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RESUMO GERAL

Estudrios e dreas costeiras recebem metais traco provenientes de atividades
naturais e antrdpicas. O comportamento dos metais traco na dgua e no sedimento em
dreas estuarinas depende dos processos fisico-quimicos no meio. Areas portudrias, de
marina e estaleiros contribuem com metais provenientes de tintas anti-incrustantes de
embarcagdes, cujos niveis de metais podem atingir concentracdes elevadas na fracdo
potencialmente biodisponivel (1abil), tanto na dgua como no sedimento. O presente
estudo visa determinar as concentracdes de metais ldbeis no sedimento, dissolvidos na
dgua e no material particulado em areas de marina, portudria e de estaleiro do estudrio
da Lagoa dos Patos em distintas épocas do ano e regimes hidrologicos. Os maiores
teores de Cu e Zn no sedimento dos estaleiros estdo de acordo com as concentragdes dos
elementos dominantes nas tintas anti-incrustantes. A alta correlagdo entre Cu e Zn no
sedimento comprova que ambos os metais provém das tintas anti-incrustantes. O
estaleiro, com mais de 100 anos de funcionamento, se destacou com valores de Cu e Zn
labeis excedendo a Resolucdo No. 344 do CONAMA/2004 para o Nivel 2, toxico a
biota, o Pb ldbil esteve acima do Nivel 1, possivelmente téxico a biota. As
concentragdes de metais labeis na dgua foram determinadas pela técnica de Gradientes
Difusivos de Fina Membrana (DGT), na qual os amostradores passivos acumulam
metais ao longo do tempo de exposicdo. As principais marcas de tintas anti-incrustantes
utilizadas na regido foram analisadas para determinar a sua composi¢do em termos de
metais traco. A exposicdo dos amostradores passivos foi realizada por 72h em sete
locais junto ao estudrio, 48h em um estaleiro com a maior concentragdo de metais labeis
na dgua e amostras de sedimento (<63um) em oito locais, as tintas mais utilizadas na
regido também foram analisadas quanto sua composicdo metdlica. Os estaleiros e
marina foram os locais com maiores concentragdes de Cu e Zn labeis dissolvidas e na
fracdo particulada na 4dgua, sendo a sazonalidade para ambos apenas observados em
estaleiros. Uma forte correlagdo entre a fracdo 14bil na 4gua e o material particulado foi
encontrada para o Zn. Nas 48h de exposicdo do amostrador no estaleiro, o Cu ldbil
indicou ser dependente da salinidade e do pH. Ja o Zn esteve associado com o material
em suspensdo e o carbono orgénico particulado. Os teores de Cu labil na dgua do
estaleiro estiveram proximos as concentragdes letais para fitoplancton testado com Cu
piritiona em laboratério, enquanto, que os teores de Zn 1abil na dgua foram similares as
concentragdes de Zn piritiona, quando comparados com a literatura. Os resultados do
presente estudo indicam a necessidade de aplicar diretrizes para a gestdo dos residuos
gerados pelas tintas anti-incrustantes em estaleiros e marinas. Os dados obtidos servirdo
de base para estudos futuros com a frag@o 1abil de metais traco no estudrio, dado o alto
desenvolvimento da constru¢@o naval na cidade do Rio Grande.

Palavras-chave: metal 14bil, DGT, material em suspensdo, sedimento, tintas anti-
incrustantes, estudrio



GENERAL ABSTRACT

Estuaries and coastal areas receive trace metals from natural and human activities. The
behavior of the trace metals in water and sediment of estuarine areas depend on the
environmental physical-chemical processes. Port, marina and shipyards areas contribute
with metals from anti-fouling paints of vessels, whose levels of metals can reach high
concentrations in the fraction potentially bioavailable (labile), both in the water and the
sediment. The aim of the present study is to determine labile metal concentrations in the
sediment, in the water and in the suspended particulate matter of port, marina and
shipyards areas of the Patos Lagoon estuary, considering different times of the year and
hydrologic regimes. Cu and Zn highest concentrations in shipyards sediment are in
agreement with the dominant elements in the anti-fouling paints. The high correlation
between Cu and Zn in the sediment proves that both metals come from the anti-fouling
paints. The shipyard with more than 100 years of operation indicated Cu and Zn labile
concentrations exceeding the Resolution No. 344 of CONAMA/2004 for the Level 2,
toxic to the biota; the Pb labile concentrations were above the Level 1, probably toxic to
the biota. The present study indicates the need to apply management guidelines for the
anti-fouling paints residue generate in shipyards and marina. The labile dissolved metal
concentrations in the water were determined using the diffusive gradients in thin films
technique (DGT). This passive sampler accumulates metals along the exposure time.
The mainly brands of antifouling paints used in Patos Lagoon estuary area were also
analyzed for trace metal composition. The DGT devices were deployed in situ during
72h at seven locations in the estuary and 48h at a shipyard with the highest
concentration of labile metals in the water. Sediment samples (<63um) were also
sampled at eight locations in the estuary. The shipyards and marina areas showed the
highest concentrations of labile Cu and Zn in water and in the suspended particulate
matter, being the seasonality difference for both metals only observed in shipyards
areas. A strong correlation between the labile fraction in the water and the suspended
particulate matter was found for Zn. The labile concentration of Cu in the water of the
shipyard area indicated to be dependent of the salinity and pH during the 48h of DGT
devices employment. The Zn labile concentration was associated with the suspended
particulate matter and the particulate organic carbon. Compared to the literature, the Cu
labile levels in the water of the shipyard area were close to the lethal concentration for
phytoplankton tested with Cu pyrithione in the laboratory, while Zn labile levels
reached the similar concentration of Zn pyrithione. The obtained data will serve as base
for future studies with labile fractions of trace metals in the estuary, given the high
development of the shipbuilding industry in the city of Rio Grande.

Keywords: metal labile, DGT, suspended particulate matter, sediment, anti-fouling
paints, estuary.



INTRODUCAO GERAL

Metais traco t€m sido importantes constituintes de contaminagdo em
sedimentos (Buruaem et al., 2012) e em dguas (Montero et al., 2012) costeiras e
estuarinas, principalmente em 4reas portudrias, de marinas e de estaleiros. Nestas dreas,
ha uma variedade de atividades associadas a navegacdo, que podem contribuir com
metais, incluindo exaustdo dos motores, anodos de sacrificio e liberagdo de 6leo na
dgua, mas tendo as tintas anti- incrustantes como a maior fonte de metais (Schiff, et al.,
2004).

O biofouling € onipresente no ambiente marinho e é um problema para as
industrias de navegagdo (Dafforn et al., 2011). O crescimento de organismos no casco
de embarcagdes aumenta o atrito friccional, reduzindo a velocidade e requerendo um
aumento no consumo de combustivel (Abbot et al., 2000), podendo ocorrer ainda a
potencial introdugdo de espécies exdticas dentro de novos ecossistemas (Yebra et al.,
2004).

As tintas anti-incrustantes sdo aplicadas em cascos de embarcacdes e em
estruturas submergiveis para prevenir a colonizacdo desses organismos, incluindo
macroalgas, microalgas e invertebrados (Singh & Turner, 2009). Estas possuem uma
combinagdo de biocidas, resinas e solventes para desenvolver o seu efeito repelente
(Okamura & Mieno, 2006).

Com o banimento do tributil estanho (TBT) em 2008 (IMO, 2001),
formulagdes de tintas anti-incrustantes a base de 6xidos de cobre, 6xidos de zinco e
tiocianato de cobre t€m sido elaboradas (Watermann et al., 2005). Como algumas
diatomiceas e algas sdo resistentes ao Cu e Zn inorganicos, as formulacdes
contemporaneas sdo enriquecidas com co-biocidas secundarios como: cobre e zinco
piritionas, Irgarol 1051, Clorotalonil, TCMS piridina, Sea-Nine 211, Ziram, Zineb,
Diclofluanida e Diuron (Turner, 2010).

O cobre (CuPT) a zinco (ZnPT) piritionas sdo complexos metélicos que
podem interagir com {ons metais livres na 4gua do mar pela troca de seus fons metdlicos
(Thomas et al., 2000). O cobre e o zinco das CuPTs e ZnPTs podem formar novos
complexos com outros ligantes presentes na dgua (Maraldo & Dahllof, 2004). Estes sdo
comercializados como co-biocidas anti-incrustantes ndo persistentes, uma vez que

sofrem fotolise e sdo rapidamente degradados em compostos menos téxicos. Entretanto,
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em situacdes de baixa luminosidade, ou a noite outros processos podem determinar seu
destino (Maraldo & Dahllof, 2004).

O ZnPT ¢ liberado junto com o cobre livre , devido a adi¢do de cobre nas
tintas anti-incrustantes e pode se transquelar em CuPT. Ambos sdo capazes de se
acumular no sedimento em éreas de marinas com altas concentragdes de cobre (Turley
et al., 2000).

Nao ha legislacdo referente ao uso de tintas anti-incrustantes no Brasil e
estudos indicando o impacto destas tintas a base de cobre e zinco sdo limitados (Paradas
& Amado Filho, 2007). Porém, estudos em diversos locais t€m sido conduzidos quanto
a contaminagdo de metais na dgua em &reas portudrias, de marinas ( Webb & Keough,
2002; Valkirs, et al., 2003; Warnken, et al., 2004; Dunn et al. 2007; Jones & Bolam,
2007; Schiff, et al., 2007; Wallner-Kersanach, et al., 2009) e estaleiros (Montero et al.,
2012), bem como com sedimentos de areas portudrias (Baptista Neto et al., 2005; Cotta
et al., 2006; Lee et al., 2008; Luiz- Silva et al., 2006; Chen et al., 2007; Buggy & Tobin,
2008; Buruaem et al., 2012). Estes locais estdo mais propensos a receber aportes de
metais via tintas anti-incrustantes.

Normalmente 4reas portudrias estdo localizadas em estudrios, os quais
funcionam como um processador natural entre as fases dissolvida e material particulado
em suspensdo. O material particulado em suspensdo é um importante constituinte dos
processos geoquimicos de metais, que determina a mobilidade e toxicidade desses
elementos no ambiente (Turner & Millward, 1993).

As variacdes das condicdes fisico-quimicas e da hidrodindmica,
particularmente em 4guas rasas estuarinas, determinam a deposi¢do das particulas que
podem associar-se a granulometria fina do sedimento e posteriormente acumular-se no
sedimento de fundo (Murray et al., 1999; Zonta et al., 2004). As caracteristicas sazonais
e espaciais tém mostrado influéncia nos sedimentos (Buggy & Tobin , 2008; Lee et al.,
2008; Prego et al., 2008) e nas concentragdes de metais trago na dgua (Hatje et al., 2003;
Waeles, et al., 2009).

A avaliagc@o dos metais na fragdo labil nos compartimentos dgua (incluindo o
material particulado em suspensdo) e sedimento podem oferecer importantes
informagdes sobre biodisponibilidade destes elementos no ambiente. No entanto, as
legislacdes para a dragagem (Resolugdo No. 344 CONAMA/2004) e para as dguas
superficiais (Resolu¢do No. 357 CONAMA/2005) indicam a andlise das concentrag¢des

totais de metais, mas ndo sendo suficientes para avaliar os impactos ambientais. A
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estimativa da fracdo labil € mais real, fracdo esta que pode ser trocada e/ou incorporada
nos tecidos dos organismos (Vangrosveld & Cunnihgham,1998; Leeuwen et al., 2005).

A fragdo total de metais no sedimento (Santos et al., 2004), total e particulada
total de metais na coluna d"dgua no estudrio da Lagoa dos Patos ji foram estudadas
(Windom et al., 1999; Niencheski & Baumgarten, 2000), no entanto a fragdo 1abil de
metais ainda é pouco conhecida para este ambiente nas localidades mais impactadas.

Nos sedimentos (<63 pm) e no material particulado em suspensdo a fracdo
labil pode ser determinada apds processo de digestdo acida parcial fraca (0,1 M) de
acido cloridrico em ICP-OES. Esta técnica minimiza a variabilidade analitica, uma vez
que esta extracdo e em sedimento fino e material em suspensdo € mais relevante
ecologicamente em termos de contaminantes. Os organismos podem entrar em contato
ou ingerir estas fra¢des, sendo a ideal para quantificar os metais potencialmente
biodisponiveis.

Na 4gua, a fracdo labil de metais pode ser determinada pela técnica de
Gradientes Difusivos de Fina Membrana (DGT), destacando-se pela simplicidade de
manuseio, por ser uma técnica mais de cinética do que de equilibrio, integrando ao
longo do tempo as concentra¢des de metais do meio. O amostrador passivo DGT mede
apenas as espécies ldbeis de metais (ion metal livre, pequenos complexos inorginicos e
orgénicos), acumulados na resina de troca idnica (Chelex-100) (Davison & Zhang,
1994; Zhang & Davison, 1995).

Um estudo pioneiro de aplicacdo do DGT na coluna d'dgua verificou Cd, Cu e
Pb na fracdo 14bil em dois locais adjacentes a cidade de Rio Grande, RS, no estudrio da
Lagoa dos Patos (Wallner-Kersanach et al.,2009). Possiveis contribui¢des antropicas,
altas salinidades e sazonalidade foram consideradas neste estudo, o qual indicou que em
alta salinidade normalmente ocorre maior disponibilidade de metais labeis.

O estudrio da Lagoa dos Patos é uma area de alta produtividade primaria, que
serve de criadouro ou bergério para muitas espécies de moluscos, crustaceos e peixes, 0s
quais utilizam este ambiente durante seu ciclo de vida ou parte dele. Além disso,
atividades portudrias, pesqueiras, navegacdo, tanto de lazer como de transporte e reparo
de embarcagdes também sdo realizados nestas dguas, causando impacto visivel e
localizados nas margens do estudrio.

Em funcdo da posicdo geogrifica da lagoa, eventos como EI Nifio (alta
precipitacdo no sul do pais) e La Nifia (intensa estiagem no sul do pais) refletem em

variages interanuais da descarga fluvial e de vento, alterando profundamente a
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circulagdo das aguas na lagoa e os processos de dessalinizacdo e salinizagdo,
respectivamente, perdurando por vérios meses ( Moller et al., 2009). Essas mudangas no
clima podem afetar a disponibilidade de metais dentro do estudrio, uma vez que a
variagdo de salinidade pode ser mais intensa sob a atuag@o destes eventos.

O municipio de Rio Grande, RS, Brasil, atravessa um periodo de grande
desenvolvimento voltado a industria naval, com a instalacdo de um Dique Seco, com
capacidade para constru¢do e manuten¢do de plataformas de exploragdo de petrdleo, o
qual concluiu a construgdo da plataforma P-53 de exploracdo de petréleo da
PETROBRAS, esti concluindo a P-55, e possui a P-58 em fase de construcio. A
chegada de novas indistrias direta e indiretamente ligadas ao polo naval, a construcio
de um novo estaleiro na cidade vizinha de Sao José do Norte e o aumento das atividades
portudrias no Porto de Rio Grande, ampliam a preocupacio em relacdo a contaminacio
de metais nestas dreas do estudrio.

Devido ao impacto que as tintas anti-incrustantes apresentam no meio pela sua
gradativa liberagdo na dgua (Turner et al., 2008) foram verificadas as marcas de tintas
mais comercializadas na cidade do Rio Grande. As mesmas foram analisadas e
comprovaram a domindncia dos elementos Cu e Zn com concentracdes em nivel
percentual, enquanto, que os demais elementos (Cr, Ni, Pb, Cd e Fe) apresentaram-se a
nivel de ppm.

Portanto, o estudo das fragdes labeis de metais na dgua e sedimentos nas areas
de marinas e margens de portos da cidade de Rio Grande, tem demonstrado ser
importante, principalmente, para o conhecimento da real biodisponibilidade dos
elementos na coluna da 4gua e na fracdo modvel do sedimento antes do massivo
funcionamento do Polo Naval na cidade do Rio Grande.

Considerando que o estudrio da Lagoa dos Patos é um ambiente altamente
hidrodindmico, foram avaliadas as fragdes de metais labeis no sedimento, na 4gua e no
material particulado em suspensio em dreas de marina, porto e estaleiro. Para tanto, o
presente estudo foi dividido em trés capitulos, sendo cada capitulo referente a um artigo
cientifico.

O primeiro capitulo sobre metais labeis (Cu, Zn, Pb, Cr e Ni) na fragdo fina do
sedimento em oito locais no estudrio da Lagoa dos Patos, incluindo estaleiros, os quais
ndo tratam seus residuos (restos de lixas, dgua de lavagem das embarcagdes, restos e
fragmentos de tintas raspadas das embarcacdes) e estes atingem o meio aqudtico e nas

tintas anti-incrustantes mais comercializadas na regido.
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O segundo aplicando in sifu a técnica DGT em sete locais amostrais no
estudrio da Lagoa dos Patos por 72h de exposicdo do amostrador. Um dos estaleiros
usado como local amostral, no presente estudo mostrou concentragcdes mais elevadas
durante as 72h. A fim de verificar se as condi¢Ges hidrolégicas e sazonais do estudrio
influenciaram nos resultados foi realizada nova exposicao em apenas 48h, originando o
terceiro manuscrito, para garantir uma menor flutua¢do da hidrodinamica estuarina, este
tempo mostrou-se como o melhor quando se intenciona manter uma condicdo hidrica

mais regular.
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HIPOTESE

Areas de marina, portudria e de estaleiro apresentam distintas concentracdes de
metais nas fragdes ldbeis no sedimento, na dgua, no material particulado e que variam

de acordo com a condig¢éo hidrolégica e com a sazonalidade do estudrio.

OBJETIVO GERAL

Determinar as concentracdes de metais nas fracdes ldbeis no sedimento, na
dgua e no material particulado em areas de marina, portudria e de estaleiro do estudrio
da Lagoa dos Patos, sob influéncia das tintas anti-incrustantes de embarcacdes e em
distintas épocas do ano e condi¢des hidroldgicas, a fim de identificar a influéncia desses

fatores sobre o ambiente estuarino.

Objetivos especificos:

Capitulo I:

- Avaliar as concentracdes de Cu, Zn, Pb, Ni e Cr na forma 1dbil no sedimento (< 63
um) e carbono orgénico total no sedimento na marina do Yacht Club do Rio Grande,
Estaleiro Gustavo Fernandes Filho LTDA, Posto Marine, Estaleiros Santos, Porto

Novo e Saco do Justino, durante distintas condi¢des sazonais.

- Determinar a concentragdo dos metais estudados (Cu, Zn, Pb, Ni e Cr) na composicdo
das tintas anti-incrustantes mais comercializadas na regido do estudrio da Lagoa dos

Patos.

- Verificar se as maiores concentragdes de metais ldbeis no sedimento estdo de acordo
com a dominancia dos metais encontrados nas tintas e verificar o possivel impacto das

concentracdes no sedimento, visando a futura expansdo das dreas e atividades portudrias na

regiao.
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Capitulo II:

- Avaliar as concentracdes labeis in situ utilizando a técnica de Gradiente Difusivo de
Fina Membrana (DGT) para determinar as fracdes labeis de Cu e Zn junto ao cais de
marina do Yacht Club do Rio Grande, Estaleiro Gustavo Fernandes Filho LTDA,
Estaleiros Santos, Porto Novo e Saco do Justino pela exposicdo das unidades de DGT

na coluna d“dgua por 72 horas.

- Verificar a fragdo 1abil particulada na dgua em relagdo a fracdo 1abil -DGT para Cu e

7Zn nas diferentes localidades.

- Correlacionar as fragcdes de metais ldbeis na 4gua, nas diferentes localidades e
condi¢des hidroldgicas e sazonais, com os parametros fisico-quimicos (pH,
temperatura e salinidade), o material em suspensdo e a concentracdo de carbono

organico dissolvido e particulado.

Capitulo I1I:

- Avaliar in situ a técnica DGT quanto as fragdes labeis dissolvidas de Cu e Zn junto ao

Estaleiro Santos, através da exposicdo das unidades de DGT na coluna d“agua por 48

horas em distintas condi¢Ges sazonais e hidroldgicas do estudrio.

