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FOREWORD 
 
The Nutrition and Health-Related Environmental Studies Section of the Division of Human 
Health under the Department of Nuclear Sciences and Applications, International Atomic 
Energy Agency (IAEA), has supported, over the years, several Coordinated Research 
Programmes (CRPs) on various research topics related to environmental issues impacting 
human health. The primary aim of these CRPs has been to help develop capacities in the 
member states, particularly among developing nations, to identify the various environmental 
contaminants; their sources and evaluation of their fate, and providing for the basis of 
improved health among human populations by the use of nuclear and related analytical 
techniques. 
 
Mercury is a global pollutant because of its ability to undergo long distance transport into the 
atmosphere. In view of these global concerns the IAEA has organised a CRP to elucidate the 
biological, chemical, and physical factors, which influence the transformations of Hg and its 
compounds in the ecosystem and the dynamics of the mercury recycling. Under the title 
“Health impacts of mercury cycling in contaminated environments studied by nuclear 
techniques” the CRP was started in October 1999 and concluded in February 2004. This 
report provides an overview of the various activities performed under the CRP by the various 
participants. The overall achievements are summarized and those aspects that require a further 
deeper look are also pointed out. The individual country reports are also given which detail on 
the progress made by the respective participants, during the CRP period. It is hoped that the 
results would encourage further research activities on these and related issues in the respective 
countries with the CRP participant as a catalyst to further these studies.  
 
The section wishes to thank Mr. Borut Smodiš who served as the Technical Officer for the 
CRP and Mr. J.Arunachalam for helping in the completion of this report. 
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SUMMARY REPORT 
 
HEALTH IMPACT OF MERCURY CYCLING IN CONTAMINATED 
ENVIRONMENTS STUDIED BY NUCLEAR TECHNIQUES (E4.10.12. / RC-798.3.) 
 
Participants: J.R.D. GUIMARÃES (BRA), WANG DINGYONG (CPR), K.S. PATEL (IND), 
HIROKATSU AKAGI (JPN), A.TRINIDAD FRANCISCO-RIVERA (PHI), MILENA HORVAT (SLO), 
LARS D. HYLANDER (SWE), JUSTINIAN IKINGURA (URT), DARIO BERMUDEZ (VEN). 
 
BORUT SMODIŠ (Scientific Secretary) 
Section of Nutritional and Health- Related Environmental Studies, Division of Human Health, 
Department of Nuclear Sciences and Applications, International Atomic Energy Agency,  
P.O. Box 100, A-1400 Vienna, Austria. 
 
Final RCM held in Uppsala, Sweden, 23-27 June 2003 (E4.10.12. / RC-798.3.) 
 
1. INTRODUCTION 
 
Natural and anthropogenic emissions of mercury are estimated to be approximately 6000-
7500 t/yr. Mercury production has declined for the past decades but still continues in some 
countries, notably Spain and Kyrgyzstan. In addition, there are large stocks of mercury, 
specifically in the chlor-alkali industry in Western Europe, which alone has about 15 000 
metric tons metallic Hg that has been proposed to be sold on the global market. There is a 
great risk that this mercury will end in primitive gold mining using the amalgamation method, 
most of which are located in tropical regions, considering the restrictive environmental 
legislation in industrialized countries. 
 
Mercury is a global pollutant because of its ability to undergo long distance transport into the 
atmosphere. Correspondingly, the atmospheric deposition rates of Hg have increased thereby 
increasing the risk of potential mercury accumulation in the food chain. The transformations 
between metallic Hg and different organic Hg forms have been extensively studied in 
temperate areas, but little is known about methylation and demethylation processes under 
tropical conditions. Studies have shown elevated mercury concentrations in predatory and 
non-predatory species of fish in newly constructed hydroelectric reservoirs in temperate areas. 
In addition to the gold extraction by primitive industrial processes, the burning of millions of 
tonnes of coal by thermoelectric power stations worldwide, mining and metallurgical 
industries involving pyrite ores and activities around the mercury mines and mine waste 
dumps, release huge quantities of mercury into the ecosystem.  
 
The study of physico-chemical processes of the transformation of mercury thus released into 
the ecosystem is essential to elucidate the pathways through which the mercury reaches the 
humans causing a severe impact on their health. The foetuses and neonates are recorded as the 
most vulnerable to exposure to methylmercury. Even among the adults and children many 
adverse physiological symptoms have been recorded on exposure to mercury and its 
compounds, which has a synergistic effect along with other factors in deteriorating health of 
such exposed populations. 
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In view of the global concerns on mercury pollution, IAEA has organised a CRP to elucidate 
the biological, chemical, and physical factors, which influence the transformations of Hg and 
its compounds in the ecosystem and the dynamics of the mercury recycling. The CRP on 
“Health impacts of mercury cycling in contaminated environments studied by nuclear 
techniques” was started in October 1999 and concluded on February 2004. 
 
Specific Objectives of the CRP: 
 
To study and the factors influencing the dynamics of Hg cycling and its impact on human 
health in mercury contaminated ecosystems, especially in the tropical environs, using 
radioisotopes and enriched stable isotope tracers and/or complementary analytical techniques.  
The areas of research identified to achieve this objective are: 
 
(i) Evaluation of the relevant environmental factors influencing mercury transformations, 
transportation (mass balance) and partitioning in ecosystems. 

(ii) Development, validation and application of appropriate methodologies for the 
measurement of mercury methylation,  de-methylation and reduction in various environmental 
compartments. 

(iii) Development, validation and application of appropriate methodologies for the 
measurement of Hg fluxes at natural interfaces such as sediment-water, water-air, land-air, 
plant-air and sea water-fresh water, etc. 

(iv) Evaluation of the human exposure to Hg using bio-indicators such as hair, blood, and 
urine in light of epidemiological requirements. 

(v) Preparation of an appropriate test sample from a contaminated site (soil/ sediment) for 
compatibility studies. 
 
The participants were expected to include one or more of the research areas, using isotopic, 
nuclear and complementary techniques. 
 

Expected benefits of the CRP: 
 

• Harmonized and validated approaches for the determination of methylation and de-
methylation rates of mercury and flux measurements across ecological boundaries. 

• A compilation of reliable data on mercury methylation and de-methylation rates and 
fluxes in contaminated tropical ecosystems for comparison with existing data from 
temperate regions. 

• Generated knowledge on physicochemical factors influencing mercury 
transformations, transport and partitioning in various ecosystems. 

• A test sample from tropical sediment for comparability studies. 

• Database of bio-indicator measurements (hair, blood, urine, etc.) of human Hg 
exposure in contaminated tropical systems. 

• Recommended counter measures for the prevention and /or reduction of mercury 
contamination in polluted areas.  

 
A total of 11 countries, from Africa, Asia, Europe and South America, participated in the 
CRP. The first Research Coordination Meeting (RCM) was held in 1999 at Slovenia; the 
second RCM at Minamata, Japan in October 2001 and the third RCM at Uppsala, Sweden in 
June 2003. 
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2. SIGNIFICANT ACHIEVEMENTS UNDER THE CRP 
 
Many successful experiments on mercury transformation and partitioning were conducted by  
the participants. Methods for the measurement of methylation, demethylation  and reduction 
potential were studies and optimised using radiotracers 203HgCl2 and CH3

203Hg+ (Japan, 
Slovenia, Tanzania and Brazil); 14C-MeHg (Slovenia); and using stable isotopes (Canada). 
The studies included matrices such as contaminated soil samples, reservoir plants, mine 
tailing and coastal sediments. The study group from Brazil found that the methylation rates 
were higher in the wet season. 
 
Measurements of bacterial activity (based on 3H leucine uptake) showed positive correlation 
with methylation potentials evaluated by the use of 203Hg tracer, opening up the possibilities 
to use bacterial activity measurements as a proxy for Hg methylation using the tracer, in view 
of the high cost and non-availability of the tracer. 
 
Some participating laboratories conducted flux measurements across different boundaries; 
from the coastal sediments to water (Slovenia); contaminated soil to air (Slovenia and 
Germany); soil to water (PRC); and generation and distribution of methylmercury in the river-
water –sediment systems(Japan). A quantitative expression for the extent of accumulation 
mercury on plants from soil and air could be derived. The Laboratory Flux Measurement 
System (LFMS) designed for the simultaneous flux determination of mercury, CO2 and water 
vapour under controlled environmental conditions showed that the emission fluxes of mercury 
were strongly influenced by solar radiation, soil-surface temperature and turbulence. A mean 
apparent activation energy (Ea) of 65.3 ± 6.3 kJ/mol for the release of mercury from soils in 
the absence of solar energy, which indicated the existence of a phase equilibrium of elemental 
mercury between the soil matrix and the air. It was established that the soil moisture affected 
the activation energy and determined the mercury diffusivity in the soil. This observation has 
an important bearing in areas with surface soil contamination from thermal power stations and 
chlor-alkali industries. The extent of contamination of caused by different processes such as 
leaching from coal, iron pyrite and coal burning could be estimated.  
 
Improved analytical methodologies for the analysis of total and methylmercury in biological 
and environmental samples were developed, while reducing the volume of the waste 
generated. Methodologies for the investigating the partitioning of mercury in various 
soil/sediment phases were also investigated. 
 
In studies related to human health impacts to mercury exposure, the frequency of 
gastrointestinal complaints and elevated diastolic blood pressure were found to be 
significantly associated with elevated hair methylmercury/total blood mercury, in the exposed 
population groups.  
 
About 22 Kg of a candidate soil reference material was prepared by the Dept. of 
Environmental sciences at the Jozef Stefan Institute and distributed among the participants in 
the CRP, for carrying out determination of total Hg and MeHg and for studies involving 
various transformation of mercury (reduction, methylation, demethylation). 
 
The first ever experimental study to quantify bacterial population by isotope techniques was 
carried in Sweden. Markedly larger methylation capacity as well as bacterial production of 
incubated samples was observed for Eichhornia crassipes, originating from Brazil, compared 
to Myriophyllum spicatum from Sweden. 
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Investigations of Hg transformation in gold mine tailings from the Rwamagaza mine in 
Tanzania revealed exceptionally high MeHg contents which indicated that methylation 
occurred at significant levels in the tailings under tropical conditions. The MeHg was firmly 
bound in the tailings. 
 
The mercury exposure in fish consuming populations around the lake Guri reservoir was 
evaluated.  The mean hair mercury concentration values in areas “Los Guacos” (12.82 µg/g), 
and “La Paragua” (5.91µg/g) were significantly higher than the mean of the non-exposed 
group (1.62 µg/g). The analysis of soil samples from different horizons showed a downward 
remobilization of mercury in these soil samples. 
 
The initial capabilities for the determination of total and methyl mercury among the CRP 
participants were quite different. Active transfer of knowledge and expertise helped in marked 
improvement in these capabilities in a number of member countries, in particular Philippines 
and Tanzania with the help of Japan; and Venezuela and Brazil with cooperative studies 
performed with experts from Slovenia, Canada and Sweden.  
 
 
3. FURTHER SCIENTIFIC WORK NEEDED 
 
More research is needed on the effects of chronic exposure to low levels of MeHg and 
inorganic Hg, their combined effects on neurodevelopment as well as their synergistic or 
antagonistic effects with other contaminants. Development of sensitive tools to evaluate 
health endpoints and biomarkers, for combined long and short term exposures to various 
mercury compounds is essential.  
 
High concentrations and proportions of MeHg/total Hg found in vegetables and food grains 
such as rice is a new, unexpected and extremely relevant information to India and other Asian 
countries with high levels of pollution combined with a high intake of vegetables 
contaminated with heavy metals. Thus, there is a need for a reappraisal of the role of the 
atmospheric Hg uptake by plants in contaminated areas as shown by the work performed in 
China within the frame of this CRP.  
 
There is a scarcity of data on Hg behaviour in soils, particularly concerning methylation as 
well as indicators of Hg and MeHg bioavailability, as compared to other environmental 
matrices such as air and water. This is especially important in the case of contaminated sites 
where a significant mobilization of Hg in the terrestrial food chain, which demonstrates that 
the prevailing view of low availability of soil Hg to plants is not always accurate. This needs 
to be further investigated. 
 
Significantly higher Hg, As and Se levels were found in wild fish as compared to cultured fish 
which is likely to become an increasingly important health and dietary issue. 
 
A pooling of experts from the fields of nutrition, biology, biochemistry, microbiology and 
genetics alongside   the analytical scientists is essential for a more complete understanding of 
the study results in future CRPs of similar nature. 
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4. SCIENTIFIC IMPACT OF THE CRP 
 
The output of the CRP have been published in 25 articles in peer reviewed international 
scientific journals, 30 papers in non peer reviewed journals or proceedings, 61 abstracts, and 
more than 10 publications in local journals. 
 
In addition, the information provided by the reports, NAHRES-61 (2001) and NAHRES-69 
(2002) are also relevant to the outcome of the CRP.  
 
Several scientific meetings were organized during active period of the CRP with active 
support from IAEA: 
 

1. 6th International Conference on Mercury as  Global Pollutant, October, 2001 (Japan) 
(600 participants) 

2. The International Workshop on Health and Environmental Effects of mercury – 
Impact of Mercury from Artisanal Gold Mining in Africa, (19-20 November, 2002) 
(Japan, Tanzania) (50 participants) 

3. SEAMIC Workshop on Chemical Warfare, Manila, Philippines, 25-29. March, 2003 
(JICA, Japan) (20 participants) 

4. SEAMIC Workshop on the Analytical Procedures and Techniques in the 
Determination of Metals, 19-23 May, Manila, Philippines (JICA, Japan) (20 
participants) 

5. 1st International Forum on the mercury problem in reservoirs: the case of reservoir 
Guri, May, 2001, Bolivar City, Venezuela (Venezuela) (100 participants) 

6. Workshop on Mercury in the Wider Idrija Region and the Gulf of Trieste, May, 2000. 
Portoroz, Slovenia (Slovenia) (73 participants) 

 
 
5. AN OVERVIEW OF THE RELATIVE IMPORTANCE OF NUCLEAR 
TECHNOLOGIES IN STUDIES RELATED TO MERCURY 
 
The use of nuclear technologies, especially radiotracers, has demonstrated advantages in the 
study of Hg transformation, including methylation and demethylation in environmental 
matrices. The 203Hg radiotracer technique has been successfully used to investigate factors 
influencing Hg transformations in macrophytes in the Brazilian Amazon. However, the short 
half-life of  203Hg makes it difficult for use in long-term experiments. 
 
In the analysis of highly contaminated samples, nuclear techniques such as INAA provide 
better estimates for total Hg concentrations in the sample matrices when compared with  
conventional extraction methods with lower Hg recovery due to  incomplete sample digestion 
in matrix dependent samples. Other important applications include studies of air/surface 
exchange of Hg species, including the reemission of deposited species and the role of 
vegetation in the exchange cycles. 
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Some Future trends foreseen for nuclear techniques are: 
 

 Nuclear technologies using stable isotopes (e.g. Hg, C, N, S) have potential applications in 
the study of metabolic pathways of Hg in humans and the specific effects of Hg on 
different organs. 

 Use of radiotracers to study Hg fluxes between different environmental compartments and 
Hg reactivity for further transformation.  

 Measurement of bacterial activity based on 3H leucine uptake and sulphate reduction 
based on 35SO4 uptake in correlation with 203Hg as proxies of Hg methylation. 

 
 
6. ACHIEVEMENT BY RESPECTIVE PARTICIPANTS (COUNTRIES) 
 
Brazil: 
 
The release of soil and biomass bound mercury, by soil erosion and the burning of the 
biomass, has a heavy impact on the Tapajos river basin, in the Brazilian Amazon. Loac fish 
and human poulations exhibit high methyl mercury concentrations but very little is known 
about the mercury methylation sites and factors in this tropical region.  
 
Net mercury methylation studies were carried out during this CRP, by assaying the extent of 
methylation through incubation of 203Hg in sediments, roots and periphytons, planktons and 
suspended matter in four floodplain lakes in the Tapajos river basin. The evaluation of Hg 
methylation potentials in roots of different floating macrophyte species (Eichhornia crassipes, 
Salvinia sp., Ludwigia helmintorhiza and Paspalum repens) from a set of four floodplain 
lakes in the Tapajos river basin, confirmed the root/periphyton complex as important 
methylation sites. Higher methylation rates were found in P. repens ( up to 22.8% of added 
Hg methylated in 24 hrs), compared to <0.1-3%  methylation in Salvinia sp. and 7-10% 
methylation in other species. The methylation rates were higher in the wet season. In addition 
to the high variability of methylation in this matrix within and across lakes, the methylation 
rates were found correlated to the characteristics of the water column (temperature, 
transparency, conductivity, dissolved oxygen, pH) or of the periphyton itself (C and N content 
and isotopic ratios). 
 
Measurements of bacterial activity (based on 3H leucine uptake) showed positive correlation 
with methylation potentials opening the perspectives to use bacterial activity measurements as 
a proxy of Hg methylation. Both parameters were always much lower in sediments than in the 
periphytions.  
 
Canada: 
 
The specific research objective of the CRP was to study and assess the factors influencing the 
dynamics of Hg cycling and its impact on human health in mercury contaminated ecosystems, 
especially in tropical environments, using radioisotopes and enriched stable isotope tracers 
and/or complementary analytical techniques. This objective was attained through 
collaboration with researchers in both Brazil and Venezuela.  
 
Organic rich lake sediments from the lower Amazon floodplain (Varzea) were collected and 
analysed for Hg by cold vapour atomic fluorescence spectrometry, total organic carbon (TOC) 
by infrared spectrometry, and mineralogy by x-ray diffraction.   
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The Guri Reservoir in Venezuela was visited and its water column sampled to look for 
vertical stratification of Hg. Due to logistical problems, sufficient samples were not collected 
and so this aspect of the project remains incomplete. As part of the work in the Amazon, a 
bulk sample of sediment was collected from a lake in the area of Caxiuanã in the lower 
Amazon Basin, Pará Brazil, for the purpose of developing a sample for comparability studies 
from a tropical source.  
 
China: 
 
Combustion of coal for electricity generation ( sometimes up to 70% of total electricity 
generated ) is increasing in many industrial cities. In this CRP, research techniques for 
understanding the behaviour of mercury released into the terrestrial ecosystem by the 
combustion of coal, were developed, and the impacts of mercury pollution on the ecosystem 
have been investigated. 
 
The results indicated that increasing anthropogenic Hg emission results into accumulation in 
the terrestrial ecosystem with time in the research sites (Chongqing, China). Hg in wet and 
dry deposition amounted to 195.3 g/km2/yr in urban and 48.5 g/km2/yr in rural area. The 
bioaccumulation of Hg in plants was related to the increased atmospheric Hg. The air-Hg 
correlation equation was calculated as: y = 0.0173x-0.3204. 
 
Calculation from this equation showed that the accumulation of Hg in plants stemmed mainly 
from soil rather than atmosphere when air-Hg was lower than 18.5 ng/m3, however 
contribution of air-Hg to plant Hg accumulation was increasing with an increase in air-Hg 
concentration. Furthermore, it was found that Hg content in some crops and livestock 
products such as milk had exceeded the limit of food health safety values (FHSV). The Hg 
concentration in milk exceeded the prescribed limits because of high Hg accumulation in 
forages. Results showed that in fishponds accumulation of Hg was much higher in the 
polluted sites, exceeding the 0.3 mg/kg f.w. limit for Hg in fish as compared to the control 
one. The contents of mercury in muscle of fish from the Yangtze River were lower, but some 
data from the reservoirs were higher than the FHSV. The ratios between the input and output 
of mercury in soil in vegetable land systems in acid deposition areas were higher than one, 
which indicates accumulation of mercury in the soil. The Hg content in surface soil on the 
average increases by 0.567mg/kg and 0.00907 mg/kg every year in the heavy pollution and 
control area, respectively. This observation indicated that the Hg accumulated in soil is 
greater in the study area with consequences on human health through mercury contamination 
through the food chain. 
 
Germany: 
 
Flux measurements at different terrestrial sites suggest that mercury emissions and re-
emissions from terrestrial sites have been significantly underestimated. This could result in an 
inaccurate ratio between natural and anthropogenic sources in global emission inventories. 
Accurate assessment of air/surface exchange processes will be critical to refine the global 
mercury cycle. For upscaling mercury fluxes derived from field experiments to regional or 
global scales a detailed process understanding of the driving forces behind air/surface 
exchange is imperative. 
 
A Laboratory Flux Measurement System (LFMS) was designed for the simultaneous flux 
determination of mercury, CO2 and water vapour under controlled environmental conditions. 
Total gaseous mercury (TGM) is measured with two Tekran Mercury Vapour Analyzers 
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(Model 2537). Concentrations of CO2 and water vapour are determined continuously using a 
Two Channel Infrared Gas Analyser (LiCor, Model Li 6262). Air and soil temperature, light 
intensity and soil humidity are measured continuously. 
 
The influence of environmental parameters on mercury fluxes for 8 different soils from 
Germany covering mercury contents from 0.28 to 2.37 mg/g was studies. The fractionation of 
mercury in these soils was mainly determined by humic compounds. 
 
For the all soils under investigation, the emission fluxes of mercury were strongly influenced 
by solar radiation, soil-surface temperature and turbulence. Temperature differences between 
the soil surface and the air above showed a moderate but still significant influence on the 
emission fluxes. A strong correlation between the emission fluxes and total mercury 
concentration in the soil was found.  The mercury emission flux is controlled by the physical  
and chemical conditions of the top layer (~ 1 cm), and correlated with total mercury 
concentrations in the soils. 
 
A mean apparent activation energy (Ea) of 65.3 ± 6.3 kJ/mol for the release of mercury from 
soils in the absence of solar energy was calculated. Ea increases with decreasing soil 
moisture. This indicated the existence of a phase equilibrium of elemental mercury between 
the soil matrix and the soil air. The soil moisture affects the activation energy and determines 
the mercury diffusivity in the soil. Starting with a water saturated soil the observed flux first 
increases with decreasing soil moisture due to an increasing diffusivity of the soil and peaks 
somewhere at field capacity. An ongoing dry up of the soil results in a decrease of the flux, 
because of the increasing activation energy. 
 
Irradiation with a light intensity of 320 W/m² resulted in a two to five times increase of the 
emission flux compared to dark fluxes at 20°C. The light induced fluxes are strongly 
correlated with the light intensity and showed a clear spectral response in the UV. 
 
India: 
 
The study area was the central region of the Chhattisgarh state in India, which is rich in 
deposits of many minerals i.e. lime stone, iron-ore, copper-ore, rock phosphate, manganese 
ore, bauxite, asbestos, etc. and coal. More than 50 million tones (MT) minerals and coal are 
exploited every year by various industries and thermal power plants to produce metals, alloys, 
cements and energy in this part of the country. In addition, more than 600 rice mills are in 
operation producing about 2 Million Tons of rice every year. The industrial processes i.e. 
mining, burning of coal, smelting of minerals are  the main emission sources for many toxic 
metals, including mercury. An evaluation of the mercury contamination was made by 
analyzing the surface water samples from contaminated sites and waste water of industrail 
origin ( i.e. thermal power plant, steel plant, cement plant, sulfuric acid plant, rice mill, etc.). 
In forty two samples, the concentration of total mercury levels was in range of  6.7 - 678 
ng/ml  with a mean and median value  of 118.1 and  49.3 ng/ml, respectively. The strongest 
sources for mercury emission in this region observed were the leaching process from coal, 
iron pyrite and coal burning. 24 human head hair samples collected from individuals living in 
the contaminated sites, were analyzed. The total mercury level ranged from 2.6 - 37.8 mg/kg 
with mean and median value  of  12.3 and 10.4 mg/kg, respectively. These elevated levels of 
mercury recorded in this region can be attributed to occupational exposure and consumption 
of mercury contaminated water and foods.  
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Japan: 
 
Improved methodologies for the analysis of total and methylmercury in biological and 
environmental samples were developed. The design of the mercury analyzer used at NIMD 
was improved to allow the analysis of smaller samples, thus reducing the volume of waste. 
The use of radiotracer techniques to investigate generation and distribution of methylmercury 
in the river-water –sediment systems using 203Hg was imparted to other participants. 
 
Technical assistance was provided to members of the Coordinated Research Project (CRP) 
and other countries in terms of manpower development, resource capability improvement of 
laboratory facilities as well as analysis of samples. 
 

• Field and laboratory studies concerning the transformation, dispersion and 
accumulation in areas that discharge mercury from gold ore processing operation in 
Tanzania were carried out. As part of this study the mercury contamination levels in 
selected environmental media in the Lake Victoria gold filed were determined; the use 
of lichen Paremelia sp. as a biomonitor for atmospheric mercury pollution in artisanal 
gold mining area was demonstrated; two aquarium experiments on mercury 
transformation in soil and gold mine tailing were done and mercury uptake by fish in 
fresh water – sediment system contaminated with elemental mercury was carried out. 

• In collaborative studies with the CRP participant from Philippines epidemiological 
information among small scale gold miners was generated which included information 
on total and methyl mercury determination in the environment and biological samples; 
physical neurological finding among the miners to establish correlations among the 
physiological findings and mercury exposure. 

• Technical support was provided for the conduct of international workshops in 
Tanzania and in the Philippines. 

 
Philippines: 
 
In the Philippines, two major sources of mercury contamination were studied namely small-
scale gold mining activities utilizing mercury and pollution brought about by mine tailings in 
former mercury mines.  
 
I. The activities undertaken were related to epidemiological studies among small-scale gold 
miners including community-residents which generated information on total and methyl 
mercury in the environment (air, water, soil) and biological samples (fish, hair and blood of 
the study groups), physical and neurological status and correlation of health and 
environmental results. 
 
The study  results were as follows: 
The mean values for total and methylmercury in blood samples among directly exposed 
workers compared to indirectly exposed were statistically significant. Likewise, the 
percentage of directly exposed workers with elevated blood total and methylmercury 
compared to the percentage of indirectly exposed with elevated blood total mercury were also 
statistically significant. Among the risk factors, storage of elemental mercury at the homes 
was the most significant cause of exposure. 
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The most common complaints among adults were musculoskeletal symptoms, headache, 
toothache, abdominal pain and frequent cough while children have a higher incidence of 
frequent cough, dermatological abnormalities and conjunctival pallor. 
 
The frequency of gastrointestinal complaints was significantly associated with elevated hair 
methylmercury levels (p=0.02) and a trend for association with total blood mercury (p=0.09). 
There was an association of elevated diastolic blood pressure with hair total mercury 
(p=0.07). AST and ALT correlated fairly with blood total mercury levels among workers and 
non-workers. 
 
Mean total and methylmercury levels between infants and their mothers  showed significant 
correlation on hair total and methylmercury levels at p<0.008 and p<0.016, respectively. 
Likewise, blood methylmercury levels showed statistical correlation at p<0.05.  However, no 
significant correlation was established on blood total mercury levels among mother and child 
volunteers. Abnormal mental status in two children (15%) was found on examination. 
 
Total mercury in water and marine samples including drinking water, and sediments were 
within national and international limits. However, ambient air levels of total mercury 
exceeded the prescribed national and international limits. 
 
II. Epidemiological studies among residents living near a former mercury mine in Palawan, 
Philippines.  
 
At present, the effects of total mercury exposure combined with Me-Hg consumption remain 
an important issue especially those of low-dose and continuous uptake. However, information  
on the effects of low and prolonged exposure  of total and methylmercury to the offspring 
throughout their prenatal and postnatal periods have been limited. This study will compare 
possible health risks of lower level at chronic exposure to total and methylmercury  in 
communities situated near  a former mercury mine and a control group with minimal or 
limited exposure.  
 
Two training programmes; viz., Workshop on Chemical Warfare held in Manila on March 25-
29, 2003 and the Analytical procedures and Techniques in the determination of metals, 
Manila ( May 19-23, 2003), were conducted in cooperation with South East Asia Medical 
Information Centre (SEAMIC).  
 
Slovenia:  
 
Analytical development: 
 

• Methods for the measurement of methylation, demethylation  and reduction potential 
were optimised and developed using radiotracer 203HgCl2 and CH3

203Hg+. Spiking was 
performed in contaminated soil samples, river, reservoir and coastal sediments.  

• A method based on simultaneous determination of methylation and demethyaltion 
potential using 14C-MeHg and 203HgCl2 was used to study Hg cycling in coastal 
sediments and contaminated soils. 14CH4 liberated from 14C-MeHg was determined 
using gas proportional counting, whereas 14CO2 was measured by gas stripping 
acidified sediments and trapping of CO2. 

• Methods for the determination of mercury in various soil fractions in contaminated 
soil were optimized and used on soil samples from contaminated sites in Idrija. The 
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fractions included  Hg(0), water soluble fraction, acid soluble Hg (pH=2), humic 
bound Hg, lattice bound Hg and cinnabar fraction. The residual was also analyzed for 
Hg bound in silicates.  

• It was demonstrated that the addition of HF to samples was required during the 
digestion step for the determination of total mercury in soil samples contaminated to 
ensure recoveries close to 100%. Other wet digestion methods provided lower 
recoveries. 

• Methods for the determination of MeHg in soils were improved and validated. It was 
shown that extraction of MeHg from the matrix is the most critical step and can only 
be obtained quantitatively by use of HNO3 and/or distillation 

 
Mercury cycling in the Idrija, river system and the Gulf of Trieste 
 
An assessment of the extent of contamination of the Gulf of Trieste after the closure of the Hg 
mine was made. Mercury and methylmercury were measured in various environmental 
compartments (stream, estuarine and marine waters, sediments, and organisms). These data 
obtained show, that even 10 years after closure of the Hg mine, Hg concentrations in river 
sediments and water are still very high. A provisional annual mercury mass balance was 
established for the Gulf of Trieste showing that the major source of inorganic mercury is still 
the River Soča, while the major source of methylmercury is the bottom sediment of the Gulf .  
 
Transformation of  mercury in terrestrial isopod Porcellio scaber (Crustacea, isopoda): 
 
A preliminary study was conducted to assess the level of contamination and mercury 
speciation in various organs of this animal. It was found that the highest percentage of MeHg 
was found in the hepatopancreas gland and digestive system. Preliminary experiments with 
radioactive tracer 203Hg2+ confirmed the hypothesis that inorganic Hg is methylated in the 
digestive system and accumulated in hepatopancreas gland. Further work is in progress in 
order to study the kinetics of uptake and release, transformation and accumulation in various 
Hg species under variable environmental conditions (differences in Hg concentrations, 
temperature, food, etc.).  
 
Mercury methylation in lichens 
 
Lichnes can be used as excellent biomonitor for mercury concentrations in air. This was 
demonstrated in several areas of Idrija. In order to understand whether MeHg in the lichen is 
formed in the lichen and/or deposited from the air. Experiments have shown that MeHg is 
formed in the lichen. 
 
Preparation of the soil reference material for comparability studies 
 
About 50 Kg of the surface soil samples collected from a grass land at BACA was used to 
prepare a candidate reference material at the Department of Environmental Sciences at the 
Jožef Stefan Institute for use by the participants in the CRP. The samples were distributed at 
the 2nd CRM held in Minamata, Japan in October 2001, for carrying out determination of 
total Hg and MeHg and for studies involving various transformation of mercury (reduction, 
methylation, demethylation). 
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Sweden: 
 
The aims of this CRP activity were: 
i.) to increase the knowledge about Hg-transformations, especially in the tropics, and 
ii.) to point out proper measures to reduce health hazards due to Hg-exposure. Literature 
review, field and laboratory experiments were combined to fulfil the aim. Fresh water systems 
in Brazil and Sweden were studied 
 
Published literature revealed that human exposure of Hg is generally caused by anthropogenic 
emissions of Hg, but globally mined quantities of Hg were not summarised, so such a 
compilation was done as a part of the project. Several biological, chemical, and physical 
factors influence the transformations of Hg and its compounds. The first ever experimental 
study to quantify bacterial population by isotope techniques was carried out  on a parallel set 
of samples to those samples where net methylation was determined. The results indicated 
markedly larger methylation capacity as well as bacterial production of incubated samples of 
Eichhornia crassipes, originating from Brazil, compared to Myriophyllum spicatum from 
Sweden. Mercury concentrations in fish and several soil and water parameters were 
determined before and after flooding at Rio Manso hydroelectric power plant in western 
Brazil. Predatory fish had, total Hg concentrations ranging between 0.07 and 0.21 mg/g w.w. 
seven years before flooding, which increased to between 0.07 and 0.76 mg/g w.w. during 
flooding and to between 0.08 and 0.94 mg/g w.w. three years after flooding. Concentrations 
of dissolved organic carbon had increased considerably after flooding, indicating dissolved 
carbon being a possible parameter contributing to the increased Hg concentrations in fish. The 
present fish Hg concentrations of some species may impact the health of the population 
dependent of fishing for sustenance in the dam and rivers. Consequently, fish consumption 
recommendations should be carried out until fish Hg concentrations decreases to a safe level. 
 
The CRP has resulted in several articles published and presented at conferences, concerning 
the importance of Hg mining to anthropogenic Hg emissions. The studies have also 
contributed with information about environmental factors important for net methylation The 
project has produced results which are used when assessing risks for public health due to 
methylation of Hg, especially in the area of Rio Manso, Brazil. 
Technical and scientific assistance was provided to CRP participants from Brazil, Venezuela, 
and Tanzania. 
Considerable effort was put in the preparation of the final report for UNEP (available at the 
web-site: http://www.chem.unep.ch/mercury/Report/FinalAssessmentreport.htm) 
 
Tanzania: 
 
The research work under the CRP concentrated on the following field and laboratory 
investigations: i) assessment of Hg contamination levels in selected environmental media in 
the Lake Victoria goldfields, ii) the study of lichens as a suitable bioindicator for atmospheric 
Hg contamination in small-scale gold mining areas, iii) dynamics of Hg transformation and 
partition of Hg species in gold mine tailings-water systems contaminated with elemental 
mercury, iv) mineralogical and chemical characterization of mine tailings, river sediment, 
lateritic soils in relation to Hg mobility under tropical conditions, v) the effect of 
aeration/oxygenation and decrease of moisture content on MeHg levels in tropical soil and, 
and iv) methylation of Hg in SOIL-1 inter-comparison sample from the IAEA. 
 
Hg contamination was highest in gold mine tailings (165-232 µg/g) from amalgamation ponds 
but relatively low in contaminated river sediments (6-0.5 µg/g) in the study areas. The 
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dispersion of Hg in river sediments at the Mugusu mine decreased rapidly from 6 µg/g near 
the gold ore processing site to <0.1 µg/g about 9 km downstream. The highest Hg levels were 
associated with the grain-size fraction <212 µm in the sediments. 
 
Fish mercury levels in 8 fish species representing different trophic levels from the Nungwe 
Bay in the Victoria lake were generally low, <50 ng/g (w.w.), which indicated insignificant 
levels of contamination and/or little bioavailability of Hg in that lake region. 
 
Mercury concentrations in the Parmelia lichen from Mugusu, Imweru, Rwamagaza and 
Buckreef gold mine areas, southwest of the Lake Victoria, ranged from 3.1 to 0.07 µg/g, the 
highest concentrations being recorded close to gold processing stations. The lichens from 
areas outside the goldfields had the lowest Hg levels in the range 0.05-0.10 µg/g (mean 0.07 
µg/g).  
 
Investigations of Hg transformation in gold mine tailings from the Rwamagaza mine revealed 
exceptionally high MeHg contents (629-710 ng/g as Hg), which indicated that methylation 
occurred at significant levels in the tailings under tropical conditions.  The MeHg was so 
firmly bound in the tailings that very little MeHg was partitioned to water (0.2-1.5 ng/L) re-
equilibrated with the tailings. X-Ray diffraction (XRD) analysis showed the tailings to consist 
mainly of quartz and dolomite, and accessory amounts of clinochlore and talc. 
 
Mercury analysis in 6 aliquots of SOIL-1 inter-comparison sample of the current IAEA CRP 
gave the following results; (a) NIMD Laboratory: THg  64.99 ± 6.35 mg/kg (RSD 9.77%)  
MeHg 3.1 ± 0.2 ng/g (RSD 6.5%) and (b) UDSM Laboratory: THg 62.34 ± 5.33 mg/kg (RSD 
8.55%). Mercury transformation study for SOIL-1 did not reveal significant differences in the 
MeHg levels for incubations conducted in the dark or under daylight. MeHg levels were 3.6-
4.3 ng/g (mean 4.0 ng/g) in the samples incubated for 3 days under daylight, and 3.8 ng/g for 
those incubated in the dark.  
 
In addition, an International Workshop was organized in Tanzania, in collaboration with the 
NIMD, focusing on health and environmental effects of mercury from artisanal gold mining 
in Africa (19-20 November 2002). 
 
Venezuela: 
 
The CRP work focused on estimating the mercury exposure through the consumption of fish 
in riparian populations. High mercury levels in carnivorous fish at reservoir Guri located at 
the south of Venezuela in Bolivar State point toward the presence of a bioaccumulation 
process in this reservoir. Through a simple questionnaire, the living conditions and work 
status of two communities namely “La Paragua” and “El Manteco” located in the nearby 
reservoir Guri, were collected. The overall consumption of fish per week was twice higher at 
“El Manteco” (1,485 kg) than at “La Paragua” (715 kg). Another location, “Los Guacos” was 
also included in the study. The predominant fish specie consumed at “La Paragua” was 
Prochilodus rubrotaeniatus (“Coporo”) a dertitivorous followed by Cichla ocellaris 
(“Pavon”), a carnivorous fish. The opposite was true at “El Manteco”. Total Hg analyses in 
sediment and soil samples were performed by CV-AAS and T-Hg in hair samples were 
determined using CV-AAS and AAS (combustion). MeHg was analyzed by AFS. The total 
mercury concentration in 7 sediment samples from the reservoir ranged from 0.0281 to 0.0877 
µg/g while methyl mercury levels were between 0.15 to 3.45 ng/g, in these samples. A total of 
33 fish samples (10 detritivorous and 23 carnivorous) were analyzed. The mean mercury 
concentrations in the two carnivorous group of fish were 1.33 and 2.50 µg/g , which are well 
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above the limit of 0.5 µg/g fit for human consumption. The detritivorous type had a mean 
mercury concentration of 0.19 µg/g. 98 hair samples were collected from these exposed 
population groups and 23 from a group of non-exposed persons. The mean hair mercury 
concentration values of “Los Guacos” (12.82 µg/g), and “La Paragua” (5.91 µg/g) were 
significantly higher than the mean of the non-exposed group (1.62 µg/g). 83 soil samples were 
collected in the area flooded by reservoir “Caruachi” and the total mercury concentration 
fluctuated between 0.1 and 367 µg/g. The analysis of soil samples from different horizons 
showed a downward remobilisation of mercury in these soil samples. Appropriate advice to 
the exposed groups for minimising the mercury exposure through the consumption of fish are 
planned to be formulated. 
 
The “First International Forum on the Problem of Mercury in Reservoirs: The Case of 
Reservoir Guri” was organized and held in Bolivar city.   
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Abstract 
 

The Tapajós river, in the Brazilian Amazon, is impacted by Hg though the release of soil and biomass Hg 
by soil erosion and biomass burning and has also been one of the main sites of the gold rush in the 80’s, 
resulting in the release of nearly a hundred tons of Hg0. Local fish and human populations present high 
methylmercury (MeHg) concentrations, while very little is known about Hg methylation sites and factors, 
especially in tropical conditions.   
Net mercury methylation potencials were assayed by incubation with 203Hg in sediment, roots and 
periphyton of different floating macrophyte species (Eichhornia crassipes, Salvinia sp., Ludwigia 
helmintorhiza and Paspalum repens), plankton and suspended matter in 4 floodplain lakes in the Tapajos 
river basin. The root/periphyton complex was confirmed as an important methylation site: methylation 
varied among species, being higher in P. repens (up to 22.8% of added 203Hg2+ methylated in 24 hs), 
ranging < 0.1- 3 % in Salvinia sp. and 7-10 % in the other species. No methylation was detected in 
plankton and suspended matter. 
Hg methylation in root/periphyton was higher in the wet season, in accordance with previous data 
showing a clear coupling between MeHg concentrations and the hydrological cycle. Methylation in the 
periphyton of P. repens was studied more intensively and showed wide variations within and across 
lakes, with no correlation with the characteristics of the water column (temperature, transparency, 
conductivity, dissolved oxygen, pH) or of the periphyton itself (C and N content and isotopic ratios). 
In the last sampling campaign bacterial activity (3H- leucine uptake) was measured along with 
methylation potencials and showed positive correlation with the latter. Both parameters were always 
much lower in sediment than in periphyton. Bacterial activity measurements may be used as a proxy of 
Hg methylation, which may be useful as 203Hg becomes commercially unavailable. 

 
 
1. INTRODUCTION 
 
Though many recent advances have been made in the understanding of the origins and 
environmental pathways of mercury in the Amazon most aspects of the cycle of 
methylmercury (MeHg) in this complex system remain unknown. High total Hg and/or MeHg 
concentrations have been found in fish and human hair from areas affected by Hg0 released by 
gold mining areas [1-5] but also from pristine areas such as the Rio Negro [6] and lakes in the 
Amapá coastal plain [7]. The actual impact of gold mining activity on environmental Hg 
levels is a subject of debate, principally after the demonstration of soil erosion as an intense 
natural Hg source to aquatic systems in the Tapajós river basin [8]. Irrespective of the relative 
importance of the different Hg sources, many riverine populations in the Amazon basin are 
exposed to MeHg concentrations in their diet that have subtle but quantifiable neurotoxic 
effects [9]. Despite this, the factors controlling MeHg production, flux and bioaccumulation in 
the Amazon aquatic systems remain essentially unknown. 
 
