local rice cultivars (μg/g) 

 Rajendra Sweta  BPT 

 Control  UR  UR 
 50  0.017  UR 
 500  0.021  UR 
 1,000  0.023  UR 
 1,500   –    –  
 2,000  0.03  UR 
 5,000   –    –  
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  Fig. 15.4    Growth trends in  Gulshan        
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This is indicative of a nutrient absorption enhancement property of arsenic in 
irrigation water under 50 and 500 μg/l of as concentrate in  Gulshan  and under 
2,000 μg/l in S 32 cultivars.  

 Lush growth was prominent in the growing period in all treated plants, although 
chlorosis had set in during the mature phase. In both the tomato cultivars, the fl ow-
ering was not recorded even at mature stage of the plant. The possible reason for this 
is that due to presence of tall trees, sunlight infi ltration was reduced, which could 
have interfered with the light exposure duration and inhibition of synthesis of 
Florigen hormone, thereby inhibiting fl owering. However, under such conditions, 
appearance of fl ower and fruit occurred only in  Gulshan , under 1,000 and 2,000 μg/l 
concentrate. This implies that inspite of the inhibitory effect of reduced sunlight on 
Florigen, high arsenic inputs triggered the growth process in these plants. Further, 
not much research has been conducted on the impact of arsenic contaminated irriga-
tion water on the metabolism activity in edible plants, due to which the fi ndings of 
this research could not be collated with plant chemistry at present.   

15.4     Conclusion 

 It is now established that the major tributaries of the Ganga in Bihar, both of 
Himalayan and Peninsular origin, have hydro-geological environments that pro-
mote the release of arsenic in the aquifers along the zones where they debouch on to 
the Bihar Plains, thereby increasing the area of geogenic arsenic. Hence, the geol-
ogy of arsenic hotspots in Bihar requires further investigation. The patterns of arse-
nic content of the soil may be correlated with the geomorphological diversities, 
particularly in south-west and south-east Bihar in future studies. 

 This is the fi rst confi rmatory study of arsenic infi ltration in the food chain of 
Bihar. The development of cultivars that assimilate less As, or restrict As translocation 
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to fruits/seeds would lead to reduced dietary exposure to As (Meharg and 
Hartley-Whitaker  2002 ), as found in the experiments on  Saroj, BPT  and  Sugandha  
rice varieties. 

 The physiology of As uptake and retention by different varieties of rice grown in 
Bihar need to be investigated further. Studies are also required to understand the 
mechanism behind the enhanced plant growth of these rice varieties. Judicious use 
of groundwater for irrigation, water conservation for agriculture, further identifi ca-
tion and adoption of arsenic resistant edible crop varieties, and constant monitoring 
and evaluation of arsenic release through the water-soil-crop route are immediate 
options to reduce dietary intake of arsenic through the water-soil-crop route.     
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    Chapter 16   
 A Greenhouse Pot Experiment to Study 
Arsenic Accumulation in Rice Varieties 
Selected from Gangetic Bengal, India 

             Piyal     Bhattacharya     ,     Alok     C.     Samal    , and     Subhas     C.     Santra   

16.1            Introduction 

 It is predicted that around 100 million people living in the Ganga-Meghna- 
Brahmaputra plain are at the risk of serious arsenic toxicity through exposure of 
contaminated groundwater (Chakraborti et al.  2008 ). Groundwater arsenic contami-
nation in the Gangetic Bengal has been termed as the largest mass poisoning in the 
history of human kind (Smith et al.  2000 ). Arsenic pollution has spread in fourteen 
out of total nineteen districts of Gangetic Bengal (Chakraborti et al.  2009 ). 
Application of arsenic-contaminated groundwater for irrigation in Gangetic Bengal 
has shown to infl uence accumulation of arsenic in rice, the major staple food in 
West Bengal (Meharg  2004 ;    Signes-Pastor et al.  2008 ; Meharg et al.  2009 ; 
Bhattacharya et al.  2010a ; Samal et al.  2011 ; Banerjee et al.  2013 ; Santra et al.  2013 ). 
Rice is an effi cient accumulator of arsenic than any other cereal crops (Su et al.  2010 ) 
and consumption of rice has been termed as an important source of inorganic arsenic 
intake to human body (Meharg et al.  2009 ). 

 Greenhouse pot experiments conducted with Bangladeshi rice varieties have 
showed signifi cant differences in the accumulation of arsenic (Azad et al.  2009 , 
 2013 ; Norton et al.  2009 ). Delowar et al. ( 2005 ) reported that the accumulation of 
arsenic in rice grain was in the range 0–0.14 mg kg −1  which was cultivated with 
0–20 mg l −1  of arsenic containing water. Analyzing two widely cultivated rice varieties 
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in Bangladesh, Rahman et al. ( 2007 ) reported that the BRRI  dhan  28 and BRRI 
hybrid  dhan  1 had difference in the amount of arsenic accumulation (0.5 ± 0.0 and 
0.6 ± 0.2 mg kg −1  dry weight of arsenic, respectively). Rahman et al. ( 2008 ) by study-
ing fi ve different hybrid as well as non-hybrid rice samples concluded that the arse-
nic translocation from root to shoot (straw) and husk was higher in the hybrid variety 
(BRRI hybrid  dhan  1) as compared to those of non-hybrid varieties (BRRI  dhan  28, 
BRRI  dhan  29, BRRI  dhan  35 and BRRI  dhan  36). Azad et al. ( 2009 ) observed an 
increase in the grain arsenic uptake of transplanted aman rice with the increase of 
arsenic treatment in soil. Abedin et al. ( 2002b ) found that 30–50 mg kg −1  arsenic 
containing soil produced rice grains with arsenic levels exceeding the WHO recom-
mended permissible limit of 1 mg kg −1 . In our previously conducted study on some 
other rice varieties, all the studied high yielding and hybrid varieties ( Ratna , IET 
4094, IR 50 and  Gangakaveri ) were found to be higher accumulator of arsenic as 
compared to all but one local rice variety,  Kerala Sundari  (Bhattacharya et al. 2001). 
Azad et al. ( 2013 ) have recently reported the accumulation of arsenic in the range 
0.06–0.47 mg kg −1  through a greenhouse pot experiment conducted in Bangladesh. 

 Thus, a greenhouse pot experiment was conducted to investigate the accumula-
tion and distribution of arsenic in the different fractions of rice plant with increasing 
soil arsenic treatments (5, 10, 20 and 30 mg kg −1  dry weights) on six selected rice 
varieties (four high yielding varieties MTU 7029, IET 5656, MTU 1010 and CNHR 
3, and two local varieties  Nayanmani  and  Danaguri ). The major objective of the 
present study was to identify the rice varieties that are resistant to arsenic phytotox-
icity. The fi ndings would have signifi cant impacts on agriculture and public health 
of arsenic-contaminated 14 districts of Gangetic Bengal.  

16.2     Materials and Methods 

16.2.1     Experimental Condition 

 The pot culture experiment on different rice ( Oryza sativa  L.) varieties was carried 
out in a greenhouse at the Department of Environmental Science, University of 
Kalyani. The experimental site was selected on the basis of having good sunshine 
throughout the day. Although the experiment was conducted in a greenhouse, the 
environmental conditions inside the greenhouse were not controlled. The green-
house was only used to protect the experiment from natural calamities (such as 
heavy rainfall, northwester wind, etc.) and disturbances by animals.  

