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Abstract The groundwater of the Bengal basin, in Bangladesh
andWest Bengal state of India, is found to be severely polluted by
non-point sourced, geogenic arsenic (As), which has been
regarded as the largest public health concern in the human history.
The geomorphology and geology of the aquifers play very impor-
tant role in the three dimensional existence of theAs in the ground-
water. The provenance of the groundwater As of Bengal basin
may be hypothesized to be sourced to the Himalayan orogenic
belt, where the contaminant might have originated by deep-seated
tectono-magmatism and subsequently introduced to the surficial
system by exhumation. Later, sedimentary processes transported
the As-laden sediments from the orogenic belt to the peripheral
foreland basin of Bengal where, under conducive biogeochemical
environment, the As is released from the solid-phase to the circu-
lating groundwater. Ferric hydroxides and pyrite are considered to
be the two most important host minerals for As, although clay
minerals may also act as important substrates for the sorbed As.
The mobilized As then exists in the groundwater until a suitable
geochemical sink is available. The mobilization process may be
related to reductive-dissolution of metal oxides and hydroxides
that exist in the unconsolidated sediments of the Bengal basin.
Other mechanisms like pyrite oxidation, redox cycling in surficial

soils, and competitive ion exchange are also accepted as potential
mechanisms for arsenic mobilization, and multiple processes may
simultaneously contribute to themobilization ofAs. The processes
are significantly complicated by redox disequilibria in the Bengal
basin aquifers. These inorganic processes may have been signifi-
cantly catalyzed and accentuated by microbially mediated activi-
ties. The tertiary source of groundwater As is the irrigation return
flow from the agricultural fields.
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Introduction

The Bengal basin houses more than 2 % of the world’s popu-
lation, with an areal extent of about 200,000 km2 [1, 2] and
represents the most serious arsenic contamination in groundwa-
ter identified globally [3, 4]. The Bengal basin includes most of
Bangladesh and some parts ofWest Bengal, Assam and Tripura.
The Bengal basin is drained by the Ganges-Bramhaputra-
Meghna river system and represents the world’s largest fluvio-
deltaic basin [1, 2, 5]. The syn-orogenic sediment pile within the
basin is upto 22 km thick and is of Cenozoic age [1, 6, 7, 25].

The large-scale shift from inconsiderately used and polluted
surface water to groundwater usage during the early 1970s,
posed groundwater as themajor source of pollution-free drinking
water and also as a perennial source of water for irrigation within
the basin. This major shift from the surface water to the ground-
water usage resulted in higher rate of access to safe drinking
water and improved food security, due to higher rice production
during the dry season. At the same time, despite the positive
impacts, extensive groundwater usages resulted in inadvertent
exposure of a significant proportion of the population to high
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arsenic in groundwater, leading to widespread cases of
arsenicosis and other health risks.

There is a huge volume of literature reviews on arsenic [3, 4,
8, 9]. But none of these individual reviews circumscribe all of the
processes and phenomena that control the fate of arsenic within
the aquifers of the Bengal basin. This review looks at the arsenic
problem in a holistic way, from the primary to local sources and
incorporates all the natural and anthropogenic processes and fac-
tors that influence themobilization, transport and sequestration of
arsenic in the aquifers of the basin. It encompasses all the factors,
e.g., the primary provenances of arsenic in the orogenic belts, to
the alluvial aquifers serving as local repository of arsenic to be
mobilized under conducive hydrogeochemical conditions, which
can further be re-circulated under anthropogenic influence. The
review also deals with all the geological, geomorphological,
hydrogeological and anthropogenic factors that affect the fate
of arsenic in the groundwater of the Bengal Basin.

The aim of this review is to make a comprehensive study
including the various processes and factors that operate at
different degrees in different parts of the basin to control the
mobilization, transport and sequestration of arsenic in the ba-
sin. The review paper treats the Bengal basin as one geological
unit across the geopolitical boundary of Bangladesh and Indi-
an state of West Bengal with similar geological, hydrological
and biogeochemical processes that control the fate of arsenic
in the groundwater of the basin.

The Threat of Groundwater Arsenic to Public Health
and Its Chronology

The first occurrence of arsenic concentration exceeding 50 μg/L
(national permissible limit for arsenic in drinking water in both
Bangladesh andWest Bengal) was discovered in some tube wells
in North 24 Parganas district of West Bengal in 1978 [9, 10]. In
1993, the Department of Public Health Engineering (DPHE),
Bangladesh first found high arsenic concentrations in the ground-
water of Nawabganj, Bangladesh [3, 11, 12]. Following this, ar-
senic was found in a number of other areas inWest Bengal [9], as
well as in Bangladesh. Kinniburgh et al. [11] reported a rapid
increase in arsenic concentrations around 1995, which is in coin-
cidence to the explosion in the use of groundwater for irrigation.

Thirty to thirty-five million and 77million people are reported
to be exposed to arsenic concentrations exceeding 50 and
10 μg/L, respectively, in Bangladesh, whereas in West Bengal
about 15 and 50 million people are exposed to such high arsenic
in drinking water, exceeding the 50 and 10 µg/L standards for
arsenic, respectively [3, 4, 9, 11, 13–15]. Smith et al. [16] reported
this to be ‘the largest poisoning of a population in history’. Drink-
ingwater and food prove to be the twomost significant sources of
arsenic intake in the human diet. There is an intricate relation
between the spatial distribution of the arsenic patients and their
health problems with the spatial variation of arsenic in drinking
groundwater and rice [17, 18]. Rice is the largest dietary source of

arsenic in areas where drinking water does not contain high con-
centrations of arsenic [17]. The resultant health problems were
first identified in West Bengal in 1984 [19] and in Bangladesh in
1993 [4]. The most common health effects of arsenicosis include
retarded development in children, cases of skin disorders
(melanosis, leucomelanosis, keratosis, hyperkeratosis and skin
cancer), non-pitting edema, gangrene, hypertension, internal can-
cers (bladder, lung, kidney and liver), peripheral vascular disor-
ders, ischemic heart disease, cardiovascular diseases, restrictive
pulmonary disease, non-cirrhotic portal fibrosis, respiratory prob-
lems, hypertension and diabetes mellitus [3, 8, 17, 20]. What
worsens the situation is that the signs of arsenicosis appear very
slowly [3]. TheWHO safe limit for arsenic in drinking water was
provisionally reduced to 10 μg/L from 50 μg/L in 1993 [4]. The
recommendation for the ‘safe limit’ is mostly based on the aware-
ness about its toxicity and ability to quantitively measure it, and
thus, most of the developing countries (e.g. India and Bangla-
desh) still hold the national safe limit of 50μg/L due to the lack of
facilities to measure lower concentrations [4, 9]. Arsenic in
groundwater was not routinely analyzed until for the past few
decades [4, 9].

Spatial and Temporal Extent of Groundwater Arsenic

Spatial Extent of Groundwater Arsenic and Its Variability

Arsenic concentrations have been found to widely vary over
parts of the basin, with a range of <0.5 to >4600 μg/L [4, 6, 9,
13, 21–24]. The mean and the median arsenic concentration
values of the sampled tube wells in Bangladesh are reported
to be 55–60 and 4 μg/L, respectively (assuming the arsenic
values for wells below detection limit to be half of the detection
limit) [11, 13]. Out of about 6 to 11 million tube wells in Ban-
gladesh ∼25 % of the tube wells are reported to contain more
than 50μg/L of arsenic and 42% of the tube wells exceeded the
10 μg/L standard for arsenic [11, 13]. Ahmed et al. [6] reported
that about 3 million tube wells in Bangladesh with a filter depth
between 10 and 50 m, contain arsenic concentrations above
50 μg/L. Eight districts inWest Bengal are known to be arsenic
contaminated, out of which five districts, namely Maldah,
Murshidabad, Nadia and North and South 24 Parganas (includ-
ing some parts of Kolkata), are heavily contaminated with ar-
senic [9, 20]. BGS/DPHE [13] reported arsenic contamination
in 53 districts of Bangladesh, out of which 12 districts (namely,
Chandpur, Munshiganj, Gopalganj, Madaripur, Noakhali,
Satkhira, Comilla, Faridpur, Sharaitpur, Meherpur, Bagerhat
and Laxmipur) are declared to be the worst-arsenic-affected
ones. The southern and the eastern parts of Bangladesh are
the worst arsenic contaminated areas with about 90 % of con-
taminated wells in some districts, while it is as low as 1 % in
other districts located within the Pleistocene uplands of the
Madhupur and the Barind tracts of northern Bangladesh [4,
13] (Fig. 1). The variation in arsenic concentrations between
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the uplands to the north and the delta plains to the south can be
attributed to the grain size of the sediments, presence or absence
of a surficial confining layer, abundance of iron oxide, the redox
state of the aquifers and rates of groundwater flushing [11, 13].
Isolated ‘hot spots’ of arsenic are located in the northeastern,
northwestern, southwestern and north-central parts of Bangla-
desh [6]. More than about 60 % wells in the Ganges-Brahma-
putra flood and delta plains are arsenic contaminated, while
within the shallow aquifers in the Meghna river system and
the coastal plains 80 % wells are heavily contaminated with
arsenic [6]. The southern delta plains of the Ganges-
Bramhaputra-Meghna (GBM) river system in Bangladesh
are more arsenic enriched than the northern flood plains
[6, 26].

The arsenic concentrations show a wide range of spatial
variability, even at a local scale (well-to-well variability),

which makes it very difficult to predict the arsenic concentra-
tion of the unsampled wells, even with the knowledge of the
arsenic concentrations from the surrounding tested wells [6, 8,
13, 20, 27–31]. The high arsenic zones are found to be occur-
ring as patches in small spatial scales and even in vertical
profiles. According to Harvey et al. [26, 32], an intricate mo-
saic of recharge and discharge zones drive the groundwater
through a very complex transient flow path, where the distri-
bution of the dissolved arsenic corresponds to the spatial dis-
position of the groundwater flow paths. Kinniburgh et al. [11]
and Van Geen et al. [29] stated that the complexity in relation
to the distribution of arsenic seems to follow a pattern if both
the depth and the geological setting are taken into consider-
ation. Moreover, because of the weak correlation of arsenic to
other trace metals, individual wells must be tested for arsenic
[20].

Fig. 1 Geomorphologic map of
the Bengal basin and the
surrounding areas, demonstrating
the extent of elevated arsenic in
groundwater and its relation to the
topography and physiography of
the basin (modified from [2, 25])
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Depth Variation

Only 1 and 5 % of the deep wells in Bangladesh exceed the 50
and 10 μg/L standards for arsenic, respectively, while these
values are 27 and 46 % for the shallower wells (the boundary
of the shallower and the deeper wells being taken at 150 m),
suggesting that the arsenic problem is muchmore intensified in
the shallower waters than in the deeper parts [11, 13] (Fig. 2).
The bounding depth between the shallow and the deep aquifer
is controlled by the local geology, including the aquifer char-
acteristics and the intermediate confining clay units [11].

The regional depth variance of arsenic concentrations tends
to follow a bell-shaped curve with the peak concentration at
the depth of 15–30 m in Bangladesh [11]. Arsenic concentra-
tions in Bangladesh are reported to increase at first, up to a
depth of 10–20 m and then decrease from 50 to 150 m, al-
though the precise depth of decline is not clear [11]. Van Geen
et al. [29] also reported an initial increase in the number of
arsenic contaminated tube wells in their study area in Bangla-
desh, from 25 % at 8–10 m to 75 % between 15 and 30 m,
followed by a gradual decline with 10% arsenic contaminated
tube wells at 90 m. The highest arsenic contamination is con-
fined within the middle unit (approximately 6–70 m in the
western part of the basin) of the late Pleistocene–Holocene
sedimentary sequence beneath the flood and the delta plains,
also called the ‘arseniferous unit’ of the Bengal basin [11, 35,
36]. Mukherjee and Fryar [37] reported the highest concentra-
tions of total and reduced arsenic (and iron) to be at a depth of
about 100 m and an increase of As(III)/Astotal with depth
within West Bengal. Harvey et al. [26, 32] related the peak
concentration of arsenic to the mixing zone of older waters to
younger recharge, as evidenced from the head data, 180 pro-
files, tritium concentrations and aquifer architecture. The au-
thors suggested that these bell-shaped vertical profiles are typ-
ical of a plume migration and may result from a large lateral
component of flow, typical of flat lying alluvial aquifers, along
with a surficial source of organic carbon which mobilizes the
arsenic. The authors also suggested that there can be a rela-
tionship between the depth where the aquifer is highly condu-
cive and the depth of the peak concentration of arsenic, as
evidenced by the highest number of tube wells withdrawing
water from a depth of 10–50 m [13, 32], but this is yet not
confirmed. Van Geen et al. [29] suggested that though such
correspondence is intriguing, it does not necessarily establish
any relation between the arsenic concentrations and the den-
sity of wells. Although the typical bell-shaped depth profiles
may be considered to be a local phenomenon and may not
hold good at larger scale, decreasing concentrations of arsenic
with depth seems to be regionally true [26, 32]. Harvey et al.
[38] reported a decrease in arsenic concentration with depth,
with the peak concentration at a depth of 30–40 m at their
study site in Bangladesh. McArthur et al. [28] reported the
vertical gradients of arsenic concentrations to be ranging

up to 200 μg L−1 m−1 within the West Bengal part of
the basin.

