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Abstract

Although arsenic (As) contamination of groundwater in the Bengal Basin has received wide attention over the past decade,
comparative studies of hydrogeochemistry in geologically different sub-basins within the basin have been lacking. Groundwater
samples were collected from sub-basins in the western margin (River Bhagirathi sub-basin, Nadia, India; 90 samples) and eastern
margin (River Meghna sub-basin; Brahmanbaria, Bangladesh; 35 samples) of the Bengal Basin. Groundwater in the western site
(Nadia) has mostly Ca–HCO3 water while that in the eastern site (Brahmanbaria) is much more variable consisting of at least six
different facies. The two sites show differences in major and minor solute trends indicating varying pathways of hydrogeochemical
evolution However, both sites have similar reducing, postoxic environments ( pe: +5 to −2) with high concentrations of dissolved
organic carbon, indicating dominantly metal-reducing processes and similarity in As mobilization mechanism. The trends of
various redox-sensitive solutes (e.g. As, CH4, Fe, Mn, NO3

−, NH4
+, SO4

2−) indicate overlapping redox zones, leading to partial redox
equilibrium conditions where As, once liberated from source minerals, would tend to remain in solution because of the complex
interplay among the electron acceptors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Geogenic, non-point source, carcinogenic arsenic (As)
is now considered as one of the most serious natural
contaminants in groundwater worldwide (Mukherjee and
Bhattacharya, 2001; Bhattacharya et al., 2002a; Smedley
andKinniburgh, 2002;Mukherjee et al., 2007). TheBengal
Basin, comprising most of Bangladesh and parts of the
Indian state of West Bengal, is regarded to be the most
acutely arsenic-affected geological province in the world.
The basin, formed by the sedimentation of the rivers
Ganges (6th largest in the world), Brahmaputra (4th largest
in the world), and Meghna, along with their numerous
tributaries and distributaries (hence also called GBM
basin), is the world's largest fluvio-deltaic basin (Alam
et al., 2003). More than 95% of the N120 million
inhabitants (N2% of total world population) rely on
groundwater for drinking, and ∼70% of all irrigation in
this region is groundwater-fed (Hasan et al., 2007).
However, the presence of elevated dissolved As in
groundwater has endangered the lives of ∼35 million
people inBangladesh (Smedley andKinniburgh, 2002) and
∼15 million people in West Bengal (Mukherjee, 2006),
and has contaminated ∼25% to ∼33% (Ahmed et al.,
2004; McArthur et al., 2004) of ∼11 million tube wells
providing water in Bangladesh alone (Smedley, 2005).
Arsenic concentrations in groundwater of the Bengal Basin
vary widely, ranging from b5 μg/L to 4100 μg/L in West
Bengal (Ghosh and Mukherjee, 2002) and to 4730 μg/L in
Bangladesh (Rahman et al., 2006).

Data from various previous studies at different locations
(mostly in Bangladesh) show that groundwater in the
shallow grey sediments of the basin, supposedly of
Holocene age, is most contaminated, whereas groundwater
in the deeper, yellowish or brownish, supposedly deeper
Holocene sediments is much less contaminated (e.g. von
Brömssen et al., 2007). However, in the western part of the
basin, such arsenic-free, yellowish or brownish colored
aquifer sediments have not been identified (Mukherjee,
2006). Similarly, several authors (e.g. Swartz et al., 2004)
have noted considerable heterogeneity in groundwater As
concentrations in the Bengal Basin at scales of tens to
hundreds of meters horizontally. Nonetheless, regional-
scale studies have shown consistent spatial patterns in
major and trace solute chemistry (includingAs) for aquifers
at these scales (e.g. JICA, 2002; Dowling et al., 2003;
Mukherjee and Fryar, 2008), with the possibility of
differences existing between sub-basins with dissimilar
geologic and geomorphic evolutionary histories (e.g.
Mukherjee, 2006; Hasan et al., (2007)). Hence, it is
apparent that basin geology, hydrogeology, scale of
heterogeneity, and depositional facies have substantial
control on the hydrogeochemistry and therefore on the
distribution of As in Bengal Basin aquifers.

There has been a large number of local-scale studies
(e.g. Harvey et al., 2002; Zheng et al., 2004; von Brömssen
et al., 2007) and regional reconnaissance studies (e.g. BGS/
DPHE/MML, 2001; Dowling et al., 2003) in both
Bangladesh and India, however, very few studies (e.g.
Hasan et al., 2007; Metral et al., in review) have evaluated
the hydrogeochemistry and As distribution and mobiliza-
tion mechanisms simultaneously in hydrogeologically
different parts of the basin. The present study builds upon
previous hydrogeochemical studies conducted by Bhatta-
charya et al. (2006) and Hasan et al. (2007) in eastern
Bangladesh and by Mukherjee (2006) and Mukherjee and
Fryar (2008) in the deep aquifers of West Bengal. The
present work [with new data from the shallow aquifers of
the study site in West Bengal (72 new locations)] differs
from the previous studies as it involves a comparison of the
hydrogeochemistry (up to a depth of 300 m below ground
level [bgl]) between two geologically distinct, sub-basinal
scale study sites located along the eastern margin (Meghna
sub-basin, Brahmanbaria in Bangladesh) and western
margin (Bhagirathi sub-basin, Nadia in West Bengal) of
the Bengal Basin. In the course of this hydrogeochemical
comparison, we also investigate the applicability of the
findings on chemical evolution processes and As dynamics
from each area (e.g. Bhattacharya et al., 2006; Mukherjee
and Fryar, 2008) to the other. We also investigated for
presence of common mechanisms for the liberation and
retention ofAs in solution in the two sites. The observations
from this study lead to the proposition of hypothesis of
overlapping redox zonation and partial redox equilibrium
(which to our knowledge have not previously been
discussed for As-affected areas of Asia) as major
controlling factors for arsenic retention and mobilization
in groundwater. The generalization, description and
conclusions of this study are drawn at a sub-basinal scale
and may not be valid for smaller-scale study sites because
of local-scale complexities (e.g. aquifer architecture, land
use, recharge patterns, surface water/groundwater interac-
tions). Hence, evaluating local-scale variations in ground-
water chemistry study sites is beyond the scope of the
present study.

2. Summary of present knowledge on arsenic source
and mobilization in Bengal Basin

Although the general nature of the processes controlling
the fate of As in Recent alluvial aquifers has been
hypothesized, no consensus has been reached as to the
exact reactions controlling Asmobilization and retention in
solution. Similarly, the primary source sediments of As in
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these aquifers are not known with certainty. In the Bengal
Basin, solid-phaseAs in sediment varies with sediment size
and is not particularly high (Swartz et al., 2004), ranging
from 1 to 30 mg/kg (Bhattacharya et al., 2001; McArthur
et al., 2001; Harvey et al., 2002; Ahmed et al., 2004). The
As has been found associated with Fe-hydroxide (mineral
phases in the aquitard clays (e.g. Chakraborti et al., 2001;
Swartz et al., 2004). However, many studies (e.g. Breit
et al., 2001; Kent and Fox, 2004) have found As
enrichment in Fe-oxide coated sand grains in aquifers,
phyllosilicates, Mn/Al oxides and hydroxides, and authi-
genic pyrite (Lowers et al., 2007). Initially, it was believed
that oxidation of As-rich pyrite mobilized adsorbed As,
attributed to groundwater pumping and water-table draw-
down resulting in more oxidizing conditions (e.g. Mallick
and Rajgopal, 1995). Acharyya et al. (1999) suggested
that As may be mobilized by competitive displacement by
PO4

3−. However, further studies didn't find any proof of
such reactions happening in Bengal sub-surface. However,
currently, the mechanism for mobilizing sorbed As is
generally thought to be reductive dissolution of metal
oxides and hydroxides (mostly FeOOH or hydrous ferric
oxide [HFO], also Mn oxides/hydroxides). The process is
largely driven by bacterially catalyzed oxidation of natural
organic matter (e.g. Bhattacharya et al., 1997; McArthur
et al., 2001). As a modification of the previous reductive
dissolution hypothesis, Zheng et al. (2004) mentioned and
Mukherjee (2006) elaborated that although the primary
mobilization mechanism is reduction of HFO and similar
phases, there might be some local re-oxidation and re-
mobilization of sequestered As from adsorbed phases due
to complex Fe–As–S biogeochemical cycles.

