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Abstract

Mercury (Hg) toxicity is governed by cellular thiol compounds and its capacity to generate 

reactive oxygen radicals and oxidative stress. Selenium (Se) plays a key role in the prevention of 

the toxic effects of Hg by modulating the activity of several Se-dependent enzymes, including 

glutathione peroxidase (GSH-Px). In addition, dietary Se can reduce Hg toxicity by directly 

interacting with either Hg(II) or methylmercury (MeHg) to form inert products, such as HgSe 

complexes.. Although experimental and environmental data have indicated a protective role for 

selenium against Hg toxicity, human data are more limited and somewhat conroversial In the 

Amazon Region of Brazil, Hg pollution is rampant as a result of gold (Au) mining and other 

anthropogenic factors, leading to pervasive release of large quantities of metallic Hg0 into the 

environment. Exposure to Hg in this region is associated with direct occupational exposure in the 

gold mining industry, as well as consumption by in inhabitants of riverside communities of a diet 

rich in MeHg-contaminated fish. Human exposure to MeHg in the Amazon through the diet has 

been monitored by measuring Hg and MeHg in hair samples. In this paper, we review the 

environmental contamination of Hg in the Amazon and detail human exposures in populations of 

this region. We conclude with a brief synopsis on Se levels in the Amazon population and provide 

a brief review of data available on the interaction between Hg and Se in this region. Overall, the 

literature supports the notion that low environmental Se is linked to susceptibility to Hg toxicity 

and that Se levels could be used as a bioindicator to monitor the health of Hg exposed subjects. 

However, in light of the limited human data on this subject, further epidemiological studies are 

needed to clarify how changes in Se levels modify the toxicity of environmental Hg.
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MERCURY

Mercury (Hg) is a chemical element found in the environment in several different forms. 

Elemental Hg (Hg0) is a silvery liquid metal at room temperature and pressure that easily 

evaporates with increasing temperature. Mercury is used in the manufacture of industrial 

chemicals for electrical and electronic applications, in a limited number of thermometers and 

as a gas in fluorescent lamps; its use for most other applications has been largely 

discontinued over the last several decades due to health and safety regulations. Mercury 

forms inorganic compounds with other elements, such as chlorine, sulfur, selenium and 

oxygen. The formation of insoluble Hg salts with sulfur and, particularly with selenium can 

have a profound effect of the fate of this toxic element. In fact, HgSe (the analogous 

selenium salt of cinnabar) is extremely insoluble and its formation both outside the living 

cell (abiota) and in the cellular environment can reduce the bioavaibility and toxicity of 

mercury. Experimental and environmental data clearly indicate that selenium status can 

considerably affect the availability and, consequently, the toxicity of different forms of 

mercury (Berry and Ralston 2008). The majority of inorganic Hg compounds are white 

powders or crystals with the exception of cinnabar (mercuric sulfide), which is red, turning 

black upon exposure to light. Some Hg compounds have been used as fungicides, 

antiseptics, vaccine preservatives, disinfectants, laxatives, diuretics, nasal sprays, cosmetics 

and many other biomedical applications; however, due to the propensity of mercurials to 

cause health effects in humans and ecological systems, their usage has been greatly curtailed 

(ATSDR, 1998).

Mercury is a global pollutant with no environmental boundaries. Even the most stringent 

control of Hg pollution from man-made sources will not eliminate human exposure to 

potentially toxic quantities, given its ubiquitous presence in the environment. The largest 

global repository for Hg is found in ocean sediments, estimated to contain a total of about 

1017 g of Hg, mainly in the form of HgS, which is a relatively inert form of this toxic 

element. Ocean waters contain around approximately 1013 g, soils and freshwater sediments 

1013 g, the biosphere 1011 g (mostly in land biota), the atmosphere 108 g, and freshwater 107 

g of Hg. This budget excludes “unavailable” Hg in mines and other subterranean 

repositories. According to the 1997 EPA report on Hg to the US Congress (http://

www.epa.gov/hg/report.htm), recent estimates of total annual natural and anthropogenic Hg 

emissions are about 4,400 to 7,500 metric tons, with Asia accounting for 53% of the total 

emissions, followed by Africa (18%), Europe (11%), North America (9%), Australia (6%), 

and South America (4%). Roughly 2/3 of the total emissions are anthropogenic, mainly from 

coal combustion and industrial uses.

Mercury is preferentially released into the environment as Hg0 vapor. In the atmosphere, it 

undergoes several transformations, the first of which is its oxidation to Hg ions (mainly 

Hg2+). It exists in nature mainly as three different chemical species: elemental (Hgo), ionic 

(Hg2+), and organic (MeHg). Hg released into the environment from both natural and 

anthropogenic sources is sustained in the marine ecosphere, where it methylates in the upper 

sedimentary layers of sea and lake beds by the action of microorganisms (Clarkson and 

Magos 2006). The methylated form, MeHg, is rapidly taken up by living organisms in the 

aquatic environment and biomagnified through the food chain reaching concentrations in 
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fish 10,000–100,000 times greater than the surrounding water. Once methylated, MeHg 

reaches humans predominantly from fish consumption. Nearly all fish contain detectable 

amounts of MeHg. However, the enrichment of MeHg in the aquatic food chain is not 

uniform and is dependent upon the Hg content in the water and bottom sediments, pH and 

redox potential of the water, species and age, as well as the size of the fish. In addition, 

environmental conditions, such as anoxia, favor the growth of microorganisms, increasing 

the methylation rate of Hg, and by inference its accumulation in fish (WHO 1990; ATSDR 

1998; Lacerda and Malm 2008; Clarkson and Magos 2006).

Human Exposure to Mercury Vapor

Human exposure to Hg0 occurs through the occasional inhalation of Hg0 vapor or, more 

often, continuous chronic exposure associated with occupational activities. Monitoring Hg 

levels in the environment and urine of exposed subjects is essential for assessing risk for 

human health. According to the World Health Organization (WHO), 25 μg/m3 air represents 

the maximum allowed Hg concentration allowed for chronic occupational exposure, while 

500 μg/m3 air is the maximum Hg concentration acceptable for acute exposure (WHO 1991; 

WHO 2003). In addition, the threshold for Hg concentration in the urine associated with the 

onset of subclinical toxic effects in exposed humans is 30 μg/g creatinine, while the maximal 

permissible Hg concentration in the urine is 50 μg/g creatinine (WHO 1991; WHO 2003). 

Dentists represent one such occupational group of workers chronically exposed to low levels 

of Hg0 (Magro et al. 1994). However, the importance of this type of exposure as a health risk 

for these and similar populations has yet to be definitively confirmed by appropriate 

quantitative evaluation methods of physiological functions (Silveira et al. 2003; Ventura et 

al. 2004; 2005; do Canto Pereira et al. 2005; Rodrigues et al. 2007; da Costa et al. 2008).