Mercury methylation in different types of samples has been studied in a variety of rivers and 
lakes in the Brazilian Amazon, Pantanal and other areas in Brazil [10-16] and the root layer of 
the floating aquatic plants appeared to be a preferential methylation site. The first assessment 
of MeHg concentrations in water, epiphyton and plankton in the Tapajós river [17] was made 
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in the same study area as described herein and revealed significant MeHg concentrations in 
the epiphyton of P. repens. Similarly to the floating meadows, flooded forests or igapó are 
peculiar to the Amazon and are essential habitats for a varied fauna, including most fish of 
commercial importance. Herbaceous macrophytes and forest trees constitute 52 and 32 %, 
respectively, of total primary production in the Amazon floodplain [6]. Although there is 
some debate about the contribution of these and other carbon sources to the fish food web, 
most fish feed in these flooded aquatic habitats. Despite their potencial importance in the Hg 
cycle, Hg biogeochemistry in these environments has not yet been studied. 
 
In the frame of a collaboration project between UFPA, UQaM and UFRJ, supported by 
CRDI/Canada and IAEA, 203Hg net methylation  and a set of biogeochemical parameters were  
determined in macrophyte roots and other samples in four floodplain lakes of the lower 
Tapajós river, where three field campaigns were made during the period 2000-2002.  
 
 
2. MATERIALS AND METHODS 
 
2.1 Study site 
 
The lakes Pereira, Bom Intento, Pucú and Araipá are part of the flood-plain of the lower 
Tapajós river and are connected to the river during all year (Figure 1). Maximum depth is 6 m 
at the peak of flooding and 1.5 m in the dry season. 
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FIG. 1. Location of study lakes and sampling points (approx. 3o S 55 o W). 
 
 
The lakes are separated from the river or river channels by igapó forest fringes that are 
flooded during 4 to 6 months of the year. During the wet season the lake contours are densely 
colonised by floating mats of Paspalum repens and to a much lesser degree, Eichhornia 
azurea, while in the dry season the exposed shallow areas are converted to pasture, exploited 
by cattle and aquatic birds. 
 
This sector of the river is situated downstream the very active Tapajós gold mining region and 
consequently its recent river and lake sediments show a clear Hg enrichment. Three sampling 
stations were established in each lake, with different degrees of terrigenous run-off influence, 
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macrophyte and periphyton biomass. At each station methylation essays were performed on 
macrophyte roots and/or in sediment, plankton, suspended matter and periphyton alone. 
Periphyton density and biogeochemical parameters such as C and N isotopic ratios, were 
determined on each periphyton sample to determine the nature and origin of periphyton and 
the influence of these parameters on Hg methylation. In the last campaign an intensive 
sampling of P. repens roots was done in two lakes only, with nine sampling points per lake.  
 
2.2. Sampling and incubations with 203Hg 
 
Samples of roots of the floating macrophyte Paspalum repens were taken at 0.5 m or more 
from the lake-macrophyte interface, and care was taken to minimize the loss, during 
sampling, of the fine detritus, periphyton and sediment attached to the roots. In Araipá lake, 
Salvinia sp., Eichhornia azurea and Ludwigia helmintoriza were also sampled. Though the 
samples could not be manipulated in anaerobic conditions, care was taken to minimize their 
exposure to atmospheric oxygen. 
 
Root periphyton was removed by repeated centrifugation. Aliquots of fresh samples were 
frozen for further geochemical analysis at UQAM, Canada, and others were dried at 50oC for 
the determination of periphyton density on macrophyte roots. 
  
Suspended particulate material (SPM) were collected by vacuum filtration on glass fiber 
filters, total filtered volume ranging from 300 mL to 2 L. Total plankton was collected with a 
125 µm net and bottom sediments were obtained with an Ekman dredge or collected 
manually.  
 
At each site, geographic coordinates were recorded, as well as water depth, transparency, 
temperature, electric conductivity, dissolved oxygen and pH. 
 
Hg methylation potencials were measured by means of a simplified radiochemical technique 
consisting of in-situ sample incubation with low amounts of 203Hg2+ and extraction of formed 
Me203Hg in toluene and quantification by liquid scintillation counting [10]. All samples were 
incubated at the in-situ water temperature (25-28oC) and in the dark with 30 mL of lake water, 
in acid-washed Teflon®-lined screw-capped 50 mL borosilicate tubes. Dark/light incubations 
were also made for some plankton samples. All incubations were started in the field within a 
few hours after sampling. Duplicates and an acidified control, with 1 mL of 4N HCl, received 
203Hg, added as 203HgCl2, obtained from Amersham International, UK. Fresh root samples 
were equivalent to 0.5 g dry weight. Total plankton was transferred directly from the net cup 
to the incubation tubes, after a 30-minute trawl. Glass fiber filters with suspended particles 
were incubated in 30 mL of lake water. After 24 hours of incubation, Hg methylation was 
stopped by addition of 1 mL of 4 N HCl and samples were frozen until MeHg extraction, 
performed within 30 days after incubations. Previous tests showed that in these incubation 
conditions MeHg formation in sediment and macrophyte root samples reaches equilibrium 
within 2-5 days [10, 16]. 
 
MeHg was leached with 6 mL of 3 M NaBr in 11% H2SO4 and 1.5 mL of 0,5 M CuSO4: after 
one minute shaking, the samples were centrifuged and the supernatant (~25 mL) transferred to 
60 mL glass separatory funnels and shaken for 15 minutes with 10 mL of scintillation cocktail 
(toluene+POP+POPOP). The aqueous phase was discarded and the overlying toluene layer 
transferred to glass tubes for centrifugation at 3000 rpm for 1-2 minutes. The clean toluene 
was shaken in a vial with 0.5 g of anhydrous Na2SO4 to remove traces of water containing 
inorganic 203Hg and transferred to clean scintillation vials for measurement on a Wallac-LKB 
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1482 Rackbeta liquid scintillation detector. Dpm data, corrected for decay, extraction 
efficiency and quenching were used to calculate MeHg as a percentage of total added Hg.  
 
The 

203
HgCl2 solution used to spike the samples in field was not stabilized with acids or 

oxidants - to avoid changing the pH or Eh of the samples - and could undergo Hg losses by 
volatilization. For posterior control of added activity, every day in which incubations were 
performed, aliquots of the 203Hg spike, of same volume as added to the samples, were 
transferred to test tubes containing 1 mL of 0,1 M K2Cr2O7 in 2 M HNO3. 
 
Other analysis 
 
Water column parameters were measured with calibrated portable instruments, total C and N 
in periphyton was analyzed on a Carlo Erba Elemental Analyzer and C and N isotopic ratios 
were measured by ICP-MS, both at GEOTOP/UQAM laboratories in Montréal, Canada.       
In the last campaign, bacterial activity on P. repens roots was measured by 3H-leucine uptake, 
as described in Ref. [18]. 
 
 
3. RESULTS AND DISCUSSION 
 
As in previous work [11-16] high methylation potencials (up to 22%) are found in roots of 
Paspalum repens and other floating macrophyte species. Important variations were found 
among sampling stations, lakes and macrophyte species. Though methylation in macrophyte 
roots is performed mainly in the root-associated periphyton (Table 1), methylation in the roots 
was not correlated with the amount of periphyton (Fig. 2). 
 
This may reflect the variable structure and adhesivity of periphyton that define how much 
periphyton can be detachment from the roots.  
 
Most data were obtained for Paspalum repens, the dominant macrophyte in the studied lakes. 
Araipá lake presents a higher diversity of macrophytes and there Eichhornia azurea, Salvinia 
sp. and Ludwigia helmintorhiza were also tested for methylation. The latter ranged <0.1- 3% 
in Salvinia sp., was highest in P. repens (average 22%) and ranged 7-10 % in E. crassipes and 
L. helmintorhiza. 
 
 
TABLE 1: NET MERCURY METHYLATION (AS % OF TOTAL ADDED 203HG) IN PASPALUM 
REPENS ROOTS AND P. REPENS ROOT PERIPHYTON ALONE, ARAIPÁ LAKE, TAPAJÓS 
RIVER, RAINY SEASON 2000. 
 

 South Araipá lake North Araipá lake 
P. repens roots, untreated 22.8 ± 4.7 1.1 ± 0.56 
P.repens root periphyton 11.2 ± 0.2 14.7 ± 3 
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FIG. 2: Plot of Hg net methylation (as % of total added 203Hg) versus periphyton density (% of total 
root dry weight) in Paspalum repens roots from lakes Pereira, Bom Intento and Pucú, Tapajós river. 
 
 
Mats of an unidentified floating filamentous green alga were also essayed, with detectable but 
low methylation potencials (~1 %). 
 
Methylation was close to the detection limit in total plankton (both in dark and light 
incubations) of lake Araipá and in suspended particles of all studied lakes. A low net 
methylation in plancton is not surprising as this process is carried out by bacteria, specially 
sulfate reducing bacteria, for which the water column is not a suitable environment, in 
contrast with periphyton, surface sediments and flooded soils. However, some methylation 
would be expected on the SPM, but the amount of SPM on the filters was probably too low to 
allow methylation detection. Low but detectable methylation potencials were recently found 
in cyanobacteria mats of different freshwater bodies near Rio de Janeiro [19].  
 
The sampling points established in the first two campaigns were selected in an attempt to 
include, for each lake, locations with higher expected river or land influence. Hg methylation 
potencials in P. repens samples from the different study lakes are shown in Fig. 3, where data 
from the same sampling points in the two campaigns are presented side by side. 
 
Though referring to P. repens roots only, the data show a great variability in methylation 
potencials within and across lakes. The differences in methylation among the different 
sampling stations were not related to the position of the station in each lake (river side, land 
side or centre) and are probably controlled by other factors such as periphyton nature, density 
and activity.  
 
Hg methylation in P. repens roots tended to be higher in the second campaign, made in the 
wet season. Though the differences are not significant because of the important variations 
found among sampling stations and lakes, they are coherent with previous findings of higher 
methylation potencials and higher MeHg concentrations during the flood pulse [12,17].  
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FIG. 3: Net mercury methylation potentials (Me203Hg as % of added total 203Hg) in Paspalum sp. roots 
from the different sampling points and lakes, in the first (wet season) and second (dry season) 
campaigns. For each sampling point two bars are shown, the darker representing the data for the dry 
season and the lighter those for the wet season. 
 
 
The correlations between Hg methylation potencials in Paspalum sp. roots and the 
biogeochemical parameters of its periphyton or of the water column were weak or absent, 
possibly due to the relatively small data set (Table 2).  
 
As mentioned before, in the third campaign only P. repens. samples were taken, as in the 
second campaign, but in a higher number of points in each lake (9 per lake) and restricting the 
sampling to lakes Pucú and Pereira, in order to include a wider range of root condition, size, 
age, degree of periphyton load, depth and position in the floating mat. Bacterial activity 
measurements were also made on all samples in parallel to methylation assays. The data on 
methylation potencials in P. repens from lakes Pucu and Pereira are shown in Fig. 4, those on 
bacterial activity relationship with Hg methylation are shown in Figs. 5 and 6 respectively.  
 
Clearly, the more intensive sampling in the two lakes rather confirmed the variability than 
reduced it, with similar ranges of methylation potencials and high inter and intra lake 
variability as in the previous campaigns. The correlation between bacterial activity and Hg 
methylation is positive as expected, but apparent only when average values are plotted for 
both parameters.  
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TABLE 2: CORRELATION MATRIX BETWEEN ALL MEASURED PARAMETERS IN THE 
FIRST CAMPAIGN (WET SEASON, MAY 2000). THE METHYLATION POTENCIALS WERE 
DETERMINED ON PASPALUM REPENS ROOTS, C, N, C/N AND ISOTOPIC RATIOS WERE 
DETERMINED ON P. REPENS. PERIPHYTON AND THE OTHER PARAMETERS ON THE 
WATER COLUMN. 
 
 % C % N C/N ∆C13 ∆N15 % 

methylation 
% C       
% N 0,981      
C/N -0,389 -0,556     
∆C13 0,102 0,150 -0,191    
∆N15 -0,689 -0,721 0,447 -0,072   
% 
methylation 

-0,324 -0,304 0,029 -0,511 0,573  

pH -0,182 -0,169 0,041 -0,002 0,411 -0,170 
Conductivity 0,157 0,142 -0,021 0,027 -0,420  0,115 
Secchi disk -0,005 -0,075 0,243 -0,439 -0,311 0,025 
Temperature 0,355 0,304 0,043 -0,705 -0,474 -0,040 
Dissolved O2 -0,420 -0,437 0,271 0,423 0,258 -0,520 
 
 
It is interesting to note the much lower bacterial activity in surface sediment under floating 
macrophyte mats in Pereira Lake when compared to the macrophyte roots themselves. This 
difference is approximately the same as with mercury methylation potencials, that is on 
average 14 times higher in macrophyte roots than in sediments [13]. This is encouraging in 
terms of a potencial use of bacterial activity measurements as a proxy of mercury methylation, 
which may be useful as 203Hg becomes commercially unavailable. It is unfortunate that no 
data could be obtained on sulfate-reduction activity (35SO4 uptake, [20]) to evaluate and 
compare these two techniques as potencial proxies of mercury methylation, specially because 
the latter is considerably more work-intensive and cumbersome.  
 
Tracer techniques such as 3H-leucine and 35SO4 uptake are very useful for determining 
parameters such as bacterial activity and SRB activity, that are highly relevant in studies of 
Hg biogeochemistry, but have not yet been applied elsewhere to such a challenging matrix as 
the root-periphyton complex, only to laminar periphyton or biofilms, which is not the case 
here. No published data are available either in the case of sulphate reduction activity in 
floating macrophytes, the studies so far are limited to sediments, or rooted macrophyte-
sediment complexes. However, through the use of molecular techniques, a diverse SRB 
community was found associated to the roots of different floating macrophytes of the river 
Beni flood plain, Bolivian Amazon [21]. 
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FIG. 4: Mercury methylation potencials (as % of total added 203Hg) in P. repens roots from Pucú (top) 
and Pereira (bottom) lakes. The isolated bar on the far right of Pereira Lake graph represents surface 
sediment. 
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FIG. 5:  Bacterial activity in P. repens roots from Pucú Lake (areas 4, 5, 6) and Pereira Lake (areas 
7, 8, 9). The isolated bar on the far right represents surface sediment from Pereira Lake. 
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FIG. 6. Plot of average data per sampling area for bacterial activity and methylation potencials in P. 
repens roots at Pucú lake (areas 4, 5 and 6) and Pereira Lake (areas 7, 8 and 10). 
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1. A REVIEW OF THE SUBJECT AREA 
 
Lake sediments have been used as recorders of paleo-Hg deposition by many researchers for 
many years. Yet the cause of depth concentration profiles and the degree that downcore 
trends represent a primary signal is still hotly debated. Due to significant concentrations of 
organic matter in lake sediments, deeper sediments that have restricted communication with 
the atmosphere become progressively depleted in oxygen and then oxygen donors, forming a 
classical redox profile from oxic waters near the surface to highly reducing (low Eh) 
conditions at depth. Free oxygen is often consumed within the first 2 to 5 cm depth. After 
NO3

- and Mn-oxides have been stripped of their oxygen and at around the same conditions 
that reduce Fe oxyhydroxides, the oxidized mercury ion (Hg2+) can be reduced to form 
aqueous elemental mercury Hg0(aq). This is sometimes also called dissolved gaseous mercury 
(DGM). If sulphur is present, the microbial reduction of SO4

2+ to S2- (forming sulphides like 
HS- and H2S) can cause Hg to precipitate as the sulphide mineral cinnabar (HgS) or a more 
rapidly precipitated metastable amorphous form of it. In this case, all, or a portion of 
available Hg may be permanently sequestered into the sediments. Hg is also known to co-
precipitate with Fe when Fe-oxyhydroxides such as Fe(OH)3(s) form. Typically, this occurs 
in the uppermost sediments in the presence of molecular oxygen. And so in some settings, 
lake sediments can contain both a shallow and deep biogeochemical sink for Hg. 
 
However, the occurrence of these Hg traps is dependent primarily on the concentrations of 
SO4

--, and Fe(aq), and the type and flux of organic matter delivered to the sediments, which 
ultimately control the Eh and pH. These in turn are ultimately dependant on ecological factors 
such as nutrient fluxes and land cover of the watersheds. And so, in some settings, the 
formation of sedimentary Hg sinks may not occur. In these cases aqueous and desorbed Hg 
and that is released through organic matter decay may diffuse upwards to the sediment water 
interface (SWI) and back into the water column.  
 
Complicating our ability to observe this group of biogeochemical reactions are lake physical 
properties such as spring and fall turnover, thermal stratification that can lead to oxygen 
stratification, physical mixing when wave base is deepened by storms, sediment focussing by 
turbidity flows, and sediment bioturbation by benthic organisms among others. On top of that, 
in order to reconstruct paleo-lake history, sedimentation rates must be determined. This is 
typically done using radiogenic isotopes such as 210Pb, 137Cs, and 14C or marker horizons such 
as pollen associated with known dates of land clearing, or even better, varves. These systems 
can be challenging to interpret and almost always disagree with sediment trap information. 
However, by careful interpretation, minimum and maximum sedimentation rates can be 
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constrained. All told, lakes are dynamic biogeochemical reactors with great spatial and 
temporal variability in the processes that influence their character. This is why the debate 
about the interpretation of Hg depth profiles has been active for so long. 
 
 
2. SUMMARIES OF INDIVIDUAL ACHIEVEMENTS 
 
1. To add to this debate, and as part of the IAEA sponsored Coordinated Research Project 
(CRP), organic rich lake sediments from the lower Amazon floodplain (Varzea) were 
collected and analysed for Hg by cold vapour atomic fluorescence spectrometry, total organic 
carbon (TOC) by infrared spectrometry, and mineralogy by x-ray diffraction.  We describe 
and discuss (i) recent methods for collecting depth profiles of Hg in lake sediment solids, (ii) 
the source of organic matter and its association with Hg; (iii) the Eh and pH of porewaters in 
sediments and its implications for Hg speciation, sequestration and remobilization; and (iv) 
the mineralogy of the sediments and its association with Hg. This was done in collaboration 
with researchers from the Federal University of Pará (Dr. Romulo Angelica) and the Instituto 
Evandro Chagas (Edilson Silva da Brabo).  
 
2. The Guri Reservoir in Venezuela was visited and its water column sampled to look for 
vertical stratification of Hg. Due to logistical problems, sufficient samples were not collected 
and so this aspect of the project remains incomplete.  
 
Notably however, Dr. Dario Bermudez, the CRP collaborator who hosted the visit to 
Venezuela, arranged an international conference on Hg in Tropical Reservoirs to coincide 
with our visit. This meeting was productive in that it brought together many researchers for 
discussions and also got significant media attention. An article was published in a Venezuelan 
National Newspaper Article in El Expresso – Investigadores alertan sobre presencia de 
mercurio en los embalses (Researchers warn about high mercury levels in hydroelectric 
dams). 
 
3. As part of the work in the Amazon, a bulk sample of sediment was collected for the 
purpose of developing a certified standard reference material from a tropical source. The 
sediment was freeze dried, homogenized and analysed repeatedly.  
 
The sample was collected from a lake in the area of Caxiuanã in the lower Amazon Basin, 
Pará, Brazil. A map is attached (Figure 1). The sediment was collected with the assistance of 
the Edilson Silva da Brabo of the Instituto Evandro Chagas, and Dr. Rômulo Angelica of the 
Federal University of Pará, both located in Belém, Pará, Brazil. They should be involved in 
any future development of this material as a Tropical Standard Reference Material for Hg.  
 
The material comes from a large “igarape” – a tapered inlet off of the main lake at Caixuanã. 
Closer to the lake, the inlet serves as the access route for the research station called Estação 
Cientifífica Ferreira Penna (ECFP) operated by Museu Paraense Emílio Goeldi and CNPq the 
National Council for Scientific and Technological Development of Brazil. The research 
station is large and active, with significant infrastructure and so will provide very long-term 
access to this site – useful for the development of an SRM.    
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AMAZOLS 1
Location 

 
 
FIG. 1: Sample site for AMAZOLS 1. The image is a RADAR image from the program RADAM Brasil, 
1972. 
 
 
2.1. AMAZOLS 1 sample information 
 
Study area:   Caxiuanã, Lower Amazon Basin Varzea, Pará, Brazil 
Sample Date:  June 19, 2001 
Core Sample site:  Station name given by Kevin Telmer: Cã 4 – BASE.  

Latitude: 01.74655o S 
   Longitude: 51.44072o W 
 
Notes: The sample was collected as a 60 cm long core using a coring device described in 
Telmer and Desjardins (2003). Typically, worldwide, lake sediments are enriched in many 
elements near the sediment water interface – the so called “upcore enrichment”. This is true 
for Hg. Below depths of 20 cm concentrations typically become much more uniform. This is 
the case in Caixuanã as shown in Figure 2 for a similar core taken adjacent to the core used 
for AMAZOLS 1. To make AMAZOLS 1, material from below 20 cm was collected and 
homogenized to produce one bulk sample with a consistent concentration.  
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FIG. 2: Depth profile for Hg in Caixuanã lake sediments. Results for depths between 20 and 30 cm 
are not yet complete. Material for AMAZOLS 1 was collected separately but adjacent to this core and 
so this profile is a good approximation of conditions for the core used to produce AMAZOLS 1. 
Material below 20 cm was homogenized to make AMAZOLS 1. 
 
 
Total Mercury [Hg] concentration: 
226 ng/g ± 16 
 
Method:  
0.05g (50mg) sample digested in 2.5mL digestion acid (3 parts HCl, 1 part HNO3, 0.2% 
K2Cr2O7) 
Heat for ~ 24 to 36 hours in a hot water bath at 80°C , then cool for 16 hours 
Dilute to 50ml with DI H2O.  
Analysed by Cold Vapour Atomic Fluorescence Spectrometry using SnCl2 as the reductant. 
Instrumentation: 
PSA Millennium Merlin CV-AFS Mercury Analyser. 
 
Organic Carbon Content:  
17.5% ± 1.4 
Inorganic Carbon Content: 
0.0% 
This number should be re-determined as it was analysed on an immediately adjacent sample 
believed to be equivalent to AMAZOLS.  
Method: 
Determined by direct combustion and detection of CO2 by infrared adsorption. 
Instrumentation: 
Shimadzu Total Organic Carbon Analyser. 
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At this stage, AMAZOLS 1 is an idea in development. It is not yet a certified SRM. Full 
development of AMAZOLS 1 should involve a larger scale sampling from Caixuana that 
involves Brazilian Institutes.  
  
AMAZOLS 1 could be a valuable certified SRM as there is no tropical reference material for 
Hg in existance. It is unlikely that a lake sediment from Sweden or Canada or other northern 
country represents a similar matrix so different digestion and analytical methods may produce 
different results for this tropical material than for a northern material - particulary analysis of 
phases.  
 
Additionally the full development of AMAZOLS 1 into a certified SRM, that would become 
broadly available to the analytical community, is an effective way to transfer and maintain 
some scientific expertise to the Amazon. The Instituto Evandro Chagas (IEC) would gain 
prestige in participating in such a development but would also likely need to maintain an 
active research program in Hg in the tropics. It would also solidify relationships between the 
IEC and other institutes such as the IAEA or other "developed" country institute. 
 
3. FUTURE WORK AND NEEDS 
 
Further collection and analyses of sediment from remote locations in the Amazon Basin and 
possibly other tropical locales is planned. A useful contribution would be to collect material 
that represents a longer time scale such and the last 10,000 years (the Holocene epoch). This 
would provide a better understanding of natural Hg dynamics upon which to base our 
interpretations of human impacts in more recent times. For example, a Holocene record could 
be compared to regional climatic reconstructions to see how climate and Hg are linked. This 
may even provide some insights into the effects that global warming may have on Hg cycling.  
 
4. CONCLUDING REMARKS 
 

1. That the movement and transport of Hg through ecosystems is becoming better 
constrained but almost exclusively in the northern hemisphere. Much more work like 
the type sponsored by this IAEA CRP is therefore required to ensure that the tropics 
are equally well studied.  

2. The link between source, transport, and biological uptake is still vague and so further 
work on “process” is also required.  

3. This CRP was focussed on the Health Impacts of Mercury Cycling in Contaminated 
Environments Studied by Nuclear Techniques. It would be useful for future projects to 
also directly prioritize reduction in use of Hg. 

 
5. LIST OF PUBLICATIONS TO COME OUT OF THE CRP 
 
1. Telmer K., Costa M.P.F., Araujo E.S., Angélica R.S., and Maurice Y. (in press, 2003) 
Mining Induced Emissions of Sediment and Mercury in the Tapajós River Basin Pará, 
Brazilian Amazon, 1985-1998, determined from the Ground and from Space. In: Mercury in 
the Tapajós Basin. Eds. R.C. Villas-Boas, C. Beinhoff, A.R. da Silva, UNIDO.  

2. Telmer K., Spence, J., Da Silva Brabo, E. and Angélica R.S., (in prep) Hg, organic carbon, 
and mineralogy of lake sediments of the lower Amazon Varzea, Caixuanã, Pará.  

3. Venezuelan National Newspaper Article in El Expresso – Investigadores alertan sobre 
presencia de mercurio en los embalses (Researchers warn about high mercury levels in 
hydroelectric dams). 
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Abstract 
 
In recent decades, the production and using of mercury was reduced, however, the mercury pollution and 
health impacts are still serious. It is because that China’s economy was forging rapidly ahead in the past 
20 years. The combustion of fossil fuels, in which of the coal is more than 70% in the total energy 
consumption, was increasing year after year, especially in some industrial cities. So a co-ordinated 
research project (CRP), on health impacts of mercury cycling in contaminated environments studied by 
nuclear techniques, has been supported by the IAEA. In the CRP that contract number is PRC-10874, 
some research techniques for understanding the behavior of mercury in terrestrial ecosystem were 
developed, and some problems about mercury pollution in terrestrial ecosystem and their impacts have 
been probed. 
The results indicated that because of the increasing of anthropigenic Hg emission, the Hg accumulation 
in terrestrial ecosystem was increasing with time in the research sites (Chongqing, China), which Hg in 
wet and dry deposition was sum 195.3 g/km2⋅yr in urban and 48.5 g/km2⋅yr in rural area. The 
bioaccumulation of Hg in plant was related to the concentration of atmospheric Hg and soil Hg. The Hg 
content of plant increased with the atmospheric Hg increasing. Hg contents in plant leaves increased with 
the increase of air-Hg, the correlation equation was: 
y = 0.0173x-0.3204 
Calculation from this equation showed that the accumulation of Hg in plants stemmed mainly from soil 
rather than atmosphere when air-Hg was lower than 18.5 ng/m3, however contribution of air-Hg to plant 
Hg accumulation was increasing with the increase of Air-Hg when its concentration was higher than 18.5 
ng/m3. Furthermore, it was found that Hg content in some crops and livestock products had exceeded the 
limit of FHSV due to Hg accumulation in terrestrial ecosystem increasing gradually with the increasing 
Hg emission in Chongqing. It should be noted specially that the Hg concentration of milk was higher, 
some of it was in excess of the limit of Food Health Standard Value (FHSV) because of high Hg 
accumulation in forages. The investigation data of the mercury in fishpond systems in the research sites 
indicated that the accumulation of mercury in fishponds in polluted sites was much higher than that in 
control site. So the content of Hg in fish muscle in polluted sites was higher than in control site. The 
content of Hg in all the fish muscle in heavy pollution site exceeded the limit of FHSV for Hg in fish (0.3 
mg/kg FW). The contents of mercury in muscle of fish from the Yangtze River were lower than the 
FHSV, but some data from the reservoirs were higher than the FHSV. All the I/O values, the ratios 
between the input of output of mercury in soil in vegetable land system in different acid deposition areas, 
in the acid deposition areas were more than 1, it means that there was accumulation of mercury in soil in 
the regions. The Hg content in surface soil increases average 0.567µg/kg a year in heavy pollution area, 
but only 0.00907µg/kg in control area. It implies that the Hg accumulated in soil more and more badly in 
heavy pollution area, it will influence the human health through the food chain. 

 
 
1. INTRODUCTION 
 
1.1. Problems of Mercury pollution and Importance of the Project 
 
Mercury as a global pollutant has concerned worldwide since the end of the 1980s. It emitted 
to atmosphere from both anthropogenic and natural sources. Important source of the former is 
discharged from the combustion of fossil fuels as well as production and use of Hg [1]. When 
coming back to earth’s surface with wet and dry deposition, 93.7% of it entered terrestrial 
ecosystem [2]. While the terrestrial food chains would be polluted by mercury. 
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In the past 20 years, China’s economy was forging rapidly ahead. The combustion of fossil 
fuels was increasing year after year, especially in some industrial cities. For example in 
Chongqing, which is an important industrial city in southwest China and is located at the 
subtropical zone, it was reported that about 7 million tons of coal was consumed in 1980 but 
more than 15 million tons of coal was used in 1995[3]. 
 
For this and other reasons, about 5000 kg Hg was emitted to the atmosphere there per year. In 
1995, for example, about 5680.3 kg mercury were emitted, 87.8% of which was from coal 
combustion. It was found that Hg contents in soils, edible parts of some vegetables were 
increasing up to unacceptable level in Chongqing area [4]. Moreover, the fishponds, which 
produce the main aquatic production in the area, were also affected by the mercury 
deposition. So, it is important that finds out the laws of atmospheric Hg depositing into soil-
plant system, fishponds and terrestrial food chains. 
 
In recent years, some problems about mercury pollution in terrestrial ecosystem have been 
probed with non-nuclear techniques and some useful results of research have been obtained. 
However, some processes of Hg cycling have not yet been understood by non-nuclear 
technology. For example, the results of some researches indicated that the plant absorbed 
mercury not only from soil, but also from atmosphere. So some researchers had considered 
the leaves of plant as an indicator of atmospheric mercury pollution[5-7]. But the results 
could not show exactly the rate of the amount of plant uptake mercury from soil or 
atmosphere. Because of the reasons, the fact that atmospheric mercury affects the terrestrial 
food chain was often neglected. But in atmospheric mercury heavy pollution area, the content 
of mercury in plant, for example in vegetable, was higher[8-9]. Furthermore, the fishponds 
and their aquatic products may be polluted by mercury by different ways. So people who live 
in the area were threatened by Hg harm. 
 
Since the late 1960s, 203Hg had been applied to study the behavior of mercury. For the strong 
γ-ray of the radioisotope, it was only used in a narrow scope of research. Due to the 
development of some new analytic methods, e.g. NAA, XRF, and IPC-MS etc., the stable 
isotopes have been utilized to study the mechanism of methylmercury production and to 
apply research on air pollution and so on[10]. However, there has no been any research on the 
health impacts of mercury cycling using stable isotope tracer in heavy pollution subtropical 
area, like Chongqing, China. Therefore, we are pleased to devote in this field. 
 
1.2. Scope of the Project 
 
In this Project (CRP-10874), we plan to take the following studies, using isotope and 
complementary techniques: 

 

• Investigating the rate of accumulation of mercury from atmosphere to the soil, 
fishpond and their products in different atmospheric mercury level regions in Chongqing, 
China. 
• Studying the transformation of atmospheric mercury deposition, that the Hg° is the 
main form, in soils. 
• Probing the rate of mercury uptake of vegetables and forages, which are the starting 
points of terrestrial food chains, from atmosphere or from soil. 
• Study of Cycling of Mercury in Vegetable Land Systems in Different Acid Deposition 
Areas. 
• Comparison the content of hair and urine mercury of people in different atmospheric 
mercury conditions and assessing their health impacts. 
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2. METHODS 
 
2.1. Selection of Research Sites 
 
In the investigation, we selected Chongqing for the research field of the CRP in China. 
Chongqing is located at subtropical zone (28°27′49″N~30°26′28″N and 
105°17′2″E~107°27′30″E), it is an important industrial city in southwest China. Three 
research sites have been selected in difference atmospheric mercury conditions in Chongqing. 
They were heavy pollution site, medium pollution site and control site. The heavy pollution 
site was near a clinic thermometer factory, the medium pollution site was near a fire power 
plant and the control site was a rural site. 
 
2.2. Methods of sampling and collection of samples 
 
Air samples were collected by amalgamation on gold trap[11]; soil samples were collected at 
the depths of 0~20 cm; plant samples were collected in the edible part; sediment samples 
were collected with the sediment collector; water samples were collected at the center of 
fishponds; fish samples included the difference feeding habits fishes that the research site 
had; hair and urine samples were the local residents’. 
For this project, the samples were mainly collected in the fixed research sites. Furthermore, 
some samples of water, sediment and fish were also collected from other sites, for example 
main stream of the Yangtze River and its branches and some reservoirs in Chongqing, and 
some samples of fish were collected from the markets. 
 
2.3. Experiment design 
 
2.3.1. Experiment design for studying the transformation 
 
Two treatments of B1, which 3 kg air-dry (<3 mm) was put in a 16×12 cm plastic pot.), and 
B2 (B1+1% humic substances) were put in a room with an average air Hg concentration of 
796.4±186.3 ng/m3 under constant moisture for 60 days. Furthermore, two treatments P1 and 
P2 were set up according to the same design as B1 and B2, respectively, but the soils of P1 and 
P2 were applied 2 mg/kg Hg(II) with HgCl2 solution. After mixing thoroughly, the soils of P1 
and P2 were incubated in the laboratory under constant moisture for two months. The P1 and 
P2 were regarded as the treatments that were polluted by contain-Hg waste water and the B1 
and B2 were regarded as the treatments that were polluted by atmospheric Hg. After 60 days, 
the soil samples of P1, P2, B1 and B2 were collected. Then the various forms of Hg of native 
soil (CK), P1, P2, B1 and B2 were determined immediately according to the sequential 
extraction procedure [12-13] listed at Table I. 
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TABLE I. THE SEQUENTIAL EXTRACTION PROCEDURE OF ANALYSIS OF MERCURY 
SPECIES IN SOIL SAMPLES 
 

Step Extracting method Mercury species 
 
 
I 

1.00 g of soil sample was weighed into a 50 ml plastic centrifugal tube, 
and 20 ml of 0.1 mol/L CaCl2 (pH=7) solution was added in. Vibrate the 
tube for 30 min at room temperature, and centrifugate it at 3500 r.m.p for 
10 min. The aqueous phase was transferred to a 25 ml volumetric flask. 
Adopt CVAFS method to analyze Hg content. 

 
Active Hg 
(include soluble Hg and 
exchangeable Hg) 

 
 

II 

20 ml of 1mol/L HCl and 0.5 ml of 1% CuSO4 solution was added into 
the residue above. Vibrate the tube for 30 min at room temperature, and 
centrifugate it at 3500 r.m.p for 10 min. The aqueous phase was 
transferred to a 25 ml volumetric flask. Bromized the solution, then 
adopt CVAFS method to analyze Hg content. 

 
HCl-dissoluble Hg 
 

 
 

III 

20 ml of 1% KOH solution was added into the residue above. Vibrate the 
tube for 30 min at room temperature, and centrifugate it at 3500 r.m.p for 
10 min. The aqueous phase was transferred to a 25 ml volumetric flask. 
Bromized the solution, then adopt CVAFS method to analyze Hg 
content. 

 
 
Organic-bound Hg 

 
IV 

10 ml of 2 mol/L HNO3 was added into the residue above. Vibrate the 
tube for 30 min at room temperature, and centrifugate it at 3500 r.m.p for 
10 min. The aqueous phase was transferred to a 25 ml volumetric flask. 
Adopt CVAFS method to analyze Hg content. 

 
Hg° form 

 
V 

10 ml of aqua regia was added into the residue above, heated at 90°C in 
a water bath for 4 h, and centrifugate it at 3500 r.m.p for 10 min. The 
aqueous phase was transferred to a 25 ml volumetric flask. Adopt 
CVAFS method to analyze Hg content. 

 
Residual Hg 

 
 
2.3.2. Experiment design for studying the uptake rates of mercury by vegetable 
 
Two groups of pot experiments, the high air Hg condition with an average air Hg 
concentration of 57.6±14.7 ng/m3 and the low air Hg condition with an average air Hg 
concentration of 22.8±3.7 ng/m3, were carried out at the simulated experiment. Two same 
treatments were adopted in each group (Table II). Neutral purple soil (Table III) was taken for 
the study. 

 

TABLE II. EXPERIMENT DESIGN FOR STUDYING THE MERCURY UPTAKE RATES BY 
VEGETABLES 
 
Air treatment Air Hg content 

(ng/m3) 
Soil treatments Treatment 

mark 
Soil Hg content 
(mg/kg) 

Native soil A 0.0973 Low air Hg conditions 22.8±3.7 
Native soil applied Hg B 0.199 
Native soil C 0.0973 High air Hg conditions 57.6±14.7 
Native soil applied Hg D 0.199 

 
 

TABLE III. PROPERTIES OF EXPERIMENT SOIL 
 
Soil pH O.M. CEC Clay(<1µm) Hg 
 (H2O, 1:2.5) (g/kg) (c mol/kg) (g/kg) (mg/kg) 
Neutral purple soil 6.92 10.4 18.4 149 0.0973 
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The experiments were carried out from 09/1999 to 08/2000. Four kinds of vegetables, radish, 
capsicum, lettuce and kidney bean, were planted at different seasons. Every vegetable sample 
was collected and was analyzed after its seedling was cultured for 50 days in the experiment 
soil according to above mention treatments. The soil samples were also collected and 
analyzed at the same time. 

 
2.3.3. Experiment design for studying on cycling of mercury 
 
2.3.3.1. Field fixed monitoring 
 
In this investigation, three monitoring experiment areas were subjected to different 
influencing extent of acid deposition in Chongqing, China, of which Jiulongpo was the 
heavily acidic polluted area (HPA), experiment farm of Southwest Agricultural University 
(SWAU) was the lightly polluted area (LPA) and Zhuanlong was the control area (CA) (see 
Figure 1). The LPA was near a coal-fire power plant, the LPA was in the exurb and the 
control site was a rural site. A piece of vegetable land, which area was about 120 m2, was 
selected for field monitoring experiment in each acid deposition area. Three kinds of 
vegetable (cowpea, cabbage and tomato) were rotated from September 2001 to September 
2002. A lysimeter (see Figure 2) was set up in the center of each experiment land for 
collecting the soil seepage water samples and the water sample was imbibed out for analysis 
mercury content at intervals of 15 days. During the experiment period, the samples of air, 
rainwater, dustfall, soil, vegetable, soil-sorption-water were collected and were analyzed at 
fixed intervals in the field experiment sites, respectively. The monthly average concentrations 
of the pollutants were calculated. 

 
2.3.3.2. Model of input and output of mercury in soil of the vegetable land system 

 
In the experiment, it was considered that the sources of input of mercury in the soil were 
precipitation, dustfall, fertilizer and irrigation and the ways of output of mercury from the soil 
were plant output, volatilization and seepage (see Figure 3). 

 
 

HPA

LPA

CA

 

FIG. 1 The location of the monitoring site in Chongqing, China. 
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FIG. 2 The set-up of the lysimeter for collecting the seepage water samples. 
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FIG. 3 Model of input and output of mercury in soil in vegetable land system. 

 
 
2.4. Methods of samples analysis 
 
Items of samples analysis: total mercury of whole samples; organic mercury or methyl-
mercury of fish, water, sediment, hair samples; isotopic abundance ratio of mercury of some 
important samples; pH of water, sediment and soil samples; EC of water and sediment. 
 
Pretreatment of samples: soil and sediment samples were digested with HNO3-H2SO4-
KMnO4 for total mercury measured; plant and fish samples were digested with HNO3-H2SO4-
V2O5; mercury of water samples were accumulated using sulfhydryl cotton fiber (SCF)[14]; 
extraction of methylmercury in samples using 2N HCl, separated by SCF. 
 
Mercury measured: total mercury in the samples was analyzed using CVAFS (or CVAAS); 
distribution of mercury isotopes in the samples were analyzed using ICP-MS; methylmercury 
were analyzed using GC (ECD). 
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2.5. Quality assurance and quality control 
 
 Fields investigated, sampling collected with standard operating procedures; 
 Quality control of analysis using standard geochemical samples and reference materials. 

 
 
3. RESULTS AND DISCUSSION 
 
3.1. Level of atmospheric mercury in research sites in Chongqing, China 
 
3.1.1. Concentration of atmospheric mercury 
 
The results from the investigation indicated that the Hg concentration in atmosphere in the 
research sites in Chongqing was listed in Table IV, which showed the average concentration 
of atmospheric mercury in the research sites. The Hg emitted source in heavy pollution site 
was the clinic thermometer factory, in medium pollution site was the fire power plant. The 
concentration of air Hg in heavy and medium pollution sites were much higher than that in 
rural control site. 
 
TABLE IV. CONCENTRATION OF AIR HG IN THE RESEARCH SITES 
 
 Heavy pollution site Medium pollution site Control site 
Air Hg (ng/m3) 61.6±27.9 42.6±6.9 11.4±4.2 
 
 
3.1.2. Mercury in atmospheric deposition 
 
Deposition is the process, which delivers atmospheric Hg back to the earth’s surface, and it 
can be divided into wet and dry deposition. The amount of atmospheric Hg back to the earth’s 
surface is controlled mainly by the amount of wet and dry deposition and their Hg contents. 
 
Hg in wet and dry deposition in Chongqing was listed in Table V. The amount of Hg back the 
earth’s surface was sum in 195.3 g/km2⋅yr in urban and 48.5 g/km2⋅yr in rural area in 
Chongqing according to the calculation. 
 