- Verificar a fragdo 1abil -DGT em relagao a fracdo 14bil particulada na dgua para Cu e

Zn do Estaleiro Santos em distintas condicdes de salinidade.
- Correlacionar as fracdes de metais ldbeis na dgua do Estaleiro Santos com os

pardmetros fisico-quimicos (pH, temperatura e salinidade), material em suspensdo e a

concentragdo de carbono orgéanico dissolvido e particulado.
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CAPITULO I

Este capitulo refere-se a determinacdo de metais ldbeis (Cu, Zn, Pb, Cr e Ni) em
sedimentos (<63um) em oito localidades no estudrio da Lagoa dos Patos. Concentragcdes
dos mesmos metais nas tintas anti-incrustantes mais comercializadas no estuario

também foram determinadas. Este manuscrito ainda ndo foi submetido a periddico.
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Resumo

Residuos de tintas anti-incrustantes podem contribuir com altas concentra¢des de metais
no sedimento. O objetivo deste estudo € avaliar sazonalmente e espacialmente as
concentracdes de metais (Cu, Zn, Pb, Cr e Ni,) ldbeis em sedimentos superficiais (<
63um) de 4reas portudrias, marina e estaleiros no estudrio da Lagoa dos Patos (RS,
Brasil), sob a influéncia das tintas anti-incrustantes de embarcagdes. As marcas mais
comercializadas de tintas na regido (Microm Premium International, Renner AF 10,
Tritdo e WEG) foram analisadas para estes elementos. As maiores concentracdes de Cu
e Zn no sedimento dos estaleiros estio de acordo com a dominancia de ambos
elementos nas tintas anti-incrustantes. O efeito do evento El Nifio na regido causou um
decréscimo das concentragdes de metais ldbeis no sedimento no inverno/2009 até o
verdao/2010. O aumento das concentragdes de metais ldbeis apds este evento estiveram
mais relacionadas com a hidrodinadmica local, promovendo trocas de pH e salinidade na
dgua, que a variagdo sazonal em si. A alta correlagdo entre Cu e Zn no sedimento
comprova que ambos metais provém das tintas anti-incrustantes. Os teores de Pb
estiveram correlacionados com os teores de Cu e Zn, e estes em menor grau com Cr e
Ni. O estaleiro de mais de um século de atividade apresentou elevadas concentracdes de
metais independente da sazonalidade. Cu e Zn labeis estiveram acima dos valores
recomendados pela Resolugdo No. 344 CONAMA/2004 para o Nivel 2, toxico a biota,
o Pb 1abil esteve acima do Nivel 1, possivelmente toxico a biota.

Palavras chave: metais, sedimento, estudrio, biodisponibiliade, tintas anti-incrustantes.
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1. Introducao

A contaminag@o por metais no sedimento € vista como um problema mundial,
ocorrendo principalmente em sedimentos costeiros e estuarinos (Lee et al., 2008).
Sedimentos costeiros e estuarinos tém sido amplamente estudados para avaliar a
qualidade da dgua devido a alta estabilidade e baixa variabilidade do compartimento
sedimento, quando comparado a coluna da 4gua (Amaia et al., 2004). Os sedimentos sdo
considerados depdsitos e fonte secundaria de poluentes, sendo que as concentragdes de
metais em sedimentos sd@o ordens de magnitude maiores, que as encontradas na dgua.
Este compartimento é preferivel para estudo por permitir uma avaliacdo consistente de
contaminagdo temporal e espacial (Salomons & Forstner, 1984).

Os metais no sedimento passam por processos de adsor¢do, desorgdo, oxi-
reducdo e precipitacdo, sendo incorporados eficientemente dentro do ecossistema
marinho como resultado de atividades humanas (Valdes et al., 2005). Em areas
estuarinas tais aspectos podem tornar-se mais complexos dependendo das variacdes
sazonais. Estas variagdes em contaminagdo de metais no sedimento t€m sido observadas
(Birch et al.,2001; Luiz-Silva et al., 2006; Buggy &Tobin, 2008; Prego et al., 2008; Lee
et al., 2008; Strady et al., 2011) em ambientes aquaticos.

Metais podem ser liberados do sedimento para a dgua superficial, mas nao
permanecem totalmente em solucdo, parte € adsorvida no material particulado em
suspensdo. Os mesmos podem ser reciclados por processos bioldgicos, por mudancas
ambientais, ou acdo de agentes quimicos, podendo ainda entrar na cadeia alimentar e
retornar a coluna da dgua (Salomons & Forstner, 1984).

Dentre as entradas antrOpicas, os metais podem enriquecer os sedimentos
estuarinos através das tintas anti-incrustantes aplicadas em cascos de embarcacdes e
estruturas submergiveis, incluindo plataformas flutuantes, quebra mar, atracadouros,
tanques rede de aquicultura, bodias, oleodutos e plataformas de perfuracdo, estas
reduzem o crescimento de organismos incrustantes (Almeida et al., 2007). Uma vez que,
a acumulacdo de limo, algas e organismos aumenta a resist€ncia friccional da
embarcacdo na dgua, resultando em perda de velocidade, alto consumo de combustivel e
reducdo na capacidade de manobrar a embarcagdo. Assim, as incrustacdes podem
comprometer a seguranca da embarcacdo devido a reducdo da estabilidade e ainda

ocultar defeitos estruturais (Turner, 2010).
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Ao longo dos anos, uma variedade de métodos vem sendo utilizado para
prevenir incrustacoes, tais como piche, alcatrdo e revestimento de cobre (Almeida et al.,
2007). Durante as ultimas décadas foram usadas tintas contendo vdrios tipos de
biocidas, tais como: tributil estanho (TBT), cobre (Cu) e Irgarol. Porém estes biocidas
demonstraram toxicidade para a vida aqudtica (Férnandez-Alba et al., 2002). Deste
modo, com o proibimento do uso do TBT (IMO, 2001), e banimento global em 2008 o
cobre torna-se o biocida predominante nas tintas anti-incrustantes (Readman, 2006).

O o6xido cuproso (CuQ,) € a escolha usual de pigmentos embora o tiocianato de
cobre (Cu (SCN) e 6xido de Zinco (ZnO), sejam comumente empregados. A taxa de
lixiviacdo é controlada pela dissolugdo cinética dos constituintes ativos e o0s
mecanismos pelos quais estes sdo expostos no meio aquatico (Singh & Turner, 2009a;
Turner, 2010)

A cidade de Rio Grande, RS, possui trés dreas portudrias utilizadas para
atracagOes de embarcagdes: o Porto Velho, o Porto Novo e o Superporto. Nestas dreas
também estdo situados dois estaleiros para reparos de embarcagdes, e durante o presente
estudo iniciou-se a instalacdo do Estaleiro Rio Grande, um dique Seco com 440 mil
metros quadrados de 4rea construida tendo capacidade para execugdo e reparos em
plataformas de petréleo.

Na regido da cidade de Rio Grande as marcas de tintas anti-incrustantes mais
comercializadas sdo Micron Premiun International, Renner AF 10, Tritdo ¢ WEG. O
efeito biocida e sua durabilidade variam de acordo com cada marca.

As diferencas entre marcas de tintas e seus usos em navios e em embarcacdes
recreacionais foram verificadas por Karlsson et al.(2010) e constataram, que além dos
biocidas, outras substincias podem ser responsaveis pela toxicidade juntamente com os
metais. Nestas dreas portudrias, além da entrada de metais via tintas anti-incrustantes, ha
frequentes operacdes de dragagem para a manutencdo do canal do Porto Novo de Rio
Grande. As dragagens podem remobilizar de indmeros poluentes contidos no
sedimento.

Apesar de ser uma consequéncia da operacdo portudria a contaminagio de
sedimentos restritos as operagdes de dragagem podem ter impacto imediato, atingindo a
regido que foi dragada, pela remoc¢do e ressuspensao de sedimentos e recontaminacio
devido ao fluxo de inundacdo da regido e o local em que serd disposto o material

dragado (Buruaem et al., 2012).
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No Brasil nido existe legislagdo especifica quanto ao uso de tintas anti-
incrustantes e estudos indicando o impacto destas tintas a base de cobre e zinco sdo
ainda muito escassos (Paradas & Amado Filho, 2007). Quanto a dragagem, a Resolucdo
CONAMA No. 344/2004 dispde sobre o manejo e destino do material a ser dragado em
dguas jurisdicionais brasileiras, estabelecendo niveis de poluentes, incluindo os metais
no sedimento na fracédo total em dgua doce, salina e salobra.

Porém, a fracdo fina do sedimento e a mobilidade dos metais nido sdo
mencionadas na Resolucgdo. A fragéo fina e de metal 14bil sdo importantes em termos de
contaminag@o ambiental, pois sua composi¢do pode variar de acordo com as mudancgas
ambientais naturais, o que ndo ocorre com a fracdo total do sedimento. No caso da
Lagoa dos Patos, a remobilizacdo dos sedimentos para a coluna d“dgua é comum, o que
favorece a liberacdo da fracdo labil de metais (Wallner-Kersanach et al., 2009), podendo
elevar as concentracdes de metais na coluna d’agua e dependendo da espécie e a
concentracdo de metal liberada podem ter efeitos toxicos para os organismos.

Assim, o presente estudo visa a avaliar concentracdes de metais na forma labil
(Cu, Zn, Pb, Cr e Ni,) em sedimentos superficiais (< 63um) tanto sazonalmente como
espacialmente em dreas portudrias, incluindo marina e estaleiros no estudrio da Lagoa
dos Patos, levando em consideragdo a possivel influéncia no meio das tintas anti-

incrustantes de embarcagdes.

2. Material e métodos

2.1. Area de estudo

A Lagoa dos Patos (10.360 km?) situa-se ao sul do Brasil onde o regime de
ventos € sua principal forcante (NE-SW) controlando a salinidade, a circulagdo e o nivel
do mar (Garcia, 1998). Contudo, devido a baixa amplitude de maré (0,47m) o estudrio
da Lagoa dos Patos € bem misturado verticalmente (Niencheski et al., 1994). A maré ¢
confinada, devido a sua forma estrangulada da lagoa (Mdller, 1996), possuindo um
unico contato com o Oceano Atlantico através de um estreito canal no extremo sul
(Niencheski & Windom, 1994).

Assim o tempo de residéncia de compostos na dgua e no sedimento depende

mais de condi¢cdes meteoroldgicas como vento, chuvas e evaporacdo, distinguindo o
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estudrio da Lagoa dos Patos da maioria dos ecossistemas estuarinos no mundo
(Niencheski et al., 1994).

Com a ac¢@o dos fendmenos El-Nifio e La-Nifia ocorrem periodos chuvosos e de
intensa estiagem na regido havendo permanéncia prolongada de dgua doce ou dgua
salgada no interior do estudrio (Garcia, 1998), as caracteristicas destes fendmenos
mudam ndo somente a hidrodindmica do ambiente como o povoamento de diversos
organismos.

Além disso, as atividades antropogénicas alteram o contetido original da areia,
silte e argila, sendo que a fracdo argilosa superficial nas regides inferiores do estudrio
apresentam-se enriquecidas em carbono organico (1,5% da fragdo fina) e metais como
Cu, Zn, Pb, Cr, Mn, Fe, Ni e Co (Baisch et al., 1988).

Os locais amostrais foram determinados em dreas sem entradas diretas de
efluentes e de acordo com dreas proximas a atividades portudrias, a marina e a reparo de
embarcacdes durante um ano. As amostras de sedimento foram coletas nos periodos de
inverno (Julho, 2009), primavera (Outubro, 2009), verdo (Janeiro, 2010), outono (Abril,
2010) e inverno (Julho, 2010).

Oito locais foram selecionados (Fig. 1), trés na marina do Yacht Club do Rio
Grande, nomeados: Y1 (S32°01°604” W52°06°450) cais localizado no interior da
enseada, perto da drea de reparos das embarcacdes,Y2 (S32°01°573” W52°06°492”)
situado exatamente no meio da marina e Y3 (S32°04°529” W52°06’473”), o primeiro
cais da marina com maior hidrodindmica e renovagdo hidrica. Nos periodos entre
primavera e verdo o Yacht Club do Rio Grande tem grande movimentacdo de
embarcacdes atracadas, chegando e saindo da marina, assim, como reparos de
embarcacdes. No m eses de outono e inverno, hd um maior nimero de embarcacdes
atracadas, algumas recebendo pequenos reparos no interior da prépria marina.

O estaleiro Gustavo Fernandes Filho LTDA (GS) (S32°01°765” W52°04°918”)
com mais de um século de funcionamento, atua na manutencdo de embarcacdes. O
Posto Marine (PM) (S32°01°761” W52°04°931”), posto de abastecimento de
embarcacdes, com bombas de combustivel e dgua estd localizado ao lado de GS. Estes
dois locais estdo situados na drea do Porto Velho.

O Porto Novo de Rio Grande (PN) (S32°02°651” W52°05°451”) considerado
um importante porto no pais para o desenvolvimento do comércio internacional

brasileiro, possuindo um calado de 31pés (9,44m) dentro da drea de atracacdo e 40 pés
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(12,19m) no inicio do canal de acesso, com movimentagdo média de 3000 embarcagdes
a0 ano.

O Estaleiro Santos (SS) (S32°08°210” W52°06°238) localizado na drea
denominada Superporto, com mais de 20 anos de funcionamento, realiza manutengdo de
embarcagdes, tanto recreacional, de pesca como de 6rgios puiblicos. O Saco do Justino
(JT) (S32°05°102” W52°13°130”) foi adicionalmente selecionado como uma area mais
afastada dos demais locais, ndo havendo atividades de reparo nem atracacido de

embarcagdes.

2.2. Amostragem de sedimento

Sedimentos superficiais foram coletados utilizando um amostrador pontual de
inox tipo Van Veen. As amostras de cada local foram extraidas diretamente da draga
com espdtula plastica, para evitar contaminag¢io nas amostras, mesmo a draga sendo em
inox, apenas o sedimento que nio entrou em contato com o material da draga foi
coletado e passaram por peneira plastica e malha de tecido (< 63um) in sifu, utilizando a
dgua do préprio ambiente para garantir a integridade das amostras.

Ap6s, as amostras foram condicionadas em bolsas pldsticas. Outra aliquota de
sedimento de cada local amostral foi coletada para Carbono Organico Total (COT)
utilizando uma espdtula e peneira em inox (< 63um), estas amostras foram
condicionadas em frascos de vidro previamente lavados com HCl 20% (Merck) e as
tampas dos frascos foram cobertas com papel aluminio para evitar que a amostras
tenham contato com o plastico da tampa.

Os parametros pH e salinidade da 4dgua foram analisados in situ em todos os

periodos de amostragem.
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Fig.1. Locais amostrais no Estuario da Lagoa dos Patos: Saco do Justino ( JT), Yacht
Club (Y1, Y2, Y3), Estaleciro Gustavo Fernandes Filho LTDA (GS), Posto Marine
(PM), Porto Novo do Rio Grande (PN) ¢ Estaleiro Santos (SS).

2.3. Amostras de tintas

Quatro marcas de tintas anti-incrustantes, dentre as mais comercializadas na
regido do estudrio da Lagoa dos Patos foram selecionadas para serem analisadas quanto
a sua composicao metdlica no presente estudo, Micron Premiun International (Akzo
Nobel Industrial Paints, S.L, Barcelona, Espanha), Renner AF (Renner Herman S.A,
Porto Alegre, RS, Brasil), Tritdo (Akso Nobel LTDA, Sdo Gongalo, RJ, Brasil) e WEG
(WEQG tintas Rodovia BR 280 Km 50, Guaramirim, Brasil).

A diferenca entre as marcas estd no tempo de eficiéncia das tintas, ou seja, a
duracdo do efeito biocida na embarcacdo. Em sua composicdo, geralmente, estdo
presentes metais como Cu, Zn, Cr, Ni, Pb, Cd e Fe principalmente na forma de 6xidos e
um ou mais biocidas organicos, porém nos rétulos das embalagens das tintas nio sdo

mencionados com exatiddo a composicdo de metais. As amostras de tintas foram
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adquiridas através do Estaleiro Santos Ltda., um dos locais amostrais do presente

estudo.

2.4. Técnicas analiticas

2.4.1. Metais na fragdo 14bil no sedimento

Os sedimentos coletados para a andlise de metais foram secos em estufa a 60° C,
macerados e passaram por processo de digestdo 4cida. Para a avaliacdo dos metais os
sedimento (< 63um) foram lixiviados de 1g de amostra seca com 0,1M HCI (v/v)
Suprapuro® (Merck, Germany) durante um periodo de 24 horas, em duplicata, sob
agitacdo continua na razdo sdlido/liquido de 1:20 (g/ml) a temperatura ambiente. O
produto dessa lixiviacdo foi deixado em repouso por 5 horas para decantacdo. Apos,
filtrado em papel filtro Whatman n° 44 de velocidade lenta a pressdo ambiente. Os
extratos obtidos foram transferidos para baldes volumétricos de 25 ml e avolumados
com solugdo de 0,1M HCI (adaptado de Li et al., 2009).

Para a defini¢do da metodologia com extragdo utilizando 0,1M HCI foi realizado
um teste analisando amostras de sedimento com 0,5 ¢ 0,1M HCI (n=10). Nao havendo
diferencas entre as extracdes e as amostras, optou-se por utilizar a extracdo dos metais
no sedimento com menor concentragdo de HCI. A extagdo com a concentracdo de 0,1 M
HCI € sugerida como a mais adequada, uma vez que atinge os metais fracamente ligados
a matriz silicata (Fiszman et al.,, 1984, Nolting et al., 1996). Esta extracdo estd
relacionada com concentragdes de metais liberados na 3° etapa de extra¢do sequencial
para Cu, Zn, Pb e Fe, ou seja, metais ligados a 6xidos amorfos, carbonatos, matéria
organica e de hidréxidos de Fe (Sutherland, 2002).

A fracdo 1abil de metais obtida através da extracdo com 0,1M HCI fornece o
grau de contaminag@o no sedimento proveniente das atividades humanas (Adami et al.,
2007), comuns em 4reas estuarinas, principalmente em locais com atividades portudrias
e de manutenc¢do de embarcacdes.

Cada duplicata de amostras de sedimento foi analisada duas vezes para Cu, Zn,
Pb, Cr e Ni em ICP-OES no Laboratério de Hidroquimica da Universidade Federal do
Rio Grande (FURG). Para a determinagc@o da precisdo do método analitico foram
conduzidos diferentes spikes com aliquotas de amostras com trés concentracdes

conhecidas dos diferentes metais (Cu, Zn, Pb, Cr e Ni). A variacdo do método aplicado
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esteve entre = 10% para todos os metais, conforme descrito em Harris (2007). Brancos
foram incluidos em cada bateria de andlise.

O limite de deteccdo (30) a partir de leituras de brancos (n=7) analisado em ICP-
OES para os diferentes metais foram 0,21pg g’1 (Cu), 0,64 pg g’1 (Zn), 0,57 pg g’1 (Cr),
0,17ug g' (Ni)e 1,9 ug g” (Pb).

2.4.2. Carbono Organico Total (COT)

As amostras de sedimentos em duplicata e destinadas para COT (< 63um) foram
secas em estufa a 60°C, e maceradas. Apés, descarbonatadas em vapor de HCI
concentrado (Merck, Germany) por 24h, para a remo¢do do carbono inorgénico
(Zimmermann et al., 1997) e posteriormente analisadas quanto ao COT com um
analisador elementar CHNS/O Série 2400 da Perkin Elmer no Laboratério de
Hidroquimica da Universidade Federal do Rio Grande (FURG). Para a determinagéo da
precisdo do método foi avaliado a andlise de material de referéncia certificado
acetanilida e MESS-1 (National Research Council Canada).

A presenca de metais pesados nos materiais de referéncia certificados ou mesmo
em amostras de locais contaminados pode causar interferéncia durante a anélise de
carbono no sedimento, para eliminar possiveis transferéncias foi necessdrio pesar
juntamente com a amostra 10mg de pentéxido de vanddio (V,0s) (Wallner-Kersanach
et al,, 2010). A recuperacdo da acetalinida e do MESS-1 (n=3) foi expressa em
percentual de seus valores certificados com uma recuperagdo média de 100,09 e 99,33

% respectivamente.
2.4.3. Tintas anti-incrustantes

As concentracdes dos diferentes metais analisados nos sedimentos foram
verificadas nas diferentes marcas de tintas. As andlises das amostras das tintas anti-
incrustantes seguiram o protocolo do Laboratério de Oceanografia Geoldgica da FURG
(LOG). Assim, foram pesadas 1,5g de tinta fresca em papel filtro. O papel filtro de cada
amostra (duplicata) foi dobrado e levado a mufla em cadinhos de porcelana a 100-
200°C por 1h, até que ndo mais fosse percebido o odor da tinta. Apds as amostras
resfriadas estas foram maceradas e 0,5g pesadas em erlenmeyer de 50mL. A este

material adicionou-se 6mL de HCI + 2mL de HNOj; e deixadas em minicondensador
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por uma noite. Ap6s, foram aquecidas a 80-90°C por 30minutos com os condensadores,
apo6s deste procedimento foram resfriadas e filtradas com papel filtro whatman n° 44,
velocidade lenta a pressdo ambiente, completando o volume final a 100mL com dgua
supra pura (tipo Milli-Q).

