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RESUMO

Mudancas significativas no aporte ou no tipo de matéria organica (MO) podem resultar
em altera¢des no nivel de trofia do ambiente, no grau de labilidade, na liberagéo de
contaminantes adsorvidos, bem como no armazenamento e na ciclagem biogeoquimica
do carbono. Nesse contexto, a Baia de Todos os Santos (BTS) tem sido submetida a
multiplas atividades antrépicas com potencial de alterar a natureza e o contetdo da
MO sedimentar: indUstria petrolifera, quimica e, secundariamente, urbanizacdo. A
reconstrucdo das variacdes histéricas do carbono, nitrogénio e seus respectivos
is6topos, hidrocarbonetos (alifaticos, policiclicos aroméaticos e alquilados) e do carbono
negro (BC) com base em registros sedimentares é significativa para a compreenséao das
emissodes de poluentes de longo prazo, o rastreamento de fontes e o estabelecimento
de estratégias eficazes para o controle da poluigdo. Ao comparar dois testemunhos de
sedimentos coletados na regido norte da BTS as variacbes historicas foram
reconstruidas e comparadas com o desenvolvimento socioeconémico local. Em linhas
gerais, os resultados indicam que os perfis temporais da MO depositada nos
testemunhos podem diferir significativamente em uma pequena escala espacial. No
testemunho T2, coletado mais offshore, os parametros analisados indicam melhores
condigcbes ambientais com fontes naturais de MO. As concentragdes de carbono
organico total - COT e nitrogénio total — NT variaram de 0,66 a 1,98% e 0,12 a 0,19%,
respectivamente. O modelo de mistura isotopico mostrou uma contribuicdo marinha
média de 70,23%, relativamente uniforme, com exce¢do do periodo entre as décadas
de 1930 e 1980, quando houve um aumento da contribuicdo de marinho possivelmente
associada a expansao de um banco de algas. Os baixos teores de ALCro7 (0,25 a 2,23
Mg g1), YALI (0,36 a 2,90 ug g*), HPAror (7,62 a 354,45 ng 1), HPAAk (1,11-77,50 ng
gl), associados a auséncia de UCM, pristano e fitano, mostram pouco ou ndo ha
influéncia de contaminacdo por fontes antrépicas nas areas da MO. Os indices
diagnosticos indicaram as fontes piroliticas como as principais fontes de HPAs no
testemunho T2. Os teores de BC variaram de 0,0800 a 0,440 mg g™ e foi produzido partir
da queima incompleta de biomassa do tipo C4. No testemunho T4, as concentracdes de
COT (1,17 a 2,23%) e NT (0,13 a 0,26%) aumentaram ao longo do tempo, mas ainda
indicam um sistema oligotréfico. O modelo de mistura isotdépica mostrou mudancgas nas
proporcdes das fontes dominantes de MO, com o aumento gradual da contribuicdo
terrestre (aléctone) a partir da década de 1950, provavelmente relacionado com
mudancas no uso do solo. A partir da década de 1970, os teores de hidrocarbonetos em
geral aumentaram de maneira abrupta alcancando o nivel de poluicdo elevada, apesar
da reducdo verificada nas ultimas décadas. Nesse periodo, houve também uma
mudanca nas fontes de BC, com as contribuicbes da queima da biomassa dando lugar
as emissoOes veiculares. A partir de 1980, uma clara assinatura petrogénica foi vista com
a presenca de uma mistura complexa ndo resolvida (nd para 349,94 ug g?),
concentracdes aumentadas de YALI (0,35 a 380,34 ug g), ALCror (0,25 a 5,84 ug g?),
HPAror (3,05 a 1096,37 ng g!) e HPAAk (0,40 a 329,23 ng g). A partir da década de
1990 houve um aumento mais pronunciado nas concentracdes de BC. Os efeitos da
implementacdo de politicas ambientais para melhorar a qualidade da agua da BTS
comecaram a refletir-se na qualidade dos sedimentos no inicio do século XXI.

Palavras-chave: isétopo estavel, carbono orgéanico, carbono negro, hidrocarbonetos.



ABSTRACT

Significant changes in the transport or composition of organic matter (OM) can lead to
alterations in trophic environments, the degree of lability, the release of adsorbed
contaminants, as well as the storage and biogeochemical cycling of carbon. In this
context, Baia de Todos os Santos (BTS) has been subject to multiple human activities
with the potential to modify the nature and content of sedimentary OM: oil and chemical
industries, and to a lesser extent, urbanization. Reconstructing historical variations in
carbon, nitrogen, their respective isotopes, hydrocarbons (aliphatic, polycyclic aromatic,
and alkylated), and black carbon (BC) based on sedimentary records is significant for
understanding long-term pollutant emissions, tracing sources, and establishing effective
pollution control strategies. By comparing two sediment cores collected in the northern
region of the BTS, historical variations were reconstructed and compared with local
socioeconomic development. Overall, the results indicate that the temporal profiles of
OM deposited in cores can vary significantly on a small spatial scale. In core T2, collected
further offshore, the analyzed parameters indicate better environmental conditions with
natural sources of OM. The concentrations of total organic carbon (TOC) and total
nitrogen (TN) ranged from 0.66% to 1.98% and 0.12% to 0.19%, respectively. The
isotopic mixing model showed an average marine contribution of 70.23%, relatively
uniform, with the exception of the period between the 1930s and 1980s, when there was
an increase in the marine contribution possibly associated with the expansion of an algal
bed. The low levels of ALC+or (0.25 to 2.23 pg g*), YALI (0.36 to 2.90 ug g), HPATor
(7.62 t0 354.45 ng gt), HPAAk (1.11-77.50 ng g1), associated with the absence of UCM,
pristane, and phytane, indicate little or no influence of contamination by anthropogenic
sources in the OM areas. The diagnostic indices indicated pyrolytic sources as the main
contributors of PAHs in the T2 core. The BC contents ranged from 0.0800 to 0.440 mg
g and were produced from the incomplete combustion of C4 type biomass. In core T4,
the concentrations of total organic carbon (TOC) (1.17 to 2.23%) and total nitrogen (TN)
(0.13 to 0.26%) increased over time but still indicate an oligotrophic system. The isotopic
mixing model revealed changes in the proportions of the dominant sources of organic
matter (OM), with a gradual increase in terrestrial (allochthonous) contribution from the
1950s onwards, likely associated with changes in land use. From the 1970s onwards,
hydrocarbon levels increased abruptly, reaching high pollution levels, despite the
reduction observed in recent decades. During this period, there was also a shift in BC
sources, with contributions from biomass burning being replaced by vehicle emissions.
From 1980 onwards, a clear petrogenic signature was observed with the presence of an
unresolved complex mixture (nd to 349.94 pg g?), increased concentrations of ZALI
(0.35 to 380.34 ug g?), ALCror (0.25 to 5.84 ug g?), HPAtor (3.05 to 1096.37 ng g?),
and HPAak (0.40 to 329.23 ng g?'). From the 1990s onwards, there was a more
pronounced increase in BC concentrations. The effects of implementing environmental
policies to improve water quality in the BTS began to be reflected in sediment quality at
the beginning of the 21st century.

Keywords: stable isotopes, organic carbon, black carbon, hydrocarbons.



APRESENTACAO

Conforme indicado pelo regimento do Programa de Pés-Graduacao em Geologia
— PPGEO, da Universidade Federal da Bahia, através da Resolucao n°® 01/2015, a tese
esta dividida em capitulos e os resultados séo expressos na forma artigos cientificos.

O primeiro capitulo é a Introducdo Geral na qual é apresentado o tema
pesquisado, sua relevancia, a localizacdo da area de trabalho, bem como objetivos geral
e especificos. Os capitulos 2 e 3 tém o objetivo de apresentar o desenvolvimento do
trabalho sob forma de artigos:

- Artigo 1, intitulado “Changes in the nature of organic matter in alarge tropical
urban bay: temporal variations and environmental implications”, escrito em
colaboracdo com o Dr. José Maria Landim Dominguez, Dr. Gilvan Takeshi Yogui e Msc
Marcos de Almeida, foi publicado na revista Regional Studies in Marine Science,
classificada como Qualis A3 para Geociéncias (Fator de Impacto: 2.1).

- Artigo 2, intitulado “Deposigéo historica de carbono negro e hidrocarbonetos
policiclicos aromaticos em sedimentos de uma baia tropical: exploracdo de
petréleo, impactos da urbanizacéo e agricultura”, escrito em colaboragdao com o Dr.
José Maria Landim Dominguez e Dr. Gilvan Takeshi Yogui, estd no formato de
submisséo para a revista Regional Studies in Marine Science.

Na secdo Conclusdes séo feitas consideragdes finais a cerca do trabalho,
seguidas de sugestBes para novas pesquisas na area. As regras de formatacdo de
submisséo da revista Regional Studies in Marine Science constam no ANEXO C. O

Apéndice 1 descreve a participacdo dos coautores dos artigos.
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CAPITULO 1
INTRODUCAO GERAL

A magnitude, extensao e velocidade das mudancas climaticas, geoquimicas e
sedimentoldgicas verificadas no registro geoldgico recente sdo Unicos na histéria do
planeta. Nesse sentido, uma nova Era geoldgica vem se consolidando na comunidade
cientifica — o Antropoceno — na qual a humanidade tornou-se uma forca significativa
para a modificacdo global (Crutzen; Stoermer, 2000). Enquanto o Holoceno representa
cerca de 11.700 anos de estabilidade climatica favoravel ao desenvolvimento humano,
0 Antropoceno destaca os impactos da industrializacdo, urbanizagéo e globalizagdo na
transformacédo dos sistemas terrestres (Steffen et al., 2007).