3. Geologic, physiographic and hydrogeologic setting

Although the present study focuses on similarities
and differences between two sub-basinal scale study
sites, it is important to understand these basins within
the broader basinal-scale geologic/hydrogeologic
framework.

3.1. Bengal Basin

The Bengal Basin is a peripheral foreland basin
formed by the subduction of the Indian plate beneath the
Eurasian (Tibetan) and Burmese plates. It is bounded by
the Precambrian Peninsular shield of India and the mid-
Mesozoic Rajmahal basaltic hills in the west, Mio–
Pliocene Tripura and Chittagong Hills in the east and
southeast, and the Precambrian Shillong Plateau in the
north. At present, about 1–8 km of Permian to Recent
clastic sediments are thought to rest on the western part
of the basin (Imam and Shaw, 1985) and 16–22 km of
Tertiary to Quaternary alluvial sediments in the active
delta area in the eastern part of the basin (Alam et al.,
2003).

Physiographically, the Bengal Basin can be divided
into two major units, the Pleistocene uplands and
Holocene lowlands (Morgan and McIntire, 1959). The
Pleistocene uplands probably represent paleo-GBM
plains. The Holocene lowlands are mostly comprised
of alluvial fans, and the GBM flood and delta plain,
which form at least 80% (∼105 km2) of the total basin.
The plain is formed by channel–interchannel and
overbank deposits of the mega-rivers and their various
tributaries and distributaries, with visible presence of
numerous paleochannels, ox-bow lakes, and inland
lakes. The Recent sedimentation has been largely
controlled by Holocene sea-level change from the
Pleistocene Ice age maximum leading to several phases
of scouring of the alluvial plains and formation of
marshes and wetlands with remnant mangrove vegeta-
tion and peat swamps in the south. (e.g. Ravenscroft,
2003). Moreover, orogeny along the Himalayan and
Burmese front has generated vertically displaced
regional sedimentary blocks, dividing the basin into
numerous poorly connected sub-basins (e.g. Sylhet sub-
basin, Atrai sub-basin) with divergent lithofacies
evolution (Goodbred et al., 2003).

The aquifers of the basin are highly productive (except
for a few localities), with generally shallow water tables
(b15mbgl). Hydraulic heads tend to be similar each year at
the beginning of the irrigation season, which suggest
sufficient recharge replenishing the groundwater systems
(BGS/DPHE/MML, 2001). The aquifer systems have been
variously classified according to lithologic (e.g. UNDP,
1982) and stratigraphic/hydrostratigraphic models (e.g.
Ravenscroft, 2003; Mukherjee et al., 2007). The ground-
water flow systems in the basin have been conceptualized
(Ravenscroft et al., 2005) as consisting of i) local-scale
shallow flow systems (b1 to few kilometers long) between
local topographic features, ii) intermediate-scale flow
systems (a few to tens of kilometers long) between major
topographic features, and iii) regional or basinal-scale flow
between basin boundaries. Current recharge has been
estimated to be, ∼0.6 m/year and groundwater flux to the
Bay of Bengal to be ∼1.5×1011 m3/year (∼19 % of total
surface water flux of 1.07×1012 m3/year) (Dowling et al.,
2003).

3.2. Study areas

The study areas for the present work include two
severely As-affected localities in the Bengal Basin: a) the
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Nadia district of West Bengal, India, in the River
Bhagirathi sub-basin (western site), and b) the Brahman-
baria Sadar Upazila of Bangladesh, in the River Meghna
sub-basin (eastern site) (Fig. 1). The River Bhagirathi
(also known as the River Bhagirathi-Hoogly) is the main
Fig. 1. Physiographic map of the Bengal Basin showing the two study areas
and PHED, 2004). The physiographic boundaries were drawn from the SRT
distributary of the Ganges river in India and theMeghna is
the main tributary to the combined Ganges and
Brahmaputra rivers. The two sites are ∼260 km apart
and are near thewestern and easternmargins of the Bengal
Basin, respectively. The western site lies ∼50 km east of
and the arsenic-affected areas (as mapped by BGS/DPHE/MML, 2001
M-90 digital elevation model of NASA.
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the Indian Precambrian shield and southeast of the
Rajamahal Hills, whereas the eastern site is adjacent to
the Tripura Hills. The two sub-basins have distinctly
different sediment provenances, geology, and geomor-
phology. The eastern site is mostly an alluvial flood plain,
whereas the western site is at a lower elevation, closer to
the Bay of Bengal, and dominated by deltaic deposits with
some flood plain deposits.

The northern and central parts of the western site have
been designated as the older delta and part of the
Murshidabad Plain, whereas some of the southern part
forms the modern delta and has been designated as the
East Bhagirathi Plain (CGWB, 1994). The uppermost
sediments consist of Holocene Bengal Alluvium, under-
lain by the Pleistocene Barind Group and Pliocene
Debagram and Ranaghat formations of the Bhagirathi
Group (Biswas, 1963). Most of the sediments in the
western site were transported from the Himalayas by the
Ganges and then by the Bhagirathi-Hoogly before
discharging to the Bay of Bengal. The Rajamahal Hills
and Indian shield probably serve as secondary sediment
sources via western tributaries of the Bhagirathi-Hoogly
(e.g., the rivers Damodar and Ajoy). Recent hydrostrati-
graphic delineation byMukherjee et al. (2007) shows that
most of the western site is underlain by a semi-confined
single aquifer (Sonar Bangla aquifer), with a basal
confining layer (Murshidabad aquitard) and discontin-
uous aquitard lenses (Fig. 2a). There are also some
isolated aquifers within the basal aquitard, mostly N200m
deep. The hydraulic head is near surface (b10 m) , with
greatest drawdown during irrigation [May–June; up to
∼10 m bgl (Fig. 2b)] and annual fluctuation amplitude of
3–6 m (Mukherjee et al., 2007). Groundwater samples
were collected mostly from the Sonar Bangla aquifer at
depths of 4.6 to 278.6 m bgl (between 23.92° N and
23.01° N).

The study area in the eastern site covers the Ashuganj
and Brahmanbaria Sadar Thana areas and is part of the
Chandina flood-delta plain deposits of the Chandina
Formation, bounded by the Lalmai deltaic plain in the
east and Meghna flood plain in the west. The Chandina
is overlain by Meghna alluvium and underlain by the
Pleistocene Madhupur Clay and Pliocene Dupi Tila
Formation. The Meghna and its tributaries transport
most of the sediments from the Shillong plateau and the
eastern hills, including the Tripura Hills. Shifting of
channels of the Meghna and Brahmaputra have largely
influenced formation of the confined to semi-confined,
multilayered aquifer system in the area. However, the
hydrostratigraphy of the area is not well known, except
along a short transect (Fig. 2a). No sampled wells were
found to be tapping groundwater from depths of 76 m to
189 m bgl, probably indicating hydrostratigraphic control
(Fig. 2a). Groundwater occurs near the surface in Holocene
aquifers with maximum drawdown during April–May (up
to∼7 m bgl) and annual amplitude of 2–5 m bgl (Fig. 2b).

4. Methods

One hundred twenty-five groundwater samples (90
from western site and 35 from eastern site) were collec-
ted from hand-pumped tube wells and public water
supply wells from 2000 to 2005. The total depth in-
tervals of the samples are similar for both areas (western
site: 15–279m; eastern site: 18–235m), but sampleswere
taken from a wider distribution of depths intervals in
western site than in eastern site, where no samples were
available between the depths of 75.6 and 189.6 m bgl.