Os extratos obtidos desta digestdo foram analisados para Cu, Zn, Pb, Cr e Ni nas
diferentes marcas de tintas anti-incrustantes por espectrometria de absorcdo atdmica em
regime de chama utilizando o aparelho GBC 932 no Laboratério de Oceanografia

Geoldgica.

3. Tratamento estatistico dos dados

Para que os dados de metais no sedimento apresentassem uma distribuicio
normal, foram transformados para log (x+1). Para verificar a relacdo dos metais entre si
e com o COT, nos distintos periodos sazonais, foi aplicado teste de Correlagcdo de

Pearson ao nivel de significancia de 0,05.

4. Resultados e Discussao

As concentracdes médias dos metais traco na fracao 1abil (Cu, Zn, Pb, Cr e Ni)
dos sedimentos superficiais e do carbono orgéanico total (COT) estdo representados na
Fig. 2. Os elementos Cu, Zn e Pb apresentaram, em geral, as maiores concentragcdes, € 0
Cr e Ni em menores concentracdes. O local Estaleiro Gustavo (GS) obteve as maiores
concentragdes de Cu, Zn, Pb e Ni.

O local mais afastado o Saco do Justino (JT) apresentou variacdes de acordo
com o periodo sazonal com um menor valor de Cu 14bil no verdo (4,45 ug g') e maior
no inverno/10 (19,16 pug g ™). Os maiores teores de Cu l4bil foram encontrados em GS
em todos os periodos sazonais, mas com acrécimos nas concentragdes labeis na
primavera/09 (546,93 ug g, no verdo (768,64 ug g') e no inverno/10 (466,25 ug g™).
Quando comparado ao inverno de 2009, ocorreu um aumento nas concentragdes de Cu
labil nos periodos sazonais de 2010 em locais com evidente contribuicdo deste
elemento, como o Yacht Club (Y1), o local de abastecimento de embarcacdes Posto
Marine (PM) e o Estaleiro Santos (SS). Este acréscimo médio de Cu labil foi de 1,2 x
em Y1, 3x em PM e 7x em SS. Neste tltimo com varia¢des de Cu labil de 42,87 a 71,62

ug g'l. Os teores de Cu ldbil em Porto Novo (PN) apresentaram uma baixa variagdo
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sazonal e estiveram entre 5,55 e 7,46 ug g'l, exceto no inverno/09 com um decréscimo
de 3,04 ug g'l.

O Zn labil apresentou comportamento semelhante ao Cu 1dbil, com maiores
concentragdes em GS na primavera/09 (479,07 pg g’l), no verao (587,81 pg g’l) € no
outono/10 (572,95 ug g’l). Comparado com o ano de 2009, o acréscimo médio dos
teores de Zn labil em 2010 em PM e SS foram respectivamente de 2x e 2,7x. Suas
maiores concentragcdes de Zn 14bil em 2010 foram 63,73 ug g'1 em PM no verdo e
106,50 em SS no inverno.

Na enseada no interior da marina, os teores de Zn 1dbil apresentaram distribuicao
semelhante ao Cu 1abil, com valor mais elevado em Y1, independente do periodo
sazonal. Em PN, a concentragdo mais elevada foi no verdao/10 (25,91 pg g'l), porém em
geral com concentragdes baixas e pouco varidveis ao logo do diferentes periodos
sazonais. No entanto, o local mais afastado JT apresentou variacdes nas concentragdes
de Zn 1abil, porém com valores similares na primavera/09 (18,51 pug g'1) e no
inverno/10 (18,42 ug g™).

As concentracdes médias de Pb 1dbil também variaram com a sazonalidade,
sendo maiores em GS em todos os periodos estudados. Os valores de Pb 1dbil mais
elevados foram na primavera/09 (161,90 pg g'l), no verdo (178,71 pug g’l) € no
inverno/10 (156,01 pg g’l). Diferentemente do Cu e do Zn lébeis, os teores de Pb 14bil
apresentaram um acréscimo em PM, quando comparado a SS durante todos os periodos.

O aumento médio de Pb 14bil no ano de 2010 em PM foi de 3x em relagdo ao
ano de 2009. No local SS a maior concentragdode Pb 14bil ocorreu no verdo/10 (23,23
ug g'l), indicando um acréscimo médio de Pb labil de 1,7x em 2009 quanto compatrado
ao ano de 2010. O teor de Pb 1abil se destacou no verdo no interior da marina (Y1)
(46,44 ug g"). O PN ndo apresentou variagdo sazonal quanto as concentracdes de Pb
14bil no sedimento, tendo seu maior valor no verdo/10 (8,07 ug g™).

Ao contrario, o local mais afastado (JT) apresentou variacdes sazonais nas
concentracdes de Pb 1dbil com a mais baixa no outono/09 (6,06 ug g'l) e a mais elevada
no verdo/10 (27,24 pug g'l).

Comparado com os demais elementos, os teores de Cr labil indicaram uma
distribuicdo mais homogénea ao longo dos periodos sazonais e diferentes locais
amostrais. Como os demais metais, os teores de Cr 14bil apresentaram acréscimos no

ano de 2010, embora menores. Nas dreas mais abrigadas como o JT e no Yacht Club,
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Figura 2. Concentracio média de metais traco (ug g b peso seco) labeis e carbono
organico total (%COT) no sedimento (< 63um) em diferentes localidades e periodos
sazonais no estudrio da Lagoa dos Patos. Locais: Saco do Justino (JT), Yacht Club (Y1,
Y2 e Y3), Estaleiro Gustavo (GS), Posto Marine (PM), Porto Novo (PN) e Estaleiro
Santos (SS).
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ocorreu um acréscimo dos teores de Cr 14bil no verdao/10. No JT os valores mais
elevados estiveram presentes no inverno/09 (2,67 ug g'1) e no verao/10 (93,14 pg g’l).

As dreas com maior hidrodindmica apresentaram um acréscimo nos teores de Cr
14bil no inverno/10, em relagdo os demais periodos sazonais, como em GS, PM, SS e
PN (Fig.2).

Em geral, assim como as concentracdes de Cr 14bil, as concentragdes de Ni 14bil
ndo variaram muito entre as localidades, exceto no local afastado JT e em GS. No verdo
de 2010 foi verificada uma alta concentragdo de Ni 14bil (6,72 pug g") em 1 JT, seguido
de GS (4,30 ug g'l). Os demais locais no verdao de 2010 estiveram com teores de Cr 14bil
entre 1,64-2,16 ug g™

As maiores concentragdes de COT no sedimento foram no local afastado JT no
verdo (6,94 %) e no inverno/10 (7,73%), assim, como em PN (7,57%) na primavera/09.
Os demais locais indicaram teores variando de 1,63 - 2,46% durante os distintos
periodos sazonais.

As concentra¢des médias em peso seco (ug g') de metais na fracdo total nas
marcas de tintas mais comercializadas na regido do estudrio da Lagoa dos Patos
indicaram maiores teores para o Cu e Zn expressas em percentual (Tab. 1).

Concentragdes menores em nivel de ppm foram encontradas para Ni e Pb,
seguidas do Cr.

Dentre as marcas de tintas anti-incrustantes analisadas as que apresentaram
maiores concentracdes em peso seco de Cu foram as marcas WEG e Renner AF 10
sendo mais de 50% da composi¢do da tinta. As concentra¢des de Zn foram maiores nas
marcas Renner AF 10 e Tritdo apresentando valores acima de 20%.

Em geral Pb, Cr e Ni variaram também em suas concentracdes, com maiores
teores de Pb na marca Renner AF 10, de Cr na marca WEG e de Ni na marca Microm
Premium. As tintas com maiores concentragdes de Pb (Renner AF 10 e WEG) foram as
que possuiram os maiores teores de Cu também. O alto teor de Cr verificado na marca

WEG foi trés vezes superior ao da marca Tritdo.
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Tabela 1. Concentracio média de metais (ug.g"' peso seco) em tintas anti-incrustantes
utilizadas em embarcacdes no estudrio da Lagoa dos Patos.

Metai Cu Zn Pb Cr Ni
etais (%) (%) (nggh (ugg) (nggh)
Tintas anti-incrustantes
Microm Premium 40,62 15,18 105,0 4,6 185,8
WEG 61,26 15,06 137,2 25,8 125,2
Renner AF 10 50,4 26,4 177,2 5,8 68,0
Tritdo 45,18 24.0 101,8 8,0 114,2

As concentracdes dos metais traco ldbeis estudados e COT nos sedimentos
superficiais exibiram, em geral, variacdes de acordo com as caracteristicas da localidade
considerada e indicando algumas variabilidades sazonais. As variacdes sazonais dos
metais foi mais evidente para os elementos com maiores concentracdes nas tintas anti-
incrustantes como o Cu, Zn e Pb e nos locais com a presencga de residuos provenientes
deste tipo de tintas, como os estaleiros Gustavo (GS) e Santos (SS), além do Posto
Marine (PM) (Fig. 2).

As mudangas climéticas ocorridas devido fendmeno El Nifio, presente desde o
inverno/09 até a verao/10, favoreceu a descarga de dgua doce no estudrio por 6 meses
consecutivos, devido a intensa precipitacdo resultando na diminui¢do da salinidade no
estudrio. Além disso, ocorreram servi¢os de dragagem na area do Porto Novo durante o
periodo de estudo, promovendo remobiliza¢do do sedimento de fundo.

A estabilidade dos sedimentos superficiais é determinada pela hidrodinamica
local e processos de transporte sedimentar. Num evento de tempestade ou de alta
descarga de 4gua doce no estudrio, este material sedimentar poderd ser movimentado e
para isso serd dependente das condi¢Oes fisiograficas das dguas circundantes (Buggy
&Tobin, 2008). Como o estudrio da Lagoa dos Patos possui uma alta hidrodindmica e
dependendo da localizagdo, essa instabilidade sedimentar pode ocorrer, liberando a
fracdo 14bil de metais a partir do sedimento para a coluna d’4gua.

No ano de 2010, apods o estabelecimento das condi¢des normais climadticas, as
concentragdes ldbeis de metais também indicaram um acréscimo nos periodos sazonais
estudados, provavelmente relacionados ao acréscimo de pH (6,96-8,13 em Abril/10;

6,43-8,3 em Julho/10) e salinidade (6,6-8,5 em Abril/10; 25-29 em Julho/10) na dgua.
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Independente dos locais estudados, em todos os periodos sazonais foi observada
uma correlag@o altamente significativa (p<0,05) entre Cu e Zn (n= 14; r = 0,92 - 0,98).
Correlagdes que variaram de significativa a altamente significativa entre Cu e Pb (n=
14; r = 0,81 - 0,96), assim como entre Zn e Pb (n= 14; r = 0,75 - 0,98) para todos os
periodos sazonais. Os resultados indicam que estes elementos possuem a mesma fonte
antrépica nos locais estudados.

Os elementos Cr e Ni também apresentaram forte correlacdo positiva (p<0,05)
com Cu, Zn e Pb, principalmente na primavera/09, outono e inverno/10. Periodos
sazonais em que estes elementos aparecem mais correlacionados entre si, como no
outono/10, estando provavelmente associado com a salinidade intermediaria da dgua no
estudrio. Neste sentido, a variagdo da salinidade, que regula o pH, sdo mais importantes
para a disponibilidade dos metais labeis, do que a sazonalidade ou o periodo de
manutengdo de embarcagdes nos estaleiros. Este resultado esta de acordo com o modelo
conceitual proposto por Windom et al. (1999) para a Lagoa dos Patos, no qual os
processos de trocas iOnicas e desor¢do de metais do sedimento ocorrem a partir da
salinidade 6 dita intermedidria (Du Lang et al., 2009; Hong et al., 2011)

As maiores concentragdes de Cu e Zn ldbeis nos estaleiros estdo de acordo com
as concentracdes encontradas nas tintas anti-incrustantes, cujos elementos sdo
dominantes na composicdo das mesmas (Tab. 1). Embora o Pb 14bil nao esteja elevado
nas tintas como o Cu e o Zn, sua alta ocorréncia principalmente em GS, provavelmente
ocorre devido a sua afinidade em se acumular no sedimento.

Os elevados teores de Cu, Zn e Pb em GS em todos os periodos sazonais sdo o
resultado das atividades do estaleiro ha mais de um século de funcionamento, tendo
causado um passivo ambiental principalmente na area da carreira, aparato que eleva as
embarcacdes para serem reparadas, mesmo ndo estando em pleno funcionamento
durante todo o periodo amostral de 2009 a 2010. Esta area é mais abrigada, ndo estando
situada no canal de acesso ao estudrio (Fig. 1), favorecendo o acimulo de metais no
sedimento. O Estaleiro Santos (SS) funciona h4 20 anos, mas por estar na drea de canal
do estudrio, area mais estreita, sua hidrodindmica é maior causando uma dispersdo
maior dos contaminantes.

Em estaleiros, as embarca¢des uma vez i¢adas pela carreira para o continente sao
raspadas para remover as incrustacdes, lavadas, reparadas, preparadas para receber a
tinta anti-incrustante e finalmente pintadas e em menos de 72h apds a pintura sdo

recolocadas na édgua (comunicagdo pessoal, Estaleiro Santos). Os residuos destas
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operacdes, como restos de lixas, pedagcos de metais, restos de tintas, residuos de trocas
de dleo, lubrificantes, combustivel das embarcacdes e anodos de sacrifico desgastados
sdo recolhidos nos estaleiros estudados. Porém a dgua residual da lavagem, a poeira das
raspagens, os resto com fragmentos de tintas e 6leo liberado das embarcagdes ficam
expostos e entram em contato com o meio aquatico (Singh & Turner, 2009b).

O Cu, Zn e o Pb tém aumentado no ambiente estuarino, devido principalmente
as atividades antropogénicas (Tanner et al., 2000). O Cu usado em tintas anti-
incrustantes em embarcagdes e o Zn empregado como um metal protetor de agentes
corrosivos (Prego et al., 2008), utilizado nas tintas anti-incrustantes e anodos de
sacrificio. O Pb estd na composi¢do do combustivel, 6leos, baterias e lubrificantes nas
embarcacdes (Nemr et al., 2006). Neste sentido o alto teor do Pb 14bil no interior da
enseada Y1 no verdo/10 pode ter origem no tipo de tinta utilizado, além do 6leo diesel e
lubrificantes de embarcacdes de lazer (Fig. 2).

No Yacht Club as tintas da marca Renner AF 10 e a Tritdo sdo as mais utilizadas,
sendo que a tinta de marca Renner AF 10 possui a mais alta concentracio de Pb, quando
comparada com as demais tintas (Tab. 1). O acréscimo de Pb Iabil no local afastado JT
no verdo/10, ndo tem uma origem definida. Os pescadores do estudrio utilizam em suas
embarcacdes artesanais as mesmas tintas acima citadas, além da marca WEG. No
entanto, esta atividade no local JT ndo € comum. Fontes provaveis sdo o 6leo diesel das
embarcacdes e/ou possiveis decartes de Pb utilizados em materiais de redes de pesca,
outras possiveis entradas seria de materiais para constru¢do de telhados e tintas de
residéncias (Mirlean et al., 2005).

Os elementos Pb, Cr e Ni sao naturalmente presentes nos 6xidos de Cu e Zn
adicionados as tintas anti-incrutantes (comunicac@o pessoal, Allchem Quimica Industria
e Comércio Ltda). Como as concentracdes de Cr e Ni sdo mais baixas nas tintas (Tab.
1), seu impacto no meio é menor, comparado com o Cu e o Zn (Fig. 2). Os teores mais
elevados de Ni 1abil no sedimento do Estaleiro Gustavo (GS), exceto no inverno/09,
sugere que este tenha como origem a atividade do estaleiro. Entretanto, concentragdes
labeis elevadas de Cr e Ni no local JT no verdo/10 foram acompanhadas de altas
concentragdes de carbono orgénico total (COT) no sedimento (p<0,05), sugerindo que,
além dos blooms fitoplanctonicos nestas areas rasas do JT, aportes de antrdpico possa
estar ocorrendo no local. Da mesma forma, o aumento expressivo do COT em PN, mas
sem aumento dos metais ldbeis no sedimento, sugere uma contribuicdo orgénica de

carbono natural ou recente de forma antrdpica.
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De acordo com Casado-Martinez et al. (2006), os metais sdo os principais
contaminantes em sedimentos dragados de dreas portudrias. Nas dreas portudrias, como
no caso da drea do Porto Novo (PN), ocorrem normalmente atividades de dragagem, o
que favorece a baixa concentracio de metais labeis no sedimento superficial, observada
em todos os periodos sazonais. O local PN possui uma alta hidrodindmica causando o
baixo tempo de residéncia do material em suspensdo resultante da dragagem, assim,
como qualquer outro aporte antropico gerados pelas embarcagdes.

As concentragdes de metais labeis encontradas nas dreas estudadas foram
comparadas com dreas recebendo aportes antrépicos, exceto o local da Plataforma
Continental Amazodnca (Tab. 2) incluindo extracdes de metais de 1M HCI, devido a
poucos resultados existentes na fracdo de 0,1M em sedimentos finos. Os resultados do
presente estudo foram agrupados em relacdo a vocacdo de cada éarea, para permitir
comparagoes.

As concentracdes de Cu no sedimento podem ser elevadas em locais como
marinas, estaleiros, portos e enseadas, como verificado por Jones et al. (2005) no Reino
Unido (UK). Os teores de Cu l4bil nas dreas de estaleiros foram mais elevados, quando
comparadas com o Golfo de Suez (Mar Vermelho). Embora as dreas da marina do Yacht
Club indicaram as maiores concentra¢des de Cu l4bil depois do estaleiro GS, estas se
encontram mais baixas, em relacdo as demais dreas citadas da literatura.

O maximo teor médio de Zn 1abil, embora elevado no estaleiro GS, se encontra
mais baixo, do que as concentracdes no Mar Bdéltico. O Pb l4bil embora tenha suas
concentragdes altas em GS, sdo compardveis as do Rio Brunette no Canada. Em geral o
Pb 14bil apresentou concentracdes minimas mais baixas que os demais locais citados na
literatura.

Nemr et al.(2006) no Golfo de Suez relatam valores minimos de Cr labil
préximas aos verificados no estaleiro GS durante todos os periodos sazonais. Desta
forma, o Cr ndo parece ter contribui¢do significativa para as areas estudadas no estudrio.
O mesmo pode ser observado para o Ni 14bil, que possui concentragdes muito inferiores
aos demais estudos citados.

Andlises de fragmentos de tintas e sedimentos (<63um) estuarinos préoximos a
dreas de reparos de embarcacdes em uma marina de Plymouth (UK), indicaram
concentragdes médias nos residuos de tintas de Cu e Zn na faixa de 300 e 100 mg. g'l,
enquanto elementos como Cr, Ni e Pb concentragdes médias de 1200, 780 e 1800 pg.g”

respectivamente (Singh & Turner, 2009a). Quanto as concentragdes de metais no
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sedimento foram reportadas em uma ordem de magnitude maior que as concentragdes
de background. Cu e Zn indicaram os maiores teores de 2230 e 916 ug.g”, seguido do
Pb (163 pg.g'l), Cr (34,1pg.g'l )e Ni (31,1 pg.g'l). Embora os valores sejam superiores
aos determinados nos sedimentos da Lagoa dos Patos, estes acompanham a mesma
tendéncia de aumento da concentragdo Cu>Zn>Pb>Cr>Ni encontrada no presente
estudo.

O local Y1 da drea da marina do Yacht Club, por ser mais confinada e com baixa
circulagdo e renovagdo da 4gua, indicou concentracdes de metais similares ao Posto
Marine (PM). Os locais Y2 e Y3 na marina possuem maior renovagao de dgua, fazendo
com que a suas concentragdes sejam mais proximas no local afastado JT.

Os resultados do presente estudo foram comparados com a Resolugdo No. 344
CONAMA/2004 que delibera sobre possiveis efeitos de dragagem no ambiente (Tab. 3).
Embora esta resolucdo considere os valores permissiveis com base na extragdo acida
semi-forte no sedimento em sua fracdo total, a comparacdo permite elucidar o grau de
contaminagdo existente nas dreas estudadas. Existem dois niveis (1 e 2) de
concentracdes de metais na resolucdo, de acordo com a condicdo hidrolégica (dgua
doce, salobra ou salgada), o Nivel 1 refere-se ao limiar abaixo da probabilidade de um
possivel efeito adverso a biota, chamado nivel de atencdo e o Nivel 2 esté relacionado
ao limiar acima de um possivel efeito deletério a biota, conhecido como nivel de acdo.
Tomando como base o Nivel 2, independente da condi¢do hidrolégica, os resultados de
Cu labil do estaleiro Gustavo (GS), exceto no inverno/09, estdo todos acima do valor
indicado pela resolucdo. Como sdo dreas de movimentacdo de embarcagdes sujeitas a
servicos de dragagem, é importante que nestes locais ocorram novas técnicas de
desassoreamento.

