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RESUMO

SILVA, Layla Cristine daEvolucao temporal da qualidade ambiental na Baia de
Sepetiba 2021. 144 f. Dissertacdo (Mestrado em Geociénei&gculdade de Geologia,
Universidade do Estado do Rio de Janeiro, Rio deida 2021.

A Baia de Sepetiba é um grande corpo litoranepsalial e uma das grandes baias
localizadas no Rio de Janeiro. A regido vem sofsemas Ultimos anos por um processo de
urbanizacdo e com o aumento da atividade indusfrabos estes processos influenciaram a
qualidade ambiental deste ecossistema, contribupmla o0 processo de eutrofizacdo e
contaminagdo por metais e outros poluentes. Eatmltro tem o objetivo de estudar o
processo de contaminacdo por metais ocorrido ndaedraves de oito testemunhos (SP1-
SP8) e comparar suas concentra¢cdes com diverséegepsteiras ao redor do mundo, além
de inferir o estado de qualidade ambiental na oedi@ testemunho SP5 ao longo dos 100
altimos anos, aproximadamente. Para o estudo darnoracdo por metais, foram realizadas
analises granulométricas e geoquimicas como: Carlmyganico total e concentracdes
elementares. Além disso, foram determinados indioeso: Fator de Enriquecimento (EF)
indice de Risco Ecoldgico (RI), indice de Geoaclanab (Igeo) e indice de Risco Ecoldgico
Potencial (PERI). A partir dos resultados obtidaspbssivel observar que ha uma tendencia
crescente de concentracdes de elementos potenctalhdgicos (PTES), da base para o topo
em grande parte dos testemunhos estudados (SP3SBP® SP8) a qual esta relacionado ao
crescimento industrial da regido e a fontes antegpiApesar da Companhia Inga Mercantil
ser apontada como um dos Potes principais contatemade Cd e Zn na regido, a
distribuicdo dos resultados de EF e PERI sugereen lju regides distantes desta fonte
poluidora que se encontram mais enriguecidas esepi@m maior risco ecoldgico potencial
que alguns locais mais proximos, contrariando gse@ativas. Tal facto podera estar
relacionado a hidrodindmica da regido a qual fas@eeconcentracdo de metais em algumas
zonas. Para o estudo da qualidade ambiental daorelgi testemunho SP5, foram realizadas
andlises granulométricas, mineraldgicas, geoqusnigacropaleontoldgicas e datacdo por
PK% e CS*". Com os dados analisados, foi possivel inferir gugea deste testemunho se
encontra moderada a fortemente poluida por metaiw & o caso do Cd, Zn e Sn. Essa
contaminacgao ocorreu principalmente a partir das d®70, entretanto, este ndo € o Unico
fator modificador da qualidade ambiental. A regi@em sofrendo por processos de
eutrofizacdo os quais vém afetando o estabelecimdat assembleias diversificadas de
foraminiferos, ocorrendo o predominio de espécimpestunistas, como € o casoAlammonia
tepida Os valores da razdo de qualidade ecologica (HfgSgado nas assembleias de
foraminiferos benténicos permitiram inferir que aalidade ambiental da baia era pobre
durante o periodo de funcionamento da Cia. Ingéoenam apds o evento de despejo de
residuos em 1996. Porém vem recuperando desde entao

Palavras-chavaiso de multi-indicadores; foraminiferos; elememotencialmente téxicos; sistema
costeiro; evolugdo temporal recente.



ABSTRACT

SILVA, Layla Cristine daTemporal evolution of environmental quality in Sepé&ba Bay.
2021. 144 1. Dissertacao (Mestrado em Geociénei&sgculdade de Geologia, Universidade
do Estado do Rio de Janeiro, Rio de Janeiro, 2021.

Sepetiba Bay is a large, ellipsoidal, coastal baihd it is one of the largest bays
located in Rio de Janeiro. The region has beeresndf a process of urbanization and an
increase in industrial activity. Both of these msges influenced the environmental quality of
this ecosystem, contributing to eutrophication,tagmnnation by metals and other pollutants.
This work aims to study the process of metal comation occurring in the region through
eight cores (SP1-SP8) and to compare their metalerurations with several coastal regions
around the world. In addition to inferring the staif environmental quality in the SP5 core
region for the last 100 years or so. For the stwidgontamination by metals, granulometric
and geochemical analyzes were performed, such @tsl ©rganic carbon and elemental
concentrations. In addition, index such as: EnriehtmFactor (EF), Ecological Risk Index
(RI), Geoaccumulation Index (Igeo) and Potentiablggical Risk Index (PERI) were
determined. From the results obtained, it was ptesso observe that there is an increasing
concentration trend of potentially toxic elemerRI Es), from the bottom to the top in most
of the studied cores (SP3, SP5, SP7 and SP8) vidioklated to industrial growth in the
region and anthropogenic sources. Although Comjgalmgia Mercantil is identified as one of
the main contaminants of Cd and Zn in the regibas, distribution of EF and PERI results
suggest that there are regions far from this palusource that are more enriched and present
greater potential ecological risk than some cléseations, despite the expectations. This fact
may be related to the hydrodynamics of the regidrich favors the metal concentrations in
some areas. In the study of the environmental tyuafithe SP5 core region, granulometric,
mineralogical, geochemical, micropaleontologicailgmes and PH° and C$*" dating were
performed. With the analyzed data, it was possiblénfer that the area is moderately to
heavily polluted by metals such as Cd, Zn and $ms €ontamination occurred mainly from
the 1970s onwards, however, this is not the ontyofathat modifies environmental quality.
The region has been suffering from eutrophicaticocgsses which have been affecting the
establishment of diversified foraminifera assemetagvith a predominance of opportunistic
specimens, such adsmmoniatepida The values of the ecological quality ratio (EQ@ked
on benthic foraminifera assemblages allowed usfer ithat the environmental quality of the
bay was poor during the period of operation of Qrgd and worsened after the waste
disposal event in 1996. However, it has been raaaysince then.

Keywords: multiproxie analysis; foraminifera; potilly toxic elements; coastal system;
recent temporal evolution.
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INTRODUCAO

A avaliacdo da qualidade ambiental dos sedimentssias mudancas espaciais e
temporais sao temas que vém sendo amplamenteidé&cnbs ultimos anos (Wong, 2012; Li
et al., 2018) e sdo uma prioridade emergente (EI2003; Banfalvi, 2011).

Atualmente, os ambientes costeiros sdo em gerakreaiente afetados pelas
atividades antropicas (Crossland et al., 2005),sadas pelo aumento exponencial da
populacdo nessas regides, a formacao de novo®semtranos, assim como a instalacao de
complexos industriais e exploragdo dos recursagaiat(Prudéncio et al., 2007; Tramonte et
al., 2018; Jesus et al., 2021). Cesar et al. (288na que grande parte das cidades com mais
de 2,5 milhBes habitantes se encontram a menosOdkem6do litoral, sujeitando estes
ecossistemas costeiros a uma grande complexidadéordes poluidoras (Présperi &
Nascimento, 2006).

O impacto ambiental tende a ser intensificado paimente nos sistemas costeiros,
uma vez que estes ambientes sdo frequentemerigadds para a construcdo de portos e
industrias devido a sua localizacdo estratégica atidades podem vir a contribuir para
gue estes ambientes sejam mais expostos as ad@gidatropicas.

Com isso, algumas atividades antropicas, como yemplo a mineragdo, utilizacéo
de combustiveis fésseis, emissdo de compostodieardes, efluentes industriais e residuos
sélidos urbanos, podem contribuir para a insergipaluentes, principalmente metais traco
(Marchand et al., 2016; Masindi & Muedi, 2018). #luéncia antropogénica também pode
vir a contribuir para o aumento na producdo e desge matéria organica, assim como
nutrientes em corpos aquaticos resultando na @dgdio destes ecossistemas (Cotovicz
Junior et al., 2013; Tugrul et al., 2019; Lopesakt 2019). Estas mudancas constituem
frequentemente uma ameaca para 0s organismos enicaaes marinhas (Glibert et al.,
2010; Bouchet et al.,, 2021) atingindo o homem dea uou outra forma, gerando,
consequentemente, grandes problemas sociais (N8&gd; Romero-Estévez et al., 2020).

Dentre as areas costeiras que vém sendo amplaresiugadas e antropicamente
afetadas nos ultimos anos, destaca-se a Baia e&l#e{BS). A BS encontra-se localizada no
Estado do Rio de Janeiro (SE Brasil; Fig. 1). Hséa, assim como outros ecossistemas
costeiros, foi afetada por diversos processos deadacdo ambiental (Reitermajer et al.,
2011; Conceicao et al., 2020), principalmente pocgssos antropogénicos (Lacerda et al.,
2001; Molisani et al., 2004).
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Por se tratar de um ambiente diretamente afetadoatigidade antropica, durante os
altimos anos, a regido vem sendo amplamente estudath comunidade cientifica em
diferentes aspectos, a fim de compreender e detarma qualidade ambiental deste
ecossistema em multiplos aspetos, tais como, aistea (Carvalho et al., 1992; Lima Junior
et al., 2002; Kitter et al., 2021), sedimentos Hugais (Rodrigues et al., 2020; Souza et al.,
2021) e niveis subsuperficiais da cobertura sedanelesta baia (ex. Aradjo et al., 2017 a, b;
Alves Martins et al., 2019, 2020; Castelo et 8022 a, b). Os trabalhos referidos, mostram
que o descarte inapropriado de residuos de origduasirial e doméstica vém influenciando
diretamente a qualidade ambiental da baia. Talcasgem expressdo, por exemplo, na
concentracdo de metais, oriundos da crescente tiradzacao da regido. Destacando-se
principalmente os altos teores de metais pesadoe Zm, Cd, Cu e Pb (Mounier et al., 2001;
Lacerda et al., 2001) provenientes de industriderdrgicas (Ribeiro et al., 2013). Ademais, 0
progressivo descarte de esgoto doméstico nestesigtemsa € uma fonte adicional de
contaminagéo (Copeland et al., 2003).

Figura 1: Localizacdo da area de estudo

Estado do Rio de Janeiro

22°58'58"S

43°44'37" W™,

? Baia de Sepetiba

43°46'39" W

Oceano Atlantico

23°07'59"S

Fonte: A autora, 2021.
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Dentre as principais causas que contribuiram paespejo de volumes crescentes de
poluentes de origem doméstica e industrial (e.gotessem tratamento, residuos quimicos,
siderargicos, metallurgicos e domésticos na reddreleagem da baia) (Lacerda et al., 2001;
Molisani et al., 2004) destacam-se o desenvolvimel#@ urbanizacdo, industrializacdo e
agricultura desta regido, iniciadas durante a d&dad1960 e expandidas durante os anos 70
(Barcellos & Lacerda, 1994).

Com isso, foram realizados alguns projetos de reagad a fim de remobilizar
sedimentos contaminados com altos niveis de metaremobilizacdo ocorreu através de
processos de dragagem do sedimento contaminadposicio em um ambiente aquatico
confinado (Kdtter et al., 2021). Apesar das ac@esethediacdo, alguns locais da baia ainda
apresentam altos niveis de metais em sedimentausefiiciais (Tonha et al., 2020). Por
outro lado, as dragagens para fins de remediac@gpansdo das atividades portuarias
contribuiram diretamente para o aumento da disgim@tde de metais na coluna d'agua
(Molisani et al., 2004).

Além disso, nos ultimos 25 anos, a regido sofreblpmas de eutrofizacao e poluicdo
por metais, principalmente em areas proximas daalitassim como em pequenas enseadas e
na foz dos rios (Lacerda et al., 2001; Molisaniakt 2004). E de salientar que a BS e
respectivos ecossistemas associados apresentargrantie importancia biolégica, uma vez
gue a baia serve de habitat para diversas espg&diem® grande importancia para o setor
pesqueiro do estado do Rio de Janeiro (Cardodq 204&9).
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1 CONTEXTO GEOLOGICO

A BS é um corpo costeiro semiconfinado localizadditoral sul do Estado do Rio de
Janeiro (SE Brasil; Fig. 1). Possui cerca de 43knextenséo (sentido Leste-Oeste) e 17 km
de largura (sentido norte-sul), com perimetro dexmadamente 123 km (Silva & Aradjo,
2000) e area de aproximadamente 447 km2 (Paraguedti, 2004) e abrange 0s municipios
de Sepetiba, Itaguai e Mangaratiba.

Esta encontra-se limitada no seu extremo nortequeitinente, a leste pela planicie de
maré de Guaratiba, pela restinga da Marambaia & selste por um cordado de ilhas com
rochas migmatiticas que isolam a baia das corr@nte®nientes do oceano aberto. A baia é
relativamente rasa, apresentando profundidade ndédsam (Paraquetti et al., 2007).

A baia se conecta com o oceano por meio de domiscéoralizados em extremos
opostos do corpo aquatico. Um dos canais, entitaass da porcdo oeste da baia, é descrito
como natural, enquanto na porcao leste a conexdn@ceano ocorre por meio de um
estreito canal conectado a Barra de Guaratiba {fig.

A regido apresenta dois dominios geomorfolégicetirdos, sendo estes o Dominio
Serrano e de Baixada. O Dominio Serrano é comgustonontanhas e escarpas da vertente
oceéanica da Serra do Mar e pelos maci¢cos costéad2edra Branca, Mendanha e llha da
Marambaia. Enquanto o Dominio de Baixada € fornpfauma planicie fluviomarinha que é
cortada por rios que desembocam na baia (SEMADR,)20

A BS apresenta um clima subtropical quente e Urfiahitek et al., 2006; Peel et al.,
2007) com uma precipitacdo média anual de 1400 n2B0® mm (Lacerda et al, 2001;
Paraquetti et al.,, 2004). Os maiores indices deiptacdo ocorrem durante a primavera e
verao (setembro a mar¢o), enquanto 0 outono ennw&do caracterizados por um clima mais
seco (Villena et al., 2012).

A hidrodindmica da regido é controlada por ventosaees. As marés sao semidiurnas
(Kjerfve et al., 2021). A amplitude das marés é0<4®, e o tempo de renovacdo da agua na
regido interna é de cerca d&00 h, respectivamente (Paraquetti et al., 200d).gEral, as
velocidades médias do vento sdo de cerca de 3 migecidade maxima do vento é de 16
m/s. Os ventos fortes, principalmente proveniedgedirecao sul, sao frequentes no inverno.
Sao comuns ocorrerem velocidades das correntest&20n/s, mas foram registradas na
entrada da baia velocidades maximas de corrente8 d&/5 cm/s (Molisani et al., 2004). Na

coluna d'dgua, os valores médios de salinidade=83pdiminuindo préximo dos estuérios
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dos rios principais, enquanto as médias da tempardf 4gua e da concentracdo de oxigénio
dissolvido séo de25°C e~8 mg/L, respetivamente (Cunha et al., 2006).

A bacia hidrografica da BS possui uma extensdo.tlé52kmz2, sendo seu rio mais
significativo o rio Guandu. Além disso é composta frés sub-bacias, sendo estas: Rio
Guandu, Guandu-Mirim e do Rio Guarda (Dourado .ef8ll2). A rede drenagem da regido é
feita principalmente por nove rios que contribueamcum fluxo anual de cerca de 7.6
milhdes de m3 (Lacerda et al, 2001). Aléem dissBjaGuandu apresenta grande importancia
socioecondémica, uma vez que fornece a maior partégdia potavel para grande parte da
Regido Metropolitana do Rio de Janeiro. Aléem dafigoracdo da BS, a presenca da llha
Barreira da Marambaia e a contribuic&o fluvial dos Guandu, Itaguai, Cabugu, Mazomba e
Piracdo (Fig. 1) fazem desta baia um sistema laguaeerda et al., 2004).

A Baia de Sepetiba encontra-se incluida no cont®dotectdnico do Graben da
Guanabara. O Graben é uma depressao de origemitegtue se estende pelas regides da
Baixada Fluminense, Baia de Guanabara, ilhas dei@ator e de Paqueta. Estas regifes sao
formadas por blocos que compdem o embasamentalicrista Faixa Ribeira e que foram
abatidos devido as falhas normais, que podem apegseobertura formada por sedimentos
de idade cenozoica ou podem ser recobertas peladéatagua (Valeriano et al., 2012).
Segundo Ferrari (2002), a instalacdo do Grabenwmé&bara deu-se durante o Cretaceo, se
estendendo até ao limite do Eoceno-Oligoceno.