This may lead to a probable explanation for different arse-
nic concentrations between nearby wells, owing to their dif-
ferent depths of withdrawal [26, 32], in addition to the com-
plex pattern of variations of sediment characteristics between
the wells. Van Geen et al. [29] reported that, although arsenic
concentrations are greater than 50 μg/L in majority of wells
shallower than 30 m and vice versa in Bangladesh, a signifi-
cant fraction of wells do not fit this pattern. Ahmed et al. [6]
thus argued that the groundwater arsenic concentration is not a
function of depth itself, but is a result of the facies architecture
of the alluvial sediments. The variation of arsenic concentra-
tions between the shallow and the deeper aquifers can be
attributed to the factors like the total arsenic concentration in
the sediments, the grain size and the sorption capacity of the
sediment grains, the redox condition of the aquifers, the period
of groundwater flushing and the conditions of artificial
groundwater withdrawal. The deeper Pleistocene aquifer has
experienced longer period of flushing under greater hydraulic
heads which has effectively flushed much of its arsenic rela-
tive to the young (5–10 ka) Holocene sediments [20, 39]. The
arsenic concentrations in the near surface sediments are quite
low due to the oxidized nature of the sediments, inflow of
young recharging groundwater and higher rate of flushing,
resulting in low concentrations of arsenic in dugwells [11, 13].

Moreover, Mukherjee et al. [9] reported that about 60 % of
the deepwells inWest Bengal have arsenic concentrationsmore
than 10 μg/L, in contrast to only 5 % in Bangladesh [13] and
they attributed this to the difference in evolution between the
West Bengal stable shelf part and the Bengal foredeep part of
the Bangladesh and also to the landuse patterns.

Temporal Variation

Although arsenic concentrations in wells have been reported
to vary over a short period of time, systematic long-term mon-
itoring to characterize the patterns and trends of such temporal
variations is still lacking. BGS/DPHE [13] carried out arsenic
monitoring in three piezometer nests at different locations in
Bangladesh and concluded that there was no consistent pattern
of change in the concentrations over the monitoring period of
3 years. One consensus that has been achieved in all these
years is that, in general, temporal variations in arsenic concen-
tration of different wells are limited, and that the variations are
the highest in the shallowest depths and the concentrations
seem to be quite stable in deeper parts, owing to the fact that
the groundwater flow is much more vigorous along with larg-
er inputs in the shallower depths of the aquifers. Dhar et al.
[40] reported a variation of <30 % in the arsenic concentra-
tions of the wells shallower than 30 m, whereas for wells
deeper than 30 m, often capped by clay layers, the variance
was as low as <10 % in their study site in Bangladesh.
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Ravenscroft et al. [41] reported no deterioration in groundwa-
ter quality in deep wells (>150 m) over a monitoring period of
13 years in Bangladesh and hence, inferred that the deeper
aquifers do not show any change in water quality from prede-
velopment conditions.

Arsenic concentrations are reported to exhibit various types
of trends in relation to temporal variations. Some wells are
reported to show statistically significant trends, while others
show irregular and random changes in concentrations [13, 29,
40, 42–44]. Such variations in the concentration of arsenic in
groundwater have been attributed to changes in pumping rate
during the course of a day, seasonal variations in recharge and
precipitation, seasonal oscillations in redox processes affect-
ing the Fe and S cycling, irrigational abstractions, head gradi-
ents, aquifer flushing, long-term changes in climate and
groundwater levels, changes in pumping regimes and depth
of abstraction in relation to the gradual reduction of water
level due to pumping and entrainment of high As shallow
groundwater into a deeper low As well due to construction
defects [20, 44]. The trends can be either increasing or de-
creasing over both long and short time periods or may show
consistent seasonal oscillations with concentrations hitting the
minima at either wet seasons or dry seasons, depending on the
hydrogeological controls. Tareq et al. [45] reported no signif-
icant fluctuation in groundwater chemistry due to seasonal
variations, barring few random changes in their study area in
Bangladesh. CGWB [21], on the other hand, reported a sea-
sonal variation in groundwater arsenic concentrations in West
Bengal, with minima during the post-monsoon period which
is thought to be due to dilution of groundwater arsenic by
monsoonal recharge. Cases of an overall decrease in arsenic
concentration in wells over time or during wet seasons can be
attributed to the concept of dilution and/or aquifer flushing
[28, 40, 44, 46, 47]. Mandal et al. [48] claimed that the deeper
tube wells which were once arsenic free, may get

contaminated over the years in areas where the shallower tube
wells are arsenic contaminated. However, such claims need a
lot more robust data to support the hypothesis. If such tempo-
ral trends are found in deeper groundwater then it can be due
to the hydraulic connectivity between the aquifers, and
groundwater mixing from different depths due to inadequate
sealing of tube wells, construction failures or multiple screen-
ing at different depths [20]. Long-term monitoring is needed
to establish the seasonal and long-term changes in concentra-
tions of arsenic for mitigation efforts [20]. A linear relation-
ship between shallow groundwater age (<30 years and <20 m)
and dissolved arsenic concentrations, reported by Stute et al.
[47], was hypothesized to be sustained by a constant rate of
arsenic release in the shallower aquifers of Bangladesh, a pro-
cess that is decoupled from change in redox states of the aqui-
fers [40]. However, various scientific literatures have reported
a wide range of arsenic release rates [38, 49], and the concen-
trations of dissolved arsenic are controlled by the biogeo-
chemical conditions encountered along the flow length, the
age of the groundwater in connection to the development of
a quasi-equilibrium condition between the solid phase arsenic
and the dissolved arsenic, the gradual flushing of arsenic from
the aquifers and groundwater mixing [47].

Sources of Arsenic

Arsenic is a trace element in the earth’s crust (e.g. [50–52])
with an average concentration in the range of 1–2 mg/Kg [4,
50, 51, 53]. The concentration of arsenic in the Bengal aquifer
sediments range from 0.4 to 40 mg/Kg [4, 11, 13, 33, 45,
55–57], making up for an average which is slightly higher
than that for the average unconsolidated sediments found to
be in the range of 2–10 mg/Kg [4]. The sediments of the
Bengal basin are not reported to be exceptionally enriched in

Fig. 2 Variations in the vertical
distribution of groundwater
arsenic concentrations with depth
in West Bengal and Bangladesh
(prepared from [6, 8, 13, 30, 33,
34])
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arsenic [32, 55, 57]; concentrations of arsenic in sand are found
to be generally less than 10 mg/Kg and concentrations are less
than 100mg/Kg for clay and peat layers [26, 32, 38]. However,
very high and even toxic concentrations of arsenic have been
found in the groundwater of the Bengal aquifer system.

There has been a persistent search for the precise sources of
arsenic in the Bengal aquifer system, e.g. the Rajmahal Traps
and the Rajmahal Basin of eastern Bihar were thought to be
prospective sources of high arsenic minerals [11] until it was
proposed that the aquifer sediments in high arsenic groundwa-
ter areas are not unusually high in arsenic content, but it is the
hydrologic and the biogeochemical environment that triggers
the mobilization of arsenic from these sediments under the
condition of low flushing rates, leading to high arsenic
groundwater (e.g. [4, 11, 32, 51, 52]).

On the other hand, Ravenscroft et al. [58] showed that the
arsenic-enriched aquifers are located close to young fold
mountain belts. Mukherjee et al. [51] observed that the prov-
inces with elevated arsenic concentrations around the world
(following [4, 58, 59]) are located in or near large sedimentary
basins adjacent to major orogenic belts, indicating the role of a
regional geological process controlling the arsenic concentra-
tions. Thus, though the ‘source of arsenic’ is not considered to
be as critical a factor as the ‘hydrologic’ and ‘biogeochemical
environment’ in producing high arsenic groundwater, the re-
gional scale geodynamic and geochemical processes seem to
influence arsenic concentrations in groundwater. The regional
extent of arsenic contamination in the Bengal aquifer system
indicates a non-point geogenic source of the arsenic in the
aquifers [6, 36, 48, 51, 54, 57], although possibilities of an-
thropogenic activities (excessive groundwater abstraction
from the shallow and the deeper depths of the aquifer,
irrigational pumping, use of fertilizers, etc.) influencing the
arsenic concentrations cannot be completely ignored [33].

Primary Sources

The Bengal basin is a large sedimentary province adjoining
the Himalayan mountain belt. Mukherjee et al. [2] defined the
Bengal basin as a peripheral foreland basin formed as a result
of the subduction of the Indian plate below the Eurasian and
the Burmese plate, causing the advent of the Himalayan orog-
eny, along with lithospheric flexure due to the load of the
overriding thrust sheet. Several other workers defined the
Bengal basin as a remnant oceanic basin formed as a result
of the closure of the Tethys Sea [1, 60, 61]. The major prov-
enances of sediments to the Bengal basin also serve as the
primary source of arsenic to the basin. The arsenic contami-
nation map of the Bengal Basin shows that the highest con-
taminations occur in and around the catchments of the
Ganges-Bramhaputra-Meghna river system, strongly indicat-
ing the influence of multiple provenances [54] including the
arsenic enriched parent rocks of the Himalaya and its foreland,

the Indian Shield, the Shillong Plateau and the Burmese arc [1,
15, 51]. Ghosh and De [62] claimed that the Rajmahal-
Chotanagpur plateau acts as the provenance for the highly
arseniferous sediments of North 24 Parganas (West Bengal),
whereas the sediments with relatively low content of
arseniferous particles are derived from the Bihar Plateau and
the Himalayas. Nickson et al. [56, 57] claimed that the base
metal deposits located upstream of the Ganges Plain are too
localized and are thus not likely to act as a potential source of
arsenic to the basin (as per pers. comm. with S.K. Acharyya et
al. [63]). Smedley and Kinniburgh [4] stated that the sedi-
ments to the Bengal basin are carried down by the Ganges-
Bramhaputra-Meghna river system from the upland Himala-
yan catchments and the basement complexes situated in the
northern and western part ofWest Bengal. Mukherjee et al. [9]
and Mukherjee et al. [15] enlisted a number of potential
arsenic sources (from [28, 50, 63–68]) as given in the
following:

& The Gondowana coal seams in the Rajmahal trap area and
its overlying basaltic rocks, drained by the river Ganges
and its tributaries. The arsenic concentrations of the coals
were found to be as high as 200 mg/Kg. However, there is
a persistent debate on the extent to which the Gondowana
coal seams contribute to the Bengal Basin sedimentation.

& Bihar mica-belt is a possible source, with arsenic concen-
trations ranging from 0.08 to 0.12 %.

& Isolated sulfide outcrops in Darjeeling Himalayas, con-
taining about 0.8 % arsenic.

& The outcrops in the upper reaches of the Ganges river
system with varying concentrations of arsenic.

& North Bengal tributaries of the Bhagirathi and Padma riv-
ers flowing by the Gorubathan base-metal deposits in the
eastern Himalayas, which is thought to be a potential
source of arsenic.

& Under euxinic conditions prevailing in the paleochannels
of the Bhagirathi and Padma rivers, arsenic occurs as a
biogenic deposit.

& Arsenic is present within the fluvial sediments transported
from the Himalayas. This is the most widely accepted
hypothesis at present.

Volcanoes and fumaroles can act as a major primary arsenic
source, but do not seem to contribute to the Bengal Basin
arsenic [15]. Moreover, it must also be noted that though all
the above listed areas presumably contain arsenic, all of them
may not serve as a source of arsenic to the Bengal basin [15,
64]. The discrete sources of arsenic to the Bengal aquifer
system are still to be precisely identified.

With the advent of Himalayan orogeny different gener-
ations of foreland basins were formed as a result of north-
ward progression of the Indian plate. The Paleocene to
Eocene Subathu Formation is cited as the present remnant
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of the oldest foreland basin [51, 69]. The Neogene-aged
Siwalik group of rocks also form paleo-foreland basins,
adjoining the Lesser Himalayas. These foreland basins
acted as the immediate sediment depo-centres for the erod-
ed Himalayan sediments and thus serve as a secondary
arsenic reservoir for the Bengal basin [51, 70–72]. The
Siwalik foreland is mostly composed of fluvial fining up-
ward sequence containing greywacke sandstones with
some silt and clay, along with a number of hot springs
present all along the margin which transport arsenic
enriched magmatic water from depths to the surface [51,
73]. Moreover, because of the mineralogy and finer grain
size, the Siwalik sediments are high in arsenic which is
either present in the Fe or S-bearing minerals or is strong-
ly adsorbed by the smectitic clays, weathered from the
serpentinites [51, 70]. The Himalaya-derived arsenic
enriched sediments of the Siwalik basin thus define the
source repository of arsenic in the Bengal basin [51]
(Fig. 3).