Na fracdo argilosa, os metais sdo geralmente devolvidos para as dguas costeiras
em associacdo com particulas que atuam como agentes transportadores, este
comportamento ¢ dependente da dindmica sedimentar (Che et al., 2003), mas também
da interacdo com processos fisico-quimicos e bioldgicos que ocorrem na zona de
mistura entre a 4gua doce e a agua salgada (Eggleton & Thomas, 2004). Estes aspectos

que pode ocorrer de forma semelhante no estuario da Lagoa dos Patos.
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Tabela 2. Concentragdes de metais, minimos e maximos (ug.g~ peso seco), em sedimentos finos e extracdes em diferentes locais. nd= ndo determinado, % de

biodisponibilidade da fragéo 1abil*.

Local Fracido  Extracao Cu Zn Pb Cr Ni Referéncia

Saco do Justino (JT) <63um 0,1 M HCI 4,5-19,2 18,5-62.5 6,1-27,3 0,86-3,2 1,3-6,8

Marina (Y1, Y2, Y3) <63um 0,1 M HCI 11,4-32,5 35,6-67,2 9,9-46,7 1,5-2,6 1,1-2,2

Estaleiros (GS, SS) <63um 0,1 M HCI 7,5-768 32,4-578 7,9-178 1,5-3,3 1,1-4,3 Presente estudo

Posto Marine (PM) <63um 0,1 M HCI 7,5-27,8 29,9-63,8 10,6-42,8 1,7-3,2 1,2-1,9

Porto Novo de Rio Grande (PN) <63um 0,1 M HCl 3,1-7,5 16,1-25,9 6,1-8,1 1,6-2,2 1,4-2,1

Brunette River, Canada * Total 0,5M HCl1 58-171 155-597 59-176 nd nd Li et al., 2009

Youngil bay, Southeast Coast Korea® Total 1 M HCl T72% * 82,1%* 83,8%* nd nd Lee et al., 2008

Suez Gulf, Red Sea ° <63um 1 MHCI 21,2-6179 53,9-171,3 21,4-81,4 3,4-69,1 23,7-155,9 Nemr et al.,
2006

Plataforma continental AmazOnica, <63um 0,5 M HCI nd 7,3-36,3 nd nd 9,1-13,5 Siqueira et al.,

Brazil ¢ 2006

Southern Baltic Sea of Poland © <80 um 1M HC1 3,2-47,3 30,3-639,0 7,3-117,0 6,8-36,1 9,0-36,1 Szefer et al.,
1995

Cona Marsh, Venice Lagoon, Italy f Total 1 M HC1 14,4-59,9 75,6-294,3 33,6-63,8 8,9-354 16,3-25,5 Zonta et al,.
1994

a-areas altamente urbanizadas; b-complexo industrial com aco em escala mundial; c- atividades industriais, residuos municipais e atividades de estaleiros; d-
sem fonte poluidora ; e- dados de Zn comparados a estudrios poluidos do Reino Unido; f- descarte de agricultura, industrias e esgoto sem tratamento.
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O Zn 14bil também excede os valores na primavera/09, verdo e inverno/10 (Figura
2). Os teores de Pb no mesmo estaleiro estdo acima do limiar indicado no Nivel 1, na
primavera/09, no verdo, outono e inverno/10. Enquanto o Cr e Ni ndo oferecem
problemas quanto a toxicidade para a biota em nenhum dos locais estudados.

O sedimento do estaleiro Santos (SS) indicou concentra¢des de Cu acima do Nivel
1 apenas para o Cu em todos os periodos sazonais do ano de 2010, minimizado
provavelmente pela maior hidrodindmica do canal. Neste sentido, os resultados
comprovam a origem do Cu, Zn e Pb das tintas anti-incrustantes e principalmente o efeito
do Cu em ambos estaleiros, visto a sua maior abundancia neste tipo de tintas (Tabela 1).
As tintas da marca Renner AF 10 e Micronm Premium sdo as mais utilizadas nos
estaleiros GS e SS, sendo que a diferenca da hidrodinamica local e o tempo de
funcionamento dos estaleiros sdo aspectos que diferenciam a contaminag@o entre os

locais.

Tabela 3. Concentracdes mdximas permitidas de metais (ug g' em peso seco) no
sedimento dragado, de acordo com a Resolu¢do CONAMA 344/2004.

Metais Agua Salina ou Salobra
Nivel 1 Nivel 2
Cu 34 270
Zn 150 410
Pb 46,7 218
Cr 81 370
Ni 20,9 51,6

EES
*Limiar abaixo da probabilidade de um possivel efeito adverso a biota. Limiar acima de um
possivel efeito deletério a biota.

Os dados verificados no presente trabalho indicam que medidas de mitigacdo da
contaminag@o devem ser aplicadas em ambos estaleiros. Este estudo servird como suporte
para futuros estudos das contaminagdes com metais traco no estudrio, uma vez que o Polo
Naval vem intensificando suas atividades na cidade de Rio Grande, com reparos e
construcdes de plataformas de exploracdo de petrdleo, que poderdo contribuir com o

aumento de concentragdes de metais na forma 14bil para o estudrio.
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5. Conclusoes

Concentragdes de metais labeis na fracdo fina de sedimentos no estudrio da Lagoa
dos Patos em dreas portudrias, incluindo os estaleiros € uma marina, indicaram a
influéncia das tintas anti-incrustantes no meio aquatico. As caracteristicas de cada local
amostral contribuiram com as variacdes nas concentracdes de metais, uma vez, que as
atividades e reparos de embarcacdes sdo varidveis entre os locais e entre diferentes
periodos. As concentracdes de metais também foram influenciadas pelo efeito do
fendmeno El Nino causando um decréscimo nas concentracdes de metais ldbeis no
estudrio, devido a intensa descarga de dgua doce pelo ambiente estuarino. Apds a
passagem do efeito do El Nino e o restabelecimento das condi¢des climdticas normais, o
pH e a salinidade da dgua foram os principais fatores que controlaram a labilidade dos
metais no sedimento.

A alta correlagdo entre Cu e Zn ldbeis no sedimento em todos os periodos
sazonais comprova que ambos metais provém da mesma fonte antropica, seja pela
liberagdo gradativa de ambos elementos das tintas anti-incrustantes das embarcacdes e
dos residuos de tintas liberados na dgua durante a manuten¢@o de embarcagdes. Os teores
de Pb labeis indicaram estar correlacionados com os teores de Cu e Zn labeis, e estes em
menor grau correlacionados com o Cr e Ni ldbeis. As maiores concentragdes de Cu e Zn
no sedimento dos estaleiros estdo de acordo com a dominancia de ambos elementos nas
tintas anti-incrustantes mais utilizadas na regido do estudrio da Lagoa dos Patos.

Independente da sazonalidade, as maiores concentragdes de metais ocorreram em
um estaleiro de mais de um século de atividade. A maioria dos teores de Cu, Zn e Pb
labeis no sedimento excederam os valores do Nivel 2 recomendados pela Resolucido No.
344 CONAMA/2004 para dragagem de sedimentos e em fracdo total. O sedimento de um
estaleiro de 20 anos de funcionamento indicou concentra¢des de Cu acima do Nivel 1 em
todos os periodos sazonais do ano de 2010.

A diferenga da hidrodindmica local promovendo trocas de pH e salinidade na
dgua, principalmente em anos com eventos de El Nino, além do tempo de funcionamento
dos estaleiros, sdo aspectos que diferenciam a contaminacdo e a presenca de metais
ldbeis entre os locais. Estes aspectos possuem maior importancia, do que a variagdao

sazonal em si.
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Estes resultados podem dar subsidios para a gestdo dos residuos gerados em
estaleiros e servem de base para estudos futuros com fragdo labil de metais no estudrio,

dado o alto desenvolvimento da constru¢do naval na cidade do Rio Grande.
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CAPITULO 11

No presente capitulo s@o apresentados os resultados obtidos na primeira exposi¢io
in situ das unidades de DGT em dreas de marina e portudrias (incluindo estaleiros),
totalizando sete locais no estudrio da Lagoa dos Patos por 72h, avaliando a fracdo labil
DGT e o metal particulado 14bil para cobre e zinco nestas regides. Sendo o primeiro
manuscrito do presente estudo, o qual foi submetido ao periédico Environmental
Monitoring and Assessment sob o nimero EMAS-D-12-11019, estando sob avaliacido

dos revisores.
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Abstract

The labile dissolved and labile particulate fractions (LPF) of Cu and Zn were analyzed
during different seasons and salinity conditions in estuarine waters of marina, port and
shipyard areas in the southern region of the Patos Lagoon (RS, Brazil). The labile
dissolved concentration was determined using the diffusive gradients in thin films
technique (DGT). DGT devices were deployed in seven locations of the estuary for 72h
and the physicochemical parameters were also measured. Seasonal variation of DGT-Cu
concentrations was only significant (p>0.05) at one shipyard area, while DGT-Zn were
significant (p<0.05) in every locations. The LPF of Cu and Zn concentrations
demonstrated seasonal and spatial variability in all locations, mainly at shipyard areas
during high salinity conditions. In general, except the control location, the sampling
locations showed mean variations of 0.11 - 0.45 pg L™ for DGT-Cu, 0.89 - 9.96 ug L™
for DGT-Zn, 0.65 - 3.69 pug g for LPF-Cu and 1.35 - 10.87 pg g for LPF-Zn. Shipyard
areas demonstrated the most expressive values of labile Cu and Zn in both fractions.
Strong relationship between DGT-Zn and LPF-Zn was found suggesting that the DGT-Zn
fraction originates from the suspended particulate matter. Water salinity and SPM content
indicated their importance for the control of the labile concentrations of Cu and Zn in the
water column. These parameters must be taken into consideration for comparison among
labile metals in estuaries.

Keywords: labile metals - DGT -suspended particulate matter - antifouling paint - estuary

1. Introduction

Estuaries are affected by physical and biogeochemical processes and human activity
(Salomons and Forstner 1984). These areas are also associated with boat and shipping
activities, which contribute to environmental metal loadings, in particular, antifouling

paints (Schiff et al. 2004).
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Antifouling paints prevent biofouling, which is a problem for shipping industries
(Dafforn et al. 2011). The growth of organisms on the hulls of vessels increases the
frictional drag, which reduces speed and increases fuel consumption (Abbot et al.2000).

Antifouling paints have a combination of biocides and solvents (Okamura and Mieno
2006). In 1970, paints were formulated containing organic tin, such as tributyltin (TBT)
and triphenyl (TPT) (Konstantinou and Albanis 2006). However, these compounds are
highly toxic to non-target species, such as bivalves and gastropods (Alzieu 2000). After
the ban on TBT in 2008 (IMO 2001), Cu became the predominant biocide in antifouling
paints (Readman 2006).

Studies have shown the release of Cu into seawater from the hulls of vessels (Valkirs
et al. 2003; Schiff et al. 2007; Turner et al. 2008; Brooks and Waldock 2009),
predominantly stemming from of Cu and Zn waste paint at shipyards (Singh and Turner
2009). Cu and Zn mobilized from fine antifouling particulates may represent an important
local source of contamination of ground water, runoff, soil and marine systems (Turner
2010, Jessop and Turner 2011).

Researchers have also reported levels of labile Cu in water at marinas and port areas
(Webb and Keough 2002; Warnken et al. 2004; Dunn et al. 2007; Jones and Bolam 2007)
but only one study which was carried out near shipyard areas has been published
(Montero et al. 2012).

Areas with boat traffic and maintenance of boats have been important sources of
copper and zinc release. Despite being essential for many organisms, these elements may
become toxic when their concentrations are above the necessary values for their
physiology (Matthiessen et at. 1999).

Besides the normal sediment remobilization and redistribution in estuarine areas, this
process is increased during boating activity and dredging to maintain the channel. As a
result, the suspended particulate matter may constitute a good indicator of exchange of
constituents between sediment and water, and may carry large amount of pollutants. The
dynamic changes in pH and salinity in overlying water can also dramatically influence
the release of labile trace elements from estuarine sediments (Hong et al. 2011). Thus, the
estimation of the labile fraction in water and in suspended particulate matter is more
relevant because these fractions can be exchanged or incorporated by organisms
(Leeuwen et al. 2005).

Potentially bioavailable labile metals can be determined using the technique of

diffusive gradients in thin films (DGT), which integrates the metal concentration of the
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medium over time (Davison and Zhang 1994). The DGT system is designed according to
Fick’s first law, with a filter of 0.45 um in porosity through which metal labile are
transported by molecular diffusion to a polyacrylamide hydrogel and are accumulated in
the ion-exchange resin (Zhang and Davison 1995).

Studies carried out in estuarine areas using the DGT technique (Dunn et al. 2003,
2007; Wallner-Kersanach et al. 2009; Montero et al. 2012) have demonstrated the
sensitivity of the system to accumulate labile metals. However, nothing has been
demonstrated about seasonal variation in one location.

In the Patos Lagoon estuary (RS, Brazil), there have been studies on the total and
particulate fractions of metals (Niencheski et al. 1994; Windom et al. 1999; Niencheski
and Baumgarten 2000). However, the labile fraction analyzed in the water column is not
well known. In two estuarine locations adjacent to the Rio Grande city, the labile
fractions of metals were analyzed using the DGT technique, and the results indicated an
increase of the concentrations of metals during high-salinity periods (Wallner-Kersanach
et al. 2009).

In Rio Grande city, there are three port areas for vessel mooring: the Porto Velho, for
leisure boats as well as fishing and passenger boats; the Porto Novo; and the Super Porto,
for large vessels (30-40 m). There are also two shipyards for boat maintenance, and
during the study, the Rio Grande Shipyard was built, the largest dry dock in Latin
America, with 440,000 m? of built area, for oil platforms construction and maintenance.
The construction of two more dry docks in the estuarine area near the city is planned.

Because of the impact of antifouling paints and their gradual release into the water
(Srinivasan and Swain 2007; Turner et al. 2008), the paints used in the shipyards of Rio
Grande were analyzed. The dominance of Cu and Zn was confirmed based on the
percentages, while the other elements were found in ppm concentrations. The data agreed
with those provided for the paint brands studied by Valkirs et al. (2003), Paradas and
Amado Filho (2007), Karlsson et al. (2010) and Parks et al. (2010).

The study of labile fractions of Cu and Zn in marinas and shipping activity areas in
Rio Grande is important to determine the actual concentrations of those elements in the
region and to support data comparison after the operation of the shipyards. The aim of the
present study was to determine the DGT-labile and labile particulate concentrations of Cu
and Zn in waters of marina, port and shipyard areas under the influence of the antifouling
paints of vessels. The results also aid to understand the dynamics of labile metals during

seasonal periods and changes in salinity in such estuarine environment. This study is the
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first one to investigate the variations of labile metals during seasonal and intense El Nino

effect periods in estuarine areas.

2. Materials and methods
2.1. Study area

The Patos Lagoon (10,360 kmz), in southern Brazil, is the largest choked coastal
lagoon in the world (Kjerfve 1986) and has a narrow channel that restricts the tidal
influence (Moller et al. 1996). The lagoon has the geomorphologic features of an estuary
with a low tidal range (0.47 m), an average depth of 6 m and a complex hydrodynamics
due to winds and river discharge (Moller et al. 1996). The only contact with the Atlantic
Ocean is through a narrow channel at the southern end of the lagoon.

Freshwater has a long residence time in the lagoon during winter (June-August) and
during summer (January to March) the salt-water intrusion can reach up to 200 km. The
residence time depends more on weather conditions than on the tide (Niencheski et al.
1994). Under the effects of the El Nifio or La Nifia phenomenon, there is a period of
intense rainfall or prolonged drought, respectively, in the region. As a result, there is a
prolonged permanence of fresh- or saltwater within the estuary (Garcia 1998).

The main forcing is the NE-SW wind regime, which controls the salinity, circulation
and sea level (Garcia 1998). However, because of its shallow depth and low tidal range,
the water of the Patos Lagoon is vertically well mixed (Niencheski et al. 1994).

Rio Grande city (32°02°06”S, 52°05°55”W) has an industrial park producing
fertilizers, vegetable oil and petrochemicals (Niencheski and Windom 1994). There has
been an expansion of the port area, especially with the installation of a shipbuilding

facility, which is the largest in Latin America.

2.2 DGT system and in situ deployment

The plastic holders of the DGT devices were obtained from DGT Research Ltd,
Lancaster (UK) and mounted with diffusive (0.8 mm thick) and resin hydrogel (0.4 mm
thick). The polyacrylamide hydrogels were prepared according to Zhang and Davison
(1995, 2004). After preparation, the DGT devices were tested in the laboratory and Cd
concentrations were measured according to the DGT Research Ltd manual (Zhang 2004;

www.dgtresearch.com). The results obtained in the experimental waters (duplicate) with
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Cd were 10.47 + 0.23 and 9.84 + 1.02 pg L. The recovery in the DGT resin for Cd was
90 and 103%.

The sampling stations, shipyard areas, port and mooring sites of recreational vessels,
were chosen based on the number of moored boats and maintenance and repair facilities.
The brands of antifouling paints typically used in the study area, except for the port area,
are: Tritdo (Akso Nobel LTDA, Sao Gongalo, RJ, Brazil), Renner AF (Renner Herman
S.A, Porto Alegre, RS, Brazil) and Micron Premium International (Akzo Nobel Industrial
Paints, S.L, Barcelona, Spain).

The two oldest and more active shipyards in the region, the Gustavo Fernandes Filho
LTDA Shipyard and the Santos Shipyard, receive boats annually, especially between
summer (December) and autumn (May), with sizes ranging from 10 to 27 m.

The Rio Grande Yacht Club has a mooring area for leisure boats, which number
usually keeps constant during the year. Boat maintenance happens mostly from early
spring (September) to early summer (December), although it is also carried out along all
year. No control of the disposal of antifouling paint particles generated during the
maintenance is carried out in both shipyards and in the yacht club.

The DGT devices were deployed in sifu at seven selected locations in the estuary,
where there is no input of wastewater sources (Fig. 1). Three locations were selected at
the marina of the Rio Grande Yacht Club, Y1 (32°01°604°°S, 52°06°450°°W), the pier
toward the inside of the inlet, near a site of boat repair; Y2 (32°01°573°’S,
52°06°492°°W), a central pier, in a site with a higher water return but that is still
confined; and Y3 (32°04°529°’S, 52°06°473°W), the first pier in the inlet entry, a more
hydrodynamic site. Three locations were chosen in the port area, the Gustavo Fernandes
Filho LTDA Shipyard (GS) (32°01°765S, 53°04°918”W), located at the Porto Velho
area, with over 100 years of operation in boat maintenance; the Santos Shipyard (SS)
(32°08°210°°S, 52°06°238°W), located at the Superporto area, with over 20 years of
operation in boat maintenance on both recreational and fishing boats; and the Porto Novo
of Rio Grande (PN) (32°02°651°’S, 52°05°451°°W), the second most important port in
the country for the development of international trade, with heavy traffic, the capacity to
berth medium to large boats and annual average of 3000 ships. Saco do Justino (JT)
(32°05°102°°S, 52°13°130°’W) was considered for data comparison and is an area further

away from the other sampling sites, where there is no boat activity.
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Fig. 1. Sampling stations at the Patos Lagoon estuary: Justino (JT; control station), the yacht
club (Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city (PN) and Santos
Shipyard (SS).

The DGT devices were deployed in sifu in January, April and July 2010 on the same
day at all of the locations. Four devices were fixed to the pier of each location at a 0.5 m
depth over the total deployment time of 72 h.

Water samples were collected daily at each location using a Niskin bottle, at the same
depth as the DGT devices, for the determination of physicochemical parameters,
including pH (pH meter by Toledo, Model DM), temperature, salinity (conductivity with
WTW brand, Model 315i) and suspended particulate matter (SPM). Water samples were
taken for an analysis of the labile particulate fraction (LPF) of metals (Cu and Zn).

During each deployment period, two DGT devices were randomly selected as a
blanks, i.e., not deployed in the water column. The DGT devices average of the method
detection limits for January, April and July were 0.041 ug L™ for Cu and 0.12 ug L™ for
Zn. This detection limits (30) were calculated by blanks standard deviation with 0.01 of

confidence limit (n=20).
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2.3 Laboratory procedure

In the laboratory, resin gels (Chelex-100) for each of the DGT devices were eluted in
1 ml of nitric acid Suprapur ® (Merck), as described by Zhang and Davison (1995), and
kept under refrigeration (4°C) until analysis.