16.2.2     Soil Collection and Pot Preparation 

 Soil was collected from the campus of University of Kalyani at a depth of 0–15 cm. 
The physico-chemical properties of soils used for pot experiments are given in 
Table  16.1 . Initial arsenic content of the soils prior to treatment was 2.3 ± 0.07 mg kg −1  
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dry weights. After collection, the soil was air dried for 7 days and aggregates were 
broken by gentle crushing. The materials such as dry roots, grasses, stones and plas-
tics were removed and the soil was thoroughly mixed to homogenize. Earthen pots 
(40 × 40 cm) were used for rice cultivation. The pots were designed to prevent the 
loss of water soluble arsenic from pots (Rahman et al.  2007 ). About 10 kg of soil 
was taken in total 90 pots comprising four different arsenic treatments (5, 10, 20 and 
30 mg kg −1  dry weights) along with one control treatment (no arsenic dosing), each 
with three replications for the six different rice plant varieties. The arsenic was 
applied in the form of sodium arsenate (Na 2 HAsO 4 ), which can easily convert to 
arsenite under reducing and submerged condition of paddy soil (Abedin et al. 
 2002a ). Chemical fertilizers or nutritional solutions were not added to pot soil.

   The tap water, used for irrigation, contained arsenic below the detection limit 
(<0.03 μg l −1 ). Thus, there was no chance of arsenic input from the tap water to the 
pot soil. After the application of arsenic, soils were left in the pots for 2 days without 
irrigation. Then tap water was used to irrigate the pots to make the soil clay suitable 
for rice seedling transplantation. About 3–4 cm water level above the soil surface 
was maintained in the pots before and after seedling transplantation. The water level 
was maintained in each pot throughout the growth period. Irrigation was stopped 
before 10 days of harvest (Azad et al.  2009 ).  

16.2.3     Selection of Rice Varieties and Seedling Transplantation 

 Four high yielding rice varieties MTU 7029 ( Swarna ), IET 5656, MTU 1010 and 
CNHR 3 and two local varieties  Nayanmani  and  Danaguri  were selected through 
germination test for this greenhouse pot experiment. Rice seedlings of 21 days old 
were carefully uprooted from nursery-bed and transplanted to pots under fl ooded 
condition. Eight seedlings, six inches apart from each other, were transplanted to 
each pot. The seedlings, which died within 7 days of transplantation, were discarded 
and replaced by new seedlings.  

   Table 16.1    Physico- 
chemical properties of 
experimental pot soil  

 Soil parameters  Range 

 Clay (%)  66–69 
 Sand (%)  9–15 
 Silt (%)  17–24 
 Texture  Clay loam 
 pH  7.8 ± 0.18 
 Organic carbon (%)  0.92 ± 0.13 
 Total nitrogen (%)  0.14 ± 0.02 
 Available phosphorous (mg kg −1 )  14 ± 1 
 Total arsenic (mg kg −1 )  2.3 ± 0.07 
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16.2.4     Sample Collection, Preservation and Digestion 

 The full-grown rice plants were carefully uprooted at their maturity (90–120 days 
after transplantation). Then the collected samples were separated into different parts 
and washed thoroughly with arsenic-free water to remove soil and other contami-
nants, followed by rinsing with de-ionized water with continuous shaking for sev-
eral minutes. Finally, the samples were dried in the hot air oven at 60 °C for 72 h 
and stored in airtight polyethylene bags at room temperature with proper labeling. 
Proper care was taken at each step to minimize any contamination. 

 The samples were digested following the heating block digestion procedure 
(Rahman et al.  2007 ), diluted to 25 ml with de-ionized water and fi ltered through 
Whatman No. 41 fi lter papers and fi nally stored in polyethylene bottles. Prior to 
sample digestion all glass apparatus were washed with 2 % HNO 3  followed by rins-
ing with de-ionized water and drying.  

16.2.5     Analysis of Total Arsenic 

 The total arsenic was analyzed by fl ow injection hydride generation atomic absorp-
tion spectrometer (FI-HG-AAS, Perkin Elmer AAnalyst 400) using external cali-
bration (Welsch et al.  1990 ). The optimum HCl concentration was 10 % (v/v) and 
0.4 % NaBH 4  (Merck, Germany; synthesis grade; 96 %) produced the maximum 
sensitivity. For each sample three replicates were taken and the mean values were 
obtained on the basis of calculation of those three replicates. Standard Reference 
Material (SRM) from National Institute of Standards and Technology (NIST), USA 
was analyzed in the same procedure at the start, during and at the end of the mea-
surements to ensure continued accuracy. The observed arsenic concentrations of 
SRM Rice Flour (1568A) showed >97 % recovery.   

16.3     Results and Discussion 

 The experimental soil belonged to clay loam type (Table  16.1 ). The soil was found 
to be slightly basic in nature (pH 7.8 ± 0.18) and with 2.3 ± 0.07 mg kg −1  initial arse-
nic content. The background value of arsenic in the non-irrigated soils of the study 
area was reported to be 2.3–3.1 mg kg −1  dry weights (Bhattacharya et al.  2010b ). 

 The impact of soil arsenic treatments on accumulation of arsenic in different 
fractions of the six selected rice varieties are shown in Fig.  16.1 . The uptake of 
arsenic in rice plants was observed to vary with the different local and high yielding 
rice varieties. This fi nding is concurrent with the earlier observations by Delowar 
et al. ( 2005 ), Williams et al. ( 2006 ) and Bhattacharya et al. ( 2013 ). With gradual 
increase in concentrations of arsenic treatments in pot soil, the accumulation of 
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  Fig. 16.1    Effect of soil 
arsenic treatments in pot soil 
[( a ) control, ( b ) 5, ( c ) 10, 
( d ) 20 and ( e ) 30 mg kg −1 ] on 
arsenic accumulation in 
various parts of the six 
selected rice ( O. sativa  L.) 
varieties of Gangetic West 
Bengal, India       
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arsenic in different fractions of rice plant was found to increase at dissimilar rates in 
different rice plant varieties. It is also evident from the results that arsenic accumu-
lated predominantly in root of the rice plant, irrespective of its variety. Iron plaques 
are commonly formed on the root surfaces of aquatic plants including rice by releas-
ing oxygen to their rhizosphere through aerenchyma. This results in the oxidation of 
ferrous iron to ferric iron and the precipitation of iron oxides on the root surfaces 
(Armstrong  1964 ). Composition of iron oxides were later reported to be dominantly 
of ferrihydrite (63 %), followed by goethite (32 %) and siderite (5 %) (Hansel et al. 
 2001 ). All these precipitated iron oxides have strong adsorptive capacity for arse-
nate. According to Liu et al. ( 2004a ), the formation of iron plaques around root 
surfaces of the rice plant has a signifi cant infl uence on binding arsenic and reducing 
its translocation to the above ground tissues (straw, husk and grain) of the plant. The 
presence of iron plaque was found to sequester arsenic and form a buffer zone that 
alters the entry of arsenic into plants (Liu et al.  2004b ). For example at 10 mg kg −1  
arsenic dosing in pot soil the accumulation of arsenic in root was in the range 
11 ± 1.2–017 ± 3.1 mg kg −1  dry weights. It was followed by the accumulation in the 
straw (2.8 ± 0.52–4.3 ± 0.85 mg kg −1  dry weight of arsenic) and grain (0.48 ± 0.15–
0.90 ± 0.15 mg kg −1  dry weight of arsenic) parts of rice plant. The decreasing trend 
of accumulation of arsenic in rice plant parts (root > straw > grain) as detected in the 
present study is in good agreement with the previous fi ndings by Rahman et al. 
( 2007 ) and Bhattacharya et al. ( 2010a ,  2013 ).  