 
TABLE V. HG CONTENT OF ATMOSPHERIC DEPOSITION IN CHONGQING 
 

Item Rainwater of (ng/L) Airborne dust (mg/kg) 

 The urban The rural area The urban The rural area 
Hg average content 43.7±24.3 25.8±15.0 0.72 0.35 
Amount of deposition (t/km2⋅yr) 1 178 000 1 214 000 163.2 49.2 
Amount of Hg deposition (g/km2⋅yr) 77.8 31.3 117.5 17.2 
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3.2. Present situation of mercury pollution in terrestrial ecosystem in Chongqing 
 
3.2.1. Relationship between atmospheric mercury and soil-plant mercury 
 
The Hg content of soil in the investigating region was in the range of 0.064 to 0.881 mg/kg. 
Making a comparison between the Hg content of soil and the concentration of atmospheric 
Hg at the same sampling site, the Hg content of soil increased with the atmospheric Hg 
increasing, and there was a positive correlation between them (r=0.741**, n=52). 
 
The bioaccumulation of Hg in plant was related to the concentration of atmospheric Hg and 
soil Hg. The Hg content of plant increased with the atmospheric Hg increasing in Chongqing. 
In this investigation, a positive correlation was found between plant Hg and atmospheric Hg 
(r=0.882**, n=53). 
 
3.2.2. Development of mercury content in surface soil in Chongqing 
 
Because of the increasing of anthropigenic Hg emission, the Hg accumulation in terrestrial 
ecosystem was increasing with time in Chongqing. The Hg accumulation was increasing near 
a coal-fired power plant as Table VI showed. From the data, it indicated that the annual 
average increasing rate of Hg in soil was 7.2% and the net value of Hg that imported to the 
surface soil was 20.6 g/ha⋅yr in the sampling site. 
 
TABLE VI. VARIATIONS OF MERCURY IN SURFACE SOIL OF VEGETABLE LAND NEAR A 
COAL-FIRED POWER PLANT 
 
 1984 1989 1995 1999 
Average Hg content (mg/kg) 0.127 0.168 0.201 0.264 
Total Hg in surface soil* (g/ha) 285.6 378.0 452.3 594.0 
*0~20 cm. 
 
3.2.3. Effect of atmospheric mercury on distribution of mercury in soil profile 
 
In a series sampling sites (C1, C2, C3, C4, C5) in different concentration of air Hg, the Hg 
content of surface soil in higher air Hg conditions was higher than that in lower one. All the 
ratios of the Hg content of the surface soil to the subsoil were more than 1. It suggested that 
the soil had been polluted by air Hg (Table VII). 
 
TABLE VII. CONTENT OF MERCURY IN SOIL PROFILE AT DIFFERENT ATMOSPHERIC 
MERCURY CONDITIONS 
 
Item C1 C2 C3 C4 C5 
Hg in surface soil (0~20 cm) (A) 
mg/kg 0.415 0.227 0.121 0.108 0.146 

Hg in subsoil (20~50 cm) (B) 
mg/kg 0.224 0.164 0.098 0.081 0.129 

A/B 1.85 1.38 1.23 1.33 1.13 
Content of air Hg at sampling 
sites (ng/m3) 42.6±6.9 31.9±4.8 26.3±5.9 26.7±3.2 29.3±13.

9 
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3.2.4. Effect of atmospheric mercury on plant 
 
Due to serious air pollution by Hg in some places in Chongqing, it was found that the content 
of Hg in the edible part of some vegetables, for example lettuce, Chinese cabbage, green 
pepper and so on, had exceeded the national limits (Food Health Standard Value, FHSV) for 
Hg of China (GB 2762-82, 0.01 mg/kg FW), especially in heavy polluted area. Table VIII 
appeared that the average concentration of atmospheric Hg in heavy polluted area near a 
clinic thermometer factory was 61.6 ng/m3 and all the vegetable samples were in higher Hg 
content there, 91.7% of which was in excess of the FHSV. In the medium polluted site, the 
concentration of atmospheric Hg was 42.6 ng/m3 and the vegetable Hg content exceeded 
FHAV with 28.6%, while in the low air Hg conditions (11.4 ng/m3), which was far from Hg 
emission sources, the vegetables were in good quality there. The different leaves Hg 
concentration was close relation to the different air Hg conditions as Table IX presented. 
 
TABLE VIII. HG CONTENT OF VEGETABLE AT DIFFERENT ATMOSPHERIC HG 
CONDITIONS 
 
Investigation sites Heavy polluted area Suburb  Outer suburb 

Average Hg content (mg/kg FW) 0.083 0.014 0.0033 

Sample numbers 12 28 38 

Rate of excess FHSV (%) 91.7 28.6 0 

Atmospheric Hg (ng/m3) 61.6±27.9 42.6±6.9 11.4±4.2 
 
 
TABLE IX. THE RELATIONSHIP BETWEEN ATMOSPHERIC HG AND LEAVES HG 
 
Investigation region Atmospheric Hg (ng/m3) Leaves Hg (mg/kg DW) 
Dadukou 46.6 0.327 
Jiulongpo 42.6 0.269 
Yuzhong 35.8 0.164 
Shapingba 31.9 0.133 
Jiangbei 26.7 0.061 
Nan’an 26.3 0.073 
Beibei 29.3 0.049 
Correlation coefficient 0.982**  
 
 
3.2.5. Mercury pollution of agricultural products in Chongqing 
 
It was found that Hg content in some crops and livestock products had exceeded the limit of 
FHSV due to Hg accumulation in terrestrial ecosystem increasing gradually with the 
increasing Hg emission in Chongqing. It should be noted specially that the Hg concentration 
of milk was high, some of it was in excess of the limit of FHSV because of high Hg 
accumulation in forages (Table X). 
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TABLE X. HG IN SOME AGRICULTURAL PRODUCTS IN CHONGQING 
 
Product Citrus Rice grain Wheat 

grain 
Forage Milk Pork Egg 

Hg (mg/kg) (A) 0.0112 0.0012 0.0086 0.108 0.028 0.011 0.0027 
FHSV (mg/kg) (B) 0.01 0.02 0.02 0.02 0.01 0.05 0.05 
A/B 1.12 0.060 0.43 5.4 2.8 0.21 0.054 
 
 
3.2.6. Mercury in fishponds in different air Hg conditions 
 
Table XI and Table XII showed the mercury in fishpond systems in the research sites. From 
these data, they indicated that the accumulation of mercury in fishponds in polluted sites was 
much higher than that in control site. So the content of Hg in fish muscle in polluted sites was 
higher than in control site. The content of Hg in all the fish muscle in heavy pollution site 
exceeded the limit of FHSV for Hg in fish (0.3 mg/kg FW). 
 
TABLE XI. MERCURY CONTENT IN FISHPONDS IN THE RESEARCH SITES 
 
 Heavy pollution site Medium pollution 

site 
Control site 

In water (ng/L) 96.8~1789 55.3~935 20.0~53.2 
In sediment (mg/kg DW) 0.531~13.5 0.275~2.68 0.0950~0.189 
In muscle of fish (mg/kg FW) 0.307~2.46 0.107~0.417 0.0268~0.094

1 
 
 
TABLE XII. MERCURY CONTENT IN MUSCLE OF FISHES IN THE RESEARCH SITE 
(MG/KG FW) 
 
Fishes Living 

space 
Feeding 
habits 

H. P. 
site 

M. P. 
site 

Control 
site 

Grass carp (C. 
Ctenopharyn- 
godon idellus) 

Upper Plant / 0.173 0.0268 

Silver carp (C. Hypophthal- 
Michthys molitrix) 

Middle Phytoplankto
n 

0.424 / 0.0941 

Variegated carp 
(Cyprinidae 
Aristichthys nobitis) 

Middle Zooplankton 0.461 0.281 0.0469 

Crucian carp (Cyprinidae  
Carassius aruatus) 

Bottom Omnivorous 0.733 0.417 0.0457 

Carp (Cyprinidae Cyprinus 
Carpio) 

Bottom omnivorous / 0.301 0.0382 

 
Table XIII showed that the contents of mercury in Yangtze River and some reservoirs in 
Chongqing. The contents of mercury in muscle of fish from the Yangtze River were lower 
than the FHSV, but some data from the reservoirs were higher than the FHSV. 
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TABLE XIII. CONTENTS OF MERCURY IN YANGTZE RIVER AND RESERVOIRS 
 
 Main stream Branches Reservoirs 
In water (ng/L) 48.3~71.2 55.3~89.8 36.5~119 
In sediment (mg/kg DW) 0.0847 0.0622~0.128 0.0913~0.130 
In muscle of fish (mg/kg FW) 0.0174~0.122 0.0383~0.258 0.0231~0.414 
 
 
3.2.7. Mercury in soil-plant system 
 
Because of serious air pollution by Hg in some places in Chongqing, the soil-vegetable 
system had been polluted. It was found that the content of mercury in the edible part of some 
vegetables, for example lettuce, Chinese cabbage, green pepper and so on, had exceeded the 
national limits (Food Health Standard Value, FHSV) for Hg of China (GB 2762-82, 0.01 
mg/kg FW), especially in heavy polluted area. Table XIV appeared that the contents of 
mercury in all the vegetable samples were higher, 91.7% of which was in excess of the 
FHSV. In the medium polluted site, the contents of mercury in the vegetable samples 
exceeded FHAV with 28.6%, while in the control site, which was far from Hg emission 
sources, the vegetables were in good quality there. 
 
 
TABLE XIV MERCURY IN SOIL AND VEGETABLE IN THE RESEARCH SITES 
 

Soil (mg/kg) Vegetables (mg/kg FW)  Sites of sampling 
range mean range mean 

Heavy pollution site 0.247~0.433 0.310 0.0027~0.213 0.083 
Medium pollution site 0.098~0.214 0.174 0.0017~0.093 0.014 
Control site 0.043~0.075 0.065 0.00086~0.0098 0.0033 
 
 
3.2.8. Content of mercury in hair and urine 
 
In the investigation, some hair and urine samples of human were collected and were analyzed 
for studying the health impacts of mercury cycling in different contaminated environments. 
The data of analysis were presented in Table XV and Table XVI. The contents of mercury in 
hair and urine from the pollution sites were higher than that in the control site. It indicated 
that the crowd in mercury polluted area had impacted by mercury. 
 
 
TABLE XV CONTENTS OF MERCURY IN HAIR (MG/KG) 
 

Men Women Sites of 
Sampling* number range mean number range mean 
H. P. site 31 0.393~8.78 3.22 28 0.303~12.4 4.17 
M. P. site 24 0.289~6.16 1.84 25 0.523~6.55 2.03 
Control site 18 0.177~4.45 0.971 17 0.261~5.14 1.12 
*H. P. site = Heavy pollution site; M. P. site = Medium pollution site. 
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TABLE XVI CONTENTS OF MERCURY IN URINE (µG/L) 
 

Men Women Sites of 
Sampling number range mean number range mean 
H. P. site 8 11.3~40.8 28.1 11 6.38~45.7 22.5 
M. P. site 9 1.26~19.4 9.16 9 0.925~23.4 11.4 
Control site 6 0.845~8.33 3.14 6 0.637~10.2 3.46 
 
 
3.3. Relationship between atmospheric mercury and plant leaves mercury content 
 
The results of investigation indicated that the bioaccumulation of Hg in plant leaves was 
related to the concentration of atmospheric Hg, which was linearly correlated as Figure 4 
showed, with correlation coefficients of 0.925** (n=39). 
 
Hg in plants came both from soil and the atmosphere. On the whole, Hg contents in plant 
leaves increased with the increase of air-Hg, the correlation equation was: 
 

y = 0.0173x-0.3204 
 

y = 0. 0173x -  0. 3204
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FIG. 4. Relationship between plant leaves and air Hg. 

 
Calculation from this equation showed that the accumulation of Hg in plants stemmed mainly 
from soil rather than atmosphere when air-Hg was lower than 18.5 ng/m3, however 
contribution of air-Hg to plant Hg accumulation was increasing with the increase of Air-Hg 
when its concentration was higher than 18.5 ng/m3. Similar to the variation of air-Hg with the 
distance from the Hg emission source, the Hg contents in leaves of banyan-tree and lettuce 
were decreased as the increase of the distance from the Hg emission source in a thermometer 
factory, their relations could described by following equations: 

8365.0806.88 −= xyb    R2=0.9502 

5778.02677.2 −= xyl    R2=0.9209 
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3.4. Transformation of atmospheric Hg in soil 
 
The distribution of various forms of Hg in native soil (CK), B1, B2, P1 and P2 were listed in 
Table XVII. 
 
Contrasting with the CK, the percentage of Hg° form in total Hg increased in the polluted soil 
by atmospheric Hg, and so did the HCl-dissoluble Hg. But the percentage of organic-bound 
Hg and residual Hg decreased. The distribution of various Hg forms in the polluted soil by 
contain-Hg wastewater had the same variation as the polluted soil by atmospheric Hg. 
 
The contents of various Hg forms in the polluted soil subtracted by that in the CK were their 
net contents (Table XVIII).  
 
TABLE XVII. DISTRIBUTION OF VARIOUS FORMS OF HG IN SOIL OF VARIOUS 
TREATMENT 
 
Treatment Active 

Hg 
HCl-dissoluble 
Hg 

Organic-bound 
Hg 

Hg° form Residual Hg Total Hg 

CK Content 
(mg/kg) 

ND 0.0240 0.0194 0.0148 0.1748 0.2330 

 % in total / 10.30 8.34 6.35 75.01  
B1 Content 

(mg/kg) 
0.0003 0.0677 0.0214 0.0722 0.3039 0.4665 

 % in total 0.06 14.54 4.60 15.51 65.28  
B2 Content 

(mg/kg) 
0.0004 0.0821 0.0427 0.1220 0.3849 0.6321 

 % in total 0.06 12.97 6.74 19.27 60.81  
P1 Content 

(mg/kg) 
0.0026 0.6249 0.0707 0.1882 1.2625 2.1489 

 % in total 0.12 29.08 3.29 8.76 58.75  
P2 Content 

(mg/kg) 
0.0022 0.6633 0.1843 0.2654 1.3747 2.4899 

 % in total 0.09 26.64 7.40 10.66 55.21  
 
 
TABLE XVIII. NET INCREASING CONTENTS OF VARIOUS HG FORMS IN THE POLLUTED 
SOIL 
 
Treatment Active 

Hg 
HCl-dissoluble 
Hg 

Organic-bound 
Hg 

Hg° form Residual Hg Total Hg 

B1 Net 
increasing(mg/kg)

0.0003 0.0437 0.0020 0.0574 0.1291 0.2335 

 % in total 0.12 18.75 0.86 24.58 55.29  
B2 Net 

increasing(mg/kg)
0.0004 0.0581 0.0233 0.1072 0.2101 0.3991 

 % in total 0.10 14.56 5.84 26.86 52.64  
P1 Net 

increasing(mg/kg)
0.0026 0.6009 0.0513 0.1734 1.0877 1.9159 

 % in total 0.14 31.36 2.68 9.05 56.77  
P2 Net 

increasing(mg/kg)
0.0022 0.6393 0.1649 0.2506 1.1999 2.2269 

 % in total 0.10 28.71 7.40 11.25 53.88  
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The results clearly demonstrated that the Hg transferred from air into soil had been 
transformed in two months in the pot experiment, 0.10~0.12% of which was in active Hg, 
14.56~18.75% in HCl-dissoluble, 0.86~5.86% in organic-bound and 52.64~55.29% in 
residual, respectively. The Hg° form - the main form of atmospheric Hg was only kept for 
24.58~26.86% in soil. Additionally, the total net increasing content of Hg and the 
transforming rate of organic-bound Hg and the maintaining rate of Hg° forms in the treatment 
with humus (B2) were higher than that in the treatment without humus (B1). The result 
indicated that humus application could promote the Hg accumulation in soil. 
 
After applied in soil, the H2O-dissolutable HgCl2 would be transformed. In the pot 
experiment, after incubated in two months, only 0.10~0.14% of active Hg that applied with 
HgCl2 solution remained in the soil. The rest had been transformed to other forms, 
28.71~31.36% of which was in HCl-dissoluble, 2.68~7.40% in organic-bound, 7.05~11.25% 
in Hg° form, and 53.88~56.77% in residual, respectively. 
 
3.5. Uptake rates of mercury by vegetable from atmosphere and soil 
 
The uptake Hg amount of vegetables in the pot experiments were listed in Table XIX. 
 
TABLE XIX. UPTAKE HG AMOUNT OF VEGETABLE PLANT IN POT EXPERIMENTS 
 

capsicum Kidney bean Lettuce Radish Treatme
nt mark biomass  

(g/pot) 
uptake 

Hg 

(µg/pot) 

biomass 
(g/pot) 

uptake 
Hg 
(µg/pot) 

biomass 
(g/pot) 

uptake 
Hg 
(µg/pot) 

biomass  
(g/pot) 

uptake 
Hg 
(µg/pot) 

A 5.4 0.0451 15.2 0.0600 41.4 0.123 25.7 0.198 
B 5.6 0.0623 15.0 0.0911 41.0 0.235 25.4 0.295 
C 5.6 0.261 14.8 0.140 39.9 0.481 26.3 0.524 
D 5.2 0.289 15.0 0.180 39.1 0.631 26.4 0.620 
 
According to below expressions, the contribution rates of air-Hg to plant and soil-Hg to plant 
were showed in Table XX. 
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where AMCR means the contribution of air-Hg to plant, SMCR means the contribution of soil-Hg to 
plant. 
 

TABLE XX. CONTRIBUTION RATES OF AIR-HG TO PLANT AND SOIL-HG TO PLANT (%) 
 
 capsicum Kidney bean Lettuce Radish 
AMCR 90.7 70.4 74.2 77.1 
SMCR 9.3 29.6 25.8 22.9 
 



 

49 

The results of the experiments showed that the four tested vegetables absorbed Hg came both 
from soil and the atmosphere, 70.4%~90.7% of it came from the atmosphere and 
9.3%~29.6% came from the soil. 
 
3.6. Cycling of mercury in vegetable system in Different Acid Deposition Areas 
 
3.6.1. Input of Mercury in Vegetable Land Systems in Different Acid Deposition Areas 
 
After one year monitoring, the inputs of mercury into the soils in vegetable land systems in 
different acid deposition areas were listed in Table XXI, Table XXII and Table XXIII, 
respectively. The sources of input of mercury included precipitation, dustfall, irrigation and 
fertilizer. The input values were calculated in the area of 1 hectare. 
 
From the Tables, the total inputs of mercury into the vegetable land soils were 2621.4, 1220.7 
and 915.5 mg/hm2 in HPA, LPA and CA, respectively. In among, the inputs of mercury from 
the atmospheric sources, which were the precipitation and the dustfall, were 1015.4, 513.2 
and 257.1 mg/hm2 in HPA, LPA and CA, respectively. The percentages of the inputs of 
mercury from the atmospheric sources in the totals were 38.7%, 42.0% and 28.1%, 
respectively. The results indicated that the total input of mercury into soil in the HPA was far 
higher than those in the LPA and the CA. The source of input of mercury in the HPA was 
related to the acid deposition pollution, which was caused by the coal-fire power plant. 
 
TABLE XXI. INPUT OF MERCURY INTO SOIL DURING THE PERIOD OF CABBAGE 
GROWING (FROM 12/09/2001 TO 04/02/2002) 
 
Item HPA* LPA CA 
Total precipitation into the soil (t/hm2) 2453 2058 1890 
Mercury content in rainwater (ng/L) 57.3~137.0 45.0~85.1 18.5~71.1 
Total mercury of precipitation into the soil (mg/hm2) 163.0 113.4 67.1 
Total of dustfall into the soil (t/hm2) 369 226 198 
Mercury content in dustfall (mg/kg) 0.354 0.192 0.113 
Total mercury of dustfall into the soil (mg/hm2) 130.6 43.4 22.4 
Amount of organic manure application (t/hm2) 205.8 189.0 195.8 
Mercury content in manure (mg/kg) 0.0033 0.0014 0.0016 
Total mercury of dustfall into the soil (mg/hm2) 679.1 264.4 313.3 
Total irrigation (t/hm2) 174.2 173.3 180.5 
Mercury content in irrigated water (ng/L) 96.8 54.3 20.0 
Total mercury of irrigation into the soil (mg/hm2) 16.9 9.4 3.6 
Total input of mercury into soil (mg/hm2) 989.6 430.6 406.4 
*HPA: heavy pollution area; LPA: light pollution area; CA: control area.  
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TABLE XXII INPUT OF MERCURY INTO SOIL DURING THE PERIOD OF TOMATO 
GROWING (FROM 05/02/2002 TO 17/05/2002) 
 
Item HPA LPA CA 
Total precipitation into the soil (t/hm2) 3981 3652 3423 
Mercury content in rainwater (ng/L) 14.4~63.2 16.3~46.8 12.3~40.3 
Total mercury of precipitation into the soil (mg/hm2) 240.6 125.7 61.4 

Total of dustfall into the soil (t/hm2) 327 292 184 
Mercury content in dustfall (mg/kg) 0.427 0.231 0.152 
Total mercury of dustfall into the soil (mg/hm2) 139.6 67.5 28.0 

Amount of organic manure application (t/hm2) 205.8 189.0 195.8 
Mercury content in manure (mg/kg) 0.0028 0.0015 0.0011 
Total mercury of dustfall into the soil (mg/hm2) 576.2 283.5 215.4 

Total irrigation (t/hm2) 174.2 173.3 180.5 

Mercury content in irrigated water (ng/L) 96.8 54.3 20.0 
Total mercury of irrigation into the soil (mg/hm2) 16.9 9.4 3.6 

Total input of mercury into soil (mg/hm2) 973.3 486.1 308.4 
 
TABLE XXIII INPUT OF MERCURY INTO SOIL DURING THE PERIOD OF COWPEA 
GROWING (FROM 18/05/2002 TO 11/09/2002) 
 
Item HPA LPA CA 

Total precipitation into the soil (t/hm2) 3907 4014 4047 

Mercury content in rainwater (ng/L) 24.4~63.9 19.8~55.8 12.0~29.5 

Total mercury of precipitation into the soil (mg/hm2) 239.6 130.3 68.7 

Total of dustfall into the soil (t/hm2) 288 171 84 

Mercury content in dustfall (mg/kg) 0.354 0.192 0.113 

Total mercury of dustfall into the soil (mg/hm2) 102.0 32.8 9.5 

Amount of organic manure application (t/hm2) 93.3 97.8 76.2 

Mercury content in manure (mg/kg) 0.0033 0.0014 0.0016 

Total mercury of dustfall into the soil (mg/hm2) 307.9 156.5 121.9 

Total irrigation (t/hm2) 93.3 73.3 30.5 

Mercury content in irrigated water (ng/L) 96.8 54.3 20.0 

Total mercury of irrigation into the soil (mg/hm2) 9.0 4.0 0.61 

Total input of mercury into soil (mg/hm2) 658.5 304.0 200.7 
 
 

3.6.2 Output of Mercury in Vegetable Land Systems in Different Acid Deposition Areas 

The outputs of mercury from the soils in vegetable land systems in different acid deposition 
areas were listed in Table XXIV, Table XXV and Table XXVI, respectively. The ways of 
output of mercury included seepage, plant output and volatilization. The output values were 
calculated in the area of 1 hectare. 
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From the Tables, the total outputs of mercury from the vegetable land soils were 1352.2, 
931.7 and 895.0 mg/hm2 in HPA, LPA and CA, respectively. The percentages of the outputs 
of mercury from the seepage in the totals were 22.6%, 26.3% and 21.4%, from the vegetable 
output in the totals were 29.0%, 21.4% and 33.6%, from the volatilization in the totals were 
48.3%, 52.4% and 45.0% in the HPA, the LPA and the CA, respectively. 
 
TABLE XXIV OUTPUT OF MERCURY FROM SOIL DURING THE PERIOD OF CABBAGE 
GROWING (FROM 12/09/2001 TO 04/02/2002) 
 
Item HPA LPA CA 
Total seepage of water from soil (t/hm2) 1553.7 1721.2 1631.4 

Mercury content of leaching water (ng/L) 86.4 58.5 46.7 

Total mercury of leaching water from soil (mg/hm2) 134.2 100.7 76.2 

Biomass of harvesting vegetable (t/hm2) 40170 37010 61710 

Mercury content in vegetable (mg/kg) 0.00583 0.00308 0.00295 

Output of mercury from vegetable (mg/hm2) 234.2 113.9 182.0 

Release flux of mercury of soil (µg/hm2·d) 1716 1112 948 

Volatilization loss of mercury from soil (mg/hm2) 200.6 126.8 108.1 

Total output of mercury from soil (mg/hm2) 569.0 341.4 366.3 

 
 
TABLE XXV OUTPUT OF MERCURY FROM SOIL DURING THE PERIOD OF TOMATO 
GROWING (FROM 05/02/2002 TO 17/05/2002) 
 
Item HPA LPA CA 

Total seepage of water from soil (t/hm2) 2587.7 2373.8 2224.9 

Mercury content of leaching water (ng/L) 40.5 34.9 29.4 

Total mercury of leaching water from soil (mg/hm2) 104.8 82.8 65.4 
Biomass of harvesting vegetable (t/hm2) fruit 19594.4 

leaf  2591.8 
stem 8482.7 

fruit 26785.9 
leaf  1596.5 
stem 5130.8 

fruit 57896.0 
leaf  2344.8 
stem 9422.6 

Mercury content in vegetable (mg/kg) fruit 0.00080 
leaf  0.0182 
stem 0.00185 

fruit 0.00025 
leaf  0.0150 
stem 0.00130 

fruit 0.00025 
leaf  0.0116 
stem 0.00130 

Output of mercury from vegetable (mg/hm2) 78.5 37.3 53.9 

Release flux of mercury of soil (µg/hm2·d) 2134 1843 1621 

Volatilization loss of mercury from soil (mg/hm2) 219.8 189.8 166.9 

Total output of mercury from soil (mg/hm2) 403.1 309.9 386.2 
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TABLE XXVI OUTPUT OF MERCURY FROM SOIL DURING THE PERIOD OF COWPEA 
GROWING (FROM 18/05/2002 TO 11/09/2002) 
 
Item HPA LPA CA 

Total seepage of water from soil (t/hm2) 1543.3 1707.4 1726.8 

Mercury content of leaching water (ng/L) 43.2 35.9 28.8 

Total mercury of leaching water from soil (mg/hm2) 66.7 61.3 49.7 
Biomass of harvesting vegetable (t/hm2) beans 7118 

leaf  6235 
stem  7112 

beans 8804 
leaf  6007 
stem  6512 

beans 18977 
leaf  8127 
stem  10500 

Mercury content in vegetable (mg/kg) beans 
0.00163 
leaf  
0.00607 
stem 
0.00431 

beans 
0.00111 
leaf  
0.00403 
stem 
0.00212 

beans 
0.00093 
leaf  
0.00356 
stem 
0.00174 

Output of mercury from vegetable (mg/hm2) 80.1 47.8 64.8 

Release flux of mercury of soil (µg/hm2·d) 2712 1992 1488 

Volatilization loss of mercury from soil (mg/hm2) 233.3 171.3 128.0 

Total output of mercury from soil (mg/hm2) 380.1 280.4 242.5 

 
 
3.6.3. Accumulation of Mercury in Surface Soil in Different Acid Deposition Areas 
 
Table XXVII showed the ratios between the inputs of output (I/O) of mercury in soil in three 
crop growing seasons in different acid deposition areas. All the I/O values of the HPA and the 
LPA were more than 1. The result indicated that there was accumulation of mercury in soil in 
the two regions. The I/O values in the CA were in the range from 0.83 to 1.11. It implied that 
the content of mercury in soil in the CA was stable. The conclusion was able to be confirmed 
from the data that was listed in Table XXVIII. 
 

TABLE XXVII THE RATIO BETWEEN INPUT AND OUTPUT (I/O) OF MERCURY IN SOIL IN 
DIFFERENT ACID DEPOSITION AREAS 
 
Period HPA LPA CA 
1st planting season 1.74 1.26 1.11 
2nd planting season 2.41 1.57 1.08 
3rd planting season 1.73 1.15 0.83 
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TABLE XXVIII ACCUMULATION OF MERCURY IN SURFACE SOIL IN DIFFERENT ACID 
DEPOSITION AREAS 
 
Period Items HPA LPA CA 

Input (mg/hm2) 989.6 430.6 406.4 
Output (mg/hm2) 569.0 341.4 366.3 
Accumulation of Hg in 
surface soil (mg/hm2) 

420.6 89.2 40.1 

1st planting season 

Net increase of Hg content 
in surface soil (µg/kg) 

0.187 0.0396 0.0178 

Input (mg/hm2) 973.3 486.1 308.4 
Output (mg/hm2) 403.1 309.9 286.2 
Accumulation of Hg in 
surface soil (mg/hm2) 

570.2 176.2 22.2 

2nd planting season 

Net increase of Hg content 
in surface soil (µg/kg) 

0.253 0.0783 0.00987 

Input (mg/hm2) 658.5 323.6 200.7 
Output (mg/hm2) 380.1 280.4 242.5 
Accumulation of Hg in 
surface soil (mg/hm2) 

278.4 43.2 -41.8 

3rd planting season 

Net increase of Hg content 
in surface soil (µg/kg) 

0.124 0.0192 -0.0186 

Accumulation of Hg in surface soil in a year 
(mg/hm2) 

1269.2 308.6 20.5 

Net increase of Hg content in surface soil in a year 
(µg/kg) 

0.564 0.137 0.00907 

 
From Table XXVIII, it showed that the Hg content in surface soil increases average 
0.567µg/kg a year in heavy pollution area, but only 0.00907µg/kg in control area. It implies 
that the Hg accumulated in soil more and more badly in heavy pollution area, it will influence 
the human health through the food chain. 
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THEIR LINKAGE TO ATMOSPHERIC POOLS STUDIED BY NUCLEAR 
TECHNIQUES 
 
ENNO BAHLMANN 
 
GKSS-Forschungszentrum Geesthacht 21, 21502 Geesthacht, Germany 

 
 
1. PRELIMINARY REMARKS 
 
The work related to this CR was interrupted from October 2001 to November 2002 because I 
have had a time out for this time 
The results summarized in the following chapters are part of ongoing research at GKSS, 
which will be finished in September 2003. 
Till now we haven’t used any nuclear or related methods. We plan to do this within the next 
two months and hope that there is a possibility to include these results. 
We would like to include some tropical soils in our study and like to ask anybody to send as 
soil samples. If someone is interested please contact me. 
 
 
2. KINETIC STUDIES OF MERCURY EMISSIONS FROM SOILS 
 
Conservative estimates of global natural mercury fluxes into the atmosphere suggest a total of 
500 t/a originating from the mercuriferous belt and about 200 t/a degassing from background 
soils. (Lindqvist et al., 1991) Recent flux measurements at different terrestrial sites suggest 
that mercury emissions and re-emissions from terrestrial sites have been significantly 
underestimated. (Ebinghaus. et al., 1999) This could result in an inaccurate ratio between 
natural and anthropogenic sources in global emission inventories. However, all this estimates 
are based on a fairly raw database, and considering that, it becomes clear that an accurate 
assessment of air/surface exchange processes will be critical to refine the global mercury 
cycle. For upscaling mercury fluxes derived from field experiments to regional or global 
scales a detailed process understanding of the driving forces behind air/surface exchange is 
imperative. 
 
 
3. METHODS 
 
For our studies we used a Laboratory Flux Measurement System (LFMS). The system is 
designed for the simultaneous flux determination of mercury, CO2 and water vapour under 
controlled environmental conditions. The System operates with two identic flux chambers, 
one acting as a reference and the other acting as a sample chamber. The concentrations of the 
analytes are measured simultaneously at the outlet of both chambers. Fluxes are calculated on 
the basis of the outlet concentrations. All measurements are corrected for standard conditions. 
Total gaseous mercury (TGM) is measured with two Tekran Mercury Vapour Analyzers 
(Model 2537) with a time resolution of 5min. Concentrations of CO2 and water vapour are 
determined continuosly using a Two Channel Infrared Gas Analyser (LiCor, Model Li 6262). 
Air and soil temperature, light intensity and soil humidity are measured continuously on a 
routine base. 
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The cylindrical´chambers have a diameter of 50 cm corresponding to a surface area of 
~2000cm² and a variable height between 10 and 40 cm, resulting in a chamber volume from 
20 – 80L. All system parts coming in contact with samples are made of or coated with 
Teflon-FEP Inlet- and outlet ports are on opposite sides of the chamber in a height of 8cm 
over the sample surface. A fan is installed in the center of each chamber for continous mixing 
of incoming air. Ambient Air is pulled through the chambers at predefined flow rates between 
1.5 – 30 l/min, using high capacity mass flow controllers and membrane pumps. Water can be 
added to the soil samples as water vapour or as a fine aerosol via the inlet port of the 
chambers. An additional port at the bottom of the chambers is designated for direct additon of 
water or solutions to the soil samples. The bottom of the chambers are designed as a heat 
exchanger and coupled with a thermostat (LaudaUKT 600) allowing control of the soil 
temperature from 35°C to- 10°C.  To investigate the influence of solar radiation on mercury 
exchange processes we use a solar simulator with a 2000W Xenon short arc lamp as light 
source. Xenon short arc lamps emit a light spectrum which is quite similar to the sunlight 
spectra.Wavelengths below 285 nm and above 900 nm are cutted off by filters. A maximum 
light intensity of 320W/m² is achievable. 
 
 
4. RESULTS 
 
We studied the influence of environmental parameters on mercury fluxes for 8 different soils 
from Germany covering mercury content from 0.28 to 2.37 µg/g. The fractionation of 
mercury in these soils was mainly determined by humic compounds. 
 
For all soils under investigation we found a strong influence of radiation, soil-surface 
temperature and turbulence on emission fluxes of mercury. Temperature differences between 
the soil surface and the air above showed a moderate but still significant influence on the 
emission fluxes. Further on we found a strong correlation between the emission fluxes and 
total mercury concentration in the soil. The role of the vegetation in air/surface exchange of 
mercury has not been addressed in this study. 
 
In detail we found: 
 

 The mercury emission flux is controlled by the physical and chemical conditions of the 
top layer (~ 1 cm) 

 Under constant conditions the mercury emission fluxes are well correletad with total 
mercury concentrations in the soils 

 We can distinguish between a temperature induce flux and a light induced flux. 

 In the absence of solar radiation we found a mean apparent activation energy (Ea) of 65.3 
± 6.3 KJ/mol. for the release of mercury from soils. Ea increases with decreasing soil 
moisture. Our results indicate that the Ea is affected by the soil moisture water 
tension. A mean Ea of 65.3 KJ/mol indicates that the emission of mercury from soils 
in the absence of sunlight is controlled by phase equilibrium of elemental mercury 
between the soil matrix and the soil air. 

 The soil moisture affects the activation energy as mentioned before and determines the 
diffusity of the soil. Starting with water saturated soil the observed flux first increases 
with decreasing soil moisture due to an increasing diffusivity of the soil and peaks 
somewhere at field capacity. An ongoing dry up of the soil results in an decrease of 
the flux, because of the increasing activation energy. 
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 Irridation with a light intensity of 320 W/m² resulted in a two to five times increase of the 
emission flux compared two dark fluxes at 20°C. The light induced fluxes are strongly 
correlated with the light intensity and showed a clear spectral response in the UV. 

 
The slides in the attached pdf-file show some of our results. An overview of the relative 
importance of nuclear technologies in the area concerned 
 
In the research field of air/surface exchange of mercury at least two topics can be identified 
where nuclear and related techniques are of high importance: 
 
 The reemission of deposited mercury species 
 The role of the vegetation in air/surface exchange of mercury 
 
 
5. PUBLICATIONS RELATED TO THE CRP 
 
E. Bahlmann, R. Ebinghaus; Process studies on mercury fluxes over different soils with a 
new Laboratory Flux Measurement System (LFMS); J. Phys. IV France 107; 2003 Oral 
Presentation ath the 12th Heavy Metals Concerence, Grenoble France 
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HEALTH IMACTS OF MERCURY CYCLING IN CONTAMINATED 
ENVIRONMENT OF CENTRAL INDIA 
 
KHAGESHWAR SINGH PATEL 
 
School of Studies in Chemistry, Pt. Ravishankar Shukla University, Raipur-492010, 
CH, India 
 
Abstract 
 
The central region, Chhattisgarh state of India is rich in deposition of minerals i.e. lime stone, iron-ore, 
copper-ore, rock phosphate, manganese ore, bauxite, asbestos, etc. and coal. More than 50 million tones 
(MT) minerals and coal are exploited every year by various industries and thermal power plants to 
produce metals, alloys, cements and energy in this part of the country.  In addition, > 600 rice mills are in 
operation to produce > 2 MT rice every year. These raw materials are contaminated with various very 
toxic metals i.e. As, Hg, Pb, etc. at trace levels. The processes i.e. mining, burning of coal, smelting of 
minerals, milling of rice, etc. are expected main emission source for the toxic metals.  To understand the 
mercury cycling and health hazard in this region, the surface water of the contaminated sites and waste 
water of point sources (i.e. thermal power plant, steel plant, cement plant, sulfuric acid plant, rice mill, 
etc.) have been analyzed.  In forty-two samples, the concentration of total mercury levels was in range of 
6.7  - 678 ng/ml with mean and median value of 118.1 and 49.3 ng/ml, respectively. The strongest 
sources for mercury emission in this region observed were leaching process from coal and iron pyrite and 
coal burning.  In order to know the mercury health impact in the humans living in the contaminated sites, 
twenty hair samples have been analyzed. The total mercury level was ranged from 2.6  - 37.8 mg/kg with 
mean and median value of 12.3 and 10.4 mg/kg, respectively.  The mercury health hazard in this region 
expected are owing to mercury exposures and use of mercury contaminated water and foods.  A detailed 
investigation is needed to understand the human health effect of mercury in this region of country. 
 
 

1. INTRODUCTION 
 
Mercury is a naturally occurring element, present throughout the environment. Most of 
mercury is derived from the mineral cinnabar.  It is also found at trace levels in many raw 
materials (i.e. coal, minerals, etc.) that form the backbone of the industrial base. Man has used 
Mercury and its compounds for many hundreds of years and their toxicities are well 
recognized. Metallic mercury is used in the manufacture of thermometers and scientific 
instruments, and in the electrical, electronic and chemical industries to produce chlorine gas, 
caustic soda, etc. The well-known application of mercury is in recovery of fine gold particles 
in the gold mines. Inorganic and organic compounds of mercury are widely used as anti-
bacterial and anti-fungal agents in the form of liquids, powders and paints. Mercury is unique 
among the metals in being a volatile liquid at ambient temperatures with a measurable vapor 
pressure [1 - 3]. 
 
Mercury is released into the environment from natural and anthropogenic sources. Because 
mercury use is widespread throughout multiple industries as a process or product ingredient. 
It is released into the environment when raw materials containing mercury are heated, even 
though the mercury itself plays no role in these processes. Mercury also releases during use in 
consumer products, and as a result of incidental releases. Of this total, combustion point 
sources, which include utility, commercial, industrial and other boilers, as well as municipal 
waste combustors and other incinerators, account for 85% of anthropogenic mercury 
emissions. Four specific combustion source categories account for the majority of 
anthropogenic emissions: municipal and medical waste incineration (25% each); utility 
boilers (21%); and commercial/industrial boilers (12%). In addition, manufacturing sources, 
which include chlor-alkali production, smelting, secondary mercury production, equipment 
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manufacture, and other processes, account for 12% of total anthropogenic mercury emissions 
[4]. 
 
Mercury is a ubiquitous environmental toxin that causes a wide range of adverse health 
effects in humans. The EPA has set a limit of 2 µg l-1 Hg in drinking water [4]. Three forms of 
mercury (elemental, inorganic, and organic) exist, and each has its own profile of toxicity [5]. 
At high levels, metallic mercury can cause effects on the nervous system and the developing 
fetus. Other forms of mercury can damage other organs. Even at low levels, metallic mercury 
can cause health problems. Mercury exposure can begin to cause harm before symptoms arise. 
Once symptoms do arise, health problems related to metallic mercury poisoning can include 
tremors, changes in vision or hearing, insomnia, weakness, difficulty with memory, headache, 
irritability, shyness and nervousness, and a health condition called acrodynia.  
 
Pregnant women and their fetuses are especially vulnerable to the toxic effects of metallic 
mercury because it readily passes from the placenta to the fetus. Mercury may accumulate in 
higher concentrations in the unborn baby than in the mother. Young children, who often play 
on the floor where metallic mercury may have been spilled, are particularly at risk for effects 
on the central nervous system. Mercury vapors are readily absorbed into the bloodstream from 
the lungs, and the human central nervous system, which is still developing during the first few 
years of life, may become damaged.  
 
Health effects can result from short-term or long-term exposure. The body gets rid of mercury 
through the urine and feces. Removal of this substance from the body can take up to several 
months after exposure. Acrodynia is characterized by itching, swelling, and flushing; pink-
colored palms and soles of the feet; excessive perspiration; rashes; irritability; fretfulness; 
sleeplessness; joint pains and weakness. Children exposed to metallic mercury for long 
periods may have trouble learning in school [5].  
 
Exposure to mercury typically occurs by inhalation or ingestion. Readily absorbed after its 
inhalation, mercury can be an indoor air pollutant, for example, after spills of elemental 
mercury in the home; however, industry emissions with resulting ambient air pollution remain 
the most important source of inhaled mercury. Because fresh-water and ocean fish may 
contain large amounts of mercury, children and pregnant women can have significant 
exposure if they consume excessive amounts of fish. The developing fetus and young children 
are thought to be disproportionately affected by mercury exposure, because many aspects of 
development, particularly brain maturation, can be disturbed by the presence of mercury [6].  
 