Guilliot and Charlet [70] claimed that the ophiolite in
the Indus-Tsangpo suture zone is the primary source of
arsenic, which was eventually eroded to the Siwaliks
during Miocene and Pleistocene and was subsequently
been substantially weathered during Holocene. There is
a hypothesis that prior to 11 million years (and may be
as late as 5 Ma), the Greater Himalaya was not uplifted
and exposed to the surface to form a hydrological di-
vide [51, 70, 74]. Thus, during the Miocene most of the
southerly flowing rivers flowed from the South Tibetan
plateau [70] and carried a huge amount of arsenic laden
material derived from the Indo-Sangpo suture zone to
the Siwalik foreland basin and the proto-Bengal basin
[51]. Since 5 Ma, the Main Frontal Thrust (MFT) was
activated, leading to an upliftment of the Siwaliks ac-
companied by its rapid erosion [70]. The active tectonic
history accompanied by the intense humid climate re-
sulted in scavenging of arsenic from the Siwaliks by
the Ganga-Bramhaputra river system to the site of sed-
imentation towards the Bay of Bengal [51, 70]. On the
other hand, Stanger [72] claimed that the primary source
of arsenic is the Quamdo-Simao (QS) volcanic and
ophiolitic province situated north of the Namche Barwa
syntaxis close to the Indo-Mayanmar border, which was
eroded and transported towards the Siwalik foreland ba-
sin during Miocene. The river Meghna which originates
south-east of the Ganges-Bramhapurta river system,
seemingly do not receive any sediment contribution
from the Siwaliks. The probable source of arsenic to
the Meghna river system is thought to be the ophiolites
of the Indo-Burmese suture zone, referred as the QS
volcanic and ophiolite province by Stanger [72].
Mukherjee et al. [51] claimed that many north-eastern
provinces of India and Bangladesh adjoining the QS

volcanic and ophiolite province are enriched in arsenic
(e.g. [75]).

Ahmed et al. [6] reported that the provenance studies
of the Bengal basin aquifer sediments indicate that they
are derived from sedimentary, metasedimentary and meta-
morphic zones of collisional suture and thrust belts adjoin-
ing the recycled Himalayan orogenic provenance. Harvey
et al. [32] argued that the original source mineral for
arsenic is the sulfides, mostly pyrites, present in the gra-
nitic and metamorphic parent rocks in the Himalayas.
Since late Pleistocene, the oxidative weathering of the
source minerals has led to the release of secondary phases
like iron oxides, hydroxides and clay particles in the river
sediments accompanied by the transfer of much of the co-
weathered arsenic from the mafic or sulfide mineral
phases to the newly formed secondary phases which ef-
fectively sorb a large amount of arsenic to its surface [8,
76, 77] and thus act as a principal source of arsenic to the
Bengal basin. However, Polizzotto et al. [78] reported that
the aquifers of the Bengal basin contain arsenic bearing
pyrite grains. McArthur et al. [28] claimed that, except the
provenances adjacent to the Indo-Burmese orogenic range,
the surface coatings of sorbed arsenic on FeOOH are
formed by weathering of the crystalline rocks and do
not seem to be an relict signature from previous erosional
cycles.

The Siwalik foreland is drained by the Ganges-
Brahmaputra river system to the east. Guilliot and Charlet
[70] also claimed that the smaller rivers draining the Siwaliks
have higher arsenic load than that of the larger rivers originat-
ing from the Higher Himalayas. Datta and Subramanian [79]
measured the average arsenic concentration of sediments from
‘River Ganges to be 2.0 mg Kg−1 (range 1.2–2.6 mg Kg−1),
from the Brahmaputra river to be 2.8 mg Kg−1 (range 1.4–
5.9 mg Kg−1) and from the Meghna River to be 3.5 mg Kg−1

(range 1.3–5.6 mg Kg−1)’. Nickson et al. [57] claimed that
sedimentation in the Bengal basin has proliferated since the
last glacial maxima (about 18 ka) in the late Pleistocene and
was at its peak during the sea level transgression (post 10 Ka),
which provided the accommodation space for the inflowing
sediments. In contrast to the deeper Pleistocene sediments
which have suffered a long period of oxidative weathering
[80], the shallower Holocene sands are mainly derived during
the period of extended glaciations resulting in intense physical
weathering and erosion of a large amount of immature sedi-
ments which are subsequently transported and deposited very
rapidly towards the delta front, where they are buried in an
anoxic waterlogged condition giving rise to the grey reduced
aquifer sediments [28]. These Holocene alluvial and deltaic
sediments serve as the dominant source of mobilizable arsenic
in the Bengal basin under the prevalence of conducive bio-
geochemical environment [13, 80, 81]. Mukherjee et al. [51]
stated that regional to local scale groundwater flows with
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recharge zone in the Himalayan foothills transport dissolved
arsenic under organic carbon-rich anoxic conditions to the
aquifers of the Bengal basin [82].

Secondary Sources

The arsenic-containing aquifer sediments eroded from the Hi-
malayan source by the Ganges-Bramhaputra-Meghna (GBM)
river system, release arsenic to the groundwater under condu-
cive biogeochemical environment. While the arsenic content
within the sediments are not unusually high, mobilization of a
small fraction of labile arsenic is enough to elevate the arsenic
concentrations in the groundwater above its permissible limit
[29]. The Bengal basin sediments are broadly composed of
channel-fill sands and overbank clays and the evolution of the
basin is controlled by fluvial and tidal/estuarine influences [6,
83]. Arsenic concentration in sediments is fairly uniform with
depth, with an average concentration in the range of 1–20 mg/
Kg [4, 11, 13, 33, 54]. The concentrations of arsenic are higher
in the silt and clay layers and can range as high as 800 mg/Kg
(generally less than 100 mg/Kg) in the surficial clays [78, 84].
Concentrations in sand layers are generally less than 3–10mg/
Kg [12, 26, 32, 78] and are less than the world average for
sedimentary basins [4, 26, 32, 38, 78]. Peat layers contain high
arsenic concentrations [85]. The Pleistocene orange sands are
found to contain higher concentrations of solid-phase arsenic
than the grey Holocene sands [85].

Solid-phase arsenic in sediments are mostly bound to iron
hydroxide and detrital sulfide (e.g. pyrite) minerals [78]. Iron-
rich mineral phases such as oxides, hydroxides, silicates and
carbonates contain substantial amounts of arsenic [85].

Charlet et al. [86] reported the presence of arsenic within
carbonates along with micas and amorphous and crystalline
iron hydroxides. Less commonly, arsenic is also found within
the mafic minerals, such as biotites and amphiboles [3]. Arse-
nic is also known to sorb on the surfaces of magnetite, green
rust, siderite and apatite [26, 32].

Iron(III) hydroxides act as a major host to arsenic [35] in
the aquifers of the Bengal basin and under reducing condi-
tions, liberate arsenic to the groundwater. The iron hydroxides
are thought to be derived from weathering of the micas, iron
sulfides and other primary Fe-bearing minerals [78]. Arsenic
can either be adsorbed to the surface of the iron hydroxide
molecule, owing to the strong adsorption capacity of some
iron hydroxides due to its high specific surface area (which
may range upto 600 m2/g, e.g. ferrihydrite) [87] or can occur
within the lattice spaces of iron hydroxide. The adsorption of
arsenic to iron hydroxides may occur by anion adsorption
phenomena and involve uptake of protons or release of hy-
droxide ions [35, 88]. The surface loadings of iron hydroxide
to sediments are more abundant in Pleistocene orange sedi-
ments than in the Holocene grey sediments, owing to the
greater degree of oxidative weathering and transport during
the Pleistocene and these iron hydroxides act as sorbents to
reduce the concentration of dissolved arsenic in the ground-
water [28]. Moreover, the exposure of these sediments to ox-
idizing conditions has led to the decrease in the content of
organic matter and unstable minerals, i.e. amorphous
oxyhydroxides and carbonates [6, 13], thus yielding low arse-
nic groundwater. Polizzotto et al. [78], however, questioned
the validity of ferric hydroxide as a source of arsenic in the
reduced aquifers of the Bengal basin, owing to the fact that

Fig. 3 A hypothetical model of the primary source of groundwater arsenic in the Bengal basin (modified from [51])
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within the Holocene aquifers purely ferric hydroxide is re-
gionally scarce or absent [26, 38]. This can however, be ex-
plained by the fact that the total surface loading of FeOOH in
the Holocene aquifers has been completely reduced to ferrous
ions in most places, in the presence of high organic matter
content with the concomitant release of the entire load of
sorbed arsenic to the groundwaters, while the FeOOH
completely vanishes from the reduced aquifers giving it a grey
colour [28]. Anawar et al. [35] argued that the coexistence of
iron hydroxides, organic matter and arsenic can be attributed
to the affinity of iron hydroxides to organic matter and arsenic.
On the other hand, Polizzotto et al. [78] claimed that the arse-
nic in sediments of Bangladesh does not bear any contribution
from the reduction of ferric hydroxides and rather, the biolog-
ical reduction reactions within the surface soils and sediments
act as a possible source. Although the current aquifer condi-
tions are not conducive for the stability of iron hydroxides
within the grey sediments, even a small amount of iron hy-
droxide can mobilize arsenic to its present degree [26]. Fe(III)
hydroxides do not act as an important arsenic repository below
a depth of about 100 m [89].

Pyrite is a common sulfide mineral present in reduced sed-
imentary aquifers of Bangladesh andWest Bengal [56, 57, 78,
89–93] and also in the wood flakes of muddy units [78, 94].
Authigenic framboidal and massive pyrites may contain up to
11,000 and 13,000 mg/Kg of arsenic respectively, and may
account for 70 % of the total arsenic in the deeper aquifers of
Bangladesh [89]. Lowers et al. [89] further stated that pyrite
primarily forms by two mechanisms: Firstly, by conversion of
acid volatile sulfate (AVS) to pyrite and secondly by ‘hetero-
geneous nucleation on surfaces without amorphous FeAsS
precursors’. Polizzotto et al. [95] reported that detrital and
authigenic sulfide grains contain about 60 % of the total arse-
nic within the Bangladesh Holocene aquifers. Authigenic
framboidal pyrite has been found within clayey sediments in
regions of Bangladesh [6]. The framboidal pyrite grains with
low arsenic content are found within the upper 20 m of the
grey sediments, while the deeper sediments are dominated by
massive pyrites with higher proportion of arsenic [89]. The
natural sources of sulfate in the aquifer sediments for subse-
quent reduction can be attributed to oxidation of detrital sul-
fides, atmospheric precipitation, river water and sea water
fluxes and the lack of pyrite in the shallower sediments (20–
100 m) is considered to be a result of rapid sedimentation and
a low flux of sulfur from the riverine and atmospheric sources
[89]. Nickson et al. [57] and McArthur et al. [55] argued that
the primary sulfide grains from the source rocks presumably
cannot sustain the weathering under the oxidizing and humid
conditions of the recent times and thus, most of the pyrites
present in the Ganges aquifer system are authigenic, formed
during the SO4 reduction phase of diageneis or microbial
sulfogenesis. Nickson et al. [57] further argued that the for-
mation of authigenic pyrite is also limited by the low

concentration of sulfate in the fresh recharging waters
(<20 mg/L for the water recharging the Ganges aquifers).
Although arsenic is found mostly in authigenic pyrite,
arsenian pyrite is also present in parts of the deeper aquifer
sands in the Bengal aquifer system, however in lesser abun-
dance [96]. Arsenian pyrite has also been reported within the
fluvial sediments of West Bengal [91–93]. Polizzotto et al.
[78] argued that, depending on the grain size, the oxidation
states and the correlation of arsenic with the chalcophiles like
Cu and Zn, some of the sulfide minerals seem to be of
Himalaya-derived detrital origin which have suffered deposi-
tion and burial before its complete oxidation and concluded
that both authigenic sulfide grains (grain size ranging from 10
to 35 μm) and detrital sulfide grains (grain size is about
100 μm) are found in the reduced Holocene and the oxidized
Pleistocene aquifers of Bangladesh. Fazal et al. [97] reported
that arsenopyrite acts as the primary host to arsenic in the
Bengal Basin. Several workers suggested that pyrite grains
are very scare in the sediments of Ganges delta [35, 57, 92].
Anawar et al. [35] reported that the sulfur content in Ganges
delta is low on average, although peat soil, clayey silts and
silty sands contain appreciable amount of arsenic where it
occurs as coatings on the pyrite grains. Polizzotto et al. [78]
defined two dominant arsenic pools in the aquifers of Bangla-
desh, namely the arsenic in the sulfide minerals making up for
a major part of the total solid phase arsenic and the easily
extractable, weakly sorbed arsenic. The arsenic sorbed onto
the sulfide grains stay immobilized under reduced aquifer
conditions, or even if mobilized under oxidizing conditions
are subsequently sequestered to ferric hydroxides [35, 55, 76,
78]. Thus, pyrite present in the aquifers of the Bengal basin
acts as a sink rather than a source [35, 55].

