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Abstract. For more than a decade it has been known that shallow tube wells in Bangladesh are frequently
contaminated with arsenic concentrations at a level that is harmful to human health. By now it is clear that
a disaster of an unheard magnitude is going on: the World Health Organization has estimated that long-term
exposure to arsenic in groundwater, at concentrations oveu@D0", causes death in 1 in 10 adults. Other
studies show that problems with arsenic in groundwatking water occur in many more countries world-
wide, such as in the USA and China. In Europe the focus on arsenic problems is currently confined to coun-
tries with high arsenic levels in their groundwater, such as Serbia, Hungary and Italy. In most other European
countries, the naturally occurring arsenic concentrations are mostly lower than the European drinking water
standard of 1@g L~1. However, from the literature review presented in this paper, it is concluded that at this
level health risks cannot be excluded. As consumers in European countries expect the drinking water to be
of impeccable quality, it is recommended that water supply companies optimize arsenic removal to a level of
<1ug L™, which is technically feasible.

1 Introduction 50ug L~ are painted red; green wells contain concentrations
lower than that. The large well-to-well variability in arsenic
The most well-known and severe case of arsenic poisoningoncentrations bears the consequence that in the villages all
through drinking water is going on in Bangladesh. Two- wells need to be tested. It is estimated that 37 to 100 million
thirds of the tube wells installed over the last three decadespeople are at risk of drinking arsenic-contaminated drink-
roughly three million in total, have been shown to contain ing water (WHO, 2001; Chowdhury et al., 2006). In a bul-
arsenic concentrations above the permissible level set by thetin (Smith et al., 2000), the World Health Organization re-
World Health Organization (BGBPHE, 2001). These wells  ports that it is estimated that long-term exposure to arsenic in
were installed with the firm conviction that they would con- groundwater, at concentrations over 5@ "%, causes death
tribute to a secure and reliable drinking water supply, in or-in 1in 10 adults (including lung, bladder and skin cancers).
der to put an end to various contagious diseases caused by Although groundwater contamination with arsenic in
the use of (unsafe) surface water. By itself, that goal hasBangladesh has brought arsenic to our attention once again,
been reached. Itis therefore a bitter observation that it is thishe deadly career of arsenic started many centuries BC
very approach that has led to widespread arsenic poisoningSambu and Wilson, 2008). In Roman times, Nero had his
of the drinking water. The scale of the problem is illustrated half-brother poisoned with arsenic. Another well-known vic-
by the frequently used term “mass poisoning”. Concentra-tim was Napoleon Bonaparte, but speculation on the cause of
tions as high as 166ay L have been observed among the his death is still ongoing. The reason for arsenic’s popularity
8 to 12 million wells constructed (BGBPHE, 2001). Wells  as a poison was itsfiectiveness and theftlculty detecting
with arsenic concentrations above the national guideline ofit (Meharg, 2005). Furthermore, copper arsenate was discov-
ered in 1778. The green dye coloured the wallpaper in 19th
century living rooms, causing deaths, mainly among chil-
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arsenate may be found to co-occur (Smedley and Kinniburgh,
w 2002).

Reductive dissolution of young arsenic-bearing sediments
is the cause of the large-scale arsenic contamination of the
strongly reducing aquifers in the West Bengal Delta. Also
in China the strongly reducing conditions in the subsurface
are the cause of arsenic mobilization. Concentrations up
to 1800ug L have been measured in Inner Mongolia, a
northern province of China (Smedley et al., 2003). In Viet-
nam and Cambodia, arsenic concentrations were also ob-
served to be high (up to 134@ LY due to dissolution
Figure 1. Arsenic-dfected countries (red) of the world (Smedley Of young sediments (Buschmann et al., 2007; Buschmann
and Kinniburgh, 2002; Appleyard et al., 2006; Petrusevski et al.,et al., 2008). Arsenic mobilization caused by mineral dis-
2007; Smedley et al., 2007; Gunduz et al., 2009). solution has been found in active volcanic areas of Italy

(Aiuppa et al., 2003) and inactive volcanic regions in Mexico

(Armienta and Segovia, 2008). Volcanism in the Andes has
arsenic in wallpaper. The manufacturers denied all claimslead to arsenic contamination of groundwater in Chile and
It was not until 1890 that arsenic-containing wallpaper wasArgentina (Smedley and Kinniburgh, 2002). Also mining
taken out of production (Meharg, 2005). activities have been found to contribute to arsenic contam-

