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RESUMO

Areas estuarinas sdo afetadas por estaleiros, capazes de liberar metais
traco que podem permanecer na sua fracao potencialmente biodisponivel (labil)
em funcdo das mudancas das condi¢des fisico-quimicas do ambiente. Esta
fracdo representa um maior risco ecolégico devido os metais nesta forma
serem mais facilmente acumulados pelos organismos. O acumulo excessivo
dos metais, como o Cu, pode gerar efeitos deletérios. Nesse sentido, é
importante quantificar a referida fracdo labil e combinar estes resultados com
os dados de possiveis efeitos em espécies-chave dos ecossistemas, a fim de
estimar o possivel risco ecolégico. Consequentemente, no presente estudo foi
determinada a fracao labil de Cr, Cu, Ni e V utilizando a técnica de Gradientes
Difusivos de Fina Membrana (DGT; siglas em inglés) em aguas estuarinas de
areas de estaleiros na costa sudeste e sul do Brasil, com condi¢des fisico-
quimicas variaveis. Adicionalmente foi realizada uma Avaliacdo de Risco
Ecolégico (ERA; siglas em inglés) do Cu integrando dados de exposicdo
(técnica DGT e medidas de Cu dissolvido total na &gua) com dados
ecotoxicolégicos e com a derivacdo da Concentracdo Previsivelmente Sem
Efeito (PNEC) de Cu para espécies aquaticas que ocorrem naturalmente na
costa brasileira. As variagcbes nas condicdes fisico-quimicas, especialmente
salinidade influenciam nas concentracfes labeis dos metais determinadas.
Apesar disto, foi possivel observar uma relagdo direta destes metais e as
atividades desenvolvidas em &reas de estaleiros como: a aplicacdo de tintas
anti-incrustantes (Cr e Cu) e produtos derivados do petrdleo (Ni e V), e a
intensidade das atividades desenvolvidas. Adicionalmente, as concentracfes
labeis de Cu ultrapassaram o valor de PNEC derivado, representando um
alarmante risco ecoldgico, destacando as areas de estaleiros como hotspots de
metais traco. Finalmente, a aplicagdo da técnica DGT permitiu o
desenvolvimento de uma avaliacdo de risco mais precisa, pelo qual a sua

utilizacao deve ser considerada nas legislacdes futuras do Brasil.
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ABSTRACT

Estuarine areas are affected by sites such as shipyards, capable of
releasing trace metals that may remain in their potentially bioavailable (labile)
fraction due to changes in the environment physicochemical conditions. This
fraction represents a greater ecological risk because metals in this form are
more easily accumulated by organisms. Excessive accumulation of metals,
such as Cu, may generate deleterious effects. In this sense, it is important to
quantify this labile fraction and combine these results with the data of possible
effects on key ecosystem species to estimate the potential ecological risk.
Consequently, in the present study, the labile fraction of Cr, Cu, Ni, and V was
determined using the Diffusive Gradients in Thin Films (DGT) technique in
estuarine waters of shipyards areas from the southeast and south coast of
Brazil, with varying physicochemical conditions. Additionally, an Ecological Risk
Assessment (ERA) of Cu was performed integrating exposure data (DGT
technigue and total dissolved Cu measurements in water) with ecotoxicological
data and with the Cu Predicted No Effect Concentration (PNEC) derivation for
naturally occurring aquatic species of the Brazilian coast. Variations in
physicochemical conditions, especially salinity, influenced the labile
concentrations of the determined metals. Despite this, it was possible to
observe a direct relationship between these metals and the activities developed
in shipyard areas such as the application of antifouling paints (Cr and Cu) and
petroleum products (Ni and V), and the intensity of the activities developed.
Additionally, labile Cu concentrations exceeded the derived PNEC value,
representing an alarming ecological risk, highlighting shipyard areas as trace
metal hotspots. Finally, the application of the DGT technique allowed the
development of a more accurate risk assessment, whereby its use should be

considered in future Brazilian legislation.

Keywords: DGT, trace metals, shipyard, costal environment, Predicted No
Effect Concentration (PNEC), bioavailability.
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CAPITULO I

Introducao



Introducéo

Os sistemas estuarinos e costeiros favorecem o desenvolvimento de
infraestruturas e atividades que sustentam o estabelecimento de grandes
populacbes nas suas margens e areas adjacentes (Kjerfve, 1994).
Consequentemente, tem sido demostrado mundialmente que tais atividades
geram uma entrada direta de metais trago nos sistemas aquaticos (Yebra et al.,
2004), destacando os processos de manutencao e reparacao de embarcacoes,
incluindo a raspagem de organismos dos cascos das embarcagdes (biofouling),
lixamento de superficies e recobrimentos com tintas anti-corrosdo e anti-
incrustantes (Turner, 2010; Choi et al., 2014). Geralmente as tintas de nova
geracdo contém cobre (Cu) e zinco (Zn) como principais biocidas (Turner et al.,
2009; Turner, 2010). Dependendo da tinta, o Cu pode representar entre 40-
60% da sua composicéo total (Turner, 2010), embora, metais como Ba, Cd, Cr,
Ni, Pb e Sn estdo presentes nestas tintas em uma menor proporcado (Turner
2010). Enquanto, que metais como Ni, Pb e V podem ser gerados da queima
de combustiveis fosseis e aplicacdo de produtos derivados de petréleo como
graxas e diesel naval, também utilizados na manutencdo das embarcacfes
(Pereira et al., 2018).

Uma vez no ambiente aquatico, os metais podem acumular-se em varios
organismos e, consequentemente, gerar efeitos deletérios quando em excesso
(Choi et al., 2012). Mais especificamente o Cu (de maior propor¢ao nas tintas),
€ de grande importancia ecoldgica, principalmente por desempenhar um papel
essencial nos processos fisiolégicos e metabdlicos dos organismos (Eisler,
2010; Pinheiro et al., 2012; Braz-Mota et al., 2018). No entanto, a exposicéo a
altas concentracdes de Cu pode ter importantes repercussdes negativas aos
organismos, como uma diminuicdo no consumo de oxigénio e na absor¢cado de
alguns macronutrientes como Ca* e Na' (De Boeck et al., 2006; Alsop &
Wood, 2011). Portanto, este metal é de grande importancia na avaliacdo de

risco ecoldgico (ERA, siglas em inglés) nos sistemas estuarinos.

Porém, quantificar a concentracdo total de uma espécie quimica no

ambiente ndo indica o grau de toxicidade que esta € capaz de gerar. O maior
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risco ecolégico do Cu e outros metais traco ocorre quando se encontram na
sua fragcdo labil ou potencialmente biodisponivel, devido que nesta forma sao

mais facilmente acumulados pelos organismos (Campbell, 1995).

Neste sentido, tem-se desenvolvido ferramentas precisas que facilitam a
determinacao da frac&o labil dos metais traco, como € a técnica de Gradientes
Difusivos de Fina Membrana (DGT, siglas em inglés). Essa ferramenta fornece
dados integrados no tempo com boa resolucéo, economizando tempo e custos,
quando comparados aos métodos analiticos tradicionais. Além de ter sido
demostrada como adequada para programas regulatérios de rotina (Uher et al.,
2017), assim como em locais com fonte localizada de metais trago, como 0s
estaleiros (Wallner-Kersanach et al., 2009; Costa & Wallner-Kersanach, 2013).
Atualmente, estd sendo utilizada em ecotoxicologia, mostrando excelentes
resultados na previsdo da biodisponibilidade do metal e dos efeitos da
exposicao (Garmo et al., 2003; Simpson & Batley, 2007; Chen et al., 2012).

No entanto, a determinacdo da concentracdo da fracdo labil, mesmo
representando a forma mais potencialmente disponivel, ndo indica se a
comunidade biolégica é afetada negativamente em um determinado
ecossistema. Nesse sentido, é importante combinar a técnica DGT com outras
ferramentas, na tentativa de entender a relagcdo entre os niveis de um
contaminante e seus efeitos adversos na biota local (Martins & Bianchini,
2011). Entre essas ferramentas, os testes de toxicidade sdo Uteis para uma
avaliacdo mais aprofundada do risco ecoldgico (Liang et al., 2019; VaSickova et
al., 2019; Yan et al.,, 2019). No entanto, estudos com foco em espécies
metdlicas sdo mais escassos e centralizados na avaliagdo dos sedimentos
(Nour et al., 2019; Shi et al., 2019; Zhang et al., 2019), e ndo na coluna de
agua (Xiao et al., 2019). Portanto, o acoplamento entre dados de exposicdo e
de toxicidade de um determinado contaminante constituem uma etapa
importante durante o planejamento e conducdo de uma avaliacdo de risco

ecolégico.

Por conseguinte, os dados de exposicdo podem ser avaliados através da

analise do analito de interesse (fracéo labil ou fracédo total dissolvida do metal)
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no ecossistema estudado, gerando a concentracdo ambiental medida (MEC,
siglas em inglés). Enquanto, que os dados de toxicidade (como sobrevivéncia,
desenvolvimento e crescimento de organismos) podem ser agrupados para
derivar uma Concentragcdo Previsivelmente sem Efeitos (PNEC, siglas em
inglés) - definida como a concentracdo abaixo da qual € improvavel que ocorra
um efeito inaceitavel em organismos expostos de uma comunidade biolégica
representativa (ECB, 2003; Finizio e Vighu, 2014).

Neste sentido, as éareas costeiras do Brasil abrigam uma grande
variedade de espécies representando diferentes taxa pertencentes a diversos
niveis tréficos e abrangendo grande numero de espécies nativas. Neste
sentido, a derivacdo da PNEC € uma ferramenta importante para ser aplicada
em areas altamente impactadas para avaliar os efeitos ecoldgicos adversos
para a comunidade aquatica. Exemplo disto sdo os estaleiros, capazes de
liberar metais traco para as aguas estuarinas (Costa & Wallner-Kersanach,
2013; Martins & Monteiro-Neto, 2018), incluindo Cu e Zn na sua fracdo labil
(Costa & Wallner-Kersanach, 2013; Egardt et al., 2018). No entanto, esta
relacdo ndo tem sido considerada para outros metais como Cr, Ni e V na
coluna de agua que também possam ser aportados de forma continua e direta
nestes locais. Adicionalmente, a legislacdo estabelecida no Brasil, geralmente
nao considera a fracao labil de metais traco para fins regulatérios, de modo que
o estabelecimento do risco ecoldgico de metais como o Cu, pode estar sendo
superestimando. Finalmente, € importante ressaltar que as ERAs ndo séo
utilizadas para o estabelecimento ou refinamento de critérios de qualidade em
ambientes costeiros brasileiros.

Portanto, neste estudo foi determinada a fracdo labil de Cr, Ni e V
utilizando a técnica DGT em diversas localidades estuarinas da costa sudeste e
sul do Brasil com presenca de estaleiros de médio a grande porte. O objetivo
foi obter um maior entendimento do comportamento da fracdo labil dos metais
traco em condicdes hidrodinamicas e fisico-quimicas contrastantes.
Adicionalmente, neste estudo foi avaliado o verdadeiro grau de impacto desta
fonte localizada de metais traco para os sistemas estuarinos através da

integracédo da técnica de gradientes difusivos em filmes finos (DGT) junto com
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a derivagcdo de uma Concentracao Previsivelmente sem Efeitos (PNEC) para

as espécies aquaticas que ocorrem naturalmente nas costas brasileiras.
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CAPITULO Il

Objetivos



Objetivos

1. Geral
Avaliar a fragc&o labil de cromo (Cr), cobre (Cu), niquel (Ni) e vanadio (V)
presente na agua de area de estaleiros de médio porte na costa sudeste e sul
do Brasil e o potencial risco ecolégico para o Cu, considerando suas fontes em

relacdo as tintas anti-incrustantes e produtos derivados de petroleo.

2. Especificos

v' Determinar se ocorrem diferengas nas concentracdes da fracao labil de Cr,
Cu, Ni, e V em area de estaleiros de porte médio na Baia de Guanabara,
Rio Itajai-Acu e Lagoa dos Patos, através da exposicdo in situ de

amostradores do tipo gradiente difusivo de membrana fina (DGT).

v Avaliar a possivel relacdo dos metais em estudo com os parametros fisico-
quimicos (pH, temperatura, condutividade, salinidade e turbidez), em

distintas condic¢des hidrolégicas (seca e chuva) dos locais de amostragem.
v' Determinar o risco ecoldgico do Cu nos locais estudados, baseado na

derivacdo da Concentracdo Previsivelmente Sem Efeitos (PNEC) para a

costa brasileira e o estabelecimento de quocientes de risco (RQ).
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CAPITULO llI:

Resultados e Discussao (Cobre e avaliacao

de risco do Cobre)

Para a obtencdo do titulo de Mestre pelo Programa de Pds-Graduacdo

em Oceanologia, é requerido que o discente realize a submissdo de pelo
menos um artigo cientifico como primeiro autor em periédico com corpo
indexado. Desse modo, os resultados da pesquisa desenvolvida durante o
periodo de mestrado e a discussdo dos resultados serdo apresentados em
forma de artigo nos capitulos Il e IV. O manuscrito, de autoria de Karelys
Umbria-Salinas, Astolfo Valero, Samantha Eslava Martins, e Moénica Wallner-
Kersanach, intitulado “Using Diffusive Gradients in Thin Films (DGT) for
ecological risk assessments of copper to Brazilian aquatic organisms in
shipyard areas” foi submetido para publicacdo e encontra-se sob revisdo no

periodico “Science of The Total Environment”.
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Abstract

The contribution of copper (Cu) into the aquatic environment in shipyard
areas comes from vessel maintenance and repair, and the application of new
generation antifouling paints to the hulls. Cu is essential to metabolic processes
of aquatic organisms, but excessive accumulation generates deleterious effects.
In this sense, it is important to quantify the copper labile fraction, which
represent the most readly available form, and combine environmental levels
with Cu effects on key species of the ecosystems in order to estimate the risk of
copper to shipyard areas. Thus, in the present study, copper Ecological Risk
Assessments (ERA) to the water of shipyard areas were performed, in
southeastern and southern coast of Brazil, by using the Diffusive Gradients in
Thin films (DGT) technique, total dissolved Cu measurements, and the
derivation of a Predicted No Effect Concentration (PNEC) of copper for aquatic
species naturally occurring in the Brazilian coast. The results indicated an
increase in both the dissolved and labile Cu concentrations during the
application of antifouling paints for vessel maintenance. In locations where more
vessels were found, it was observed that the labile Cu (DGT) concentration

exceeded PNEC values and may represent an important part of the total
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dissolved fraction (up to 93%). Risk characterization, according to the
MEC/PNEC ratio, showed that shipyard areas represent high ecological risk.
PNEC values, such as calculated for shipyard areas, can be used to refine the
current water quality criterion for Cu in estuarine waters in Brazil, strengthening
the environmental legislation in order to protect most or all of the local biological
community. Finally, coupling between classic ERA tools and the DGT technique

provided a more accurate ERA.

