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Abstract: Excessive amounts of arsenic (As) in the groundwater in Bangladesh and neighboring states in India
are a major public health problem. About 30% of the private wells in Bangladesh exhibit high concentrations of
arsenic. Over half the country, 269 out of 464 administrative units, is affected. Similar problems exist in many
other parts of the world, including the Unites States. This paper presents an assessment of the health hazards
caused by arsenic contamination in the drinking water in Bangladesh. Four competing hypotheses, each
addressing the sources, reaction mechanisms, pathways, and sinks of arsenic in groundwater, were analyzed in the
context of the geologic history and land-use practices in the Bengal Basin. None of the hypotheses alone can
explain the observed variability in arsenic concentration in time and space; each appears to have some validity on
a local scale. Thus, it is likely that several bio-geochemical processes are active among the region’s various
geologic environments, and that each contributes to the mobilization and release of arsenic. Additional research
efforts will be needed to understand the relationships between underlying biogeochemical factors and the
mechanisms for arsenic release in various geologic settings.
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Introduction determine the extent and severity of this contamination [5,
6]. The magnitude of the problem is not yet known,
however, the number of affected tube wells and arsenic-
related health complaints is on the rise. About 30% of 10
million private wells are highly contaminated. Most

people in Bangladesh use groundwater water as a source

Arsenic is a natural component of the Earth's crust. It
can be found in soil and water that have interacted with
arsenic-rich rocks. Arsenic can also be introduced into
the groundwater anthropogenically through the

application of the arsenic-rich herbicides and pesticides
that are frequently used on agricultural lands.

The maximum acceptable levels of dissolved arsenic in
drinking water is 0.01mg/l and 0.05mg/1 according to the
World Health Organization and the United States
Environmental Protection Agency, respectively [1, 2].
Acceptable levels of dissolved arsenic in drinking water in
Bangladesh are 0.05 mg/l. Drinking water that has elevated
levels of arsenic for a prolonged time period is unsafe, and
specific health risks are well documented [3, 4].

Arsenic-contaminated ~ groundwater  was  first
documented in groundwater in 1984 [4]. Since then,
several systematic studies have been carried out to
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of drinking water because the surface water has
unacceptable level of bacterial contamination. A total of
269 out of Bangladesh’s 464 administrative units, called
upazilla, more than half the country, contain high levels
of arsenic-contaminated drinking water (Fig. 1).

In addition to Bangladesh, several countries in the
world have identified excess amount arsenic in drinking
water including Argentina, Bangladesh, Chile, China,
Hungary, India, Japan, Mexico, Mongolia, Poland,
Taiwan, and the United States. However, it is noteworthy
that the number of people affected by arsenic pollution in
Bangladesh exceeds the total number of people affected
by arsenic pollution in all other countries combined.
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Figure 1: Arsenic concentrations in groundwater in
Bangladesh and West Bengal, India [4].

Geology of Bangladesh in Relation to Arsenic in
Groundwater

Most of Bangladesh and West Bengal, India, fall
within the Bengal Basin, one of the world’s largest
geosynclinal troughs (a large elongate or basin-like
structure on Earth’s surface). The Ganges-
Brahmaputra-Meghna river system occupies this
extensive basin. As it nears the Bay of Bengal coast,
this system spreads out forming many distibutary
channels. Along the coast, the mean tidal range is high,
and wave energy is low. As a result, the Ganges-
Brahmaputra deltaic complex serves as a textbook
model of a tide-dominated delta.

The Bengal Basin comprises a wide variety of
fluvial (e.g., channels, floodplains, natural levees, back
swamps) and marginal marine (e.g., distributary
channels, mangrove forests, tidal flats, beaches)
sedimentary environments. Distinctive sediment,
biological activity, and chemical and physical processes
characterize each of these environments. They inter
finger laterally as well as vertically and continuously
change their position in response to tectonic
disturbances as well as global variations in climate and
sea-level fluctuations.