Minamata disease was discovered for the first time in the world at Minamata City, 
Kumamoto, Japan in 1956 and next time at Niigata city, Japan in 1965 [2]. In Canada, 
mercury pollution was also occurred by a caustic soda factory and Minamata disease was 
observed. The hair mercury value of people living there exceeded > 50 µg/g [2]. The 
Minamata disease was caused in Jirin city, China owing to flush out of methyl mercury into a 
river from the chemical complex and the maximum value of 71.2 µg/g was observed [2]. In 
Amazon basin near Madeira and Negro rivers, the high mercury hair values (up to 94.7 µg/g) 
were detected due to use of mercury in the gold mines [7-9]. The elevated mercury 
concentrations in water and sediment samples of gold processing and refining plant in 
Apokon, Tagum and Davao del Norte, Philippines were reported [10]. Total mercury levels in 
water and sediment samples ranged from 72.8–78.4 ng/ml and 0.553–66.47 µg/g, 
respectively. A serious mercury pollution (maximum up to 100 µg/g) in the top soil of the 
floodplain area and River Nura, Central Kazakhstan was observed [11]. The sediments of 
Almaden area, Spain and Rio de Janeiro City, Brazil were polluted with high level of 
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mercury, up to 100 and 37 µg/g, respectively  [12-13]. The high level of mercury in water 
(720 ng/ml) and sediment (357 µg/g) of Dubasar reservoir, Moldova was reported [14]. 
 
Investigation of mercury pollution in the coal burning and heavily industrialized site of the 
country, Chhattisgarh state (Central India) has been carried out to know pollution sources and 
their health effect. Biological indicators of toxicities considered are urine, blood, hair and nail 
contamination. Hair is a good indicator of the amount of the toxin absorbed during their 
growth period.  The total mercury levels in the surface water /waste water (i.e. industrial 
waste, municipal waste, rice mill waste, etc.) and hair of people living in the contaminated 
sites have been described. 
 
 
2. MATERIALS AND METHODS 
 
2.1. Equipments 
 
A GBC model 932 atomic absorption spectrophotometer (AAS) equipped with HG-3000 cold 
vapor(CV) accessory was used to monitor total mercury. The vapor generation atomic 
fluorescence spectrophotometry, Kent, England was used for the data validation. 
 
2.2. Reagents 
 
All chemicals used were analytical grade reagents (E. Merck/Fluka). The standard solution of 
mercury 1000 mg/l was prepared by dissolving weighed amount of Hg(NO3)2.H2O in 1% 
(v/v) HNO3. A 5 % (w/v) tin(II) chloride in 5 M HCl containing 0.5% (w/v) hydrazine sulfate  
was used for reduction of mercury. A 4 %(w/v) KBrO3 solution containing 15% (w/v) KBr in 
1 M HCl was used to break non-labile mercury in water samples. 
 
2.3. Sampling and digestion of water and hair samples 
 
The collection, preservation and digestion of the samples, and their analysis for total mercury 
were carried out as described in the literatures [15 - 20]. 
 
All the vessels used were rinsed with hot distilled water. Then, they were left in 0.1% (w/v) 
detergent for at least 24 hrs. After that they were once again rinsed with hot distilled water 
and Milli-Q water and then, completely downed in 10% (v/v) HNO3 (Analytical grade, E. 
Merck) for 24 hrs. The vessels were then rinsed with Milli-Q water and dried in a clean oven 
for 12 hrs at 60° C.   
 
Water samples were collected from various sites of Chhattisgarh state of India in month of 
Dec.,2002 – Jan. 2003 in a 1-litre cleaned polypropylene(PP) container. They were 
transported to the laboratory. The pH value of the samples was measured immediately. About 
100 ml aliquot of this sample was filtered with 0.45 µm nylon filter.  The filtrate was 
immediately transferred in Pyrex bottle, acidified with few drops of HNO3 (ultra pure, E. 
Merck) and refrigerated at 4°C. 
 
Approximately 2 g hairs were cut from the occipital position (back) of the scalp. Blunt tipped 
scissors were used to minimize a chance of personal injury.  They were transferred into a 
clean glass vial and washed with acetone and Milli-Q water. The hair samples were dried at 
room temperature and placed in a drying box. 
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Approximately, 0.1 g weighed sample was digested with 5 ml concentrated HNO3 for 5 min 
at 400 W in a Parr bomb.  After cooling in an ice bath, the vessels were opened and treated 
with 1 ml H2O2.  Again, they were digested for 5 min at 400 W.  The cold solution was 
transferred to 100-ml volumetric flask and diluted to 100 ml with Milli-Q water. 
 
2.4. Determination of total mercury 
 
The calibration standards from 0 – 7.0 ng /ml were prepared in the reagent blank. The reagent 
blank/sample solution and tin(II) chloride solution were aspirated in the CV-AAS and 
absorbance was measured. The correlation coefficient of the calibration was 0.99. An 10 ml 
aliquot of the water sample was treated with 1 ml KBrO3 solution and left for 1 hr.  They were 
further diluted appropriatly with Milli-Q water. Then, they were aspirated for analysis with 
the CV-AAS. The total mercury levels in the water samples were determined using the 
standard calibration curve. Similarly, the total mercury levels in hair samples were 
determined. 
 
 
3. STUDY AREA 
 
Chhattisgarh is one of the mineral rich State of India. It is situated in peninsular plateau, 
between 17–22oN latitudes and 80–82o longitudes at altitudes of ≥ 300 meters from sea level, 
Figures 1 - 2. It is richly endowed with natural resources. It has rich deposits of limestone, 
iron-ore, copper-ore, rock phosphate, manganese ore, bauxite, coal, asbestos [21 - 23].  It 
produces the most of rice grain of the country and supplies food grain to 600 rice mills.  
 
Area: 1,46,361 sq. km including 59,285 sq. km of forests 
 
Population: 17.60 million 
 
Capital: Raipur 
 
The details of major industries, thermal power plants, mines and rice mills are summarized in 
Table 1. 
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TABLE 1: DETAIL OF MATERIALS UTILIZED IN CHHATTISGARH 
 

S. No. Industries Consumption/year Production 
 

1 Thermal power plants 
(National Thermal 
Power Corporation) 
 

15 MT coal 5000 MW Electricity 
 

2 Cement plants (6) 15 MT dolomite/ lime 
stone 
 

11 MT 

3 Steel plants (Bhilai 
Steel Plant) 
 

5 MT iron ore 3.153 MT 

4 Rice mills 
(> 600)  

4 MT 1 MT for raw rice and 1.8 
MT of parboiled rice in this 
area 
 

5 Aluminum 
plant(BALCO) 

4 MT Bauxite 
 

1 MT Aluminum 
 

6 Ferro alloys  0.8 MT 
 

7 Sponge iron  1.3 MT 
 

9 South-Eastern Coal 
Fields Korba  
 

9 under ground &  
open cast mines 
extending over 
21627.40 Hectare land 
 

38  MT coal 

 
 

 
 
FIG. 1: Geographical representation of India.  



 

70 

 
 

 
FIG. 2: Geographical representation of Chhattisgarh state.  
 
 
4. RESULTS 
 
The total mercury levels in forty-two water samples (including waste water), and twenty hair 
samples were summarized in Tables 2 & 4. The concentration of total mercury levels in water 
samples were ranged from 6.7 - 678 ng/ml with mean, and median value of 118.1 and 49.3, 
respectively. The std. dev. was very high, ± 155.7, may be due to large variation in the nature 
and strength of the sources.  The pH value of all samples (except sulfuric acid plant) was 
>6.4, Table 3. However, the pH value of the sulfuric acid plant waste was very low, 1.9. The 
total mercury concentration in these samples showed a slight co-relation with ionic 
concentration of species i.e. SO4

2- (r = +0.19), Na+(r = + 0.19). The high concentrations of Hg 
observed were in the iron ore belt area, and coal mines area, Table 2. The total mercury levels 
in hair of twenty people living in the contaminated sites were ranged from 2.6 - 37.8 µg/g 
with mean, and median value of 12.3 and 10.4, respectively. The value of std. dev. was found 
to be ± 8.0, Table 4. The validation of some analytical data (four hair samples) was carried 
out by analyzing with technique i.e. atomic fluoresce spectrophotometry (AFS) in Kent, 
England and using Chinese reference sample, Table 5. The data obtained by both techniques 
were comparable satisfactorily. 
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TABLE 2: TOTAL MERCURY CONCENTRATION IN WATER AND WASTE WATER 
 

S. No.  Sample Site Total Hg 
found 
ng/ml 

Expected sources 

1 PW-1 Raipur 12.1 Mixing of municipal waste 
water 
 

2 PW-2 Raipur 11.3 Mixing of municipal waste 
water 
 

3 PW-3 Durg 13.5 Mixing of municipal waste 
water 
 

4 PW-4 Durg 57.6 Mixing of industrial & rice 
mill waste water 
 

5 PW-5 Bhilai 6.7 Deposition from steel plant 
 

6 PW-6 Badagni(Baster) 678 Leaching from minerals i.e. 
iron pyrite, etc. 
 

7 PW-7 Barnur(Baster) 562 Leaching from minerals i.e. 
iron pyrite, etc. 
 

8 PW-8 Markatola(Baster) 49.2 Leaching from minerals i.e. 
iron pyrite, etc. 
 

9 PW-9 Gidham(Baster) 78.3 Leaching from minerals i.e. 
iron pyrite, etc. 
 

10 PW-10 Bhanupratapur 
(Baster) 

46.8 Leaching from minerals i.e. 
iron pyrite, etc. 
 

11 PW-11 Kodenar(Baster) 31.5 Leaching from minerals i.e. 
iron pyrite, etc. 
 

12 PW-12 Nakulnar(Baster) 127 Leaching from minerals i.e. 
iron pyrite, etc. 
 

13 PW-13 Sukma(Baster) 29.5 Leaching from minerals i.e. 
iron pyrite, etc. 
 

14 PW-14 Konta(Baster) 115 Leaching from minerals i.e. 
iron pyrite, etc. 
 

15 PW-15 Jamnipal-I(Korba) 65.4 Leaching from coal, and 
coal burning 
 

16 PW-16 Jamnipal-I(Korba) 72.7 Leaching from coal, and 
coal burning 
 

17 DW-1 Nerly(Baster) 217 Leaching from minerals i.e. 
iron pyrite, etc. 
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18 RW-1 Shankhini(Baster) 49.4 Leaching from minerals i.e. 
iron pyrite, etc. 
 

19 RW-2 Dankini(Baster) 302 Leaching from minerals i.e. 
iron pyrite, etc. 
 

20 RW-3 Indravati(Baster) 428 Leaching from minerals i.e. 
iron pyrite, etc. 
 

21 RW-4 Domadinala(Baster) 27.6 Leaching from minerals i.e. 
iron pyrite, etc. 
 

22 RW-5 Hasdeo(Korba)  34.3 Mixing of coal mine, 
thermal power plant and 
aluminum plant waste water 
 

23 MWW-1 Raipur 34.3 Contamination from sources 
i.e. hospital, research 
laboratories, personal uses, 
etc. 
 

24 MWW-2 Bhilai 19.3 Contamination from sources 
i.e. hospital, research 
laboratories, personal uses, 
etc. 
 

25 SPWW-1 Bhilai 54.5 Smelting of iron pyrite and 
coal burning 
 

26 SPWW-2 Bhilai 41.9 Smelting of iron pyrite and 
coal burning 
 

27 SPWW-3 Bhilai 36.7 Smelting of iron pyrite and 
coal burning 
 

28 CPWW-1 Mandhar(Raipur) 14.8 Roasting of dolomite and 
coal burning 
 

29 CPWW-2 Baloda Bajar 11.9 Roasting of dolomite and 
coal burning 
 

30 CPWW-3 Jamul(Bhilai) 21.4 Roasting of dolomite and 
coal burning 
 

31 RMWW-1 Raipur 19.6 Leaching from rice and 
straw and coal burning 
 

32 RMWW-2 Bhilai 32.0 Leaching from rice and 
straw and coal burning 
 

33 RMWW-3 Dhamatari 16.5 Leaching from rice and 
straw and coal burning 
 

34 TPPWW-1 Korba 230 Coal burning 
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35 TPPWW-2 Korba 211 Coal burning 
 

36 TPPWW-3 Korba 89.0 Coal burning 
 

37 TPPWW-4 Korba 48.2 Coal burning 
 

38 APWW Korba 286 Smelting aluminum ore and  
coal burning  
 

39 CMWW-1 
(Open) 

Korba 100 Leaching from coal 
 
 

 
40 

 
CMWW-2 
(Open) 

 
Korba 

 
158 

 
Leaching from coal 
 
 

41 CMWW-3 
(Undergrou
nd) 

Korba 423 Leaching from coal 

42 SAPWW Kumbhari(Raipur) 99.0 Leaching from sulfur 
 

 

PW 

 

Pond water 

DW Dam water 

RW River water 

MWW Municipal waste water 

SPWW Steel Plant waste water 

CPWW Cement Plant waste water 

RMWW Rice Mill waste water 

TPPWW Plant waste water 

APWW Aluminum Plant waste water 

CMWW Coal mine waste water 

SAPWW Sulphuric - acid Plant waste water 

* Average of 4 analysis 

RSD ± 1.8 – 3.6% 
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TABLE 3: PHYSIOCHEMICAL PROPERTIES OF WATER SAMPLES 
 

S. 
No.  

Sample Site pH Na 
mg/l 

K 
mg/l 

SO4
2- 

mg/l 
Cl- 

mg/l 
NO3

- 
mg/l 

1 PW-1 Raipur 7.2 19.1 3.2 19.8 133 4.2 

2 PW-2 Raipur 7.2 14.2 2.6 24.1 120.1 4.8 

3 PW-3 Durg 6.9 14.2 2.7 11.3 37.2 2.9 

4 PW-4 Durg 7.8 17.2 3.1 34.1 105 1.8 

5 PW-5 Bhilai 7.1 18.5 3.4 17.7 89.4 3.2 

6 PW-6 Badagni(Baster) 7.1 24.0 4.2 23.6 51.3 2.6 

7 PW-7 Barnur(Baster) 7.3 30.2 4.8 20.1 61.0 5.1 

8 PW-8 Markatola(Baster) 7.4 28.4 4.3 17.3 14.6 2.9 

9 PW-9 Gidham(Baster) 7.1 34.1 5.8 21.8 120 2.1 

10 PW-10 Bhanupratapur 

(Baster) 

7.5 33.5 5.2 21.1 51.4 2.1 

11 PW-11 Kodenar(Baster) 6.8 18.5 3.2 15.3 12.7 3.2 

12 PW-12 Nakulnar(Baster) 7.1 15.8 2.7 20.0 12.5 1.5 

13 PW-13 Sukma(Baster) 7.4 35.0 5.7 25.0 26.1 1.3 

14 PW-14 Konta(Baster) 7.6 17.8 3.1 19.0 47.3 1.2 

15 PW-15 Jamnipal-I(Korba) 7.7 33.2 6.0 19.1 17.3 1.8 

16 PW-16 Jamnipal-I(Korba) 7.5 27.4 5.4 26.1 22.3 5.1 

17 DW-1 Nerly(Baster) 7.1 30.2 5.0 20.7 13.9 1.7 

18 RW-1 Shankhini(Baster) 7.7 34.2 5.9 19.3 14.1 5.1 

19 RW-2 Dankini(Baster) 7.9 28.0 4.8 20.4 13.6 1.4 

20 RW-3 Indravati(Baster) 7.3 25.3 4.5 16.1 17.0 1.8 

21 RW-4 Domadinala(Baster) 7.6 25.0 4.8 18.9 14.1 1.0 

22 RW-5 Hasdeo(Korba) 8.1 28.2 5.1 40.1 37.1 2.1 

23 MWW-1 Raipur 7.6 7.8 1.4 10.1 21.5 2.3 

24 MWW-2 Bhilai 7.6 9.8 2.1 9.8 56.0 1.8 

25 SPWW-1 Bhilai 7.1 11.2 2.1 18.1 25.7 1.2 

26 SPWW-2 Bhilai 7.5 17.5 3.4 14.2 30.1 2.1 

27 SPWW-3 Bhilai 6.4 9.5 2.0 17.8 28.7 1.3 

28 CPWW-1 Mandhar(Raipur) 7.5 17.5 3.4 14.2 30.1 2.1 

29 CPWW-2 Baloda Bajar 7.3 16.1 2.8 13.0 29.5 1.8 

30 CPWW-3 Jamul(Bhilai) 7.6 18.5 2.7 12.5 30.8 2.0 

31 RMWW-1 Raipur 7.3 18.4 4.1 10.5 19.5 3.1 

32 RMWW-2 Bhilai 7.1 20.0 4.8 12.0 17.7 2.8 

33 RMWW-3 Dhamatari 7.4 21.2 4.0 11.6 15.7 2.0 
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34 TPPWW-1 Korba 7.1 10.1 1.9 51.0 40.1 1.0 

35 TPPWW-2 Korba 7.4 17.5 3.0 26.9 23.6 1.3 

36 TPPWW-3 Korba 7.3 18.4 3.0 48.3 27.0 2.5 

37 TPPWW-4 Korba 7.6 15.4 2.7 38.5 21.7 1.7 

38 APWW Korba 7.2 27.0 4.4 15.1 13.1 3.1 

39 CMWW-1 

(Open) 

Korba 7.7 25.0 2.1 21.1 14.7 1.1 

40 CMWW-2 

(Open) 

Korba 7.5 15.8 2.5 15.2 15.1 1.2 

41 CMWW-3 

(Undergroun

d) 

Korba 7.6 15.2 3.4 35.6 17.2 1.3 

42 SAPWW Kumbhari(Raipur) 1.9 11.3 2.1 26.2 10.8 2.4 

 
The techniques i.e. pH-meter, flow injection analyzers and AAS were used for the analysis of 
variables i.e. pH value, concentration of anions (i.e. SO4

2-, Cl-, NO3-) and cations ( i.e.Na, K), 
respectively.   
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TABLE 4: TOTAL MERCURY CONCENTRATION IN HUMAN HAIR SAMPLES 
 

S. No. Person Sex Age Total Hg found 

µg/g* 

1 CM1 M 33 11.4 

2 CM2 F 41 17.1 

3 CM3 M 45 19.4 

4 CM4 M 48 20.7 

5 CM5 M 51 37.8 

6 TPP1 M 29 4.8 

7 TPP2 M 32 6.9 

8 TPP3 M 33 8.5 

9 TPP4 M 40 10.6 

10 TPP5 M 45 18.1 

11 SP1 M 27 5.1 

12 SP2 M 33 6.5 

13 SP3 M 37 9.3 

14 SP4 M 39 10.1 

15 SP5 M 48 16.4 

16 IO1 M 22 2.6 

17 IO2 F 29 5.1 

18 IO3 M 32 8.2 

19 IO4 F 43 11.8 

20 IO5 M 47 15.5 

 
CM = Coal mines worker, Korba;TPP= Thermal power plant worker; SP = Steel 
plant worker, Bhilai; IO = Iron ore worker, Baster; * = Average of four analysis, 
RSD = ± 1.5 – 3.2%. 
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TABLE 5: VALIDATION OF ANALYTICAL DATA 
 

Sample no. from Table 
No 4 

Total mercury found in 
hair by the CV-AAS 
method, µg/g*  

Total mercury found in 
hair by the AFS 
method, µg/g* 

1 11.4 ± 0.3 10.3 ± 0.1 

3 19.4 ± 0.4 19.3 ± 0.1 

8 8.5 ± 0.2 8.1 ± 0.3 

13 9.3 ± 0.2 8.9 ± 0.1 

GBW 0706 Chinese 

human hair sample 

- 0.36 ± 0.1 

* Four analysis were carried out 

 
5. DISCUSSION 
 
The main expected sources for the mercury contamination observed in Chhattisgrah state of 
India are leaching process (from materials i.e. iron ore, coal, etc.), coal burning, smelting of 
ores (i.e. iron pyrite, alumna, dolomite, etc.), rice mills, etc. Among them, the strongest 
expected sources are leaching process from iron pyrite and coal and coal burning. The mean 
concentration (n = 16) of total mercury in the water of the iron belt area (Baster) was found to 
be 185 ng/ml with maximum value of 678 ng/ml. The second highest mercury contamination 
observed was in the water of the coal belt area, Korba, due to huge coal burning and leaching 
from coalmines. The mean concentration(n = 9)  of total mercury in  Korba was 193 ng/ml 
with maximum value of 423 ng/ml. Similarly, the highest contamination of mercury in the 
human hair samples observed was in the coal belt area, may be due to mercury exposure and 
use of mercury contaminated water and foods. In this region, the mean value (n = 5) of total 
mercury in hair samples was 21.3 µg/g with maximum value of 37.8 µg/g. The highest 
mercury contamination in human hair observed was in the range of 10 – 20 µg/g Hg, Table 6. 
Among them, > 50% contaminated people belonged to the coal belt area.  
 
TABLE 6: TOTAL MERCURY DISTRIBUTION IN HUMAN HAIRS 
 

µg/g Hg n 

≤ 5 > 5 - ≤ 10 > 10 - ≤20 > 20 

20 2(10%) 7(35%) 9(45%) 2(10%) 
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6. COMPARISION OF MERCURY POLLUTION 
 
The mercury pollutions in several sites of World were reported [2, 7-14, 24]. The details of 
site and mercury contamination are summarized in Table 7.  
 
TABLE 7: COMPARISON OF MERCURY POLLUTION 
 

Site Country Sample Levels Ref. 

 

Apokon, Tagum 
and Davao del 
Norte 

Philippines Water  

Sediment 

72.8 – 78.4 ng/ml  

0.553 – 66.47 µg/g 

10 

River Nura Central 
Kazakhstan 

Soil maximum up to 100 
µg/g 

11 

Almaden area Spain Sediment up to 100 µg/g 12 

Rio de Janeiro 
City 

Brazil Sediment up to 37 µg/g 13 

Dubasar reservoir Moldova Water 

Soil 

up to 720 ng/l 

up to 357 µg/g 

14 

Minamata city Japan Hair Maximum up to 
71.2 µg/g 

2 

Neglo river Brazil Hair Maximum up to 
94.7 µg/g 

7 

Amazon Brazil Hair Maximum up 
to 59.0 µg/g 

9 

Tapajos 
river 

Brazil Hair Maximum up 
to 34 µg/g 

24 

Central 
India 

Central India Hair 

 

Water 

Maximum up 
to 37.8 µg/g 

Maximum up 
to 678 ng/ml 

This 
study 
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7. CONCLUSION 
 
The environment of Chhattisgarh state, Central India is seriously contaminated with mercury 
with huge exploitation of raw materials i.e. coal, minerals, etc. The detailed investigation of 
the mercury pollution and their health impact in this region of country are needed. 
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 Abstract 

  
Environmental mercury contamination is an issue of deep concern in tropical and other regions. In 
particular, a number of countries in the tropical belt of South America, Africa and Southeast Asia have 
experienced tremendous increase in uncontrolled small-scale gold mining using mercury amalgamation 
since early 1980s, which is likely to amplify adverse effects on the contaminated ecosystems and cause 
health hazards. 
 
Ecologically, the most critical but complex part of the mercury pollution problem is that concerned with 
the transformation of inorganic mercury into more toxic mono-methylmercury(MeHg) that is more 
biologically available for aquatic organisms. Although increasing literature dealing with mercury 
contamination levels in human populations and in aquatic ecosystems exists, we are still unable to make 
predictions of the behavior of mercury in the aquatic systems, particularly under the tropical conditions. 
Thus, it is imperative to obtain basic data concerning the overall dynamics of MeHg production, as well 
as the environmental factors influencing mercury methylation and the partitioning of mercury in the 
aquatic systems in order to understand and predict the cycling and bio-accumulation of mercury.  
 
To facilitate studies on the dynamics of mercury in the aquatic systems, we have developed highly 
sensitive and systematic methods for the analysis of total mercury(T-Hg) and MeHg in a wide range of 
biological and environmental materials containing mercury down to background levels. With these 
methods, it is now possible to make quantitative measurements of the equilibrium distribution or 
partitioning of MeHg produced in sediments in a model of aquatic systems under various environmental 
conditions similar to those found in the fields. Such an approach should undoubtedly help elucidate the 
mechanisms of mercury pollution in the tropical ecosystems and promote efforts in mercury pollution 
prevention. 
 
Key words: Analysis, Mercury methylation, Aquatic systems, Environmental factors,  

 
 
1. INTRODUCTION 
 
The knowledge of mercury cycling in the aquatic systems has improved significantly in recent 
years because of the development of highly systematic and sensitive analytical techniques. 
The improvement of analytical methods and renewed interest in environmental mercury 
research triggered by the discovery of high mercury levels in fish from pristine remote lakes 
in US, Canada and Scandinavia (Stephens, 1995; Andersson et al., 1995) and the increase of 
mercury pollution from gold mining activities in developing countries, has made it necessary 
to re-evaluate the existing data on the biogeochemistry of mercury.  
 
A better understanding of mercury distribution in aquatic systems not only requires 
knowledge of total mercury, but also the amount of mercury that is in methylated form and 
more available for bioaccumulation. The conversion of inorganic mercury into MeHg has 
long been recognized as a critical step in the environmental behavior of this metal. However, 
the mechanism of the synthesis of MeHg is not very well understood. Moreover, it is 
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important to know the chemical forms of mercury in the sediment, since organic mercury is 
easily taken up by aquatic organisms to be biomagnified up through the aquatic food chain. 
The determination of the methylation sites and processes and MeHg pathways and fluxes in 
the environment are therefore essential in the understanding and prediction of mercury 
migration in the environment since a major source of human exposure to MeHg is through the 
consumption of fish and fish products. 
 
Previous studies have used radiochemical methods to investigate the speciation and 
distribution of mercury in aquatic systems (Kudo, et al., 1977; Akagi, et al, 1979; Guimarães 
et al., 2000).  Inorganic mercury and MeHg in sediment and water were extracted in 
dithizone-benzene and measured after separation by thin layer chromatography. Other 
researchers have used analytical methods based on the Westöö (1968) procedure to extract 
mercury from environmental samples followed by the analysis of MeHg by gas 
chromatography with electron capture detection (GC-ECD).  In most of these and earlier 
studies, MeHg extraction efficiency and the results of the certified reference materials were 
not reported. Also the presence of interfering organic compounds reduced the accuracy of the 
MeHg analyses. This limited the reliability of MeHg data for the evaluation of MeHg 
production and partitioning in various compartments of aquatic systems. In the efforts to 
overcome the above shortcomings, Akagi and Nishimura (1991) developed highly sensitive 
and reliable analytical methods for the determination of T-Hg and MeHg in a wide range of 
environmental and human samples. Recently, the refinement of those analytical methods at 
the National Institute for Minamata Diseases (NIMD, Japan) has simplified the analytical 
procedure and enabled rapid and accurate determination of T-Hg and MeHg in various 
samples, including highly contaminated sediment and fish from gold mining areas in tropical 
regions. 
 
The methods described in this paper have been repeatedly verified for reliability, accuracy 
and precision through inter-laboratory comparison (Matsuo et al.; 1989, Kehrig et al., 1998; 
Ikingura et al., 1999) and the analysis of certified reference materials (e.g. TORT) for T-Hg 
and MeHg. Those methods have been used also in the certification of the reference materials 
from the International Atomic Energy Agency (IAEA, Horvat et al., 1997). The detection 
limits are 0.5ng/g for T-Hg and 0.1ng/g for MeHg in biological and sediment samples and 0.5 
ng/L for T-Hg and 0.05 ng/L for MeHg in water samples. 
 
 
2. MATERIALS AND METHODS 
 
2.1. Reagents 
 
Analytical grade mercury-free reagents are used in the preparation of different solutions for 
the digestion and extraction of mercury and methyl mercury from the samples. Mercury-
bearing reagents are used only in the preparation of internal or calibration standards. The 
reagents generally include toluene, ethanol, hexane, acetone, sulfuric acid, nitric acid, 
perchloric acid, hydrochloric acid, potassium hydroxide, sodium hydroxide, potassium 
permanganate,, dithizone (C6H5N:NCSNHNHC6H5), L-cysteine hydrochloride 
monohydrate(HSCH2CH(NH2)COOH HCl H2O), ethylenediaminetetraacetic acid tetrasodium 
salt tetrahydrate (EDTA-4Na), methylmercuric chloride (CH3HgCl), sodium sulfide 
nonahydrate (Na2S 9H2O), hydroxylamine hydrochloride (NH2OH HCl), stannous chloride 
(SnCl2), sodium acetate trihydrate (CH3COONa 3H2O), anhydrous sodium sulfate (Na2SO4), 
Florisil (60-100 mesh). Other consumable materials include pure N2 gas. 



 

85 

2.2. Total Mercury Analysis 
 
The analytical method for total mercury is based on cold vapor atomic absorption 
spectrometry using a semi-automated mercury analyzer (Sanso Seisakusho Co. Ltd., Japan). 
This method involves reducing mercury ions (Hg2+) in the sample solution using stannous (II) 
chloride to generate mercury vapor (Hg0). The sample is then aerated in order to purge Hg 
vapor into the atomic absorption cell. Mercury absorbance is then measured at 253.7nm. The 
Hg vapor purging system consists of a semi-automated air circulation pump connected by 
combined glass-teflon tubing to the sample reaction vessel, an acidic gas trap, and a four-way 
stop cock. The total volume of the solution needed for T-Hg analysis is 10 ml. 
 
Before analyzing X ml of a blank sample, standard sample or the actual sample solution for T-
Hg, a calibrated dispenser is attached to the reaction vessel ready to dispense a known volume 
of distilled water. Gently add X ml (solution + water, maximum of 10ml) of each solution to a 
stoppered reaction vessel then 1 ml of stannous (II) chloride solution is injected from the 
accessory syringe. Press the start button of the analyzer. The diaphragm pump will operate 
and the Hg vapor generated from the sample will be circulated through the four-way cock 
between the reaction vessel and acidic gas collection bottle. During the circulation, acidic 
gases leaving the sample solution are removed by an acidic gas trap containing 5 N NaOH. 
After 30 seconds, when the concentration of Hg comes to equilibrium the vapor is 
automatically introduced into the absorption cell by turning the 4-way stopcock by 90°. When 
the maximum peak height has been recorded, the sample from the reaction vessel is discarded 
into the liquid waste trap and the vessel purged with air to remove the residual Hg vapor. The 
reset button is then pressed to start the next measurement. 
 
2.2.1. Preparation of standards and sample solution 
 
All glasswares should be cleaned with acidic KMnO4 solution (0.5% KMnO4 in 1 N H2SO4) 
and Hg-free water prior to sample preparation.  
Hg standard solution 
MeHg standard solution in toluene 
Dissolve 12.5mg of CH3HgCl in toluene to make a final volume of 100ml. Dilute this solution 
100 times using toluene to prepare a solution containing 1 ppm MeHgCl in toluene. 1ml of 
this solution contains 1.0 µg of Hg (1000ng Hg). 
MeHg-cysteine solution 
Mix 0.5ml of 1ppm MeHgCl in toluene and 5ml of 0.1% L-cysteine in 0.1N NaOH solution 
into a 10ml Pyrex glass test tube. Shake for 3 minutes. Centrifuge at 1000 rpm for 3 minutes 
and discard the organic phase (top layer). Seal the tube, and store in a cool, dark place. 1ml of 
this solution contains 0.1 µg (100ng) of Hg. Prepare a fresh solution every month. 
Sediment or fish samples 
Weigh accurately the sample (0.5g or less wet weight) into a digestion flask, add 1ml of 
distilled water and mix with 2ml of nitric acid – perchloric acid (1:1), and 5ml of sulfuric 
acid. Add boiling chips. Wipe the flask with paper towel to ensure that no spilled chemicals 
onto the surface. Heat the flask on a hot plate at 200 ±5°C for 30 minutes. Allow to cool and 
then add Hg-free water to obtain a fixed volume. Use the resulting solution for Hg analysis of 
the sample. Simultaneously prepare a blank solution by adding the same reagents into an 
empty clean digestion flask and carrying the reagents through the digestion procedure 
outlined above. The standard solution is prepared by measuring 1ml (corresponding to 0.10 
µg of Hg) of MeHg-cysteine solution (0.10 µg Hg/ml) into the digestion flask. Then follow 
the same procedure indicated above for the preparation of the sample solution.  
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Water samples 
Transfer 1L of water sample into a separatory funnel and then add 5ml of 20N H2SO4 and 2ml 
of 0.5% KMnO4 solution. Mix the sample and reagents by shaking vigorously and let stand 
for 5 minutes. Neutralize using 10ml of 10N NaOH and mix with 2ml of 10% hydroxylamine 
HCl solution. Allow to stand for 20 minutes.  Mix with 2ml of 10% EDTA and then add 5ml 
of purified 0.01% dithizone-toluene (Dz-Tol) solution. Shake vigorously and let settle to 
allow complete separation of the aqueous and organic layers. Discard the aqueous layer 
(lower phase). Transfer 4ml of the organic layer to a sample digestion flask. Using a rotary 
evaporator, immerse the flask in water bath at 60o C and evaporate to dryness. Reconstitute 
the residue by following the procedures indicated above for fish/sediment samples. Prepare a 
separate 1L Hg free water as the blank sample and another 1L Hg-free water spiked with 200 
µl (corresponding to 20ng as Hg) of MeHg-cysteine solution (0.10 µg Hg/ml) as the standard. 
Follow the above procedures and use the resulting solution for T-Hg analysis. 
 
2.3. Methylmercury Analysis 
 
A Gas Chromatograph with electron capture detector (GC-ECD) is often used for the 
determination of methylmercury and other organomercury compounds. This method provides 
good separation and superior sensitivity for the determination of halogenated organomercury 
compounds. Conventionally, it has been widely used for the quantification of MeHg in 
various types of biological and environmental samples.  
 
2.3.1. Gas Chromatographic Conditions 
 
Column: Use a glass column (3mm × 0.75~1.0m) packed with Hg-20A-Uniport HP (GL 
Science, 60 ~ 80 mesh) or 10% KOCL-Hg-Chromosorb W (AW/DMCS, Yanaco, 60 ~ 80 
mesh). At the injection port, pack 2 ~ 3 centimeter of NaCl previously heated at 500°C for 2 ~ 
3 hours  
Temperature: Column oven: 140 ~ 160°C, injection port: 180°C, Detector oven: 200°C 
Carrier gas: N2, 30 ~ 40ml/min. 
 
2.3.2. Preparations of standardsandand and reagent solutions 
 
Preparation of MeHg standard solutions 
Preparation procedures of MeHg standard solutions are the same as described in 2.2.1. 
Preparation of purified 0.01% dithizone in toluene 
Dissolve 0.011g of dithizone in 100ml of pure toluene in a 200ml separatory funnel. Add 
50ml of 0.1N NaOH and shake to extract the dithizone to the aqueous layer (bottom phase). 
After separation, transfer the bottom phase to a stoppered glass container and add ca. 5 ml of 
1N hydrochloric acid to make the solution slightly acidic (black colored crystals will 
precipitate). Add 100ml of pure toluene and mix to obtain a purified 0.01% dithizone 
solution. Allow to settle, discard the bottom phase, seal, and store in a cool, dark place 
(prepare at the time of use). 
 
Preparation of alkaline Na2S solution 
Weigh 0.15g of special grade Na2S .9H2O in a 10ml glass-stoppered centrifuge tube and 
dissolve in 10ml of distilled water. Use the solution as the sodium sulfide stock solution. 
Store in a cool, dark place (Prepare a fresh solution every month). Transfer 0.1ml of the stock 
solution into a glass-stoppered container then add 50ml of 0.1N NaOH and 50ml of ethanol. 
One ml of this solution contains 5µg of Na2S (This solution should be made up fresh daily). 
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Preparation of Walpole’s buffer 
Add 600ml of distilled water to 200ml of 1M sodium acetate (CH3COONa) and about 200ml 
of 1N hydrochloride. Mix and adjust to obtain a pH of 3.0. 
 
2.3.3. Pre-Analytical Run 
 
Perform a trial run on toluene by gas chromatography to ensure that no other peak co-elutes 
with the expected retention time for MeHg. 
 
2.3.4. Sample preparation for MeHg analysis 
 
Fish samples 
Weigh X g of homogenized sample (0.5g or less as wet weight, approximately 0.1g for dry 
samples) in a 50ml screw-capped conical centrifuge tube. Add 10ml of 1N KOH-EtOH. Seal 
tightly and heat at 100°C in an isothermal bath for 1 hour with occasional mixing. Allow to 
cool it down. Add 10ml of 1N HCl and 5ml of hexane and shake for 3 minutes (to remove 
fats) using a recipro-type shaker. Centrifuge at 2000 rpm for 3 minutes then suck off and 
discard the hexane (upper layer). Add 2ml of 20% EDTA and 5 ml of purified 0.01% Dz-Tol. 
Shake to extract the methylmercury as dithizonate complex in the toluene layer (upper layer). 
Centrifuge at 2000 rpm for 3 minutes then suck off and discard the lower layer. 
 
Clean-up of MeHg-dithizonate extract 
Add 3 ml of 1N NaOH to the toluene layer, shake (to remove excess dithizone) and centrifuge 
at 2000 rpm for 3 minutes. Suck off and discard the lower layer (aqueous layer). Repeat the 
procedure for the clean-up. Let the solution settle for a while, remove the lower layer, and 
centrifuge again at 2000 rpm for 3 minutes to obtain a clear toluene layer. Transfer a fixed 
volume of the toluene layer (normally 3 ml) to a 10ml glass-stoppered conical centrifuge tube. 
Add 2ml of alkaline Na2S solution, and shake to back-extract the MeHg into the aqueous 
layer. Centrifuge at 1000 rpm for 3 minutes then suck off and discard the upper toluene layer. 
Wash the aqueous layer with 2ml of toluene, shake for 2-3 minutes and centrifuge at 1000 
rpm for 3 minutes. Suck off and discard the toluene layer (upper layer). Acidify with 1N HCl 
(3 ~ 4 drops). Bubble the solution with N2 gas gently at a flow rate of 50ml/min for 3 minutes. 
Re-extract the MeHg with 2ml of Walpole’s buffer solution and purified 0.01% dithizone 
solution (0.2 ~ 1.0ml, normally 0.5ml). Shake for 2-3 minutes and centrifuge at 1000 rpm for 
3 minutes, suck off and discard the lower aqueous layer. Add 3ml of 1N NaOH to the toluene 
layer then shake. Let the solution settle and then suck off and remove the aqueous layer 
(lower layer). Centrifuge at 1000 rpm for 3 minutes.  Suck off and discard the lower layer as 
much as possible. Acidify with 2 drops of 1N HCl. Then place the solution on a vortex mixer 
to mix and use the resulting solution as the sample for GC-ECD analysis. This clean up 
procedure removes the organic materials in the sample that may otherwise interfere with 
MeHg analysis by GC-ECD. Perform the sample solution preparation protocol for the 
standard using 0.10ml (corresponding to 0.010µg of Hg) of MeHg-cysteine. Use the resulting 
sample as the MeHg standard. 
 
Sediment samples 
For MeHg analysis in sediment, the sample (1 g or less) is first shaken with 10 ml of 1N KOH 
solution in ethanol (1N KOH-EtOH) for 10 minutes. The treated sample is slightly acidified 
with 1 N HCl and bubbled with N2 through the sample solution for 5 minutes at a flow rate of 
100 ml/min. The sample is then mixed with 2 ml of 20% hydroxylamine-HCl and 2ml of 20% 
EDTA-4Na and MeHg in the sample is extracted with 5 ml of purified 0.01% Dz-Tol 
solution. This is followed by the clean up of the Dz-Tol extract. In the clean up of the Dz-Tol 
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extract of a sediment sample the extract is passed through a Florisil column (0.5 g Florisil, 
topped with 0.5g Na2SO4) and washed twice with I N NaOH before the extract is subjected to 
back extraction with Na2S following the procedure outlined above for fish samples.  
 
Water samples 
For MeHg analysis in water, the same extraction procedure as that for T-Hg extraction in the 
water is followed. The Dz-Tol extract of the water sample is carried through the same clean 
up procedure as for the fish sample, finally re-extracted with 0.2 ml of 0.01% Dz-Tol  and 
followed by MeHg analysis by GC-ECD. Perform the sample solution preparation protocol 
for the standard using 20µl (corresponding to 2.0ng of Hg) of MeHg-cysteine. Use the 
resulting sample as the MeHg standard. 
 
 
3. SAMPLE ANALYSIS AND DATA PROCESSING 
 
3.1. Total Mercury 
 
The detection and measurement of T-Hg in the sample solution is accomplished using a semi-
automated analyzer. After dispensing a fixed volume (up to 10ml, normally 5ml) of the blank, 
T-Hg standard, or actual sample (or actual sample diluted with blank solution). The peak 
heights (mm) thus obtained are labeled, respectively, as Pb1, Pstd, and Ps. The T-Hg 
concentration in the sample can then be calculated as follows: 
 
For fish or sediment samples: 
T-Hg concentration in the sample (µg/g) = 0.1 µg × (Ps-Pb1)/(Pstd-Pb1) × dilution factor × 
1/Sample weight (g) 
 
For water samples: 
T-Hg concentration in original water sample (ng/L) = 20ng × (Ps - Pb1)/(Pstd - Pb1) × sample 
extract dilution factor × 1/Water sample volume (L). 
 
3.2. Methyl Mercury 
Inject a fixed volume (normally 5 µl) of the blank, MeHg standard sample, or actual sample 
into the gas chromatograph.  Label the peak heights thus obtained as Pb1, Pstd, and Ps, 
respectively.  
 
For fish or sediment samples: 
MeHg concentration in the sample (µg/g) = 0.020(µg) × Ps-Pb1/Pstd-Pb1 × dilution factor × 
1/Sample weight (g wet wt or dry wt). 
 