Key words: copper speciation, availability, Predicted No Effect
Concentration (PNEC), estuary, Brazilian coast
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1. Introduction

Estuarine and coastal areas favor the development of infrastructures and
activities that support the population establishment on their margins and
adjacent areas (Kjerfve, 1994). These environments offer multiple social and
economic benefits, highlighting the establishment of ports, marinas and
shipyards, as well as the continuous and intense vessel traffic (Berto et al.,
2012; Russi et al., 2013). Despite their benefits, it has been shown worldwide
that these activities generate direct input of different pollutants -including those
of metallic nature- into the aquatic environment (Yebra et al., 2004). These
include significant amounts of residues from antifouling paints, abrasives,
organometallic films, solvents, oils, resins and metallic compounds (Choi et al.,
2012).

In coastal environments, the input of trace metals can be directly
associated with vessel repair and maintenance processes, including hull
scraping of organisms (biofouling), surfaces sanding and coatings with anti-
corrosion and antifouling paints (Turner, 2010; Choi et al., 2014). It is known
that part of antifouling paints of new generation include in their composition
copper (Cu) and zinc (Zn) as the main biocides (Turner et al., 2009; Turner,
2010). Depending on the antifouling paint, Cu represent between 40-60% of the
total composition (Turner, 2010). Cu is of great ecological importance, mainly
because it plays an essential role in the physiological and metabolic processes
of organisms (Eisler, 2010; Pinheiro et al.,, 2012; Braz-Mota et al., 2018).
However, exposure to high concentrations of Cu can have important negative
repercussions on organisms, such as a decrease in oxygen consumption and in
the uptake of some macronutrients like Ca™ and Na* (De Boeck et al., 2006;
Alsop & Wood, 2011); oxidative stress with effect on the ATP production
(Sappal et al., 2015); and problems related to mitochondrial enzymatic activity
(Uriu-Adams & Keen, 2005).

Once in the aquatic environment, Cu can accumulate in several
organisms, and consequently generate deleterious effects when in excess, to
both wildlife and humans (Martins & Bianchini, 2011; Choi et al., 2012).
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Additionally, depending on its chemical speciation in the water and the
physicochemical conditions of the environment, Cu may generate harmful
effects at different magnitudes on a given ecosystem. Particularly, estuaries
shelter a wide range of aquatic species, which include important groups such as
fish, crustaceans, insects, mollusks, algae, among others. Such biodiversity
may be affected by Cu excess, but quantifying the total dissolved concentration
(required by regulation processes) of Cu in the environment does not
necessarily indicate the degree of toxicity it generates (Martins & Bianchini,
2011). Therefore, it is important to study the Cu labile fraction and its
relationship with the ecosystem, since this fraction is easily taken up by
organisms. In this sense, tools such as the technique of Diffusive Gradients in
Thin films (DGT) (Zhang & Davison, 1995) have been developed for a more
accurate determination of the labile fraction.

This technique is used in different fields of research (water quality,
chemical speciation, sediment geochemistry, bioavailability and dynamic
processes in water and soils) (Pérez & Anderson, 2009; Pesavento et al., 2009;
Town et al., 2009; Clarisse et al., 2011); it is based on a passive sampling,
which enables to quantify an analyte in its labile form, in terms of mass and
subsequent concentration determination (Davison & Zhang, 2012). This tool
provides time-integrated data with good resolution, saving time and costs when
compared to traditional analytical methods. It is currently being used in
ecotoxicology as it has been shown to yield excellent results in predicting metal
bioavailability and good interpretations of exposure effects (Garmo et al., 2003;
Simpson & Batley, 2007; Chen et al., 2012).

Nevertheless, the determination of the labile fraction concentration of a
trace metal, even representing the most readily potential available form, does
not indicate if the biological community is negatively affected by the presence of
a metallic ion in a given ecosystem. In this sense, it is important combine the
DGT technique with other tools in an attempt to understand the relationship
between the levels of a contaminant and its adverse effects on the local biota
(Martins & Bianchini, 2011). Among these tools, toxicity tests are useful to the

29



further assessment of ecological risk and have been applied to estimate risk of
some organic compounds (Liang et al., 2019; VaSi¢kova et al., 2019; Yan et al.,
2019). However, studies focusing on metallic species are scarcer and
centralized in sediment studies (Nour et al., 2019; Shi et al., 2019; Zhang et al.,
2019), and not in the column of water (Xiao et al., 2019).

Considering that an Ecological Risk Assessment (ERA) is “a process that
evaluate the likelihood that adverse ecological effects may occur or are
occurring as a result of exposure to one or more stressors” (USEPA, 2008), the
coupling between exposure data and toxicity data of a given contaminant
constitutes an important step during ERA planning and conduction. Exposure
data can be assessed, for instance, through the measurement of the analyte of
interest in the studied ecosystem, generating the measured environmental
concentration (MEC). Toxicity data can be gathered to derive a Predicted Non
Effect Concentration (PNEC) - defined as the concentration below which an
unacceptable effect on exposed organisms is unlikely to occur (ECB, 2003;
Finizio & Vighu, 2014) - of a representative biological community (ECB, 2003;
Finizio & Vighu, 2014). According to Finizio & Vighu (2014), there is no
established criterion for PNEC determination, but in literature most of the PNEC
are derived based on populational endpoints, such as survival, development

and growth of organisms (Jin et al., 2014).

PNEC is important to be applied in highly impacted areas to evaluate de
adverse ecological effects for the aquatic community. Brazilian coastal areas
are not exempt from many environmental problems, as they present many
sources of high-impact contamination, like shipyards, which release Cu into the
estuarine waters (Costa & Wallner-Kersanach, 2013; Martins & Monteiro-Neto,
2018). Furthermore, in Brazil there is no control of residues generated by Cu
and Zn-based antifouling paints (Paradas & Amado Filho, 2007; Costa et al.,
2016), especially in shipyards areas. On top of that, the legislation established
in Brazil as well in other parts of the world, usually does not consider the labile
fraction of trace metals for regulatory purposes, so that ERAs might be
overestimating the potential risk of Cu. Finally, it is important to highlight that
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ERAs are not used for the establishment or refinement of quality criteria in
Brazilian coastal environments, despite they shelter a wide range of species
representing different taxa belonging to different trophic levels and covering

many native species.

Consequently, the present study was developed in different estuarine
locations along the southeastern and southern coast of Brazil, aiming at
understanding the impact of Cu released from shipyard-related activities on
these ecosystems and their biological communities. Therefore, the main
objective of this study was to perform Ecological Risk Assessments of Cu in
these ecosystems, using both the Diffusive Gradients in Thin films (DGT)
technigue and total dissolved Cu measurements for exposure characterization,
and the derivation of a Cu Predicted No Effect Concentration (PNEC) for

aguatic species naturally occurring in Brazilian coast for toxicity assessment.

2. Materials and Methods

2.1.Study area

The determination of Cu-Diss and Cu-DGT fractions in water was carried
out in three important port areas of southeastern and southern Brazil, on the
margins of the estuarine area of the states Rio de Janeiro (RJ), Santa Catarina
(SC) and Rio Grande do Sul (RS) (Fig. 1).

In the southeastern region of the country, samplings were carried out in
the Guanabara Bay (Niterdi, Rio de Janeiro state) at the TM Shipyard (TMS)
(22°52'32"S, 43°06'59"W), categorized as a medium-sized shipyard (1500 m?),
and located at the Conceicéo Island. This bay (384 km?), known as the most
prominent in Brazil, has an average depth of 5.7 m in their margins and up to 30
m in the inner channel, and the hydrodynamic is mainly dominated by tidal
currents (Amador, 1997). The Guanabara Bay shelters different mangrove
species, more than 100 plant taxa, more than 68 species of birds (including

endangered species), and several groups of crustaceans (Kjerfve et al., 2001).
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In spite of its ecological importance, the bay has proven degradation of its
waters due to direct discharge of sewage, as well as supersaturation of
dissolved oxygen in the surface, while anoxic conditions are found in the water
near the bottom (Perin et al., 1997; Carreira et al., 2002; Machado et al., 2008;
Borges et al.,, 2009; Aguiar et al., 2011; Donnici et al., 2012; Da Silva et al.,
2014).
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Figure 1. Study sites in estuarine areas in the southeastern and southern coast
of Brazil: A) TM Shipyard (TMS) located at the Conceicéo Island in Guanabara
Bay (RJ); B) P Shipyard (PS) in the margins of the Itajai-Acu River (SC); C)
GFF Shipyard (GFFS), S Shipyard (SS) and Reference Area (Marinheiros
Island, MI) in Rio Grande city, located in the southern region of the Patos
Lagoon estuary (RS). Satellite images were extracted from Google Earth® in
2019 July.
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In South Brazil, samplings took place in the Itajai-Acu River, state of
Santa Catarina, and in the Patos Lagoon estuary, in the state of Rio Grande do
Sul. In the Itajai-Acu River (Santa Catarina), the samplings were performed at
the P Shipyard (PS) (26°51'55"S, 48°42'23"W), a medium to large-sized
shipyard (2589 m?) located in the Volta Grande neighborhood of Navegantes
city. The Itajai-Acu river stands out as one of the largest national fishing center
and the main sea route (national and international) of Santa Catarina state, as
well as it represents 90% of the flow to the estuary (Schettini, 2002; Pereira-
Filho et al., 2010; Frena et al., 2016); It presents semidiurnal micro-tidal regime,
influenced by atmospheric pressure and shear stress (Schettini, 2002). The
river estuarine margins have mean depths from 5 to 8 m (Schettini, 2002).
Besides the economic importance, the system has an important ecological role
for the regional coastal zone, presenting a great trophic complexity (Schettini,
2002; Vivan et al., 2009). However, the port activities and the direct sewage
discharge, solid waste disposal, and industrial effluents (Pereira-Filho et al.,
2003; Poleza et al., 2014) may represent a threat to the ecosystem.

In the southernmost region of the country, samplings were carried out in
three areas: two medium-sized shipyards and a reference area. All areas are
located in the Patos Lagoon estuary in the vicinities of Rio Grande city (Rio
Grande do Sul). GFF Shipyard (GFFS) (32°01'48"S, 52°04'57"W) in the Porto
Velho area has over one century of operation, and the S Shipyard (SS)
(32°08'44"S, 52°06'8"W) is located in the Super Porto area and has more than
20 years of operation. The reference area at the Marinheiros Island (Ml)
(32°00'52"S, 52°07'52"W) was selected because there are no shipyards in the
area. The Patos Lagoon (10,360 km?) is defined as the largest choked type
coastal lagoon in the world, and is notably affected by phenomena such as "El
nino” and "La nifa" (Kjerfve, 1994). It is characterized by a complex
hydrodynamics, which is mainly driven by a NE-SW winds regime and fluvial
discharge (Moller et al., 1996; Marreto et al., 2017). The estuary margins
receive anthropogenic effluents, including urban, industrial, and agricultural
sewage (Odebrecht et al., 2010; Wallner-Kersanach et al., 2016). In addition,

the system exhibits a wide variety of flora and fauna, and its complex
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hydrodynamics provides, in the periods of greater seawater intrusion, an
increase in the biodiversity of the aquatic communities (Seeliger, 2001; Rosa &
Bemvenuti, 2005).

2.2.DGTs assembly

All materials used for sample treatment was previously washed (> 24h)
with 10% (v/v) nitric acid (HNOs; Merck) p.a. solution and rinsed with ultrapure
water (Milli-Q®, 18.2 MQcm), whereas Suprapur® nitric acid (HNO3z; Merck)

was used for laboratory analyses. All other reagents were of analytical grade

(high purity).