The arsenic concentrations in soils are found to be as
high as 40 mg/Kg at the surface [78]. Meharg and
Rahman [98] attributed these high concentrations of arse-
nic in soils to be at least partly due to the irrigation return
flow. Ali et al. [99] however, reported that the arsenic
concentrations in soils were already higher, even prior to
the onset of irrigational pumpimg. Stummeyer et al. [100]
reported that the concentration of arsenic in the suspended
sediments of river Ganges near Bay of Bengal is 15 μg/g.
On the other hand, Breit et al. [84] reported arsenic con-
centrations as high as 800 μg/g in the near-surface arse-
nic-enriched ferric hydroxide sediment layers. Polizzotto
et al. [78] argued that irrigation return flow does not alone
contribute to such high arsenic concentrations in the sur-
ficial layers and attributed it to the aggregation from the
recently deposited sediments. The authors thus concluded
that the high arsenic concentration in the soils is the result
of the use of groundwater for irrigation as well as the
continuous inflow of arsenic laden sediments to the surfi-
cial soil system. Polizzotto et al. [78] proposed that the
dominant source of arsenic in the groundwater is the
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surficial sediments which undergo seasonal redox cycling
resulting in the mobilization.

Several studies reported that clays act as sites of sorption
for arsenic in the aquifer system [12, 35, 91, 101]. Organic
matter-rich fine-grained shales and clays in the Bengal basin
are found to be highly enriched in arsenic [9, 35, 102–104].
However, some researches negated the importance of clay as a
potential adsorbent for arsenic and emphasized on the iron
oxide-coated sand and mica grains present in the sediments
(e.g. [105–107]). Phyllosilicates may also serve as an impor-
tant source of arsenic [107–109].

Arsenic in the basin is not connected to any marine source,
as it is evident from the lack of correlation between the arsenic
and the Na+ and Cl− ions. The mineral phases within the
aquifer system which contain arsenic or are capable of
retaining arsenic, act as arsenic sinks and desorption from or
dissolution of these sinks under conducive biogeochemical
environment mobilize arsenic to the groundwater [85].

Tertiary/Irrigational Re-circulation

The arsenic concentrations in the soils are found to be higher
than in the aquifer sediments [12, 98], with concentrations as
high as 40 μg/g at the surface in Bangladesh [78]. Meharg and
Rahman [98] reasoned that the presence of high concentra-
tions of solid-phase arsenic in the surficial layers may at least
in part be attributed to the irrigational return flow of ground-
water. Edmunds et al. [3] reported that irrigated soils evidently
have higher arsenic concentrations (in the order of tens of mg/
Kg) than the non-irrigated soils (5–10 mg/Kg). Extensive
irrigational pumping was practiced on a large scale since the
early 1970s in both Bangladesh and West Bengal parts of the
basin [82, 110]. The irrigational pumps bring out the anxoic
groundwater of the aquifers in contact to the atmospheric ox-
ygen, and the arsenic is subsequently sequestered to the oxi-
dized ferric iron in the agricultural fields [111, 112]. Thus, in
the extensive rice fields of Bengal basin the arsenic content of
the soil zone can increase in the order of 1 Kg/ha/year (assum-
ing the gross irrigational requirement for rice to be 1000 mm/
year and the input concentration to be 100 μg/l), and this
arsenic can be subsequently re-circulated to the groundwater,
particularly in the dry seasons via enhanced recharge, adding
to the groundwater arsenic problem [39, 82]. Edmunds et al.
[3] and Roberts et al. [113] reported that around 1000–1360
tonnes of arsenic is added to the soils per year in Bangladesh.
The recharging waters from the irrigation return flow may be
organic matter rich and anoxic in nature, thus driving the re-
duction of metal hydroxides at the near surface or in the
deeper levels of the aquifer [26, 32]. However, Roberts et al.
[113] stated that arsenic inputs to paddy fields are spatially
heterogeneous and arsenic concentrations significantly de-
crease away from the water inlet due to the progressive for-
mation and precipitation of arsenic-bearing Fe aggregates and

sorption of arsenic to clays. This can give rise to highly vari-
able spatial distribution of arsenic in the topsoil [114]. How-
ever, the arsenic inputs to soils are found to be independent of
the length of the irrigation channel.

Different irrigation schemes would supposedly lead to
different patterns of arsenic distribution. Hence, design-
ing of the irrigational systems and practices can be cru-
cial for mitigation of arsenic enrichment in the soils.
Passage of irrigational water through ‘designated treat-
ment fields’ or ponds prior to reaching the irrigational
fields may effectively attenuate the arsenic accumulation
in the fields [113].

Roberts et al. [115] stated that during monsoonal flooding,
soils release a large amount of arsenic to the floodwaters and
this accounts for about 13–62% of total arsenic added per year
to the soils due to the irrigational practices in their study site in
Bangladesh. This arsenic is subsequently removed laterally to
the rivers as the floodwaters recede [115]. This mechanism
efficiently attenuates the arsenic concentration in the season-
ally flooded agricultural fields and reduces the risk of arsenic
enrichment (annual input rates of arsenic due to irrigational
activities and annual release rates to monsoonal floodwaters
balance each other and result in a annual steady state of arsenic
in soils, involving intense temporal fluctuations) as opposed to
the non-flooded soils which release arsenic only by volatiliza-
tion and downward leaching [115]. This mechanism is also
spatially dominant as 21 % of the total area in Bangladesh is
annually flooded in the monsoons, with floodwaters exceed-
ing 0.9 m height [115].

Thus, to conclude, the arsenic in the groundwater of the
Bengal basin is thought to have its source up in the Himalayas
and is brought down by the river systems to the sites of recent
sedimentation where it is reworked by irrigation return flow.

Mobilization and Transport

Several hypotheses have been put forward in relation to the
mobilization and transport of arsenic. None of these hypothe-
ses seem to completely explain the phenomena on a basinal
scale. Multiple processes may operate in an area depending on
the biogeochemical conditions [37] (Fig. 4). Biswas et al.
[116] stated that the arsenic release mechanisms are depth
dependent and complex. Given here is a list of the most plau-
sible and accepted hypotheses regarding the arsenic mobiliza-
tion and transport.

Liberation to Solution and Retention

Biogeochemical Redox Transformation

Reduction ofMetal Oxides andHydroxidesThemost wide-
ly accepted hypothesis is the reductive dissolution of iron
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hydroxide, driven by microbially mediated degradation of or-
ganic carbon in the sediments releasing the sorbed arsenic into
the groundwater [4, 6, 12, 13, 25, 26, 28, 32, 36–38, 55–57,
80, 116–121]. This hypothesis was first proposed as the main
mechanism of arsenic mobilization by Bhattacharya et al.
[36]. The shallow aquifers of the Bengal basin are under a
strong reducing condition, developed as a result of the surfi-
cial clay layers (wherever present) which restrict the inflow of
oxygen into the aquifer, in addition to the consumption of
dissolved oxygen for the oxidation of organic matter in the
recently buried sediments [4, 13, 39]. Mukherjee and Fryar
[37] reported that the Eh values, indicative of the redox con-
ditions within the aquifers correspond to the As(V) and Fe(III)
reduction process. Nickson et al. [57] stated the reaction that
controls the reduction and the dissolution of the iron(III) hy-
droxide to Fe2+ with the generation of bicarbonate ions, along
with the liberation of the entire sorbed load on iron hydroxides
(which includes arsenic) into the groundwater.

4FeOOH þ CH2Oþ 7H2CO3→4Fe2þ þ 8HCO3− þ 6H2O

This explains the correlation between arsenic and bicarbonate
ions [28]. Ahmed et al. [6] reported that the degradation of the
organic matter results in high concentrations of dissolved or-
ganic carbon in the groundwater. The authors further stated
that the oxidative degradation of organic matter gives rise to
high concentrations of bicarbonate, while the microbially me-
diated reductive fermentation produces biogenic methane.
Several workers have reported methane in the aquifers from
many parts of the basin [38, 122]. The bicarbonate may also
be supplied from local biogeochemical processes to the

groundwater system [123, 124].
Several workers reported strong to moderate correlation

between arsenic and iron which indicates the release of arsenic
due to dissolution of and desorption from iron hydroxides in
the sediments [117, 120]. Poor correlation between arsenic
and iron has also been reported by many workers [12, 13,
28, 49, 57, 80, 123]. On a regional scale in West Bengal,
Mukherjee and Fryar [37] reported a weak correlation be-
tween arsenic and iron hydroxide (r2=0.26), although Fe2+

and arsenite yielded a better correlation (r2=0.32). Harvey
et al. [26] reported that the reducing nature of the groundwater
and the weak but positive correlation of dissolved arsenic with
iron and bicarbonate in the groundwater of their study site in
Bangladesh indicate that the arsenic is either mobilized by
reductive dissolution of iron hydroxides or reductive desorp-
tion of arsenate to arsenite. Chatterjee et al. [17] reported a
moderate correlation in both total arsenic and bicarbonate and
total iron and bicarbonate in the aquifers of West Bengal. The
lack of correlation between iron and arsenic, as reported by
several scientists, may apparently seem to limit the validity of
the hypothesis (e.g. [27]). However, several workers have
tried to explain the poor correlation of arsenic and iron in
the aquifers. Islam et al. [125] reported that sorbed arsenic is
released into the groundwater after the reduction of Fe(III)
which results in the weak correlation between arsenic and
iron. One of the hypotheses to explain such poor correlation
between arsenic and iron states that microbially mediated re-
duction of iron oxyhydroxide is promoted by the bicarbonate-
buffered groundwaters (as indicated by the partial pressure of
carbon dioxide in the aquifers) and the low correlation be-
tween the total arsenic and total iron (and strong correlation

Fig. 4 Flowchart showing the
probable factors and processes
resulting to arsenic enrichment in
the groundwater of the Bengal
basin (modified from [33])
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of total iron with sulfate and phosphate, indicative of a reduc-
ing environment with high sulfate and phosphate concentra-
tions) may arise due to the complexation of these bicarbonate
ions with reduced Fe(II), which re-precipitates in the form of
siderite or vivianite giving rise to the non-conservative behav-
ior of Fe2+ in the groundwater and complicating the correla-
tion of arsenic and iron [6, 17, 25, 57, 126–128]. Moreover,
Zheng et al. [121] claimed that arsenic remains in dissolved
state even under SO4 reducing conditions. McArthur et al.
[55] argued that the lack of covariance between dissolved
arsenic and iron in the groundwater does not question the
validity of the iron reduction hypothesis for arsenic mobiliza-
tion because of the following reasons: Firstly, iron and arsenic
do not behave conservatively in solution and can be differen-
tially sequestered into diagenetic pyrite; secondly, weathering
of biotite adds substantial iron to the groundwater; thirdly, the
proportion of arsenic present within the FeOOH is variable
and thus gives a varied Fe2+/As ratio on dissolution; and fi-
nally, the dissolved iron can be taken up by mixed valence
oxides and hydroxycarbonates. Zheng et al. [129] reported
that, although the reduced aquifer sediments in Bangladesh
with Fe(II)/Fe ratio >0.5 are likely to contain high arsenic
concentrations [27], the grey sediments from the deeper parts
of the Holocene aquifers in parts of Bangladesh are not arsenic
enriched in spite of high Fe(II)/Fe ratio, probably because the
sorption capacity of the aquifer sediments is enough to seques-
ter the relatively low concentration of mobile arsenic from the
groundwater. The lack of correlation between arsenic and oth-
er parameters (e.g. Fe, Mn, HCO3

−, NH4
+,CH4 and pH) indi-

cates the contribution of the total mobilized arsenic from mul-
tiple complex processes [37].