Although sea level has varied considerably
throughout geologic time, the changes over the last 1.6
million years (Pleistocene and Holocene epochs) have
been dramatic. During this time, the sedimentary
environments of the Bengal Basin shifted both seaward
and landward relative to the present coastline in
response to global sea-level changes. It is likely that
the southern boundaries of the Pleistocene highlands,
terraces such as the Barind Tract, Madhupur Tract, and
Tippera Terrace, marked the position of the paleo-
shoreline (shoreline position at a given time in the past)
during the last interglacial period (125,000 years ago).

As sea level fell to its lowest stand during the last
glacial maximum (~18,000 years ago), the shoreline
gradually advanced ocean-ward (to the south). Since
then, the shoreline migrated landward as sea level rose.
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Sea level in the Bay of Bengal was about 7 m below its
present position about 7000 years ago [9]. As a
consequence, the various depositional environments
migrated back and forth between the Pleistocene
highlands and the position of the present shoreline,
leaving behind their characteristic sedimentary features,
now buried beneath the recent sedimentary cover. For
example, the gradient of rivers must have been higher
during the low sea stand, facilitating formation of incised
river valleys. Lower parts of these incised river valleys
must have been filled with fine-grained and organic-rich
sediments during subsequent sea-level rise. It is
important to analyze the spatial relationship between
these valley fills and high concentration of arsenic in
underlying aquifers.

Arsenic concentration data throughout the basin are
highly variable on both spatial (map view; refer to
Figure 2) and temporal (at depth in cross sections and
drill holes) scales. The reason for this variability is not
well-understood. The source of arsenic in this region is
dependent on the geology of the upstream region and
land-use practices in the catchment’s areas of the major
rivers that carry and distribute the sediment and
anthropogenic waste materials.
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Major Geologic Division

Deltaic Estuarine 39.61%
Alluvial - fine 29.40%
Chandina alluvium  12.83%
Marsh clay and peat 11.12%
Alluvial - coarse 7.04%

Source: Geologic map (modified) - USGS Open File Report 97-470H, 2001
Arsenic concentration - DPHE/BGS/DFID, 2000

Figure 2: Geologic units and arsenic concentrations in
groundwater in Bangladesh [7, 8].

However, the geological, hydro geological and bio-
geochemical processes operating during sediment
deposition played a significant role in controlling the
mobility of arsenic. Dissolved arsenic exists as several
chemical species, the stability of which depends on the
oxidation-reduction potential of the environment, as well
as the microbial activity present at various depths in the
sedimentary deposits [10]. The amount of dissolved
organic content and dissolved ions likely to play a role in
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arsenic mobility. For example, arsenic-bearing iron can
form chemical complexes with other anions, which, in
turn, can enhance the solubility and mobility of arsenic
species. The degree of complexation of arsenic-bearing
iron cations is likely to be a higher in groundwater that
has high concentration of dissolved organics and other
anions, such as the groundwater found at mid-depth
aquifers in Bengal Basin [5-7]. In order to better
understand the complexity of the origin, pathways, and
sinks of dissolved arsenic in groundwater, a detailed
analysis of subsurface geologic history and bio-
geochemical processes is necessary.  Constructing
paleogeographic (distribution of land and water at a
given time in the past) maps of the Bengal Basin based
on the depositional environments at depth can aid in the
interpretation of the data and suggest mechanisms
responsible for the mobility of the dissolved arsenic.

Figure 3 shows the regional tectonic map (portrayal
of large geologic structures on Earth’s surface). The
distribution of high arsenic concentrations appears to
have a strong correlation with certain tectonic elements
in Bangladesh. For instance, over 75% of tubewells
contaminated with high arsenic concentrations are
found in Bengal Foredeep (low-lying -elongated
depression) area, which consists of Faridpur Trough,
Barisal Gravity High, Hatiya Trough, and Sylhet
Trough.

Source: USGS Open File Report 97-470H, 2001

Figure 3: Map showing the distribution of arsenic in
the context of the generalized tectonic map of
Bangladesh [7, 8].