The gels required for the Cu determination as well as the assembly of the
DGT devices were made at the Hydrochemistry Laboratory of the Federal
University of Rio Grande-FURG. The plastic holders of the DGT devices were
obtained from DGT Research Ltd. (Lancaster, UK). The devices were
assembled according to Zhang & Davison (1995), placing over the base of the
plastic holders: (a) a binding gel which retains the analyte (0.5 mm thick); (b) a
diffusive layer of polyacrylamide hydrogel (0.8 mm thick), responsible for the
entrance only of free metal cations, inorganic complexes and some small
organic metal complexes (<0.45 um); and (c) a cellulose nitrate filter (0.45 ym
porosity, 47 mm diameter; Sartorius, Germany) which allows only the metals
dissolved fraction from the waterbody to pass into the sampler. The binding gel
was prepared with acrylamide (99%), cross-linker agarose (2%), Milli-Q® water,
TEMED (N, N, N ', N'-tetramethylenediamine, 99%), ammonium persulfate
(10%) and Chelex-100 resin in sodium form, according to Zhang & Davison
(1995) and Odzak et al. (2002), and polystyrene spacers were used. The
polyacrylamide hydrogel was prepared with acrylamide (99%), cross-linker
agarose (2%), Milli-Q® water and TEMED (N, N, N ', N'-tetramethylenediamine,
99%).

2.3.Sample collection

The sample collections and DGT devices deployment were performed
during two sampling periods in 2018: (S;) between February and March,
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corresponding to the dry season in Rio Grande do Sul and rainy season in Rio
de Janeiro and Santa Catarina; and (S;) between July and September, which
represent the rainy season in Rio Grande do Sul and dry season in the other

sampling areas.

In every study area (TMS, PS, GFFS, SS and Ml), in the same periods,
DGT devices were deployed in situ for a period of 48 h, for further quantification
of the Cu labile fraction (Cu-DGT). Units were placed approximately at the
middle depth of the water column (the mean depth of the sites ranged from 1.1
to 2.0 m), using a deployment system (developed in the Laboratory of
Hydrochemistry of FURG), which consists of a polycarbonate plastic plate with
a plastic net attached to a silk rope, weighted at the bottom end to avoid drift
and buoyancy. At every sampling period, time (seconds) and temperature were
precisely controlled (Datalogger, OnSet) during the DGT devices deployment. In
addition, the water column parameters salinity and conductivity (WTW, Model
315i), pH (Toledo, Model DM) and turbidity (Digimed, DM-TU) were measured
at the beginning and at the end of each sampling. After the deployment periods
(48 h), DGT devices were then removed from the water, placed individually in a
ziplock® plastic bag, and transported refrigerated to the laboratory. In the first
deployment period, 5 DGT devices (n = 25) were deployed in each studied area
(one deployment system per shipyard). Whilst in the second deployment period,
9 DGT devices were used in each study area (three deployment systems with
three DGT devices of each resin gel, n = 45). Additionally, for every
deployment, two additional DGT devices were randomly selected in the field as
analytical blanks, but not deployed in the water column. In addition to the DGT
deployment, water samples were collected in plastic bottles (previously washed
with acid solution), refrigerated and transported to the laboratory for further
analysis of the Cu total dissolved fraction.
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2.4.Chemical Analysis

2.4.1. Copper labile (Cu-DGT)

In laboratory, the DGT devices were opened and the binding gels were
eluted in 1mL of Suprapur® HNO3; (Merck) according to Zhang & Davison
(1995) and subsequently stored under refrigeration (4°C) for at least 24 hours
before analysis in a Graphite Furnace Atomic Absorption Spectroscopy (GF-
AAS; Shimadzu, model AA-7000).

The metal mass retained on the binding gel (M) was calculated as
described by Zhang & Davison (1995; Eq. 1), considering the concentration

measured in the equipment (Ce), the volume of acid from the elution (Vyy,,), the

volume of the gel (V,,;) and the Cu elution factor (fe):

_ Ce (Vunoz *+ Vgel)
fe

M Equation 1
Following, the Cu-DGT concentration (Eq. 2) was calculated from M, total
gels and filter thickness (Ag), Cu?" diffusion coefficient retained in the diffusive

gel (D), deployment time (t) and the window deployment area (A):
Cupegr = — Equation 2

The thickness of the binding gel and the diffusive gel was confirmed
using a digital microscope (1000x); and the Cu®" diffusion coefficient was
obtained from DGT Research Ltd. (www.dgtresearch.com), considering the
average temperature registered in situ at every DGT deployment.

2.4.2. Total dissolved copper (Cu-Diss)

Samples for the Cu-Diss fraction measurement were filtered with
cellulose nitrate filters (0.45 ym, 47 mm in diameter, Millipore®) previously
washed in acid solution, and then pre-concentrated through their passage in a
Chelex-100 micro-column (Bowles et al.,, 2006). Cu-Diss analyses were
conducted by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES; Perkin-Elmer, model DV 2400).
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For the analysis of both Cu fractions (DGT and Diss), the analytical
control was performed using River Water Certified Reference Material (SLSR-6;
National Research Council, Canada). The method accuracy for the Cu-Diss
analysis had a variation below £ 7%; while for Cu-DGT it was below + 15%. The
detection limits (DL) were determined by measuring a sample 10 times (30, with
a significance level of 5%). The DL for Cu-DGT was 0.04 and 0.13 pg.L™ for S;

and S, sampling periods, respectively; whereas, the DL for Cu-Diss was 0.40

ug.L™

2.5.Toxicity data
Copper toxicity data for aquatic organisms were obtained using data from
naturally occurring species in the Brazilian coast, which had their toxicity tested
under estuarine conditions. Toxicity data were retrieved after an exploratory
examination, where a preliminary data review was conducted in the large

databases Science Direct, Springer, Wiley, and PubMed.

Following, seven journals were chosen because they published the
highest number of Cu toxicity data available in the literature: Aquatic
Toxicology, Archives of Environmental Contamination and Toxicology, Bulletin
of Environmental Contamination and Toxicology, Chemosphere, Ecotoxicology
and Environmental Safety, Environmental Toxicology and Chemistry, Science of
The Total Environment. A total of 65 peer-reviewed publications (2000-2019)
were considered, generating a database of 410 toxicity tests covering 51
species. This compiled ecotoxicological dataset (n = 410) consisted of: 3.17%
determined the No Observed Effect Concentration (NOEC) and Lowest
Observed Effect Concentration (LOEC); 27.10% Effect Concentration (ECy);
66.10% Lethal Concentration (LCy); the remaining 3.63% investigated the
Inhibitory Concentration (IC), Threshold-Effect Concentration (TEC), Minimum
Detectable Effect Concentrations (MDEC), and Half-Maximal Activity
Concentration (ACsp).

Before proceeding, all data extracted from peer-reviewed publications
were checked for reliability trough the SciRAP platform (Science in Risk

Assessment and Policy; http://www.scirap.org/) (Moermond et al., 2016). For
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such evaluation, the parameters considered as most important, besides the
chemical species tested (Cu) and the exposure condition (reflecting the
estuarine conditions observed in this study), were the validity of the
criterion/endpoint, the exposure time, and the description of the test organism.
Data with great uncertainties and few details were discarded to ensure that only
robust and accurate test results were used. In the end of the data analysis, only
data which presented a reliability = 75% were used for the PNEC derivation,
resulting in 266 CLy data. When more than one test was conducted for the
same species under the same condition, they were combined to generate a
unique CLy value for each species (mean values were used). However, the
same species tested in different life stages was considered as separated tests.
The final dataset consisted of 18 toxicity tests (CLsp), covering 16 species
(Annex 4).

2.6.Derivation of Predicted No Effect Concentrations (PNEC):

Probabilistic Approach using Species Sensitivity Distributions

(SSD)

PNEC was derived using the probabilistic approach, according to the
Technical Guidance Document (TGD) of risk assessment of the European
Chemicals Bureau (ECB, 2003); the probabilistic method was used because the
dataset was robust enough to enable the construction of a Species Sensitivity
Distribution (SSD) curve, including more than 15 different species belonging to
several ecological groups (ECB, 2003; EC, 2011; Martins et al., 2018). The
SSD curve was generated using a cumulative graph of the toxicity values (LCsp)
algorithmically transformed against the assigned percentiles for every value at
which a statistical distribution was adjusted (Wheeler et al., 2002). In detall, the
"y-axis" positions in the plot of the SSD curve were determined on the basis of
the data classification (i) and the total number of data (n), according to the
European Chemicals Bureau (Eq. 3; ECB, 2011).

(i—0.5)/n Equation 3

The ecotoxicity dataset was analyzed using a probability distribution of

the ranked log-normal toxicity, thus the PNEC value was derived considering
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the hazard concentration to 5% of the species (5%SSD), a 50% confidence
interval (50%C.1.) and an appropriate AF (AF = 10) (Eq. 4; ECB, 2003).

5%SSD X 50%C.I. :
PNEC = == o - Equation 4

2.7.Risk characterization
Risk quotients (RQ) were calculated for each study area, by dividing the
Measured Environmental Concentration (MEC) for the Predicted No Effect
Concentration (PNEC) (Eg. 5; ECB, 1996). Risk quotients were calculated using
both the Cu-DGT (RQ1) and Cu-Diss (RQ>) as MEC values.

MEC :
RQ = PNEC Equation 5

Risk was then categorized as low risk (RQ < 0.1), moderate risk (0.1 <
RQ < 1.0) and high risk (RQ = 1.0).

2.8. Statistical analysis
The normal distribution of the data was evaluated by the Shapiro-Wilk
test with a significance level of 95%. The differences between sampling periods
and among the studied sites were assessed by t-test, with a confidence interval
of 95% (p<0.05). For the PNEC derivation the dataset was transformed with log

(x+1). Data processing was performed with the R Core Team Software (2016).

3. Results
3.1.Chemical Analysis

3.1.1. Physicochemical parameters of estuarine water
Mean values of physicochemical parameters are shown in Table 1.
Overall, the different parameters showed variations between the sampling
periods, except pH and turbidity at TMS and PS sites. The temperature was
higher in S; when compared with S, sampling period. Salinity indicated
important seasonal variations for each study area, except for the TMS site (Rio
de Janeiro). In the PS site (Santa Catarina), salinity was higher during S,
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contrary to the study sites of Rio Grande (GFFS, SS and Ml sites), where higher
salinity was found during S;. Turbidity in the Patos Lagoon estuary (GFFS, SS
and Ml sites) showed higher value during S, while no differences between the

sampling periods were found at TMS and PS.
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Table 1. Mean values of the physicochemical parameters in the water column

during every sample period S; and S, at the different sites.

Sample -

Location Collection Tempoerature pH  Salinity Turbidity
(°C) (NTU)

Cl9)
TM Shipyard (TMS), S; 27.3 7.3 30.1 11.9
Guanabara Bay S, 23.6 7.8 31.7 10.0
P Shipyard (PS). Itajai- S 24.8 6.2 0.1 20.1
Acu River S; 18.0 6.9 18.2 21.1
GFF Shipyard (GFFS). S; 26.4 8.3 31.7 29.0
Patos Lagoon Estuary S 18.5 7.6 1.0 56.9
S Shipyard (SS). Patos S 26.2 8.4 32.0 33.1
Lagoon Estuary S; 19.0 8.0 5.6 62.8
Marinheiros Island (MI). S: 26.8 8.5 27.0 5.2

Patos Lagoon Estuary S, 23.2 7.8 1.6 26.3

3.1.2. Copper labile (Cu-DTG) and total dissolved copper (Cu-Diss)

The Cu-DGT concentrations (Fig. 2A) in the water column showed

significant variations (p<0.05) with higher levels during S, in PS, GFFS and MI.

In the TMS site, a significant difference between sampling periods was not

found. The SS site presented higher concentration in S; period, which was also

the highest Cu-DGT concentration found in the present work. In regard of the

Cu-Diss fraction (Fig. 2B) significant variations (p> 0.05) between sites or

between sampling periods were not found, except for GFFS site where a higher

Cu-Diss concentration was found during S,.
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Figure 2. (A) Cu-DGT (deployment 48 h) and (B) Cu-Diss concentrations
(Mg.L) in S; () and S, (mm) in: TM Shipyard (TMS), P Shipyard (PS), GFF
Shipyard (GFFS), S Shipyard (SS) and reference area (Marinheiros Island, MI).
Values are reported as meanzSE. Samples from each data set (Cu-DGT e Cu-
Diss) were compared by t-test (p<0.05); the same letters indicate not significant
difference, while different letter indicate difference.

3.2.Species Sensitivity Distributions (SSD) curve and Predicted No
Effect Concentrations (PNEC) derivation
The PNEC derivation was performed from LCsy values (acute data)
rather than using available chronic data, because chronic values, even
representing more than 3% of the initial data (410), did not composed a dataset
that meets the minimum requirements for PNEC derivation and an SSD curve
construction, especially the coverage of the minimum required taxonomic
groups. An SSD was plotted based on the LCsy, for 16 species (Fig. 3),
distributed in the families Amphiuridae, Brachionidae, Cyprinidae, Cyrenidae,
Daphniidae, Hyalellidae, Poecilidae, Potamidae, Ranidae, Salmonidae,
Squalidae and Varunidae within the phyla Annelida, Arthropoda, Chordata and
Rotifera of the kingdom Animalia; and the families Araceae and Ceramiaceae of
the phyla Rhodophyta and Tracheophyta of the kingdom Plantae.The resultant
PNEC was 0.16 pg.L™.
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The SSD plot represents the fraction of species that would be potentially
affected as function of the dissolved Cu concentration in water. The PNEC
value indicates the dissolved Cu concentration, in which 95% of the ecosystem
community would be protected from acute effects, extended to protection from
chronic effects with the use of an assessment factor (AF). The Amphipod
Hyalella pseudoazteca and the red algae Ceramium tenuicorne were the most
sensitive species to Cu, whereas Callinectes sapidus and Neohelice granulata

(juvenile stage) crustaceans where the least sensitive species (Fig. 3).