O debate sobre a oficializacéo do Antropoceno como uma época geoldgica ainda
estd em curso na comunidade cientifica. Alguns argumentam que o inicio do
Antropoceno deve ser marcado pela Revolucdo Industrial (Crutzen; Stoermer, 2000;
Zalasiewicz et al., 2011), enquanto outros propdem datas mais recentes, como meados
do século XX (Lewis; Maslin, 2015). De fato, desde a década de 1950, a influéncia da
atividade humana no sistema terrestre aumentou acentuadamente. Esse periodo vem
sendo chamado de ‘Grande Aceleragcdo’ e € marcada por uma grande expansao da
populacdo humana, aumento acentuado do uso de produtos quimicos sintéticos,
disseminacdo global de materiais radioativos resultantes das explosdes de bombas
atdmicas durante a Segunda Guerra Mundial, além de grandes mudancas nos
processos naturais (Lewis; Maslin, 2015).

O século XX foi marcado por uma perturbacao dos ciclos dos nutrientes sem
precedentes, ultrapassando fronteiras planetarias definidas como um ‘espaco
operacional seguro para a humanidade’ (Rockstrom et al., 2009; Steffen et al., 2019).
Essa ciclagem acelerada dos nutrientes reflete o rapido crescimento populacional, a

mudanca uso do solo, o uso de fertilizantes agricolas, o descarte de esgoto, a queima
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de combustiveis fésseis e outros processos antropicos (Steffen et al., 2019). Colocando
em perspectiva, durante o século passado, a entrada estimada de nitrogénio reativo
pelas atividades humanas (210 Tg N?) ultrapassou a fixagdo natural (203 Tg N7)
(Stevens, 2019). Ja referente ao ciclo do carbono, o uso em escala industrial de fluxos
de energia derivados do carbono fossil causou um aumento exponencial de carbono
liberado para os reservatérios atmosférico, terrestre e oceanico (Le Quéré etal., 2017).
As emissdes globais de CO; eram cerca de 5 bilhdes de toneladas por ano em 1950.
Em 2020, esse numero mais do que triplicou, atingindo aproximadamente 37 bilhdes de
toneladas por ano (Global Carbon Atlas, 2023).

A matéria organica (MO) € composta principalmente por carbono, hidrogénio,
oxigénio e nitrogénio. Sua funcao é indispensavel na natureza, servindo como fonte de
energia na teia alimentar terrestre e marinha, além de atuar como elo de ligagéo entre
diversos ciclos biogeoquimicos (Lehmann; Kleber, 2015). A MO também é reconhecida
por sua importdncia na distribuicdo, mobilidade, solubilidade, toxicidade e
biodisponibilidade de diversos poluentes (Derrien et al., 2017).

A MO pode carregar impressfes digitais dos fluxos hidrolégicos e processos
sedimentares, incluindo modificacbes antropogénicas no sistema natural (Liu et al.,
2022). Mudancas significativas no aporte ou no tipo de MO podem resultar em
alteracBes no nivel de trofia do ambiente, no grau de labilidade, na liberacdo de
contaminantes adsorvidos, bem como no armazenamento e na ciclagem biogeoquimica
do carbono (Heredia et al., 2022).

Alguns efeitos imediatos desses processos nos corpos hidricos sdo conhecidos
e bem documentados, como a eutrofizacao, acidificacéo, alteracdo do teor de oxigénio
dissolvido e outros, que por fim produzem desequilibrios nos ecossistemas e, nao raro,
inviabilizam o aproveitamento desses corpos d’agua (Dang et al., 2018; Cabral et al.,
2019; Liu et al.,, 2020). No entanto, o entendimento sobre os demais efeitos do
desequilibrio entre o aporte natural e antropogénico nos ciclos biogeoquimicos precisa

ser melhor elaborado.
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Em funcéo disso, a composicao e a determinacdo de fontes da MO tem sido
amplamente descritas em todo o mundo a partir de métodos que identificam e/ou
guantificam seus componentes a nivel elementar (e.g. C, N, CN - carbono negro),
isotopico (e.g. d°C, 8N, a assinatura isotdpica do carbono negro - 8*3Ccn) € molecular
(e.g. HPA — Hidrocarboneto Policiclico Aromatico) (Derrien et al., 2017; Dang et al.,
2018; Liu et al.,, 2020). No entanto, alguns desses compostos sofrem degradacao
diferencial, especialmente em ambientes tropicais, onde processos fisicos, quimicos e
biol6gicos afetam frequentemente sua composicdo, dificultando a identificacdo das
fontes. Para superar essas limitacdes, abordagens multiproxy tém sido utilizadas,
principalmente em sistemas com um grande nimero de fontes e quando as assinaturas
dessas fontes se sobrepdem (Yunker et al., 2015; Liu et al., 2020).

A Baia de Todos os Santos (BTS) é a segunda maior baia do Brasil e possui
uma importancia historica, econémica e ecolégica para o pais. A BTS foi a primeira
regido produtora de petréleo no pais, em 1939, e recebeu a primeira refinaria nacional
(atual Refinaria Mataripe - RM) em 1950, hoje a segunda do pais em capacidade
(ACELEN, 2022). Em 1956, foi inaugurado o Terminal Maritimo Almirante Alves Camara
(TEMADRE) para o escoamento da producdo da RM. Atualmente, a BTS abriga dez
terminais portuarios de grande porte, complexos industriais (incluindo metalurgia, téxtil,
guimica e petroquimica), estaleiros, tanques de carcinicultura, além de atividades de
mineracdo (Hatje; De Andrade, 2009). E também a regido de maior concentrag&o
demogréfica e industrial do estado, com quatorze municipios em seu entorno e
abrigando uma populacao superior a 3 milhdes de habitantes (IBGE, 2022). Além disso,
a baia recebe esgoto industrial/doméstico tratado e néo tratado (Hatje; De Andrade,
2009). Essa situacdo tornou a BTS uma grande receptora da carga de compostos
guimicos continentais e atmosféricos. O setor nordeste da BTS, em particular, é
considerado um ponto significativo de pressdo antropica, sendo um hotspot de
contaminagdo para diversos poluentes (Silva et al., 2014; Oliveira et al., 2018; Do O

Martins et al., 2020, Eca et al., 2021).


https://www.sciencedirect.com/science/article/pii/S0272771422003262?casa_token=fl7yhaouNesAAAAA:x45ReNk9r8HZlqNwEqrt5SeuBizzIKYh3KcN6Psw1gTNT3bZfYlBkx5Y4MATR9Aulscpq626m1w#bib90
https://www.sciencedirect.com/science/article/pii/S0272771422003262?casa_token=fl7yhaouNesAAAAA:x45ReNk9r8HZlqNwEqrt5SeuBizzIKYh3KcN6Psw1gTNT3bZfYlBkx5Y4MATR9Aulscpq626m1w#bib42
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Esses processos podem ter levado a mudancas ambientais tAo marcantes que
podem caracterizar o inicio do Antropoceno na BTS. A andlise de testemunhos
sedimentares, registros historicos e indicadores geoquimicos poderia confirmar essa
hipotese, identificando uma ruptura nos padrées do aporte e composicao da matéria
organica a partir desse periodo.

O presente trabalho utilizou uma abordagem multiproxy (C, N, 8*3C, 3!°N, HPAs
parentais e alquilados, n-alcanos, CN e &%Ccy) para descrever a variagdo espaco-
temporal da MO nos niveis elementar, isotopico e molecular, quantificando a
contribuicdo das fontes e avaliando os processos que regulam a distribuicédo e a origem

da matéria organica no sedimento da BTS.

Os objetivos especificos foram:

= Caracterizar a variacao temporal da matéria organica sedimentar;

= Quantificar as contribuicbes marinha e terrestre no balanco de nutrientes através de
um modelo simples de mistura de membros finais;

= Avaliar o destino e preservacdo da MO depositada;

= Determinar o histérico de contaminacéo e a identificacdo de suas possiveis fontes
de emisséo por meio de razdo diagndsticas e analise isotopica;

» Fornecer a primeira avaliacao do contetdo de carbono negro de sedimentos da BTS;

= Discutir a adequacédo dos proxies utilizados como indicadores para fontes naturais e

antropogénicas das entradas de MO no sedimento em ambientes tropicais.
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ABSTRACT

We used information on the elemental (C/N ratio), isotopic (6*°C and 3'°N) and molecular
(aliphatic hydrocarbons) composition of organic matter in sediments from two cores
collected in the Todos os Santos Bay to investigate the sources, distribution and fate of
organic matter (OM). TOC (0.66—2.23%) and TN (0.12—-0.26%) concentrations increased
over time but still indicate an oligotrophic system. A simple isotopic mixing model shows
a mixture of sources, with autochthonous OM dominating (47.1-93.2% of TOC). ALCror
concentrations in the sediments varied from 0.25 t0 5.84 ug g*. The ACL (27.79 to 29.89)
and Al (0.02 to 0.57) indices show the dominance of the terrestrial contribution coming
from C3 vascular plants, such as the mangrove vegetation present on the BTS tidal flats.
In core T2, collected at a more offshore site, the parameters analyzed indicate better
environmental conditions with natural sources of hydrocarbons. At the T4 core collection
site, which was close to the shoreline, a gradual and persistent increase in terrestrial
input from 1950 onward was detected, probably related to changes in land use. From
1980 onward, a clear petrogenic signature is seen with the presence of a complex
unresolved mixture (nd to 349.94 ug/g) and increased concentrations of total resolved
aliphatic hydrocarbons (0.35 to 380.34 ug/g) and normal alkanes (0.25 to 5.84 ug/g).
Three decades of moderate chronic contamination are revealed in the T4 core, reflecting
the history of economic development of the region, including extraction, refining,
transportation and burning of fossil fuels and changes in land use. The effects of
implementing environmental policies to improve the Bay's water quality began to be

reflected in the sediment quality at the beginning of the 21st century.