Origin and Mechanism of Arsenic Mobilization

Four hypotheses are proposed to account for the
origin and mechanism of the arsenic pollution (i.e. an
amount sufficient to cause health problems) of
groundwater in Bangladesh. The proposed mechanisms
are as follows:

(1) Oxidation of arsenical pyrite;
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(i) Reductive dissolution of FeOOH (hydrous ferric
oxides or HFO) resulting in the release of
sediment-bound arsenic;

(iii) Anion (competitive) exchange of sediment-bound
arsenic with phosphate from fertilizers;

(iv) Release of arsenic from the degradation of
pesticides* and fertilizers. We used published
data as well as the knowledge of socio-
environmental and geologic conditions in
Bangladesh in critically reviewing these
mechanisms to explain arsenic release to
groundwater.

Oxidation of Arsenical

According to this hypothesis, the arsenic pollution
results from oxidation of authigenic pyrite that is
concentrated in deposits of organic matter due to
lowering of the water table. This hypothesis implies that
arsenical pyrite oxidizes in the vadose zone (drawdown
zone around pumping wells) releasing arsenic attached
on iron hydroxides [11, 12, 13]. The proponents of this
hypothesis also suggest that increased drawdown during
the dry season and the subsequent recharge of
groundwater facilitates this oxidation process. They
argue that the arsenic pollution is a recent phenomenon,
which is triggered by the diversion of surface water in
upstream regions of the Ganges River. The following
chemical reaction is proposed as a mechanism for the
release of arsenic from arsenical pyrite [10]:

FeS,-As(s) + 7/2 O, +H,0 = Fe,” + 280, + 2H" +
As(aq)

Questions addressing this mechanism include:

(i) Why is arsenic found in areas that are not affected
by upstream diversion of surface water, such as in
the Meghna basin (NE Bangladesh)?

(il)) Why are arsenic concentrations not highest in the
unsaturated zone beneath the surface where the
groundwater table fluctuates between dry and wet
seasons?

(i) Does arsenic pollution increase during the wet
season?

(iv) Are the Eh-pH field changes in the aquifer due to
drawdown?

(v) Why is the arsenic pollution so severe in West
Bengal and Bihar where upstream diversion of
surface water did not occur?

(vi) Why does the arsenic pollution occur in areas
where drawdown is not a likely cause for
oxidation, such as in Wisconsin, USA?

Reductive Dissolution of Hydrous Ferric Oxides (HFO).

According to this hypothesis, arsenic contamination
results from microbial reduction of organic-rich, fine-
grained sediments that contain arsenic-coated hydrous
ferric oxides (HFO) which were deposited in low-lying
floodplains and coastal plains during the last several
thousand years [6, 14-19]. This hypothesis implies that
arsenic is released from HFO surface when iron-
reducing bacteria oxidize organic carbon for their
metabolism. The following chemical reaction is
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proposed as a mechanism for arsenic release from HFO
[6]:

8FeOOH + CH;COO" + 15H,CO; > 8Fe’" + 17HCO;
+ 12H,0

If this is true, then arsenic would be found in
groundwater that passes through organic rich
sediments. However, arsenic concentration, though
most common in shallow aquifers at depths ranging
from 15 to 75 meters (m) in low-lying (i.e. elevation
less than 10 m) coastal plain regions (i.e. Faridpur
Trough, Hatiya Trough, and Barisal Gravity High in
Fig. 3), is not exclusive to this geologic setting and
depth range. For instance, high concentrations of
arsenic are also found in Sylhet Trough, Bangladesh
(Fig. 3), Bihar and Chattishgarh, India, and Nepal,
which do not represent low-lying floodplain or coastal
plain settings. Moreover, the sea level has risen about 7
m over the last 7,000 years [9], however the high
concentration of arsenic is not limited to aquifers that
were deposited during last several thousand years.
Aquifers that are deeper than 100 m and are separated
from the shallow aquifers also contain high
concentrations of arsenic.