As unidades litologicas presentes na Baia de $@pefio compostas por rochas de
idade Proterozoica com trend estrutural NE-SW espdimentos Nedgenos que se encontram
depositados em &reas de baixada, rodeando eleviydesdas pelas rochas Proterozoica
(Roncarati & Carelli, 2012).

Os sedimentos que compdem o fundo da baia varieangila a areia. Os sedimentos
lamosos ocupam cerca de 70% da Baia de Sepetibged& Nittrouer, 2016). Entretanto, os
sedimentos sdo predominantemente arenosos nasgggiiximas a desembocadura do Canal
de Sao Francisco, areas mais externas e ao lonfestinga da Marambaia (Roncarati &
Barrocas, 1978; Villena et al., 2012; Borges & iéitier, 2016).

Sedimentos finos estdo presentes proximo as areatesf continentais. Tais
sedimentos sdo compostos principalmente por alugilimatos, estreitamente relacionados

com concentracdes mais elevadas de metais tragivigRes et al., 2020).
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2 OBJETIVO

Este trabalho tem como objetivo principal contnilpara o conhecimento do estado de
gualidade ambiental da Baia de Sepetiba, sobretndoiveis subsuperficiais do sedimento.

O trabalho compara do ponto de vista textural eqgewico oito testemunhos
coletados na Baia de Sepetiba e recorre a utibizde@nultiproxiespara detalhar a evolucao
paleoambiental no testemunho SP5 coletado proxen@gido industrial que mais impactou

este ecossistema.
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3 MATERIAIS E METODOS

Este trabalho apresenta novos dados geoquimicaos) carbono organico total —
(TOC) e concentragdes totais de enxofre (S) e caragges elementares (Al, As, Ca, Cd, Co,
Cr, Fe, Mn, Ni, Pb, Sc, W e Zn), dos testemunhod, S5 e SP7 coletados na Baia de
Sepetiba (Estado do Rio de Janeiro, SE Brasil; BjgTabela 1). Esses dados foram
comparados com dados similares adquiridos anteeioienTabela 1) em outros testemunhos
coletados na BS, como por exemplo: SP1 (TOC er@p Rt al., 2017); SP3 (Castelo et al.
2021a); SP6 (Alves Martins et al., 2019) e; SP&(€la et al. 2021b, exceto Fe, W, TOC e S
gue também sao dados exclusivos deste trabalh@naspo intervalo superior (ou seja, 180
cm) do testemunho SP6 foi considerado neste trabpd#ta comparacdo com o0s outros
testemunhos. Além disso, as concentracbes de Hdétamforam comparadas nos
testemunhos SP4, SP7 e SP8 e Sn nos testemunhé3PSR2 SP5-SP6. Também foram
considerados dados do tamanho do grdo. Os dadgsigacos desses testemunhos também
foram comparados com dados disponiveis na litexaterestudos semelhantes no litoral do

Estado do Rio de Janeiro e em outras regides dol Brdo mundo.

Figura 2. Localizagao dos testemunhos estudadbainade Sepetiba
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Fonte: A autora, 2021.
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Além disso, este trabalho apresenta dados minécakge geoquimicos como:
anélises de carbonato de célcio (CaCO3), isétopidweis §°C e 5°N) e concentracdes de
N em matéria organica. Além de andlise micropate#égica e datacédo por PBe C*’
apenas do testemunho SP5.

O testemunho SP1 (490 cm de comprimento) foi reagoecom um Corer russo (em
secdes sucessivas de 50 cm) no mangue de Guadatizate um periodo de maré baixa;
deste testemunho foram analisadas 45 amostras (@ecaspessura) a cada 10 cm para a
granulometria, TOC e S (Pinto et al., 2017).

O SP2 é um testemunho com 50 m de comprimentopeeado com uma plataforma
de perfuracdo Mach 1200 nas proximidades da Userendlétrica de Santa Cruz (Furnas
Power Stations). Foi seccionado e amostrado envailts de 5 cm. Este trabalho considera
dados obtidos em 24 amostras de sedimentos seddei®i3,6-16,85 m) deste testemunho,
acumulados em aguas marinhas transicionais duoartdoceno (Pinto et al., 2019). A parte
superior deste testemunho foi descartada, poiesmonde a solo continental. Assim, foram
utilizados dados elementares desse testemunhacalatdar os valores deaselineutilizados
para o calculo dos fatores de enriquecimento (BRdRgo dos testemunhos SP3, SP5 e SP6
(analisados com a mesma metodologia geoquimicald 4 e para comparacdes gerais.

Os testemunhos SP3-SP8 foram coletados por medyubsautilizando o método de
perfuracdo de percusséo, que permitiu a recupedgdegistros sedimentares curtos (entre
88 e 180 cm de comprimento). Esses testemunhos fooagelados até serem processados.

Apos a abertura, os testemunhos SP3-SP8 foranoeadas em intervalos de 2-3 cm.

3.1 Analise granulométrica

A andlises granulométricas das amostras do teatemn8P1 foram efetuadas com o
granulometro a laser MasterSizer2000 G, tendo ggdmla para o efeito foi usada a fracéo
sedimentar <1.4 mm (de acordo com Pinto et al.,7R0A analise granulométrica das
amostras dos testemunhos SP2-SP8 foram feitas gurugiramento. As fracbes finas e
arenosas foram separadas por peneiramento Umidzando uma peneira de 63um,
utilizando uma quantidade amostral de sedimento especificaX30 g). Fracdes >63 um e
<63 um foram coletadas, secas e pesadas. A fra&@Ziqum foi seca e separada através de

uma série de peneiras (2000, 1000um, 500um, 250um and 125um). Apds a pesagem,



22

foi determinada a porcentagem de cada fracdo sathimeD tamanho médio do grédo de
sedimentos (SMGS) foi estimado para todos os testkas, segundo Folk e Ward (1957).

3.2 Analises geoquimicas

As amostras de sedimentos foram descarbonatadas 0% de acido cloridrico) e
analisadas com equipamento LECO SC-632 do Labayadér Quimioterapia e Geoquimica
Organica, da Universidade do Estado do Rio de @da(iebQM-UERJ) para TOC e S.

Cerca de 5 g de sedimentos secos total foramadmigtao longo de cada testemunho e
preparados para analises geoquimicas. As amos&rasedimentos foram maceradas e
desagregadas em um almofariz de agata e penegantaema peneira de malha de |68 e,
posteriormente, geoquimicamente analisadas nodtdra Bureau Veritas S.A. (Vancouver,
Canada). Amostras dos testemunhos SP2, SP3, SHH dofam digeridas em digestao
multiacida (4-Acido: HNO3, HCIO4, HF e HCI) e arsalidlas por Espectrometria de Emiss&o
Plasma-Optica Indutivamente Acoplada (ICP-OES) d#spectrometria de Plasma-Mass
(ICP-MS) no laboratério Bureau Veritas S.A. Laborgt(Vancouver, Canada). Amostras de
sedimentos dos testemunhos SP4, SP7 e SP8 foligiadas utilizando uma solucao de aqua
regia modificada (1:1:1 HNO3:HCL:H20) e analisagat ICP-MS. Estas analises também
foram realizadas no Bureau Veritas S.A. Laboraf@ancouver, Canada).

Foram consideradas para este trabalho as conpgedgrde Al, Ca, Cd, Co, Cr,, Fe, Hg,
Mn, Ni, Pb, S, Sc, Sn, W e Zn. As concentragBesndecurio foram avaliadas apenas nos
testemunhos SP4, SP7 e SP8; enquanto os contenid@sfdram avaliados nos testemunhos
SP2, SP3, SP5 e SP6; O apéndice Al apresenta ibsslide deteccdo de cada elemento
qguimico analisado neste trabalho. O fator de eadiguento foi calculado de acordo com
Buat-Menard e Chesselet (1979):

{%) Environment
EF = {E—r} Baseline
Cn

(1)

Onde Cx €é a concentracao do elemento e; Cn repaeaeconcentracdo de elementos

normalizador. O escandio foi selecionado como etéoneormalizador, pois esta relacionado



23

a sedimentos finos e pode reduzir a influénciaasmanho do grdo no conteudo dos metais
(Castelo et al, 2021 a).

Os valores dbaselineneste trabalho foram baseados em dados de Piato(€019),
Castelo et al. (2021 b), Souza et al. (2021), gosta Verde (Rio de Janeiro, SE Brasil) e
folhelho da crosta terrestre (Turekian e Wedep#t,1) e sdo apresentados na Tabela 2. Esta
tabela apresenta ainda os niveis 1 e 2 do regutammasileiro (resolugio CONAMA
454/2012).

O indice de geoacumulacédo (lgeo), amplamente amjaigpara avaliar a poluicéo

ambiental, foi determinado segundo Muller (1986):

lgeo = log,

@)

Cn ]
Bnx1.5

Onde Cn é a concentracdo de metal ("n") na amedBra a respectiva concentracao de
baseline

O indice de risco ecoldgico (RI) de um determinamital (Hakanson, 1980) foi determinado

pela equacéao:

RI=T,,x CF
3)

Onde T, € p fator de resposta toxica de um metal. Os seivalores def,.. foram
considerados: Zn=W=Sn=1;Cr=2;Co=Cu=Mb=5;As=10e Cd=30e Hg =40
(Hakanson, 1980; Swarnalatha et al., 2013; Yuaal.et2014; Li et al., 2018; Rodriguez-
Espinosa et al., 2018; Kiikrer et al., 2020; Zheingl.e 2020). Os valoreg,., para W e Sn
foram considerados 1 pois estes ainda nao forararmdieiados. O CF é o fator de
contaminacgao que estima a concentracdo de enmgeetm de um unico elemento “n” (Cn)

em relacdo com a concentracdo dolsa#zelineg‘B," nos sedimentos (Hakanson, 1980):

(4)
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O indice de risco ecoldgico potencial (PERI) falcalado como a soma dos riscos

potenciais individuais (RI), segundo Swarnalathal.e2013):

PERI =3RI = X(T,; X CF)
(5)

Segue-se a classificacdo dos indices geoquimpresentados na Tabela 3: Sutherland
(2000) para EF; Muller (1986) para Igeo; Protanale2014) para Rl e; Hakanson (1980) e
Swarnalatha et al. (2013) para PERI.

3.31s6topos estaveisd>C e$*°N) e concentracdes de N em matéria organica

Cerca de 3g de sedimentos secos foram previamedi@cados, a fim de determinar os
valores des'*C. Para esta anélise, o sedimento foi moido em lmofariz de &gata e
peneirado através de uma peneira de malha den63As amostras foram armazenadas em
capsulas de estanho e transferidas para o insttarR€ASH EA 1112 SERIES (responsavel
pela andlise elementar) e o DELTA V ADVANTAGE (esppémetro) da Thermo Fisher
Scientific. Essas analises foram realizadas no fHaato de Estratigrafia Quimica e
Geoquimica Organica (LGQM) da Faculdade de GeolatpgaUERJ. O desvio padrdo dos
dados*3C foi + 0,043 %

Foram utilizadas amostras totais (ndo-acidificagesp a analise do nitrogénio total
(TN) e para determinar os valores &éN. Entre 6 e 8 mg de sedimentos secos foram
colocados em capsulas de estanho e depois analigaiio equipamento Advantage MS
Thermo Scientific Delta V (EA-IRMS) acoplado a umahsador elemental Costech, do

Instituto Oceanografico da Universidade de Saod? &rhsil.
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3.4 Analise micropaleontolégica

Foram recolhidos cerca de 10 ml de sedimentos agolalo testemunho SP5. Para esta
andlise, a preparacdo das amostras consistiu agdavdo sedimento com 4gua destilada em
uma peneira de 63um. As fracgdes <63um e >63umfaramazenadas ebeckerse secas
em estufa a baixa temperatura (<60 °C). Para aisandéla abundancia absoluta de
foraminiferos (nimero de individuos/10 ml). foiludda apenas a porcdo sedimentar maior

gue 63um.

Os foraminiferos foram triados e colocados em piort@miniferos com o auxilio de um
pincel de pelo de marta e de uma Lupa Zeiss mdtelmi SV 11, com ampliacdo maxima de
200 x.

A identificag@o das espécies encontradas foi @@dizom o auxilio do Ficheiro Ellis &
Messina (Ellis & Messina, 1940-2015) e referéneiggecificas, como por exemplo, Loeblich
& Tappan (1987) para as identificacbes genériqaara as especies Boltovskoy et al. (1980),
Debenay et al. (2001) e Martins & Gomes (2004) eesélMartins et al. (2019b). Foi também
usado o catalogo online disponivel\WorMs(World Register of Marine Specjddayward et
al. (2020).

Parametros ecoldgicos de Riqueza especifica ounoloheeespécies presentes em uma
amostra (SR), indice de diversidade de Shannon égiitabilidade (J’) foram determinados
com o softwarePrimer 06. A O indice de diversidade de Shannoi f¢i determinado a

partir da equacao:

H = Zp! X Inpi (6)

Sendop; arepresentacdo diaésima espécie presente na amostra e In o logaritmo

natural (base).

A Equitabilidade (J) analisa a distribuicdo dosdiuiduos entre as espécies
encontradas. Desta forma, quanto maior o indicéhane& a equidade entre as espécies e
menor a dominancia. Este parametro foi calculadi figemula:

o
In(5R) (7)

}'I’
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Onde SR representa a riqueza de espécies, H' ezpaes indice de diversidade de
Shannon e Ln é o logaritmo natural (bese
Nestas analises estatisticas apenas as amostrasu@massembleia maior que 100
espécimes/10ml foram considerados, uma vez queatdacom Fatela & Taborda (2002) a
contagem de um numero de individuos inferior n@iomfie caracterizar a associacdo de
foraminiferos com fiabilidade. Desta forma, estaggmetros apenas foram determinados no

intervalo de 0-32cm no testemunho SP5.

A relacdo entre o valor observado da diversidadefadaminiferos bentbnicos e a
diversidade esperada de assembleia de um ambendé\el, utilizada como condi¢do de
referéncia ecoldgica, denominada Razdo de Qualifadddgica (EQR) foi estimada da
seguinte forma (segundo Van de Bund e Solimini,7200

Ex?‘::Hfbc}obss rred ralue

EQR = :
Exp{.Hllbc}:-'afa:"auca valus (8)

Onde H'bc é o indice de diversidade de Shannongr de acordo com Bouchet et al.
(2012, e referéncias) e EQR € a razéo entre o whieervado e o valor H'bc esperado em
condicOes de referéncia (Van de Bund & Solimini20@ EQR pode variar entre 0 e 1. Os
valores do EQR préximos a 1 representam boas diesliambientais, enquanto aqueles
proximos a zero representam a situacado oposta. d’agdculo do EQR, uma associacao
costeira de foraminiferos benténicos da Baia det#ep encontrada no Holoceno médio no
nacleo SP8 (Castello et al., 2021 b; Fig. 1), &ada como referéncia.
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Tabela 1-Coordenadas geograficas e UTM (23K, WGS84) dosresthos analisados neste trabalho. O SP3-8 foreothidos em uma profundidade de 4gua de 3 a5 m.

