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RESUMO

O presente estudo tem como objetivo analisar a concentragdo semi total, total e o fracionamento
de elementos tracos, verificando sua influéncia para a macrofauna bentbnica ao longo do
Sistema Estuarino de Santos-S&o Paulo. Apesar de ser uma &rea com diversos estudos, nota-se
uma caréncia em trabalhos que analisem de forma conjunta as variaveis biogeoguimicas, biota
e seus contaminantes de esgotamento domésticos, industriais e provenientes do Porto de Santos.
O local de estudo foi selecionado levando em consideracdo que o Estuario de Santos, localizado
no estado de S&o Paulo, é uma &rea que apresenta um longo histérico de impactos ambientais,
devido a presenca de aglomerados urbanos, assim como polos industriais, instalacdo portuaria,
dentre outras atividades antropicas. Foram realizadas duas campanhas, sendo a primeira durante
0s meses de marco e abril de 2019 e a segunda em maio de 2021, onde coletou-se amostras de
sedimentos superficiais em 32 pontos ao longo do canal estuarino de Santos — S&o Paulo.

No primeiro monitoramento foram realizadas as analises fisico-quimicas na agua, sendo
salinidade, pH, ORP e Temperatura, ja nos sedimentos foi realizada a anélise granulométrica,
além dos elementos Arsénio, Cadmio, Cromo, Cobre, Chumbo, Ferro, Manganés, Mercdrio,
Niquel e Zinco e por fim, matéria organica (COT, Nitrogénio Total Kjeldahl e Fdsforo total).
Durante 0 monitoramento realizado em maio de 2021, as variaveis fisico-quimicas avalidas in
situ foram temperatura, salinidade, pH, oxigénio dissolvido, condutividade, turbidez e ORP.
Em laboratério foi realizado matéria organica, granulometria e, por fim, realizou-se o
fracionamento dos elementos: Cadmio, Cobre, Chumbo, Niquel e Zinco. Além destes, coletou-
se amostras de sedimento em triplicatas para analise da macrofauna bentbnica, que sdo
organismos importantes para monitoramento de contaminacdo ambiental. Para anélise dos
resultados obtidos foram considerados os testes de correlacdo de Spearman e PCA, visto que se
trata de dados ndo paramétricos, confirmados a partir do teste de Shapiro-Wilks. Em locais
portudrios, o transito constante de navios, processos de dragagem, descarga de residuos e outras
atividades portuérias podem resultar na perda ou degradacdo das areas de habitat adjacentes e
impactar os organismos marinhos. Toda a infraestrutura ligada as atividades portuarias, como
a instalacdo de parques industriais e o alto adensamento populacional, fazem dos sitios
portuarios os ambientes mais impactados. Os dados da area da SES obtidos nessa tese sugerem
que os teores de Cd, Ni e Pb estdo diretamente relacionados com a deposicdo de matéria
organica, enquanto os teores de Cu e Zn podem estar aumentados devido as atividades
portudrias. O enriquecimento orgéanico influencia diretamente a dindmica geoquimica do
poluente, impactando na composi¢cdo da comunidade macrobentonica, reduzindo a diversidade
por excluir espécies com baixa tolerancia. Os resultados destacam a importancia de pardmetros
ambientais como tamanho de grdo e teor de matéria organica na estrutura macrobentdnica. A
correlagdo com o Cu extraido dos sedimentos indicou um impacto significativo na fauna
macrobenténica local, contribuindo para o seu empobrecimento. Ja a partir do fracionamento
dos elementos, verificou-se que em metais como o Cu, apesar de sua fracao residual ser a mais
abundamente no ambiente, ainda assim, este se torma um contaminante de grande impacto para
0S organismos que possuem menor tolerancia a sua presenga no ambiente.

Palavras-chave: Metais pesados, sedimentos, estudrios, fisico-quimico, macrofauna bentonica,
Santos-S&o Paulo, BCR
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ABSTRACT

The present study aims to analyze the semi-total and total concentration and fractionation of
trace elements, verifying their influence on the benthic macrofauna along the Estuarine System
of Santos-S&o Paulo. Despite being an area with several studies, there is a lack of works that
jointly analyze the biogeochemical variables, biota and its contaminants from domestic and
industrial sewage and from the Port of Santos. The study site was selected taking into account
that the Santos Estuary, located in the state of S&o Paulo, is an area that has a long history of
environmental impacts, due to the presence of urban agglomerations, as well as industrial
centers, port facilities, among others. other anthropogenic activities. Two campaigns were
carried out, the first during the months of March and April 2019 and the second in May 2021,
where samples of surface sediments were collected at 32 points along the estuarine channel of
Santos - S&o Paulo. In the first monitoring, the physical-chemical analyzes were carried out in
the water, namely salinity, pH, ORP and Temperature, while in the sediments the granulometric
analysis was carried out, in addition to the elements Arsenic, Cadmium, Chromium, Copper,
Lead, Iron, Manganese, Mercury, Nickel and Zinc and finally, organic matter (TOC, Total
Kjeldahl Nitrogen and Total Phosphorus). During the monitoring carried out in May 2021, the
physicochemical variables evaluated in situ were temperature, salinity, pH, dissolved oxygen,
conductivity, turbidity and ORP. In the laboratory, organic matter, granulometry and, finally,
the fractionation of the elements: Cadmium, Copper, Lead, Nickel and Zinc were carried out.
In addition to these, sediment samples were collected in triplicates for analysis of benthic
macrofauna, which are important organisms for monitoring environmental contamination. For
analysis of the results obtained, Spearman and PCA correlation tests were considered, since
these are non-parametric data, confirmed by the Shapiro-Wilks test. In port locations, the
constant transit of ships, dredging processes, waste disposal and other port activities can result
in the loss or degradation of adjacent habitat areas and impact marine organisms. The entire
infrastructure linked to port activities, such as the installation of industrial parks and the high
population density, make port sites the most impacted environments. The data from the SES
area obtained in this thesis suggest that the Cd, Ni and Pb contents are directly related to the
deposition of organic matter, while the Cu and Zn contents may be increased due to port
activities. Organic enrichment directly influences the geochemical dynamics of the pollutant,
impacting the composition of the macrobenthic community, reducing diversity by excluding
species with low tolerance. The results highlight the importance of environmental parameters
such as grain size and organic matter content in the macrobenthic structure. The correlation
with the Cu extracted from the sediments indicated a significant impact on the local
macrobenthic fauna, contributing to its impoverishment. Already from the fractionation of the
elements, it was verified that in metals like Cu, despite its residual fraction being the most
abundant in the environment, even so, it becomes a contaminant of great impact for the
organisms that have less tolerance to its presence in the environment. Keywords: Heavy metals,
sediments, estuaries, physicochemical, benthic macrofauna, Santos-S&o Paulo, BCR

Keywords: Heavy metals, sediments, estuaries, physicochemical, benthic macrofauna, Santos-
Séo Paulo.
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1. INTRODUCAO

Estuarios, segundo Cameron & Pritchard (1963) “ ¢ um ambiente semifechado
com livre conexdo com o oceano aberto e na qual a agua do mar € mensuravelmente
diluida com a &gua doce oriunda as drenagem continental”, sendo ambientes que
possuem intenso fluxo e energia devido a suas caracteristicas morfologicas,
apresentando condic6es peculiares e Unicas com elevada variacdo fisico-quimica e
de grande importancia para determinadas espécies marinhas (Bernardino et al.,
2015). Esses ambientes sofrem grande presséo antropogénica, o que leva a reducéo
da qualidade das matrizes ambientais, podendo causar causa diversas alteracdes nos

ambientes pelagicos e bentdnicos. (de Carvalho Aguiar et al., 2021b)

A deposicdo dos materiais em suspensdo presentes no ambiente aquético,
como matéria organica, contaminantes de origem antropogénica (como metais
pesados), dentre outros, ocorre de maneira intensa nos ambientes estuarinos devido
as suas caracteristicas fisico-quimicas, geomorfologia, e mais (du Laing et al., 2009).
Porém, determinadas condi¢Ges podem ser fundamentais para controlar a mobilidade
dos elementos em um ambiente aquatico, como salinidade, temperatura, pH, ORP
(potencial de oxirreducdo), dentre outros, todos estes parametros, associados a fracdo
do sedimento, quantidade de matéria organica assim como, a presenca de 6xidos e
sulfetos de ferro (Evanko et al., 1997).

Os metais tracos, importantes poluentes em ambientes aquaticos, podem ter
origem de fontes naturais como, aporte atmosférico e chuvas, pela liberacdo e
transporte a partir da rocha matriz, ou seja intemperismo, emissfes vulcanicas,
incéndios florestais. Contudo, podemos afirmar que agdes do homem s&o grandes
contribuintes no aumento dos niveis desses elementos, que sdo observados
frequentemente, devido a diversas acGes como descarte inapropriado de esgoto
doméstico e industrial, escoamento urbano superficial, atividades agricolas e
industriais, atividades de mineracdo, queima de combustiveis fdsseis, uso em

baterias, tintas e outros. (de Carvalho Aguiar et al., 2018; Rosales-Hoz et al., 2003).

Os elementos traco apresentam algumas propriedades relevantes que o0s
tornam tdo degradantes dos ambientes aquéaticos e terrestres, como caracteristicas

atbmicas peculiares que fornecerem elevada resisténcia a degradacao quimica, fisica
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e biologica no sistema aquatico, toxicidade e a sua capacidade de bioacumulagdo na
cadeia alimentar que pode ocasionar efeitos adversos aos ecossistemas estuarinos e,

consequentemente, ao ser humano (Ikem et al., 2003).

A variabilidade espacial dos poluentes em ambientes estuarinos esta
diretamente associada ao balango do fluxo fluvial / marinho, resultando em um
acentuado gradiente de salinidade, impactando fortemente a hidrodindmica estuarina
e influenciando os processos biolégicos e biogeoquimicos (Cloern et al., 2017). As
transformacdes fisico-quimicas das interacBes dgua e moléculas sdo diretamente
influenciadas pela salinidade, resultando, por exemplo, na mineralizacdo da matéria
organica (Telesh et al., 2010). As concentracbes de ions da coluna de &gua
apresentam papel fundamental nos processos quimicos dentro do gradiente de
salinidade. Nesse sentido, uma das formas mais utilizadas para calcular o balango
entre ganhos e perdas desses compostos em ambientes estuarinos, permitindo o
entendimento dos pontos de transformacédo ao longo das zonas de mistura, é através
da correlagdo dos niveis de uma espécie quimica de interesse em funcéo da variagcdo
da salinidade (Brandini et al., 2016).

Um dos grandes problemas relacionados & contaminacdo de metais trago nos
ecossistemas aquaticos é a bioacumulagdo destes pela biota. Quando associados aos
sedimentos, esses elementos podem se acumular nos organismos benténicos ou
pelagicos causando diversos efeitos deletérios aos mesmos. O que ocorre € que um
metal substitui outro que faz parte do metabolismo ou mesmo uma proteina,
ocasionando mudangas como resposta a toxicidade, inclusive oferecendo risco

toxicologico para a saude do homem.(Harje & Andrade, 2009)

Entretanto, alguns elementos tracos apresentam funcées essencias para a biota,
sendo fundamentais para diversas funcdes bioquimicas e fisiologicas, como: cobalto
(Co), cobre (Cu), cromo (Cr),ferro (Fe), magnésio (Mg), manganés (Mn), molibdénio
(Mo), niquel (Ni),selénio (Se) e zinco (Zn), porém quando encontrados em niveis
mais elevados esses mesmos elementos podem ser téxicos a toda comunidade
marinha levando a mortandade destes seres (Tchounwou et al., 2012;SINGH et al.,
2023). De forma geral, a atividade antropogénica eleva a concentracdo desses
elementos nos ambientes naturais, sendo originados principalmente de residuos

industriais e agricolas (Srebotnjak et al., 2012; Tchounwou et al., n.d.).

Diante da crescente preocupagdo sobre o constante aporte dos principais
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poluentes como os metais traco que podem ser absorvidos pela fauna aquatica local,
torna-se um grande risco para a populagéo, visto que muitas vezes estes organismos
como peixes, camardes, mexilhdes e outro, sdo comercializados para alimentacéo
humana (Azevedo Netto et al., 2022; Vieira et al., 2021D).

A macrofauna bentonica, por sua vez, representa um conjunto de organismos
com 0s mais diversos grupos taxonémicos cujo, devido a sua mobilidade reduzida,
vivem associados a substratos. Estes possuem tamanho maior que 0,5 mm, sendo
visiveis a olho nu (Sun & Overholtzer, 2013). Os macroinvertebrados bentdnicos
desempenham papeis fundamentais nos ecossistemas estuarinos, tanto devido a
serem representantes majoritarios nas teias alimentares, quanto a sua atuacdo na

ciclagem de nutrientes atraves da bioturbacdo (Wildsmith et al., 2011).

Em paralelo, também servindo como indicador de qualidade ambiental, o
sedimento é considerado um importante compartimento do ambiente aquatico, tendo
por caracteristica a acumulacdo de compostos organicos e inorganicos, como os HPA
e metais pesados, que tendem a ficar absorvidos nas fracdes finas dos sedimentos,
que por sua vez fornecem o registro histérico da contaminacéo de determinadas areas
(Garcia e Azevedo 20199). Assim sendo, a compreensdo da distribuigédo espacial de
poluentes nos sedimentos, incluindo os metais pesados, pode fornecer indicios de
quao impactado o ecossistema se encontra (Yeet al., 2015).

Nesse contexto, o sistema estuariano de santos (SES) foi selecionado para o
presente estudo devido ao seu histérico de degradacdo ambiental causada
principalmente pela pressdo antropogénica que, devido a suas caracteristicas
morfologicas que resultaram em uma area com o maior porto da América Latina e
do parque industrial de Cubatdo, que abriga uma centena de industrias, além dos
problemas com aporte de esgotos domésticos e industriais por toda a area litoranea.
(Siqueira et al, 2004).

2. JUSTIFICATIVA

O presente estudo foi realizado no Sistema Estuariano de Santos, devido ao seu

historico de altos niveis de contaminagdo consequéncia da intensa atividade urbana,

assim como, industriais e portuarias. O SES abriga 0 Complexo Portuério de Santos,

sendo este 0 maior porto da américa Latina, além de ser considerado atualmente uma das

regides brasileiras mais afetadas quanto a contaminagdo dos ecossistemas aquaticos.
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Muitos sdo os estudos ao longo nesta area, onde grande parte tem sua énfase nas
propriedades fisico-quimicas dos sedimentos e sdo diagnosticadas concentracdes de
poluentes propicias para causar efeitos biologicos adversos, (Bordon et al., 2011,
Gianesella et al. 2008; Braga et al., 2000), porém, ainda se verifica uma caréncia em
estudos que correlacionem fatores abidticos e bidticos, buscando entdo identificar os

impactos que tal contaminacgdo pode causar nos organismos que vivem nesse ambiente.

As industrias do Polo de Cubatéo, regido proxima a area de estudo, durante décadas
lancaram diferentes tipos de poluentes e residuos tdxicos, tanto no solo como no ar e nos
corpos d’agua da regido. Esses poluentes consistem em Oxidos de enxofre, dxidos de
nitrogénio, e dioxido de carbono, metano, hidrocarbonetos policiclicos aromaticos,

acidos, metais pesados e material particulado (Guimaraes, 2005).

Em complemento e sabendo que os sedimentos possuem significativa relevancia
nos ecossistemas aquaticos, por conta de serem considerados com registros historico de
um ambiente marinho, devido a serem mais estaveis (quando comparados a 4gua), além
de ter um importante papel na acumulacdo de elementos tragos e para 0s organismos
bentbnicos, é possivel entender a dindmica geoquimica dos metais tracos e potencial

biodisponibilidde para a Macrofauna Bentdnica no Estuario de Santos - Sdo Paulo.
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3. OBJETIVOS

3.1 Objetivo Geral

O objetivo do presente estudo foi analisar a contaminacdo dos

sedimentos superficiais com relacdo a concentracdo de elementos tracos,

fosforo e sua influéncia na riqueza e abundéancia da macrofauna bentdnica no

Estuario de Santos - Sado Paulo.

Obijetivos Especificos

Caracterizar a granulometria dos sedimentos superficiais (Granulometria e

Matéria organica);

Analisar a influéncia das atividades industriais realizadas no entorno do estuario
na distribuicdo da fracdo potencialmente biodisponivel dos elementos metalicos

(As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, e Zn) nos sedimentos superficiais;

Realizar o fracionamento geoquimico dos metais (Cd, Pb, Cu, Zn, Ni) pelo
método BCR,;

Avaliar a influéncia da concentracdo de fosforo em suas fragcdes: Inorganica,

Organica e total sob a macrofauna benténica do Canal Portuario de Santos-SP

Identificar quais os elementos metélicos sdo mais abundantes no sistema

estuarino de Santos;

Determinar a distribuicdo espacial das concentragOes destes elementos nos

sedimentos superficiais ao longo de todo canal do Porto de Santos-SP;
Identificar os oganismos da macrofauna benténica ao longo do canal estuariano;
Avaliar a influéncia dos metais tracos na distribuicdo dos organismos benténicos;

Verificar as possiveis influéncias dos parametros fisico-quimicos da coluna
d’agua, dos teores da matéria organica e da granulometria no acimulo de

contaminantes.

4. HIPOTESE

O Sistema estuarino de Santos-SP desde a década de 50 vem sofrendo intensa acao

antropica devido a suas caracteristicas que favoreceram o desenvolvimento de intensa
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ocupacdo humana em seu entorno, assim como ocorre em grande parte das regides

costeiras.

A proximidade da regido metropolitana da cidade de Sao Paulo, disponbilidade de
agua e energia, construcdo de infraestrutura de transporte rodoviario, ferroviario e
portudrio, acarretaram no desenvolvimento de industriais de base siderurgica,
petroquimica, fertilizantes, que ao longo dos anos foram despejando em grandes
quantidades, contaminantes que, ao passar dos anos, vdo se acumulando nos sedimentos,

sendo bioacumulados pela biota, causando diversos impactos nesse ambiente.

Segundo dados apresentados no site do porto de Santos, onde descreve “O Porto de
Santos € o principal porto brasileiro em valores de carga movimentadas, responsavel
historicamente por no minimo 25% do comércio exterior brasileiro”, nota-se uma grande
caréncia de estudos capazes de relacionar dados biogeoquimicos, biota e o0s
contaminantes gque sdo despejados diariamente no Sistema Estuarino de Santos e, néo

apenas pelo Porto, mas também por esgotamento domeéstico e industrial.

A partir disso, o presente estudo visa identificar e relacionar a contaminagéo dos
sedimentos superficiais no Estuario de Santos - Sdo Paulo com a concentracdo de
elementos tracos, fosforo e sua possivel influéncia na riqueza e abundancia da macrofauna

bentbnica.

5. FUNDAMENTACAO TEORICA

5.1. Variaveis fisico-quimicas da agua e sua interferéncia nos elementos tragos

A &gua, devido a sua caracteristica de ser um solvente, através do seu ciclo
hidroldgico permanece em contato com os constituintes do meio ambiente (ar e solo),
dissolvendo muitos elementos e carreando outros em suspenséo. (Freitas et al., 2002). A
mistura da agua oriunda da drenagem continental com a dgua do mar influencia nas
caracteristicas fisico-quimicas do estuario, proporcionando a deposi¢cdo de material

particulado e dos contaminantes associados a essas particulas (Kim et al., 2016).

Diversos sdo os fatores quimicos, fisicos e bioldgicos que sao capazes de interferir
na remobilizacdo dos elementos tragos. Segundo Mosley e Liss (2020), dois fatores como

agregacdo de particulas e pH afetam o comportamento do metal em ambientes estuarinos.
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Duodu et al. (2017) complementa que além do potencial hidrogenidnico, a salinidade e o
potencial redox, também podem influenciar na biodisponibilizacdo dos metais de
diferentes maneiras. Em suma, a mobilidade e a forma quimica dos elementos tracos séo
influenciadas principalmente por fatores fisico-quimicos e geoldgicos, como o potencial
hidrogenidnico (pH), potencial redox (Eh), percentual de matéria organica e a
granulometria dos sedimentos (GU et al., 2015).

A seguir serdo descritos cada parametro e como estes sao fundamentais para

compreender o comportamento dos elementos tragcos em um ambiente estuarino.

pH: O potencial hidrogénioco é um dos pardmetros que apresentam maior
relevancia em estudos geoquimicos, visto que esta variavel caractetiza as condi¢Ges do
ambiente como acido (concentracdes abaixo de 7), neutra (valor de 7) ou basico (7 a 14)
(Lim, 2006).

Salinidade: A salinidade de um corpo hidrico é a caracteristica responsavel pela
classificacdo de um ambiente em doce, salobro ou salino e essa varidvel diz respeito a
concentracdo de de teor de sais dissolvidos.(NOBRE DE OLIVEIRA et al., 2010)

Alterac6es nas condicdes de um estuario quanto a sua salinidade € fundamental para
os elementos traco. Em geral, para baixas salinidades resultam em uma alta adsorcéo dos
metais no material em suspensdo, quando ocorre com 0 aumento da salinidade ocorre a
dessorcdo dos metais e, paralelamente, a sua mobilizacdo do ambiente redutor pela
ressuspensdo dos sedimentos (DE OLIVEIRA; MARINS, 2011). Entretanto, o
entendimento especifico da disponibilidade de cada metal pode variar, inclusive em

diferentes matrizes avaliadas (Vieira et al., 2021)

A salinidade também é um fator fundamental para possibilitar a vida de
determinadas espécies nos ambientes aquaticos. AlteracBes bruscas desse parametro
podem levar a morte de diversos organismos marinhos. Segundo Zettler et al. (2007), no
Mar Baéltico essa variavel € um dos principais fatores para determinacéo da composicao

taxondmica das comunidades macrobentonicas, por exemplo.

