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Introduction

Incidences of arsenic (As) poisoning in the Indian

subcontinent—where thousands of people are

affected by arsenicosis, and millions are potentially

at risk—have led to renewed interest in the problem

of As throughout the world. Consequently many

funding bodies have provided significant support to

local and international research teams to assess the

extent of the problem and the strategies that are

needed to minimise the poisoning of people. This has

led to the publication of several articles that give a

holistic overview of the dynamics of As in the soil

and water environment. There has also been signif-

icant interest in the human health risk associated with

the presence of As in the soil and water. Conse-

quently, researchers have been focussing on the

exposure pathways associated with As in groundwa-

ter. Unfortunately, papers published on the status of

As in the soil and water environments and exposure

pathways have almost always used a limited number

of soil, crop and groundwater samples—often the

sample size hardly exceeds 20. Despite this, reputable

journals have continued to publish papers that have

led to generalisation of the associated risks based on

limited sampling. For this reason, we have focussed

our research on sample sizes greater than 100.

This special issue, entitled ‘‘Arsenic in the Envi-

ronment—Risks and Management Strategies’’,

comprises a wide range of contributions with an

aim to present a multi-disciplinary coverage of

themes related to the problem of natural As contam-

ination in the environment. These themes include: (1)

an overview of the extent of As contamination in

southeast Asian perspective; (2) hydrogeochemical

constraints of As in groundwater and monitoring with

examples from Bangladesh; (3) chemistry and bio-

availability of inorganic As in soils; (4) extraction of

As species from soils and plants; (5) arsenic speci-

ation and uptake mechanisms of As by plants and (6)

assessment of chronic As exposure, associated human

health and ecological risks.

The articles included in this special supplement

address many of these issues and pave the way

through recent findings on the environmental behav-

iour of As in soil and groundwater systems, in terms
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of occurrence, sources, bioavailability, latest state-of-

the-art methodologies for extraction of As from

agricultural matrices, As uptake by plants, human

health exposure and associated risk assessment.

Besides understanding the fundamental processes of

As mobilisation, the authors shed new light on the

fate and dynamics of As in the soil environment,

including human exposure in Bangladesh. We would

like to dedicate this special supplement to our co-

worker, the late Dr. Shibtosh Roy, who sacrificed his

life for the cause of research on As contamination in

groundwaters and efforts to mitigate this environ-

mental health disaster in Bangladesh.

Layout of the special supplement

This special supplement comprises three review

articles dealing with (1) the extent of As contamina-

tion in southeast Asia; (2) human As exposure and

risk assessment at the landscape level; and (3)

chronic exposure of As from drinking water and its

adverse health impacts, as well as 17 original articles.

The contents are grouped into six sections as outlined

in the following sections.

Overview of the extent of As contamination

from a southeast Asian perspective

The adverse impact of As contamination of groundwater

on human health has been reported worldwide, partic-

ularly in Asian countries. Since the discovery of chronic

As-induced skin disorders in the state of West Bengal,

India, in 1984 (Saha 1984; Guha Mazumder et al. 1988;

Das et al. 1996; Bhattacharya et al. 1997), the crisis has

intensified following discoveries in the adjoining coun-

try, Bangladesh (Dhar et al. 1997; Mukherjee and

Bhattacharya 2001; Bhattacharya et al. 2002a, b,

2006; Naidu et al. 2006). Fot the past 2 decades, natural

occurrences of As have been discovered in several other

countries in southeast Asia, where As contamination has

become more widespread in recent years. The first paper

by Rahman et al. (2008a) presents an overview of the As

crisis in the southeast Asian region where groundwater

is contaminated with naturally occurring As; about

100 million people in this region are estimated to be at

risk, and so far some 700,000 people are known to have

been affected by As-related diseases. Despite

investments exceeding many millions of dollars, there

are still substantial knowledge gaps about the preva-

lence and impact of As, notably in evaluating the

epidemiological impacts, the temporal variability of As

concentrations, social factors, identification of the

affected patients and their treatment, etc. Among the

major concerns is the fact that many researchers from

different countries have been conducting research in

southeast Asia, but there has been a general lack of

coordination, which has often led to duplication, as well

as a lack of proper follow-up on the rationale for these

individual works. Thus, there is urgent need to coordi-

nate these various efforts to improve the efficacy of

research outcomes. Further research is needed to

improve the field testing and monitoring of the drinking

water sources, to develop new treatments for chronic As

toxicity and to find new sources of safe drinking water

(Jakariya et al. 2007a, b; van Geen et al. 2005; von

Brömssen et al. 2007).

Hydrogeochemical constraints of As

in groundwater and monitoring: examples

from Bangladesh

Natural cycling of As is caused by the interactions of

natural water with sediments, soils and bedrocks and

often is influenced by atmospheric deposition.