McArthur et al. [28] stated that the high concentrations of
arsenic in the groundwater of the Holocene aquifers can be
attributed to the complete dissolution of FeOOH driven by the
microbial metabolism of organic matter, releasing the entire
sorbed load of arsenic and is indicated by the good correlation
between the arsenic and the HCO3

− ions in the groundwater of
the Bengal basin aquifers. The authors further argued that the
Himalaya-derived immature sediments supplied to the basin
have suffered a very low degree of oxidative weathering along
their transport and were subsequently deposited in water-
logged anoxic conditions resulting in a very low surface load-
ing of FeOOH, which in the presence of abundant organic
matter undergoes complete reduction. The authors further rea-
soned that most of the finer grain sizes were transported fur-
ther offshore, while the coarser sediment fractionwith reduced
surface area was left behind to host the FeOOH coatings.
Harvey et al. [38] reported that purely ferric hydroxides which
were hypothesized to sequester arsenic, are either very rare if
not completely absent in the aquifers of Bangladesh.
McArthur et al. [28] reported ferric hydroxide in the Pleisto-
cene oxidized aquifers of Bangladesh and argued that the
Pleistocene aquifers have undergone oxidative weathering,

which has resulted in increased FeOOH concentrations than
their Holocene counterparts. Nickson et al. [57] also attributed
the low concentration of arsenic in the Pleistocene aquifers to
the oxidation of the abundant Fe2+ ions and flocculation and
filtration of the ironhydroxides, which sorbs arsenic from the
groundwater. Polizzotto et al. [78] further added that the abun-
dance of ferric hydroxides in these aquifers act as sorption
sites for arsenic and thus prohibit the mobilization of arsenic
at large.

Horneman et al. [27] reported that the release of arsenic by
the process of reduction of iron hydroxide coatings on sands
does not necessarily involve the dissolution of iron hydroxide,
as it is predominantly linked to the transformation of Fe(III)
hydroxide to Fe(II) or mixed Fe(II/III) phases, while the iron is
still retained as a solid phase. Horneman et al. [27] further
claimed that this hypothesis can explain the observation that
the dissolved iron concentrations are not consistent with the
dissolved arsenic concentrations or the Fe(II)/Fe concentra-
tions in sediments (also reported by [38]), while the distribu-
tion of dissolved arsenic seems to be related to the redox states
of the leachable iron fraction in sediments. Van Geen et al.
[49] however, suggested that microbial reduction of arsenic
may not be required for mobilization once the sediment itself
has been altered under reducing conditions [130, 131]. Van
Geen et al. [49] further argued that microbial activities can
mobilize arsenic to groundwater, even without extensive iron
dissolution. It is thus interesting to note that the reduction and
mobilization of Fe(III) and As(V) are found to be decoupled
[49, 125, 132].

Chatterjee et al. [17] argued that the biogeochemically cat-
alyzed Fe(II)-Fe(III) cycling within the aquifers may act as the
principal process controlling arsenic mobilization. Chatterjee
et al. [17] further reported that the cyclic behavior of iron in
the Bengal basin may also be sustained by the presence of
nitrate (acting as an electron donor) in the groundwater which
is primarily supplied from anthropogenic sources. Mukherjee
and Fryar [37] claimed that althoughmobilization of arsenic is
dominantly caused by microbial reduction of (Fe(III)/Mn) hy-
droxides, Fe-S-C redox cycles control the mobilization of ar-
senic. Smedley and Kinniburgh [4] claimed that desorption
and reductive dissolution of Mn oxides can also contribute
to the arsenic concentrations in the groundwater as much as
FeOOH. However, McArthur et al. [28] argued that reduction
ofMn oxides precedes the reduction of Fe oxides and once the
arsenic sorbed to Mn oxides is released it is subsequently
resorbed to FeOOH, rather than being released to the ground-
water [120]. Ravenscroft et al. [39] claimed that detrital biotite
may prove to be a potential source of arsenic to the ground-
water of the Bengal basin. Breit et al. [107] reported the pres-
ence of arsenic in biotite in areas of Bangladesh. Ravenscroft
et al. [39] further argued that although the iron hydroxide
dissolution hypothesis is widely supported, the weathering
of biotite may also substantially add up to the arsenic in the
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Bengal basin and the contribution from the two processes
varies with depth.

McArthur et al. [55] claimed that reductive dissolution of
ferric hydroxide would not be triggered if organic matter is not
available to drive the microbial reduction in the aquifer sedi-
ments of Bangladesh. Covariance of elevated arsenic concen-
trations in groundwater with high content of metabolic
byproducts, such as inorganic carbon, methane and ammoni-
um, and Fe (II), indicates that the ‘microbial metabolism of
organic carbon’ is the dominant ‘master-process’ [8, 55] in the
reductive dissolution of iron hydroxide.

Reduction of As(V) to As(III) The microbial degradation of
organic matter not only promotes the reduction of Fe(III) to
Fe(II) but also facilitates the reduction of As(V) to As(III) [6,
119]. The microbially mediated reduction of the arsenate to
arsenite is thought to mobilize arsenic into the groundwater
under strongly reducing aquifer conditions persisting in the
shallower aquifers of the Bengal Basin (e.g. [25, 125,
133–137]). As(V) is known to be adsorbed to sediments in a
much greater extent than As(III). Harvey et al. [38] claimed
that the reduction and subsequent mobilization of arsenic can
be caused by the respiration of organic carbon, in spite of the
paucity of Fe(III) oxyhydroxides. Van Geen et al. [49] argued
that the reduction process occurring within the aquifer sedi-
ments concentrates the arsenic present in a comparatively la-
bile phase, which under subsequent microbial reduction is
mobilized into the groundwater without the need of substan-
tial iron reduction. Routh and Hjelmquist [138] reported that,
unexpectedly high concentrations (24–74 %) of As3+ species
in the shallow aquifers of their study area in West Bengal are
solely not the result of redox conditions in the aquifer but is at
least partly contributed bymicrobial reduction of As5+. Awide
range of aerobic and anaerobic microorganisms can metabo-
lize As5+ [138–140] at a much faster rate than the redox pro-
cesses [141, 142] and this microbially mediated arsenic cy-
cling encompasses oxidation, reduction and methylation reac-
tions [49, 138, 140]. Anoxic conditions promote the dissimi-
latory reduction of As5+, where the anaerobic microorganisms
gain energy by the coupled oxidation of organic matter and
reduction of As5+ which acts as a terminal electron acceptor
for the microorganisms [133, 138, 140, 143]. However, van
Geen et al. [49] argued that the mobilization of arsenic may
not necessarily involve its microbial reduction once the sedi-
ments have suffered alterations under reducing conditions.

However, this hypothesis is limited by the observation that
iron hydroxide can strongly sorb both arsenite and arsenate
under a wide variety of redox conditions [129, 144, 145] and
rather the reduction of iron hydroxide sorbent itself can prove
to be the key process for mobilization of arsenic into the
groundwater [129]. Moreover, it is difficult to differentiate
the contribution of dissolved arsenic from the reduction of

Fe hydroxides from that of the reduction of solid phase arsenic
[8].

Sources of Organic Matter and Biogeochemical Processes
Van Geen et al. [49] argued that without the catalytic effect of
the microbial activity, the abiotic reduction of iron hydroxide
would have proceeded very slowly and the arsenic content of
the groundwater of the Bengal basin would not have been
enriched to this extent. The microbial metal reduction, how-
ever, may be limited by the presence of organic matter (elec-
tron donor) [125]. The decomposition of organic matter in the
anoxic aquifers of the Bengal basin prevails under conditions
where the biological oxygen demand is higher than the oxy-
gen supply rates resulting in anaerobic metabolism of the or-
ganic matter involving microbially mediated reduction of
Fe(III) accompanied by As(V) during the advanced stages of
reduction [8, 33].

The organic carbon can be both autochthonous and
allochtonous in nature [8]. The most plausible sources of or-
ganic carbon are: Peat layers within the aquifer-aquitard
framework [28, 39, 55, 118], dispersed organic matter within
the aquifer sediments [36, 146] or infiltration of natural or
anthropogenic organic carbon from the bottom of the ponds
or other surficial sources into the groundwater system [32,
147]. Nickson et al. [57] claimed the source of organic matter
to be sedimentary. Yamazaki et al. [146] reported high content
of arsenic (121 mg/Kg) in the NOM-rich fine-grained muddy
sediments and low arsenic content (0.7–23 mg Kg-−1) in the
NOM-poor sediments in a village of Bangladesh. McArthur
et al. [55] argued that the areal distribution of peat layers in the
aquifer sand matrix and the overlying confining clay layers is
the dominant control on the arsenic distribution in groundwa-
ter. However, Pal et al. [148] claimed that aquifers underlying
peat layers yield arsenic-free water in their study area in West
Bengal and thus questioned the role of peat layers in the re-
gional scale arsenic pollution. McArthur et al. [28] explained
that the presence of an impermeable layer below the peat
layers may be a likely explanation for such an observation.
On the other hand, peat seems to be scarce or absent in the
older floodplain and delta areas with high arsenic concentra-
tions in parts of West Bengal [37]. Moreover, Harvey et al.
[38] reported no peat layers in their study area in Bangladesh
and argued that the mobilization of arsenic is not related to
detrital organic carbon. Harvey et al. [38] further argued
that irrigation-pumping-induced inflow of the young inor-
ganic carbon through rice fields and organic-rich ponds and
river bottoms mobilizes the older organic carbon (probably
by release from iron hydroxide grains which are known to
sequester organic carbon), which in turn drives the biogeo-
chemical processes mobilizing arsenic, involving organic
carbon-driven reduction or displacement by bicarbonate.
McArthur et al. [28] on the contrary, argued that the CH4 in
the aquifers (reported byAhmed et al. [122], Harvey et al. [38]
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and Pal and Mukherjee [85]) proves the presence of sub-
surface organic matter around the study areas and claimed that
the surface sources of organic matter proposed by Harvey
et al. [38] do not seem to be a likely redox driver controlling
the fate of arsenic mobilization due to the following reasons:
Firstly, if the surface sources of organic matter would have
been the dominant source of carbon to the aquifers then nei-
ther would the arsenic enrichment be localized to only 25% of
the wells in Bangladesh and nor would the arsenic contami-
nated wells be limited to only the Holocene aquifers, leaving
out the Pleistocene-aged Madhupur and Barind tracts [55,
118]; secondly, nor would the arsenic concentrations be
highest around ∼20–40 m deep groundwater of the Bengal
basin [29, 38, 55, 118, 149]; and finally, the dissolved organic
carbon (DOC) is highest around 30 m depth and remains
moderately high upto 80 m depth, which indicates a deep
source for the DOC.

An alternative source of organic matter was thought to be
of anthropogenic origin and consists of dissolved NOM de-
rived from the human wastes and agricultural activities, which
infiltrates through the agricultural fields and surface water
bodies [9, 26, 32, 38, 146]. The increased rate of pumping
causes the rapid downflow of the NOM and the mobilized
arsenic [9, 26, 32, 38]. Datta et al. [22] however, argued that
the perennial ponds do not serve as an important source of
organic matter to the aquifer system of their study area inWest
Bengal and the arsenic rich groundwater is primarily
recharged from local precipitation without significant mixing
with pond waters. Moreover, the time required for pond-
derived organic matter to reach the shallow aquifers would
be thousands of years, much greater than the age of the shal-
low arsenic-rich groundwater (∼50 years) and thus in situ
organic matter seems to be a possible source driving the
microbially mediated reductive dissolution of iron
oxyhydroxides and subsequent mobilization of arsenic
[150]. McArthur et al. [28] reported that dug latrines do not
contribute to additional release of arsenic on a regional scale
but can promote some mobilization very locally either by
contaminating adjacent wells at an individual level or if they
penetrate the upper confining layer of the aquifer system.
Mukherjee et al. [151] argued that even though the surface
sources of organic matter can be a geochemical factor for
arsenic mobilization in the shallower aquifers owing to the
large population and the land use patterns in the basin, it does
not explain the arsenic enrichment in the groundwater of the
deeper aquifers because the oxidation of NOM is constrained
within the shallower depths under natural vertical hydraulic
gradients. Chatterjee et al. [17] argued that the native use of
cow dung (easily degraded and decomposed by microbial ac-
tion) as a cementing material for tube well construction may
also act as a local carbon source which leads to high arsenic
concentrations in the recently installed tube wells. Lawson
et al. [152] showed that both surficial organic matter and

organic matter from sedimentary sources may contribute to
the total DOC of the groundwater. Lawson et al. [152] further
argued that the surface-derived DOC can infiltrate from the
bottom of the ponds or wetlands or through discontinuities/
‘windows’ in the surficial clay layers, while the sedimentary
sources of organic carbon can be leached by recharging water
infiltrating through a young (<6000 years) organic-matter rich
layer of sediments. It is however, important to note that some
portion of the solid phase As(V) is associated with refractory
iron oxyhroxides and is thus not bioavailable for reduction by
microorganisms [125, 153]. Pleistocene deeper aquifers con-
tain low arsenic concentrations due to the recalcitrant/
refractory nature and limited availability of the organic matter
present at that depth [8, 96, 121].

Rowland et al. [153] reported the presence of petroleum-
related organic matter of terrigenous origin derived from a
single source of deeper thermally matured rocks which un-
dergoes biodegradation by indigenous microbial community
in their study site in West Bengal.

