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Resumo

Rios amazodnicos sdo caracterizados pela alta diversidade natural de qualidade da agua entre
as sub-bacias. Areas alagaveis extensas associadas a estes rios sdo inundadas sazonalmente
levando a estratificagdo termal, que combinada com o grande aporte de matéria organica
aloctone resulta em condi¢des anoxicas especialmente propicias & metilacdo do merctrio
(Hg). A grande variacdo sazonal e espacial das condigdes limnoldgicas e a natureza
relativamente preservada da maioria das bacias de drenagem tornam os rios amazonicos locais
interessantes para o estudo da dindmica natural do metilmerctrio (MeHg). A enorme vazao
dos rios amazdnicos também faz deles locais interessantes para os represamentos
hidrelétricos. No Brasil, um grande percentual da energia elétrica vem de hidroelétricas, e
muitas delas tém sido planejadas ou construidas nos rios amazonicos. Barramentos podem ter
um grande impacto na dindmica do MeHg do rio, acima e abaixo da barragem. Estudos tem
demonstrado que os rios a jusante de uma barragem podem ser mais contaminados por Hg do
que o proprio reservatdrio. Entretanto, ndo € claro até que distdncia esta contaminagdo ocorre
a jusante e como ela varia sazonalmente. Este estudo objetivou investigar a influéncia do
pulso de inundagdo sazonal e as variagdes associadas aos pardmetros limnologicos sobre a
dindmica do MeHg nos principais tributarios brasileiros do rio Amazonas. Este também
objetivou investigar os efeitos do represamento na dindmica e bioacumulagdo do MeHg acima
e abaixo da barragem do reservatorio de Balbina. Amostras de 4gua foram coletadas ao longo
do rio Amazonas e nos seus principais tributarios brasileiros (n = 38) durante duas fases
distintas do ciclo do pulso de inundagdo (estagdes cheia e seca). Agua, plancton e peixes
foram coletados ao longo de um ano no reservatorio de Balbina e em diferentes locais entre
0,5 e 250 km a jusante da barragem. Condigdes limnologicas foram medidas paralelamente a
coleta de agua em cada local. A concentragdo de MeHg na 4agua dos rios variou entre 0,02 ¢
0,76 ng.L'l. Estas concentragdes aumentaram com a cota dos rios (r* = 0,528%; p <0,0001) e
diminuiram com as concentragdes de oxigénio dissolvido (regressdo multipla: F = 11,5; r* =
0,443; p <0,001). O transporte de MeHg foi muito maior em todos os rios na cheia, devido as
maiores concentragdes de MeHg e de vazao da dgua, demonstrando a influéncia dominante do
pulso de inundagdo do rio sobre a dinamica do MeHg no sistema fluvial. As concentragdes de
MeHg na 4gua do reservatorio de Balbina foram substancialmente maiores no hipolimnio
anoxico quando comparado com o epilimnio. As altas concentracdes de MeHg na agua do
hipolimnio exportado do reservatorio para o rio diminuiram gradualmente para concentragoes
base a 200 km a jusante da barragem. Uma distribuicdo uniforme do MeHg e do oxigénio
foram encontradas ao longo das diferentes profundidades do reservatdrio somente durante a
estacdo chuvosa quando a mistura vertical foi grande e coincidiu com concentragdes de MeHg
uniformes ao longo do rio a jusante da barragem. Concentra¢cdes de MeHg no plancton e de
Hg total nos peixes dos locais a jusante foram maiores do que os valores do reservatorio,
sugerindo que o MeHg exportado da barragem foi acumulado pela biota. As concentragdes de
MeHg em ambos sistemas, rios naturais e represado, foram influenciadas pela sazonalidade e
o oxigénio dissolvido foi o principal preditor da varia¢do. Nos tributarios do rio Amazonas, o
nivel da agua dos rios influencia na disponibilidade de areas alagaveis, que altera os
pardmetros limnolégicos, especialmente o oxigénio dissolvido, e a dinamica do MeHg. No
reservatorio de Balbina, onde o nivel da agua ¢ controlado manualmente, as épocas de chuva e
seca influenciam a limnologia do reservatério, e, consequentemente, a dindmica do MeHg. A
influéncia da hidrelétrica nas concentragdes de MeHg diminui ao longo do rio a jusante,
enquanto que aumenta a influéncia da inundagao das areas alagaveis naturais.
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Abstract

Seasonal dynamics of methylmercury in fluvial Amazonian ecosystems

Amazonian rivers are characterized by high natural diversity of water quality among sub-
basins. Extensive areas of floodplain associated with these rivers are inundated seasonally
leading to thermal stratification, which combined with large inputs of allocthonous organic
matter results in anoxic conditions especially conducive to mercury (Hg) methylation. The
large seasonal and spatial variation of limnological conditions and the relatively undisturbed
nature of most drainage basins make Amazonian rivers interesting sites for studying the
natural dynamics of methylmercury (MeHg). The huge discharge of Amazonian rivers also
makes them important sites for hydroelectric impoundments. In Brazil, a large percentage of
electric energy comes from hydroelectric dams, with many of them planned or already
constructed on Amazonian rivers. Damming a river can have a major impact on MeHg
dynamics in a river system, both above and below the dam. Studies have shown that rivers
downstream from a dam can be more contaminated by Hg than in the reservoir itself.
However, it is not clear how far downstream this contamination occurs and how it varies
seasonally. This study aimed to investigate the influence of the seasonal flood pulse and
associated variations in limnological parameters on the dynamics of MeHg in the principal
Brazilian tributaries of the Amazon river. It also aimed to investigate the effects of
impoundment on MeHg dynamics and bioaccumulation both above and below a dam. Water
samples were collected in the Amazon main stem and its main Brazilian tributaries (n = 38)
during two distinct phases of the flood-pulse cycle (high and low-water seasons). Water,
plankton and fish were collected for one year in Balbina reservoir and in different sites
between 0.5 and 250 km downstream from the dam. Limnological conditions were measured
at the same time of water collection at each site. The MeHg concentrations in river waters
varied between 0.02 and 0.76 ng.L™". These concentrations increased with water level (r* =
0.528%; p < 0.0001) and decreased with dissolved oxygen concentrations (multiple
regression: F = 11.5; r* = 0.443; p < 0.001). Due to higher MeHg concentrations and water
discharge, MeHg transport was much higher in all rivers at high water, demonstrating a
dominant influence of the flood pulse on MeHg dynamics in river systems. The MeHg
concentrations in water from Balbina reservoir were substantially higher in the anoxic
hypolimnion when compared with the epilimnion. The high MeHg concentrations in
hypolimnetic water exported from the reservoir to the river declined gradually to background
levels 200 km downstream from the dam. Uniform depth distributions of MeHg and oxygen
were encountered in the reservoir only during the rainy season, when vertical mixing was
greatest and coincided with uniform MeHg concentrations along the river downstream from
the dam. MeHg in plankton and total Hg concentrations in fish from downstream sites were
higher than reservoir values, suggesting that MeHg exported from the dam was accumulated
by biota. MeHg concentrations in both natural and impounded river systems were influenced
by seasonality, with dissolved oxygen being the main predictor of variation. In tributaries of
the Amazon river, changes in water level influence in the floodplain and in the limnological
parameters, specially dissolved oxygen, and MeHg dynamics. In the Balbina reservoir, where
the water level is manually controlled, the rainy and dry seasons control the limnology of
reservoir, and, consequently, MeHg dynamics. The influence of the dam on MeHg
concentrations decreases downstream, while the influence of the natural flood cycle increases.
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INTRODUCAO GERAL

A regido amazonica ¢é caracterizada por extensos ecossistemas que ainda se encontram
em condigOes pristinas. Atualmente, em poucas areas do mundo ¢é possivel encontrar grandes
rios e suas areas de inundag@o em tal estado, limitando fortemente a interpretagdo de padroes
e processos ecossistémicos naturais. Assim, ecossistemas fluviais amazonicos permitem

amplos estudos acerca dos ciclos biogeoquimicos naturais.

Considerando os sistemas aquaticos, percebemos que a diversidade da Amazonia,
além de bioldgica, também € expressa na qualidade natural de suas aguas. Sioli (1956) foi o
pioneiro na classificagdo dos tipos de agua amazdnicos. Usando principalmente a cor da agua
e os parametros fisicos e quimicos, ele definiu trés principais categorias: as aguas brancas,
pretas e claras (Figura 1). Os rios de dguas brancas tem origem principalmente nos Andes e
transportam grande carga de solidos em suspensdo, o que torna a coloragdo da agua turva e
resulta em baixa transparéncia da coluna d'agua. Os valores de pH sdo préoximos ao neutro e
suas aguas sdo ricas em nutrientes. Os rios Jurud, Madeira e Demeni sdo exemplos desta
categoria. Os rios de aguas pretas, como o Jau e o Uatuma, tem concentragdo de nutrientes
extremamente baixa, pH em geral mais acido, e carregam uma pequena quantidade de sélidos
em suspensdo. A coloracdo de suas aguas varia de verde escuro a marrom, devido a alta carga
de substancias humicas transportada. Os rios de aguas claras sdo transparentes, apresentam
diferentes tonalidades de verde e carregam pequena carga de solidos em suspensdo e

nutrientes. Os rios Tapajos ¢ Trombetas sdo exemplos desta categoria de agua.

Recentemente, com a disponibilidade de novas ferramentas de andlise, e de dados
espaciais e geoquimicos, Pereira (2011) demonstrou que as aguas dos rios amazonicos variam
continuamente em fungdo das caracteristicas naturais da bacia a montante. Assim, hd um
continuo de caracteristicas da agua, e nem sempre conseguimos classificar com certeza a agua

de um rio dentro de uma das trés categorias proposta por Sioli (1956).



Figura 1. Diversidade de tipos de 4gua dos ecossistemas aquaticos amazodnicos (da esquerda
para direita: agua preta, clara e branca). Fotos: Daniele Kasper.

A varia¢do sazonal do nivel da agua € outra caracteristica marcante dos sistemas
fluviais amazonicos (Figuras 2 e 3). Os rios estdo sujeitos a periodicos picos de vazdo e
inundacdo, uma dindmica denominada pulso de inundagdo (Junk et al., 1989). Os grandes rios
amazonicos apresentam um pulso de inundagdo monomodal, com quatro estagdes
hidrologicas distintas (enchente, cheia, vazante e seca). Durante a cheia, estima-se que a
inundagdo atinja 15% da bacia (Melack e Hess, 2010). As mudancas de condicdes terrestres
para aquaticas levam a alteragdes nos processos biogeoquimicos. Durante a inundagdo, ha
uma grande entrada de material orgénico aldctone no sistema aquatico, o que, em geral,
resulta em condigdes andxicas na coluna d'dgua. Estas condi¢des, associadas a alta
diversidade natural da qualidade da agua (p.ex., pH, turbidez, concentracdo de carbono
dissolvido), e as extensas areas preservadas, tornam os sistemas fluviais amazonicos uma area

muito interessante para o estudo dos ciclos biogeoquimicos naturais.

Dentre os diversos ciclos biogeoquimicos estudados na regido, o do mercurio (Hg)
sempre chamou a aten¢do dos pesquisadores devido ao uso intenso de mercurio nos garimpos
de ouro. O periodo de maior exploragdo das reservas de ouro ocorreu aproximadamente entre
as décadas de 70 e 90, e ¢ comumente chamado de corrida do ouro. Estima-se que nesta
época, mais de 1.600.000 garimpeiros trabalhavam no Brasil (Pfeiffer e Lacerda, 1988). O
mercurio e o ouro formam uma liga metalica, o que permite separar o ouro fino das particulas
de sedimento através de uma técnica barata e simples, ¢ por isso foi amplamente aplicada
pelos garimpeiros (Pfeiffer et al., 1990). Essa atividade resultou no langamento de cerca de

2.300 toneladas de mercurio entre 1979 e 1994, somente no Brasil (Malm, 1998).



Figura 3. Ambientes fluviais amazonicos durante a estag@o cheia. Fotos: Daniele Kasper.

Muitos estudos foram realizados na regido amazonica a fim de avaliar o impacto da
mineragdo do ouro sobre a biota, o ambiente e a populacdo. Avaliacdes de peixes e

sedimentos constataram maiores concentragcdes de Hg nas areas das bacias hidrograficas com



atividade garimpeira, quando comparados aquelas distantes da atividade (Malm et al., 1990;
Padovani et al., 1995). Além da contaminagdo do ambiente, em diversos estudos foi
ressaltada a grande exposicdo ao metal pelas pessoas que trabalhavam com o ouro, desde sua
extragdo até a venda, pois estes trabalhadores processavam a amalgama. Em areas perto de
lojas que vendiam ouro, foi observado que o ar e o solo eram mais contaminados por Hg do
que em areas urbanas distantes deste tipo de loja, o que indica que os vendedores de ouro
estavam expostos ao Hg proveniente da queima das amalgamas realizado nas lojas (Malm et

al., 1995).

Estudos realizados nos ultimos 15 anos mostraram que em muitos locais da bacia
amazonica o mercurio também pode estar presente naturalmente, demonstrando que os efeitos
do garimpo podem ser localizados as regides proximas a esta atividade (Lechler et al., 2000).
Maiores concentragdes de Hg foram observadas em populagdes ribeirinhas da bacia do rio
Negro, uma regido remota, sem importantes relatos de atividades garimpeiras, quando
comparadas aquelas das bacias do Tapajos ¢ Madeira, com grande histdrico de extragdo de
ouro (Silva-Forsberg et al., 1999). Na bacia do Tapajos estimou-se que 3% do merctrio dos
solos superficiais tenham origem nos garimpos e foram ali depositados via atmosfera (Roulet
et al., 1998). Os solos foram considerados a maior fonte de mercurio na bacia do rio Negro,
onde elevadas concentragdes no ambiente foram observadas (Fadini e Jadim, 2001). Assim,
além dos estudos que avaliam o impacto dos garimpos de ouro, é essencial compreender o
ciclo natural do mercurio na regido, buscando entender em quais condi¢des do sistema

aquatico este elemento encontra-se presente.

O ciclo do mercurio é complexo e envolve reagdoes de oxidacdo e reducdo nos
ambientes aquaticos, terrestres e na atmosfera; podendo ser volatilizado, transportado,
depositado, sofrer reagdes quimicas, bioacumulado, adsorvido a particulas, dentre outros
processos (WHO, 1991). O mercario emitido para a atmosfera na forma de Hg’ pode ser
oxidado a formas soluveis em agua e precipitar com as chuvas (Munthe, 1992), ou pode ser
adsorvido pelos aerossois e ser depositado na forma seca (Mason et al., 1994). Este pode
entdo ser re-emitido para a atmosfera ou ser transportado até os ecossistemas aquaticos
(WHO, 1991). Na agua, pode estar na forma dissolvida ou formando complexos com espécies
quimicas dissolvidas ou materiais particulados (Mucci et al., 1995). Este ultimo pode decantar
nos sedimentos ou ficar adsorvido as raizes submersas das macroéfitas, que constituem alguns

dos principais sitios de metilagao (Benoit et al., 1998; Guimaraes et al., 2000).



A taxa de metilagdo do mercurio pode influenciar na bioacumulag@o do elemento uma
vez que a concentragdo de metilmercurio (MeHg) nos organismos aumenta com a
concentracdo deste na coluna d'dgua (Watras et al., 1998). O MeHg tem alta capacidade de
incorporagdao pelas células ¢ normalmente encontra-se ligado aos grupos sulfidrila das
proteinas, agindo como inibidor e modificador das atividades proteicas (Neathery e Miller,
1975). Além de acumular nos organismos, o MeHg presente no ambiente pode ser
biomagnificado, resultando em altas concentragdes em organismos de topo de cadeia (Kasper
et al., 2007). Os peixes piscivoros, por exemplo, apresentam maiores concentracdes de
mercurio quando comparados aos peixes de menor nivel trofico (Palermo et al., 2004; Kasper

et al.,2007).

Condig¢bes quimicas e fisicas do ambiente podem influenciar na especiagdo quimica
dos elementos e, consequentemente, nos seus ciclos biogeoquimicos e acimulo pela biota.
Temperatura, pH, salinidade, concentracdo de carbono organico dissolvido e de oxigénio
dissolvido sdo alguns pardmetros que podem influenciar no ciclo do Hg nos ecossistemas
aquaticos (WHO, 1991; Watras et al., 1998; Ikingura ¢ Akagi, 2003; Amyot et al., 2005).
Estudos em rios temperados demonstraram que os parametros limnologicos sdo importantes
controladores do transporte e da metilagdo do mercurio (Balogh et al., 2004; Brigham et al.,
2009; Bradley ef al., 2011). Na regido amazonica, ainda ndo ¢ claro quais sdo os pardmetros
limnolégicos que influenciam mais fortemente na dindmica do mercurio e se esta influéncia

varia ao longo do ano.

Os estudos acerca do ciclo do mercirio na regido amazodnica enfrentam dois problemas
importantes: a complexa logistica de campo; e concentragcdes naturais que podem ser muito
baixas. A dificuldade em acessar certos ambientes de coleta muitas vezes impossibilita a
realizacdo de procedimentos analiticos in situ. Dependendo da espécie quimica que se quer
avaliar, as amostras podem ter um curto prazo de validade; portanto, devem ser rapidamente
transportadas para o local de anlise (Figura 4). Matrizes que tem baixas concentragdes de
mercurio em ambientes naturais (por exemplo, ar, agua e material em suspensdo na agua)
podem ser facilmente contaminadas nas condi¢des de campo. Estas ainda exigem técnicas
analiticas com baixo limite de detec¢do. O capitulo 3 apresenta uma revisdo sobre os métodos
utilizados nas analises de mercurio em agua. Sao discutidas as dificuldades de analisar este
tipo de material no Brasil e alternativas metodoldgicas validadas que auxiliam no avango
deste tipo de pesquisa no pais. Devido as inimeras dificuldades metodologicas, estudos como

este, avaliando as concentragdes de metilmercurio em 4aguas naturais da Amazonia, s@o



escassos. Este é o primeiro trabalho que avalia as concentragdes de metilmercurio em rios da
bacia Amazonica em uma escala geografica tdo ampla (mais detalhes Figura 1 do capitulo 1).
Para este trabalho, amostras foram coletadas ao longo de cerca de 2.500 km entre os rios

Solimdes, Amazonas, Negro e seus tributarios.

Figura 4. Laboratdrio de campo montado a bordo da embarcacao utilizada durante as coletas;
e laboratdrio de analises contendo o destilador de amostras de dgua ¢ o apareclho MERX
utilizados. Fotos: Daniele Kasper.

A grande disponibilidade de recursos naturais na Amazoénia faz com que a regido seja
alvo de pressao para o uso destes recursos. Impactos como o desmatamento, a mineragao ¢ as
hidrelétricas podem modificar diversos ciclos biogeoquimicos. As hidrelétricas merecem uma
atencdo especial, pois a regido detém aproximadamente 2/3 do potencial hidrelétrico do Brasil
(Bermann, 2002). As hidrelétricas produzem cerca de 20% da energia mundial (REN21,
2009) e 80% da energia utilizada no Brasil (Internationalrivers, 2013). Além das hidrelétricas
j& presentes na regido amazonica, muitas vem sendo planejadas ou construidas (Figura 5).
Portanto, entender o impacto das hidrelétricas sobre o ciclo do mercurio se torna essencial

para o planejamento destes empreendimentos na regido.

A construgdo de represas na regido amazdnica causa, na maioria dos casos, a

inundacdo de grandes areas florestadas. A decomposicdo desta enorme carga de matéria



organica consome oxigénio dissolvido, o que resulta em condi¢des hipoxicas ou anoxicas na
coluna d'agua e altas concentragdes de carbono organico dissolvido (Tundisi et al., 1995). O
déficit de oxigénio favorece a metilagdo do mercurio e, consequentemente, a absorcao deste
pela biota (Huchabee et al., 1979). As condi¢des propicias a metilagdo (por exemplo, anoxia e
alta atividade microbiana), associadas a grande lixiviagdo das margens recentemente
inundadas, que mobilizam merctrio e matéria organica dos solos inundados, fazem com que a
biota dos reservatorios tenha um aumento nas concentragdes de merctrio logo apos o seu
enchimento (Morrison e Therien, 1995; Rogers et al., 1995). Em geral, apds alguns anos estas
concentragdes tendem a diminuir, podendo retornar aos niveis naturais (Verdon et al., 1991;

Anderson et al., 1995).

Samuel Balbina

Tucurui

Figura 5. Quatro hidrelétricas construidas na regido amazonica brasileira. Fotos: Daniele
Kasper.

Quando a agua passa através das turbinas para a geragdo de energia elétrica, transfere
o metilmercurio produzido no hipolimnio anéxico do reservatério para o rio a jusante da
barragem (Canavan et al., 2000). Este metilmercurio estd principalmente dissolvido na agua
ou associado ao material particulado em suspensdo (Schetagne et al., 2000; Dominique et al.,

2007), podendo ser incorporado pela biota e transferido através da cadeia alimentar a jusante.