Temperatura : A temperatura possui elevada importancia ecoldgica, pois apresenta
diversas interagbes com a vida aquética, influenciando no crescimento e o
desenvolvimento dos seres vivos (FAO, 2020). E um fator que depende
fundamentalmente do regime de energia radiante disponivel e do aumento de calor na

agua, sendo o transporte de massa do proprio liquido a forma mais eficiente para o
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aumento calorifico. A coluna de agua pode ficar estratificada termicamente através de
diversificados meios, com padrdes varidveis mesmo dentro de uma regido, em virtude de
elementos climéticos, como radiacdo solar e ventos, e de fatores especificos do

ecossistema, como sua morfometria (ESTEVES, 1998).

A temperatura também pode influenciar diretamente outros parametros
importantes, tais como a solubilidade dos gases na agua. A agua fria, por exemplo, contém
mais oxigénio dissolvido do que a agua quente, em geral, o que influencia diretamente na
decomposicdo de matéria organica, gerando como consequéncia o efeito sobre a

qualidade do liquido e sobre a vida de organismos aerdbios aquaticos (BRANCO,1986).

ORP: O Potencial Redox possibilita avaliar a disponibilidade de elétrons para as
reacOes de oxirreducdo, estabelecendo assim, espécies quimicamente predominantes.
Este parametro é de grande importancia na natureza, pois assim como o pH, muitas das
reacOes que ocorrem na natureza envolvem tanto os elétrons, como os prétons, ou seja,
sdo governadas pelas concentragdes tanto de EH, quanto do pH. Algumas variaveis como:
ferro, manganés, carbono, nitrogénio e enxofre, dentre outros elementos, podem alterar
drasticamente sua mobilidade e, em alguns casos, a toxicidade num dado compartimento
ambiental. (Jardim, 2014)

Quando o potencial redox apresenta valores positivos indicam um ambiente com

condi¢bes oxidantes, enquanto valores negativos indicam disponibilidade de
elétrons, ou seja, condicGes redutoras. Na legislacdo vigente ndo existe limites
estabelecidos para este pardmetro, porém geralmente quando em ambientes muito

impactos este se encontra com valores negativos.

No geral, aguas muito oxidadas, com concentracdes de oxigénio acima de 1 mg O2
L -1, o potencial redox é altamente positivo (acima de 300-500 mV). Em ambientes
reduzidos, como nas aguas profundas dos lagos estratificado ou sedimentos de lagos

eutroficos, o potencial redox é baixo (abaixo de 100 mV, ou mesmo negativo).

Oxigénio dissolvido: Oxigénio dissolvido € a medida da quantidade de oxigénio em
um determinado fluido ou por ele transportado. O oxigénio dissolvido é elemento
determinante em ambientes aquaticos, especialmente para 0s organismos vivos que ali
habitam. A polui¢cdo marinha, especialmente matéria organica em grandes quantidades,
possivelmente proveniente de a¢des antropicas, pode afetar drasticamente os niveis de

OD do ambiente, levando-os a hipoxia, como resultado do consumo desse carbono
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organico e fazendo com que bactérias aerébicas aumentem seu consumo de oxigénio
(Boyd et al., 2002).

Tratando especificamente de regides estuarinas, estas podem apresentar diferentes
niveis de OD, chegando a valores baixos devido a deficiéncia em renovacdo de agua

proveniente dos oceanos e ricas em oxigénio.

Turbidez e So6lidos Suspensos Totais (SST): A turbidez, considerada uma medida

subjetiva, pode ser definida como propriedade fisica dos fluidos que se traduz na reducéo
da sua transparéncia devido a presenca de materiais em suspensdo que interferem a
passagem da luz através daquele corpo d’agua (Sousa, 2001). O parametro ¢ considerado
de grande relevancia em temas ligados a oceanografia, uma vez que pode determinar a
espessura da zona eufotica (Moreira et al. 2001), onde concentram-se muitos organismos

VIVOS.

Aturbidez esta intimamente ligada a presenca de Sélidos Suspensos Totais, 0s quais
sdo definidos como toda a matéria, com excep¢do da agua contida naquele fluido, ou,
mais especificamente, matéria que permanece como residuo apds evaporacdo de 103 a

105 °C, podendo ser divido em sélidos em suspensdo e sélidos filtraveis (Sousa, 2001).

Desse modo, os elevados indices de solidos suspensos e turbidez podem prejudicar
processos metabodlicos dos corpos d’agua e causar desequilibrio na cadeia alimentar,
prejudicando a procura por alimento de peixes e crustaceos, por exemplo, e reduzindo a
fotossintese, o que afeta diretamente o desenvolvimento de organismos aquaticos e,

consequentemente, do ambiente como um todo (Santos et al. 2014).

5.2. Sedimento e sua importancia como indicador de monitoramento ambiental

A constante deposicdo de particulas em suspensdo proveniente dos rios, lagos,
estuarios e oceanos, formam os sedimentos. Sdo formados por minerais de tamanhos
variados, incluindo argila, silte e areia, misturada com a mateéria organica e de fragmentos
de rochas extraidos por processos quimicos e fisicos (Garcia et al. 2014). Nos sistemas
estuarimos podem servir de habitat, local de desova e crescimento para muitos
organismos aquaticos, sendo de extrema importancia para manutencao da satde da biota.
Além disso, podem ser reservatorios de diversos contaminantes e desse modo atuam
como uma fonte potencial de poluentes para a coluna d agua, aos organismos e aos
consumidores finais dos organismos, devido a um processo chamado de bioacumulagéo
(Lacerda e Malm, 2008; Coringa et al., 2016).
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Diversas sdo as possiveis fontes de contaminacdo dos sistemas estuarinos, dentre
eles destacam-se os efluentes doméstico e industrial sem tratamento despejados direto
nos ambientes aquaticos, atividades agricolas, assim como as intensas atividades
portuarias. Esses residuos aumentam a concentracdo de matéria organicas nos ambientes
costeiros, resultando em uma maior concentracao de elementos tracos, hidrocarbonetos e
demais contaminantes que sdo capazes de alterar toda dindmica do sistema.
(HORTELLANI et al., 2008; ORIAS e PERRODIN, 2013; YAGUB et al., 2014).

Uma importante caracteristica que deve ser analisada nos sedimentos diz respeito a
granulometria, sendo que quanto mais finos 0s gréos, maior sua capacidade de sorgéo e
acumulo de contaminantes. Desse modo, os sedimentos podem ser classificados em dois
grupos principais conforme a classificacdo de Rawdkivi (1976):

Sedimentos grossos: particulas maiores que 63 um, incluem areia e cascalho,
composto principalmente por quartzo e feldspato, bem como carbonato de célcio, oriundo
dos fragmentos de conchas.

Sedimentos finos: sdo particulas menores que 63 um (silte e argila), constituidos
particularmente por minerais argilosos, matéria organica e carbonatos.

Em razdo das suas caracteristicas fisicas (grande superficie de contato) e quimicas
(caracteristicas da matéria organica), as fracbes mais finas dos sedimentos possuem um
enriquecimento nas concentragdes de contaminantes se comparados com as fracdes mais
grossas (Coringa et al., 2016).

Conforme ja citado, uma grande importancia dos sedimentos finos é sua capacidade
de sorcdo e acumulo de sedimento, devido a possuir maior &rea de contato com 0s
elementos presentes em um determinado ambiente, com isso s&o considerados como um
compartimento de acimulo de poluentes ( Jesus et al., 2004). Comumente os estudos de
sedimentos costeiros possuem um importante papel na definicdo da extenséo da poluicao,
bem como na determinacdo das possiveis fontes poluidoras (Sundaramanickam et al.,
2016).

Estudar os sedimentos de forma a compreender a ligacdo dos metais nestes é de
grande importancia para analisar a fonte e 0s potenciais riscos as espécies aquaticas, uma
vez que muitas espécies demersais se alimentam de detritos organicos, onde a

concentracdo de contaminantes é considerada mais alta (Duodu et al., 2017).
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5.3. Ecosistemas Estuarinos
A definicdo de estuario com maior aceitacdo foi proposta por Pritchard (1971) e
esta pautada em trés aspectos: o estudrio € um corpo d’agua costeiro semifechado; possui
ligagdo permantente com o oceano e ocorréncia da diluicdo mensuravel das &guas salinas
com a agua doce proveniente da drenagem continental; e 0 estuario esta sujeito a acao das

marés.

Os estudrios sdo definidos como corpos d’4dgua semifechados, onde ocorrem a
interacdo da &gua salina oriunda dos oceanos e a 4gua doce proveniente da drenagem
continental (Machado et al., 2016). Os estuarios sdo regides primordiais na interacdo dos
sedimentos continentais e oceénicos devido a enorme quantidade de particulas em

suspensdo e matéria organica presentes nas bacias hidrogréaficas (Cardoso et al., 2016).

Os ambientes estuarinos historicamente tem sido alvos da intensa ocupagéo
humana. O crescimento industrial e a urbanizacdo em &reas litoraneas tém contribuido
para a degradacdo de ambientes estuarinos, que sdo ambientes naturais de grande

importancia ecoldgica, econdmica e social (Machado et al., 2016).

Forstner e Wittmann (1979) apud Machado et al. (2016), afirmaram que os estuarios
estdo entre os seis ambientes mais impactados por contaminantes como HPAS e metais
tracos. Toneladas de metais foram despejadas nos estuarios de paises europeus com
tradicdes de industriais. E recentemente os processos de contaminacdo sao atenuados pelo
aumento da urbanizacdo, descarte de residuos domesticos e industriais, além de atividades

antrépicas como pesca, mineracao e instalacdes de terminais portuarios.

Dessa forma, em virtude da sua importancia econémica, social e ecoldgica, e por
serem ambientes complexos, compreende-se que é de grande importancia compreender a
definicdo desse ecossistema bem como as suas caracteristicas em fungdo da

geomorfologia, dos processos fisico-quimicos e bioldgicos.

5.4. Elementos tragos

Segundo Pereira et al. (2002), os metais ou elementos traco sdo substancias
quimicas consideradas como mais reincidentes, em termos de contaminagdo. O mesmo
autor ainda relata que os metais nos ecossistemas aquaticos podem ocorrer de modo

natural, devido a geoquimica da regido e, por agdo humana, como reflexo das atividades
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domésticas e/ou industriais, corroborando com Ramesh e Damodhram (2013). No
segundo caso, a contaminagao por metais pode ocorrer a partir de fontes difusas, como
atraves da atmosfera, deposicdo de solidos e lixiviacdo do solo, principalmente em areas
agricolas, ou fontes pontuais caracterizadas principalmente devido a emissdes de
efluentes industriais, pordes de esgoto, coleta de lixo e despejos de mineragdo (Campos,
2002).

Esses elementos possuem caracteristicas especificas que quando encontrados em
grandes quantidades, o tornam altamente degradantes dos ambientes costerios, sendo
algumas delas: Capacidade de bioacumulagéo, elevado peso atdmico, e o fato de ndo se
degradar.

Elementos traco pode ser encontrados nos sedimentos em diferentes formas
quimicas: fracdo soluvel (F1), fracdo redutivel (F2), fracdo oxidavel (F3) e fracdo
residual (F4)(Zhang et al., 2017). As concentrages totais de metais em sedimentos, ndo
indicam o seu real potencial de contaminagéo, visto que algumas condi¢bes como:
biodisponibilidade, a toxicidade e a mobilidade de cada elemento diferem de acordo com

a sua forma quimica e mineralogica (LEE et al., 2017).

Com isso, é necessario a determinagdo dos diferentes mecanismos de ligacéo dos
metais nos sedimentos para avaliar o seu potencial nivel toxico, risco ao ecossistema e

possiveis fontes (naturais ou antropogénicas) (NAJAMUDDIN et al., 2016).

As interacfes entre 0s metais e 0s sedimentos podem ser divididas em quatro

principais grupos (Miranda et al., 2021), a saber:
¢ ligacdo por adsorcdo e troca ionica;
e precipitacdo/co-precipitacdo por 6xidos metalicos e carbonatos;
e incorporagdo em metais cristalinos;
e complexacdo por matéria organica.

Os elementos tracos quando fortemente ligados as redes cristalinas dos minerais
possuem baixa mobilidade e biodisponibilidade e toxicidade relatimanete baixas
(NAJAMUDDIN et al.,, 2016). No entanto, geralmente 0s metais traco de origem
antropogénica sdo trasportados por meio da coluna d'agua e, sendo entdo acumulados no
sedimentos apds a acdo de diversas variaveis fisico quimicas que atuam nesses

elementos acarretando na biomagnificacdo por meio de niveis tréficos, ocasaionando um
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risco ecolégico significativo para 0s organismos aquaticos e para os seres humanos
(ANOORP et al., 2022).

Perante as condic¢Bes hidrodindmicas nos estuarios, provocadas pelas marés, os
metais incorporados nos sedimentos podem ser biodisponibilizados para a coluna
d’agua. Por essa razdo também torna-se relevante o estudo sazonal, pois as condi¢es
climaticas influenciam diretamente os parametros fisico-quimicos do ambiente e,
consequentemente, em parametros como pH, temperatura e salinidade, que por sua vez
podem interferir na mobilizacdo dos metais (CHEN et al., 2016). Algumas varia¢des na
concentragdo de metais em diferentes locais do Brasil e do mundo podem ser observadas
na Tabela 1.

Tabela 1- Concentracao de elementos tragos potencialmente remobilizavel (mg/kg-1)em sedimentos
estuarinos no Brasil e no mundo.

Estuério Pb Cu Cr Ni Zn Autor
Sepetiba - | Nd-54 164 - 108 - 447 - 60 — | Fonsecaet al., 2013
Brasil 16,4 18,7 21,31 647,7
Baia de | 13-30 Nd - 45 11 - 42 Fonseca et al., 2014
Guanabara -

Brasil

Sdo Vicente - | - 1,08 - 18,08 - 524 — 1594 - Carmoetal., 2011

Brasil 1,88 23,58 6,57 17,33

Estuério rio | 121,5 2125 210 56,4 345,4 Sarkar et al, 2014

Hugli - India

Jaya - Malasia | 11,81-15 3,7 - 1253 - - 17,59 — Ashraf et al, 2012
14,29 31,97 62,80

5.4.1. Arsénio

O arsénio é um semi-metal, e suas propriedades sdo intermediarias entre 0s metais
e ndo metais, sendo apontado como o vigésimo elemento mais abundante na Terra
(BAIRD e CANN, 2011). Os mesmos autores afirmam que nos seculos passados admitia-
se que 0 arsénio possuia o0 poder de curar determinadas doencas, sendo utilizado como

um profilatico contra a peste, o que, de fato, pode ser visualizado a partir dos compostos

26



de arsénio que sdo utilizados terapeuticamente ha bastante tempo, e até os dias atuais o

elemento é empregado em medicacdes.

As principais contribuicdes antropogénicas de arsénio para 0 ambiente se ddo por

meio das seguintes atividades: (Reynolds, 2010; Wang et al., 2014)
e uso de compostos de arsénio como pesticidas para cultivos agricolas;

o liberacdo de compostos arsénicos durante a mineracdo e fundicao de ouro,

chumbo, cobre e niquel;

e combustdo do carvdo, principalmente nas areas adjacentes onde o

combustivel féssil é queimado;
5.4.2. Cédmio

O cadmio é um elemento quimico, cujo o simbolo é Cd e possui 48 prétons e 48
elétrons. Logo seu numero atdmico é 48 e esta localizado no grupo 12 (11B) da tabela

periddica, junto com o zinco (Zn) e o mercurio (Hg) (VOGUEL, 2002).

Em suma o Cd ¢é gerado como subproduto da fundi¢do do zinco (Zn), visto que 0s
dois metais ocorrem juntos. Como acontece com outros elementos tracos, a queima do
carvao, bem como a incineracao de residuos que possuem cadmio também desencadeia o

acimulo do metal nos ambientes naturais (Jaishankar et al., 2014).

Este elemento € exposto aos em sua maioria, atraves da alimentacao, este pode estar
presente nos frutos do mar, batatas, trigo, arroz e outros (NAGAJYOTI, LEE e
SREEKANTH, 2010).

5.4.3. Cobalto

O cobalto é um elemento essencial desempenhando papel importante na nutrigdo
animal. Calcula-se que o organismo humano possui de 0,7 a 1,1 mg de Co, sendo de 0,09
a 0,22 mg na forma de vitamina B12 (LIMA et al., 2010). De ocorréncia natural o Co
aparece na primeira série de transicdo do Grupo 9 da Tabela Periddica, junto com o Fe e
o Ni (ATSDR, 2004).

O cobalto é um elemento relativamente incomum, encontra-se na crosta terrestre
em teores de 1 a 2 ppm e esta disponivel na forma de minérios, tais como a cobaltita
(CoAsS), esmaltita (CoAs2) e eritrina (Co3[AsO4]28H20) e pode ser obtido como
subproduto dos processos de extracdo dos outros metais (ALVES & DELLA ROSA,
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2003). Comumente o cobalto encontra-se associado ao Fe, e ocasionalmente a outros
elementos metalicos como As, Ni e Se (LIMA et al., 2010).

De acordo com o Cobalt Institute 0 consumo do Co (elemento primordial para os
modelos mais comuns de baterias de ion-litio, utilizadas em veiculos elétricos) tem

aumentado consideravelmente.

5.4.4. chumbo
O Chumbo, do latim Plumbum, possui o simbolo de Pb, e nimero atbmico 82 (82
prétons e 82 elétrons), e pertence ao grupo 14 da classificacdo periodica. A concentracdo
de chumbo na litosfera é de aproximadamente 16 mg/kg no solo. Este elemento esta
concentrado nas rochas magmaticas e depdsitos de argila, onde sua concentragdo oscila
na faixa de 10 — 40 mg/kg (KABATA-PENDIAS, 2010).

Este elemento é um dos quatro metais que mais provocam danos a salde e nao
possui funcdo metabolica no organismo humano, sendo diretamente absorvido. Uma vez
absorvido, o chumbo se desdobra para o sangue, os tecidos dos rins, figado e cérebro e
para 0s 0ssos e dentes (MOREIRA E NEVES, 2008; MARCUS, 2001).

Apesar da concentracdo de chumbo estar aumentando em determinados locais do
mundo, 0s usos e 0s descartes desordenados foram reduzidos nos ultimos anos em paises
desenvolvidos. Logo a concentracdo de chumbo no ambiente tem diminuido
consideravelmente (BAIRD e CANN, 2011).

5.4.5. Cobre
O Cu ¢é bastante usado em ligas metalicas e os 6xidos utilizados como pesticidas
(COSTA, 2001; SIMPSON et al., 2012).

Clark (2001), estima que a insercdo natural de Cu no ambiente marinho,
proveniente da erosdo de rochas, possa estar em torno de 325 mil toneladas anuais. Ja as
introducdes oriundas de atividades antropicas acontecem de forma pontual e divergem
muito em sua natureza, seu uso esta relacionado a utilizacdo em equipamentos elétricos,
utensilios domésticos, em tubulagdes, ligas metélicas, em pinturas para cascos de navios,

como fungicidas e inseticidas, e como conservante de madeiras.

Assim como a grande maioria dos elementos tragcos, os meios de imput do Cu no

ambiente marinho pode ser 0s mais diversos, destacando-se, 0 esgoto urbano, os efluentes
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da refinaria de petréleo e efluentes de industrias de fertilizantes que possuem quantidade
expressiva de Cu (NIENCHESKI et al., 2004).

Os niveis de cobre em sedimentos marinhos e estuarinos ndo contaminados podem
variar de 10 a 50 pg/g-1 peso seco (SALOMONS; FORSTNER, 1984). A maneira como
0 cobre se encontra no sedimento e altamente influenciada pela quantidade de matéria
organica disponivel. Em sedimentos com altas concentracdes de matéria organica o cobre

liga-se preferencialmente aos sulfetos e a matéria organica (NAVFAC, 2000). C

O Cobre é um micronutriente primordial ao longo da fase de crescimento, atuando
em determinados processos enzimaticos que agem na formagéao dos tecidos de conexao,
no metabolismo do Fe e no sistema nervoso central. No entanto em demasia o cobre torna-

se toxico ao ser humano e organismos aquaticos.

54.6. Cromo
As formas de apresentacdo do Cr mais conhecidas no ambiente s&o o Cr (111) cromo
trivalente e Cr (V1) cromo hexavalente(MOHANTY & KUMAR PATRA, 2013). Seu uso
esta bastante relacionado com as técnicas de galvanoplastia, de protecdo contra corrosao
e no tratamento do couro. Nesta Gltima atividade o Cr (I11) se fixa as proteinas da pele
animal para formar o couro que é resistente a agua, calor e bactérias (BAIRD e CANN,
2011).

O Cr presente no solo concentra-se nas camadas superficiais na forma de Cr3+,
dado que, o estado hexavalente Cr6+ considerado toxico por conta do seu alto poder
oxidante e facil permeacdo bioldgica, é bastante instavel e rapidamente convertido em
estado trivalente Cr3+ (BERGMANN, 1992).