How is it that this notorious poison ended up in the ground-ination in Latin American groundwater (Smedley and Kin-
water of the Bengal Delta? Initially, it was assumed that niburgh, 2002). Mining activities may cause the oxidation
the implementation of the shallow tube wells caused a low-of sulphide minerals resulting in the release of arsenic into
ering of the water table and, consequently, the oxidationgroundwater. Smedley and Kinniburgh (2002) listed cases of
of arsenic-bearing minerals. However, it did not take longarsenic contamination caused by mining activities in Canada,
for researchers to discover that arsenic mobilization was noGermany, Ghana, Greece, Mexico, South Africa, Thailand,
caused by human actions. Deposited sediments from the HiUK, USA and Zimbabwe. In the past years, more and more
malayas are the source of arsenic and strongly reducing coreountries have found their waters to beated by arsenic
ditions cause reductive dissolution of the arsenic-rich ironcontamination due to mining wastes, e.g., Poland, Korea and
hydroxides (Smedley and Kinniburgh, 2002). Brazil (Marszatek and Wasik, 2000; Woo and Choi, 2001;

Borba et al., 2003). More recently, groundwater in Burkino
Faso was measured to be contaminated by arsenic, up to
2 Arsenic in groundwater: a worldwide problem 1630ug L™t , caused by mining activities (Smedley et al.,
2007). Furthermore, Gunduz et al. (2009) reported elevated
The World Health Organization estimated in 2001 that abOUtarseniC levels (max_ 5618 L—l) dueto mining and geother-
130 million people worldwide are exposed to arsenic con-mal influenced groundwater in Turkey.
centrations above 5@yL~! (WHO, 2001). Afected coun-
tries include Bangladesh-80 million exposed people), In-
dia (40 million), China (1.5 million) and the United States 3 How poisonous is arsenic?
(2.5 million). The problem of arsenic-contaminated source
waters is, however, not confined to these countries, as illusArsenic is extremely poisonous. IARC (International
trated by the map in Fig. 1. According to the United Nations Agency for Research on Cancer, 2004) has classified ar-
Synthesis report, arsenic poisoning is the second most imporsenic as a human carcinogenic substance, group 1. Long-
tant health hazard related to drinking water (Johnston et al.term intake of drinking water with elevated arsenic concen-
2001). Only contamination by pathogenic microorganismstrations can cause the development of arsenicosis, the col-
has a bigger impact worldwide. lective term for diseases caused by chronic exposure to ar-

Arsenic contamination of groundwater has been found tosenic. It includes several kinds of skin lesions and cancers,
occur due to geothermally- influenced groundwater, mineralike hyper-pigmentation, hyperkeratosis, gangrene, skin can-
dissolution (e.g., pyrite oxidation), desorption in the oxi- cer, lung cancer and bladder cancer (WHO, 2006). Hyper-
dising environment, and reductive desorption and dissolupigmentation, an excess of skin pigmentation, is most often
tion (Smedley and Kinniburgh, 2002). Table 1 gives an the first visible symptom. There is also strong evidence that
overview of the arsenic concentrations worldwide. In the chronic arsenic intake is related to cardiovascular diseases.
oxidising environment arsenic predominantly occurs as ar-Other health ffects such as infertility and retarded devel-
senate or arsenic(V), when reducing conditions prevail theopment in children are also linked to arsenic poisoning, but
dominant species is generally arsenite or arsenic(lll). How-the evidence is not yet convincing (WHO, 2001). The toxi-
ever, because of slow oxidation processes, both arsenite araty of different arsenic species varies in the order: arsenite
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Table 1. Arsenic occurrence (WHO, 2001).

Source of arsenic Arsenic concentratigny (1)
Arsenic-rich sediments (e.g., Bangladesh, Vietham, China) 10-5000
Groundwater contaminated by mining activities (e.g., Ghana) 50-5000
Geothermal influenced water (e.g., USA, Argentina) <10-50000

> arsenate- mo.nomethyllarsonate (MMA) d!methylarSI- Table 2. Lifetime cancer risk estimates as a result of exposure to
nate (DMA) (Jain and Ali, 2000). In areas with elevated ar- 5;senic in drinking water.