Estudos recentes tem demonstrado que a biota abaixo das barragens pode ser mais
contaminada do que aquela dos reservatorios. Os primeiros estudos com este enfoque foram
realizados em reservatérios da regido temperada (Schetagne et al., 2000). Depois, foi
observado que tal padrio também ocorre na regido tropical, e, especificamente, em
reservatorios amazonicos, como em Tucurui (Palermo et al., 2004), Petit-Saut (Dominique et
al., 2007) e Samuel (Kasper et al., 2012). Um grande desafio ainda é compreender até qual

distancia a jusante estas elevadas concentragdes ocorrem.

Esta tese ¢ dividida em trés capitulos. O primeiro aborda a sazonalidade e a
diversidade das caracteristicas limnologicas e sua influéncia sobre a presenca do
metilmercurio na agua de diferentes tributarios da bacia amazoénica. O segundo capitulo
discute a sazonalidade na estratifica¢do do reservatdrio de Balbina e sua influéncia sobre as
concentracdes de metilmercurio em diferentes distdncias a jusante da barragem. O terceiro
apresenta uma revisdo das metodologias utilizadas para a analise de diferentes espécies
quimicas de mercario em agua. S3o apresentadas as principais dificuldades metodologicas
para a realizacdo deste tipo de analise no Brasil, e métodos alternativos sdo discutidos.
Pretende-se com este trabalho, preencher importantes lacunas para o conhecimento do ciclo

do mercurio na Amazonia.



OBJETIVO GERAL

O presente estudo teve como objetivo investigar a dindmica sazonal do metilmerctrio
ao longo do rio Amazonas e seus principais tributdrios brasileiros e o impacto do

represamento da hidrelétrica de Balbina sobre essa dindmica.

Objetivos especificos

v Avaliar a influéncia de pardmetros limnoldgicos sobre as concentragdes de
metilmercurio da agua ao longo do rio Amazonas e seus principais tributarios

brasileiros em duas esta¢des hidroldgicas distintas.

v’ Auvaliar a influéncia do pulso de inundagdo sobre as concentragdes de metilmercurio

da agua ao longo do rio Amazonas e seus principais tributarios brasileiros.

v Avaliar a influéncia da varia¢do sazonal da estratificacdo do reservatorio de Balbina
sobre as concentracdes de metilmercirio do reservatorio e do rio a jusante da

barragem.

v' Avaliar a influéncia do reservatorio de Balbina sobre as concentragdes de
metilmerctrio da dgua superficial, plancton e peixes ao longo do rio a jusante da

barragem.
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Abstract

Large Amazonian rivers are characterized by a monomodal flood-pulse, with distinct
hydrological seasons. The alternation between terrestrial and aquatic phases in floodplain
environments during this seasonal flood pulse leads to large variations in limnological
conditions linked to mercury dynamics. During flooded, many inundated areas become anoxic
promoting mercury methylation. At low-water, these areas become terrestrial, contributing
less to MeHg production. These variable conditions, associated with a naturally high diversity
of water quality (e.g., pH, organic carbon content) and a largely undisturbed fluvial
ecosystem, make Amazonian rivers interesting sites for studying the natural mercury cycle.
This study aimed to investigate the influence of the seasonal flood-pulse and associated
limnological variations on methylmercury dynamics in the Amazon river system. We sampled
38 sites along the Amazon/Solimdes and Negro main channels and their main tributaries in
the Brazilian Amazon during two distinct phases of the flood-pulse cycle (high-water and
low-water). Limnological conditions (pH, dissolved organic carbon, dissolved oxygen, water
temperature) and water discharge were measured at each site. Unfiltered water was analyzed
for methyl mercury (MeHg) by cold-vapor atomic fluorescence spectrometry. MeHg
concentrations in water varied between 0.02 and 0.76 ng.L"', and increased with the water
level of rivers (r* = 0.528%; p < 0.0001). Different limnological parameters co-varied with
MeHg concentrations depending on season; dissolved oxygen (p = 0.094) and pH (p = 0.088)
during high-water season (multiple regression: F = 5.51; r* = 0.524; p = 0.004); water
temperature (p = 0.086) and DOC (p = 0.014) during low-water season (multiple regression: F
=5.96; r* = 0.420; p = 0.001). Due to elevated MeHg concentrations and discharge, the export
of MeHg by rivers was always substantially higher during high-water demonstrating the
overwhelming importance of the seasonal flood pulse on MeHg dynamics in the Amazon

river system.

Keywords

Methylation; Wetland; Bioaccumulation; Brazil; Negro river; Amazon river
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Introduction

Mercury contamination in the Amazon has often been associated with gold mining
activities. However, studies have shown that some Amazonian rivers have naturally elevated
total mercury concentrations (Fadini and Jardim, 2001; Lechler et al., 2000; Silva-Forsberg et
al., 1999), and that the impacts of anthropogenic mercury released from mining sites are
relatively localized (Lechler et al., 2000). Atmospheric deposition of mercury from gold
mining accounts for less than 3% of the total mercury present in Amazonian surface soils
(Roulet et al., 1998). Considering the predominance of natural mercury in this system, the
observed variations in mercury forms and concentrations can only be understood in the
context of the regional mercury cycle.

Basin characteristics (wetland density) and limnological conditions (dissolved oxygen
concentrations) have been shown to control mercury transport and methylation in north
temperate rivers and streams (Balogh et al., 2004; Bradley et al., 2011; Brigham et al., 2009).
In the Negro river, a black water tributary of Amazon, dissolved organic carbon (DOC)
concentrations correlated positively with total mercury concentrations in fish (Belger and
Forsberg, 2006) and hair of fish-eating riverine populations (Silva-Forsberg et al., 1999).
However, Fadini and Jardim (2001) found a poor correlation between DOC and total mercury
concentrations in the same river system. Higher mercury concentrations in Amazon-lake
sediments were attributed to acidic pH conditions (Bisinoti et al., 2007) whereas total Hg-
content of Amazonian fish were not influenced by pH (Barbosa et al., 2003).

In the Amazon basin, it is not clear which water parameters influence mercury
dynamics and whether this influence varies during the year. This river system is ideal for
studying the influence of water characteristics on mercury dynamics since it possesses a large
natural diversity of surface water qualities. Amazon waters were originally classified as white,
black and clear, based on color, physical and chemical parameters (Sioli, 1984). More
recently, Pereira (2011) has shown that surface waters in the Amazon river system vary
continuously as a function of differences in the natural landscapes of river catchments.

The limnological characteristics of large Amazonian rivers and alluvial wetlands can
vary seasonally in response to the annual flood pulse (Junk, 1993). The Amazon main channel
and its principal tributaries rise 8-12 meters during seasonal floods, inundating extensive
alluvial floodplains. Thermal stratification of floodplain lakes, combined with large inputs of

organic matter from flooded forests and macrophyte mats, results in anoxic conditions
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especially conducive to mercury methylation. These alluvial wetlands together with
hydromorphic soils, associated with interfluvial wetlands are important sites of mercury
methylation and sources of methylmercury (MeHg) for aquatic ecosystems (Branfireun et al.,
1996; Guimaraes et al., 2000).

The balance between methylation and demethylation results in the observed
environmental MeHg concentrations. It is important to know these concentrations and what
conditions lead to their variation because MeHg is the principal form of mercury which
bioaccumulates and biomagnifies in the aquatic food chain and, thus, represents a significant
health risk for the fish eating riverine populations at the end of this chain.

This study assessed the influence of the annual flood pulse and associated variations in
limnological characteristics on the concentration of MeHg in the Amazon main stem and its
principal Brazilian tributaries. The high diversity of water quality (spatial and temporal), and
relatively undisturbed nature of these systems, make Amazonian rivers ideal environments for
investigating the natural variation in MeHg. This is also the first meso-scale study of MeHg
dynamics in the world's largest river system. MeHg concentrations in all rivers were found to
vary in direct correlation to river stage height, achieving the highest MeHg concentrations
during high-water season. Different limnological parameters influenced MeHg concentrations
depending on season; dissolved oxygen and pH during high-water season; water temperature

and DOC during low-water season.

Material and Methods

Study area

The sample sites were located along the Amazon river main channel and its main
Brazilian tributaries in the central Amazon basin (Figure 1). The studied rivers drain a region
over three million kmz, nearly half of the entire Amazon basin. This extensive area contains a
diversity of habitats, soil types and physico-chemical water conditions. The upland vegetation
ranges from broad leaf evergreen rainforest to arid savanna. Alluvial wetland habitats include
lakes, flooded forests, macrophyte beds and palm swamps. Interfluvial wetlands include wet
savannas, campinarana woodlands and palm swamps. Lithology is also highly variable,

ranging from recently exposed alluvial sediments to bleached white sands. The Andes has
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freshly exposed sediments of marine origin, rich in salts, nutrients and secondary minerals
that are carried by the waters of the rivers that drain this region. The central sedimentary basin
is mainly covered by weathered fluvio-lacustrine sediments, and the rivers that flow by this
region have low levels of salts, nutrients and dissolved minerals. These soils have been shown
to have elevated concentrations of total mercury, presumably of atmospheric origin (Fadini
and Jardim, 2001; Lechler et al., 2000; Roulet et al., 1998). The soil of Brazilian and Guyana
shields originated from igneous rock poor in minerals and salts, therefore, those rivers
flowing in this region have intermediary levels of nutrients, minerals and salts (Furch, 1984;
Stallard, 1985; Stallard and Edmond, 1983). Physical and chemical characteristics vary
continuously and substantially among Amazonian tributaries due to large differences in the
geomorphological and biogeochemical properties of their upstream drainage-basin (Pereira,

2011).

Insert Figure 1.

The fluvial hydrology is characterized by a marked temporal variation due to periodic
peaks in discharge and flooding, referred to as flood-pulses. The studied rivers show a
monomodal flood-pulse, with four distinct hydrological seasons, rising-water, high-water,
falling-water, and low-water (Figure 2). Peak flooding in the central part of the Amazon basin
usually occurs in June, near the end of the six month rainy period (Junk, 1993). During high-
water, it is estimated that 15% of the Amazon basin, predominantly river floodplains, is

inundated (Melack and Hess, 2010).

Insert Figure 2.

The area of the Amazon basin studied is largely undisturbed, proving the opportunity
to investigate the biogeochemistry of large rivers and their floodplains in their natural
condition. However, there is a history of gold mining in the region, where mercury may have
contaminated the environment and these activities varied considerably between the sub-basins
studied here. There is little documented history of goldmining in the Negro basin, with the
exception of the Branco sub-basin where significant mining occurred in the 80s and 90s. The
Solimoes basin has been relatively free of mining with the exception of the Traira region in

the upper Japura river. The Madeira basin was an important gold mining region in the 80s and
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90s. Significant levels of mining activity continue today in the Bolivia and Peru headwaters

and in the lower Madeira.

Sampling and analytical procedures

River samples were collected during four expeditions between July 2011 and
December 2012, including one low and one high-water excursion along the Negro river and
one low and one high-water excursion along the Amazonas/Solimdes river (Figures 1 and 2).
We sampled seven sites along the Amazon/Solimdes main stem (along approximately 1200
km) and at one site in each of its main tributaries (Jutai, Jurua, Japura, Purus, Madeira, and
Uatuma rivers). The Negro river was sampled at four sites along its main stem (comprising
approximately 700 km) and at one site in each of its 21 main tributaries (Figure 1).
Subsurface water samples were collected near the center of each river channel for DOC and
MeHg analyses, and limnological measurements (pH, dissolved oxygen, electric conductivity,
and temperature) were made in situ at the same sites.

Water for MeHg analyses (250-500 mL) was collected in amber glass bottles with
Teflon lids, and preserved by adding HCIl and storing in a cool dark environment. All
procedures followed the recommended ultra-clean techniques (EPA method 1669, 1996).
MeHg analyses were conducted on unfiltered water following EPA method 1630 (2001),
using a 1% APDC solution on distillation, ethylation and CVAFS (MERX, Brooks Rand). We
analyzed each water sample in duplicate, and checked the accuracy by analyzing matrix
spikes of MeHg (recovery of 97+12%; n = 43). The detection limit of MeHg was 0.012 ng.L
h corresponding to the mean concentration of the method blanks plus three times the standard
deviation of the blanks (Miller and Miller, 1994).

Water for DOC analyses were collected in 2 L polyethylene bottles. This water was
filtered through pre-combusted (450 °C for 1 h) glass fiber filters (GF-1 Macherey Nagel; 0.7
um of retention capacity) and stored cool in pre-combusted glass scintillation vials with
Teflon lined caps. We determined DOC concentrations with a total carbon analyzer (TOC-
VPN, Shimadzu) which had an analytical precision of 0.01 mg.L™". At least three replicate
injections were made for each sample, yielding average values with a coefficient of variation
<2%.

Discharge measurements were done at all sites and sampling dates using an Acoustic

Current Doppler Profiler (RD Inst., workhorse). When this was not possible, discharge data
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were obtained from the nearest gaging station maintained by the Brazilian Agéncia Nacional
de Aguas (ANA, 2013). For 28 of the sampling sites which coincided with ANA gaging we
also calculated the percentage of water level (% water level), which corresponds to the
percentage of water level on the sampling day in relation to the highest water level recorded at

the local between July 2011 and December 2012 (sampling period).

Statistical analysis

Linear regressions between % water level and MeHg concentrations were used to
investigate the influence of the seasonal flood pulse on the MeHg dynamics. Principal
Component Analysis, with correlation matrix, was used to investigate the seasonal variation
in limnological variables (pH, dissolved oxygen, temperature, and DOC). Only those axes
with eigenvalues higher than one were used. Differences between high and low-water seasons
of all variables were tested by paired t or Wilcoxon tests.

Multiple linear regression was used to investigate the influence of pH, dissolved
oxygen, temperature, and DOC on MeHg concentrations. Separate multiple linear regressions
were also used to investigate seasonal differences in this relationship.

The transport of MeHg by tributaries (express as pg.s™') was calculated by multiplying
the discharge (m®.s™") and MeHg concentration in water (ng.L™"). Analyses were conducted on
R Development Core Team 2008. When necessary, data were log transformed (base of 10) to

attend the assumptions of normality and homocedasticity.

Results

The MeHg concentrations in water increased with the % water level of rivers (Figure
3). Besides the MeHg concentrations, discharge was also higher in high-water season when
compared with low-water. On the contrary, dissolved oxygen, temperature and pH were lower
in high-water than low-water. DOC and conductivity had similar values between the two
seasons (Table 1). The principal component analysis sorted the two seasons mainly by

temperature and oxygen concentration of rivers (Figure 4; Table 2).

Insert Figures 3 and 4.
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Insert Tables 1 and 2.

Considering both seasons together, the dissolved oxygen was negatively correlated to
MeHg concentrations, whereas temperature, pH and DOC had no significant influence (Figure
5). During the high-water season, MeHg concentrations increased with pH, and decreased
with dissolved oxygen concentrations (Figure 6). In the low-water season, MeHg

concentrations increased with both water temperature and DOC (Figure 7).

Insert Figures 5, 6 and 7.

The transport of MeHg was higher in all rivers during the high-water season when
compared with the low-water season (Figures 8 and 9; Table 1). Besides de difference
seasonal, the amount of MeHg transported by the tributaries varied each other within each
season. The Jutai river collected in high-water was omitted from all statistical analyzes
because its MeHg and oxygen concentrations in water were outliers that deflected the data
analyses (MeHg: 0.76 ng.L"'; oxygen: 0.57 mg.L"'; water temperature: 26.9 °C; pH: 5.29;

electric conductivity: 7.13 puS.cm™).

Insert Figures 8 and 9.

Discussion

The highest methylmercury concentrations in rivers were observed at high water level,
despite the greater discharge and diluting capacity of the rivers during this period. This
apparently reflected a higher MeHg loading rate from the upstream drainage basin than that
observed during low-water. In fact, during flooding there is more reactive mercury than in
low-water season because mercury species are leached from the soil and carried to aquatic
systems by runoff and flooding (Bisinoti, 2005). The greater availability of reactive mercury
together with the occurrence of extensive flooded wetlands conducive to methylation
promotes high levels of MeHg production at this time. Flooded forests and macrophyte mats
are important sites of MeHg production which express this capacity soon after flooding

(Guimaraes et al., 2000). Waterlogged or hydromorphic soils have also been shown to be
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important sources of MeHg for aquatic systems (Branfireun et al., 1996). Higher levels of
MeHg production during high-water season apparently compensate the diluting effect of
elevated discharge resulting in higher MeHg concentrations at this time.

In contrast to our results, Bisinoti et al. (2007) observed a decline in organic mercury
concentrations during flooding in the Taruma river, a tributary of the Negro, due apparently to
the diluting effect of increased discharge. It is important to note that organic mercury and
MeHg are not always synonymous. MeHg is mainly produced in aquatic environments by
methylation, with only minor contributions from leaching of soils. Bisinoti et al. (2007)
suggest that the leaching of labile mercury-organic matter complexes from the soil could
increases the organic mercury amount in the Taruma river, suggesting that the dynamics they
observed was controlled by a different mechanism than that described here.

Dissolved oxygen and temperature were the water parameters which varied most
between the two sampling seasons, but only oxygen was correlated with MeHg
concentrations, explaining much of their variation along year. Dissolved oxygen has been
shown to have an important influence on mercury dynamics in aquatic environments.
Negative relationships have been observed between oxygen concentrations and MeHg
contamination of the environment (e.g., Coquery et al, 2003) and total mercury
contamination of the biota (e.g., Svobodova et al., 1999). Anoxic environments are commonly
encountered in flooded habitats of the Amazon basin, and are especially conducive to MeHg
production due to the presence of sulfate reducing bacteria, an important methylator of
reactive mercury (Compeau and Bartha, 1985). Organisms capable of mercury methylation
have been found among anaerobes, facultative anaerobes, and aerobes, but the potential for
microbial methylation is generally thought to be higher under anaerobic conditions (reviewed
by Ulrich et al., 2001).

MeHg produced in the anoxic zones of wetlands can gradually flow to rivers through
connecting channels and over bank flow and this was presumably the principal source of
MeHg in the river channels sampled here. The exceptionally high MeHg concentration
encountered in the Jutai river during the high-water season could reflect addition processes
linked to a local “friagem” event. In the 48 hours preceeding this sampling, there was a drop
in average of air temperature, from 28 °C to 23.5 °C (INMET, 2013). This rapid but
infrequent drop in temperature, locally called a “friagem” event, is known to promote the
rapid destratification and vertical mixing of floodplains waters, resulting in the introduction of
anoxic hypolimnetic waters rich in H,S, NH4, CH4 and MeHg to the surface (Brinkman and

Santos, 1974; Tundisi et al., 1984). The exceptionally low concentration of dissolved oxygen
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(0.57 mg.L'l) and high concentration of MeHg observed in the Jutai river at this time,
suggests that these anoxic floodplain waters were rapidly transported to the river channel. The
exceptionally high concentrations of methane encountered in the Jutai river at the time of our
sampling support this hypothesis (Barbosa, 2013).

The concentration of dissolved oxygen was a good inverse predictor of MeHg
concentrations particularly during the high-water season. This may reflect the association of
methylating bacteria with anoxic floodplain environments and the exportation these waters to
the river channel at high-water. It may also reflect seasonal variations in riverine oxygen
concentrations linked to physical properties of the river channel (Devol et al., 1995) and the
effect of these variations on MeHg dynamics. In anoxic or hypoxic conditions, slight changes
in dissolved oxygen concentrations can significantly alter the balance between methylation
and demethylation causing MeHg concentrations to vary.

Studies investigating the influence of pH on mercury methylation carried out in
temperate region have shown greater methylation at lower pH (e.g., Borzongo et al., 1996;
Miskimmin et al., 1992; Watras et al., 1996). In the Amazon, Silva-Forsberg et al. (1999)
found a negative correlation between pH and the total Hg concentrations in the hair of fish-
eating riverine populations of Negro basin. Higher mercury concentrations in Amazon-lake
sediments were also attributed to acidic pH conditions (Bisinoti et al., 2007). These results for
Amazonian aquatic systems suggest that methylation should be favored under acid conditions.
In contrast, we found a positive relationship between pH and MeHg concentrations in the
rivers studied here during the high-water season. A positive relationship was also observed

between pH and total mercury concentrations in predatory fish (Hoplias malabaricus)

collected in tributaries of the Negro river (Belger and Forsberg, 2006). These authors suggest
that the relation between pH and mercury may be different in tropical ecosystems. In fact,

Mauro et al. (1999) found that Hg methylation in Eichhornia crassipes roots increased with

pH, reaching the highest levels between pH 6 and 7. Macrophyte beds have been shown to be
important methylation sites in the Amazon due to the association of the periphyton and sulfate
reducing bacteria to their roots (Acha et al., 2005; Guimaraes et al., 2000; Mauro et al., 1999).
These macrophyte beds are widely distributed along rivers and lakes during high-water. The
influence of pH on MeHg concentrations only during high-water could be related to the
availability of macrophytes as methylation sites during this period.

Temperature is an important factor controlling both methylation and demethylation
(Ulrich et al., 2001). The positive relationship encountered between temperature and mercury

methylation has been attributed to the higher rates of organic matter decomposition, primary
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productivity, and microbial activity observed at moderately high temperatures (Matilainen and
Verta, 1995; Mauro et al., 1999; Winfrey and Rudd, 1990). Whereas higher temperatures
favor methylation, studies have also found that demethylation is favored by low temperatures
(Ramlal et al., 1993). At high temperatures, the conjunction of both process leads to a large
increase in MeHg levels. This is evident in temperate zone environments where the
temperature range along the year is greater than that observed in tropical environments.
Therefore, in temperate zone, high temperatures during summer are associated with elevated
MeHg concentrations (Matilainen and Verta, 1995; Winfrey and Rudd, 1990). In the present
study, there was a positive correlation between temperature and MeHg during the low-water
season. However, this relationship was not observed at high-water nor when data from both
seasons were analyzed together. The mechanism underlying the influence of temperature on
MeHg concentrations in the Amazon river system remains unclear.