§
~ Neohelice granulata juvenile
g 100+ Callinectes sapidus
O ® Lithobates catesbeianus
8_ Squalus acanthias
““_'-' Cyprinus carpio larval
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E Cnesterodon decemmaculatus
§ 501 Oncorhynchus mykiss
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Figure 3. Species Sensitivity Distribution (SSD) curve of dissolved copper for
different species inhabiting the Brazilian coastal ecosystem. The toxicity data
include only acute values (LCsp), and they are reported using the log-normal of
toxicity data.
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3.3.Risk characterization

Risk characterization and risk category, for each site, are shown in Table
2. Based on the Cu-DGT concentration as MEC, risk (RQ.) was found to be

high in most sampling areas and periods, including the reference area during

S,. When the risk was based on Cu-Diss concentration as MEC (RQy), a very

high risk was found in all study areas.

Table 2. Calculated Risk quotients (RQ) during each sample period S; and S,
of the different sites, using the Cu-DGT (RQ;) and Cu-Diss (RQ>) fractions as

MEC values.
Sample Risk characterization Risk characterization
Location Collection (MEC = Cu-DGT) (MEC = Cu-Diss)
(SC) . Risk
RQ; Risk category RQ, category
Guanabara Bay S, 47 >1  High 77 >>1 High!
Itajal-Acu River S, 31 >1  High 137  >>1 High!
GFF Shipyard S 0.9 <1 Moderate 10.5  >>1 High!
(GFFS), Patos
Lagoon Estuary S, 2.0 >1 High 52.3 >>1 High!
S Shipyard (SS), S, 11.1  >>1  High! 11.8  >>1 High!
Patos Lagoon
Estuary S, 5.7 >>1  High! 15.8 >>1 High!
Marinheiros Island S, 0.3 <1 Moderate 10.1 >>1 High!
(MI), Patos Lagoon
Estuary S, 1.9 >1 High 7.7 >>1 High!
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4. Discussion

4.1.Copper content in shipyard areas: labile and total dissolved
fractions
Salinity, pH and turbidity values (Table 1) in Rio Grande sites (GFFS, SS
and MI) are within the same range as previously reported for the Patos Lagoon
estuary in different sampling periods (Windom et al., 1999; Costa & Wallner-
Kersanach, 2013). Similarly, the pH and temperature values at the TMS site
were comparable with values determined in previous studies, such as Aguiar et
al. (2011) which indicated pH and temperature values of 7.30 and 26.9°C,
respectively. The PS site, contrary to sites within Patos Lagoon, showed higher
salinity values in dry season (S;) when compared to rainy season (S;). These
values agree with previous measurements reported by Pereira-Filho et al.
(2010) (salinity = 16) and Oliveira et al. (2010) (salinity from 11 to 22). It is
important to highlight that the Itajai-Acu River basin was affected by heavy
rainfall during the week before the first sampling period (S1), thus generating a
decrease of the dissolved salt content in water during the sampling, due to the

increase of the freshwater flow.

In regard of the Cu-DGT concentrations determined in this study (Fig. 2),
the following descending order of concentrations was found for the study areas:
SS>TMS>PS>GFF>MI in both periods. The TMS site did not showed significant
differences (p>0.05) in Cu-DGT concentrations between sampling periods (Fig.
2A), probably related to low variations in the water physicochemical parameters
(Table 1), since the study area is a bay. In contrast, the significant differences
(p<0.05) observed in the other study sites reflect the larger variations in the
physicochemical conditions at these estuarine sites, with special attention to
salinity and pH. Thus, higher concentrations of Cu-DGT in estuarine waters of
the Patos Lagoon estuary were observed during S,, with exception of the SS
site, and agree with lower salinity values. Salinity had already been reported as
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one of the major factors responsible for the availability of labile Cu in estuarine
waters of the Patos Lagoon estuary (Costa & Wallner-Kersanach, 2013).

During the deployment time in S; period at SS site and S, period at PS
site (higher salinity values and lesser precipitations), the greatest vessels
maintenance activity was observed, reflecting in higher Cu-DGT concentrations.
Indeed, SS site has been reported as one of the most active shipyards at the
Patos Lagoon estuary (Costa et al., 2016; Soroldoni et al., 2018). Therefore, the
Cu input in these shipyards may be high enough to predominate over the
effects of the physicochemical parameters on the Cu labile fraction mobility. In
detail, the high Cu-DGT concentration at SS and very significantly different
(p<0.01) from the other sites, was observed during S;, when freshly painted

vessels were moored in the area.

Authors such as Singh & Turner (2009) have reported, from laboratory
experiments with simulated environmental conditions, that antifouling paints
tend to leach larger quantities of Cu ions to the surrounding water when the
salinity is higher in the environment, and attributed it to dissolution processes of
the copper oxide (1) (Cu,0) from antifouling paints, in the presence of chloride
ion (CI) and seawater cations (Singh & Turner, 2009). However, the end
products of these processes generate compounds that are not completely
stable (CuCl* and CuCls?), so the associated Cu can dissociate (Howell &
Behrends, 2006; Singh & Turner, 2009). Consequently, an increase in the
proportion of labile Cu (copper free ions and weak inorganic complexes) may be
generated, which is diffused into the binding gel of DGT devices during periods

of deployment.

Comparing Cu labile concentrations obtained in this study with those
reported by other authors, the results were similar to those previously reported
for marinas and shipyards at the Patos Lagoon estuary (Wallner-Kersanach et
al., 2009; Costa & Wallner-Kersanach, 2013), as well as in leisure areas with
constant vessels traffic in Sweden during the summer (Edgardt et al., 2018).

However, with exception of the SS site, Cu labile concentrations in the studied
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area showed to be lower than in ports and marinas in Spain (Montero et al.,
2013) and France (Caro et al., 2015).

The concentration of Cu-Diss was similar in all sampling sites and
periods, except for the GFFS site, where a significant difference (p<0.05) from
the other study sites was found in the S, period. High Cu-Diss concentration at
the GFFS site may be related to the high turbidity values (56.9 NTU) observed
during this period. In this estuary, high freshwater discharges and changes in
wind patterns provide a decrease in dissolved salts and favor sediment
resuspension processes (Wallner-Kersanach et al., 2009) that could remobilize
metals to the overlaying water column (Seitzinger et al., 2010), increasing the
total dissolved copper content. Additionally, studies have reported important Cu
content in the sediment of this site (Costa et al., 2016), that could be easily

released into the water column under variations in physicochemical conditions.

Although turbidity values at SS site (62.8 NTU) were similar to GFFS
during the S, period, the SS site is closer to the central channel of the Patos
Lagoon estuary, thus the shipyard area has a higher hydrodynamics, a deeper
water column, and coarser sediment in the surroundings, which decreases the
resuspension of particulate material. Meanwhile, the GFFS site has a more
sheltered morphology and a shallower water column, which provides a higher
sediment resuspension. In fact, when high suspended particulate matter content
(SPM) is found, a decrease in the Cu-DGT is observed (Costa & Wallner-
Kersanach, 2013). This is concordant with the low Cu-DGT concentrations

determined at this location compared to its dissolved fraction.

Except for GFFS in the S, period, Cu-Diss values obtained were up to
twice as lower than values reported for the Venezia Lagoon estuary, a site with
high discharge of domestic and industrial sewage (Morabito et al., 2018). The
same is observed when compared with the results described for marinas in the
coast of California (Schiff et al., 2007), as well in various locations in the
northern coast of Australia (Munksgaard & Parry, 2001). On the other hand, the
Cu-Diss concentration was higher than those reported for Sydney Harbor in
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Australia (Hatje et al., 2003), a highly urbanized area that includes harbors,

marinas, paint industries and continuous vessel traffic.

When comparing Cu-DGT and Cu-Diss concentrations for every
sampling period, it is noted that the dissolved fraction exceeds the labile fraction
(between 2 and 32 times more), which is to be expected since the labile fraction
is part of the total dissolved fraction. Nevertheless, the Cu-DGT fraction
represents a higher proportion of Cu-Diss (between 22-62%) during low salinity
period, except at the GFFS site where it only represented 2%. Meanwhile, the
opposite is observed during high salinity period (3-48%), except at SS site,
where Cu-DGT represents 93% of Cu-Diss fraction.

4.2.Risk characterization

Different representative organisms of diverse ecosystems niches were
used for the construction of a Species Sensitivity Distribution (SSD) curve (Fig.
2) and the resulting probabilistic derivation of PNEC. This tool is increasingly
being used in Ecological Risk Assessments since it allows a high statistical
reliability in risk assessment procedures (Wheeler et al., 2002; Fan et al., 2019;
Yan et al., 2019). In this study, an ecotoxicity dataset of 16 species distributed
in different ecological groups were used for SSD and PNEC derivation: (1)
algae; (2) amphibia in larval phase; crustacean in larval (3) and juvenile (4)
phase; (5) others invertebrates; (6) macrophyta; (7) zooplankton (other than
crustaceans); and (8) fish. Considering that all toxicity tests used were highly
reliable (= 75%), and the number of species (preferably more than 15) and
taxonomic groups (at least 8 taxonomic groups) met the minimum criteria for
derive PNEC based on SSD curves (ECB, 2003), the resultant PNEC can be
considered robust for Brazilian estuarine ecosystems. In addition, it should be
taken into account that in the present study, ecotoxicological dataset relied on
results from toxicity tests performed within a wide range of salinity (5-38) to

better reflect estuarine conditions.

When deriving a PNEC, it is recommended to base the toxicity dataset
on chronic data, since they offer greater robustness and allow statistical

extrapolations to be performed with higher accuracy. Additionally, chronic
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values are more representative of natural systems, where the water body is
continuously receiving low concentrations of pollutants (Finizio & Vighu, 2014).
However, the validity of using acute data is also recognized, mainly due to the
scarcity of chronic data (Wheeler et al., 2002; Finizio & Vighu, 2014; Martins et
al., 2018). Huang et al. (2018) concluded that when PNEC derivation comes
from acute data, it should only be based on the most sensitive endpoints of
each species. Due to the current dataset being restricted to Brazilian coastal
organisms, data were insufficient to generate a robust chronic dataset, so that
an assessment factor (AF) was used to allow extrapolations from acute to
chronic conditions. AF are defined as uncertainty factors, which are based on
the precaution principle, considering that risk assessments may have multiple
sources of uncertainty related to the huge variability of ecological communities
that are intended to be protected (ECB, 2003). The size of the AF depends on
the robustness of the dataset (EC, 2011; Martins et al., 2018). The lower the
amount or reliability of available data, the greater the AF applied (Finizio &
Vighu, 2014). In this sense, Martins et al. (2018) indicate that because the
probabilistic approach is more comprehensive, the degree of uncertainty of the
generated data is reduced yielding a more realistic result when using a low AF
value. In the present study, an AF of 10 was used since different ecological

groups were used, allowing a good portrait of the whole ecosystem.

It is worthy to mention that site-specific probabilistic PNECs, as the one
considered in the present study, usually relies on the use of species not
standardized in the scope of international guidelines in order to generate a
complete and robust dataset. The suitability in using non-standard species was
checked based on the reliability of the toxicity tests performed, and only tests
whose reliability was = 75% were used in the dataset. Moreover, the use of site-
specific PNECs which embrace a more comprehensive dataset of naturally
occurring species, allows to establish accurate hazard assessment adjusted to
the characteristic of a specific system. Hence, the PNEC derived in this study
covered species that occur naturally in the Brazilian coast and could be

extrapolated to areas other than those affected only by vessel maintenance.
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The integration of Cu-DGT or Cu-Diss concentrations (exposure data)
with the PNEC (toxicity data) allows the actual risk of copper to be calculated for
each studied area, within the scope of the ecological risk assessments (ERA).
In the present study, the risk quotient (RQ1) of each study area was calculated
based on the Cu-DGT concentrations (Table 2), aiming to obtain a more
realistic evaluation. In this sense, it is important to highlight that the DGT
concentrations reported in this paper indicate the average labile Cu
concentration during continuous 48 h deployment of the DGT devices, being
representative for the studied areas. In addition, risk quotients were also
calculated using Cu-Diss concentrations (RQy), resulting in overestimation of
the ecological risk (Table 2), as expected; hence, the risk characterization was

more realistic when Cu-DGT concentrations were used.

The RQ; showed the highest risks at the TMS and SS sites, where a
larger number of vessels under maintenance was observed during the
deployment time when compared to the other study sites. Taking into account
that the Cu-DGT concentration represents almost entirely the Cu-Diss fraction
(93%) at the SS site, and the risk quotients (RQ;) showed the most alarming
risk (5.7-11.0), it can be asserted that SS brings the highest risk of Cu among
all the studied shipyard areas. In order words, concentrations of labile Cu in
Brazilian coastal areas with the presence of hotspots (shipyards as a source of
metals) effectively represent an alarming risk to 95% of the aquatic community

inhabiting the area.

Further studies should be conducted to investigate if risk may be
increased even more by the presence of other trace metals, such as Zn, since
high concentration of the labile fraction of this metal has been previously
reported at SS site (Costa & Wallner-Kersanach, 2013). Laboratory studies
have shown that Cu and Zn (major compounds in antifouling paints) have a
synergistic effect on the toxicity to the copepod Acartia tonsa (Soroldoni et al.,
2018).