The groundwater sample collection and field mea-
surements were done following standard procedures. In-
line flow cells with platinum redox electrode (Orion
9678BN,MC408 pt) under minimal atmospheric contact
were used to measure the redox potential (later corrected
with reference H2 electrode for EH). Temperature probe
(CD22, Orion 917005), pH electrode (8165BN, pH
C2401-7), and a specific conductance (EC) meter
(CD22, Orion 130) were simultaneously used to measure
those parameters. Fe(II) was measured in the field at 18
sites in western site by CHEMets® (Chemetrics,
Calverton, USA) field kit using the 1,10-phenanthroline
method (Tetlow and Wilson, 1964). Groundwater
samples were collected through high capacity in-line
Sartorius or QED 0.45-μm filters after purging for se-
veral well volumes. Samples for cations (major and
trace, including Astot, and excluding NH4

+) were
collected and preserved by acidification with HNO3 in
the field to pH∼2. Samples for As(III) were collected in
18 wells of western site and all wells of eastern site after
extraction through disposable ion exchange resins
(Supelco/Sigma-Aldrich, Bellefonte, PA, or Metalsoft
Center, PA, USA) (Bednar et al., 2002). Anion and NH4

+

samples were collected unpreserved or by adding CHCl3
in the field. Presence or absence of sulfide (as HS−) was
determined by odor or taste. In case of detection, sulfide
was sampled as ZnS by addition of Zn acetate and
NaOH. Dissolved organic carbon (DOC) samples were
collected after addition of 50% H2SO4 in the field to
eliminate inorganic carbon. CH4 samples, collected at 18
locations in Western site, were sampled in glass vials
without headspace. Alkalinity was analyzed within 48 h
by titration by inflection point method to pH ∼4.

The samples were analyzed in the laboratories of the
Royal Institute of Technology and Stockholm Univer-
sity (Sweden) and University of Kentucky (USA).



Fig. 2. a) Hydrostratigraphy along a regional-scale (∼100 km) north–south transect in Nadia (redrawn after Mukherjee, 2006) and a local-scale
(∼30 km) transect in Brahmanbaria; b) plots of hydraulic head over time from north and south Nadia (redrawn from CGWB, 1997), and
Brahmanbaria (redrawn from Hasan et al., 2007).

36 A. Mukherjee et al. / Journal of Contaminant Hydrology 99 (2008) 31–48
Major and trace metals and metalloids (except NH4
+ and

As) were measured by multi-element scans using an
inductively coupled plasma-optical emission spectro-
meter (ICP). Y and Sc were used as internal standards.
The As samples (total and As[III]) were analyzed by
atomic absorption spectrophotometer with a graphite
furnace (AAS-GF). The precision of analyses was
generally better than 5%. Anions were measured using
ion chromatography systems (Dionex ICS-2000, 2500,
DX-120 with IonPac 14 and 18), autoanalyzer (Bran-
Luebbe AAIII ) and spectrophotometer (Tecator Aqua-
tec 5400). The error was generally b6 % for the IC and
b3% for the autoanalyzer. The CH4 samples were
analyzed using a gas chromatograph with flame



Table 1
Summary statistics of pH, EH and common solutes observed in the samples collected from Nadia and Brahmanbaria

Nadia Brahmanbaria

Parameters n Maximum Minimum Average Median Standard
deviation

n Maximum Minimum Average Median Standard
deviation

Depth
(m bgl)

90 278.6 4.6 57.7 26.2 61.9 35 234.7 18.3 63.7 32.0 67.3

As (μM) 90 3.6 bdl 0.8 0.5 0.9 35 5.9 bdl 1.5 1.1 1.4
As(III) (μM) 18 0.9 bdl 0.3 0.2 0.3 35 4.0 bdl Q 0.3 0.9
As(III)% 100.0 34.6 82.5 97.3 22.5 99.4 bdl 50.3 51.7 33.3
B (μM) 90 374.5 bdl 8.1 0.5 43.9
Ba (μM) 90 5.7 bdl 1.7 1.3 1.3
Ca (μM) 90 4890.5 494.2 2509.4 2407.8 685.4 35 2328.0 286.9 1160.5 1070.4 560.8
Fe (total)

(μM)
90 286.3 0.2 63.3 51.8 55.8 35 184.5 bdl 37.4 23.7 41.6

Fe(II) (μM) 18 93.7 0.2 19.6 15.2 21.5
Fe(II)% 100.0 87.3 98.7 100.0 3.8
K (μM) 90 1067.8 30.9 112.1 85.4 135.9 35 3325.0 20.5 270.4 168.8 548.6
Mg (μM) 90 2971.2 346.0 994.6 949.1 406.1 35 3015.8 176.9 1114.5 835.2 720.1
Mn (μM) 90 86.3 0.1 6.6 3.7 10.5 35 22.2 0.1 3.1 0.8 5.6
Na (μM) 90 56468.8 265.3 2162.8 819.9 7618.4 35 24967.7 200.1 3837.9 1304.9 5370.6
NH4 (μM) 36 1078.1 bdl 141.5 30.9 231.3 31 944.0 bdl 251.4 176.1 253.3
Si (μM) 71 833.2 92.6 555.3 550.8 120.8 30 717.7 5.4 104.1 38.3 149.9
Sr (μM) 90 43.1 0.4 3.9 3.3 4.4 30 3.4 0.1 1.1 0.8 0.8
Zn (μM) 90 23.9 0.1 3.9 2.0 5.3 30 1.6 bdl 0.4 0.3 0.4
V (μM) 18 3.6 0.7 1.7 1.4 0.7
Br (μM) 18 92.1 bdl 8.1 0.0 21.8
Cl (μM) 90 80642.7 bdl 2340.0 662.6 9581.2 35 14639.2 112.8 2301.2 984.4 3274.1
NO3−N (μM) 90 547.4 bdl 21.7 2.2 76.4 35 51.0 bdl 3.4 1.0 9.6
SO4 (μM) 90 4818.1 bdl 348.3 45.0 837.2 35 2456.0 bdl 288.0 21.4 613.3
PO4−P (μM) 90 27.5 0.1 8.7 7.5 7.4 35 171.6 1.1 36.9 28.4 41.6
HCO3 (μM) 89 12736.6 2620.7 6917.7 6959.0 1813.8 35 10865.8 1212.8 5282.4 6293.3 3143.2
DOC (μM) 90 586.5 0.9 213.7 193.2 130.3 35 1816.4 19.4 444.5 298.1 420.3
CH4 (μM) 18 68216.9 6.4 7762.8 199.9 17391.7
HS− (μM) not

detected
5 32.8 bdl 4.7 29.7 7.8

pH 81 8.4 6.0 7.2 7.1 0.4 34 7.6 6.4 6.9 6.9 0.3
Eh (mV) 58 206.0 −160.0 106.5 154.0 99.1 35 299.0 184.0 206.3 184.0 37.4
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ionization detector (Shimadzu GC-14A with Chroma-
topac C-R5A). DOC was measured using Phoenix 8000
UV-Persulfate and Shimadzu 5000 TOC analyzers.

Saturation indices (SI= log[IAP KT
-1], where IAP is

the ion activity product and KT is the equilibrium
solubility constant of a mineral phase at ambient
temperature) were calculated for representative ground-
water samples of both the locations using PHREEQC
version 2.8 (Parkhurst and Appelo, 1999) with thermo-
dynamic values of the mineral phases from theMINTEQ
database (Allison et al., 1990). The pe was set to Fe(II)/
Fe(III) or As(III)/As(V) couples, where available, or was
allowed to be calculated by the program from an initial
default value. Multivariate statistics (principal compo-
nent analyses [PCA]) were used to investigate relation-
ships among the samples. PCA was performed on the
concentrations of Astot, Ca, Fetot, K, Mg, Mn, Na, NH4

+,
Sr, Zn, Cl–, NO3

––N, PO4
3–P, SO4

2−, HCO3
−, DOC, pH
and EH for each location. Below detection level (bdl)
concentrations were replaced by dl×0.55 (Sanford et al.,
1993) for calculation. PCAwas done on the original data
set following Güler et al. (2002) and Dreher (2003) using
the statistical software package SPSS version 14 (SPSS
Inc., Chicago, IL). The component axes were rotated
using a varimax algorithm for simplified visualization.