Human Exposure to Methylmercury from Contaminated Food

Several environmental accidents have been associated with ingestion of food contaminated 

with organic Hg compounds. Fish and seafood contaminated with MeHg constitute the most 

frequent source of non-occupational human exposure to this metal. Vegetables and cereals 

treated with organomercurial fungicides have also been associated with episodes of human 

intoxication (Bakir et al. 1973; Davis et al. 1994). The Minamata Bay disaster (Harada 

1982) and similar epidemics in Iraq, Canada (Wheatley 1994) and China (Soong et al. 

1994), just to name a few, were caused by the ingestion of MeHg contaminated food 

originating from industrial plants or the use of organic mercurials in crop protection, a 

practice that has been abandoned.

Mercury Toxicity

All Hg forms are toxic. Acute exposure to Hg0 causes lung, kidney, and brain damage, while 

long lasting exposure to low levels of Hg0 causes a neurological and psychiatric syndrome – 

the so called “mad hatter’s disease” (Faintuch and Rocha 1990; Rodrigues et al. 2007; 

Silveira et al. 2003; WHO 1991; WHO 2003).

Methylmercury formed in aquatic systems (see above) where methylation of inorganic Hg 

by methanogenic bacteria leads to its release into water and bioaccumulation in the food 

chain. When ingested, MeHg readily binds to cysteine, forming a methylmercuric-cysteinyl 
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complex. This complex is recognized by amino acid transporting proteins, such as the 

neutral amino acid transporter LAT1; (Yin et al. 2008), which allows for its transport across 

membranes. The mobility of the methylmercuric-cysteinyl complex allows it to cross not 

only the blood-brain barrier (BBB), but also the placenta. Chronic exposure to MeHg is 

characterized by severe and irreversible neurological impairment (Bakir et al. 1973; Harada 

1982; WHO 1990). Adult patients with the classical form of MeHg intoxication, called 

Hunter-Russell syndrome or Minamata disease, show somatic sensory disturbances with 

paresthesia, affecting upper and lower limb extremities, deafness, peripheral visual field 

blindness, disturbed gait and lack of coordination, motor impairment and tremor (WHO 

1990). Minamata disease takes an extremely severe form in pregnant women exposed to 

large amounts of MeHg (Harada 1982; 1995; WHO 1990). High MeHg exposure early in 

pregnancy leads to embryo-lethality, whereas at later stages exposure to MeHg causes 

profound impairment in neural development, resulting in a form of newborn cerebral palsy. 

Mothers giving birth to children with severe symptoms may remain asymptomatic or show 

mild forms of the disease, establishing the heightened sensitivity of the developing brain to 

MeHg exposure (Harada 1995; 1997). Chronic exposure to low levels of MeHg during 

pregnancy is of concern since MeHg can readily reach the fetus. In general, MeHg levels in 

the fetus exceed maternal levels, reflecting an incomplete blood-brain barrier and lack of 

MeHg excretion in the fetus. The most significant difference in organ retention (neonates > 

adults) is associated with MeHg brain concentrations. The developing fetus is 5 to 10 times 

more sensitive to MeHg than the adult due, in part, to the high sensitivity of developmental 

processes (i.e., cellular division, differentiation, and migration) to disruption by MeHg, as 

well as increased MeHg concentrations in fetal brains (referred to as a “sink” for MeHg). 

Thus, in view of the exacerbated sensitivity of developing brain to chemicals, there is a great 

concern over a silent pandemic (Grandjean 2008), and MeHg can be considered one of the 

most significant of these environmentally-derived neurotoxic agents.

MERCURY IN THE AMAZON

Anthropogenic activities in the Amazon are an important source of environmental Hg 

contamination. Gold mining is the main source of Hg0 emission into the atmosphere and it is 

responsible for the contamination of various Amazon ecosystems. In the rudimentary form 

of gold mining, still used in the Amazon, it is estimated that for every kilogram of gold, 1–2 

kg of Hg0 are released in the environment and that at the peak of gold mining activity, two 

decades ago, as much as 1,500 t of Hg0 per year were released into the Amazon environment 

(Pfeiffer and Lacerda 1988). Since 1989, Amazon gold production has decreased, but the 

global Hg load released in the environment during all these years continues to represent a 

considerable risk for the local population living in this region. An additional anthropogenic 

source of Hg pollution in the Amazon is the continuous burning of the tropical forest 

biomass (releasing Hg into the environment) and soil erosion in the deforested regions that 

have been transformed into human settlements (Roulet et al. 1999; Veiga et al. 1994).

Mercury in the Soil

In terrestrial ecosystems, Hg originating from gold mining is estimated to be less than 3% of 

the total amount found in the surface of horizontal soils. In cities where gold commerce is 
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economically vibrant, such as Poconé (Mato Grosso), samples from residues and soil 

obtained from the city center and periphery showed high Hg concentrations: 1.91 and 0.09 

μg/g in the city center, 63.3 and 3.2 μg/g in the city periphery for residues and soil, 

respectively. The values in residues from the city center and periphery, as well as the value 

in the soil of city periphery are significantly higher than those reported in a control region 

located outside the city limits at 0.25 and 0.27 μg/g for residues and soil, respectively, where 

no activity related to gold mining and gold commerce has been reported (Câmara et al. 

1997).

Mercury in the Water

The aquatic biota are the main Hg transfer route from the contaminated environment to 

humans (Veiga et al. 1994). Hg found in water and sediments, either as inorganic Hg or 

MeHg, accumulates in the phytoplankton (see above) and progressively biomagnifies from 

herbivorous, detrivorous, omnivorous, planktivorous, carnivorous-omnivorous, to 

ictiophagous carnivorous (Bidone et al. 1997).

Several studies in the Amazon have demonstrated that the Hg concentrations in different fish 

species vary across a large range of values, but is specifically elevated in predator species, 

those most likely to be consumed by the “ribeirinhos” (riverines) (Lodenius et al. 1992; 

Akagi et al. 1994; Malm et al. 1995, 1997; Eve et al. 1996; Bidone et al. 1997; Lebel et al. 

1997; Dorea et al. 1998; Kehrig et al. 1998; Brabo et al. 1999; Lima et al. 2000; Faial et al. 

2003; Santos et al. 2005). In addition to the riverines, the entire population of the Amazon 

(and “pantanal”) may be considered at risk of exposure to potentially toxic levels of MeHg 

via consumption of contaminated carnivorous fish. Of additional concern is the fact that 

some Amazonian fish products (like salted fish, etc.) are also sold in other regions of Brazil. 

Thus, Hg derived from anthropogenic and natural sources in the Amazon may also be 

reaching distant centers in Brazil and the world.