Keywords: organic carbon; hydrocarbons; nitrogen, n-alkanes; isotopes; Todos o0s

Santos Bay;
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Abbreviations: OM: organic matter; BTS: Todos os Santos Bay; IBGE: Brazilian Institute
of Geography and Statistics; TOC: total organic carbon; TN: total nitrogen; CRA:
Environmental Resource Center; USGS: United States Geological Survey; RM: Mataripe
Refinery; TEMADRE: Maritime Terminal of Madre de Deus; CIA: Aratu Industrial Center;
COPEC: Camacari Petrochemical Complex; CIC: constant initial concentration; GC-FID:
Gas chromatography with a flame ionization detector; QA/QC: Quality Assurance/Quality
Control; United States Geological Survey (USGS); atmospheric air (AIR); ALCror. Total
n-alkane concentrations; LMW: low molecular weight; HMW: high molecular weight;
PCA: principal component analysis; ALI: resolved aliphatic hydrocarbons; UCM:
unresolved complex mixture; Pr: pristane; Ph:phytane; PC: Principal component; C/N:
Carbon/Nitrogen; ACL: average chain length; Al: alkane index, TAR: Terrigen Aquatic
Ratio; CPI: Preferred Carbon Index; InctAmbTropic: National Institute on Science and
Technology for Tropical Marine Environments; CAPES: Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior, CNPqg: Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico; FAPESB: Fundacéo de Amparo a Pesquisa

do Estado da Bahia.
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1. INTRODUCTION

Changes in organic matter (OM) deposited over time in coastal marine sediments
related to variations in the input or type of OM can result in changes in the degree of
trophicity of the environment, in the degree of OM lability, in the solubility, toxicity,
bioavailability, mobility and distribution of pollutants and, ultimately, can influence the
natural biogeochemical cycling and carbon storage (Derrien et al., 2017).

Studies using multiple biogeochemical techniques, mainly biomarkers in
combination with isotopic analyses of carbon and nitrogen, have been successful in
elucidating OM sources in coastal environments (Ke et al., 2017, Oliveira et al., 2018, da
Costa et al., 2021). Straight-chain alkanes (n-alkanes) are common geochemical
markers found in sedimentary organic matter. The identification of the OM source using
these molecular markers is based on variations in the length of the carbon chain for
specific organic sources, whether natural or anthropogenic (Derrien et al., 2017; Abdulla
et al., 2023). In natural alkanes, there is a dominance of the odd number of carbons,
where higher plants are characterized by long chains (C27-Css) and aquatic algae by
shorter chains (Cis, C17, and Cig). On the other hand, petroleum n-alkanes have little or
no predominance of even or odd chain lengths (Meyers et al., 1984). Similarly, the
elemental signatures of carbon and nitrogen and their respective isotopes (3*3C and
O'™N) also tend to be specific for terrestrial, marine and anthropogenic OM sources
(Vilhena et al., 2018, Cabral et al., 2019, Pang et al., 2021).

Todos os Santos Bay (BTS) is one of the largest and most important bays in Brazil.
BTS is situated in a historical context of anthropogenic actions, being subjected to strong
industrial, port and urban pressures. As a highlight, it has the second largest
petrochemical complex in the Southern Hemisphere, the second largest and oldest oil
refinery in Brazil, and two large ports (Hatje and Andrade, 2009) (Fig. 1). These activities
have the potential to alter the nature of the OM in the sedimentary deposits of the Bay

and therefore to impact the Bay's ecosystem services.
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Distinguishing the effects resulting from anthropogenic nutrient enrichment and the
natural variability of the system in urban bays is challenging due to i) the multiplicity of
natural and anthropogenic sources, ii) the hydrodynamic complexity of the environment
and iii) the occurrence of complex biogeochemical processes capable of altering the
original compositions (Lamb et al., 2006). In this sense, the present research has the
potential to contribute to a greater understanding of the impact of anthropogenic activities
on the quality of sedimentary OM deposited in BTS.

In this study, we evaluated the vertical variation in the concentrations of stable
isotopes of carbon and nitrogen (8°C and &°N), total organic carbon (TOC), total
nitrogen (TN) and aliphatic hydrocarbons to investigate the sources, fate and changes in
OM deposited in the region. In addition, we used a simple final element mix model (Shultz

and Calder, 1976) to assess the relative contributions of OM sources.

2. MATERIALS AND METHODS

2.1 STUDY AREA

The BTS, located on the east coast of Brazil, has a total area of 1223 km2. It is an
environment protected from wave action, with circulation dominated by tides and salinity
varying between 28 and 36 (Lessa et al., 2009). The main rivers in the region include the
Paraguacu, Jaguaribe and Subaé. However, the Mataripe, Sdo Paulo and Caipe rivers
also stand out (Fig. 1), then have activities such as oil exploration/transportation in their
basins (Environmental Resource Center - CRA, 2004). Sediments in the northern half of
the bay tend to be muddy (Fig. 1).

Its surroundings include tropical forests, beaches, coral reefs and mangrove

swamps (Hatje and Andrade, 2009). The latter are mainly composed of the species



24

Avicennia schaueriana, Rhizophora mangle L. and Laguncularia racemosa R. (Ramos
et al., 2023).

Historically, several human activities have influenced the environmental quality
of the BTS. In the most recent period, at least four economic cycles can be identified.
The first economic cycle (1950s) was driven by the start of operations at the Landulpho
Alves Refinery — Mataripe, in 1950 (current Mataripe Refinery - RM) and the Maritime
Terminal of Madre de Deus (TEMADRE) in 1956 (Hatje and Andrade, 2009). Currently,
the RM is the second largest in the country, with a refining capacity of 300,000 barrels
of oil per day (ACELEN, 2022). In 1967, the Aratu Industrial Center (CIA) was
established, with enterprises in chemicals, fertilizers, nonmetallic minerals, plastics,
textiles, services and commerce segments, and others.

The second economic cycle (1975-1986) was marked by the installation of the
largest industrial complex in the Southern Hemisphere (Camacari Petrochemical
Complex — COPEC), which housed more than 90 chemical, petrochemical and other
branches of activity. In the third economic cycle (1992-2000), the economy diversified,
including tourism, manufacturing, and automotive industries. Starting in 2000 (fourth
cycle), in addition to the strengthening of the chemical industry and gas and oil extraction,
other industries emerged (for example, the footwear and automotive sectors) (Pessoti
and Silva, 2011).

These activities resulted in impacts on the environmental quality of the bay (Hatje
and Andrade, 2009). The northern portion is considered the most polluted sector of the
BTS (CRA, 2004). Studies have indicated chronic oil contamination (Silva et al., 2014,
Oliveira et al., 2018, Almeida et al., 2018, do O Martins et al., 2020), as well as the
presence of metals at concentration levels that may cause adverse effects on the biota

(Hatje et al., 2009).
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2.2 SAMPLING

Two cores (T2 - 76 cm long and T4 - 68 cm long) were collected in June 2017 in
the northeastern region of the BTS (Fig. 2) at water depths of 8.9 m and 8.3 m,
respectively (Fig. 2).

At the T4 core site, the surficial sediment is muddy, covered with a biofilm and
has low species diversity (Oliveira et al., 2020) (Fig. 2), whereas the T2 core was
collected at a site where the surficial sediment is sandier and rich in bioclasts (Fig. 2),
with biota characterized by soft and calcareous macroalgae, hard corals, and Polychaeta
(Oliveira et al., 2020).

After collection, the cores were frozen immediately upon arrival at the laboratory

and sampled at 2-cm intervals. Subsequently, the samples were lyophilized.

2.3 GEOCHEMICAL ANALYSIS

The sediment grain size was determined in a laser diffraction particle analyzer
(CILAS 1064). Samples were pretreated with hydrogen peroxide to degrade the OM,
followed by stirring for 24 h with sodium hexametaphosphate. The classification of
granulometric fractions was performed using GRADISTAT v 5.0® software (Garcia et al.,
2014).

For the determination of total organic carbon, total nitrogen, 8*C and &N,
approximately 10 mg of dry sediment was weighed into tin capsules after removal of
carbonates by acidification (detailed in Guimaraes et al., 2019). The determination was
made in an elemental analyzer (Costech Instruments Elemental System) coupled to an
isotopic ratio mass spectrometer (Thermo Finnigan Delta Plus). The international
reference standards for isotopic analyses were Vienna Pee Dee Belemnite for 5'°C and

atmospheric air (AIR) for 3°N. The reference materials for the TOC and TN isotopic
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analysis were two standards certified by the United States Geological Survey (USGS):
USGS-40 (L-glutamic acid: 8*3Cypps = -26.39%0 and 8°Nar= -4.52%0) and USGS-41 (L-
glutamic acid enriched in 3C (8**Cvpps = +37.63%0) and >N (8*°Nar = +47.57%o)).

The sedimentation rate of the T2 core was established by measuring the ?'°Pb
activity, according to the procedures described in detail by Godoy et al. (1998). The
concentration of 21°Pb was determined based on its secondary decay product, ?1°Bi, after
a two-week growth period by beta counting with a low-level proportional counter and ten-
channel Perkin—Elmer Prof. Berthold. LB-750. The detection limit of this technique is 1
Bqg kg™ per 1000 minutes of counting time. The calculation of ages and sedimentation
rates was performed using the constant initial concentration (CIC) model applied to
excess 2%Pb. Sedimentation rates for core T4 were not determined because, in the
immediate vicinity, previous works have determined it to be approximately 0.61 cm year
1 (CRA, 2004-0.62 cm year™' and Wagener et al., 2010-0.60 cm year™, located 1.41 km
and 1.74 km away, respectively).