 The results clearly show that rice straw is a moderate accumulator of arsenic. The 
rate of arsenic accumulation in rice straw was noticed to be concurrent with increas-
ing soil arsenic treatments (Fig.  16.1 ). Previously, a signifi cant correlation ( r  = 0.961) 
had been observed by us between average arsenic contents in straw part of different 
rice varieties and arsenic doses in pot soil (Bhattacharya et al.  2013 ). In rural West 
Bengal, rice straw is the most favoured and economical food given to cattle. Thus, 
accumulation of arsenic in rice straw induces additional risk of arsenic entry to 
human through cattle milk (Ulman et al.  1998 ; Datta et al.  2010 ) and meat (Rana 
et al.  2012 ; Bundschuh et al.  2012 ). Much higher arsenic accumulation ability in 
rice straw by hybrid rice varieties as compared to non-hybrid varieties had been also 
reported by Abedin et al. ( 2002a ); Rahman et al. ( 2007 ). 

 The average arsenic concentration in the paddy fi eld soil of West Bengal was 
reported to be just below 10 mg kg −1 , the global average arsenic level in agricultural 
soil (Das et al.  2002 ; Bhattacharya et al.  2010a ,  b ; Samal et al.  2011 ). The compari-
son of arsenic accumulation in grain of the six rice varieties in the present study at 
10 mg kg −1  arsenic dosing showed that CNHR 3, a high yielding rice variety was the 
highest accumulator of arsenic (0.90 ± 0.15 mg kg −1  dry weight) while  Nayanmani , 
a local rice variety was the lowest accumulator (0.48 ± 0.15 mg kg −1  dry weight). At 
10 mg kg −1  of arsenic dosing in pot soil the accumulation of arsenic in rice grain in 
any of the studied sample did not exceed 1 mg kg −1  (WHO permissible limit). But, 
with the increasing concentration of arsenic added to the pot soil, the accumulation 
of arsenic in rice grain was found to increase, but at dissimilar rate (Fig.  16.1 ). At 
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the maximum level of arsenic dosing in pot soil (30 mg kg −1 ), comparison of arsenic 
accumulation in grain of the different rice varieties showed that CNHR 3 still 
remains as the highest accumulator of arsenic (1.9 ± 0.53 mg kg −1  dry weight) as 
compared to the  Nayanmani  rice variety with accumulation as low as 
0.84 ± 0.18 mg kg −1  dry weight of arsenic. Figure  16.1  shows that the high yielding 
rice varieties (CNHR 3, MTU 1010, MTU 7029 and IET 5656) are on an average 
higher accumulator of arsenic as compared to the studied two local rice varieties, 
 Nayanmani  and  Danaguri . Uptake of arsenic upto 2 mg kg −1  by an  Aman  rice vari-
ety had been reported by Huq et al. ( 2011 ). Table  16.2  describes the comparison 
among the previous works on the accumulation of arsenic in rice grain using a 
greenhouse pot experiment with the present fi ndings.

   Apart from  Nayanmani  and  Danaguri  the accumulation of arsenic in rice grain 
was found to exceed the WHO recommended permissible limit in rice (1 mg kg −1 ) 
at 20 mg kg −1  arsenic dosing in pot soil, which is very much close to the reported 
highest content of arsenic (19.4 mg kg −1 ) in soil of West Bengal (Roychowdhury 
et al.  2005 ). This surpassing of the 1 mg kg −1  limit by the four out of six studied rice 
varieties at the 20 mg kg −1  arsenic dosing is considerably alarming. The arsenic 
content of the paddy fi eld soil of West Bengal and that of irrigation water was 
 previously accounted to be signifi cantly correlated (Bhattacharya et al.  2010b ). 
Thus, an eminent possibility of increase of arsenic concentration in the paddy fi eld 
soils of the entire arsenic-contaminated areas of West Bengal can be hypothesized 
from the present study. Moreover, if the situation is not immediately taken care of, 
it can be predicted that consumption of arsenic-contaminated rice may become the 
potent route for arsenic entry into human body along with the drinking water 
pathway.  

   Table 16.2    Accumulations of arsenic in rice grain in the present study compared with that reported 
from other green house pot experiments   

 Arsenic in soil (mg kg −1 ) 
 Arsenic in rice grain 
(mg kg −1 )  Reference 

 Control-8  0.15–0.42  Abedin et al. ( 2002a ) 
 0–20  0–0.14  Delowar et al. ( 2005 ) 
 Control-30  0.24–0.75  Rahman et al. ( 2007 ) 
 6.4–80  0.2–0.3  Rahman et al. ( 2008 ) 
 0–50  0.69–1.6  Azad et al. ( 2009 ) 
 0–20  0.22–0.81  Khan et al. ( 2010 ) 
 Control-0.5 mg l −1  
(in irrigation water) 

 0.01–2  Huq et al. ( 2011 ) 

 1.9–40  0–2.6  Bhattacharya et al. ( 2013 ) 
 3.7–14.6  0.06–0.47  Azad et al. ( 2013 ) 
 2.3–30  0.1–1.9  Present study 
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16.4     Conclusions 

 The potentiality of arsenic contamination in groundwater of Gangetic Bengal is 
increasing day by day and enhancing the human health risk from arsenic toxicity via 
water-soil-plant-human pathway. Arsenic was found to accumulate in the range 
0.10–1.9 mg kg −1  dry weight in rice grain with 2.3–30 mg kg −1  dry weight arsenic 
treatment in soil. Thus, prompt management strategy needs to be taken by the 
Government in encouraging cultivation of less arsenic accumulating rice varieties 
(e.g.,  Nayanmani  and  Danaguri ) in arsenic-contaminated areas of West Bengal. 
Along with it, rice varieties that require huge irrigation water are found to accumu-
late higher amount of arsenic (e.g., CNHR 3, MTU 1010, MTU 7029 and IET 5656) 
which should be avoided. More emphasis is to be given for cultivation of crops 
accumulating very low amount of arsenic. This will support the economy of the 
farmers and also reduce the potential entry of arsenic into human food chain.     
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Chapter 17
Status of Arsenic Contamination Along 
the Gangetic Plain of Ballia and Kanpur 
Districts, Uttar Pradesh, India and Possible 
Remedial Measures

N. Sankararamakrishnan, A. Gupta, and V.S. Chauhan

17.1  �Introduction

The presence of arsenic in ground water has been reported from many parts of the 
world, particularly in the Bengal delta of India and Bangladesh (Berg et al. 2001; 
Rahaman et al. 2013), China (Kinniburgh and Smedley 2000), Vietnam (UNESCAP-
UNICEF-WHO 2001) and Nepal (Tandukar et al. 2001). In India, apart from West 
Bengal, arsenic contamination has been reported in other states like Ballia (Chauhan 
et al. 2009); Ghazipur and Varanasi districts of UP (Ahamed et al. 2006), middle 
Gangetic plain of Bihar (Chakraborti et al. 2003), Sahibgunj district of Jharkand 
(Bhattacharjee et al. 2005), and Northeastern Karnataka (Chakraborti et al. 2013). 
Till date, the data from various reports and research papers indicate that arsenic in 
ground water used for drinking occurs in more than 250 blocks in approximately 55 
districts of India.

It is well known that consumption of arsenic contaminated groundwater leads to 
chronic health effects. Signs of chronic arsenicalism include dermal lesions, periph-
eral neuropathy, and skin cancer. These clinical symptoms, especially dermal lesions 
(the most commonly observed symptom) generally occur after a minimum of 
5 years of consumption of arsenic contaminated drinking water. WHO guideline for 
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arsenic in drinking water is 10 μg  L−1. BIS permissible limit is presently set at 
50 μg L−1 in the absence of other sources of water supply.