Additionally, the following questions relative to this
hypothesis demand answers:

(i) Is there a peat layer above the aquifer in the
entire area that is polluted with arsenic?

(i) Even if peat layers and/or organic rich sediments
occur in aquifer materials, at what depth do they
occur?

(iii)) Why is there arsenic pollution along the
Brahmaputra riverbanks, where sediments are
predominantly sandy in nature?

(iv) The peat layer associated with the low sea level
position in the Bengal Basin is found at depths
ranging from 2 to 7 m below mean sea level and
about 80 to 120 km landward of the present
shoreline location. Why then is the aquifer
located at depths ranging from 15 to 75 m
polluted with arsenic? How does the arsenic
produced in the peat layer located at 2 to 7 m
move to a greater depth?

(v) If organic-rich sediments are deposited in tidal
flat or coastal plain environments, why are there
no high concentrations of arsenic in most of
today’s coastal plain, such as in Bhola, Barguna,
and Patuakhali (south central parts in Figures 2
and 3)

(vi) The Madhupur Tract and Barind Tract are also
very similar in their geologic origin, i.e. they
represent ancient delta plain and floodplains.
Why are there no organic-rich sediments and
high concentrations of arsenic in the aquifers in
those areas?

(vii) Can the hypothesis account for the variability in
arsenic concentrations in terms of time-
dependent field data? [20].

Competitive ion Exchange

Depending on the redox potential and acidity of the
environment, arsenic can exist in several anionic forms.
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Arsenic is attached on surfaces of fine-grained clay and
hydrous ferric oxides. When other anions, such as
phosphates (from fertilizers and other sources), exist in
excess, they can replace arsenic anions and release the
arsenic to groundwater. Phosphate anions are relatively
immobile and get attached to mineral grains near the
surface.  Accordingly, the “overuse” of phosphate

fertilizers during the last few decades must have played a

role in dislodging arsenic attached to mineral grains and

introducing it into groundwater [21].

The competitive ion-exchange mechanism, however,
would not be very effective in deeper aquifers. Arsenic
concentrations appear to be highest at depths ranging
from 15 to 75m. These are not explained by this
hypothesis.  Additionally, fertilizer usage is very
common in all parts of Bangladesh. It follows that if
phosphate anions from fertilizers were responsible for
the release of arsenic to the groundwater, then arsenic
would be present in groundwater throughout
Bangladesh; however, arsenic concentrations do not
follow this pattern (Figures 2 and 3). Also, over 75% of
the high concentrations of arsenic are found in fine-
grained, organic rich (marsh clay and peat) sediments
(alluvial/deltaic silt and clay) in tidal and deltaic
environments, a fact that cannot be explained by this
hypothesis.

Relative to this hypothesis, the questions that beg
answers are as follows:

(i) Why do not the phosphate anions from fertilizers
force the release of arsenic in all geologic settings
equally?

(i) Why are arsenic concentrations not high in surface
water where phosphate anions are supposed to be
in high concentration?

(iii)) Is there any relationship between fertilizer
application and elevated arsenic concentrations in
Bangladesh or elsewhere?

Release of Arsenic from Degradation of Pesticides and
Fertilizers

Apparently, some of the chemical fertilizers and
pesticides used in Bangladesh contain high amounts of
arsenic, which might have been introduced into
groundwater [22, 23].  According to this study [23],
there is no evidence that arsenic originated from any
natural source in Bangladesh. It is also claimed that a
large amount of arsenic trioxide is kept in stock at
Ghorasal Fertilizer Factory in Bangladesh for use or
disposal to unknown destinations. About 30% of the
fertilizers used in Bangladesh are lost through surface
run-off. It is also suggested that in some parts of
Bangladesh there is an apparent correlation between the
amount of fertilizers used in crops and the amount of
arsenic present in groundwater [23].