5. Results and discussion

5.1. Trends and comparison among the two sites

5.1.1. Major solute chemistry
Major solute chemistry of groundwater in the two

study sites are distinctly different. Lack of samples for the
entire depth interval in eastern site (as noted above)makes
detailed depth-wise comparison between the two sites
infeasible. Measured pH in the western site has a wider



Fig. 3. Depth trends of pH and selected major species for Nadia and Brahmanbaria.
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range (Table 1, Fig. 3, ESMTable 1) (6.0–8.4, mean: 7.2),
increasing at depths N200 m. The eastern site has circum-
neutral water (6.4–7.6, mean: 6.9), with no change in pH
with depth. However, in both sites the greatest variation in
pH was found within the upper 50 m zone. Piper plots
show that groundwater in the western site is predomi-
nantly Ca–HCO3 facies, with subordinate Mg–Ca–
HCO3 (Fig. 4). A few samples, which are mostly from
deeper (generally N200 m) isolated aquifers (Mukherjee
and Fryar, 2008) were found to have Na as the
dominant cation. In contrast, groundwater from the
eastern site is characterized by six hydrochemical facies
with no dominant facies. Although the largest number of
samples is of Ca–HCO3 facies (∼40%) is this not the
dominant facies then?, many samples are of Ca–Na–
HCO3 (∼20%) and Mg–Ca–Cl (∼20%) type. Most
groundwater to 50 m depth bgl is Ca–HCO3 facies,
whereas groundwater samples from 50 to 150 m bgl are
typically Mg–Cl or Mg–Ca–Cl facies. Deeper samples
(N150 m) mostly have Na+Ca and HCO3 as the major
ions. Differences inmajor-ion chemistry in the eastern site
could not be attributed to variations in hydrostratigraphy
because of lack of lithologic data. In the western site, Na
enrichment at depths N200 m bgl in isolated aquifer
samples (which are relatively alkaline) has been attributed
to cation exchange, indicating long residence time
(Mukherjee and Fryar, 2008). Similar deeper, supposedly
older, Na-enriched water has not been detected in the
eastern site, although samples from 50 to 75m bgl show a
trend of increasing Na and decreasing Ca; however, the
underlying cause is not understood. High HCO3 is
Fig. 4. Piper plots of groundwater samples collected from Nadia and Brah
ubiquitous in Bengal Basin groundwater, and has been
thought to play an important role in hydrochemical
evolution and trace metal mobilization. Zheng et al.
(2004) identified relatively low HCO3 concentrations
(b4000 μM) in deeper aquifers in their study sites in
Bangladesh, which were attributed to limited hydrogeo-
chemical evolution in older (probably pre-Holocene)
aquifers. The few deeper samples available from the
eastern site support this observation. However, in the
western site, HCO3 concentrations are ∼7500 μM from
50 m to ∼300 m bgl, suggesting there is a major
difference in the processes or pathways of hydrochemical
evolution between these two locations, probably as a
manifestation of depositional environment and hydro-
logic flow regime. Mukherjee et al. (2007) showed that in
western site, regional groundwater flow (from north to
south) has largely been distorted by irrigational abstrac-
tion. In the eastern site, such impact of irrigation on flow
paths have not yet been studied, but local flow paths are
probably dominant at shallow depths (Ravenscroft,
2003), which suggests the possibility of intra sub-basinal
water and solute exchanges.

5.1.2. Redox conditions
The groundwater samples collected from both areas

indicate moderately reducing conditions. We converted
the measured EH values (which are essentially the
resultant values of various redox-sensitive parameters)
to pe (where pe=16.9EH at 25 °C) and plotted them
against the equilibrium pe (at 25 °C) of the possible redox-
sensitive species present in the groundwater of the study
manbaria. Triangular symbols indicate samples N100 m bgl depth.
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sites (redrawn after Parkhurst et al., 1996). The samples
from eastern site fall around the Fe(III)–Fe(II) transition
point ( pe∼5), whereas the samples forwestern site have a
wider range of pe values, starting from values close to Fe
(III)–Fe(II) and extending close to values ofV(IV)–V(III)
( pe∼−3.2) (Fig. 5). Barcelona et al. (1989) observed that
the mean EH value in reducing groundwater is frequently
dominated by the equilibrium value of Fe(II)/Fe(III). All
of our samples fall in the postoxic subgroup of anoxic
environment of Berner (1981), and the mean pe values are
lower than Fe(III) reduction and higher than for As(V)
reduction. Therefore, a resultant metal-reducing condition
appears to be the dominant redox environment in both
study sites. However, as noted later, the co-existence of
various redox indicators suggests that the systemmay not
have attained equilibrium.

Based on the Fe(II)/Fetot ratios of samples, where
measured, from the western site, and according to
measured EH values, Fe(II) is the dominant Fe species in
the western site and is likely dominant in the eastern site
also. The western site has higher As(III)/Astot ratios
(median: ∼0.8) than the eastern site (∼0.5) (Table 1),
which is also expected based on the measured EH val-
ues. Concentrations and variability of all of the redox-
sensitive solutes (NO3

−, NH4
+, SO4

2−, Fe, As, and Mn)
were found to be highest within the upper ∼50 m bgl.
All these solute concentrations decrease sharply with
Fig. 5. Plot of range of pe (calculated from observed Eh values) for Nadia an
redox couples as documented by Parkhurst et al. (1996). The plot also shows t
of the thermodynamically favorable mineral phases expected in them (after
depth (Fig. 6), possibly along natural vertical flow paths
in local flow cells (Ravenscroft, 2003) or induced flow
paths caused by pumping (Mukherjee et al., 2007).
However, some deep (N200 m) samples from the eastern
site have Fe, Mn and SO4

2− concentrations, which indi-
cate a return to metal mobilization (less reducing) con-
ditions at those depths or mixing of groundwater from
different sources. This finding is critical for evaluation
of sustainability of deeper groundwater at this site, and
needs detailed future sampling of the deep water. HS−

was detected in the eastern site at five locations within
60 m bgl, but was not detected in the western site.
Elevated concentrations of CH4 were detected in several
locations of the western site and were found to increase
with depth. CH4 was not measured in eastern site, but
there are some reports of its detection in adjoining areas
(e.g. Ahmed et al., 1998).

5.2. Chemical dynamics and multivariate relationships

5.2.1. Thermodynamic calculations
Saturation index calculations for groundwater from both

western site and eastern site show higher-than-atmospheric
PCO2 values (Fig. 7). High groundwater PCH4 values re-
lative to atmospheric values in the western site suggest
active methanogenesis. Groundwater at both sites is
generally near equilibriumwith respect to carbonate phases
d Brahmanbaria in comparison to the equilibrium points of the various
he relative position of the geochemical (redox) environments and some
Berner, 1981).



Fig. 6. Depth trends of redox-sensitive parameters for Nadia and Brahmanbaria. Please note that the x-axis of NO3
− and SO4

2− are different between the
two locations.
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such as calcite (CaCO3) and dolomite (MgCa(CO3)2),
suggesting that the high HCO3

− values in Bengal Basin
groundwater cannot be totally attributed to carbonate
dissolution and may have a significant input from natural
organic matter (NOM) oxidation (Ahmed et al., 2004).

Groundwater at both sites is highly undersaturated
with respect to major As phases (e.g. arsenolite, As2O5,
and FeAsO4·2H2O), similar to most studies and
indicating that As should generally remain dissolved
after mobilization. Groundwater is also highly undersa-
turated with respect to Mn oxide phases (e.g. birnessite,
bixbyite, manganite, nsutite, and pyrolusite) and slightly
undersaturated to near equilibrium with rhodochrosite
(MnCO3). Mn may be removed from groundwater by
precipitation of rhodochrosite or by incorporation as
solid solutions in other carbonate minerals such as si-
derite, as expected in the postoxic environment (Fig. 5).

In both areas, there is no significant complexation of
Fe with other inorganic anions and the principal aqueous
species is Fe2+. Groundwater is supersaturated with
respect to magnetite (Fe3O4), hematite (Fe2O3), and
goethite (FeOOH) and slightly supersaturated to near
equilibrium with ferrihydrite (Fe(OH)3), indicating that
precipitation of Fe(III) phases from groundwater is
thermodynamically favorable. Detection of HS− in some
locations in the eastern site shows active SO4

2− reduction,
indicating possible sulfide precipitation (consistent with
high SI values for sulfide phases) and sequestration of Fe
(II) and other trace solutes such as As from groundwater.