The removal of arsenic by various methods has been adequately reviewed 
(Mohan and Pittman 2007). Although co-precipitation, flotation, ion-exchange, 
ultrafiltration, and reverse osmosis have been used for arsenic removal, the adsorp-
tion from solution has received more attention due to its high concentration effi-
ciency. It is well known that there exists a high affinity between inorganic arsenic 
species and iron. This behaviour was put to advantage to develop Fe(III)-bearing 
materials like goethite and hematite (Gimenez et al. 2007), ferrihydrite (Raven et al. 
1998), Fe(III)-loaded resins (Katsoyiannis and Zouboulis 2002), and iron-oxide-
coated sand (Thirunavukkarasu et al. 2005). However, the adsorption was found to 
be very low in iron coated sand and for iron bearing resins its applicability is limited 
due to its cost. It is also noteworthy that most of the adsorbents mentioned above 
was applied to the removal of either As(III) or As(V) ions. It is well established that 
most of the ground waters in West Bengal and Bangladesh contained both species 
of arsenic. Thus, the adsorbent should have the capability to remove both inorganic 
forms of arsenic at neutral pH. Chitosan is a natural polysaccharide with many use-
ful features such as hydrophilicity, biocompatibility, biodegradability and antibacte-
rial properties. Chitosan is also capable of adsorbing several metal ions (Guibal 
2004; Chauhan and Sankararamakrishnan 2008; Gupta et  al. 2009) because its 
amino groups can serve as chelation sites. Thus an inexpensive novel adsorbent was 
synthesized namely chitosan coated sand and its ability to remove total inorganic 
arsenic at neutral pH have been demonstrated. Also, the present paper discusses the 
status of arsenic contamination in Ballia and Kanpur districts of U.P.

17.2  �Site Description, Materials and Methods

17.2.1  �Site Description

In the map of India, location of Uttar Pradesh state, Kanpur and Balli districts are 
shown in Fig. 17.1. Our study areas are Ballia district (area 3,168 km2, population 
2.75 million) which stretches from 83°38′ to 84°39′ East longitudes and 25°33′ to 
26°11′ North latitudes (Fig. 17.2), and Kanpur-Unnao region (26° 05′–27° 02′ N 
and 80° 03′–81° 04′ E) which covers an area of 4,558 km2 (Fig. 17.3). Ballia district 
is located between Ghaghra and Ganga rivers. The blocks (Rewti, Bansidh and 
Murli Chhapra) were sampled in Ballia district. Around 88 samples were collected 
in these blocks.

Kanpur district along the Ganges river was divided into four zones (Bithore, 
Kanpur city, Shuklaganj and Beyond Jajmau) according to geographical as well as 
land use patterns: Upstream sampling station (agricultural), Central sampling 
station (industrial), and Downstream sampling station (agricultural). A total of 154 
tube-wells were sampled, which included India mark II (installed by government, 
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Kanpur

U.P.
NEPAL

Ballia

Fig. 17.1  Map of India showing U.P., Ballia and Kanpur districts

Fig. 17.2  Sampling locations in Ballia district shown by shaded blocks
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90–110 ft depth), as well as privately owned hand pumps (~40 ft depth). Except few, 
all India mark II tube wells had well constructed concrete apron. However, 
the  ceiling was not satisfactory in the privately owned shallow hand pumps of 
Shuklaganj zone.

17.2.2  �Geomorphology of Ballia and Kanpur Districts

Ahamed et al. (2006) and Acharya and Shah (2007) have detailed the geography, 
geomorphology and quaternary stratigraphy of the study area from whose work the 
account of the Ballia district is summarized as follows: The large-scale features of 

Fig. 17.3  Sampling locations in Kanpur district
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the Ganga plain correspond to major climate changes in the late Quaternary (Singh  
2004). The geomorphic surfaces identified in the regional mapping of the Quaternary 
deposits of the Ganga plain are upland interfluves surface (T2), marginal fan upland 
surface (MP), megafan surface (MF), piedmont fan surface (PF), river valley terrace 
surface (T1) and active flood plain surface (T0). A significant aspect of these surfaces 
is that all of them are depositional surfaces, having a succession of overlying sedi-
ments. The Ganga plain foreland basin is a repository of sediments derived from the 
Himalayas and from Peninsular Craton. The weathered material brought from the 
Himalaya is deposited in the alluvial plain where they undergo further chemical 
weathering, mobilizing several anions and cations.

Kanpur district (26.4670°N, 80.3500°E, and 120–130 m above mean sea level) is 
a part of the Central Ganga Plain with its characteristic landforms (Ansari et  al. 
1999). The area under study is traversed by the Ganga, Pandu and Loni rivers. The 
study (lowland or younger alluvial plain) has been identified as flat to gently sloping 
and slightly undulating terrain of large aerial extent, formed by river deposition; and 
is limited along river Ganga with the breadth not exceeding 5 km. The sediments 
comprise recent unconsolidated alluvial material of varying lithology (http://local-
bodies.up.nic.in/dist30.pdf).

17.2.3  �Sampling Methodology and Measurements

Samples from Ballia district were collected between April and June 2007 and sam-
ples from Kanpur district were collected during March-April 2010. A GPS device 
was used for the positioning of each location. Prior to sampling, the hand pumps 
were flushed with 30–40 L of water. Depth of each tube well ranged from 80 to 
100 ft. During sampling, water was filled to the brim of the bottle without any air 
bubbles. Those for the analysis of cations and sulfate were acidified to 1 % (v/v) 
HNO3. Samples were acidified with 2 % (v/v) HCl for the analysis of total As (AsT), 
As(III), and iron. Samples for anion analysis were left unacidified. In the field, after 
collection samples were immediately analyzed for ORP and pH measurements by 
Wagtech ORP/pH electrode. Total inorganic arsenic analysis was carried out using 
silver diethyldithiocarbamate (APHA 1998). The lower limit of detection was found 
to be 4 μg L−1. All chemicals and solvents used were of Analytical Reagents (AR) 
grade. The SDDC was used from Sigma Aldrich and E Merck. Each sample was 
analyzed twice.

17.2.4  �Preparation of Chitosan Coated Sand (CCS)

Chitosan coated sand (CCS) was prepared by using Gangetic belt sand near Kanpur 
district. Initially, the sand was sieved to a geometric mean size of 0.3  mm and 
washed twice with deionized distilled water and 1 M HCl to remove the adsorbed 
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metal ions and dried at 90 °C for 20 h to activate the sites. Then, activated sand was 
mixed with the dissolved chitosan solution (0.5 %) and stirred overnight. The coated 
sand was washed with deionized distilled water and dried at room temperature for 
further experiments. The entire methodology is depicted in Fig. 17.4.

17.2.5  �Batch Adsorption Experiments

Batch equilibrium adsorption isotherm studies were conducted with aqueous solu-
tions of As(III) and As(V) varying the concentration from 1 to 10 mg L−1 in 125 mL 
Erlenmeyer flasks. Amount of adsorbent used was 0.1 g and the solution volume 
was maintained at 20 mL. The pH of the solution was adjusted to 7. The experi-
ments were carried out at constant temperature of 25 °C and equilibration time was 
maintained at 4 h at an agitation speed of 200 rpm. After the isothermal equilibra-
tion, the sorbent was separated by filtration with Whatman 41 filter paper. The fil-
trate was analyzed for arsenic. The amount of the arsenic adsorbed (mg) per unit 
mass of CCS (g), qe, was obtained by mass balance using the equation (17.1)

	
q

C C
Ve

i e

m
=

−
⋅

	
(17.1)

where Ci and Ce are initial and equilibrium concentrations of the metal ion (mg/L), 
m is dry mass of chitosan (g) and V is the volume of the solution (L).