It has not been demonstrated that fertilizers and
pesticides have been applied in sufficient quantities to
degrade groundwater quality in Bangladesh [24]. Other
questions relative to this hypothesis that need to be
answered are as follows:

(i) What are the pathways and sinks of pesticides and
fertilizers as they relate to groundwater movement?
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Table 1: Summary of four competing hypotheses regarding the mechanism for arsenic occurrence and mobilization in
groundwater in Bangladesh.

Hypotheses Maj oggiiii}?znmg References Major Unexplained Aspects
-Known occurrence of As do not always correspond with
oxidizing environments in aquifers
-Presence of pyrite in all polluted aquifers is not
documented
-Requires pyrite as source -Presence of As in areas not affected by groundwater
of As withdrawal (e.g. Nepal, Bihar and Chattishgarh, India )

Oxidation of

-Requires oxygen -As is also present in geologic settings that are different

arsreizgcal associated with lowering (1,13, 13] from those in Bangladesh
py of groundwater table -Not supported by data collected from aquifers at different
depths and geologic environments
-Not demonstrated to work with hydro geochemical
modelling at large scales
-Pyrite is not stable in the known oxidation-reduction-
potentials of aquifers in Bangladesh
-Known occurrence of As does not always correspond to
-Results from microbial known presence of organic-rich layers
reduction -Oxidation-reduction potential of aquifer is not always
-Requires presence of reducing where As has been reported
. organic-rich sediments in -As also present in geologic settings other than
Reductive . ) .
. . aquifers coastal/delta plain (e.g. in northern areas of Bangladesh,
dissolution of . . .
hvdrous iron -Requires reducing [6, 19] India, and Nepal)
¥ environment in aquifers -Not supported by data collected from aquifers at different
oxides (HFO) . . .
containing HFO depths and geologic environments
-As release mechanism -As contamination appears to be a relatively recent
must have been present phenomenon
over geologic time -Not demonstrated to work with hydrogeochemical

modelling at large scales

-Amount of phosphate anions available from fertilizers do

not correspond with the calculated amount of As present

in groundwater

-High concentrations of phosphates are not demonstrated
[21] where As is found

-No relationships between fertilizer applications and As

occurrence has been established

-Phosphate is immobile and is not common in

groundwater (15-75m) where As is found

-Requires high
Competitive concentrations of
ion exchange  phosphates in

groundwater

-Amount of reported As in groundwater cannot be
Requires application of accounted for by the amount of potential arsenic released
adequate amount of from cumulative use of fertilizers and pesticides
: ) . [22, 23] b < : .
arsenic-bearing pesticides -Pesticide and fertilizers are applied most everywhere in
& fertilizers Bangladesh, but the high As concentration does not match
the pesticides/fertilizer application patterns

Arsenic from
pesticides and
fertilizers
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(i) How do the pesticides and phosphate fertilizers
move through the fine grained sediments into the
deep aquifers?

(i) Why is the amount of arsenic in groundwater not
proportional to the amount of pesticides and
fertilizers used Bangladesh?

(iv) Are there any seasonal variations in the amount of
arsenic observed in groundwater that reflects the
usage of pesticides and fertilizers?

(v) Why are the high concentrations of arsenic
predominantly associated with the low-lying
coastal/deltaic environments that are characterized
by fine-grained sediments (Fig. 2)?

Unsolved Geologic Problem and Its Consequences on
Human Health

The lack of understanding of the origin, pathways,
and sinks for arsenic contamination in Bangladesh’s
groundwater is taking a terrible toll on human health.
The arsenic contamination has reached an epidemic
proportion. Millions of people are suffering from
various arsenic-related diseases, and millions more are
exposed to the possibility of contacting these diseases.
Arsenic is also finding its way into the food chain. In
order to better understand the affect that arsenic has on
human health and the state of the epidemic in
Bangladesh, it is imperative that the link between the
food and arsenic uptake by people in Bangladesh be
examined thoroughly before any remedial actions can
be taken to mitigate this problem. To illustrate the
nature and severity of arsenic-related diseases, in the
next section entitled “Effect of Arsenic Poisoning on
Health”, we have included the results of an
investigation that one of the authors (Mitra) carried
out with other researchers [36].