Aliphatic hydrocarbons were extracted using the method described by Costa et
al. (2021). Briefly, approximately 5-10 g of dry sediment from each sample was weighed
into glass cartridges, internal standards were added (80 ug 1-hexadecene and 70 ug 1-
eicosene), and the samples were placed in a Soxhlet extractor with 80 mL of a mixture
of dichloromethane/n-hexane (1:1, v/v) and extracted for 8 h. Samples were treated with
activated copper to remove elemental sulfur. The organic extracts were concentrated to
1 mL on a rotary vacuum evaporator under gentle N> flow. Then, the extracts were
purified using column adsorption chromatography. The column was packed (bottom to
top) with 3.2 g of silica gel (5% deactivated), 1.8 g of alumina (5% deactivated) and 1 cm
of anhydrous sodium sulfate. Each extract was eluted with 10 mL of n-hexane through
the column. The purified extracts were concentrated to 1 mL, and a recovery standard
(70 ug 1-tetradecene) was added. Finally, the samples were stored in a freezer at -20

°C.
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Quantification of n-alkanes and isoprenoid alkanes was performed using a gas
chromatograph (Agilent 7820A) equipped with a flame ionization detector (GC-FID). The
injector temperature was 300 °C, and helium was used as a carrier gas with a constant
flow rate of 1.4 mL min through the column. The injection of the extracts was performed
in split mode at a ratio of 3:1. The capillary column installed in the furnace was a DB-5
column (30 m long, 0.25 mm internal diameter and 0.25 ym film thickness). The oven
temperature program was as follows: 40 °C; ramp at 20 °C min! to 60 °C; ramp at 5 °C
min to 290 °C (isothermal for 5 min); and ramp at 10 °C min to 300 °C (isothermal for

15 min).

2.3.1 Quality Assurance/Quality Control (QA/QC)

In the laboratory procedures, ultrapure solvents of pesticide grade were used.
Laboratory standard solutions were prepared from the following commercially available
primary standards: tetradecene-1 (AccuStandard, catalog number PS-241D-10-1ML);
hexadecene-1 (AccuStandard, catalog number PS-241D-11-1ML); eicosene-1
(AccuStandard, catalog number PS-241D-13-1ML); and hydrocarbon window defining
standard (AccuStandard, catalog number DRH-008S-R2). For each batch of 15 field
samples, an instrument blank (solvent), a laboratory blank (Na>S0O4) and a spiked matrix
were analyzed together to check the accuracy of the method. In two batches, duplicate
samples were also analyzed to check the accuracy of the method. As an additional
analytical control, all standard solutions used in laboratory processes were analyzed
together to verify their integrity. To monitor the efficiency of the extraction and cleaning
processes, internal standards (hexadecene and eicosene) were added to all samples.
Recovery of internal standards was monitored by adding tetradecene to the final extract
after completion of laboratory procedures. Standard solutions of n-alkanes were

periodically injected into the GC-FID to verify the validity of the calibration curve. Each
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set of samples was run in sequence with a solvent blank, calibration curve check
standard solution, quality control samples, and field samples. The calculation of target
analytes was based on internal standards and a six-point linear calibration curve, with a
coefficient of determination (R?) greater than or equal to 0.995. The mean recovery of
internal standards was 84 + 10% (standard deviation). The blanks had only 2% of
analytes above the quantification limit, which varied between 0.02 and 0.03 ug g* (dry
weight). The coefficient of variation (CV) of duplicates was 4.3 £ 3.2%, revealing
excellent method repeatability. The recovery of analytes in the spiked matrix was 82 +

14%, showing excellent method accuracy.

2.3.2 Diagnostic ratios for n-alkanes

Several diagnostic ratios reflecting the relative abundance of individual
compounds are widely applied to characterize the origin of OM (Szymczak-Zyta and
Lubecki, 2022, Liu et al., 2022; Abdulla et al., 2023). The proxies used in this study are
shown in Table 1. Total n-alkane concentrations (ALC+or) were obtained by summing
the concentration (in pg g*) of each individual n-alkane from Ci2 to Ca4o. The total of even
and odd n-alkanes refers to the sum of even n-alkanes from Ci2 to C4o and odd n-alkanes
from Ci3 to Cag, respectively. Low molecular weight (LMW) and high molecular weight

(HMW) n-alkanes are defined as Ci» to C22 and Cas to Cao, respectively.

2.4 STATISTICAL ANALYSIS

Student's t test assuming unequal variances was used to compare hydrocarbon
concentrations between cores. The normality of variables was verified using the
Kolmogorov—Smirnov test, and descriptive statistical analyses and nonparametric

statistical tests were performed using STATISTICA 9.0® software (STATSOFT 2009).
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Values below the limit of quantification were replaced by half of this limit for the purpose
of statistical calculations, and the concentrations were dimensionally normalized.
Principal component analysis (PCA) was applied to the concentrations to determine the
main variables influencing the dataset. Spearman correlation analysis was performed to

evaluate linear relationships between sediment variables.

3. RESULTS

3.1. SEDIMENTATION RATES

Excess ?'°Pb activity concentrations ranged from 7.9 Bq kg~" to 52.8 Bq kg™, with
higher values found in the upper sedimentary layers. The T2 core sedimentation rate
was 0.44 + 0.2 cm year?, and the cover period was 173 years, starting from 1844
(bottom) to 2017 (top). As mentioned in Section 3.2, the sedimentation rate in the T4
core was assumed to be 0.61 cm year™. This value is the average of the sedimentation
rates of nearby cores (CRA, 2004-0.62 cm yr* and Wagener et al., 2010-0.60 cm yr™’,
at distances of 1.41 km and 1.74 km, respectively). Thus, the coverage period of the T4

core was 113 years, starting from 1904 (bottom) to 2017 (top).

3.2 DOWNCORE VARIATIONS IN CARBON, NITROGEN AND GRAIN SIZE

Downcore variations in the percentage of fines and geochemical parameters
(TOC, TN, C/N ratio, 8*3C, 8'°N) in the T2 and T4 cores are shown in Figures 3 and 4,
respectively and are detailed in the Supplementary Material (Table S1).

The T2 core had a lower mud content (53.18 + 0.09%) than the T4 core (64.03 +
0.07%). In the T2 core, the average clay, silt and sand percentages were 8.58 + 0.02%,

44.60 £ 0.07% and 45.94 + 0.09%, respectively. In the T4 core, the clay, silt and sand
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percentages were 12.05 + 0.02%, 51.98 + 0.06% and 35.94 + 0.07%, respectively. There
were no large downcore variations in sediment texture, with the exception of some mud
peaks at 20 and 26 cm depth that exceeded 80% in the T2 core and at depths of 14, 30,
34, 40 and 46 cm in the core T4 where the mud percentage exceeded 70% (Figs. 3 and
4).

The TOC and TN percentages in the T4 core (Fig. 4) were higher than those
found in the T2 core (Fig. 3). In T2, the TOC and TN contents ranged from 0.66 to 1.98%
(mean of 1.29 + 0.39%) and from 0.12 to 0.19% (mean of 0.15 + 0. 02%), respectively.
From the base of the core until 1925, a downward trend in TOC percentages can be
observed, except for a few slight fluctuations. From this depth to the top, there was a
shift in this pattern, with TOC percentages increasing, reaching the highest values in
most of the top layers. TN showed a uniform distribution along the core (0.15 + 0.2%)
and a moderate correlation with TOC (rs = 0.50, p < 0.05, n = 39).

In the T4 core, the TOC and TN percentages ranged from 1.17 to 2.23% (mean
of 1.59 £+ 0.32%) and from 0.13 to 0.26% (mean of 0.18 + 0. 04%), respectively. The TN
content showed a strong positive correlation with TOC (rs = 0.86, p < 0.05, n = 35),
implying that the vast majority of sedimentary nitrogen is of organic origin. It is possible
to identify three distinct patterns in the distribution of TOC and TN: i) from the base of
the core (1906) to 1948, the TOC and TN concentrations tended to increase (TOC = 1.69
+ 0.21%; TN = 0.18 £ 0.03%); ii) from 1991 to 1951, there was a reduction in the
percentages compared to the lower and upper intervals (TOC =1.27 £ 0.10%; TN = 0.15
+ 0.01%), and these values remained approximately constant, accompanied by an
increase in fine sediment content; and iii) from 1994 to 2017, the highest concentrations

of TOC and TN were found, averaging 1.94 + 0.22% for TOC and 0.22 + 0.03% for TN.
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3.3 CARBON AND NITROGEN ISOTOPES (5**C and &"°N)

In core T2, 8*3C ranged from -15.26%o to -21.80%0 (mean -20.21 + 1.56%o) (Fig.
3), and d*°N ranged from 2.84 to 7.40%o, with an average of 5.35 £1.32%o. Similar to the
TOC, the 3N values showed a remarkable increasing trend from 1925 onward.

In core T4, 8'3C ranged from -22.53 to -16.77%o, with an average of -20.50 +
1.53%0 (Fig. 4). In the interval between 1935 and 1950, there was an increasing trend in
O3C values from -22 to -16%o.. The 5N ranged from 0.57 to 9.03%., with an average of
4.18 + 2.04%0. A clear increasing trend in these values from the bottom to the top is

observed, with a more abrupt increase starting in 2004.

3.4. ALIPHATIC HYDROCARBONS

A total of 29 n-alkanes were detected in the BTS sediments. The complete table
with molecular data is presented in the Supplementary Material (Tables S2 and S3). A
synthesis with the values of total n-alkanes (ALCror), sum of low molecular weight n-
alkanes (LMW), sum of high molecular weight n-alkanes (HMW), resolved aliphatic
hydrocarbons (ALI), mixture unresolved complex (UCM), pristane (P) and phytane (F) is
presented in Table 2.

ALC+or concentrations in the sediments of the T2 and T4 cores ranged from 0.25
to 2.23 ug g* and from 0.66 to 5.84 ug g?, respectively. The LMW ranged from 0.04 to
0.22 yg gt at T2 and from 0.07 to 2.17 pg g* at T4. The HMW in both cores represented
the largest fraction of normal alkanes. HMW concentrations in the T2 and T4 samples
ranged from 0.27 to 2.02 ug g* and 0.53 to 4.35 ug g%, respectively.