Islam et al. [125] stated that the mobilization of arsenic
from sediments of West Bengal is probably catalyzed by the
anaerobic metal-reducing bacteria. Islam et al. [125] further
reported that abundant Fe(III)-reducing bacteria in the sedi-
ments use the bioavailable Fe(III) ions as electron acceptors
and subsequently reduce the reactive portion of the sediment-
bounded As(V) for their respiration and release As(III) to the
groundwaters. Cumming et al. [130] reported that the activity
of the dissimilatory bacterial strains like Shewanella BrY me-
diates and enhances the reductive dissolution of iron hydrox-
ides without reduction of arsenic. Dhar et al. [132] showed
that metal reducers like Shewanella can substantially mobilize
arsenic to groundwater by transforming sedimentary arsenic
to mobilizable form, even in absence of abundant organic
matter. Islam et al. [125] reported that anaerobic bacteria se-
quences closely related to Clostridium species, capable for
organic matter degradation and metal (including As) reduction
are found within the sediments. The dissimilatory microbial
reduction of As(V) to As(III) may also be stimulated in the
presence of suitable substrates, perhaps by the same class of
microorganisms responsible for sulfate reduction [49, 145,
154]. Islam et al. [125] also detected specialist metal-
reducing dissimilatory bacteria with some clones closely as-
sociated with Geobacter type sequences in δ-Proteobacteria,
which are known to be dominantly present in the zones of
Fe(III) reduction and is capable of reducing a large number
of metals, but not As(V).

Inorganic Geochemical Processes

Pyrite Oxidation Hypothesis The pyrite oxidation model
hypothesizes the release of arsenic by oxidation of pyrite
and/or arsenopyrite, probably due to the lowering of the water
table as a result of large-scale groundwater pumping in the
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aquifers of West Bengal and parts of Bangladesh [92, 93,
155]. The lowering of the water table exposes the Holocene
anoxic grey sediments to atmospheric oxygen which causes
the oxidation of pyrite grains into soluble sulfate, thus releas-
ing the arsenic load to the groundwater. Moreover, Mukherjee
et al. [33] argued that enhanced groundwater recharge (under
the action of the increased discharge) due to shallow and deep
pumping causes increased inflow and deeper penetration of
dissolved oxygen into the grey-reducing aquifer sediments.
Mallick and Rajgopal [155] also reported the mixing of re-
duced and oxidized groundwater as a result of pumping.

However, the low concentrations of sulfate in the ground-
water and the inverse correlation of arsenic with sulfate,
coupled with the reducing conditions persisting in the aquifers
limit the possibility that arsenic could be mobilized from sul-
fide minerals [6, 26, 32]. Harvey et al. [38] also reported an
inverse correlation between arsenic and sulfate in the
porewaters of the Holocene aquifers of Bangladesh. More-
over, the presence of the pyrite grains indicate that the aquifer
is not oxidized enough to mobilize the arsenic from the pyrite
and rather, the pyrite grains formed by biogenic mineralization
[17, 90] act as arsenic sinks to sequester the dissolved arsenic
from the groundwater [151]. McArthur et al. [55] argued that
the pyrite oxidation hypothesis would not apply to the reduc-
ing grey aquifers of the Bengal basin because of the following
reasons: Firstly, the arsenic even if released from pyrite oxi-
dation would be re-adsorbed by the oxidized FeOOH, rather
than being released into the groundwater; secondly, the sulfate
and the arsenic concentrations in the groundwater are mutual-
ly exclusive, which is inconsistent with the arsenic being re-
leased by pyrite oxidation; and thirdly, if the pyrite in the
sediments would have mobilized arsenic under oxidizing con-
ditions then water in the shallow dug wells would have been
high in arsenic, which is contrary to the observations.

On the other hand, Chatterjee et al. [17] reported the pres-
ence of high arsenic and sulfate concentrations in the shallow
private tube wells where the sulfate is supplied from adjacent
pit latrines or from surface of a low lying area.

Competitive Ion Exchange Mechanism Once a pool of ar-
senic and other species are mobilized by the dissolution of its
host minerals, the released ions compete between each other
and the existing adsorbed species for saturation sites resulting
in further release of weakly complexed species, like As(III)
into the groundwater [8]. Ahmed et al. [6] reported that the
concentrations of sulfate and nitrate are generally low in
groundwater and arsenic in the system is not correlated with
sulfate or nitrate. Silicates are also thought to be a potential
competitor of arsenic for sorption sites [4, 26, 32, 116, 138,
156–158]. Chlorine recharging from wastewaters and pit la-
trines is also considered to be a potential species for the ion
exchange [178]. Carbonates and bicarbonate are also known
to displace arsenic from the sediments [4, 26, 38, 116, 138,

156, 157]. Appelo et al. [156] presented the surface complex-
ation constants for carbonate and ferrous ions on ferrihydrite
and modelled the phenomena of competitive ion exchange
and surface complexation for arsenic. The model results con-
clude that the sorption of carbonate in natural soil and ground-
water concentrations effectively reduces the sorption of arse-
nic on ferrihydrite. The authors further hypothesized that the
arsenic-enriched sediments within the surface waters with low
carbonate concentrations are eventually buried and thus come
in contact with the carbonate-rich groundwater with the sub-
sequent release of sorbed arsenic because of the competitive
displacement of arsenic by the carbonates. The most signifi-
cant chemical species involved in this ion exchange process is
phosphate, probably derived from the fertilizers to a large
extent [26, 63, 64, 116, 138, 157]. Although Ravenscroft
et al. [118] reported that the spatial distribution of phosphate
correlates well with arsenic, several other studies showed poor
correlation between the two [90, 159]. Ravenscroft et al. [39]
argued that phosphate presumably does not play a role in
mobilizing arsenic, but seems to have a common origin.
McArthur et al. [55] explained that the release of arsenic by
competitive ion exchange of phosphorous supplied from the
fertilizers does not seem to be logical enough, because had
phosphorous been supplied by the fertilizers, the newly
recharged groundwater with low bicarbonate concentration
would have appreciable amount of phosphorous which is con-
trary to the following observations: Young waters with bicar-
bonate concentrations lower than 200 mg/L do not have sig-
nificant amount of phosphorous or arsenic; in parts of
Bangladesh, phosphorous concentrations increase with
depth (based on BGS/DPHE [13]) and groundwater with
high phosphorous concentrations may also be high in
arsenic. Moreover, many scientists reported the absence
of phosphate fertilizers in areas of high arsenic ground-
water and vice versa [55, 118]. Hence, McArthur et al.
[55] concluded that fertilizer phosphate does not con-
tribute to the arsenic pollution. However, the authors
agreed that authigenic phosphate (with phosphorous
sourced from latrines and buried peat layers) can mobi-
lize arsenic to some degree but its effect is negligible at
the regional scale. However, phosphate is presumed to
be the most potential competitor for ion exchange with
arsenic, while silica imposes a weaker control on such
exchange processes and the bicarbonate ions have a
negligible effect in mobilizing arsenic [28, 157].

Reduction and Oxidation Hypothesis Zheng et al. [121]
proposed an integrated hypothesis to explain the mobilization
of arsenic which was later taken up by Mukherjee et al. [174].
This hypothesis stresses on the reduction of iron hydroxide as
the key process in the mobilization of arsenic along with
some local oxidation of pyrite grains by the dissolved oxygen
from the recharging waters adding to the effect. Ferric
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hydroxide and sulfide cycling within the aquifers controls the
mobilization and re-sequestration of arsenic from the ground-
water under the effect of partial redox equilibria [15].
Polizzotto et al. [95] on the other hand, argued that the dissim-
ilatory reduction of ferric hydroxide does not seem to be the
most dominant electron-accepting process under the given
redox conditions persisting in the aquifers. Moreover, the iron
hydroxides in the Holocene aquifers have undergone com-
plete reduction in the past to release its entire sorbed load of
arsenic [28] and thus, most of the Holocene aquifers are de-
pleted of ferric hydroxides [28, 95]. Hence, Polizzotto et al.
[78, 95] argued that arsenic is released into the aquifers from
the near-surface sediments due to the effect of the seasonal
cycles of redox condition caused by the seasonal rise and fall
of the water table, involving oxidation of pyrite followed by
inflow of carbon-rich surface waters which reduce the ferric
hydroxide and liberate arsenic from the aquifers, which is
subsequently transported to the deeper levels (Fig. 5). The
authors argued that the seasonal water table rise and fall as a
result of the monsoons and extensive groundwater abstraction
during the dry seasons control the passage of oxygen into the
aquifers, which in turn influences the seasonal redox cycles of
the near surface sediments [78]. During the oxic cycles, the
surficial sulfide mineral grains release arsenic which are
adsorbed to or co-precipitated with the ferric hydroxides,
which in turn undergo reductive dissolution during the subse-
quent period of recharge (e.g. monsoonal and flooding
events, irrigational return flow) releasing arsenic to the
groundwater, which is then transported to the aquifer
depths [78]. During the reducing cycle, only a small
amount of authigenic sulfide re-sequesters some arsenic
because most of the sulfur has already been removed
and transported in the form of dissolved sulfate during
the oxic cycles and moreover, the re-sequestration of arse-
nic is limited by the competition from the other ions, e.g.
Fe2+ for the adsorption sites [78]. The authors reasoned
that the continuous influx of arsenic-enriched surficial sed-
iments and the cyclical changes in redox conditions trigger
the continuous release of arsenic (which is essential to keep
up the elevated arsenic concentrations in the aquifer, specially
under the high flushing rates as a result of irrigational
pumping in the recent times) mostly in the form of arsenite,
which, due to its low distribution coefficient is weakly sorbed
to the sediments on its flow path and is transported to well
depths. Moreover, the bell-shaped vertical profile of arsenic
indicates a plume migration from the surficial depths [26, 32,
78].

However, Stute et al. [47] argued that such a scenario
would result in an inverse relationship between arsenic con-
centration and groundwater age as an effect of dispersive
transport along the flow path which is contrary to the finding
that the concentration of dissolved arsenic is directly correlat-
ed to groundwater age.

Thus, as Mukherjee et al. [9] concluded, the mobilization
of arsenic in reduced aquifers of the Bengal basin is largely
controlled by the reduction processes, but all mechanisms
pertaining to the local oxidations, sorption of arsenic to the
digenetic mineral phases, its desorption, re-sequestrations and
co-precipitation under partial redox equilibria contribute to the
fate of arsenic in the aquifers of the Bengal basin.

Sink

The arsenic once mobilized can be re-sequestrated to the solid
phase under conducive redox conditions and the in presence
of appropriate mineralogical sinks.

The pyrite mineral grains act as a major mineralogical sink
and arsenic mobilized from the aquifers can be re-sequestered
to pyrites under reducing conditions in the grey sediments of
the Bengal basin [37, 39, 55]. Lowers et al. [89] claimed that
most of the Bangladesh groundwater are saturated with pyrite
and arsenopyrite at circum-neutral pH. Abundant authigenic
framboidal and massive pyrites act as principal arsenic sinks
(median As values: 1500 and 3200 mg/Kg, respectively)
yielding low arsenic groundwater in the aquifers of the Bengal
basin [89]. Arsenic can either adsorb to pyrite forming an
arsenopyrite-like surface precipitate [160] or can substitute
sulfur within the lattice spaces [161]. However, Lowers et al.
[89] argued that most of the arsenic are introduced into the
pyrite during its formation, although substitution of arsenic for
sulfur may also play a role. Mukherjee and Fryar [37] argued
that δ34SO4 results indicate that SO4

2− reduction takes place
within the aquifers resulting in the deposition of authigenic
sulfide minerals (mainly pyrite), which partially sequesters the
dissolved arsenic [89] from the groundwater and the sorption
of arsenic to sulfide minerals are mostly constrained by the
partial redox equilibria and limited supply of sulfate in deeper
groundwater. Mukherjee et al. [25] argued that the aquifers of
the Bengal basin comprise of overlapping redox zones
resulting in partial redox equilibria where arsenic once mobi-
lized from the sediments would tend to remain in solution.
Zheng et al. [121] claimed that arsenic continues to be in the
dissolved state under SO4-reducing conditions indicating
that authignic pyrite does not serve as a potential arsenic
sink of significant importance. In areas where the reduc-
tion of FeOOH is incomplete, the residual FeOOH in the
sediments may resorb some dissolved arsenic upto its
sorption saturation keeping the arsenic concentrations of
the groundwater low [28, 118]. Significant oxidation ca-
pacity is found in the deeper grey Holocene sediments
[27, 38, 157].