For water samples: 
MeHg concentration in water sample (ng/L) = 2.0ng × Ps-Pb1/Pstd-Pb1 × dilution factor × 
1/Water sample(L) 
 
 
4. DISCUSSION AND CONCLUSION 
 
A number of wet digestion procedures for total mercury analysis have been proposed and 
used but most of them involve time consuming operations and require considerable number of 
reagents and careful handling during digestion. For accurate analysis of T-Hg, complete 
digestion of organic materials in the samples is essential. Various combinations of acids and 
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oxidizing agents have been used since a major problem in the sample preparation procedure is 
mercury loss during the digestion process. Our laboratory studies at NIMD have shown that 
the presence of oxidizing agents HClO4 or 5% KMnO4 prevents the loss of Hg completely 
even under extreme heating conditions. Of these two oxidizing agents, HClO4 was selected 
because the use of KMnO4 will require another reagent. In normal H2SO4 – HNO3 digestion, 
mercury may vaporize during the reaction process. However, in the presence of a strong 
oxidizing agent (HClO4) Hg vaporization under severe heating conditions can be completely 
prevented. The use of a long neck (10 cm or more)-thick walled flask as the digestion 
container prevents further the Hg loss even with heating at 200 ~ 250°C. 
 
In water samples the concentration of Hg is extremely low and its measurement requires some 
pre-concentration. Of the methods reported, the dithizone extraction technique described by 
Chau and Saitoh (1970) was found to be applicable for this purpose. In addition, pretreatment 
with H2SO4 and KMnO4 was found to be essential to obtain satisfactory recoveries.  The 
reason for this is presumably due to the release of ionized Hg compounds from binding sites 
on organic material and particulate matter in water samples by oxidation. When preparing 
water samples for analysis, the addition of hydroxylamine-HCl neutralizes the strong 
oxidizing property of KMnO4 and the addition of EDTA prevents the interference caused by 
other metals in the sample. Both are therefore added to protect dithizone from oxidation and 
unnecessary cross-reactions with other metal ions.  
 
In the case of MeHg, the widely used benzene extraction method developed by Westöö(1966) 
for analysis of environmental samples such as fish and sediment often results in poor 
extraction efficiency and requires longer time for extraction. In order to overcome the 
shortcomings in the Westöö procedure, Akagi and Nishimura (1991) developed a highly 
precise and efficient method for the determination MeHg in wide range of samples. More 
recently, the refinement of the latter method has enabled accurate and rapid determination of 
MeHg even at very low background concentrations encountered in water samples.  
 
Pretreatment of biological samples by KOH in C2H5OH has been found to be very effective in 
extracting Hg with Dz–Tol after acidification. Alkaline digestion is advantageous for analysis 
of MeHg particularly in biological samples since the digests are clear and do not form any 
emulsion on initial solvent extraction.  This can be attributed to the fact that proteinaceous 
materials are broken down in the sample matrices during digestion.  This alkaline treatment 
can also be applicable to the pretreatment of sediment samples since they contain humic 
substances and sulfide ions having a great affinity for Hg compounds. The humic substances 
are soluble in alkaline solution and thus MeHg is released and sulfide ions can be removed by 
N2 bubbling. 
 
Westöö reported gas chromatographic methods for estimating MeHg in fish and showed that 
MeHg dithizonate has the same retention time for chloride or bromide homologues.  This 
finding strongly suggests that the determination of MeHg in various samples by the 
combination of dithizone extraction and gas chromatographic separation is possible. This was 
validated by gas chromatography-mass spectrometry method indicating the immediate 
conversion of MeHg dithizonate into its chloride form. Freshly prepared and purified 
dithizone solution should be used for the extraction since diphenylthiocarbadiazone, the 
oxidized form of dithizone, may interfere with the determination of MeHg in the GC-ECD 
analysis. Furthermore, toluene is preferred over benzene, for health and safety reasons.   
 
The methods described in this paper represent significant advancement over the existing 
methods for total mercury and methyl mercury determination in environmental and human 
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samples. Whatever methods are used in mercury analysis, the implementation of quality 
assurance and quality control procedures should be undertaken regularly. The regular use of 
the appropriate reference materials such as IAEA-085, IAEA-086, and IAEA-142 and other 
standard materials is recommended. Currently, several standard reference materials are 
available commercially through the National Institute of Standards and Technology (NIST), 
the International Atomic Energy Agency (IAEA), and the National Research Council of 
Canada (NRCC). However, for routine analysis reagent grade Hg compounds may be used to 
prepare internal standards. The internal standards should, however, be calibrated against 
reference standard materials to ensure the reliability of the results. 
 
Scientists from tropical and other regions have used successfully the methods described here 
in the studies of mercury pollution and human exposure to methyl mercury. More research 
efforts using those analytical methods would facilitate better understanding of the dynamics 
of mercury pollution in tropical ecosystems. These in turn will help in the formulation of 
mercury pollution mitigation measures. 
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Abstract 

 
Mercury and its compounds are toxic to man and his environment. The toxicity of mercury is dependent 
on the species i.e. elemental, inorganic and organic forms. The general population may be exposed 
through occupational and environmental sources.  
 
In the Philippines, two major sources of mercury contamination were studied namely small-scale gold 
mining activities utilizing mercury and pollution brought about by mine tailings in a former mercury 
mines. 
 
Small-scale mining in this report is defined as artisanal operations, labor intensive, low level 
mechanization using crude methods of mining, extraction and refining procedures. Women and children 
usually participate in these activities. In another island in the Philippines, a mercury mine was operational 
from 1955 to 1976 producing about 140,000 kg of mercury yearly.  Approximately 2,000,000 tons of 
mine-waste calcines (retorted ore) were produced during mining and roughly 1,000,000 tons of these 
calcines were dumped into nearby Honda Bay to construct a jetty to facilitate mine operations where 
about 2,000 people reside in the nearby three barangays [1].   
 
At present the effects of total mercury exposure combined with Me-Hg consumption remain an important 
issue especially those of low-dose and continuous uptake.  However, information on the effects of low 
and prolonged exposure of total and methylmercury to offspring throughout their prenatal and postnatal 
periods have been limited. This study will compare possible health risks of lower level at chronic 
exposure to total and methylmercury in communities situated near a former mercury mine and a control 
group with minimal or limited exposure. 
 

 
1. INTRODUCTION 
 
Small-Scale gold mining operations have polluted tributaries and water systems resulting in 
fish kill aside from adversely affecting the cattle/livestock industry and agricultural 
production. Forest trees that were cut-down contribute to the loss of the topsoil while water 
for mineral processing deprives the people of water for domestic use.   
 
The transformation in the natural environment of inorganic Hg to Me-Hg could eventually 
lead to bioaccumulation in fish and other organisms through the aquatic food chains.  
Therefore, there are two main pathways of mercury contamination that can affect human 
populations in gold mining areas:  exposure to inorganic Hg due to direct inhalation of Hg and 
skin contact during gold recovery processes and second, exposure to Me-Hg contaminated 
fish consumed by people who depend on riverine products for food sources. In some 
countries, gold processing operations have shifted to the carbon-in pulp (CIP) methodology 
combined with amalgamation. Raw materials come from small-scale gold mining processors 
who sell the waste tailings still containing 40-60% gold content and contain significant 
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residual Hg. This two-pronged health and environmental problems now persist in most of the 
gold processing operations in some countries in Asia such as the Philippines. 
 
Aside from the occupational exposure to inorganic mercury from amalgamation during 
panning and/or torching processes, another area of concern is the direct discharge of mercury 
into the environment. It is estimated that an average of 20 tons of mercury had been released 
annually into the rivers of Mindanao Island alone. A number of health studies already 
undertaken in the Philippines were mainly focused on the occupational exposure of small-
scale gold miners utilizing elemental mercury in the gold processing/refining process. 
Environmental and exposure assessments were limited to total mercury determination, 
whereas methylation of mercury could possibly have occurred and ultimately bioaccumulated 
to a significant level in the aquatic flora and fauna. Thus, most of the communities in the 
mining areas and possibly the general population would be at risk of exposure to toxic levels 
of mercury especially those whose diet included consumption of marine/aquatic products [2].  
 
The mercury mine was in operation from 1955 to 1976, produced about 140,000 kg of 
mercury yearly. Most of the mine tailings were dumped into the nearby sea until and artificial 
peninsula 600 meters long and 50 meters wide was created.  There are now an estimated 200 
people who live in this Sitio Honda Bay which juts into the eastern portion of Palawan [3].   
 
In October, 1994 the Department of Health received a request for technical assistance relative 
to the investigation of increasing complaints of unusual symptoms (e.g. miscarriages, tooth 
loss, muscle weakness, paralysis, anemia, tremors, etc) among residents of three barangays. 
Initial health findings revealed significant elevation of blood mercury levels exceeding the 
then recommended exposure levels of 20 ppb in 12 out of the 43 (27.9%) residents examined.  
Majority of the volunteers were former mine workers. The study also showed that the most 
number of abnormal findings included gingivitis, mercury lines, gum bleeding and pterydium.  
The most common neurologic complaints were numbness, weakness, tremors and 
incoordination.  Anemia and elevated liver function tests were also seen in majority of those 
examined. The assessment also revealed probable association between blood mercury level 
and eosinophilia. The same association was also seen between high mercury levels and 
presence of tremors and working in the mercury mine [1].  
 
Several environmental impact studies of the PQMI operation were undertaken prior to 1990 
by Kapuan, the British Geological Survey et al, the US Geological Survey et al. concluded 
varying observations on the geochemical data, bioavailability and human assessment results 
on total and methylmercury levels in the area [3]. 
 
In a survey conducted on the Faeroe Islands, mercury exposure dose of mothers who   
frequently ate whale meat and other fish during pregnancy was studied. The Faeroes study 
group focused their neurodevelopmental evaluation on older children (6-7 years old). Ages at 
achievement of motor developmental milestones was also examined in the Faeroes cohort at 
21 months.  Mean maternal hair Hg concentrations ranged from 8.3 ppm in the high exposure 
group and 2 ppm with the low exposure group. A statistically significant negative association 
was found between the exposure and deficits in language, attention, memory and fine motor 
function. The result suggests that even hair mercury concentrations of 10 ppm or less may 
have an effect [4,5].  
 
The Seychelles study reported an index of prenatal exposure for maternal total hair Hg values 
ranged from 0.5ppm to 26.7 ppm (median=5.9 ppm).  The Seychelles children were evaluated 
at 6, 19, 29 and 66 months. At 6 months, infants were administered the Denver 
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Developmental Screening Test-Revised (DDST-R) and the Fagan Infantest (a measure of 
visual recognition memory). A standard neurological examination was also performed. Prior 
to and after adjustment for covariates, no statistically significant relationships were observed 
except for a statistically significant effect of maternal hair Hg levels in mothers of males on a 
rating of activity level from the Bayley Infant Behavior Record.  Activity level decreased as 
exposure to MeHg increased. Results also revealed no significant correlation between 
methylmercury indicators before or after birth [4,5]. 
 
A cohort study of methylmercury exposure from fish during pregnancy was conducted in New 
Zealand. A series of psychological and behavioral performance tests were used at age 6 to 
compare the high-exposed group with 3 reference groups with lower exposure. It was 
concluded that the Test of Oral Language development (TOLD) language development test, 
the Wechsler Intelligence Scale (WISC-R) intelligence test and the Mc Carthy Scale (MCC) 
performance test were significantly reduced in the high exposed group of children compared 
to the other groups after potential confounding factors had been taken into account. A dose 
response relationship between increasing methylmercury exposure and decreasing IQ was 
seen [4,5,6].  
 
To date, there are very limited health studies that have so far been undertaken in the 
Philippines on the impact of both total and methylmercury. Thus, these areas of studies were 
selected primarily because of its importance as an emerging issue in the country especially 
those of the combined effects of total and methylmercury low-dose and continuous uptake 
from environmental sources. Methylmercury exposure through consumption of fish is 
typically at much lower doses but involves chronic dosing over a long period of time. 
However, information on the effects of low and prolonged exposure of total and 
methylmercury to offspring throughout their prenatal and postnatal periods have also been 
limited. Studies reflecting the possible health risks of lower level at chronic exposure to total 
and methylmercury in selected communities would be undertaken. 
 
In summary, researches under the coordinated research project were undertaken with the 
following objectives: 
 
1.1. General Objective 
 
To determine the health and environmental impact of chronic exposure to mercury 
compounds 
 
1.2. Specific Objectives 
 
1. Conduct epidemiological studies to determine the health effects of chronic exposure to 
 mercury compounds 
  1.1. To determine the health and environmental profile/status of the mining  
   community 
  1.2. To describe the socio-demographic characteristics of the groups included in the 
   study 
  1.3. To determine the presence and severity of adverse health effects of exposure to 
   mercury compounds 
  1.4. To determine possible risk factors associated with adverse health effects 
  1.5. To conduct  neurodevelopmental evaluation among study and control subjects 
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2. To determine the levels and speciate mercury concentration in biological and  
  environmental samples to be collected from members of the study population/areas 

3. To determine possible correlation between environment and health status 

4. To undertake needed medical management of disease conditions including detoxification, 
  if necessary 

5. Correlation of environmental and biological findings 

6. Establishment of inter-laboratory comparative techniques in collaboration with  
  international institutes 

 
 
2. METHODOLOGY 
 
2.1. Research design 
 
The first research done was mainly a cross-sectional study while the second was a prospective 
study involving two components: health and environmental assessment.  The health 
assessment of community members was conducted using an administered validated 
questionnaire, which focused on demographic data, history-taking, physical and neurologic 
examination, and including collection of biologic samples. The environmental assessment was 
conducted by taking samples of water, soil and marine specimens. Results of the study 
conducted during the initial CRP (CY 1999-2001) were generated from the small-scale gold 
mining area while the second study was done from the community affected by the mercury 
mine tailings.   
 
Social preparation of the communities and informed consent were obtained in coordination 
with the local government units and trained personnel from the Center for Health 
Development. Validated interview tools prepared in the local dialect were used to document 
demographic data and health practices. Field interviewers who were previously trained 
administered the questionnaire and also obtained the medical histories.  
 
Using a standardized questionnaire, information will be taken, as follows; 
 
Face to face interview to indicate the socio-demographic profile; age, sex, educational 
attainment 
Health history: present illness/complaints, past history, family history, reproductive 
history/outcome; pediatric history  
Risk factors such as smoking and alcoholic intake, diet especially fish intake 
Occupational exposure history, frequency/activities involving pesticide use (i.e. occupational, 
household, etc), extent of knowledge about the health hazards of pesticide usage, use of 
personal protective devices, health services 
 
Complete physical, mental status and neurobehavioral examinations of the subjects were 
conducted. In the second study, SBI and Denver Developmental Tests were conducted. 
Behavioral evaluation was done by a group of examiners who remained blinded to the 
subject's mercury exposure status and all data were coded and entered into a computer 
database.  Pulmonary expiratory flow rates (PEFRs) were determined using the Wright 
measuring device. 
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For the environmental monitoring sampling stations were established in the study site and the 
following were assessed: drinking water, effluent discharge, air quality (ambient, personal and 
workplace), river quality, sediment and soil contamination and marine life. Field sampling 
complied with Dybern (7) and NIOSH Method 6009 for the determination of mercury in air 
samples. EPA methods were followed for the collection of environmental samples.  
 
2.2. Analytical Procedures 
 
To properly understand the actual extent of mercury contamination affecting human 
populations and the ecosystems, it is imperative to evaluate not only total mercury levels in 
human hair and other samples, but also the levels of total methylmercury in the samples. The 
National Institute for Minamata Disease-Japan had developed new sensitive and reliable 
methods for the determinations of both total and methylmercury content in environmental and 
biological samples (8). The precision and accuracy of these methods have been repeatedly 
verified by inter-laboratory calibration exercises including the analysis of standard reference 
materials such as IAEA 085, 086 and T42 (Horvat, et. al, 1997). 
 
Biologic samples were collected and transported in accordance with CDC and WHO 
procedures 
 
All samples were analyzed for total mercury content using atomic absorption 
spectrophotometry (AAS) method while gas chromatography method was used for 
methylmercury determination. However, hematological analysis was not done in the first 
study due to hemolysed samples and lack of facilities in the district hospital in the study area  
thus, samples were transported back to Manila for other laboratory tests. 
 
2.3. Ethical considerations 
 
The subject/guardians signed a letter of informed consent prior to inclusion in the study. 
Confidentiality of information and freedom to withdraw from the study anytime was 
stipulated. Those found to have health findings will be provided with the appropriate 
management, as necessary. 
 
2.4. Statistical Analysis 
 
Data were coded and analyzed using SPSS ver.8 and 10. Descriptive analysis of the basic 
demographic profile and physical findings was done. Socio-demographic profiles, physical 
examination findings and laboratory results of the two main groups and subgroups were 
compared using applicable parametric and non-parametric tests to determine statistically 
significant differences (p values < 0.05). Pearson Correlation analysis to determine statistical 
significance was also undertaken. Chi-square, Fisher’s exact test were computed for abnormal 
health findings. 
 
2.5. Description of research settings 
 
2.5.1. CRP for CY 1999-2001: 
 
Study site 
The study site is a small-scale gold mining community in Sibutad, which met the following 
criteria: accessibility, satisfactory peace and order situation and cooperation of the community 
members. Gold mines which started to be explored in the late 80s are located in the sitio of 
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Libay, 5.0 km from the town center. Small-scale mining sites are located very near the 
Murcielagos Bay with tailing ponds directly discharging into the water bodies.  It was 
estimated that 200-300 people were engaged in gold processing activities. In 1997, the 
Department of Agriculture reported mercury contamination of fish and shellfish in 
Murcielagos Bay which exceeded the permissible limit of 0.5 ppm. 
 
Study Population 
Randomized selection of subjects was undertaken from a population in the community based 
on a study of  Sunio in 1999. Subjects were included according to the following criteria: 
household members living in mining community, >3 members/household, engaged in mining 
activity for at least 1 year (for workers) and a voluntarily signed informed consent.  Migrants 
from other mining areas and those who had been included in other similar studies were 
excluded. Replacements were randomly selected from the same population to ensure that the 
drop out rate would be less than 10%. 
 
The subjects were stratified into two major groups. The first group was composed of workers 
with direct exposure to mercury by blowtorching or amalgam squeezing. This group was 
further subdivided into 3 subgroups depending on the duration of exposure: 1-4 years, 5-9 
years or 10 years or more. The second group was made up of community members with 
indirect exposure to mercury.  These were mostly wives and children of workers in the 
community.   
 
Blood, hair and urine specimen were obtained for each subject. The following tests were done 
for blood samples: total mercury and methylmercury levels, blood urea nitrogen, creatinine, 
alanine aminotransferase, aspartate aminotransferase. Hair total mercury and methylmercury 
levels were determined. Urinalysis of spot urine samples were also done.  
 
 
2.5.2. II.  CRP for 2002-2003 
 
A comparative prospective evaluation of the study site among residents near a former mercury 
mine and a control community will be undertaken. 
 
Study site: 
Barangay Sta. Lourdes is approximately 14 kilometers by road due north of Puerto Princesa 
City while Barangays Tagburos and San Jose is approximately 3 and 10 kilometers 
respectively from the mercury mine site. Two barangays in Puerto Princesa City, Barangays 
Pagkakaisa and Bagong Silang were selected as control communities based on the 
recommendations of the health personnel in the area.  
 
Sample Size/Study Population: 
Twenty-five (25) pregnant women and infant pairs with the same proportion of mother and 
child pairs from the study site and 10 pairs from the same sub-groups in the control were 
included in this study based on the inclusion and exclusion criteria.  Sample size was limited 
because of budgetary constraints. 
 
Selection of study groups were based on the inclusion criteria, as follows; at least 5 year 
residence from the selected areas, pregnant mother  (third trimester) and infant; and  mother 
and child pairs.; mothers aged 18-39 years with good nutritional status with informed consent 
and  willing to be included in the study. 
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Subjects will be excluded if  any of the following were present; 
Child with anatomical and physiologic deformities 
Those with dental amalgam (>2 teeth) fillings 
Those with clinical diseases such as; 
 Cardiovascular disease --- moderate and severe cases 
 History of seizures 
 Continuing urinary tract infection 
 Liver and hepatic disease 
 Endocrine-Type II diseases 
History of ketoacidosis or uncontrolled diabetes 
History of thyroid dysfunction (hypo/hyper) 
Those with history of intake of ACE inhibitors, anti-epileptic drugs, kidney drugs 
Pregnant mothers in first and second trimester. 
Presence of pre-eclampsia and eclampsia. 
Persistent/recurrent infection  
hepatic amoebiasis 
intake of recreational drugs of abuse 
lifestyle factors such as smoking, alcohol intake 
intake of more than 3 cups of coffee and 1 liter of caffeinated softdrinks  
pesticide exposure-farm worker or residing within 1 km of agricultural land that uses pesticide 
i.e. rice. Sugar, mango 
nightly use of mosquito coil 
spraying of  household insecticide (>2x week) 
regular use of cosmetics for at least 5 years i.e hair dye, deodorant (local), skin whitener 
(tretinoin, vit. A) vaginal douche (betadine, etc) 
those who refused to be included in the study 
those who do not meet the inclusion criteria 
 
2.6. Medical Examination 
 
Mother and child will undergo complete physical and neurological examination, mental status 
test and laboratory examination to include; 
 
A1. Mother at the time of examination: 
 
Hematology: hemoglobin, hematocrit, white blood cell, differential count, erythrocyte 
sedimentation rate, reticulocyte count, platelet count, peripheral blood smear 
Liver function tests: ALT/AST; prothrombin time 
Kidney function tests: Urinalysis; BUN, creatinine 
Blood total mercury and methylmercury level 
Hair total mercury and methylmercury level 
Peak expiratory flow rate (PEFR) 
 
A2. Maternal Biomarkers will include maternal hair, cord whole blood, cord serum and 
maternal cord 
 
B1. Conduct neuro-behavioral performance tests on children and analyze the association 
between the test results and the mercury exposure during pregnancy taking various potential 
confounding factors. 
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Infants would be evaluated by a neurologist  between the age of 6, 12,18 and 24 months 
 
a. The primary neurological optimality score which reflects infant’s functional abilities, 
 reflexes, responsiveness and stability of  state at 2 weeks of age 
b. overall neurological examination, increased muscle tone and deep tendon reflexes  
  
B2. Children evaluated at 1 to 2 years 
 
a.   motor development milestones:  sits without support, creeps and gets up into standing 
   position with support pattern of brainstem auditory evoked potential (BAEP), finger 
   tapping, motor function, attention, visual-spatial function, short-term memory or  
   whatever appropriate test deemed applicable  
 
 
3. RESULTS OF THE COORDINATED RESEARCH PROJECT (1999-2001) 
 
In this study, human mercury exposure could occur by any two of the following mechanisms. 
One, is the release of elemental mercury into the ambient air and water systems as a 
consequence of gold refining processes specifically during panning and/or torching of the 
amalgam. Secondly, it could be due to ingestion of methylmercury that bioconcentrated in 
marine plants and animals. Although the first process may produce more striking adverse 
clinical effects, exposure to methylmercury may also have a profound far-reaching 
consequence. Among the mine workers, direct exposure to both organic and elemental 
mercury was shown in this study to correlate with increased blood total and methylmercury 
levels, whereas no such correlation was observed among children and non-workers who were 
considered indirectly exposed to elemental mercury. 
 
Total mercury levels in drinking water and receiving water bodies; and sediment samples in 
Sibutad were within the Department of Environment and Natural Resources standards unlike 
in  the previous study done in another mining community in Apokon, Davao del Norte.   
Likewise, the market-basket sampling of marine products showed total mercury levels within 
both the US-FDA and WHO environmental criteria for freshwater fishes.  Methyl mercury 
levels were also lower compared with Japan standards of 300 ng/g. Total and methylmercury 
levels were lower than those obtained from marine products in Apokon. 
 
Exposure of community members to elemental mercury may also be through the ambient air.  
This route is especially important since mercury levels in the atmosphere were notably 
elevated in this study and probably reflected the mode of exposure that was predominant for 
the indirectly exposed group since children had mean blood total mercury levels and their 
percentage of methylmercury in the blood was comparable with indirectly exposed   adults. 
 
In this study, workers who were directly exposed to mercury had significantly higher mean 
blood total mercury and methylmercury levels in comparison with those indirectly exposed.  
Also, the percentage of directly exposed workers with elevated blood total mercury and 
methylmercury levels were significantly higher than the indirectly exposed. Although there 
were no significant differences between hair total mercury and methylmercury levels of 
directly exposed workers compared to indirectly exposed, there was a trend for higher levels 
for these biomarkers among the directly exposed. The absence of statistically significant 
difference may be attributable to the small sample size.   
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Among the risk factors considered such as alcohol intake, smoking and duration of mercury 
exposure, there was no significant relationship for both directly exposed workers and 
indirectly exposed alike. The closest association was between storage of mercury at home and 
levels of hair total mercury (p 0.06). This demonstrated the additional inhalational exposure to 
elemental mercury when these metal is stored at home especially without the appropriate seal 
or cover since elemental mercury is known to volatilize even at room temperature (6,10). 
 
The most common complaints of directly exposed workers in this study could be attributed to 
the dysfunctions affecting the following systems in order of frequency; neuropsychological, 
manifested as musculoskeletal pain, easy fatigability, dizziness and blurring of vision; 
respiratory, manifested as cough; and gastrointestinal, reflected as abdominal pain. 
Comparison with Davao del Norte miners who manifested with almost the same complaints 
only with varying frequency, showed that cough was the most common followed by 
neuropsychological such as numbness and tingling sensations of extremities; gastrointestinal 
(nausea and diarrhea) and genito-urinary (difficulty of urination and cloudy urine).  The 
differences in frequency of manifestations and organ involvement could be attributed to the 
higher, continuous and longer exposure of the Diwalwal miners to elemental mercury from 
the workplace and their drinking water (9) compared with the subchronic exposure of the 
Sibutad miners based on the onset and magnitude of mining activities in their respective areas.  
Extensive artisanal gold mining in Diwalwal started in the early 1980’s while in Sibutad this 
occurred in the late 80’s with a 9-year difference in operations. 
 
There were no significant differences between symptomatology and physical examination 
findings of directly exposed workers and those indirectly exposed in this study for almost all 
of the parameters tested.  However, frequency of gastrointestinal complaints was significantly 
associated with elevated hair methylmercury levels (p 0.02). Also, there appears to be a trend 
towards higher blood total mercury levels and frequency of gastrointestinal complaints (p 
0.09). The elevated hair methyl mercury levels correlated with gastrointestinal symptoms 
among adults could be attributed to their high intake of seafood and marine organisms 
contaminated with methyl mercury and other pollutants including bacterial pathogens.  It 
should be noted that in chronic elemental mercury poisoning digestive and nervous symptoms 
predominate and the gastrointestinal manifestations although earlier in onset may not be as 
obvious and as intense as the neurologic manifestations when present.  The absence of 
association between neurologic signs and symptoms of the directly exposed workers and the 
mercury levels in the biologic indicators seem to point to a shorter exposure of the directly 
exposed workers in this study in comparison with those previously reported.  
 
An interesting finding in this study is a trend towards elevated diastolic blood pressure with 
increase in hair total mercury levels (p 0.07). This finding has only been cited, in the recent 
study by Sorensen et.al. which showed an elevation of diastolic and systolic pressures in 
children from the Faroe islands at age seven as cord blood mercury concentration rose from 1 
to 10 ug/L.   
 
Mean hair total and methyl mercury levels were slightly higher among the children in this 
study compared with the schoolchildren of Apokon. Likewise, mean total mercury blood 
levels were higher in this study group. However, the mean and percentage of methylmercury 
in the blood was higher for the Apokon schoolchildren. Physical examination findings that 
were common among both groups included frequent cough, dermatological abnormalities and 
conjunctival pallor.  It should be noted that the mean age of Apokon children was 12.1 years 
compared with the Sibutad children with 5.8 years with their ages ranging from 0.5 to 11 
years. The exposure of Apokon children to elemental mercury occurred mainly while they 
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were in school which was situated right next to the gold processing plant accounting for their 
lower blood total mercury levels. On the other hand, the Sibutad children were exposed to 
elemental mercury in their community where torching and amalgamation occurred as 
evidenced by high ambient mercury levels which was 800 times more than the national 
standard or even from their homes where metallic mercury was stored. The higher proportion 
of mean blood methylmercury levels of Apokon children compared with those in Sibutad 
could be attributed to their greater intake of fishes with higher levels of both total and methyl 
mercury.  In Sibutad, marine products sampled showed mercury levels which were still within 
the national limits. Two children (15%) in this study group were also noted to have abnormal 
findings for mental status examination while the children from Apokon in general, showed 
average results. Speciation of hair and blood samples showed a higher methylmercury 
proportion among children when compared with adult levels and even higher when compared 
with workers directly exposed to elemental mercury. 
 
Mean total mercury and methylmercury of mother and child volunteers showed statistically 
significant correlation between the mean total and methylmercury hair levels. Likewise, 
statistical correlation was established with blood methylmercury levels between mother and 
infants. In a study conducted by David, et.al showed that cord serum was found to have a 
positive correlation with total mercury and polychlorinated biphenyls in relation to seafood 
intake.  The study also showed that a 10 fold increase in cord blood and neurologic effects. 
Likewise, there was an increase risk in neurodevelopmental effects among those who were 
pre-natally exposed to seafood containing mercury. Studies have shown that mercury 
compounds passes through the placenta barrier during pregnancy which may have contributed 
to the mercury levels in infants and children in this study. (6,10)    
 
None of the subjects in this study had a history of seizures hence no electroencephalographic 
examinations were conducted. 
 
 
4. CONCLUSIONS 
 
4.1. Health Impact Among Adult Subjects (N=38) 
 
The mean values for blood total mercury among directly exposed workers (14.89 ug/L + 6.44) 
compared to indirectly exposed (9.26 ug/L + 4.45) was statistically significant  (p=0.004). 
Likewise the mean values for blood methlymercury among directly exposed workers (10.39 
ug/L + 5.18) compared to the indirectly exposed was statistically significant  (p=0.01). 
 
The percentage of directly exposed workers with elevated blood total mercury (72%) 
compared to the percentage of indirectly exposed with elevated blood total mercury (35%) 
was statistically significant (p=0.03).  Similarly the percentage of directly exposed workers 
with elevated blood methylmercury (39%) compared to the percentage of indirectly exposed 
with elevated blood methylmercury (10%) was statistically significant (p=0.02). 
 
Mercury storage at home may be a risk factor (p=0.06).  
 
The most common complaints among adults the most common complaints were 
musculoskeletal symptoms, headache, toothache, abdominal pain and frequent cough.  
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The frequency of gastrointestinal complaints was significantly associated with elevated hair 
methylmercury levels (p=0.02) and a trend for association with total blood mercury (p=0.09). 
There was a trend in association of elevated diastolic blood pressure with hair total mercury (p 
0.07). AST and ALT correlated fairly with blood total mercury levels among workers and 
non-workers. 
 
4.2. Health Impact Among Children (N=13) 
 
 Mean age of volunteer children in Sibutad was 5.8 years. 
 Mean hair total mercury and methyl mercury were higher among Sibutad children in 
comparison with the Apokon schoolchildren.  
 Mean total and methylmercury levels between infants aged 0.5-0.58 years and their 
mothers showed significant correlation on hair total and methylmercury levels at p<0.008 and 
p<0.016, respectively. Likewise, blood methylmercury levels showed statistical correlation at 
p<0.05.  However, no significant correlation was established on blood total mercury levels 
among mother and child volunteers. 
 The main physical examination findings were frequent cough, dermatological 
abnormalities and conjunctival pallor. 
 
Abnormal mental status in two children (15%) was found on examination. 
 
None of the volunteer subjects had a history of seizures. 
 
4.3. Environmental Impact 
 
1. Levels of total mercury in water samples including drinking water, and sediments 
 were within national and international limits. 
2. Marine samples showed levels of mercury within the BFAR, WHO, US-FDA and 
 Japan standards  
3. Ambient air levels of total mercury were 800 times above the prescribed national and 
 international limits. 

 
 

5. RESULTS OF THE COORDINATED RESEARCH PROJECT (2002-2004) 
 
5.1. Introduction 
 
Mercury poisoning, both acute and chronic involve the central nervous system and kidneys 
which could be fatal. Acute poisoning from Hg vapor caused erosive bronchitis and 
bronchiolitis with interstitial pneumonitis which may be combined with tremors.  Chronic 
exposure to inorganic Hg, can be characterized by weakness, forgetfulness and loss of weight. 
Neurological damage such as severe cerebral palsy were evident among those exposed to 
methylmercury (Me-Hg) in Japan and in Iraq in the early 1970’s [10].  Review of data showed 
that milder or subclinical cases may have been largely overlooked. In Iraq, a 5% risk of 
delayed walking or abnormal central nervous system function was implied when the peak 
concentration in the hair of the mother during pregnancy was within the range of 10~20 ug/g. 
These information were used by regulatory agencies to establish guidelines and standards 
such as reference doses.  However, in recent years it became increasingly evident that these 
data may not be appropriate for risk assessment [4,6]. 
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Recognizing that the developing nervous system is especially vulnerable to effects of Me-Hg 
exposure with fetuses and neonates as the most sensitive subpopulation, the National 
Research Council and the Environmental Protection Agency has recently recommended a 
reference dose (RfD) of 0.1 ug/kgbw/day level for maternal-fetal pairs. These guidelines aims 
to protect children from delays and deficits in neurological development secondary to 
exposure to Me-Hg in utero.   
 
At present the effects of total mercury exposure combined with Me-Hg consumption remain 
an important issue especially those of low-dose and continuous uptake. However, information 
on the effects of low and prolonged exposure  of total and Me-Hg in the offspring throughout 
their prenatal and postnatal periods have been limited. This study will compare possible 
health risks of lower level at chronic exposure to total and Me-Hg in communities situated 
near a former mercury mine and a control group with minimal or limited exposure. 
 
5.2. Background of the Study and Related Literature 
 
Several environmental impact studies of the PQMI operation were undertaken prior to 1990. 
Kapuan, et.al (1982) conducted a preliminary assessment of Hg concentration in sediments of 
Honda Bay reporting concentration of 2.433 mg/kg for jetty wastes and up to 0.190 mg/kg for 
nearshore interfacial sediment.  In 1994, however, a more comprehensive study of the 
geochemistry of sediments in close proximity to Sitio Honda Bay (Benoit, et.al, 1994) 
provided evidence that the Hg concentration of the jetty substrate may be higher than 
previously reported (560 mg/kg).  A substantial Hg flux into the marine environment was 
indicated by the prevalence of distinct gradients in surficial sediments southward and 
eastward from the jetty.  An inverse relationship between distance from source and the 
percentage of Hg held as cinnabar was also demonstrated and interpreted as consistent with 
the transformation of detrital sulfides to more reactive (methyl) Hg phases during transport 
[1,3,11]. 
 
An assessment by the British Geological Survey et al, showed that the average Hg 
concentration in surficial sediment offshore sampling stations throughout the Honda Bay area 
was found to be 40 ug/kg and concluded that this was within the global background range.  
Downcore Hg profiles also indicate no significant adjustment of Hg influx over the past 100 
years. Analyses of aquifer and stream water samples also showed no evidence of Hg 
contamination with values below 40 ng/L.  Mercury concentrations in 6 species of fish from 
Honda Bay were found to fall within the ranges typically encountered for analogous species 
worldwide.  Mercury burden data for the shellfish Perna Viridis (green mussel) highlighted 
significant tissue enhancement (21mg/kg d.w.) in samples collected from within 10-20m of 
the Sitio Honda Bay jetty.  Human Hg body burden from 130 residents showed high Hg 
exposure as compared with a control population from Manila. Estimated mean blood Hg 
values for the five sample groups ranged from 8.8-17.6 ng/ml with a maximum individual 
value of 74.1 ng/ml [3]. 
 
A study done in the area by the US Geological Survey et al., showed that the geochemical 
data indicate calcine samples collected at the Palawan mine and in Honda Bay contain high, 
but variable, mercury concentrations ranging from 72 to 660 ug/g. Methylmercury 
concentrations from these areas ranged from 0.13 to 3.2 ng/g.  Sediment samples collected 
from a mine pit-lake and from the Tagburos Ceek near the mine vary from 4 to 400 ug/g Hg 
while methylmercury concentrations were from 2.0-2.1ng/g.  Mercury content in several local 
species of marine fish varied from 0.05 to 2.2 ug/g (ww).  In addition, Hg contents in green 
mussels were from 0.86 to 4.4 ug/g (ww) while samples collected from an area 6 km from the 
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Honda Bay area showed lower Hg levels of 0.24-0.58 ug/g (ww).  The mussel data suggests 
significant Hg bioaccumulation and probable mercury methylation in Honda Bay [11].  
 
5.3. Initial Results of the Study 
 
Presently, data available for this report would be the total and methylmercury levels 
monitored for a one year period. Collation and statistical analysis of data will be reported 
pending completion of activities under the research study.   
 
Environmental Results: 
Marine samples were collected from the buying stations in the coastal areas of the study sites.  
Samples were analyzed for total and methyl mercury. 
 
TABLE 1: TOTAL AND METHYLMERCURY LEVELS IN FISH, PALAWAN, 2002 
 

Fish Sample Total Hg Methyl Mercury 
(Sta. Lourdes) ng/g Concentration 

(ng/g) 
Percentage 

(%) 
Saging-saging 424.45 404 95.18 
Isdang Bato 60.43 51 84.39 
Amban 36.80 35.85 97.43 
Lapu-lapu 34.68 33.89 97.71 
Maya-maya 30.66 30.66 100 
Salay-salay 23.22 23.22 100 
Squid 15.27 15.27 100 

(Tagburos)    
Torsillo 461.27 440.77 95.56 
Islawan 293.14 293.14 100 
Squid 269.81 223.43 82.81 
Amurok 247.83 231.65 93.47 
anliping 237.95 208.83 87.76 
Lapu-lapu 215.64 215.64 100 
Ale-ale 198.64 198.64 100 
Bankilan 152.21 142.18 93.41 
Bisugo 122.06 122.06 100 
Silay 100.85 75.29 74.66 
Bugaong 90.18 89.66 99.43 
Mulmol 82.06 81.93 99.84 
Danggit 57.31 51.09 89.14 
Tuko 41.28 38.89 94.21 
Sapsap 30.58 30.46 99.60 
Kalapat 28.11 28.11 100 
Sardine 26.8 26.8 100 
Brao 24.43 20.13 82.41 
Talakitok 23.24 23.24 100 
Tambakon 13.49 7.72 57.22 
US-FDA:RPDA (T-Hg): 500 ng/g: Japan standards: T-Hg (400 ng/g); Me-Hg (300 ng/g) 
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TABLE 2: TOTAL MERCURY CONCENTRATION IN DRINKING WATER SAMPLES, 
PALAWAN, 2002 
 

Sampling Site Total Mercury  
 (ng/ml) 

Sta. Lourdes  
   Local water district 0.001-0.0133 
   Deep well 0.024-0.057 
   Natural spring 0.018 
Tagburos  
    Deep well 0.024 
San Jose  
    Deep well 0.042 
Bagong Silang  
    Water district 0.0015 
Pagkakaisa  
    Water district 0.0007 

               RP-DOH Standards for drinking water: 1 ng/ml 
 
Drinking water samples were within the recommended standards for total mercury 
concentration. 
 
 
TABLE 3: TOTAL MERCURY CONCENTRATION OF SURFACE WATER, PALAWAN, 2002 
 

Sampling Site Total mercury  (ng/ml) 
PQMI jetty 0.1773 
Bagong Silang, Puerto 
Princesa Bay 

0.0014 

  RP-DENR Standards: 2 ng/L~0.002 ng/ml 
 
Surface water quality in the PQMI jetty water samples exceeded the RP-DENR standards set 
for total mercury.  Mine wastes were abandoned in this area. 
 
 
TABLE 4: TOTAL MERCURY CONCENTRATION OF SOIL SAMPLES, PALAWAN, 2002 
 

Sampling Site Total Mercury (dw-ng/g) 
Sta. Lourdes 
   PQMI 

12.288-263.80 
3675.59 

Tagburos 45.10 
San Jose 40.39 
Pagkakaisa 90.50 
Bagong Silang 44.98 

 EPA Primary Remediation Goal (PRG) for Hg = 23 mg/kg 
 
Soil samples collected from the study and control sites showed levels that were below the 
PRG recommended guidelines. 
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TABLE 5: TOTAL MERCURY CONCENTRATION OF AIR SAMPLES, PALAWAN, 2002 
 

Sampling Site Total Mercury (dw-ng/g) 
Sta. Lourdes 
   PQMI 

12.288-263.80 
3675.59 

Tagburos 45.10 
San Jose 40.39 
Pagkakaisa 90.50 

     OSHA STD: 0.015 MG/M3 
     EPA PRG: 0.31 UG/M3 
  
Air sampling results showed that sampling sites were within the recommended OSHA 
standards whereas results exceeded recommended total mercury concentration in ambient air 
when compared with EPA PRG guidelines. 
 