The interaction between mercury and DOC is widely discussed on literature, but still
poorly understood. In the present study, DOC concentrations were similar between both
periods, but only during low-water season did they correlate significantly with MeHg
concentrations. Instead of concentration, this result could reflect the quality of organic carbon.
The labile and aliphatic organic matter discharged into rivers by leaching of flooded soils
during high-water season is more reactive to oxygen peroxide and could more efficiently
scavenges oxidants compared to the DOC left in the water column during low-water season,
which is more aromatic (Bisinoti, 2005; Jardim et al., 2010; Rodriguez Zuiiinga, 2006).
Therefore, at high-water a large scavenging of oxidants could occur due to the excess of labile
DOC. At low-water, when labile DOC is scarce, an increase of DOC could result in increase
scavenging of oxidants. Since MeHg could be degradated by oxidants, an increase of DOC at
low-water could effectively protect MeHg from degradation, leaving higher concentrations of
MeHg in the water column.

Since interactions between organic matter and mercury are complex other pathways
may explain our results, such as the presence of competing ions in water, which can change
the reactivity of DOC with mercury. Several studies have shown that mercury-DOC
complexation is likely to dominate in oxic environments and that under anoxic conditions
mercury dynamics is controlled by sulfide rather than DOC (Benoit et al., 2001; Dyrssen and
Wedborg, 1991; Hurley et al., 1994). Therefore, the relationship between DOC and MeHg
could be also influenced by interactions with sulfide, especially during high-water, when the

oxygen concentrationss were lowest.
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We demonstrated that limnological parameters can influence on MeHg concentrations
in water. Consequently, the rivers, which have different limnological conditions and
discharge, presented different transport of MeHg each other. Comparing the two seasons, we
observed that dissolved oxygen was the unique limnological parameter that always correlated
negatively with MeHg levels, independently of the season, and discharge was substantially
higher during high-water season. These resulted in highest transport of MeHg during high-
water season at all sampling rivers, demonstrating the overwhelming influence of the seasonal
flood pulse on mercury dynamics in this system by combined effect of flooding of wetlands

and reduced oxygen concentrations.

Conclusions

This is the first meso-scale assessment of methylmercury dynamics in Amazonian
rivers. The highest levels of methylmercury occurring during high-water season presumably
derived from poorly oxygenated flooded alluvial wetlands (potential methylation sites)
upstream from the sampling points. Within each season, the methylmercury concentrations of
rivers were influenced by different limnological parameters since the chemical interations that

influence on mercury speciation differ at each season.
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Table 1. Meantstandard deviation of limnological parameters measured in high (n = 37) and
low-water (n = 38) seasons in the Amazon main stem and its tributaries. *Indicates statistical

difference.

Water parameters High-water * Low-water  Paired t or Wilcoxon test
[MeHg] in water (ng.L™") 0.097+£0.044  0.047+£0.019 W =532; p <0.0001 *
Dissolved oxygen (mg.L™") 2.74+1.26 6.36+0.52 t=15.24; p <0.0001 *
Water temperature (°C) 27.8+1.2 30.1£1.1 t=10.02; p <0.0001 *

pH 5.35+0.92 5.69+1.13 t=3.75; p<0.001 *
Dissolved organic carbon (mg.L™")  7.28+3.13 8.00+4.79 t=124;p=0.22

Electric conductivity (uS.cm™) 30.9+25.1 29.5427.2 W =144; p=10.09

Water discharge (m’.s™) 27491444015 990118710 t=3.90; p <0.001 *
Transport of methylmercury (ug.s™) 2930+5390 340+678 W =579; p<0.0001 *

* All sampling sites, except Jutai river

Table 2. Loadings and eigenvalues of axes (PC1 and PC2) of principal component analysis
for limnological parameters measured in the Amazon main stem and its tributaries.

Water parameters PC1 PC2

Loadings

Dissolved oxygen 0.49 -0.80
Water temperature 0.74 -0.55
pH 0.77  0.49

Dissolved organic carbon -0.74  -0.57
Eigenvalues 1.93 1.52
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Figure 1. Sampling sites in the Amazon basin.
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Figure 8. Transport of methylmercury by the Negro river main stem and its main tributaries
during the high and low-water seasons. The width of Negro river main stem and of the
tributaries represents the amount of methylmercury transported. The export was calculated by
multiplying of the discharge by the methylmercury concentrations in unfiltered water. River
distance is related to Negro river main stem and starts in the most upstream sampling point
(see details in Figure 1). *Discharge not measured.
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water. River distance is related to Amazon/Solimdes main stem and starts in the most
upstream sampling point (see details in Figure 1). *Transport was 7788 pg.s™, not plotted
because it is out of scale.
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Abstract

The river downstream from a dam can be more contaminated by mercury than the reservoir
itself. However, it is not clear how far the contamination occurs downstream. We investigated
the seasonal variation of methylmercury levels in Balbina reservoir and how they correlated
with the levels encountered downstream from the dam. Water, plankton and fishes were
collected upstream and at sites between 0.5 and 250 km downstream from the dam during
four expeditions in 2011/2012.Variations in thermal stratification of the reservoir influenced
the methylmercury levels in the reservoir and in the river downstream. Uniform depth
distributions of methylmercury and oxygen, encountered in the poorly stratified reservoir
during the rainy season collections, coincided with uniformly low methylmercury levels along
the river downstream from the dam. During dry season collections, the reservoir was strongly
stratified and anoxic hypolimnion water with high methylmercury levels was exported
downstream. Methylmercury levels declined gradually to 200 km downstream. In general, the
methylmercury levels in plankton and fishes downstream from the dam were higher than
those upstream. Higher methylmercury levels observed 200-250 km downstream from the
dam during flooding season campaigns may reflect the greater inflow from tributaries and

flooding of natural wetlands which occurred at this time.

Introduction

The impoundment of rivers for hydroelectric power generation can cause a series of
impact, including local extinction of species, increased greenhouse gases emissions,
eutrophication, and increased mercury concentrations in aquatic biota.' These changes occur
due to the conversion of terrestrial ecosystems and a flowing river into a large reservoir-lake
that can become stratified seasonally, where large amounts of organic matter, nutrients and
trace elements are released from decaying terrestrial vegetation and soils to the water column.
The anoxic environments produced under these conditions are especially favorable for the
methylation and bioaccumulation of mercury in the reservoir food chain.>* Recent studies
have shown that river impoundment can often have greater effects on the downstream river

ecosystem than on the reservoir itself. With regards to mercury, the levels encountered in
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surface waters” and fish™® have generally been found to be higher downstream from reservoir
dams than upstream.

The high amounts of methylmercury (MeHg) downstream from dams can be attributed
to reservoir stratification which increases anoxia in hypolimnetic waters and favors mercury
methylation and MeHg bioaccumulation.™® The release of hypolimnetic waters through
turbines below dams, increases MeHg availability downstream® and promotes its
bioaccumulation and biomagnification through the aquatic food web.” Studies have shown
that this dynamics can vary seasonally with the stratification-destratification pattern of the
reservoir, with high MeHg in the reservoir hypolimnion and downstream river waters during
stratification periods, and decreased methylmercury levels in hypolimnetic and downstream
river waters during destratification periods.*” Fish (Curimata cyprinoides) living downstream
from the Petit-Saut reservoir (Amazon region), which fed on organic matter and
microorganisms derived from the reservoir's anoxic hypolimnion, were found to have 10-fold
higher mercury levels than those living in the reservoir, showing a clear link between MeHg
export and downstream contamination.® Fishes located downstream from the dams can also
have higher mercury levels due to changes in feeding habit.*® Omnivorous fish downstream
from the Tucurui reservoir (Brazilian Amazon) had higher mercury concentrations and trophic
levels than those upstream from the dam.® In the Robert-Bourassa reservoir (Canada), benthic
feeding fish became piscivorous downstream from the dam, resulting in higher mercury
levels.”

Most studies on mercury contamination downstream from reservoirs have focused on

the regions immediately below the dams,”***

without considering the variation in mercury
levels further downstream. Reservoir effects on mercury levels were observed in water
collected 22 km downstream,” and in fish located up to 275 km downstream from the Robert-
Bourassa reservoir” and over 300 km downstream from the Smallwood reservoir.'” In an <1
year-old Chinese reservoir, there was no clear pattern of total mercury levels in water and
plankton in the river along around 100 km downstream from the dam."' The
geomorphological and limnological characteristics of a river are important to consider when
evaluating the impacts of hydroelectric dams, since the river interacts with the water released
from the reservoir. Schetagne and Verdon® suggest that the distance downstream from a dam
at which fish mercury levels increase depends on the extent of dilution from tributaries along
the reach, and the presence of large bodies of water (lakes or reservoirs), permitting the

sedimentation of mercury-rich material. However, high mercury levels persisted in fish far

below the Smallwood reservoir-dam, even after the river passed through two large lakes.'
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This author suggest that habitat use and prey preferences of fish can also influence on the
extent of the dam-effect on mercury levels. In fact, studies in the Samuel® and Lago Manso'?
reservoirs suggest that fishes feeding on allochthonous food show little or no effect of the
dam on their mercury levels since most of their food is not derived from the contaminated
river system. The inflow of tributaries downstream from the Petit-Saut reservoir contributed
reactive mercury that was methylated in the Sinnamary river, resulting in greater MeHg
transport downstream from the dam." Fluvial wetlands, naturally present in the Amazonian
basin, can also be an important site for methylation,'* contributing significant amounts of
MeHg to the river system. Thus many physical, chemical and biological factors must be
considered when assessing the downstream impacts of dams. The scarcity of data on the
mercury levels in river waters and biota, especially plankton, far below reservoirs has limited
our understanding of the dam-effect. We present here the results of an investigation of the
variation in methylmercury contamination along a 250 km reach of the Uatuma river
downstream from Balbina, a tropical hydroelectric reservoir in the Central Brazilian Amazon.
The specific objectives of the study were: (i) to investigate the influence of seasonal
variation in thermal stratification above the dam on the levels of methylmercury in the
reservoir and in the river downstream, and (ii) to investigate the influence of the reservoir on
methylmercury levels in surface water, plankton and fish along the extended downstream
study reach. This is the first study which simultaneously considers the combined effect of a

reservoir on all of these components.

Materials and Methods

Study area

The Balbina reservoir (01° 52' S; 59° 30' W) was formed in 1987 by damning the
Uatuma river in the central Amazon basin. The climate in the region is tropical humid, with
annual rainfall of 2000 mm, concentrated between December and May. The precipitation
along the sampling year is showed in Figure S1. The average flooded area of the reservoir-
lake is 2400 km” and the hydraulic residence time is about 14 months.'> The water level of the
reservoir-lake is controlled to maximize the power generation, and varied from 21-24 m

(depth immediately upstream from the dam) during the study period. Previous studies
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monitoring the reservoir monthly (1989-1999)'® and bimonthly (2004-2005)° showed that the
reservoir is thermally stratified most of the year resulting in the development of anoxia in
bottom waters, except in March-May when there is a more oxygenated homogeneous water
column due to weakened thermal stratification during the rainy season. The water removed
for power generation is drawn through a grating that begins at an average depth of 14 m and
extends to the bottom,’ entirely below the oxycline in most cases, which means that the
characteristics of downstream waters are strongly influenced by seasonal stratification
dynamics in the reservoir. All water used for power generation, leaves through the turbines,
even during the rainy season, and the spillways are opened only rarely during unusual rains.
Immediately downstream from the dam, the Uatuma river passes through a narrow valley in
the Guyana Shield. It has a narrow floodplain in this region (0-400 m) and no significant
interfluvial wetland in its drainage, with water levels varying rapidly within narrow limits in
response to reservoir management'’ (depth: 6+2 m). In contrast, the lower stretch of the river
flows through the central Amazon sedimentary basin, characterized by a flat topography with
extensive alluvial floodplains. The floodplain of the Uatuma is much broader in this reach (1-
6 km) and is inundated by a strong seasonal flood pulse (depth: 1-9 m), with high water levels
occurring from April to June (Figure S1). The flood dynamics in this region is a backwater
effect linked to the annual flood pulse of the Amazon river main channel.

The reservoir is surrounded mainly by natural broadleaf tropical forest areas, with
some small communities and the village of Balbina. The left margin of the reservoir is
occupied by the ReBio do Uatumi nature reserve which encompasses 9387 km” of the

drainage basin. There is no gold mining in the Uatuma basin.

Sampling and laboratory analyses

Samples were collected during four expeditions (Figure S1) to account for the major
variations in the water chemical characteristics that are linked to the seasonal rainfall
pattern.”'® Campaigns took place in 30" August-10" September 2011 (dry season), 17-21"
December 2011 (early wet season), 31™ March-4™ April 2012 (wet season) and 27" June-2"
July 2012 (early dry season), designated as August 2011, December 2011, March 2012 and
June 2012, respectively. In the lower stretch of the Uatuma, these campaigns reflected the two

flood phases (high and low water).
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Water samples for MeHg analyses were collected in the four expeditions and
limnological measurements (pH, dissolved oxygen, electric conductivity, and temperature)
were made at the same times and sites. We sampled water along a vertical profile immediately
upstream from the dam at approximately 3 m depth intervals using a Van Dorn bottle.
Downstream from the dam, subsurface water (0.3 m depth) was collected in the center of
Uatuma channel at a point equidistant from the riversides. The samples were taken at six
locations along the river between 0.5 and 250 km downstream from the dam (hydrological
distance). Using ultra-clean techniques,'® we collected 250-500 mL water samples in amber
glass bottles with teflon lids. The sample bottles were cleaned according to EPA 1630;"
briefly, the bottles were filled with sequential solutions of ultra pure water with HCI and
heating for several hours. Between each cleaning step, the bottles were rinsed three times with
ultra pure water. Finally, the bottles were double-bagged in polyethylene zip-type bags. Bottle
and field blanks were used to evaluate contamination.'” The samples were preserved by
adding HCI a few hours after collection, and storing in a cool dark environment." Field
duplicate were collected to assess the precision of the field sampling.'” MeHg analyses were
conducted on unfiltered water following EPA method 1630, using 1% APDC solution on
distillation, ethylation and CVAFS (MERX, Brooks Rand). We analyzed each water sample
in duplicate, and checked the accuracy by analyses of matrix spikes of MeHg (spiked 2-30 h
before analyses) with true concentration'’ ranging between 0.02-0.55 ng.L™' (recovery:
97+12%; n=43). The detection limit of MeHg was 0.012 ng.L", corresponding to the mean of
concentrations of the method blanks plus three times the standard deviation of the blanks.* In
an analytical intercalibration performed for MeHg analysis in water, our laboratory's
performance was considered satisfactory.”!

We collected plankton at the same time water samples were taken, except in the first
campaign, when the plankton was not collected. We sampled plankton at three sites near the
dam in the reservoir-lake and at 5, 35, 200 and 250 km downstream from the dam (Figure 1).
At each site, conical plankton nets of 70 and 350 pm mesh size were hauled horizontally just
below the water surface. Both nets collect mainly zooplankton due to the large mesh,
however, some net algae could be included in those filtered materials. In order to obtain a
more pure zooplankton sample, the filtered material was separated into phytoplankton and
zooplankton according to the methodology described in Palermo.** Briefly, immediately after
collection, we transferred each sample to a decantation funnel, and added around 500 mL of
carbonated mineral water. After 30 min, the zooplankton become narcotized, sank to the

bottom of the funnel and was decanted while the phytoplankton remained suspended allowing
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the sequential collection of both materials. As expected, suspended material (phytoplankton)
was scarce since these mesh-nets collect mainly zooplankton, not holding much of
phytoplankton which is generally smaller. Therefore, phytoplankton was disregarded and we
determined methylmercury levels only in zooplankton. These separations are not always
perfect since it is rough separation method, in which the plankton is not separated cell by cell,
and some algae were probably included in the zooplankton samples. However, Palermo®
considered this method adequate for plankton separation. Phytoplankton remains could
decrease the MeHg levels observed in the zooplankton samples since phytoplankton generally
has lower MeHg than zooplankton.

Zooplankton samples were stored at -18 °C, freeze-dried and analyzed for MeHg
content according Almeida,” using 25% KOH/Methanol solution, ethylation and CVAFS
(MERX, Brooks Rand). We analyzed each sample in duplicate whenever possible (some
samples had low mass). The recoveries of certified reference samples were 81+5% (IAEA-
142; n=6), 80£2% (DORM-3; n=4), 97+3% (IAEA-140; n=2) and 83+4% (IAEA-405; n=3).
The minimum detectable concentration was 0.29 ug.kg™.

Piscivorous fishes (Cichla spp.) were captured in the reservoir (UP; n=37) and in the
Uatuma river, 5 km (DOWNs; n=21) and 180 km downstream from the dam (DOWN;s;
n=36) between September and December 2011 (Figure 1). Were selected only adult

individuals, based on the length of first gonadal maturation.***

Hg levels in fishes,
particularly in muscle, are integrated over longer time periods than plankton. Therefore, the
results for fish are considered to be representative of the entire sampling period. We
determined total mercury levels (THg) on fresh skinless dorsal muscle (located above the
lateral line) by hot acid extraction and CVAAS-FIMS (FIMS 400, Perkin Elmer) following
Bastos et al.”® We analyzed samples in duplicate and in parallel with certified material
(DORM-3 recovery: 99+5%; n=3) as well as standard samples produced in the laboratory and
used in intercalibration exercises among Brazilian laboratories (AFPX-5130 recovery:
109+3%; n=5). The minimum detectable concentration was 4 pg.kg™'. Kehrig et al.*” analyzed
methylmercury levels in muscle of Cichla spp. from the Balbina reservoir and found that, on
average, 96+4% of the total mercury was methylmercury. Therefore, in the following results
and discussion, we consider that almost all THg content in fish was MeHg.

The mercury concentrations presented here for water, plankton and fish samples
represent the direct analytical results uncorrected for the observed recoveries of the spikes and

certified reference materials.
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Results

Methylmercury in water and limnological conditions

The reservoir was stratified throughout the sampling campaigns, except in March
2012, with anoxic conditions prevailing at depths below 15 m (Figure 2). The level of vertical
stratification was evaluated during each sampling campaign by monitoring profiles of
temperature and oxygen during at least 48 h at 2-10 h intervals (data not shown). The MeHg
levels in anoxic hypolimnetic waters (0.33 ng.L™', on average) were higher than those at near
the surface (<0.02 ng.L"). When the water column was well stratified, the temperature
decreased with depth and electrical conductivity increased (subsurface-bottom waters:
31.5+0.7-28.840.5 °C; 8.2+0.3-32.248.3 uS.cm™). Methylmercury levels decreased along the
river downstream from the dam in August and December 2011, the low water period in the
lower reach of the Uatuma (August: 0.18-0.06; December: 0.11-0.03 ng. L'; respectively at
0.5-250 km downstream). In July 2011, the high-water season, MeHg levels decreased from
0.5 to 200 km downstream (0.12 to 0.06 ng. L™, respectively), but then increased at 250 km
downstream (to 0.09 ng. L™). Uniform depth distributions of MeHg (0.02+ 0.01 ng.L™") and
conductivity (9.8+ 1.3 pS.cm™) were only encountered in the reservoir during March 2012,
when oxygen and temperature showed little variation with depth (subsurface-bottom waters:
7.4-2.5 mg. L'; 29.1-28.2°C), indicating a poorly stratified water column. In this period,
MeHg concentrations were uniformly low along the river downstream from the dam
(0.02+0.01 ng.L™"), increasing only slightly between 200 km and 250 km downstream from
the dam (0.05 ng. L"), where the floodplain of the Uatuma was inundated due to high-water
conditions. During all sampling periods, oxygen levels increased in the first 35 km

downstream from the dam (0.5-35 km: 4.9+1.1-6.0+1.1 mg. L™).

Methylmercury levels in plankton

The methylmercury levels within each size-fraction of zooplankton from the Balbina
reservoir were similar regardless of the sampling site or period (8+3 and 12+4 pgkg™ d.w.,

respectively for 70 and 350 um fractions; Figure 3). Downstream from the dam, the levels in
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March 2012 (5-29 pg.kg" d.w.) were, in general, lower than those in the other two sampling
periods (9-63 pgkg' d.w.). In March 2012, the zooplankton from the upstream site had
MeHg levels (8+2 pgkg' d.w.) similar to zooplankton in the first 35 km downstream from
the dam (9+2 pgkg”' d.w.), with an increase in levels in the flooded lower stretch of the
Uatumd, reaching 26+4 pgkg' d.w. at 250 km downstream. In the other two sampling
periods (December 2011 and June 2012), zooplankton showed an increase in MeHg levels
just below the dam. In December 2011, MeHg values were highest 35 km downstream (34+6
ngkg! d.w.), and then decreased along the lower Uatuma, which was in the dry phase of its
flood cycle, reaching 1143 pgkg” d.w. at 250 km downstream, similar to upstream values
(1343 pgkg” d.w.). In June 2012, MeHg levels increased along the Uatumd river reaching
63+1 pgkg' d.w., the highest values observed, at 250 km downstream which was in peak
flood stage (Figure 3).