The risk assessments performed in this study should be evaluated with
care and could be cataloged as a preliminary evaluation, bringing to light the
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importance of using ERA as a tool for a more comprehensive understanding of
the real impact of metals in hotspots areas such as shipyards. This study was
carried out using measured concentrations from punctual sampling surveys and
do not consider temporal series from a continuous monitoring, despite the DGT
passive sampler is able to integrate the labile concentration during the
deployment time. Anyhow, it provided important results showing priority areas
for further studies using higher tiers of ERA, in which DGT devices should be
continuously used for the monitoring of shipyard areas where high risks are
found to better understand the complex hydrodynamics of these estuaries that

could largely affect the Cu potential bioavailability.

The most sensitive species to copper was the crustacean Hyalella
pseduoazteca (LCsp = 0.17 pg.L™?), followed by the macrophyta Ceramium
tenuicorne (Fig. 2). The least sensitive species were the decapod crustaceans
Callinectes sapidus and Neohelice granulata in the juvenile stage, while
organisms with a moderate sensitivity (middle curve area) were mainly
represented by fish and some invertebrates (including some species of
crustaceans). The fact that H. pseudoazteca could be the most sensitive
species to Cu in water has important implications, as this amphipod can
represent an essential part of the ecosystem food web by serving as food at the
lowest trophic levels (Casset et al., 2010), especially during periods of low
salinity. Regarding the macrophyta C. tenuicorne, Eklund (2017) demonstrated
that the organism is highly sensitive to compounds released in areas of
shipyards and ports, and therefore affected. Likewise, this author concludes that
the referred species is important ecologically, due to it is wide distribution
around the world, being the most common species of red algae in the Baltic
Sea. It should be emphasized that the most sensitive species to Cu were tested
under low salinity conditions. In the present study, ecotoxicity results from
exposure to different salinities were gathered for the SSD curve and PNEC
derivation. Therefore, further studies reflecting low salinity estuarine conditions
may generate datasets reflecting the worst-case scenario, in which copper

toxicity is higher. To date, reliable ecotoxicity tests performed at low salinities
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(using diluted seawater) are scarce but could improve the understanding of the

Cu toxicity in highly dynamics environments such as estuaries.

Finally, it is worthy to mention that Brazilian legislation established the
concentration of 7.8 pg.L™" as the water quality criterium (WQC) for dissolved
copper in estuarine waters where shipyards are installed (CONAMA, 2005).
That means that, based on dissolved copper concentration found in the present
study regardless the study area (Fig. 2), Cu concentrations released into those
areas are to be considered safe meaning that no studied shipyard would be
considered to affect the local aquatic biodiversity. Nevertheless, when biological
responses to Cu are also taken into account, as shown by the use of ERA in
this study, results showed that the environmental concentrations of the Cu labile
fraction represent from moderate to high ecological risk in all studied areas,
while the dissolved copper concentrations indicate high risk. That brings to light
the importance of performing ERA based on sound-science to derive water
quality criteria and support management actions. Especially in developing
countries, where quality standards (if available) are usually based on the total or
dissolved concentration of Cu and other trace metals, without taking into
account other important factors such as metal speciation or the representative
biological species of each system, which may jeopardize the protection of
biodiversity.

5. Conclusion and recommendations
In the present study, Ecological Risk Assessments of Cu for estuarine
environments of the southeastern and southern coast of Brazil were performed
by coupling the Diffusive Gradients in Thin films (DGT) technique, the total
dissolved Cu content in water and the derivation of a PNEC encompassing
aquatic species occurring in Brazil. Cu-DGT and Cu-Diss concentrations
determined in the present study showed a direct relationship of Cu with the
application of antifouling paints and the maintenance of vessels. In sites where
more vessels were present during the sampling periods, it was observed that
the labile Cu (DGT) concentration represented up to 93% of the total dissolved
fraction, increasing the risk to the local aquatic community. Additionally,
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although Cu-DGT and Cu-Diss concentrations in the water of the shipyard
areas were similar or lower than those reported for other contaminated
estuarine waters, they exceeded the PNEC value and resulted in risk quotients
representing moderate to high risk, indicating that these shipyard areas pose
ecological risks to a large number of species in estuarine systems, important
nursery areas for them. The use of the DGT technique provided a more
accurate risk assessment and should be considered for implementation in future
legislation. However, further studies are necessary for a more comprehensive
ERA taken into account the complex hydrodynamics of estuarine areas
throughout time and space.

The PNEC and the potential ecological risk that Cu represents for the
studied areas (shipyards on the southeastern and southern coasts of Brazil)
could be extrapolated along the Brazilian coast. Thus, the derived PNEC could
help to establish a more realistic value of the permissible content of dissolved
Cu in estuarine waters that ecosystems are able to support without severe
deleterious effects, refining current values aiming at protecting a larger percent

of the biological community.

Finally, considering that antifouling paints are able to release Cu and
other metals such as Cr, Ni and Zn present in the paint composition (Costa et
al., 2016; Soroldoni et al., 2018), it is important to perform ERAs of these
elements to areas with similar characteristics, highlighting the suitability of using

the DGT technique to determine the labile fraction of these elements.
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Resumo

Areas estuarinas sd@o afetadas pelas atividades desenvolvidas nos
estaleiros, capazes de liberar metais traco que podem permanecer na sua
fracdo potencialmente biodisponivel. Esta fracdo representa um maior risco
ecologico devido aos metais, na forma de ions livres ou fracamente
complexados, serem mais facilmente acumulados pelos organismos. No
entanto, a relacdo entre o aporte continuado e direto destes metais e sua
especiacdo na coluna de &agua tem sido escassamente estudada.
Consequentemente, neste estudo foi determinada a frac&o labil de Cr, Ni e V
utilizando a técnica de Gradiente Difusivo de Fina Membrana (DGT, siglas em

inglés) em diversas localidades estuarinas da costa sudeste e sul do Brasil,
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com presenca de estaleiros de médio a grande porte e com condi¢des fisico-
quimicas distintas. O objetivo foi de obter um maior entendimento do
verdadeiro grau de impacto desta fonte localizada de metais traco para os
sistemas aquaticos. A técnica DGT foi capaz de determinar metais traco (Cr, Ni
e V) na sua fracao Iabil, provenientes da liberacdo dos residuos das tintas anti-
incrustantes, uso de ligas de aco no casco de embarcacbes e produtos
derivados do petréleo. O maior contetdo da fracao labil dos metais ocorreu nos
periodos de maior reparo de embarcacdes e maior trafego de embarcacdes.
Variacdes na fracdo labil de Ni e V nas aguas da Lagoa dos Patos mostraram
estar influenciadas por mudancas da salinidade. O processo de desorgcéao de
metais provenientes da remobilizacdo de sedimentos superficiais € um
mecanismo chave na especiacdo de metais traco neste estuario. Porém, o Cr
parece ser rapidamente complexado evitando representar um risco ecolédgico
para os sistemas. Apesar dos locais terem condic¢des fisico-quimicas diversas,
e podendo ser estas condicdes amplamente variaveis entre periodos sazonais,
foi observado que efetivamente os locais de estaleiros podem ser
categorizados como um hotspot de metais traco nas suas fracdes labeis para
diversos sistemas estuarinos do sudeste e sul do Brasil e o risco ecolégico para

estes locais deve ser estudado.

Key words: trace metals, DGT, estuary, availability, Brazilian coast.
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1. Introducéao

A poluicdo por metais traco em ambientes aquaticos resulta em uma das
principais problematicas ambientais, de saude publica e econbmicas na
atualidade (Desaulty et al., 2016). Os metais podem se acumular em diversos
organismos, e consequentemente gerar efeitos deletérios nos mesmos, e
assim afetar outras formas de vida, incluindo os seres humanos (Choi et al.,
2012). Especificamente, estes elementos podem ter mdultiplas fontes tanto
naturais quanto antropicas, sendo conhecido que alguns deles podem atingir os
sistemas estuarinos através de processos de reparacdo de embarcacdes,
especialmente com a cobertura dos cascos com tintas anti-corrosdo e anti-
incrustantes (Turner, 2010). A nova geracdo destas tintas, contem na sua
composicdo, principalmente cobre (Cu) e zinco (Zn) (Turner et al., 2009;
Turner, 2010), embora, metais como Ba, Cd, Cr, Ni, Pb e Sn estdo presentes
nestas tintas em uma menor propor¢cao (Turner, 2010). Metais como Ni, Pb e V
podem ser gerados da queima de combustiveis fosseis e aplicacdo de outros
produtos derivados de petroleo como graxas e diesel naval (Pereira et al.,
2018), além do Cr, Ni e V estarem presentes nas ligas de aco presentes na
composicdo de embarcacdes com casco de aco. Consequentemente, foi
demostrado a contribuicdo de metais, como Cu e Zn na sua fracéo labil, a partir
de tintas anti-incrustantes em aguas estuarinas (Costa & Wallner-Kersanach,
2013; Egardt et al., 2018). No entanto, ndo se possui conhecimento da
concentracdo de outros metais traco na coluna de agua, que também possam

ser aportados de forma continua e direta nestes locais.

O maior risco ecoldgico dos metais traco ocorre quando 0S mesmos se
encontram na sua fracéo labil ou potencialmente biodisponivel, devido que na
forma de ions livres ou estando fracamente complexados sao mais facilmente
acumulados pelos organismos (Campbell, 1995). Desta forma, dependendo da
sua especiacao quimica e das condic¢des fisico-quimicas na coluna de agua, os
metais podem gerar maior ou menor grau de efeitos prejudiciais em
determinado sistema. Portanto, quantificar a concentragéo total de uma espécie
guimica no ambiente ndo indica necessariamente o grau de toxicidade que esta

€ capaz de gerar (Martins & Bianchini, 2011). Adicionalmente, a coleta de
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amostras de adgua somente permite obter apenas a composicdo da agua em
um momento especifico, ndo tendo em consideracdo mudangas nas condi¢cdes
do ambiente que possam ser causadas pela propria liberacdo dos metais,

produto das atividades antropicas (Desaulty et al., 2016).

Neste sentido, tem-se desenvolvido ferramentas mais precisas que
facilitam a determinacdo da fracdo labil dos metais traco, como é a técnica de
Gradientes Difusivos de Fina Membrana (DGT, siglas em inglés). Esta € uma
técnica de amostragem passiva muito dindmica capaz de fornecer uma medida
quantitativa in situ e integrada no tempo das espécies de metais l4beis
presentes em sistemas aquosos na forma de ions livres ou fracamente
complexados (Zhang & Davison, 1995; Davison & Zhang, 2012). Assim, 0s
dados obtidos permitem economizar tempo e custo em comparagcdo com
métodos tradicionais e os efeitos da matriz no processo analitico sao
diminuidos (Uher et al., 2017). Outra vantagem é que por ser uma amostragem
passiva permite ser mais adequada para 0 seu uso em programas regulatorios
de rotina, diferentemente das técnicas analiticas mais classicas (Uher et al.,
2017), como a voltametria, utilizada para a determinacdo da especiacdo de
metais na agua (Abualhaija et al., 2015). Consequentemente, a técnica DGT ja
tem sido utilizada em ambientes estuarinos com condi¢des hidrodinamicas
complexas e fisico-quimicas muito variaveis, assim como em locais com fonte
continua e localizada de metais traco, como marinas, portos e estaleiros
(Wallner-Kersanach et al., 2009; Costa & Wallner-Kersanach, 2013).

Tais ambientes estuarinos nas areas costeiras brasileiras, ndo séo isentos
da problemética de contaminacdo das aguas por metais traco, tendo sido
identificados os estaleiros como locais de alto impacto com relacéo a liberacao
de Cu e Zn para o ambiente, como constatado no sul da Lagoa dos Patos
(Costa & Wallner-Kersanach, 2013; Costa et al., 2016; Pereira et al., 2018).
Adicionalmente, torna-se importante o estudo da fracéo labil de metais traco
em outros locais estuarinos, para comparar o comportamento destes elementos
em diferentes sistemas aquaticos. Portanto, neste estudo foi determinada a
fracdo labil de Cr, Ni e V utilizando a técnica DGT em diversas localidades

estuarinas da costa sudeste e sul do Brasil com presenca de estaleiros de
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médio a grande porte e com condic¢es fisico-quimicas distintas. O objetivo do
presente estudo foi obter um maior entendimento do comportamento destes
metais labeis aportados por esta fonte localizada de elementos para as areas

de estaleiros com condic¢des hidrodinamicas e grau de impacto distintos.

2. Materiais e Métodos

2.1.Montagem das unidades DGT

Todo o material utilizado na preparacédo das unidades DGT e na etapa
de tratamento de amostras foi previamente lavado (>24h) com solugcdo 10%
(v/v) de acido nitrico (HNO3) (Merck) p.a e agua ultrapura (Milli-Q®
18.2MQcm). Para as analises quimicas foi utilizado (HNO3) Suprapur® (Merck),
assim como todos os outros reagentes utilizados foram de grau analitico (alta

pureza).

As cépsulas plasticas das unidades DGT foram obtidas através da DGT
Research Ltd. (Lancaster, UK), entanto que o0s géis requeridos para a
determinacdo dos metais, assim como a montagem das unidades foram
realizadas no Laboratério de Hidroquimica da Universidade Federal de Rio
Grande. As unidades DGT foram montadas segundo Zhang & Davison (1995),
colocando sobre a base das capsulas plasticas: (a) um gel de troca ibnica, que
retém o analito (0,5 mm de espessura); seguido de (b) uma camada difusiva de
hidrogel de poliacrilamida (0,8 mm de espessura), responsavel pela passagem
somente de ions metalicos livres, complexos inorgénicos e alguns pequenos
complexos organicos (<0,45 um); e (c) um filtro de nitrato de celulose (0,45 pum
de porosidade, 47 mm de diametro; Sartorius, Germany) para permitir a
passagem apenas da fracdo dissolvida dos metais na agua, para dentro do
amostrador. O gel de troca idnica foi elaborado com acrilamida (99%), cross-
linker agarose (2%), agua MiIIi-Q®, TEMED (N,N,N’,N’-tetrametilenidiamina;
99%), persulfato de amoénio (10%) e resina Chelex-100 na forma sédica,
seguindo os procedimentos descritos por Zhang & Davison (1995) e Odzak et
al. (2002), e com ajuda de espacadores de poliestireno. O hidrogel de
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poliacrilamida foi feito com acrilamida (99%), cross-linker agarose (2%), agua
MiIIi-Q® e TEMED (N,N,N’,N’-tetrametilenidiamina; 99%).