Several fish species in the Tapajós River (Figure 1) that are regularly consumed by the 

riverines contain high Hg concentrations, well in excess of the permissible limits for human 

food allowed by the Brazilian Health Regulatory Agencies (Ministério da Saúde do Brasil 

1975). The most contaminated fish species are tucunaré (Cichla ocellaris), pescada 

(Plagioscion surinamensis), filhote (Brachysplatistoma filamentosum), dourada 

(Brachysplatistoma flovicans), peixe-cachorro (Hydrolycus scomberoides), and traíra 

(Hoplias malabarilus) (Bidone et al. 1997; Malm et al. 1997) (Tables 1–2). In other locations 

in the Amazon (Figure 1), such as the Madeira River and the Negro River, a similar situation 

has been found. Generally, fish with high Hg content are found in locations with intense 

gold mining activity. However, this is not the case for the Negro River where there is no 

significant gold mining activity and fish with high Hg levels have been consistently found, 

suggesting another source of Hg in this region or conditions that promote higher uptake 

rates. Tables 1–2 show the mean Hg concentrations in fish consumed by Amazon riverines 

(Lodenius et al. 1992; Akagi et al. 1994; Malm et al. 1995, 1997; Eve et al. 1996; Bidone et 

al. 1997; Lebel et al. 1997; Dorea et al. 1998; Kehrig et al. 1998; Brabo et al. 1999; Lima et 

al. 2000; Faial et al. 2003).
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Human Exposure to Mercury in the Amazon

There are two pathways for Hg exposure in the Amazon region, namely, occupational 

exposure to inhaled Hg0 and to a lesser extent via cutaneous absorption, and dietary 

exposure to MeHg-contaminated fish. In the next section we will detail the available 

information on these exposure modalities within the Amazon region.

Occupational Exposure to Mercury Vapor

Inhalation of Hg0 vapor is the most common form of human Hg exposure and it is generally 

associated with occupational activities (Branches et al. 1993; Faintuch and Rocha 1990). In 

the Amazon, occupational Hg0 exposure is inherent to the artisanal process of gold mining 

and gold commerce, where large amounts of Hg0 are used to amalgamate the gold during its 

commercial processing (Figure 1). As a result of this process, gold miners in the “garimpos” 

(gold mines) and gold dealers in the gold shops, as well as other professionals working in 

the same environment and industry are commonly exposed to excessive levels of Hg (Akagi 

et al. 1995; Branches et al. 1993; Câmara et al. 1997; Couto et al. 1988; Souza et al. 2003). 

Several studies have reported total-Hg concentrations in hair samples obtained from gold 

miners from different garimpos zones: Cachoeiro do Piriá (Pará), mean total-Hg 

concentration 11.49 μg/g, range 1.97–68.98 μg/g (Couto et al. 1988); Cumarú (Pará), mean 

total-Hg concentration 5.18 μg/g, range 1.50–13.68 μg/g (Couto et al. 1988). Despite the 

relatively high Hg levels in gold miner hair samples, the degree of exposure to Hg0 vapor 

remains controversial as no data exist on the contribution of fish-derived Hg from dietary 

sources to the overall body-burden of Hg in these individuals. In addition, the Hg amount in 

hair samples is not a good indicator of body Hg levels in cases of occupational exposure to 

Hg0 vapor due to possible external contamination of the samples (Couto et al. 1988).

Blood Hg concentrations were measured in 55 patients with history and symptoms of Hg 

exposure between 1986 and 1991 (Branches et al. 1993). Among them, 33 patients (60%) 

had been occupationally directly exposed to Hg0 vapor either in Garimpos or gold shops. 

The mean total-Hg concentration in the blood was 30.5 μg/l and the values ranged between 

4–130 μg/l. The reported symptoms were consistent with elemental Hg intoxication, namely 

impairment of cerebellar function, lack of movement coordination, gait imbalance and 

tremor (Branches et al. 1993).

A survey of 121 gold miners and 102 other residents of Garimpo do Rato (Pará), a gold 

mining settlement, revealed that 25 subjects had urine total-Hg ≥ 10 μg/l and 22 of them had 

symptoms of chronic intoxication by Hg0 vapor (Santos et al. 1995). In another survey in 

Cachoeiro do Piriá (Pará), 20 gold miners had total-Hg concentration in the urine ranging 

between 1.3–300 μg/g creatinine, differing significantly from control subjects living in areas 

located at remote distances from gold mines (Pinheiro et al. 2004).

Câmara and colleagues (Câmara et al. 1997) evaluated the effects of gold commerce in the 

city environment and in the health of residents of Poconé (Mato Grosso). They found that 

the environment contamination and human exposure in the city center was due to Hg0 

emissions in gold shops, while in the city periphery Hg contamination was associated with 

the burning of gold-mercury (Au-Hg) amalgam inside residences. The mean total-Hg 
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concentration in urine collected from subjects in the city center and periphery were 4.35 and 

4.89 μg/l, respectively, compared to 1.25 μg/l in a control area. Anxiety, irritability, memory 

loss, insomnia, asthenia, all of which are characteristic symptoms of mercurial erethism, 

were noted among subjects with high urinary Hg (Câmara et al. 1997).

Total-Hg concentration in the urine upon exposure to Hg0 vapor was also reported in 46 

workers of 17 gold shops of Itaituba. The mean total-Hg0 concentration in the gold shop 

atmosphere during 15 days of assessment was approximately one hundred times higher 

compared with the control shops, where Au-Hg amalgam burning was absent. The mean 

total-Hg concentration in the gold shop workers’ urine was 15.5 μg/l. In 51% of them the 

mean total-Hg concentration was higher than the limit of 10 μg/l, and in 3% of them higher 

than 50 μg/l (Souza et al. 2003).

Occupational exposure to Hg0 vapor was also evaluated in São Chico and Crepurizinho, two 

Garimpos from the region of Itaituba (Pará) (de Jesus 2005). In São Chico, the mean total-

Hg concentration was 9.3 ± 13.7 μg/g creatinine (range 0.08–78.5 μg/g creatinine) and 28.1 

± 23.5 μg/l (range 3.9–141.0 μg/l) in the urine and blood, respectively. In Crepurizinho it 

was 6.1 ± 9.6 μg/g creatinine (range 0.01–61.6 μg/g creatinine) and 17.6 ± 18.3 μg/l (range 

0.7–119.5) μg/l.

These data indicate that gold miners and gold shop workers represent Amazonian groups at 

high risk for occupational exposure to Hg0 vapor and that they should be carefully 

monitored for the potential chronic health effects of exposures. As mentioned above, Se can 

have protective effects against Hg toxicity (Ralston et al. 2008a). Consequently, it would be 

important in future studies to determine the whether Se can serve as a biodicator of 

susceptibility to Hg exposure in Amazonian exposed population. In addition, a vigorous 

educational campaign accompanied by improvement in their labor conditions should be 

considered as a top priority to reduce the potential for excessive Hg0 vapor exposures.

Methylmercury Exposure through the Diet

Populations living in regions polluted by Hg and consuming a diet rich in fish are 

particularly at risk to the noxious effects of MeHg (WHO 1990). Risks associated with 

exposure to MeHg-adulterated fish have been also recognized in the Amazon region, where 

gold mining activity leads to pervasive contamination of the environment with MeHg and by 

inference consumption of MeHg from contaminated fish. Several studies performed in 

different Amazon riverside communities have revealed high total-Hg levels in hair samples 

of the native populations (Tables 3–5).