The n-alkanes also showed a dominance of odd over even homologs in both
cores and at all depths. The mean concentrations of the sum of odd n-alkanes in the T2

and T4 samples were 0.45 + 0.28 ug g* and 0.73 + 1.09 ug g, respectively. The sum
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of even n-alkanes in T2 and T4 was 0.25 + 0.19 pug g* and 0.22 + 0.86 ug g4,
respectively. The maximum concentration for C.g was observed in both cores. Generally,
Ca7, C29 or Csz1 as maximum n-alkanes are indicative of epicuticular waxes of higher
plants (Chen et al., 2017). The sum of aliphatic hydrocarbons ranged from 0.36 to 2.90
ug gtin T2 and from 0.96 to 380.34 ug g* in T4.

The analysis of total aliphatic hydrocarbons and total alkanes showed statistically
significant differences between the samples (p < 0.05). In fact, there was a general trend
toward a decrease in the total concentrations of aliphatic hydrocarbons and n-alkanes
from core T4 (close to the continent) to core T2 (away from the continent) (Table 2; Fig.
5). ALCror concentrations gradually increased upcore in T2 (Fig. 5). HMW
concentrations varied synchronously with the ALC+or (rs = 0.94, p < 0.05, n = 39). In
contrast, LMW concentrations showed no correlation with other components and a more
homogeneous distribution. In T4, an increase in ALCyor concentration occurred abruptly
from the 1980s onward. The LMW and HMW concentrations showed a similar trend (Fig.

5).

3.5. INTEGRATED STATISTICAL ANALYSIS

The result of the PCA, based on the elemental, molecular and isotopic markers
characteristic of OM sources, in addition to accessory data, is shown in Fig. 6. A
combination of the two main PCA axis, which accounted for approximately 70% of the
variance in the data, allowed the distinction of three large groups. Principal component
1 (PC1) explained 42.34% of the total variance and was strongly influenced by ALCor,
ALltor, COT and UCM. High values of hydrocarbons in general are indicative of the
presence of crude oil and/or petroleum input, and high UCM concentrations suggest the
presence of degraded oil. Thus, PC1 was attributed to the anthropogenic contribution.

PC1 separated the samples of the T2 core (36 to 74) from those of the T4 core (1 to 35).
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TOC showed a high correlation with ALCror (rs = 0.72, p <0.05, n = 75), especially with
HMW components (rs = 0.72, p <0.05, n = 75). ALlror also showed a significant
correlation with ALCror (rs = 0.95, p < 0.05, n = 75), and indeed, the latter represent a
considerable fraction of the total aliphatic hydrocarbons.

Principal component 2 (PC2) explained 26.97% of the total variance. It was
associated with 3*C, C/N ratio and 3°N. These parameters showed a strong correlation
with lipids of autochthonous marine origin. Thus, PC2 is considered herein as an
indicator of biogenic contribution.

Interestingly, the T4 core samples were separated into two groups. The most
recent samples (1994 to 2017) showed a strong anthropogenic contribution, while the

older samples (dated from 1909 to 1991) had a dominant biogenic contribution.

4. DISCUSSION

4.1. SOURCES OF ORGANIC MATTER BASED ON ELEMENTAL AND ISOTOPIC

COMPOSITIONS OF CARBON AND NITROGEN

The TOC and TN values in the core samples collected at the BTS showed an
increasing trend over time (Figs. 3 and 4). Although the highest concentrations were
observed near the coast (core sample T4), it is worth noting that TOC concentrations in
the upper layers of core T2 are almost double those found in the 1940s and 1950s. This
trend in part may be a response to the low degradation of OM in young sediments, but
above all to the increased mobilization of carbon from continental origin through the
intensification of land use in more recent years.

Conversely, it is noteworthy that regardless of the depth, the nitrogen contents in
the BTS are low (Figs. 3 and 4). This indicates that the OM in the sediments has a

reduced nutritive value for detritivorous benthic organisms, reflecting the low density and
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diversity of benthos found in this portion of the Bay (CRA, 2004). However, even if
nitrogen is clearly a limiting nutrient for productivity, in recent years, at least two episodes
of algal blooms have been recorded at the BTS associated with high rainfall events and
anthropogenic contributions, with the occurrence of harmful algal species (Santos et al.,
2020). In 2007, for example, an enormous bloom of Akashiwo sanguinea produced
anoxic conditions in the water column, causing the death of more than seven tons of fish
(Arg6lo and Carmel, 2007). However, the values of TOC, TN, &'C and &N in the
sediments are still typical of an oligotrophic system. It is likely that primary production is
preferentially maintained by recycling the OM synthesized in the photic zone of the water
column. The values found are close to the concentrations reported in other studies
carried out in the BTS and lower than the levels found in other bays affected by strong
eutrophication (e.g., Guanabara, Toulon and Bohai Bays) (Table 3).

In general, the isotopic composition of terrestrial OM (C/N > 20, 5*3C = -28%. and
0N = 4-5%o) is distinct from that of marine OM (C/N = 4-10, 3'3C = -18 to -22%o and 5*°N
= 5-7%o) (Meyers et al., 1984, Ramaswamy et al., 2008, Barros et al., 2010, Cabral et
al., 2019). A C/N ratio between 12 and 14 indicates a mixture of marine and terrestrial
sources typically found in estuaries (Meyers et al., 1984). These differences result from
the biochemistry of the plants. Nonvascular plants (e.g., algae) contain a large proportion
of nitrogen-rich proteinaceous material. In contrast, terrestrial vascular plants that require
physical support structures show a high concentration of carbon-rich polymeric materials
(cellulose, hemicellulose and lignin) (Meyers, 1997, Sun et al.,, 2016). Intermediate
values are usually attributed to a mixture between marine and terrestrial sources.

The isotopic composition of OM in cores T2 (3*3C: -21.80 to -15.26%o, 8'°N: 2.84
to 7.40%o, C/N: 8.42 + 2.24) and T4 (d3'3C: -22.53 t0 -16.77%o, 5°N: 0.57 to 9.03%o, C/N:
9.01 + 1.10) indicates a mixing of marine and terrestrial sources. An isotopic mass
balance mixing model, proposed by Shultz and Calder (1976), was used to assess the
relative contributions of OM in the BTS. Since there is no significant post-depositional

fractionation of 8'3C, it is possible to quantify the relative contribution of terrestrial organic
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carbon in marine sediments. In the mixing model, constant end-member values are used,
representing the isotopic signature of the considered sources, according to the following

equation:

613CSampIe = [f 613Cterrestria| + (1'f) 613Cmarine] x 100% (1)

where f is the fraction of terrestrial organic carbon and 8**Cierrestrial and 8**Cmarine are the

isotopic signatures of terrestrial and marine organic carbon sources, respectively.

It is worth noting that the choice of end members is complex because a single
value must represent a mixture of biological components occurring in an environment. In
this work, we chose to use a value of -26%. as the end member of the terrestrial 3*3C,
following the average values obtained for mangroves and other terrestrial sources
(Souza et al., 2017). For the marine end-member, a value of -18.6%0 was used, which is
the average 8'°C in phytoplankton samples from the region (Souza et al., 2017). The
resulting estimates for the contribution of terrestrial and marine organic carbon in the
sedimentary cores of the BTS are summarized in Fig. 7. The isotopic mixing model
shows that the sedimentary OM deposited in the study area is dominated by
autochthonous (marine) organic carbon. The terrestrial (allochthonous) component
exerts a secondary influence. The marine OM in BTS is derived from phytoplankton (in
general, phytoflagellates, diatoms and cyanobacteria) and zooplankton (copepods).
Indeed, the 3'C and 8*°N of phytoplankton vary from -22.0 to -15.6%0 and 5.0 to 11.2%o,
respectively. For zooplankton, 8*3C varies from -19.6 to -15.0%o, and &'°N varies from
5.5 to 12.8%o (Lopes et al., 2009; Souza et al., 2017). In addition, sea grasses (genera
Thalassia and Halodule) (CRA, 2004) located in extensive areas in the study region
(Figure 2) are also a source of OM for the BTS. Seagrass &'3C values reported in the
literature range from -24 to -3% (Hemminga and Mateo, 1996). The

allochthonous/natural terrestrial material has a signature typical of a C3 photosynthetic
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pattern. This may be associated with the tropical forest and mangrove swamps that occur
around the BTS (Fig. 1).

Core T2, farther from the coast, had an average marine contribution of 70.23%,
which was slightly higher than the percentage found in core T4 (67.06%). The relative
contribution of different sources in T2 is relatively uniform, with an average proportion of
terrestrial OM of 33.38 + 8.39% along the profile, with the exception of the period
between the 1930s and 1980s, when there was greater variability and a greater
contribution from marine OM (Fig. 7). Oliveira et al. (2020) identified the presence of
patches of reef with soft and calcareous macroalgae near the T2 core collection region
(Fig. 2). It is possible that the expansion of these seaweeds in the past contributed to the
increase in the autochthonous contribution to OM in this period.

In core sample T4, the mixing model shows changes in the proportions of the
dominant sources of OM (Fig. 7) that are consistent with the changes found in the TOC
and TN contents (Fig. 4; Section 4.1). The gradual increase in the terrestrial
(allochthonous) contribution to OM from the 1950s onward, reaching its maximum in the

1990s, stands out.

4.2. SOURCES OF ORGANIC MATTER BASED ON MOLECULAR MARKERS

To further characterize the different OM sources in the sediments, we used the
parameters and indices presented in Table 2. Although the contributions of natural n-
alkanes are similar in both cores, marked differences in the parameters and indices listed
in Table 2 are observed.