The labile particulate fraction of Cu and Zn (LPF-Cu and LPF-Zn) were determined
by daily filtering duplicate water samples (500mL each sample) with cellulose nitrate
filters (porosity of 0.45 um with 47 mm diameter, Sartorius, Germany). The filters with
the particulate material were washed with ultrapure water (Milli-Q) for the reduction of
chlorides (Kremling et al. 1996), dried in an oven at 60°C and treated by partial acid
digestion with 0.1 M HCI Suprapur ® (Merck), (adapted from Li et al. 2009). The 0.1 M
HCl leachate, which affects the silicate matrix minimally, is a best approach to obtain the
“easy exchangeable” metal fraction (Fiszman et al. 1984, Nolting et al. 1996), because it
releases non-residual trace elements, i.e. those associated with hydrous Fe-Mn oxides,
adsorbed on clays, besides amorphous oxides and carbonates, and organic matter, all
closely associated with the summed concentrations released in 3 steps in a sequential
extraction procedure (Sutherland 2002). Thus, this leach technique applied to the
suspended particulate matter in water is the best approach to obtain easy labile metals,
which may also be presumed available to the DGT system.

In this procedure, the three filters of each duplicate of water samples collected during
the 72 hours were combined to be representative for the DGT sampler.

The analysis of dissolved organic carbon (DOC) followed the method described by
Spyres et al. (2000). Samples were acidified with HCl which converted all inorganic
carbon species to carbon dioxide and analyzed using an Elemental total organic carbon
(TOC) analyzer (Shimatzu Brand, Model TOC V — Series).

The analysis of particulate organic carbon (POC) was performed according to
Ehrhardt and Koeve (1999). Samples were previously fumed with HCI to remove the
carbonate fraction and analyzed using an Elemental CHNS/O analyzer (Series 2400,
Perkin Elmer).

Each Chelex-100 resin gel, i.e., the DGT-labile fraction (DGT), was analyzed for Cu
and Zn using graphite furnace atomic absorption spectrometry (GF-AAS) (Zeiss, Model
SEA). The calculations of the DGT concentrations followed Zhang and Davison (1995).
The quality control for the analysis of the DGT was conducted using river water from the

National Research Council of Canada, a SLRS-4 certified reference material. The
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recovery was expressed as percentages of the certified values. The mean values for the in
situ deployment period in January, April and July 2010 were 96% for Cu and 102% for
Zn. The metal detection limits (36) were 0.03 and 0.06 pg L' for Cu and Zn,
respectively.

The accuracy of the method for the LPF was conducted spiking different aliquots of
samples (n=3) with three known concentrations of copper and zinc. The recovery
variation of the applied method was between + 10% for both metals, according
recommended by Harris (2007). The detection limits (3c6) analyzed with an inductively
coupled plasma optical emission spectrometer (ICP-OES) (Perkin Elmer, Model Optima
2100 DV) were 0.05 and 0.13 ug g for Cu and Zn, respectively.

All of the material used for the analysis of trace metals and TOC was previously
washed with a 20% solution (v/v) of HNO;3 and HCI pa ® (Merck), respectively.

For statistical analysis, the assumptions of an analysis of variance, such as normality
and homogeneity, were verified. To meet the assumptions, the results of the DGT-Zn
were transformed into log x+1. A two-factor analysis of variance (ANOVA) was used to
identify significant differences between the DGT-Cu and -Zn among the different seasons
at a significance level of 95% (Zar 2010). After the establishment of a difference, a post
hoc Tukey test was performed. The data of LPF-Cu and -Zn met the assumptions and no
transformation was necessary. To verify the relation of DGT-Cu and -Zn and LPF-Cu and
-Zn between different physicochemical parameters analyzed in water for the 72h
deployment of the DGT devices, a Pearson correlation test was applied for the different
seasons, using a significance level of 5%. A linear regression was applied in order to
verify possible relationship between DGT-Cu and —Zn with LPF-Cu and -Zn at a 5%

significance level.

3. Results and Discussion

3.1. Physicochemical parameters of estuarine water

The physicochemical parameters at the end of the DGT device deployments and at
different locations are shown in Table 1. The influence of freshwater was dominant in
January 2010 at all of the sampling stations in the estuary. The pH values, even at low
salinities, were relatively high due to phytoplankton blooms, which are common in
summer. The pH values in this period were higher at marinas and at the control station

Justino. The same pattern of salinity and pH was found by Jones and Bolam (2007) in
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marinas, ports and estuaries in the UK. The highest value of pH at Justino was due to
phytoplankton blooms, which were denser than in other places, because Justino is a more
sheltered area. This difference was evidenced by the POC and DOC concentrations at
Justino.

The suspended particulate matter (SPM) loads were generally higher in January than
in other periods. The highest SPM content at the Santos Shipyard location in January was
because that site is on the shore of the estuary channel and with high freshwater discharge
influenced by an intense El Nifio effect. This intense input of fresh water ended in late
January 2010 but was continuous during the subsequent six months.

At Porto Novo in April, the SPM was also higher because of sediment dredging in the
area during the water sampling. However, the SPM concentrations showed an average
below 50 mg L™ (Table 1), which is within the concentration range considered normal for
the Patos Lagoon estuary (Niencheski and Windom 1994).

Table 1
Physicochemical parameters of the water at the 72h of DGT devices deployment in different

periods of the year at Saco do Justino (JT; control station), the yacht club (Y1, Y2 and Y3),
Gustavo Fernandes Filho LTDA Shipyard (GS), Porto Novo of Rio Grande city (PN) and Santos
Shipyard (SS).

Period Locations pH Salinity Temperature = DOC POC SPM
(T°C)  (mgL") (umol L") (mgL")
January/10 T 9.65 0.2 26.4 12.93 1304.2 19
Y1 8.04 0.1 27.4 9.67 451.7 73
Y2 8.19 0 27.6 7.89 388.4 56
Y3 8.18 0 27.9 7.64 420.5 54
GS 7.13 0 27.2 7.31 440.5 54
PN 7.3 0 27.1 4.22 254.3 48
SS 7.4 0.4 26.9 9.88 303.5 134
April/ 10 JT 6.96 8.2 16.1 7.26 279.9 27
Y1 8.11 8.3 19.6 7.89 72.5 30
Y2 7.95 8.5 20.0 4.55 37.6 29
Y3 8.13 8.5 18.8 4.83 33.6 20
GS 8.13 6.6 19.3 3.52 67.8 38
PN 7.98 7.6 19.6 4.15 140.7 86
SS 7.97 8.5 19.1 7.88 88.3 43
July/10 JT 6.43 1.5 9.9 6.45 27.9 5
Y1 8.19 26.8 10.8 2.36 28.2 29.42
Y2 8.13 26.6 10.4 1.44 30.4 35
Y3 8.23 26.7 11 1.68 35 32.40
GS 8.3 25.1 10.7 3.01 34.5 52.88
PN 8.29 26.1 11.5 4.97 85.6 55.62
SS 8.2 29 13.1 1.37 88.2 68.6
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In April, with a low salinity and an ebb tide regime in the estuary, the pH remained
similar at all of the sampling stations, except for Justino. The Justino site is a more
protected inlet and the decrease of pH was because of the high decomposition of organic
matter resulting from the increased levels of POC and DOC in the water and intensified
by the lack of rain. Low concentrations of DOC and high concentrations of POC were
found at Porto Novo, where sediment dredging also occurred and thus increased the SPM
concentrations.

In July, the salinity in the estuary was high, except at Justino, because slow water
renewal occurred, there were low SPM concentrations in the water.

These results are comparable with those from a river estuary in Japan, Arakawa,
where high concentrations of POC and SPM were found close to the estuary mouth and
where particulate organic matter was coagulated from dissolved organic matter with the
mixture of fresh- and saltwater (Suzumura et al. 2004). The concentrations were more
affected by the sampling location, its feature, salinity and suspended particulate matter. In
the Patos Lagoon estuary, the salinity effect is influenced not only by the wind but also

by the rainfall intensity, especially under the influence of major events, such as El Nifio.

3.2. DGT-labile concentrations of Cu and Zn

The DGT-labile concentrations of Cu and Zn (DGT-Cu and DGT-Zn) in water,
analyzed at the seven sampling stations, indicated some significant (p < 0.05) variations
among locations. No significant seasonal changes (p > 0.05) of DGT-Cu concentrations
were observed in every location under study, except the Santos Shipyard site (Fig. 2).
However, seasonal variations of DGT-Zn levels in water were significant (p < 0.05) in
every location.

January was an atypical period because the estuary was under the El Nifio effect. The
Gustavo Shipyard locations presented the highest DGT-Cu concentrations in this period
by comparison with most other locations and the control location Justino. DGT-Cu
concentrations were higher at the Gustavo Shipyard site, probably reflecting the high
presence of boats during the summer because this area has a boat fueling station.
However, the shipyard operation in boat maintenance at the Gustavo Shipyard site was

scarce during all the study period.
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Fig. 2. DGT-labile concentrations (ug L") of copper and zinc in January (Il ), April

() and July (I ) 2010 after 72 h of deployment at Justino (JT; control station),

the yacht club (Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city
(PN) and Santos Shipyard (SS). DGT data are represented by the mean+SE, n=3-4.

The Santos Shipyard sampling station also had one of the highest concentrations of
January DGT-Cu, but the lowest value of DGT-Zn value reached almost the same value
found at the Justino site. Low salinity, high freshwater discharge and high suspended
particulate matter (134 mg.L™) in water at the Santos Shipyard location during January
favored the decrease in DGT-Zn levels, but led to an increase in Zn particulate fraction in

water (Figure 3).
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The DGT-Cu and -Zn concentrations in January were also significantly lower (p <
0.05) at the marina areas when compared to the Santos Shipyard site (Fig. 2). The DGT-
Cu level showed a high variability of DGT-Cu in water was higher in January because
boat repair activity was more frequent.

Yacht club-Y1 is inside the inlet and close to the boat-maintenance facilities, and
there is no mooring dock (Fig. 1).

The location Porto Novo, in the port area, showed DGT-Cu concentrations similar to
the control station Justino in some seasonal periods, probably because ship normally have
a short stay in the port and taking also account the higher water hydrodynamic of the port
channel.

The low salinity during April did not change the concentrations of DGT-Cu in water
but DGT-Zn concentrations indicated more differences at the mooring docks of the yacht
club. The concentrations at yacht club- Y1 showed significantly (p < 0.05) different
DGT-Zn compared with the Justino in January and April. In April, the conditions of ebb
tide and low salinity and the high number of boats moored to the dock may have favored
the increased availability of DGT-Zn in the water, with significantly differences (p <
0.05) from the Justino. The sources of Zn in the water inside the marina inlet can be
associated with antifouling paints, oil waste from recreational boats and quantity of boats.
Zn sacrificial anodes are used on the hulls of vessels to prevent corrosion of the engine
and rudder. Warnken et al. (2004) also mentioned the use of Zn in sacrificial anodes.
However, there are no studies indicating the release of Zn in water from this source, and
the release may be more localized. On the contrary, Cu release from antifouling paints
directly from the hulls of vessels has been already observed (Valkirs et al. 2003).

In July, because the high water salinity, more significant environmental changes in the
labile metal fraction were observed. The DGT-Cu and Zn in water was significant higher
(p < 0.05) at the Santos Shipyard (0.45 and 9.96 pg L™, respectively). The DGT-Zn
concentrations at Justino location during all of the seasonal periods differed significantly
from the Santos Shipyard location in April and July. The location Santos Shipyard had a
great number of boats and they were moored and repaired during July, and presumably,
remnants of paint waste from boat scraping and washing came into contact with the
water.

The high concentration of both metals at Santos Shipyard was related not only to the
shipyard activity but primarily to the hydrological condition of the periods. Compared to

the other locations, the salinity remained high in July at Santos Shipyard, as did the
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concentrations of POC and SPM (Table 1), showing a moderate correlations only with
the DGT-Cu (n = 28, r = 0.43 and 0.52, p < 0.05 respectively). During periods of high
salinity, the DOC values decreased, indicating a strong negative correlation (r = -0.80)
with salinity. Correlations of salinity with pH (r = 0.98) and SPM (r = 0.75) were very
significant (p < 0.05), demonstrating the importance of the entrance of sea water into the
estuary and the remobilization of bottom sediment from the shallow areas of the estuary,
as observed by Niencheski and Baumgarten (2000). This process normally increases
labile metals in water in shallow areas (Wallner-Kersanach et al. 2009).

Analyses of paint fragments revealed concentrations of Cu and Zn above 35 and 15%,
respectively, equivalent to Cu,O and ZnO of approximately 40 and 20%, respectively.
Other metals were also observed, leaching more quickly from antifouling paint particles
due to the surface area of pigments and additives that are exposed to aqueous medium
(Turner 2010).

The sediment remobilization certainly contributed to an increase of the DGT-Cu and -
Zn available in the area near the estuary edge of the shipyards (Fig. 2) because of the
contaminated sediment (Costa, unpublished data). The study area is a lagoon, in which
the salinity is governed by the wind direction and intensity. Thus, sediments can be
remobilized and promote the availability of metals affected by changes in pH and salinity
(Hong et al. 2011). In estuarine environments, salinity is one of the major factors
controlling the distribution of metals between dissolved and particulate phases (Hatje et
al. 2003) and the metal speciation; as Dunn et al. (2007) suggested that changes in DGT-
Cu are strongly influenced by the tidal changes, i.e. Cu, Zn and Ni increase during the
flood tidal phases.

In July, since boat maintenance activity decreased, the DGT-Cu levels also decreased
at the yacht club-Y1 location. As the locations Y2 and Y3 have mooring docks, DGT-Cu
was higher in July because the presence of boats in the area. A higher number of boats
often increase the dissolved total and labile fractions of Cu in water in confined places
(Jones and Bolam 2007).

No significant correlation (p > 0.05) between the DGT-Cu and DGT-Zn during the
different sampling periods was observed, except in July, when there was a moderate
correlation (n = 28, r = 0.56, p < 0.05) indicating that the metals might have the same
anthropogenic source.

In general, except the control location, the sampling location indicated concentration

variations of 0.11 - 0.45 pg L™ for Cu and 0.89 - 9.96 pg L™ for DGT-Zn. The results
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suggest that Cu and Zn are likely to be important contaminants, at least in marinas and
shipyards, since they are not only used in antifouling paint formulation but Zn is also
used for controlling the rate of coating erosion in many formulations and is often a
booster in the form of zinc pyrithione (Turner et al. 2008).

Comparing values of labile metals with water salinity is an ideal but difficult task,
because of the lack of data in few studies which have already been published. The DGT-
Cu found by Wallner-Kersanach et al. (2009) during high salinity, at two separate
locations in the Patos Lagoon estuary, were lower than the values observed in most
locations of this study. Likewise, Warnken et al. (2004) have investigated DGT-Cu at
marinas in Moreton Bay and Gold Coast Broadwater (Australia), a subtropical lagoon,
with bigger boats and in great numbers and size of leisure boats. The authors found DGT-
Cu values comparable to those at the Gustavo Shipyard location in January (0.41 pg L™)
and Santos Shipyard location in July (0.45 ug L™).

The DGT-Cu and -Zn observed by Dunn et al. (2007) in the same subtropical lagoon
during flood periods with moored leisure boats were comparable to the levels found in
July (high salinity) at yacht club Y2 for Cu (0.22 pg L") and Y1 for Zn (3.84 ug L") in
this study. The highest concentrations of DGT-Zn found at the Santos Shipyard location
(9.96 and 5.35 pg.g'l, respectively) was similar to results found in some marinas with
large numbers of boats in Australia (Warnken et al. 2004). Although the number of boats
in the yacht club was lower than other major of leisure boats areas, the importance of Cu
and Zn inputs from boating sources, such as through leaching of these metals used in
fouling paints, cannot be dismissed.

The DGT-Cu concentration at the Gustavo Shipyard site in the period of freshwater in
the estuary (January) showed comparable values found in shipyard areas with freshwater
in Spain (Montero et al. 2012). The shipyards of the Patos Lagoon estuary most likely
had a localized impact. However, the impact is minimized, since the shipyards are located
in areas of complex hydrodynamics, which promote a dispersion of contamination,
especially during extreme water changes in the estuary.

Understanding the causes of seasonal variability in trace metal concentrations in
estuaries can be complicated by interrelationships among potential controlling factor and
anthropogenic inputs (Hatje et al. 2003). However, in this study, the use of the DGT
technique to quantify labile Cu and Zn clearly indicated the capacity of the device for
detecting changes in metal speciation due to changes in the salinity and environmental

parameters in each season period at the study locations.
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3.3. Labile particulate concentrations of Cu and Zn

The mean labile particulate fraction of Cu and Zn (LPF-Cu and -Zn) in the water
showed differences in seasonal and spatial variability in seven locations of the estuary
(Figure 3).

The study areas had LPF-Cu and -Zn higher concentrations than the ones found at
Justino in all periods under study; they were also higher in January at all sampling
stations than in April and July, except at the shipyard sites.

In January, there were phytoplankton blooms around the banks of the estuary, which
are common during this time of the year, indicated by increased levels of DOC and POC
in the studied periods, especially at the Justino (Table 1). High variations in the
concentrations of SPM between the locations were observed, resulting from the high

freshwater discharge caused by El Nifio effects.
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Fig. 3. Labile particulate concentrations (ug g'l) of copper and zinc in January ( [N ),
April () and July (lEEER) of 2010 at Justino (JT; control station), the yacht club
(Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city (PN) and
Santos Shipyard (SS). Data are represented by the mean values.

The LPF-Cu and -Zn in January was higher inside of the yacht club marina (Y1, Y2
and Y3) and Santos Shipyard. The activity of recreational boats is intense in this period,
promoting the remobilization of bottom sediment, mainly inside the inlet (Y1), indicated
by the SPM value of 73 mg L™ (Table 1).

The high SPM concentration of 134 mg L™ in January at Santos Shipyard, situated in
the narrow channel of the estuary, may have contributed to the increased LPF-Cu and -
Zn. Strong currents of freshwater outflow in this period may have contributed to the

increase of the SPM in water, indicating a strong correlation (p < 0.05) between both
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forms of carbon, DOC and POC (r = 0.77, p < 0.05). Not only phytoplankton blooms but
also organic-rich fluvial material contributed to this increase.

In April, the mean PLF-Cu and -Zn were low at all of the sampling stations. This
period was characterized by a lack of rain, low salinity in the estuary. There were no
differences in concentrations of both metals at the marina of the yacht club, although
many boats were moored in this period. The highest concentrations of both metals were
found at the Gustavo Shipyard and Santos Shipyard locations. At Porto Novo, there was
some dredging in the area, resulting in high SPM values (Table 1). In general, a trend can
be evidenced under low salinity condition in April: there is a moderate correlation
between the LPF-Cu and the pH, and between LPF-Cu and -Zn and the salinity and the
SPM. Salinity and pH were highly correlated (n= 14, r=0.91, p<0.05) because of the
influence of saltwater as a buffer in the estuary.

According to Windom et al. (1999) in salinity ranges from zero to c. 5-7 particle
removal and high primary production, flocculation and particle scavenging is likely to
occur at the Patos Lagoon estuary. Thus, the low LPF-Cu and -Zn concentrations in April
do appear to be influenced by desorption and removal processes at the low salinity. On
the contrary an increase of the labile metals was found in this period and more evident for
zinc concentrations. The LPF labile concentration was expressed to pg L' for
comparison with DGT-Cu and -Zn concentrations (Fig. 4).

In July, the LPF-Cu showed many variations at all of locations, except between the
yacht club-Y1 and -Y3 (Fig. 3). As the estuary had a flood tide and high salinity, there
may have been greater availability of particulate labile Cu and Zn in water, mainly at
both shipyards. The Gustavo Shipyard and Santos Shipyard of boat maintenance areas
showed the highest mean LPF-Cu, with levels of 3.69 and 3.36 pg g, respectively. The
same contributions at the shipyards were verified with high LPF-Zn at the Santos and
Gustavo Shipyard sites (10.87 and 7.43 pg g™, respectively), followed by the levels at the
Porto Novo site (4.80 ug g") (Fig. 3) and the SPM content was higher during this period
at these sites compared to most of the sites studied (Table 1).

All concentrations showed strong correlation between the LPF-Cu and LPF-Zn in
seasonal periods, indicating strong similarities in the chemical behavior of these metal
phases. However, the saltwater in the estuary indicated a different pattern of the PLF-Cu
and -Zn correlation with the physicochemical parameters by comparison with the
freshwater in the estuary, and very common for the SPM concentrations. While

freshwater influenced in the estuary, the PLF-Cu and -Zn were moderately correlated

60



with the SPM concentration in water, but in low and high salinity, the correlation became
stronger, confirming the release of metals in conjunction with the increase of salinity and
SPM in water. The higher the salinity, more SPM will be found (Niencheski et al. 1994;
Turner 1996; Lores and Pennock 1998), since tidal induce resuspension processes cause

temporary changes in the particulate trace metal concentrations (Millward et al. 1998).
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Fig. 4. DGT-labile (Il ) and labile particulate (EZZ=) concentrations of copper and
zinc (Zn/10) in January, April and July at Justino (JT; control station), the yacht club

(Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city (PN) and
Santos Shipyard (SS). Data are represented by mean values (ug L") for both fractions.
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In general, except at the control location (JT), the sampling locations indicated
concentration variations of 0.65 - 3.69 ug g”' for LPF-Cu and 1.35 - 10.87 pg g™ for LPF-
Zn.