Studies performed in the riverside communities of the Tapajós River (Figure 1) in the State 

of Pará, an area encompassing a large gold mining reserve, have shown high total-Hg levels 

in hair samples, in some instances above the biological tolerance limit and indicating a 

possible health risk to local individuals (Table 3). Over the years, Hg exposure in this region 

has gradually diminished, reflecting a decrease in gold mining activities. Consistent with the 

environmental reduction in hg levels, a decrease in mean total-Hg level in hair samples in 

the population living in the Upper Tapajós (in comparison with those living in the Lower 

Tapajós) has been documented (Table 3). The reduction in the level of Hg in people living in 
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this region likely reflects decreased Hg exposure from Hg0 vapor and does not appear to be 

due to decreased MeHg exposure from fish consumption.

Riverside communities of the Madeira River (Figure 1) living in the proximities of Garimpos 

and with a diet rich in fish also showed high total-Hg levels in hair samples (Table 4). A 

correlation was found between total-Hg levels in hair samples and the species of consumed 

fish. Populations with high consumption of carnivorous fish showed higher mean total-Hg 

concentration in hair samples than populations with high consumption of non carnivorous 

fish: 38.6 ± 14.4 μg/g versus 5.6 ± 3.1 μg/g, respectively (Eve et al. 1996).

In communities living in areas distant from gold mining activities, total-Hg concentrations in 

hair samples were relatively low (Table 4). For instance, in Santana de Ituqui (Amazonas), 

the mean total-Hg concentration in hair samples from 167 subjects was 4.2 ± 1.8 μg/g, 

ranging between 0.5–10.9 μg/g (Santos et al. 2000). In Iranduba (Amazonas), mean total-Hg 

concentrations in hair samples of 86 subjects were 5.6 ± 3.1 μg/g (Eve et al. 1996). In 

Panacauera and Pindobal (Pará), two communities in the Tocantins River, which are distant 

from gold mining activities, but having a diet rich in fish, total-Hg levels were low, 

indicating limited exposure to Hg (Pinheiro et al. 2006). On the other hand, studies 

performed in riverside communities of the Negro River have found relatively high Hg levels 

in hair samples despite the absence of significant gold mining activity in this region 

(Barbosa et al. 2001; Santos et al. 2005) (Table 4). Thus, these results suggest that additional 

Hg sources are likely responsible for the environmental contamination and human exposure 

in the Negro River basin (Barbosa et al. 2001; Santos et al. 2003).

Human Hg exposure was also studied in areas located near the hydroelectric dams built over 

the last few decades in the Amazon region. In one study performed in fishermen from 

Caraipé, near the Tucuruí Hydroelectric (Pará), the mean total-Hg concentrations in hair 

samples was 47 μg/g with values ranging between 4–240 μg/g (Fernandes et al. 1990). In 

another study performed in the same location, the mean total-Hg in hair samples was 65 

± 5.8 μg/g (Leino and Lodenius 1995). In the Balbina Hydroelectric (Amazonas), despite the 

low levels of MeHg in fish, the mean Me-Hg concentrations in hair samples was 8.7 ± 5.2 

μg/g, ranging between 2.0–21.6 μg/g (Kehrig et al. 1998).

Mercury exposure in indigenous Amazon populations has also been studied (Table 5). High 

exposure levels have been noted in one such group, the Apiacás (Mato Grosso; Figure 1; 

Barbosa et al. 1997), but, in general, indigenous populations show exposure levels lower 

than other riverside communities living in the same region. The high Hg levels found in the 

Apiacás are likely due to several factors, namely (1) the heavy mining activities in the region 

and the contamination of local rives, upstream the Teles Pires River and downstream the 

Tapajós River; (2) the location of the Alta Floresta (Mato Grosso) gold mine in the region, 

and (3) the Apiacás diet is rich in fish (90% of the Apiacás report a minimum of six fish 

meals per week). Nevertheless, it is noteworthy, that, the majority of indigenous populations 

thus far studied in the Amazon show Hg exposure levels lower than other riverside 

communities both indigenous and non-indigenous. This is likely to be a reflection of their 

diets, which are predominantly based on game and farming products.
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Maternal Exposure to Methylmercury

In the majority of environmental accidents, maternal Hg exposure has occurred as a result of 

consumption of fish contaminated with MeHg. The toxic effects of MeHg caused nervous 

system lesions in children, varying from mild disturbances in neuropsychomotor 

development to severe degrees of cerebral palsy (Harada 1982). Studies of women at 

reproductive age in the Amazon have shown a range of total-Hg concentrations in hair 

samples that seem to be dependent upon the region, diet type and frequency of fish in their 

meals (Barbosa et al. 1997; 2001; 1998; Eve et al. 1996).

Women from riverside communities located along the Tapajós River, near the area of gold 

mining, have high levels of Hg exposure as assessed by total-Hg concentration in hair 

samples (Eve et al. 1996; Malm et al. 1997). A recent study in women in the reproductive 

age from this region found total-Hg concentrations in hair samples ranging from 1.51 to 

19.43 μg/g during pregnancy and from 5.25 to 21.00 μg/g in non-pregnant women (Pinheiro 

et al. 2005).

In the Madeira River, two groups of women at reproductive age and with high frequency of 

fish consumption had high total-Hg concentration in hair samples (Eve et al. 1996). One 

group comprising women of 18 years-old or older had a mean total-Hg concentration of 

34.28 ± 13.75 μg/g, while the younger group of 11–17 years-old had mean total-Hg 

concentration of 31.5 ± 6.01 μg/g (Eve et al. 1996). In another study in the same region, it 

was found that the mean total-Hg concentrations in hair samples of riverside women in 

reproductive age was 14.08 μg/g, ranging between 0.8–94.7 μg/g, and 67.4% of them had 

total-Hg concentration above 10 μg/g (Barbosa et al. 1998). Again in the Madeira River, 

total-Hg concentrations in hair samples have been measured during pregnancy and the 

observed values ranged between 12.2–41.0 μg/g and 4.0–33.5 μg/g, while during lactation 

they ranged between 21.2–84.4 μg/g (Boischio and Cernichiari 1998). A study in the Negro 

River found that women in the reproductive age, 15–40 years-old, showed a mean hair total-

Hg concentrations of 18.32 μg/g and values ranging from 1.65 to 32.63 μg/g, of which 65% 

were above 10 μg/g (Barbosa et al. 1998).

Among the indigenous mothers that have been studied in the Amazon, those from Apiacás 

(Mato Grosso) showed the highest total-Hg concentration in hair samples. This indigenous 

group is located near the gold mine of Alta Floresta (Mato Grosso). Thus, the high Hg 

exposure observed among the members of this group is related to an elevated consumption 

of fish contaminated with Me-Hg (Barbosa et al. 1998).