Total mercury levels in piscivorous fish

The average total mercury levels in fish muscle in the reservoir, 5 km and 180 km
downstream from the dam were 383+143, 663+147, and 733+354 pgkg' wet weight,
respectively. Weight and standard length of fish were positively correlated (Pearson's test:
UP: 1’=0.95, p<0.0001; DOWNs: r’=0.89, p<0.0001; DOWNgp: 1’=0.92, p<0.0001);
therefore, in the following results and discussion fish size refers to standard length, rather than
weight. Mercury levels in fish varied significantly between sites, with standard length, and
with the interaction between these factors (ANCOVA: interaction: F=7.311, p=0.008; length:
F=5.762, p=0.018; site: F=21.562, p<0.0001; Figure 4a). In order to better compare
differences between sampling sites, we narrowed the standard length of fish considered to 24-
31 cm which resulted in a slight reduction in sample size (UP: n=31; DOWNs: n=9;
DOWN;s0: n=13). In general, the fish captured UP were smaller than DOWN (Figure 4a),
with 24 cm being the smallest fish captured DOWN, and 31 cm the biggest captured UP. The
selected fish had no statistical difference in standard length between sites (ANOVA: F=2.272,
p=0.114) and those from upstream showed lower Hg levels than those from 5 and 180 km
downstream (ANOVA: F=24.741, p<0.0001; Figure 4b).
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Considering all specimens analyzed, 24, 86 and 97% of them at UP, DOWNs and
DOWN gy sites, respectively, exceeded the maximum recommended limit for human

consumption (0.5 pg.g”' wet weight) established by the World Health Organization.”®

Discussion

The MeHg levels in Balbina reservoir and in the first 35 km downstream from the dam
were strongly influenced by variations in thermal stratification of the reservoir among the
different sampling campaigns. During the dry season sampling campaigns, the high MeHg
concentrations in water exported from the hypolimnion of the reservoir to the river declined
gradually until 200 km downstream from the dam. The higher methylmercury levels in
plankton and fish downstream suggested that MeHg exported from the dam was accumulated
by downstream biota. During the wet season sampling campaign, no evidence of vertical
stratification was observed in the reservoir and, in general, the MeHg concentrations in the
reservoir and in the river downstream were lowest. The seasonal inundation of alluvial
wetlands and the larger discharge of tributaries may have contributed to the higher MeHg
concentrations observed in the lower stretch of Uatuma during high-water sampling-
campaigns.

A hypolimnion with low oxygen levels and rich in MeHg was also observed in two
other Amazon reservoirs, Samuel® and Petit-Saut,”’ suggesting that methylation commonly
occurs under these conditions.” Samuel and Balbina are both of similar age and have no gold
mining in their basins. Balbina has a 10-fold higher surface area than Samuel and longer
hydraulic residence time, 14 compared to 3.5 months. These conditions could explain the
higher MeHg levels in the hypolimnion of Balbina when compared with those from Samuel
(0.15+0.10 ng.L'l).23 Petit-Saut has a smaller surface area than Balbina, however, the former
is deeper, younger (impounded in 1995), and develops a more anoxic hypolimnion with
higher MeHg levels (reaches up to 1.1 ng.L™")’ than Balbina. At our sampling site in Balbina
reservoir, MeHg levels varied with the degree of thermal stratification, with the lowest MeHg
levels encountered during the wet season sampling campaign, when no evidence thermal
stratification was observed. In the Petit-Saut and Elephant-Butte (USA) reservoirs, consistent
changes in MeHg levels in water were also associated with stratification—destratification

dynamics.*” Besides their influence on the reservoir per se, hypolimnetic processes thus
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appear to have a strong affect on the biogeochemistry the river downstream, especially in the
reach near the dam. We observed higher MeHg levels in river water and plankton just below
the dam compared with those near the reservoir surface only in sampling campaigns where
the reservoir was thermally stratified. At the Petit-Saut dam, mercury outputs from the
reservoir were also 25% higher during the dry seasons than in the season when the water
column was well mixed.”

The extent to which mercury levels remain high downstream from at dam may depend
on the presence of large deep lakes that may trap MeHg-rich particles, as well as on the
amount of dilution from tributaries below the reservoir.? Particle deposition is unlikely to
have affected MeHg levels in the Uatuma river, especially in the first 35 km downstream,
since this reach has no lakes or other lentic habitats and has frequent rapids and cascades that
generate turbulence that maintains particles in suspension. Since there are some small streams
flowing into this stretch, dilution may also have contributed to the observed decrease in the
MeHg levels in river water. Discharge measured along 20 years (between 1977 and 1996)
was, on average, 607+349 m’.s™" at 35 km downstream, a water load 9% greater than at 5 km
downstream from the dam.” In contrast, the drop in MeHg levels in water observed over the
same reach during the sampling campaigns of August 2011, December 2011 and June 2012
was much larger, 25, 42 and 23%, respectively. Therefore, we believe that other processes
(besides the dilution) not evaluated in the present study, may have contributed to the observed
decrease in MeHg levels. Demethylation, and the adsorption of MeHg on biofilms and on the
geological substratum embanking the Uatumd may have all contributed to this decline.
Moreover, during sampling campaigns when the reservoir was stratified, large particulates
(flocks), presumably iron oxide precipitates, were regularly encountered, and the MeHg levels
in these particulates decreased in the first 35 km below the dam (unpublished data) due
apparently to an additional unidentified loss process.

Between 35 and 250 km downstream, dilution becomes more important due to the
added discharge of larger tributaries, resulting in an average discharge of 2262 m’.s™ at 250
km downstream (unpublished data).Contrary to the trend expected by dilution, MeHg levels
in water and plankton increased at 250 km in March and June 2012 (high-water period in this
reach). During these two sampling campaigns, the lower reach of Uatuma river had lower
oxygen and pH levels than those observed in August and December 2011 (low-water period).
The higher discharge of tributaries in the lower reach in this period could have resulted in
those limnological changes. Downstream from Petit-Saut reservoir, the inflow of tributaries

resulted in the dilution of MeHg levels, but, also created favorable conditions for local
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mercury methylation and, consequently downstream there are localized regions of dilution
and production of MeHg."> A similar effect could occur in the lower reach of the Uatuma
river during the high-water season, with the enhancement of particulate mercury mobility and
sulfate-reducing bacterial activity due to changes in limnological conditions. On the other
hand, those limnological conditions could be a consequence of seasonal changes linked to the
river flood pulse. During flooding, large inputs of allochthonous and autochthonous organic
matter to alluvial wetlands result in anoxic and acidic conditions especially conducive to
mercury methylation.”® Assays of mercury methylation in the Tapajos river, identified the
flooded forests and macrophyte mats, that are widely available during high-water season, as
important compartments to the MeHg production.'* The flood pulse inundates 6300 km? of
alluvial floodplain along the Uatuma river, mostly in the lower reaches during high-water
season,’' and is a natural backwater effect linked to the flood dynamics of Amazon river main
channel, occurring independently of the discharge pattern of Balbina dam. Regardless of
whether the unique limnological conditions in the lower Uatuma are due to increased tributary
inputs of the seasonal flood pulse, or a combination of both, they are both natural processes
that could have contributed to a local increase in Hg methylation and concentrations in this
region. Therefore, particularly during high-water sampling campaigns, in the lower stretch of
Uatuma, local methylation probably had a greater influence on MeHg levels than export from
the Balbina reservoir. In fact, during sampling campaigns at low-water season, MeHg levels
declined at 250 km downstream. In summary, we conclude that MeHg dynamics in water and
plankton of the Uatuma river near the dam is driven by the seasonal stratification of reservoir,
while MeHg dynamics in the lower Uatuma is controlled by the seasonal flood pulse and/or
tributary inputs. The suite of processes underlying these downstream changes is still unclear,
and the scarcity of studies investigating biogeochemical processes over extended reaches
below dams limits the discussion of more generalized patterns.

The plankton samples showed an increase in MeHg levels in the first 35 km
downstream from the dam in the sampling campaigns in which the reservoir was stratified,
evidencing that the MeHg exported by dam is taken up by plankton and, consequently, could
be transferred to local biota. Methylmercury has high assimilation efficiency and low
elimination rate by aquatic organisms.*? Zooplankton were estimated to take up 0.3 pg.kg”
dry weight per km between 5 and 35 km downstream of the dam. The influence of this uptake
on dissolved MeHg concentrations could not be determined, since zooplankton biomass was
not estimated. However, the elevated rates of uptake indicated a high potential for MeHg

transfer to higher trophic levels. An increase of about three times was also encountered in the
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mercury levels of plankton just below Tucurui, a permanently stratified reservoir in the
eastern Amazon.>> The lower levels of MeHg encountered in plankton just below the dam
when the reservoir was unstratified in March 2012, indicated a strong link between
stratification patterns, MeHg export and plankton contamination in this reach of the river. In
contrast, the higher concentrations of MeHg encountered in plankton in the lower Uatuma
during high-water samplings when compared with low-water samplings indicated the
dominant influence of the season flood cycle on this pattern. The MeHg levels observed in
zooplankton of Balbina reservoir are similar to those reported for zooplankton in four
Brazilian reservoirs (Tucurui, Santana, Vigario and Lajes reservoirs)** and an artificial lake®
in USA. However, they are lower than those encounter in other reservoirs located in Brazil®,
the USA,**** China’® and Canada®”** (up to 840 ug.kg™" dry weight). Some of these reservoirs
with higher concentrations were contaminated by Hg from mining activities or are younger
than Balbina. The levels of MeHg in the Uatuma river downstream from Balbina dam were

1* and

similar or slightly lower than those encountered in the rivers downstream from Samue
Tucurui*?> dams, both Amazonian reservoirs. In the present study we did not evaluate the
community structure and abundance in plankton samples and this may have biased our
interpretation of their MeHg levels.

Higher mercury levels in fish immediately downstream from dams have also been

5,8,33 2,00 s
> and temperate reservoirs.” This pattern has been

reported for other Amazonian
associated with the stratification of the reservoir-lake and downstream discharge of MeHg-
rich hypolimnion waters,” or with differences in the feeding habits and trophic levels of fish
above and below the dam.® In the present study, we observed an increase of MeHg availability
downstream from the dam due to hypolimnetic exportation, which apparently leads to a
higher bioaccumulation of mercury by fish located immediately downstream. Since we
studied piscivorous fish, differences in mercury levels in prey-species may have also
contributed to this downstream trend. However, studies of the diet of Cichla spp. in Balbina

. 39,40 L - - 5 oo 4144
reservoir " and several Amazonian rivers including the Uatuma river

indicate that its
feeding habits and trophic level are similar. Thus, we conclude that the higher Hg levels in
fish from Uatuma river immediately downstream from Balbina reservoir are mainly due
mercury export from the dam (“dam effect”). Studies in temperate reservoirs have revealed
increases of mercury levels in fish caught from 275 to over 300 km downstream.'®* We found
that fish had similar mercury levels at 5 and 180 km downstream from Balbina dam. We

suggest that, at DOWNs, MeHg reaches fish mainly by hypolimnetic exportation through the

dam; and at DOWN;g by the combined influence of reservoir export and methylation in the
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lower reach of the Uatuma. At the DOWN) 3, site, fish may still be receiving mercury from the
Balbina reservoir since MeHg concentrations in water and plankton decrease between 35 and
200 km downstream, the reservoir-derived MeHg can be still present at 180 km downstream.
These fish may also be assimilating locally produced MeHg derived from tributaries inflows
and/or natural wetlands. The variable mixture of MeHg from these sources (anthropogenic
and natural) may have resulted in the high Hg levels encountered in fish from DOWN; 5.

The genus Cichla is an important sport fish* and also an important protein source for
populations living around the Balbina reservoir.”” The consumption of Cichla ranges from
one to seven times a week, with an average daily consumption per capita of 110 g for adults.”’
Considering this consumption and the mean of THg observed in fishes from Balbina
reservoir, daily MeHg intake was estimated to range from 6-44 pg for inhabitants of reservoir.
Most of the analyzed fish exceeded the mercury level recommended by World Health
Organization for safe consumption,” especially those from downstream sites.

Mercury concentrations found in Cichla spp. in Balbina reservoir were of the same
order of magnitude as those reported in earlier studies with this genus of fish from three
Amazonian reservoirs (Samuel’, Balbina®” and Tucurui®) and lower than those encountered
in an Amazonian artificial lake impacted by gold-mining.*® The Hg levels in fish from
downstream sampling sites were of the same magnitude as those reported for Cichla spp.

147

.33 . . o
downstream from Tucurui’® and Samue dams. Considering all piscivores, the

concentrations observed in Cichla from Balbina were similar to those reported piscivores in

several tropical®, sub-tropical'' and Canadian'®***

reservoirs but higher than those observed
in the Brazilian reservoir of Lago Manso,'? the Petit-Saut reservoir,” an artificial Amazonian
lake*® and some Canadian reservoirs,* that, in general, are younger than Balbina and/or have
mercury contamination in their basin.

Studies of Hg dynamics should not be restricted to the areas immediately surrounding
a reservoir. Basin-scale studies are needed to evaluate the combined effects of impoundment

and natural processes, both above and below the dam, on mercury dynamics and human

health risks.
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Figure 1. Sampling sites on Balbina reservoir and the Uatuma river, downstream from the
dam. Background image is L band SAR acquiried by the JERS-1 satellite in 1995
(Nasda/MITI). Fish UP, DOWNs and DOWN;sy correspond, respectively, to the sampling
sites for fishes in the reservoir and in the Uatuma river, 5 and 180 km downstream from the
dam.
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the dam (right).
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downstream from Balbina dam. Upstream values means, and vertical bars, when bigger than
the symbols, represent the standard deviation for triplicate samples.
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specimens are represented in (b), where black squares are the mean of THg levels, bars
indicate 95% confidence intervals, and sampling sites that differ from each other at the
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INTRODUCAO

O ciclo do mercurio (Hg) no ambiente ¢ o resultado de processos fisicos, quimicos e
bioldgicos extremamente complexos, muitos dos quais ainda ndo bem conhecidos, que
envolvem volatilizagdo, transporte, deposi¢do, reagdes quimicas e bioacumulagdo. Além de
seu estado elementar, o mercurio pode se ligar a diferentes anions, formando compostos
organicos ou inorganicos que sdo designados espécies quimicas (Azevedo 2003). H4 uma
série de processos naturais e antropicos que influenciam na transformacdo entre as diferentes
espécies de merclrio e, consequentemente, influenciam no seu fluxo entre atmosfera,
hidrosfera, biosfera e litosfera. Conhecer estas espécies, sua concentragdo nas diferentes
matrizes ambientais e suas possiveis transformagdes quimicas sdo 0s primeiros passos que
possibilitam estudos ecoldgicos do ciclo do Hg em escala local ou global.

A avaliagdo da biota sempre foi alvo de pesquisas (e.g., Kasper et al. 2007, Kehrig et
al. 2013, Padovani et al. 1995) porque compreender a bioacumulagdo também significa
avaliar a contamina¢do do homem. No entanto, para um melhor entendimento da
contaminacdo da biota, é necessario avaliar o ciclo do elemento no meio ambiente. Cada
espécie quimica apresenta concentragdes diferentes nas matrizes ambientais ¢ uma taxa de
bioacumulacdo distinta. Portanto, outras matrizes ambientais também vém sendo estudadas.
Dentre as diversas matrizes abioticas avaliadas, a analise da agua é um desafio para os
pesquisadores porque suas concentragdes sdo muito baixas, centenas a milhares de vezes
menores do que na biota, tornando os protocolos de analise muito complexos.

Técnicas analiticas com limites de detec¢do muito baixos estdo disponiveis
atualmente, permitindo a analise de aguas pristinas. A espectrofotometria de fluorescéncia
atdmica e a espectrofotometria de massa com plasma indutivamente acoplado sdo as técnicas
mais comumente utilizadas para analise de 4gua. No entanto, a primeira técnica tem maior
sensibilidade e menores custos associados a instrumentagdo e manutengdo, ¢ por isso, €, em
geral, preferida quando o tnico elemento de interesse ¢ o Hg (Leopold et al. 2010). Associado
ao desenvolvimento de técnicas analiticas houve necessidade de melhorar os protocolos que
evitam a contaminacdo dessas amostras, pois em regra tém concentra¢cdes muito baixas e
qualquer pequena contaminacdo pode deteriorar o resultado (Leopold ef al. 2010). Muitos dos
estudos historicos de elementos-trago em agua, realizados antes do desenvolvimento de
técnicas ultra-limpas, sdo erroneamente altos porque as concentracdes refletem a

contaminacdo da amostra ao invés das concentragdes ambientais (Safiudo-Wilhelmy et al.
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2004, Windom et al. 1991). Concomitantemente, houve o aprimoramento de metodologias de
preservagdo das espécies quimicas de Hg de interesse até o momento da analise. Algumas
espécies de Hg sdo volateis ou podem interagir com a superficie de frascos de coleta ou com
outras moléculas presentes na amostra. A contaminag@o, perda e inter-conversdo de espécies
de Hg devem ser evitadas desde a coleta até o término da andlise para que o resultado obtido
seja confiavel.

O objetivo deste trabalho ¢é revisar as metodologias de coleta, pré-tratamento,
preservacgdo e armazenamento de amostras de agua para a andlise das espécies quimicas de Hg
mais comumente avaliadas. Estes métodos sdo discutidos avaliando a realidade dos
laboratérios brasileiros, que buscam a validagdo de metodologias alternativas porque os
protocolos muitas vezes sugerem materiais que nao sao vendidos ou sdo pouco disponiveis no
Brasil, ou ainda, de custo tdo elevado no pais que limita ou inviabiliza as pesquisas com Hg

em agua.

FRASCOS DE COLETA

Qual tipo de garrafa utilizar?

A escolha correta do tipo de garrafa que serd utilizada para a coleta e o
armazenamento das amostras de agua é fundamental. Varios tipos de materiais ja foram
testados como frascos de coleta (e.g., PVC, polipropileno), e foi observado que muitos deles
interagem com a amostra, alterando a concentra¢dao de algumas espécies mercuriais em horas
ou dias (revisado por Yu e Yan, 2003). Por isso, o ideal é que o material da garrafa seja
relativamente inerte para que ndo modifique a estabilidade das espécies mercuriais presentes.
Em geral, materiais como o politetrafluoretileno (PTFE ou Teflon™) e vidro tém sido
recomendados (EPA-1630 2001, EPA-1631 2002). O quartzo ¢ um dos materiais que poderia
ser empregado, no entanto, devido ao seu alto custo, sua utilizacdo em analises laboratoriais
rotineiras ¢ impraticavel (Yu e Yan 2003).

Apesar de serem ideais para a coleta de amostras de 4dgua, garrafas de PTFE ndo sdo
amplamente encontradas no Brasil e muitas vezes apresentam alto custo, inviabilizando sua
compra em grande quantidade (e.g., para serem utilizadas em uma campanha amostral com

muitos pontos de coleta). Garrafas de vidro sdo amplamente disponiveis a um baixo custo no
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mercado brasileiro, ou podem ainda ser obtidas pela reutilizagdo daquelas que armazenam
acidos como HCIl, HNOs e H,SO4. Apesar do baixo custo, as garrafas de vidro sdo mais
frageis e pesadas do que as de PTFE, o que pode resultar, respectivamente, na perda de
amostras e em altos custos de transporte.

A tampa da garrafa também deve ser de material inerte para evitar mudangas nas
concentragdes das espécies de mercurio das amostras. As garrafas de PTFE em geral sio
vendidas com a tampa no mesmo material. As garrafas de vidro com tampa de vidro estdo
disponiveis no mercado, no entanto, elas ndo vedam bem e podem facilmente vazar, causando
perda ou contaminacdo da amostra. A disponibilidade de frascos de vidro com tampa ou
batoque de PTFE ¢ muito pequena no mercado brasileiro. Uma alternativa ¢é utilizar garrafas
de vidro com batoques feitos a partir de 1aminas de PTFE que estdo disponiveis no Brasil a
um baixo custo. Para isso, basta cortar com tesoura de inox as laminas no didmetro da tampa
da garrafa. Garrafas de vidro com batoques feitos a partir de laminas de PTFE apresentaram
branco de garrafa (de acordo com EPA-1630 2001, EPA-1631 2002) de 0,43+0,03 ng.L™' para
o mercirio total (D. Kasper dados ndo publicados) e de 0,0140,01 ng.L™" para o metilmercurio
(Kasper et al. 2014).