In general, these indices are based on the fact that short-chain n-alkanes are
derived from bacteria, phytoplankton and zooplankton, while long-chain n-alkanes (Cza
to Css) originate from terrigenous hydrocarbons, but are also produced by bacterial

reprocessing of OM (Bray and Evans, 1961; Abdulla et al., 2023).The average chain
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length (ACL) is an index describing the average number of carbon atoms present in n-
alkanes. Lower values (C23-Czs) show a higher contribution of macrophytes to the OM.
In contrast, values between C,7-Css indicate the dominance of terrestrial plants (Ficken
et al., 2000). Considering terrestrial plants, n-alkanes derived from vascular plants with
a C3-type photosynthetic pattern show a higher abundance of C,7 and Cyy. Plants with
the C4 photosynthetic pattern produce more normal alkanes with chains of Cs; and Cas
(Rommerskirchen et al., 2003). This difference is the principle of the alkane index (Al).
Values higher than 0.5 indicate C4 grasses, and values lower than 0.5 indicate the
predominance of C3 plants (Ficken et al., 2000). In core T2, the ACL and Al values vary
from 27.79 to 29.89 and 0.03 to 0.22, respectively. In T4, the same proxies vary from
27.97 to 29.52 and 0.02 to 0.57, respectively. The contribution of vascular plants with a
photosynthetic pattern of type C3, such as the abundant mangrove vegetation present
on the banks of the bay, generated a dominant signature in agreement with the isotopes.
This result shows that although plants of the C4 type (e.g. sugar cane) occupied vast
areas of the BTS in the 16th century, these crops are currently reduced (de Araujo, 2000)
and have a smaller contribution to the sedimentary organic matter, a few hundred meters
from the coast.

The TAR (Terrigen Aquatic Ratio) index has been used to distinguish between
terrestrial and aquatic sources from differences in the distribution of HMW and LMW n-
alkanes. The mean TAR values in cores T2 and T4 were 8.07 + 4.68 and 6.47 + 3.82,
respectively. Thus, the TAR indicates a predominance of terrestrial sources for both
cores in disagreement with the isotopes and the ACL and Al indices. Such
inconsistencies indicate the need for caution in the application and interpretation of these
molecular ratios. Knowledge of the coastal system is imperative, along with consideration
of more sensitive parameters (e.g., isotopes) to better understand the origins of n-

alkanes.



38

To investigate the anthropogenic contribution of OM deposited in the BTS, the
concentrations of ALl and UCM, as well as the UCM/ALI, pristane/phytane and CPI
(Preferred Carbon Index) ratios, were investigated (Table 2).

Unpolluted sediments normally have average concentrations of total aliphatic
hydrocarbons of 5 ug g* and this value may reach 10 ug g in sediments where there is
a significant contribution of higher plants (Volkman et al., 1992). Concentrations lower
than 2.90 pg g* are found in the T2 core, although an upcore increase in these values is
observed. In contrast, in core T4, values lower than 10 ug g* were found only until 1984.
Subsequently, the values increased, reaching a maximum of 380 pg g* in 1997 and a
downward trend thereafter (but maintaining concentrations above 100 pg g¥).
Concentrations higher than 100 pg g* are frequently associated with oil contamination
(Readman et al., 2002).

UCM represents a number of compounds that cannot be resolved by traditional
chromatographic methods, including isomers and homologs of branched and cyclic
hydrocarbons that cannot be identified and quantified individually (Readman et al. 2002).
Low concentrations of UCM (< 10 pg g), accompanied by a bimodal configuration, with
a second elevation between Cis and Cy, are related to bacterial degradation of OM
(Venkatesan and Kaplan, 1982). On the other hand, elevated UCM concentrations are
often a robust indicator of weathered petroleum residues (Volkman et al., 1992). UCM
was not detected in the T2 core, but in the T4 core, it was present in the sedimentary
layers from 1984 onward. It reached a maximum value of 349.94 ug g in the late 1990s,
when it accounted for up to 40% of the ALI. Thus, the UCM values indicate that the T4
core OM is enriched in compounds of petrogenic origin. Furthermore, the UCM/ALI ratio
greater than 4 from 1987 also suggests the presence of degraded oil in the region (Table
2).

Pristane (Pr) and phytane (Ph) are isoprenoid hydrocarbons produced from the
degradation of phytol (C20H400), a constituent of chlorophyll-a. The formation of pristane

and phytane is associated with an oxidizing or reducing environment, respectively. In the
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marine environment, pristane occurs in higher concentrations and is present in
phytoplankton, zooplankton and bacteria (Volkman et al., 1992). In addition, pristane and
phytane are commonly found in equal proportions in most crude oils, so they are often
considered good indicators of oil contamination (Readman, et al., 2002). Isoprenoids
were detected only in the top of the T2 core (2008-2017) and with Pr/Ph ratio > 1,
suggesting the presence of uncontaminated sediments and a predominantly biogenic
source. On the other hand, in T4, these compounds were recorded together in the early
1990s, with a greater abundance of phytane and a Pr/Ph ratio < 1, indicating a petrogenic
source.

The CPIl is an index used to assess the potential contributions of OM sources to
sediments based on the analysis of the ratio of odd and even n-alkane concentrations.
High CPI values reflect the dominant presence of biogenic n-alkanes, while values close
to 1 indicate petrogenic origin (Aboul-Kassim and Simoneit, 1996) or erosion of
sedimentary rocks (Zhang et al., 2019). The continental or marine origin of the biogenic
fraction can be determined using the CPI calculation between light (< n-C24) and heavy
(> n-C24) compounds.

In cores T2 and T4, light n-alkanes (< n-C.4) were often less abundant than heavy
n-alkanes (> n-C.4). The CPI for the lower molecular weight compounds indicates that
there is a low incidence of n-alkanes of planktonic origin, confirming the low primary
production in the BTS. The Ci7 values were also low, ranging from nd (not detected) to
0.08 ug g* and from 0.01 to 0.12 ug g* in cores T2 and T4, respectively. This is an
indication of the low contribution of phytoplankton to the sedimentary OM (Table 2).

The CPl values calculated in the range of C.4 to Cz4 (Table 2), in contrast, showed
higher values in core T4 (1.52 to 19.52) than in core T2 (1.01 to 4.75). In general, Cx
and Cs; were the main n-alkanes in the cores, which is indicative of terrigenous inputs
(Supplementary Material, Tables S2 and S3). However, assuming that alkanes
containing even carbon numbers in the Cy9 to Cs3 range are mostly of petroleum origin,

the concentrations found suggest that there is also an impact of petrogenic input.
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The use of indexes indicative of the origin of n-alkanes in older sediment samples
is more complex. Once deposited, OM may undergo early diagenetic changes. These
processes can mask the results of the indices, as these ratios between the
concentrations of individual compounds or sets of compounds are affected by the

different rates of degradation (Meyers, 1997).

4.3. Historical changes in om contribution and environmental implications

The greatest differences in the geochemical parameters measured in the two
cores derive from the locations where these cores were collected.

The T2 core, located further away from the coastline, is subject to less restricted
tidal circulation. Although there is a gradual increase in the concentrations of total
aliphatic hydrocarbons and n-alkanes from the bottom to the top of this core, the low
contents of these components, associated with the absence of a measurable UCM,
pristane and phytane, show little or no influence of contamination from anthropogenic
sources areas of OM.

Core T4 is located closer to the coast, where tidal circulation is more restricted,
and close to an important oil refinery. In addition, the low renewal of the water mass in
the BTS (Cirano and Lessa, 2007) favors the retention of contaminants. The absence of
UCM in the sedimentary layers deposited in the first half of the 20th century is a strong
indication that there were no significant contributions of hydrocarbons of anthropogenic
origin, mainly of petrogenic origin.

From 1950 onward, there was a gradual increase in the terrestrial fraction
(allochthonous) as a component of the OM in the T4 core. Using the average
sedimentation rate of 6.1 mm year reported for this area (CRA, 2004, Wagener et al.,
2010), this depth corresponds to the 1950s, when the first cycle of industrial expansion

took place in the BTS, marked by the construction of the Mataripe Refinery (RM) and
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TEMADRE. A similar change in the OM pattern in the region was described by Costa et
al. (2011).

The lack of environmental legislation at the time allowed the deforestation and
landfill of extensive areas of mangroves, which were used for the construction of port
terminals, refineries, pipelines, roads and various types of industries. As a consequence,
the BTS mangroves were drastically reduced (CRA, 2004). These land use changes may
have increased the export of soil-derived organic carbon to the BTS. However, these
past changes in land use have not been accompanied by an increase in aliphatic
hydrocarbon or n-alkane concentrations.

An abrupt change in the concentrations of ALCror, LMW, HMW, and }ALI
occurred in the 1980s. The presence of UCM was also recorded. The UCM is an indicator
of the presence of petrogenic hydrocarbons in an advanced degree of degradation; that
is, it is a marker of past contamination (Readman et al.,, 2002). The presence of
petrogenic compounds is also evidenced by UCM/ALI ratio values always greater than
4 in the T4 core, also indicative of the existence of petrogenic compounds with a high
degree of degradation.

During this period, the Camacari Industrial Center (CIA) and the Camacari
Petrochemical Complex (COPEC) (Figure 1) were already fully operational. In addition,
a series of incentive policies culminated in the second economic cycle (1975 to 1986),
which accelerated urban—industrial growth in the region and further altered land use and
human occupation in the region. Although there is no detailed historical survey of the
occurrence of hydrocarbon leaks to the BTS, from 1988, there are some records (CRA,
2004). This time was also marked by a significant demographic increase in the area.
From 1980 to 1991, the population in the municipalities surrounding the BTS increased
from 1.8 to 2.5 million inhabitants (IBGE, 2020).

From the 1990s onward, concentrations of total aliphatic hydrocarbons and UCM
greater than 100 ug g* represent the geochemical record of chronic contamination in the

area. The presence of petrogenic compounds is also evidenced by the UCM/ALI ratio
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values always greater than 4, characterizing the existence of petrogenic compounds with
a high degree of degradation. In this interval, the allochthonous fraction of OM exceeds
50% and is accompanied by an increase in the percentage of fine sediment.

The highest values of total aliphatic hydrocarbons, normal alkanes and UCM in
the T4 core occurred in the late 1990s and early 2000s. These high values suggest
severe contamination at the T4 site.

