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Abstract:  This  study  presents  a  transnational  groundwater  survey  of  the  62,000 km2  Mekong  delta
floodplain (Southern Vietnam and bordering Cambodia) and assesses human health risks associated with
elevated concentrations of dissolved toxic elements. The lower Mekong delta generally features saline
groundwater. However, where groundwater salinity is < 1 g L- 1 Total Dissolved Solids (TDS), the rural
population  started  exploiting  shallow groundwater  as  drinking  water  in  replacement  of  microbially
contaminated surface water. In groundwater used as drinking water, arsenic concentrations ranged from 0.1-
1340 μg L- 1, with 37% of the studied wells exceeding the WHO guidelines of 10 μg L- 1 arsenic. In
addition,  50% exceeded  the  manganese  WHO guideline  of  0.4 mg  L-  1,  with  concentrations  being
particularly high in Vietnam (range 1.0-34 mg L- 1). Other elements of (minor) concern are Ba, Cd, Ni, Se,
Pb and U. Our measurements imply that groundwater contamination is of geogenic origin and caused by
natural anoxic conditions in the aquifers. Chronic arsenic poisoning is the most serious health risk for the ~ 2
million  people  drinking  this  groundwater  without  treatment,  followed  by  malfunction  in  children's
development through excessive manganese uptake. Government agencies, water specialists and scientists
must get aware of the serious situation. Mitigation measures are urgently needed to protect the unaware
people from such health problems. 
Author Keywords: Cambodia; Drinking water; Manganese; Salinity; Trace elements; Vietnam 
Index Keywords: Arsenic; Groundwater; Hydrogeology; Metals; Nonmetals; Potable water; Trace elements;
Water resources; Drinking water resources; Flood-plains; Trace metals; Health risks; arsenic; barium;
cadmium; drinking water; ground water; lead; manganese; nickel; selenium; sodium chloride; surface water;
trace metal; uranium; anoxic conditions; aquifer pollution; arsenic; concentration (composition); drinking
water; floodplain; health risk; health survey; manganese; salinity; trace element; aquifer; arsenic poisoning;
article;  Cambodia;  chemical  analysis;  concentration  (parameters);  floodplain;  government;  growth
retardation; health hazard; hematologic disease; hypertension; kidney injury; neurologic disease; priority
journal; salinity; skin cancer; skin defect; Viet Nam; water contamination; water quality; water sampling;
world health organization; Arsenic; Arsenic Poisoning; Cambodia; Environmental Monitoring; Geography;
Humans; Manganese; Principal Component Analysis; Salinity; Vietnam; Water; Water Pollutants; Water
Pollution; Water Supply; Asia; Eurasia; Mekong Delta; Southeast Asia; Viet Nam 
 
Year: 2008 
Source title: Environment International 



•

•

•

•

•

•

•

•

•

•

•

•

•

Volume: 34 
Issue: 6 
Page : 756-764 
Cited by: 27 
Link: Scorpus Link 
Chemicals/CAS: arsenic, 7440-38-2; barium, 7440-39-3; cadmium, 22537-48-0, 7440-43-9; lead, 7439-92-
1; manganese, 16397-91-4, 7439-96-5; nickel, 7440-02-0; selenium, 7782-49-2; sodium chloride, 7647-14-
5; uranium, 7440-61-1; Arsenic, 7440-38-2; Manganese, 7439-96-5; Water Pollutants; Water, 7732-18-5 
Correspondence  Address:  Buschmann,  J.;  Eawag,  Swiss  Federal  Institute  of  Aquatic  Science  and
Technology,  CH-8600  Dübendorf,  Switzerland;  email:  johanna.buschmann@eawag.ch  
ISSN: 1604120 
CODEN: ENVID 
DOI: 10.1016/j.envint.2007.12.025 
PubMed ID: 18291528 
Language of Original Document: English 
Abbreviated Source Title: Environment International 
Document Type: Article 
Source: Scopus 
Authors with affiliations: 

Buschmann, J., Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, Switzerland 

Berg, M., Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, Switzerland 

Stengel, C., Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, Switzerland 

Winkel, L., Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, Switzerland 

Sampson, M.L., Resource Development International-Cambodia, RDIC, P.O. Box 494, Phnom Penh, Cambodia 

Trang, P.T.K., Center for Environmental Technology and Sustainable Development (CETASD), Hanoi University of Science,

Hanoi, Viet Nam 

Viet, P.H., Center for Environmental Technology and Sustainable Development (CETASD), Hanoi University of Science,