Este elemento € detectado naturalmente em plantas, rochas, animais, solos, poeiras e
névoas vulcanicas, sendo as acgdes antrépicas a fonte da quase totalidade de cromo
hexavalente encontrado no ambiente. Niveis consideraveis de cromo sdo encontrados nos
fertilizantes nitrogenados, fosfatados e superfosfatados. Nas atividades industriais
encontram-se principalmente as formas hexavalente, trivalente e elementar ( Jaishankar et
al., 2014).

Além disso, o Cr é utilizado de forma abundante em inddstrias como metalurgia,
producdo de tintas e pigmentos, na preservacdo de madeira e producdo de papel e celulose
(GHANI, 2011).
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5.4.7. Ferro

O Ferro (Fe) é o segundo metal mais comum na crosta terrestre, atras apenas do

Aluminio (Al). Sendo um elemento fundamental para o crescimento e desenvolvimento

de quase todos os organismos vivos ( Jaishankaret al., 2014). Porém, quando h&a uma

concentracdo muito elevada desse elemento pode provocar lesdo organica nos seres

humanos e morte, por conta de lesdes celulares, fibrose e insuficiéncia funcional
(CANCADO, 2007).

A concentracdo de Fe dissolvido nos oceanos profundos geralmente sdo de 0,6 nM,
0 que equivale a 33,5 x 10° mg/L. Ja na agua doce a concentragdo é muito baixa,
principalmente se comparado com as concentraces encontradas nas aguas subterraneas,

que € em torno de 20 mg/L (Jaishankar et al., 2014).

Nas aguas superficiais, o nivel de ferro aumenta nos meses chuvosos por conta do
carreamento de solos e & ocorréncia de processos de erosdo das margens. Também podera
ser importante a contribui¢do proveniente de efluentes industriais, pois muitas industrias
metaldrgicas desenvolvem atividades de remocdo da camada oxidada (ferrugem) das
pecas antes de seu uso, processo conhecido por decapagem, que normalmente é procedida

através da passagem da peca em banho &cido (Jaishankar et al., 2014).

5.4.8. Manganés
Como parte da composicdo dos organismos vivos, 0 manganés é um elemento

essencial, sendo um nutriente necessario para determinados processos enzimaticos
(Sivaperumal et al., 2007). Todavia, altos niveis de exposi¢do podem causar pneumonia
por manganés, problemas cardiovasculares, hepaticos e neurologicos (Atsdr, 2000).

O manganés esta presente em 11 estados de oxidacdo, sendo +2, +4 e +7 0s mais
importantes (Cornelis e Nordberg, 2007). O elemento € bastante utilizado nos processos
metalurgicos, sendo que cerca de 90% do metal é utilizado na manufatura do ago como
um aditivo de desoxidacdo e como componente de ligas metalicas. Além disso, 0 Mn
também ¢é usado na manufatura de vidro; descoramento de material téxtil; fosforos e fogos

de artificio (Santamaria, 2008)

5.4.9. Niquel
O niquel é um metal encontrado naturalmente na crosta terrestre, € possui como

caracteristica ser um metal ductil, maleavel, razoavelmente duro e com um fraco brilho
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amarelado. A maior parte do niquel ocorre em conjunto com o ferro magnésio, minerais

de rochas metamorficas e igneas (Baird e Cann, 2012).

O metal é disponibilizado para a atmosfera a partir das plantas em crescimento
e das queimadas. Naturalmente o niquel, normalmente estd em forma de éxidos; ja o
proveniente dos vulcOes e das queimadas encontra-se na forma de poeiras (Oliveira,
Rubinge, De Bellis, 2003).

O niquel pode ser usado na fabricacdo do aco inoxidavel; em catalisador de
reacOes de hidrogenacédo na fabricacdo de margarinas e manteiga a partir de gorduras
liquidas; na producédo de ligas de niquel para emprego em componentes para marinha,
motores de avido a jato, fornos e fogdes; como catalisadores na indudstria de alimentos, na
fabricacéo de vidros e na producdo de utensilios domesticos; na manufatura de baterias

alcalinas; e fabricacdo de moedas; pigmentos inorganicos para o esmalte e a ceramica .

O niquel esta presente no solo, na agua, no ar e na biosfera em diferentes

concentragdes. (Azevedo;Chasin, 2003).

O niquel tem um alto poder de exposicdo a populagdo, visto que sua ingestdo
pode pode acontecer por inalacdo de ar, ingestdo de agua e de alimentos ou mesmo em
contato com a pele. A exposi¢do dérmica pode causar dermatite de contato, muito comum
na utilizacdo de aderecos de roupas e de bijuterias contendo o metal. O tabaco é um
importante caminho de exposicdo ao niquel, visto que o cigarro pode conter de 1,3 a 4,0
pg de Ni/kg. Além disso, o niquel pode ser liberado de materiais em contato com 0s
alimentos como embalagens e utensilios de ago inox utilizados para o cozimento
(Carrapatoso, 2004).

5.4.10. Zinco_

O Zn é um micronutriente, elemento fundamental para o crescimento do ser
humano, é um micronutriente, parte integrante de muitas enzimas. Em altas concentragdes
o elemento pode ser fitotoxico e em concentra¢des acima de 5,0 mg/L, concede sabor a

agua e uma certa opalescéncia as aguas alcalinas.

O Zn ocorre no ambiente principalmente no estado de oxidacdo +2 e combina-se
com cloro, oxigénio e enxofre, formando compostos. O metal pode ser encontrado no ar,
no solo, na agua e nos alimentos. No ambiente natural, a maior parte pode ser encontrada

como sulfeto de zinco (Silva et al., 2003).

31



O zinco metéalico é aplicado no revestimento do ferro e de outros metais para

prevenir a corrosdo, na formacéo de ligas, producdo de moedas e baterias.

As fontes antropicas de zinco para o ambiente sdo: mineracdo; purificacdo do
zinco, chumbo e cddmio; producdo de aco; queima de carvdo e de lixo; residuos
industriais, principalmente da producdo de metais e materiais elétricos. O metal pode ser
absorvido por animais por meio da alimentacdo ou ingestdo de agua contaminada,

entrando na cadeia alimentar (Byrne; Reid; Wood, 2010).

As concentrac6es de zinco em sedimentos ndo contaminados podem variar de 1,2
ng/gt em sedimentos arenosos com grossa granulagio até 100 pg/g™ de zinco total em
sedimentos argilosos (Larsen; Gaudette, 1995). O zinco ndo residual na maior parte dose
sedimentos oxidados encontra-se ligados principalmente as fraces de 6xidos de ferro e
manganés. Ja nos sedimentos reduzidos, ha a preponderancia do zinco se associar com

sulfetos e matéria organica (Rosental; Eagle; Orren, 1986).

5.5. Extracdo sequencial de elementos tracos- Utilizacdo do método BCR

Para realizacdo do fracionamento dos metais tracos, utilizou-se o0 método BCR (Ure
et al., 1993; Rauret et al., 2001), que estabelece 3 fases distintas: (i) fase trocavel ou
soluvel em acido; (ii) fase redutivel, em que ha a associa¢do de metais com Oxidos de Fe
e Mn; (iii) fase oxidavel, em que os metais sdo associados a matéria organica. Somada a
esta metodologia, de forma subsequente a aplicagdo anterior, fez-se a extracdo da fase
residual a partir do método - USEPA 3051A (USEPA, 2007).

Inicialmente foram separadas as aliquotas que seriam utilizadas para a determinacgéo
de metais, estas foram pesadas em balanca analitica (1 g de amostra de sedimentos
previamente liofilizados e macerados), sendo em seguida, armazenados em tubo falcon
de 50 ml de polietileno. O método de extracdo foi validado utilizando duas amostras do
padréo certificado BCR701®, que passram pelos mesmos processos de analise e extragdo
das amostras coletadas neste estudo. Utilizo-se também de forma a garantir que nédo
houvesse contaminacdo, dois brancos analiticos durante cada etapa do fracionamento.

Ap0s a extracdo de cada fracdo e sua posterior leitura, as amostras eram centrifugadas
por cinco minutos em 2.500 RPM, sendo entéo filtradas a vacuo através de membranas
de filtracdo em acetato de celulose com porosidade de 0,45 um, objetivando a separacéo

do sobrenadante e do sedimento O extrato filtrado de cada fase foi transferido para tubos
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de polietileno tipo Falcon de 50 ml e conservados a 4° C até sua leitura por espectrometria
de absorcéo atbmica por chama no espectofotdmetro AAnalyst 800, Perkin Elmer®.

Para que ndo houvesse riscos de contaminacdo em nenhuma das etapas de anaises dos
sedimentos, toda a frascaria utilizada era lavada e descontaminada com agua Milli-Q,
além de terem sido deixadas em banho com Extran neutro por 48h e, por fim, colocadas
em acido nitrico (HNO3) 10% por pelo menos 24h.

Figura 1- Detalhe do processo de pesagem das Figura 2- Amostras previamente liofilizadas
amostras apos a liofilizacao sendo peneiradas

5.6. Macrofauna bentbnica

A comunidade bentbénica é composta por organismos que vivem no fundo do mar
ou em corpos d'agua como rios e lagos, onde se fixam ou se movem sobre o substrato.
Esses organismos sao conhecidos como bentos, e incluem uma grande variedade de seres
vivos como algas, animais sésseis (que se fixam ao substrato), animais moveis e até
mesmo algumas bactérias (DAUVIN et al., 2017).

Esses organismos sdo parte importante dos ecossistemas aquaticos, pois
desempenham papéis essenciais, como a reciclagem de nutrientes e a manutencdo da
qualidade da agua. Alem disso, muitas espécies de peixes e outros animais dependem

diretamente dos organismos bentdnicos como fonte de alimento (FERNANDES, 2007).

A saude da comunidade bentdnica pode ser afetada por vérias fontes de poluicéo,
como a descarga de esgotos, a contaminacdo por substancias toxicas e a degradacdo do
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habitat natural. Além disso, a comunidade bentdnica também é importante para a
atividade humana, pois muitos organismos sdo utilizados na pesca comercial e na
aquicultura (Lukyanova et al., 2016). No entanto, a atividade humana pode impactar
negativamente essa comunidade, por meio da poluicéo, da pesca excessiva e da destruicdo
de habitats. Portanto, a preservagdo e a conservacdo da comunidade bentdnica s&o
importantes para garantir a salide dos ecossistemas aquaticos e a sobrevivéncia de muitas

especies.

A abundancia e diversidade dos organismos benténicos também sofrem influéncia
de pardmetros ambientais, tais como a hidrodindmica como ondas, marés e correntes
(Turner et al., 1997), salinidade (Medeiros et al., 2016), matéria organica (Coutinho;

Bernadino, 2017), temperatura (Scho et al., 2005), entre outros.

Além da interacdo direta com fatores ambientais, a comunidade bentdnica também
é influenciada por metais traco. Estes organismos podem ser especialmente vulneraveis
porque muitos deles sdo filtradores, absorvendo nutrientes e particulas da &gua. Os metais
acabam acumulados em seus tecidos e causam uma série de efeitos negativos, como danos
aos orgdos internos, reducao da reproducéo e do crescimento e até mesmo a morte (Pilo
et. Al,, 2015; Amorin et al., 2020). Os autores ainda sugerem que a presenca de metais
tracos na comunidade bentonica pode afetar a cadeia alimentar, pois esses organismos
sdo uma importante fonte de alimento para outros animais aquaticos, como peixes e
crustaceos. Como resultado, os efeitos da contaminacdo por metais pesados na
comunidade bent6nica podem se estender a todo o ecossistema aquatico e, eventualmente,

afetar a satde humana.

Por fim, destaca-se que as comunidades bentbnicas de macroinvertebrados
consistem em um dos bioindicadores mais eficazes da saude ambiental, sua importancia
no ecossistema ocorre devido a estes organismos serem fonte primaria de alimento para
muitos peixes, aves e mamiferos, além de influenciar na estabilidade dos sedimentos e a

composicao geoquimica.
6 MATERIAL E METODOS
6.1 Area de Estudo

O sistema estuarino de Santos € um dos maiores do Brasil e est4 localizado na costa
do estado de S&o Paulo, na regido sudeste do Brasil. Ele é formado pela desembocadura

dos rios Cubatdo, dos Meninos, Quilombo, Sdo Jorge e outros pequenos afluentes, que
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desdguam no Oceano Atlantico; estd inserido na Regido Metropolitana da Baixada
Santista, e € composto por nove municipios, sendo Santos e Sdo Vicente 0s mais
populosos (Muto et al., 2014).

Esse sistema estuarino € considerado uma importante area de reprodugdo e
alimentacdo para uma grande variedade de espécies marinhas, incluindo peixes,
crustaceos, moluscos e comunidade bentdnica em geral. Além disso, 0 estuario de Santos
é um importante corredor de migracéo de aves, como as garcas e 0s magcaricos (Hortellani
et al., 2008).

A regido apresenta clima quente e umido, com uma estacdo chuvosa que vai de
outubro a abril, com indice mensal superior a 170 mm, e um periodo de secas que se
prolongam de maio a setembro. A temperatura média anual é superior a 20° C e a
pluviosidade é elevada, variando entre 2.000 a 2.500 mm (CETESB, 2001). Os ventos
predominantes sdo de sudeste e escala decrescente de frequéncia relativa de sul e sudeste
(SABESP, 1997).

No entanto, a regido enfrenta desafios ambientais, devido a sua localizacdo em uma
das areas mais urbanizadas do Brasil (Figura 3). A cidade de Santos é a maior do litoral
paulista e esta localizada préxima ao estuario. As atividades humanas na regido, como a
urbanizacdo, a industrializacdo, a navegacao e a pesca, podem afetar a qualidade da dgua
e a biodiversidade do estuario.

Figura 3- Detalhe das palafitas ao longo do sistema estuarino de Santos. Fonte: A autora
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Através do monitoramento ambiental realizado pela CETESB (2009) constatou-se
baixos indices de qualidade das 4guas do Sistema Estuarino de Santos, sendo verificados:
Deplecdo de Oxigénio Dissolvido (OD); Incremento de nutrientes (compostos de
Nitrogénio e Fdsforo) e de matéria organica (Demanda Bioquimica de Oxigénio - DBO);
e, ainda, presenca de micro-organismos indicadores de poluicdo fecal (Coliformes
Termotolerantes).

Atualmente, essa area abriga o complexo industrial de Cubatdo, uma das mais
significantes areas industriais petroquimicas e metallrgicas do Brasil e o Porto de Santos,
0 maior porto industrial da América Latina (Moreira e Bessa, 2014). Esse situacao
aumenta as possibilidades de poluicdo ambiental, e, dentre as diferentes fontes pontuais
e difusas, destaca-se o emissario submarino de Santos (Figura 4), que recebe efluentes
industriais, portuarios e domésticos dos municipios de Santos e Sdo Vicente, que passam
previamente por um condicionamento até serem lancados na Baia de Santos (Abessa et
al., 2005). Ao longo do SES existem 8 emissarios submarinos, sendo estes locais para a
destinagdo final de esgotos sanitarios no meio marinho, objetivando o afastamento da
costa, além de, devido a alta capacidade de depuracdo do oceano, em funcdo do alto
volume de agua estes contaminantes dissolvidos ao longo do oceano. A seguir serdo
apresentados a localizacdo dos emissarios submarinos ao longo da baixada santista.
(CETESB,2023)

Guaruja

Praia Grande 1

Praia Grande 2

Emissarios - Baixada Santista

Prala Grande 3

Figura 4- Pontos de localizagao dos emissarios submarinos da baixada santista- FONTE: Cetesb
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Para lidar com esses desafios, 0 governo e outras organiza¢des tém implementado

medidas de conservacdo, como a criacdo de unidades de conservacao, a recuperacéo de

areas degradadas, a reducdo da poluicdo e a promocdo de atividades econbmicas

sustentaveis. Essas iniciativas visam proteger a biodiversidade do estuario e garantir que

ele continue sendo uma importante fonte de recursos naturais para a regiéo.

Os pontos amostrais foram selecionados de forma a contemplar todo Canal de Santos

(Figura 5), localizado no SES, desde areas mais internas do estuario até o Oceano. Nota-

se que os pontos 29 e 30 estdo localizados préoximos ao emissario submarino,

considerando a possibilidade de confirmac&do de influéncia deste nas anélises realizadas

na area.
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Figura 5 — Mapa de localiza¢do da area de estudo, contendo os pontos amostrais de sedimentos,

201

localizados no Canal de Santos- SP.

6.2 Coleta e analises

As coletas de sedimento no primeiro monitoramento realizado em abril/maio de

9, com dias de sol intenso, sem chuva nas 24 horas que antecedeu a presente coleta.

Nesta foram coletadas 32 amostras ao longo do Canal de Santos, priorizando pontos desde

a parte mais interna do canal, sendo estes proximos a locais de interesse como por
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exemplo Cutabdo, grande polo industrial de So Paulo, até a &rea de saida do canal, sendo
estes 06 pontos em uma possivel zona de drenagem do sistema estuariano de Santos.

O objetivo do monitoramento realizado em abril/maio de 2019 foi caracterizacéo

do Canal de Santos, buscando identificar desde

As coletas de sedimento para macrofauna bentdnica foram feitas com o auxilio do
busca fundo Van veen de volume aproximado de 5 litros. Em cada ponto amostrado foram
coletadas trés réplicas. Os parametros in situ foram aferidos com o uso de uma garrafa de
van dorn que capturou a agua do fundo de cada ponto para em seguida ser analisado com
uma sonda multipardmetros da marca Horiba U50. O sensor j& havia sido previamente
calibrado com um padréo para cada parametro, sendo que o pH foi calibrado com trés

padrdes — nas faixas 4.0, 7.0 e 9.0.

Cada réplica coletada foi inserida em sacos plasticos grandes e de expessura
resistente previamente identificados. Todas as amostras foram lacradas de modo a evitar
a perda do material, sendo que cada triplicata era lacrada conjuntamente. Em seguida, a
temperatura ambiente, os sacos lacrados eram acondicionados em bandejas de pescador,
de modo que cada bandeja comportava até trés triplicatas, ou seja, nove amostras.
Nenhuma amostra foi compactada por outras de modo a preservar a intergridade dos

organismos presentes.

A etapa de lavagem e fixagdo com uso do formol foi realizada na marina logo apos
o esfor¢co amostral na embarcacdo. Foi dada preferéncia as amostras coletadas primeiro
de forma a ndo exceder o tempo maximo pos coleta estabelecido nos protocolos. Primeiro
era rompido o lacre do saco pléastico, despejada a amostra sobre uma rede de malha de
0,5mm e lavada com &gua até todo o excesso de sedimento ser retirado. Em seguida, o
material restante era acondicionado em potes plasticos de 0,5 a 1,0kg, dependendo do
volume residual, para a aplicagdo do formol de concentracdo 8 a 10%. A quantidade de

formol usada era apenas o suficiente para o cobrimento total da amostra.

Cada pote plastico foi identificado com o nimero do ponto de coleta e sua replica
correspondente tanto na tampa, como em uma etiqueta de papel vegetal presente no
interior do recipiente. Apds todas as amostras terem sido lavadas e fixadas foram
guardadas em caixas plasticas abertas em temperatura ambiente, abrigadas do sol e em
local arejado. O transporte do material para a Universidade Federal Fluminense foi feito

de carro.

38



39



Figura 6- Detalhe da sonda Horiba U50 para Figura 7- Detalhe da amostra coletada utilizando

verificagdo das variaveis fisico-quimicas. Fonte: V&7 VEEN para monitoramento de metais. Fonte:
aUtora autora
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Figura 8-Detalhe das amotras de macrofauna Figura9- Detalhe do sensor para aferir as variaveis
bentdnica e metais. Fonte: autora fisico-quimicas. Fonte:autora
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Figura 10- Detalhe das identificacbes para Figura 11: Amostra de macrofauna bentonica
armazenamento das amostras. Fonte: Autora sendo lavada em campo, com uso da agua do
proprio estuario. Fonte: Autora

Figura 13- Amostras lavadas preservadas em

Figura 12- Amostras lavadas com auxilio de rede. . 1 .
formol para posterior anélise. Fonte: Autora

Fonte: Autora

6.2.1 Preparacgdo das amostras de macrofauna bent6nica e analise

A etapa da lavagem e fixacdo com uso do formol foi realizada em terra logo
apos o esforco amostral na embarcacdo. As amostras foram lavadas em até no maximo
um dia ap0s a coleta. Primeiro era rompido o lacre do saco plastico, despejada a amostra
sobre uma rede de malha de 0,5 mm e lavada com &gua do proprio estuario até todo o
excesso de sedimento ser retirado — principalmente particulas finas como silte e argila.
Em seguida, o material restante era acondicionado em potes plasticos de 0,5 a 1,0kg,
dependendo do volume residual, para a aplicacdo do formol de concentragéo 8 a 10%.
A quantidade de formol usada era apenas o suficiente para o cobrimento total da
amostra. Cada pote plastico foi identificado com o nimero do ponto de coleta e sua
réplica correspondente, assim como a data da campanha e o local do estudo. Apds todas

as amostras terem sido lavadas e fixadas foram guardadas em caixas plasticas abertas
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em temperatura ambiente, abrigadas do sol e em local arejado até a analise em bancada.