senic concentrations in the environment, the exposure is not
solely confined to drinking water. Arsenic (organic and in-

o . . . Lifetime cancer risk Arsenic concentratigmg(L 1)
organic) is also found in a wide range of food products, like
fish, meat and rice (WHO, 2001b; Williams et al., 2006). In- _ EPA/IRIS (1998)  NRDC (2000)
take through air may also be significant, especially close to 102 (1in100) 50
industrial sources (WHO, 2001b). 1g4 8 :: 18%%)0) ) 055
The cancer risk at low-to-moderate exposure concentra- ;s (1in 100000) 0.2 '
tions in drinking water is still under debate (Smith et al., 10°% (1 in 1000 000) 0.02

2002; Celik et al., 2008). Most risk estimations use data from
Taiwanese studies (Tseng et al., 1968; Chen et al., 1992),
since limited epidemiological information is available from

elsewhere in .the wo.rld.. In Banglgdes_h, results. indicated abouncil (NRDC, 2000) even recommend arsenic guidelines
least a doubling of lifetime mortality risk from liver, blad- below 1ugL-! to attain an acceptable lifetime cancer risk.

Ser, anq Iuntg cancers '(2i9..6kys. 10:?['5 ng 100 OgOATpu'aTable 2 gives an overview of the linear risk extrapolation re-
ion) owing 1o arsenic in drinking water ( €n and Ansan, arding arsenic consumption through drinking water by the
2004). This has_ an enormous impact since it is estimateqpp g NRDC. It is noteworthy that EPA considered life-

that Of.the 140 m|II|<_)n mhabltan.ts of Bangladesh, more thantime skin cancer risk only and did not include arsenic intake
100 million are at risk Of. arsenic poisoning (Ch_ovx{dhury et through food due to a lack of reliable data. The consumption
al., 2006). Thg lc):anscerﬂr]lskts flrorfggrzsinlct;]n dljlgzmgt W"’tl_terof arsenic through food could overestimate the current risk
were assessed by Smith et al. ( ) for the SItUAlON 5 culations and EPA indicates a possible uncertainty of one

. : R )
At ;ht?]t time th? gat'jot?]alt%#'dﬁ“?_e n thelz(USfA(\jV\_/as;fj)L order of magnitude. Although the uncertainties concerning
and they concluded that the itelime risks of dying from Can-, , o414, risks due to arsenic in drinking water are undeni-

cer due to arsenic in drinking water was 21 in 1000 adUItS'able, it is clear that no arsenic or extremely low concentra-

For a concentration of 2,59L! the risk would still be 1 .. : . o
. . .. . tions are desirable to avoid these potential risks.
in 1000 adults, which they found comparable to the lifetime P

cancer risk of passive smoking. More recently, based on male

bladder cancer with an excess risk of 1 in 10000 for 75-years  Arsenic not a problem in Europe?

lifetime exposure, the arsenic guideline is recommended to

be 3.4ug L™* (Liao et al., 2009). The European guideline for arsenic in drinking water is in ac-
The World Health Organization has published an overviewcordance with the WHO guideline of 1@ L™t (EU, 1998;

document on the toxicology of and legislation for arsenic in WHO, 2006). In their background document, the WHO

drinking water (WHO, 2003). They conclude that the maxi- states that the 10y L guideline is based on practical con-

mum likelihood “for bladder and lung cancer for US popula- siderations (detection limit and feasibilitpst of arsenic re-

tions exposed to 10g of arsenic per litre in drinking water moval) instead of the healthfects. Arsenic in drinking wa-

are, respectively, 12 and 18 per 10 000 population for femaleser supply has never been a matter of interest in most Euro-

and 23 and 14 per 10000 population for males”. The WHOpean countries because the standard qiglio™ is hardly

has a general rule that no substance may have a higher lifeever exceeded. Nevertheless, in countries such as Hun-

time risk of more than 1 in 100 000. Purely based on healthgary, Serbia, Croatia, Greece, Italy and Spain, elevated ar-

effects, the WHO guideline of 3@y L~ would, in that re-  senic concentrations have been detected and special treat-

spect, not sfiice. The main reason to maintain this guide- ment steps are needed to reduce the arsenic to acceptable

line is, therefore, merely practical from economic and engi-levels. Arsenic exposure in Hungary, Romania and Slovakia

neering perspective and not health related. The US Environwas extensively studied and elevated arsenic exposure via

mental Agency (EPA) and the US Natural Resources Defensdrinking water was found prevalent in some of the studied
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Box 1. Arsenic removal from groundwater.