5.2.2. Relationships among solutes
Statistical associations do not necessarily demon-

strate cause–effect relationships; however, they allow to
simultaneously evaluate variability of different parame-
ters within a sample or suite of samples. Therefore,
multivariate statistical results presented in this section
should be regarded only as possible indicators of hydro-
Fig. 7. Plot of mean saturation index (SI)
geochemical evolution processes, which may or may not
have any actual geochemical significance. PCA results
for groundwater chemistry from the two sites show some
complex relationships (Fig. 8). The first four factors
explain a large percentage of the variance expressed by
the data matrix (western site: 82.3%; eastern site:
74.3%). High factor loading in absolute values in the
same axis may indicate a close relationship among the
respective hydrochemical components (Stüben et al.,
2003), whereas inverse loading between components
may indicate lack of a relationship. The principal com-
ponent (PC) 1 of the western site was expressed by very
high loading of major solutes (Ca2+, K+,Mg2+, Na+, Cl−,
NO3

−, SO4
2−) probably resulting from water rock

interaction. In contrast, in the eastern site, PC1 is
dominated by positive loading of Astot, K

+, Na+, NH4
+,

PO4
3-, HCO3

- and DOC, and negative loading of Ca2+,
Fetot and Mn2+, which are generally associated with
redox-dominated processes, with some input from
mineral dissolution. HCO3

− in the western site has a
high to very high loading in the first two PCs, with an
inverse relation to DOC in PC1 and a positive relation in
PC2, indicating that HCO3

− in the western site may have
been introduced into groundwater both from oxidation of
NOM and dissolution of detrital carbonates. However, in
the eastern site, a positive relation between HCO3

− and
DOC in all four PCs, suggests an apparent genetic rela-
tionship. Elevated NH4

+ concentrations in groundwater at
both sites may reflect dissimilatory nitrate reduction
catalyzed by microbial degradation of NOM (and hence
production of HCO3

−); thereby, also potentially subse-
quently mobilizing PO4

3− (as shown by similar loading of
NH4+, DOC, and PO4

3−). Some NH4
+ may also have been

introduced into groundwater along with NOMs.
Although Fetot and Mn are correlated in both the

western (Pearson Correlation r=0.47) and eastern
(r=0.63) sites, there seems to be basic differences in the
values for Nadia and Brahmanbaria.



Fig. 8. Plot of the loading of the first four principal components obtained by PCA analyses of groundwater samples from Nadia and Brahmanbaria.
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mobilization of Fe and Mn from source minerals and
retention of those solutes in solution between the two sites.
Astot is strongly positively correlated with Fetot in the
western site (r=0.81) butweakly negatively correlated (r=
−0.14) with Fetot in the eastern site. Negative correlations
between Fetot and HCO3

− (r=−0.55) and PO4
3− (r=−0.23)

in the eastern site contrast with positive correlations
(r=0.31 and 0.19 respectively) in the western site. In the
western site, Fe andMn co-exist and are probably retained
in solution once they are mobilized. In contrast, results
from eastern site suggest non-conservative behavior of Fe
and Mn, with possible precipitation of minerals like si-
derite, vivianite, and/or rhodochrosite. Thesemineralsmay
act as a sink for Fe2+ andMn2+ ions in anoxic groundwater
with high HCO3

− and PO4
3− concentrations (e.g. Bhatta-

charya et al., 2002a).

5.3. Model of overlapping redox zonation and its effect
on arsenic mobility

5.3.1. Concept of redox zonation and equilibrium
Zonation of individual terminal electron accepting

processes (TEAPs) during oxidation of organic matter
(here simplified as CH2O) and their successive presence
in sediments, proceeding from highest to lowest energy
yield, have been invoked to explain occurrences of redox
processes in sedimentary systems. These steps can be
aggregated and summarized as (after Berner, 1981,
Postma and Jakobsen, 1996, and Stumm and Morgan,
1996):

• O2+CH2O (organic matter)➔CO2+H2O (aerobic
respiration, free energy change: −475 kJ/mol CH2O)

• 4NO3
− + 5CH2O➔ 2N2 + 4HCO3

− + CO2 + 3H2O
(denitrification, −448 kJ/mol CH2O)

• NO3
−+2CH2O+2H+➔NH4

++2CO2+H2O (dissimi-
latory nitrate reduction, −368 kJ/mol CH2O)

• 2MnO2+ 3CO2 +H2O+CH2O➔ 2Mn2+ + 4HCO3
−

(Mn(IV)-reduction, −349 kJ/mol CH2O)
• 4Fe(OH)3+7CO2+CH2O➔4Fe2+ +8HCO3

−+3H2O
(Fe(III) reduction, −114 kJ/mol CH2O)

• SO4
2−+2CH2O➔H2S+2HCO3

− (sulfate reduction,
−77)

• 2CH2O➔CH4+CO2 (methanogenesis, −58 kJ/mol
CH2O)

Likewise, processes have been classified into redox
environments (e.g. oxic, postoxic, sulfidic, and methanic
(Berner, 1981; Stumm and Morgan, 1996; Postma and
Jakobsen, 1996) (Fig. 5). The reaction steps are initiated
by fermentation of organic molecules like acetate and
formate, with production of HCO3

− and low energy yield
(Chapelle, 1993). Fermentation products are subse-
quently consumed by the TEAPs to continue the reaction
steps along the groundwater flowpath (Potsma and
Jakobsen, 1996). Such examples of redox zonation have
been widely reported (e.g. Park et al., 2006). However, in
a rate-limited fermentative system with TEAP steps
faster than fermentative steps, the sequence of TEAPs
and their related reactions may not be predictable, and
the systemwould be in partial redox equilibrium (Postma
and Jakobsen, 1996). This may be promoted by fast
inorganic reactions between electron acceptors and
reaction products, e.g. metal oxides and H2S (Rickard,
1974). In such a fast reactive system, it is possible that
redox zones overlap, and reactions can be concomitant
(Jakobsen and Postma, 1999). In natural systems, partial
equilibrium has been observed in several studies, e.g. Fe
(III) reduction and methanogenesis (e.g. Berner, 1981),
SO4

2− reduction and methanogenesis (e.g. Parkes et al.,
1990), SO4

2− and Fe(III) reduction (e.g. Canfield et al.,
1993), and Fe(III) reduction, SO4

2− reduction and
methanogenesis (e.g. Jakobsen and Postma, 1999). An
extreme condition would be redox disequilibrium in an
open system (e.g. Stefansson et al., 2005), where
multiple redox zones would overlap, and oxidized and
reduced species of the same element would co-exist.

5.3.2. Effect of overlapping redox zonation on arsenic
retention in solution

Given the measured postoxic conditions, relation-
ships between As and other redox-sensitive or asso-
ciated solutes (e.g. Fe(II), Mn, NH4

+, DOC, PO4
3−, HCO3

−

etc.), and dominance of As(III) over As(V), microbial
reduction of As(V) sorbed on surfaces of metal (Fe/Mn)
oxyhydroxides in the sediments (Bhattacharya et al.,
2006) seems to be the most plausible general mechan-
ism for As mobilization in the present study areas and
probably also in other parts of the Bengal Basin.
However, the complex interactions among the (TEAPs)
that result in initial liberation and subsequent retention
of As in dissolved phases are not yet well understood.

In reducing systems, such as the aquifers in the present
study areas, availability of both natural and/or anthro-
pogenically-derived organicmatter (OM) can play a critical
role in regulating concentrations of As and other trace
metals in solution. Results from the two sites show that
DOC concentrations are highest in shallow parts of the
aquifers and decrease sharply with depth (Fig. 3). OM is
generally common in recent fluvio-deltaic sediments, and
may also exist as DOC infiltrating with recharge water
(Harvey et al., 2005) or as peat, which can produce CH4

(e.g. Ravenscroft et al., 2001). Although peat has been
found in the southernmost districts of Bangladesh andWest
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Bengal (e.g.McArthur et al., 2004), it has not been found in
the northern areas of the basin (e.g. western site). Similarly,
surface-derived NOM is more plausible as a driver for
local-scale reduction and As mobilization than at the basin
scale. Most probably, NOM in the Bengal Basin [0.1–5%
(Bhattacharya et al., 2002b)] occurs as dispersed phases
(lighter organic macromolecules), probably deposited with
the sediments and later dissolved. NOM can also be
transformed to labile phases by acid consumption during Fe
(III)-oxide reduction (Jackobsen and Postma, 1999).
However, because of the lack of sediment data in this
study, it was not possible to deduce the amount and source
of NOM in aquifer sediments available for oxidation.