Fig. 17.4  Schematic representation of the preparation of CCS
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17.3  �Results and Discussion

17.3.1  �Status of Arsenic Contamination in Ballia District

Results of analysis of the water samples for arsenic contamination in Ballia district 
are presented in Table 17.1. Three blocks namely Murli Chapra, Bansdih and Rewti 
were sampled. The sampled ground waters were mildly alkaline (pH > 7) and reduc-
ing in nature, as evidenced by negative Oxidation Reduction Potential (ORPs). 
Arsenic was detected in 81 out of 88 samples from the study area with concentrations 
ranging from 2.5 to 158 μg/L (Table 17.1). The spatial distribution of the total As 
concentrations is not homogenous over the study area. Approximately 82 % of all 
groundwater samples exceed 10 μg/L arsenic, which is the WHO guideline value. 
At 14 wells, As is higher than 100 μg/L. Concentrations higher than 100 μgL−1 were 
observed in Dalon Chhapra, Bhopapur and Vishauli villages of Murli Chhapra and 
Rewti blocks. Nine deep bore hand pumps (66–75 m) were sampled and total inor-
ganic arsenic concentrations in all these samples exceeded 10 μg  L−1, but were 
below 20 μg L−1. The corresponding shallow well hand pumps contained arsenic at 
much greater concentrations, up to 158 μg L−1 in one case.

Distribution of As(III) and As(V) is depicted in Fig. 17.5. It is evident from the 
figure that most of the samples contained both As(III) and As(V). The concentration 
of arsenic(III) was found to be equal/higher than arsenic(V) in most of the samples, 
although in few samples from Rewti block, concentration of arsenic(V) was higher 
than arsenic(III).

Table 17.1  Status of arsenic contamination in Ballia district

Blocks N <10 μg L−1 <50 μg L−1 50–100 μg L−1 >100 μg L−1

Murli Chapra 48 16 27 9 12
Bansdih 30 2 11 17 2
Rewti 9 1 6 3 –
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17.3.2  �Comparison of Arsenic Concentration in Deep Tube 
Wells and Its Comparison with Shallow Tube Well

The results of the studies were published earlier (Chauhan et al. 2009).

•	 Nine deep tube wells (66–75 m) were sampled in Ballia district. The concentra-
tion of arsenic was less than 20 μgL−1 in all samples.

•	 The ORP values ranged from −3 to −173 mV suggesting that water is reducing 
in nature.

•	 Deep, pre-Holocene, aquifers (>150  m) are generally known to have low-As 
(BGS/DPHE 2001) and offer a possible alternative source of As-safe drinking 
water. However, drilling to depths more than 150 m is costly, and may not always 
be possible with the local drilling techniques.

•	 The data presented in this study suggest that deeper aquifers (66–75  m) are 
much lower in arsenic than nearby shallow aquifers and could be a viable and 
cost-effective source of drinking water in the short to medium term.

•	 However, the samples did contain arsenic in the range of 12–20 μgL−1, which is 
higher than 10 μgL−1 i.e. WHO Guideline Value for arsenic in drinking water 
(Table 17.2).

17.3.3  �Status of Arsenic in Kanpur-Unnao District

Out of 154 samples included 32 samples from Bithore zone, 30 samples from Kanpur 
city zone, 33 samples from Jajmau zone and 59 samples from Shuklaganj area 
(Table 17.3). The data show the arsenic concentrations varying from below detectable 
limits to concentrations well above those of typical provisional drinking water  
standards, i.e. Not Detected (nd) – 448 μgL−1 As. The pH of the groundwater samples 

Table 17.2  Comparison of the parameters in shallow and deep tube well

Parameter Shallow tube well Deep tube well

Min Avg Max Min Avg Max

Arsenic total (μgL−1) n.d. 56.1 158 12 13 18
pH 6.54 7.47 8.14 7.46 7.56 7.87
ORP (mV) −173 −91 −3 −159 −111 −98

Table 17.3  Status of arsenic contamination in Kanpur district

Zones N <10 μg L−1 <50 μg L−1 50–100 μg L−1 >100 μg L−1

Bithore 32 28 32 – –
Kanpur city 29 26 29 – –
Jajmau 31 28 32 – –
Shuklaganj 59 15 31 21 7
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ranged from 7.02 to 8.55 and ORP values ranged from 33.7 to −166.9 mV. Negative 
ORP values in general indicated the anaerobic reducing condition of the ground water.

In Bithore zone, out of 32 samples, 28 samples contain arsenic <10 μg L−1 
and 31 samples contain arsenic concentration <50  μg  L−1. The samples in 
Kanpur city zone and Beyond Jajmau zone (Table 17.3) contain arsenic below 
50 μg  L−1. Three samples in Kanpur city and Beyond Jajmau zone exceeded 
WHO limit of 10 μg L−1.

In Shuklaganj Zone (Chauhan et al. 2012), samples were drawn from both India 
Mark II and privately owned shallow hand pumps. In this zone, groundwater arsenic 
concentrations as high as 440 μg L−1 were found. It was also observed that most of 
the private shallow hand pumps contained high levels of arsenic. Out of 59 samples 
in Shuklaganj, 44 samples are exceeding the WHO permission limit; and 21 sam-
ples exceed the BIS permission limit. The seven samples even show the worst con-
dition of drinking water arsenic contamination having more than 100 ppb arsenic in 
groundwater.

17.3.4  �Arsenic Remediation Using Chitosan  
Coated Sand (CCS)

17.3.4.1  �Effect of pH

The solution pH is an important factor for all water and waste water treatment pro-
cesses because it affects the speciation of metal in water. It is evident from Fig. 17.6 
that adsorption increases with increase in pH and reaches a maximum, further 

Fig. 17.6  Effect of initial pH on the adsorption of As(III) and As(V) by CCS
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increase in pH above 7.5 results in decreased adsorption. Maximum adsorption is 
found to be at pH 6.0 for both As(V) and As(III) using CCS. The observed differ-
ence between pH’s could be due to the pH-dependent As speciation. Due to practi-
cal reasons, all further experiments were carried out at pH 7.

17.3.4.2  �Equilibrium Isotherm

The isotherm models of Langmuir and Freundlich were applied to fit the adsorption 
equilibrium data of As(III) and As(V) on CCS. Linearized forms of Langmuir and 
Freundlich isotherms are represented by

	

1 1 1

qe QbCe Ce Q
= +

	
(17.2)

	
log log logqe

n
Ce K= +1

f

	
(17.3)

where Ce and qe are equilibrium concentration and the amount adsorbed at equilib-
rium expressed in mg L−1, Q (mg g−1) represents the maximum adsorption capacity 
and b (mL mg−1) is the Langmuir constant, which represents the affinity between the 
solute and the adsorbent. The n and Kf are the Freundlich parameters, for values 
range 1 10< <n , which indicated adsorption is considered to be favourable.

Equilibrium adsorption isotherm studies were conducted with aqueous solutions 
of As(III) and As(V) varying the concentration from 100 to 1,000 μg L−1 at pH 7 
with a dose rate of 2.5 mg L−1 of solution for time period for 2 h.