2.2.Area de estudo e exposicao das unidades DGT

A exposicdo das unidades de DGT foi realizada em trés importantes zonas
portuarias da regido sudeste e sul do Brasil, nas margens da area estuarina
dos estados Rio de Janeiro (RJ), Santa Catarina (SC) e Rio Grande do Sul
(RS) (Fig. 1 do Capitulo III).

Na regido sudeste, a amostragem foi realizada na Baia de Guanabara
(Niter6i, RJ no Estaleiro TM (TMS) (22°52'32"S, 43°06'59"W) sendo um
estaleiro de médio porte (1500m2), e localizado na llha da Concei¢do, nas
proximidades da cidade de Niterdi. A Baia de Guanabara (384km?2) apresenta
profundidade média de 5,7m nas margens e uma hidrodindmica dominada por
correntes de maré, apesar de ser um regime de micro-maré (0,3-0,9m)
(Amador, 1997; Kjerfve et al., 1997). A &area apresenta descarga direta de
esgotos, comprovada degradacdo de suas aguas e supersaturacdo de oxigénio
dissolvido na superficie (Perin et al., 1997; Carreira et al., 2002; Machado et al.,
2008; Borges et al., 2009; Aguiar et al., 2011; Donnici et al., 2012; Da Silva et
al., 2014).

No rio ltajai-Acu (Santa Catarina), ao sul do pais, as amostragens
ocorreram no Estaleiro P (PS) (26°51'55"S, 48°42'23"W), localizado no Bairro
Volta Grande em Navegantes, e categorizado como um estaleiro de médio a
grande porte (2589m?2). O rio Itajai-Acu representa 90% do fluxo para o estuario
(Schettini, 2002; Pereira-Filho et al., 2010; Frena et al., 2016), tendo a sua
hidrodindmica influenciada por um regime de micro-marés semidiurnas, e pela
pressdo atmosférica e tensédo de cisalhamento (Schettini, 2002). As margens
da area estuarina do rio apresentam profundidades médias entre 5 e 8m, e
exibe grande numero de terminais portuarios, descarga direta de esgotos, lixo

solido, e efluentes industriais (Pereira-Filho et al., 2003; Poleza et al., 2014).

No extremo sul do pais as amostragens foram realizadas em trés areas:

dois estaleiros de médio porte e uma area de referéncia. As areas se localizam
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na cidade de Rio Grande, no estuéario da Lagoa dos Patos (Rio Grande do Sul).
O estaleiro GFF (GFFS) (32°01'48"S, 52°04'57"W) na area de Porto Velho
possui mais de um século de funcionamento, e o estaleiro S (SS) (32°08’44”S,
52°06'8"W) situa-se na area de Superporto e conta com mais de 20 anos de
funcionamento. O ponto de referéncia, localizado na Ilha dos Marinheiros (Ml)
(32°00'52"S, 52°07'52"W) foi selecionado como area comparativa sem
presenca de estaleiros. A Lagoa dos Patos (10,360km?) é caracterizada por ter
uma hidrodindmica complexa controlada por um regime de ventos NE-SW
(principalmente) e descarga fluvial (Moller et al., 1996; Marreto et al., 2017).
Adicionalmente tem sido reportado que € afetada notavelmente por fendmenos
como “El nifio” e “La nifa” (Kjerfve, 1994). A Lagoa nas margens da area
estuarina recebe diversos efluentes antrépicos, incluindo de natureza urbana,

industrial, e de agricultura (Odebrecht et al., 2010).

As exposicOes das unidades DGT foram realizadas em 2018 durante
dois periodos de amostragem. O primeiro (S;), realizado entre fevereiro e
marco, correspondendo ao periodo seco em Rio Grande e chuvoso no Rio de
Janeiro e Santa Catarina. Enquanto, o segundo (S;) desenvolveu-se entre julho
e setembro, sendo o periodo chuvoso para Rio Grande e contrario para as
outras areas. Nos mesmos periodos e para cada area de estudo (TMS, PS,
GFFS, SS e IM) foram expostas in situ unidades DGT por um periodo de 48h,
para obter a frac&o labil dos metais traco. O tempo (segundos) e a temperatura
(Datalogger, OnSet) de exposicdo das unidades foi controlado com precisdo
em cada amostragem. Adicionalmente foram medidos na coluna de agua:
salinidade e condutividade (WTW, Model 315i), pH (Toledo, Model DM) e
turbidez (Digimed, DM-TU) no inicio e final de cada exposicdo das unidades
DGT. Apds o periodo de exposicdo, as unidades DGT foram retiradas da agua,
colocadas individualmente em saco plastico tipo ziplock e transportadas sob
refrigeracdo, até o laboratorio. Na primeira campanha amostral (S;) foi
implementado um sistema de exposi¢cdo com 5 unidades DGT em cada &rea de
estudo (n = 25). Enquanto, na segunda amostragem foram utilizadas 3
estruturas (3 pontos de amostragem) com 3 amostradores DGT, ou seja, 9
unidades DGT para cada area de trabalho. Adicionalmente, para cada
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exposicdo foram selecionadas duas unidades DGT como brancos analiticos,

gue néo foram expostas no campo.
2.3.Analises Quimicas

2.3.1. Fracdo labil de metais traco (M-DTG)

Em laboratério, as unidades DTG foram abertas e os géis de troca ibnica
foram retirados e eluidos em 1 mL de HNO3 Suprapur® (Merck), como descrito
por Zhang & Davison (1995). Posteriormente foram estocados sob refrigeracéo
(4°C) por um periodo de pelo menos 24h antes de serem analisados. As
concentragfes labeis de Cr-DGT e Ni-DGT foram obtidas mediante analises
das solucbes da eluicdo, por Espectrometria de Absorcdo Atdmica por Forno
de Grafite (GF-AAS; Shimadzu, modelo AA-7000). Enquanto a concentracao
labil de V-DGT foi obtida mediante analises das solu¢cbes da eluicdo, por
Espectrometria de Massas por Plasma Indutivamente Acoplado (ICP-MS;
Varian, Model 820MS).

A massa de metal (M) retida na resina de troca ibnica foi calculada
segundo Zhang & Davison (1995; Eq. 1), considerando a concentracdo medida
no equipamento (Ce), o volume de acido utilizado na eluicdo (Vype,), 0 Volume
do gel (V) € o fator de eluicdo de cada metal (fe):

__ Ce(VuNnos *+Vgel)

M = Fe Equacéo 1

A concentracao Metal-DGT (M-DGT), foi calculada (Eq. 2) a partir de M,
a espessura total dos géis mais o filtro (Ag), o coeficiente de difusdo de cada
metal retido no gel difusivo (D), o tempo de exposicao (t), e por fim a area de

exposicao da janela (4):
Mper = — Equagéo 2

A espessura do gel de troca i6nica e o gel difusivo foi verificada com
auxilio de um microscopio digital (1000x). O coeficiente de difusdo de cada

metal foi obtido a partir de DGT Research Ltd. (www.dgtresearch.com),
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considerando a temperatura média determinada in situ durante cada exposicéo
das unidades DGT. O controle analitico foi feito utilizando Material Certificado
de Referéncia (River Water Certified Reference Material, SLSR-6; National
Research Council, Canada). As recuperacdes resultantes foram de 138% para
Cr e 96% para Ni. A alta porcentagem de recuperagédo reportada para Cr
esteve associada com as baixas concentracdes deste elemento no Material
Certificado de Referéncia (0,252 + 0,012 ug L™). Os limites de detecgdo (DL)
foram determinados a partir da medicdo de 7 vezes uma amostra aleatéria
(3ocom um nivel de significancia do 5%). Os valores de DL obtidos para Cr-
DGT foram 0,04 e 0,05 pg.L™?, para Ni-DGT 0,05 e 0,06 ug.L?, e para V-DGT

0,08 e 0,08 pg.L™?, respectivamente nos periodos amostrais S; e S,.

2.4.Analises estatisticas

A distribuicdo normal dos dados foi avaliada com o teste de Shapiro-Wilk
com nivel de significancia de 95%. As diferencas existentes entre cada local de
estudo e os periodos amostrais, foram avaliadas mediante teste-t, com um
intervalo de confianga de 95% (p<0,05). O tratamento dos dados foi realizado
com Software R Core Team (2016).

3. Resultados e Discussao
3.1.Parametros fisico-quimicos da dgua

Os valores médios dos parametros fisico-quimicos medidos em cada
area de estudo sdo apresentados na Tabela 1 (Capitulo Ill). De forma geral,
entre periodos amostrais, os valores de salinidade e turbidez mostraram
variagcbes, com excecdo de TMS. Os valores de temperatura e pH né&o

apresentaram maiores diferencas.

Entre os parametros analisados, destaca-se a salinidade, jA que as
variacbes contrastantes encontradas para cada sistema de estudo entre um
periodo e outro, afetam diretamente a especiacdo dos metais tragco em aguas
estuarinas (Windom et al., 1999) e o comportamento da sua fragcao labil (Costa
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& Wallner-Kersanach, 2013). No local PS os maiores valores de salinidade
foram observados no periodo S,, o qual foi correspondente a época de menor
precipitacdo na regido de Santa Catarina. Ao contrario, nos locais da Lagoa
dos Patos (GFFS, SS e MI) os maiores valores de salinidade sao observados
durante o periodo S;, correspondente & época de menor precipitacdo para a
regido.

3.2.Fracao de metal I4bil (M-DTG)

As concentracdes de Cr (Fig. 4) ndo apresentaram diferencas significativas
(p>0,05) entre os locais nem entre periodos sazonais. Isto permite observar
que o aporte da fracdo labil deste metal € continua no tempo e nao é
controlada por variagbes nas condi¢cdes fisico-quimicas do sistema,
especialmente salinidade. Isto é contrario ao ja reportado para a fragéao labil de
outros metais como Cu e Zn na coluna de agua (Costa & Wallner-Kersanach,
2013; Umbria-Salinas et al., 2019; submitted), assim como para a fracdo de Cr
total dissolvido (Borges et al., 2012). Adicionalmente, estas baixas
concentracdes de Cr-DGT (<0,20pg.L™?), quando comparadas com as
concentracfes Ni-DGT e V-DGT, podem estar relacionadas com que o Cr |4bil
ou potencialmente biodisponivel presente nas dguas destes sistemas encontra-
se principalmente na forma de Cr(lll), que € a menos téxica. Esta espécie ja
tem sido reportada como a mais estavel nas 4guas do estuario da Lagoa dos
Patos (Borges et al., 2012). Adicionalmente, € conhecido que em &guas
naturais com valores de pH proximos ao neutro (pH=7), o Cr(lll) encontra-se
predominantemente na forma de Cr(OH)s° (Markiewicz et al., 2015), sendo isto
concordante com os valores reportados no presente trabalho (Tabela 1 do
Capitulo III).
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Figura 4. Concentracdo labil (ug.L™) de Cr-DGT, Ni-DGT and V-DGT nos
periodos amostrais S; () e S, (mm) nos estaleiros TM (TMS), P (PS), GFF
(GFFS) e S (SS), e na area de referéncia (Ilha dos Marinheiros, Ml). Os valores
sdo reportados em médiatES. Os valores obtidos para os dois periodos
amostrais em cada local foram comparados mediante teste t (p<0,05); letras
iguais indicam que ndo existe diferenca significativa, enquanto letras diferentes

indicam que si existe diferenca.

As concentracdes encontradas de Cr-DGT (Cr I1ll) podem estar
associadas com a reducao de Cr(VI) para Cr(lll), o qual representa para o
referido metal uma diminuicdo na sua mobilidade e toxicidade, por agdo da
matéria organica, sulfetos ou ions de Fe (Rai et al., 1989), presentes em aguas
estuarinas. Borges et al. (2012) mostraram para aguas estuarinas da Lagoa
dos Patos que o Cr € sorvido: por material particulado em suspensao durante
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baixas salinidades (S;), ou por processos de floculacdo em altas salinidades
(S1). Consequentemente, pode se concluir que apesar do Cr ser aportado nos
estaleiros estudados produto da aplicacdo de tintas anti-incrustantes, as suas
concentracfes labeis ndo parecem representar um risco ecolégico porque séo

rapidamente complexadas por outras espécies.

As concentragcdes Ni-DGT (Fig. 4) para cada local de estudo mostraram
diferencas significativas (p<0,05) entre os dois periodos amostrais. Quando
comparados os locais de estudo entre si, no periodo S, foram observadas
diferencas significativas nas concentracées Ni-DGT (p<0.05), embora estas
ndo ocorram no periodo S;. Nos locais dentro da Lagoa dos Patos (GFFS, SS
e MI) as maiores concentracdes obtidas no periodo S, tiveram como um fator
importante as variacbes nas condi¢cdes fisico-quimicas ambientais (pH,
salinidade e turbidez) da coluna de &gua. As variagcdes da concentracdo da
fracdo Ni-DGT séo concordantes com o reportado por Windom et al. (1999)
para a fragdo dissolvida total deste metal, onde em salinidades proximas a
valores de 5 as concentracdes aumentam como produto dos processos de

desorcdo e troca ibnica.