Weathering and leaching of geological formations

and mine wastes have resulted in elevated concen-

trations of As in natural waters in several areas.

Mobility of As is constrained in the surface water

because of the prevalence of oxic conditions. How-

ever, reducing conditions caused by the aquifers lead

to the mobilisation of As, thereby increasing the risk

of groundwater contamination. The widely reported

occurrences of natural As in groundwater in different

parts of the world and their levels of concentrations

vary significantly depending on the redox character-

istics of groundwater and the lithological

characteristics of the aquifers (Bhattacharya et al.

2002a, b, 2006; Bhattacharya and Welch 2000; Naidu

et al. 2006; Nriagu et al. 2007; Hasan et al. 2007,

2008 in press). It is thus important to determine the

As levels in contaminated water sources to ensure the

quality of groundwater as a drinking water source

using the field test kits and to establish their

reliability (Jakariya et al. 2007a, b).

The first article in this section deals with the

groundwater chemistry and its implication on the
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mobilisation of As with an example from the

Holocene flood plains of south-central Bangladesh

(Bhattacharya et al. 2008). A comparative study of

As enrichment in three alluvial aquifers in the

Sonargaon, Chandina and Sirajdikhan areas in Nara-

yanganj Comilla and Munshiganj districts in south-

central Bangladesh reveal considerable variation in

the hydrogeochemical and redox characteristics. The

study indicated that while the redox processes were

driven by the biogeochemical processes, there was a

distinct variability in the concentration of DOC,

NH4
? and HCO3

- with dissolved As, Fe and Mn in

the groundwater (Bhattacharya et al. 2008). It has

been suggested that the dissolved As may be de-

coupled from dissolved Mn while it is re-adsorbed

onto the Mn(IV) in solid phase as well as from

dissolved Fe when precipitation of Fe(II) minerals

controls the aqueous concentrations of Fe. In addi-

tion, several other concurrent redox processes may

constrain the mobilisation of As in the BD aquifers.

Once detected in groundwater, arsenic needs to be

addressed with regular monitoring. Field test kits

have been largely used in recent years in Bangladesh,

West Bengal (India) and elsewhere in the world in

order to establish the drinking water quality. Most of

the kits are based on the reaction of arsine gas with

some chemical agent to form a coloured complex; the

intensity of the colour is visually compared with a

standard colour code chart or measured electronically

to determine the concentration of As in the water

sample. The following paper in this section by Arora

et al. (2008) identifies the research gaps for future

work to enhance the accuracy and reliability of test

results produced by the field test kits.

Chemistry and bioavailability of inorganic

As in soils

The bioavailability of As in the soil environment is

largely governed by its adsorption-desorption reac-

tions with soils and sediments. This section comprises

three articles dealing with the influence of ionic

strength, index cations and competing anions on

arsenate (AsV) adsorption–desorption kinetics in soils

based on laboratory studies (Smith and Naidu 2008);

the sorption-desorption characteristics of As have been

investigated in four typical soils in Bangladesh,

subjected to irrigation with As-contaminated ground-

water (Naidu et al. 2008) and the accumulation of Fe

and As in the Chandina Alluvium of the Lower Delta

Plain, southeastern Bangladesh (Zahid et al. 2008).

Laboratory experiments indicated that the adsorp-

tion kinetics for arsenate (AsV) in all the treatments

were initially fast with 58–91% of AsV adsorbed

during the first 15 min. The presence of phosphate

increased the amount of AsV desorbed by 17%, but

other changes in the solution ionic strength or index

cation had little effect on the desorption of AsV (Smith

and Naidu 2008). Despite the low total soil As content

in the analysed soil samples from Laksham district of

Bangladesh, the concentration of pore water As of

soils freshly irrigated with As-contaminated ground-

water ranged from 0.01 to 0.1 mgl-1 (Naidu et al.

2008) However, when these soils were allowed to dry,

the concentration of As in pore water decreased to

undetectable levels. Comparison of Bangladeshi soils

with some of the strongly weathered long-term As-

contaminated soils from Queensland, Australia,

showed much greater release of As in water extracts

from the Australian soils because of a higher concen-

tration of As in the Australian soils (Smith et al. 1999,

2002). Batch studies showed appreciable capacity for

both AsV and AsIII sorption, with AsV being retained in

much greater concentrations than AsIII. The study

carried out on the Chandina alluvium of southeastern

Bangladesh (Zahid et al. 2008) revealed that the

accumulation of Fe, Mn and As occurred within

2.5 m below ground level and was characterised by

distinct orange-brown horizons occurring within 1 m

of contact with aerated (yellow-brown) and the grey

water-saturated sediment. Dynamics of Fe were

reflected by the precipitation of the ferric oxyhydrox-

ides due to the oxidation of reduced iron in pore waters

at the upper part of the saturated zone while exposed to

air. Hydrous Fe-oxides with high specific surface area

have a high adsorption capacity that absorbs the bulk

of As (up to 280 mg/kg) from the reduced pore waters.