Linearized Langmuir adsorption plots are shown in Fig. 17.7. The values obtained 
for the various parameters of Langmuir and Freundlich isotherm parameters are 
shown in Table 17.4. The adsorption data could be described well by the Langmuir 
model R2 0 977>( ).  and Freundlich model R2 1=( ) , which interpreted the adsorp-
tion process and were fitted to a monolayer adsorption on a homogeneous surface. 
The Freundlich parameters for n value were both higher than 2.4, indicating that 
arsenic was favourable to adsorption on adsorbents. A comparison of the various 
adsorbents reported for arsenic removal is presented in Table 17.5. From the table it 
is evident that CCS perform efficiently with higher capacity at neutral pH values.

17.4  �Conclusions

A systematic study has been conducted on the status of arsenic contamination in 
few blocks of Ballia and Kanpur districts along the Gangetic plain. In both Ballia 
and Kanpur districts both species of arsenic are prevalent. The concentration of 
arsenic in deep bore well of Ballia district was within 20 ppb. A mitigation strategy 
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using chitosan coated sand has been demonstrated. The prepared adsorbent showed 
capacity of 17 and 23 mg/g both As(III) and As(V) at neutral pH. This suggests that 
this adsorbent could be used as an effective filter candidate for arsenic removal.

Acknowledgements  NS is thankful to Council of Scientific and Industrial Research (Scheme no. 
24(306)09-EMR-II) for financial support to carry out this work. AG is thankful to CSIR for Junior 
research fellowship.

Fig. 17.7  Linearized Langmuir isotherm

Table 17.4  Langmuir and Freundlich model constants

Langmuir model Freundlich model

Arsenic species Qmax (mg/g) b (ml/mg) R2 1/n Kf R2

As(III) 17 1.144 0.8172 1 2.499 1
As(V) 23 1.016 0.9465 1 2.499 1

Table 17.5  Comparison of adsorption capacities of some adsorbents towards arsenic removal

Adsorbents Capacity from Langmuir model (mg/g) References

As(III) As(V)

Goethite 10.1 12.1 Javier et al. 2007
Hematite 10.0 31.3 Javier et al. 2007
Ferrihydride 0.58 0.16 Raven et al. 1998
Fe and Mn oxide coated sand 0.129 – Chang et al. 2008
FeS-coated sand 10.7 – Han et al. 2011
Iron oxide coated sand 0.136 – Hsu et al. 2008
Zerovalent iron coated sand 70.4 – Wan et al. 2010
Chitosan coated sand 17 23 Present work
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    Chapter 18   
 A Low-Cost Arsenic Removal Method 
for Application in the Brahmaputra-Ganga 
Plains: Arsiron Nilogon 

             Shreemoyee     Bordoloi    ,     Sweety     Gogoi    , and     Robin     K.     Dutta    

18.1            Introduction 

18.1.1     The Gangetic Plains vs. The Brahmaputra Plains 

 There is much similarity between the geological formation of the Gangetic and the 
Brahmaputra plains as both are formed by sedimentation of soils from the Himalayas. 
The shallow aquifers of both the plains are also expected to be similar except for 
some variations caused by difference in rainfall and occurrence of fl oods. Hence, 
the fi ndings of arsenicosis and arsenic (As) contamination of groundwater in 
Bangladesh and the Gangetic plains of India (Chakraborti et al.  2002 ; Chatterjee 
et al.  1995 ) had indicated the possibility of similar fate of the Brahmaputra plains 
and the Borak plains of the north-eastern region of India also, which was soon 
proven to be true.  

18.1.2     Arsenic Contamination in the Groundwater 
in Brahmaputra Plains 

 Contamination of the groundwater of almost the entire north-eastern states of India, 
in general and in the plains on both sides of the Brahmaputra in Assam, in particular, 
with high level of As has come to light in 2004 (Nickson et al.  2007 ; Singh  2004 ). 
The As contaminated area extends to the small valleys of the Brahmaputra and its 
tributaries in Arunachal Pradesh and Nagaland also. Arsenic above 50 μg/L has 
been detected in the groundwater in 23 out of 27 districts in Assam, 6 out of 13 
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districts in Arunachal Pradesh and 2 out of 8 districts in Nagaland. The highest 
concentrations of arsenic was reported in four districts of Assam viz., Jorhat, 
Lakhimpur, Nalbari and Nagaon in the range of 112–601 μg/L. Other districts where 
arsenic concentration in groundwater was found in between 100 and 300 μg/L are 
Baksa, Barpeta, Darrang, Dhemaji, Dhubri, Golaghat, Sibsagar and Sonitpur. 
Arsenic concentration in groundwater of remaining 11 districts of Assam is reported 
to be in between 50 and 100 μg/L.  

18.1.3     Arsenicosis in the Affected Areas of Assam 

 Symptoms of arsenicosis were fi rst noticed in some residents in Assam in 2011 dur-
ing a fi eld trial of the arsenic removal method described in this article ( The Assam 
Tribune   2010 ). Since then, these authors themselves have seen a large number of 
people with similar symptoms in many other places including the own village of the 
fi rst author of this article, called Totoya, located in the largest human-inhabitated 
river island, Majuli in the Brahmaputra. This village with a population of about 500 
has seen 28 cancer deaths since 1974, which may also have a correlation with 
groundwater arsenic (Gogoi and Dutta 2014, unpublished data).  

18.1.4     Relevance of Application of Arsenic Removal Methods 

 Though surface water is the best alternative option for arsenic affected areas, it is 
unlikely for a developing country to switch the source of water from groundwater to 
surface water in a short period of time, particularly for sparse rural populations. 
Therefore, one must consider arsenic removal techniques and the economic feasibil-
ity and simplicity of the systems in making arsenic remediation strategy. Thus, low- 
cost user-friendly removal methods appear to be the immediate option for arsenic 
removal from groundwater in such areas.  

18.1.5     Suitable Removal Methods for the Affected 
Areas of Assam 

 Various arsenic removal techniques, e.g., ion-exchange, reverse osmosis (RO), 
ultrafi ltration, adsorption, etc., are unsuitable for rural applications in developing 
countries for one or more drawbacks of high cost, requirement of power, and dis-
posal of large sludge (Mohan and Pittman  2007 ). The RO method, which is gaining 
popularity among the middle-class families, removes most of the essential minerals 
from already low-TDS water of the fl ood-prone areas of the Brahmaputra plains. 
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This is a serious problem with the RO apart from its being costly and producing 
large quantity of contaminated reject water. Some techniques based on coagulation- 
adsorption are of low-cost, simple and environment-friendly (Jiang  2013 ). However, 
the effi ciency in removal of arsenic is a very important factor. The detection limit in 
the atomic adsorption method is 2 mg/L. On the other hand, it is reported that a pres-
ence of arsenic in drinking water in concentration as low as 0.17 mg/L may also 
cause cancer (WHO  2011 ). The guideline value of 10 mg/L of WHO is only a pro-
visional guideline value because the safe limit is actually below 10 mg/L whereas it 
is diffi cult to remove and measure arsenic below 10 mg/L (WHO  2011 ). Thus, arse-
nic in drinking water should be as low as possible or undetectable. Most of the 
arsenic removal methods based on oxidation-coagulation have low effi ciency 
because of inadequate selection of chemicals, viz., the pH-conditioner, the oxidant 
and the coagulant and their doses.   

18.2     The Arsiron Nilogon Method 

18.2.1     pH-Conditioning for Arsenic Removal 

 A particularly important factor leading to lower effi ciency of the existing 
coagulation- adsorption methods is using inappropriate pH conditioning for effi cient 
adsorption of arsenic on the coagulations. Various pH-conditioners, viz., lime, ash, 
carbonate and bicarbonate salts of sodium and potassium are used for pH condition-
ing to facilitate removal of arsenic. Choosing the suitable pH-conditioner for 
removal of arsenic with the optimum dose is necessary to ensure maximum removal 
of arsenic without adding undesired residual ions arising from the dose and to avoid 
readjustment of the fi nal pH of the treated water.  