Cores

Coordenadas
Geograficas

Coordenadas UTM

Latitude / Longitude

Latitude / Longitude

Comprimento

Ano

Fonte dos dados

Notas
Localizacdo / Metodologia

SP1

23°00'33.00"S
43°37'09.70"W

641490.00 m E
7454799.06 m S

490 cm

2012

Pinto et al., 2017

Mangue de Guaratiba

SP2

22°55'0.00"S
43°45'60.00"W

626478.19 mE
7465175.04 m S

3-17m

2013

Pinto et al., 2019

Proximo a Usina termelétrica de Santa Cru

(MA300)

Multi-acid e analise por ICP-ES; Bureau Veritas

SP3

22°58'56.76"S
43°47'57.18"W

623080.33 mE
7457921.23 m S

140 cm

2015

Castelo et al. 2021b

andlise por ICP-OES/MS; Bureau Veritas
(MA200)

Na area central da BS; digestdo com 4 acidgs e

SP4

22°58'53.67"S
43°48'44.07"W

621746.00 m E
7458027.00 m S

88 cm

2015

Dados novos deste trabalh

Na area central da BS. Lixiviagdo com solug
b modificada de aqua regia (1:1:1

HNO;:HCI:H,0) e analise por ICP-MS; Bureal
Veritas (AQ250)

0

SP5

22°57'29.49"S
43°49'5.24"W

621164.00 m E
7460621.00 m S

140 cm

2015

Dados novos deste trabalh

0 acidos e analise por ICP-OES/MS; Bureau
Veritas (MA200)

Proximo a ilha da Madeira; Digestédo com 4

SP6

22°56'60.00"S
43°46'60.00"W

624738.30 mE
7461498.73 m S

180 cm

2015

Alves Martins et al., 2019;
apenas o0s primeiros 180 cm
foram considerados

Guandd, Analise Multi-acido e por ICP-
OES/MS; Bureau Veritas ICP-ES (MA300)

Préoximo a area de desembocadura do Rig

SP7

23° 2'16.77"S
43°40'48.71"W

635226.00 m E
7451665.00 m S

108 cm

2015

Dados novos deste trabalh

Préximo a ilha da Marambaia e a planicie
o) modificada de aqua regia (1:1:1

Veritas (AQ250)

costeira de Guaratiba. Lixiviagdo com solucdo

HNO3:HCI:H20) e analise por ICP-MS; Bureau

SP8

23°02'45.00"S
43°54'15.00"W

612269.50 m E
7450986.16 m S

176 cm

2015

Castelo et al. 2021a, exceto H
W, TOC e S que sao dados
novos

D

’

solucdo modificada de aqua regia (1:1:1
HNO;:HCI:H,0) e analise por ICP-MS; Burea
Veritas (AQ250)

Na enseada da Marambaia. Lixiviagdo com

Nota: O SP1-2 foram recolhidos na planicie litoEgmroximo a atual linha costeira, nas proximidatkes/sina Termelétrica de Santa Cruz. Fonte: Arau21.
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Tabela 2: Valores de Baseline usados neste trabé#tiores de baseline baseados na média de coac@esrelementares médias de camadas finas do uesiem

Digestao Multi-acida do sedimento (4 acidos: HNIECIO,, HF and HCI) e analise por ICP

| Solucdo modificada de aqua reg
(1:1:1 HNG;:HCI:H,0) e anélise

OES/ICP-MS por CP-MS
Referéncia/El t Shale da Crosta da Valores .
ererencl emento Costa Verde| CONAMA CONAMA Terra de Valores deBaseline
Sp2 Baseline
Souza et al. . . Turekian and Esse
(2021) Nivel 1 Nivel 2 Wedepohl (1961)| trabalho Castello et al. (2021b)
Al % 8.2 8.0 8.2 3.8
As| mgkg" 16.6 19 70 13 16.6 5.7
Ca % 1.1 2.2 1.1 1.1
Cd| mgkg" 0.5 <0.9 1.2 7.2 0.6 0.5 0.06
Co| mgkg" 9.1 19 9.1 2.5
Cr mg kg' 65.6 <36 81 370 90 65.6 45.0
Cu| mgkg" 14.9 <90 34 270 45 14.9 7.1
Fe % 4.8 4.7 4.8 3.8
Hg| mgkg" 0.3 1 0.4 0.3
Mn| mg kg 425 <474 850 425 112
Ni mg kg* 23.0 <18 20.9 51.6 68 18 6.4
Pb| mgkg" 24.7 <18 46.7 218 20 18 43.8
S % 0.3 2.4 0.3 1.2
Sc mg kg 11.5 13 11.5 5.2
Sn| mgkg! 3.7 6 3.7
w mg kg <4 1.8 1.8
Zn| mgkg* 82.2 <134 150 410 95 82.2 38.4

Fonte: A autora, 2021.

SP2 depositadas em aguas de transicionais dur&faooeno (Pinto et al. (2019), bem como Castekd.€R021 b), Costa Verde (Souza et al., 2021) e
folhelho da crosta terrestre (Turekian e Wedef®#8,1). Também sdo apresentados os niveis 1 eediamentacao brasileira, resolucdo CONAMA
454/2012.

ia
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Tabela 3: Referéncia para a classificacdo de: FagoiEnriquecimento (EF; Sutherland, 2000); indiee d
Geoacumulacdo (Igeo; Mdller, 1986); Indice de Rig&mwlogico (RI; Protano et al., 2014), por
amostra individual, e; indice de Risco Ecoldgicdeoial (PERI; Hadkanson, 1980; Swarnalatha et

al., 2013).
EF - EF - niveis Igeo - Igeo - RI - niveis RI - PERI - PERI
niveis niveis | Classificacdo Classificacdo | piyeis
E<2 Nula ou <0 Nao poluido RI1<90 Baixo risco <150 Baixo risco
contaminagéo ecologico ecologico
minima
2<EF<5 | Enriquecimento| 0-1 Nao poluido a| 90<RI <180 Risco 150-300 Risco
moderado moderadamente ecoldgico ecoldgico
poluido moderado moderado
5<EF<20 | Enriguecimento| 1-2 Moderadament¢ 180<RI < Risco 300-600 Risco
significante poluido 360 ecologico alto ecologico
alto
20<EF<40 | Enriquecimento| 2-3 Moderadament¢ Rl > 360 Risco > 600 Risco
muito alto, a fortemente ecologico ecologico
indicando alto poluido muito alto muito alto
nivel de
contaminagao
EF>40 Enriquecimento| 3-4 Fortemente | | 1 .| L
extremamente poluido
alto, inticando
contaminacéo
extrema
............ 4-5 Fortemente a
extremamente
poluido
............ >5 Extremamente
poluido

Fonte: A autora, 2021.

3.5Datacéo por P6°e Cs*¥

Para anélise do contetdo de’Ple C<*, foi reservado<15 g de sedimentos secos.
Vinte amostras foram desagregadas em um almofarégdta antes de serem analisadas em
um EGandG ORTEC® (Hyperpure Ge, modelo GMX251908)eetrOmetro gama no
LaQIMar (Laboratorio de Quimica Inorganica Marinda Universidade de Sdo Paulo,
Brasil). As idades foram baseadas em um modeloedeangentacdo constante, segundo

Figueira et al. (2007) e Ferreira et al. (2014).
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3.6 Andlise estatistica

Antes da realizacdo de analises estatisticas, dasd@ram normalizados aplicando
transformacao logaritmica (log X+1). Foram deteadss correlacbes de Spearman Rank
Order entre concentragOes elementares, TOC, SM@G8ad fina e valores PERI dos
testemunhos SP2-SP3 e SP5-SP8. As correlacbes fmmasideradas significativas eps
0,05. Foi realizada uma analise de cluster de nRb@0A) utilizando-se 1-Pearson r e Total
Linkage, com base nos valores EF dos elementossadas, TOC, SMGS, fracdo fina e
valores PERI nos testemunhos SP2-SP3 e SP5-SP&halsea estatistica foi realizada

utilizando-se o software Statistica® 12.

No SP5, a relacdo entre os dados mineralégicosjugmaos, isotopicos de dados
micropaleontolégicos na parte superior do testemur(onde foraminiferos foram
encontrados) foi analisada utilizando-se a Analige Componentes Principais (PCA),
realizada com Statistica v.13. (TIBCO Software ,I2018). As variaveis foram categorizadas
em camadas (0-66 cm de profundidade) convertidaarems segundo estimativas de idades
baseadas eft%Pb e*’Cs (Apéndice 1).

No SP5, as variaveis foram reduzidas de acordo a®roritérios: i) Elemento com
valores de concentracdo abaixo dos niveis de detengdados esparsos (< 10 casos validos);
i) Redundancia — r > 0,9 (variavel com maior clagéo com a matriz — correlacdo de
Pearson foi mantida); iii) Verificacdo de invarigm¢coeficiente de limiar de variagdo <
0,01). Os dados foram padronizados utilizando-geogedimento "variando para variaveis
com zero arbitrario”. O objetivo da normalizac& mudar os valores das colunas numericas
no conjunto de dados para uma escala padrao séoncdisdiferencas nas faixas de valores
(Milligan & Cooper, 1985). Os componentes analisaflaram aqueles que apresentaram
valores eigens superiores a 1. Os dados de abuaddmdoraminiferos foram aplicados a
analise de componentes principais como variaveigpt@mentares, ndo exercendo, portanto,
influéncia sobre as demais variaveis. O graficaderé uma representacéo "triplot" na qual
sdo observadas as correlacdes entre variaveis dawabientais) e variaveis suplementares
(espécies) com os casos (anos). Foram considecedosmponentes com valores “eigen”

maiores que 1.
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4 RESULTADOS

Os resultados deste trabalho encontram-se apaéesnna forma de dois artigos
cientificos, sendo intitulados:Tface metals enrichment and Potential EcologicaskRin
sediments of the Sepetiba Bay (Rio de Janeiro,rSEIB e “When the natural evolution has
to deal with human-related transformations: multpy approach to unravel the pollution
record in Sepitiba Bay (SE, BraZil)

O primeiro € intitulado Trace metals enrichment and Potential EcologicakRin
sediments of the Sepetiba Bay (Rio de Janeiro, IBEilB e foi submetido ao periédico
Marine Pollution Bulletin

Este trabalho apresenta dados de oito testemurdletados na regido da Baia de
Sepetiba. Neste artigo, foram descritos dados gramédricos e geoquimicos como TOC, S e
concentragcdes de metais pesados. Além de anédittsticas como indices relacionados ao
Fator de Enriquecimento de acordo com Buat-Menar€hesselet (1979), indice de
Geoacumulacdo (Miller, 1986), indice de Risco Egiold (Hakanson, 1980) e indice de
Risco Ecoldgico Potencial (Swarnalatha et al., 2003 resultados deste artigo encontram-se
descritos detalhadamente no apéndice A.

O segundo artigo, intituladdN'hen the natural evolution has to deal with humalated
transformations: multiproxy approach to unravel tpellution record in Sepitiba Bay (SE,
Brazil)”, apresenta uma analiseultiproxie do testemunho SP5, coletado proximo a llha da

Madeira.

Para este trabalho foi realizada a analise graratlica (Folk e Ward, 1957) e a
analise mineralégica dos sedimentos finos, ideatifos de acordo com Martins et al. (2007).
Foram adquiridos dados geoquimicos de TOC, S e gaCahcentracdes elementares,
is6topos estaveiss{’C e '°N) e concentracdo de N em matéria organica. Eatmaltro
também conta com analises micropaleontologicas @mapacas de foraminiferos. Para a
analise micropaleontoldgica foi realizada a idérdifdo das espécies e o calculo de indices
como diversidade de Shannon e equitatividade emstaaso com pelo menos 100
foraminiferos. De acordo com Fatela e Taborda (R@32e numero permite efetuar uma
andlise fiavel da associacdo. Foi determinado temlb@ indice de qualidade ecoldgica (Van
de Bund e Solimini, 2007). Este trabalho conta g&mmicom datacées por Pbe Cs*'.

Os resultados deste artigo encontram-se detaltmerdagéndice B.
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5 DISCUSSAO

5.1 Trace metals enrichment and Potential Ecological Rk in sediments of the Sepetiba

Bay (Rio de Janeiro, SE Brazil)

Os testemunhos SP2-SP8 sdo compostos predomimgméenpor sedimentos
siliciclasticos com baixas concentracdes de CatrBars testemunhos citados, o SP8 é o que
apresenta as maiores concentracdes de Ca gragaftu@ndia oceanica justificada pela
localizac&o deste testemunho. Além disto, esteacoomn a presenca de conchas e carapacas
de foraminiferos e moluscos, como ja foi obseryaatoCastelo et al. (2021).

A granulometria dos testemunhos esta de acordo anrdescricdes efetuadas por
(Borges & Nittrouer, 2016). Os testemunhos locala na regiao mais interna da baia
apresentam em geral sedimentos mais finos, sendoarenosos aqueles que se encontram
proximo a restinga da Marambaia, como é o casoedternunho SP7. A presenca de
sedimentos mais arenosos no testemunho SP7 podemieada pela possivel contribuicdo
de particulas de sedimentos terrigenos provenieatdba da Marambaia, estando associados
a um processo eolico mais ativo durante a sedirg@ota

Os testemunhos apresentam uma tendencia globabibe concentracdo dos valores
de TOC nas sec¢Oes superiores, aumentando da base papo. Além disso, apresentam
valores da razédo C/S <5. As relagbes de C/S erfire 5,0 sdo associadas comumente a
sedimentos marinhos anaerdbicos, que apresentamrasmedo de sulfato (Hedges & Kell,
1995). Desta forma, os testemunhos localizadosam8es proximas ao rio Guandu, llha da
Madeira e zona central da Baia de Sepetiba (testemsu SP6, SP5, SP3 e SP4
respectivamente) apresentam sedimentos pouco ¢xiaosxicos. Esta situacdo devera estar
relacionada ao aumento do confinamento originadh e da Marambaia, além de estarem
sujeitos a eutrofizacdo causada pela introducdandeeria organica e nutrientes neste
ecossistema (Rezende et al., 2010).

O testemunho SP1 foi 0 que apresentou valoreseateiados de TOC (2,5-7,0%). As
altas concentracdes de matéria organica nestemi@st® podem ser justificadas pela sua
localizacdo. Este testemunho esta localizado em veggdo de mangue que sofre
eventualmente com as acdes da maré. A remobilizaegoente dos sedimentos garante

valores relativamente elevados da razdo C/S (3bp festemunho SP6 apresenta valores
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elevados de TOC, como a area é alimentada por satlimfinos provenientes dos rios Sao
Francisco, Guandu e Guarda, torna também a regi@ordvel a deposicdo de matéria
organica.

Os valores de Igeo sugerem que os sedimentosstemiegnho SP6 é moderada a
fortemente poluida por Cd e Zn e o SP7 encontraadgeradamente poluido por Cr. Com
excecdo do SP2 que ndo se encontra poluido, tagldestemunhos restantes apresentam
sedimentos extremamente a moderadamente poluiddSdpe Zn nos intervalos superiores.
Ja os valores do fator de enriquecimento (EF) raosifjue o enriquecimento em Cd (52x
maior que daseling é maior que o de Zn (15).

O enriguecimento por estes elementos esté assaxidescarga de efluentes domeésticos,
industriais e residuos municipais e até mesmo pates atmosférico (Barcellos & Lacerda,
1994; Mounier et al., 2001; Lacerda et al., 200@m@s et al. 2009), ocorrendo desde 1980
(Aravjo et al.,, 2017 a, b). Entre as fontes de ipaly destaca-se a Companhia Mercantil
Industrial Inga (CIA Inga), iniciando no final d&achda de 1950 e declarada insolvéncia em
1998, deixou um legado ambiental de toneladas tidosometéalicos ricos em Zn e Cd
(Mounier et al., 2001; Lacerda et al., 2001; Goreeal. 2009). Ap0s 0 encerramento das
atividades, o passivo ambiental deixado pela Irmgéalvo de um desastre ambiental em
fevereiro de 1996, onde 50 milhdes de litros deadglama contaminadas foram despejados
na SB, periodo apés o qual a concentracdo de RTaticularmente Cd e Zn, aumentaram
significativamente na area (por exemplo, Molisdrale 2004; Paraquetti et al., 2004; Araujo
et al., 2017 a, b).

Entretanto, apesar da proximidade com o que d@itatle ser uma das maiores fontes
poluidoras da regidao — a Cia. Inga Mercantil — & 880 é o testemunho que apresenta 0s
maiores valores de EF da maior parte dos meta&lpssA correlacdo de alguns metais com
a fracao fina do sedimento e ao TOC sugerem geteagio destes metais esta associada a
baixas condi¢cbes hidrodinamicas. Valores relativamelevados de EF:Cd e EF:Zn foram
registrados no SP7 e SP8, sugerindo que os metdépser remobilizados e transportados
pelas correntes que atravessam a baia.

Grande parte dos testemunhos apresenta um padraariduecimento semelhante,
tendendo a aumentar o enriqguecimento em metais Gx® Zn para o topo do testemunho.
Entretanto, o SP6 apresenta um padrdo oposto. AMatns et al. (2019) sugerem que a
reducdo do enriquecimento da maior parte dos el@mero topo do testemunho SP6 esta
associada a dragagens que ocorreram na regidocpastrucao de portos ou atividades

portuarias da ThyssenKrupp CSA (ddantic Steel CompagyOs autores sugerem que 0
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enriquecimento nestes metais na base inferior destemunho estd associado a uma época
pré-industrial e atribui o enriqguecimento a fortegénicas.

N&o é sb o topo dos testemunhos analisados gelecsatra enriquecido em metais.
Camadas mais profundas dos testemunhos SP4-SR@mpram enriqguecimento moderado a
baixo em Pb e o SP3 apresentou enriquecimento ralitoneste mesmo elemento. O Pb
encontra-se fortemente relacionado com os EF dE€NIS, Co, Cu e Sn. O enriquecimento
em As, Ni, Cr, Hg e Sn sdo moderados.