Para os locais TMS e PS as maiores concentracdes labeis também
obtidas neste periodo (S,), tiveram como fator mais importante a intensidade
de reparacdo de embarcacfes durante essa amostragem nos dois estaleiros.
Consequentemente, a maior concentracdo de Ni-DGT, a qual foi muito
significativamente diferente (p<0,01) do resto, foi determinada no local PS.
Durante esta amostragem (S;) embarcacdes de grande porte estavam sendo
reparadas e estando ancoradas diretamente na margem do estaleiro. Este fator
€ capaz de influenciar diretamente na concentracdo de Ni-DGT ja que ligas de
Ni com ago inox estdo na composi¢cdo dos cascos das embarcagdes de ago e
séo aplicadas em pecas de embarcac¢des, como sédo as laminas das turbinas e

pecas dos motores a propulsao (Adriano, 2001).

As concentracdes de V-DGT (Fig. 4) mostraram diferencas significativas
(p<0,05) entre locais e entre periodos amostrais (S1 e S,), embora, para este
altimo, nos locais GFFS e SS no estuario da Lagoa dos Patos foram uma
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excegdo. Este estuario apresentou as maiores concentracbes de V-DGT,
tendo-se que: (1) no local GFFS encontra-se instalado um posto de
abastecimento de diesel naval (Pereira et al., 2018); e (2) no local SS é
reportado como um dos estaleiros com maior atividade no estuario da Lagoa
dos Patos (Costa et al., 2016; Soroldoni et al., 2018). O Ni e 0 V relacionam-se
com os derivados de petroleo, podendo estar fortemente associados a fracdes
do refino de petréleo, como o 6leo diesel usado como combustivel e lubrificante
em embarcacgdes (El Nemr et al., 2006; Schlesinger et al., 2017). O local PS
apresenta diferengas significativas (p<0,05) de V-DGT entre os periodos
amostrais, mostrando maiores valores no periodo S,, como descrito para as
concentracfes de Ni neste local, ja que o V também é utilizado na liga aco inox
para a construcao de pecas que conformam a estrutura das embarcacgdes. Isto

indica que os elementos podem estar ocorrendo da mesma fonte.

A fracdo labil de V (V-DGT) mostra um comportamento semelhante ao
reportado para a fracao labil de Cu (Costa & Wallner-Kersanach, 2013; Umbria-
Salinas et al., 2019, submitted), em funcdo das mudancas na salinidade. O
referido comportamento € também concordante com o descrito para Ni neste

estudo, mas é contrario ao observado para Cr.

A especiacdo do V em aguas estuarinas varia sazonalmente e é
influenciada pela temperatura, variagdes de Eh-pH, e atividade biolégica (Wang
& Safudo, 2009). Assim, as maiores concentracbes de V-DGT no local Mi
foram observadas quando os valores de salinidade foram menores (S,), e
concordantes com a época de maiores precipitacdes nesta regido. Este
comportamento esta relacionado com processos de desorcdo dos metais a
partir de material particulado em suspensédo, o qual é favorecido nas aguas
estuarinas da Lagoa dos Patos durante periodos de baixas salinidades
(Windom et al., 1999), como foi observado neste periodo (S,: salinidades
menores a 5). Neste estuario, isto também é favorecido pela resuspensao de
sedimentos superficiais, o qual € gerado em areas rasas por variagdes nos

padrdes do vento e variagdes da maré (Wallner-Kersanach et al., 2009).
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Adicionalmente, Pereira et al. (2018) reportaram enriquecimento de V
em sedimentos de areas de marinas e estaleiros. O sedimento tem sido
reportado como uma fonte secundaria importante de V dissolvido e labil para
aguas estuarinas (Wang & Safiudo, 2009; Shi et al., 2016; Valero et al., 2019,
submitted). Portanto, a partir dos dados obtidos neste estudo e dados
anteriormente reportados (Wallner-Kersanach et al., 2009; Costa & Wallner-
Kersanach, 2013; Umbria-Salinas et al., 2019, submitted) para o estuario da
Lagoa dos Patos, pode-se sugerir o processo de desorcéo/sorcdo de metais
produto da remobilizacdo de sedimentos superficiais como um dos
mecanismos mais importantes na especiacdo de metais traco na coluna de
agua deste importante sistema. Isto resulta um fator importante na hora de
avaliar areas rasas que representam um sumidouro ou fonte secundaria de
metais traco como sao os sedimentos das areas de estaleiros, podendo ver-se

incrementado o possivel risco ambiental que estes locais representam.

Embora as areas de estaleiros sejam um problema, o local de referéncia
MI localizado no estudrio da Lagoa dos Patos mostrou concentracbes de V-
DGT maiores que os locais TMS (RJ) e PS (SC). Isto pode estar relacionado ao
fato, de que este local apesar de ndo ter uma fonte direta, apresenta em toda
area circundante continuo trafego de embarcacdes, o que pode aportar V na
sua forma labil para a coluna de agua (Schintu et al., 2018). Adicionalmente, o
local MI é uma area com importante desenvolvimento de atividades agricolas, e
as altas concentracbes de V-DGT encontradas também podem estar
relacionadas a este aporte antrépico, ja que alguns fertilizantes ricos em fésforo
podem conter V na sua composicdo (Aide, 2005). Isto é concordante com
Smidt et al. (2011), que reportam o0 uso de fertilizantes com essas
caracteristicas na area. Adicionalmente, Ml ao ser um local menos abrigado,
permite que suas aguas sejam mais facilmente renovadas, o que também se
relaciona diretamente com as diferencas significativas (p<0,05) encontradas
entre os periodos amostrais. Este comportamento € contrario ao observado nos
locais TMS e PS, onde ndo sdo observadas diferencas significativas, produto
do aporte localizado e continuo (estaleiros), e uma morfologia do local mais

abrigada e modificada pelo homem. Este importante aporte de Cr, Ni, e V em
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areas de estaleiros, é concordante com o observado para a fragcéo labil de Cu
na coluna de agua das mesmas areas (Umbria-Salinas et al., 2019; submitted).
Consequentemente, as areas de estaleiros podem ser definidas como hotspots
de diversos metais traco, como Cu, Cr, Ni e V, que podem representar um

importante risco para as comunidades de organismos presentes nestas areas.

Quando comparados os dados obtidos neste estudo, com dados da
fracdo labil DGT reportados para outros locais estuarinos ou costeiros ao redor
do mundo (Tabela 3), pode se observar que as concentracdes de Cr-DGT
resultaram similares as observadas em uma antiga area de minério de Pb e Zn
(Sendergaard et al., 2014). No entanto, estas concentragbes foram menores
que as reportadas em trés areas na zona noroeste do Mar Mediterraneo, que
sdo afetadas por diversas atividades antrépicas como uma antiga area de
minério de asbestos e um porto industrial (Lafabrie et al.,, 2007). Ja as
concentracfes de Ni-DGT, de forma geral sdo semelhantes as observadas em
outras aguas costeiras com influéncia de produtos derivados do petréleo e
trafego de embarcacdes (Schintu et al., 2008, 2018; Souza et al., 2014).
Adicionalmente, as maiores concentracdes de Ni-DGT determinadas no local
PS foram maiores que os valores descritos para uma antiga area de minério
que descarregava residuos de serpentinite (rocha que contém minerais ricos
em Ni) diretamente na agua (Lafabrie et al., 2007). As concentracdes de V-
DGT foram maiores que as observadas em aguas estuarinas do Churchill River
(Canada; Mangal et al., 2016; Shi et al., 2016). No entanto, tais dados foram
menores que as reportadas em uma area com intenso trafego de embarcacdes
durante a recuperacao dos residuos de um navio naufragado (Schintu et al.,
2018). No geral as concentracfes do presente estudo demonstraram ser

menores ou comparaveis com areas sob influéncia de aportes antrépicos.
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Tabela 3. Concentracdo de metais traco (ug.L™, valores minimos e maximos) na coluna de agua de

estudada, comparados com outros locais no mundo.

cada area de estaleiro

Area Tipo de ambiente Cr Ni \% Referéncia
TMS - Baia de Guanabara (Brasil) Area de estaleiro 0,056-0,176 0,086-0,621 0,175-1,108
PS - Estuéario do rio Itajai-Acu (Brasil)  Area de estaleiro 0,075-0,247 0,102-2,260 0,507-1,486
GFFS = EStua”cl’Bda '.‘Iagoa dosPatos 4 e deestaleio  0,057-0,169  0,071-0244  1,319-2,321
SS - Esturi (d re|1_5| ) dos Presente estudo
- Bstuario (B?as?goa 05Pal0S  Areadeestaleiro  0,057-0320  0,108-0241  1,276-1,737
lIha dos Marinheiros - Estuarioda 5o o referencia  0,056-0221  0,090-0,253  1,225-2,137
Lagoa dos Patos (Brasil)
Estuério da Lagoa dos Patos (Brasil) Desp_ejos ur_banos € - 0,200-0,400 - Wallner-Kersanach et
industriais al., 2009
Noroeste do Mar Mediterraneo (ltalia) A”t'?ﬁ‘ drS'SQ%FI’O”O 0,152-0,616  0,197—1,380 : Lafabrie et al., 2007
Mar Mediterraneo (ltalia) Por'go/Reflrjarla € - 0,033-0,120 - Schintu et al., 2008
industrias
Oeste de Groenlandia Antiga mina 0,019-0,135 0,46-0,90 - Sendergaard et al., 2014
Oceano atlantico (Brasil) Despejos de refinaria - 0,009-0,465 - Souza et al., 2014
Estuério do Rio Churchill (Canadd) Aguas estuarinas - - 0,235-0,596 Mangal et al., 2016
Estuério do Rio Churchill (Canadd) Aguas estuarinas - - 0,306-0,866 Shi et al.,2016
Singapura Areas de manguezais - 0,16-1,72 - Estrada et al., 2017
_ _ Area com barco _
Mar Mediterraneo (Italia) 0,0035-0,200 0,048-0,263 1,2-12,3 Schintu et al., 2018

afundado
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A utilidade do uso da técnica DGT como ferramenta de monitoramento
das aguas com impacto de atividades antrdpicas tem sido demostrado para
sistemas costeiros (Schintu et al.,, 2018) e estuarinos (Costa & Wallner-
Kersanach et al.,, 2013; Umbria-Salinas et al.,, 2019, submitted), com
hidrodindmicas complexas (Wallner-Kersanach et al., 2009), e inclusive em
grande escala (Uher et al., 2017). Apesar do avanco da técnica nas ultimas
décadas, sua aplicacdo em ambientes naturais para a determinacdo da fracao
potencialmente biodisponivel de metais traco ainda é limitada (Tabela 3)
quando comparada com dados obtidos através de métodos tradicionais. Isto é
especialmente observado para metais medidos com menos frequéncia como o
Cr e 0 V, determinados neste estudo. O estudo da fracdo labil destes metais
redox sensitivos e de comportamento complexo nas aguas em sistemas
transicionais segue representando uma lacuna importante de conhecimento.
Consequentemente, obter comparacdes mais precisas desta fracdo entre
diferentes ambientes dependem de uma série de fatores como caracteristica
fisico-quimicas da agua, remobilizacdo do sedimento, tipo e frequéncia do
aporte antrépico. Portanto futuras pesquisas devem seguir visando o
entendimento destes fatores e utilizando a técnica DGT, ja que a versatilidade

da mesma favorece estudos em estuarios com ampla distribuicdo geografica.

4. Conclusdes e recomendacdes

Os resultados demonstram que a técnica DGT foi sensivel em
determinar elementos tragco que sao provenientes de tintas anti-incrustantes e
produtos derivados de petréleo utilizados em é&reas de estaleiros, como a
fracdo labil de Cr, Ni e V. As maiores concentracdes foram observadas nos
periodos de maior intensidade na reparacdo de embarcacdes e maior trafego
de embarcacdes. Adicionalmente, na Lagoa dos Patos os produtos derivados
do petrdleo representam uma fonte importante de metais potencialmente

biodisponiveis, inclusive fora de area de estaleiros.

O Cr apesar de ser aportado continuamente a partir da aplicagédo de
tintas anti-incrustantes, ndo apresenta altas concentracdes na sua forma labil,

ja que é rapidamente complexado, o qual diminui 0 seu risco ecoldgico
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potencial para o sistema estuarino. Adicionalmente, os resultados obtidos para
a fracdo labil de Ni e V nas dguas da Lagoa dos Patos permitem inferir que o
processo de desorcao/sorcdo de metais produto da remobilizacdo de
sedimentos superficiais € um mecanismo chave na especiacdo e mobilizacéo
de metais traco neste estuario. Sendo este um processo especialmente
importante a considerar em areas rasas que representam um sumidouro de
metais traco como sdo os estaleiros, podendo incrementar o possivel risco

ambiental que estes representam.