Em laboratério, a triagem foi realizada sem o uso de corantes, com o auxilio de
lupa binocular e os taxons separados por filo e armazenados em frascos transparentes
de 5, 10 ou 100 ml com tampa rosca e batoque identificados tanto com a etiqueta em
papel vegetal na parte interna como também com etiqueta externa. Antes de cada
triagem a amostra era submetida a mais uma lavagem em peneira de 0,5 mm para
retirada do formol excedente. Apés a triagem de todas as amostras os frascos foram
armazenados até a etapa da identificagdo dos organismos — também feita
predominantemente com a lupa e, em alguns casos, com auxilio do microscopico
optico. Os espécimes foram identificados até o menor nivel taxondmico possivel
através do auxilio de chaves de identificacdo (AMARAL; NONATO, 1996, 2006;
MELO, 1996, 1999; RIOS, 2009; SEREJO, 2004) .
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Figura 14- Detalhe da triagem de Figura 15- Detalhe Lupa e pinga para identificacdo
macrofauna bentdnica dos organismos bentdnicos

Figura 17- Amostras separadas em placa de petri
para identificacao

Figura 16-Detalhe de organism da familia
Cirratulidae
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6.3 Indice de Geoacumulagéo (IGEO)

Os indices utilizados nas avaliacbes dos niveis de contaminacdo de uma
determinada area proporcionam interpretacdes a respeito dos teores de contaminantes a
partir de diferentes niveis basais (CAEIRO et al., 2005).

O Igeo, calculado por meio de teores totais (Armid et al., 2014; Usman et al., 2013),
parciais ou potencialmente biodisponiveis (Fonseca et al., 2014; Delgado et al., 2020), €

frequentemente utilizado na avaliacdo preliminar da contaminacgéo por metais.

Objetivando localizar os metais pesados em sedimentos, o Igeo proposto por Muller
(1979) € um importante indice para a compreensdo do grau ou intensidade da polui¢do do
local.

A anélise da contaminacdo em sedimentos através do lgeo estd pautada em uma
comparacao entre as concentracdes de metais em épocas ou lugares com baixas pressoes

antropogénicas com os valores atuais encontrados na area em estudo (MULLER, 1979).

O Igeo é expresso da seguinte forma:

n
1.5Bn]

Igeo = log?2|

onde Cn € a concentracdo do elemento nas amostras de sedimentos e Bn sdo 0s
valores de background. Com base nos valores encontrados as amostras séo classificadas
da seguinte forma: Igeo < 0 (praticamente ndo poluido); 0 <lgeo <1 (ndo poluido a
moderado poluido); 1 <lgeo <2 (moderadamente poluido); 2 <lgeo <3 (moderadamente
a fortemente poluido); 3 <lgeo <4 (fortemente poluido); 4 <Ilgeo <5 (fortemente a
extremamente poluido); e Igeo >5 (extremamente poluido) (MULLER, 1969 apud
FONSECA et al., 2014).

6.4 Estatistica

O tratamento estatistico foi feito através do software Past v.3, integrado as planilhas
Excel (Microsoft). Inicialmente, foi feito o teste de normalidade Shapiro-Wilkis em todos
0s parametros geoquimicos, a fim de averiguar a natureza paramétrica ou nao dos dados.
Uma matriz de correlagéo, entdo, foi calculada com base no R de Spearman. N&o foi
executada nenhuma transformacéo prévia dos dados para a avaliacdo das correlagdes e 0

nivel de significancia estabelecido foi p < 0.05.
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Foi empregada a estatistica multivariada da analise de componentes principais
(PCA) no mesmo software, Past v.3. Para essa analise, os dados foram padronizados
subtraindo cada valor da média e dividindo o resultado pelo desvio padrdo respectivo a
cada parametro geoquimico. Esse procedimento visa anular a influéncia de unidades
distintas, permitindo assim, uma melhor visualiza¢&o dos resultados.

A PCA consiste numa manipulacdo da matriz de dados com o objetivo de
simplificar as variacdes presentes em muitas variaveis, representando-as em um ndmero
menor de fatores, componentes principais, contendo informacg6es para representar as
amostras ou ainda auto vetores contendo informacdes sobre como cada variavel se

relaciona com as demais variaveis.

7 CONCLUSAO
O SES apresentou resultados de um ambiente que vem sofrendo degradacdo pela agéo
antropogéncia. Em suas caracteristicas geoquimica observou-se predominancia da classe
de tamanho de grdo mais fino (por exemplo, silte e argila) em cada ponto interno de
amostragem (p1-pl15). As estacdes de amostragem mais externas (p16-p32) registraram
uma leve tendéncia de aumento do tamanho de gréo, provavelmente refletindo os fluxos
mais fortes resultantes do afilamento resultante do estreitamento do canal e aumento da

hidrodinamica tipica de areas abertas.

O teor de matéria organica do sedimento, por outro lado, apresentou uma leve tendéncia
de incremento em direcdo a &gua do mar, sendo um resultado que vai contra as
expectativas, pois é esperado que dguas estuarinas mais abrigadas apresentem maiores
teores de matéria organica devido a elevada produtividade e baixa hidrodinamica, o que
permite a sua acumulacdo. Por outro lado, as condicdes fisico-quimicas da agua podem
contribuir para o acimulo de matéria organica no estrato sedimentar. Segundo alguns
autores, sob a influéncia de forgcas microscopicas que estdo ligadas a carga superficial das
particulas (van Leussen, 1988; Gregory, 2005), estas passam pelo processo de floculacéo,
produzindo flocos, que podem ser grandes em volume e tamanho, ganhando peso e
finalmente se depositando no fundo estuarino. Outra importante caracteristica que pode
justuficar essa situacdo analoga é a presenga de um emisséario submarino préximo aos

pontos mais externos do canal.

Além disso, verificou-se a partir dos testes estatisticos, que a Matéria organica, possui

influéncia de forma direta tanto na riqueza quanto na abundancia da macrofauna
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bentbnica, consequéncia de sua degradacdo que leva a reducdo de oxigénio, tornando o

ambiente andxico.

Ja com relacdo aos metais, 0 Cu que € um metal muito utilizada em tintas anti incrustantes
de navios, influenciou de forma direta na reducdo da riqueza da macrofauna bentonica, o
que sera explicado pelo fato de ser altamente toxico para determinadas espécies e ndo
para toda comunidade desses organismos.

Os elementos Cd, Ni, Pb apresentaram relacdo direta com a matéria organica, onde suas
maiores concentracGes foram verificadas na parte interna do SES, ja Cu e Zn ndo
apresentaram relacdo com a MO, apresentando crescimento em dire¢cdo ao oceano. Além
do Cu o0 Zn é um metal estabilizador das tintas antiincrustrantes o que pode explicar as

concentracfes mais elevadas desses elementos ao longo do canal portuario.

Muitos estudos ainda sdo necessarios para compreender a dindmica desse sistema tao

complexo e de grande importancia social, econdmica e ambiental.
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Abstract
The aim of the present study was to evaluate bottom sediments quality in 32 stations at

Santos Estuarine Channel, home to one of the main international ports in South America,
and to the Cubatdo industrial complex, the most important petrochemical and
metallurgical area in Brazil. Sediment quality was approached through contamination
(mCa), ecological (PEI, SQG-Q, PLI) and geoaccumulation (lgeo) indices. Phosphorus
Enrichment Index (PEI) revealed phosphorus enrichment, with potential risk to biota
regarding eutrophication effects. Index of geoaccumulation (lgeo) revealed accumulation
of Pb, Cu, Zn, Ni, Cr, Cd and As, all reaching class 6 of contamination, pointing to
extreme contamination. Contamination index revealed null to moderate contamination for
most stations. Pollution Load Index (PLI) revealed no contamination, and Sediment
Quality Guideline (SQG-Q) pointed to moderate impact, suggesting risk to benthic biota.
The mud content of the samples did not correlate with arsenic, phosphorus and trace
metals. Organic matter seemed to be the main carrier of these elements in the system.

Keywords: Trace metals; Arsenic; Santos Estuarine System; Contamination, Indices

Introduction
Harbor areas in urbanized coasts are often reported as impacted in environmental

studies (Aguiar and Braga, 2007; Galkus et al., 2012; Lin et al., 2013; Aguiar et al., 2018;
Aguiar et al., 2021). These impacts are caused by harbor activities themselves, such as
dredging, shipping traffic, repairs and loadings but also by anthropogenic activities in the
surroundings, such as the presence of industrial complexes, and by domestic inputs that
come along with urbanization. Port activities are usually associated with the
contamination of water bodies, as well as bottom sediments and biota (Buruaem et al.,
2013).

Trace metal contamination is a concerning issue along urbanized coasts, since

around 67% of the world’s megacities (over 10 million inhabitants) live in these areas
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(Zhou et al., 2019). Sediments act as a geological record for contaminants, integrating
changes and conditions in a given period of time, and can act as sinks or sources for
several substances, among which, metals, nutrients and organic contaminants (Pusceddu
et al., 2009; Venturini et al., 2012; Abuchacra et al., 2015; Perina et al., 2018). River
discharge, urban runoff, shipyard and shipping are among the main sources of metals to
urbanized coastal waters, and once entering the water column, these elements ultimately
settle at the bottom and become subjected to physicochemical changes that will drive their
bioavailability (Choi et al., 2012). Sediment contamination by trace metals can generate
severe deleterious effects for local biota and eventually reach humans, especially through
seafood consumption (Vieira et al., 2021a, b)

The accumulation of macro nutrients such as nitrogen and phosphorus in bottom
sediments is also a concerning issue in urbanized coasts, since it may cause
eutrophication, affecting the local biogeochemistry and generating deleterious effects for
biota, such as the increase of turbidity, hypoxia/anoxia, migration of demersal and benthic
communities, changes in ecological structure and loss of biodiversity, among other
consequences, including death (Borges et al., 2009; McQuatters-Gollop et al., 2009;
Aguiar et al., 2011; Howarth et al., 2011). In urbanized areas phosphorus is considered
the main driver of eutrophication due to high concentrations that reach coastal waters
through anthropogenic inputs mainly composed by domestic effluents. In natural aquatic
environments phosphorus concentrations are usually buffered in the interface between
bottom sediments and the adjacent water column, being released or adsorbed according
to biogeochemical demands a process that helps to regulate trophic status of the
overlaying water (Meng et al., 2014). However, the enrichment of coastal waters with this
macronutrient can exceed the buffering capacity of the ecosystem causing the
accumulation of phosphorus and leading to eutrophication (Rénspiel et al., 2020).

The estuarine system of Santos has a long record of industrial contamination due
to the industrial pole composed by the Cubatdo industrial complex and the presence of
the Santos Harbor, one of the mains ports in Latin America (Bordon et al., 2011; Buruaem
etal., 2012; Angeli et al., 2021). According to Hortellani et al. (2008) the innumerous and
diverse industries in the estuarine region are composed by steel industries, oil refineries
and chemical and petrochemical industries with potential to release a series of metals in
their effluents, such as Cu, Mn, Ni, Zn, Cd, Pb and Hg. Eutrophication caused by excess
of phosphorus was described in Santos Channel by (Aguiar and Braga, 2007). The
mentioned authors also describe the presence of phosphate fertilizers industries in the
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area, that, by the time of their study had already produced around 69 million tons of
phospogypsum stocked as giant piles outdoors.

The present study aims to evaluate the sediment quality of one of the most
important port areas in South America, Santos Estuarine Channel. The use of
contamination, ecological and enrichment indices applied to total phosphorus, trace
metals and As, providing recent information on contamination levels of the system.

Materials and Methods
Santos Channel is part of the estuarine system of Santos and S&o Vicente, in the

state of S&o Paulo, southeast Brazil. The area presents a hot, humid tropical climate and
sediment deposition results from a wide net of freshwater discharge, including erosion
from the rivers, and from the marine contribution, controlled by tidal currents (Buruaem
et al., 2012). The harbor channel has an extension of 10 km and is approximately 300 m
wide (Hortellani et al., 2008) and total depth varied between 5 (P1) and 17 m (P27). In
Santos Bay (PP29-P32) depths varied between 13 and 17 m. A total of 32 stations was
sampled (Fig 1) in Santos channel, including stations in the adjacent bay during the wet
season of 2020. Bottom sediments were sampled with an inox VVan Veen grab and samples
were stored in identified plastic bags an immediately placed on ice. In the laboratory
sediment samples were freeze-dried and aliquots were separated for the determination of
arsenic (As) and metals (Cd, Pb, Cu, Zn, Ni, Cr), total sedimentary phosphorus (TP), total
organic carbon (TOC) and grain size analysis.

Total sedimentary phosphorus (TP) analysis followed the procedure described in
Aspila et al. (1976), with pre combusted samples at 550°C, followed by determination
through spectrophotometry (Grasshoff et al., 1999). Grain size analysis was performed
through laser light scattering with a particle analyzer Malvern 2000® with a Hydro G unit.
Previously to grain size measures, samples were treated to eliminate organic matter
through loss on ignition (LOI) (Schumacher, 2002) and carbonates, with HCI 10% (v/v)
(Suguio, 1973). Total Organic Carbon (TOC) was determined through oxidation with
potassium dichromate according to the method by (EMBRAPA, 1997).

The determination of As and trace metals followed the method proposed by US
EPA 3051a (USEPA, 1996). Sediment samples were previously homogenized with a
mortar and pestle and 9 ml of HNOs and 3 ml of HCI were added to 0.5g of sample.
Extraction proceeded in a Microwave 3000 Anton Paar®. After extraction samples were
vacuum filtered with cellulose acetate membranes of 0.45um. Arsenic and trace metals
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(Cd, Pb, Cu, Zn, Ni, Cr) were determined through flame atomic absorption spectrometer
(FAAS) in a Perkin Elmer AAnalyst 800®.
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Figure 1: Santos/Sao Vicente Estuarine system with sampling stations at Santos Harbor
Channel and Santos Bay.

Indices

The risk assessment concerning concentrations of trace metals in sediments and
the subsequent classification of the study area was evaluated through environmental
indices, divided into (i) Contamination Indices; (ii) Ecological Risk Indices and (iii)
Background Enrichment Indices. The evaluation of phosphorus concentrations in bottom
sediments was assessed through the phosphorus enrichment index (PEI) which is

considered an ecological risk index.

Contamination Index
Modified Degree of Contamination-mCg (Abrahim and Parker, 2008)

Abrahim and Parker (2008), modified the original degree of contamination (Cq)
developed by Hakanson (1980), creating an index that aggregates all contaminants into a

single value according to the following formula:
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Cq= Z cl
i=1

. Cl
C% = C_h
ifl’l Ci
mCd — 21—1 f
n

Ca is the degree of contamination; n is the number of determined elements; i is the it"
element; C! is the metal measured concentration; C} is the metal background
concentration. The following values of mCd guide the classification of the contamination
level: mCu<1.5 — null to very low contamination; 1.5<mCq¢<2 — low contamination;
2<mCq¢<4 moderate contamination; 4<mCd<8 — high contamination; 8<mCqy<16 — very
high contamination; 16<mC4<32 — extremely high contamination; mCq¢>32 — ultra high
contamination.

Ecological Risk Indices

Pollution Load Index —PLI (Tomlinson et al., 1980)

The PLI developed by Tomlinson et al. (1980), allows the comparison of pollution
levels between different study areas and is calculated through a concentration factor of
each metal regarding its background in the study area describing how many times the
trace metal has exceed its background concentration. The index provides a summative
indication of the toxicity level for trace metal in a given sample (Rahman et al., 2012;
Gongcalves et al., 2013).

C
CFmetal — metal/CBGI

Total PLI = (CF; x CF,x ... CF,)/™

Where, CFmetal is the concentration factor, Cmetal IS the concentration of a given metal in
the sample, Cge is the background concentration of the corresponding metal. For each
place or station, the PLI calculation considers all the n contaminants and varies from 0 —
not polluted; to 10 — polluted.

Mean Sediment Quality Guideline Quotient-SQG-Q (Long and MacDonald, 1998)

The SQG-Q mixes all the contaminants, including PHAs and PCBs. It is calculated
individually for each station.

PPEL_Q;
SQG—sz—l n‘Q
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[Contaminant]
PEL

PEL Q =

PEL_Q is the probable effect level quotient.
[Contaminant] is the concentration of the trace metal.
PEL is the probable effect level for each contaminant.
SQG-Q can be interpreted as: SQQ-Q<0.1-unimpacted; 0.1<SQG-Q<1 — moderate
impact potential for observing adverse biological effect; SQG-Q>1 — highly impacted for
observing adverse biological effects.
Phosphorus Enrichment Index (PEI)
Regarding phosphorus concentrations in bottom sediments, the phosphorus

enrichment index (PEI) was used to assess ecological risk.

PEI = ¢
" Cs

Where, Ci is the sedimentary TP concentration for each sample and Cs is the
standard TP concentration (~19.4 umol/g) established by the Department of
Environmental and Energy (DOEE) (Mudroch and Azcue 1995, Riba et al. 2002). The
Concentrations of TP above the established value are supposed to cause ecological risks,
therefore, if PEI >1 phosphorus concentrations may pose ecological threat to biota.
Background Enrichment Index
Index of Geoaccumulation -lgeo (Muller, 1986; Kim et al., 2018)

The lgeo developed by Miller (1986) considers different background values
according to sediment grain size distribution and was developed for Cr, Cu, Zn and Pb. It
is computed individually for each element in each station. Kim et al. (2018) modified the
index to normalize metal concentrations with the mud content of the samples and the

background values.

Csample
Yomudsample
Igeo= log, T Cpc
1.5 x ———
%mudBG

Csample IS the concentration of the given metal in the sample.
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Csa Is the background concentration of a given metal in unpolluted sediments according
to a list of regional backgrounds for different grain sizes. In the case of the present study
the background values used in the calculation of Igeo Were chosen from the results found
by Luiz-Silva et al. (2008) obtained in a core of 260 cm from the Morréo river estuary, at
the head of the Santos estuarine system.

Results are classified as: lgeo<O — background levels (class 0); 0<lgeo<l —
Unpolluted (class 1); 1<lgeo<2 — Lightly polluted (class 2); 2<lge0c<3 — moderately polluted
(class 3); 3<lgeo<4 moderately to strongly polluted (class 4); 4<lgeo<5 — strongly polluted
(class 5); lIgeo>5 — Very strongly polluted (class 6).

Statistics

Data set was subjected to Spearman correlation (p<0.050) and Principal

Component Analysis, with the software Statistica 7.0.

Results and Discussion
The grain size results revealed the predominance of sand in Santos

Estuarine Channel and Santos Bay (Fig. 2). Concentrations of mud reached values above
50% in a few stations, P2, P13, P20 and P29. The highest concentration of mud was
registered at harbor channel (P13), with a value of 91.52%. Station P2, also in the harbor
channel, presented a high content of mud, 86.04%, followed by P29 with 76.87% of mud
in its grain size composition. The predominance of sand in most of the samples of the
study area, suggested a low retention capacity for bottom sediments, concerning

pollutants and nutrients.