In the 1990s, environmental policies began to be implemented to improve water
quality in the BTS, which included sanitation and industrial pollution control actions
(Bahia Azul Program — Bahia, 2005). Another important intervention was the
implementation of a water and oil separation system for the liquid effluents generated by
the asphalt plant (RM refinery) in 1998, which contributed to reducing the operational
impacts caused by the refinery. In 2004, the Bahia Azul Program was completed.

These actions may possibly be responsible for the decrease in hydrocarbon
concentrations in the upper layers of the T4 core. However, until 2017, when the T4 core
was collected, there was still chronic contamination at this location.

Despite these improvements, the synergistic effect related to the introduction of
other contaminants may affect the local biota. In this sense, several sectors of the BTS,
including the investigated region, already present poor benthic fauna as a reflection of
this contamination (Venturini et al., 2004, Pires-Vanin et al., 2011, Eca et al., 2021). In
addition, moderate PAH values have been found in mollusks from the region (do O

Martins et al., 2020, Eca et al., 2021).

5. CONCLUSIONS

Although environmental changes in the BTS date back to colonization by the
Portuguese in 1550, the OM geochemical parameters investigated in this study indicate

that important changes took place only starting in the mid-20th century.
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Our results indicated an increase in OM contents over time, with an increasing
input of allochthonous contributions near the coast (T4 core), driven by oil sector
activities and evidencing at least three decades of chronic contamination at moderate
levels. However, actions to control organic pollution apparently contributed to improving
the quality of sediments during the 21st century.

The region furthest from the BTS coastline, where the T2 core was collected, is
a more preserved area from the viewpoint of the organic contaminants studied, in which
the contributions of natural hydrocarbons are more significant.

As a strategy for future monitoring and considering the complexity of a large
urban bay with multiple OM sources such as the BTS, we suggest the use of isotopes of
specific n-alkane compounds, the development of indices adapted to the local diversity
of OM sources, and the combined use of polycyclic aromatic hydrocarbons and black

carbon to better characterize anthropogenic inputs.
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Figure 1. Map of Todos os Santos Bay (BTS), Brazil, with the sampling location of T2 and T4
sediment cores. Locations of the Mataripe Refinery (RM), Madre de Deus Port Terminal

(TEMADRE), Aratu Industrial Center (CIA) and main rivers flowing into the Todos os Santos Bay.
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Figure 2. A — Satellite image of the northeastern portion of the BTS showing the location of cores
T2 and T4. Also indicated are the locations of the Mataripe Refinery (RM) and the Madre de Deus
Port Terminal (TEMADRE). B - Epibenthic marine habitat map (source: Oliveira et al., 2020) with
the locations of cores T2 and T4. Habitat A—Reef patches (Porifera, Zoantharia, and calcareous
macroalgae dominant); Habitat B—Intertidal abrasion terraces (soft macroalgae and Mollusca
dominant); Habitat C—Sandy bottom densely covered by soft macroalgae; Habitat D—Bioclastic
bioturbated sandy bottom; Habitat E1—Sandy tidal flat, and Habitat E2—Muddy tidal flat; Habitat
F—Bioturbated subtidal muddy bottom; Habitat G—Mangrove forests; Habitat H—Supratidal flats

(Apicum).
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Figure 3. Time variation of mud, total organic carbon (TOC), total nitrogen (TN), C/N ratio, 3'3C

and 3N in the T2 core collected in Todos os Santos Bay, Brazil. Vertical bars indicate the typical

value range of marine and terrestrial sources of organic matter.
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Figure 4. Time variation of mud, total organic carbon (TOC), total nitrogen (TN), C/N ratio, 5'3C

AGE (YEARS)

and 8'°N in the T4 core collected in Todos os Santos Bay, Brazil. Vertical bars indicate the typical

value range of marine and terrestrial sources of organic matter.
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Figure 5. Vertical variations in the concentrations of total n-alkanes (ALCrot) and low molecular

weight (LMW) and high molecular weight (HMW) n-alkanes in the samples studied. The vertical

colored bars indicate oil contamination levels according to Volkman et al. (1992) and Readman

et al. (2002): green (nonpolluted sediments), red (polluted sediments) and yellow (moderate

concentrations). Horizontal bands indicate the four economic cycles identified in the region and

detailed in Section 2.
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Fig. 6. Principal component analysis (PCA) based on the parameters: Mud, TOC, TN, C/N, 3%3C,
0N, ALCror, ALltor, and UCM. The PCA loadings plot is shown on the left, and the sample

scoring plot is shown on the right.
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Figure 7. Relative contribution of terrestrial and marine organic carbon based on an isotopic
mixing model (Shultz and Calder, 1976), applied to the sediments of cores T2 and T4. The dashed
lines indicate important economic cycles in the Todos os Santos Bay, with the first cycle driven
by the oil sector. Horizontal bands indicate the four economic cycles identified in the region and

detailed in Section 2.
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TABLES

Table 1. Organic matter source identification proxies used in this study.

Index Interval Source Reference
Average Chain Length (ACL) 23e25 Biogenic: macrophytes Zhang et al., 2006
27e33 Terrigen
Terrigen Aquatic Ratio (TAR) <1 Aquatic Bourbonniiere; Meyer, 1996
>1 Terrigen
Alkane Index (Al) >05 Biogenic: C4 type grasses Rommerskirchen et al., 2003
<0.5 Terrestrial: vascular plants (type C3)
Total Aliphatic Hydrocarbons 5.0-10.0 Predominance of biogenic sources Volkman et al., 1992
(HA) >100 Oil contaminated sediments Readman et al., 2002
UCM Absence Sediments not contaminated by oil Volkman et al., 1992
Presence Oil contaminated sediments
UCM/ALI >4 Oil contaminated sediments Volkman et al., 1992
<4 Sediments not contaminated by oil
PRISTANE / PHYTANE -1 Petrogenic Steinhauer; Boehm, 1992
>1(3eb) Predominance of biogenic sources
<1 Petrogenic Aboul-Kassim; Simoneit, 1996
Preferred Carbon Index (CPI i i i
(CPI) 4a7 Biogenic and Terrigen Hedges: Prahl, 1093
>1 Biogenic
[nC3,

TAR:[nC27+nCZg+nC31]_ACL: Y[nC; xi].

nCyis+ nCy7+nCqg ! Z[nCL] !

| cpr=05x

" [nCz9+ nCzq]’

[nCZS+TLC27+TLC29+TLC31+TLC33
NnCy4+nCy6+nCyg+nC3p+nCsy

nC25+nC27+nC29+nC31+nC33]
nCy6+nCyg+nC30+nCz2+nC34
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Table 2. Concentrations of total n-alkanes (ALCrort), sum of low molecular weight n-alkanes (LMW), sum of high molecular weight n-alkanes (HMW), resolved
aliphatic hydrocarbons (ALI), mixture unresolved complex (UCM), pristane (P) and phytane (F) in sediment cores from Todos os Santos Bay, Brazil, with mean,

standard deviation, maximum and minimum values.