A presenca de Hg e Pb na regido esta associadzarga de sedimentos fluviais na area
interna da SB (Lacerda et al., 2004) e ocorremrtr ks rios que desaguam neste sistema,
através do escoamento subsuperficial durante #ssfehuvas de verdo (Paraquetti et al.,
2004). Entretanto, é possivel que o Hg apresemedolitogénicas, uma vez que 0sS
sedimentos do SP8 se encontram enriquecidos nestergo e foram depositados em um
periodo anterior a influéncia antrépica (Castelalet2021b). Ja a presenca de As € associada
principalmente ao tratamento de Zn e Cd realizad®a @ia Inga (Magalhaes et al., 2001)

Apesar do enriquecimento em alguns metais comoCAs,Cu, Ni, Pb, Co e Zn, os
valores de Risco Ecoldgico (RI<90) sugerem queeasngentos dos testemunhos SP3-SP8
apresentam baixo risco ecolégico causado por edspwentos. O Hg, entretanto, apresenta
um risco ecolégico moderado nas camadas mais prasutio SP8, podendo ser um problema
ambiental caso sejam efetuadas dragagens na r&gatre os elementos estudados o Cd é
um dos elementos que atinge valores mais elevasl®d ¢(até 2.445), sendo os primeiros 50
cm dos testemunhos SP4, SP7 e SP8 consideradoses&uos com alto a muito alto risco
ecoldgico, principalmente nos niveis superficiais.

Os resultados de PERI indicam que ha ocorrénciazatas na regido da SB com
sedimentos subsuperficiais que podem ser muitoglicepis a biota € o caso por exemplo dos
testemunhos SP4 (2225, 2546), SP7 (1431, 1649B€6&50, 626) que apresentam um risco
ecologico muito alto. No entanto, o SP2 apresentasubsuperficiais risco ecoldgico baixo,
uma vez que o intervalo utilizado como referénoiadepositado em um periodo anterior a
influéncia antrépica na regiao (Alves Martins et 2020).

Desta forma, a periculosidade dos sedimentos n@ec@aestar associada apenas a
granulometria dos sedimentos, uma vez que os testess SP7 e SP8 sdo compostos por
sedimentos arenosos, diferentemente do SP4. Aléso,da periculosidade também néo
aparenta estar apenas associada com a proximidgaéndipal origem dos poluentes, a CIA
Ing4d, uma vez que o testemunho SP5, localizadopr@asmidades da Cia. ndo € o mais

contaminado. Desta forma, a remobilizacdo dos s&uivs ora por processos naturais e pelas
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correntes internas, ora por processos antropogerpodem justificar a dispersdo destes
contaminantes. Fragoso (1999) evidencia a presdecaorrentes maritimas em sentido
horario no interior da baia, 0 que pode contripaia a disperséo de poluentes.

Quando comparadas as concentracfes de elementogapiicom outras regides do
Brasil e do mundo, as concentra¢cdes maximas d€dnPb, Mn e Co na Baia de Sepetiba
sao relativamente altas (Apéndice A - 1).

Na regido, o aumento das concentracfes destessroetare principalmente nos ultimos
50 anos e sdo associadas a atividade industriatrépeca. Entretanto, a concentracdes da
alguns metais, como Ni, Pb e Co é relativamenteadbetambém nos anos 20, provavelmente
associadas a perda de carga de materiais origindogsneracdo que eram transportados na
regido portuaria. Apesar disso, as elevadas cargdeis de alguns elementos, como € o0 caso
do Hg, nem sempre estdo associadas a atividadepagénica. Uma vez que as elevadas
concentracdes destes elementos ocorrem em camediasestares datadas com mais de
8.000 anos BP (Castelo et al., 2021b), indicandwresenca de fontes litogénicas deste
elemento.

Contudo, a concentracdo de metais, na maior past@eres, é encontrada em formas de
hotspots variando espacialmente e em funcdo da profundidda coluna sedimentar,
podendo estar associadas a processos biogeoquifilachado et al., 2010; Ribeiro et al.,
2013; Charette el al., 2016). A variagdo das catnaedes e 0 enriquecimento em metais
pesados deve ser observado com cautela, uma vemges destes metais podem ser

prejudiciais a biota da regiéo.

5.2 When the natural evolution has to deal with humarelated transformations:

multiproxy approach to unravel the pollution record in Sepetiba Bay (SE, Brazil)

A partir dos resultados texturais, mineraldgicoseoquimicos e da analise
micropaleontoldgica, foi possivel a identificac@4intervalos distintos ao longo da coluna
sedimentar do testemunho SP5:

- Intervalo 1 (Int. 1) entre133-110 cm~£1858-1882) caracterizados por polimodais, e
sedimentos de graos finos mal classificados, TQ&ivamente baixo (cerca de 0,5%), N,
carbonato (geralmente <10%) e valores de feldspadaizo e por baixas concentracdes de

Zn, Cd, Mg, Ca e Cu; em contraste, possui valoresneentracdes relativamente altos de
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313C de, por exemplo, Zr, Nb, Hf, W, Th, Al, Ta esickios insolUveis e; caracteriza-se
também pela auséncia de foraminiferos, conchasotlesoos e ostracodes.

- Intervalo 2 (Int. 2) entre110-75 cm £1882-1925) com caracteristicas geoquimicas
semelhantes ao intervalo anterior (ou seja, Zn, l@d, Ca,, N, C/S e TOC); aumento
acentuado de Zr, Nb, Hf, W, Th, Ta, Pb, S e SMGBnénto das fracbes de areia média a
grosseira do sedimento); tendéncia de diminuicaal @efracao fina; reducéo acentuada de P
e5813C; picos de As, V, Mn, Mo, F&°N e C/N e; auséncia de foraminiferos

- Intervalo 3 (Int. 3) entre75-34 cm £1925-1974), caracteriza-se pela presenca de
sedimentos arenosos, mas 0 SMGS comeca a descervalse também, por exemplo:
tendéncia a aumentar os valores de TOC, N, Zn,eCdalores relativamente elevados de
613C, Mg, Ca, carbonatos e P; aumento abrupto nlosegada razdo C/N; reducéo de RI,
8'°N; concentracBes relativamente baixas de Zr, Nb,Wif Th, Al e Ta e; aparéncia de
foraminiferos no registro sedimentar.

- Intervalo 4 (Int. 4) entrez34-0 cm €1974-2015) é marcado por um aumento
significativo na densidade de foraminiferos e res@nca de sedimentos finos; e por valores
relativamente elevados de TOC, N, Zn, Gd3C, Mg, Ca, carbonatos e P; valores
relativamente baixos de Zr, Nb, Hf, W, Th, Al, R, C/S e315N.

Mudancgas mineraldgicas observadas ao longo dontesteo sugerem alteracdes na
proximidade da &rea fonte dos sedimentos. O Igrdsanta razdes feldspato/quartzo mais
elevadas, indicando possivelmente uma maior infi@éde sedimentos provenientes da rede
de drenagem e menos retrabalhados, uma vez qlaspd® € um mineral mais susceptivel a
alteracdes intempéricas, sendo menos resisten® qquartzo (Lira e Neves, 2013). A
mudanca na &rea fonte dos sedimentos pode termoniggural ou antrépica, devido ao
aumento populacional nas margens dos rios e comas obalizadas ao longo do rio Guandu
(Barcellos et al., 1997; Borges & Nittrouer, 2016a Ja os sedimentos das sec¢des inferiores
do SP5 (Int.1-Int.3) tém relagcOes relativamentexdmide feldspato/quartzo (Apéndice B —
Fig. 2) indicando que os sedimentos sofreram mi@tabalhamento quando comparados
com o Int.4.

Os altos valores da razao Ti/Ca e as concentrafipédb, Hf, W, Th, Al, Ta e residuos
insolaveis (Figs. 3, 4) nos Int. 1 e 2 indicam @sées intervalos apresentam o acumulo de
particulas predominantemente litogénicas (Nacé,e2Gl4; Gebregiorgis et al., 2020). Neste
intervalo, a presenca de particulas biogénicasaévamente baixo, devido ao baixo teor de
CaCOa3 e a auséncia de conchas e carapacas. Desta éstes graos devem ser provenientes

do delta do rio Guandu, em um periodo onde a rdg@énea esteve mais proxima a area do
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testemunho. Araripe et al. (2011) sugere que alglementos como o Hf e 0 Zn sdo produtos
da erosdo de rochas igneas localizadas ao redbaida Apesar disso, sugere-se que 0
enriguecimento moderado em Zn, Nb, Hf, W, Th, Aleepode ser resultado da remobilizacdo
das obras de engenharia e/ou por mineracédo naregia

Ambientes transicionais, como € o caso da baisegeti®a, normalmente sdo expostos a
rede de drenagem continental e a acdo marinhdlgPd895). Desta forma, a variacdo de
salinidade causada pela mistura das aguas cordisentnarinhas neste corpo aquatico pode
ser inferida utilizando a razdo Rb/K (Campbell &INgms, 1965). Com isso, a reducao dos
valores da razdo Rb/K no Int. 2 (Fig. 4) sugere ge@rem condigcdes menos salinas neste
intervalo.

A partir dos dados d&3C versus C/N &é°C versuss*N (Deines (1980), Lamb et al.
(2006), Martinelli et al. (2009), Barros et al. () e Bueno et al. (2019) é possivel
determinar que a area de estudo apresenta matgéaica de fontes distintas, como por
exemplo plantas de origem continentais ricas em eC¥4, algas de agua doce e
eventualmente, matéria organica proveniente de@sigonéstico.

De acordo com Meyers (1997), valores mais negatitess'*C devem estar
relacionados a uma maior contribuicdo de matégaroca continental, contribuindo com os
dados de Rb/K observados. A presenca de niveis efeiados de S e 0 aumento de pirita
nestes sedimentos, em conjunto com os dados dearatganica contribuem para a hip6tese
de que estes sedimentos sofreram com alteracOgendiicas, levando a producdo de
sulfetos. Enquanto isso, os valores menos negatleds’C registrados no Int. 3 e Int. 4
podem indicar uma maior contribuicdo da produtig@larganica de origem marinha durante
este intervalo (Stein, 1991).

Os maiores valores de TOC (1,8%) ocorrem no Intmds de maneira geral sdo
inferiores a 0,8% antes da década de 1930. Desteaf@s baixos valores de TOC sugerem
que na regido ndo ha uma condi¢édo propicia pasemmagdo da matéria organica, e/ou uma
alta atividade heterotrofica e/ou ocorre a rempagéo da matéria organica apos a deposicao.
(Souza et al., 2017).

Contudo, a ocorréncia de pirita nos Int. 1 e Idugerem uma condi¢éo pouco oxica,
mesmo em camadas mais arenosas. Wang & Morse (89§6é)em que a pirita € formada em
sedimentos andxicos e sua preservagdo esta ligadaas condicdes de oxigenacdo do
ambiente. Os dados da razdo C/S também contrib@eangssa hipotese. Grande parte do
testemunho apresenta baixos valores da razdo C28)J<condi¢cbes que sdo associadas a

sedimentos depositados em condi¢gdes redox (LyoBer&er, 1992).
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A mudancga na oxigenacdo do ambiente € bem obsenadat. 2, onde ocorre a
precipitacdo de elementos sensiveis a condi¢cdeg,redmo é o exemplo do U, Mn, Mo, S e
Fe (como por exemplo, Urban et al., 1999; Browralet 2000; Zheng et al., 2000, 2002;
Adelson et al., 2001; Thomson et al., 2001). O animdesses metais, a reducéo dos valores
da razdo Ti/Ca e sedimentos de granulometria ma@ssegira no intervalo 2 sugerem o
aumento das condi¢des hidrodinamicas, provavelmdstedo a uma maior influéncia
oceanica na area. Esse evento deve ter contripaidoo aumento progressivo em carbonatos
de origem biogénica, resultante do desenvolvimdatorganismos de testas carbonaticas.

Como discutido no tépico anterior, os sedimentostedéestemunho encontram-se
moderada a significativamente enriquecidos em Cad, €2 Sn (Sutherland, 2000). O
enriguecimento nestes elementos ocorre principakmen intervalo 4. A contaminagao por
metais como Cd e Zn na regido € fortemente docwdama literatura (Lacerda et al. 2001;
Martins et al. 2019, Castelo et al., 2021 a, bjdeea Companhia Inga Mercantil, uma das
principais contribuintes para a contaminacdo potaiseOs niveis destes metais tendem a
reduzir no topo SP5, estando associados a inati@ida empresa desde 1998.

Como foi referido, apesar da proximidade com o sgieacredita ser a maior fonte
poluidora de Zn e Cd da regido — a Cia Ing4 — asremconcentracdes destes metais ndo
foram registradas no SP5. A presenca de fluxosicaest internos contribuiu para a
remobilizacdo de particulas finas e contribuiu pamispersdo de metais ao longo da baia
(Aradjo et al., 2017 a, b; Barcellos et al., 199¥9.altas concentracdes de as também podem
ser associadas ao Zn e Cd. Magalhdes & Pfeiffeéd5)l®bservaram altas concentracdes
destes elementos nas proximidades da ilha de teatane Barcellos et al. (1991) associa 0 As
ao processo de tratamento de Zn e Cd de alta pweatiaado por metallrgicas na regido.
Apesar disso, 0 enriguecimento em As no SP5 o@nreum periodo anterior a influéncia
antropica e ao periodo de atividade da Cia Ingdepdo estar associados ao intemperismo
das rochas da regido, como sugerido por Pinto €2@l19).

A contaminacdo por Sn € comumente associada aaleidgmocidas compostos por
tributilestanho (TBT). Este biocida é comumentedosaa base de tintas anti-encrustantes
aplicadas em embarcacdes. A proibicdo de tintasugilizam como base este composto
comecou no continente Europeu e Asiatico durantnos 70 e 80 (Alzieu, 2000) e no Brasil,
isto s6 ocorreu no ano de 2007.

O aumento das concentracdes de P nos Int. 3 eohteam-se, geralmente, acima dos
valores debaselinedo shale mundial. As concentracfes deste elemento estaoiorhdas

principalmente com o aumento do TOC e das conagg@dsade Cd e Zn. Podera por isso
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deduzir-se que o aumento do P nestes intervalos detar diretamente relacionado ao

aumento da influéncia antrépica, como por exematn,despejo de esgoto municipal no

interior da baia ou ao escoamento difuso de featiles de solos agricolas. O aumento das
concentracdes de P contribui para a reproducadgds, gois este atua como nutriente para o
fitoplancton, facilitando a reproducdo do mesmo.pliferacdo desordenada de algas

contribui para eutrofizacdo do ambiente (Schautsar,e2004)

No intervalo 4, as concentracbes de Ca e Mg aumantssignificativamente,
entretanto, este enriquecimento ndo deve estariorldo a processo antropicos. Pinto et al.
(2019) sugere gque as concentragdes de elementasCaniNa e K sdo produtos da erosao de
rochas calcio-alcalinas da Unidade Juiz de Foralglins outros elementos como Cr, Ni e Pb
sao relacionados a fracdo fina do sedimento e iassca sedimentos transportados por
processos fluviais (Goncgalves et al., 2020).

Quando se trata da presenca de microrganismos e fayvaminiferos — estes ndo séo
observados nos intervalos 1 e 2. E provavel queoasdicbes ndo eram propicias para o
desenvolvimento destes organismos. Apesar dissmoaéncia de carbonatos nestes dois
intervalos contribui para a hipétese de que terdnadb condicbes favoraveis a formacao
destes minerais. O conjunto de dados sugere qaatdun periodo entrel895-1935 a area
de estudo pode ter feito parte de uma planicietaspodendo estar associada ao complexo
deltaico do rio Guandu. Neste periodo o ambientepader sofrido exposi¢cdo subaérea,
alternancia no fluxo aquatico, sendo dominado anaggua doce, ora por agua marinha.
Além desses fatores, os baixos valores de pH padetornado o ambiente pouco favoravel
para o desenvolvimento de foraminiferos.

J& no Intervalo 3 e 4, a partir dd935, € observado a presenca de carapacas de
foraminiferos. Desta forma, os dados sugerem qugea se tornou mais favoravel ao
desenvolvimento destes organismos. Contudo, aarsdifjue a variabilidade dos parametros
fisico-quimicos e a instabilidade do substratoumficiaram diretamente o desenvolvimento
pleno destes organismos durante o periodo=1i#835-1974 (Intervalo 3), em que a sua
abundéancia é reduzida.