Figure 2: Grain size in Santos Estuarine Channel and Santos Bay.
Total organic carbon presented elevated concentrations, varying from 0.61 to

8.22% (Fig. 3), suggesting strong anthropogenic influence in the study area. Higher
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concentrations were registered in the inner portion of the harbor channel, whereas the
stations sampled from Santos Bay (P29 to P31) presented the lowest values. Organic
matter can be a trace metal carrier in estuarine systems, and concentrations above 0.5%
can account for most part of metal precipitation. A major fraction of terrestrial dissolved
organic matter is composed by humic and fulvic acids which have a high capacity for
metal complexation (Abuchacra et al., 2015). When entering the estuarine environment
complexes of metal- organic matter suffer flocculation favoring the sedimentation of this
material of terrestrial origin (Jokinen et al., 2020). High contents of sedimentary organic
matter have been reported for the Santos Estuarine System by Luiz-Silva et al. (2008) and
Buruaem et al. (2013) respectively, 9.8-15.4% and 0.13-16.22%. In a more recent study,
Perina et al. (2018) have found TOC concentrations between 0.9-7.9% in tributaries from
Santos/S. Vicente estuarine system, corroborating the results of the present study, and

enhancing the hypothesis of severe anthropogenic loads in this area.
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Figure 3: Concentrations of total organic carbon (TOC) in Santos Estuarine Channel
and Santos Bay.
Concentrations of total phosphorus varied between 3.48 and 30.51pumol/g (Fig. 4),

=]
—
=9

with the highest value registered at the head of the estuary (P1). Total phosphorus
concentrations were lower in the stations located at Santos Bay (P30-P32), with values
under 8umol/g. In a previous study at Santos Harbor Channel, Berbel et al. (2015) found
TP concentrations between 3.80 and 74.11 pmol/g, higher than the values of the present
study, what could be justified by the highest mud contents found by the mentioned
authors. Concentrations of PT were also similar to the ones found by Aguiar et al. (2021),

in the very polluted Niter6i Harbor in Guanabara Bay, where values varied from 1.32 to
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48.71 umol/g characterizing eutrophication. Phosphorus Enrichment Index (PEI)
revealed ecological risk through eutrophication in the study area, with values >1 in several
stations along the channel (Fig. 4). The lowest values of PEI were obtained for the stations
located at Santos Bay. Results of PEI >1 were also more frequently observed along Santos
Harbor Channel than in Niter6i Harbor (Aguiar et al., 2021), despite the fact that both are
polluted coastal sites impacted by domestic and industrial effluents. Bottom sediments
are considered natural depositories for phosphorus (Aguiar et al., 2021). Adsorption of
phosphate by sediments occurs through both quick and slow adsorption processes (Meng
etal., 2014) and is largely controlled by grain size through fine sediments (silt+clay). The
increase of ionic strength caused by the increase of salinity can generate flocculation, and
phosphate can be adsorbed by new aggregates and settle at the bottom. However, the
increase of salinity also increases the competition of adsorption sites in sediments with
other anions such as CI-, SO4%, OH", Br", which can decrease the adsorption of phosphate
(Meng et al., 2014). These processes account for the adsorption/desorption of phosphate
in estuarine sediments, producing a buffering effect for phosphorus, driving the changes
in the concentrations of this nutrient, and influencing the trophic status of pore and
adjacent waters (Wang and Li, 2010; Li et al., 2012). The increase of salinity from the
head of the estuary to Santos Bay may be responsible for the decrease of phosphate
concentrations as well as PEI values in stations at Santos Bay (Fig. 4). The study of
(Aguiar and Braga, 2007) showed the actual decrease of phosphorus concentrations in
Santos Harbor Channel towards the bay as a function of the salinity gradient in the

estuary, corroborating the results of the present study.
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Figure 4: Concentrations of sedimentary total phosphorus (PT) and PEI (dashed line
refers to PEI limit).
Trace metal and arsenic concentrations presented great variation along Santos

Harbor Channel (Figs. 5 and 6). In common, all trace metals decreased their
concentrations towards the bay. Nickel, zinc, chromium and cadmium did not surpass any
of the guidelines presented in table 1. The index of geoaccumulation for the mentioned
elements, however, revealed that their concentrations in the study area, are far from
natural levels, with lgeo Vvalues suggesting strong levels of pollution. Values of lgeo
between 3 and 4 already point to heavily contaminated sediments, and most stations
presented lgeo Values within this range, while others surpassed these values and reached
up to 7, indicating extreme contamination. Stations P9, P18, P28 and P30 exhibited lgec>4
for Zn. Zinc is an element usually associated with anthropogenic input, and frequently
close to its source. This metal can be associated to corrosion of ship hulls, mine tailings,
fertilizers, wood preservatives (Callender and Rice, 2000; Councell et al., 2004; Dong et
al., 2012; Aguiar et al., 2016). For Ni, most lgeo Values were under 3, suggesting moderate
to heavy contamination, and some stations in the lower portion of Santos Harbor Channel
presented lgeo Values that characterized extreme contamination (Fig. 6). Nickel is also
present in fertilizers, metal plating and coating and fuel combustion (Aguiar et al., 2016),
and results pointed to anthropogenic sources of this element in the study area. Chromium
presented most lgeo Values under 3, suggesting moderate contamination of the study area.
A few stations reached geoaccumulation values higher than 5 and 6 for Cr, which
corresponds to extreme contamination. Higher concentrations of Cd were registered in
the upper portion of the estuarine channel (Fig. 5). Cadmium is considered a very toxic
element for biota (Pradit et al., 2013; Stankovic et al., 2014) and, although its
concentrations were all under the guidelines shown in table 1, a few lgeo values posed
concern about the accumulation of this element in the study area, with values between 3
and 4 (P9, P23, P28), characterizing heavy contamination, and a few stations reaching
lgeo Values as high as 5 (P18, P30), pointing to extreme contamination, with values
increasing towards Santos Bay.

Lead, arsenic and copper concentrations in Santos Channel surpassed the
guidelines shown in table 1. For Pb, only station P16 (87.59 mg/kg) presented a
concentration that surpassed TEL and ERL. Geoaccumulation values for Pb, however,
increased towards the bay (Fig. 5), with most lgeo Values between 3 and 4, suggesting

heavy contamination and a few stations reaching lgeo values as high as 5 and 7,
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suggesting extreme contamination. Higher concentrations of mud were registered at the
lower portion of the Santos channel, what might have favored higher concentrations of
Pb and consequently higher accumulation of this metal. Anthropogenic sources of Pb
usually include batteries, pigments and paintings (Vanz et al., 2003).

Despite being an essential micronutrient for metabolic and respiratory processes
for many marine species, Cu can become toxic if it surpasses threshold concentrations
which is considered a great ecological concern (Padan et al.,, 2021). Copper
concentrations that surpassed TEL and ERL in Santos channel, were located between
stations P6 and P18 (Fig. 5). The highest geoccumulation for Cu occurred in the middle
of Santos Harbor Channel (Fig. 5), reaching values as high as 6 and 7, representing a very
highly polluted environment. Copper is an element extensively used in anti fouling
coatings for boats, pesticides, wood preservatives, diesel and fuel combustion,
construction materials, among several other sources (Rice et al., 2002; Warnken et al.,
2004; Aguiar et al., 2016). Its strong affinity with organic complexes in estuarine and
marine areas is widely reported and higher concentrations of this element are expected to
be found in organic rich environments under anthropogenic influence, which is the case
of Santos Harbor Channel, that presented elevated concentrations of total organic matter.
The toxicity of Cu depends on its speciation and bioavailability and is strongly influenced
by organic matter. The range of Cu concentrations between its role as micronutrient or a
pollutant is narrow, and the presence of organic ligands can reduce its bioavailability (De
Palma et al., 2011; Padan et al., 2021). In this sense, the retention and accumulation of
Cu in bottom sediments of Santos channel is strongly favored by the high contents of
TOC, however, mineralization of organic matter might as well become a source of this

metal for the water column, depending on physicochemical conditions.
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Arsenic is an element of great ecological concern due to its deleterious effects on
the biota (Weis and Weis, 1996; Fattorini et al., 2013; Hong et al., 2016). Arsenic has an
ubiquitous distribution on earth, associated with igneous and sedimentary rocks and can
be mobilized through volcanic, geothermal and microbial processes as well as through
the weathering of sedimentary rocks (Fattorini et al., 2013). It has a wide range of use in
industry and agricultural activities. Arsenic is used in paints, dyes, semiconductors, drugs
and widely used as wood preservative, especially in structures build in shallow water
estuarine environments (Weis and Weis, 1996; Pradit et al., 2013). Concentrations of As
in Santos Harbor Channel were concerning, since most of the stations presented values
higher than TEL and ERL (Tab. 1), suggesting risk to biota (Fig. 6). The highest
concentrations were registered between stations P19 and P28. The geoaccumulation index
revealed most of the stations lightly or moderately polluted (Fig. 6), and some results
even suggested natural levels of arsenic (lgeo<1) in bottom sediments. A few stations,
however, presented extreme As contamination with lgeo values> 5, most of them located
at the lower portion of Santos Harbor Channel (P18, P28, P30).
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26  Table 1: Trace metal concentrations from previous and present studies in Santos Channel and other harbor areas, Threshold Effect Value (TEL),

27 Probable Effect Value (PEL), Effect Range Low (ERL) and Effect Range Medium (ERM).
As Zn Cu Pb Ni Cr Cd
Aguiar et al. Santos/S. Vicente - 24-103 3.8-25 14-33 - 13-145 -
(2008) Estuarine System
Hortellanietal.  Santos/S. Vicente - 6-312 - <2-204.8 1.3-44.2 <5-111.7 <0.5-0.98
(2008) Estuarine System
Bordon et al. Santos/S. Vicente - 20.36-231.39  3.88-38.39 1.08-37.38 <2-23.61  8.10-41.35 0.04-0.34
(2011) Estuarine System
Choi et al. (2012) South Korean 20-1,940 9.9-2,360  20.2-599 6.3-99.5 11-401 0.03-15.1
harbors
Buruaem et al. Santos/S. Vicente - 509.08- 9.01-27.28 7.57-16.7 10.88- 26.31- <0.6
(2013) Estuarine System 1,077.33 22.28 42.74
Linetal. (2013)  Southern Taiwan 4.9-20.8 71.5-3,860 6.4-1,170  13.1-99.2 - 16.7-1,170 0.5-4.6
Harbor
Aguiar et al. Guanabara Bay - 23-698 18-423 18-287 11-41 18-297 -
(2016)
Perina et al. Santos/S. Vicente 1.5-10.9 18-7-118.8 1.1-25.8 20.3-63 3.8-23.1 9-53 0.1-0.3
(2018) Estuarine System
Kim et al. (2019) Santos/S. Vicente 0.30-14.74 5.81-912.56 0.5-48.78 1.30-64.02 0.95-19.28  2.5-44.77 -
Estuarine System
and Bertioga
Channel
This study Santos Channel 3.18-14 16.8-123.8 1.0-83.6 4.07-87.59 2.8-13.30 8.36-31.92 0.03-0.24
*TEL 7.2 124 18.7 30.2 15.9 52.3 0.7
*PEL 41.6 271 108 112 42.8 160 4.2
**ERL 8.2 150 34 46.7 20.9 81 1.2
**ERM 70 410 270 218 51.6 370 9.6

28  *Sediment Quality Guidelines (MacDonald et al., 1996)

29  **Sediment Quality Guidelines (NOAA, 1999)

30
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The modified degree of contamination (mCad) suggested null to low contamination
all along Santos Channel and bay, except for stations P11 and P14 which revealed
moderate contamination (Fig. 7). The pollution load index (PLI) corroborated the results
of mCq, pointing to very low contamination or no contamination at all (PL1=0) (Fig. 8).
Sediment quality guidelines (SQG-Q) presented results slightly different from PLI and
mCa, revealing moderate impact at several stations (Fig. 9).

md

moderate confamination

low contamination

mull to very bow_contamination

Figure 7: Modified Degree of Contamination for bottom sediments from Santos
Channel and bay.

PLI

Figure 8: Pollution Load Index (PLI) for bottom sediments from Santos Channel
and bay.
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Figure 9: Sediment Quality Guidelines (SQG-Q) for bottom sediments from Santos
Channel and bay.

The evaluation of environmental quality of an ecosystem using indices allows the
comparison of different places regarding the same contaminants. However, differences
among the indices regarding contamination must consider their individual calculations.
The geoaccumulation index, refers to a single contaminant and data is normalized by mud
contents in order to eliminate grain size effects that directly influence the retention of
pollutants in sediments, i. e.; a sample with a higher content of sand would lower the
metal concentration (Kim et al, 2019). Therefore, lgeo results revealed the individual
contribution of the analyzed elements for pollution in the study area, which was
concerning, since all of them at some point reached class 6 of contamination.

Other indices, such as PLI and mCq, consider the spatial distribution but do not
consider high toxicity metals with low concentrations. Both indices use a background
value for each element and do not consider grain size effects, therefore, depending on the
grain size distribution of this reference value, the indices can overestimate the
contamination (Kim et al., 2019). It is important to highlight that SQG-Q, revealed
moderate impact all along the study area, and that this index considers toxicity effects on
benthic fauna categorizing the stations in terms of relative probability of observing
toxicity (Long and Mac Donald, 1998). Despite providing a basis to identify pollutants
whose concentrations may potentially cause adverse effects to biota, the bulk
concentration of such substances in the sediments do not reveal bioavailability, for,
pollutants will only cause adverse effects to organisms once they are bioavailable. The
bioavailability of trace metals and arsenic is affected by a number of factors, such as grain
size distribution, contents of organic matter, physico-chemical changes (salinity, pH,
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dissolved oxygen), volatile sulfides, among others, and fractionation studies are the best
approach to evaluate potential bioavailability of pollutants in sediments (Choueri et al.,
2009). Therefore, indices based on national or international guidelines, are intended to
predict risk regarding toxic effects of contaminants levels for different environments with
diverse grain size distributions, however, they may not be suitable when specificities of
a certain study area are considered, and in this case, the sediment guidelines and indices
that consider site-specific data are a better prediction in terms of ecological risk (Buruaem
et al., 2013). Results of the SQGQ corroborated the findings of Abessa et al (2006) who
revealed that approximately 75% of the sediment samples in Santos Harbor Channel were
considered toxic.

Overall, very high lgeo values were obtained in stations with low contents of fine
sediments, suggesting that metal concentrations were elevated even for locations with low
presence of mud. Most of these stations, however, presented a high content of total
organic carbon, which seemed to be the main carrier of trace metals in the study area, and
this hypothesis is confirmed by Spearman analysis, that showed significant and direct
correlation between TOC and metals, and also between TOC and As (Tab. 2). Spearman
analysis also revealed significant and direct correlation between TOC and TP. It is well
known that organic and inorganic contaminants behavior is influenced by organic matter
that can drive their bioavailability and toxicity to local biota (Neagoe et al., 2012; Baran
et al., 2019). Trace metals, arsenic and phosphorus also seem to have a common
anthropogenic source as suggested by the direct and significant correlation among these
variables.

Principal Component Analysis (PCA) rearranged the original data set in two
factors that explained 74.4% of the total variance (Tab. 3). First factor accounted for
57.3% of the total variance and grouped trace metals, arsenic, total organic carbon, total
phosphorus and clay. The most significant components driving the variance were Ni, Cr,
Pb and TP, and direct correlation between metals, arsenic and phosphorus with total
organic carbon corroborates the hypothesis of organic matter as the main carrier of these
pollutants in Santos estuarine system. The second factor, accounted for 17.27% of the
total variance, that was driven by total organic carbon, which was the most significant
component in the second axis (Tab. 3). Results of PCA, reinforced the findings of Choueri
et al. (2009) who confirmed Ni and Pb in bottom sediments as pollutants related to

toxicity and/or degradation of benthic community in Santos estuarine system.
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Table 2: Spearman Correlation (p<0.05) for trace metals, total phosphorus, total organic carbon, silt and clay (significant correlations in bold).

As Cd Pb Cu Cr Ni Zn TOC TP Silt Clay
AS 1.00 0.46 0.84 0.44 0.87 0.85 0.59 0.51 0.60 0.07 0.13
CD 1.00 0.61 0.72 0.67 0.71 0.76 0.52 0.71 0.00 0.01
Pb 1.00 0.50 0.80 0.83 0.71 0.54 0.70 -0.01 0.00
Cu 1.00 0.67 0.66 0.78 0.54 0.75 0.06 0.07
Cr 1.00 0.96 0.74 0.58 0.79 0.05 0.07
Ni 1.00 0.72 0.61 0.75 0.04 0.05
Zn 1.00 0.43 0.89 0.08 0.05
TOC 1.00 0.57 0.08 0.15
TP 1.00 0.14 0.10
Silt 1.00 0.89
Clay 1.00
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Table 3: Engeinvalues for Principal Component Analysis (PCA) applied to variables from bottom sediments
from Santos Estuarine system.

Variable Factor 1 Factor 2
57.30% 17.27%
As 0.840 0.053
Cd 0.650 0.001
Pb 0.930 0.017
Cu 0.425 -0.160
Cr 0.977 -0.021
Ni 0.985 -0.002
Zn 0.915 -0.081
TOC 0.665 0.201
TP 0.949 -0.003
Silt -0.068 0.960
Clay 0.040 0.949
Conclusions

The present study aimed to evaluate bottom sediments quality of Santos estuarine system through
geochemical indices, which produced different results regarding contamination. Overall, contamination of
bottom sediments was detected with accumulation of trace metals and As reaching class 6, i.e. very strongly
polluted. In accordance with geoaccumulation results, SQG-Q also revealed threat to biota concerning toxicity
of the analyzed elements. Other indices, that consider the total effect of elements together, mCq and PLI, did
not point to contamination of Santos channel, corroborating some past studies in the area. The system also
presented an elevated load of phosphorus in bottom sediments, suggesting risk to biota, through the deleterious
effects of eutrophication, caused by the excess of nutrients. It is important to highlight that the results produced
by this study do not reveal potential bioavailability of trace metals and arsenic, something that would be
achieved with fractionation studies. Therefore, the use of indices is valuable to compare different areas
regarding bottom sediments quality, but their use as a definitive tool to classify environmental quality should

be made with caution along with potential bioavailability studies.

References

Abessa, D. M. S., Bicego, M. C., Sarkis, J. E., Hortellani, M. A., Sousa, E. C. P. M. (2006). Predictive power of
sediment quality guidelines for sediments from the Santos Estuarine System. In: Herkovitz, J. (Ed.), Salud
Ambiental y Humana: una Vision Holistica. SETAC Latinoamerica, Buenos Aires, pp. 55-57.

Abrahim, G. M. S., Parker, R. J., 2008. Assessment of heavy metal enrichment factors and the degree of
contamination in marine sediments from Tamaki Estuary, Auckland, New Zealand. Environmental Monitoring
and Assessment, 136, 227—-238. https://doi.org/10.1007/s10661-007-9678-2

Eng 2023, 4, Firstpage-Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/eng



Eng 2023, 4, FOR PEER REVIEW 2

Abuchacra, P. F. F., Aguiar, V. M. C., Abuchacra, R. C., Baptista Neto, J. A, Oliveira, A. S. (2015). Assessment
of bioavailability and potential toxicity of Cu, Zn and Pb, a case study in Jurujuba Sound, Rio de Janeiro, Brazil.
Marine Pollution Bulletin, 100, 414-425. https://doi.org/10.1016/j.marpolbul.2015.08.012

Aguiar, V. M. C., Lima, M. N., Abuchacra, R. C., Abuchacra, P. F. F., Baptista Neto, J. A., Borges, H. V., Oliveira,
V.C. (2016). Contamination and ecological risks caused by trace elements at Guanabara Bay , Rio de Janeiro ,
Brazil : an index analysis approach. Ecotoxicology and Environmental Safety, 133, 306-315.

Aguiar, V. M. de C., Neto, J. A. B., Rangel, C. M. (2011). Eutrophication and hypoxia in four streams discharging
in  Guanabara Bay, RJ, Brazil, a case study. Marine Pollution Bulletin, 62, 1915-1919.
https://doi.org/10.1016/j.marpolbul.2011.04.035

Aguiar, V. M. C., Abuchacra, P. F. F., Neto, J. A. B., de Oliveira, A. S. (2018). Environmental assessment
concerning trace metals and ecological risks at Guanabara Bay, RJ, Brazil. Environmental Monitoring and
Assessment, 190. https://doi.org/10.1007/s10661-018-6833-x

Aguiar, V. M. C., Baptista Neto, J. A., Fonseca, E. M. (2021). Assessment of bottom sediment quality in Niteroi
harbor (Brazil, South America) through ecological indexes concerning nutrients and trace metals. Environmental
Science and Pollution Research, 28, 62292-62305. https://doi.org/10.1007/s11356-021-15173-x

Aguiar, V. M. C., Braga, E. S. (2007). Seasonal and tidal variability of phosphorus along a salinity gradient in the
heavily polluted estuarine system of Santos/S&o Vicente - Sdo Paulo, Brazil. Marine Pollution Bulletin, 54, 464—
471. https://doi.org/10.1016/j.marpolbul.2006.11.001

Aguiar, V. M. C., Braga, E. S., Baptista Neto, J. A. (2008). Heavy metal assessment in two subtropical estuarine
systems in the State of S&o Paulo, Brazil, in: Hofer, T.N. (Ed.), Marine Pollution: New Research. Nova Science
Publishers, New York, pp. 379-398.

Aguiar, V. M. C., Lima, M. N., Abuchacra, R. C., Abuchacra, P. F. F., Baptista Neto, J.A., Borges, H. V., Oliveira,
V. C. (2016). Ecological risks of trace metals in Guanabara Bay, Rio de Janeiro, Brazil: An index analysis
approach. Ecotoxicology and Environmental Safety, 133, 306—315. https://doi.org/10.1016/j.ecoenv.2016.07.012
Angeli, J. L .F., Sartoretto, J. R., Kim, B. S. M., de Lima Ferreira, P. A., Mahiques, M. M., Figueira, R. C. L.
(2021). Trace element fluxes during the “Anthropocene” in a large South American industrial and port area (Santos
and Sao Vicente estuarine system, SE, Brazil). Environmental Monitoring and Assessment, 193, 594.
https://doi.org/10.1007/s10661-021-09378-3

Aspila, K. 1., Agemain, H., Chau, A. (1976). A semi-automated method for the determination of inorganic, organic
and total phosphorus in sediments. Analyst, 101, 187-197.