Apesar dos locais terem condi¢des fisico-quimicas diversas, e podendo
ser estas condicbes amplamente variaveis entre periodos sazonais, foi
observado que efetivamente os locais de estaleiros representam uma fonte
localizada ou hotspot de metais traco para diversos sistemas estuarinos do
sudeste e sul do Brasil. Desta forma, estas areas representam um risco
ecologico potencial para estes sistemas com comunidades bioldgicas
amplamente diversas, sendo recomendado complementar a determinacéo
destas fracdes labeis com uma avaliacdo do risco ecoldgico. Isto permitiria o
acoplamento da técnica DGT com ferramentas ecolégicas, e assim gerar uma
avaliacdo mais precisa e realistica, que permita entender o verdadeiro grau de

impacto que estas areas de estaleiros representam.
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CAPITULO V:

Sintese da Discussao e Conclusdes
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Sintese da Discussédo e Conclusdes

O presente estudo visou obter um maior entendimento do comportamento
da fracdo labil de Cu Cr, Ni e V utilizando a técnica DGT em diversas
localidades estuarinas da costa sudeste e sul do Brasil, com presenca de
estaleiros de médio a alto porte e com condi¢gbes hidrodindmicas e fisico-
quimicas variaveis. A técnica DGT permitiu determinar metais traco na sua
fracdo labil e observar uma relacdo entre estes metais e as atividades
desenvolvidas nestas areas, como: a aplicacdo de tintas anti-incrustantes (Cu e
Cr), manutencdo de cascos de embarcacdes aco (Cr, Ni e V), e uso de
produtos derivados do petréleo (Ni e V). Foi observado um maior contetdo da
fracdo labil dos metais durante periodos de maior reparo de embarcacdes (Cu,

Ni) e maior trafego de embarcacdes (V).

Apesar dos diferentes estuarios trabalhados terem condi¢Bes fisico-
quimicas diversas, e podendo ser estas condicdes amplamente variaveis entre
periodos sazonais, foi observado que a salinidade € um dos fatores principais
por controlar a especiacdo e mobilidade dos metais estudados nestas areas.
Porém, o Cr presente nos sistemas estudados parece ser rapidamente
complexado e consequentemente € mantido na espécie Cr (lll), menos todxica,
0 que evita que represente um risco ecoldgico para o0s ecossistemas. Em areas
rasas da regido estuarina da Lagoa dos Patos, o processo de sorcado/desorcéo
de metais produto da remobilizacdo de sedimentos superficiais € observado
como um mecanismo chave na especiacdo de metais tragco. A versatilidade da
técnica DGT permite sua aplicacdo em estuarios localizados em uma ampla
distribuicdo geografica, como os encontrados na costa brasileira, o que
favorece continuar desenvolvendo pesquisas que involucrem a fragéo labil dos
metais trago neste tipo de areas. Adicionalmente, estudar estes metais redox
sensitivos permite incrementar o0 entendimento da especiacdo destes

elementos sob condi¢gBes hidrodindmicas e fisico-quimicas variaveis.

Neste estudo também foi avaliado o verdadeiro risco dos estaleiros como

fonte localizada de metais traco para os sistemas estuarinos através do
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estabelecimento de uma avaliagéo de risco ecoldgico de Cu. Esta avaliagdo foi
realizada a partir da integracdo dos dados obtidos da fracao labil (Cu-DGT) e
da fracdo dissolvida total (Cu-Diss) junto com a derivacdo da Concentracéo
Previsivelmente sem Efeitos (PNEC) de Cu para espécies aquaticas que
ocorrem naturalmente nas costas brasileiras. De forma semelhante, as
concentragbes de Cu dissolvido total determinadas neste estudo também
refletem o aporte este elemento proveniente dos residuos das tintas anti-
incrustantes ou mesmo da liberacdo do casco das embarcacdes ancoradas nos
estaleiros. Em locais com uma maior atividade de manutencdo de
embarcacdes e embarcacBes recentemente pintadas, a fracdo labil de Cu
representou até 90% da fracdo total dissolvida na agua. Adicionalmente, as
concentracdes labeis de Cu determinadas nos locais de estaleiros conseguiram
ultrapassar o valor de PNEC derivado, representando um alarmante risco para
a comunidade aquética dos sistemas estuarinos estudados, areas que abrigam

grande parte da biodiversidade do Brasil.

Portanto, os locais de estaleiros podem ser efetivamente categorizados
como um hotspot de metais traco nas suas fracfes labeis para diversos
sistemas estuarinos do sudeste e sul do Brasil. Da mesma forma, o risco
ecolégico destes locais por causa de outros metais traco também presentes,
como Cr, Ni e Zn, deve ser estudado com um maior detalhamento. Levando em
conta a complexa hidrodinadmica das areas estuarinas ao longo do tempo e do
espaco, também sao necessarios estudos com maior resolucdo espacial e
temporal para o estabelecimento de uma avaliagdo de risco ainda mais
abrangente. Finalmente, a aplicacdo da técnica DGT permitiu o
desenvolvimento de uma avaliacédo de risco mais precisa, podendo ser utilizada
na derivacdo de critérios de qualidade de agua e legislacdes futuras no Brasil e

em outras areas do mundo.
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Anexos

Anexo 1
Concentracdes de metais labeis (fracdo DGT) na coluna de agua. Periodo
amostral 1 (S;; fevereiro-marco 2018).

Cr Cu Ni V

Local Amostra . ; ; .
(mg.LDH  (muglhH (mgLhH  (ug.L™

T™MS; 0.069 0.712 0.117 0.937

TM Shipyard (TMS) - TMS; 0.113  0.462  0.403  1.108
Baia de Guanabara TMS3 0.056 0.846 0.086 1.084
(RJ) TMS, <0.037 0.572 0.151 1.007

TMSs 0.084 0.726 0.145 1.081

PS; 0.096 0.145 <0.048 0.559

PS, 0.075 0.242 0.102 0.849

P Shipyard (PS) - Rio

Itajai-Acu (SC) PS3 0.218 0.461 0.340 0.521
PS4 <0.037 0.101 0.173 0.507
PSs 0.174 0.265 0.145 0.593

GFFS; <0.037 0.052 <0.048 <0.084

GFF Shipyard (GFFS) - GFFS; 0.089 0.279 0.257 1.877
Estuario daLagoados  GFFS; 0.127 0.118 0.071 1.714

Patos (RS) GFFS, <0.037 0.233 0.089 1.587
GFFSs 0.066 0.090 0.119 2.059

SS, 0.188  <0.040 0.108 1.378

S Shipyard (SS) - SS, 0.058 1.243 0.122 1.705
Estuéario da Lagoa dos SSs3 0.102 1.752 0.115 3.705
Patos (RS) SS, 0.068 1.589 0.149 1.335

SSs 0.145 1.447 0.137 1.622

M, <0.037  0.047 0.253 1.241

Area de Referencia - Ml <0.037  0.075 0.090 1.337
Marinheiros Island (Ml) Mis <0.037 0.043 0.112 1.236
(RS) Ml <0.037 <0.040 0.145 1.225

Mls <0.037 <0.040 <0.048 1.177
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Anexo 2
Concentracdes de metais labeis (fracdo DGT) na coluna de agua. Periodo
amostral 2 (S,; julho-setembro 2018).

Cr Cu Ni V

Local AMOSIa (15 L-1) (ugl-1) (ugl-1) (ug.L-1)

TMS1 1 0.051 1.006 0.083 <0.084
TMS; > 0.072 0.633 0.572 <0.084
TMS; 3 0.174 1.208 0.621 <0.084

TM Shipyard (TMS) - TMS; 1 <0.049 0.809 0.415 0.175
Baia de Guanabara TMS, » <0.049 0.329 0.372 1.197
(RJ) TMS, 3 0.138 0.918 0.420 <0.084

TMS3 1 <0.049 0.769 0.301 <0.084
TMS32 0.075 0.777 0.245 0.823
TMS33 <0.049 0.431 0.287 0.859

PS;;  <0.049 0.326  2.029  1.350
PSi1, 0.247  0.670 2528  1.345
PSi3 0.171  0.660 2.526  1.388
PS,;  <0.049 <0.126 1.887  1.406
PS,,  <0.049 0.364  2.260  1.486
PS,;  <0.049 0.316  1.845  1.430
PSs:  <0.049 <0.126 1593  1.120
PSs. 1.142 0443 1967  1.135
PS33 0.075 0699 1587  1.175

P Shipyard (PS) - Rio
Itajai-Acu (SC)

GFFS;; <0.049 0.326 0.369 1.635
GFFS;, 0.146 <0.126 <0.057  1.489

GFFS;; 0.057 <0.126 0.173 1.646

GFF Shipyard (GFFS) - GFFSz1  0.106 0.295 0.170 1.319
Estuério daLagoados GFFS,, <0.049 <0.126 <0.057 1.788
Patos (RS) GFFS,3 <0.049 0.236 0.191 1.602
GFFS;1 0106 <0.126  0.244 2.321

GFFS;, <0.049 0.392 <0.057 2.087

GFFS;;  0.169 0.345 0.214 1.751

SSi11 0.984 2.118 0.839 1.393
SSi2 0.320 1.529 5.459 1.386
SSi3 0.097 0.417 0.24 1.737

S Shipyard (SS) - SSo1 <0.049 <0.126 0.23 1.376
Estuario da Lagoa dos SS»» 0.090 0.963 0.23 1.474
Patos (RS) SS,3 <0.049  0.373 0.22 1.533

SS31 0.057 0.566 0.086 1.276
SSs2 0.243 0.980 0.610 1.502
SS33 0.104 0.303 0.22 1.531
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Area de Referéncia -
Marinheiros Island
(MI) (RS)

Ml 1
Ml o
Ml 3
Ml 1
Ml »
Ml 3
Ml 1
Mlz.»
Mlz 3

0.111
<0.049
<0.049
<0.049
<0.049

0.221
<0.049

0.074

0.056

0.222
0.201
0.312
0.340
0.376
0.238
0.417
0.342
0.214

<0.057
<0.057
<0.057
<0.057
<0.057
<0.057
<0.057
<0.057
<0.057

3.938
1.623
1.838
1.272
1.532
1.456
2.137
1.733
1.648
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Anexo 3
Concentracdes de cobre dissolvido total na coluna de 4gua nos periodos de
amostragem 1 (Si; fevereiro-marco 2018) e 2 (S; julho-setembro 2018).

Cu Lt
Local Amostra (kg L™)
S]_ SZ
TM Shipyard (TMS) - Baia d M 079 2240
Ipyar - Baia de
Guanabara (RJ) ™ 1.410 1.650
TMs 1.540 2.690
P Shi d (PS) - Rio Itajai-A PS: 1.170 1.230
ipyar - Rio Itajai-Agu
(SC) PS; 1.770 1.350
PSs 1.210 1.110
Ipyar - Estuario
da Lagoa dos Patos (RS) GFF 1.770 8.860
GFFs 1.570 7.880
S Shipyard (SS) - Estuério d o5 2020 1.910
Ipyar - Estuario da
Lagoa dos Patos (RS) SS2 1.260 3.020
SSs 1.800 2.660
Area de Referénci MIy 1.390 1.350
rea de Referéncia -
Marinheiros Island (Ml) (RS) MI> 1.840 1.130
Mz 1.620 1.240
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Anexo 4

Dados ecotoxicolégicos utilizados na derivacdo do PNEC e elaboracdo da curva SSD.

Specie
Hyalella pseudoazteca
Ceramium tenuicorne
Lemna aequinoctialis
Brachionus calyciflorus
Amphipholis squamata
Poecilia reticulata
Branchiura sowerbyi

Ctenopharyngodon idellus

Oncorhynchus mykiss

Cnesterodon decemmaculatus

Neohelice granulata
Daphnia longispina
Cyprinus carpio
Cyprinus carpio
Squalus acanthias

Lithobates catesbeianus

Callinectes sapidus
Neohelice granulata

fok9y

The values witl

Group

Other invertebrates (5)

Algae (1)

Macrophyta (6)
Zooplankton (7)
Other invertebrates (5)

Fish (8)

Other invertebrates (5)

Fish (8)

Fish (8)

Fish (8)

Crustacean in larval phase (3)
Crustacean in larval phase (4)

Fish (8)
Fish (8)
Fish (8)

Amphibia (2)

Life stage

Juvenile

Not indicated
Not indicated
Larval
Juvenile

Not indicated
Adult

Juvenile

Larval

Adult
Larval
Juvenile
Juvenile
Larval
Adult

Larval

Crustacean in larval phase (4) Juvenile

Crustacean in larval phase (4) Juvenile

was determined using average the data

Water tested

Synthetic seawater; moderately hard
Synthetic seawater

Synthetic seawater

Not indicated

Unfiltered natural sea water

Natural sea water

Synthetic seawater

Synthetic seawater

Natural sea water // Synthetic sea water

Synthetic seawater
Filtered estuarine water
Synthetic seawater
Synthetic seawater
Synthetic seawater
Natural sea water

Synthetic seawater

Natural sea water
Filtered estuarine water

Salinity
Not indicated
15
Not indicated
5
(32.6-40.2)
Not indicated
Not indicated

Not indicated

30

Not indicated
35
Not indicated
Not indicated
Not indicated
30

Not indicated

30
35

Resug
(Mg.L™)
0.2

4.0*
16.2
26.0*
31.0*
40.0
80.0

90.0*

139.7*

156.5*
164.9
242.2
503.9
532.1*
1000.0

3395.0*

4018.0
130100.0

Reference

Giusto & Ferrari, 2008
Ytreberg et al., 2011

Charles et al., 2006

Girling et al., 2000

Black et al., 2015
Shuhaimi-Othman et al., 2015
Das & Das, 2005

Wang et al., 2013; Wang et
al., 2017

De Boeck et al., 2004;
Hansen et al., 2002; Naddy et
al., 2015

Villar et al., 2000
Ferrer et al., 2006
Lopes et al., 2004
Das & Das, 2005
Wang et al., 2017
DeBoeck et al., 2007

Lombardi et al., 2002;
Ossana et al., 2010

Martins et al., 2011
Ferrer et al., 2006
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