Hanoi, Viet Nam 

References: 
Ahmed,  K.M.,  Bhattacharya,  P.,  Hasan,  M.A.,  Akhter,  S.H.,  Alam,  S.M.M.,  Bhuyian,  M.A.H.,  Arsenic  enrichment  in

groundwater  of  the  alluvial  aquifers  in  Bangladesh:  an  overview (2004)  Appl  Geochem,  19  (2),  pp.  181-200  

Ahmed, M.F., Ahuja, S., Alauddin, M., Hug, S.J., Lloyd, J.R., Pfaff, A., Epidemiology - ensuring safe drinking water in

Bangladesh (2006) Science, 314 (5806), pp. 1687-1688 

Bailly, R., Lauwerys, R., Buchet, J.P., Mahieu, P., Konings, J., Experimental and human studies on antimony metabolism - their

relevance for the biological monitoring of workers exposed to inorganic antimony (1991) Br J Ind Med, 48 (2), pp. 93-97 

Berg, M., Luzi, S., Trang, P.T.K., Viet, P.H., Giger, W., Stüben, D., Arsenic removal from groundwater by household sand

filters: comparative field study, model calculations, and health benefits (2006) Environ Sci Technol, 40 (17), pp. 5567-5573 

Berg, M., Stengel, C., Trang, P.T.K., Pham, H.V., Sampson, M.L., Leng, M., Magnitude of arsenic pollution in the Mekong and

Red River Deltas - Cambodia and Vietnam (2007) Sci Total Environ, 372, pp. 413-425 

Berg, M., Tran, H.C., Nguyen, T.C., Pham, H.V., Schertenleib, R., Giger, W., Arsenic contamination of groundwater and

drinking water in Vietnam: a human health threat (2001) Environ Sci Technol, 35 (13), pp. 2621-2626 

http://www.scopus.com/inward/record.url?eid=2-s2.0-43749114906&partnerID=40&md5=4bb818a7f001c098d39d3020ccf3bd69


•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

Berg M, Trang PTK, Stengel C, Buschmann J, Viet PH, Giger W, et al. Hydrological and sedimentary controls leading to

arsenic contamination of groundwater in the Hanoi area, Vietnam: The impact of iron-arsenic ratios, peat, river bank deposits,

and excessive groundwater abstraction. Chem Geol in press. http://dx.doi.org/10.1016/j.chemgeo.2007.12.007Bertin, G.,

Averbeck,  D.,  Cadmium:  cellular  effects,  modifications  of  biomolecules,  modulation  of  DNA  repair  and  genotoxic

consequences  (a  review)  (2006)  Biochimie,  88  (11),  pp.  1549-1559  

Bhattacharya, P., Jacks, G., Ahmed, K.M., Routh, J., Khan, A.A., Arsenic in groundwater of the Bengal Delta Plain aquifers in

Bangladesh (2002) Bull Environ Contam Toxicol, 69 (4), pp. 538-545 

Biswas, S., Talukder, G., Sharma, A., Prevention of cytotoxic effects of arsenic by short-term dietary supplementation with

selenium in mice in vivo (1999) Mutat Res Genet Toxicol Environ Mutagen, 441 (1), pp. 155-160 

Buschmann, J., Berg, M., Stengel, C., Sampson, M.L., Arsenic and manganese contamination of drinking water resources in

Cambodia: coincidence of risk areas with low relief topography (2007) Environ Sci Technol, 41 (7), pp. 2146-2152 

Buschmann, J., Kappeler, A., Lindauer, U., Kistler, D., Berg, M., Sigg, L., Arsenite and arsenate binding to dissolved humic

acids: influence of pH, type of humic acid, and aluminum (2006) Environ Sci Technol, 40 (19), pp. 6015-6020 

Cheng, Z., Zheng, Y., Mortlock, R., van Geen, A., Rapid multi-element analysis of groundwater by high-resolution inductively

coupled plasma mass spectrometry (2004) Anal Bioanal Chem, 379 (3), pp. 512-518 

Craft, E.S., Abu-Qare, A.W., Flaherty, M.M., Garofolo, M.C., Rincavage, H.L., Abou-Donia, M.B., Depleted and natural

uranium: chemistry and toxicological effects (2004) J Toxicol Env Health-Pt b-Crit Rev, 7 (4), pp. 297-317 

Denkhaus, E., Salnikow, K., Nickel essentiality, toxicity, and carcinogenicity (2002) Crit Rev Oncol./Hematol, 42 (1), pp. 35-56 

Engel, R.R., Hopenhaynrich, C., Receveur, O., Smith, A.H., Vascular effects of chronic arsenic exposure - a review (1994)