As condi¢des apenas permitiram o desenvolvimentasdembleias pouco diversificadas
de foraminiferos bentbnicos e contribuiram para lquevesse a predominancia de espécies
oportunistas (Mojtahid et al.,, 2008), como por egkmAmmonia tepida, Bulliminella
elegantissima, Bolivina striatulae Cribroelphidium excavatumcomuns em ambientes

costeiros que sofreram acéo antropica (Alves Madtral., 2019a; Castelo et al., 2021a)..
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Dentre as espécies mencionada&panonia tepida@ uma das espécies mais comuns em
ambientes costeiros, uma vez que € resistenteiac®as fisico-quimicas, a variacdes na
salinidade, temperatura e a disponibilidade deienis (Zaninetti et al. 1977; Frontalini et
al. 2009). Aléem de ser resistente aos parametsisofquimicos, aA. tepida também
apresenta alta resisténcia quando inseridas eneatabique sofreram de estresse ambiental,
como € o caso da presenca de PBgan der Zwann, 2000; Samir, 2000, Debenay et al.
2001).

Duleba et al. (2018, 2019) sugeriram que a maiopgncdo deéAmmoniaspp.em relacao
a Elphidiumspp. revela condigcbes ambientais estressantesigsonos valores relativamente
elevados da razaddmmonia/Elphidiumno intervalo 4 sugerem que no local estudado
existiram condi¢cdes de estresse ambiental. Alémogdisutras condi¢cdes adversas como a
tendéncia a eutrofizacdo do ambiente, a baixa paigi#o, o enriquecimento em PTEs (Cd, Zn
e Sn) e a presenca de sedimentos com risco eanldgiderado a consideravel podem ter
sido um fator que contribuiu para o ndo-desenvavitdn de espécies tolerantes a essas
condicoes.

A classificacdo da qualidade ambiental baseada @QR,Enostrou que as condicdes
ambientais foram precarias em 1975. As condicG@s@m apos o evento de rompimento da
barragem de acumulacdo de rejeitos da CIA Inga apereu em 1996 (Melo, 1996;
Magalhées et al., 2001; Mounier et al., 2001; Muoliset al., 2004). Entretanto, a qualidade

ambiental melhorou progressivamente apds esteavent
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CONSIDERACOES FINAIS

A tendéncia predominantemente crescente de coacées de PTES e valores de EF,
como para Zn, Cd e, da base para o topo em vastemunhos (SP3, SP5, SP7, SP8) da Baia
de Sepetiba esta principalmente relacionada acigresto do desenvolvimento industrial na
regido, principalmente nos ultimos 25 anos e ae®rdntropogénicas. Contrariando as
expectativas, ha registros de altas concentragesethis de PTEs, bem como valores de EF
e PERI, mais distantes da fonte potencial de cdntg@o, da Cia. Inga (na llha da Madeira)
e de outras empresas industriais localizadas pasias margens internas da baia. Essa
caracteristica deve ser atribuida as condi¢cdesodiitimicas da baia que permitem a
remobilizacao e dispersédo dos sedimentos contapsnaara areas mais distais dos potenciais
fontes de contaminacao e legado ambiental ou pac@ss0s biogeoquimicos que contribuem
para a retencao de metais.

Os dados apresentados neste trabalho mostram igtenalo sedimentar superier
50/20-0 cm (o mais antropizado) ndo é o Unico aakl@r enriquecimento e concentracdes
muito altas de PTEs. Ha também sedimentos relatmtamperigosos em camadas de
sedimentos mais profundas.

A comparacao das maiores concentracoes de PTEsraegis na BS (neste trabalho e
em estudos anteriores) com dezenas de locais idesdgasileiras e mundiais revela que essa
baia possui areas/locais com concentracdes retaiva altas de Zn, Co, Cd, Pb, Mn, e As.
A causa desse enriquecimento deve ser ndo apew@E® de causas antropogénicas, mas
também, em alguns casos, as fontes naturais dessa's. A dispersao de poluentes por meio
de processos hidrodinamicos naturais ou mesmo itholizoor atividades humanas pode
contribuir para a expansdo da area impactada peldaale industrial na regido. Por outro
lado, € importante conhecer a real disponibiliddelenetais e os fatores condicionantes dele,
a fim de monitorar a evolugédo da qualidade ambliglgsta baia. A SB ndo esta contaminada
como um todo, mas tem areas poluidas irregulargs expressdo devera ser reduzida no
futuro, devido ao soterramento e deposi¢do de sgdow menos contaminados. No entanto, €
importante conhecer e localizar os pontos quergesodtaminacao para evitar que os metais
sejam de novo introduzidos na coluna d'agua e ispgor areas maiores.

Ja a area onde foi coletado o testemunho SP5 estérata a fortemente poluida por
Cd, Zn e Sn e apresenta moderado risco ecoldgiematelo com PERI. A contaminacdo por

PTEs tem sido amplamente documentada na literadotaetudo a partir dos anos 50. Os
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mais altos indices de contaminacdo foram atingisolsretudo a partir dos anos 70,

acompanhando o desenvolvimento urbano e industaadBaia de Sepetiba, principalmente

pela Companhia Inga Mercantil. As altas concengagiincipalmente de Cd, Zn e Sn se dao
pela proximidade do testemunho com a localizacd@ampanhia Mercantil Inga, uma das

principais industrias poluidoras da regido, que riEsponsavel pela producdo de rejeitos
contendo principalmente Cd e Zn em sua composicao.

O processo de contaminagdo por metais na regidaidade Sepetiba ndo € o Unico
modificador que afeta a qualidade ambiental, al&®od a regido vem sofrendo processos de
eutrofizacdo ao longo de sua evolugao recente. Czoneequéncia, este processo afeta o
estabelecimento de associacfes diversificadas damiioiferos e contribuem para o
desenvolvimento de assembleias foraminiferas canpodamento oportunista e tolerante a
um ambiente estressante e poluido, como € o cadeAlamonia que predomina em relacao

as outras espécies.
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Abstract

Sepetiba Bay (SB), located in the Rio de JaneateISE Brazil), is a transitional ecosystem
protected from the direct oceanic action by a bansland and several islands. The SB is
highly anthropized and due to its great environmlergconomic and social importance has
been the target of several works aiming to studg #Hources of pollution and its
environmental impact. The paleoenvironmental changere inferred by a multiproxy
approach (granulometric, mineralogical, geochermacal foraminiferal data) and a robust age
model based oft%b and"*’Cs data along the core SP5, collected in the ineetral region

of the SB. The evolution of the area has been quotaplex; in the first half of the 30
century, it was influenced by the sedimentary psees associated to the Guandu River delta,
whose mouth is located close to the study siteveent through subaerial processes, greater
or lesser influence of continental waters or oveatwavents. The moderate enrichment in
lithogenic elements in this period should have betated not only to weathering and erosion
of rocks but also to mining activities in the regi®ince the second half of the"™2€entury,

the study site has been influenced by oceanic pseseidentical to those of nowadays and has
undergone progressive siltation processes duethwaic interventions in the river courses,
eutrophication and pollution by metals. The sinkafghe area and the weak hydrodynamic
conditions favored the progressive developmentosi Miversified benthic foraminiferal
assemblages composed mainly by opportunist spethes paleoecological conditions base
on foraminiferal diversity metric were poor arout870, worsened after the metal spill
released by the largest polluting company, the INgacantil, and after that progressively
improved and became good in 2015. The resultsisfvtlork indicate that the study site is
recovering after a phase of major environmentalaiohp This work shows that benthic
foraminifera and their application may representesy useful to track paleoenvironmental
changes and the determination of the EcologicaliQustatus.

Keywords: environmental quality assessment, transitional ewatsediment, tropical,

multiproxy approach, meiofauna
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1. Introduction

The degradation of coastal systems, often sanewar life and nurseries for many
species, is now a concern and has attracted taetiatt of the scientific community. In the
last century, several Brazilian estuarine ecosysteave been affected by pollution due to the
increasing human activities such as mining, instiah of industrial complexes, burning of
fossil fuels, emission of domestic liquid effluersisd port activities, which have led to an
overall worsening of environmental quality (Frek&turer et al., 2010; Quaresma et al.,
2021).

The Sepetiba Bay (SB), located in the Southeasbmegf Brazil, is one of these areas
negatively affected by anthropic activities. Sid@50, with the expansion of the industrial,
urbanization and the enlargement of the Sepetilya dtivities, as well as those related to
agriculture, a large amount of contaminants has lokgcharged into this bay and led to the
overall degradation of this ecosystem (Wassermah ,e2001; Castelo et al., 2021b). The SB
has been therefore the target of several studiedalits economic importance and its value
for the marine biodiversity (Araudjo et al., 200Zhe pollution effects on the biota in the SB
region have been the object of different studies.(&ilho et al., 1999; Lacerda and Molisani,
2006; Carneiro et al., 2013). These investigatitlave identified metals as a major
environmental issue for the biota in the SB. Higinaentrations of heavy metals were
responsible for the reduction of 60% of the fislpylation in this bay (PACS, 2012). Metal
contamination is in fact one of the main environtaéhabilities generated by the industrial
and urban development of the region. Although thertéu rivers and the S&o Francisco
canal are responsible for the metals input in #yistem the installation of the industrial
complex and companies, such as Inga Mercantilpisidered as the main source of the
heavy metals discharge into the bay (Lacerda e1887; Molisani et al., 2004; Paraquetti et
al., 2004).

For an accurate assessment of the environmentacingnd the ecological quality of a
coastal ecosystem, it is necessary to considengbhtth of communities of organisms living
within it. Recently, benthic foraminifera have bearcreasingly used as a witness of
environmental degradation (Alve, 1995; Francesdarajeal., 2016, 2020; Bouchet et al.,
2018, 2020). The last decade effort has producedd#velopment of foraminiferal-based
indices to quantitatively and qualitatively detdwd environmental quality in a large range of

marine ecosystems. (e.g., Schonfeld et al., 2013icBet et al., 2021). Foraminifera are
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mostly marine single-celled organisms with a shit@tand reproductive cycle and reflect the
environmental conditions in the area in which thiee (Murray, 2006). They commonly
respond to a set of environmental characteristick s concentration and quality of organic
matter, metal pollution, among others (e.g., Martat al., 2015). Furthermore, because of
their fossilizable tests (e.g., shell), they areedent paleoenvironmental indicators in the
sedimentary record. In polluted coastal areas, Wexg successfully employed to distinguish
pre-impacted (reference conditions) from impacteedso(Francescangeli et al., 2016). Several
studies have addressed present and past (e.g.,Hiaitecene) distribution of benthic
foraminifera and their response to pollution in 88 (Amado-Filho et al., 1999; Barbosa,
2005; Martins et al., 2019; Castelo et al., 202Tdere is still however a great lack of
knowledge on how the benthic foraminiferal faungpand to the recent evolution of the SB.
As primary objective, this study uses a multipragyproach (textural, mineralogical,
geochemical and biological data) to unravel thee@ahvironmental changes over the last
~150 years in the Sepetiba Bay. It also intendsetmmstruct the PaleoEcological Quality
Status (PaleoEcoQS) based on benthic foraminifgraebealing the deviation from the

reference conditions.
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Figure 1. Study area and location of the core $BSyell as the core SP8 used for the estimation of
the Ecological Quality Ratio (EQR).
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2. Study Area

The SB is an ellipsoidal coastal body in the soutleast of the Rio de Janeiro State (SE
Brazil) (Fig. 1). Its east-west axis is 43 km laagd its north-south axis is about 17 km wide
(Paraquetti et al., 2004). The SB covers the regfoBepetiba, Itaguai and Mangaratiba. The
SB is a semi-confined coastal system, limited ®ribrth by the continent, to the east by the
Guaratiba coastal plain, to the south by the MamanBarrier Island and to the west by a
system of islands with migmatitic rocks, which ughce the internal hydrodynamic
conditions, isolating the inner bay and protectihig environment from the direct action of
marine hydrodynamic processes (Paraquetti et@D4) It is connected to the ocean through
two channels located in opposite portions of tlyistem. The first channel, in the western
portion of the bay, is natural, whereas the secamel in the eastern sector of the bay, is
artificial and connects the Barra de Guaratibaaedo the ocean.

The climate of the region is characterized by amvand humid subtropical climate
(Kottek et al., 2006; Peel et al., 2007), with ager annual rainfall varying between 1400 mm
to 2500 mm (Lacerda et al, 2001; Paraquetti e8D4). The highest precipitation rates are
recorded during spring, while autumn and wintesspre a drier climate (Villena et al., 2012).
The SB is embedded in a complex hydrographic contesxhydrographic basin with an area
of 2,165 km?2 consists of nine rivers, being the mogportant the sub-basins of the rivers:
Guandu, Guandu-Mirim and Guarda (Dourado et all,220They contribute to an annual
freshwater flow of approximately 7.6 million m3 @exrda et al., 2001). The Guandu River is
responsible for providing much of the drinking water the metropolitan region of Rio de
Janeiro (Lacerda et al., 2004). The SB hydrodynaisicontrolled by the fluvial contribution
and by the action of winds and tides. The tidessarsidiurnal (Kierfve et al., 2021) and their
amplitude is <2.0 m. The water renewal time in ith@er region of the SB is about 100 h
(Paraquetti et al., 2004). The average wind speadsbetween 3 and 16 m/s. The strongest
winds come from the southern direction of the biag prevail during winter. The velocity of
the currents varies between <20-40 cm/s througtioaitbay, but higher velocities were
recorded at the bay entrance (50 to 75 cm/s) (Moii®t al., 2004). The average water
temperature and dissolved oxygen concentratiohenwtater column are 25 °C and 8 mgl/L,
respectively. The average salinity value is abdt kit it reduces near the months of the

main rivers (Cunha et al., 2006).
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The SB encompasses two distinct geomorphologicahailos: mountainous and
lowlands. The former is characterized by the manstand escarpments of the Serra do Mar
and by the coastal massifs of Pedra Branca, Merdanti Marambaia Island. The lowlands
domain, on the other hand, is characterized byltivéeo-marine plains that are intercepted by
several rivers flowing into the SB (SEMADS, 200Ihe lithology of the region is composed
of Proterozoic rocks with NE-SW structural trenddahe lowland areas are covered by
Neogene sediments (Roncarati and Carelli, 2012¢. SHdiments that make up the substrate
of the bay vary from sand to mud. The muddy sedimencupy about 70% of the bottom
sediment, being the predominant granulometry in itiveer area of the bay (Borges and
Nittrouer, 2016). Sandy sediments predominate tei#tte Sao Francisco Canal mouth, in the
outermost areas and close to Marambaia Barriends(&illena et al., 2012; Borges and
Nittrouer, 2016). Sedimentation in SB is controllegda mixture of sources: fluvial, marine
and autochthonous (for instance trough biogenicdaagenetic contributions). The sediments
of fluvial origin are predominant in the inner eastregion, while the marine contribution to
the coastal deposits occurs mainly in the westeamt gBarcellos et al., 1997).
Aluminosilicates, indicative of continental influesy are important constituents of the bottom
sediments of SB and are in general related to togltentrations in trace metals (Rodrigues et
al., 2020).

3. Materials and Methods

This work is based on the study of the core SPB ¢ long), collected in the western
portion of the SB (UTM: 0621164/7460621; 23K, WG)8%ar Madeira Island (Fig. 1). The
SP5 core was collected by divers using the perongziobing method. After collection, this
core was sealed at its ends and transferred taViiceopaleontology Laboratory of the
Universidade do Estado do Rio de Janeiro, Facul@enlogy (LabMicro/UERJ), where it
remained stored and preserved (frozen) until the ef the analyses. After that, the core was
defrosted, open and sampled at 2-3 cm intervaldy Sediment samples were obtained and
devoted to granulometric, geochemical, mineraldgarad benthic foraminiferal analyses.
This core was dated 5y°Pb and"*'Cs.

3.1 Granulometry and Mineralogy
For the particle size analysis, about 10 g of tewdiment per sample were used. The
sediment was washed through a 63 pm mesh sievegparate the <63 um and >63 pum

fractions. Both fractions were collected and oveedlat low temperature (60 °C) and after
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drying were weighed and stored. The samples froenstdimentary fraction >63 pm were
separated by a set of sieves of different meshggar{6 125um, 250pum, 500pum and 1000
um). The sediment contained in each sieve was wdigheetermine the percentage of each
particle size and stored. The textural classifazatof these sediments was based on the
classifications of Folk and Ward (1957).