Baran, A., Hersztek, M. M., Gondek, K., Tarnawski, M., Szara, M., Gorczyca, O., Koniarz, T. 2019. The influence
of the quantity and quality of sediment organic matter on the potential mobility and toxicity of trace elements in
bottom sediment. Environn. Geochem. Health, 41, 2893-2910. https://doi.org/10.1007/s10653-019-00359-7.
Berbel, G. B. B., Favaro, D. I. T., Braga, E. S. (2015). Impact of harbour, industry and sewage on the phosphorus
geochemistry of a subtropical estuary in Brazil. Marine Pollution Bulletin, 93, 44-52.
https://doi.org/10.1016/j.marpolbul.2015.02.016

Bordon, I. C. A. C., Sarkis, J. E. S., Gobbato, G. M., Hortellani, M. A., Peixoto, C. M. (2011). Metal concentration
in sediments from the Santos estuarine system: a recent assessment. Journal of the Brazilian Chemical Society,
22, 1858-1865. https://doi.org/10.1590/S0103-50532011001000005

Borges, A. C., Sanders, C. J., Santos, H. L. R., Araripe, D. R., Machado, W., Patchineelam, S. R. (2009).
Eutrophication history of Guanabara Bay (SE Brazil) recorded by phosphorus flux to sediments from a degraded
mangrove area. Marine Pollution Bulletin, 58, 1750-1754. https://doi.org/10.1016/j.marpolbul.2009.07.025



https://doi.org/10.1016/j.marpolbul.2009.07.025

Eng 2023, 4, FOR PEER REVIEW 3

Buruaem, L. M., Hortellani, M. A., Sarkis, J. E., Costa-Lotufo, L. V., Abessa, D. M. S. (2012). Contamination of
port zone sediments by metals from Large Marine Ecosystems of Brazil. Marine Pollution Bulletin, 64, 479-488.
https://doi.org/10.1016/j.marpolbul.2012.01.017

Buruaem, L. M., Castro, I. B., Hortellani, M. A., Taniguchi, S., Fillmann, G., Sasaki, S. T., Varella Petti, M6. A.,
Sarkis, J. E. S., Bicego, M. C., Maranho, L. A., Davanso, M. B., Nonato, E. F., Cesar, A., Costa-Lotufo, L. V.,
Abessa, D. M. S. (2013). Integrated quality assessment of sediments from harbour areas in Santos-Sdo Vicente
Estuarine  System, Southern Brazil. Estuarine, Coastal and Shelf Science, 130, 179-189.
https://doi.org/10.1016/j.ecss.2013.06.006

Callender, E., Rice, K. C. (2000). The urban environmental gradient: Anthropogenic influences on the spatial and
temporal distributions of lead and zinc in sediments. Environmental Science and Technology, 34, 232-238.
https://doi.org/10.1021/es990380s

Choi, K. Y., Kim, S. H., Hong, G. H., Chon, H. T. (2012). Distributions of heavy metals in the sediments of South
Korean harbors. Environmental Geochemistry and Health, 34, 71-82. https://doi.org/10.1007/s10653-011-9413-3
Choueri, R. B., Cesar, A., Abessa, D. M. S., Torres, R. J., Morais, R. D., Riba, I., Pereira, C. D. S., Nascimento,
M. R. L., Mozeto, A. A., Del Valls, T. A. (2009). Development of site-specific sediment quality guidelines for
North and South Atlantic littoral zones: Comparison against national and international sediment quality
benchmarks. Journal of Hazardous Materials, 170, 320-331. https://doi.org/10.1016/j.jhazmat.2009.04.093
Councell, T. B., Duckenfield, K. U., Landa, E. R., Callender, E. (2004). Tire-wear particles as a source of zinc to
the environment. Environmental Science and Technology, 38, 4206-4214. https://doi.org/10.1021/es034631f

De Palma, S. G. S., Ray Arnold, W., McGeer, J. C., George Dixon, D., Scott Smith, D. (2011). Effects of dissolved
organic matter and reduced sulphur on copper bioavailability in coastal marine environments. Ecotoxicology and
Environmental Safety, 74, 230-237. https://doi.org/10.1016/j.ecoenv.2010.12.003

Dong, C.-D., Chen, C.-F., Chen, C.-W. (2012). Contamination of Zinc in Sediments at River Mouths and Channel
in Northern Kaohsiung Harbor, Taiwan. International Journal of Environmental Science and Development, 3, 517—
521. https://doi.org/10.7763/1JESD.2012.V3.278

EMBRAPA (1997). Manual de métodos de analise do solo., 2nd ed. Centro Nacional de Pesquisa dos Solos, Rio
de Janeiro.

Fattorini, D., Sarkar, S. K., Regoli, F., Bhattacharya, B. D., Rakshit, D., Satpathy, K. K., Chatterjee, M. (2013).
Levels and chemical speciation of arsenic in representative biota and sediments of a tropical mangrove wetland,
India. Environmental Science: Processes & Impacts, 15, 773. https://doi.org/10.1039/c3em30819¢g

Galkus, A., Joksas, K., Stakeniene, R., Lagunaviciene, L. (2012). Heavy metal contamination of harbor bottom
sediments. Polish Journal of Environmental Studies, 21, 1583-1594.

Gongalves, C., Figueira, R. C. L., Sartoretto, J. R., Salaroli, A. B., Ribeiro, A. P., Ferreira, P. A. de L., Mahiques,
M. M. (2013). Reconstruction of historical trends in potentially toxic elements from sediment cores collected in
Bertioga channel, southeastern Brazil. Brazilian Journal of Oceanography, 61, 149-160.
https://doi.org/10.1590/S1679-87592013000200007

Grasshoff, K., Ehrhardt, M., Kremling, K. (1999). Methods of seawater analysis, 3rd ed. Verlag-Chemie,
Weinhein.

Hakanson, L. (1980). An ecological risk index for aquatic pollution control. A sedimentological approach. Water
Research, 14, 975-1001.



Eng 2023, 4, FOR PEER REVIEW 4

Hong, S., Kwon, H.-O., Choi, S.-D., Lee, J.-S., Khim, J. S. (2016). Arsenic speciation in water, suspended particles,
and coastal organisms from the Taehwa River Estuary of South Korea. Marine Pollution Bulletin, 108, 155-162.
https://doi.org/10.1016/j.marpolbul.2016.04.035

Hortellani, M. A., Sarkis, J. E. S., Abessa, D. M. S., Sousa, E. C. P. M. (2008). Avaliacdo da contaminagdo por
elementos metalicos dos sedimentos do Estuario Santos - Sdo Vicente. Quimica Nova, 31, 10-109.
https://doi.org/10.1590/S0100-40422008000100003

Howarth, R., Chan, F., Conley, D. J., Garnier, J., Doney, S. C., Marino, R., Billen, G. (2011). Coupled
biogeochemical cycles: eutrophication and hypoxia in temperate estuaries and coastal marine ecosystems.
Frontiers in Ecology and the Environment, 9, 18-26. https://doi.org/10.1890/100008

Jokinen, S. A., Jilbert, T., Tiihonen-Filppula, R., Koho, K. (2020). Terrestrial organic matter input drives
sedimentary trace metal sequestration in a human-impacted boreal estuary. Science of The Total Environment, 717,
137047. https://doi.org/10.1016/j.scitotenv.2020.137047

Kim, B. S. M., Angeli, J. L. F., Ferreira, P. A. L., de Mahiques, M. M., Figueira, R. C. L. (2019). A multivariate
approach and sediment quality index evaluation applied to Baixada Santista, Southeastern Brazil. Marine Pollution
Bulletin, 143, 72-80. https://doi.org/10.1016/j.marpolbul.2019.04.040

Kim, B. S. M., Angeli, J. L. F., Ferreira, P. A. L., de Mahiques, M. M., Figueira, R. C. L. (2018). Critical evaluation
of different methods to calculate the Geoaccumulation Index for environmental studies: A new approach for
Baixada  Santista —  Southeastern  Brazil.  Marine  Pollution  Bulletin, 127,  548-552.
https://doi.org/10.1016/j.marpolbul.2017.12.049.

Li, M., Whelan, M. J., Wang, G., White, S. M. 2012. Phosphorus sorption and buffering mechanisms in suspended
sediments from the Yangtze Estuary and Hangzhou Bay, China. Biogeosciences Discuss, 9, 17519-17538.
doi:10.5194/bgd-9-17519-2012

Lin, Yung-Chang, Chang-Chien, G.-P., Chiang, P.-C., Chen, W.-H., Lin, Yuan-Chung (2013). Multivariate
analysis of heavy metal contaminations in seawater and sediments from a heavily industrialized harbor in Southern
Taiwan. Marine Pollution Bulletin, 76, 266-275. https://doi.org/10.1016/j.marpolbul.2013.08.027

Long, E. R., MacDonald, D. D. (1998). Recommended uses of empirically derived, sediment quality guidelines
for marine and estuarine ecosystems. Human and Ecological Risk Assessment, 4, 1019-1039.

Luiz-Silva, W., Machado, W., Matos, R. H. R. (2008). Multi-elemental contamination and historic record in
sediments from the Santos-Cubatéo Estuarine System, Brazil. Journal of the Brazilian Chemical Society, 19, 1490-
1500. https://doi.org/10.1590/S0103-50532008000800008

MacDonald, D. D., Carr, S., Clader, F. D., Long, E. D., Ingersoll, C. G. (1996). Development and evaluation of
sediment quality guidelines for Florida coastal waters. Ecotoxicology, 5, 253-278.

McQuatters-Gollop, A., Gilbert, A. J., Mee, L. D., Vermaat, J. E., Artioli, Y., Humborg, C., Wulff, F. (2009). How
well do ecosystem indicators communicate the effects of anthropogenic eutrophication? Estuarine, Coastal and
Shelf Science, 82, 583-596. https://doi.org/10.1016/j.ecss.2009.02.017

Meng, J., Yao, Q., Yu, Z. (2014). Particulate phosphorus speciation and phosphate adsorption characteristics
associated with sediment grain size. Ecological Engineering, 70, 140-145.
https://doi.org/10.1016/j.ecoleng.2014.05.007

Mudroch, A., Azcue, J. M. 1995. Manual of Aquatic Sediment Sampling, CRC Press, Boca Raton, 240p.

Miller, V. G. (1986). Schadstoffe in sedimenten — Sedimenteals Schadstoffe. Mitt. Osterr. Geol. Ges. 79, 107-126.



https://doi.org/10.1016/j.marpolbul.2017.12.049
https://doi.org/10.1016/j.ecoleng.2014.05.007

Eng 2023, 4, FOR PEER REVIEW 5

Neagoe, A., lordache, V. A., Farcasanu, I. C. 2012. The role of organic matter in the mobility of metals in
contaminated catchments. In: Bio-Geo Interactions in Metal-Contaminated Soils. Chapter: The role of organic
matter in the mobility of metals in contaminated catchments, Springer. doi: 10.1007/978-3-642-23327-2_15

NOAA (1999). Sediment Quality Guidelines developed for the National Status and Trends Program. National
Oceanic and Atmospheric Administration (NOAA).12 p.

Padan, J., Marcinek, S., Cindri¢, A.-M., Santinelli, C., Retelletti Brogi, S., Radakovitch, O., Garnier, C.,
Omanovi¢, D. (2021). Organic Copper Speciation by Anodic Stripping Voltammetry in Estuarine Waters with
High Dissolved Organic Matter. Frontiers in Chemistry, 8. https://doi.org/10.3389/fchem.2020.628749

Perina, F. C., Torres, R. J., Mozeto, A. A., Nascimento, M. R. L., Abessa, D. M. S. (2018). Sediment quality
assessment of the tributaries of the Santos-Sdo Vicente Estuarine System — Brazil. Ecotoxicology and
Environmental Contamination, 13, 25-38. https://doi.org/10.5132/eec.2018.02.05

Pradit, S., Pattarathomrong, M. S., Panutrakul, S. (2013). Arsenic Cadmium and Lead Concentrations in Sediment
and Biota from Songkhla Lake: A Review. Procedia - Social and Behavioral Sciences, 91, 573-580.
https://doi.org/10.1016/j.sbspro.2013.08.456

Pusceddu, A., Dell’Anno, A., Fabiano, M., Danovaro, R. (2009). Quantity and bioavailability of sediment organic
matter as signatures of benthic trophic status. Marine Ecology Progress Series, 375, 41-52.
https://doi.org/10.3354/meps07735

Rahman, S. H., Khanam, D., Adyel, T. M., Islam, M. S., Ahsan, M. A., Akbor, M. A. (2012). Assessment of Heavy
Metal Contamination of Agricultural Soil around Dhaka Export Processing Zone (DEPZ), Bangladesh: Implication
of Seasonal Variation and Indices. Applied Sciences, 2, 584—601. https://doi.org/10.3390/app2030584

Riba, 1., Delvalls, T. A., Forja, J. M., Gomez-Parra, A. 2002. Evaluating the heavy metal contamination in
sediments from the Guadalquivir Estuary after the Aznalcéllar mining spill (SW Spain): A multivariate analysis
approach. Environmental Monitoring and Assessment, 77, 191-207.

Rice, K. C., Conko, K. M., Hornberger, G. M. (2002). Anthropogenic sources of arsenic and copper to sediments
in a Suburban Lake, Northern Virginia. Environmental Science and Technology, 36, 4962-4967.
https://doi.org/10.1021/es025727x

Ronspiel3, L., Dellwig, O., Lange, X., Nausch, G., Schulz-Bull, D. (2020). Spatial and seasonal phosphorus
dynamics in a eutrophic estuary of the southern Baltic Sea. Estuarine, Coastal and Shelf Science, 233, 106532.
https://doi.org/10.1016/j.ecss.2019.106532

Schumacher, B. A. (2002). Methods for the determination of total organic carbon (TOC) in soils and sediments
NCEA-C-1282. Las vegas.

Stankovic, S., Kalaba, P., Stankovic, A.R. (2014). Biota as toxic metal indicators. Environmental Chemistry
Letter,s 12, 63-84. https://doi.org/10.1007/s10311-013-0430-6

Suguio, K. (1973). Introducéo a Sedimentologia, 1st ed. Edgard Blucher/EDUSP, Séo Paulo.

Tomlinson, D. L., Wilson, J. G., Harris, C. R., Jeffrey, D. W. (1980). Problems in the assessment of heavy-metal
levels in estuaries and the formation of a pollution index. Helgoldnder Meeresuntersuchungen, 33, 566-575.
https://doi.org/10.1007/BF02414780

USEPA (1996). United States Environmental Protection Agency — USEPA Microwave assisted acid digestion of
sediments sludge, soils, and oils. EPA 305la. 30p. https://www.epa.gov/sites/production/files/2015-
12/documents/3051a.pdf

Vanz, A., Mirlean, N., Baisch, P. (2003). Avaliacdo de poluicdo do ar por chumbo particulado: uma abordagem
geoquimica. Quimica Nova 26, 25-29.



http://dx.doi.org/10.1007/978-3-642-23327-2_15
https://doi.org/10.3390/app2030584
https://doi.org/10.1007/BF02414780

Eng 2023, 4, FOR PEER REVIEW 6

Venturini, N., Pita, A.L., Brugnoli, E., Garcia-Rodriguez, F., Burone, L., Kandratavicius, N., Hutton, M., Muniz,
P. (2012). Benthic trophic status of sediments in a metropolitan area (Rio de la Plata estuary): Linkages with
natural and human  pressures. Estuarine, Coastal and Shelf Science, 112, 139-152.
https://doi.org/10.1016/j.ecss.2011.08.016

Vieira, K. S., Crapez, M. A. C., Lima, L. S., Delgado, J. F., Brito, E. B. C. C., Fonseca, E. M., Baptista Neto, J.
A., Aguiar, V. M. C. (2021). Evaluation of bioavailability of trace metals through bioindicators in a urbanized
estuarine system in southeast Brazil. Environmental Monitoring and Assessment, 193, 18.
https://doi.org/10.1007/s10661-020-08809-x

Vieira, K. S., Delgado, J. F., Lima, L. S., Souza, P. F., Crapez, M. A. C., Correa, T. R., Aguiar, V. M. C., Baptista
Neto, J. A., Fonseca, E. M. (2021). Human health risk assessment associated with the consumption of mussels
(Perna perna) and oysters (Crassostrea rhizophorae) contaminated with metals and arsenic in the estuarine channel
of Vitéria Bay (ES), Southeast Brazil. Marine  Pollution  Bulletin, 172, 112877.
https://doi.org/10.1016/j.marpolbul.2021.112877

Zhou, Y., Wang, L., Zhou, Y., Mao, Z. 2019. 2019. Eutrophication control strategies for highly anthropogenic
influenced coastal waters. Science of the Total Environment, 705, 135760.
https://doi.org/10.1016/j.scitotenv.2019.135760

Wang, Q., Li, Y. 2010. Phosphorus adsorption and desorption behavior on sediments of different origins. J. Soils
Sediments, 10, 1159-1173. doi: 10.1007/s11368-010-0211-9

Warnken, J., Dunn, R.J.K., Teasdale, P. R. (2004). Investigation of recreational boats as a source of copper at
anchorage sites using time-integrated diffusive gradients in thin film and sediment measurements. Marine
Pollution Bulletin, 49, 833-843. https://doi.org/10.1016/j.marpolbul.2004.06.012

Weis, J. S., Weis, P. (1996). The Effects of Using Wood Treated with Chromated Copper Arsenate in Shallow-
Water Environments: A Review. Estuaries, 19, 306. https://doi.org/10.2307/1352236.

DATA AVAILABILITY STATEMENT

Regarding the manuscript entitled: “Assessment of sediment quality through multiple geochemical proxies in a
heavily industrialized harbor area in South America, Santos Estuarine Channel, Sdo Paulo, Brazil.” the datasets
generated during and/or analysed during the current study are available from the corresponding author on

reasonable request.

CONFLICTS OF INTEREST/COMPETING INTERESTS:

With regards to our manuscript entitled “Assessment of sediment quality through multiple geochemical proxies
in a heavily industrialized harbor area in South America, Santos Estuarine Channel, Sdo Paulo, Brazil.” the
authors declare that they have no known competing financial interests or personal relationships that could have

appeared to influence the work reported in this paper.


https://doi.org/10.1007/s10661-020-08809-x
https://doi.org/10.1016/j.marpolbul.2021.112877
https://doi.org/10.1016/j.scitotenv.2019.135760

Eng 2023, 4, FOR PEER REVIEW




Eng 2023, 4, FOR PEER REVIEW

Artigo 2



Eng 2023, 4, FOR PEER REVIEW

Article

Negative Impacts of Trace Metal Contamination on the
Macrobenthic Communities along the Santos Port
Complex - Brazil

Jéssica de F. Delgado 24, Renan Amorim %%, Leonardo da S. Lima 24, Christine C. Gaylarde 34,
José Antonio Baptista Neto 14, Samira C. de S. Pinto 2, Beatriz F. dos S. Gong¢alves? and Estefan M. da Fonseca 14*

Citation: To be added by editorial

staff during production.

Academic Editor: Firstname

Lastname

Received: date
Revised: date
Accepted: date
Published: date

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https://creativecommons.org/licenses/b

y14.00).

Programa de Pés-Graduagao em Dinamica dos Oceanos e da Terra Av. Gen. Milton Tavares de Souza s.n.,
Gragoata — Niterdi

Aequor - Laboratério de Inteligéncia Ambiental. R. Joaquim Eugénio dos Santos, 408 - Eldorado, Marica -
RJ, 24901-040

Department of Microbiology and Plant Biology, Oklahoma University, 770 Van Vleet Oval,
Norman, OK, 73019, USA.

Department of Geology and Geophysics/LAGEMAR - Laboratério de Geologia Marinha, Instituto de

Geociéncias, Universidade Federal Fluminense, Avenida Litoranea s/n, 24210-340 Niterdi, RJ, Brasil.

5 Programa de Pds-Graduagao em Administragio/Mestrado — PPGAd. Rua Mdrio Santos Braga, S/N - 4°
andar — Prédiol CEP:24.020-140 — Campus do Valonguinho — Centro- Niterdi — RJ

* Correspondence: oceano25@hotmail.com

Abstract: Port sites represent one of the most impacted coastal areas due to intensive anthropogenic
pressures. In addition to the port complex itself, associated activities, such as indiscriminate disposal
of pollutants like trace metals, affect the local ecosystem. Macroinvertebrate benthic communities
are one of the most effective bioindicators of environmental health because of their importance as a
primary food source for many fish, birds, and mammals, as well as their influence on sediment
stability and geochemical composition. This article evaluates the benthic macrofauna in the Santos
Estuarine System (SES), in which the Santos Port Complex (SPC) is located, linking trace metal levels
to differences in microbenthic community structure and pollutant bioavailability. The distribution
of Cd, Ni and Pb was directly related to organic matter deposits, while Cu and Zn appeared to result
from port activities. The SES contained a poor benthic macroinvertebrate community, resulting from
the contaminated muddy sediments. A significant negative correlation was found between the
macrobenthic diversity and concentrations of Cu in the soluble phase; this implied the pollution-
induced degradation of the macrobenthos in some SES locations.

Keywords: Macrobenthos; Heavy metals; sediments; bioindicators

1. Introduction

Harbors greatly impact the surrounding environments, their biota and the pre-
established ecosystem balance. They are generally located in geomorphologically
protected water bodies, like bays or estuaries, with low hydrodynamic conditions and
restricted water exchange with the adjacent sea, frequently with lower oxygen levels in
the water column, and hence highly contaminated sediments (Guerra-Garcia and Garcia-
Gome 2004). As a result, many harbors are classified as critically contaminated spots, with
low pollutant removal in the sediments resulting in high bioavailability and toxicity to
the local trophic net (Galkus et al., 2012; Zaaboub et al., 2014).

The low hydrodynamic flow conditions result in the accumulation of fine-grained
sediments, turning these sites into potential sinks for trace metals. This may pose negative
impacts on the marine ecosystem and environmental health (Chang et al., 2019). Trace
metals usually enter aquatic environments as a result of human activities linked to
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agriculture, fuel burning, metal corrosion, industrial plant residues, domestic sewage, and
vehicular transit (Rajeshkumar et al., 2018). Metal bioavailability to the trophic net may
result in several negative health disturbances. According to Alomary and Belhadj (2007),
these disorders in humans include cancer, sensorial problems, intelligence anomalies,
kidney damage, and miscarriage or stillbirth. Additionally, trace metals represent
persistent elements not easily degraded in the ecosystem. Once deposited in sediment,
they tend to be stored in this pool for a long time. Natural levels in aquatic sites are usually
low (Guo and He, 2013), with high concentrations of trace metals in sediments being a
potential indicator of anthropogenic sources (Nriagu, 1996; Tylmann et al., 2013).