TABLE 6: DISTRIBUTION OF SUBJECTS BY SEX, PALAWAN, 2002 
 

Classification Sex Total (%) 
 Male Female  

All totals 33 94 127 
Study 22 58 80 (63%)

Control 11 36 47(37%)
Children 15 22 37 (29%) 

Study 10 9 19(51%)
Control 5 13 18 (49%)

Mothers  36 36 (28%) 
Study  23 23 (64%)

Control  13 13 (36%)
Neonates 18 9 27 (21.5%) 

Study 12 7 19 (70%)
Control 6 2 8 (30%)

Pregnant  27 27(21.5%) 
Study  19 19 (70%)

Control  8 8 (30%)
 
 
There were 127 subjects included in this study.  Study and control groups have an over-all 
ratio of 1:1.7. Among the neonates, there were more males born compared with females in 
both groups while females outnumber males among the children. 
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TABLE 7: DISTRIBUTION OF SUBJECTS BY RESIDENCE, PALAWAN, 2003 
 
Classification Residence 
 Sta. Lourdes Tagburos San Jose Bagong 

Silang 
Pagkakaisa 

Children      
All 7 16  9 5 

Study 7 16 9 5
Control   

Mothers      
All 7 16  8 5 

Study 7 16 8 5
Control   

Neonates      
All 9 6 4 3 5 

Study 9 6 4 3 5
Control   

PREGNANT      

All 9 6 4 3 5 

Study 9 6 4 3 5
Control   

 
Most of those selected from the study group were from Bgy. Tagburos area while the control 
groups were almost equally distributed in for both areas. 
 
TABLE 8: MEANS AND STANDARD DEVIATION OF AGE AMONG THE STUDY AND 
CONTROL POPULATION 
 

Classification Number Mean+/-SD 
All 127 15.22+/-13.74 

Children 37 1.34+/-0.42 

Mothers 36 27.611+/-5.83 
Neonates (in months) 27 1.622+/-0.95 

Pregnant 27 27.5+/-6.15 
Study  83 15.32+/-13.67 
Children 23 1.43+/-0.39 

Mothers 23 27.65+/-6.03 
Neonates (in months) 19 1.62+/-1.1 

Pregnant 19 27.11+/-5.12 
Control 43 15.02+/-14.04 
Children 14 1.12+/-0.43 

Mothers 13 27.54+/-5.70 
Neonates (in months) 8 1.63+/-0.52 

Pregnant 8 28.38+/-8.38 
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Data showed that the mean age of mothers were 27.61+/-5.83 years which is comparative 
with that of pregnant women at 27.5 +/- 6. 15 years.  For children the mean age was 1.34 +/-
0.42 years while neonates/infants on the average was at 1.62+/-0.95 months. 
 
 
6. RECOMMENDATIONS 
 
1. Advisories/guidelines on the consumption of fish were disseminated through the 
 local government units. 
2. Mothers and pregnant women were also advised on health/personal care. 
 
 
7. OTHER ACCOMPLISHMENTS UNDER THE CRP 
 
Publications: 
• Tagum Study II: Tracking Study at Two Years of Infants with prenatal Exposure to 

Mercury, Pediatrics, 2003 
• Health and Environmental Impact of Mercury, Proceedings, International Conference 

 on Metals, Grenoble, France, May 26-30, 2003 
• Proceedings, International Workshop on Environmental Threats to Children, Bangkok, 

 Thailand, March, 2002 (sponsored by WHO) 
 
Paper presentation: 
 
Co-chair, Session on Mercury, International Workshop on the Environmental Threats to 
Children, Bangkok, Thailand, March, 2002 (sponsored by WHO) 
 
Recommendations: 
 
 1. Exposure to mercury should be minimized by phasing-out certain uses especially  
 for medical purposes. 
 2. Environmental monitoring and health-screening should be done mainly among 
 women of child-bearing age in areas at risk.  People should be alerted on the toxic 
 effects of mercury to human health. 
 3. Health advisories should include guidelines on fish consumption 
 4. Mercury intoxication can be clinically diagnosed.  Mercury body burden can be 
 lowered by treatment. 
 5. Workshop on Research for Children’s Environmental Health, Thailand, February, 
 2002 (sponsored by WHO) 
 6. International Conference on Mercury as a Global Pollutant, Japan, October, 2001 
 7. Local conferences 
 8. Country report submitted for the UNEP Program on the Global Mercury 
 Assessment. 
 9. Position paper on the health and environmental impact of coal-fired power plants 
 (Senate, 2002) 
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BIOGEOCHEMISTRY OF MERCURY IN CONTAMINATED 
ENVIRONMENT IN THE WIDER IDRIJA REGION AND THE GULF OF 
TRIESTE 
 
MILENA HORVAT, V. JEREB, D. KOCMAN, J. KOTNIK, V. FAJON, M. LOGAR, N. NOLDE 
 
Department of Environmental Sciences, Jožef Stefan Institute, Ljubljana, Slovenia 
 

 
The research carried out included three topics: analytical development, methylation of 
mercury in terrestrial isopods, and distribution of Hg in the Idrijca and Soča river system.  

 
1. ANALYTICAL DEVELOPMENTS  
 
1.1. Methylation and reduction 
 
In addition to the use of classical analytical protocols for the determination of total Hg and its 
species in various environmental samples, a sensitive and specific analytical method was 
developed for the determination of methylation and demethylation rates in various biological 
and environmental media. The method is based on a simple and rapid radiochemical 
technique for evaluating environmental factors influencing the methylation of inorganic 
mercury by spiking the sample with 203HgCl2 and incubation under various environmental 
conditions. Monomethylmercury (CH3

203Hg+) produced is then extracted with 0.1% 
dithizone-toluene (Dz-toluene) after alkaline digestion and solvent extraction. Separation of 
inorganic and MeHg in the Dz-toluene extracts is then performed by thin-layer 
chromatography and detected by gamma spectrometry In order to use the same experimental 
design  CH3

203Hg+ was synthesized. Most efforts were directed towards specific clean-up of 
the final extract. This radiolabelled compound will be used to estimate a net demethylation 
rate and/or reduction to 203Hg0(Jereb et al., 2003). 
 
1.2. Simulatneus determination of methylation and demethyaltion 
 
Potential Hg methylation rate constants were determined using 203Hg and a toluene extraction 
technique. MeHg demethylation rate constants were determined using 14C-MeHg (HINES et 
al., 2000).  14CH4 liberated from 14C-MeHg was determined using gas proportional counting, 
whereas 14CO2 was measured by gas stripping acidified sediments and trapping of CO2.  SO4

2- 
reduction rates were determined using 35S and the chromium reduction assay.   
 
1.3. Methods for fractionation of mercury in contaminated soil 
 
Methods to study potential evaporation, and mobility from contaminated sites were developed 
and applied to contaminated soil in Idrija region (KOCMAN et al., 2004). The following 
fractions were determined: 
 
•F1:   Hg soluble in water 
•F2:   Hg soluble in acids at pH=2 (HCl/HOAC)•F3:   Hg in organic complexes (1N KOH) 
•F4:   Strongly boung Hg in mineral lattice(12 N HNO3)  
•F5:  HgS, m-HgS, HgSe, HgAu (Aqua regia) 
•Residue: HNO3/ HF/HCl 
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HgCl2, HgSO4 
HgO 
Hg bound in humics, 
Hg2Cl2 
 
Lattice Hg, Hg2Cl2, 
 Hg(0) 
 
HgS, m-HgS, HgSe, 
HgAu 

Hg soluble in water 
Hg acid soluble pH 2 
Hg in organic complexes
 
 
Hg bound in mineral 
lattice 
 
Cinnabar 

 
Hg bound in silicates 

Milli-Q water 
pH 2 HCl/HOAc 
1M KOH 

 
 
12 M HNO3 

 
Aqua regia 
 
HNO3/HF/H2SO4 

F1 
F2 
F3 
 
 
F4 
 
F5 

 
 
Residual 

 
Typical components 

 
Fraction 

 
Extractant 

 
Step 

 
 
 
1.4. Determination of total mercury in soil 
 
The techniques for the determination of total Hg in soil were imprioved. It was demonstrated 
that the use of HF in samples from contaminated sites yield 100 % recoveries, while other wet 
digestion methods provided lower results (KOCMAN et al., 2004) 
 
1.5. Determination of MeHg in soil 
 
It was shown that the extraction of MeHg is critical to obtain 100% recoveries from the soil 
samples (LIANG et al., 2003). Methods compared included: 
 
•HNO3: Leaching with HNO3 / CuSO4, Extraction with CH2Cl2•H2SO4/KBr: Leaching 
with  H2SO4 / KBr / CuSO4, extraction with CH2Cl2•Alkaline digestion: Dissolution with  
KOH / CH3OH, extraction with CH2Cl2•Distillation 
The main conclusion was that methods based on distillation and HNO3 leaching provided 
quantitative recoveries, while other methods of leaching of MeHg were shown to provide only 
20 to 50 % recoveries. 
 
2. MERCURY CYCLING IN THE IDRIJA, RIVER SYSTEM AND THE GULF OF 
TRIESTE 
 
Recent studies in the Idrijca – Soča - Gulf of Trieste region were mainly directed towards 
better understanding of the fate of mercury, its accumulation in the flood plain and final input 
to the marine environment.  
 
Mercury distribution in terrestrial food web was described (GNAMUŠ et al., 2000). An 
assessment of the extent of contamination of the Gulf of Trieste after the closure of the Hg 
mine was made. Mercury and methylmercury were measured in various environmental 
compartments (stream, estuarine and marine waters, sediments, and organisms) during the 
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period 1995-2000. Data obtained show that even 10 years after closure of the Hg mine, Hg 
concentrations in river sediments and water are still very high. (Horvat et al., 1999, 2002, 
2003, FAGANELI et al. 2003, COVELLI et al., 1999, 2001, BONZONGO et al., 2002) A 
provisional annual mercury mass balance was established for the Gulf of Trieste (ŠIRCA et 
al., 1999) showing that the major source of inorganic mercury is still the River Soča, while 
the major source of methylmercury is the bottom sediment of the Gulf (ŠIRCA et al., 1999, 
ŽAGAR et al., 2001, RAJAR et al., 2000).    
 
In conclusions, the results presented so far clearly show, that the area around the mine 
continues to supply relatively high quantities of Hg into Idrijca and Soča river system, which 
empties into the Gulf of Trieste some hundred km downstream. 
 
Beside the soils that are naturally elevated in Hg due to the high levels of Hg in geological 
materials in Idrija district, there are also Hg-laden material and tailings that are continuously 
eroded and serve as an important additional source for the river, flood plains and the Gulf of 
Trieste. During such a transport important transformation mechanisms take place, which is 
evidenced from the presence of MeHg in various samples analysed. The percentage of Hg as 
MeHg is highest in water samples, followed by sediments and alluvial soil. 
 
This data suggests the importance of water compartment for transformation processes, as it 
supplies reactive Hg that triggers further transformations of Hg (methylation, demethylation 
and reduction to Hg). In the town of Idrija that is most contaminated with Hg, atmospheric Hg 
deposition may still be very important. Future studies should carefully address fluxes of Hg 
from contaminated soil into the atmosphere, and its re-deposition on soil and water and its 
reactivity for further transformation. 
 
2.1. The main conclusions are as follows 

 
• The area around the mine continues to supply relatively high quantities of Hg to the 

Idrijca and Soča river system, which empties into the Gulf of Trieste some hundred 
km downstream 

• The major source of Hg in the Gulf of Trieste is the Soča River, while the major 
source of MeHg is the bottom sediment of the Gulf 

• Future studies should carefully address fluxes of Hg from contaminated soil into the 
atmosphere, its re-deposition on soil and water and its reactivity for further 
transformation 

• Reservoirs, flood plains and soil play an important role in mercury transformation and 
transport processes. Further studies should be conducted in order to understand the 
biogeochemistry of Hg in artificial lakes 

• Mercury transport in the study area is mainly driven by hydrometeorological 
conditions Mercury is actively transformed in various environmental compartments 
(reservoirs, sediments, flood plains and soil)  

• Reduction and evaporation of Hg in contaminated soil is significant  
• Demethylation of MeHg in contaminated soils is higher than methylation, the proces 

is mainly through reductive pathway 
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• Future studies should carefully address  
 

 - fluxes of Hg from contaminated soil into the atmosphere, its re-deposition on soil 
 and water and its reactivity for further transformation.  
 - fluxes/transport in the systems: sediment/water, soil/plant, plant/air  

• Artifacts in mercury analysis and speciation as well as “dynamic” measurements 
(methylation, demethylation, reduction) should be addressed with great care (in 
particular sampling and sample preparation prior chemical analysis) 

• Fractionation methods should further be investigated/standardisation needed 
• The question on what should be quantified in soils is still not resolved 
• Hg binding  in soil/sediments in Idrija depends on the: 

 - age of the tailings (different roasting techniques) 
 - Particle size 

• Younger tailings (lower Hg conc.) contain higher concentrations of leachabale Hg – 
higher potential for transformation/transport 

• Evaporation of Hg from soil top the atmosphere is significant and may contribute 
about 500 –1500 Kg per year: 

 - Near smelter: 50 – 300 ng/m2/h 
 - Idrija town:  4 – 55 ng/m2/h 
 - Control:   to a max of about 3.8 ng/m2/h 
 - Mercury flux is a function of: 
  (i) Lithology, Temperature, UV radiation 
  (ii) Hg concentration in soil, 
  (iii) Soil moisture(frequency of  rain events) 
  (iv) Distance from the faults 
  (v) Wind  
 
3. TRANSFORMATION OF MERCURY IN TERRESTRIAL ISOPOD PORCELLIO 
SCABER (CRUSTACEA, ISOPODA) 
 
The terrestrial isopod Porcelio Scaber in widely distributed specie in the Idrija region and 
represents a possible biomonitoring organism for Hg in this contaminated region. Preliminary 
study was conducted to assess the level of contamination and mercury speciation in various 
organs of this animal. It was found that the highest percentage of MeHg was found in the 
hepatopancreas gland and digestive system. Preliminary experiments with radioactive tracer 
203Hg2+ confirmed the hypothesis that inorganic Hg is methylated in the digestive system and 
accumulated in hepatopancreas gland (JEREB et al., 2003). Further work is in progress in 
order to study the kinetics of uptake and release, transformation and accumulation in various 
Hg species under variable environmental conditions (differences in Hg concentrations, 
temperature, food, etc.). In order to improve the current state, the following main topics have 
been addressed: 
 

 1. Determination of THg and MeHg levels in P.scaber and its environment in a 
  Hg-unpolluted area 
 2. Estimation of Hg mass balance in P.scaber fed with 203Hg2+ dosed food 
 3. Optimisation of an analytical tracer technique using 203Hg for transformation 
  studies in P.scaber 
 4. Preliminary study on the methylation / demethylation potential in the digestive 
  system of P.scaber 
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4. MERCURY METHYLATION IN LICHENS 
 
Lichnes can be used as excellent biomonitor for mercury concentrations in air (HORVAT et 
al., 2000). This was demonstrated in several areas of Idrija. In order to understand whether 
MeHg in the lichen is formed in the lichen and/or. Deposited from the air. Experiments have 
shown that MeHg is formed in the lichen. The results have not been published as yet, as 
further work is in progress. 
 
 
5. METHYLMERCURY FORMATION AND DEGRADATION IN SEDIMENTS OF THE 
GULF OF TRIESTE 
 
The Hg transport legacy of the mining in Idrija is seen at the mouth of the Isonzo River where 
Hg levels are quite. Concentrations of Hg decrease quickly offshore, but Hg transformations 
are active throughout the Gulf. It is likely that Hg is remobilized into bioactive forms near the 
mouth of the river due to the effects of increased sulfide production as salinity increases 
(HINES et al., 2000).   
 
Although total Hg and MeHg were highest near the river mouth, concentrations of dissolved 
Hg species were similar, suggesting equilibrium between production and flux, or relatively 
similar rates of production and/or dissolution of Hg species. 
 
Hg transformation rate constants were relatively similar for methylation and demethylation 
and were highest in summer. The similarity in constants between each site suggested that 
methylation and demethylation were coupled, i.e., much of the MeHg produced was probably 
consumed within the sediments.  Actual rates of Hg flux can be calculated using pore water 
Hg species data and activity rate constants. Since all three sites exhibited similar 
concentrations of dissolved Hg and MeHg, and rate constants were also similar, the rate of 
production and degradation of MeHg were similar at all sites; again underscoring the 
potentially tight coupling between the production and degradation of MeHg in Gulf 
sediments. However, exact flux rates require a knowledge of the concentrations of 
bioavailable Hg and MeHg, and it is not clear if pore water Hg data represent these pools. 
 
MeHg degradation in Gulf sediments occurred primarily via the oxidative pathway as 
evidenced by the dominance of the production of CO2 from MeHg.  It is likely that the bulk of 
the MeHg degradation occurred via sulfate-reducing bacteria that are prevalent in these 
sediments. These same bacteria are responsible for MeHg formation.  However, during winter 
and to a lesser extent in spring, a significant portion of the methyl C of MeHg was converted 
to CH4.  Since methanogenesis is not expected in these sediments, and would not be found in 
surface sediments, the formation of CH4 from MeHg must have occurred by the reductive 
pathway of the mer operon genetic system in bacteria.  The fact that this pathway was only 
important in surface sediments and during colder periods suggests that the reductive pathway 
is restricted to oxidizing sediments while the oxidative path is primarily anaerobic.  Hence, 
changes in biogeochemical conditions can affect the pathway of MeHg degradation in 
sediments.   
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6. PREPARATION OF THE SOIL REFERENCE MATERIAL FOR COMPARABILITY 
STUDIES 
 
Initial plan of the CRP participants was to prepare a reference sediment sample from a 
tropical region for comparability studies. One of the potential area for sampling was Lake 
Guri in Venezuela, but the results of total and MeHg revealed that this lake contains low 
concentration of total Hg, and would, therefore, not be appropriate. The second posibility was 
to prepare river sediment from the Amazon region, which would be more appropriate as 
regards the concentration ranges. However, the amount of sample  (about 2 kg) sent to the 
Jožef Stefan Institute in Ljubljana would not be sufficient to prepare a reference material for 
all the CRP participants.  
 
In order not to delay with the implementation of the work programme of the CRP it was 
decided to prepare a soil sample from an area close to Idrija mercury mine, Slovenia, that is 
contaminated with Hg due to continuous deposition of particles enriched with Hg during 
flood events. Such a sample is representative of areas where mercury transport and deposition 
is governed by river hydrology, which is typical in a number of mercury contaminated 
environments. 
 
The material would then be used for various purposes. One of them is to compare the results 
for total and MeHg obtained in laboratories participating in the CRP. The second objective is 
to use this material for methylation and demethylation studies using different methodologies 
and compare the results obtained. The material will also be used as a reference material for 
continuous monitoring of laboratory's analytical performance. 
 
About 50 kg of the soil sample was collected into polyethylene containers in February 2001 
from a grassland at Bača which is frequently flooded by the river Idrijca. Surface soil were 
taken by plastic shovel. The sample was then be transported to the Department of 
Environmental Sciences at the Jožef Stefan Institute for further preparation. 
 
The same sampling site is regularly monitored since 1995 and the concentrations of total Hg 
is about 28 to 30 mg/kg dry weight. MeHg concentration varies from 4 to 5 µg/kg. Other 
relevant data such total organic carbon, pH, Eh, and other trace and major elements are also 
available. 
 
After collection, sample was air dried at  40oC  in a drying oven for three days. Samples were 
ground and homogenised in rotating ceramic mill, sieved through a mesh of 1.4 mm pore size 
and then through 180 µm. The total amount of the sample before bottling was about 20 kg. 
The whole content of the sample was then homogenised in a plastic rotating container for 3 
days. The sample has been checked for the bulk homogeneity study and bottled into plastic 
containers (70 g/bottle). The samples will be distributed at the 2nd CRM in Minamata, October 
2001. 
 
The participants will be requested to analyse total and MeHg and other trace trace elements 
concentrations in the samples by their usual techniques. In addition, laboratories will be asked 
to determine other important parameters such as DOC, Ph, and Eh. They will be requested to 
make three separate determinations of each anaylte and to report the results together with a 
short description of the method used on the report form that will be attached to the 
information sheet. Other information requested will included the drying procedure, the 
digestion procedure, the instrumental parameters and the way in which the calculation was of 
the results was performed. Also, a summary of quality control procedure routinely employed 



 

119 

within the laboratory will be requested, including the information on accreditation.  All results 
will to be reported on a dry-weight basis. At this stage other expert laboratories, not 
participating in the CRP, will also be invited to participate. It was expected to have at least 30 
additional laboratories involved. The final report on this activity is pending. 
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Abstract 

 
About half of globally mined mercury (Hg) has been used in the amalgamation method for extraction of 
gold and silver. Although hazardous, the method has the latest decades regained popularity in many 
developing countries. Knowledge about transformation paths of Hg is incomplete. The aim of this project 
was twofold: i.) to increase the knowledge about Hg-transformations, especially in the tropics, and ii.) 
point out proper measures to reduce health hazards due to Hg-exposure. Literature review, field and 
laboratory experiments were combined to fulfil the aim. Fresh water systems in Brazil and Sweden were 
studied, while the studies planned for Nicaragua had to be dropped because financing could not be 
obtained. 
 
Published literature revealed that human exposure of Hg is generally caused by anthropogenic emissions 
of Hg, but globally mined quantities of Hg were not summarised, so such a compilation was done as a 
part of the project. Several biological, chemical, and physical factors influence the transformations of Hg 
and its compounds. Here we report on the first experiment ever to quantify bacteria population by isotope 
techniques in samples parallel to samples where net methylation was determined. The results indicated 
markedly larger methylation capacity as well as bacterial production of incubated samples of Eichhornia 
crassipes, originating from Brazil, compared to Myriophyllum spicatum from Sweden. Mercury 
concentrations in fish and several soil and water parameters were determined before and after flooding at 
Rio Manso hydroelectric power plant in western Brazil. Predatory fish had total Hg concentrations 
ranging between 0.07 and 0.21 mg/g w.w. seven years before flooding, which increased to between 0.07 
and 0.76 mg/g w.w. during flooding and to between 0.08 and 0.94 mg/g w.w. three years after flooding. 
Concentrations of dissolved organic carbon had increased considerably after flooding, indicating 
dissolved carbon being a possible parameter contributing to the increased Hg concentrations in fish. The 
present fish Hg concentrations of some species may impact the health of the population dependent of 
fishing for sustenance in the dam and rivers. Consequently, fish consumption recommendations should be 
carried out until fish Hg concentrations decreases to a safe level. 
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1. INTRODUCTION 
 
1.1. Scope and aim 
 
The toxicity and human health impacts of mercury (Hg), both metallic and organic methyl 
Hg, are well documented. The transformations between metallic Hg and different organic Hg 
forms have been extensively studied in temperate areas, but little is known about methylation 
and demethylation processes under tropical conditions. The present, large anthropogenic Hg 
emissions in many tropical countries from gold mining, chlor-alkali factories, coal 
combustion etc. may deteriorate the health of future generations. An increasing global 
population and subsequent food demand cannot be at the risk to restrict the consumption of 
fish, due to eventually increased methyl Hg content. Hence it is necessary to increase the 
knowledge about factors influencing the net methylation of Hg. Such factors may be organic 
acids, geochemical factors, and bacteria, in addition to temperature and redox potential [1, 2, 
3, 4, 5, 6, 7]. 
 
The aim of this project was twofold. Firstly we wanted to increase the knowledge about Hg-
transformations, especially in the tropics, by determining net methylation capacity of Hg, in 
relation to bacterial production and geochemical parameters by performing experiments in 
laboratory and field. Secondly, we wanted to point out proper measures to reduce health 
hazards caused by Hg-exposure. This was done by reviewing literature on Hg mining, 
dissipative uses, and ingestion via food. 
 
 
1.2. Collaboration regarding mercury or nuclear-related methods apart from this CRP 
 
Lars Hylander is in co-operation with Ulrik.Gelius at the Ångströmlaboratory, Department of 
Physics, Uppsala University, studying soil particle surfaces with electron spectroscopy for 
chemical analysis (ESCA, also XRPS). He is also co-operating with researchers from Royal 
Institute of Technology, Stockholm, Sweden and Kanagawa Environmental Research Centre, 
Yokohama, Japan, and National Institute of Environmental Sciences, Tsukuba, Japan, using 
ICP-mass spectrometry and synchrotron radiation X-ray fluorescence (SR-XRF) for studies of 
isotopes of heavy metals and phosphorus content in waste water and the uptake by plants or 
deposition on bark. He is also assisting Markus Meili in the co-ordinated research project on 
”The application of isotopic and nuclear techniques in the study of nutrition pollution 
interactions and their impact on the nutritional status of human subjects in developing country 
populations”. 
 
Markus Meili is assessing the 137Cs content in sediment from the Baltic Sea and adjacent 
freshwater systems in order to study the fate and mobility of 137Cs fallout after the Chernobyl 
nuclear accident. He has also been studying the bioavailability and turnover of radio-labelled 
Hg, Se, and Cs and methyl-Hg formation in laboratory microcosms. In addition, he is 
involved in European efforts to determine critical atmospheric Hg pollution levels based on 
Hg balances and predictions for different regions in Sweden. 
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2. ACTIVITIES PERFORMED 
 
The following activities related to the CRP have been performed since the Second Research 
Co-Ordination Meeting in Minamata, Japan, 22 - 26 October 2001: 
 
* Writing of a scientific article, where global, historical mercury production is summarized 
since the beginning of the 16th century, when part of America became colonized by the 
Spanish. The subsequent trade with the New World entailed that mercury became an early 
global pollutant when used in silver and gold mining, employing the amalgamation method. 
Spanish Hg is still shipped abroad in large quantities for use in the amalgamation method, 
mainly in Latin America, Africa and Southeast Asia. Shipments of Hg to developing countries 
becomes increasingly more important as new, more stringent environmental laws in 
industrialized countries force the companies to replace Hg consuming processes for Hg free 
ones, thereby reducing dissipative uses of Hg. The chlor-alkali industry, where Hg cells are 
used for production of chlorine and sodium hydroxide by electrolysis of a brine solution, has 
been the main consumer of Hg for several decades, but may soon be surpassed by small scale 
gold miners. Some 15 000 tonnes of Hg used as electrodes in the chlor-alkali industry to be 
decommissioned in industrialized countries need political guidance to avoid transfer of Hg 
and related risks to other countries, a potential transfer favoured by low Hg prices. For more 
information, see [8]. Findings disseminated 12 June, 2003 at the annual meeting of the 
Danish Chemical Society, Dansk Selskab for Miljøkemi, Odense, Denmark and at the 7th 
International Conference on the Biogeochemistry of Trace Elements, 15 - 19 June 2003 at 
Uppsala, Sweden [9]. 
 
* Presenting European perspectives on management of mercury stockpiles and mercury-
bearing waste at the conference “Breaking the Mercury Cycle” in Boston, USA, 1 - 3 May 
2002. The conference was hold to summarise the present situation regarding use of Hg and 
disposal of mercury-bearing waste. Both North America and Europe have large stocks of Hg, 
not needed any longer, while political guidance is needed to avoid transfer of Hg and related 
risks to other countries [10]. Sweden has decided that Hg no longer in use must not be 
exported but has been proposed to be safely stored in a deep bedrock repository to minimize 
future environmental and health risks [11,12]. In the USA, sales of Hg from the National 
Defense Stockpile were suspended in 1994 and remain suspended pending completion of an 
analysis of the potential environmental impact of the sales, and continued storage in ware 
houses has been suggested as an option [13]. 
 
* The European perspective on Hg emissions and efforts to obtain a sustainable 
environmental policy regarding Hg was also presented at the International Workshop on 
Environmental Problems in East Asia, Kyoto, Japan, 9 - 10 August 2002 [14]. 
 
* Contributing to the report on Global mercury assessment as a member of the working group 
organised by UNEP Chemicals and meeting in Geneva, 9 - 13 September 2002 [15]. In 
addition, I summarized the findings of the meeting in an article for the Medical Geology 
Newsletter [16]. 
 
* Contributing to the “International Workshop on Health and Environmental Effects of 
Mercury. Impacts of Mercury from Artisanal Gold Mining in Africa” with an article entitled 
“Global assessment of mercury production and sustainable management of mercury stockpiles 
and mercury-bearing waste” [17]. The workshop was held 19 - 20 November 2002 at 
University of Dar es Salaam, Tanzania in cooperation with National Institute for Minamata 
Disease, Japan. 
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* The adverse environmental impact of subsidies for mercury mining in Spain was described 
in a background paper for the Round Table on Environmental Policy Integration at the Fifth 
"Environment for Europe" Ministerial Conference. Kyiv, 21 - 23 May 2003 organised by 
European Environmental Bureau (EEB), Brussels; Belgium, pp. 113-115 (of 194 pp.) [18]. 
 
* Studying fish mercury and water chemistry development in a hydroelectric power dam, 
Brazil. The studies were performed in 1999, at starting to fill the dam, and in 2002, after 
nearly three years of inundation. The study is reported in detail in section 3 below. The results 
were presented at the 7th International Conference on the Biogeochemistry of Trace 
Elements, 15 - 19 June 2003, Uppsala, Sweden. [19]. 
 
* Planning and hosting the Third (Final) Research Co-Ordination Meeting (RCM) for the Co-
Ordinated Research Project (CRP) on Health Impacts of Mercury Cycling in Contaminated 
Environments Studied by Nuclear Techniques, held in Uppsala, Sweden, 23 - 27 June 2003 
[This volume]. 
 
* Practical impact of my work may originate from a reply of remittance (remissvar) to the 
Swedish government on storage of mercury: ”Kvicksilver i säkert förvar – Betänkande av 
utredningen om slutförvaring av kvicksilver” SOU 2001:58 [20] and a petition to 
Environmental commissioner Margot Wallström, European commission, DG Environment, 
Brussels, Belgium, dated 20 June 2001. It was written and signed in cooperation with 31 
experts on Hg in Sweden and the Swedish Society for Nature Conservation [21]. 
 
 
3. FISH MERCURY DEVELOPMENT IN A HYDROELECTRIC POWER DAM 
 
3.1. Background and aim 
 
The risk of elevated mercury concentrations in fish has become one of the most important 
issues in assessing the environmental impacts of hydroelectric reservoirs. In newly 
constructed reservoirs it has been shown that mercury concentrations in fish rises when areas 
are flooded [22,23]. This phenomenon has mainly been studied in temperate areas, where 
studies have shown that predatory and nonpredatory fish species responded to impoundment 
with increased levels of mercury within two years [22,24]. According to Porvari [23] model 
predictions of mercury levels in pike in a planned reservoir in Northern Finland showed that 
these levels would exceed 1 Hg mg/kg for the first 12 years after the flooding. The mercury 
levels over time also vary in increase and decline depending of the species. Some species in 
reservoirs in Canada had a steep increase but only a short period of increased mercury 
concentration, while others had a flatter curve of increased mercury concentration, extending 
over a longer time period [25]. It is important to study the effects of impoundment on mercury 
levels of fish, other biota, and water also in the tropics. 
 
To the northeast of Cuiabà in Central West Brazil, a hydroelectric plant reservoir, called Lago 
Manso, was completed in 1999 by the company APM-Manso (Aproveitamento Multiplo de 
Manso). The hydroelectric complex is fed by the two large rivers Rio Manso and Rio Casca, 
which meet just before the dam, which is about 95 m high. The reservoir has been extended to 
427 km2 after inundation of the land around the rivers [26]. In 1999, Wolpher and Tropp did a 
survey of mercury levels in fish, soil, sediment, and water in the area of this hydroelectric 
dam before it was completed [27,28]. The Manso dam was expected to generate 210 MW but 
has only been producing at about 40 % of its capacity since flooding [29]. In Brazil many 
hydroelectric projects are in progress. In the Amazon region alone, nearly 100 reservoirs are 
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planned [30]. There are difficulties in finding official maps over the Manso dam, so Fig. 1 is 
made by Elisabeth Camargo Neis at Universidade Federal de Mato Grosso (UFMT), who also 
studies mercury content in the area. The area where the dam is located, Chapada dos 
Guimarães, also accommodates a very popular and frequently visited national park. 
 
Mercury levels are especially important to monitor around the Manso dam, because the 
families from flooded areas were resettled to extremely poor land and have consequently been 
unable to produce enough farming products. This leaves them dependent on fish as a main 
source of food. The compensation the families received was low, about US$100-$300, which 
is insufficient to buy land elsewhere [29]. The minimum wage in Brazil is R$ 200 (about US$ 
50) per year. The land areas around are dry hillsides dominated by cattle ranching and some 
small-scale family farming. The inundated area is mainly bush and hillside landscapes, but 
some parts are covered by tropical forests, previous surrounding the rivers. Some trees are left 
partially submerged in the water with their branches in the air. They are still alive but will 
most likely die within a couple of years. The dead organic material will use oxygen during 
decomposing. This will influence all the biota in the dam. 
 

  
 

FIG. 1. Map over the inundated area prepared by Elisabeth Camargo Neis. 
 
 
The aim of the study was to continue surveying the mercury levels  (total mercury) in fish and 
to see if the levels have increased after the reservoir was filled. We also wanted to test 
whether an eventual increase in fish Hg could be related to changes in sediment and water 
chemistry, principally dissolved organic carbon. 
 
3.2. Material and methods 
 
3.2.1. Sampling and field parameters 
 
Water, soil and sediment samples were collected at sample sites marked in Fig. 2. To facilitate 
a comparison of the results with the previous study done in 1999, a GPS was used to try to 
locate the same sampling sites as sampled in 1999, but the former river course was not found 



 

128 

in the now inundated area. Sample site 5 is near the river Quilombo. Around this area a local 
fisherman caught all the fishes used in the study. 
 
Parameters such as pH, dissolved oxygen; secci depth, air and water temperatures were 
measured in field at all sampling sites at time of sampling from 31 July 2002 until 23 August 
2002 with a multipurpose field instrument Horiba U-10. Superficial sediment was collected at 
all sampling sites. Dry soil was collected close to the shore of the corresponding water sample 
sites (1, 2, 5, and 6) in Fig. 2. 
 

  
 
FIG. 2. Sample sites for water and sediment. 1 (A), B (not pinpointed but near 1) 2 (A), B (not 
pinpointed but near 2) 3 and 4 are corresponding to same sites as were investigated in 1999 by 
Wolpher and Tropp. Sample sites 5 (Quil) and 6 (Ernes) are new. Sample sites for soil are not 
pinpointed in this map. 
 
 
3.2.2. Abiotic samples 
 
Sediment and soil samples were dried at 50°C and dry sieved with 74 µm nylon mesh sieves. 
The fine fraction was analyzed for total content of Hg Hg-tot, determined by cold vapor 
atomic absorption spectrophotometry (CV-AAS) after sample digestion in nitric acid [4]. A 
sample of 2 g was digested with 10 ml, conc. HNO in a glass tube covered by a glass pear to 
prevent evaporation in a hot block digestor at 120°C for 2 h. After cooling, water was added, 
and after settling of remaining solid particles the Hg-tot concentration was determined by CV-
AAS (Varian model VGA 77 coupled to a Varian AAS model 200). 
 
Acid ammonium oxalate 0.2 M, pH 3 was used for the extraction of amorphous Al, Fe, and 
Mn [31]. A 0.5-g sediment sample (74 µm) was extracted with 20 ml ammonium oxalate 
solution, 30 min shaking in the dark at room temperature, followed by centrifugation and 
determination of Al, Fe and Mn in the supernatant by flame AAS. The samples of soil and 
sediment were analyzed for content of organic carbon with a wet chemical method by 
oxidation with chromate [32]. 
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3.2.3. Fish analyses 
 
Four species of fish were analyzed for mercury in the survey in 2002, piranha (Pygocentrus 
nattereri), dourado (Salmius maxillosus), cacharra (Pseudoplathystoma fasciatum) (Fig. 3-5), 
and piraputanga (Brycon hilarii) (Fig. 6). Piranha and piraputanga are omnivorous fishes, 
while dourado (Salmius maxillosus) and cacharra are piscivorous fishes [33]. The fishes were 
caught in the area of Rio Casca and Rio Quilombo during August 2002, frozen with viscera 
and kept frozen until prepared for analysis. The weight, length and sex were determined 
before the dorsal muscle was removed and used in the analysis (Fig. 6). Total mercury 
concentration was determined in the fish samples with cold vapor atomic absorption 
spectroscopy (CV-AAS), a Spectra AA 220, Varian Inc. USA. The analytical technique, cold 
vapor atomic absorption spectroscopy (CV-AAS) is the most common one to use for analyses 
of mercury in different environmental and biological matrices. Methyl Hg was not determined 
in this study, since earlier studies had confirmed that most of the Hg in fish (about 90 %) was 
present as methyl Hg [5]. 
 

 
 
FIG. 3-5. Analyzed fish species included cacharra (upper left) piranha (upper right) dourado (bottom) 
Photo: Janina Gröhn. 
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FIG. 6. Dorsal muscle is removed from piraputanga. Photo: Janina Gröhn. 
 
A sample of dorsal muscle was homogenized manually with a scalpel (Fig. 6). Approximately 
2 g of fish muscle was homogenized. The tissues were put in Erlenmeyer flasks and 1 + 1 mL 
concentrated hydrogen peroxide (H2O2) was added and the flask left for 10 min on ice bath to 
digest the muscle further. 5 + 10 mL of concentrated sulphuric acid was added for further 
digestion. Samples were incubated in a 60�C-water bath, 30 min or until all pieces of the 
tissues were dissolved. The flasks with samples were then kept on ice bath again while 5 +10 
mL of 5 weight % (w/w) of KMnO4 solution was added to oxidize the organic carbon. 
Samples were left on ice for 60 min.; others were left over night in the freezer. After that, 
another oxidizing agent was added: 40 mL of 5% (w/w) potassium persulphate K2S2O8 and 
then kept in refrigerator (maximum 72 h) until analyzed. Just before analysis, approximately 
1-2 mL of 12 % (w/w) HONH3Cl was added in droplets until the sample became clear, 
indicating that excess oxidizing agents had been reduced  [34]. 
 
3.2.4. Certified reference material 
 
Accuracy of the Hg analyses was checked by comparison with certified reference materials 
GBW 07309 stream sediment with 83 ng Hg-tot gy1 dry wt., NIST Buffalo river sediment 
2704 with 1470 ng Hg-tot gy1 dry wt. and with selected samples run also at an independent 
laboratory. Another certified reference material, DORM-2, 4.64 ± 0.26 Hg mg/kg, C.I. = 95 % 
(dogfish muscle, Institute for environmental Chemistry, Ottawa, Canada), was used to verify 
accuracy of the fish Hg analyses. To the dry frozen fish, approx. 0.2 g, 2 mL of distilled water 
was added before the standards were treated like the other samples. Mercury content was 
calculated on a dry matter basis for the reference samples. All samples were digested at least 
in duplicates, and each extract was analyzed twice or three times. Precision of all metal 
analyses was verified by internal standards and replicated analyses. Distilled and deionized 
water and laboratory grade chemicals were used in all experiments and for preparing 
solutions.  
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3.3. Results 
 
3.3.1. Field parameters 
 
Transparency was one meter or more, despite the content of organic matter (Table I). The 
feeding rivers are vivid and one could expect more erosion from the riverbanks than the 
concentrations of suspended material (3-11 mg/L) [27] indicate. Compared to studies from the 
same season in the Pantanal region (18-122 mg/L) [34; 1-340 mg/L; 4], the values of 
suspended material are low.  
 
Rio Manso has close to neutral water, while Rio Casca has acidic water [27]. In the reservoir 
water pH ranged from slightly acid (6.5) to slightly alkaline (8.1) (Table I). 
 
TABLE I. PARAMETERS MEASURED IN FIELD. FIGURES WITHIN PARENTHESIS ARE 
MEASURED IN JULY 1999. 
 

Sample 
sites 

Positions 
according to 
GPS 

Air 
temp. 
(°C) 

Water 
temp. 
(°C) 

DO (depth 
40 cm) 
(mg/L) 

pH Secci 
depth 
(m) 

Date 
(yy-mm-dd)

1 A s 14° 57.515’ 
w 55° 43.300’ 

29 27 6.9 (7.7) 7.9 2.4 02-08-01 

1 B s 14° 56.904’ 
w 55° 44.100’ 

28 27 2.8 8.1 2.0 02-08-01 

2 A s 14° 51.005’ 
w 55° 42.543’ 

36 28 2.0 (7.2) 6.9 3.6 02-07-31 

2 B s 14° 51.137’ 
w 56° 42.449’ 

36 28 1.7 6.9 4.3 02-07-31 

3  s 14° 56.307’ 
w 56° 45.947’ 

31 27 3.2 (7.6) 6.5 2.3 02-08-01 

4 s 14° 51.118’ 
w 55° 53.523’ 

37 25 3.2 (7.8) 6.8 1.5 02-08-01 

5 s 15° 05.471’ 
w 55° 43.379’ 

22 25 4.0 (6.1) 6.4 1.0 02-08-02 

6 s 15° 02.440’ 
w 55° 37.408’ 

34 28 6.7 6.5 2.0 02-08-23 

 
Before inundation, oxygen levels were at all points, except for the construction area, close to 
what is possible in surface waters under prevailing temperatures. The solubility of oxygen in 
pure water is between 7.0-8.5mg/L in temperatures between 23 and 33°C [35]. The lowest 
oxygen levels occurred where the highest levels of organic carbon were found (site 2 and 5), 
which can partly be explained by decomposition of organic matter. It is interesting to note the 
decrease in dissolved oxygen and increase in dissolved organic C during the three years of 
inundation.  
 
Tropp [27] concluded that the relationship between organic matter and Hg methylation and 
uptake is very complicated. The general idea of increased fish Hg levels after impoundment is 
that organic matter from soils and vegetation stimulate the bacteria that methylate Hg [44, 42, 
36, 43]. However, due to high affinity of Hg to particulate organic material, Hg may become 
less available for methylation by bacteria when the amount of particulate organic material 
increases [30,37,38].  