A study conducted by Kremling et al. (1996) and Sokolowski et al. (2001) in the
Baltic Sea, indicated LPF-Cu and -Zn higher than those found in the Patos Lagoon
estuary. The environmental characteristics and anthropogenic input type at each location
in addition to the distinct concentration of acid leaching used for the samples and the
scarcity of studies of labile particulate Cu and Zn in estuaries makes it difficult to
compare data.

At the Santos Shipyard site, due to its continued boat-repair activity, there were high
labile concentrations of Cu and Zn for both of the fractions studied. The Gustavo
Shipyard site, although an older shipyard with reduced activity but active an boat fueling
station, also showed high levels of LPF-Cu and -Zn, most likely because of bottom-
sediment resuspension.

The process of sediment resuspension is dependent on the hydrodynamics of the Patos
Lagoon estuary, given the input of saltwater and pH changes, providing the water with
metal particles. The distribution of total particulate metal (total acid digestion) verified by
Niencheski and Baumgarten (2000) in the Patos Lagoon, resulted in minimum
concentrations of Cu and Zn in the range of labile particulates found at the marinas, ports
and shipyards investigated in this study. This result indicates that these anthropogenic
input activities enrich the SPM with metals, such as Cu and Zn.

The normalization of the results by the concentration of SPM resulted in no
significant relationship between DGT-Cu and LPF-Cu, but DGT-Zn concentrations
indicated a strong relationship (R* = 0.733) with LPF-Zn, considering all sampling
period. It occurs because Zn has more affinity for the particulate phase in water that Cu,
as reported by some authors (Chiffoleau et al. 1994; Sokolowski et al. 2001) and may be
released to the water column with changes in pH and salinity.

The use of the DGT technique and LPF analysis of both metals in water indicated that
they constitute a useful method for the evolution of the contribution and the degree of
activities under the influence of antifouling paints. The evaluation showed that the
estuary behaves differently across all study periods, depending on the location and the
SPM content in the water, but the available Cu and Zn suspended particulate matter and

even in the water column is evident; it confirms that the metals have a common
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anthropogenic input source, the antifouling paints. These results are consistent with the

levels of the metals analyzed in the sediment of these areas (Costa, unpublished data).

4. Conclusion

This study investigated DGT-labile and the labile particulate concentrations of Cu and
Zn in waters of a marina, a port and shipyards under the influence of antifouling paints on
vessels at the Patos Lagoon estuary. The dynamics of labile Cu and Zn concentrations
during seasonal periods, changes in salinity and strong El Niflo effect was observed for
the first time in the estuarine areas. All study locations demonstrated contributions of
antifouling paints to the water column, by comparison with an area without
anthropogenic contributions and boat activity. Seasonal variations of Cu labile level of
both DGT and suspended particulate matter were only apparent in areas with high amount
of antifouling particles released in water such as shipyard areas. DGT-labile
concentrations of Zn varied much more in different seasons and mainly in shipyards sites.
A strong correlation between DGT-labile and labile particulate concentrations of Zn was
found, suggesting that DGT-labile levels of Zn may originate from the suspended
particulate matter and this factor should associate with local (autochthones) and not
external (halochthonous) inputs. Aspects such as the salinity and SPM content of the
estuarine water in this study indicated their importance for the control of the labile
concentrations of Cu and Zn in the water column. Shipyard areas usually showed the
highest concentrations of both fractions of labile Cu and Zn in water. The DGT-labile
concentrations of Cu and Zn in these areas are comparable to levels found at shipyards
and at marinas with a large number of recreational boats. The results presented herein for
the yacht club marina indicated similarities with marinas in other parts of the world,
although the studied marina is smaller and receives fewer boats. It is important to apply a
greater control of areas regarding the disposal of antifouling paint wastes, taking into
account the future development of the region. The data from this study provide the basis
for future studies that are needed because of the recent establishment of a large shipyard
in the port area of Rio Grande city and the continuing development of another shipyard.
Both shipyards have a dry dock for the construction and maintenance of oil platforms.
These developments reinforce the need for a controlled final disposal of the waste

generated by such activity. The DGT device is able to measure labile metal
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concentrations in a reproducible way, providing a representative average labile metal
concentration in highly fluctuating system such as estuaries. Therefore, the use the DGT-
technique as routine monitoring networks in estuaries, or even data comparison among
different estuaries, should be accomplished with the use of parameters such as salinity
and suspended particulate matter and knowledge of the estuarine hydrodynamics. In
estuarine lagoons, the analysis of labile suspended particulate matter may provide useful
data for more comprehensive understanding of the labile metal behavior in the water

column.
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CAPITULO 111

Neste capitulo s@o apresentados os resultados determinados a partir das
exposicoes de unidades de DGT ao longo de 48h, no Estaleiro Santos. Estaleiro de maior
atividade na cidade do Rio Grande para manuten¢do e reparo de embarcacdes. Para tal,
foram avaliadas as fragcdes 1abil-DGT e metal particulado 14bil para Cu e Zn, porém em
distintas condi¢des hidroldgicas do estudrio da Lagoa dos Patos compondo o terceiro
manuscrito. Este manuscrito foi submetido ao periédico Water, Air and Soil Pollution

sob o nimero WATE-D-12-00652, estando sob apreciacdo dos revisores.
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Abstract

Shipyards generate a large amount of antifouling paint fragments. Copper (Cu) and zinc
(Zn) are the most common elements in these paints and, depending on their
concentrations, can be toxic to estuarine organisms. This study aims to determine the
labile dissolved fractions and labile particulate fractions (LPFs) of Cu and Zn in the
estuarine water of a shipyard located in southern Brazil under different salinity conditions
and seasons of the year. For the determination of the labile fraction in water, the diffusive
gradient in thin-film (DGT) technique was used; the devices were deployed for 48 h in
the estuary. The concentrations of DGT-Cu in the water varied from 0.22 to 1.05 ug L™
and were correlated with changes in pH and salinity. The DGT-Zn values varied from
0.54 to 18.39 pug L and were correlated with both the suspended particulate matter and
particulate organic carbon. The concentrations of LPF-Cu (1.22-3.77 pg g) and LPF-Zn
(4.29-19.12 g g") were less affected by either salinity or seasonality, but the LPF-Zn
concentration showed a high correlation with the suspended particulate matter in the
water. The in situ results showed that the concentrations of DGT-Cu were close to lethal
effects for Cu pyrithione, which has been observed in toxicological tests with
phytoplancton and has been reported in the literature. Concentrations of DGT-Zn were in
the same range the lethal effects for Zn pyrithione. This finding indicates that it is
imperative to apply management actions related to the discharge of residues in shipyard
areas.

Key words

labile metals, DGT, antifouling paints, suspended particulate matter, estuary.
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1. Introduction

Shipyard activities can alter habitats and coastal dynamics, induce erosive processes
and alterations on the coast line, change the landscape and compromise environmental a
number of pollutants such as metals, petroleum hydrocarbons and bacterial contaminants
that accumulate in the coastal areas (Neser et al. 2012).

Such activities are usually carried out in estuarine areas, where the chemical
processes in the water are complex. The distribution of metals and their reactivity rates
vary due to the residence time of the elements, hydrodynamics of the system, mixture
patterns and transport processes of these elements in the environment (Hadje et al. 2003).

Several substances and materials that are used in shipyards contribute to
environmental contamination, such as dust originating from sandpapers, chemical
products used in the maintenance of ships and the conservation of wood and iron, oils,
lubricants, solvents, water residues from ship hull washing and antifouling paint particles.
Most of these substances are discharged from the shipyards into the aquatic environment.

Metals, such as copper (Cu) and zinc (Zn), are present in high concentrations in
antifouling paints (Turner 2010) that are applied to ship hulls to inhibit organism
colonization and incrustation (Singh and Turner 2009). Boats with engines can leach up
to 2 kg of Cu per year from antifouling paints (Boxall et al. 2000). Similar leaching can
occur with other elements such as zinc, which besides being a part of the antifouling paint
composition, is also used in sacrifice anodes (Warnken et al. 2004).

In addition, following the banish of tributyltin (TBT) in 2008 (IMO 2001), one of the
alternative biocides in antifouling paints that is commercially available worldwide is a
combination of Cu,O and ZnO; zinc and copper pyrithione (ZnPT and CuPT) are often
added as well. ZnPT, one of the most popular surrogate antifouling biocides, has long
been widely used as an algaecide, bactericide and fungicide (Yebra et al. 2004). CuPT is
marketed as a neutral non-persistent biocide because it is quickly removed by photolysis
and degraded in less toxic combinations. ZnPT was found to be highly toxic to aquatic
plants and animals but was assumed to be environmentally neutral because it could easily
photo-degrade to less toxic compounds (Turley et al. 2005). However, Bellas (2005)
demonstrated that the toxicity of ZnPT simply decreased but did not disappear after
exposure to direct sunlight. It was also suggested that ZnPT persists in the marine
environment where the influence of the light is limited, such as in waters and sediments

under parked vessels in marinas and harbors (Maraldo and Dahllof 2004). ZnPT and
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CuPT are lipophilic metal complexes that can interact with metal ions released in
seawater during ionic changes (Thomas et al. 2000). The magnitude of the exchange
depends on the stability constants of the different metal pyrithione complexes as well as
on the concentration of free metal ions. Furthermore, Cu and Zn can also form a new
complex with other ligands found in water (Maraldo and Dahllsf 2004).

Investigations in controlled laboratory conditions found that hydrophobic Cu and Zn
that leaches from antifouling paint particles into seawater appears to be in the form of
pyrithione complexes (Holmes and Turner 2009). However, although Cu and Zn are
essential micronutrients needed for the growth of many aquatic organisms, they become
toxic depending on their concentration and speciation in an aquatic environment (Sunda
1989). Data regarding in situ metal toxicity are extremely scarce. Furthermore, most
toxicity studies in the laboratory are performed by bioassays that use only the dissolved
or total fractions of the metals and not the labile fraction (Stark et al. 2006).

Considering the impact on the environment and the lack of data for shipyards, the
determination of trace metal concentrations in these areas becomes necessary. In general,
legislation only requires analysis of the total or dissolved concentrations of the metals,
which are not sufficient to evaluate environmental impacts. The labile fraction is the best
alternative because it can be incorporated into or altered in organism tissues
(Vangrosveld and Cunnihgham 1998; Leeuwen et al. 2005).

In estuaries, natural hydrodynamics favors the remobilization and redistribution of
bottom sediments. These processes are increased in areas where dredging operations are
conducted to maintain ship access to channels in port areas. In such cases, the analysis of
suspended particulate matter (SPM) can be used to investigate changes related to the
water and sediments, which may transport and redistribute large amounts of pollutants.
The pH and salinity variations in water can also control the release of the labile metal
fractions from estuarine sediments (Hong et al. 2011). Moreover, the chemical
composition of SPM in the estuary is affected by physical and biogeochemical processes
in the transitional waters (Beltrame et al. 2009). This composition is related to the
mineralogical constitution of the sediments, which are the main source of SPM in the
system (Turner and Millward 1993).

Different environmental conditions in estuarine systems can affect the speciation,
removal rates and flows of metals that end up in the ocean (Jiann et al. 2005). The

characteristics of estuaries facilitate the heterogeneous processes that occur between
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dissolved phases and SPM, which are fundamental to the geochemical cycles of metals
(Beltrame et al. 2009).

Montero et al. (2012) determined the labile fraction of metals close to shipyard areas,
but studies conducted in these areas are still scarce (Song et al. 2005). Although there are
numerous studies on the leaching behavior of antifouling paints in aquatic environments
and the implications of leaching for the environment (Turner et al. 2008; Singh and
Turner 2009; Parks et al. 2010; Turner 2010), they are all restricted to marinas and port
areas.

The trace metal bioavailability in affected areas, such as marinas and ports, can be
estimated using the diffusive gradient in thin-film (DGT) technique. This technique has
been found to be successful in dynamic systems, such as estuaries (Warnken et al. 2004;
Dunn et al. 2007). The DGT device accumulates trace metals in situ to generate time-
averaged concentrations of the metals (Zhang and Davison 1995), thereby reducing the
uncertainties that occur in conventional analytical methods. In situ analysis of metal
speciation has been shown to be a powerful tool for predicting bioavailability (Leeuwen
et al. 2005).

A study using the DGT technique in the Patos Lagoon estuary showed an increase in
the labile metal in the water column during periods of high water salinity (Wallner-
Kersanach et al. 2009). However, no report on the seasonal behavior of labile metals is
available. This behavior is important because of the hydrodynamic changes in the
estuaries. For example, in the Patos Lagoon estuary, the regional effects of El Nifo and
La Nifia can strongly influence trace metals bioavailability in the water.

The Santos Shipyard, in Rio Grande city, has been operating for more than two
decades at the Patos Lagoon estuary. It is the largest active shipyard in the region
repairing boats ranging in size from 10 to 27 m. The residue from antifouling paints used
in the shipyard ends up in the estuarine water. Determining the labile concentrations of
Cu and Zn in this area is vital for understanding the degree of water contamination under
different salinity regimes.

The salinity in the Patos Lagoon estuary can remain stable for many days long at a
time because of the wind in the area, which can also increase the amount of SPM in the
water column. In that sense, the SPM fraction arising from the removal of sediments is an
important parameter for evaluating metal contamination in coastal areas (Niencheski and
Baumgarten 2000) because those metals could be eventually released into the water

column as a labile fraction.
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The aim of this study was to determine the labile dissolved fractions and labile
particulate fractions (LPFs) of Cu and Zn in the water at the Sanfos Shipyard and to
understand the behavior of these fractions under different salinity conditions and seasonal

variations.

2. Materials and methods

2.1. Study area

The hydrodynamics of the Patos Lagoon (10.360 km?) are critically dependent on the
northeast-southwest (NE-SW) wind system and fluvial discharge, the tide is not an
important factor in estuarine circulation (Moller et al.1996). The estuary has a low tidal
variation (0.47 m), and the residence time of the water depends more on meteorological
conditions.

NE winds prevail throughout the year, and they force the discharge of freshwater to
the estuary, whereas SW winds are more influential in the autumn and winter and
facilitate the entrance of sea water (Moéller et al.1996). The saline profiles of the estuary
vary from homogeneous to well stratified (Niencheski and Baumgarten 1996), while the
salinity values oscillate between 0 and 34.

These characteristics distinguish the Patos Lagoon from other estuarine systems in
the world (Niencheski et al. 1994). Events such as El-Nifio and La-Nifia affect the
southern areas of Brazil causing long periods of intense rain and droughts, respectively.
Consequently, both freshwater and seawater can flow into and out of the estuary (Garcia
1998).

Rio Grande Port, RS, Brazil, located in the estuarine area has been going through
intense development following the installation of a dry dock with an area of 440,000 m?
for the construction and maintenance of oil platforms. It is located in the industrial area of
Superporto, where two more shipyards will be built. The Santos shipyard (32°08'210 " S
52°06238 " W) is located in the same port area and has been operational in boat
maintenance for the past 20 years (Fig.1). From July to October, the Santos shipyard

repairs fishing boats mostly, while in summer, all types of boats are serviced.
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Patos Lagoon

Estuary

Fig. 1. Sampling location area at the Santos Shipyard (A) in the Patos Lagoon estuary.

The development of the naval industry will give rise to an increase in residue
generation in the estuary. To control the environmental impact of this development,
studies of the estuarine area are required, and waste-disposal programs for managing the

residues are necessary.

2.2. Diffusive and resin gel preparation

The DGT technique differentiates metals based on their chemical kinetics and
measures only labile species (free metal cations, inorganic and some small organic metal
complexes). Free cations and complexed metals are transported by molecular diffusion
through a cellulose nitrate filter (0.45 pm porosity) and polyacrylamida hydrogel (gel
diffusive). The hydrogel regulates the entrance of the smallest metal complexes, which
then dissociate and accumulate in an ionic change resin gel, Chelex-100 (Davison and

Zhang 1994; Zhang and Davison 1995; Li et al. 2005).
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The plastic holders of the DGT devices were obtained from DGT Research Ltd.,
Lancaster (UK). The diffusive gel and the resin hydrogel were elaborated at FURG’s
Hydrochemical Laboratory according to Zhang and Davison (1995, 2004). A pre-gel
solution was prepared for both gels by combining acrylamide solution (40%) and agarose
cross-linker (2%) (DGT Research Ltd., Lancaster, UK) and Milli-Q ultrapure water.
Polymerization was initiated using freshly prepared ammonium persulphate (10%) and
N,N,N’N’-Tetramethylethylenediamine (TEMED) (99%), both from Bio-Rad
Laboratories (USA), mixed to the pre-gel solution. The resin gel was prepared using the
pre-gel solution in combination with the ion-exchange resin (Chelex-100, 200-400 mesh,
sodium form) (Bio-Rad Laboratories USA). Each gel solution was immediately cast
between two acid-washed glass plates, separated by spacers of defined thickness for the
diffusive gel (0.5 mm) and the resin gel Chelex-100 (0.25 mm). The assembly was
maintained at approximately 42 to 46°C for at least 1 h until the gel was completely set.
The resulting gels were immediately hydrated with Milli-Q water for at least 24 h before
use. After hydration, the thickness of the diffusive gel was 0.80+0.01 mm and that of the
resin gel was 0.44+0.01 mm.

Gels sheets were stored in solutions with 0.01 M sodium nitrate (Merck, Germany)
and left under refrigeration (4°C) before being cut into 25 mm disks with an acrylic
cutter. All procedures were accomplished on a laminar flow bench and using disposable

and powder-free gloves.

2.3. Assembly of DGT devices

The DGT plastic holders were placed in the open position on a laminar flow bench.
Initially, each of the Chelex-100 resin gels was placed in a 25 mm base, followed by the
diffusive gel and a cellulose nitrate filter (0.45 pum porosity and 25 mm in diameter,
Sartorius, Germany). The filters were washed in 0.1 M Suprapure® nitric acid (Merck,
Germany) and thoroughly rinsed with Milli-Q ultrapure water. The resin gel was arranged
to ensure that the side with the settled resin was placed against the diffusive gel.

To test the seal of the DGT devices, a few drops of ultrapure water (Milli-Q) were
added to the display window. The DGT devices were considered useable if there was no
leakage.

Each DGT device was individually stored in a clean zip-lock plastic bag containing a

few drops of sodium nitrate (0.01 M) and maintained under refrigeration (4°C) until the
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exact moment of use in the laboratory or in situ. The DGT technique was conducted in
the laboratory according to the DGT Research (2004) protocol prior to the deployment of
the DGT devices in situ.

2.4. DGT deployment

DGT devices were deployed in winter (July, 2010), spring (October, 2010) and
summer (January, 2011) at the Santos Shipyard (Fig.1). The La Niiia effect, which began
in the spring of 2010 and ended in the autumn of 2011, was characterized by drought and
reduced discharge of freshwater through the Patos Lagoon estuary.

The DGT devices were deployed in two different constant salinity conditions during
each seasonal period. The seasonal deployments were initially planned to be conducted at
low- and high-salinity water conditions in the estuary. However, the climate conditions,
in addition to the La Nifia effect, did not favor deployment under both salinity conditions.

The total DGT deployment time was two days (48 h) for each hydrological
condition. In total, 6 deployments were carried out, two deployment in each seasonal
period. The salinity range for this study followed a conceptual model of the distribution
and behavior of dissolved metals vs. salinity in the Patos Lagoon estuary; the salinity was
classified as low (0-6), intermediate (6-25) or high (above 25) (Windom et al. 1999).

In each deployment period, four devices were fixed on a rope at 0.5 m depth. Water
samples were collected daily at the same depth as the DGT devices using a Niskin bottle
for the determination of pH (pH meter by Toledo, Model DM), temperature and salinity
(conductivity with WTW brand, Model 315i). Water samples were also taken to measure
the concentration of suspended particulate matter (SPM), the labile particulate fractions
(LPFs) of metals (Cu and Zn), dissolved organic carbon (DOC) and particulate organic
carbon (POC).

After 48 h, the DGT devices were removed from the water, placed in plastic bags and
transported under refrigeration to the laboratory. In each deployment period, two DGT
devices were randomly selected as control devices. The control devices were not
deployed in the water column. Instead, they were transported to the field in clean plastic
bags and subsequently returned to the laboratory.