These data indicate that inhabitants of villages with robust gold mining activities along the 

Amazon are additionally exposed to MeHg accumulating in fish. Pregnant women and their 

children are especially susceptible groups due to the propensity of MeHg to accumulate in 

the developing nervous system. Careful monitoring of these populations is recommended to 

prevent hazardous MeHg toxic effects. In addition, educational campaigns oriented towards 

nutritional habits and risks associated with consumption of MeHg-adulterated fish should be 

conducted to expose the local population to the risks associated with MeHg (Pinheiro et al. 

2008).
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SELENIUM

Selenium (Se) is an essential trace element for most biological organisms and its 

physiological role in vertebrates is carried out after its complex cotranslational incorporation 

into the amino acid selenocysteine. The selenol group of selenocysteine, which is analogous 

to the thiol group of cysteine, is one of the most powerful nucleophile centers in living cells 

and functions in important anti-oxidant roles in several selenoproteins (Farina et al. 2009 in 

Press). For instance, it is an important component of the active center of the antioxidant 

enzymes glutathione peroxidase (GSH-Px), thioredoxin reductase, and three thyroid 

hormone deiodinases (Burk and Levander 1999). In addition, Se can be found in proteins 

after its incorporation into selenomethionine in bacteria, yeast and higher plants. In 

vertebrates, exogenous selenomethione residues can be non-specifically incorporated into 

proteins during translation as surrogates of methionine residues. However, selenomethione 

has no physiological role in these proteins, because its Se atom is not biologically reactive. 

Consequently, these proteins, which have randomly incorporated selenomethione residues in 

their structure, are not classified as selenoproteins (Burk and Levander 1999; Schrauzer 

2000).

Dietary Se is important in cancer prevention (Combs et al. 2001), immune system 

enhancement (Ursini et al. 1999), aging (Martin-Romero et al. 2001), male reproduction 

(Ursini et al. 1999) and other physiological and pathophysiological processes, such as 

maintenance of the P450 cytochrome system, DNA repair and enzyme activation (Burk and 

Levander 1999; Rayman 2000). As discussed above, Se also plays an important role in the 

antioxidant defense system as an essential component of the family of GSH-Px and 

thioredoxin reductase enzymes (Burk and Levander 1999; Flohe 2009 in press; Rayman 

2000).

Selenium: Sources, Maximum Safe Dietary Intake, and Deficiency

Some soils are naturally rich in Se and certain plants can readily bioaccumulate it. 

Anthropogenic sources of Se include coal burning and sulfide ore mining and smelting. 

Dietary Se is mainly derived from nuts, cereals, meat, fish and eggs. High levels are found in 

kidney, tuna, crab, lobster, and the Brazil nuts. The Se recommended daily intake (RDA) for 

both men and women is 55 μg/day (National Academies Press 2000). The maximum safe 

dietary Se intake is currently established as 550 μg/day (National Academies Press 2000), 

but there is emerging evidence that daily consumption should be kept below 400 μg/day to 

avoid symptoms associated with selenosis. On the other hand, several studies have shown 

that approximately 40 μg/day of Se are necessary to maximize GSH-Px activity and that a 

daily intake below this level may lead to clinical symptoms of Se deficiency (Burk and 

Levander 1999; Gropper et al. 2009).

Se deficiency is a rare condition in most locations, but may occur in regions where the soil is 

poor in this trace element. Dietary Se deficiency may induce a wide range of effects in 

humans and can be fatal in some circumstances. Its general symptoms include muscle pain, 

myasthenia, as well as hair and skin pigmentation loss (Gropper et al. 2009). Se deficiency 

causes severe miocardiopathy that could evolve to cardiogenic shock and in certain cases to 

congestive cardiac insufficiency or failure. Children may also suffer an acute form of Se 
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deficiency, the so called Keshan disease. Another form of acute Se deficiency is referred to 

as Kashin-Becks disease; it occurs in pre-adolescents and presents with simultaneous iodine 

deficiency, leading to severe osteoarthritis, chondrocyte and peripheral nerve degeneration, 

as well as joint deformities (Burk and Levander 1999). Chronic Se deficiency evolves to 

cardiomegaly, myocardiac necrosis and calcification, and variable degree of cardiac 

insufficiency (Burk and Levander 1999; Gropper et al. 2009).

Selenium and Mercury Toxicity

The interactions of MeHg or Hg2+ with thiols dictate their fate and toxicity (Clarkson and 

Magos 2006). Theoretically, any bimolecule containing sulfhydryl groups can be considered 

a potential target for mercurials and it has been extensively reported that the interaction of 

MeHg with low molecular weight thiols, particularly cysteine and reduced GSH plays a 

fundamental role in determining MeHg toxicity. After entering the circulation, MeHg can 

bind free cysteine and get transported into different tissues by molecular mimicry (i.e., 

MeHg can be transported as a surrogate of methionine (Aschner 1989; Aschner and 

Clarkson 1988; Mokrzan et al. 1995). However, details about how MeHg and Hg2+ detach 

from their low molecular complexes to interact with proteins is not well understood. Ample 

evidence suggests that selenoproteins can be important targets of Hg toxicity. It has been 

demonstrated in different experimental models that inorganic Hg, MeHg and phenylmercury 

(PheHg) can inhibit the activity of GSH-Px (Bem et al. 1985; de Freitas et al. 2009; Farina et 

al. 2003; 2004; Hirota et al. 1980; Lucena et al. 2007; Stringari et al. 2006; 2008; Watanabe 

2002). Inhibition of seleno-enzymes by inorganic and organic Hg compounds may be at 

least partially due to a direct interaction between mercurials and the selenol/selenolate 

groups at the active site of these seleno-enzymes (Wada et al. 1976; Carvalho et al. 2008; 

Farina et al. 2009 in press).

Given the above, early assumptions that mercurials could be toxic by directly depleting 

cellular thiols should be revised to include the possibility that mercurials can be toxic via 

disruption of the seleno-antioxidant enzymes, which could initiate an overproduction of 

reactive oxygen species (ROS) that ultimately could deplete the cellular thiol homeostasis. 

Support for this can be found in various experimental models, where both the inorganic and 

organic Hg compounds have been shown to deplete cellular thiol levels (Gstraunthaler et al. 

1983; Lund et al. 1993; Stringari et al. 2008; de Freitas et al. 2009). In addition, Hg 

compounds cause cellular lesions by increasing the cell load of toxic ROS (Stacey and 

Kappus 1982) and that MeHg neurotoxicity is associated with their overproduction (Aschner 

et al. 2007; Hirayama and Yasutake 2001; LeBel et al. 1992). The death of cerebellar 

neurons by apoptosis induced by MeHg, for example, is related to increased intracellular 

oxidative stress (Kunimoto et al. 2001).