The sedimentary fraction <63 pum (silt-clay frac)iomas used in the mineralogical
analysis. It was wetly separated with distilled eveftom the coarser sediment fractions. For
the mineralogical analysis by X-ray diffraction (RIRtechniques about 3 g of sediment were
dried in an oven at low temperature and disaggeegatan agate mortar. XRD measurements
were performed using the Philips PW1130/90 and iX'P#/3040/60 device, at the Aveiro
University (Portugal), which used CwHKadiation. Scans were performed between 2° and 60°
26 (on unoriented powder assemblies). The identiboadnd semi-quantification of minerals

followed the methodology described by Martins e(2007).

3.3 Geochemical Analyses
3.3.1 Calcium carbonate, total organic carbon, totiesulfur and insoluble residue

Samples (ca. 5 g) were macerated in an agate nmemthisieved with a 125 pm mesh
sieve (to remove coarser particles). Samples weea tlecarbonated by acidification with
50% HCI, for a period of approximately 12 hours avakhed with distilled water and dried in
an oven at low temperature (60°C). This decarbonairocess was repeated twice, aiming to
completely eliminate the calcium carbonate (CgC@resent in the samples. After the
decarbonation process, 10 mg aliquots of samples uged for total organic carbon (TOC)
and total sulfur (S) analyses by the LECO SC-632pgent. For these analyses, the samples
were placed in the equipment and subjected to pdeature of 1,350 °C, so that the sediment
was completely burned. The combustion of sedimeatlyced CQ and S@; these gases
were detected by the infrared sensor present inliéliece. The values detected by the sensor
were compared with standardized samples, whicinasgted before and after the analysis, as
a way of comparing and verifying the reliability thfe obtained data. These analyzes were
carried out in the Laboratory of Chemical Stratgirna and Organic Geochemistry (LGQM)
of the Faculty of Geology UERJ and allowed to deiee TOC (%), S (%), insoluble residue
(IR) and carbonates contents (CafQhe C/S ratio, widely used as a paleoredox atdicof
the environment and sediment (Lyons and Berner2)198as determined from the TOC (%)

and S (%) values.
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3.3.2 Elemental Geochemistry

About 5 g of sediment from each dry sample was nad&ee in an agate mortar and
sieved with a 63 um mesh sieve. Elemental geoclaraialysis was performed after total
digestion with four acids (HN£) HCIO,, HF and HCI) by plasma source mass spectrometry
(ICP-MS) at the Bureau Veritas LTDA laboratory, \¢anver, Canada (in sediment fraction
<63 um). The concentrations of 45 chemical elemeete determined.

The enrichment of chemical elements whose cond@risareached values above the
world shale (Turekian and Wedepohl, 1961) and dlcallbaseline values (estimated by Pinto
et al., 2019) in the core SP5, such as Al, As,@x,Fe, Hf, Mn, Mo, Nb, P, Pb, S, Sn, Th, U,
W, Zn and Zr were estimated with the Enrichmenttéa(EF) according to the procedure

suggested by Buat-Menard and Chesselet (1979) tlsnformula:

Cx

EF = S
{%} Baseline

} Sample

where Cx corresponds to the concentration of tlemeht whose enrichment is to be
determined (x) and Cn is the concentration of themalizing element (n) in the sample. The
baseline values estimated by Pinto et al. (20198jerd) were used. For the elements whose
background values are not available in Pinto et2l19), the mean elemental concentrations
of the worldwide shale of Turekian and Wedepohl 69 Table 1) were considered.
Scandium (Sc) was used as a normalizer becausaitithogenic chemical element, and is
correlated with fine sediments. In Sepetiba Bayh&t a higher correlation with fine grained
sediments than Al (see Castello et al, 2021 allig. Geoaccumulation Index (Igeo), which is
widely applied to assess environmental pollutioaswetermined (for Al, As, Cd, Ce, Fe, Hf,
Mn, Mo, Nb, P, Pb, S, Sn, Th, U, W, Zn and Zr) adaagy to Mller (1986):

Cn ]
Bnx 1.5
where Cn is the metal concentration (“n”) in thenpée and Bn the respective baseline

Igeo = log,

concentration.
The ecological risk index (RI) of each potentiathxic metal with EF>2 values (As, Cd,
Pb, Sn and Zn) (Hakanson, 1980) was determinetidgduation:
RI=T,,x CF
whereTy is a metal's toxic response factor. The followuwadues ofT,; were considered: Zn
and Sn = 1; Pb =5; As = 10 and Cd = 30 (Hakans®8Q; Swarnalatha et al., 2013; Zheng et
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al., 2020). The values df;: for Sn were considered 1, since it was not ddatexdhin the
literature, as far as we know.

Table 1. Baseline values: A. for shale (accordmd@ tirekian and Wedepohl, 1961); B. to Sepetiba
Bay (according to Pinto et al., 2019).

Elemental A. B.
Concentrations |Baseline Values | Baseline Values
Ag | mgkgt 0.07 0.7
Al % 8.0 8.3
As | mgkg* 13 16.6
Ba | mgkg® 580 160.3
Be | mgkg® 3 2.3
Bi | mgkg!
Ca % 2.2 1.0
Cd | mgkg* 0.3 0.5
Ce | mgkg” 59
Co | mgkg™ 19 8.8
Cr | mgkg* 90 68.1
Cu | mgkg™ 45 14.3
Fe | mgkg* 4.7 4.9
Hf | mgkg® 2.8

K % 2.7 1.8
La | mgkg™ 92 40.7
Li | mgkg® 66
Mg % 15 1.4
Mn | mgkg® 850 431.4
Mo | mgkg* 2.6 3.8
Na % 9.6 1.1
Nb | mgkg™ 24 19.3
Ni | mgkg’ 68 23.3
P % 0.07 0.06
Pb | mgkg" 20 24.2
Rb | mgkg™ 140
S % 0.24 1.8
Sb | mgkg* 1.5
Sc | mgkg®! 13 11.8
Sn | mgkg® 6.0 3.7
Rb | mgkg™ 140
Re | mgkg* 6 3.7
Sr | mgkg® 300 121.3
Ta | mgkg” 0.8
Th | mgkg™ 12 14.6
Ti % 0.46 0.52
U mg kg™ 3.7
V | mgkg’ 130 87.3
W | mgkg* 1.8
Y mg kg™ 26 16.9
Zn | mgkg™® 95 82.3
Zr | mgkg* 160 80.1
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The concentration factor (CF) estimates the in@edsa chemical element “n” (Cn) in
relation to its baseline concentration “Bn” in tkediments (Hakanson, 1980) and was
calculated as:

CF—E
_B:z

The potential ecological hazard index (PERI) wdsutated as the sum of the individual
potential hazards (RI), according to Swarnalatha.g013): PERI ZRI = X(T,.; x CF). The

classification of the referred geochemical indiceshown in Table 2.

Table 2. Reference for the classification of: HEmment factor (EF; Sutherland, 2000);
Geoaccumulation index (Igeo; Mduller, 1986); ecobadirisk index (RI; Protano et al.,, 2014),
individual by sample and; potential ecological rislex (PERI) as a whole per sample (Hakanson,
1980; Swarnalatha et al., 2013).

EF EF lgeo Igeo Classification PERI PERI
Levels Classification Levels Levels Effects
E<2 Null or minimal contamination <0 Unpolluted <150 Low ecological

risk
2<EF<5  Moderate enrichment 0-1 Unpolluted to 150-300 Moderate
moderately ecological risk
polluted
5<EF<20 ' Significant enrichment 1-2 Moderately 300-600 Considerable
polluted ecological risk

20<EF<40 Very high enrichment, 2-3 Moderately to > 600 Very high
indicating high level of strongly polluted ecological risk
contamination

EF>40 Extremely high enrichment, 3-4 Strongly polluted = ...... ...
indicating extreme
contamination

............ 4-5 Strongly to
extremely
polluted

............ >5 Extremely
polluted

3.3.3 Stable isotopess{*C and $*°N) and N concentration in organic matter

About 3 g of dry sediment was acidified in ordereiiminate the carbonates and to
determine the values 6f°C in organic matter (hereafter referred to onl\6=€). For this
analysis, the sediment was ground in an agate memthsieved through a 63 um mesh sieve.
The samples were stored in tin capsules and tnaedféo the FLASH EA 1112 SERIES
instrument (responsible for elemental analysis) ahd DELTA V ADVANTAGE

(spectrophotometer) from Thermo Fisher Scientifibese analyses were carried out in the
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Laboratory of Chemical Stratigraphy and Organic ¢emistry (LGQM) of the Faculty of
Geology of UERJ. The standard deviation ofdF€ data was = 0.043 %o.

Total (non-acidified) samples were used for thelyais of total nitrogen (TN) and to
determine thé'*N values. Between 6 and 8 mg of dry sediments pkreed in tin capsules
and then analyzed by the Advantage MS Thermo Stebtelta V (EA-IRMS) equipment
coupled to a Costech elemental analyzer, from ttea@ographic Institute, University of Sao

Paulo (Brazil).

3.4 Dating by P§*° and Cs*'

For the?!®Pb and™*'Cs analysesy15 g of dry sediment was used. Twenty samples were
disaggregated in an agate mortar and analyzed iE@GandG ORTEC® (Hyperpure Ge,
model GMX25190P) gamma spectrometer at LaQIMar Qkafory of Marine Inorganic
Chemistry, University of S&o Paulo, Brazil). Agesrer based on a constant sedimentation
model, according to Figueira et al. (2007) and éigaret al. (2014).

3.5 Micropaleontological Analysis

Samples of 10 ml of sediment were used for micexpatblogical analyses. Sediment
samples were washed with distilled water in a 63 giene. Fractions <63 um and >63 pum
were stored in beakers and oven dried at low teatypex (<60°C). Foraminifera were picked
and placed in foraminifer slides with the aid ofménk hair brush and a Zeiss microscope,
model Stemi SV11, with a maximum magnification 6D2.
For the species identification, the Ellis and Meastatalog (Ellis and Messina, 1940-2015)
was consulted, as well as specific references, aschoeblich and Tappan (1987) for the
genera identification and for the species iderdtfan Boltovskoy et al. (1980), Debenay et al.
(2001) and Martins and Gomes (2004) and Alves Marét al. (2019b). The online catalog
available at WoRMS (World Register of Marine Spsgidayward et al. 2020) was also used
to update the species name. The absolute abundafamaminifera is the number of tests and
species found in 10 ml of sediment (n° 10 ml). $pecies richness (SR; number of species
present in a sample) was calculated for all thepsasnwith foraminifera. Shannon diversity
index (H') and evenness (J) were estimated only samples with a number100
specimens/10ml, since, according to Fatela andrfab@002), this is the smallest number of
individuals that allow us to characterize the for@ifera assemblage with reliability. Thus,

only these parameters were determined in samplesebe 0-32 cm, of the core SP5.
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Diversity indices such as the species richness lpeurof species present in a sample; SR) and
evenness (J') were determined with Primer 06 soé&wa

The quality index based on foraminiferal diverdity. (for details Bouchet et al. 2012
and Francescangeli et al., 2016) was used to deatha PaleoEcological Quality Status
(PaleoEcoQS). The Ecological Quality Ratio (EQR)swaalculated to determine class
boundaries according to Van de Bund and Solimi@Q72 The EQR is the ratio between the
value of a biological metric (diversity in our casand the expected value under reference
conditionsThe EQR ranges from 0 to 1. EQR values close teptesent good PaleoEcoQS,
while those close to zero represent bad PaleoEcB&&hic foraminiferal assemblage from
SB, found in the core SP8 (Castello et al., 202Eidp; 1), was used as pre-impacted refence
conditions. Five equal-size class boundaries wategorized as follow: 1-0.8 high, 0.8-0.6
good, 0.6-0.4 moderate, 0.4-0.2 poor and 0.2-OHmaf)s. The package “entropy” (Hausser
and Strimmer, 2014) was used in R software (R Tean, 2016) to calculate the,H

3.6 Statistical treatment

For the statistical analysis of the granulometryad#éhe Gradistat software (Blott and
Pye, 2001) was used to obtain parameters suchdasesg mean grain size, mode, sorting,
skewness and kurtosis of the analyzed samples.

The relationship between mineralogical, geochemisatopic, and abundance of benthic
foraminifera data in the upper part of the core $Wbere foraminifera were found) was
analyzed using the Principal Component AnalysisAPi@ Statistica v.13. (TIBCO Software
Inc., 2018). The variables were categorized inyers converted into years according to ages
estimations based 6i’Pb and"*’Cs (Table S1).

Variables were reduced according to the criteji&lement with concentration values
below detection levels or sparse data (< 10 valgks); ii) Redundancy —r > 0.9 (the variable
with the highest correlation with the matrix — Psear correlation was retained); iii)
Invariance check (coefficient of variation threshel 0.01). Data were standardized using the
"ranging for variables with arbitrary zero" prdoee. The goal of normalization was to
change the values of numerical columns in the datasa standard scale without distorting
differences in the ranges of values (Milligan anab@er, 1985). The analyzed components
were those that exhibited eigenvalues higher thafh# foraminiferal abundance data were
computed in the PCA as supplementary variables, imibdencing, therefore, the other

variables. The generated graphic is a representatiovhich the correlations between active
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variables (environmental) and supplementary veemlfspecies) with the cases (years) are
observed. The components with eigenvalues greszearl were retained.

4. Results

The core SP5 has a dark gray to black color. Nambtransitions or apparent
sedimentary structures were observed. The age nufd#lis core, based oft®Pb data,
presented in Table S1, reveals that this core dsctie las150 years, with an average
accumulation rate of0.83+0.13 cm yf. The maximum fallout of*’Cs, corresponding to

1963, was recorded at the 45 cm level.

4.1 Granulometry

The core SP5 is a sandy mud and muddy sand sedirmesgquence (Table S2). The
percentage of the sedimentary fine fraction (<63 manies between 30.4% and 81.1% (with
an average equal to 59.6%). The fine sedimentagfiém is predominant both at the base and
at the core top, while the sand fraction, namelgioma and coarse sand fraction, increases in
the middle section of the core (Fig. 2), where ghdiment mean grain size reaches 74.4 um
(Table S2). At the top of the core, the sedimergshamodal, while at the intermediate portion
and at the base of the core, the sediments arenpdigl. The sediments are predominantly
composed of 3 modes, at 7@, 152.5um and 605um. Sorting valuesd| reveal that the
sediments are generally poorly sorted at the uppdrower sections of the core and are very

poorly sorted in the intermediate zone, with coagsanulometry.

4.2 Mineralogy

The main mineralogical constituents are (Table $Byllosilicates (48.30% - 87.35%
mean: 72.19 + 7.50%), followed by quartz (7.99%1-93%; mean: 16.82 + 4.84%), K-
feldspar (0% - 16.45%; mean: 3.65 = 3.26%) andiptdgse (0% -11.39%; mean: 1.50 %
2.51%). The accessory constituents are calcite-{0%86; mean: 0.69 + 1.49%), pyrite (0% -
7.13%; mean: 1.94 £ 1.21%), zeolites (0 % - 4.84%6an: 0.27 + 0.88%), siderite (0% -
4.67% mean: 0.85 = 1.34%), anatase (0% -4.39%; me&@0 + 1.41%), anhydrite (0% -
4.25%; mean 0.78 = 1.17%), magnetite/maghemite {02682%; mean: 0.19 + 0 .57%),
iImenite (0% - 1.35%; mean: 0.09 + 0.31%) and doler{0% - 0.85%; mean: 0.03 + 0.15%).
Significant changes in the mineralogical compogitid the sediments along the core are not

observed. However, it should be noted, the presehpgrite and the increase of this mineral



Depth (cm) /Age AD (yrs

Depth (cm) /Age AD (yrs)

Sorting Fine Fraction Medium+ Coarse Sand Fraction Insoluble Residue Carbonates Pyrite Feldspars/Quartz 1 1 1
% % % % Ratio

2020 T

3.0 35 4.0 4.5 5.0 20 40 60 80 0 5 10 15 80

2000 7

Int.4

20 +

1980 7
30 T+

1960 40 1

50 T

Int.3

1940 1
60 T

1920 + 70 T¢

80 T

1900 7
90 T

Int.2

1880 100 +

110 +

1860 7

Int.1

12012

1840 - 130

2020

10

Int.4

2000
20

1980 1 30

40

1960
50

Int.3

1940 T o

70
1920

1900

Int.2

1880

Int.1

1860

1840 L 130 130 130 130 s B

Figure 2 — Graphs as a function of depth and agm¢ADomine or AD) of: A. sorting, percentage ofefiffaction, medium and coarse sand, carbonatepyaitd and feldspar/quartz ratio; B.
SMGS (%; sediment mean grain size), TOC (%; totghnic carbon), C/S, N (%)°N (%) ands'°C (%.). Based on the analyzed data four intervais)(were highlighted. Red and blue
dashed vertical lines correspond to global basefatees for shale (Turekian and Wedepohl, 1961)fantbcal fine sediments (Pinto et al., 2019) pexgtively. The arrows highlight variables

with increasing (in red) or decreasing (lower) aamteation trends. The regression line for someatées and their Rvalue was presented



112

at the core top, as well as the rise of the feldgpartz ratio values. The values of this ratio
also increase slightly in the middle part of theec@ig. 2A).