 

132 

Some of the organic matter is present as dissolved organic carbon (DOC). DOC is a 
heterogeneous mixture consisting mainly of fulvic and humic acids (50 to 80 %), carboxylic 
acids, amino acids and hydrocarbons. These are capable of forming complexes with many 
metal ions. [39].  Most of the MeHg is probably associated with DOC in lake water [39] and 
therefore probably also in reservoirs. DOC affects rates of mercury methylation in at least two 
ways: 
 
 1) Some forms of terrestrial DOC are sources of decomposable carbon for microbial 
 populations, including methylating bacteria 

2) Inorganic Hg is bound strongly by DOC, which reduces the bioavailability of 
 mercury to methylation [37]. 

Driscoll et al. [40] observed that concentrations of total Hg and MeHg in forest lakes in 
northern New York increased with increasing DOC concentrations and percent near-shore 
wetlands in the drainage basin, from where DOC originated. They also carried out model 
simulations which suggested that Hg in the biota increase with increasing DOC to a certain 
level, after which they level off. [40]. 
 
Porvari and Verta [41] found water colour to be negatively correlated with methylation in 
water but positively with MeHg concentrations. This indicates that humic substances are the 
main MeHg carriers but are not active methylating agents. [41]. 
 
Mercury is removed from the water and deposited to sediments along with particulate organic 
carbon [27]. Many scientists have observed positive correlation between methylation activity 
and organic content of the sediment [10,43,44, 45]. Organic nutrient enrichment may also 
stimulate demethylation in sediments. Similar to water DOC, increases in the supply of 
organic matter in the sediment seem to stimulate methylation to a critical point. Beyond this 
critical point, effects of demethylation and production of Hg-binding agents, such as sulphides 
and selenides, exceed methylation effects. [25]. 
 
3.3.2. Sediment parameters 
 
Hg mean with standard deviation from each sampled sediment are presented in Table II, 
together with carbon and sulphur levels. 
 
TABLE II. HG, CARBON AND SULPHUR CONCENTRATIONS IN THE SEDIMENTS IN 1999. 
 
Site Hg conc. (ng/g) ± SD n C conc. (mg/g) n=1 S conc. (ng/g) n=1
1. Rio Casca 19.3 ± 0.4 3 11.8 77 
2. Rio Manso 30.8 ± 4.6 2 35.1 213 
3. Rio Casca 20.4 ± 3.5 3 12.9 74 
4. Constr. area 23.1 ± 1.0 3 15.3 92 
5. Below constr. area 33.7 ± 0.8 3 35.8 231 
Mean 26.4 ± 6.4 5 22.2 137 
 
Mean Hg concentration in the sediments samples is 26.4 ng/g, with values varying from 19.3 
to 33.7 ng/g. These levels are normally found in sediments [42].  
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Relationships between Hg, carbon and sulphur levels in the sediments are shown in Fig. 7. 
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FIG. 7. Mercury, carbon and sulphur concentrations in the sediment. 
 
According to these results, there seems to be a strong positive correlation of both carbon and 
sulphur to Hg (r = 0.983 and 0.987, respectively). Because of few sites investigated and few 
samples, one should be careful to make any conclusions about these relationships from the 
results. However, these results might be expected, since they could reflect higher 
concentrations of organic matter and sulphide, which bind Hg strongly to the sediment [43].  
 
3.3.3. Fish 
 
Fish Hg concentrations increased significantly during three years of inundation for the 
piscivorous species cacharra and dourado compared to background values determined in 
1992. The values tended to be even higher downstream the dam (Fig. 8). It is interesting that 
Hg content in the piscivorous species had increased considerably already after three years in 
Rio Manso, while the process is generally slower in temperate areas 
 
Increased temperature has been shown to stimulate methylation of mercury in Lake Keha in 
Finland [46]. Callister and Winfrey [45] found that methylation activity was greatest at a 
temperature of 35°C in the sediments and decreased with lower and higher temperatures.  
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3.4. Conclusions 
 
Based on total Hg analyses and earlier results from MeHg analyses, we conclude that MeHg 
levels in fish have increased in Rio Manso during the first three years of inundation. This is 
probably caused by an increased methylation where the parameters dissolved organic C and 
dissolved oxygen play important roles, directly by releasing Hg as a result of increased 
decomposition of organic material from the flooded land and by improving its bioavailability 
when attached to dissolved organic C in the water column, being an important nutrient source 
for bacteria. These parameters also govern the composition of populations of bacteria 
methylating Hg. Once methylated, MeHg biomagnifies in the food web as a result of 
accumulation in animals. Consequently, the highest levels of MeHg in fish from Rio Manso 
were encountered in piscivorous fishes, which are popular for human consumption. This may 
impact the health of the population dependent of fishing for sustenance in the actual rivers. 
Consequently, fish consumption recommendations should be carried out until fish Hg 
concentrations decrease to a safe level. 
 
 
4. NET METHYLATION AS RELATED WITH BACTERIAL PRODUCTION OF 
INCUBATED MACROPHYTES 
 
4.1. Background 
 
Several environmental factors influence the dynamics of Hg. In laboratory experiments we 
evaluated the importance of bacteria production for net methylation in fresh water systems in 
Brazil and Sweden. 
 
4.2. Methodology 
 
The potential net Hg methylation capacity in sediments and selected biota was determined 
with in-situ and laboratory incubations with 203Hg [47,48]. Fresh samples of about one gram 
dry weight in sample volumes of 30-50 mL (2 -3 samples and one acidified control) were 
incubated with 203Hg2+ at concentration of 30-1000 ng total Hg g-1 dry weight. Methylation 
was stopped by addition of HCl and the samples are frozen until MeHg extraction by toluene 
containing scintillation salts and measurement by liquid scintillation. 
 
Bacterial production is estimated with 14C-leucine incorporation to plant sub samples in 
scintillation vials, which are then incubated for thirty minutes. Incubations are interrupted 
with formaldehyde, the samples are sonicated, washed with TCA and ethanol through filters, 
which are then counted in a LKB Wallack Rackbeta 1217 scintillation counter [49]. 
 
4.3. Results and discussion 
 
Results from experiments on eventual correlation between potential net methylation with 
bacterial production of incubated macrophytes indicated the importance of several factors.  
Bacterial production obtained for Eichhornia crassipes roots, originating from Brazil, was 
significantly higher than for Myriophyllum spicatum shoots from Sweden. Incubation time 
had a significant effect on bacterial production, which for Eichhornia crassipes increased 
linearly with time, while for Myriophyllum spicatum, bacterial production decreased during 
the first 25 hours before increasing also there, but to a lower level.  There was up to 23% net 
formation of MeHg for Eichhornia crassipes, while MeHg production was below the 
detection limit for Myriophyllum spicatum. The accumulated MeHg production observed for 
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Eichhornia crassipes increased with the bacterial production yield, indicating the importance 
of microbial processes for the methylation of Hg [50]. 
 
 
5. OUTCOMES OF THE CRP 
 
The CRP has resulted in several articles according to the publication list, where the 
importance of Hg mining to anthropogenic Hg emissions has been noticed. Performed studies 
have contributed with information about environmental factors important for net methylation 
The project has produced results which are used when assessing risks for public health due to 
methylation of Hg, especially in the area of Rio Manso, Brazil. 
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Abstract 

 
Research work concentrated on the following field and/or laboratory investigations: i) assessment of Hg 
contamination levels in selected environmental media in the Lake Victoria goldfields, ii) the study of 
lichens as a suitable bioindicator for atmospheric Hg contamination in small-scale gold mining areas, iii) 
dynamics of Hg transformation and partition of Hg species in gold mine tailings-water systems 
contaminated with elemental mercury, iv) mineralogical and chemical characterization of mine tailings, 
river sediment, lateritic soils in relation to Hg mobility under tropical conditions, v) the effect of 
aeration/oxygenation and decrease of moisture content on MeHg levels in tropical soil and, iv) 
methylation of Hg in SOIL-1 inter-comparison sample from the IAEA. 
Hg contamination was highest in gold mine tailings (165-232 µg/g) from amalgamation ponds but 
relatively low in contaminated river sediments (6-0.5 µg/g) in the study areas. The dispersion of Hg in 
river sediments at the Mugusu mine decreased rapidly from 6 µg/g near the gold ore processing site to 
<0.1 µg/g about 9 km downstream. The highest Hg levels were associated with the grain-size fraction 
<212 µm in the sediments. 
Fish mercury levels in 8 fish species representing different trophic levels from the Nungwe Bay in the 
Victoria lake were generally low, <50 ng/g (w.w.), which indicated insignificant levels of contamination 
and/or little bioavailability of Hg in that lake region. 
Mercury concentrations in the Parmelia lichen from Mugusu, Imweru, Rwamagaza and Buckreef gold 
mine areas, southwest of the Lake Victoria, ranged from 3.1 to 0.07 µg/g, the highest concentrations 
being recorded close to gold processing stations. The lichens from areas outside the goldfields had the 
lowest Hg levels in the range 0.05-0.10 µg/g (mean 0.07 µg/g).  
Investigations of Hg transformation in gold mine tailings from the Rwamagaza mine revealed 
exceptionally high MeHg contents (629-710 ng/g as Hg), which indicated that methylation occurred at 
significant levels in the tailings under tropical conditions.  The MeHg was so firmly bound in the tailings 
that very little MeHg was partitioned to water (0.2-1.5 ng/L) re-equilibrated with the tailings. X-Ray 
diffraction (XRD) analysis showed the tailings to consist mainly quartz and dolomite, and accessory 
amounts of clinochlore and talc.  
Results for SOIL-1 analysis and other laboratory investigations are also presented in the report. 

 
 
1. INTRODUCTION 
 
The environmental transformation and cycling of mercury in ecosystems impacted by 
elemental mercury contamination from small-scale gold mining operations in tropical regions 
is still poorly understood. Most of the available database on mercury dynamics in tropical 
environments is derived mainly from the Brazilian Amazon region [1, 2, 3, 4, 5]. Research 
data from other tropical regions affected by mercury pollution from gold mining activities are 
basically scarce or lacking. For example, only a few published studies are available from the 
African region on the environmental and health effects of mercury from artisanal or small-
scale gold mining activities [6, 7, 8]. The research in Tanzania, under the IAEA CRP on 
health impacts of mercury cycling in contaminated environments, was intended to elucidate 
the extents of environmental contamination and transformation of mercury associated with 
gold mining in the Lake Victoria goldfields and other areas of the country and their 
implications on human health. The research combined fieldwork and laboratory investigations 
of mercury contaminated environmental materials to provide better understanding of the 
dynamics of mercury in the Tanzanian goldfields. 
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The activities accomplished under the project include: 
 

• Determination of Hg contamination levels in mine tailings, river sediment, and 
fish in the southwest Lake Victoria goldfields, northwestern Tanzania. 

• Two laboratory experiments on the methylation of metallic mercury in gold-
ore mine tailings and river sediment from Rwamagaza and Mugusu gold mines 
in the Lake Victoria goldfields (LVGF). 

•  Investigation of the effects of aeration/oxygenation and decrease in moisture 
content on methylmercury (MeHg) levels/concentration in soil and 
implications on seasonal variations on soil MeHg. 

• Hg exposure assessment in lichens (Parmelia) in the SW Lake Victoria 
goldfields in northern Tanzania, and in the Lupa Goldfield in southwestern 
Tanzania. The suitability of lichens as a bio-indicator for air Hg contamination 
in the artisanal gold mining areas was assessed and evaluated. 

• X-ray diffraction (XRD) and X-ray fluorescence (XRF) analysis of soil, river 
sediment, and gold mine tailings from Mugusu and Rwamagaza mines, for 
mineralogical and chemical composition. 

• Analysis of mercury (THg) and MeHg in the inter-comparison soil sample 
 (SOIL-1) from the IAEA for analytical quality control. 

• Laboratory investigation of Hg transformation in SOIL-1 under sunlight and in 
the dark. 

• Organization of an international workshop in Tanzania in collaboration with 
the National Institute for Minamata Disease (NIMD) of the Ministry of 
Environment of Japan. The workshop on “Environmental and Health Effects of 
Mercury: Impacts of Mercury from Artisanal Gold Mining in Africa” was held 
in Dar es Salaam from19-20th November 2002. The workshop was followed by 
a field excursion in the Lake Victoria Goldfields from 21st-25th November 
2002.  The proceedings of the workshop have been published and single copies 
are available on request from the UDSM or NIMD. 

• Publication of three papers in international journals and one paper in the 
workshop proceedings.  

 
 
2. METHODS 
 
2.1. Fieldwork 
 
Three fieldworks were executed in the course of the project; two of which were carried out in 
the Lake Victoria goldfields (LVGF) and adjacent areas in northwestern Tanzania, and one 
fieldwork in the Lupa goldfield in southwestern Tanzania. The main objective of the 
fieldwork was to document artisanal gold mining activities and collect environmental samples 
for Hg contamination assessment as well as for laboratory studies of Hg dynamics in 
contaminated aquatic systems. 
 
a) Lake Victoria Goldfields 
 
Initial fieldwork was conducted in August 2000 in the gold mining areas located to the 
southwest of Lake Victoria in Geita District (Fig.1).  The field study covered the Imweru, 
Rwamagaza and Mugusu gold mining centers. The environmental samples collected for Hg 
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analysis and laboratory investigations were river sediment, mine tailings, lichens as well as 
fish from the Nungwe Bay of Lake Victoria. 
 
A second fieldwork was carried out in the LVFG in July/August 2002 as a follow up on the 
lichens study initiated during the 2000 field season. Sixteen samples of the lichen Parmelia 
were collected from two distinct geographical areas for mercury analysis. One of the sampling 
areas was located within the Geita gold mining district south of the Lake Victoria. The other 
area was located in a region outside the LVGF where there has been no any gold mining 
history, on the western side of the lake within the Bukoban sedimentary belt (Fig. 1).  
 

 
 
 
FIG. 1. Location map of Lake Victoria gold fields and the study area. 



 

142 

 

 
FIG. 2. Map showing the distribution of artisanal gold mining centers in Tanzania. 
 
 
b) Lupa Goldfield 
Fieldwork in the Lupa goldfield in the southwestern part of the country (Fig. 2) was 
conducted in May/June 2003 as an extension of the lichens study to other goldfields in the 
country. Thirty samples of the Parmelia were collected for Hg analysis from forested areas 
within and away from artisanal gold mining areas in different parts of the goldfield. 
 
The aims of the lichen sampling programme were to collect samples for:  

• Determining regional background levels of Hg in the Parmelia lichen in the study 
areas 

• Assessing the suitability of Parmelia as a bioindicator for air Hg pollution in different 
goldfields 

• Evaluating the effect of different host tree species for Parmelia on Hg levels in the 
lichen 

 
Samples of lichens from the LVFG and Bukoban belt have been analysed for Hg content; the 
samples from the Lupa goldfield are being processed for analysis.  
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2.2. Laboratory investigations  
 
Laboratory experiments to investigate the transformation and partition of mercury in aquatic 
systems consisting of tropical soil, gold mine tailings and/or river sediment were conducted in 
collaboration with Japanese scientists at the National Institute of Minamata Disease (NIMD) 
in 2001/2002. The experiments were carried out as part of research collaboration between the 
Department of Geology of the University of Dar es Salaam (UDSM) and the NIMD.  
 
2.2.1. Transformation of mercury in gold mine tailings  
 
A laboratory experiment to study the methylation of elemental/metallic mercury (Hg0) in gold 
mine tailings was conducted at the NIMD in Japan, using materials collected from 
northwestern Tanzania in the Lake Victoria goldfields. The experiment, which lasted for 9 
weeks, involved the incubation of 2 kg aliquots of the tailings or tailings-soil mixture under 
river water or seawater in glass aquariums. As it was impossible to ship large volumes of 
water from Tanzania to Japan for the experiments, freshwater and seawater from areas near 
the NIMD were used to soak and incubate the sediment and tailings from the LVGF. The 
freshwater was collected from the Minamata River and the seawater from Yunoko Bay near 
the Minamata City. Although the chemistry of water in Minamata was likely to be different 
from that in Tanzania where the sediment and tailings were derived, it was envisaged that the 
results of the experiment would still give useful information concerning mercury 
transformation in mine tailings under freshwater and estuarine systems. 
 
The parameters investigated in the experiment included water temperature and pH, 
conductivity, total mercury and MeHg concentrations in water and sediment or tailings, and 
organic matter content. The water column was aerated by air bubbling (100 ml/min) during 
the first 4 weeks of the experiment. Air bubbling was terminated at the end of the 4th week 
and the incubation allowed to continue for another 5 five weeks. 
 
Samples from the experiment were analysed for total mercury (THg) and methylmercury 
(MeHg) at the NIMD. The analytical procedures and the accuracy and precision for THg and 
MeHg are described in several publications [9, 10,11] and in the URT10881 report for 2001. 
 
2.2.2. Effects of aeration/oxgyenation on MeHg levels in tropical soil  
 
A tropical loamy clay soil, locally known as "black cotton soil", from the Lake Victoria 
goldfields was spiked with mercury chloride (HgCl2) at the level of 5 mg/kg as Hg2+ and 
incubated under freshwater and seawater in two separate aquariums for 4 weeks. After the 4th 
week, the water was carefully removed from the aquariums and the soil left to dry and aerate 
or oxygenate at room temperature (13-18oC) for 2 to 8 weeks. Changes in MeHg 
concentration in the soil were monitored both during underwater incubation and during drying 
and aeration, in order to assess and predict the effects of wet and dry seasons on soil MeHg 
levels in terrestrial and estuarine environments. 
 
2.2.3. Analysis of mercury and methylmercury in SOIL-1 
 
Sub-samples (500-515 mg) for SOIL-1 were analysed for THg at NIMD (Japan) and UDSM 
(Tanzania) geochemical laboratory, and for MeHg at NIMD. The analytical procedures and 
the accuracy and precision of results have been described in the previous URT10881 report 
(2001) and other publications [10,11]. The results are presented in section 3 of this report. 
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2.2.4. Investigation of mercury methylation in SOIL-1 
 
Aliquots of 5 g from SOIL-1 were placed in 20 ml glass scintillation vials and moisturized 
with Mill-Q water by adding 2.5 ml of water to each vial. One set of 6 sample vials was 
incubated in the dark while another set of 4 was incubated in the light at room temperature 
(13-18 oC). All vials were kept open to air during the incubation. Samples from the vials were 
analyzed for MeHg after 3, 10 and 17 days, respectively. 
 
2.2.5. XRD and XRF analysis  
 
Samples of mine tailings, soils and river sediment were analysed for their mineralogical and 
chemical compositions by XRD and XRF methods, respectively, at the Eastern and Southern 
Africa Mineral Centre (SEAMIC) laboratories in Tanzania. The analyses were carried out in 
an effort to understand the effects of mineralogy and sediment chemistry on the mobility of 
MeHg in the tailings and sediment when submerged or flooded with water. 
 
 
3. RESULTS  
 
3.1. Previous results 
 
The results obtained during 2000/2001 and 2001/2002 have been presented in the previous 
URT10881 reports (2001, 2002) or published in journals [12,13,14] and conference 
proceedings [15]. The assessment of Hg contamination levels in the environmental media 
within the LVGF revealed highest Hg contamination levels to be associated with gold mine 
tailings (165-232 µg Hg/g) at the Rwamagaza mine. The contamination was relatively low in 
the river sediments. Hg concentration in contaminated river sediment at the Mugusu mine 
decreased from 6 µg/g near gold-ore processing site to <0.5µg/g about 4 km downstream and 
less than 0.1 µg/g about 9 km further downstream.  
 
A pilot study of Hg levels in the Parmelia lichens in the forest reserve around the Mugusu 
mine indicated the presence of Hg concentration gradient in the lichens, with the 
concentration decreasing away from the source of Hg emissions. The highest Hg levels (3.1 
µg/g) were found in lichens collected in the mine village, whereas the lowest levels (0.1µg/g) 
were associated with lichens at 6 km from the mine, opposite to the wind direction. Lichens 
collected 4 km from the mine in the windward direction still exhibited elevated Hg levels 
[13]. Subsequent studies of the lichens in other gold mining areas in the LVGF confirmed the 
decrease of Hg levels in the lichens away from Hg emissions sources. For examples, Hg 
concentration in the Parmelia lichen from the Rwamagaza and Buckreef gold mine areas 
decreased from 0.66 µg g/g near the mines to as low as 0.07 µg/g away from the mines. The 
Hg background levels in the lichens in areas outside the goldfields, within the Bukoban 
sedimentary belt, were in the order of 0.05-0.1µg/g (mean 0.07 µg/g). Since lichens obtain 
their nutrients directly from the atmosphere, these results demonstrated the Parmelia lichen to 
be suitable as a bioindicator for atmospheric Hg contamination assessment in small-scale gold 
mining areas where Hg is used widely in gold recovery. 
 
A survey of Hg levels in fish from the Nungwe Bay in the Lake Victoria, close to the gold 
mining areas, revealed the presence of very low Hg levels in 8 fish species (<50 ng Hg/g, wet 
weight) with different dietary habits [14]. This suggested very low bioavailability of Hg for 
accumulation in fish and probably other aquatic organisms in the Nungwe Bay area. Also 
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these results indicated that the use of Hg in gold extraction in the southwestern LVGF has so 
far not caused any significant Hg contamination in the lake fish from that area. 
 
3.2. Results for 2002/03 activities 
 
The results for the experiments and other laboratory investigations conducted during 
2002/2003 are summarized in Tables 1-4 and Appendices 1-2, and discussed in the following 
sections.  
 
3.2.1. Methylation of Hg in gold mine tailings  
 
The results for methylation of elemental mercury in mine tailings submerged under fresh 
water or seawater are presented in Tables 1a and 1b and summarized in Figure 2. 
 
 
TABLE 1. THg AND MeHG CONCENTRATIONS (D.W.) IN GOLD MINE TAILINGS 
INCUBATED UNDER FRESHWATER (FW) AND SEAWATER (SW) IN AQUARIUMS (AQ). 
 

AQ1 (FW) AQ2 (FW) AQ4 (SW)  
Incubation 
Period 

THg 
mg/kg 

MeHg 
ng/g 

THg 
mg/kg 

MeHg 
ng/g 

THg 
mg/kg 

MeHg 
ng/g 

Week 0* 231.81 629.3 186.67 709.7 186.67 709.7 
Week 1 206.39 423.6 183.88 129.8 183.03 265.7 
Week 2 220.37 626.0 195.27 483.9 193.83 430.4 
Week 3 184.72 420.0 161.53 471.2 158.25 410.1 
Week 4 232.49 502.2 200.03 432.0 194.97 430.6 
Week 5 218.44 507.7 191.35 402.5 191.76 451.2 
Week 6 204.90 326.3 179.31 437.3 178.77 297.6 
Week 9 225.65 609.9 199.37 493.1 189.73 536.4 

*Pre-incubation THg and MeHg levels 
 
 
TABLE 2. THg AND MeHG CONCENTRATIONS IN FRESHWATER (FW) AND SEAWATER 
(SW) EQUILIBRATED WITH GOLD MINE TAILINGS. 
 

AQ1 (FW) AQ2 (FW) AQ4 (SW) Incubation 
Period THg 

ng/L 
MeHg 
ng/L 

THg 
ng/L 

MeHg 
ng/L 

THg 
ng/L 

MeHg 
ng/L 

Week 0      -* -     - -      - - 
Week 1 2905.4 1.0 391.1 1.5   770.8 0.9 
Week 2   964.3 0.6   71.4 0.9   800.0 0.4 
Week 3   929.3 0.6   91.1 0.6   685.0 0.7 
Week 4   793.9 0.5 101.9 0.6   651.4 0.6 
Week 5   759.9 0.4 113.1 0.5 1184.9 3.4 
Week 6   588.6 0.3 131.6 0.5 1715.8 1.4 
Week 9   491.6 0.2   72.6 0.3 3228.5 1.1 

*Below detection  
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The initial concentration of mercury in the tailings used for the aquarium experiment at the 
NIMD was about 232 mg/kg for THg and 629 ng/g MeHg (AQ1), on dry weight basis. The 
tailings-organic soil mixture (8:1) contained about 187 mg/kg THg and 710 ng/g MeHg 
(AQ2, AQ4). This quite high MeHg content (629-710 ng/g) suggested that Hg0 in the tailings 
was significantly oxidized and methylated, either in situ at the amalgamation ponds and/or 
during prior handling of the tailings at the UDSM laboratory. As the tailings were not 
analysed for MeHg soon after sampling from the field, the in situ MeHg content cannot be 
ascertained.  
 
During the experiment, the average mercury concentrations in the tailings were 213 mg Hg/kg 
for THg and 488 ng/g (range 326-626 ng/g) for MeHg in AQ1 under freshwater incubation. In 
the tailings-soil mixture (AQ2), the average concentrations were 187 mg/kg THg and 407 
ng/g MeHg. For the seawater incubation (AQ4), the average concentrations were 184 mg/kg 
for THg and 403 ng/g for MeHg. The concentration of MeHg in all test cells decreased to 
lowest levels (130-424 ng/g) during the 1st week of the incubation, before increasing and 
attaining an equilibrium level of 400-500 ng/g between the 2nd and 5th weeks. The sharp 
decline in MeHg content in the 1st week can be attributed to demethylation in the submerged 
tailings rather than the release of MeHg to the water column as the MeHg in water was very 
low <1.5 ng/L. The release of MeHg to the water column alone would have resulted to MeHg 
levels of >16,000 ng /L as Hg.  
 
Termination of air bubbling in the water column at the end of the 4th week did not have major 
effects on MeHg levels in the tailings until end of the 6th week when the levels dropped to 
around 300 ng/g in AQ1 and AQ4, before rising to 500-600 ng/g by the end of 9th week; 
possibly in response to changed redox conditions. In the tailings-soil mixture in AQ2, the 
MeHg levels showed a slight decline in the 4th-5th week, before increasing gradually from the 
5th to 9th week (Fig. 3). 
 
THg and MeHg levels in the water column in the test cells are shown in Table 2 and Figure 4. 
The levels were highest at the end of the 1st week, after submerging the tailings, during the 
initial four weeks of the experiment when the water was aerated by air bubbling. The release 
of Hg to the water was more pronounced in the test cell AQ1 than in other test cells, possibly 
because of contrasting physical-chemical conditions. The most striking observation is the 
behaviour of Hg and MeHg distribution/partition pattern between the tailings and water of 
contrasting chemical composition, following the change in redox conditions at the end of the 
4th week (Figs. 4a, 4b). Both THg and MeHg showed a sharp increase in the water column in 
the seawater-tailings system while such effect did not occur in the freshwater system. 
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Fig. 3a. THg Levels in Tailings
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Fig. 3b. MeHg Levels in Tailings

0
100
200
300
400
500
600
700
800

Wk 0 Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6 Wk 7 Wk 8 Wk 9

M
eH

g 
(n

g/
g)

AQ1(FW)
AQ2(FW)
AQ4(SW)

 
 

 
FIG. 3. THg and MeHg levels in gold mine tailings incubated under water. 
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Fig. 4a. THg Levels in Water Column
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Fig. 4b. MeHg Levels in Water Column
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  AQ: Aquarium; FW: Freshwater Incubation, SW: Seawater Incubation 
  
FIG. 4. MeHg and THg levels in freshwater and seawater equilibrated with gold mine tailings in 
aquariums (AQ1, AQ2, AQ4). 

 
 

3.2.2. Total mercury and methylmercury contents for SOIL-1 
 
The results for THg and MeHg analyses for the IAEA inter-comparison sample, SOIL-1, are 
given in Table 3. Mean THg level in 6 sub-samples (Bottle No. 133) analysed at the NIMD 
was 64.99 + 6.35 mg/kg, with the relative STD of 9.77%. For the sub-samples (Bottle No. 
100) analyzed at the UDSM laboratory (Table 4), the mean THg was 62.34 + 5.33 mg/kg 
(RSD 8.55%). The relatively large RSD suggests that the sample even at <0.125 mm is 
probably not very homogeneous. Our THg results are significantly higher than those reported 
by Hovart et al. [16] for SOIL-1 homogeneity test at the Jozef Stefan Institute (JSI) in 
Ljublijana, Slovenia. The THg data reported by JSI were 50.5 + 3.7 mg/kg for 500 mg sub-
samples and 47.1 + 5.2 mg/kg for 200 mg sub-samples of <0.125 mm. However, our results 
are closely similar to those reported by the JSI for 200 mg sub-samples of <0.25 mm (mean 
THg 58.6-56.3 + 7.0 mg/kg), although our analysis was based on 500 mg sub-samples of 
<0.125 mm. 
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TABLE 3. THg AND MeHG ANALYSES FOR SOIL-1 (NIMD LABORATORY, JAPAN) 
 

SOIL-1  
Bottle No. 133 

THg  
(mg/kg, d.w.) 

 SOIL-1 
Bottle No. 133 

MeHg 
(ng/g, d.w.) 

S1 57.91+ 0.93   S7 2.7+ 0.2 
S2 59.90+ 3.00  S8 3.3+ 0.2 
S3 73.02+ 0.58  S9 3.0+ 0.1 
S4 67.36+ 0.78  S10 3.3+ 0.2 
S5 60.70+ 1.65  S11 3.2+ 0.1 
S6 71.07+ 1.02  S12 3.2+ 0.1 
Mean 64.99+ 6.35 (9.77%)  Mean 3.1+ 0.2 (6.5%) 

 
 
The mean MeHg concentration in 6 sub-samples for SOIL-1 was 3.1 + 0.2 ng/g, which is 
slightly higher than the mean concentration of 2.24 + 0.35 ng/g reported by the JSI. 
 
TABLE 4. THg ANALYSES FOR SOIL-1 (UDSM LABORATORY, TANZANIA) 
   

SOIL-1  
Bottle No. 100 

THg 
(mg/kg, d.w.) 

SS1 60.71+ 0.99 
SS2 71.74+ 2.65 
SS3 57.59+ 0.57 
SS4 61.36+ 0.65 
SS5 64.89+ 0.81 
SS6 57.73+ 1.08 
Mean 62.34+ 5.33 (8.55%) 

 
 
3.2.3. Hg transformation in SOIL-1  
 
Table 5 shows MeHg concentrations measured in SOIL-1 sub-samples after they were 
moisturized and incubated for 3, 10, 17 days, respectively, in the dark and under daylight at 
room temperature (13-18 oC). Maximum MeHg levels (3.6-4.3 ng/g) in SOIL-1 were 
measured in the test cell batch incubated for 3 days, whereas the batch incubated for 17 days 
showed the lowest levels (2.8-3.0 ng/g). There were no marked differences in the MeHg 
levels between the incubations conducted in the daylight or in the dark, although one of the 
test cells (SL-2) produced highest MeHg levels under daylight (Table 5). The MeHg 
concentrations dropped below pre-incubation levels in the batch incubated for 17 days. 
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TABLE 5 RESULTS FOR SOIL-1 METHYLATION EXPERIMENT 
 
3 DAYS SOIL-1 INCUBATION 10 DAYS SOIL-1 INCUBATION 
Sample  MeHg Sample  MeHg 
No. Incubation ng/g (d.w.) No. Incubation ng/g (d.w.) 

     
SL-1a DL 3.6 SL-3a DL 2.9 
SL-1b DL 3.9 SL-3b DL 2.8 
SL-2a DL 4.3 SL-4a DL 3.0 
SL-2b DL 4.3 SL-4b DL 3.0 
SL-7a DK 3.8 SL-8a DK 3.0 
SL-7b* DK 3.8 SL-8b DK 3.0 

     
DL: Day Light; DK: In the Dark   
a, b duplicate samples from each Expt. Cell   

     
     

SOIL-1 SAMPLES INCUBATED 17 DAYS   
Sample  MeHg   
No. Incubation ng/g (d.w.)   

     
SL-5a DL 3.1   
SL-5b DL 2.8   
SL-6a DL 2.9   
SL-6b DL 2.6   
SL-9a DK 2.6   
SL-9b DK 2.8   
SL-10a DK 2.6   
SL-10b DK 2.6   
 
 
3.2.4. XRD and XRF analyses for mine tailings, sediment and laterite 
 
Results for mineralogical and chemical analyses of gold mine tailings, river sediment, and 
laterite soil from the Lake Victoria Goldfields, and bauxitic soil from Usambara mountains in 
Tanzania are given in Appendices 1 and 2. The mineralogical composition of the tailings 
(RWT, RZO) is dominated by quartz and dolomite; clinochlore and talc occur as accessory 
constituents. Field studies indicated quartz and carbonate minerals as the principal 
constituents of the primary gold-ore veins that are being mined by artisanal miners at the 
Rwamagaza mine. Hence the abundance of these minerals in the tailings is consistent with the 
ore mineralogy.  The “black cotton soil” from swamp drainage (RZO) at the Rwamagaza 
mine is dominated by montmorillonite clay and quartz. The river sediment (MS) from the 
Mugusu mine consists mainly of quartz and accessory amounts of clay minerals including 
illite and kaolinite. XRD analysis of lateritic soils (LT) north of the Mugusu mine revealed 
quartz and kaolinite in the matrix but did not resolve Fe-oxyhydroxides, which probably were 
amorphous. The influence of the mineralogical and chemical compositions of the soil, 
sediment and tailings on the mobility and adsorption of Hg in contaminated areas was not 
clarified in the present work. More research is needed to get conclusive results. 
 
3.2.5. Other laboratory investigations 
 
Synthesis of results from other laboratory investigations, including the effect of 
aeration/oxygenation and decrease of moisture content on MeHg concentration in tropical 
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soil, is still in progress and will be completed before the end of the current research contract 
in December 2003. 
 
 
4. PUBLICATIONS 
 
Three manuscripts have been published in refereed international journals [12, 13, 14], based 
on the results of the research project. In addition, one paper has been published in the 
proceedings of the international workshop on “Health and Environmental Effects of Mercury: 
Impacts of mercury from artisanal gold mining in Africa” held in Dar es Salaam, Tanzania, 
19-20 November 2002 [15].  
 
 
5. CONCLUSION 
 
The URT10881 research project progressed well since it started. New results have been 
obtained from field and laboratory studies concerning the transformation, dispersion and 
accumulation of mercury in areas experiencing mercury discharge from gold-ore processing 
operations in the Lake Victoria goldfields. The results, some of which have been published, 
are useful in understanding mercury dynamics and its environmental and health effects in 
tropical environments. Institutional research collaboration between the UDSM in Tanzania 
and the NIMD in Japan facilitated the successful execution of the project.  
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APPENDIX 1: POWDER MOUNT XRD ANALYSES 
Tailings (RWT, RZT), Soil (RZO), Sediment (MS), Bauxite (BX7) 
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APPENDIX 2: XRF ANALYSES 
RZ0: Soil; LT: Laterite; BX-7: Bauxite; MS: River Sediment; 
RZT: Gold-ore tailings; RWT: Gold-ore tailings 
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Abstract 

 
High mercury levels in carnivorous fish at the Guri reservoir located at the southeastern of Venezuela in 
the State of Bolivar point toward the presence of a bioaccumulation process in this reservoir. It was 
necessary to identify and classify development unities in settlements nearby reservoir Guri according to 
their use, due to the lack of up-to-date demographic information. The total mercury concentration in 7 
sediment samples from reservoir Guri ranged from 0.0281 to 0.0877 µg/g while methyl mercury levels 
oscillated from 0.15 to 3.45 ng/g. A total of 33 fish samples were analyzed; in general, according to the 
remarks on mercury levels the values ranged from very low to high. Ninety seven percent of fish samples 
had total mercury concentrations below 0.5 µg/g which is the guideline recommended by World Health 
Organization for human consumption; however, it was found in a sample from the carnivorous trophic 
level a total mercury concentration of 3.56 µg/g (Hydrolicus scomberoides, common name “Payara”). 
Ninety-eight hair samples were collected from the exposed group, the highest mean concentration of 
mercury was found in “Los Guacos” (12.82 µg/g) and it was higher than the mean value of the non 
exposed group (1.62 µg/g; n = 23). A total of 28 cases of the exposed group had hair mercury 
concentrations above 6.0 µg/g. It was found significant difference between the exposed and non exposed 
groups (p= 0). A pre-impoundment sampling was carried out in the flood area of reservoir “Caruachi”. 
Eighty-three soil samples were gathered for mercury analysis, the total mercury concentration ranged 
from 0.1 to 367 µg/g. There was a wide variability among samples; however, such high values may 
chiefly have some relationship to mining - intensive operations that were carried out in the area for more 
than 30 years. To analyze the spatial structure of mercury levels in soil a semi variance analysis was 
applied to confirm autocorrelation of the variable. It was found a well-localized gradient of mercury 
concentrations; however, mercury levels were spatially too disperse on a wide sector and punctual in 
others.  

 
 
1. INTRODUCTION 
 
The reservoir Guri located at the southern of Venezuela in State of Bolivar arose from 
damming the Caroni river and its main tributary: the Paragua river. It was built between 1963 
and 1986 by the company “Electrificación del Caroní C.A”. (“EDELCA”), which is a 
governmental hydroelectric company, branch of the “Corporación Venezolana de Guayana” 
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(“CVG”). The first flood was in 1968, covering an area of 800 Km2. In 1986 the dam flooded 
an additional surface of 3,119 Km2. At present, the reservoir has a total surface of 3,919 Km2, 
an useful volume of 84,720.4 x 106 m3 with an altitude of 271 m.a.s.l., and a power generation 
of 9,957 MW [1]. The Caroni river basin and reservoir Guri are shown in figure 1. 
 
The reservoir Guri, the same as some reservoirs from other countries has shown what it has 
been called “dam effect”, term used to designate the occurrence of bioaccumulation process in 
reservoirs due to the high mercury levels found mainly in carnivorous fish species which are 
the most preferred by fish consumers. 
 
Several studies have demostrated the presence of this phenomenon in reservoir Guri. In 42 
samples examined from carnivorous fish, the average mercury concentration was 1.90 µg/g 
with a maximun of 6.04 µg/g [2]. 
 
We are presenting the results of some socioeconomic characteristics from two of the main 
populated centers near to reservoir Guri, and the feeding habits of fish consumption. 
 
We also present the mercury levels in human hair of selected individuals from “La Paragua”, 
“El Manteco” towns and “Los Guacos” village. The latter is located quite near of reservoir 
Guri in the sector “La Paragua”. The mercury concentrations in sediments and fish coming 
from Guri, and mercury levels in soils on the flood area of reservoir “Caruachi” data will also 
make known. 
 
 
2. METHODS 
 
2.1. Home samples 
 
For not being demographic information available and update it was imperative to identify and 
classify development unities according to their use in “La Paragua” and “El Manteco” by 
using a map of scale 1:10,000. 
 
Our concern was exclusively focused on terms of human collectives. For this reason, 
conglomerates were organized for analysis in family groups just as themselves are 
represented. This alternative method allowed considering forms of social organization for 
production and the type of economic activity which represents the highest number of people 
in the community from an Economic Anthropology perspective.  
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FIG. 1. Reservoir Guri and Caroni River Basin. 
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There was carried out a verification sampling by means of the following protocol:  

(a) (a) House by house counting to quantify, in absolute terms, the properties of each 
populated center and to actualize the existent maps. These properties represented the 
study universe (N) for each community. 

 
(b) (b) Survey application to certain number of properties selected as sample (n) 

considered representative of the total, with the purpose of achieving information on: 
• Use given to the infrastructure, Characterization of the occupants in terms 

of number family members, age, sex, relationship with the home boss and 
occupation area.  

• Material conditions of existence in each family group.  
 

(c) To determine the size of the sample (n) the following formula was used [3]:  
 
    n = 4 x N x p x q / α2 (N-1) + 4 x N x p x q 
 
where:  
 n= Sample size 
 N= Total population (number of houses) 
 

p= Probability of success (0.8) 
 q= 1 – p ( 0.2) 
 α= Sample error (0.05) 
 
Where n coincided roughly with 20% of the total population which is a suitable sample size in 
social studies.  
 
The number of inhabitants (i) per house (h), which is defined as the House Occupation Index 
(HOC), was estimated by dividing absolute population (P) among total number of houses (N); 
HOC= P/N (i/h).  
 
2.2. Socioeconomic study 
 
Research began with determining of home characteristics regarding their living conditions and 
work status of home bosses through a survey design and application by home, and sampling 
two of the main communities nerby to reservoir Guri: “La Paragua” y “El Manteco”. From the 
demographic poin of view, these two settlement are the most important sorrounding reservoir 
Guri (see Figure 2 for details). In this figure it can be seen as EDELCA has divided the whole 
area of the reservoir in four sectors: “GURI”, “EL MANTECO”, “LA PARAGUA” and “EL 
PLOMO”. 
 
In the context of this research it is understood for home that formed by a person or group of 
two or more people, with or without family bounds that cohabit in the same house and share 
services, with an economic dependence exclusively through a common expense for food [4]. 
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FIGURE Nº 2. RESERVOIR GURI: SECTORS, TOWNS, VILLAGES AND 
INDIGENOUS COMMUNITIES 

 
 
FIG. 2. Reservoir Guri: Sectors, towns, villages and indigenous communities. 



 

162 

The methods included three central aspects:  
 
 A descriptive study to identify cultural elements, social organization and personal 
expectations related to the production forms and resource uses.  

 
  Social organization aspects in terms of production relationship among members.  
 
  The patterns of social organization, mechanisms of reciprocity, ideologies, rituals, values, 
symbolisms and other dimensions of the human life in which the following demographic 
factors are included: settlement, tenure and land use, circulation and distribution of goods, and 
also subjective concepts of life quality. 
 
2.3. Fish consumption 
 
It was designed and applied a simple questionnaire where it was asked to the home bosses the 
fish consumption per week, especially those of carnivorous habits coming from the reservoir 
Guri or from the rivers “Paragua”, “Caroní”, “Chiwao” and “Aza”, as well as the quantity in 
grams. 
 