High concentrations of HCO3
− (up to 12,000 μM) in

Bengal Basin groundwater warrant are commonly thought
to result from NOM oxidation and lower HCO3

− concen-
trations are thought to suggest less evolved groundwater
(e.g. in deep aquifers of Bangladesh (Zheng et al., 2004)).
However, HCO3

− in Bengal Basin groundwater can also be
produced by carbonate dissolution or silicate weathering
(Mukherjee, 2006). Comparison of depth profiles of HCO3

−

andDOC in the western site (Fig. 3) suggests that theymay
be related at depths b∼50 m. However, the sharp
decrease in DOC, in contrast to the steady concentration
Fig. 9. Conceptual plot of the relative depths of the redox zones a
of HCO3
− (∼6000 to 8000 μM), and enrichment in

δ13CDIC (Mukherjee, 2006) suggest that NOM oxidation
is not the sole HCO3

− producing process. On the other
hand, in the eastern site, HCO3

− and DOC trends seem to
track each other, suggesting the dominance of NOM
oxidation. PCA results also support these observations. At
various locations in the western site, HCO3

− concentra-
tions may also be limited by reduction to CH4, although
methanogenesis can also result from acetate fermentation
(e.g. Hansen et al., 2001).

At equilibrium, redox reactions would be expected to
segregate with distance along lateral and vertical flow
paths. However, occurrence of highest concentrations of
various redox-sensitive solutes within ∼50 m bgl
indicates that reactions such as dissimilatory nitrate
reduction [NH4

+ (≥1000 μM), Table 1] and mobilization
of metals and metalloids [Mn (up to 86 μM), Fe (up to
286 μM), As (up to 6 μM), Table 1] occur at shallow
depths. The co-existence of various solutes with
increasing depth [e.g. SO4

2− (up to 4800 μM, Table 1),
Mn, Fe, As, HS− (in the eastern site) and CH4 (in the
western site)] further supports the idea of overlapping
redox zones. Fig. 9 shows schematically how this could
occur as a function of depth in both the study areas.
s observed from the trends of solutes in the two study areas.
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Formation of arsenian pyrite within metal-reducing
zones, which has been found at ∼80 m depth in West
Bengal (Das et al., 1995), is consistent with partial redox
equilibrium.

In such a system, As is liberated by reductive
dissolution of metal oxides and hydroxides. Once
mobilized, As is retained in solution except to the extent
that it is sequestered by other phases. Remnant Mn(IV)
or Fe(III) oxides, which might re-adsorb some of the As
from partially reduced HFOs (McArthur et al., 2004),
would also be sequentially and/or simultaneously
reduced, thereby remobilizing the As as As(III).
Formation of authigenic Fe sulfides could partially
scavenge the As, depending on the initial SO4

2−

concentrations (e.g. Lowers et al., 2007), thus regulating
the concentration of As in the aquifer (Kirk et al., 2004).
Arsenic exists in solution, even in sulfidic and metha-
nogenic zones of the aquifers in the Bengal Basin, be-
cause of partial redox equilibrium and the possibility of
limited SO4

2− availability in deeper groundwater. Even in
the presence of FeS, As(III) will have a lesser tendency to
sorb and would behave more conservatively than As(V)
(Wolthers et al., 2005). Moreover, introduction of small
concentrations of O2 (e.g. as a result of pumping) could
locally re-oxidize some of the sediments and hence re-
liberate As sequestered in authigenic pyrite. Thus the
presence of As in groundwater in different parts of the
Bengal Basin (e.g. in the western site and eastern site)
cannot be explained merely by mobilization mechan-
isms, but may also be a function of retention (and
potential remobilization) mechanisms.

6. Conclusions

Hydrogeochemical comparison of groundwater
chemistry in two geologically divergent sub-basins
near the western margin (Nadia, Bhagirathi sub-basin,
West Bengal) and the eastern margin (Brahmanbaria,
Meghna sub-basin, Bangladesh) of the Bengal Basin
was done to understand the controls of As occurrence in
groundwater. Results shows that groundwater in the
western site is mostly Ca–HCO3 facies, while that in the
eastern sub-basin consists of 6 different facies. Depth
profiles of major solutes (Na, Ca and HCO3

−) show
different trends in the two 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
flowpaths. In the eastern site, concentrations of Mn, Fe,
and SO4

2− in deeper aquifers are greater than in the
western site, which may result from differences in hy-
drostratigraphy between the two sites.
Because As mobilization is mostly controlled by
redox-dependent reactions, understanding these reactions
in the two study areas is important. Field parameters and
laboratory analyses suggest that the groundwater in both
areas occurs under reducing (postoxic) conditions. Fe(II)
and As(III) are the dominant Fe and As species in the
groundwater. Field measurements, solute trends, multi-
variate statistical analyses and saturation index calcula-
tions suggest that As is liberated primarily by reductive
dissolution of metal oxides in a microbially mediated
environment with organic matter acting as the major
electron acceptor, which is consistent with results from
previous studies in the Bengal Basin. Spatial trends of
different redox-sensitive solutes (e.g. Fe, Mn, As, SO4

2−,
CH4) indicate the existence of concomitant redox
processes at various depths suggesting an environment
with overlapping redox zones (e.g. nitrate reduction,
metal reduction, sulfate reduction, and methanogenesis)
and can be best explained by a partial redox equilibrium
model. Thus, As, once liberated from adsorbed solid
phase would tend to remain in solution, and would not be
sequestered even in highly reducing conditions.

Acknowledgements

The authors acknowledge the Swedish International
Development Agency (Sida-SAREC), Swedish Research
Council (VR-Sida), Strategic Environmental Research
Foundation (MISTRA), Geological Society of America
and University of Kentucky for research grants for
fieldwork in Bangladesh and India. We thank Ann
Fylkner and Monica Löwen (Department of Land and
Water Resources Engineering, Royal Institute of Tech-
nology, Stockholm), Carl-Magnus Mörth (Department of
Geology and Geochemistry, Stockholm University), and
Trish Coakley and John May (Environmental Research
and Teaching Laboratory, University of Kentucky) for the
sample analyses. We also appreciate the support rendered
by the officials of the Directorate of Public Health Engi-
neering, Government of West Bengal, and Bangladesh
Water Development Board, Government of Bangladesh,
the Public Health Engineering Directorate, Government
of West Bengal, and Sudipta Rakshit, University of Cali-
fornia at Berkeley.

References

Acharyya, S.K., Lahiri, S., Raymahashay, B.C., Bhowmik, A., 1999.
Arsenic poisoning in the Ganges delta. Nature 401, 545.

Ahmed,K.M.,Bhattacharya, P.,Hasan,M.A.,Akhter, S.H.,Alam, S.M.M.,
Bhuyian,M.A.H., Imam,M.B., Khan, A.A., Sracek, O., 2004. Arsenic
enrichment in groundwater of the alluvial aquifers in Bangladesh: an
overview. Applied Geochemistry 19 (2), 181–200.



47A. Mukherjee et al. / Journal of Contaminant Hydrology 99 (2008) 31–48
Ahmed, K.M., Hoque, M., Hasan, M.K., Ravenscroft, P., Chowdhury,
L.R., 1998. Occurrence and origin of water well CH4 gas in
Bangladesh. Journal of Geological Society of India 51, 697–708.

Alam,M., Alam,M.M., Curray, J.R., Chowdhury, M.L.R., Gani, M.R.,
2003. An overview of the sedimentary geology of the Bengal Basin
in relation to the regional tectonic framework and basin-fill history.
Sedimentary Geology 155 (3–4), 179–208.

Allison, J.D., Brown, D.S., Novo-Gradac, K.J., 1990. MINTEQA2/
PRODEFA2—A Geochemical Assessment Model for Environ-
mental Systems—Version 3.0 User's Manual. Environmental
Research Laboratory. Office of Research and Development, U.S.
Environmental Protection Agency, Athens, Georgia. 106 pp.

Barcelona, M.J., Holm, T.R., Schock, M.R., George, G.K., 1989.
Spatial and temporal gradients in aquifer oxidation–reduction
conditions. Water Resources Research 25, 991–1003.

Bednar, A.J., Garbarino, J.R., Ranville, J.F., Wildeman, T.R., 2002.
Preserving the distribution of inorganic arsenic species in ground-
water and acid mine drainage samples. Environmental Science &
Technology 36, 2213–2218.

Berner, R.A., 1981. A new geochemical classification of sedimentary
environments. Journal of Sedimentary Petrology 51, 359–365.

BGS/DPHE/MML, 2001. Arsenic Contamination of Groundwater in
Bangladesh. Technical Report WC/00/19. British Geological
Survey, Keyworth.