Both arsenic species, arsenate and arsenite, are present in water as dissolved anions and removal with drink-
ing water treatment is not straightforward. Around neutral pH arseng@g6k) is uncharged and therefore
difficult to remove with processes that rely on surface charge (ion exchange, iron hydroxide adsorption). Arse-
nate (HAs@") can be more easily removed because it is negatively charged and behaves in water mor¢ or less
analogous to phosphate and is, therefore, relatively easily incorporated into the iron hydroxide matrix|during
iron removal. To remove arsenite from the water, usually pre-oxidation to arsenate is required. Arsenic removal
technologies include (EPA, 2007) ion exchange, coaguléilivation, reverse osmosis, adsorption media and
membrane filtration (Brandhuber and Amy, 1998). An example of adsorption media is GFH, granular ferric
hydroxide (Banerjee et al., 2008). Most processes are, however, expensive and have their well-known disadvan-
tages, like the production of brine. A lot of attention is being given to the development of technologies| based
on the co-precipitation of arsenic in flocs during coagulation (e.qg., ferric sulfate or ferric chloride) and drsenic
adsorption to media, like activated alumina and granular iron gxydigoxide. In all cases the arsenic bingds
to the positively-charged surface of the (iron hydroxide) matrix. Especially at low to moderate arsenic cbncen-
trations, the technology of arsenic adsorption is relativéigative. A new approach to remove arsenic from
groundwater is by retention in the subsurface, because during in-situ or subsurface iron removal, arsenic lev-
els are also reduced (Rott and Meyer, 2002; van Halem et al., 2008). At many groundwater treatment plants in
Europe, incidental co-precipitation of arsenite and arsenate occurs during iron removal. In geneffaktiie-e
ness depends on the/Pe-ratio, pH, redox potential and process conditions such as contact time, filtration rate
and medium. Optimization studies to improve arsenic removal from groundwater during regular iron removal
are still limited in Europe. It is, however, expected that arsenic removal will be improved once iron removal
processes are optimized.

counties (Lindberg et al., 2006). The median lifetime con- cope with serious arsenic contamination of their groundwa-
centrations were estimated to be 1203.~! in Hungary, ter, the health risk of arsenic in drinking water may not be
0.7ug L' in Romania and 0.8gL~! in Slovakia. Overall neglected. The aim of water supply companies should be
25% of the population was found to have average concento optimize drinking water treatment for arsenic removal to
trations over 1(g L~ and 8% with exposure over @ L1 concentrations below1 g L™, which is technically feasi-
(Fletcher et al., 2008). ble, especially in countries with low to moderate arsenic con-

Considering the previously provided information regard- C€ntrations in their water sources (Box 1).
ing the health ffects of arsenic consumption, it would be
wise to reconsider the current guideline. In Europe, drink-5 Conclusions
ing water standards are generally based upon a risk level of
10°%. In that case, according to the Environmental Protec-The “mass poisoning” by arsenic contamination of ground-
tion Agency, the guideline should be as low as Qg2 1! water in Bangladesh illustrates the severe consequences of
It is noteworthy that the WHO and EPA do not provide in- chronic arsenic consumption through drinking water. In Eu-
formation on whether inorganic arsenic is genotoxic or non-rope, arsenic concentrations are below the WHO and EU
genotoxic, because current epidemiologic studies are inadeguideline of 1Qug L™*, but this does not mean that all health
quate for that. In their background documents, these organtisks can be excluded. Consumers expect the drinking wa-
isations describe the cancer risks based on both approachd€r in Europe to be of impeccable quality and it is, therefore,
All the same, the current WHO guideline is not based on thisrecommended that water supply companies optimize arsenic

risk assessment, but on practical considerations. removal at existing water supply plants, which is technically
Some countries have adopted stricter arsenic guidelines fofrea3|ble.

drlnkmg Waterthan'the current WHO guideline. In Den[r;ark, Edited by: A. Mittal
the national guideline has already been lowered gg b
(Danish Ministry of the Environment, 2007), as well as in the
American state of New Jersey (NJDEP, 2004). In addition,
the American Natural Resources Defense Council (2000) ad-
vises that the drinking water standard be set.a B~1. Aus-
tralia has a drinking water guideline for arsenic qfgn.—*
(National Health and Medical Research Council, 1996).

Based on the health considerations presented here, it is ev-
ident that arsenic deserves more attention in the European
drinking water supply sector. Also in countries that do not
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