The possible role of Se in modulating Hg toxicity has been recognized since the 60s, where 

it was shown that selenite administration decreased the toxicity of sublimate (an ionic 

inorganic form of Hg) (Parizek and Ostadalova 1967). One of the first observations that Se 

could protect vertebrates from the toxicity of MeHg was recognized in 1972 by Ganther and 

collaborators (Ganther et al. 1972), who demonstrated protection by dietary Se against 

MeHg-induced toxicity in Japanese quail. After these pioneering studies, the in vitro and in 
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vivo protective effects of inorganic Se and selenomethionine against the toxicity of Hg have 

been confirmed by different laboratories (Choi et al. 2008; Fredriksson et al. 1993; Kaur et 

al. 2009; Nishikido et al. 1987; Ralston et al. 2007; 2008a; Roos et al. 2009; Folven et al. 

2009) and field studies (see Belzile et al., this issue). As summarized by Ralston (Ralston 

2008b), data in the literature have also reported that the developmental effects of MeHg are 

more pronounced in children born to mothers consuming fish with low compliments of Se. 

Furthermore, Se deficiency was shown to be associated with increased MeHg toxicity 

(Nishikido et al. 1987). Nevertheless, the mechanisms associated with the protective effect 

of Se are still not well understood, but possibly, they are associated with diversion of Hg 

from target molecules to high molecular weight Hg-Se-containing proteins found in plasma 

(Burk et al. 1974) and other tissues (Agarwal and Behari 2007; Chen et al. 1974). Ralston 

and colleagues (Ralston et al. 2007) have determined the effect of dietary Se on toxicity in 

weanling male rats exposed to MeHg, showing that growth of rats fed high-MeHg and 

adequate-Se diets was impaired relative to their control group, whereas rats fed high-MeHg, 

rich-Se diets were indistinguishable from controls. The authors emphasized that the Hg to Se 

molar ratios provide a reliable criterion for assessing risks associated with MeHg exposure. 

Furthermore, they demonstrated that low-MeHg exposure had no effect on rats’ growth at 

any dietary Se level. Hg toxicity also directly correlated to the Hg to Se molar ratios, thus 

providing direct support that Hg-dependent sequestration of Se is a primary mechanism of 

Hg toxicity. Additional studies have also noted the protective properties of Se. High Se 

concentrations in fresh lake trout (in Argentina) were associated with low Hg content in 

tissues (muscle), suggesting detoxification of Hg by a Se-rich diet (Arribere et al. 2008) or 

the formation of insoluble salts between Se and Hg in the aquatic environment that are non-

bioavailable to the living organisms (Belzile et al. 2006; see below for additional 

discussion).

Taken together, the experimental data from laboratory animal studies and the environmental 

studies indicating a protective role of selenium against Hg emphasize the potential utility of 

Se as a bioindicator of susceptibility to Hg intoxication. The exact mechanism/s by which Se 

decreases Hg toxicity is not well understood. One additional plausible explanation can be 

found in the metabolism of inorganic Se and selenomethione. For instance, during their 

metabolism (rendering them extractable or incorporated into selenoproteins via 

incorporation into selenocysteine) different selenohydryl intermediates can be formed 

(Figure 2). Selenohydryl groups are analogous to sulfhydryl groups; however, as discussed 

above, they are more powerful nucleophiles than sulfhydryl groups and possess a higher 

affinity for mercurials than sulfhydryl groups (Sugiura et al. 1976). Thus, selenohydryl 

intermediates formed during the metabolism of Se compounds can bind to MeHg or Hg2+ 

and change their toxicokinetics (Choi et al. 2008; Ganther et al. 1972; Ralston et al. 2007; 

2008). Consequently, the formation of inert complex(es) between Se and Hg can be 

suggested as an important mechanism to explain the protective effect of Se against mercurial 

toxicity. In fact, the formation of inert complexes of the type HgSe can explain the co-

accumulation or co-deposition of Se and Hg in different tissues of exposed animals.

For the case of environmental contamination, Se has also been successfully added to some 

lakes to remediate high levels of Hg. After Se addition, Hg levels decreased in water and in 

pike and perch, indicating that the Hg was removed from the aquatic environment via 
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formation of HgSe, which is more insoluble than the analog HgS, and possibly less 

bioavailable to the microbiota from lakes sediments (Paulsson and Lundbergh 1991, Belzile 

et al. 2006; Yang et al. 2008). From an immediate toxicological or environmental point of 

view, the reaction of Hg with selenohydryl forming insoluble and relatively inert salts can be 

highly desirable; however, little is know about the toxicological properties and long-term 

fate of this insoluble compound(s) both within living organism and in the environment (see 

Belzile et al. in this issue for more discussion on this aspect).

Selenium in Amazonian Food

Staples which are widely consumed by poor or low income populations in Brazil such as 

rice, beans, wheat, cassava and corn have low Se levels. Se levels in these foods are lower 

than 0.05 μg/g and thus do not meet the minimum dietary daily intake for human adults in 

Brazil. Se levels are higher in food from animal origin, especially fish – tuna, dogfish, 

merluza and sardines (Ferreira et al. 2002).

A limited number of studies have evaluated Se concentration in Amazon fish. Dorea et al. 

(1998) have measured Hg and Se concentrations in Amazon fish species regularly consumed 

by the population living in riverside communities. Their results have shown a Hg:Se molar 

ratio that increases in accordance with the trophic level of the fish. The mean Se 

concentration in the piscivorous fish species was 4 μg/g and was much lower than at 0.9 μg/g 

in the herbivorous fish species. The molar ratio of Hg:Se has important practical 

consequences for populations that rely heavily upon fish consumption. Hg and Se in fish 

may occur as a bis-methyl-mercury selenide complex turning Hg less toxic. As discussed 

above, the interaction of MeHg or Hg2+ with Se occurs preferentially with the selenohydryl 

intermediates. However there is scant experimental data to support interaction of MeHg with 

reduced forms of Se (mainly HSe- and possibly CH3Se-), resulting in the formation of an 

intermediate, such as CH3HgSe, which may spontaneously dissociate to HgSe (Iwata et al. 

1982). An analogous phenomenon occurs in the aquatic environment (see above), where Se 

can considerably reduce the bioavailability of Hg. This likely occurs as a result of 

decomposition of bis-methyl-mercury selenide to a more stable and insoluble salt, i.e., 

HgSe, which has reduced absorption from edible fish (Iwata et al. 1982).

In addition to fish, selected Amazon populations have another source that is rich in Se, the 

Brazil nuts (called Pará nuts in the Amazon). The Brazil nut is the fruit of the gigantic 

Bertholletia excelsa confined to the tropical forest of the Amazonas River basin. Brazil nuts 

have the highest Se levels in human diet (per g of consumed food) though this is soil-

dependent, as the Bertholletia excelsa itself does not require high levels of Se. Se levels up 

to 53 μg/g have been found in the Brazil nuts. Se in the Brazil nut is found in the protein 

fraction of the fruit mostly as the amino acids selenocysteine and selenomethionine 

(Chunhieng et al. 2004). Furthermore, the bioavaibility of Se in Brazil nuts was similar to 

that of selenomethione, but Se from Brazil nuts caused a two-fold increase in GSH-Px 

compared to human subjects supplemented with selenomethionine (Thomson et al. 2008), 

suggesting that selenocysteine is more easily metabolized than selenomethionine and more 

readily re-incorporated into selenoproteins. Similarly, it has been shown in animal 
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experiments, that adding Brazil nuts to the diet significantly increased blood Se levels and 

the activity of GSH-Px (Chansler et al. 1986) and I-5´-deiodinase (IDI) (Ip and Lisk 1994).