Garrafas de polietileno ndo sdo adequadas para coleta e armazenamento de amostras
de 4gua para analise de mercurio (EPA-1630 2001, EPA-1631 2002). As paredes internas das
garrafas de polietileno t€m sitios ativos que podem causar a rapida degradacdo do merctrio
organico (Stoeppler e Matthes 1978) e a interconversdo entre espécies mercuriais (Bloom
2000). Além disso, elas possibilitam a perda de mercurio por adsor¢do, reducdo (Heiden e
Aikens 1979, Leermakers ez al. 1990) e a difusdo de Hg gasoso, especialmente o Hg’, devido
a sua porosidade (Parker e Bloom 2005). O polietileno de baixa densidade permite maior
difusdo que o de alta densidade, mas ambos sdo inadequados para a coleta e armazenamento
de amostras de agua (Parker e Bloom 2005). O Hg” pode migrar da ou para a amostra
dependendo da concentracdo da amostra e do ar da sala onde a garrafa esta guardada, assim a
magnitude da difusdo de Hg sera proporcional a diferenga de concentra¢do entre o ambiente e
a amostra (Parker e Bloom 2005). Apesar do polietileno ndo poder ser usado para estocar
amostras de Hg, ele pode ser lavado em acido quente e entdo ser usado para contato
temporario com as amostras, como, por exemplo, em um funil de coleta de dgua de chuva
(Parker e Bloom 2005).

Garrafas de politereftalato de etileno (PET) foram testadas para a coleta ¢ o
armazenamento de dgua e demonstraram resultados semelhantes as de vidro e PTFE para

algumas espécies mercuriais (Copeland et al. 1996, Fadini e Jardim 2000). A PET é uma
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alternativa para varios dos problemas supracitados, como fragilidade, peso no transporte,
disponibilidade e preco no mercado brasileiro. Copeland ef al. (1996) compararam o uso de
garrafas de vidro e ptfe, validando a PET para a coleta e o armazenamento de amostras de
agua para andlise de mercirio total (HgT) com concentragdes de 50-1500 ng.L™'. Estas
concentragdes sdo altas comparadas aquelas normalmente observadas nos ambientes naturais
(e.g., Brigham e al. 2009, Fadini e Jardim 2001, Fu et al. 2013, Lechler et al. 2000,
Montgomery et al. 1995). Posteriormente, Fadini e Jadim (2000) validaram o uso das garrafas
PET para a coleta e o armazenamento de amostras de agua naturais destinadas as andlises de
HgT e de Hg reativo com concentracdes de 1-9 ng.L”, e de 0,3-2,0 ng.L™', respectivamente.
Isso demonstrou a possibilidade de usar a PET para amostragem de aguas naturais, com
concentragdes em ng.L"' (Fadini e Jardim 2000).

Garrafas de vidro, de PTFE e PET podem ser utilizadas para coleta ¢ armazenamento
de amostras de agua destinadas a analise de HgT e Hg reativo. Para as demais espécies
mercuriais, o vidro e o PTFE sdo os materiais validados at¢é o momento (Tabela 1). E
interessante utilizar garrafas de vidro na cor ambar para auxiliar a proteger as amostras
destinadas as analises de mercurio dissolvido gasoso (MDG), Hg reativo e metilmercurio
(MeHg) ja que estas espécies quimicas podem ter suas concentragdes modificadas pela agao
da luz solar (Sellers ef al. 1996, Silva et al. 2009). No entanto, o uso de garrafas transparentes
ou transliicidas ndo inviabiliza a analise destas espécies quimicas desde que a garrafa
contendo a amostra esteja sempre protegida da luz, como por exemplo, dentro de caixas
térmicas com tampa.

Detalhes de lavagem, preservagdo ¢ tempo de estoque em cada tipo de garrafa serdo

discutidos nas segdes posteriores.

Inserir Tabela 1.

Como lavar as garrafas antes da coleta?

As garrafas de vidro e de PTFE sdo normalmente reutilizadas inimeras vezes para a
coleta de 4gua, e, para isso, devem passar por um rigoroso protocolo de limpeza. J& as
garrafas do tipo PET em geral sdo descartadas ap6s o uso devido ao seu baixo custo. Portanto,

as etapas de limpeza da garrafa PET antes da utilizagdo sdo muito mais simples.



66

Os protocolos EPA-1631 (2002) e EPA-1630 (2001) recomendam limpar as garrafas
de vidro e de PTFE da seguinte maneira: preencher as garrafas com 4 N HCI (ou HNO;
concentrado) e deixd-las em aquecimento (65-75 °C) por no minimo 48 h dentro de uma
capela com exaustdo; esperar esfriar e enxaguar trés vezes com agua ultra-pura; preencher as
garrafas com 1% HCI, tampar e deixar overnight em aquecimento (60-70 °C); esperar esfriar
e enxaguar trés vezes com agua ultra-pura; preencher as garrafas com HCl 0,4% (v/v), tampar
e deixa-las em um local limpo (e.g., sala livre de mercurio classe 100) até que as partes
externas das garrafas estejam secas; verificar se as tampas estdo bem vedadas e colocar cada
garrafa em dois sacos tipo zip de polietileno limpos e novos. Antes da campanha para coleta,
por seguranca pode-se esvaziar o HCI 0,4% das garrafas e leva-las para a coleta com HCI
0,04% (v/v), com agua ultra-pura ou vazias (EPA-1631 2002). Se a garrafa havia armazenado
uma amostra com concentragio menor que 100 ng.L™', todos os passos do protocolo de
limpeza devem ser iguais, exceto o primeiro, em que a garrafa pode ficar em aquecimento
somente por 6-12 h ao invés de 48 h (EPA-1630 2001, EPA-1631 2002).

Para evitar o acuimulo de mercurio nas paredes das garrafas de vidro e de PTFE,
recomenda-se uma pré-limpeza das mesmas com BrCl diluido (EPA-1630 2001, EPA-1631
2002). Para isso, as garrafas devem ser preenchidas com uma solu¢do de 0,02 N BrCl
overnight. Ap0s este periodo, o BrCl deve ser neutralizado com a adi¢do de 0,2 mL de uma
solu¢do NH,OH 20% e as garrafas podem ser limpas de acordo com EPA-1630 (2001) e
EPA-1631 (2002), como descrito acima, com exce¢do do primeiro passo, em que a garrafa
pode ficar em aquecimento somente por 6-12 h ao invés de 48 h (EPA-1630 2001, EPA-1631
2002). Esta pré-limpeza com BrCl ¢ especialmente util nas garrafas de PTFE pois elas podem
adsorver Hg’ nas paredes, que ¢ dificil de remover somente com as etapas de HCI e
aquecimento (Parker e Bloom 2005). Além disso, se a amostra que havia na garrafa nao foi
oxidada dentro da mesma, pode ocorrer a adsor¢do de Hg”" nas paredes, o que as etapas de
limpeza de HCI a quente nem sempre conseguem remover, contaminando a préxima amostra
a ser guardada naquela garrafa (Parker ¢ Bloom 2005). Portanto, também neste caso a pré-
limpeza com BrCl seria muito importante (Parker e Bloom 2005). Outras maneiras de realizar
uma pré-limpeza das garrafas é lava-las com acido nitrico concentrado a quente ou, no caso
das garrafas de vidro, por incineracdo em mufla a 475 °C por varias horas (Parker e Bloom
2005), observando se o tipo de vidro resistira a essa temperatura.

Para a limpeza das garrafas de vidro, Leopold et al. (2010) recomendam o seguinte
protocolo: enxaguar trés vezes com HCI 1% (v/v); preencher com BrCl 10% (v/v) e deixar por

24 h; enxaguar trés vezes com agua ultra-pura; repetir as duas ultimas etapas (BrCl e enxague



67

com agua ultra-pura) em uma sala limpa como por exemplo classe 100; aquecer a garrafa a
250 °C por no minimo 12 h; depois de esfriar, tampar, embalar em sacos plasticos e guardar
em local limpo até o uso. Para a limpeza das garrafas de PTFE, Leopold et al. (2010)
recomendam seguir os mesmos passos de limpeza das garrafas de vidro descritos acima com
excecdo da etapa final de aquecimento da garrafa a 250 °C. Em substituicdo a esta etapa,
deve-se preencher a garrafa com agua ultra-pura e assim tampar, embalar em dois sacos
plésticos tipo zip e guardar até o uso (Leopold et al. 2010).

As vezes a limpeza das tampas e batoques néo ¢ eficiente porque a solugio de limpeza
(e.g., HCI, BrCl) que preenche a garrafa ndo esta encostando em toda a tampa ou batoque.
Para evitar isso, Parker e Bloom (2005) recomendam que durante a pré-limpeza com BrCl
diluido, as garrafas sejam invertidas para permitir o contato da solugdo com a tampa ou
batoque por overnight. Ja Leopold et al. (2010) recomendam um protocolo especifico de
limpeza para as tampas que consiste em: enxaguar trés vezes com HCI 1% (v/v); mergulhar
em BrClI 10% (v/v) por 24 h; enxaguar trés vezes com agua ultra-pura; repetir as duas ultimas
etapas (BrCl e enxague com 4dgua ultra-pura) em uma sala limpa como por exemplo classe
100; deixar secar em uma sala limpa e entdo usar as tampas para fechar as garrafas ja
descontaminadas.

Alternativamente, garrafas certificadas podem ser compradas, no entanto, ainda assim
brancos de garrafa de cada lote devem ser avaliados de acordo com a metodologia descrita
abaixo (EPA-1631 2002). As garrafas certificadas tém um custo maior do que as garrafas de
vidro e PTFE comuns justamente por serem limpas. Como vantagens, usando este tipo de
garrafa o laboratorio gastara menos com reagentes, espago laboratorial ¢ pessoal porque nao
havera necessidade de fazer a limpeza da mesma. Estas garrafas podem ser muito Uteis para
aqueles laboratdrios que estdo iniciando trabalhos de determinagdo de Hg em agua, e que
ainda estdo treinando pessoal e estabelecendo os melhores protocolos de limpeza das garrafas.
Ou ainda para aqueles laboratdrios que eventualmente fazem coletas de agua para analise de
Hg, e que, portanto, ndo tém os protocolos de descontaminacdo das garrafas como rotina.

A preparagdo das garrafas PET para a coleta ¢ muito mais simples que as de PTFE e
vidro. A PET pode ser adquirida direto da fabrica e/ou com agua mineral e descartada como
pléstico reciclavel ap6s o uso, evitando o tempo e os reagentes demandados devido aos
exaustivos protocolos de lavagem das garrafas de vidro e PTFE. Como ndo sdo reutilizadas,
as garrafas PET evitam ainda os problemas de contaminacdo cruzada pelo armazenamento
anterior de amostras muito contaminadas. A preparagdo da garrafa PET para coleta consiste

em: descarregar a agua mineral original (quando for comprada com agua); lavar varias vezes
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com 4gua ultra-pura; secar em uma capela classe 100; encher com 100 mL de 0,1 mol.L™ de
HCI de alta pureza; embalar em 3 sacos plasticos tipo zip e guardar em local limpo até o uso
(Fadini e Jardim 2000). Assim, uma das vantagens da utilizacdo das garrafas PET para coleta
de 4gua é economia do tempo do pessoal de laboratoério, reagentes e espago laboratorial que
sdo consumidos durante a lavagem das garrafas de vidro e PTFE.

Antes de ir para a campanha amostral, ao menos 5% das garrafas de cada lote limpo
ou comprado (no caso de garrafas certificadas) deve ser testado para verificar se a limpeza foi
eficiente e as garrafas estdo entdo com um nivel de contaminagado por Hg aceitavel e, portanto,
prontas para o uso (EPA-1630 2001, EPA-1631 2002). Para analisar estes brancos de garrafa,
as mesmas devem ser preenchidas com agua ultra-pura acidificada a pH < 2, fechadas e
guardadas por no minimo 24 h (EPA-1631 2002). Para garrafas que serdo testadas para
contaminagdo por MeHg, a solucdo deve ser HCI 0,4% (EPA-1630 2001). Se a concentragdo
observada na solugdo 4cida for maior que a concentragdo minima de quantificacdo do método,
o problema de contaminagdo deve ser identificado, os procedimentos de limpeza corrigidos, ¢
todo o lote de garrafas deve ser rejeitado ou limpo antes do uso (EPA-1630 2001, EPA-1631
2002). Parker e Bloom (2005) recomendam que todas as garrafas que armazenaram amostras
de 4gua com concentragio de HgT > 50 ng.L”' devem ser testadas depois da limpeza. Este
teste pode ser feito enchendo a garrafa com uma solucdo de BrCl 0,5% em agua ultra-pura
(v/v) e deixando por overnight. No dia seguinte deve-se quantificar o HgT desta solugdo para
verificar se o processo de limpeza da garrafa foi eficiente, evitando a contaminacdo cruzada
(Parker e Bloom 2005).

Independentemente de qual protocolo de limpeza sera seguido, € essencial que as
garrafas sejam testadas quanto a possivel contaminagdo ou ineficiéncia de limpeza. Mesmo os
laboratérios com muita experiéncia neste tipo de analise devem testar cada lote de garrafas
porque eventualmente alguma contaminagdo ou falha no processo podem ocorrer fazendo

com que as garrafas fiquem inadequadas ao uso.

PRODEDIMENTOS DE COLETA

Durante os procedimentos de coleta, é essencial que a amostra de dgua ndo seja
contaminada ¢ nem perdida. O ambiente de coleta ndo ¢ um ambiente que possa ser

controlado pelo analista como uma sala de um laboratdrio, onde muitas das condi¢des podem
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ser ajustadas. Assim, entender os possiveis meios de contaminagdo e alteracdo da amostra
pelo ambiente natural e pelos aparatos de coleta € o primeiro passo para que o coletor possa
agir de maneira correta, prevenindo a contaminacdo da amostra e a inter-conversao entre as
diferentes espécies mercuriais.

As amostras de agua podem ser coletadas manualmente pela submersdo direta da
garrafa na agua. E interessante amostrar alguns centimetros abaixo da superficie (sub-
superficie) para evitar a coleta da camada superficial que tem caracteristicas diferentes do
restante da coluna d’agua (Chester 1990), a ndo ser que este seja justamente o objetivo da
coleta. Para evitar a contaminagdo atmosférica, a garrafa pode ser aberta e fechada somente
quando ja estiver mergulhada na agua, ou pode ser imersa rapidamente apds abrir a tampa
(EPA-1669 1996). Esse procedimento sera essencial em regides onde a contaminagéo pelo ar
¢ importante; onde ha relevante quantidade de particulas em suspensdo no ar, em regides com
solo exposto/nu e sujeito a erosdo pelo vento, perto de cidades, trafego de veiculos, industrias
e queimadas, pois estas podem ser importantes fontes de contaminagao por mercurio.

A 4gua também pode ser coletada com o auxilio de um aparato de coleta (e.g., uma
garrafa de van dorn para amostragens do hipolimnio de um lago). Se o objetivo ¢ quantificar o
mercurio gasoso dissolvido na agua, uma garrafa de coleta do tipo fluxo continuo pode ser
adequada porque ndo provoca o borbulhamento da amostra durante o processo de coleta,
evitando perdas da fase gasosa (Marins et al. 2002). Todos os aparatos de coleta devem ser
lavados com 4acido diluido e 4gua ultra-pura e levados para o campo embalados em sacos
plasticos limpos, protegidos de possiveis fontes de contaminagdo. Se o coletor sabe a priori
que uma amostra terd maior concentragdo de mercurio que outra, deve coletar primeiro a
amostra menos contaminada (EPA-1669 1996). Se isso ndo ¢ possivel pela logistica de
campo, ou se nao ha conhecimento do corpo d'agua, o aparato de coleta deve ser lavado entre
uma amostragem e outra com acido diluido e agua ultra-pura (EPA-1669 1996). Amostras
muito contaminadas ndo devem ser processadas concomitantemente com amostras pouco
contaminadas (EPA-1669 1996).

As amostras devem ser coletadas a montante do movimento do barco, direcionando o
frasco de modo que a boca fique em sentido contrario a corrente (EPA-1669 1996). Se o
sistema aquatico for praticamente estatico, o coletor deve movimentar o frasco lentamente no
sentido do barco para frente, para criar uma corrente artificial. Motores a gasolina ou diesel
devem ser evitados sempre que possivel para evitar a contamina¢do da amostra pelo ar. No
entanto, se a coleta ocorrer em ambiente que exija um barco com motor, ele deve ser

desligado longe o suficiente do ponto de coleta para evitar a contaminagfo, e o deslocamento
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até o local de coleta deve ocorrer manualmente (e.g., remando) com o motor desligado (EPA-
1669 1996). Os aparatos que entram em contato com a amostra ndo devem ficar no chao do
barco, pois pode haver resquicios de 6leo e gasolina que podem contaminar a amostra. Para
evitar isto, todos os materiais podem ser carregados dentro de caixas plasticas de paredes
grossas com tampa. As garrafas contendo amostras de agua podem ser transportadas em
caixas térmicas, o que auxilia a protegé-las do calor e da luz solar. Isso é especialmente
importante para as amostras destinadas as analises de MDG, mercurio reativo e MeHg, pois a
concentragdo destas espécies quimicas na dgua pode ser alterada devido a a¢do da luz solar
(Sellers et al. 1996; Silva et al. 2009).

Seja pela imersdo da garrafa diretamente na agua, ou utilizando algum aparato de
coleta, a amostragem deve seguir o protocolo do mao suja/mao limpa (EPA-1669 1996). Um
membro da equipe ¢ designado como o mao suja, enquanto outro é o mao limpa. Todas as
atividades que envolvam o contato com a garrafa e a transferéncia da amostra para a garrafa
sdo realizadas pelo mao limpa. Todas as outras atividades, que ndo envolvam contato direto
com a amostra ou a garrafa de coleta, sdo realizadas pelo mao suja. Apesar desta separagdo de
atividades parecer 16gica, sua realizacdo em campo vai requerer coordenagdo e pratica dos
dois coletores, e realizar uma espécie de ensaio antes da coleta pode ser muito 1til.

No momento da coleta, 0 mao suja abre o saco plastico externo que guarda a garrafa.
O mao limpa deve abrir o saco plastico interno ¢ pegar a garrafa; retirar a solugéo acida (ou a
agua ultra-pura) que estd dentro da garrafa; encher parcialmente com agua do local; tampar e
agitar para que a agua do local enxague bem as paredes internas da garrafa e despejar a agua.
O mao limpa deve repetir este enxague com agua do local trés vezes, e somente depois
preencher com agua local que sera guardada como amostra. Ao final, verificar se a garrafa
esta bem vedada para evitar vazamentos ¢ trocas de Hg gasoso entre a atmosfera e a amostra
(EPA-1630 2001). O mao limpa entdo coloca a garrafa com a amostra no saco interno e insere
este no saco externo. O mao suja fecha o saco externo e coloca a garrafa na caixa térmica para
o transporte (EPA-1669 1996). As garrafas contendo as amostras devem ser mantidas ao
abrigo do Sol. Se possivel, ndo tocar na parte interna dos frascos de coleta (como tampas,
batoques, parede interna da garrafa), mesmo o coletor mao limpa, para evitar a transferéncia
de possiveis contaminagdes da luva para a amostra. Nao fumar (a fumaga do cigarro pode
contaminar fortemente as amostras), falar ou comer durante o procedimento da coleta de
amostras (EPA-1669 1996).

Os coletores devem utilizar luvas limpas e livres de pd durante o procedimento de

coleta (EPA-1669 1996). Estas s6 devem ser colocadas no momento da amostragem para
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evitar que sujem. As luvas estdo tio limpas quanto o ultimo objeto tocado, e ao vesti-las, as
maos nuas nao devem tocar no exterior das mesmas (Campos et al. 2002). Vestir uma
sequéncia de luvas (uma em cima da outra) pode facilitar a troca da luva durante os
procedimentos de coleta, assim, caso seja necessario trocar a luva, pode-se retirar aquela que
esta suja (mais externa), e uma limpa ja estara vestida na mao. Isso evita parar o procedimento
de coleta. O méo limpa deve vestir luvas longas para poder imergir o brago na agua durante a
coleta. Na falta de luvas longas, pode-se usar um saco plastico grande limpo que cubra desde
a mao até o antebraco, prendendo o mesmo com um eléstico (Campos et al. 2002). Para cada
amostra deve-se utilizar um par de luvas limpo.

Utilizar equipamentos de protecdo individual para proteger a amostra, ¢ também para
proteger o coletor de aguas contaminadas por patdgenos ou substancias quimicas e da solugéo
acida que esta dentro das garrafas e que é descartada durante o procedimento de coleta. A
identificacdo das amostras deve ser feita pelo lado externo do saco plastico zip externo para
evitar contaminagdo da garrafa com as tintas de canetas. Convém levar garrafas adicionais,
pois as mesmas podem quebrar, ser contaminadas ou vazar, obrigando o coletor a substituir a
garrafa. No caso da coleta de agua de chuva, as garrafas podem ser simplesmente esvaziadas
antes de colocadas no coletor, visto que tanto a possibilidade de contaminagdo com os
residuos, como a possibilidade de diluicdo da amostra sdo muito pouco provaveis (Campos et

al. 2002).

PROCESSAMENTO DA AMOSTRA APOS A COLETA E SUA

PRESERVACAO

O processamento da amostra apds a coleta pode ocorrer ainda em campo ou no
laboratério. O envio da amostra para o laboratorio ajuda a minimizar o potencial de
contamina¢do da amostra tendo em vista que, em geral, os possiveis meios de contaminagdo
da amostra em laboratorio sdo menores que em campo. No entanto, esta decisdo de processar
ou ndo a amostra em campo depende do tipo de campanha amostral realizada. Por exemplo,
em campanhas amostrais de dias a semanas (e.g., campanhas ocednicas ou em muitas regides
isoladas da Amazodnia), as amostras devem ser pré-processadas, preservadas e muitas vezes

analisadas ainda em campo, pois ndo ha tempo habil de envio da amostra para o laboratorio.