A database was elaborated to manage all the information gathered during the field work. It 
was selected those homes whose members usually eat 500 grams weekly coming from the 
reservoir Guri or tributary rivers, do not eat fish coming from the sea, and have at least one 
year of permanency in each place. In the final sample selection in order to achieve 
homogeneity, the following inclusion criteria were included: ages between 15 and 55 years, 
and a corporal mass index between 18.5 and 29.9 kilogram per square meter. 
 
A questionnaire was applied to find out the final exposed group at each town according to the 
inclusion criteria above pointed out. A total of 98 individuals in the exposed group were 
selected as follow: 51 in “El Manteco”, 34 in “La Paragua” and 13 in “Los Guacos”. A group 
of 23 individuals was selected from the “Universidad Nacional Experimental de Guayana” as 
a non exposed group and it fulfilled all the inclusion criteria except that individuals do not eat 
fish from reseservoir Guri and the tributary rivers. Both groups will be compared to establish 
differences. 
 
2.4. Sediment samples 
 
A sediment monitoring was carried out at reservoir Guri to find out the mercury levels with 
the purpose of performing a test sample for comparability studies in order to use these 
sediments as a reference material for tropical ecosystem. 
 
Sediment samples were collected at four places around the reservoir Guri betwenn 2 and 3 m 
from the shore line. Sampling depth was from 1 to 10 cm (Figure 3). The geographic position 
was obtained by using an equipment GPS MAGELLAN, Model 2000XL.  
 
The samples were dried at room temperature in a continuos flow bell during 4 days, gently 
desintegrated using a porcelain mortar and sent to the Intitute “Jozef Stefan” in Slovenia. 
Total mercury analysis were performed by Atomic Absorption Spectrophotometry using cold 
vapor technique and the methyl mercury analysis were carried out using Cold Vapor Atomic 
Foluorescence Spectrophotometry. Analitycal cuality control was performed through 
reference material from the International Atomic Energy Agency (IAEA).  
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Figure nº 3.Rreservoir Guri: Sediment sampling points 
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FIG. 3. Reservoir Guri: sediment sampling points. 
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2.5. Fish samples 
 
Fish were standardized by length and samples were obtained from local fishermen; the edible 
parts were separated, kept in plastic bags, identified appropriately and frozen until analysis in 
the laboratory of the Hygiene National Institute from the Ministry of Health and Social 
Development. All the analyses were done by duplicated and analytical quality control was 
performed.  
 
Samples were homogenized and dried at 103 ºC in a stove and total mercury analysis in sub 
samples of about 20 to 50 mg were done by Atomic Asorption Spectrophotometry for 
combustion using a mercury analyzer AMA-254 [5]. 
 
2.6. Hair samples 
 
A questionnaire was applied at the selected houses whose inhabitants ate more than 500 g of 
fish per week coming from reservoir Guri or its nearby in order to get the final sample. A total 
of 51 individuals were selected in “El Manteco”, 34 in “La Paragua”, and 13 in the “Los 
Guacos” village close to “La Paragua” town. The later is a dispersed population that live very 
close to the reservoir Guri. All these groups were designed as the exposed group. A non 
exposed group (23 individuals)  was selected from the “Universidad Nacional Experimental 
de Guayana” at “Puerto Ordaz”, most of them professors. 
 
Hair samples were obtained from the occipital region by using stainless steel scissors, kept in 
plastic bags and identified appropriately. For the analysis the samples were washed with a 
neutral shampoo and distillated water, dried at room temperature and cut into small pieces. A 
hot digestion of about 20 to 50 mg of hair was performed with a mix of HNO3 : H2SO4 (1:1) 
for 15 minutes [6, 7]. After digestion the total mercury analysis in one of the studied group 
(exposed group at “La Paragua”) was carried out using an atomic absorption 
spectrophotometer Perkin Elmer 3110 with adaptation of a hydride generator Perkin Elmer 
HMS 10. In the other cases, total mercury in hair samples were performed by Atomic 
Absorption Spectrophotometry for combustion, with a mercury analyzer AMA-254. Samples 
were analyzed by duplicated and an analytical quality control was performed in the National 
Institute of Hygiene from the Ministry of Health and Social Development. 
 
2.7. Soil samples 
 
On April of 2003, the reservoir Caruachi begun its operation, and once was completed will 
contribute with 11,300 millions of kilowatts/hour/year. This dam has 55 m of high and is 360 
m large. The spillways have a capacity of discharge 30,000 m2, the same that “Guri” 
reservoir. This new reservoir has a cote of 91,25 meters over sea level, and flood area of 250 
km2, approximately, for a hydroelectric potential of 2,280 MW [1]. “Caruachi” reservoir 
receives also the waters of two tributary rivers, “Rio Claro” and “Retumbo”, which have 
different water quality compared to “Caroni” River, although the flow of them are 
insignificant related to “Caroni” River, that has a mean flow of 4,200 m3/sec.    
 
A pre-impoundment research was carried out in the area flooded for reservoir “Caruachi”, 
downstream from reservoir Guri (Figure 4). The development of reservoir Caruachi is part of 
the dam systems  - Guri, Macagua and Tocoma - that the company “EDELCA” is building in 
the zone of the Lower Caroni. All the system will be predetermined by regulated flow from 
Guri dam. 
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FIG. 4. Reservoir Caruachi: Sampling points at the surface flooded. 
 
 
Top soil (0-10 cm) was gathered at 83 locations, using a mild steel auger to find out the levels 
of total mercury in the area [8]. In addition, 2 samples were collected at depths of 0-15 cm, 
15-30 cm and 15-45 cm to know about the potential of downward remobilization of mercury. 
Samples were dried at room temperature and a 2 mm sieve was used to prepare the sample for 
digestion. 
 
Digestion of 1.0 g of sample was performed with a mix of HNO3: HCl (3:1). A cold 
predigestion was carried out for 2 hours and at the end a digestion for 1 hour at 150 ºC was 
done [9]. Total mercury was analyzed using an atomic absorption spectrophotometer  Perkin 
Elmer 2380 with adaptation of hydride generator Perkin Elmer HMS 10. All the analyses 
were done at the Soil Chemical Laboratory, Agronomy Faculty of the “Universidad Central 
de Venezuela”. An analytical quality control was performed. 
 
The cation exchange capacity (CEC), pH, organic matter (OM) and electric conductivity (EC) 
were done according to a manual from the Agronomy Faculty of the “Universidad Central de 
Venezuela [10]. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Socioeconomic aspects 
 
3.1.1. Sample distribution 
 
The sample was distributed in the universe of study by stratifying for populated center, related 
to its proportional participation in the total estimated population. The results are presented in 
table 1. 
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TABLE 1. SAMPLE DISTRIBUTION 
 

 
COMMUNITIES 

ABSOLUTE 
POPULATION 

(P) 
(Estimate 

inhabitants) 

NUMBER OF 
HOUSES 

(N) 
 

RELATIVE 
SAMPLE 

SIZE 
(%) 

ABSOLUTE 
SAMPLE 

SIZE 
(n) 

(Number of 
houses) 

“EL MANTECO” 5,230 1,046 20 209 
“LA PARAGUA” 3,390 678 20 136 

 8,620 1,724 20 345 
 
 
A total of 678 houses were identified in “La Paragua”. There are on the average 5 people by 
house (House Occupation Index) so the projection toward the total population would be 
around 3,390 inhabitants. Following the same procedure, the total population in “El Manteco” 
was about 5,230 inhabitants based on 1,046 houses with an average of 5 people in each 
(Occupation Index).  
 
Finally, a total of 209 and 136 houses were selected at random in “El Manteco” and “La 
Paragua” towns, respectively, by choosing 20 % of the number of houses, in order to find out 
the socioeconomic characteristics and the habits of fish consumption. 
The survey allowed us to establish the housing conditions and the socio-demographic 
characteristics. 
 
3.1.2. Economic aspects 
 
In what concerns to the conditions of the productive activity it was taken as a sample the work 
carried out by the home boss. At this respect, in “El Manteco” town, 37,02%, approximately, 
was represented by women while in “La Paragua” this proportion represented 22%, 
approximately. With regard to the economically active age of the rest of the family, it was 
located in 13.5 years, period in which the children begin to participate in different activities 
for e home maintenance, especially in that homes where the main resources come from 
activities of subsistence like rudimentary agriculture, fishing or service activities like 
ambulant sales where the children help the parents.  
 
In “El Manteco”, 79,9% of the family bosses was occupied in productive activities, while in 
“La Paragua” the proportion was smaller, representing 59% of the family bosses. In both 
cases, the percentage of bosses of the remaining homes was without fixed work by the time of 
the interview, performing tasks that generally allow achieving resources only for subsistence.  
 
The economically active population among home bosses in “El Manteco” can be seen in table 
2 and figure 5.  
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TABLE 2. HOME BOSS OCCUPATIONS  
 

ACTIVITY PARTICIPATION (%) 
Agriculture  10,1  
Laborer (salaried worker for agriculture and/or livestock)  2,35  
Agriculture and livestock 1,07  
Government officials (Functionary) 11,29  
Cattle raising  6,98  
Mining (small scale)  16,66  
Services (informal sale, employees)  40,86  
Industry  9,67  
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FIG. 5. Distribution of the population for occupation (percentage). 
 
 
The economically active population among home bosses in “La Paragua” can be seen in table 
3 and figure 6.  
 
TABLE 3.  HOME BOSS OCCUPATIONS 
 

ACTIVITY PARTICIPATION (%) 
Agriculture  13,63 
Laborer (salaried worker for agriculture and/or livestock)  1,51 
Agriculture and livestock  4,54 
Government officials (Functionary) 12,12 
Cattle raising  3,03 
Mining (small scale)  13,63 
Services (informal sale, employees)  51,51 
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FIG. 6. Distribution of the population for occupation (percentage). 
 
 
As can be seen, in both towns, most of the population works in the service sector and it is 
distributed all along the economically active age. The current pressures for decreasing the 
mining activity for legal prohibitions have caused that service sector has increased, mainly, in 
the walking sales. The employment as government officials and the mining activities together 
the service sector, have the biggest number of employees. This last one is integrated mostly 
by policemen, teachers, operators of electric plant, operators of the water supply system, 
commissaries, male nurses, national guards, etc. The women, with a smaller participation act 
mainly as nurses, secretaries and into this sector. Such a situation is appreciated as efforts on 
the part of the State, to solve the unemployment situation for an eminently mining populations 
that do not have enough alternative in front of the State policy of prohibitions of such 
activities; however, still when it does not help to increase the circulating goods and the 
consumption, they do not represent productive activities that allow to enlarge the local 
economic framework.  
 
Taking into account that the subsistence work provides part of the feeding inputs of the 
family, it demands a partial dedication of the members of the family groups, especially of 
those that do not participate, or not are into the consolidated labor market; therefore, when 
referring the economy of subsistence it is not viable to consider the unemployed figure or 
unoccupied without incurring in confusions of consideration. Almost all the registered 
agricultural and cattle activities are inserted inside of the small scale production with the 
generation of marketable surpluses that when not being continuous and intense they can be 
qualified as of subsistence.  
 
In figure 7 can be observed the population distributions by productive sector in both of the 
towns while in figure 8 it is presented the unoccupied population. 
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FIG. 7. Population distribution by productive sector and populated center. 
 
 

55%

45% "E l  Manteco"

"La Paragua"

 
 
FIG. 8. Unoccupied population by populated center. 
 
 
3.1.3. Social aspects 
 
For the analysis of the information on the social characteristics of human component in the 
communities of “El Manteco” and “La Paragua” we will continuous with the methodology of 
developing the exposition in a combined way to the effects that parallelly the comparisons are 
facilitated among both settlements.  
 
(a) The home and the family  
Among the interviewed families of “El Manteco”, 87% of the home bosses have its housing 
as the main domicile, while in “La Paragua” this proportion is of 89.5%; it implies that in 
both social groups, home can be considered as highly structured. To this character it is added 
that 71.75% of the family bosses in “El Manteco” told to live in couple, either married or as 
concubines but 4.78% of them manifested that not have their spouses as residents. In “La 
Paragua” the situation shows likeness, 79.12% manifested to have couple and 5.49% 
indicated that they did not have their couples in the same residence. The remaining persons 
were separate or single.  
 
The occupation index in both settlements was the same: an average of 5 inhabitants for 
housing; however, the reproduction index was different: 3 and 4 children for couple in “El 
Manteco” and “La Paragua”, respectively.  
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Related to the leadership, 37% of homes in “El Manteco” have a woman as a leader while in 
“La Paragua” the proportion reaches 21.97%.  
 
(b) Material conditions of existence  
(b.1)Family incomes and expenses  
By the time of the interview (last term of the year 2000 and first term of the year 2001), the 
average monthly income by home in “El Manteco” was around US $ 330 while in “La 
Paragua” was US $ 272.  Both revenues overcome the legally minimum level of the family 
basic basket that was on the average about US $ 171 monthly. Nevertheless, such a level of 
revenues qualifies homes like poor according to the official conceptualization settled down by 
Venezuelan Central Office of Statistic [4].  
 
The most important expense in the family in both communities is for food: 71% and 82% in 
“El Manteco” and “La Paragua”, respectively. The remaining is used in both communities for 
service activities; expenses in clothes, amusements and home sumptuary objects are not 
considered high-priority in almost all cases.  
 
In both communities people do not use any money for saving, the widespread opinion was 
that: “the money is not enough.”  
 
(c) Basic services 
In the context of this research, it is understood by basic services the high-priority to maintain 
minimum conditions of health and comfort  such as water supply, solid waste management, 
sewage treatment systems, energy for illumination and roadway.  
 
(c.1) Water supply  
The water supply of both communities comes from several sources such as is shown in table 
4.  
 
TABLE 4. MAIN SOURCES OF WATER SUPPLY (%) 
 

SOURCE  “EL MANTECO” “LA PARAGUA” 
Public aqueduct  66.41 95.60  
Cistern trucks  0.38 2.19  
Public pile  0.38 0 
Well or reservoir  1.52 2.19 
Bottling water  19.46 6.59  

 
The treatment for consumption is also different among homes such as can be observed in table 
5.  
 
TABLE 5. WATER TREATMENT FOR CONSUMPTION (%) 
 

 FORMS OF CONSUMPTION  “EL MANTECO” “LA PARAGUA” 
Without treatment  52.67  50.54  
Boiled  19.46  25.27  
Filtered  4.96   14.28  
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(c.2) Solid waste disposal  
Both communities have a public service for the gathering of solid wastes; however, there is 
not landfill for final disposal so wastes are generally disposed at the open ceiling. 
 
(c.3) System of illumination and electric power  
Both populations have public system of illumination installed by the State. The 98.85% of the 
housings interviewed in “EL Manteco” gets electric power for this system while in “La 
Paragua” the supply is total. In “El Manteco” the remaining percentage that does not have this 
service it is provided by homemade lamps or individual electric plants. 
  
(d) Other aspects of family bosses 
(d.1) Level of academic instruction  
 
To the effects of this information only will be considered the aspects related with the 
educational level reached by the home boss , it is necessary to define this situation in view of 
the fact of plans of local development toward short and medium term (Table 6 and Figure 9). 
 
As can be seen the basic level is the more conspicuous among the family bosses, however 
there is a very important percentage in both settlements without any educational level. 
 
 
TABLE 6. INSTRUCTION LEVEL OF THE FAMILY BOSS (%) 
  

ACADEMIC LEVEL  “EL MANTECO” “LA PARAGUA” 
Without level  27.47  42.85  
Elementary  1.14  7.69  
Basic level  53.43 35.16  
Diversified 12.97 7.69 
Technical level  2.67  2.19  
University level  2.29  6.59  
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FIG. 9. Instruction level of the family boss (%). 
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(d.2) Residence time of family bosses  
 
The time of residence of family bosses are presented in table 7. In both towns the higher 
percentage corresponded to people living there for more than 20 years. 
 
 
TABLE 7. RESIDENCE TIME OF FAMILY BOSSES AT EACH TOWN  
 

RESIDENCE TIME 
(years) 

“EL MANTECO” (%) “LA PARAGUA” (%) 

< 1 152  5.49  
1 a 4 2.67  8.79  
5 a 9 7.63  9.88 

10 a 20 18.32  25.27 
> 20 69.84  49.45  

 
 
3.2. Fish consumption 
 
3.2.1. “La Paragua” town 
 
There were identified 34 homes at “La Paragua” where people eats fish in amounts equal or 
higher than 500 g per week.   

 
In “La Paragua” the average fish consumption by home was 1.16 kg per week (kg/w) and the 
overall fish consumption was 33.65 kg/w. Nevertheless, we have to consider that fish are 
available according to the season of the year and in addition, this community, like “El 
Manteco”, has an easy access by roadway conversely to the other communities in the nearby 
of reservoir Guri 
 
The three fish species more consumed per week in were: Prochilodus rubrotaeniatus 
(“Coporo”) (19.42 kg/w); Cichla ocellaris (“Pavon”) (8.79 kg/w); and Plagioscion 
squamosissimus (“Curvinata”) (2.10 kg/w) (Figure 10). P. rubrotaeniatus is of detritivorous 
habits, its reproduction time is from the middle of April through June and the best fish capture 
starts in September and finishes in November, in this lapse begins to go down the water level. 
C. ocelleais is of carnivorous habits, its reproduction time is all the year but the best fish 
capture is at the end of rainy season, from September to November; and P. squamosisimus is 
of carnivorous habits and the best fish capture is between July and September which is in 
accord with the period of high waters. In addition, Hoplias macrophtalmus (“Aymara”) a 
carnivorous specie, was consumed in an amount of 1.88 kg per week. 
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FIG. 10. Fish consumption per week in "La Paragua" (n=34 homes). 
 
 
3.2.2. “El Manteco” town  
 
In “EL Manteco” we identify 54 homes where people eats fish in amounts equal or higher 
than 500 grams per week. On the average, the fish consumption by home was 1.26 kg/w with 
an overall fish consumption per week of 68.16 kilograms.  
 
The three species of fish more consumed per week were: Cichla ocellaris (“Pavon”) (43.64 
kg/w); Prochilodus rubrotaeniatus (“Coporo”) (13.96 kg/w) and Plagioscion squamosissimus 
(“Curvinata”) (8.16 kg/w) (Figure 11). The same as “La Paragua”, the reproduction time and 
the best fish capture also apply at “El Manteco”.  

FISH SCIENTIFIC NAMES 
Coporo: Prochilodus rubrotaeniatus Bagre: Angeneiosus brevifilis 

Pavon: Cichla ocellaris   Morocoto: Piaractus 
brachipommun 

Curvinata: Plagioscion squamosissimus 
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 FISH SCIENTIFIC NAMES 

Pavon: Cichla ocellaris                    Cachama: Colossoma brachypomun 
Coporo: Prochilodus rubrotaeniatus                  Bagre: Angeneiosus brevifilis 
Curvinata: Plagioscion squamosissimus                  Cupaneca: Cichlasoma sp. 
Aymara: Hoplias macrophtalmus                                  Morocoto: Piaractus brachipommun 
Payara: Hydrolicus scomberoides 

 
 
FIG. 11. Fish consumption per week in "El Manteco" (n=54 homes). 
 
 
3.3. Mercury in sediments 
 
The total mercury concentration ranged from 0.0281 to 0.0877 µg/g while methyl mercury 
levels varied from 0.15 to 3.45 ng/g (Table 8). The results of the analytical quality control can 
be seen in table 9. In contaminated areas total mercury levels between 1.0 and 10.0 have been 
reported in the literature [11]. Most of the time these low values are associated with 
deposition from the atmosphere. 
 
 
TABLE 8. RESERVOIR GURI: MERCURY CONCENTRATION IN SEDIMENTS  
 

SAMPLE CODE DEPTH 
(cm) 

TOTAL MERCURY 
(µg/g) 

METHYL MERCURY 
(ng/g) 

EP-1 1-10 0.0497 0.22 
EP-2A 1-2 0.0877 0.31 
EP-2B 5-10 0.0823 0.15 
EM-1A 1-2 0.0849 0.38 
EM-1B 5-10 0.0656 0.12 
EM-2A 1-2 0.0286 2.03 
EM-2B 10-15 0.0281 3.45 
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TABLE 9. ANALYTICAL QUALITY CONTROL USING IAEA CERTIFICATED MATERIAL 
 

STANDARD 
CODE 

DESCRIPTION MERCURY SPECIES CERTIFICATED 
VALUE 

MEASURED 
VALUE 

IAEA-356 MARINE 
SEDIMENT 

TOTAL MERCURY 7.62 µg/g 6.89 µg/g 

IAEA-356 MARINE 
SEDIMENT 

METHYL 
MERCURY 

5.49 ng/g 4.65 ng/g 

 
 
3.4. Mercury in fish 
 
The results can be seen in table 10. According to the remarks on mercury levels the values 
ranged from very low to high. The 10 samples of Prochilodus rubrotaeniatus (“Coporo”) had 
very low mercury concentrations it is a detritivorous fish, which represents the largest mass of 
fish in reservoir Guri, from its mercury level it seems that no restriction for consumption 
should be applied. From the 33 samples only one fish from carnivorous trophic level 
presented a total mercury concentration above 0.5 µg/g (0.83 µg/g, Plagioscion squamosissimus, 
common name “Curvinata”) which is the guideline recommended by World Health Organization 
for human consumption [12]. It was found a moderate correlation between lenhgt of fish and 
total mercury concentration (Pearson coefficient = 0.532). The analytical quality control is 
shown in table 11. 
 
One sample of Hoplias macrophtalmus (“Aymara”) and other of Hydrolicus scomberoides 
(“Payara”) both of the carnivorous trophic level had mercury concentrations of 0.97 µg/g and 
3.56 µg/g, respectively. Both are considered as very high levels. The weight of the “Payara” 
was 3.5 kg and it is a fish at the top of the food chain in reservoir Guri.  
 
 
TABLE 10. MERCURY LEVELS IN FISH FROM RESERVOIR GURI (WET WEIGHT) 
 

Fish 
(common 

name) 

Fish 
(scientific 

name) 

Trophic 
level 

L3 

(cm) 
(av.) 

W4 (g) 
(av.) 

[Hg] 
(µg/g)
(av.) 

Hg (µg/g) 
       
MIN.-MAX. 

n 
 

Remarks on   
Hg levels 

 
“Coporo” Prochilodus 

rubrotaeniatus 
D1  34.7 735 0.04 0.03 – 0.06 10 VERY LOW 

“Pavon” Cichla 
ocellaris 

C2 42.3 1,363.8 0.30 0.12 – 0.50 18 MEDIUM 

“Curvinata” Plagioscion 
squamosissimus 

 
C2 

 
39.2 

 
700 

 
0.49 

 
0.42 – 0.83 

 
5 

 
HIGH 

   1Detritivorous; 2Carnivorous; 3Longitude; 4Weight                          
 
 
TABLE 11. ANALYTICAL QUALITY CONTROL USING CERTIFICATED MATERIAL (DRY 
WEIGHT) 
 
STANDARD 

CODE 
DESCRIPTION MERCURY 

SPECIES 
CERTIFICATED 

VALUE 
MEASURED VALUE 

DORM-21 DOGFISH MUSCLE TOTAL 
MERCURY 

4.64 ± 0.26 (µg/g) 4.21 ± 0.06 (µg/g) 

1 National Research Council (Canada) 
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3.5. Mercury in hair 
 
3.5.1. Statistic parameters 
 
A summary of the descriptive statistic parameters related to mercury concentrations in hair of 
the different groups is shown in table 12 
 
 
TABLE 12. STATISTIC PARAMETERS OF ALL GROUPS FOR TOTAL MERCURY 
CONCENTRATION IN HAIR (µG/G) 
 

PLACE MINIMUN MAXIMUN MEAN S.D. C.V. n 
“El Manteco” 0.22 7.03 2.07 1.55 0.752 51 
“La Paragua” 0.58 12.58 5.91 3.21 0.543 34 
“Los Guacos” 4.55 23.62 12.82 6.22 0.486 13 
“UNEG” (non 

exposed) 
0.46 4.99 1.63 1.04 0.637 23 

 
 
As can be seen the mean value of total mercury in “Los Guacos” (12.82 µg/g) was high 
respect to the other averages, specially compared to the mean value of the non exposed group 
(1.62 µg/g) The former concentration level document a substantial and potentially hazardous 
exposure situation in this community. Some symptoms and signs of neurotoxicity, when 
correlated to mercury in hair have been found in mercury concentrations above 6.0 µg/g [13]. 
So, in the short term in the community “Los Guacos”, emphasis has to be placed on diet, 
stressing the beneficial effects of fish consumption and the selection of fish with the least 
mercury content. Mercury concentration in the non exposed group ranged from 0.46 to      
4.99 µg/g. The number of cases above and below 6.0 µg/g in the different groups is shown in 
figure 12. There can be seen that a total of 28 cases had total mercury concentrations above 
6.0 micrograms per gram. 
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FIG. 12. Number of cases above and below 6 µg/g (T-Hg). 
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A level as high as 23.62 µg/g was observed in “Los Guacos”. The community “Los Guacos” 
is a group of individuals that are very dispersed toward the southwest of reservoir Guri, very 
close to the shore line of the lake and they consume fish from reservoir Guri with a very high 
frequency; however, we have to specify that it is not probable that in “Los Guacos” or in other 
community in the nearby of reservoir Guri, the individuals can consume 500 g or more of fish 
every week during the whole year because the biomass is not large enough and the great 
consume is restricted to rainy season. The result of the analytical quality control is shown in 
table 13. 
 
 
TABLE 13. ANALYTICAL QUALITY CONTROL USING CERTIFICATED MATERIAL (DRY 
WEIGHT) 
 
STANDARD 

CODE 
DESCRIPTION MERCURY 

SPECIES 
CERTIFICATED 

VALUE 
MEASURED VALUE 

IAEA-085 HUMAN HAIR TOTAL 
MERCURY 

22.4 – 24.0 (µg/g) 22.25 – 22.38 (µg/g) 

 
 
3.5.2. Mean comparisons 
 
Several "t" test were performed on the different groups to find significant differences among 
them related to hair mercury levels. 
 
(i) Expose and non exposed  
There was found significant difference between the exposed (E) and non exposed (NE) groups 
(p= 0), the means and standard deviations were as follow: E= 4.825 ± 4.744;   NE= 1.6303 ± 
1.038. 
 
(ii) “Los Guacos” and non exposed    
There was evidence to suppose enough significant difference between “Los Guacos” (LG) 
and non exposed (NE) groups (p = 0), the means and standard deviation were as follow: LG= 
12.815 ± 6.2224; NE=1,6303± 1.038. 
 
(iii) “El Manteco” and non exposed 
There was not significant difference between “El Manteco” (EM) and non exposed (NE) 
groups (p = 0.16); however, the sampling mean was higher in the case of “El Manteco” 
(2.065). 
 
(iv) Men a women 
There was not significant difference between men and women (p = 0.25); however, the 
sampling mean was higher in men (5.565 ± 4.99) than in women (4.413 ± 4.59). 
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3.6. The reservoir Caruachi 
 
3.6.1. Mercury in soils 
 
The statistic parameters of the different variables studied in soil samples during the pre-
impoudment monitoring at Caruachi sector are shown in table 14. As can be seen there is a 
high variability in the data except for pH (4.50 - 7.89). 
 
There was not found any correlation between organic matter and total mercury concentration 
in soils. 
 
 
TABLE 14. STATISTIC PARAMETERS FOR TOTAL MERCURY CONCENTRATIONS AND 
SOME CHEMICAL SOIL PROPERTIES 
 

                CEC 

(cmol/kg or 

meq/100 g)) 

EC 

(mS/cm) 

OM 

(%) 

pH [Hg] 

(µg/g) 

Number of cases 83 83 83 83 83 

Minimum 0.10 0.08 1.11 4.50 0.1 

Maximum 27.0 3.57 6.51 7.89 367 

Mean 7.09 0.34 3.28 5.77 44.0 

Standard Deviation 6.89 0.40 1.56 0.75 63.2 

C.V. 0.97 1.18 0.47 0.13 1.43 

CEC= Cation Exchange Capacity ; EC=Electric Conductivity; OM= Organic Matter 

 
The total mercury levels are shown in table 14. Mercury concentration in the surface soils at 
“Caruachi” shown clearly a wide variability among the samples. The highest soil 
concentration of mercury was 367 µg/g and the average concentration was 44.0 µg/g. Twenty 
eight percent of the samples had concentrations lower than 10 µg/g; 36 % were in the range 
10 to 30 µg/g; 7 % in the range 31 to 50 µg/g; 10 % in the range 51 to 70 µg/g; 5 % in the 
range 71 to 90 µg/g; and 14 % had values higher than 90 µg/g.  
 
These high values may have relation mainly with the intensive mining operations that were 
carried out in the area for more than 30 years. In the Lower Caroni, name used to design the 
place from reservoir Guri to the junction of the Caroni river with the Orinoco river, until 1989 
about 200 dredges were operating to extract gold and diamond from sediments of Caroni 
river, this amount went down due to the building of reservoirs Macagua II and Caruachi; 
however, nowadays still some dredges are working close to downstream the water discharge 
from reservoir Guri. The dredged material was concentrated on board by using sluices with 
rugs or mats. Before 1991, amalgamation was performed on board using copper plates or 
simply adding metallic mercury to riffled sluices. Contaminated tailing was returned to the 
river bed. Besides this, artisanal miners used some of these tailings to amalgamate them 
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specially on the left margin of the river very close to the place where the soil samples were 
collected to find out the mercury distribution.  
  
The process of mercury contamination before 1991 had three main emission sources. The 
major mercury loss occurred when amalgam was burnt in open systems (pans or shovels) to 
evaporate mercury from amalgam. Usually 20 % of mercury introduced in the process is lost 
when retort is not used. A second source of mercury in the Lower Caroni was attributed to 
amalgamation tailing, i.e. mercury droplets were dragged with solid waste. Finally, the third 
source of emission occurred when residual mercury was released due to gold melting. All 
mercury emissions could reach soils and watercourses where methylation and 
bioaccumulation may occur. By that time it was estimated that from 2 to 4 tons of mercury 
were discharged into the Lower Caroni sector. [14]. 
 
To analyze the spatial structure of mercury levels a semi variance analysis was applied to 
confirm autocorrelation of the variable [15]. A square root transformation was done to 
mercury data (Figure 13). As can be seen there is a well-localized gradient of mercury 
concentrations ranging from white color to blue color on the left side of the graphic. 
Following ahead what we observe is that mercury concentrations are too disperse and 
punctual. The results of the analytical quality control can be seen in table 15. 
 
 

 
 
FIG. 13. Spatial distribution of mercury concentrations in the flooded area of  “Caruachi”. 
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TABLE 15. ANALYTICAL QUALITY CONTROL USING CERTIFICATED MATERIAL (DRY 
WEIGHT) 
 
STANDARD CODE DESCRIPTION MERCURY 

SPECIES 
CERTIFICATED 

VALUE 
MEASURED VALUE

MONTANA-27111 SOIL TOTAL 
MERCURY 

6.25 ±  0.19 (µg/g) 6.34 ±  1.52  (µg/g) 

1National Institute of Standards and Technology (USA) 

 
(i) Remobilization of mercury 
 
The results of the potential downward remobilization of mercury in two sites of the flooded 
area, one to the right margin of the river (RET) and the other toward to its left margin, (CAO) 
are shown in table 16. The results indicate low downward remobilization of mercury.  
 
TABLE 16. REMOBILIZATION OF MERCURY  
 

Sample code Depth (cm) [Hg] (µg/g)
RET-1.5 0-15 

15-30 
30-45 

77.9 
20.6 
29.4 

CAO-1.2 0-15 
15-30 
30-45 

 

76.5 
27.9 
10.3 

 
 
3.6.2. Other parameters 
 
In table 14 can also be seen the values of the cation exchange capacity (CEC), the electric 
conductivity (EC), organic matter (OM) and pH. Except a very few high values, most of the 
levels of CEC fluctuated from low (6 – 12 cmol/kg) to very low (< 6 cmol/kg). It can be 
explained by the process that causes a highly weathering of parental material. All the EC 
values were very low (<1 mS/cm), except one sample that had 3.57 mS/cm which corresponds 
to a soil with high pH (7.89); 23 cmol/kg (CEC), and 4.94 % (OM) values. The OM ranged 
form high (2.80 – 4.90 %)  to low (0.50 – 1,90 %)  calculated as organic carbon (OC) (not 
swon in table 14) through the factor 1.724  (OC = OM x 1.724). These values were found in 
sites located at low altitude with very low drainage which allow OM accumulation and low 
decomposition rate. The pH was from neutral (6.6 – 7.0) to very acid (4.5 – 5.2) except a very 
few values which were moderately alkalyne [16].  High pH values can be explained by 
mining material accumulation in those sampling sites. 
 
3.6.3. Social aspects 
 
The building of hydroelectric complexes forced to the displacement of indigenous 
communities, small scale miners and rural populations seated in the influence areas. Such 
displacements have been carried out up to now, without that the corresponding studies before 
flooding surfaces have been able to identify and to foresee all the effects of social type that 
could be generated on the populations directly affected by the subsequent impacts.  
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The building of reservoir Caruachi leaded to the evacuation of families that worked on gold 
and diamonds mining as a tradition (small scale mining), merchants and producers integrated 
to the own economic network of production.  
 
Preliminary social research on a sample of 59 families from 92 that were moved from the 
flooded area to a place close to the highway “Puerto Ordaz - Reservoir Guri and belonging to 
the 300 families seated originally in some places of the flooded surface, showed that  45,5% is 
smaller than 15 years old and 5%, bigger than 60 years old which reflects that 50%, 
approximately belongs to what is considered as Economically Active Population; from the 
later 31% does not have any work, without counting among this group the women that fulfill 
housewives' works.  
 
This research should be deepened with the objective to identify and to put in practical 
culturally conditioned mechanisms of sustainable endogenous development that allow to build 
and to reconstruct ways, forms and particularly production relationships in view of the fact 
that the industrial complex of “Ciudad Guayana” the main employer in the region, is not in 
capacity of absorbing non qualified manpower.  
 
 
4. CONCLUSIONS 
 
In terms of family “La Paragua” y “El Manteco” present likeness, the reasons are adduced to 
cultural conditions that have evolved as integral part of a sole regional development.  
 
“La Paragua” town presents an unemployment index and an under employment bigger than 
that of “El Manteco”; this could be due for the condition of its distance from the economic 
centers of the region, the nearest city, “Ciudad Piar”, it is at two hours, approximately, by car, 
this is an industrial city specialized in iron exploitation.  
 
“El Manteco” town, being near the main industrial area of the Bolivar State, presents a bigger 
economic diversification because of the wood industry, not metallic mining industry, 
agriculture industry, among other, it brings on a bigger possibilities to develop manufacturer 
industries, which in “La Paragua” is limited.  
 
From the socio-economic point of view “El Manteco” would be under more favorable 
conditions to incorporate plans and development programs which can help to modify 
nutritious habits that may lead to diminish the consume of polluted fish coming from the 
reservoir Guri. In addition, people from “El Manteco” has a higher instruction level than in 
“La Paragua”.  
 
The fish specie consumed as first priority at “La Paragua” was Prochilodus rubrotaeniatus 
(“Coporo”) which is of detritivorous feeding habits while the second more consumed was 
Cichla ocellaris (“Pavon”) of carnivorous feeding habits, while in “El Manteco” the situation 
was the opposite. 
 
Ninety seven percent of fish samples had total mercury levels below 0.5 µg/g. 
 
Twenty nine percent of hair samples in the exposed group had total mercury concentrations 
above 6.0 µg/g with a value as high as 23.62 µg/g while in the non exposed group mercury 
levels ranged from 0.46 to 4.99 µg/g. 
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Mercury concentration in the non exposed group ranged from 0.46 to 4.99 µg/g and there was 
found significant difference between the exposed and non exposed groups (p= 0).  
 
There was found a well-localized gradient of mercury levels in soils; however, it was 
observed that mercury concentrations are too disperse and punctual. The high variability may 
be due to factors associated to the presence of hot spots inasmuch as mining activities were 
too intensives in the sampling area.  
 
Forty five percent of the evacuated families from the Caruachi sector was smaller than 15 
years old and 5%, bigger than 60 years old which reflects that 50%, approximately, belongs to 
what is considered as Economically Active Population; from the later 31% does not have any 
work, without counting among this group the women that fulfill housewives' works.  
 
The total mercury and methyl mercury concentrations in sediments samples collected at 
reservoir Guri can be considered as natural levels and it was not possible to use them as 
reference material for tropical ecosystems. 
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APPENDIX 1: AGENDA OF THE MEETING 
 

THIRD (FINAL) RESEARCH CO-ORDINATION MEETING (RCM) FOR 
THE CO-ORDINATED RESEARCH PROJECT (CRP) ON HEALTH 

IMPACTS OF MERCURY CYCLING IN CONTAMINATED 
ENVIRONMENTS STUDIED BY NUCLEAR TECHNIQUES 

AGENDA 

MONDAY, 23 JUNE 2003 

  9:00 –   9:15 Registration 

  9:15 –   9:30 Opening of the meeting 
Representatives of the Institute of Limnology, Uppsala University 
B. Smodiš, Nutritional and Health-Related Environmental Studies 
Section (NAHRES) 
Election of the rapporteur 
Adoption of the agenda 
Administrative arrangements for the meeting 

  9:30 – 10:00 Coffee break 

10:00 – 12:00 SESSION 1: PROJECT REPORTS 
Chair: A. T. Rivera 

Brazil  (Jean Remy Davée Guimarães): 
Study of methylation sites and factors in contaminated aquatic 
systems in the Amazon using an optimised radiochemical technique. 

Sweden  (Lars D. Hylander): 
Determination of parameters influencing methylation and 
demethylation rates in lakes in Brazil and Nicaragua using nuclear 
techniques. 

12:00 –14:00 Luncheon 

14:00 – 16:00 SESSION 2: PROJECT REPORTS (continuation) 
Chair: D. Bermudez 

India  (K. S. Patel): 
Health impacts of mercury cycling in contaminated environment of 
central India studied by NAA and ICP-MS. 

Japan  (Hirokatsu Akagi): 
Quantitative evaluation of environmental factors influencing the 
dynamics of mercury in the aquatic environment in Japan using 
nuclear techniques. 

16:00 – 16:30 Coffee break 
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16:30 – 17:30 SESSION 3: PROJECT REPORTS (continuation) 
Chair: K. S. Patel 

Philippines  (Ana Trinidad Rivera): 
Health and environmental impact of mercury in the Philippines using nuclear techniques. 

17:30   Reception 

TUESDAY, 24 JUNE 2003 

  8:30 –   9:30 SESSION 4: PROJECT REPORTS (continuation) 
Chair: D. Wang 

Slovenia  (Milena Horvat): 
Biogeochemistry of mercury in the contaminated environment in the 
wider Idrija region and the Gulf of Trieste using nuclear techniques. 

  9:30 – 10:00 Coffee break 

10:00 – 12:00 SESSION 5: PROJECT REPORTS (continuation) 
Chair: D. Wang 

Tanzania  (Justinian Ikingura): 
Environmental transformation and distribution of mercury released 
from gold mining and its implications on human health in Tanzania 
using nuclear techniques. 

Venezuela  (Dario Bermudez): 
Mercury exposure through fish consumption in riparian populations at reservoir Guri, Bolivar 
State, Venezuela, using nuclear techniques. 

12:00 –13:30 Luncheon 

13:30 – 14:30 SESSION 6: PROJECT REPORTS (continuation) 
J. R. D. Guimarães 

China  (Dingyong Wang): 
Health impacts of mercury cycling in contaminated environments in 
China studied by nuclear techniques. 

14:30 – 15:30 SESSION 7: SEMINARS 

J. R. D. Guimarães 
L.D. Hylander (Sweden): 

500 years of mercury production: global annual inventory by region 
until 2000 and associated emissions. 

N. Ogrinc (Slovenia): 
The application of stable mercury isotopes in environmental studies. 

15:30 – 16:00 Coffee break 

16:00 – 17:00 SESSION 8: GENERAL DISCUSSION 
Chair: J. R. D. Guimarães 

• Completeness check of the submitted papers for each country: (1) 
manuscript for the planned TECDOC including its compliance with the 
guidelines, (2) short description of major achievements/success stories, 
and (3) list of publications. 
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WEDNESDAY, 25 JUNE 2003 

  9:00 – 12:00 SESSION 9: GENERAL DISCUSSION (continuation) 
Chair: H. Akagi 

• Preparation for drafting: (1) CRP summary for the TECDOC, and (2) 
evaluation/assessment of the CRP. It is suggested that 2 working groups 
be created: (1) For preparing CRP summary: Hylander (rapporteur), 
Guimarães, Wang, Rivera, Ikingura. (2) For preparing evaluation: Akagi 
(rapporteur), Patel, Horvat, Bermudez. 

12:00 –13:00 Luncheon 

13:00   Field visit to Turingen, a previously contaminated lake nowadays 
   under restoration 

THURSDAY, 26 JUNE 2003 

  9:00 – 12:00 SESSION 10: DRAFTING REPORTS (in groups) 
Chair: M. Horvat 

 Coffee break as appropriate 

12:00 – 13:00 Luncheon 

13:00 – 17:00 SESSION 11: DRAFTING REPORTS (continuation) 
Chair: J. Ikingura 

 Coffee break as appropriate 

FRIDAY, 27 JUNE 2003 

  9:00 – 14:00 SESSION 12: FINALISING REPORTS AND FINAL DISCUSSIONS 
Chair: L.D. Hylander 

• (1) Presentation and adoption of the reports, (2) presentation of 
conclusions and recommendations. 

CLOSING OF THE MEETING 
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