Epidemiol Rev, 16 (2), pp. 184-209 

Escher, B.I., Hermens, J.L.M., Modes of action in ecotoxicology: their role in body burdens, species sensitivity, qsars, and

mixture effects (2002) Environ Sci Technol, 36 (20), pp. 4201-4217 

Feldman, P.R., Rosenboom, J.W., Saray, M., Navuth, P., Samnang, C., Iddings, S., Assessment of the chemical quality of

drinking water in Cambodia (2007) WHO: J Water and Health, 5 (1), pp. 101-116 

Frisbie, S.H., Ortega, R., Maynard, D.M., Sarkar, B., The concentrations of arsenic and other toxic elements in Bangladesh's

drinking water (2002) Environ. Health Perspect, 110 (11), pp. 1147-1153 

Gailer,  J.,  Reactive  selenium metabolites  as  targets  of  toxic  metals/metalloids  in  mammals:  a  molecular  toxicological

perspective  (2002)  Appl  Organomet  Chem,  16  (12),  pp.  701-707 

Gebel, T., Arsenic and antimony: comparative approach on mechanistic toxicology (1997) Chem Biol Interact, 107 (3), pp. 131-

144 

Giger, W., Berg, M., Pham, H.V., Duong, H.A., Tran, H.C., Cao, T.H., Environmental analytical research in Northern Vietnam -

a Swiss-Vietnamese cooperation focusing on arsenic and organic contaminants in aquatic environments and drinking water

(2003) Chimia, 57 (9), pp. 529-536 

Hasgekar, N., Beck, J.P., Dunkelberg, H., Hirsch-Ernst, K.I., Gebel, T.W., Influence of antimonite, selenite, and mercury on the

toxicity of arsenite in primary rat hepatocytes (2006) Biol Trace Elem Res, 111 (1-3), pp. 167-183 

h t t p : / / e n . w i k i p e d i a . o r g / w i k i / S o n o _ a r s e n i c _ f i l t e r h t t p : / / w o r l d f a c t s . u s / C a m b o d i a . h t m

http://worldfacts.us/Cambodia.htmhttp://www.nationmaster.comhttp://www.rdic.orghttp://www.rense.com/general21/tox.htmHu

ang, C.C., Chu, N.S., Lu, C.S., Wang, J.D., Tsai, J.L., Tzeng, J.L., Chronic manganese intoxication (1989) Arch Neurol, 46 (10),

pp. 1104-1106 

Incorporated, B.I., (2002) Literature review of environmental toxicity of mercury, cadmium, selenium and antimony in metal

mining effluents, , Beak International Incorporated, Brampton, Ontario 



•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

Jakariya, M., Vahter, M., Rahman, M., Wahed, M.A., Hore, S.K., Bhattacharya, P., Screening of arsenic in tubewell water with

field test kits: evaluation of the method from public health perspective (2007) Sci Total Environ, 379 (2-3), pp. 167-175 

Lamm, S.H., Kruse, M.B., Arsenic ingestion and bladder cancer mortality - what do the dose-response relationships suggest

about (2005) Hum Ecol Risk Assess, 11 (2), pp. 433-450 

Le, X.C., Lu, X.F., Li, X.F., Arsenic speciation (2004) Anal Chem, 76 (1), pp. 26A-33A 

Lu, F.J., Hsieh, H.P., Yamauchi, H., Yamamura, Y., Fluorescent humic substances arsenic complex in well water in areas where

blackfoot disease is endemic in Taiwan (1991) Appl Organometallic Chem, 5 (6), pp. 507-512 

McArthur, J.M., Ravenscroft, P., Safiulla, S., Thirlwall, M.F., Arsenic in groundwater: testing pollution mechanisms for

sedimentary aquifers in Bangladesh (2001) Water Resour Res, 37 (1), pp. 109-117 

McCarty, K.M., Senn, D.B., Kile, M.L., Quamruzzaman, Q., Rahman, M., Mahiuddin, G., Antimony: an unlikely confounder in

the relationship between well water arsenic and health outcomes in Bangladesh (2004) Environ Health Perspect, 112 (8), pp.

809-811 

Meybeck, M., Carbonnel, J.P., Chemical transport by Mekong River (1975) Nature, 255 (5504), pp. 134-136 

Nguyen, V.L., Ta, T.K.O., Tateishi, M., Late Holocene depositional environments and coastal evolution of the Mekong River

Delta, Southern Vietnam (2000) J Asian Earth Sci, 18 (4), pp. 427-439 

Ollson T, Palmgren S. Geochemical behaviour of arsenic in the soil-shallow groundwater system in a part of the Mekong Delta -

a minor field study in Vietnam. Department of Civil and Environmental Engineering. Thesis, Stockholm, Sweden, Royal