4.3 Geochemical parameters

The TOC (0.33-1.80%; mean: 0.91+0.45%) and N (0@488%; mean: 0.104+0.046
%) contents tend to continuously increase from B0t@ the core top, while th#°N values
(between 7.775%0 and 12.743%0; mean: 9.752+1.298@vsan inverse pattern (Fig. 2B and
Table S2). Only punctual increases in TOC are dabrin the lower section, the most
significant at 103 cm (Fig. 2B). The C/S ratio we#U0.20-4.35; mean: 1.38£1.20) rise in 35-
75 cm interval, where the sediment mean grain (8&GS) is relatively high (Fig. 2B). The
carbonate content (<16.3%; mean: 10.2+4.2 %) iseeapwards, while the IR values (83.7-
100%; mean: 89.7+4.2 %) show an inverse patterg. (Bh). Thed**C values (between -
26,376 %o and -22,008 %o0; mean: -23,495+1.442 %o)iBegmtly reduce in the interval where
S values (0.18-3.64%; mean: 1.13+0.77 %) are athighest valuesy75-110 cm; Fig. 2B).

Some of the analyzed chemical elements (Table 1Tafde S2) show concentrations
above the world shale (Turekian and Wedepohl, 186d)local baseline (estimated by Pinto
et al., 2019) values. It can be observed, for exanipr Cd, Zn, Mg and P, which increase in
relation to the respective baseline values in fgeu 70 cm (Fig. 3). The values of Ca and Cu
are below the world shale (Turekian and Wedepd®,1) and local baseline values (Pinto et
al., 2019) but both elements show an increasingdtie the upper 75/80 cm (aftefl915).
Some elements, such as Zr, Nb, Hf, W, Th, Al andrdach higher concentrations in the
lower portion of the core (80/75-130 cm), but ab@@75 cm their concentrations are
relatively low (Fig.3). The SP5 core has generallygher Pb concentrations than the world
shale (Turekian and Wedepohl, 1961) and local besehklues (Pinto et al., 2019) (Fig. 3).
Sn presents a distribution pattern similar to Rithkelements decrease their concentrations in
the intermediate section where the sediments aesen(Figs. 2 and 3). Betwee80/75-110
cm, peaks of U, Mn, Mo, Fe and S are observed,elsas the sharp decline in P aidC
values (Figs. 2 and 3). In addition to these eldmefs concentrations (Fig. 3) also reach
higher values than those of the world shale (Tarelkind Wedepohl, 1961) in the firstO
cm (after~1965) and also to the local baseline value (Piht@l.e2019) betweer80-75 cm
(=1917-1940).

Some elemental ratios were selected to represangels in the geochemical composition
of the sediments such as Ti/Ca, Y/Ni, Cr/V, La/8Big/Co and Rb/K (Fig. 4A). The Ti/Ca and

Th/Co values reach higher values in the lower fla@tow 85 cm), whereas Y/Ni and Cr/V



113

display higher values in the upper 85/90 cm (F). Rb/K values decrease sharply in the
mid-part of the core, between 80-110 cm. On thdraoyn La/Sc ratio shows higher values in

this interval characterized by relatively coarsstiments (Fig. 4A).
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Figure 3. Chemical element concentrations as atifimof depthand age (Anno Domine or ADBased
on the analyzed data four intervals (Int.) werehhignted. Red and blue dashed vertical lines
correspond to global baseline values for shale gdian and Wedepohl, 1961) and for local fine

sediments (Pinto et al., 2019), respectively.
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Figure 3 (cont). Chemical element contents as atiom of depth. Based on the analyzed data four

1840

intervals (Int.) were highlighted. Red and blue Iaas vertical lines correspond to global baseline
values for shale (Turekian and Wedepohl, 1961) fandocal fine sediments (Pinto et al., 2019),

respectively. The gray dashed vertical line repressthe average value for the core.

4.4 Enrichment factor

Considering the classification ranges presentéichble 2, EF values are categorized as:
1<EF<2 by Al, As, Fe, P, and Mg; 2<EF<5 by Ce, Mf), Mo, Nb, Pb, S, Sn, Th, U, W and
Zr and; 5<EF<20 for Zn and Cd (Table S3). Most lnd elements reach maximum Igeo
values <1 (Table S3), except Sn and Zr (up to d),(@ to 2.7) and Zn (up to 3.1). Some
elements exhibit maximum CF values >1, between:fdrAl, Th, Hf, Ce, U, Nb, Zr, P, Pb
and Sn; 2-3 for Cd and; 3-4 for Zn (Table S3). HIQRERI values (up to 329) are found in
the upper core part (Table S3; Fig. 4B).
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The EF and Igeo values of Cd and Zn and PERI vaiggsficantly increase in the upper 80
cm and particularly mostly in the uppermost 50 ¢rhe EF and Igeo values of Sn are
relatively higher at both ends of the core and e&se in the middle interval where the

sediments are coarser.

4.5 Benthic foraminifera

The density (FD) of benthic foraminifera rangegrird to 446 specimens/10 ml (Table
S4). Samples are devoid of foraminiferal tests We® cm (Fig. 5). The highest SR is
identified at the layers with highest FD. A tot&l38 species is identified, 33 of which with a
carbonate test wall and 5 agglutinants (Table $H& most abundant species ammonia
tepida, Buliminella elegantissima, Bolivina stritwandCribroelphidium excavatur(Fig. 5;
S1A). Ammonia rolshausenPararotalia sarmientoiand Ammonia parkinsonianare also
recognized (FD <19 specimens/10 ml). Other boldgrand buliminids are identified (density
<10 specimens/10 ml); the abundance of this growgreased after 1998. The plot of
Ammonia/Elphidiumndex (AEI) shows the predominance of the firgiugr over the second
one, with a sharp peak at 30-20 cm depth (Fig. 5).

In the 0-32 cm interval, FD is >148 specimens/10 te SR vary between 9 and 22
species (Fig. 5) and the Hbc and J indices osedlabetween 1.12-1.49 and 0.46-0.56,
respectively (Table S4). The most abundant spegiAs tepida its frequency is >50% from
1974 and up to 78% (Fig. S1B). This species ioWadd byB. elegantissimgup to 32%) and
P. sarmientqiB. striatulaandC. excavatupwhich do not exceed 6% (Fig. S1B).

The EQR values in core SP5 as a function of yearshown in Figure 6. The EQR
values varies between 0.21 and 0.67 with the highesies in the upper layers of the core
(Table S5).

4.6 PCA Results

The first two PCA components explain about 83%hef tbtal variance of the data (Fig.
7). The first component (PC1; ca. 66% of variarisepositively related to the C/$C,
coarser grain size (medium + coarse sadid)y, Mg and Fe (Table 3). These variables have
the highest correlation with the layers correspogdo the periods around 1943, 1947, 1938,
1953 and 1958, in this order of importance (Table Mo foraminiferal species show a
positive correlation with these cases (years). PI@&l is also negatively related to fine
fraction, TOC and most of the heavy metals (Fig.T9)e cases with the highest correlation
with these variables are in 2004, 1998, 2001 20980, 1989, 1974. Foraminiferal species
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with the highest negative correlation with PC1 Ardepida, P. sarmientoi, B. elegantissima,
A. parkinsoniana, C. excavatum, B. striatatad A. rolshauseni.

The second component (PC2; ca. 17% of variancpps#tively related to K-feldspar
and Hf but exhibits a negative correlation with @able 3).Bolivina striatula and C.
excavatumare correlated with the period around 2004. Naiggehave a relevant correlation

with the negative axis of the PC2
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Figure 5. Graphs as a function of depth and aged¢Adomine or AD) of: total benthic foraminifera
density FD) and abundance of several species axal & well as species richness (SR) and
Ammonia/Elphidiunratio found along the core SP5. Based on the aedlgata four intervals (Int.)
were highlighted. The red arrows show a significemtease in the abundance Bélivinids and

BuliminidsandAmmonia/Elphidiunmatio.
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5. Discussion

Foraminifera were not found in the lower part oé #tore SP5. Instead, the remains of
these organisms were only found in the upper datti® core, which is characterized by high
concentrations of PTEs and TOC (indicative of comiteation as discussed as follow). One
would expect that increased stress caused by adwersditions would have the opposite
effect. Thus, based on the obtained data, we toedentify environmental changes in the
period registered in this core and to understamwd fosaminifera responded to these changes.
In addition, from recorded alterations of foramémd diversity indices, the environmental

conditions in the last decades were classified.
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5.1 Changes in the sedimentary environment

In Madeira Island, the Itaguai is one of the mogpartant iron ore loading port of the
world that receive and exports ore resulting frém@ mining activity from various regions of
Brazil, namely from Minas Gerais State (southeastBrazil). The relatively high Fe
concentrations in the upper section of the SP5, eéeqgrobably related to this activity. But Fe
Is a mobile element, which can be scavenged inraesedimentary phases (Root et al., 2007,
Morgan et al., 2012) some lithogenic elements aiths were analyzed to trace the main

sources of the sediments in the study area.

Tabela 3. Correlations between Factors and Vasaffctor loadings) based on the inverse matriodBct-

moment/ Pearson).

Variable PC1 PC2
Fine Fraction -0.83  -0.20
Sand Fraction 0.89 0.15

K-Feldspar -0.47 0.83
TOC -0.95 0.10
C/S 0.94 0.24
=N 0.89  0.02
o=C 0.90 -0.10

Al -0.43 -0.83

As -0.72  -0.33

Cd -0.88 -0.38

Fe 0.56 -0.70

Hf -0.53 0.56

Mg 0.88 -0.38

Mn -0.77 0.43

Mo -0.96 0.04

Nb -0.81 0.33

Pb -0.89  -0.30

Sn -0.92 -0.24

Zn -0.95 -0.27

A. parkinsoniana -0.69  -0.07
A. rolshauseni -0.56 0.26

A. tepida -0.76 0.21

B. striatula -0.59 0.45

B. elegantissima -0.70 0.14
C. excavatum -0.63 0.44
P. sarmientoi -0.73  -0.03
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organico dissolvido. POC — Carbono organico pddin. Os valores relativos ao periodo registrado

no core SP5 entre 1880-1915 foram assinaladosejddo azul.

The mineralogical and geochemical results revestl e sediments of the SP5 core are

essentially siliciclastic. Chromium (<110 ppm) add(<65 ppm) concentrations (Table S2)
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are below the North American shale composite valMASC; Garver et al., 1996) and
indicate that the main source of the sedimentsfelsec rocks (Hossain et al., 2017). The
La/Scvs Th/Co graph (Fig. 8A) based on Cullers (2002) @kdnlola and Idowu (2012), the
Zr-Th-Sc ternary diagram (Fig. 8B) based on Bhatia Crook (1986) and Okunlola and
Idowu (2012) and the Hiscott diagram (Hiscott, 1984 Cr/V vs Y/Ni (Fig. 8C), also point

to metamorphic felsic rocks (formed in a contextpaksive margin) as main source of the
sediments, which agrees with the geological evatuéind the lithological composition of this
region (Heilbron et al., 2020; Fig. 6). These gewultal data indicate that the sediments are
supplied mostly by the erosion of local and regionaks. Gongalves et al. (2020) suggested
that the presence of some elements such as CNi@umd Pb were correlated to fine fraction
of the sediment, probably associated with fluugduts of eroded materials from the drainage
basin. However, Pinto et al. (2019) inferred tih&t $ources of elements such as Ca, Na and K
could be calcium-alkaline rocks of the Juiz de Rdrat (Minas Gerais, Brazil), described by
Duarte et al. (2000). These authors also relatesetihocks with Zn mineralization, which may
have contributed to the enrichment of this elemetite sediments.

The mean sediment accumulation rate estimated @ 65 was-0.83+0.13 cm yt.
Similar values have been found by other authois,(Barcellos et al., 1997; Marques et al.,
2006). Castelo et al. (2021b) documented higharesa(~1.36+0.05 cm ¥} of the sediment
accumulation rates in a core located in the mastrakarea of the bay (SP3). Goncgalves et al.
(2020) obtained much lower values (e.g., 0.13 cthbafore the 80's to 0.255 cm™yafter
this period) in the eastern region of the bay, @aaratiba. Borges and Nittrouer (2016 a, b)
suggested that the average sediment accumulatiennrahe bay varied from the Holocene
transgression period until part of the last centuxgcording to these authors, during this
period, the sediment accumulation rate in the bag w0.17 c¢m Vt, significantly increased
during the 1970s (~0.37 cm¥rand in the last 20 years the region has achieved higher
sediment accumulation rates, ranging from 0.10-2r@0/f* in muddy areas to 0.4-1.2 cri yr
! on tidal flats. Borges and Nittrouer (2016 a, bygested that the increase in sedimentation
in the last 20 years was related to the accumulaifonuddy sediments in the northwestern
part of the bay and the consequent progradatiod0®f m of the coastline since 1868.
Barcellos et al. (1997) noticed higher accumulatiates in the estuarine area, at north of the
bay, associated to a progradiement related to the Guandu River delta (recognigeBorges
and Nittrouer (2016 a).

On the basis of textural, mineralogical, geocheiraca foraminiferal results, four main

intervals along the core SP5 can be identified:
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- Interval 1 (Int. 1) betweern133-110 cm £1858- 1882) characterized by polymodal,
and poorly sorted fine-grained sediments, relagidelw TOC (around 0.5%), N,
carbonate (generally <10%), pyrite and feldspaesfqu values and by low
concentrations of Zn, Cd, Mg, Ca and Cu. By comtiags marked by relatively high
8°C values and concentrations of for instance Zr, bW, Th, Al, Ta and IR and is
devoid of foraminifera, mollusk and ostracods remai

- Interval 2 (Int. 2) betweer110-75 cm £1882-1925) is distinguished mainly by the
accentuated decrease of 81&C values; it has geochemical characteristics (&m.,
Cd, Mg, Ca, Cu, N, C/S and TOC values) similarhe tnt. 1 but shows a sharp
increase in Zr, Nb, Hf, W, Th, Ta, Pb, S and SM@&e(to the rise medium to coarse
sand fractions of the sediment). It is also denbtedn overall decrease of Al and fine
fraction, sharp reduction of P, peaks of As, V, Mo, Fe,5"°N and C/N and again
absence of foraminifera.

- Interval 3 (Int. 3) betweer75-34 cm £1925-1974) is characterized by the presence
of sandy sediments, but the SMGS starts to desdeisdalso marked, for example, by
an increase trend in TOC, N, Zn, Cd, Cu and redhtihigh values 06°C, Mg, Ca,
carbonates and P, an abrupt rise in C/N ratio salaeeduction of IR§**N, relatively
low concentrations of Zr, Nb, Hf, W, Th, Al and &ad the presence of foraminifera
in the sedimentary record.

- Interval 4 (Int. 4) between34-0 cm §€1974-2015) is marked by a significant increase
in FD, the occurrence of fine-grained sedimentstirkely high values of TOC, N, Zn,
Cd, Cu,8"C, Mg, Ca, carbonates and P and relatively loweglof Zr, Nb, Hf, W,
Th, Al, Ta, RI, C/S and™N.