The DGT averages of the method detection limits in July and October of 2010 and in
January of 2011 were 0.041 pg L™ for Cu and 0.12 ug L™ for Zn.
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2.5. Laboratory procedure

Resin gels (Chelex-100) for each DGT device were eluted in 1 ml nitric acid and 1 M
Suprapur® (Merck, Germany) as described by Zhang and Davison (1995) and kept under
refrigeration (4°C) until analysis.

Duplicate water samples were filtered through a 0.45 pm filter membrane of cellulose
nitrate (Sartorius, Germany) that had been previously washed in 0.14 M Suprapure®
(Merck, Germany) nitric acid solution and rinsed with Milli-Q water for the subsequent
simultaneous analysis of SPM and the LPFs (Cu and Zn). After water filtration, the filters
with the particulate material were washed with Milli-Q water for the reduction of
chlorides and dried in an oven at 60°C (Strickland and Parsons 1972, Kremling et al.
1996).

The filters for the analysis of LPF fractions of Cu and Zn were leached with 0,1 M
Suprapure® (Merck, Germany) hydrochloric acid for 24 h under continuous shaking at
room temperature. The leaching solution was left to rest for 5 hours to allow complete
decantation of the solids and was subsequently filtered with a Whatman no. 44 filter. The
resulting extracts were transferred to 25 ml volumetric balloons and filled with 0,1 M
Suprapuro® (Merck, Germany) hydrochloric acid solution (adapted from Li et al. 2009).
This extraction method was used to obtain the “easy exchangeable” metal fraction in the
SPM because it releases non-residual trace elements from the sediments and is closely
associated with the summed concentrations released in three steps in a sequential
extraction procedure (Sutherland 2002). This method seems to be the best approach to
obtain easy labile metals in SPM, which may also be presumed to be available to the
DGT system.

The analysis of dissolved organic carbon (DOC) was performed according to Spyres
et al. (2000). The samples were acidified with hydrochloric acid, which converted all of
the inorganic carbon species into carbon dioxide, and analyzed using a Total Organic
Carbon (TOC) Elemental Analyzer (Shimatzu Brand, Model TOC V — Series).

The analysis of particulate organic carbon (POC) followed the method described by
Ehrhardt and Koeve (1999). The samples were previously fumed with concentrated
hydrochloric acid (Merck, Germany) for 24 h to remove the carbonate fraction and

analyzed using a CHNS/O Elemental Analyzer (Series 2400, Perkin Elmer).
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All of the materials used for the analysis of trace metals and TOC were previously
washed with a 20% solution (v/v) of HNO3 and HCI (Merck, Germany).

The concentrations of Cu and Zn in the eluted solution of each Chelex-100 resin gel
were analyzed using graphite furnace atomic absorption spectrometry (GF-AAS)
(AAnalyst 600, Perkin Elmer). The DGT concentration calculations followed Zhang and
Davison (1995). The quality control of the DGT analysis was carried out using river
water from the National Research Council of Canada, a SLRS-4 certified reference
material. The mean percentage recovery of the certified values was 96% for Cu and 102%
for Zn. The metal detection limits (306) were 0.03 and 0.06 ug L' for Cu and Zn,
respectively.

The accuracy of the LPF method was determined by spiking three different sample
aliquots with three known copper and zinc concentrations. The recovery variations were
between £ 10% for both metals according recommended by Harris (2007). The detection
limits (30), determined by Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) (Perkin Elmer, Model Optima 2100 DV), and was 0.05 and 0.13 pg g for Cu
and Zn, respectively.

For the statistical analysis, all of data were tested for normality and homogeneity.
The results of the DGT-Cu and DGT-Zn were transformed into log (Cu+l) and log
(Zn+1). Analysis of variance (ANOVA) was used to identify significant differences
between the DGT-Cu and -Zn in the different seasons at a 5% significance level (Zar
2010). After the difference was established, a post hoc Tukey test was performed. The
LPF-Cu and -Zn data met the assumptions, and no transformation was necessary.

To verify the relations between DGT-Cu and -Zn and between LPF-Cu and -Zn
regarding different physicochemical parameters analyzed in water based on the 48 h
deployment of DGT devices, a Pearson correlation test was applied to the data collected
in different seasons, using a 5% significance level.

The climate information (rain, wind direction and tide) used for the interpretation of
results was obtained from the Praticagem de Rio Grande

(www.praticagemriogrande.com.br).
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3. Results and Discussion

3.1. Physicochemical parameters in situ

3.1.1. Salinity, temperature and pH

The water salinity for the periods in which the DGT devices were deployed varied
from high, intermediate, or low to freshwater (Fig.2a). The occurrence of the La Nifia
phenomenon during the study period caused climate variations, making it difficult to
select constant periods of high and low salinity in each season in which to deploy the
DGT devices in the estuary.

In winter, the DGT devices were deployed in high- and low-salinity periods,
whereas, during the second deployment the water salinity was low because of the
northeast winds, causing freshwater discharge into the estuary.

In spring, the first DGT deployment period indicated dominance of freshwater in the
estuary. The second DGT device deployment in the same period showed a water salinity
of 12.4, which is considered intermediate. The temperature remained in the same range,
and the pH increased to 7.95 because the buffer effect of seawater in the estuary.

The salinity in summer was high in the first DGT deployment and intermediate in the
second one. Decreases in the wind speed and low precipitation in the area in summer
frequently increased the salinity of the estuary. The temperature was high in both the
summer periods while the pH was higher only in the second period because of
phytoplankton blooms.

The parameters salinity and pH showed a strong correlation (r = 0.84, p < 0.05) over
all of the study periods. This correlation was expected because these parameters are

usually influenced by the presence of fresh or seawater in the estuary.

3.1.2. Suspended particulate matter (SPM)

The SPM concentrations were high during most of the study periods (Fig. 2b). The
highest SPM value, 103 mg L™, was verified in the second DGT employment in spring,
when NE winds caused the discharge of freshwater into the estuary and the salinity was
12.4. The lowest SPM concentration of 42 mg L' was observed during the second period
of the DGT device deployment in the summer, when the estuary was at an intermediate

salinity state for 2 days.
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One of the characteristics of the estuarine area at the Sanfos Shipyard is its high
hydrodynamics, which contributes to the remobilization of bottom sediments. The SPM is
continuously modified through aggregation and re-suspension processes (Turner 1996),

usually linked to the entrance of seawater into the estuary.
3.1.3. Dissolved organic carbon (DOC) and particulate organic carbon (POC)

The DOC concentration varied from 2.3 to 5.4 mg L' (Fig.2c) for the periods with
the highest concentration in spring. Little variation occurred in the other periods. In
spring, primary production increased in the estuary, as shown by the high values of 5.4
and 4.9 mg L for DOC (Fig. 2¢) and 2.8 and 8.7 mg L' for POC (Fig. 2d) in the first
and second DGT deployment periods, respectively.
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Fig. 2. Physicochemical parameters of the water based on 48 h of DGT device
deployment in different seasonal periods at the Sanfos Shipyard.

a) Salinity Cg—), Temperature (..¢..) and pH ( --w-); b) SPM (B );

¢) DOC (—&; and d) POC —).

In the spring, there was a discharge of freshwater into the estuary during the first
DGT deployment period, causing an increase in the DOC and POC concentration in the

water. Freshwater normally promotes the increase of organic-rich fluvial material in the
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estuary, i.e., DOC. In the second DGT deployment, the salinity was intermediate, which
resulted in a decrease in the COP concentrations and increase of the POC concentrations
in the water confirmed by the presence of phytoplankton blooms, which intensity and
period may vary (they are more common in the spring and the summer). Phytoplankton
blooms can also affect the metal availability and toxicity depending on the chemical
speciation of metal-DOC. This interaction plays a fundamental role in the transport,
discharge and lability of the metals (Chakraborty and Chakrabarti 2006).

The parameters DOC and POC were moderately correlated (r = 0.66, p <0.05),

regardless of season and water salinity.

3.2. DGT-labile metal concentrations

DGT-labile concentrations of Cu (DGT-Cu) and Zn (DGT-Zn) in the water changed
according to the estuarine hydrodynamics and activity at the shipyard (Fig.3). Therefore,
only the DGT-Cu concentrations showed significant (p <0.05) decrease in the winter in
low salinity water compared to high salinity in the summer. The DGT-Zn concentrations
in the winter in high salinity were also significantly (p <0.05) higher than in intermediate
salinity in the summer.

In the spring, the influence of the La Niiia effect and freshwater in the estuary caused
high variability in the DGT-Cu concentrations in the water, but the variations in the
DGT-Cu and -Zn concentrations in freshwater and intermediate-salinity water were not
significant(p>0.05). The DGT-Zn concentration was the highest (18.38 pg L) in
intermediate-salinity water, when the SPM concentration in water was also high, at 103
mg L (Fig. 2, b). The NE wind that blows on the margin of the shipyard area favored the
remobilization of sediments in nearby shallow areas. During this period, the winds are
more persistent and vary from NE to N.

In the summer, the mean DGT-Cu concentration of 1.05 pg L™ in high-salinity water
was the highest mean value of all seasonal periods. The mean DGT-Zn concentration was
also high in the high-salinity environment but showed high mean variability as well. The
expressive decline in the DGT-Zn concentrations in the intermediate-salinity was related
not only to the salinity decrease but also to the 41 mg L SPM decline because Zn has
more affinity with the particulate phase in water than Cu (Chiffoleau et al.1994;
Sokolowski et al. 2001).
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The largest variability (represented by the standard error) in the concentrations of Cu
and Zn on the DGT device replicates was observed in spring and summer. This finding
suggests that not only environmental factors but also the intense maintenance activity and
number of boats moored in the shipyard, for both periods of the study, might have

contributed to this variation.
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Fig. 3. DGT-labile concentrations (ug L) of copper and zinc in high-salinity ( HEE),
intermediate-salinity (b&<9), and low-salinity ( EE=E) water and in freshwater ( 1 )
after 48 h of DGT deployment at the Santos Shipyard. The DGT data were compiled
from two deployments in each seasonal period; mean + SE, n=2-3.

The Pearson’s correlation showed moderate correlation between the DGT-Cu labile
fraction and other parameters for all the seasonal periods, the pH (r = 0.58) and salinity (r
= (0.65), indicating that seawater entrance into the estuary favored Cu bioavailability in
the water column. The absence of a significant correlation between the SPM and DGT-
Cu concentrations found in the estuary is in agreement with Munksgaard and Parry

(2003), who studied labile metals in turbid coastal seawater.
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The DGT-Zn concentrations were found to be dependent on the LPF-Zn (r = 0.69, p
< 0.05), POC (r = 0.66, p < 0.05) and the SPM (r = 0.99, p<0.05) concentrations in water.
The importance of salinity, as well as the load of SPM levels, for the bioavailability of
metals in water was previously determined in a preliminary study that was carried out in
the same estuary (Wallner - Kersananch et al. 2009).

However, the concentrations of DGT-Cu and -Zn are affected not only by the
hydrological estuarine conditions but also by the contributions originating from the
maintenance of boats, the leaching of antifouling paints (Turner 2010) and the
remobilization of contaminated sediments, mainly from shipyard areas.

Because Cu increases in antifouling paints, the concentration of this element is high
in marinas and port areas (Schiff et al. 2007). In addition, Warnken et al (2004) and Dunn
et al (2007) demonstrated a direct relationship between the DGT-Cu and -Zn
concentrations and the number of recreational boats in marinas. Both Cu and Zn found in
paints produce a synergic effect on organisms. Zn is also used in sacrifice anodes, but its
release from boats has not been studied yet.

Turner et al (2008) studied antifouling paint fragments and verified that, although Cu
has been found at higher concentrations in water, these high concentrations do not reflect
the total concentration in the original formulations of antifouling paints because the
fragments can undergo seawater leaching and because the release of Cu is gradual in
water.

A marina in San Diego Bay (construction of the docks in March 2006 and boats
introduced in June 2008) was evaluated regarding its Cu concentration. In two months,
boat occupation and movement increased the dissolved and total concentrations of Cu.
Before the installation of that marina, the Cu levels had been within the Criteria of Water
Quality in California, according to Biggs and D’ Anna (2012).

Studies carried out in shipyard areas are very scarce (Song et al. 2005), and there are
no studies of the labile fractions of metals in these areas. However, when the data from
this study are compared with those reported by Dunn et al (2007) and Warken et al
(2004) in coastal waters, the mean DGT-Cu and -Zn concentrations were found to be
higher in the Sanfos Shipyard. On the other hand, Montero et al (2012) studied a
freshwater area near shipyards and obtained lower DGT-Cu but higher DGT-Zn values
than those observed in this study because of mining activities in that study.

The results of this study show that shipyard areas generate large amounts of labile

metals such as Cu and Zn. The concentrations of both metals in this study were higher
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than in marina areas with a high density of boats. The input of Cu and Zn from shipyard
activities is more localized and causes higher environmental impacts, while in marina
areas, these metals are released from antifouling paints and are more easily dispersed in

the water.

3.3. Labile particulate concentrations (LPF) of Cu and Zn

The salinity variation commonly observed in estuaries is responsible for the variation
in the dissolved and particulate fractions of metals in water (Hadje et al. 2003). However,
the variation in other parameters, such as pH and SPM (caused by the entrance of
seawater into the estuary) plays an important role in the regulation of metal availability in
the water column. Estuaries can be efficient filters for SPM because of the interaction of
particulate/solute, flocculation, coagulation and particle sedimentation processes linked to
the trace metals (Turner and Millward, 1993).

Some interactions were observed for the LPF of metals at the Santos Shipyard. The
mean LPF-Cu and -Zn concentrations in Fig. 4 are the result of duplicate analyses.

The LPF-Cu concentrations varied from 1.22 to 3.77 ug g'1 and were comparable in
the same seasonal period, as observed in winter and summer (Fig. 4). The lowest
concentrations in the summer were related to the dominance of seawater in the estuary
and decrease in the SPM concentrations.

In spring, the LPF-Cu concentration increased in intermediate-salinity conditions in
comparison with the concentrations when freshwater was in the estuary. Similar changes
were observed in the LPF-Zn levels in the spring, indicating a marked increase in this
element, as well as the SPM and POC concentrations, in intermediate-salinity conditions.
In the winter and summer, the LPF-Zn concentration varied more widely, possibly
because of the SPM variations in the estuarine water (Fig. 2b).

The LPF-Zn concentrations varied from 4.29 t019.12 pug g”'. The decrease in the
LPF-Zn levels in the intermediate-salinity water in the summer was caused by the

decrease in SPM,
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which caused a steep decrease in the DGT-Zn concentration as well (Fig. 3). The
relationship between LPF-Zn and SPM was further confirmed by the correlation with
SPM (r = 0.69, p < 0.05), POC (r =0.71, p < 0.05) and DGT-Zn (r = 0.69, p < 0.05). This
result shows that part of the labile Zn concentrations in water originates from the
suspended particulate fractions, both organic and inorganic. Further, a strong correlation
was observed between the LPF-Cu and -Zn concentrations (r = 0.82, p < 0.05), which
suggests that both metals may have come from the same source, i.e., anti-fouling paint

residues deposited in the sediment and leached by seawater.
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The interactions between the labile dissolved fraction and the labile particulate
fraction of Cu and Zn can occur through adsorption, cation exchange reactions or
complexation, when seawater flows into the estuary. Among these reactions,
complexation is the most significant because it affects the geochemical metallic ions,
modifying element solubility, load and potential redox. These changes affect the

availability, transport and migration of metals in the aquatic ecosystems.

3.4. Labile metal and toxicity

The release of copper as an antifouling biocide into the water can potentially lead to
elevated copper concentrations in the water column and sediment. However, copper’s
contribution to toxicity depends on its chemical speciation (Brooks and Waldock, 2009).
Likewise, the stability constants of pyrithione complexes are pH-dependent and vary
when different metal ions are considered. Pyrithione may release one type of metal ion
and combine with another, depending on the type and amount of ions. Thus, following
the dissolution of pyrithione, various transformations are possible, depending on the
characteristics of the water body (Harino and Langston 2009).

Grunnet and Dahllsf (2005) reported the transchelation of ZnPT, and CuPT, and
demonstrated complete transchelation of ZnPT; into CuPT, when Cu** was present at an
equimolar concentration in the absence of interfering ligands. Thus, leachates from
antifouling paints containing both ZnPT; and CuQ; include CuPT; in addition to ZnPT),,

The change in the metal speciation highlights the importance of measuring labile Cu
and Zn, which is potentially bioavailable. However, the bioavailability depends on the
magnitude of the metal flux through the plasma membrane of organisms (Leeuwen et al.
2005).

In situ measurements are important because they provide more realistic results,
whereas toxicity tests in controlled laboratory conditions normally provide the exposure
level and related effects. Studies of the prediction of metal availability using the DGT
technique in both laboratory and field conditions are not available in the literature but are
necessary to understand the real bioavailabity of a metal.

To gain a better understanding of the effect of the metal concentration found in this
study at the Santos Shipyard, the data were compared with a toxicity test using Cu
pyritione (CuPT) and Zn pyritione (ZnPT). A study of pelagic phytoplankton

communities in Denmark verified that the toxicity of the CuPT and ZnPT were similar to
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the toxic levels of TBT. The effective concentration for 50% (ECsg) varied from 1.26 to
7.88 ug L for CuPT and from 0.64 to 19.04 ug L' for ZnPT. These values were lower
than those found for Cu and Zn tested individually (Maraldo and Dahlléf 2004). The
results found for CuPT and ZnPT were close to those found for the DGT-Cu
concentrations (0.22 to 1.05 pg L") and in the same range of the DGT-Zn concentrations
(0.54 to 18.39 g L") found in this study. These results suggest that the DGT-Zn
concentrations found in the water in the shipyard area can also have lethal effects on the
phytoplankton.

The labile fractions can be toxic depending on the species and on physical and
biological factors. These changes influence not only the liberation of metals in labile
forms but also estuarine organisms, which must maintain osmotic and hydrodynamic

balance.

4. Conclusion

Navigation activities in marinas, ports and shipyard areas are responsible for the
input of trace metals, such as Cu and Zn, in the aquatic environment. This study showed
significant concentrations of labile Cu and Zn in the water in a shipyard area in the Patos
Lagoon estuary.

The increase in shipyard activities due to boat maintenance in the summer and,
consequently, the contribution of trace metal input to the estuarine water are factors that
must be considered in the results of the DGT device.

The DGT-Cu concentration was dependent on changes in the pH and salinity of the
water. The DGT-labile and labile particulate concentrations of Zn were found to be
associated with both the SPM and POC fractions. Both fractions were also found to be
correlated with each other. This result suggests that both fractions originate from the
same anthropogenic source: antifouling paint residues.

The DGT-Cu concentrations were close to the lethal concentration ranges for
phytoplankton tested with Cu pyritione in laboratory, whereas the DGT-Zn
concentrations were similar to Zn pyritione concentrations found in the literature.

The mean concentrations of DGT-Cu and -Zn found at the Santos shipyard were
higher than those found in other marinas with a large number of boats. However, the
water hydrodynamics in the shipyard area allow larger hydrological changes and the

dispersion of pollutants because of the area’s location in the narrow part of the estuary.
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Cu and Zn data collected in this study indicated the importance of managing
discharge of residues in shipyards and may form the basis for the development of risk
assessment strategies.

Studies of organisms and the utilization of the DGT technique for in situ and
toxicological tests in laboratories may aid in the understanding of Cu and Zn

bioavailability in shipyard areas.
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CONCLUSAO GERAL

As concentracdes na forma labil de Cu e Zn tanto na fracéo 14bil-DGT como na 1abil
particulada nas areas de marina, porto e estaleiros variaram de acordo com a condicio
hidroldgica do estudrio, ou seja, a entrada e saida de dgua do estudrio. Este aspecto foi
mais expressivo, do que a propria sazonalidade ou mesmo em locais com maior atividade
de manuten¢do de embarcagdes. Entretanto, o efeito do fendmeno El Nifio é um aspecto
importante para a mudanga da labilidade dos metais tanto na d4gua, quanto no sedimento.

Em condi¢des normais sem o efeito de El Nino na regido, as caracteristicas fisico-
quimicas da dgua estuarina como pH, salinidade e material particulado em suspensdao
desempenham um papel fundamental na disponibilidade de metais na coluna da dgua no
estudrio.

As éreas de estaleiros apresentaram as maiores concentracdes para ambas as fragdes
labeis de Cu e de Zn na dgua. No Estaleiro Santos, em especial, o Cu-DGT esteve
associado as variacdes de pH e salinidade, enquanto que o Zn-DGT e Zn-14bil particulado
estiveram correlacionados ao material particulado em suspens@o e ao carbono organico
particulado, sugerindo que ambas fragdes podem ser originadas da mesma fonte
antropica, de residuos de tintas anti-incrustantes.