Bhattacharya, P., Jacks, G., Jana, J., Sracek, A., Gustafsson, J.P.,
Chatterjee, D., 2001. Geochemistry of theHolocene alluvial sediments
of Bengal Delta Plain fromWest Bengal, India: implications on arsenic
contamination in groundwater. In: Jacks, G., Bhattacharya, P.,
Khan, A.A. (Eds.), Groundwater Arsenic Contamination in the
Bengal Delta Plain of Bangladesh. TRITA-AMI Report 3084,
KTH Spec Publ, KTH, Stockholm, Sweden, pp. 21–40.

Bhattacharya, P., Ahmed, K.M., Hasan, M.A., Broms, S., Fogelström, J.,
Jacks,G., Sracek, O., vonBrömssen,M., Routh, J., 2006.Mobility of
arsenic in groundwater in a part of Brahmanbaria district, NE
Bangladesh. In: Naidu, R., Smith, E., Owens, G., Bhattacharya, P.,
Nadebaum, P. (Eds.), Managing Arsenic in the Environment: from
Soils to Human Health. CSIRO Publishing, Collingwood, Australia,
pp. 95–115.

Bhattacharya, P., Frisbie, S.H., Smith, E., Naidu, R., Jacks, G., Sarkar,
B., 2002a. Arsenic in the Environment: A Global Perspective. In:
Sarkar, B. (Ed.), Handbook of Heavy Metals in the Environment.
Marcell Dekker Inc., New York, pp. 145–215.

Bhattacharya, P., Jacks, G., Ahmed, K.M., Khan, A.A., Routh, J.,
2002b. Arsenic in groundwater of the Bengal Delta Plain aquifers
in Bangladesh. Bulletin of Environmental Contamination and
Toxicology 69, 538–545.

Bhattacharya, P., Chatterjee, D., Jacks, G., 1997. Occurrence of
arsenic-contaminated groundwater in alluvial aquifers from the
Bengal Delta Plain, Eastern India: options for a safe drinking water
supply. Water Resource Development 13, 79–92.

Biswas, B., 1963. Results of exploration for petroleum in the western
part of Bengal Basin, India. Proc. Symposium on Development of
Petrology. Research of Mineral Resource Division Service 18 (1),
241–250.

Breit, G.N., Foster, A.L., Sanzalone, R.F., Yount, J.C., Whitney, J.W.,
Welch, A.H., Islam, M.K., Islam, M.N., 2001. Arsenic cycling in
eastern Bangladesh: the role of phyllosilicates. Geological Society
of America Abstract with Program 32 (7), A192.

Canfield, D.E., Thamdrup, B., Hansen, J.W., 1993. The anaerobic
degradation of organic matter in Danish coastal sediments: iron
reduction, manganese reduction and sulfate reduction. Geochimica
et Cosmochimica Acta 57, 3867–3883.
CGWB, 1994. Hydrogeological atlas of West Bengal, Scale
1:2,000,000. Central Ground Water Board (CGWB), Eastern
Region, Government of India.

CGWB, 1997. High arsenic groundwater in West Bengal. Technical
Report, series D, Central Ground Water Board (CGWB), Eastern
Region, Calcutta, Government of India.

Chakraborti, D., Basu, G.K., Biswas, B.K., Chowdhury, U.K.,
Rahman, M.M., Paul, K., Chowdhury, T.R., Chanda, C.R., Lodh, D.,
Ray, S.L., 2001. Characterization of arsenic-bearing sediments in the
Gangetic delta of West Bengal, India. In: Chappell, W.R.,
Abernathy, C.O., Calderon, R.L. (Eds.), Arsenic Exposure and
Health Effects IV. Elsevier Science Ltd, Oxford, pp. 27–52.

Chapelle, F.H., 1993. Ground Water Microbiology and Geochemistry.
John Wiley & Sons, New York. 424 pp.

Das, D., Chatterjee, A., Mandal, B.K., Samanta, G., Chakraborti, D.,
Chanda, B., 1995. Arsenic in groundwater in 6 districts of West
Bengal, India. Environmental Geochemistry and Health 18, 5–15.

Dowling, C.B., Poreda, R.J., Basu, A.R., 2003. The groundwater
geochemistry of the Bengal Basin: Weathering, chemsorption, and
trace metal flux to the oceans. Geochimica et Cosmochimica Acta
67 (12), 2117–2136.

Dreher, T., 2003. Comment on Güler et al., 2002, evaluation of
graphical and multivariate methods for classification of water
chemistry data. Hydrogeology Journal 11, 605–606.

Ghosh,A.R.,Mukherjee, A., 2002.Arsenic contamination of groundwater
and human health impacts in Burdwan District, West Bengal, India.
Geological Society of America Abstracts with Program 34 (2), 107.

Goodbred, S.L., Kuehl, S.A., Steckler, M.S., Sarkar, M.H., 2003. Controls
on facies distribution and stratigraphic preservation in the Ganges–
Brahmaputra delta sequence. Sedimentary Geology 155, 301–316.

Güler, C., Thyne, G.D., McCray, J.E., Turner, A.K., 2002. Evaluation
of graphical and multivariate statistical methods for classification
of water chemistry data. Hydrogeology Journal 10, 455–474.

Hansen, L.K., Jakobsen, R., Postma, D., 2001. Methanogenesis in a
shallow sandy aquifer, Rømø, Denmark. Geochimica et Cosmo-
chimica Acta 65, 2925–2935.

Harvey, C.F., Swartz, C.H., Badruzzaman, A.B.M., Keon-Blute, N.,
Yu, W., Ali, M.A., Jay, J., Beckie, R., Niedan, V., Brabander, D.,
Oates, P.M., Ashfaque, K.N., Islam, S., Hemond, H.F., Ahmed, M.F.,
2002. Arsenic mobility and groundwater extraction in Bangladesh.
Science 298 (5598), 1602–1606.

Harvey,C.F., et al., 2005.Groundwater arsenic contamination on theGanges
Delta: biogeochemistry, hydrology, human perturbations, and human
suffering on a large scale. Comptes Rendus Geoscience 337 (1–2),
285–296.

Hasan, M.A., Ahmed, K.M., Sracek, O., Bhattacharya, P., von Brömssen,
M., Broms, S., Fogelstrom, J., Mazumder, M.L., Jacks, G., 2007.
Arsenic in shallowgroundwater ofBangladesh: investigations from three
different physiographic settings. Hydrogeology Journal 15 (8),
1507–1522.

Imam, M.B., Shaw, H.F., 1985. The diagenesis of Neogene clastic
sediments from Bengal Basin, Bangladesh. Journal of Sedimentary
Petrology 55, 665–671.

Jakobsen, R., Postma, D., 1999. Redox zoning, rates of sulfate reduction
and interactions with Fe-reduction and methanogenesis in a shallow
sandy aquifer, Rømø, Denmark. Geochimica et Cosmochimica Acta
63, 137–151.

JICA, 2002. The study on the ground water development of deep
aquifers for safe drinking water supply to arsenic affected areas in
western Bangladesh. book 1–3, Japan International Cooperation
Agency, Kokusai Kogyo Co. Ltd. and Mitsui Mineral Develop-
ment Engineering Co. Ltd.



48 A. Mukherjee et al. / Journal of Contaminant Hydrology 99 (2008) 31–48
Kent, D.B., Fox, P.A., 2004. The influence of groundwater chemistry
on arsenic concentrations and speciation in a quartz sand and
gravel aquifer. Geochemical Transactions 5 (1), 1–11.

Kirk, M.F., Holm, T.R., Park, Jin, Q., Sanford, R.A., Fouke, B.W.,
Bethke, C.M., 2004. Bacterial sulfate reduction limits natural
arsenic contamination in groundwater. Geology 32 (11), 953–956.

Lowers,H.A.,Breit,G.N., Foster,A.L.,Whitney, J.,Yount, J.,Uddin,M.N.,
Muneem, A.A., 2007. Arsenic incorporation into authigenic pyrite,
Bengal Basin sediment, Bangladesh. Geochimica et Cosmochimica
Acta 71 (11), 2699–2717.

Mallick, S., Rajgopal, N.R., 1995. Groundwater development in the
arsenic affected alluvial belt of West Bengal—some questions.
Current Science 70, 956–958.

McArthur, J.M., et al., 2004. Natural organic matter in sedimentary
basins and its relation to arsenic in anoxic ground water: the
example of West Bengal and its worldwide implications. Applied
Geochemistry 19 (8), 1255–1293.