72

O pré-processamento ¢ a preservacdo da amostra sdo dependentes da espécie mercurial
alvo e do tempo que o coletor pretende deixar a amostra armazenada até o momento da
analise. As espécies mercuriais mais comumente analisadas em &guas naturais sdo: Hg
dissolvido gasoso, Hg reativo, MeHg ¢ HgT. As duas ultimas podem ainda ser analisadas em
sua forma total na agua ou como uma razdo dissolvido/associado ao material particulado
(Figura 1). Detalhes do pré-processamento, preservagido e armazenamento de cada uma destas

espécies sao discutidos a seguir.

Inserir Figura 1.

MDG

O MDG compreende as espécies volateis de mercurio, que sio em sua maioria Hg’, e
uma pequena fracdo de outras espécies como o Dimetil-Hg e o HgCl, (Mason e Fitzgerald
1990, Vandal et al. 1991). Durante a coleta das amostras destinadas as andlises de MDG,
deve-se evitar o borbulhamento da agua. As amostras devem ser mantidas refrigeradas, no
escuro ¢ sem headspace. A preservacdo ¢ dificil porque esta espécie € muito instavel;
portanto, para evitar perdas, o MDG deve ser separado das amostras dentro de algumas horas
apos a coleta pela aeragdo da agua com argonio ou nitrogénio (99,999%) isentos de merctirio
(Fitzgerald 1986, Mason e Fitzgerald 1991). A aera¢do ocorre em um frasco extrator, que
pode ser feito com vidrarias do laboratério ou com uma garrafa PET adaptada para este fim
(Bisinoti 2005). Ap6s borbulhar a amostra, o ar passa por uma coluna contendo cal sodada
para absorver a umidade (Magarelli 2006), e depois ¢ direcionado para o equipamento de
analise para a quantificagdo do Hg gasoso total (O'Driscoll et al. 2003) ou do Dimetil-Hg
(EPA-1630 2001). Se no momento do borbulhamento da amostra o equipamento de analise
ndo estiver disponivel, o ar deve passar (ap6s a coluna com cal sodada) por um trap contendo
areia coberta de ouro ou um trap Tenax"/Carbotrap” para a captura do Hg gasoso total ou do
Dimetil-Hg, respectivamente (Coquery et al. 1997, Tseng et al. 2003), que depois serdo

analisados no equipamento analitico.
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Hg reativo

O Hg reativo ¢ definido como todo o Hg presente na forma oxidada que pode
facilmente ser reduzido a Hg" pela adi¢do de um redutor (Leopold et al. 2010, Marins et al.
2002). Inclui principalmente o Hg*" dissolvido e o Hg fracamente associado a orgénicos (Gill
e Fitzgerald 1987). Para separa-lo da agua, a amostra ja purgada para a retirada de MDG deve
ser incrementada com um redutor, como por exemplo SnCl, em meio acido (Bloom 1994,
Marins et al. 2002), Snll ou acido férmico (Leopold et al. 2010), e borbulhada da mesma
maneira que foi realizado para o Hg gasoso total porque o Hg reativo sera transformado em
Hg devido a presenca do redutor. As amostras de Hg reativo devem ser purgadas dentro de
algumas horas apoés a coleta.

Para evitar a contaminacdo da amostra, a solucdo redutora pode ser previamente
purgada com argdnio ou nitrogénio isento de Hg (Marins et al. 2002, Bisinoti 2005) durante
30-45 minutos (Fadini e Jardim 2000, Bisinoti 2005) a 3 horas (Marins et al. 2002). O tempo
de purga deve ser ajustado de acordo com a concentracdo de Hg do redutor e com o fluxo de
ar utilizado para borbulhar. Testes de branco de reagentes auxiliardo neste ajuste do tempo
necessario. O mesmo procedimento pode ser realizado com os demais redutores utilizados nas
analises de Hg (e.g., cloridrato de hidroxilamina), auxiliando a diminuir o branco de reagentes

e a contaminacao das amostras.

MeHg

O MeHg pode ser fotodegradado (Sellers et al. 1996), sendo a luz solar mais eficiente
na degradagio do que a fluorescente (Parker ¢ Bloom 2005). E importante evitar a exposi¢io
das amostras a luz solar, mas durante a rotina de analises no laboratorio, ndo € necessario
protegé-las da luz florescente (Parker e Bloom 2005). O uso de garrafas de vidro ambar e de
caixas ndo transparentes para transportar as amostras pode auxiliar a proteger as dguas da
fotodegradacao.

Em amostras de 4gua filtrada, o MeHg permanece estavel por até uma semana na
amostra preservada refrigerada (1-4 °C) no escuro (Parker e Bloom 2005). Para a amostra
ndo-filtrada, este tempo pode ser menor, de dias, devido a demetilagdo biologica (Parker e

Bloom 2005). Para preservar por mais tempo, as amostras devem ser estocadas refrigeradas
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(0-4 °C) no escuro, e, dentro de 48 h apds a coleta, as aguas continentais com baixa
concentragdo de CI” devem ser acidificadas com HCI 0,3-0,5% (v/v) e as aguas salobra e
salgada ([CI'] > 500 ppm) com H,SO4 0,1-0,2% (v/v) (EPA-1630 2001). Amostras
preservadas com HNO; n3o podem ser analisadas para MeHg pois ele € parcialmente
decomposto pelo acido nitrico durante a etapa da destilagdo (EPA-1630 2001) e do
armazenamento, com cerca de 30% de perda em um més (Parker e Bloom 2005). Se
adequadamente preservadas (acidificadas, resfriadas ¢ no escuro), o protocolo EPA-1630
(2001) estabelece que as amostras possam ser armazenadas por até seis meses. No entanto,
Parker ¢ Bloom (2005) observaram que apds 250 dias (> 8 meses), ndo houve perdas
significativas de MeHg e as amostras continuaram adequadas as anélises. E possivel que a
agua possa ser armazenada por um periodo ainda mais longo, entretanto, testes devem ser
realizados para verificar o periodo maximo de estocagem, pois até 0 momento, 0 maior tempo
avaliado foi de 250 dias.

O MeHg nédo € estavel em acido concentrado, portanto o HCl ou H,SO, utilizados
geralmente ndo resultam em contaminac¢do das amostras. Ainda assim, o método EPA-1630
(2001) recomenda utilizar acido com concentragdo de Hg < 5 pg.mL™. A acidificagio da
agua, mesmo em amostras de agua filtrada, pode causar a coagulagdo de carbono organico
dissolvido formando flocos que podem adsorver Hg e se depositar no fundo da garrafa
(Bloom 1994). Assim, as amostras devem ser homogeneizadas antes de se remover uma sub-
amostra para analise. Em geral, agitar bem a garrafa antes de retirar uma aliquota ¢ suficiente.

Garrafas de PTFE e de vidro com tampa ou batoque de PTFE so aceitaveis para a
coleta e o armazenamento de amostras de agua para analise de MeHg (EPA-1630 2001). O
enxague das garrafas com agua ultra-pura durante a lavagem e com a agua do local durante a
coleta deve ser feito com muita atengdo para que se remova todo residuo de oxidantes
utilizados na limpeza destes frascos, prevenindo a decomposicdo do MeHg (Leopold et al.

2010).

HgT

A 4gua destinada a andlise de HgT deve ser manuseada cuidadosamente para evitar a
contaminagdo da amostra. Ao contrario do MeHg, a contaminacdo da amostra por HgT € mais

dificil de ser controlada, o que exige muito investimento de tempo para o treinamento de
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pessoal e ajuste de protocolos. A utilizacdo de aparatos adequados (como salas classe 100 e
capelas de fluxo laminar) auxilia no controle da contamina¢do. Entretanto, nem sempre os
laboratérios dispdem destes materiais, €, muito menos, os laboratorios de campo, onde muitas
vezes as amostras devem ser manipuladas. Além de todas as recomendagoes ja citadas nas
secdes anteriores, algumas atitudes podem auxiliar no controle da contaminagdo: utilizar luvas
e roupas limpas e livres de p6 durante o manuseio das amostras; revestir as bancadas com
plasticos limpos; armazenar todo material necessario a coleta em dois sacos plasticos limpos
(desde pipetas até equipamentos); utilizar somente vidraria cuidadosamente lavada e
exclusiva para as amostras de agua, separada do restante de vidraria do laboratorio.

Quando a amostra ¢ utilizada para quantificar outras espécies mercuriais além do HgT,
deve ser preservada, em um primeiro momento, de acordo com os protocolos dessas espécies
a serem avaliadas porque para a quantificagdo do HgT toda a informacdo da especiagdo ¢
perdida. Uma vez que as outras espécies tenham sido determinadas, uma das formas de
preservar a 4gua para a anélise de HgT ¢ adicionar 5 mL.L" de BrCl & garrafa para ter certeza
de que qualquer Hg aderido as paredes da garrafa seja resolubilizado antes da anélise. O BrCl
destroi toda informagdo de especiagdo, pois promove a conversdo de todo o Hg presente na
amostra a Hg®", inclusive destruindo os complexos organicos (EPA-1631 2002, Parker e
Bloom 2005). Se a adi¢do do BrCl & garrafa ndo for possivel, as sub-amostras de agua
utilizadas na analise de HgT devem ser retiradas somente apos forte agitacdo da garrafa, para
remover qualquer Hg aderido as paredes (EPA-1631 2002). No entanto, a adi¢do do oxidante
a garrafa é preferivel porque assim a remoc¢do do Hg aderido as paredes da garrafa ¢ mais
eficiente.

Apods aproximadamente 12 h da adi¢do do BrCl, a cor amarelada do reagente na
amostra deve se manter. Caso contrario, mais BrCl deve ser adicionado a amostra até que ela
tenha uma cor amarelada permanente. O desaparecimento da cor amarela significa que houve
consumo de todo o oxidante pela matéria organica ou sulfetos presentes na amostra. Frascos
de coleta transparentes facilitam esta inspecdo visual do excesso de BrCl. Uma vez que a
amostra esteja preservada com BrCl, a temperatura de estoque da garrafa ndo ¢ critica, ela
pode ser guardada em temperatura ambiente. Utilizando garrafas de vidro ou de PTFE e a
preservagdo com BrCl, o método EPA-1631 (2002) estabelece que a amostra permanece
adequada por até 90 dias a partir da data de coleta. No entanto, Parker e Bloom (2005)
verificaram que, preservando desta maneira, o HgT foi completamente recuperado apés 300

dias de armazenamento. Utilizando garrafas do tipo PET para a coleta e o0 armazenamento da
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agua, as amostras podem ser preservadas com a adigio de 1 mL.L"' de BrCl e devem ser
analisadas em até 14 dias (Fadini e Jardim 2000).

A utilizagdo de uma tnica garrafa contendo amostra de 4gua para andlise de diferentes
espécies mercuriais pode ocasionar dois problemas, contaminacdo da amostra e super-
estimativa de sua concentragdo. Ao abrir e fechar a garrafa repetidas vezes para remover
aliquotas de agua que serdo analisadas para diferentes espécies mercuriais, o analista esta
expondo a amostra repetidas vezes, o que pode resultar em contaminagdo da mesma (Parker e
Bloom 2005). Isso ¢ especialmente importante quando as amostras sdo preservadas com
acidos ou solugdes oxidantes porque elas se tornam eficientes capturadoras de Hg,
convertendo o Hg” a Hg*" (Parker e Bloom 2005). Além da possibilidade de contaminagio, o
uso de uma uUnica garrafa para a quantificagdo de diversas espécies mercuriais pode gerar a
super-estimativa do HgT (Parker e Bloom 2005). Isso pode ocorrer porque se uma quantidade
consideravel da amostra for removida da garrafa para as demais analises, o0 Hg adsorvido as
paredes da garrafa sera solubilizado quando a amostra for oxidada para a analise de HgT ¢ ira
incrementar a concentragdo do liquido restante na garrafa (a razdo parede/amostra sera maior).
Estes dois problemas sdo resolvidos facilmente com a coleta de uma garrafa para cada espécie
que se quer avaliar ou ainda com a coleta de agua destinada a analise de HgT em uma garrafa
separada daquela coletada para as demais espécies mercuriais alvo.

O BrCl pode ndo ser um oxidante adequado para amostras que contenham alta
concentracdo de material particulado em suspensdo, sendo a oxidagdo com 3 H,O: 2 HCI: 1
HNO; (v/v) mais eficiente neste tipo de amostra (Marins et al. 2002). Outras formas de
oxidacdo podem ser utilizadas para a preservagdo do HgT na agua, como por exemplo,
permanganato de potassio e persulfato de potassio (Leopold ef al. 2010, Montgomery et al.
1995). Se garrafas do tipo PET forem utilizadas para a coleta e armazenamento da agua, as
amostras podem ser preservadas congeladas a -18 °C, devendo ser analisadas em até 40 dias
(Fadini e Jardim 2000). A escolha da preservacdo vai depender da anélise quimica e
equipamento de detecgdo que serdo utilizados posteriormente.

A ndo contaminagdo do reagente que serd adicionado a amostra para a preservacao do
HgT ¢ muito importante. Isso porque, ao contrario dos redutores, a descontaminagao do
reagente oxidante ¢ complexa. E importante verificar com o fabricante qual é a concentragio
de Hg no reagente. Ha reagentes ultra-puros diponiveis no mercado, mas eles t€m alto custo.
Para descontaminar os acidos, a destilagdo sub-boiling ¢ uma opgao frequentemente utilizada
pelos laboratérios que possuem um destilador para este fim. Uma alternativa econémica e

simples para destilagao de acido por via isotérmica é descrita em Campos et al. (2002). Esta
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pode ser feita em laboratorio e foi eficiente para diminuir as concentragdes de cobre no acido
destilado (Campos et al. 2002), mas ndo foi testada quanto aos niveis de Hg, deixando em
aberto uma possivel alternativa que pode ser utilizada pelos laboratdrios que ndo possuem

acidos ultra-puros e destiladores sub-boiling.

Filtracao

As amostras de agua podem ser filtradas no momento da coleta (com filtros adaptados
a garrafa ou bomba coletora), ap6s a coleta no laboratério de campo, ou no laboratorio de
analises até dias depois da coleta. O método EPA-1669 (1996) recomenda que a filtragdo seja
feita em laboratorio sob capela de fluxo laminar ou em uma sala classe 100 para evitar o risco
de contaminagdo nas condi¢des de campo. No entanto, a decisdo de quando ¢ onde a amostra
sera filtrada depende das condigdes de campo, do tipo de dgua coletada e da espécie mercurial
alvo. Por exemplo, se a campanha amostral for muito longa e nao ha possibilidade logistica de
envio do material para o laboratorio, a equipe devera filtrar a 4gua no momento da coleta ou
no laboratorio de campo. Os cuidados que evitam a contaminagdo das amostras em campo,
discutidos nas segdes anteriores, também sao validos para a filtragdo.

Se a filtragdo ndo ocorrer no momento da coleta, garrafas de vidro ou de PTFE devem
ser utilizadas para armazenar a amostra até o momento da filtragdo no laboratério (Parker e
Bloom 2005). Estas amostras devem permanecer no escuro e resfriadas para evitar a
degradagdo do MeHg e a dessor¢do do Hg do material particulado para a solugdo (Campos et
al. 2002, Parker e Bloom 2005). Mesmo nestas condi¢cdes de preservagdo, ndo hd um
consenso sobre o tempo que a razdo Hg dissolvido/associado ao material particulado
permanece preservada. As amostras podem ficar estaveis somente 1-2 dias ou semanas
dependendo do tipo de 4gua coletada (Parker e Bloom 2005). Enquanto que amostras de dgua
doce oxigenadas ficaram estaveis por mais de uma semana, aguas anoxicas e sub-Oxicas
perderam até 99% do Hg dissolvido para as paredes da garrafa 12 h apos a coleta (Parker e
Bloom 2005), portanto, estas ultimas devem ser filtradas no momento da coleta,
especialmente se o HgT na fragdo dissolvida for a espécie-alvo. Aguas destinadas a filtragio
para analise de MeHg ficaram estaveis de 1 dia a semanas dependendo da atividade

microbiana da amostra (Parker e Bloom 2005).
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Filtros feitos de diferentes materiais (e.g., PTFE, Nylon, acetato de celulose, fibra de
vidro ou quartzo) e porosidades podem ser utilizados dependendo do objetivo da coleta. O
método EPA-1631 (2002) recomenda que a agua seja filtrada através de um filtro com
porosidade de 0,45 um para avaliar o Hg dissolvido. Para escolher o tipo de filtro, deve-se
avaliar custo, disponibilidade com a porosidade necessaria e como aquele tipo filtro pode ser
descontaminado antes do uso. A reutilizagdo dos filtros ndo é recomendada porque o risco da
limpeza e descontamina¢do ndo serem eficientes € maior que os custos de comprar novos
filtros (EPA-1669 1996).

Filtros de fibra de vidro e quartzo podem ser descontaminados aquecendo os mesmos
a 400 °C por algumas horas. No entanto, com a mesma porosidade e tamanho, os filtros de
quartzo sdo cerca de 10 vezes mais caros que os de fibra de vidro. Portanto, se ndo ha uma
necessidade especifica para utilizar o quartzo, os filtros de fibra de vidro podem ser utilizados
em substituigdo com um custo muito menor. Campos et al. (2002) verificaram que a
descontaminacio do filtro pela filtragio de 50 mL de HCI 1 mol.L™' seguida de 100 mL de
agua ultra-pura ¢ eficiente para Cu. O Hg nao foi testado, no entanto, ¢ plausivel que também
seja eficiente. Somente com a analise de amostras-branco esta eficiéncia pode ser verificada.
Este procedimento € pratico porque pode ser feito em campo, sem a necessidade de um
tratamento prévio do filtro como a calcinagdo. No entanto, se o objetivo for analisar o filtro
contendo o material particulado, esta limpeza possivelmente ndo sera eficiente, pois as bordas
do filtro presas ao sistema de filtragdo nao seriam lavadas.

A filtragdo deve seguir a metodologia méao suja/mao limpa (EPA-1669 1996). O méao
limpa realiza todas as etapas de filtragdo ¢ contato com a amostra e o filtro. O mao suja
auxilia nos procedimentos que ndo tocam na amostra e filtros, como por exemplo, abrir o saco
externo que contém a garrafa da amostra ¢ manusear a bomba de filtragdo. No momento da
filtracdo, ¢ aconselhavel filtrar aproximadamente 50 mL de agua da amostra para enxaguar
filtro, sistema de filtragdo e garrafa que receberd a agua filtrada; descartar esta agua; e
prosseguir com a filtragdo que serd armazenada para analise (EPA-1669 1996). Este enxague
ndo pode ser realizado quando objetiva-se analisar o filtro, pois qualquer agua filtrada vai
depositar particulas no filtro e, portanto, todo volume filtrado deve ser contabilizado no
calculo de concentracao final. Apods a filtragdo, a dgua deve ser preservada e armazenada de
acordo com os procedimentos citados nas secdes anteriores (EPA-1631 2002). Antes da
filtragdo, nenhum preservante deve ser adicionado a amostra porque isto poderia causar a

coagulagdo de moléculas dissolvidas, alterando a razdo dissolvido/particulado. Quando o
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objetivo ¢ analisar os filtros, estes devem ser armazenados congelados em sacos plasticos

limpos e novos.

CONTROLE DE QUALIDADE

O unico meio de medir a eficiéncia da coleta sem contaminacdo ¢ através da analise de
amostras nomeadas como branco (EPA-1669 1996). Brancos sdo amostras-controle que
seguem o mesmo protocolo de preparacdo das amostras, com a diferenca de haver agua ultra-
pura ao invés de amostra de agua. A andlise de brancos é um ponto importante na
determinagdo de merclrio em concentragdes baixas, como aquelas presentes no ambiente
(EPA-1631 2002). Inimeras fontes, como por exemplo, poeira ¢ fumaga, podem contaminar
as amostras de agua destinadas as analises de HgT. Portanto, os laboratorios precisam estar
sempre atentos a necessidade de mudar procedimentos ¢ atitudes para evitar a contaminagao
desse tipo de amostra. Por outro lado, problemas de contaminag¢ao das amostras destinadas as
analises de MeHg sdo bem raros.

O requerimento minimo de brancos que devem ser feitos para validar a preparagdo das
garrafas, coleta, preservagdo e armazenamento das amostras inclui o branco da garrafa, branco
de equipamento e branco de campo (EPA-1669 1996). Estes brancos sdo independentes do
método analitico empregado para a detecgdo e quantificagdo do mercurio. Durante os
procedimentos analiticos, € necessario fazer outros diferentes tipos de branco como forma de
controle da contaminagdo sobre o método empregado como, por exemplo, o branco do
sistema, de reagente e do método (EPA-1631 2002). Estes ultimos nao sdo discutidos porque
ndo fazem parte do escopo do presente trabalho, que discute todas as etapas anteriores a
analise da amostra.