18.2.2     pH-Conditioning for Simultaneous 
Removal of Arsenic and Iron 

 Iron usually coexists with arsenic and also infl uences the removal of arsenic. 
Therefore, a proper pH-conditioning for iron removal (Das et al.  2007 ; Bordoloi 
et al.  2011 ) also pertains to removal of arsenic. We have reported a detail study of 
pH-conditioning for simultaneous removal of arsenate and iron by using various 
pH-conditioners, viz., lime, banana ash, bicarbonate and carbonate salts of sodium 
and potassium and their 1:1 binary mixture (Bordoloi et al.  2013a ). The arsenic 
removal in presence of the pH conditioners has been found to increase in the order: 
banana ash < carbonates < bicarbonates < lime. However, only the bicarbonate salts 
provide the suitable pH condition for simultaneous removal of arsenate and iron 
ions. The potassium salts are more effi cient than the corresponding sodium salts. 
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However, sodium bicarbonate has also been found to be useful. Lime is disadvantageous 
because it requires post-treatment correction of highly alkaline pH. The pH of 
the treated water remains in the acceptable range for drinking when the bicarbonates 
are used.  

18.2.3     The Most Suitable Oxidant for Coagulation Method 

 The oxidation of As(III) to As(V) is critical for achieving optimal performance for 
most arsenic removal processes. The feasibility of employing ozone, potassium per-
manganate and sodium hypochlorite for As(III) oxidation and subsequent enhanced 
arsenic removal have been demonstrated (Dodd et al.  2006 ; Kim and Nriagu  2000 ; 
Li et al.  2007 ). Potassium permanganate is preferable over other oxidizing agents 
for the oxidation of As(III) as it is cost-effective, easy to preserve and to handle in 
practice, especially for small systems in rural areas (Lihua et al.  2009 ; Sorlini and 
Gialdini  2010 ). On the other hand, several studies have reported that arsenic removal 
from drinking water by coagulation with FeCl 3  is more effective than other coagu-
lants such as Fe 2 (SO 4 ) 3 , FeSO 4  and Al 2 (SO 4 ) 3  (Qiao et al.  2012 ;    Wickramasinghe 
et al.  2004 ). FeCl 3  is preferable over its main competitor, viz., alum [Al 2 (SO 4 ) 3 ] also 
because of the suspected ill effect of the later causing Alzheimer’s disease (Simate 
et al.  2012 ). Considering the above facts, we have carried out a detailed systematic 
study of arsenic removal by oxidation-coagulation using KMnO 4  and FeCl 3  at pH 
optimized by using NaHCO 3  as the pH-conditioner.  

18.2.4     The Oxidation-Coagulation at Optimised 
pH (OCOP) (Bordoloi et al.  2013b ) 

 The method removes both arsenic and iron simultaneously, hence the name – 
Arsiron Nilogon, where ‘ Arsiron ’ stands for ‘    Ars  enic  and  iron ’, and ‘ Nilogon ’ 
means removal. The simplest arrangement requires only a bucket, a sand-gravel 
fi lter and small quantities of baking soda, potassium permanganate and aqueous fer-
ric chloride solution. For large scale community application it needs large treatment 
chamber and sand-gravel fi lter. A schematic diagram of the simple arrangement of 
the system has been shown in Fig.  18.1 . The thickness of the sand layer can be 
20 cm or more depending upon the sand grain size. Larger grain size will need 
thicker media. The method involves a three-step addition of the chemicals which 
takes 3 min, 1 h residence time and a subsequent fi ltration. The three chemicals are 
added in the three steps as follows:   

 Step 1 .    A specifi ed quantity of baking soda has to be added to a certain quantity 
of the arsenic containing water in a bucket or any other container and 
thoroughly mixed by stirring with a stick for a while.   
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   Step 2 .    A specifi ed quantity of potassium permanganate is added to the water and 
with thorough mixing by stirring. It mixes immediately.   

   Step 3 .    A specifi ed quantity of FeCl 3  as coagulant is then added to the water with 
thorough mixing by stirring for at least a minute.   

 The method has to be modifi ed if the water already contains soluble iron. In pres-
ence of appreciable concentration of dissolved Fe(II) ions along with arsenic, an 
additional amount of potassium permanganate is necessary. The doses of the chemi-
cals can be seen in Table  18.1 . 

   Coagulation in the form of reddish brown particles will be visible within minutes 
after addition of the chemicals. The water is then allowed to settle for at least an 
hour. It can be decanted and fi ltered through sand-gravel fi lters.  

18.2.5     The Chemical Tricks of Arsiron Nilogon 

 The three chemicals used in the present method helps in various ways in removal of 
arsenic and also iron making the method highly effi cient and safe (Bordoloi et al. 
 2011 ,  2013a ,  b ):

    (a)    NaHCO 3  maintains the pH of the water in a range in which FeCl 3  works most 
effi ciently. Arsenate ions are removed more effi ciently in the pH range provided 

  Fig. 18.1    Schematic diagram 
of the OCOP system       
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by NaHCO 3  than at pH higher or lower than that. Arsenate adsorption decreases 
in more alkaline solutions due to competition with OH −  ions. The arsenate 
adsorption decreases in acidic conditions due to protonation of arsenate ions.   

   (b)    NaHCO 3  provides the optimum pH condition for precipitation of Fe(II) if solu-
ble Fe(II) ion is present along with arsenic in the water. The precipitation of iron 
is slow at lower pH. On the other hand, there remains some residual iron in the 
water at higher pH.   

   (c)    KMnO 4  oxidises diffi cult-to-remove arsenite ions to easy-to-remove arsenate 
ions. KMnO 4 , a popular oxidizing agent used in water treatment, has another 
edge over its competitors as it exists as stable solid with high water solubility. 
KMnO 4  also oxidizes dissolved ferrous iron to insoluble ferric iron if ferrous 
iron is present in the water along with arsenic.   

   (d)    In acidic medium, Mn(VII) of KMnO 4  is itself reduced to soluble Mn(II) state 
which is unwanted in drinking water. In the mild alkaline condition provided by 
NaHCO 3 , Mn(VII) itself is reduced to Mn(IV) state and separates out as insoluble 
MnO 2  without leaving any residual dissolved manganous ions in the treated water.   

   (e)    The arsenite oxidation effi ciency for the Mn(VII)-As(III) system is higher 
under basic condition provided by baking soda than that under acidic condi-
tions. The carbonate ions of NaHCO 3  accelerate oxidation of arsenite to arse-
nate (Kim et al.  2006 ).   

   (f)    FeCl 3  is a Lewis acid. The charges of Fe 3+  attract negatively charged ions includ-
ing arsenate and other particulates, grow in size and settle down quickly. FeCl 3  
is more effi cient than alum as a coagulant and does not leave any residual toxic 
substance in the water unlike alum which leaves aluminum ions released in 
water suspected of being responsible for Alzheimer’s diseases. FeCl 3  coagu-
lates suffi ciently in the mild pH range provided by NaHCO 3 .   

   (g)    The pH of about 8.3 initially provided by NaHCO 3  is brought to 7.3 by FeCl 3 , 
producing H +  ions by hydrolysis. The pH 7.3 is in the middle of the acceptable 
pH range of drinking water, which is 6.5–8.5. Though FeCl 3  is acidic and corrosive 
in aqueous solution it is safe in the presence of NaHCO 3  in the chosen dose.   

   (h)    The mild disinfectant KMnO 4  also kills the bacteria present in the water.    