Institute of Technology 2001Ono, K., Komai, K., Yamada, M., Myoclonic involuntary movement associated with chronic

manganese poisoning (2002) J Neurol Sci, 199 (1-2), pp. 93-96 

Polya, D.A., Gault, A.G., Diebe, N., Feldman, P., Rosenboom, J.W., Gilligan, E., Arsenic hazard in shallow Cambodian

groundwaters (2005) Mineral Mag, 69 (5), pp. 807-823 

Porter, S.K., Scheckel, K.G., Impellitteri, C.A., Ryan, J.A., Toxic metals in the environment: thermodynamic considerations for

possible immobilization strategies for Pb, Cd, As, and Hg (2004) Crit Rev Environ Sci Technol, 34 (6), pp. 495-604 

Ratnaike, R.N., Arsenic in health and disease (2006) Managing Arsenic in the Environment, , Naidu R., Smith E., Owens G.,

Bhattacharya P., and Nadebaum P. (Eds), Collingwood VIC 3066 

Scott, N., Hatlelid, K.M., Mackenzie, N.E., Carter, D.E., Reactions of arsenic(III) and arsenic(V) species with glutathione

(1993) Chem Res Toxicol, 6 (1), pp. 102-106 

Steenkamp, V., Stewart, M.J., Curowska, E., Zuckerman, M., A severe case of multiple metal poisoning in a child treated with a

traditional medicine (2002) Forensic Sci Int, 128 (3), pp. 123-126 

Stohs, S.J., Bagchi, D., Oxidative mechanisms in the toxicity of metal-ions (1995) Free Radic Biol Med, 18 (2), pp. 321-336 

Tamura, T., Saito, Y., Sieng, S., Ben, B., Kong, M., Choup, S., Depositional facies and radiocarbon ages of a drill core from the

Mekong River lowland near Phnom Penh, Cambodia: Evidence for tidal sedimentation at the time of Holocene maximum

flooding (2007) J Asian Earth Sci, 29 (5-6), pp. 585-592 

Tchounwou, P.B., Patlolla, A.K., Centeno, J.A., Carcinogenic and systemic health effects associated with arsenic exposure - a

critical review (2003) Toxicol Pathol, 31 (6), pp. 575-588 

Trang, P.T.K., Berg, M., Viet, P.H., Van Mui, N., Van Der Meer, J.R., Bacterial bioassay for rapid and accurate analysis of

arsenic in highly variable groundwater samples (2005) Environ Sci Technol, 39 (19), pp. 7625-7630 

Tsai,  J.L.,  Horng,  P.H.,  Hwang,  T.J.,  Hsu,  J.W.,  Horng,  C.J.,  Determination of  urinary trace elements (arsenic,  copper,

cadmium, manganese, lead, zinc, selenium) in patients with Blackfoot disease (2004) Arch Environ Health, 59 (12), pp. 686-692 

Tseng, C.H., Blackfoot disease and arsenic: a never-ending story (2005) J Environ Sci Health Pt C-Environ Carcinog Ecotoxicol

Rev, 23 (1), pp. 55-74 



•

•

•

•

•

•

Tyrovola, K., Nikolaidis, N.P., Veranis, N., Kallithrakas-Kontos, N., Koulouridakis, P.E., Arsenic removal from geothermal

waters with zero-valent iron - effect of temperature, phosphate and nitrate (2006) Water Res, 40 (12), pp. 2375-2386 

Van Geen, A., Cheng, Z., Seddique, A.A., Hoque, M.A., Gelman, A., Graziano, J.H., Reliability of a commercial kit to test

groundwater for arsenic in Bangladesh (2005) Environ Sci Technol, 39 (1), pp. 299-303 

von Bromssen, M., Jakariya, M., Bhattacharya, P., Ahmed, K.M., Hasan, M.A., Sracek, O., Targeting low-arsenic aquifers in

Matlab Upazila, Southeastern Bangladesh (2007) Sci Total Environ, 379 (2-3), pp. 121-132 

Wasserman, G.A., Liu, X.H., Parvez, F., Ahsan, H., Levy, D., Factor-Litvak, P., Water manganese exposure and children's

intellectual function in Araihazar, Bangladesh (2006) Environ Health Perspect, 114 (1), pp. 124-129 

Xu, X.Y., Humic acids from endemic arsenicosis areas in inner Mongolia and from the Blackfoot-disease areas in Taiwan: a

comparative study (2001) Environ Geochem Health, 23 (1), pp. 27-42 

Yazbeck, C., Moreau, T., Sahuquillo, J.,  Takser, L., Huel, G., Effect of maternal manganese blood levels on erythrocyte

calcium-pump activity in newborns (2006) Sci Total Environ, 354 (1), pp. 28-34 