In the Int. 1 and 2, the high values of Ti/Ca ratioupled with relatively high
concentrations of Zr, Nb, Hf, W, Th, Al, Ta and (Rigs. 3, 4) indicate the accumulation of
essentially lithogenic particles (Nace et al., 20&4ébregiorgis et al., 2020) and the presence
of a quite low biogenic component as supported dw tarbonate contents, absence of
carbonatic foraminiferal tests (Table S4), ostracadd mollusks (Table SZJhe sediments
deposited in these intervals may be associatdtetGtiandu River delta, in a period when the
coastline was probably located closer to the stiidy Araripe et al. (2011) suggested that the
elements Hf and U are associated with the minarabia, which is a possible product of
erosion of igneous rocks located in the surrourslio§ the bay. Thus, the increased
concentration of these elements in Int. 1 indicates supply mainly of materials from

continental provenance. On the other hand, theseeglts (e.g., Zr, Nb, Hf, W, Th, Al, Ta)
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reach higher concentrations than the world shalé,show moderate enrichment in Int. 1 and
Int. 2. This enrichment might have been producedthiy remobilization prompted by
engineering works and/or by mining activities ie tiegion.

However, the mineralogical results suggest chamgtdse proximity of the source area of
the sediments or alterations in their reworkinge Agher values of the feldspars/quartz ratio
in Int. 4 (Fig. 2) may indicate a higher sedimepntaput from the drainage network, adjacent
to the study area and the presence of less wedtserBments, since the minerals from the
feldspar group are less resistant to weathering tinzartz (Lira and Neves, 2013). This
change may be due to the natural evolution of tygefba Bay, but it may also have been
influenced by anthropic actions. The populatiorreéase on the river margins, as well as the
works carried out along the Guandu River (Barcedbal., 1997; Borges and Nittrouer, 2016
a, b) may have facilitated the transport of lessorked sediments to the study area. The
exploration of sand on the river margins have praahathe disfigurement of the river
channels and the collapse of the margins, whicleigead holes and lateral creeks (SEMADS,
2001) and enhanced a greater contribution of sedsra continental origin to the study area
(Barcellos et al., 1997). On the other hand, tlignsents from the lower part of the core (Int.
1-Int. 3) have relatively low feldspars/quartz eat(Fig. 2) indicating that the sediments have
undergone greater reworking than those of Int. 4.

Transitional waters are normally exposed to bothtioental drainage and marine
action (Perillo, 1995). Periods of greater or lessantinental/oceanic influence may have
influenced sedimentation in the study area. Chaog#sis kind were inferred from the Rb/K
ratio, which has been used to interpret varyinglewf salinity (Campbell and Williams,
1965) in the study area. The use of this ratioaseld on the assumption that fine marine
sediments contain higher Rb contents due to inece@®ncentrations of this element in
seawater (0.12 ppm) compared to freshwater envieotsn(0.0013 ppm). On the other hand,
K concentrations are used to represent the clagtidra Values of the ratio Rb/K are
interpreted as the following: (1) Rb/K ratio ©0.004 indicates freshwater conditions; (2) >
0.004 t0<0.006 suggests the influence of fresh to brackiatewyand; (3) > 0.006 refers up to
fully marine developed environments (Campbell andi&vhs, 1965). Thus, the reduction of
the Rb/K ratio values in the Int. 2 (Fig. 4) likedyggest the influence of less saline water.
This inference is also supported by the stablefses results of organic matter.

The graphs 08'3C vs C/N ands**C vs §™°N, as well as the suggested fields based on
Deines (1980), Lamb et al. (2006), Martinelli et (@009), Barros et al. (2010) and Bueno et
al. (2019), allow us to infer that the study areeeived a contribution of organic matter from
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several sources, including terrestrial C3 plantssiHwater algae but also from oceanic
productivity and sewage discharge (Fig. 9). Acaumgdio the diagram of Figure 9, the more
negative5'C values (Meyers, 1997) may be related to a greageply of organic material of
continental origin, corroborating the inference aling the lower Rb/K values (Fig. 4).
However, the fact that these more negative valuessianultaneously recorded with higher
levels of S and the slight increase of pyrite (2§, B) allows us to deduce that they may
have been also influenced by diagenetic changd®isediment, which led to the production
of sulfides in anoxic sedimentary environments aob-environments. On the other hand,
according to Stein (19913°C values around -20.00% may be related to mariaakpdn.
Thus, the less negative values36IC recorded: in Int. 3 associated with lower valogthe
C/N ratio may represent a higher contribution agjamic matter from marine organisms and;
in Int. 4 associated with relatively higher valugsthe C/N ratio should indicate a greater
contribution of waste to the study area.

The highest TOC contents reaching ca. 1.8% aredfaurnt. 4, associated with fine
grained sediments. Since the concentration of T@Creach up to 12.5% in coastal areas
influenced by human activities, such as domestimdustrial sewage discharges (Kennish,
1997), this enrichment can be considered as madefdte TOC contents are in general
<0.8% before~1930 that may indicate low organic matter presésmatand/or high
heterotrophic activity and/or remobilization af@eposition (Souza et al., 2017). However,
the presence of pyrite in Int. 1 and Int. 2 andhglthe entire core indicates low oxic condition
of the sediments, even at the sandiest layers. mmeral is formed in anoxic sediments and
its preservation also occurs in oxygen-scarce enmients (Wang and Morse, 1996).

The prevailing low-oxygenated conditions are alsobaborated by the low values of the
C/S ratio. According to Lyons and Berner (1992)S GAtios below 2.8 £ 0.8 indicate
sediments deposited under reducing conditions. Masdt of this core has C/S values <2.8.
However, a peak of the C/S ratio occur in the nadatirt of the core (Int. 3), associated with
coarser grained sediments (Fig. 2) indicating thesgnce of more “oxic” sediments when
compared to the other intervals, namely the Intildwever, the presence of oxic boundaries
is already noticed in the previous interval (in. 1B} through the increase in redox sensitive
elements, such as U, Mn, Mo, S and Fe (e.g., Uebah, 1999; Brown et al., 2000; Zheng et
al., 2000, 2002; Adelson et al., 2001; Thomsonl.et2801). The high enrichment of these
metals is usually attributed to changes in the xedondition of the sediment. Thus, the
increase in redox-sensitive metals, especially d &n, the depletion of Ti/Ca values

associated to coarser sediments grain size indicateengthening of hydrodynamics in Int. 2,
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probably due to higher connection of the study avéh oceanic waters. This would have
been favorable to the progressive enrichment igdna carbonates from Int. 3 onwards due

to the development of organisms with carbonateteptomns.

5.2. Impact caused by anthropogenic influence

On the basis of the EF values and the classificatrgeria of Sutherland (2000), the Int.
4 has sediments moderately to significantly endcheCd, Zn and Sn. Similarly, the Igeo
values and Miller's (1986) classification critesaggest moderately to heavily polluted
conditions by these PTEs in this interval. The aomhation by Cd and Zn metals is widely
documented in the study area (e.g., Mounier e2@01; Lacerda et al. 2001; Martins et al.
2019, Castelo et al., 2021 a, b). The Companhia Mgrcantil (or CIA Inga, currently
inactive) may have significantly contributed tosttsituation. This company, installed in the
1950s, in Madeira Island (Fig. 1) was responsilole the production of high purity zinc
(Magalhées et al., 2001, Mounier et al., 2001; ai et al., 2004; Arauvjo et al., 2017 a, b).
The liability generated by the Inga company wast#énget of tailings leaks in February 1996,
where 50 million liters of contaminated water anddwere dumped into the Sepetiba Bay
(Melo, 1996). Cadmium and Zn concentrations tertdedecline at the top of the core SP5,
probably due to the company's inactivity since 1998

Higher concentrations of Zn and Cd that found ireceP5 were recorded for instance by
Araujo et al. (2017 a, b) in areas close to thel@g@. Barcellos et al. (1997) suggested the
presence of internal vertical flows that promote ttmobilization of fine particles, enhancing
the dispersion of metals and also the resusperaidrtransport of sediments contaminated
along the bay. It is possible that the presencéhe$e contaminants in the core SP5 has
resulted from the dispersion of pollutants from tkeurce areas because sediment
destabilization through ship traffic, heavy swelhd dredging operations in the navigable
channels to give access to the Itaguai port, wiely have released contaminants to the
water column which were transported by the curremthe study area.

Tin contamination may be associated with the udaafides such as tributyltin (TBT), a
biocide that is used as the main agent in antifigupaints applied on ships. The ban on the
use of paints with antifouling properties basedl&T started in Europe and Asia during the
70s and 80s (Alzieu, 2000). However, the restnctod the use of TBT only occurred in
Brazil in 2007, from NORMAM-23/DPC (2007). Thereatso a tendency to decline of the

enrichment of this metal at the core top, perhajgstd restrictions caused by this regulation.



128

Phosphorus contents increased in Int. 3 and remhawlatively high (generally above
local and world shale baseline values) in Int. logphorous contents in these intervals are
associated with increased TOC contents and ottemicial elements such as Cd and Zn. This
suggests that the increase in P in Int. 3 and4inhay have been influenced by municipal
sewage, diffuse (fertilizers) runoff from agricuttih soils. Phosphorus is a chemical element
that acts as a nutrient for phytoplankton and itatds the reproduction of algae and vascular
plants, contributing to the eutrophication procgsshauser et al., 2004), that is, a high supply
of organic matter to the bottom and decrease igexycontent in the sediment.

High concentrations of As were previously obsersggdMagalhdes and Pfeiffer (1995),
in the vicinity of Madeira Island (Fig. 1). The higoncentrations of As recorded in core SP5
can be associated with the high purity Zn and Gzhtinent process by metallurgical
companies in the region (Barcellos et al., 1991gweler, the higher enrichment of As in
core SP5 occurred in Int. 2, before the operatibthe CIA Inga. So, this enrichment is
probably associated with lithological sources amthe weathering of the rocks of the region
(as also observed by Pinto et al., 2019) or miaictgities.

The enrichment of sediments in PTEs, in the inegran of the Sepetiba Bay, may have
mainly occurred from the 1950s, but especially frtme 1970s. Castelo et al. (2021a)
suggested that the supply of organic matter faverdmbxic conditions in the region and the
occurrence of pyrite was the result of anoxic cbadiin the bay's microenvironments and

contributed to the retention of PTEs.

5.3 Recent evolution of the study area

The absence of foraminifera in Int. 1 and Int. Zgrsts that the environmental
conditions were not suitable for the presence e$¢horganisms. The presence of carbonates
in the two oldest intervals (Int.1 and Int. 2) slibindicate the occurrence of greater salinity
or a more restricted phase in this inner area efldlly. According to Silva et al. (2000),
precipitation of evaporitic minerals occurs in adictable order, as salt water evaporates,
with calcite being the first mineral to be depasit€he dataset suggests that the study area in
the~1895-1935 period may have been part of a coastal pt associated to processes of the
deltaic complex of the Guandu River, passing thhoplgases of subaerial exposure, periods
of freshwater presence alternating with others mctv the area was invaded by marine
waters. The presence of marine waters, throughnoceaverwash, may have however
allowed the deposition of inorganic carbonates.hScenditions were not favorable to the

development of foraminifera.
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From =1935 (Int. 3 to Int. 4), the occurrence of forarfera is observed in the study
record. These data indicate that the area became fanvorable to the flourishment of these
organisms due to a higher oceanic influence inatle@. However, the large variability of the
physicochemical parameters and the instability hef substrate prevented the significant
development of a stable community in the study andat. 3 £1935-1974) affected by the
extreme complexity of the hydrodynamics of shalleaters, with large asymmetries in the
distribution of ebb-flood currents caused by thmiséiurnal variation of tides and friction
with the bed forms (Cunha et al., 2006) generaiingeneral polymodal and very poorly
sorted sediments in Int. 2 and Int. 3.

However, the supply of progressively finer sedimsenit proximal sources (as suggested
by the increase of feldspars/quartz ratio) to thesarea, induced by the interventions in the
river courses, more accentuated from 1950 onwastsgciated with the prevalence of calm
hydrodynamic conditions in Int. 4, aftel974 (Fig. 5) combined with abundant food supply
allowed the development of poorly diversified asBEmes of benthic foraminifera. The
flourishment of species with opportunistic beha\idiojtahid et al., 2008) in the study area,
such asAmmonia tepida, Buliminella elegantissima, Bolivstaatula and Cribroelphidium
excavatum common in anthropized coastal environments waemed (e.g., Vilela et al.,
2003; Duleba and Debenay, 2003; Alves Martins.eRfll9a; Castelo et al., 2021a).

Ammonia tepidas a quite common species in coastal environmexstst is tolerant to
physicochemical variations such as salinity, terapuee and nutrient availability (Zaninetti et
al. 1977; Frontalini et al. 2009). Furthermoke,tepidacan survive in environments under
environmental stress due to the presence of sekerdlof pollutants, namely PTEs (; Van
der Zwaan, 2000; Samir, 2000, Debenay et al., 2080dgording to Duleba et al. (2018, 2019)
the highest proportion d&immoniaspp. in relation t&lphidiumspp. suggests the presence of
stressful coastal environmental conditions. Thuse trelatively high values of the
Ammonia/Elphidiumratio in Int. 4 supports a shallow confined tréinsial environment.
However, the progressive trend towards the occoer@f eutrophication and the consequent
reduction in oxygen, associated with the preseficediments with moderate to considerable
ecological risk, according to the PERI values, #ra enrichment of PTEs (namely, Cd, Zn
and Sn) seems to have been a conditioning factortie establishment of diversified
assemblages and the presence of species intotertiiese adverse environmental conditions.
The most abundant species found in this work amevknby tolerating the high instability of
transitional waters and the presence in the sedaneenvironments of high TOC and low
oxygen contents (Bronnimann et al., 1981; Murré891, 2006; Moodley and Hess, 1992;
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Alve and Murray, 1999; Frontalini et al., 2009) aenkn pollution by metals (Vilela et al.,
2004), as already observed by some authors sudbamasder Zwaan (2000), Orabi et al.
(2017), and Martins et al. (2019).

The PCA results and isotopes data (Figs. 7, 9) sthatvthe augmented density of the
most frequent species in the foraminiferal assegaddound in the upper part of core SP5 is
associated with the increasing of organic mattemofed sources also including those of
marine origin materials and sewage materials, ohtieeh to calm hydrodynamic conditions.
Although these assemblages were found in sedinmeotierately to strongly polluted mainly
by Cd and Zn, the factor 2 of the PCA (Fig. 7) shdwat the higher abundance of these
organisms is reached in less polluted sedimenB&Tis.

The classification of the environmental quality dédson EcoQS, with the analysis
resolution used in this work, show that the envinental conditions were poor in 1975. They
worsened after the metal spill event from the Chgd tailings accumulation area that
occurred in 1996 (Melo, 1996; Magalhaes et al.,120@ounier et al., 2001; Molisani et al.,
2004), but since than the environmental qualitygpeesively improved, and became good at

the study site.

6. Conclusion

The area where the SP5 core was collected pregamsiplex recent evolution, possibly
associated with geomorphological changes relatethe@oposition of the coastline and the
structure of the Guandu River delta, whose moutlogated close to the study area. The
establishment of a circulation pattern similar be current one, from the 1970s onwards,
favored the accumulation of fine sediments, ricloiganic matter, and the development of
foraminiferal community. From 1970 onwards, theaatsecame moderately to heavily
polluted by PTEs, such as by Cd, Zn and Sn andepted a moderate to considerable
ecological risk, according to the estimated PERULUes Contamination by PTEs in the
Sepetiba Bay has been widely documented in thaitee, and is mainly due to the urban and
industrial development surrounding this regionadidition to the process of contamination by
metals, the inner area of the Sepetiba Bay has bedergoing a process of silting and
eutrophication due to anthropic activities that diboned the establishment of diversified
assemblages of foraminifera. The opportunistic iggesuch as&immonia tepida, Buliminella
elegantissima, Bolivina striatulaand Cribroelphidium excavatumbenefitted from the
abundant supply of organic matter. The EcoQS vahmdied for the first time in the

Sepetiba Bay has allowed us to reconstruct theogmal quality based on benthic
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foraminiferal assemblages in Int. 4. These valuescate that the environmental conditions
were poor around 1975, worsened after the metdlesgnt from the CIA Ingé tailings but

became much better and turned good in 2015. Thegelsain EcoQS suggest that the
Sepetiba Bay was strongly more degraded and isinaavrecovering phase. The Sepetiba
Bay is an invaluable environment, both sociallypremmically and environmentally, the

monitoring of this area is of great importance a&et preventive actions and mitigate the
environmental degradation of this system. This walrkws that benthic foraminifera and the
application of EcoQS may be a very useful toohia tlassification of past environments and

in the analysis of their temporal evolution.
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