The redox gradient that characterises the transition of

saturated and unsaturated sediments also indicates

accumulation of manganese oxides in the oxidized

sediment. The final article in this section (Smith et al.

2008a) deals with the potential human exposure of As

due to the incidental soil ingestion due to a historical

legacy of contaminated sites. The study indicated an

increased bioaccessibility of As with decreasing

particle size and should thus be reconsidered if the

ingested material is enriched with small particle

fractions particularly found in the household dust.
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Extraction of As species from soils and plants

The extraction procedure is important for determin-

ing the speciation of As in soils, as the extraction

efficiencies vary considerably in various soil types

(Garcia-Manyes et al. 2002) depending on the bind-

ing characteristics of As with the different soil

minerals. Since bioavailability and speciation of As

are critical factors for the assessment of human health

risks, there is a need to develop a reliable standard

extraction method for the speciation of As in plant

tissue used as human food. This section comprises

two articles that deal with (1) a novel microwave-

assisted extraction method for As speciation of soils,

based on extraction with phosphate solutions, includ-

ing orthophosphoric acid, ammonium dihydrogen

orthophosphate and ammonium hydrogen orthophos-

phate (Rahman et al. 2008b) and (2) the efficacy of

ammonium dihydrogen phosphate and protein solu-

tion for the extractability of As from two different

species of spinach (by Rahman F et al. 2008).

Based on the results of extractable As (Rahman

et al. 2008b), it has been shown that that the

extraction of As species depends on the soil compo-

sition, and the speciation results indicated that the

adsorption and stability of the As species are highly

dependent on the Fe, Al and Mn concentrations in the

soil. The other study by Rahman F et al. (2008)

illustrated that the microwave-assisted technique with

protein-extracting solution achieved an excellent

separation and speciation of all As species in the

spinach, accounting for 76–114% extractability.

Arsenic speciation uptake mechanisms and

toxicity of As by plants and microbiota

The three articles presented in this section deal with

(1) the influence of the concentration and speciation

of AsIII and AsV on the growth, uptake and translo-

cation of As in vegetable crops (silverbeet and

amaranth) based on a greenhouse study (Rahman

and Naidu 2008); (2) speciation of As in common

Australian garden vegetables grown hydroponically

with As-contaminated irrigation water to determine

the uptake and species of As present in vegetable

tissue as an important consideration because of the

varying toxicity of different As species (Smith et al.

2008b); (3) a study on the toxicity of AsIII and AsV,

alone and/or in combination, to the Cladoceran

Daphnia carinata and the influence of microbial

transformation in natural waters (He et al. 2008).

Investigations on As uptake by vegetable crops

(Amaranthus gangeticus and Beta vulgaris) as

affected by As speciation (AsIII and AsV) and their

concentrations in nutrient solutions revealed that both

AsV and AsIII are phytotoxic to these crops, with the

latter being five times more toxic (Rahman and Naidu

2008). The uptake of As in shoots increased in the

presence of high concentrations of AsV in the nutrient

solution and exceeded the WHO recommended limit

for food stuffs. Iron treatment with 0.5 mg

NaFe(III)EDTA/L dose decreased silverbeet As

uptake by 45% given its affinity to bind As at the

root surface or root rhizosphere and so restrict As

translocation to the shoots. Studies by Smith et al.

(2008b) on the common Australian garden vegetables

grown hydroponically with As-contaminated irriga-

tion water revealed the highest concentrations of total

As in the roots of all vegetables. The concentration of

As was considerably lower in the aerial portions of

the plants. Elevated As in vegetable roots suggests

the possible complexation of As by phytochelatins. In

a different study, He et al. (2008) indicated that AsIII

and AsV can interact either synergistically or addi-

tively, resulting in an increase in the overall toxicity

of the mixture compared to individual As species.

The indigenous micro-organisms in natural water

might also play a significant role in the transforma-

tion of As, thereby influencing the toxicity of As in

recipient waters. This study thus indicates that the

influence of the As species needs to be considered for

developing water quality guidelines.

Assessment of chronic As exposure

and associated human health risks

The assessment of the bioavailability of As from the

contaminated land and water environment is a crucial

parameter for estimating exposure risks (Naidu et al.

2006; Correll et al. 2006). This section comprises

seven articles dealing with a wide spectrum of topics,

ranging from (1) an impressive review of human As

exposure and assessment of the associated risks at a

landscape level (Khan et al. 2008a, b); (2) a review of

current state-of-the-art research conducted on the

adverse health effects on humans exposed to As-

contaminated water in Bangladesh (Rahman et al.