Trace metals are insoluble in the water column, being predominantly attracted to
suspended material. Under low current conditions, these pollutants tend to decant to the
subaquatic bottom (Yang et al., 2014). The evaluation of trace metal contamination in
aquatic sediments is thus important (Liu et al., 2019). On the other hand, the isolated study
of heavy metals may not indicate their bioavailability; special laboratory extraction
methods together with study of specific bioindicators in the sediments is crucial. Despite
this, there is less data available in the scientific literature on port macrofauna than from
other shallow water environments (Chen et al., 2010). Human disturbances negatively
influence aquatic macrobenthic communities (Rosenberg and Resh, 1993; Armah et al.,
2012; Dar et al., 2017), and so these organisms can be effective monitoring tools (Amorim
et al., 2020).

Marine benthic macroinvertebrates play a fundamental ecological role and, as a
result, can function as effective indicators of the biotic health of marine sites, especially
the intertidal areas (Li et al., 2022). The macrobenthos is fundamental in the maintenance
of ecosystem ecology, involving material reworking and resulting nutrient recycling in
sediments, which allow the working of the bottom-up mechanism through the food webs.
Additionally, as non-migrant species, macrobenthic organisms can monitor the local
environmental conditions in sediments, where many contaminants such as heavy metals
and organics are ultimately deposited (Ryu et al., 2011; Desrosiers et al., 2019).

As an example of a bioindicator, the polychaete Laeonereis acuta may be cited. This
worm is largely found along South American Atlantic estuaries and coastal
geomorphological protected areas (Orensanz and Gianuca, 1974; Pamplin et al., 2007).
Several researchers have suggested L. acuta as an effective domestic pollutant
bioindicator; because of its reduced lifecycle it is able to rapidly recolonize areas of
impacted land (Netto and Lana,1994; Omena and Amaral, 2000). Other taxa (e.g., the
polychaete Magelona dakini and the amphipod Perioculodes longimanus) are more
susceptible to ecosystem alterations, and are enable to survive in highly polluted areas
(de-la-Ossa-Carretero et al., 2012; Ellis et al., 2017). These characteristics show that the
organisms have adapted to survive under different environmental conditions, making
macrobenthic communities an invaluable tool for environmental monitoring (Ryu et al.,
2011).

The main object of the present study was to diagnose the status of the macrobenthic
community in Santos Estuarine System (SES) and to evaluate its relationship with the
concentrations of heavy metals in the estuary sediments.

2. Study Site

The SES (Figure 1) consists of a coastal region severely modified by countless human
activities, of the most diverse natures, resulting in several potential pollution sources,
among them a huge industrial complex, highly populated areas, agricultural and port
activities. One of the most significant sources is Cubatao industrial park, located in the
Santos watershed basin (Azevedo Netto, et al., 2022), which concentrates petrochemical,
steel, chemicals, fertilizers, and logistics industries, as well as energy production and
services, and whose activities are both local and diffuse sources of pollutants. The region
is also polluted by irregular deposits of solid industrial waste, port activities, sewage
treatment stations, submarine outfall and clandestine discharges of domestic sewage and


https://www.nature.com/articles/s41598-020-68833-2#ref-CR12
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/macroinvertebrate
https://www.sciencedirect.com/science/article/pii/S1687428516300887#b0250
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B52
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B16
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B15
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B23
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B52
https://www.frontiersin.org/articles/10.3389/fmars.2021.756814/full#B52
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sanitary landfills. Finally, the SUS is still subject to constant impacts generated in the
maintenance of the Port of Santos, the largest port complex in Latin America, where
periodic dredging activities are carried out (Figure 1). The coastal region, on the other
hand, receives many tourists during the summer (Azevedo Netto et al., 2022) and
traditional fisheries are an important economic activity in the region (Hortellani et al.,
2008).

3. Methodology
3.1. Field Campaign

Sampling was carried out during May 2021. 32 sampling spots were distributed along
the main estuarine channel as shown in Figure 1. Surface and bottom water samples were
taken during the ebb tide. Salinity was evaluated with a multiparameter Horiba U10

probe.
' g

360000 366000 372000

7350000

=== Santos Harbor
: - Miantic Ocesn Sampling Stations
0 2 4 km 32 * Sediments
i E— = ® Physical-chemical Parameters
354000 360000 366000 372000

Figure 1. Study area and sampling stations.

Data from Netto et al. (2021) was used to reinforce the accuracy of the physical
analyses. The averages of all data groups used were compared with the trace metal
concentrations and other environmental parameters (pH, Eh, dissolved oxygen and
salinity).

A stainless Van Veen grab was used so as to maintain sediment composition integrity
and avoid contamination during sediment sampling. The samples were properly
packaged and stored under refrigeration (ca. -20°C) until analysis. Sediment grain size,
total organic carbon (TOC) and metals (Ni, Cu, Zn, Cr and Pb) were determined. Triplicate
sampling was used for evaluation of benthic macroinvertebrates. The sediment was
washed in sieves (0.5 mm mesh) and preserved in 4% buffered formalin.

3.2. Laboratory Analysis

Trace metal samples were maintained in pre-acidified plastic bowls and transported
to the laboratory for analysis. For grain size evaluation, organic matter was first degraded
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with hydrogen peroxide and grain size measured with a Microtrac 53500 grain size
analyzer. The results were classified into sand, silt, and clay.

The fine material (below 0.063mm) was used for trace metal extraction. Sequential
extraction was performed using the BCR approach. After centrifugation and further
dilution, Pb, Cu, Ni, Zn and Cd were analyzed by Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES). The detection limits are, respectively: Pb, 1.5mg/Kg;
Cu, 1.5mg.Kg?; Ni, 0.6mg.Kg; Zn, 1.5mg.Kg', Cd, 0.8mg.Kg.

Macroinvertebrates were sorted, identified to the lowest inclusive taxonomic group
and counted with microscope. Indicators of abundance, species richness, Evenness and
Shannon-Wiener diversity index were calculated.

3.3. Statistical Analysis

The normal distribution of the data was tested with the Shapiro-Wilk test.
Spearman’s correlation was used to evaluate the relationship between macrobenthic data
and the environmental parameters. Principal component analysis (PCA) was used to
evaluate any synergy between all the parameters. Multivariate analysis was carried out
using the software Past v.3.

4. Results and Discussion

Estuaries represent extremely important ecosystems, as they not only provide
nursery and feeding grounds for several living organisms, both aquatic and terrestrial
(Cabral and Costa, 1999; Dias et al., 2008; Barbier et al., 2011; Courrat et al., 2018), but are
also one of the most productive ecosystems in the world (Santos et al., 2022). Human
communities benefit from this, with large cities and industries located nearby; hence these
geomorphological protected and low hydrodynamic areas, suffer from increased
anthropogenic pressures (Duarte et al., 2014). The control of environmental health is of
extreme relevance for the maintenance of ecological balance and sustainability of the
activities undertaken in estuaries.

Water quality and resulting pollutant dynamics in the estuarine water column is
impacted mainly by parameters like pH (Mosley and Liss, 2020), dissolved oxygen,
salinity (Onabule et al., 2020; Euler et al., 2020) and redox (Abdolreza and Marefat, 2017).
In the present research, pH levels did not vary much over the whole area. Values ranged
between 8.17 and 8.66, influenced by the natural buffer system that maintains ocean pH
between 8.1 and 8.3 (Jiang et al., 2019). Salinity also varied little, around 28. Both
parameters reflected the clear influence of water exchange with the open sea, which
contributes to this stability. Dissolved oxygen levels were similarly stable, remaining
above 5.7 mg/L. Benthic organisms begin to succumb to lack of oxygen from 5mg/L
downwards (Gray et al., 2002; Vaquer-Sunyer & Duarte, 2008), causing negative effects on
the structure of marine ecosystems and their biodiversity (Nilsson and Rosenberg, 1994;
Crain, 2007). The variation in oxygen levels does, however, influence the redox potential
of the water environment, impacting the balance of nutrient cycles, and hence global
climate change (Diaz, 2001; Keeling et al., 2010). All our samples had positive rH values,
confirming the oxygenated water status.

Sediment particle size is one of the most important features influencing the trace
metal deposition dynamic. Usually, fine particles present a higher capacity to attract trace
metals because of their greater specific surface area, and associated increased presence of
clay minerals, organic matter, and oxides (Cai et al., 2002; Ljung et al., 2006; Semlali et al.,
2000). In the present study, finer grains (e.g., silt and clay) were the main part of the
sediment at each internal sampling spot (p1-p15) (Figure 2). The outer sampling stations
(p16-p32) showed a slightly increased grain size, probably reflecting the stronger fluxes
resulting from channel narrowing and increased hydrodynamics typical of open areas.


https://www.frontiersin.org/articles/10.3389/fmars.2020.623581/full#B33
https://www.frontiersin.org/articles/10.3389/fmars.2020.623581/full#B10
https://www.frontiersin.org/articles/10.3389/fmars.2020.623581/full#B13
https://www.frontiersin.org/articles/10.3389/fmars.2020.623581/full#B18
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Figure 2. Fine particle distribution (y = %/x = sampling stations).

Significant quantities of organic matter may decant and accumulate in sediments due
to physical, chemical, or biological processes in the water (Hu et al, 2006). After
sedimentation, they may be degraded and continuously mixed with other deposited
compounds (Colombo et al., 1996). Thus, the organic matter accumulated in aquatic
ecosystems can be allochthonous or autochthonous, originated from primary production
by primary producers, transported by tidal fluxes, agricultural runoff and industrial and
municipal wastes (Liu et al., 2007; Wu et al., 2013; Yamamuro, 2000). In the present study,
sediment organic matter showed a similar pattern to that of small sediment particles
(Spearman correlation = 0,392). However, it showed a slight tendency to increase in the
direction of the open sea. This trend goes against expectations, since more sheltered
estuarine waters normally have higher levels of organic matter because of the higher
productivity and low hydrodynamics, which allows its accumulation. On the other hand,
the physicochemical conditions of the water can contribute to the accumulation of organic
matter in the sedimentary stratum. These conditions will affect the surface charges on the
particle surfaces, leading to their flocculation, and this, in turn, can increase their overall
size and weight, leading them to deposit on the estuarine floor (van Leussen, 1988;
Gregory, 2005). This could explain why samples collected in the estuarine entrance
channel revealed higher organic matter content. Another potential cause of the high
concentrations of organic matter in the external sector is the presence of an underwater
outfall very close to collection points p30, p31 and p32. Thus, not only the flocculation
dynamics but also the presence of this source of sewage explains the higher values at the
outermost sampling stations. It seems that the flows in the channel were slow enough to
allow the decantation of fines, which varied, in this area, between 30 and 50%, in spite of
the morphological tapering of the bed. This established hydrodynamic regime permitted
the maintenance of organic matter content together with the settlement of relatively high
numbers of fine-sized grain particles.

Trace metals are very frequent contaminants in aquatic environments, arising from
natural and anthropogenic sources, industrial, agricultural, and domestic loads (Hang et
al.,, 2009; Ramos e Silva et al., 2006; Davutluoglu et al., 2011). When released into the water
body, they tend to decant and deposit in the sub aquatic sediments, where they may
liberate their contaminants (Salomons and Stigliani, 1995; Passos et al., 2011).

The total concentrations of Cu, Zn, Ni, Cd and Pb in the SES are presented in Figure
3. Two groups can be seen.The first (Ni, Cd and Pb) shows a slight increase in level toward
the open sea, while the second (Cu and Zn) shows no such pattern. The likely reason for
this is that the source of pollution by group 2 metals is the harbor itself. Thus, deposition
and accumulation is directly impacted by inputs from the harbor area. The statistical
correlation between the harbor and contamination by the second group of metals confirms
this hypothesis (Table 4). Harbor activity seems to be a significant source of Cu and Zn.
The variability of the other metals is directly linked to the organic carbon content of the
sediment.


https://link.springer.com/article/10.1007/s42452-018-0128-2#ref-CR39
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Figure 3. Total Trace Metal concentrations.

The influence of environmental differences was removed from the picture and the
effective pollution status of the local site (extent of metal accumulation relative to
background value/concentration) was determined by using the geoaccumulation index
(Igeo) (Eq. (1). Igeo is divided into seven classes according to Mueller (1979): Igeo < 0 -
Not contaminated; 0<Igeo<l - light to moderate contamination; 1<Igeo<2 — moderate
contamination; 2<Igeo<3 — moderate to strong contamination; 3<Igeo <4 — strong
contamination; 4<Igeo <5 — strong to extreme contamination; 5<Igeo <10 — extremely
serious contamination.

Igeo = In(Cn/1.5 x Bn) D

where Cn = mean concentration of the metal in soil, and Bn = background value of the
metal. Figure 3 shows the Igeo results for the 5 metals.

Four of the five trace metals can be classified as above normal environmental levels
(Fig. 4). Only Cu Le values (level 2 - 3) were classified as "light to moderate"
contamination, while Zn, Ni and Pb values were classified as “moderate to strong”,
suggesting the influence of human activities in the area. To determine whether these
contaminant levels could represent a threat to the local biota, the extracted metal
concentrations were compared with the macrobenthic flora for each sampling station.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geoaccumulation-index
https://www.sciencedirect.com/science/article/pii/S2666765720300284#eqn0001
https://www.sciencedirect.com/science/article/pii/S2666765720300284#bib0052
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Figure 4. Igeo results for trace metals at the sampling stations.

Macrobenthic fauna are diverse and represent a fundamental constituent of soft-
bottom estuarine environments, exhibiting a high adaptability to different environments
(Diaz-Castafieda and Valenzuela-Solano 2009). They colonize a wide range of ecosystems
from intertidal to hadal systems, in which the sediment conditions play a key factor in
controlling the structure and function (Olsgard et al. 2003; Gray and Elliot 2009). The
present campaign, in May 2021, recorded five groups of benthic organisms, Molluscs,
Echinoderms, Crustaceans, Annelids and Others (Figure 5), totaling 294 organisms in 32
taxa (Table 1). Organisms were identified to the lowest possible taxonomic class; a large
number of unidentifiable fragments were found, which were inserted into the “Others”
group. Monitoring of the benthic community revealed a poor profile in terms of ecological
diversity, probably a response to the local human activities and resulting contamination.
According to the ANOVA, differences in benthic community composition did not depend
on the monitoring point.
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Figure 5. Relative abundance (%) of species by taxonomic group. Completar legenda na figura.
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Table 1. Macrobenthic species found in the Santos Estuarine System.

Taxon

|P1|P2|P3|P4|P5|P6|P7|P8|P9|P10|P11|P12|P13|P14|P15|P16|P17|P18|P19|P20|P21|P22|P23|P24|P25|P26|P27|P28|P29|P30|P31|P32|T0tal

Phylum Mollusca
Class Bivalvia
Order Venerida

Family Veneridae
Anomalocardia
brasiliana

Chione subrostrata

Family
Mesodesmatidae
Mesodesma
mactroides

Order Pectinida

Family Pectinidae

Chlamys
tehuelchus

Order Cardiida

Family Cardiidae

Laevicardium
brasilianum

Order Mytilida
Family Mytilidae
Mytella charruana

Class Gastropoda

Order
Neogastropoda
Family
Columbellidae
Costoanachis
sparsa

Family
Pyramidellidae
Turbonilla
brasiliensis

Turbonilla fasciata

Phylum
Echinodermata

Class Ophiuroidea

0
0
0
0
0 7 2 2 0 1 3 1 0 2 0 0 2 2 1 2 0 0 0 0 0 0 0 4 0 2 2 4 0 0 1 0 38
0 1 0 1 0 0 1 0 0 1 0 0 1 1 0 1 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 49
11
0 0 0 0 0 2 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 4 0 1 0 0 1 0 12

12

13

10

13
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Order
Amphilepidida
Family
Amphiuridae

Amphiodia sp.
Phylum Crustacea
Class Malacostraca
Order Decapoda
Family Diogenidae
Clibanarius sp.
Phylum Annelida
Class Polychaeta
Order Phyllodocida
Family Nereididae
Ceratonereis sp.
Order Eunicida
Family Onuphidae

Diopatra sp.

Others

14

52

18

18

10

149




The statistical analyses of the populations are shown in Table
2. The Shannon diversity index (H') and the Pielou Equability
parameter (J') were used to assess the ecological makeup of the
communities. The higher the value of H, the greater the diversity.
] varies from 0 to 1, and the maximum value indicates a situation
where all species have the same number of individuals, (i.e., no
ecological dominance).

Table 2. Pielou evenness index and Shannon test for each sampling spot.

sampling Station Pielou Equability Shannon Test DIV
J' H'

P1 0,00000 0.00000 Very low
P2 0.43841 1.15699 Low
P3 0.54075 1.42706 Low
P4 0.57713 1.52308 Low
P5 0.00000 0.00000 Very low
P6 0.59003 1.55711 Low
P7 0.53964 1.42413 Low
P8 0.36008 0.95027 Very low
P9 0.00000 0.00000 Very low
P10 0.64256 1.69574 Low
P11 0.00000 0.00000 Very low
P12 0.00000 0.00000 Very low
P13 0.75463 1.99151 Low
P14 0.69372 1.83077 Low
P15 0.48497 1.27985 Low
P16 0.81901 2.16142 Low
P17 0.00000 0.00000 Very low
P18 0.00000 0.00000 Very low
P19 0.26265 0.69315 Very low
P20 0.00000 0.00000 Very low
P21 0.00000 0.00000 Very low
p22 0.00000 0.00000 Very low
P23 0.39397 1.03972 Low
P24 0.50673 1.33729 Low
P25 0.24119 0.63651 Low
P26 0.50384 1.32966 Low
P27 0.51457 1.35798 Low
P28 0.39966 1.05472 Low
P29 0.00000 0.00000 Very low
P30 0.00000 0.00000 Very low
P31 0.36008 0.95027 Very low
P32 0.00000 0.00000 Very low

Table 3 shows that the number of organisms found does not
depend on the monitoring point (P< 5%)



Table 3. ANOVA test for the hypothesis that the collection site influences
the number of species.

Variation source SQ gl MQ F value-P

Inter group test 464.9196429 31 14.99740783  2.0878927 0.00073392
Intra group test 2988.142857 416 7.183035714

Total 3453.0625 447

Consisting of several different species, macrobenthic
organisms have various tolerances to environmental pressures.
These differences make them function as effective indicators of
environmental health (Naiak et al., 2022). Bivalves have been
regarded as suitable bioindicators of metal pollution in the marine
and estuarine environments. For instance, Anomalocardia brasiliana
(Gmelin 1791) (Bivalvia-Veneridae), occuring in the upper layers of
sediment in marine intertidal regions from the West Indies to
Southern Brazil, has been frequently used as an indicator for trace
metal pollution. In the SES area, this organism was one of the most
common, despite low richness and benthic faunal abundance; this
indicates its resistance to environments in which other more
sensitive benthic organisms cannot survive (Table 1). According to
Lima et al. (2017), it represents one of the main benthic
bioindicators, particularly of domestic, industrial, and agricultural
wastes.

The impacts of heavy metal pollution on macrobenthic
communities have been studied by several authors (Rygg 1985a;
Hall et al. 1996; Warwick 2001; Guerra-Garcia and Garcia-Gome
2004; Harriague et al. 2007; Dauvin 2008). Hall et al. (1996)
evaluated the effects of trace metal pollution on the macrobenthos
in two North Sea estuaries and recorded that macrobenthic
communities in both ecosystems responded positively to reduced
contamination. Warwick (2001) found that trace metal levels in
sediments were the main parameter influencing the structure of the
macrobenthic populations of the Fal Estuary.

Guerra-Garcia and Garcia-Gome (2004) evaluated polychaete
communities and sediment contamination in the surroundings of
Ceuta Harbour. They suggested that contamination gradient was
the main factor impacting polychaete structure, richness, and
diversity. Dauvin (2008) suggested that the effects of trace metals
varied among species, trace metals being responsible for only part
of the disturbances in benthic community structure. In the present
study, the extracted Cu solution demonstrated a significant inverse
correlation between Cu and the biological community
characteristics (Table 4).