Selenium Levels in Amazon Populations: Blood Levels

In Rio de Janeiro, Brazil, Se concentration in the serum of healthy subjects was estimated at 

73.2 μg/l, ranging between 56.5–94.5 μg/l (da Cunha et al. 2003), values similar to those 

found in many other countries (Safaralizadeh et al. 2005).

In the Amazon, a study performed on 236 inhabitants of riverside communities of the 

Tapajós River, mean blood Se was 284.3 μg/l, ranging between 142.1–2029.0 μg/l (Lemire et 

al. 2006). In healthy subjects living outside the Amazon, in Rio de Janeiro, there were no 

correlations between Se levels and age, sex or smoking, but in the Amazon populations were 

significantly higher in alcoholics and farmers (Lemire et al. 2006). Independent of fish 

consumption, it was observed that a positive correlation exists between Se and Hg in the 

blood (Lemire et al. 2006). In addition, Se levels increased with consumption of piscivorous 

fish, a finding in agreement with previous studies that showed high Se levels in piscivorous 

fish (Dorea et al. 1998).

Se and Hg levels have been measured in hair samples from indigenous and control 

populations in the Amazon. In control individuals a near 1:1 molar ratio between Hg and Se 

was noted, while in indigenous populations the Se levels were higher, especially among 

subjects with high Hg levels (Vasconcellos et al. 2000). In another study of Amazon 

indigenous populations, a molar relation between hair Hg and Se at low Hg levels (Campos 

et al. 2002) was reported. These findings are in agreement with studies performed in other 

locations (e.g., autopsied Hg miners), showing high Hg and Se concentrations in their brains 

(Kosta et al. 1975). In another study, Hg and Se levels were measured in hair samples from 

women living in riverside communities along the Tapajós River. In women of reproductive 

age the mean Se concentrations were 0.61 μg/g in pregnant and 2.46 μg/g in non-pregnant 

women, respectively; in 68.4% of the women of reproductive age, Se levels were below the 

detection limit (Pinheiro et al. 2005).

Conclusions

Although the studies in the Amazon region are relatively limited in scope, it is apparent that 

the fate of Hg in the environment of the tropical forest is similar to that found in other 

regions of the world. For instance, the bioaccumulation of Hg in Amazonian piscivorous fish 

is similar to that found in swordfish and shark, reported elsewhere. Regarding human 

exposure, the Hg levels in hair samples indicate that Amazon riverside communities are 

exposed to MeHg possibly as a consequence of the release of Hg0 vapor used in the gold 

mining industry. The measurements of Se levels in fish and exposed human subjects of the 

current study were insufficient to establish a conclusive protective effect of Se against the 

toxic effects of MeHg. Nevertheless, the available evidence suggests that Se, in addition to 

serving as an antioxidant, as a consequence of its metabolism to generate Se intermediates 

may react with mercurials, transforming them into more inert compounds, and by inference 

reducing their toxicity. In fact, data in the literature has clearly indicated the potential role of 

Se to serve as a bioindicator of susceptibility to Hg exposure (Ralston 2008a; 2008b). 
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Accordingly, assessing and ensuring adequate dietary Se intake for the riverside 

communities of the Amazon as means of mitigating Hg-induced toxicity should be a priority 

of the Brazilian Health Authorities. This is particularly important, in view of the fact that 

poor or low income Amazonian populations that are at risk of exposure to Hg are known to 

consume a diet poor in Se. This is paradoxical in view of the abundance of one of best 

sources of Se in the world in the Amazonian region, namely, the Brazil nuts. Furthermore, 

since the bioavaibility of Se from Brazil nuts seems to be superior to that of selenomethione 

(which can afford considerable protection against Hg toxicity), as reflected by the activity of 

GSH-Px, it is plausible to expect that Se derived from Pára nuts can be superior to inorganic 

Se or selenomethione in attenuating Hg toxicity. However, further experimental and 

epidemiological studies will be required to clarify this supposition.

From the environmental point of view, the studies presented here are intriguing as they 

indicate low level of hair Hg in several communities (Panacaura and Pindobal) with high fish 

consumption that are distant from Hg contaminated areas. These observations imply that the 

toxicological impact of Hg released by anthropogenic activities may be restricted to the 

proximity of contaminated site. However, given the limited number of studies on this issue, 

future research will be needed to better understand the fate and the environmental 

consequences of human derived Hg. Since the Amazonian region is vast, the long-term 

follow-up of Hg in different parts of this important ecosystem, will furnish timely 

information on the persistence and the potential health hazards of one of the most toxic 

elements in the periodic table. Furthermore, the paradoxical findings of high levels of Hg in 

humans living in regions that are considered to be uncontaminated indicate that the fate and 

kinetics of Hg in Amazonian environment is complex. The intricate interactions between 

geochemical and the intense biological activities in this region of the world may also involve 

genetic variations, reinforcing the necessity of more detailed and continued studies in this 

vulnerable sanctuary of the planet.

There is little doubt that the main source of MeHg exposure in the Amazon is associated 

with consumption of adulterated fish. In the presence of toxic levels of Hg, equal parts of Se 

and Hg form compounds that are poorly transported into the brain and other tissue (Yoneda 

and Suzuki 1997). There is evidence that low environmental Se is linked to susceptibility to 

Hg toxicity and that Se levels could be used as a bioindicator to monitor the health of Hg 

exposed subjects.
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Figure 1. 
Gold mines, called Garimpos in Portuguese, are located throughout several states of the 

Brazilian Amazon: Amapá (AP), Amazonas (AM), Maranhão (MA), Mato Grosso (MT), 

Pará (PA), Rondônia (RO), and Roraima (RR). In these locations, gold mining is very often 

performed using artisanal processes that release large amounts of elemental mercury (Hg0) 

in the environment.
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Figure 2. 
Interaction of inorganic selenium [Se(IV)] and selenomethionine with MeHg or Hg(II) via 

formation of H2Se (selenidric acid) or “selenohydryl pathway”. Selenite [Se(IV)] and 

selenomethione can be metabolized to H2Se, which can be incorporated into selenocysteine 

that is incorporated in selenoproteins. H2Se can react with inorganic mercury forming HgSe. 