2008c); (3) the presentation of an effective design for
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an assessment tool, the dietary survey framework

(DSF), to analyse the total dietary intake of As and

demonstrate its application in Bangladesh (Khan

et al. 2008c), (4) preliminary findings on total dietary

As intake by implementation of a food frequency

questionnaire in Bangladesh; (5) estimation of the

daily intake of As from rice in As-affected villages in

Bangladesh where groundwater is used for agricul-

tural irrigation (Rahman et al. 2008d); (6) in vivo

assessment of As bioavailability in swine as an

applicable model for human health risk assessment

(Rees et al. 2008); (7) a study of As interactions with

lipid particles containing iron based on a sequestra-

tion of toxins and pathogens by lipid particles

(Rahman, Mahbub M et al. 2008).

The focus of more recent studies has been to

perform risk assessment at the landscape level involv-

ing the use of biomarkers to identify and quantify the

appropriate health problems and large surveys of

human dietary patterns, supported by analytical

approaches to quantify the levels of As in different

contaminant matrices to quantify exposure. The cur-

rent paradigm on environmental risk assessment

worldwide is shifting from a qualitative to quantitative

approach, prompting researchers to direct future

efforts towards the creation of a common platform

by integrating GIS, statistics, chemistry, human health

scenarios and other dynamic models for the quantita-

tive estimation of the human health risk at the

landscape level. The accurate assessment of dietary

intake as a pattern is important for the determination of

total dietary As exposure in the As-affected regions of

Bangladesh and also for application worldwide. A

food frequency questionnaire (FFQ) (Khan et al.

2008c) can be used for generating quantified data on

the sources of food, the frequency and the daily

amount of food consumption by the exposed popula-

tion. The preliminary results of a FFQ survey are

presented in the article by Khan et al. (2008b), which

demonstrates that this technique can be used in rural

areas as a tool to assess As exposure and the associated

human health risks and also can be scaled up in several

other contaminated regions of Bangladesh and several

other affected regions. The study by Rahman et al.

(2008d) revealed that the daily intake of As from rice

and from drinking water was 888.4 lg and 706.4 lg,

respectively, putting the people at risk of chronic As

exposure. In vivo assessment of As is envisaged as an

appropriate model applicable to human health risk

assessment using swine because of their remarkable

similarity to humans in terms of physiology and As

metabolism (Rees et al. 2008). This kind of study could

be used to estimate exposure for human health risk

assessment. Rahman, Mahbub M et al. (2008) present

an interesting result from the study on As interactions

with invertebrate and vertebrate lipid particles that are

associated with proteins that may lead to detoxification

by cell-free or cellular sequestration mechanisms. The

final paper by Bencko et al. (2008) deals with the

assessment of ecological and human health conse-

quences of environmental pollution caused by burning

local coal in the power plants with the emission of

exceedingly high concentrations of As (900–1,500 g/

ton). Exposure assessment of the local population of

the Prievidza district, Central Slovakia, revealed a

positive correlation between the cumulative human

exposure to As and incidence of non-melanoma skin

cancer (NMSC). However, the overall ecological

effects of the environmental emissions from the power

plants were manifested by the mass extinction of

honey-bee colonies in the region. Biological monitor-

ing is thus important and necessary for an overall

assessment of environmental As contamination.

Conclusions

Arsenic contamination of water supplies is a global

problem. Past anthropogenic practices have released

large amounts of As into the environment and caused

contamination of groundwater resources, usually at

relatively small scales. In many areas of the world,

biogeochemical processes have resulted in the release

of naturally occurring As into groundwater; in some

cases, large regions are affected. The adverse impact of

As on human health has been documented, and the

current state-of-the-art knowledge reveals that As can

also have a negative effect on agricultural production

systems. Remediation of As-contaminated water is

therefore critical. Phytoremediation is one potentially

cost-effective means for removing As from water.

Natural geologic materials have also been shown to be

effective in removing As from water. Solving the

problem of As-contamination will require a variety of

approaches from different fields of research. Burning

high As coal is a natural hazard for populations living

in the vicinity of such facilities, and thus

Environ Geochem Health (2009) 31:1–8 5
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environmental risk assessment of such regions must

consider an integrated and multidisciplinary approach.

We sincerely hope that these articles are of

considerable interest to the readers. They reflect our

most up-to-date understanding of various inter-disci-

plinary facets of the problem of As in the

environmental realm, mechanisms of mobilisation

in groundwater, the fate of As in the agricultural

systems, biogeochemical interactions and the assess-

ment of human implications. We believe that

discussions during the symposium significantly

improved our understanding of the global problem

of As contamination for land and water resource

management, which is vital for millions of people

across the world.
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