Table 4. Spearman correlation test results.

g [ —~ —~ — —~ —~
7] %] Q [ = = = = fem
S & @ 05 a8 = g 2 s < I [ s = [
L L L L L [ = £ o o o o o
S T T = § & 5 T § g &£ B £ £ ¢t
3 S 4 & o 2 g 3 5 = 3 S = g S
Lo
Cu (Soluble) -0,172 0.343 0.050 -0.198 0.133 -0.387 -0.337 -0.354 0.356 0.174 0.060 0.625 0.555 0.182
Zn (Soluble) -0.172 -0.114 0201 0.144 0340 0.012 -0.017 -0.017 -0.038 0.723 0.790 -0.099 0.044 -0.170
Ni (Soluble) 0.343 -0.114 0.064 0.059 -0.197 -0.062 -0.093 -0.073 0.002 -0.110 -0.156 0.488 0.181 0.156

Pb (Soluble) 0.050 0.201 0.064 0.203 -0.265 0.170 0.100 0.203 0.091 0.309 0.279 0.164 0.617 0.456




Cd (Soluble) -0.198 0.144 0.059 0.203 0.089 -0.155 -0.221 -0.157 0.222 0.174 0.072 -0.019 0.026 0.549
Gr:ilrrllsize 0.133 0.340 -0.197 -0.265 0.089 -0.171 -0.127 -0.091 0.392 0453 0.470 -0.062 0.004 -0.213
Richness -0.387 0.012 -0.062 0.170 -0.155 -0.171 0.946 0.953 -0.444 -0.135 -0.009 0.004 -0.024 -0.163

Abundance -0.337 -0.017 -0.093 0.100 -0.221 -0.127 0.946 0.865 -0.403 -0.132 0.029 0.089 -0.008 -0.208
Shannon  -0.354 -0.017 -0.073 0.203 -0.157 -0.091 0.953 0.865 -0.375 -0.112 -0.013 -0.011 0.017 -0.106

Mo (%) 0.356  -0.038 0.002 0.091 0.222 0.392 -0.444 -0.403 -0.375 0.217 0.160 0.288 0.361 0.399
Cu(Total) 0.174 0.723 -0.110 0.309 0.174 0453 -0.135 -0.132 -0.112 0.217 0.868 0.051 0.262 -0.020
Zn (Total) 0.060 0.790 -0.156 0.279 0.072 0.470 -0.009 0.029 -0.013 0.160 0.868 0.051 0.257 -0.117
Ni (Total) 0.625 -0.099 0.488 0.164 -0.019 -0.062 0.004 0.089 -0.011 0.288 0.051 0.051 0.546 0.384
Pb (Total) 0.555 0.044 0.181 0.617 0.026 0.004 -0.024 -0.008 0.017 0.361 0.262 0.257 0.546 0.407
Cd (Total) 0.182 -0.170 0.156 0.456 0.549 -0.213 -0.163 -0.208 -0.106 0.399 -0.020 -0.117 0.384 0.407

The PCA results revealed the opposite relation between the
benthic community features and site parameters like organic matter
and grain size (Figure 5). In addition, the PCA confirmed the
greater bioavailability of Cu already indicated by the first
correlation result. The organic matter content was shown to be
strongly negatively correlated with macrobenthic community
health features and index.

According to the literature, environmental characteristics are a
main factor controlling macrobenthic invertebrates. Sediment
particle size (Seiderer and Newell 1999; Van Dalfsen et al. 2000;
Etter and Grassle 1992; Moreira et al. 2006;), salinity (Mannino and
Montagna 1997; Gray 2002; Amorim et al., 2020), organic matter
content (e.g. Gutiérrez et al. 2000) and dissolved oxygen
concentrations (Cooksey and Hyland 2007) are the main variables
that influence the abundance, diversity and distribution dynamic
of macrobenthic populations (Snelgrove and Butman 1994; Gray
and Elliot 2009). In the SES area, the fine particles and organic
matter in the sediments act synergistically with trace metals, and
represent the main environmental factors determining biotic health
at the benthic level.

Rygg (1985) found similar results in his research. He evaluated
the relationship between macrobenthic community structure, trace
metal levels and organic matter in sediments from Norwegian
fjords. There was a strong negative correlation between benthic
community richness and Cu levels, with higher Cu levels in
subaquatic sediments proving to be toxic to several species such as
Glycera rouxii, Phylo norvegica, Sosane gracilis, Terebellides stroemi,
Eriopisa elongate, and Ennucula tenuis. The result was impoverished
diversity.
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5. Conclusions

In harbor sites, constant ship transit, dredging processes,
waste discharge and other port activities may result in loss or
degradation of the adjacent habitat areas and impact marine
organisms. All the infrastructure linked to port activities, such as
the installation of industrial parks and high population density,
makes port sites the most severely impacted environments. Data
from the SES area presented in this article suggest that Cd, Ni and
Pb levels are directly related to the deposition of organic matter,
while Cu and Zn levels may be increased because of port activities.
Organic enrichment influences the pollutant geochemical dynamic
directly, impacting microbenthic community composition,
reducing diversity by excluding species with low tolerance. The
results highlight the importance of environmental parameters like
grain size and organic matter content on macrobenthic structure.
Correlation with the Cu extracted from sediments indicated a
significant impact on the local macrobenthic fauna, contributing to
their impoverishment.
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Abstract

Water column variances in the aquatic environment, motivated by either natural or anthropogenic
processes, may impact the stability of trace metals in the sediment of Santos Port Complex (SPC), located
southeast Brazil. Trace metals such as Cu, Zn, Ni, Pb and Cd potentially negatively affects ecological and
biological compartments in the estuarine water. To evaluate the status of sediment of the SPC, the present
article investigated the geochemical fraction of sedimentary trace metals applying the BCR (European
Community Bureau of Reference) sequential extraction approach. Organic matter and fine grainsize,
characteristic of an estuarine environment, showed a direct influence on the concentration dynamics of trace
metals in sediments, especially for Pb, Cd and Ni. In the specific case of Zn and Cu, they had a potential
source of contamination in the port. The largest fraction of the metals studied were non-residual, being
potentially remobilizable in an environment where variation in the physicochemical parameters of the water

column is highly variable, something frequent in estuarine environments.

Keywords: Trace Metal speciation; Santos Harbor, sediment, environmental impact
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1. Introduction

As a result of the nature of port activities, these transport complexes are generally
installed in geomorphologically protected areas, safe from strong open sea
hydrodynamics. In addition, for the beneficiation/transformation/circulation of
transported raw material and industrial products that arrive and leave constantly the
portuary site, an industrial park is installed nearby, resulting in the consequent human
settlement along the entire region. Thus, natural confined sites such as estuaries and bays
are suitable environments for the development of this type of activity (lglesias et al.,
2021). On the other hand, estuaries and bays, due to their strong water physic-chemical
gradients, derived from the transition between freshwater on the continent and salty
marine waters, present a great biodiversity, representing one of the most productive
ecosystems around the planet (Barbier et al., 2011; Pinto and Marques, 2015).
Additionally, the calm water body function as a nursery for marine organisms, that use
this environment to reproduce and feed (Kotzé, 2016). So, despite its great ecological
importance and therefore a high degree of sensitivity, port regions represent one of the
environments most altered by human activities (Gillanders et al., 2011; Vermeiren and
Sheaves, 2014; Kotzé, 2016). Among the most critical impacting factors existing in the
day-to-day life of the ports are the constant dredging, waste disposal, constant transit of

vessels, high population density, waste generation, among others.

The natural characteristics of estuarine environments make these ecosystems even more
complex from an ecological point of view (Sun et al., 2015; Zhang M. et al.,
2017; Duggan et al., 2019; Izegaegbe et al., 2020). Their geomorphologically protected
water, with low hydrodynamic fluxes and restricted water exchange with the adjacent sea,
result in water column lower oxygen levels, being propitious to the concentration of
contaminants on its sediment, composed of fine grained particles and high levels of
organic matter (Guerra-Garcia and Garcia-Goéme 2004). So, many ports are known as
critically polluted sites, representing a real threat to the local living organisms (Galkus et
al., 2012; Zaaboub et al., 2014).

The marine environment has become polluted due to a wide range of contaminants
sourced by several anthropogenic activities, and this has prompted worldwide attention
for a long time (Adekunle , 2012; Eliku and Leta, 2018). Trace metal pollution in the

estuarine ecosystems is an increasing challenge as most trace metals beyond threshold
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concentrations are potentially toxic to living organisms (Prabhakaran et al., 2016). These
elements can find their own ways to enter the food net in the environment. However, their
toxicity and associated damages of individual metals are relatively well studied with
established baselines (Yi et al., 2021).

Estuarine ecosystems are highly dynamic sites that are often coupled with seawater
dilution effects and various anthropogenic input. All environmental parameters can then
further affect trace metal bio assimilation since they influence interactions between heavy
metal and the aquatic biota. Thus, the comprehension of the trace metal bioavailability is
not an easy task, being necessary the integration of all major contributing factors such as
different environmental variables, multi-heavy metal mixtures and their speciation (Gu
and Gao, 2021), when attempting to investigate processes that dictate the relation between

trace metals and the biota.

Total levels of trace metal recording in in the sedimentary pool does not represent an
effective indicator when the object is the evaluation between natural and anthropogenic
sources (Relic et al. 2010, Passos et al. 2011, Okoro et al. 2012) and its potential
bioavailability (Zhong et al. 2011). For this purpose, recent authors have applied
sequential partial extraction approaches to evaluate the specific chemical forms with

sedimentary phases and metal sources (Hang et al. 2009, Davutluoglu et al. 2011).

One commonly used sequential extraction approach is the BCR (European Community
Bureau of Reference) method. The BCR method divides trace metals into four groups
comprising exchangeable and easily soluble fraction, easily reducible fraction, oxidizable
fraction and residual fraction. The first three fractions theoretically represent the
potentially available fractions, which under physicochemical fluctuations of the water
column are made available. The last represents a difficult fraction mobilized (Sahara et

al., 2015), considered naturally inert.

The main object of the present study was to diagnosis the status of sedimentary trace
metals in order to in order to allow the dynamic projection of the geochemical
distribution, under variations of the physicochemical parameters of the water column in

Santos Estuarine System (SES).
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2. Study Site

The SES (Figure 1) consists of a coastal region severely modified by countless human
activities, of the most diverse natures, resulting in several potential pollution sources.
Among them can be mentioned a huge industrial complex, intensely populated areas
agricultural and portuary activities. One of the most significant sources is Cubatéo
industrial park, located in the Santos watershed basin (Azevedo Netto, et al., 2022), which
concentrates petrochemical, steel, chemicals, fertilizers, and logistics, as well as energy
production and services, and whose activities present potential punctual and diffuse
sources of pollutants. Parallelly, the same region is under the influence of irregular
depositions of industrial solid waste, by port activities, sewage treatment stations,
submarine outfall and clandestine discharges of domestic sewage and sanitary landfills.
Finally, SUS is still the target of constant impacts generated in the maintenance of the
Port of Santos, the largest port complex in Latin America, where periodic dredging
activities are carried out (Figure 1). The coastal region, on the other hand, receives many
tourists during the summer time (Azevedo Netto et al., 2022), being the traditional

fisheries an important economic activity in the region (Hortellani et al., 2008).

3. Methodology
a. Filed Campaign

A sampling campaign was carried out during May/21. 32 sampling spots were distributed
along the main estuarine channel as shown in Figure 1. Water column physico-chemical
characterization was made at surface and bottom water depth, during the ebb tide. Salinity
was evaluated with a multiparameter Horiba U10 probe.
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Figure 1. Study area and Sampling stations

Additionally, with the same approach of Netto et al., (2021) past data was also used to
reinforce the accuracy of the physical analysis of the waters. The averages of all data
groups used were compared with the trace metal concentrations and other environmental

parameters (pH, Eh, Dissolved Oxygen and salinity).

A stainless Van Veen grab was used to maintain sediment composition integrity and avoid
contamination during sediment sample collection. Then the samples were properly
packaged and stored under refrigeration (~-200C) until analysis. In the sediment samples
were analyzed: Sediment grain size, total organic carbon (TOC) levels, phosphorus
concentrations and metals (Ni, Cu, Zn, Cr and Pb) were determined.

b. Laboratorial Analysis

Trace metals samples were maintained in pre acidified plastic bowls and transported to
the laboratorial analysis. For the grain size evaluation, a pre-treatment process was used,
degrading the organic matter with hydrogen peroxide (H202). Posteriorly, the grain size
was measured by a Microtrac S3500 grain size analyzer. The obtained results were
classified into sand, silt, and clay according to the sediment composition.

Then, the fine material (below 0.063mm) used to extract the trace metals. Sequential

extraction was performed by using the BCR approach. After samples centrifugation and



further dilution trace metals (Pb, Cu, Ni, Zn and Cd) were analyzed by Inductively
Coupled Plasma-Atomic Emission Spectrometry. The detection limits of the method are
respectively: Pb, 15 mg/Kg; Cu, 1,5 mg.Kg-1; Ni, 0.1mg. Kg-1; Zn, 0.4mg.Kg-1, Cd,
0.4mg.Kg-1.

c. Statistical Analysis

The normal distribution of the data was tested with the Shapiro-Wilk test. Spearman’s
correlation was used to evaluate the relationship between trace metal data and the

environmental parameters.

4. Results and Discussion

Sediment trace metal levels represent potentially reasonable indicators of the state of an
ecosystem (Forstner and Wittmann, 1981). Once trace metals do into the estuary, they
promptly become associated with particulate phase and sink to subaquatic bottom
(Hanson et al., 1983). The decantation process dependents on several water column
features such as pH, Eh, ionic strength, organic and inorganic matrixes and the available
surface area for adsorption caused by variation in grain size distribution (Davis et al.,
1991). Combination of trace metals with fine particles (silt and clay) is attributed to co-
precipitation or complexation reactions of these elements on particle surfaces,
determining the distribution pattern of trace metals in sedimentary pool (Ho et al., 2010).
In the present study, grain size records are presented in Figure 2. Size is a fundamental
property of sediment particles. It determines particles diffusion and deposition through
the environment, and therefore provides important informations to the sediment
provenance, transport history and depositional conditions (Kenneth Pye, 2004). In the
present study, the finer grain size fraction was present along all the sampling stations,
being more concentrated in the estuarine inward area, where the lower hydrodynamic

conditions permitted its deposition.
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Sediments consist of multi-phase matrixes composed of silicates, carbonates,

hydroxides/oxides, sulfates and organic substances as major components (Zhu, 2006).
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in turn
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Organic matter

consequently reduce trace metals of bioavailability (Impellitteri et al. 2002; Wolinska et

al. 2018). So, organic compounds play an important role in forming complexes and

retaining heavy metals in a potential mobilizable form (Aydinalp and Marinova, 2003).
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Figure 3. Organic Matter distribution

In the present study, the organic matter levels varied between 3,5 and 22,5%. The higher

concentrations were in Santos’s channel contrary to expectations due to the greater

proper from open sea water,

the water salinity,

currents in this area. On the other hand,

carrying the dissolved
; Sholkovitz, 1978; Dauvis,

the estuarine physico-chemical particles settlement mechanism,

may promote estuarine flocculation and aggregation mechanisms,

1977

organic matter to the subaquatic bottom pool (Boyle et al

1984; Gibbs, 1986). So,

together with the existence of a submarine outfall and the potentially active processes of

flocculation can explain this distribution.
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Among the pollutants present in estuarine environments, a critic role is played by trace
elements, which, under certain water column conditions, are potentially toxic to living
species, being transmitted through the trophic chain (Rosado et al. 2016a, b; Tarnawski
and Baran 2018). Trace elements deposited in bottom sediments can potentially be a
threat to aquatic organisms. Moreover, in the case of improper sediment management,
e.g. from the dredging of port evolution basins sediment, they can also pose a danger of

having a toxic impact on land biota.

Some authors demonstrated that flocculation of dissolved organic matter in the estuarine
environments may enhance sedimentation of organic-metal complexes derived from the
terrestrial ecossystems (Sholkovitz, 1978; Sholkovitz et al., 1978; Wells et al., 2000;
Turner et al., 2002; Stolpe and Hasselldv, 2007; Biati et al., 2010; Samani et al., 2014;
Heidari, 2019As seen in Figure 3, total trace metals concentrations data revealed two
patterns of distribution. The first one, followed by Ni, Pb and Cd, which showed the same
appearance as organic matter levels. This data revels the importance of organic matter in
the heavy metal accumulation in Santos Estuarine System).

The second pattern, followed by Zn and Cu, didn’t follow the deposition pattern promoted
by the organic matter affinity and concentration. The similarity between this too metals
and it random character suggested the port activity as a potential source for these trace
metals. Copper mining and processing is fundamental for infrastructure development. As
a result, highly industrialized areas used present Cu contamination from metallurgical
waste (Wang et al., 2015). More important than that, copper and zinc are used in

antifouling paints as active ingredient and stabilizer, respectively (Bighiu et al., 2017).
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Figure 3 Total Trace Metals concentrations

Table 1 presents statistical analysis results. According to obtained data, hydrodynamic
fluxes represent the main distribution parameter for local floating particles, since fine
grainsize and organic matter recorded significant correlation. The same can be said for
Cu and Zn, since both metals presented significant correlation with fine grainsized
particles. On the other hand, organic matter showed to be preponderant for Cd and Pb

sediment accumulation.

Table 1. Spearman test results

Fine
Grainsize
Mo (%)
Zn (Total)
Ni (Total)
Pb (Total)
Cd
(Total)

Fragéo fina 0,392 | 0453 | 0,470 | -0,062 | 0,004 0213

Mo (%) 0,392 0,217 | 0,160 | 0,288 | 0,361 | 0,399
Cu (Total) 0,453 0,217 0,868 | 0,051 | 0,262 0,020
Zn (Total) 0,470 0,160 | 0,868 0,051 | 0,257 0117
Ni (Total) -0,062 | 0,288 | 0,051 | 0,051 0,546 | 0,384
Pb (Total) 0,004 0,361 | 0,262 | 0,257 | 0,546 0,407

Cd (Total) -0,213 0,399 | -0,020 | -0,117 | 0,384 | 0,407

Sedimentary trace metal fractionation reflects the metal binding processes in sediments.
The dynamic of metal fractioning in these sediments is a result of the difference of each
metal source and its particular affinity with environment matrixes and particular physic-
chemical responses. Generally, human activities sourced metals are presented in the
potentially mobilizable fractions, whereas metals derived from natural geologic sources

are in residual fractions (Passos et al., 2010).
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residual phase indicating that all trace metals are potentially bioavailable.

In the present study, a significant amount of all studied metals was associated with the

sediment non-residual fraction, the speciation status and potential bioavailability of trace
presence in ionic form in the water column, or being adsorbed on the surfaces of sediment

saline wedge oscillations. On the other hand, the constant dredging works, necessary to
maintain the depths in the vessels' evolution basin, can affect the stability of the bottom
sediments and thus remobilize the pollutants deposited back into the water column

the result of the water column physico-chemical conditions variation (e.g. pH, redox
potential, organic matter, and salinity) (Wu et al. 2015), as a result of estuarine tidal and

metals primarily depends on the binding of these elements to solids particles, their
showed that the subaquatic bottom stored trace metals may be remobilized from the
sedimentary pool via natural or anthropogenic mechanisms. The first hypothesis may be

mineral/organic matter/microorganisms complexes.

non



(Monte et al., 2019). So, according to the present study, specially Cd and Pb, revealed

less association with the most stable fraction.

In aquatic bodies, the non-residual trace metals are transported as dissolved, colloidal or
particulate elements/counpounds, associated with available natural matrixes like organic
matter, Fe and Mn (oxyhydr)oxides and clay particles, which are omnipresent in the
aquatic ecosystems and present a high metal sorption ability (Singh and Subramanian,
1984; Parker and Rae, 1998; Warren and Haack, 2001; Pokrovsky and Schott, 2002;
Hassellov and von der Kammer, 2008; Nystrand et al., 2012). The organic phase,
according to the present study, recorded an omnipresence for all the studied trace metals,
as a result of the organic matter significant availability in estuarine areas, where the high
productivity and the water exchange restriction permit its accumulation. After organic
matter enters the environment, it produces trace metals organic complexes due to
abundant carboxyl, hydroxyl, amine, and other organic particle surface reactive groups,
increasing its adsorption capacity (Kulikowska et al., 2015; Zhou et al., 2015). Some
authors have suggested that that Cu is able to form complexes with organic matter
(Manceau and Matynia, 2010; Moon and Peacock, 2012, Karlsson et al., 2006) or organic
matter-copper mineral ternary complexes (Strawn and Baker, 2009). So, in the present
study, sequential extraction analysis confirmed the organic matter as an important matrix
immobilizing local Cu. Recorded data in the present article, suggested that the dynamic
of the other studied trace metals mobility is also associated with high organic matter

concentrations, as shown in the Figure 4.

In the same way as Cu, Pb and Zn shower great affinity with the hydroxyl functional
group available on mineral surfaces like kaolinite, oxide, oxyhydroxides, and Fe and Al
hydroxides (Smith et al., 1995). According to Silveira et al., (2003), iron oxides are the
most important soil constituents retaining heavy metals. The affirmation made by the
authors is applicable to the present case, with the exception for Ni and Cd, trace metals
that recorded a negligible participation of the reducible phase in most sampling stations.
According to Qion et al. (2020) and Ma et al. (2021), sediment minerals are the main
constituent of solid sediment matrices and clay minerals are the most impacting elements
in sediments that primarily include layered silicate minerals, crystalline and amorphous
oxides matrixes that significantly influence the immobility and diffusion of trace metals.

In the present study,
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The most dangerous fraction of trace metals stays in the free ionic species which are
highly mobile and easily bioavailable (Sunda and Lewis, 1978; Luoma, 1983). In the
present study, this fraction showed to be less important for Cu. The other metals, on the

other hand, recorded a significant participation of the soluble/exchangeable fraction.

5. Conclusions

Heavy metals have been shown to be increasingly present in the environment,
representing risks to ecological health when in anomalous concentrations. Their total
concentrations just don't allow the projection of the potential deleterious effects that these
elements offer. In fact, its toxicity is associated not only with the particular characteristics
of each metal, but also with the ligand matrices available in the environment, since these
will define the mobility of trace metals. In the present study, metals were present at
unnatural levels in the vast majority of sampling stations. Organic matter and fine
grainsize, characteristic of an estuarine environment, showed a direct influence on the
concentration dynamics of trace metals in sediments, especially for Pb, Cd and Ni. In the
specific case of Zn and Cu, they had a potential source of contamination in the port. The
largest fraction of the metals studied were non-residual, being potentially remobilizable
in an environment where variation in the physicochemical parameters of the water column
is highly variable, something frequent in estuarine environments. More studies are needed

to assess the effective negative effects of metals on the Santos estuarine ecosystem.
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