H2Se can also react with methylmercury forming a complex that can be decomposed to form 

the insoluble mercury selenide salt (HgSe). Hypothetically, CH3Se− (monomethylselenolate) 

can also react with Hg(II) or methylmercury to form complexes that can decompose to form 

HgSe. Adapted and modified from (Farina et al. 2009 in Press).
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Table 1.

Total Hg concentration in fish consumed by Amazon populations living in communities located in the Tapajós 

River basin, 1994–2000.

Location Region Habits N Hg-total X (min-max)

(μg / g) (*)
Reference

Various Tapajós C 21 (0.28 – 3.82) Akagi et al. 1994

Alta Floresta Teles Pires C, NC 24 (0.80 – 3.82) Akagi et al. 1995

Various Tapajós C 16 0.55 (0.04 – 3.77) Malm et al. 1995

Various Tapajós C 98 0.42 ± 0.23 Bidone et al. 1997

Various Tapajós NC 140 0.06 ± 0.05 Bidone et al. 1997

Brasília Legal Tapajós C 73 0.51 ± 0.22 (0.06 – 1.35) Lebel et al. 1997

Brasília Legal Tapajós NC (O) 32 0.46 ± 0.24 Lebel et al. 1997

Brasília Legal Tapajós NC (H) 68 0.07 ± 0.07 Lebel et al. 1997

Various Tapajós C 122 0.48 ± 0.00 Malm et al. 1997

Jacareacanga Tapajós C - 0.29 ± 0.10 Brabo et al. 1999

Jacareacanga Tapajós NC - 0.11 ± 0.04 Brabo et al. 1999

Jacareacanga Tapajós C 32 0.30 (0.65 – 0.55) Brabo et al. 2000

Jacareacanga Tapajós NC 48 0.10 (0.03 – 0.20) Brabo et al. 2000

Santarém Tapajós C 69 0.22 (0.08 – 0.89) Lima et al. 2000

Santarém Tapajós NC 40 0.04 (0.00 – 0.14) Lima et al. 2000

C, carnivorous. NC, non-carnivorous. NC (O), non-carnivorous (omnivorous). NC (H), non-carnivorous, herbivorous.

(*)
Original values rounded to the second decimal.
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Table 2.

Total Hg concentration in fish consumed by Amazon populations living in locations outside the Tapajós River 

basin, 1994–2000.

Location Region Habits N Hg-total X (min-max)

(μg / g) (*)
References

Rondônia Madeira C 284 0.85 (− 0.39) Malm et al. 1997

Amazonas Madeira C - 0.33 Eve et al. 1996

Madeira C - 4.00 Dorea et al. 1998

Madeira NC - 0.90 Dorea et al. 1998

Balbina - C 14 0.30 ± 0.20 (0.06 – 0.70) Kehrig et al. 1998

Balbina - NC 10 0.06 ± 0.03 (0.03 – 0,10) Kehrig et al. 1998

Tucuruí - C 230 1.10 Lodenius et al. 1992

Trombetas C 103 0.22 (0.05 – 0.87) Faial et al. 2003

Trombetas P 40 0.35 (0.04 – 1.34) Faial et al. 2003

São Gabriel Negro C 140 0.45 ± 0.51 (0.04 – 3.92) Santos et al. 2005

São Gabriel Negro NC 76 0.10 ± 0.08 (0.00 – 0.55) Santos et al. 2005

Barcelos Negro C 126 0.46 ± 0.30 (0.06 – 1.93) Santos et al. 2005

Barcelos Negro NC 147 0.10 ± 0.08 (0.02 – 0.61) Santos et al. 2005

C, carnivorous. NC, non-carnivorous. P, piscivorous.

(*)
Original values rounded to the second decimal.
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Table 3.

Total Hg concentration in hair samples from Amazon populations living in communities located in the Tapajós 

River basin, 1994–2003.

Location Region N Hg-total X (min-max)

(μg / g) (*)
Reference

Itaituba Tapajós 125 20.1 (0.8 – 151.2) Akagi et al. 1994

Itaituba Tapajós 51 30.3 ± 15.9 Akagi et al. 1995

Jacareacanga
Brasília Legal

Tapajós - 25.0 (− 151.0) Malm et al. 1995

Brasília Legal Tapajós 96 12.9 Lebel et al. 1997

Tapajós 432 17.0 (− 176.0) Malm et al. 1997

Cametá Tapajós 68 10.8 ± 6.1 Dolbec et al. 2000

São Luiz do Tapajós Tapajós 256 20.9 ± 12.2 (0.10 – 94.5) Santos et al. 2000

Brasília Legal Tapajós 152 11.3 ± 7.3 (0.70 – 37.2) Santos et al. 2000

São Luiz do Tapajós Tapajós 32 14.7 ± 7.2 (1.9 – 29.9) Pinheiro et al. 2003

Barreiras Tapajós 37 15.3 ± 9.3 (3.3 – 35.6) Pinheiro et al. 2003

(*)
Original values rounded to the first decimal.
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Table 4.

Total Hg concentration in hair samples from Amazon populations living in locations outside the Tapajós River 

basin, 1996–2003.

Location Region N Hg-total X (min-max)

(μg / g) (*)
Reference

Carajás 29 (0.25 – 15.70) Fernandes et al. 1990

Iranduba Madeira 86 5.60 ± 3.10 Eve et al. 1996

Barreirinha Madeira 15 38.60 ± 14.40 Eve et al. 1996

Madeira 169 9.00 (− 71.00) Malm et al. 1997

Santana de Ituqui Madeira 167 4.28 ± 1.85 (0.50 – 10.90) Santos et al. 2000

Negro 76 21.40 ± 12.60 (1.50 – 59.00) Barbosa et al. 2001

Panacauera Tocantins 23 8.13 ± 5.89 (1.40 – 25.50) Pinheiro et al. 2003a

Pindobal Tocantins 43 3.30 ± 1.60 (0.80 – 7.20) Pinheiro et al, 2003a

São Gabriel Negro 157 13.02 (0.30 – 83.11) Santos et al. 2003

Barcelos Negro 242 9.67 (0.07 – 52.04) Santos et al. 2003

(*)
Original values rounded to the second decimal.
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Table 5.

Total Hg concentration in hair samples from indigenous populations from the Brazilian Amazon.

Indigenous Groups Region N Hg-total X (min-max)

(μg / g) (*)
References

Kayapó-Gorotire Xingu - 5.18 (1.50 – 13.68) Couto et al. 1988

Yanomami Rondônia - (1.40 – 8.14) Castro et al. 1991

Kayapó Xingu - 7.36 (5.20 – 13.30) Ferrari et al. 1993

Parakanã Tucuruí 12 8.50 ± 2.80 (3.30 – 12.00) Leino & Lodenius 1995

Apiacás Mato Grosso 55 34.20 (− 128,00) Barbosa et al. 1997

Pacaanovos Madeira - 6.05 (1.41 – 11.70) Campos et al. 2002

Pacaanovos Madeira 910 8.37 (0.52 – 83.89) Santos et al. 2003

(*)
Original values rounded to the second decimal.
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