Burgess et al. [96] argued that deep grey Pleistocene aqui-
fers progressively bound arsenic to authigenic pyrite (and
arsenian pyrite, to a lesser extent) as a result of diagenetic
alterations forming a sink of refractory arsenic in these reduc-
ing aquifers. In the Pleistocene oxidized aquifers, ferric
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hydroxides adsorb the arsenic from the groundwater, keeping
the arsenic concentrations in these aquifers mostly within per-
missible limits [78]. The higher content of FeOOH in the
sediments of these aquifers [28] acts as sorptive buffer,
inhibiting extensive arsenic mobilization in the aquifer. The
removal of arsenic from groundwater in oxidized sediments
may also be driven by oxidation of As(III) to As(V) by man-
ganese minerals and subsequent adsorption of As(V) [157,
162, 163]. The coupled oxidation of arsenic and reduction of
manganese oxide is highly favoured in presence of microbes,
though the reaction may also proceed abiotically [157, 164].
Stollenwerk et al. [157] further concluded that the deeper ox-
idized sediments have considerable adsorption capacity for
arsenic, which is limited by the availability of oxidant (like
Mn) in the Bengal basin.

Factors Controlling Arsenic Distribution
in Groundwater

The distribution patterns of arsenic in the Bengal basin depend
on the geology and geomorphology, hydrological and anthro-
pogenic factors, such as local sedimentation patterns, ground-
water flow, availability of organic carbon, effects of pumping,
application of fertilizers, etc. [8, 96].

Geologic and Geomorphologic Controls

The geology (as well as the physiographic divisions) of the
Bengal basin plays a role in the arsenic distribution within the
Bengal aquifer system [39]. Ahmed et al. [6] classified the

aquifer system in the eastern part of the basin into the
shallower aquifers (above 200 m) and the deeper aquifers
(below 200 m) separated by a thick yet discontinuous layer
of clay aquitard. To the western part of the basin, a thick basal
clay aquitard is overlain by a single semi-confined continuous
sand aquifer which breaks up into multiple aquifer units
seperated by clay aquitards towards the southern end [82].

The delta plains of the Ganges-Bramhaputra-Meghna river
system, the recent floodplains and the Syllhet trough are highly
enriched in arsenic [165]. The delta plains to the south of the
basin are the worst affected areas, while the northern and central
floodplains are moderately contaminated [6, 26]. Thirty five
percent of the 1747 sampled wells in the Ganges floodplains
have arsenic concentrations over 50 μg/L, whereas in the Brah-
maputra (and Tista) floodplains it is 25 % of 524 wells and is
53 % of 810 wells in the Meghna floodplains of Bangladesh
[39]. This correlates well with the dominance of medium to
coarse grained sediments in large parts of the Brahmaputra
and Tista floodplains, while the Meghna river system is domi-
nated by finer clastics, thus indicating that lithology and grain
size control the arsenic content of the aquifers in the basin [39].
Weinman et al. [166] however, pointed out that concentration of
groundwater arsenic not only varies with grain size, but is also
controlled by the thickness and the spatial distribution of the
fine-grained sediment caps overlying the aquifer sands. The
‘older gravelly sand’ unit and the ‘young gravelly sand’ unit
of the Tista fan in north-western Bangladesh consist of recent
coarse-grained sediments with low content of iron oxide and
lack a thick confining silt or clay unit and thus, yield very
low arsenic concentrations, where the older gravelly sand unit
yields even lower concentrations of arsenic than the younger

Fig. 5 A conceptual model
showing seasonally controlled
oxidation of As bearing sulfides
accompanied by the formation of
ferric oxides (which adsorb the
liberated arsenic), followed by its
reductive dissolution and release
of arsenic into the groundwater
(modified from [78])
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sand unit [11]. The fine-grained sediments deposited at the
lower reaches of the Bengal basin are rich in mud and or-
ganic matter (especially in the overbank sediments) and thus
are enriched in colloidal hydroxides containing sorbed arsenic
[39]. The surficial layers of silt and clay cap the aquifers
below and restrict the inflow of oxygen into the aquifers,
which in combination with the presence of recent solid or-
ganic matter result in the development of extensive reducing
conditions within the aquifer system [4, 13, 39]. Moreover,
the spatial heterogeneity of the shallow sediments resulting
from the complex depositional pattern during the Holocene
times controlled by the interaction of the high-energy rivers
and the flood and delta plains has led to the development of
small scale variability in arsenic concentrations [31]. Zones of
arsenic enrichments are found within localized potential mi-
croenvironments, like paleochannels and abundant meanders
giving rise to arsenic plumes and are correspondingly mani-
fested as patchy zones of arsenic contamination at the surface
[29, 85, 86]. Such environments contain elevated arsenic due
to the presence of abundant labile organic carbon and
arsenic-bearing iron oxides, as a result of seasonal flooding
along with infiltration of DOC-rich recharge and slow
groundwater flow. On the other hand, the older Tertiary and
Quaternary sediments and the Pleistocene Barind and
Madhupur Clays show consistently low concentrations of ar-
senic with very few wells yielding groundwater with arsenic
concentrations greater than 50 μg/L [11]. Weinman et al.
[166] developed an understanding of the influence of local
river history and sedimentation patterns (developed not only
due to the fluvio-deltaic action but also anthropogenic activ-
ities, e.g. artificial filling for flood protection) on the redox
states of the aquifers and physico-chemical processes control-
ling the reaction and transport of shallow groundwater arsenic
and its spatial distribution. The authors noted that shallow
high-arsenic groundwater occurs mainly in areas underlying
(or proximal to) thick deposits of surficial silt or clay,
whereas areas with low arsenic are characterized by surfi-
cial exposures of aquifer sands. Such a disparity can be
attributed to the fact that coarser grained sands occur at
higher elevations (owing to their deposition under the high
flow regimes in the braided channel systems, including le-
vees and bars) which not only causes rapid oxic recharge
and enhances the flushing rates due to the development of
higher hydraulic heads, but also limits the inflow of arsenic
enriched groundwater from the fine-grained low-lying areas
due to the potentiometric barrier [166]. On the other hand,
the finer grained clays and silts are essentially found in low-
lying areas (owing to their deposition under low-energy
flow regimes in the floodplains and the meandering levees
and bars) with longer groundwater residence time and dom-
inant reducing environments due to reduced hydraulic con-
ductivity and finer grain size [166]. It is also interesting to
note that the artificial fillings constructed for flood

protection may act as a mimic to the thick fine-grained caps
overlying the aquifer sands causing high arsenic concentra-
tions in the shallow groundwater [166].

The Holocene grey shallow aquifers are the most contam-
inated aquifers of the Bengal basin and 30.5 % (and upto
∼77%) of the shallow wells in Bangladesh within these recent
alluvial and deltaic sediments have arsenic concentrations
higher than 50 μg/L [11, 39]. Pleistocene deeper aquifers con-
tain low arsenic concentrations due to the oxidized nature of
the sediments (which leads to the sequestration of arsenic to
the ferric oxyhydroxides), the history of enhanced groundwa-
ter flushing and the refractory nature of the organic matter
[96]. To add to this, Bromssen et al. [80] explained that the
oxidized sediments are low in arsenic either because of the
abundant undersaturated adsorption sites for arsenic within
these sediments, in the absence of reductive dissolution of iron
oxyhydroxide, or because the reducible fraction of arsenic in
these sediments is low. Pal andMukherjee [85] argued that the
orange sands in the Pleistocene sediments act like ‘natural
filters’ for arsenic, although all Pleistocene aquifers are not
arsenic free. Burgess et al. [96] claimed that the area around
the Pleistocene inliers and the Tertiary Hills contains oxidized
sediments with very high adsorption capacity as a result of
sustained oxidizing environment due to continuous oxic re-
charge, as opposed to the isolated oxidized sand lenses which
are expected to have lower adsorption capacities owing to
their exposure to reduced groundwater, at least to some extent.
Burgess et al. [96] further argued that the deep grey Pleisto-
cene sediments bound arsenic to pyrites which act as arsenic
sinks under reducing environments.

During the Late Quaternary eustatic lows, the basin experi-
enced reduced rainfall and a lower water table height
complemented by rapid recharge and development of circum-
neutral oxic environment promoting oxidative weathering and
re-crystallization of amorphous oxyhydroxides along with
high rates of aquifer flushing resulting in the removal of organ-
ic matter and thus, the Pleistocene aquifers of the Bengal basin
have experienced flushing and immobilization of any arsenic
present in the groundwater [39]. Subsequently, the sea level
started to rise rapidly and at about 11 Ka the basin experienced
the development of a broad shallow shelf with increased river
discharge, higher rainfall and higher temperatures, resulting in
the development of mangrove swamps and fresh peat basins
[39]. Such development of waterlogged anoxic conditions
coupled with low hydraulic gradients, resulted in negligible
aquifer flushing or fresh oxic recharge and promoted strongly
reducing environments in the presence of abundant organic
matter and peat. These factors facilitated the mobilization and
detainment of arsenic in the Holocene aquifers of the Bengal
basin. This period of rapid sea level rise around 10,000 to
5500 years BP coincides with highest arsenic contamination
confined within the arseniferous middle unit of the Bengal
aquifer system [11, 35].
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Shamsudduha et al. [165] reported that most of the
arsenic-affected tube wells in the Bengal basin are located
in areas with low topography (mean surface elevation of
nearly 10 m), gentle slopes (<0.7°) and low groundwater
elevation (mean: 4.5 m, above the Public Works Datum
(PWD)), all of which are controlled by geomorphology,
geology, precipitation and abstraction within the basin
(Fig. 6). The lower topography and the gentle slopes of the
flood and delta plains result in the accumulation of finer
clastics along with arsenic-adsorbed iron oxyhydroxides
and organic matter [117, 165], which when coupled with
the reducing conditions release arsenic by microbially me-
diated reductive dissolution of iron hydroxide [125] and the
arsenic keeps on accumulating owing to the slow aquifer
flushing. Thus, Shamsudduha et al. [165] concluded that
the spatial distribution of arsenic in low-lying areas of the
Bengal basin is mostly controlled by the regional topogra-
phy and the slow groundwater flushing rates.

McArthur et al. [167] described the effect of subsurface
geology and presence of paleosols on the arsenic distribu-
tion of the aquifers and reads Bpalaeo-channel sequences
dissecting a buried, palaeosol-capped, Pleistocene land-
scape, all covered by a rapidly deposited and laterally ex-
tensive Holocene interfluvial sequence, that may be muddy
or sandy .̂ Ravenscroft et al. [39] reported that aquifers
older than the Last Glacial Maximum (LGM) do not show
severe arsenic contamination on a large scale. McArthur
et al. [167] demonstrated that the presence of the Last Gla-
cial Maximum Palaeosol (LGMP), overlying the brown
Pleistocene sands in the paleo-interfluvial sequence pro-
tects the underlying Pleistocene aquifers from the down-
ward flow of groundwater carrying organic matter and the
dissolved arsenic. On the other hand, in the absence of the
LGMP, as in the paleo-channel sequences, there is a hydrau-
lic connectivity between the Pleistocene and the Holocene
sands, which promotes the downward migration of organic
matter and dissolved arsenic from the above lying Holocene
aquifer resulting in arsenic contamination within the Pleis-
tocene sands [167]. The authors further stated that the
arsenic-contaminated groundwater from the paleo-channel
sediments flows laterally into the palaeo-interfluvial sands
(with the arsenic moving at the rate of 0.2 to 1 m/day) where
the arsenic is sorbed to the sediments, thus minimizing the
arsenic contamination. Thus, McArthur et al. [167] argued
that the arsenic migration do not occur by a diffused, later-
ally extensive, downward leakage of arsenic-enriched
groundwater and rather the vertical flows between the aqui-
fers are constricted within zones of high permeability that
are separated by dominant horizontal flow paths. To con-
clude, the authors argued that further modeling and moni-
toring would be needed to understand the likely period of
sustainability of the paleo-interfluvial aquifers in delivering
low arsenic groundwater.

Hydrological and Hydrogeological controls

Under natural conditions, flow stratification caused by the
presence of multiple discontinuous aquitards inhibits the
mixing of shallow and deep groundwater in most parts of
the basin, excepting areas with thick palaeo-channel sands
promoting focused vertical flows of arsenic-rich shallow
groundwater to the deeper aquifers, as in the west-central
Bangladesh where greater than 10 % deep wells (deeper than
200 m) are arsenic contaminated [96]. Harvey et al. [26, 32]
reported the dissolved arsenic concentrations to peak at the
depth zone of the mixing of younger and older groundwater.