McArthur, J.M., Ravenscroft, P., Safiulla, S., Thirlwall, M.F., 2001.
Arsenic in groundwater: testing pollutionmechanisms for sedimentary
aquifers in Bangladesh. Water Resources Research 37 (1), 109–117.

Metral, J., Charlet, L., Basu Mallik, S., Chakraborty, S., Ahmed, K.M.,
Rahman,M.W., Tisserand,D., Zheng, Z.,VanGeen,A., in review.High-
resolution transects of arsenic contamination in shallow aquifers of
Chakdaha, India andAraihazar, Bangladesh.WaterResourcesResearch.

Morgan, J.P., McIntire, W.G., 1959. Quaternary geology of Bengal
Basin, East Pakistan and India. Geological Society of America
Bulletin 70, 319–342.

Mukherjee, A., 2006. Deeper Groundwater Chemistry and Flow in the
Arsenic Affected Western Bengal Basin, West Bengal, India.
Dissertation. University of Kentucky, Lexington. 248 pp.

Mukherjee, A., Fryar, A.E., 2008. Deeper groundwater chemistry and
geochemical modeling of the arsenic affected western Bengal Basin,
West Bengal, India. Applied Geochemistry. 23 (4), 863–894.

Mukherjee, A., Fryar, A.E., O'Shea, B., in press. Arsenic in hydrologic
systems. In: Henke, K., Atwood, D., Blue, L. (editors.), Arsenic—
Chemistry, Environmental Impacts and Remediation. John Wiley
& Sons, Chichester, UK.

Mukherjee, A., Fryar, A.E., Howell, P.D., 2007. Regional hydrostrati-
graphy and groundwater flow modeling in the arsenic affected areas of
the western Bengal Basin, West Bengal, India. Hydrogeology Journal
15 (7), 1397–1418. doi:10.1007/s10040-007-0208-7.

Mukherjee, A.B., Bhattacharya, A.E., 2001. Arsenic in groundwater in the
Bengal Delta Plain: slow poisoning in Bangladesh. Environmental
Reviews 9 (3), 189–220.

Park, J., Sanford, R.A., Bethke, C.M., 2006. Geochemical and
microbiological zonation of the Middendorf aquifer, South
Carolina. Chemical Geology 230, 88–104.

Parkes, R.J., Cragg, B.A., Fry, J.C., Herbert, R.A., Wimpenny, J.W.T.,
1990. Bacterial biomass and activity in deep sediment layers from
the Peru margin. Transaction of the Royal Society of London
A331, 139–153.

Parkhurst,D.L.,Appelo,C.A.J., 1999.User's guide to PHREEQC (version
2): a computer program for speciation, batch-reaction, one-dimensional
transport, and inverse geochemical calculations. U.S. Geological
Survey Water Resource Investigation Report 99–425 312 pp.

Parkhurst, D.L., Christenson, S., Breit, G.N., 1996. Ground-water
quality assessment of the Central Oklahoma aquifer, Oklahoma—
geochemical and geohydrologic investigations. U.S. Geological
Survey Water-Supply Paper 2357-C 101 pp.

Postma, D., Jakobsen, R., 1996. Redox zonation: equilibrium
constraints on the Fe(III)/SO4

2− reduction interface. Geochimica
et Cosmochimica Acta 60, 3169–3175.
Rahman, M.M., Sengupta, M.K., Chowdhury, U.K., Lodh, D., Das, B.,
Ahamed, S., Mandal, D., Hossain, M.A., Mukherjee, S.C., Pati, S.,
Saha, K.C., Chakraborti, D., 2006. Arsenic contamination incidents
around the world. In: Naidu, R., Smith, E., Owens, G.,
Bhattacharya, P., Nadebaum, P. (Eds.), Managing Arsenic in the
Environment: from Soils to Human Health. CSIRO Publishing,
Collingwood, Australia, pp. 3–30.

Ravenscroft, P., 2003. Overview of the hydrogeology of Bangladesh.
In: Rahman, A.A., Ravenscroft, P. (Eds.), Groundwater Resources
Development in Bangladesh. University Press, Dhaka, pp. 43–86.

Ravenscroft, P., Burgess, W.G., Ahmed, K.M., Burren, M., Perrin, J.,
2005. Arsenic in groundwater of the Bengal Basin, Bangladesh:
distribution, field relations, and hydrogeological setting. Hydro-
geology Journal 13 (5–6), 727–751.

Ravenscroft, P., McArthur, J.M., Hoque, B., 2001. Geochemical and
palaeohydrological controls on pollution of groundwater by
arsenic. In: Chappell, W.R., Abernathy, C.O., Calderon, R.L.
(Eds.), Arsenic Exposure and Health Effects IV. Elsevier Science
Ltd., Oxford, pp. 53–77.

Rickard, D.T., 1974. Kinetics and mechanism of the sulfidation of
goethite. American Journal of Science 274, 941–952.

Sanford, R.F., Pierson, C.T., Crovelli, R.A., 1993. An objective re-
placement method for censored geochemical data. Mathametical
Geology 25, 59–80.

Smedley, P.L., 2005. Arsenic occurrence in groundwater in South and
East Asia—scale, causes and mitigation. In Towards a More
Effective Operational Response: Arsenic Contamination of
Groundwater in South and East Asian Countries, Volume II
Technical Report, World Bank Report No. 31303.

Smedley, P.L., Kinniburgh, D.G., 2002. A review of the source,
behaviour and distribution of arsenic in natural waters. Applied
Geochemistry 17 (5), 517–568.

Stefánsson, A., Arnorsson, S., Sveinbjörnsdóttir, A.E., 2005. Redox
reactions and potentials in natural waters at disequilibrium.
Chemical Geology 221 (3–4), 289–311.

Stüben, D., Berner, Z., Chandrasekharam, D., Karmakar, J., 2003.
Arsenic enrichment in groundwater of West Bengal, India: geo-
chemical evidence for mobilization of As under reducing con-
ditions. Applied Geochemistry 18 (9), 1417–1434.

Stumm, W., Morgan, J.J., 1996. Aquatic Chemistry, 3rd edition. John
Wiley and Sons, New York. 1022 pp.

Swartz, C.H., et al., 2004. Mobility of arsenic in a Bangladesh aquifer:
inferences from geochemical profiles, leaching data, and mineralogical
characterization. Geochimica et Cosmochimica Acta 68 (22),
4539–4557.

Tetlow, J.A., Wilson, A.L., 1964. The absorptiometric determination
of iron in boiler feed-water, Part III. Method for determining the
total iron content. Analyst 89, 442–452.

UNDP (United Nations Development Programme), 1982. Ground-
water Survey: The hydrogeological conditions of Bangladesh.
UNDP technical report DP/UN/BGD-74-009/1. 113 pp.

von Brömssen, M., Jakariya, M., Bhattacharya, P., Ahmed, K.M.,
Hasan, M.A., Sracek, O., Jonsson, L., Lundell, L., Jacks, G., 2007.
Targeting low-arsenic in Matlab Upazila, Southeastern Bangla-
desh. Science of the Total Environment 379 (2–3), 121–132.

Wolthers, M., Charlet, L., van Der Weijden, C.H., van der Line, P.R.,
Rickard, D., 2005. Arsenic mobility in the ambient sulfidic environ-
ment: soption of arsenic (V) and arsenic (III) onto disordered
mackinawite. Geochimica et Cosmochimica Acta 69 (14), 3483–3492.

Zheng, Y., et al., 2004. Redox control of arsenic mobilization in
Bangladesh groundwater. Applied Geochemistry 19 (2), 201–214.

mailto:mvb@kth.se

	Hydrogeochemical comparison and effects of overlapping redox zones on groundwater arsenic near .....
	Introduction
	Summary of present knowledge on arsenic source and mobilization in Bengal Basin
	Geologic, physiographic and hydrogeologic setting
	Bengal Basin
	Study areas

	Methods
	Results and discussion
	Trends and comparison among the two sites
	Major solute chemistry
	Redox conditions

	Chemical dynamics and multivariate relationships
	Thermodynamic calculations
	Relationships among solutes

	Model of overlapping redox zonation and its effect on arsenic mobility
	Concept of redox zonation and equilibrium
	Effect of overlapping redox zonation on arsenic retention in solution


	Conclusions
	Acknowledgements
	References