A marina do Yacht Club, embora pequena e com menos embarca¢des demonstrou
valores semelhantes aos encontrados em marinas maiores e densamente ocupadas por
embarcacdes. A diferenca entre os estaleiros € que estes estdo em areas com maior
influéncia da hidrodindmica estuarina promovendo a maior dispersdo de metais.

O amostrador passivo DGT € capaz de medir as concentragdes labeis de metais com
uma boa reprodutibilidade em sistemas com altas flutuagdes como os estuarinos, sendo
importante o acompanhamento dos pardmetros fisico-quimicos, uma vez que estes
fornecem dados relevantes para o entendimento do comportamento de metais na coluna
da dgua.

As fragdes labeis de metais nos sedimentos finos corroboraram com a influéncia das
tintas anti-incrustantes no meio aqudtico. Estas concentragcdes assim com as da coluna da
dgua estiveram relacionadas com o fendmeno EI Nifio, pH e a salinidade.

As concentracdes labeis de Cu e Zn nos sedimentos foram maiores no Estaleiro
Gustavo Fernandez Filho, independente do periodo sazonal, o Pb esteve correlacionado

com Cu e Zn, e estes em menor grau com Cr e Ni. Além das tintas anti-incrustantes o Pb
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no sedimento de estaleiros pode ser liberado de residuos de 6leos. As concentracdes de
Cu, Zn, Pb, Cr e Ni no sedimento estdo de acordo com os valores destes metais
encontrados nas tintas anti-incrustantes mais utilizadas na regido do estudrio da Lagoa
dos Patos.

Tanto Cu, Zn e Pb labeis no sedimento excederam os valores do Nivel 2 , no Estaleiro
Gustavo Fernandes Filho LTDA, recomendados pela Resolucio No. 344
CONAMA/2004. O Estaleiro Santos indicou concentracdes de Cu acima do Nivel 1 em
todos os periodos sazonais do ano de 2010.

De acordo com a hipétese inicial deste estudo, a mesma foi parcialmente aceita, visto
que os resultados demonstraram variacdes nas concentragdes de metais labeis entre as
localidades, mas a condicdo hidroldgica do estuario € um aspecto mais relevante, do que
propriamente a sazonalidade em si.

Os resultados do presente estudo podem servir de subsidios para a gestdo dos residuos
gerados em estaleiros e servem de base para estudos futuros com fragado 14bil de metais no

estudrio, dado o alto desenvolvimento da construcio naval na cidade do Rio Grande.

CONSIDERACOES FINAIS

Os resultados de metais ldbeis nos diferentes compartimentos indicam a importancia
de investigar as formas de tratamento e destino dos residuos gerados pelas tintas anti-
incrustantes devido a atividade de manutencio de embarcagdes, em dreas de estaleiros e
da marina do Yacht Club, visto a liberagdo mais acentuada de Cu e Zn labeis.

A cidade do Rio Grande atravessa um periodo de grande desenvolvimento voltado a
construcdo naval, mas os dados analisados neste estudo ndo levaram em consideracdo a
liberag@o de residuos proveniente destas novas dreas de estaleiros, porque ainda ndo se
encontravam em funcionamento.

Indistrias de vérios setores (principalmente platinagdo e galvanoplastia) chegam a
cidade do Rio Grande a fim de fornecer materiais metilicos e produtos utilizados na
construcdo naval, podendo contribuir para a entrada de metais no ambiente aquatico,
além de provaveis residuos de tintas anti-incrustantes.

Os elevados valores nas diferentes fragdes ldbeis nas regides de estaleiros sdo
preocupantes. Sendo assim, uma possibilidade de maior compreensdo em relacio aos

niveis, possivelmente, deletérios a biota seria a realizacdo de estudos com organismos e a
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utilizacdo da técnica DGT in situ e em teste toxicoldgicos, para elucidar o entendimento

da biodisponibilidade de metais em 4reas mais impactadas, incluindo as de estaleiros.
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ANEXOS

Descricao do sistema DGT

O sistema de gradiente difusivo de fina membrana (DGT) acumula
quantitativamente espécies de metais ao longo do tempo de exposi¢do (Zhang & Davison,
1995) (Fig.1).

Resina Chelex 100

< Agua

o Filtro 0,45 um
Gel difusivo
Fig 1. Esquema dos constituintes do sistema DGT, (Andrade, 2005).

—

As espécies de metais (cdtions livres, complexos de metais inorginicos e
pequenas moléculas orgénicas) passam por difusdo por uma membrana de nitrato de
celulose, que fraciona os elementos dissolvidos do material particulado. Apds, passam
por um gel difusivo de espessura conhecida, o qual regula a passagem das moléculas. Os
metais dissociados das moléculas sdo acumulados no gel resina Chelex-100 (Fig. 2).

Dissociagdo (2,
M <—>MLj<€<— ML,

wo | X
< (1), \L(— MLg, ML

MC LM < i L\ —
| |

Mudanca de Ligante X ?\L

MC<— s More O ML,

< sMz<c
: PO
1 ~ 1 N
Resina Chelex Camada difusiva Solucéo

Fig. 2. Esquema do mecanismo da entrada e acimulo de metais no sistema DGT. O fon
livre de metal (M) e seus complexos (ML) com vérios ligantes aqui representados (L, Lo,
L3 e L) passam pela camada difusiva. Espécies livres do fon metélico, M, complexos
dissocidveis, ML; e ML,, modificados pela fase ligante, sdo acumulados na resina
Chelex. Complexos inertes a fase ligante, ML3, e grandes complexos, ML,, excluidos
pela camada difusiva, ndo sdo mensuraveis (Li et al., 2005; modificado por Andrade,
2005).
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O amostrador apds utilizado, seja em laboratdrio ou in situ, € aberto e o gel resina
Chelex- 100 ¢ retirado e eluido em 1M HNOj; por pelo menos 24h antes de proceder as
andlises dos diferentes metais de interesse.

Calculo das concentracoes de metais através do sistema DGT

Exposicao em laboratorio e in situ

1) Célculo da massa do metal acumulado (ng) em separado para cada uma das

exposicoes. A massa do metal no gel resina Chelex-100 (M), obtida através da equagdo

1):
M= Ce (VHNO; + Vgel)/fe (1)

Em que, Ce ¢ a concentragdo dos metais em solucdo de elui¢do a 1M HNO; (ug
L"), V HNO; é o volume de 4cido adicionado no gel resina (1000uL), V gel é o volume
do gel resina, tipicamente 0,15mL ( valor fornecido pelo DGT Research Ltd) e fe € o
fator de eluicdo para cada metal, tipicamente 0,8 (valor adimensional fornecido pelo DGT

Research Ltd).

Fator de diluicdo: no presente estudo 5x diluido.

2) A concentragdo de metal (ug L'l) medida pelo sistema DGT (Cpgr) deve ser calculada

usando a equagdo (2):

Cpgr = MAg/(DtA) (2)

Em que, Ag (cm) é a espessura do gel difussivo (0,076 - 0,08cm) mais a
espesssura do filtro membrana (0,014 cm, valor fornecido pelo DGT Research Ltd), D
(cm®.s™) é o coeficiente de difusio do metal no gel (Tabela 1, fornecido pelo DGT
Research Ltd, no anexo), sendo necessdrio o valor médio da temperatura durante o
tempo de exposi¢do do amostrador, t (s) € o tempo de exposicdo do amostrador, A € a

area de exposicdo (A=3,14 cm?)
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Tabela.1. Coeficientes de difusdo de diferentes fons metalicos em temperaturas variando

de 1 a 35°C (DGT Research Ltd, Lancaster, UK).
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LISTAS DE ABREVIATURAS E SIGLAS

INTRODUCAO

CONAMA - Conselho Nacional do Meio Ambiente

Cu - Cobre

Cr - Cromo

DGT - Gradiente Difusivo de Fina Membrana

HCI - Acido Hidrocloridrico ou Acido Cloridrico

Ni- Niquel

TBT- Tributilestanho

TCMS piridina - (2,3,3,6-tetracloro-4-metilsulfonil) piridina

P-53 - Plataforma de exploragio de petréleo da PETROBRAS niimero 53
P-55 - Plataforma de exploragdo de petréleo da PETROBRAS niimero 55
P-58 - Plataforma de exploragio de petréleo da PETROBRAS niimero 58
Pb - Chumbo

ppm - Partes por milhao

CAPITULO I

Co- Cobalto

Cr- Cromo

Cu- Cobre

Cu,0- Oxido Cuproso

Cu(SCN)- Tiocianato de Cobre

CONAMA - Conselho Nacional do Meio Ambiente
COT- Carbono Organico Total

Fe- Ferro

GS- Estaleiro Gustavo Fernandes Filho LTDA
HCI- Acido Cloridrico ou Acido Hidrocloridrico
HNO;- Acido Nitrico

ICP-OES- Espectrometria de Emissdo Otica com Plasma Indutivamente Acoplado
JT- Saco do Justino

MESS-1 — Material de Referéncia Certificado de sedimento marinho
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Mn- Manganés

NE- Nordeste

Ni- Niquel

Pb- Chumbo

PM- Posto Marine

PN- Porto Novo de Rio Grande
SE- Sudoeste

TBT- Tributil estanho

Y 1- Yacht Club, localidade 1
Y2- Yacht Club, localidade 2

Y3- Yacht Club, localidade 3
SS- Estaleiro Santos
Zn- Zinco

7ZnO- Oxido de Zinco

CAPITULO I1

Cu - Copper

Cd - Cadmium

Cu,0 - Cuprous Oxide (II)

DGT - Diffusive Gradients in Thin Film
DGT-Cu - DGT-labile fraction of copper
DGT-Zn - DGT-labile fraction of Zinc

DOC- Dissolved Organic Carbon

Fe - Iron

GS - Gustavo Fernandes Filho LTDA Shipyard
HCI - Hydrochloric Acid or Cloridric Acid
HNO:; - Nitric acid

JT- Saco do Justino

LPF - Labile Particulate Fraction

LPF-Cu - Labile Particulate Fraction of Copper
LPF-Zn - Labile Particulate Fraction of zinc
Mn- Manganese

NE- Northest
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PN- Porto Novo

POC- Particulate Organic Carbon
SLRS-4 - River Water Reference Material for Trace Metals
SPM- Suspended Particulate Matter
SS- Santos Shipyard

SW- Southwest

TBT- Tributyltin

TPT- Triphenyltin

Y1- Yacht Club, Station 1

Y2- Yacht Club, Station 2

Y3- Yacht Club, Station 3

Zn- Zinc

ZnO- Zinc Oxide

CAPITULO III

ANOVA- Analysis of variance

Cu - Copper

Cu,0 - Cuprous Oxide (II)

CuPT- Copper Pyrithione

DGT - Diffusive Gradients in Thin Film
DGT-Cu - DGT-labile fraction of copper
DGT-Zn - DGT-labile fraction of Zinc

DOC- Dissolved Organic Carbon

HCI - Hydrochloric Acid or Cloridric Acid
HNO:s - Nitric acid

ICP-OES- Inductively Couple Plasma Optical Emission Spectrometry
LPF - Labile Particulate Fraction

LPF-Cu - Labile Particulate Fraction of Copper
LPF-Zn - Labile Particulate Fraction of zinc

N- North

NE- Northest

POC- Particulate Organic Carbon

TOC- Total Organic Carbon
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SLRS-4 - River Water Reference Material for Trace Metals
SPM- Suspended Particulate Matter

SW- Southwest

Zn- Zinc

ZnO - Zinc Oxide

ZnPT- Zinc Pyrithione
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LISTAS DE FIGURAS E TABELAS

CAPITULO I

Fig.1. Locais amostrais no Estudrio da Lagoa dos Patos: Saco do Justino (JT), Yacht Club
(Y1, Y2, Y3), Estaleiro Gustavo Fernandes Filho LTDA (GS), Posto Marine (PM), Porto
Novo (PN) e Estaleiro Santos (SS).

Fig. 2. Concentracdo média de metais traco (ug g ! peso seco) labeis e carbono organico
total (%COT) no sedimento (< 63um) em diferentes localidades e periodos sazonais no
estudrio da Lagoa dos Patos. Locais: Saco do Justino (JT), Yacht Club (Y1, Y2 e Y3),
Estaleiro Gustavo (GS), Posto Marine (PM), Porto Novo (PN) e Estaleiro Santos (SS).

Tabela 1. Concentragio média de metais (ug.g'1 peso seco) em tintas anti-incrustantes

utilizadas em embarcagdes no estudrio da Lagoa dos Patos.

Tabela 2. Concentracdes de metais, minimos e maximos (ug.g'1 peso seco), em
sedimentos finos e extracdes em diferentes locais. nd= ndo determinado, % de

biodisponibilidade da fracdo 14bil*.

Tabela 3. Concentragdes maximas permitidas de metais (ug g'1 em peso seco) no
sedimento dragado, de acordo com a Resolucio CONAMA 344/2004. *Limiar abaixo da
probabilidade de um possivel efeito adverso a biota. “Limiar acima de um possivel efeito

deletério a biota.
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Matriz de Correlagdo de Pearson para Cu, Zn, Cr, Ni , Pb e Carbono Organico Total

(COT) em sedimentos em diferentes periodos sazonais: (a) Inverno 2009; (b) Primavera

2009; (¢) Verdo 2010; (d) Outono 2010; e (e) Inverno 2010. Valores significativos

(p<0,05) em negrito.
(a)Variaveis Cu Zn Cr Ni Pb COT
Cu
Zn 0,97
Cr 0,23 0,41
Ni 0,52 0,55 0,36
Pb 0,82 0,75 0,21 0,48
COT 0,19 -0,02 -0,87 -0,02 0,19
(b)Varidveis Cu Zn Cr Ni Pb COT
Cu
Zn 0,92
Cr 0,97 0,82
Ni 0,66 0,80 0,52
Pb 0,93 0,98 0,83 0,83
COoT -0,06 -0,34 0,02 -0,13 -0,28
(c)Varidveis Cu Zn Cr Ni Pb COT
Cu
Zn 0,92
Cr 0,29 0,57
Ni 0,11 0,47 0,84
Pb 0,81 0,93 0,65 0,49
COT -0,42 -0,05 0,64 0,82 -0,00
(d)Variaveis Cu Zn Cr Ni Pb COT
Cu
Zn 0,98
Cr 0,79 0,89
Ni 0,93 0,97 0,92
Pb 0,96 0,97 0,88 0,96
COT -0,63 -0,72 -0,82 -0,79 -0,66
(e)Variaveis Cu Zn Cr Ni Pb COT
Cu
Zn 0,96
Cr 0,66 0,82
Ni 0,72 0,54 0,28
Pb 0,91 0,93 0,84 0,67
COoT -0,20 -0,45 -0,68 0,36 -0,31
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CAPITULO 11

Fig.1. Sampling station at the Pates Lagoon estuary: Justino (JT; control station), the
yacht club (Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande City
(PN) and Santos Shipyard (SS).

Fig. 2. DGT-labile concentrations (ug L™) of copper and zinc in January ( lElll), April

( ) and July ( I 2010 after 72 h of deployment at Justino (JT; control station),
the yacht club (Y1, Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city
(PN) and Santos Shipyard (SS). DGT data are represented by the mean+SE, n=3-4.

Fig. 3. Labile particulate concentrations (ug g") of copper and zinc in January ( HEEE ),
April () and July ( ) of 2010 at Justino (JT; control station), the yacht club (Y1,
Y2 and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city (PN) and Santos
Shipyard (SS). Data are represented by the mean values.

Fig. 4. DGT-labile (Il and labile particulate (BZ2) concentrations of copper and zinc
(Zn/10) in January, April and July at Justino (JT; control station), the yacht club (Y1, Y2
and Y3), Gustavo Shipyard (GS), Porto Novo of Rio Grande city (PN) and Santos
Shipyard (SS). Data are represented by mean values (ug L) for both fractions.

Fig. 5. Relationship between DGT-Zn and LPF-Zn concentrations normalized by the

suspended particular matter during periods with saltwater in the estuary (April and July).

Table 1. Physicochemical parameters of the water during the 72h of DGT devices
deployment in different periods of the year at Saco do Justino (JT; control station), the
yacht club (Y1, Y2 and Y3), Gustavo Fernandes Filho LTDA Shipyard (GS), Porto Novo
of Rio Grande city (PN) and Santos Shipyard (SS).
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Pearson correlation matrix for DGT-Cu and -Zn, pH, temperature, salinity, dissolved
organic carbon (DOC), particulate organic carbon (POC) and suspended particulate

matter (SPM) in July 2010 with high salinity; p<0.05.

Variables Cu Zn pH  Salinity Temperature DOC  POC

Zn 0.56

pH 0.16 0.18

Salinity 0.20 024 0.98

Temperature 0.59 043  0.50 0.58

DOC -0.29 -0.32 -0.72 -0.80 -0.43

POC 043 025 0.34 0.37 0.86 -0.00

SPM 052 031 0.75 0.75 0.83 -0.45  0.77

Bold figures represent significant correlations for p < 0.05.
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Pearson correlation matrix for LPF-Cu and -Zn, pH, temperature, salinity, dissolved
organic carbon (DOC), particulate organic carbon (POC) and suspended particulate
matter (SPM) in January (A - freshwater), April (B - low salinity) and July 2010 (C - high
salinity); p<0.05.

Cu Zn pH Salinity Temperature DOC  POC

(a)Variables

Zn 0.89

pH -0.30 -0.02

Salinity 0.01 037 0.13

Temperature 0.66 0.37 -0.34  -0.60

DOC -0.09 036 0.74 0.63 -0.52

POC -0.60 -0.26 0.89 0.22 -0.64 0.77

SPM 058 0.64 -0.55 0.64 0.08 0.01  -0.58

(b)Variables Cu Zn pH Salinity Temperature DOC POC

7Zn 0.97

pH 0.65 0.50

Salinity -0.27 -0.41 -0.17

Temperature 0.62 047 091 -0.11

DOC -0.14  -0.17 -0.37  0.59 -0.38

POC -0.51 -0.34 -0.92 -0.04 -0.85 0.34

SPM 081 088 020 -042 0.30 0.07  -0.00

(c)Variables Cu Zn pH  Salinity Temperature DOC  POC

Zn 0.77

pH 0.69 0.36

Salinity 0.69 040 0.98

Temperature 0.49 0.80 0.50 0.58

DOC -0.68 -0.33 -0.72 -0.80 -0.43

POC 025 0.67 0.33 0.37 0.86 -0.01

SPM 078 0.84 0.75 0.75 0.83 -045  0.77

Bold figures represent significant correlations for p < 0.05.
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CAPITULO II1

Fig. 1. Sampling location area at the Santos Shipyard ( A\in the Patos Lagoon estuary.

Fig. 2. Physicochemical parameters of the water based on 48 h of DGT device
deployment in different seasonal periods at the Santos Shipyard. a) Salinity ( —@—),
Temperature (.. O0.)and pH( --¥ ); b) SPM (--lR) ; ¢) DOC (—; and d) POC ( —-

Fig. 3. DGT-labile concentrations (ug L™) of copper and zinc in high-salinity ( s ),
intermediate-salinity (b&53), and low-salinity (EEZE]) water and in freshwater (T ) after
48 h of DGT deployment at the Santos Shipyard. The DGT data were compiled from two

deployments in each seasonal period; mean + SE, n=2-3.

Fig. 4. Particulate labile concentrations (ug g") of copper and zinc in high-salinity ( m)
intermediate-salinity (E&&), and low-salinity (EZE3 ) water and in freshwater (C1) after
48 h of DGT deployment at the Santos Shipyard. The data were compiled from two

deployments in each seasonal period; mean data (n=2).

Correlation matrix (Pearson correlation product) for DGT-Cu and Zn, Cu and Zn labile
particulate fractions (LPF-Cu and Zn), pH, salinity, temperature, dissolved organic
carbon (DOC), particulate organic carbon (POC) and suspended particulate matter
(SPM). Significant values (p<0.05) are shown in bold.

Variables DGT-Cu  DGT- LPF- LPF- pH Salinity ~ Temp. DOC POC SPM

Zn Cu Zn
DGT-Cu
DGT-Zn 0.36
LPE-Cu -0.56 0.36
LPE-Zn 0.01 0.69 0.82
pH 0.58 0.12 -0.02 0.39
Salinity 0.65 0.09 -0.38 0.02 0.84
Temp. 0.81 -0.03 0.84 -046  0.14 0.33
DOC 0,13 0.47 0.34 035  -050  -0.60 0.01
POC 0.25 0.66 0.47 071  0.05 -0.32 0.05 0.66
SPM 0.23 0.99 0.43 0.69  0.05 0.02 -0.16 044  0.60
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