Effect of Arsenic Poisoning on Health

Chronic arsenic poisoning, arsenicosis, can
increase the risk of several health hazards including
skin lesions, cancers, restrictive pulmonary disease,
peripheral vascular disease (blackfoot disease),
gangrene, hypertension, non-cirrhotic portal fibrosis,
ischemic heart disease, and diabetes mellitus [25-35].
A study of 150 patients (75 males and females)
visiting the dermatology outpatient department of the
Sher-e-Bangla Medical College Hospital, Barisal
district, Bangladesh, in 2000, provides substantial
evidence for this link. In addition, results confirm the
connection between arsenic toxicity and malnutrition.

Skin Lesions

Skin changes due to arsenic poisoning include a
raindrop pattern of pigmentation and depigmentation
that is particularly pronounced on the extremities and
the trunk. Although less common, other patterns
include diffuse hyperpigmentation (melanosis) and
localized or patchy pigmentation, particularly on skin
folds. Hyperkeratosis (hardened skin) appears
predominantly on the palms and the planter surface of
the feet. In the early stages, the involved skin might
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have an indurated, gritlike character that can be best
appreciated by palpation; however, the lesions usually
advance to form raised, punctuated, 2-4 mm wart-like
keratosis that are readily visible. Occasional lesions
might be larger (0.5 to 1 cm) and have a nodular or
horny appearance occurring in the palm or dorsum of
the feet. In severe cases, the hands and soles display
diffuse verrucous lesions [26]. All the patients of our
study displayed raindrop skin pigmentation, and more
than 80% had hyperkeratosis with or without nodular
skin lesions (Fig. 4). One hundred and twenty-three
(82%) patients had moderate or severe skin lesions.
Sites of the skin lesions were trunk, including chest
(38%), hands only (18%), both hands and feet (15%),
feet only (13%), and chest only (11%).

Figure 4: A 42-year old woman having characteristic
raindrop skin lesions on her both extremities and a
nodule on her thigh [36].

Skin Cancer

Skin cancer resulting from chronic arsenicosis is
quite distinctive. Multiple lesions are common and
involve covered areas of the body, contrary to non-
arsenical skin cancers which usually appear as a single
lesion and which occur in exposed parts of the body. In
our study, biopsy specimens from skin nodules of one
person, aged 42 years, showed squamous cell
carcinoma (Fig. 5). Other types of cancers reported in
significantly higher number among patients with
chronic arsenic poisoning include cancers of lung,
urinary bladder, kidney, prostate, and liver.

Figure 5: Biopsy specimen from the nodule showed
anaplastic squamous epithelial cells in interconnected
sheets and islands in the dermis. Well-defined keratin
horn pearls are also demonstrated (Hematoxylin-Eosin
Stain, x122) [36].
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Clinical Symptoms and Findings

About 18% of our study patients did not complain
of any clinical symptoms, except that their skin lesions
were ugly-looking. One hundred and fifteen (77%)
subjects had multiple symptoms, including weakness,
chronic cough, joint pain, itching, abdominal pain,
chest pain, loss of appetite, insomnia, shortness of
breath, and frequent urination with burning (Table 2).

Table 2: Ranking of clinical symptoms of arsenic-
related illnesses in 150 patients admitted to the Sher-e-
Bangla Medical College Hospital, Barisal, Bangladesh,
January-December 2000.

Clinical features Nz(t;/:z)b*er
Weakness 59 (39)
Chronic cough 35(23)
Joint pain or backache 26 (17)
Itching 26 (17)
Abdominal pain 24 (16)
Chest pain 24 (16)
Loss of appetite 18 (12)
Insomnia 15 (10)
Shortness of breath 15 (10)
Frequent urination with burning 15 (10)
Tingling and numbness 12 (8)
Headache 12 (8)
Malaise 8(5)
Chronic dysentery 64)
Blurred vision 4(3)
Conjunctivitis 2(1)
Palpitation 2(D)
Deceased libido 1(1)

"Total percentage exceeds 100 because several patients
had multiple symptoms and complications [36].