O branco de garrafa foi discutido anteriormente; em resumo, ele visa verificar a
limpeza da garrafa antes da coleta (EPA-1630 2001). O branco de equipamento ¢ utilizado
para verificar se o equipamento de coleta ¢ livre de contaminagcdo (EPA-1669 1996).
Qualquer equipamento utilizado na coleta da agua deve ser previamente testado (EPA-1669
1996). No laboratorio, ap6s preparar o equipamento de coleta, os coletores devem processar
agua ultra-pura no equipamento utilizando exatamente os mesmo procedimentos que serdo
usados em campo, como por exemplo, manuseando agua ¢ equipamento através da técnica do

mao suja/mao limpa (EPA-1669 1996). Esta dgua ndo deve ter concentragdo maior ou igual
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que a concentragdo minima de quantificagdo do método ou nio deve ser maior que um quinto
da concentragdo das amostras, o que for maior, para que o equipamento seja considerado
proprio para o uso (EPA-1669 1996).

O branco de campo ¢ utilizado para verificar se houve contamina¢do da amostra
durante a coleta ou seu processamento. Para fazer um branco de campo, dgua ultra-pura deve
ser transportada para campo em um recipiente adequado e deve entdo passar pelas mesmas
etapas que a amostra, como, por exemplo, ser manuseada no equipamento de coleta,
armazenada em uma garrafa, pré-processada, preservada com os mesmos reagentes e
temperatura, transportada nas mesmas condigdes e, por fim, analisada como se fosse uma
amostra (EPA-1669 1996). O branco de campo para coleta de 4gua de chuva pode ser feito
expondo no campo o funil acoplado a garrafa de coleta por cerca de um minuto, visto que o
tempo de exposi¢do deve ser curto para evitar a deposicdo de material particulado da
atmosfera e, em seguida, despejar sobre todo o didmetro do funil, 4gua ultra-pura no volume
médio de chuva coletado para aquela regidao (Campos et al. 2002). Os limites aceitaveis de
contaminag¢do do branco de campo sdo os mesmos que os do branco de equipamento (EPA-
1669 1996). Ao menos um branco de campo deve ser processado a cada 10 amostras
coletadas em um local (EPA-1631 2002).

Para avaliar a precisdo da amostragem, réplicas de campo sdo necessarias (EPA-1669
1996). Estas consistem em duas amostras de 4gua do mesmo local coletadas simultaneamente,
ou em uma rapida sucessdo (EPA-1669 1996), para que as condi¢des ndo mudem evitando
que tenhamos duas amostras naturalmente diferentes (e ndo por erro de amostragem, que € o
que se quer avaliar). Ao menos uma réplica de campo deve ser feita a cada 10 amostras
coletadas em um local (EPA-1631 2002).

Uma importante ferramenta de avaliagdo da qualidade do processamento e analise de
amostras pelos laboratdrios s3o os programas de intercomparagdo laboratorial. A participagao
do laboratério neste tipo de programa ¢ essencial para que se possa ter uma avaliagdo dos
procedimentos empregados pelo laboratério na analise de uma espécie quimica de Hg em um
tipo de matriz especifica. Atualmente, existe um programa de intercomparacgdo para analise de
HgT ¢ MeHg em agua promovido por uma empresa fabricante de equipamentos, Brooks
Rand®™ (Creswell et al. 2013); no entanto, para participar, o laboratério tem um custo que &
associado ao transporte das aguas até sua base. Além deste, ¢ importante que programas de
intercalibragdo sejam desenvolvidos entre laboratdrios brasileiros que utilizam técnicas
diferentes para o processamento e analise das espécies mercuriais em agua. Com isso, 0s

laboratorios podem avaliar e ajustar as condigdes para obter resultados confiaveis e livres de
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contaminagdo. Bastos ef al. (1998) realizaram uma intercomparagdo entre diferentes
laboratérios brasileiros para analise de Hg em amostras biologicas e geoldgicas; mas para

agua nao ha, atualmente, nenhum programa brasileiro.

CONCLUSAO

Atualmente ¢ possivel analisar diferentes espécies mercuriais em aguas naturais
devidos aos baixos limites de deteccdo dos atuais equipamentos analiticos. Isto permite
importantes avancos no entendimento do ciclo desse elemento, incluindo sua bioacumulagao
pela biota. Concomitantemente ao avango das técnicas analiticas, houve o desenvolvimento de
eficientes métodos de preservagdo da especiagdo quimica e do controle da contaminagdo das
amostras, que permitiram a execucio de resultados confidveis mesmo em aguas pristinas. E
necessario escolher criteriosamente cada etapa a ser seguida, como a escolha do tipo de frasco
de coleta e sua descontaminacdo, do tipo de preservacdo, de armazenamento e transporte,
rotina de atividades em campo e no laboratério. Estas escolhas vao depender da qualidade da
amostra de 4gua que se objetiva analisar, das espécies mercuriais alvo, da dinamica de coleta,
e da disponibilidade de equipamentos, de pessoal e financeira. No Brasil, muitos trabalhos
tém sido realizados nos ultimos anos com a quantificacdo de diferentes espécies de Hg em
agua. Muitos laboratdrios brasileiros tém inserido a analise de Hg em agua em sua rotina, mas
alguns desafios ainda s3o importantes e, muitas vezes limitam a quantidade de amostras ou de
espécies quimicas possiveis de ser analisadas, como, por exemplo, a falta de estrutura
laboratorial, de recursos financeiros e de pessoal qualificado, disponibilidade de alguns

materiais no mercado brasileiro e elevados custos de importagao.
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SINTESE

As concentragdes de MeHg na agua foram influenciadas pela sazonalidade, tanto nos
sistemas fluviais amazdnicos naturais quanto no reservatorio de Balbina. Nos ambientes
naturais, o pulso de inunda¢do dos rios alagou extensas areas criando ambientes propicios a
metilacdo do mercurio. Consequentemente, altas concentragcdes de MeHg foram observadas
durante a esta¢do de cheia. No reservatdrio de Balbina, a principal influéncia da sazonalidade
ocorreu sobre o padrdo de estratificagdo da coluna d’agua. Esta estratificagdo criou um
hipolimnio que apresentou condigdes propicias a metilacdo, o que foi confirmado ao observar
maiores concentracdes de MeHg na 4gua desta camada quando comparadas aquelas do

epilimnio.

A sazonalidade ainda influenciou na dindmica do mercurio a jusante da barragem, uma
vez que altas concentragdes de MeHg foram observadas na agua e no plancton a jusante
somente quando o reservatorio estava estratificado. Em geral, as concentragdes na agua
diminuiram gradualmente até aproximadamente 200 km de distdncia da barragem.
Organismos zooplanctonicos e peixes piscivoros apresentaram maiores concentragdes de
mercurio a jusante do que a montante da barragem, demonstrando que o MeHg exportado pela

barragem esta sendo acumulado pela biota.

Tanto no sistema fluvial natural quanto naquele impactado pela barragem, a principal
variavel preditora do MeHg foi o oxigénio dissolvido na agua. Este apresentou uma
correlacdo negativa com as concentragdes de MeHg na agua dos rios e do reservatdrio. Nos
sistemas fluviais naturais, considerando cada estacdo hidroldgica separadamente, diferentes
parametros limnoldgicos influenciaram as concentragdes de MeHg na agua. Oxigénio
dissolvido e pH durante a estagdo de cheia, ¢ temperatura da agua e carbono organico

dissolvido na estacdo de aguas baixas.

Concluimos que as concentragcdes de MeHg em rios amazonicos e no reservatorio de
Balbina foram influenciadas pela sazonalidade, e que a concentracdo de oxigénio dissolvido

foi a principal variavel preditora.
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ABSTRACT: The river downstream from a dam can be more
contaminated by mercury than the reservoir itself. However, it is not
clear how far the contamination occurs downstream. We investigated
the seasonal variation of methylmercury levels in the Balbina reservoir
and how they correlated with the levels encountered downstream
from the dam. Water, plankton, and fishes were collected upstream
and at sites between 0.5 and 250 km downstream from the dam
during four expeditions in 2011 and 2012. Variations in thermal
stratification of the reservoir influenced the methylmercury levels in
the reservoir and in the river downstream. Uniform depth
distributions of methylmercury and oxygen encountered in the
poorly stratified reservoir during the rainy season collections
coincided with uniformly low methylmercury levels along the river

reservoir, reservoir, ® ~ MeHg
EE .
<nd <and

River downstream
from the dam
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River downstream
from the dam
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downstream from the dam. During dry season collections, the reservoir was strongly stratified, and anoxic hypolimnion water
with high methylmercury levels was exported downstream. Methylmercury levels declined gradually to 200 km downstream. In
general, the methylmercury levels in plankton and fishes downstream from the dam were higher than those upstream. Higher
methylmercury levels observed 200—250 km downstream from the dam during flooding season campaigns may reflect the greater
inflow from tributaries and flooding of natural wetlands that occurred at this time.

Bl INTRODUCTION

The impoundment of rivers for hydroelectric power generation
can cause a series of impacts, including local extinction of
species, increased greenhouse gases emissions, eutrophication,
and increased mercury concentrations in aquatic biota.'”?
These changes occur due to the conversion of terrestrial
ecosystems and a flowing river into a large reservoir lake that
can become stratified seasonally, where large amounts of
organic matter, nutrients, and trace elements are released from
decaying terrestrial vegetation and soils to the water column.
The anoxic environments produced under these conditions are
especially favorable for the methylation and bioaccumulation of
mercury in the reservoir food chain>* Recent studies have
shown that river impoundment can often have greater effects
on the downstream river ecosystem than on the reservoir itself.
With regards to mercury, the levels encountered in surface
waters* and fish®® have generally been found to be higher
downstream from reservoir dams than upstream.

The high amounts of methylmercury (MeHg) downstream
from dams can be attributed to reservoir stratification that
increases anoxia in hypolimnetic waters and favors mercury
methylation and MeHg bioaccumulation.** The release of

\ -4 ACS Publications  © 2014 American Chemical Society 1032

hypolimnetic waters through turbines below dams increases
MeHg availability downstream* and promotes its bioaccumu-
lation and biomagnification through the aquatic food web.’
Studies have shown that this dynamic can vary seasonally with
the stratification—destratification pattern of the reservoir with
high MeHg in the reservoir hypolimnion and downstream river
waters during stratification periods and decreased methylmer-
cury levels in hypolimnetic and downstream river waters during
destratification periods.”” Fish (Curimata cyprinoides) living
downstream from the Petit-Saut Reservoir (Amazon region),
which fed on organic matter and microorganisms derived from
the reservoir’s anoxic hypolimnion, were found to have 10-fold
higher mercury levels than those living in the reservoir, showing
a clear link between MeHg export and downstream
contamination.® Fish located downstream from the dams can
also have higher mercury levels due to changes in feeding

habit.*® Omnivorous fish downstream from the Tucurui
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Reservoir (Brazilian Amazon) had higher mercury concen-
trations and trophic levels than those upstream from the dam.®
In the Robert-Bourassa Reservoir (Canada), benthic feeding
fish became piscivorous downstream from the dam, resulting in
higher mercury levels.>

Most studies on mercury contamination downstream from
reservoirs have focused on the regions immediately below the
dams>**® without considering the variation in mercury levels
further downstream. Reservoir effects on mercury levels were
observed in water collected 22 km downstream* and in fish
located up to 275 km downstream from the Robert-Bourassa
Reservoir” and over 300 km downstream from the Smallwood
Reservoir.'® In a less than 1 year old Chinese reservoir, there
was no clear pattern of total mercury levels in water and
plankton in the river around 100 km downstream from the
dam."" The geomorphological and limnological characteristics
of a river are important to consider when evaluating the impacts
of hydroelectric dams because the river interacts with the water
released from the reservoir. Schetagne and Verdon® suggest
that the distance downstream from a dam at which fish mercury
levels increase depends on the extent of dilution from
tributaries along the reach and the presence of large bodies
of water (lakes or reservoirs) permitting the sedimentation of
mercury-rich material. However, high mercury levels persisted
in fish far below the Smallwood Reservoir dam even after the
river passed through two large lakes.'® This author suggests that
habitat use and prey preferences of fish can also influence on
the extent of the dam effect on mercury levels. In fact, studies in
the Samuel® and Lago Manso'” reservoirs suggest that fishes
feeding on allochthonous food show little or no effect of the
dam on their mercury levels because most of their food is not
derived from the contaminated river system. The inflow of
tributaries downstream from the Petit-Saut reservoir con-
tributed reactive mercury that was methylated in the Sinnamary
River, resulting in greater MeHg transport downstream from
the dam." Fluvial wetlands, naturally present in the Amazonian
basin, can also be important sites for methylation,'*
contributing significant amounts of MeHg to the river system.
Thus, many physical, chemical, and biological factors must be
considered when assessing the downstream impacts of dams.
The scarcity of data on the mercury levels in river waters and
biota, especially plankton, far below reservoirs has limited our
understanding of the dam effect. We present here the results of
an investigation of the variation in methylmercury contami-
nation along a 250 km reach of the Uatum3 River downstream
from Balbina, a tropical hydroelectric reservoir in the central
Brazilian Amazon.

The specific objectives of the study were (i) to investigate the
influence of seasonal variation in thermal stratification above
the dam on the levels of methylmercury in the reservoir and in
the river downstream and (ii) to investigate the influence of the
reservoir on methylmercury levels in surface water, plankton,
and fish along the extended downstream study reach. This is
the first study that simultaneously considers the combined
effect of a reservoir on all of these components.

B MATERIALS AND METHODS

Study Area. The Balbina Reservoir (01° 52" S; 59° 30’ W)
was formed in 1987 by damning the Uatuma River in the
central Amazon basin. The climate in the region is tropical
humid, with annual rainfall of 2000 mm concentrated between
December and May. The precipitation along the sampling year
is showed in Figure S1 of the Supporting Information. The
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average flooded area of the reservoir lake is 2400 km?, and the
hydraulic residence time is about 14 months."> The water level
of the reservoir lake is controlled to maximize the power
generation and varied from 21 to 24 m (depth immediately
upstream from the dam) during the study period. Previous
studies monitoring the reservoir monthly (1989-1999)"¢ and
bimonthly (2004—2005)> showed that the reservoir is
thermally stratified most of the year resulting in the
development of anoxia in bottom waters, except in March—
May when there is a more oxygenated homogeneous water
column due to weakened thermal stratification during the rainy
season. The water removed for power generation is drawn
through a grating that begins at an average depth of 14 m and
extends to the bottom,® entirely below the oxycline in most
cases, which means that the characteristics of downstream
waters are strongly influenced by seasonal stratification
dynamics in the reservoir. All water used for power generation
leaves through the turbines, even during the rainy season, and
the spillways are opened only rarely during unusual rains.
Immediately downstream from the dam, the Uatuma River
passes through a narrow valley in the Guyana Shield. It has a
narrow floodplain in this region (0—400 m) and no significant
interfluvial wetland in its drainage, with water levels varying
rapidly within narrow limits in response to reservoir manage-
ment'” (depth: 6 & 2 m). In contrast, the lower stretch of the
river flows through the central Amazon sedimentary basin,
characterized by flat topography with extensive alluvial
floodplains. The floodplain of the Uatumd is much broader in
this reach (1—6 km) and is inundated by a strong seasonal
flood pulse (depth: 1—9 m), with high water levels occurring
from April to June (Figure S1, Supporting Information). The
flood dynamic in this region is a backwater effect linked to the
annual flood pulse of the Amazon River main channel.

The reservoir is surrounded mainly by natural broadleaf
tropical forest areas with some small communities and the
village of Balbina. The left margin of the reservoir is occupied
by the ReBio do Uatumi Reserve that encompasses 9387 km?
of the drainage basin. There is no gold mining in the Uatuma
basin.

Sampling and Laboratory Analyses. Samples were
collected during four expeditions (Figure S1, Supporting
Information) to account for the major variations in the water
chemical characteristics that are linked to the seasonal rainfall
pattern.>'® Campaigns took place from August 30 to
September 10, 2011 (dry season), from December 17 to 21,
2011 (early wet season), from March 31 to April 4, 2012 (wet
season), and from June 27 to July 2, 2012 (early dry season),
designated as August 2011, December 2011, March 2012, and
June 2012, respectively. In the lower stretch of the Uatum3,
these campaigns reflected the two flood phases (high and low
water).

Water samples for MeHg analyses were collected on the four
expeditions and limnological measurements (pH, dissolved
oxygen, electric conductivity, and temperature) were made at
the same times and sites. We sampled water along a vertical
profile immediately upstream from the dam at approximately 3
m depth intervals using a Van Dorn bottle. Downstream from
the dam, subsurface water (0.3 m depth) was collected in the
center of the Uatumd channel at a point equidistant from the
riversides. The samples were taken at six locations along the
river between 0.5 and 250 km downstream from the dam
(hydrological distance). Using ultraclean techniques,'® we
collected 250—500 mL water samples in amber glass bottles

dx.doi.org/10.1021/es4042644 | Environ. Sci. Technol. 2014, 48, 1032—1040
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Figure 1. Sampling sites on the Balbina Reservoir and the Uatuma River, downstream from the dam. Background image is L band SAR acquiried by
the JERS-1 satellite in 1995 (Nasda/MITT). Fish UP, DOWN; and DOWN |, correspond, respectively, to the sampling sites for fish in the reservoir

and in the Uatuma River, 5 and 180 km downstream from the dam.

with Teflon lids. The sample bottles were cleaned according to
EPA 1630;'° briefly, the bottles were filled with sequential
solutions of ultra pure water with HCI and heated for several
hours. Between each cleaning step, the bottles were rinsed three
times with ultra pure water. Finally, the bottles were double
bagged in polyethylene zip-type bags. Bottle and field blanks
were used to evaluate contamination.'” The samples were
preserved by adding HCI a few hours after collection and
storing them in a cool dark environment.'® Field duplicates
were collected to assess the precision of the field sampling."?
MeHg analyses were conducted on unfiltered water following
EPA method 1630," using 1% APDC solution on distillation,
ethylation, and CVAFS (MERX, Brooks Rand). We analyzed
each water sample in duplicate and checked the accuracy by
analyses of matrix spikes of MeHg (spiked 2—30 h before
analyses) with true concentration'® ranging between 0.02 and
0.55 ng L™" (recovery: 97 + 12%; n = 43). The detection limit
of MeHg was 0.012 ng L™, corresponding to the mean of
concentrations of the method blanks plus three times the
standard deviation of the blanks.”® In an analytical intercalibra-
tion performed for MeHg analysis in water, our laboratory’s
performance was considered satisfactory.”'

We collected plankton at the same time water samples were
taken, except during the first campaign when the plankton was
not collected. We sampled plankton at three sites near the dam
in the reservoir lake and at 5, 35, 200, and 250 km downstream
from the dam (Figure 1). At each site, conical plankton nets of
70 and 350 ym mesh size were hauled horizontally just below
the water surface. Both nets collected mainly zooplankton due
to the large mesh; however, some net algae could be included
in those filtered materials. In order to obtain a more pure
zooplankton sample, the filtered material was separated into
phytoplankton and zooplankton according to the methodology
described in Palermo.”” Briefly, immediately after collection, we
transferred each sample to a decantation funnel and added
around 500 mL of carbonated mineral water. After 30 min, the
zooplankton become narcotized, sank to the bottom of the
funnel, and was decanted, while the phytoplankton remained
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suspended allowing the sequential collection of both materials.
As expected, suspended material (phytoplankton) was scarce
because these mesh nets collect mainly zooplankton, not
holding much of phytoplankton because it is generally smaller.
Therefore, phytoplankton was disregarded, and we determined
methylmercury levels only in zooplankton. These separations
are not always perfect because it is a rough separation method,
in which the plankton is not separated cell by cell, and some
algae were probably included in the zooplankton samples.
However, Palermo®® considered this method adequate for
plankton separation. Phytoplankton remains could decrease the
MeHg levels observed in the zooplankton samples because
phytoplankton generally has lower MeHg than zooplankton.
Zooplankton samples were stored at —18 °C, freeze-dried,
and analyzed for MeHg content according Almeida,* using
25% KOH/methanol solution, ethylationm and CVAFS
(MERX, Brooks Rand). We analyzed each sample in duplicate
whenever possible (some samples had low mass). The
recoveries of certified reference samples were 81 =+ 5%
(IAEA-142; n = 6), 80 + 2% (DORM-3; n = 4), 97 + 3%
(IAEA-140; n = 2), and 83 + 4% (IAEA-40S; n = 3). The
minimum detectable concentration was 0.29 ug kg™".
Piscivorous fish (Cichla spp.) were captured in the reservoir
(UP; n = 37) and in the Uatuma River, S km (DOWNg; n =
21) and 180 km downstream from the dam (DOWN z; n =
36), between September and December 2011 (Figure 1). Were
selected only adult individuals based on the length of first
gonadal maturation.”*** Hg levels in fish, particularly in muscle,
are integrated over longer time periods than plankton.
Therefore, the results for fish are considered to be
representative of the entire sampling period. We determined
total mercury levels (THg) on fresh skinless dorsal muscle
(located above the lateral line) by hot acid extraction and
CVAAS-FIMS (FIMS 400, Perkin-Elmer) following Bastos et
al*® We analyzed samples in duplicate and in parallel with
certified material (DORM-3 recovery: 99 + 5%; n = 3) as well
as standard samples produced in the laboratory and used in
intercalibration exercises among Brazilian laboratories (AFPX-

dx.doi.org/10.1021/es4042644 | Environ. Sci. Technol. 2014, 48, 1032—1040
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Figure 2. Seasonal variation in the vertical profiles of water quality parameters upstream from the Balbina Dam (left) and in subsurface waters

between 0.5 and 250 km downstream from the dam (right).