Van Geen et al. [127] argued that the difference in arsenic
concentrations between the shallow and the deep aquifer sys-
tems within the basin may be an effect of the difference in
flushing histories of these aquifers for the last thousands of
years. The effect of lowering of the arsenic content in the
aquifer sediments and groundwater due to increased flushing
within the aquifers [28, 47] is juxtaposed by the effect of
increasing content of arsenic owing to either enhanced arsenic
input from surficial sources or enhanced inflow of organic
carbon (Fig. 7) by simple mixing of older and younger
groundwater as a result of increased groundwater pumping
[38, 168, 169]. Van Geen et al. [127] demonstrated the effect
of the advection velocity, dispersion coefficient (D) and retar-
dation factor (R) of arsenic on its flushing time from the aqui-
fer and stated that the effect of change in groundwater velocity
on arsenic concentration is inversely proportional to that of the
change in flushing time, for the given D and R for arsenic. The
model results by Van Geen et al. [127] suggested that the
shallow aquifers would take about 500 years to be depleted
of arsenic and by 5000 years it would almost be completely
free of arsenic. Desbarats et al. [46] claimed that, given the
present rate of arsenic depletion, a kilogram of arsenic bearing
sediments (containing 7.3 mg/Kg of As, on an average) would
take 521a to be depleted of its arsenic. Polizzotto et al. [95]
stated some possible explanations as to why there are such
high concentrations of groundwater arsenic in the Bengal ba-
sin, inspite of the high flushing rates compared to the age of
the basin: Firstly, the high rate of flushing in the recent times is
an effect of extensive irrigation and had not been so in the past
centuries; secondly, the biogeochemical conditions have
evolved to be conducive for arsenic mobilization to a greater
extent in the present times; thirdly, a continuous supply of
organic carbon or dissolved arsenic is provided from an up-
gradient source by near surface to surficial processes. Harvey
et al. [38] reported that in their study site in Bangladesh, the
arsenic has been recently mobilized as indicated by the radio-
carbon dating of the dissolved inorganic carbon.

Datta et al. [150] noted very high concentrations of arsenic
(upto 23,000mg/Kg) within the shallow subsurface sediments
from the banks of the Meghna river and attributed such ele-
vated concentrations to adsorption of dissolved arsenic to the
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natural reactive barrier, formed by the secondary iron-bearing
minerals at the discharge points along the river, due to the
redox transition and oxidation of such mineral species during
the dry season. The reactive barrier is formed just above the
capillary fringe, where arsenic-rich ferric oxides are formed by
bacterial oxidation and co-precipitation of Fe(II) and As(III) in
connection to the oxic river water [150]. Thus, Datta et al.
[150] argued that a portion of the arsenic is retained within
the aquifers in the discharge zones as the groundwater flushes
out and such accumulations of arsenic in the sediments remain

as potential sources of arsenic in the aquifers, which may
subsequently be remobilized to the groundwater during the
flow reversals from the rivers or river banks to the aquifers,
either during dry seasons or as an effect of irrigational
pumping. In an alternative scenario, the arsenic-rich sediments
can suffer burial under the action of the modern prograding
delta and give rise to arsenic hotspots or may be eroded and
redeposited by the Ganges-Bramhaputra-Meghna river
system and subsequently remain within the aquifers as
dispersed particulates of potential arsenic source [150].

Fig. 6 Maps showing the effect of geomorphic and hydrogeologic factors on groundwater arsenic in the Bangladesh part of the basin: a)
topography, b) slopes and c) groundwater elevation (modified from [165])

Fig. 7 A conceptual representation of the a) ex-situ and b) in-situ
arsenic sources, where groundwater may either directly transport
arsenic or can act as a carrier of organic matter, which is known

to trigger the reductive dissolution of iron hydroxide, mobilizing
arsenic (modified from [34])
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Such accumulation of arsenic for 10,000 years can ac-
count for as much of arsenic as the total arsenic in the
shallow aquifer sediments [150].

Anthropological Intervention/Pumping

Das et al. [92] and Mallick and Rajgopal [155] argued
that extensive pumping lowers the groundwater table
exposing the pyrite in the surficial sediments to oxida-
tion and thus liberates arsenic. Several workers noted
such lowering of the water table [91, 170] in connection
to the increased irrigational pumping around the 1970s
[151]. This was indeed followed by the first detection
of arsenic contamination in West Bengal during 1978
and an increase in the number of reported cases of
arsenicosis. However, such hypothesis cannot be tested
because of the lack of detailed study around that time
[39].

Mukherjee et al. [82] argued that the enhanced re-
charge as a result of extensive pumping generates
downward fluxes of water enriched in dissolved oxygen
[171] and organic carbon [38] which perturb the redox-
dependent biogeochemical reactions in the aquifer sys-
tem (Fig. 8). Lawson et al. [152] showed that intensive
groundwater pumping has led to enhanced infiltration of
DOC from the surficial sources (e.g. pond bottoms) to
great depths, which would not have taken place under
natural hydraulic gradients.

However, arsenic concentrations in irrigation wells are
found to be lower than that of the monitoring wells [169,
172] and it is presumed to be the effect of the constant rate
arsenic release from the aquifers coupled with increased
water flux due to enhanced irrigational recharge and
groundwater flushing [47]. Ravenscroft et al. [39] carried
out a statistical test to spatially correlate the elevated arse-
nic concentrations in groundwater with two parameters:
‘the maximum recorded depth to the water table over the
period 1961–93’ and ‘the percentage of the area of each
upazila irrigated by groundwater in 1996’, reflecting the
extent of groundwater pumping. Both the parameters were
found to be negatively correlated to arsenic contamination
and hence, Ravenscroft et al. [39] argued that irrigational
pumping is necessarily not the primary cause of arsenic
contamination in the groundwater.

The model results of Cuthbert et al. [173] demonstrated
that vertical leakage in a hand pumped tube well (HTW)
would cause an increase in arsenic concentration in the tube
well water with time, if the tube well screen is below the
arsenic source depth. Cuthbert et al. [173] further showed that
if a HTW is situated within the catchment area of a deeper and
more productive irrigation or water supply tube well, arsenic
would reach the HTW more rapidly (Fig. 8) and the seasonal
variations of arsenic concentration in the HTW would be

controlled by the seasonal variations in the discharge of the
irrigation tube well. However, these factors must be taken as
secondary influences on the arsenic concentration of a tube
well [39]. Mukherjee et al. [82] studied the effect of pumping
on deeper groundwater and argued that extensive pumping
coupled with the absence of confining units to the north and
central parts of the basin has caused pumping induced mixing
between the shallower and the deeper aquifers in their study
area in West Bengal, leading to arsenic enrichment in the
deeper aquifers [174]. Burgess et al. [96] claimed that wide-
spread domestic extraction of groundwater from deep hand-
pumped tube wells may inhibit arsenic invasion for hundreds
of years. Burgess et al. [96] further argued that shallow
irrigational pumping provides an additional hindrance against
the downward arsenic flux by creating a hydraulic barrier
between the two groundwater flows regime, while in contrast
large-scale deep irrigational pumping can cause substantial
contamination of arsenic in the arsenic-free deeper parts of
the aquifers within decades. Radloff et al. [175] claimed that
the sorption of the arsenic carried by the shallow infiltrating
waters to the deep aquifers significantly retards the arsenic
transport in the deeper groundwater and thereby reduces the
extent of arsenic contamination, especially when the aquifers
are exploited only for the domestic use. Radloff et al. [175]
further added that high capacity deep irrigation wells can
cause downward migration of arsenic-enriched reducing wa-
ters into the deeper oxidized aquifers causing arsenic contam-
ination, and longer flow paths sourcing from high arsenic
areas or shorter flow paths within the shallow basinal areas,
connecting the arsenic enriched shallow aquifers to the deeper
zones are potential areas of concern, while tube wells placed
below a great sediment thickness or a clay capping are con-
sidered to be safer. Desbarats et al. [46] reported that wells
tapping flow paths traversed through thick channel fill de-
posits consistently show high arsenic concentrations. Chatter-
jee et al. [17], on the other hand, argued that the arsenic en-
richment in the deeper aquifers indicates that the Pleistocene
sediments, whichwere once oxidized and arsenic free [4] have
undergone subsequent reduction, at least in some parts of the
aquifers. Michael and Voss [176] also stated that installations
of deep irrigation wells on a large scale can contaminate the
deeper low arsenic groundwater, by inducing rapid downward
flow of arsenic rich water from the shallower aquifer. On the
other hand, the presence of confining layers towards the
southern part of the basin obstruct the advective–dispersive
mixing of the shallow, arsenic enriched groundwater with
the deeper groundwater along natural and pumping-induced
vertical and horizontal flow paths [33].

Nitrates, sulfates, phosphates and organic matters are re-
leased into the aquifers from human wastes (sewage) beneath
the areas of dense population [28, 39, 168, 177, 178] and also
from the use of fertilizers [63]. Van Geen et al. [168] reported
an inverse relationship between the faecal contamination and the
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groundwater arsenic in the aquifers of Bangladesh. McArthur
et al. [28] argued that dug latrinesmay contaminate adjacent wells
or penetrate the aquifer in absence of a confining clay layer, but
these do not contribute to the contamination at a regional scale.
Van Geen et al. [168] further reported that ‘conditions conducive
to faecal contamination such as low As concentrations (i.e., a
sandy setting) or the lack of a protective platform obscure the
impact of population density without markedly increasing the
level of faecal contamination’. McArthur et al. [178] reported that
wastewaters from the septic tanks and pit latrines lower the arsenic
pollution due to the activity of nitrate and sulfate in regions prox-
imal to the source, while it enhances the arsenic pollution due to
the presence of organic matter and chlorine, in areas far from the
source, where the effect of the nitrates and sulfates has exhausted.
The nitrate oxidizes the Fe(II) to ferric hydroxides [177], causing
the sequestration of arsenic from the groundwaters. On the other
hand, the phosphate causesmobilization of arsenic by competitive
displacement of arsenic from the ferric hydroxides [63].

Mukherjee et al. [82] concluded that owing to aquifer archi-
tecture of the basin, the land use patterns have caused regional
aquifer system to be more vulnerable to arsenic enrichment.

Conclusion

High concentration of arsenic has been proved to be toxic to
human health. The extent and severity of the arsenic pollution
in the groundwater of Bengal basin have named it ‘the largest
mass pollution in human history’. The large scale shift from
surface water to groundwater usage in order to avoid surface-
waterborne diseases, has exposed about 35 and 15 million
people to arsenic concentrations exceeding 50 µg/L in the

drinking waters of Bangladesh and West Bengal, respectively.
The groundwater arsenic concentrations within the Bengal
basin are found to be as high as 4600 μg/L. About 12 districts
in Bangladesh and 5 districts in West Bengal are under severe
arsenic contamination. The arsenic in the basin is known to
have a nonpoint geogenic origin, although contribution from
anthropogenic sources can add to the problem. The arsenic is
derived from an upgradient source, located primarily in the
Himalayas and the surrounding provinces drained by the
Ganges-Bramhputra-Meghna river system. The aquifer matrix
serves as the immediate source of arsenic, which under con-
ducive environment releases arsenic to the groundwater. Fer-
ric hydroxides and pyrites are considered to be the two most
important host minerals for arsenic, although clay minerals
can also account for a substantial amount of sorbed arsenic.
Another potential source of arsenic is the ‘irrigation return
flow’ from the agricultural fields. All these sources release
arsenic to the groundwater under conducive environment.
Microbially mediated reductive dissolution of ferric hydrox-
ides mobilizing arsenic is the most accepted hypothesis relat-
ing to the release of arsenic to the groundwater. Other mech-
anisms like pyrite oxidation, redox cycling in surficial soils
and competitive ion exchange are also accepted as potential
mechanisms for arsenic mobilization, and multiple processes
may contribute to the total mobilized arsenic. The mobiliza-
tion of arsenic is intricately related to the geomorphology,
geology, hydrogeology, groundwater flow paths and anthro-
pogenic causes. The potential environment to produce the
extent of groundwater arsenic as in the Bengal basin is a typ-
ical combination of biogeochemical and hydrologic environ-
ments where the aquifer conditions are conducive for arsenic
mobilization and the effective flushing is very slow, as not to

Fig. 8 A particle-tracking model showing the time of travel of a hypo-
thetical arsenic particle from a given point to the well depths a) under
natural hydraulic gradients and b) under the influence of present-day
irrigational and water-supply pumping. The dashed green lines represent
the particle flow paths. The elapsed time between two green arrowheads

along a single flow-line (in scenario b) is 10 years. The model results
show an abrupt decrease in the travel time of the arsenic particles in the
irrigational and pumping scenario, as opposed to 'under natural hydraulic
gradients' (modified from [33])
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flush out much arsenic. However, none of the hypotheses
completely explain the fate of arsenic within the basin and
such hypotheses are applicable mostly at a local scale. The
geological complexities of the basinal architecture, the unpre-
dictable nature of the anthropogenic influences and the vari-
able dynamics of such natural systems hinder the applicability
of one unifying hypothesis to the whole of the basin. Thus, it is
important to understand the applicability of each hypothesis in
relation to the different parts of the basin.
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