High blood pressure (systolic BP > 140 mm Hg or
diastolic BP > 90 mm Hg) and depression (lowered
mood or sadness, loss of interest, and anxiety) were the
two most frequent complications, each observed in 20
(13%) of our study subjects. The other important
findings included raised serum alanine
aminotransferase (n = 13), palpable liver (n = 8), X-ray
features suggestive of pneumonia, interstitial lung
disease and lung abscess (n = 11), peripheral vascular
problems in the form of intermittent claudication, in the
absence of history of smoking (n = 2), pulmonary
tuberculosis (n = 2), diabetes (n = 1), and decreased
libido (n =1). Anemia (hemoglobin: <135g/L in males,
and <120g/L in females) was a major clinical finding
observed in 88 (58%) subjects; 14 had pedal oedema.
Ten (7%) patients were admitted to the hospital due to
complications or associated major illnesses, including
severe anemia, hepatitis, hepatic cirrhosis, renal failure,
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lung abscess, interstitial lung disease, intermittent
claudication with uncontrolled diabetes, and skin cancer.
One of them died due to heart failure from chronic
obstructive pulmonary disease and lung abscess.

Several clinical symptoms that appeared in our
subjects had conformity with previous reports [23-35,
37, 18]. A dose-effect relationship has been reported
between arsenicosis and patients with skin cancer,
blackfoot disease, cardiovascular disease, hypertension,
and diabetes [25, 33, 34, 39]. We found a significant
direct relationship between the mean arsenic
concentration in water and the severity of the clinical
disease.

Nutritional Status and Disease

Eighty-nine percent of our patients were
underweight and 11% were weight-appropriate; none
were overweight or obese. After controlling for age, the
duration of disease varied inversely with BMI (r = -
0.298, P =0.013, n =70). Their body weight, height, and
BMI did not differ by the severity of disease. Evidence
suggests that poor nutritional status may increase
toxicity to arsenic retained in the body, probably by
diminished ability to methylate inorganic arsenic [40].
Patients with protein-energy malnutrition are particularly
deficient in methionine. Studies by Vahter and
Marafante found that a low amount of methionine or
protein in the diet decreased methylation of inorganic
arsenic in rabbits [41]. Deficiency of certain other
dietary trace elements, including zinc and selenium, also
associated with malnutrition, may contribute to the toxic
effects of accumulated levels of arsenic in the body [42].
Our study confirmed previous reports of the relationship
between malnutrition and increased arsenic toxicity [43]).

Arsenic Contaminating Vegetables and Crops

Generally, in unpolluted environments, ordinary
crops do not accumulate enough arsenic to be toxic to
man. However, in arsenic contaminated soil, the uptake
of arsenic by the plant tissue is significantly elevated,
particularly in vegetables and edible crops [44]. There
is, therefore, concern regarding accumulation of arsenic
in agricultural crops, vegetables, and fishes grown in the
arsenic-affected areas of Bangladesh.

In a recent study of 100 samples of crop, vegetables
and fresh water fish collected from three different
regions in Bangladesh. Arsenic concentrations were not
increased in samples of rice grain (Oryza sativa L.) [45].
The results of the study were consistent with a previous
study in Bangladesh [46]. However, rice plants,
especially the roots had a significantly higher
concentration of arsenic (2.4 mg/kg) compared to stem
(0.73 mg/kg) and rice grains (0.14 mg/kg). While not
covered by food hygiene regulations, rice straw is used
as cattle feed in many countries including Bangladesh.
The high arsenic concentrations in straw may have the
potential for adverse health effects on the cattle and an
increase of arsenic exposure in humans via the plant-
animal-human pathway. Further studies are needed to
measure arsenic concentration in meat from cattle fed on
contaminated rice straw.
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In the study by Das et al. [45] it was found that
arsenic contents of vegetables varied; those exceeding
the food safety limits included Kachu sak (Colocasia
antiquorum) (0.09 - 3.99mg/kg, n = 9), potatoes
(Solanum tuberisum) (0.07 - 1.36 mg/kg, n = 5), and
Kalmi sak (Ipomoea reptoms) (0.1 - 1.53mg/kg, n = 6).
Lata fish (Ophicephalus punctatus) (n = 9) did not
contain unacceptable levels of arsenic. These results
indicate that arsenic contaminates some food items in
Bangladesh. Further studies with larger samples are
needed to demonstrate the extent of arsenic
contamination of food in Bangladesh.