5130 recovery: 109 = 3%; n = S). The minimum detectable
concentration was 4 ug kg™!. Kehrig et al.®’ analyzed
methylmercury levels in muscle of Cichla spp. from the Balbina
Reservoir and found that on average 96 + 4% of the total

mercury was methylmercury. Therefore, in the following results
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and discussion, we consider that almost all THg content in fish
was MeHg.

The mercury concentrations presented here for water,
plankton, and fish samples represent the direct analytical
results uncorrected for the observed recoveries of the spikes
and certified reference materials.

dx.doi.org/10.1021/es4042644 | Environ. Sci. Technol. 2014, 48, 1032—1040
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Bl RESULTS

Methylmercury in Water and Limnological Condi-
tions. The reservoir was stratified throughout the sampling
campaigns, except in March 2012, with anoxic conditions
prevailing at depths below 15 m (Figure 2). The level of vertical
stratification was evaluated during each sampling campaign by
monitoring profiles of temperature and oxygen during at least
48 h at 2—10 h intervals (data not shown). The MeHg levels in
anoxic hypolimnetic waters (0.33 ng L™, on average) were
higher than those near the surface (<0.02 ng L™'). When the
water column was well stratified, the temperature decreased
with depth and electrical conductivity increased (subsurface
bottom waters: 31.5 + 0.7—28.8 + 0.5 °C; 8.2 + 0.3—32.2 +
8.3 uS cm™'). Methylmercury levels decreased along the river
downstream from the dam in August and December 2011,
which is the low water period in the lower reach of the Uatuma
(August: 0.18—0.06; December: 0.11—0.03 ng L™'; 0.5—250
km downstream). In July 2011, the high-water season, MeHg
levels decreased from 0.5 to 200 km downstream (0.12 to 0.06
ng L7, respectively), but then increased at 250 km downstream
(to 0.09 ng L™"). Uniform depth distributions of MeHg (0.02 +
0.01 ng L") and conductivity (9.8 + 1.3 uS cm™") were only
encountered in the reservoir during March 2012 when oxygen
and temperature showed little variation with depth (subsurface
bottom waters: 7.4—2.5 mg L% 29.1-282 °C), indicating a
poorly stratified water column. In this period, MeHg
concentrations were uniformly low along the river downstream
from the dam (0.02 + 0.01 ng L™'), increasing only slightly
between 200 and 250 km downstream from the dam (0.05 ng
L") where the floodplain of the Uatum3 was inundated due to
high-water conditions. During all sampling periods, oxygen
levels increased in the first 35 km downstream from the dam
(0.5-35 km: 4.9 + 1.1-6.0 + 1.1 mg L™").

Methylmercury Levels in Plankton. The methylmercury
levels within each size-fraction of zooplankton from the Balbina
Reservoir were similar regardless of the sampling site or period
(8 +£3and 12 + 4 ug kg™ d.w,, respectively, for 70 and 350 um
fractions; Figure 3). Downstream from the dam, the levels in

70 pm  -O-December2011 -8 March 2012 +s June2012

UP DOWN

65
DOWN
52

39

[MeHg] (ng.kg™! dry weight)

26

0
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Figure 3. Seasonal and longitudinal variation in methylmercury levels
in zooplankton collected with 70 and 350 pm mesh nets, refined
according to Palermo,”” upstream and downstream from Balbina Dam.
Upstream value means and vertical bars when bigger than the symbols
represent the standard deviation for triplicate samples.

March 2012 (5—29 pg kg™' d.w.) were in general lower than
those in the other two sampling periods (9—63 ug kg™' d.w.).
In March 2012, the zooplankton from the upstream site had
MeHg levels (8 + 2 g kg™ d.w.) similar to zooplankton in the
first 35 km downstream from the dam (9 + 2 ug kg™ dw.),
with an increase in levels in the flooded lower stretch of the
Uatum, reaching 26 + 4 ug kg™' d.w. at 250 km downstream.
In the other two sampling periods (December 2011 and June
2012), zooplankton showed an increase in MeHg levels just
below the dam. In December 2011, MeHg values were highest
35 km downstream (34 + 6 ug kg™' d-w.) and then decreased
along the lower Uatuma, which was in the dry phase of its flood
cycle reaching 11 + 3 pg kg™' d.w. at 250 km downstream
similar to upstream values (13 + 3 ug kg™' d.w.). In June 2012,
MeHg levels increased along the Uatum3 River reaching 63 + 1
ng kg_l d.w., the highest values observed, at 250 km
downstream, which was in peak flood stage (Figure 3).

Total Mercury Levels in Piscivorous Fish. The average
total mercury levels in fish muscle in the reservoir, 5 and 180
km downstream from the dam, were 383 + 143, 663 + 147,
and 733 + 354 ug kg™' wet weight, respectively. Weight and
standard length of fish were positively correlated (Pearson’s
test: UP: r* = 0.95, p < 0.0001; DOWN;: /* = 0.89, p < 0.0001;
DOWN gp: * = 0.92, p < 0.0001); therefore, in the following
results, and discussion on fish size refers to standard length
rather than weight. Mercury levels in fish varied significantly
between sites, with standard length and with the interaction
between these factors (ANCOVA: interaction: F = 7.311, p =
0.008; length: F = 5762, p = 0.018; site: F = 21.562, p <
0.0001; Figure 4a). In order to better compare differences
between sampling sites, we narrowed the standard length of fish
considered to 24—31 cm, which resulted in a slight reduction in
sample size (UP: n = 31; DOWNg: n = 9; DOWN4: n = 13).
In general, the fish captured UP were smaller than DOWN
(Figure 4a), with 24 cm being the smallest fish captured
DOWN and 31 cm the biggest captured UP. The selected fish
had no statistical difference in standard length between sites
(ANOVA: F = 2272, p = 0.114), and those from upstream
showed lower Hg levels than those from 5 and 180 km
downstream (ANOVA: F = 24.741, p < 0.0001; Figure 4b).

Considering all specimens analyzed, 24%, 86%, and 97% of
them at UP, DOWN;,, and DOWN\g, sites, respectively,
exceeded the maximum recommended limit for human
consumption (0.5 pug g' wet weight) established by the
World Health Organization.28

M DISCUSSION

The MeHg levels in the Balbina Reservoir and in the first 35
km downstream from the dam were strongly influenced by
variations in thermal stratification of the reservoir among the
different sampling campaigns. During the dry season sampling
campaigns, the high MeHg concentrations in water exported
from the hypolimnion of the reservoir to the river declined
gradually until 200 km downstream from the dam. The higher
methylmercury levels in plankton and fish downstream
suggested that MeHg exported from the dam was accumulated
by downstream biota. During the wet season sampling
campaign, no evidence of vertical stratification was observed
in the reservoir, and in general, the MeHg concentrations in the
reservoir and in the river downstream were lowest. The
seasonal inundation of alluvial wetlands and the larger discharge
of tributaries may have contributed to the higher MeHg
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Figure 4. Total mercury levels in fish muscle (Cichla spp.) in relation
to (a) fish standard length and (b) collection location. Locations
include upstream from dam (UP) and S and 180 km downstream from
Balbina Dam (DOWN; and DOWNg, respectively). Gray area
represents selected fish based on its standard length (see text for
details). These selected specimens are represented in (b), where black
squares are the mean of THg levels, bars indicate 95% confidence
intervals, and sampling sites that differ from each other at the
significance level of 0.05 are presented with different letters (UP <
DOWN; = DOWN, ).

concentrations observed in the lower stretch of Uatuma during
high-water sampling campaigns.

A hypolimnion with low oxygen levels and rich in MeH§ was
also observed in two other Amazon reservoirs, Samuel®® and
Detit-Saut,”” suggestin§ that methylation commonly occurs
under these conditions.” Samuel and Balbina are both of similar
age and have no gold mining in their basins. Balbina has a 10-
fold higher surface area than Samuel and longer hydraulic
residence time, 14 compared to 3.5 months. These conditions
could explain the higher MeHg levels in the hypolimnion of
Balbina when compared with those from Samuel (0.15 + 0.10
ng L™").% Petit-Saut has a smaller surface area than Balbina;
however, the former is deeper, younger (impounded in 1995),
and develops a more anoxic hypolimnion with higher MeHg
levels (reaches up to 1.1 ng L™")” than Balbina. At our sampling
site in the Balbina Reservoir, MeHg levels varied with the
degree of thermal stratification, with the lowest MeHg levels
encountered during the wet season sampling campaign when
no evidence of thermal stratification was observed. In the Petit-
Saut Reservoir and Elephant-Butte Reservoir (U.S.A.),
consistent changes in MeHg levels in water were also associated
with stratification—destratification dynamics.*” Besides their
influence on the reservoir per se, hypolimnetic processes thus
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appear to have a strong affect on the biogeochemistry in the
river downstream, especially in the reach near the dam. We
observed higher MeHg levels in river water and plankton just
below the dam compared with those near the reservoir surface
only in sampling campaigns where the reservoir was thermally
stratified. At the Petit-Saut Dam, mercury outputs from the
reservoir were also 25% higher during the dry seasons than in
the season when the water column was well mixed.”

The extent to which mercury levels remain high downstream
from a dam may depend on the presence of large deep lakes
that may trap MeHg-rich particles, as well as on the amount of
dilution from tributaries below the reservoir.> Particle
deposition is unlikely to have affected MeHg levels in the
Uatuma River, especially in the first 35 km downstream because
this reach has no lakes or other lentic habitats and has frequent
rapids and cascades that generate turbulence that maintains
particles in suspension. Because there are some small streams
flowing into this stretch, dilution may also have contributed to
the observed decrease in the MeHg levels in river water.
Discharge measured for 20 years (between 1977 and 1996) was
on average 607 + 349 m’s™" at 35 km downstream, a water
load 9% greater than at § km downstream from the dam.”® In
contrast, the drop in MeHg levels in water observed over the
same reach during the sampling campaigns of August 2011,
December 2011, and June 2012 was much larger, 25%, 42%,
and 23%, respectively. Therefore, we believe that other
processes (besides the dilution) not evaluated in the present
study may have contributed to the observed decrease in MeHg
levels. Demethylation and the adsorption of MeHg on biofilms
and on the geological substratum embanking the Uatuma may
have all contributed to this decline. Moreover, during sampling
campaigns when the reservoir was stratified, large particulates
(flocks), presumably iron oxide precipitates, were regularly
encountered, and the MeHg levels in these particulates
decreased in the first 35 km below the dam (unpublished
data) due apparently to an additional unidentified loss process.

Between 35 and 250 km downstream, dilution becomes more
important due to the added discharge of larger tributaries,
resulting in an average discharge of 2262 m® s™' at 250 km
downstream (unpublished data).Contrary to the trend expected
by dilution, MeHg levels in water and plankton increased at 250
km in March and June 2012 (high-water period in this reach).
During these two sampling campaigns, the lower reach of
Uatuma River had lower oxygen and pH levels than those
observed in August and December 2011 (low-water period).
The higher discharge of tributaries in the lower reach in this
period could have resulted in those limnological changes.
Downstream from the Petit-Saut Reservoir, the inflow of
tributaries resulted in the dilution of MeHg level, but also
created favorable conditions for local mercury methylation, and
consequently, downstream there are localized regions of
dilution and production of MeHg."> A similar effect could
occur in the lower reach of the Uatumai River during the high-
water season with the enhancement of particulate mercury
mobility and sulfate-reducing bacterial activity due to changes
in limnological conditions. On the other hand, those
limnological conditions could be a consequence of seasonal
changes linked to the river flood pulse. During flooding, large
inputs of allochthonous and autochthonous organic matter to
alluvial wetlands result in anoxic and acidic conditions
especially conducive to mercury methylation.®® Assays of
mercury methylation in the Tapajos River identified the
flooded forests and macrophyte mats that are widely available
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during the high-water season as important compartments to the
MeHg production."* The flood pulse inundates 6300 km? of
alluvial floodplain along the Uatuma River, mostly in the lower
reaches during high-water season,”! and is a natural backwater
effect linked to the flood dynamics of Amazon River main
channel, occurring independently of the discharge pattern of
Balbina Dam. Regardless of whether the unique limnological
conditions in the lower Uatum3 are due to increased tributary
inputs of the seasonal flood pulse or a combination of both,
they are both natural processes that could have contributed to a
local increase in Hg methylation and concentrations in this
region. Therefore, particularly during high-water sampling
campaigns in the lower stretch of Uatum3, local methylation
probably had a greater influence on MeHg levels than export
from the Balbina Reservoir. In fact, during sampling campaigns
at low-water season, MeHg levels declined 250 km down-
stream. In summary, we conclude that MeHg dynamics in water
and plankton of the Uatuma River near the dam is driven by the
seasonal stratification of reservoir, while MeHg dynamics in the
lower Uatuma is controlled by the seasonal flood pulse and/or
tributary inputs. The suite of processes underlying these
downstream changes is still unclear, and the scarcity of studies
investigating biogeochemical processes over extended reaches
below dams limits the discussion of more generalized patterns.
The plankton samples showed an increase in MeHg levels in
the first 35 km downstream from the dam in the sampling
campaigns in which the reservoir was stratified, evidence that
the MeHg exported by the dam is taken up by plankton and,
consequently, could be transferred to local biota. Methyl-
mercury has a high assimilation efficiency and low elimination
rate by aquatic organisms.>> Zooplankton were estimated to
take up 0.3 pug kg™' dry weight per km between 5 and 35 km
downstream of the dam. The influence of this uptake on
dissolved MeHg concentrations could not be determined
because zooplankton biomass was not estimated. However, the
elevated rates of uptake indicated a high potential for MeHg
transfer to higher trophic levels. An increase of about three
times was also encountered in the mercury levels of plankton
just below Tucurui, a permanently stratified reservoir in the
eastern Amazon.>® The lower levels of MeHg encountered in
plankton just below the dam when the reservoir was
unstratified in March 2012 indicated a strong link between
stratification patterns, MeHg export, and plankton contami-
nation in this reach of the river. In contrast, the higher
concentrations of MeHg encountered in plankton in the lower
Uatum3 during high-water samplings when compared with low-
water samplings indicated the dominant influence of the season
flood cycle on this pattern. The MeHg levels observed in
zooplankton of the Balbina Reservoir are similar to those
reported for zooplankton in four Brazilian reservoirs (Tucurui,
Santana, Vigério, and Lajes reservoirs)>> and an artificial lake**
in the United States. However, they are lower than those
encountered in other reservoirs located in Brazil, > the United
States,**> China,*® and Canada®”** (up to 840 ug kg™! dry
weight). Some of these reservoirs with higher concentrations
were contaminated by Hg from mining activities or are younger
than Balbina. The levels of MeHg in the Uatumi River
downstream from the Balbina Dam were similar or slightly
lower than those encountered in the rivers downstream from
the Samuel Dam® and Tucurui Dam,”* both Amazonian
reservoirs. In the present study, we did not evaluate the
community structure and abundance in plankton samples, and
this may have biased our interpretation of their MeHg levels.
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Higher mercury levels in fish immediately downstream from
dams have also been reported for other Amazonian®®** and
temperate reservoirs.”'® This pattern has been associated with
the stratification of the reservoir lake and downstream discharge
of MeHg-rich hypolimnion waters® or with differences in the
feeding habits and trophic levels of fish above and below the
dam.5 In the present study, we observed an increase of MeHg
availability downstream from the dam due to hypolimnetic
exportation, which apparently leads to a higher bioaccumula-
tion of mercury by fish located immediately downstream.
Because we studied piscivorous fish, differences in the mercury
levels in prey species may have also contributed to this
downstream trend. However, studies of the diet of Cichla spp.
in the Balbina Reservoir’*® and several Amazonian rivers
including the Uatuma River* ~* indicate that its feeding habits
and trophic level are similar. Thus, we conclude that the higher
Hg levels in fish from the Uatumi River immediately
downstream from Balbina Reservoir are mainly due mercury
export from the dam (“dam effect”). Studies in temperate
reservoirs have revealed increases of mercury levels in fish
caught from 275 to over 300 km downstream.'®” We found
that fish had similar mercury levels at S and 180 km
downstream from the Balbina Dam. We suggest that at
DOWN; MeHg reaches fish mainly by hypolimnetic
exportation through the dam and at DOWN, by the
combined influence of reservoir export and methylation in
the lower reach of the Uatuma. At the DOWN g, site, fish may
still be receiving mercury from the Balbina Reservoir because
MeHg concentrations in water and plankton decrease between
35 and 200 km downstream; the reservoir-derived MeHg can
be still present at 180 km downstream. These fish may also be
assimilating locally produced MeHg derived from tributaries
inflows and/or natural wetlands. The variable mixture of MeHg
from these sources (anthropogenic and natural) may have
resulted in the high Hg levels encountered in fish from
DOWN 5.

The genus Cichla is an important sport fish* and also an
important protein source for populations living around the
Balbina Reservoir.”’ The consumption of Cichla ranges from
one to seven times a week, with an average daily consumption
per capita of 110 g for adults.>” Considering this consumption
and the mean of THg observed in fish from Balbina reservoir,
daily MeHg intake was estimated to range from 6 to 44 ug for
inhabitants of reservoir. Most of the analyzed fish exceeded the
mercury level recommended by World Health Organization for
safe consumption,*® especially those from downstream sites.

Mercury concentrations found in Cichla spp. in the Balbina
Reservoir were of the same order of magnitude as those
reported in earlier studies with this genus of fish from three
Amazonian reservoirs (Samuel,® Balbina,*” and Tucurui*®) and
lower than those encountered in an Amazonian artificial lake
impacted by gold mining.46 The Hg levels in fish from
downstream sampling sites were of the same magnitude as
those reported for Cichla spp. downstream from the Tucurui
Dam® and Samuel Dam.*”” Considering all piscivores, the
concentrations observed in Cichla from Balbina were similar to
those reported piscivores in several tropical,®* subtropical,"’
and Canadian'®*** reservoirs but higher than those observed
in the Brazilian reservoir of Lago Manso,'? the Petit-Saut
Reservoir,™® an artificial Amazonian lake,*® and some Canadian
reservoirs* that in general are younger than Balbina and/or
have mercury contamination in their basin.
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Studies of Hg dynamics should not be restricted to the areas
immediately surrounding a reservoir. Basin-scale studies are
needed to evaluate the combined effects of impoundment and
natural processes both above and below the dam on mercury
dynamics and human health risks.
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Comentarios:

A tese esta muito boa no formato de manuscritos. A tese é um excelente trabalho. Os manuscritos
s&o muito bons, principalmente o segundo.

O segundo manuscrito foi redigido com um formado muito agradavel para leitura. O texto esta
muito interessante, e foi submetido a uma excelente revista.

Duvida: voce liofilizou as amostras de peixe e plancton? Voce ndo mencionou.

O unico detalhe que faltou nele foi indicar se as concentragdes de MeHg foram em peso seco ou
peso Umido.

No segundo texto gostaria de observar que: escrever Total mercury levels e MeHg levels ndo esta
correto, uma vez que, na realidade voce tem Total mercury concentrations e MeHg concentrations.
Concentracéo tem unidade, Levels (niveis) ndo tem unidade. Queira fazer esta corregéo.

Outro detalhe, ora voce escreve total mercury e ora mercury. Padronize.

A Prof Dra. Christina Castelo Branco, me explicou que devemos colocar microplancton,
mesopléncton etc em fungéo da malha de rede, e n#o fitiplancton e zooplancton. ,

Ja o primeiro manuscrito, por causa da grande quantidade de dados e parametros, precisei l&-lo
com mais dedicac&o, para poder digeri-lo melhor. Entretanto, os resultados encontrados s8o muito
importantes.

No primeiro texto gostaria de observar que: escrever MeHg levels n&o esta correto, uma vez que,
na realidade voce tem MeHg concentrations. Concentragéo tem unidade, Levels (niveis) no tem
unidade. Queira fazer esta correcdo.

As figuras 8 e 9 do primeiro texto foram apresentadas muito rapidamente. Olhando para elas, voce
pode observar que cada uma ocupa uma pagina. Alem disso, as duas figuras precisam ser mais
descritas e discutidas. Voce coloca tragos mais largos e mais finos, o fluxo dos rios ndo sdo
indicados. Acho que o trago mais fino, por exemplo na figura 9, representa uma menor entrada de
MeHg e o mais grosso uma maior entrada. A distancia comega em que ponto? Voce deve explicar
melhor essas duas figuras. Estdo um pouco dificeis de serem entendidas. Voce deve explora-las
melhor.

Na figura 1 da introducao, voce precisa indicar em cada imagem, rio de aguas brancas, pretas e
claras. Voce s6 colocou as imagens e nada indicou.

Senti falta de um capitulo a parte sobre Materiais e Métodos, ja que estamos falando de uma tese.
Nos artigos so colocamos, este topico de forma muito rapida, como voce o fez. O que esta correto.
Mas devemos pensar que esta tese servira de base para outros estudos. E como fazer esses
novos estudos, se voce ndo ensinou o caminho das pedras. A coleta de agua, ja esta muito bem
documentada na literatura da EPA, mas a metodologia para MeHg é nova, no Brasil. Ndo ha
nenhum artigo cientifico, em uma revista, a descrevendo. Tanto que voce nao fez nenhuma
citacdo. Assim eu sugiro, inserir um capitulo a este respeito. E muito importante.
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