   Table 18.1    Doses of the chemicals for iron-free and iron-containing water with arsenic 
concentration in the range of 100–500 μg/L   

 Groundwater type 
 Baking soda 
in mg/L 

 Potassium permanganate  FeCl 3  

 in 
mg/L 

 in ml (of 5 % aq. 
solution)/10 L of 
water  in mg/L 

 in Ml (of 25 % aq. 
solution)/10 L of 
water 

 Having <1 mg/L 
dissolved iron 

 100  0.5  0.1  25  1 

 Having 1–5 mg/L 
dissolved iron 

 100  4  0.8  25  1 

 Having >5 mg/L 
dissolved iron 

 100  Till it imparts a light 
purple colour a  

 25  1 

   a For the water containing iron concentration above 5 mg/L, potassium permanganate was added 
until it imparts a light purple colour to the water. The colour disappears after coagulation  
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18.2.6       Field Experience of the Arsiron Nilogon Method 

 User trial of the oxidation-coagulation at optimized pH (OCOP) method with 
 optimized doses of pH-conditioner, oxidant and coagulant was carried out in differ-
ent arsenic affected areas in Assam (Bordoloi et al.  2013b ). User trainings were 
conducted for application of the method as well as for collection of samples of 
treated water for further analysis. The fi eld trial was conducted at 16 spots which 
included 10 households with 10 L, 5 schools with 25 L and 1 school with 200 L 
capacity units. The chemicals were supplied in small kits containing solid NaHCO 3 , 
5 % aqueous KMnO 4  solution in a small plastic bottle along with a dropper and 
25 % FeCl 3  in a larger plastic bottle with a marked measure. The water before and 
after the treatment by the OCOP method were analysed by atomic absorption 
method and the results of the fi eld trial are shown in Table  18.2 .

   It can be seen from the results in Table  18.2  that arsenic was removed to below 
5 μg/L when the initial Fe ion concentration in the water was less than 
1.0 mg/L. Concentrations of Fe were also reduced to below 0.1 mg/L in all cases of 
initial iron of less than 1.0 mg/L. The pH of the treated water remained within 7.4–8.2, 
which is within the acceptable range for drinking, i.e., 6.5–8.5. Thus, the results show 
that over 95 % arsenic removal can be achieved with the used doses of the pH  conditioner, 

    Table 18.2    Concentrations of As and Fe before and after treatment by the OCOP method in some 
fi eld water from tube wells at households (H) and schools (S) in Jorhat, Sonitpur and Nalbari 
districts of Assam   

 Source a  
sl. no.  User sl. no. 

 Unit capacity 
(L) 

 [As]/(μg/L) b   [Fe]/(mg/L) b   pH b  

 Before  After  Before  After  Before  After 

 H1  3.7  0.06  7.7 
 1  H2  10  196.4  5.3  0.19  0.06  7.5  7.7 

 H3  4.5  0.06  7.7 
 H4  4.1  0.08  8.1 

 2  H5  10  208.5  5.2  0.28  0.08  7.8  8.2 
 H6  6.1  0.08  8.1 
 H7  3.9  0.08  7.9 

 3  H8  10  211.2  3.6  0.14  0.08  7.6  7.9 
 H9  5.2  0.08  7.8 

 4  H10  10  220.2  4.3  0.25  0.07  7.7  7.9 
 5  S1  25  204.7  3.9  0.41  0.08  7.5  7.8 
 6  S2  25  238.1  7.6  2.61  0.14  7.3  7.5 
 7  S3  25  229.1  7.4  3.15  0.17  7.0  7.4 
 8  S4  25  127.4  6.6  2.35  0.15  7.6  7.9 
 9  S5  25  185.4  8.2  5.73  0.20  7.5  7.7 
 10  S6  200  106.5  9.2  16.25  0.36  7.4  7.8 

   a Sources 1–5 were at Tatigaon village and 6 & 7 at Kharikotia village in Jorhat district; sources 8 
& 9 were at Kakila and Kutumgaon villages, respectively, in Sonitpur district and source 10 was at 
Kaithalkuchi village in Nalbari district 

  b Error limits: Δ[As] = ±0.4 μg/L, Δ[Fe] = ±0.05 mg/L and ΔpH = ±0.03  
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oxidant and coagulants from arsenic-containing water with low dissolved iron. Despite 
addition of higher dose of KMnO 4 , arsenic was lowered only to below 8 μg/L when the 
water contained iron above 1.0 mg/L, which is slightly poorer than that in the presence 
of lower dissolved iron concentrations. This indicates that although initially present iron 
can remove arsenic to some extent, there is a negative effect of initially present iron on 
the arsenic removal to a very low level even if the initial ferrous ions are oxidized in the 
process. However, with the chosen dose of KMnO 4 , the OCOP process could remove 
both arsenic and iron to below their respective WHO guideline values.   

18.3     Suitability Analysis 

18.3.1     User-Safety 

 The concentrations of Fe, Mn, Na and Cl, which are present in the materials used in 
Arsiron Nilogon, remain within levels prescribed by the WHO for drinking water. 
Some heavy metals are also removed in Arsiron Nilogon. The method partially 
removes the bacteria if present in the water as KMnO 4  is a mild disinfectant. 
The fi nal pH of water after treatment is about 7.3, which is in the middle of the 
acceptable range of pH for drinking water.  

18.3.2     Environmental Impact 

 The solid sludge passes the toxicity characteristic leaching procedure (TCLP) test 
of the United State Environmental Protection Agency (US-EPA) for dumping even 
in land-fi ll (USEPA  1992 ). The test showed the arsenic concentration in the TCLP 
leachate of the sludge sample to be less than 10 μg/L whereas the maximum permis-
sible TCLP limit of the US-EPA is 5 mg/L. Thus, the arsenic concentration in the 
TCLP extract of the solid sludge of the present OCOP method is about 500 times 
lower than the US-EPA TCLP limit for disposing in land-fi ll. The solid sludge can 
therefore be disposed in land-fi ll safely. The solid sludge can be collected in an 
earthen pot containing sand and a small hole at the bottom. The water coming out 
from the earthen pot also is arsenic-free. The solid sludge collected in the pot, 
smaller in size than that of a pee, can be disposed conveniently in such a way that it 
does not contaminate drinking water or agricultural land.  

18.3.3     User-Friendliness 

 The recurring cost of the present Arsiron Nilogon technique has been estimated to 
be about INR 1 per 100 L of water. Thus, Arsiron Nilogon is a low-cost method. 
In addition to high effi ciency and low-cost, an option of using without electricity, 
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safety and simplicity of operation make Arsiron Nilogon suitable for poor villagers 
in sparsely populated arsenic affected areas.   

18.4     Conclusions 

 No doubt, all these chemicals have been already in use for arsenic removal but the 
present Arsiron Nilogon method uses them in a more scientifi c way. Removal of 
arsenic and iron by the OCOP method using NaHCO 3 , KMnO 4  and FeCl 3  as pH- 
conditioner, oxidant and coagulant, respectively, is highly effi cient for simultaneous 
removal of both arsenic and iron from groundwater. The results of the fi eld trial 
including the potability of the treated water are promising. This together with high 
effi ciency, low-cost, simplicity of operation, safety and environment-friendliness 
and option of non-requirement of electricity suggest that the OCOP method has a 
great potential for arsenic removal in rural areas where alternate arsenic-free water 
is not available. The method is being continued by the users except where alternate 
water has been made available later by the government and is gaining popularity. 
The method is expected to be applicable in the arsenic affected areas of both the 
Brahmaputra and the Gangetic plains as they both have similar geological 
conditions.     
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