In addition to carrying out research to fully
understand the health implications of arsenic
contamination of groundwater and food sources, it is
necessary to determine the sources, chemical behaviors,
hydrogeologic control, and pathways of arsenic in
groundwater in Bangladesh. As discussed above, there
is no clear understanding of the geology and its
relationships to arsenic contamination in Bangladesh.
In the next section entitled “Future Research and Policy
Implications” we have offered specific suggestions for
policy makers and researchers who are involved in
arsenic mitigation and remediation projects.

Conclusions

Based on critical review of the four competing
hypotheses, we conclude that none of these hypotheses
can solely explain the nature of wvariability of the
arsenic concentration found in groundwater in
Bangladesh. Additional research will be needed before
any prediction can be made as to the occurrence,
mobility, and concentration of arsenic in aquifers in
different geologic settings. To this end, new directions
for future research are suggested by the authors
involving:

(i) A comprehensive study of the geologic history
including the compilation of paleogeographic
interpretations for various time intervals.

(il)) The identification of the biogeochemical
processes active in different geographic and
geologic settings.

(iii) The investigation of regional land-use practices.

(iv) The design of appropriate conceptual models for
determining groundwater flowpaths.

(v) The design of appropriate geochemical models of
reaction mechanisms.

(vi) A comprehensive study of the epidemiological
aspects of the problem. These studies need to be
undertaken in order to establish relationships
between biogeochemical factors responsible for
the release of arsenic and the observed
concentrations of arsenic in groundwater in
Bangladesh.

Future Research and Policy Implications

Our research analyzed four existing hypotheses
addressing the arsenic problem in Bangladesh. We
found that none of the hypotheses listed above solely
can explain the nature of variability of the reported
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arsenic concentrations. Further studies are needed in the

following areas:

(i) Detailed lithologic descriptions of well logs (types
and characteristics of units) to establish a 3-D
framework of the geologic strata to identify and
characterize those units acting as aquifers (porous
and permeable layers that hold and transmit water
to tubewells) aquitards (impervious layers that
impede water movement through them) in the
arsenic-affected areas.

(i) The geologic history of evolution of the Bengal
Basin and the resultant sediments as a function of
time and space.

(iii) Reconstruct paleogeographic maps of Bangladesh,
which will illustrate the types of sediments
deposited at various locations and depths at a given
time period.

(iv) Develop conceptual models of groundwater
flowpaths, with evidence supported by computer
simulations.

(v) Use geochemical data collected from the existing
pumping wells, as well as from newly drilled wells,
to develop geochemical models, which can be used
to determine the types of chemical reactions and
products, including possible chemical complexes.
The best way to determine complexes is to utilize
geochemical computer codes, such as MINTEQ or
PHREEQE [47].

(vi) Compile geologic information for sediments and
chemicals observed at various depths to decipher
spatial and temporal relationships between
sediments and arsenic concentrations.

(vil) Multidisciplinary studies to better understand
biogeochemical environments and epidemiological
relationships to the natural environments.

To combat the health problems due to arsenic
poisoning, it is necessary to:

(i) Enhance public awareness of the health problems
from contaminated water.

(i) Take short- and long-term intervention strategies to
curb the exposure.

(ii1) Strengthen rapid diagnostic facilities.

(iv) Establish effective treatment facilities in rural
areas.

(v) Improve the nutritional status of the people.
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