T2 CORE T4 CORE
AGE Alc LMW HMW ALl UCM UCM/ ACL Al Pr/Ph CPI © CP'C AGE Alc LMW HMW ALl UCM UCM/ ACL Al Pr/Ph CPI CPI
(YEARS) Tota b . d e ALt o h i (Ci2-C2a)j 24; %) | (YEARS) Tota ¢ d e ALl g h i (012;02“) (CZ4|'C‘°’4)
2017 188 019 170 250 nd 0.00 2905 010 1.42 0.78 1.56 2017 536 1.41 397 23.44 14169 6.04 27.97 033 nd 1.90 1.56
2012 223 022 202 290 nd 000 2832 0.08 0.00 0.84 1.62 2014 507 1.13 3.96 3240 136.96 4.23 2857 0.39 0.50 2.17 2.21
2008 141 016 132 234 nd 000 2858 0.07 nd 0.82 1.91 2010 584 150 4.35 29.70 221.30 7.45 2890 0.33 0.47 1.74 2.34
2003 140 016 128 250 nd 000 2894 0.03 nd 0.71 1.82 2007 496 150 3.49 21.85 19501 8.93 28.65 0.48 0.44 2.02 1.52
1999 1.05 010 096 147 nd 0.00 2869 0.08 nd 0.90 1.67 2004 421 1.08 3.13 26.54 187.09 7.05 28.16 0.06 0.42 1.37 1.79
1994 1.73 016 159 267 nd 000 2859 0.06 nd 0.80 1.43 2001 7.16 217 5.01 37.40 327.34 8.75 28.11 0.57 0.38 2.61 2.31
1990 116 013 1.03 189 nd 0.00 2884 0.05 nd 0.62 1.63 1997 582 1.82 4.00 30.40 349.94 11.51 28.16 0.35 0.31 1.90 2.00
1985 142 020 126 191 nd 0.00 2898 0.05 nd 0.57 1.40 1994 352 099 255 13.94 151.43 10.87 28.37 0.31 0.46 1.49 1.59
1981 1.18 013 106 156 nd 0.00 2863 0.03 nd 0.62 1.09 1991 214 045 170 670 4599 6.86 28.14 0.17 nd 1.05 1.55
1976 093 0.10 086 106 nd 0.00 2893 0.03 nd 0.79 1.49 1987 131 025 1.07 252 2587 1027 2836 024 nd 1.31 1.72
1972 137 017 121 183 nd 0.00 2843 0.12 0.00 0.67 1.27 1984 091 022 071 163 3.04 187 2918 006 nd 0.77 3.49
1967 067 0.11 057 043 nd 0.00 2874 022 nd 0.86 1.53 1981 076 022 057 128 nd 0.00 29.21 0.12 nd 0.55 6.55
1962 089 0.16 074 035 nd 0.00 2892 013 nd 0.72 2.00 1978 055 011 045 104 nd 0.00 2952 0.10 nd 1.07 19.52
1958 094 012 084 120 nd 0.00 2881 0.03 nd 0.69 1.27 1974 069 018 054 235 nd 0.00 29.47 0.09 nd 0.97 3.38
1953 1.01 019 083 1.03 nd 0.00 2890 0.04 0.00 0.56 1.29 1971 124 035 0.89 258 nd 0.00 28.72 0.07 nd 0.73 1.88
1949 096 0.15 082 123 nd 0.00 2894 0.04 0.00 0.53 3.31 1968 0.80 016 067 195 nd 0.00 29.25 0.06 nd 0.53 2.95
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1944 068 010 060 079 nd 0.00 2863 0.00 nd 0.56 1.14 1965 070 012 060 151 nd 0.00 29.52 0.07 nd 0.75 4.02
1940 052 010 045 052 nd 000 2887 0.05 nd 0.62 1.38 1961 081 0.17 066 168 nd 0.00 29.41 0.09 nd 0.79 3.72
1935 069 010 060 099 nd 0.00 2895 0.09 nd 0.66 1.35 1958 1.05 028 079 192 nd 0.00 29.04 0.07 nd 0.64 2.44
1931 060 008 055 079 nd 000 2892 0.05 nd 0.62 1.15 1955 059 009 053 147 nd 0.00 29.31 0.03 nd 0.87 3.11
1926 063 012 053 067 nd 000 29.33 0.05 nd 0.53 1.19 1951 068 016 054 156 nd 0.00 29.52 0.08 nd 0.8 4.62
1922 065 009 058 083 nd 000 2879 0.05 nd 0.57 1.23 1948 080 020 062 139 nd 0.00 29.33 0.11 nd 0.81 4.05
1917 056 009 049 056 nd 000 29.69 0.00 nd 0.44 1.31 1945 1.40 013 127 258 nd 0.00 2856 0.07 0.42 2.24
1912 046 009 041 057 nd 000 29.27 0.05 nd 0.67 1.69 1942 095 012 086 225 nd 0.00 2891 0.05 nd 1.73 2.82
1908 055 0.07 051 070 nd 0.00 29.25 0.05 4.86 0.41 1.92 1938 1.31 024 108 221 nd 0.00 2890 0.05 nd 0.62 2.76
1903 0.28 0.06 029 048 nd 0.00 2920 0.07 nd 0.49 4.01 1935 084 012 075 154 nd 0.00 29.21 0.06 nd 1.02 3.86
1899 0.27 0.04 029 054 nd 0.00 2962 0.07 nd 0.36 3.11 1932 093 008 088 168 nd 0.00 29.17 0.04 nd 2.06 4.13
1894 0.45 0.06 043 092 nd 0.00 29.21 0.06 1.00 0.38 1.62 1928 nd
1890 051 0.08 046 074 nd 0.00 2891 0.07 0.00 0.30 1.84 1925 091 022 072 179 nd 0.00 2897 0.03 nd 0.54 2.16
1885 025 0.05 027 036 nd 0.00 2921 0.08 nd 0.41 4.45 1922 076 009 071 175 nd 0.00 28.75 0.03 nd 1.24 1.94
1881 0.26 0.06 027 066 nd 0.00 2925 0.09 nd 0.36 2.34 1919 084 009 079 192 nd 0.00 28.84 0.02 nd 0.73 2.28
1876 0.75 0.04 073 106 nd 0.00 27.79 0.05 nd 0.60 0.92 1915 097 010 090 152 nd 0.00 28.33 0.03 nd 0.9 1.57
1872 039 0.04 038 044 nd 0.00 2989 0.06 nd 0.45 2.82 1912 082 015 070 137 nd 0.00 28.78 0.03 nd 1.06 2.01
1867 039 004 039 074 nd 000 29.05 0.06 1.00 0.41 2.08 1909 1.05 0.24 083 157 nd 0.00 2895 0.06 nd 0.46 2.43
1862 035 0.06 033 068 nd 0.00 29.66 0.07 1.00 0.34 2.98 1906 0.66 007 062 09 nd 0.00 29.35 0.07 nd 1.62 4.28
1858 069 009 062 094 nd 000 2880 0.10 0.00 0.50 1.49
1853 059 009 054 089 nd 000 29.08 0.04 0.37 0.52 1.99
1849 073 006 069 112 nd 000 2859 0.04 nd 0.61 1.31
1844 060 005 057 097 nd 000 2838 0.05 nd 0.50 1.25
Mean 068 0.10 0.60 0.92 28.92 0.05 0.57 1.56 Mean 094 021 081 1.92 15143 0.00 28.90 0.07 1.00 3.26
Standard Standard
Deviation 0.47 0.05 0.42 0.69 0.40 0.04 0.16 0.80 Deviaton 1.94 058 1.37 11.31 98.84 3.95 0.47 0.15 0.57 3.09
Maximum 2.23 0.22 2.02 2.90 29.69 0.22 0.90 4.45 Maximum 5.84 2.17 4.35 37.40 349.94 8.75 28.16 0.35 2.61 19.52
Minimum 0.25 0.04 0.27 0.36 27.79 0.03 0.30 1.14 Minimum 0.66 0.07 053 0.96 nd 0.00 29.35 0.07 0.42 1.56




a Total concentration of n—alkanes (C12-Cao).

b Concentrations of low molecular weight n-alkanes (< C2»)
¢ Concentrations of high molecular weight n-alkanes (= C23)
4 Total concentration of resolved aliphatic hydrocarbons
€Total concentration of unresolved complex mixture

f Ratio between unresolved complex mixture and resolved aliphatic hydrocarbons
9 Mean chain length of n-alkanes

h Alkanes index

" Pristane to phytane ratio

I Preferential carbon index calculated for C12-Caa

! Preferential carbon index calculated for C24-Caa
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Table 3. Total organic carbon (TOC), total nitrogen (TN) and carbon isotopes (5*3C) and nitrogen (5*°N) contents found in sediments from the BTS and in other

bays in Brazil and worldwide.

TOC (%) TN (%) 513C (%o) 5'°N (%o0) Reference
-15,26 a -
Todos os Santos Bay, Brazil 0,66-2,23 0,12-0,26 21,80 2,84 - 7,40 Present study
Todos os Santos Bay, Brazil 0,7-1,6 0,10-0,30 -195a-22,8 3,8-6,3 Souza et al., 2017
Todos os Santos Bay, Brazil 0,95-2,72 0,10-0,33 * *k Costa et al., 2011
Guanabara Bay, Brazil 297-397 0,33-0,48 * *k Lazzari et al., 2019
Babitonga Bay, Brazil 0,07-3,82 0,01-382 -249a-226 36-64 Barros et al., 2010
-25,69 a -
Bohai Bay, China 0,85-7,24 0,03-0,47 18,23 6,06 + 2,81 Gao et al., 2012
-22,07 a -
Zhelin Bay, China 0,46 - 1,23 0,08 -0,20 21,13 5,28 -7,14 Gu et al., 2017
-21,03 a -
Arabian Sea, Pakistan 0,65-4,77 0,08 -0,59 19,14 6,85 - 8,86 Cowie et al., 2009
Arctic Ocean 0,34-190 0,05-0,22 -24,2a-22,0 51-6,8 Schubert; calvert, 2001
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RESUMO

A deposicao historica de carbono negro (BC) e hidrocarbonetos policiclicos aromaticos
(HPASs) foi estudada pela primeira vez nos sedimentos da Baia de Todos os Santos
(BTS). Dois testemunhos de sedimentos da regido norte da BTS foram analisados,
comparando suas variacdes histdricas com o desenvolvimento socioecondmico local. A
concentracdo de BC variou de 0,08 a 0,44 mg g, representando até 4% do carbono
organico total (COT). O testemunho T2 indicou BC proveniente da queima incompleta
de plantas C4, enquanto préximo a costa (T4), esse padréo foi observado apenas antes
de 1960, devido a agricultura de cana-de-aglcar. Com a urbanizacéao, fontes veiculares
passaram a predominar no BC depositado, aumentando significativamente apds 1990.
As concentracdes de HPAror nos testemunhos T2 e T4 variaram de 33,6 a185nggte
de 2,90 a 1066 ng g, respectivamente, com fontes piroliticas sendo as principais fontes
de HPAs. No entanto, T4 refletiu mudancas histéricas locais, com um aumento abrupto
de hidrocarbonetos a partir de 1980, coincidindo com a intensificacdo da exploracédo de
petréleo e derramamentos acidentais. A poluicdo foi moderada apds esse periodo,
exceto por um pico elevado em 2010. A implementacdo de politicas ambientais

melhorou a qualidade da agua e reduziu a poluicao.

Palavras — chave: Baia de Todos os Santos, carbono organico, emisséao

antropogénica, matéria organica.
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1. Introducdo

Nas Ultimas décadas, o desenvolvimento industrial e tecnoldgico, aliado ao
aumento da populacdo mundial, destruicdo de habitats, extincdo de espécies e
exploracdo massiva dos recursos naturais resultaram em mudangas profundas no
planeta conceitualizadas como o Antropoceno (Crutzen, 2002). Essa unidade nao oficial
de tempo geoldgico tem sido usada para descrever o periodo mais recente da histdria
da Terra. Durante este periodo, a liberacdo de contaminantes quimicos tem causado
graves problemas ambientais em diversas escalas (Cao et al., 2020; Sharifiet al., 2022).

Nesse contexto, os hidrocarbonetos policiclicos aromaticos (HPAs) parentais e
alquilados sédo compostos ubiquos e representam uma grande preocupacao ambiental
devido ao seu caréater téxico, carcinogénico, mutagénico e bioacumulativo (Han et al.,
2021; Pang et al., 2022). Esses compostos sdo introduzidos no ambiente marinho por
diferentes fontes, incluindo fontes piroliticas (resultantes da combustéo incompleta de
matéria organica, incluindo combustiveis fésseis), petrogénicas (originadas do aporte
direto de petroleo e seus derivados) e processos diagenéticos (transformacdes que
ocorrem apo6s a deposicao de precursores biogénicos) (Li et al., 2023). Embora exista
um aporte natural, seu aumento inequivoco esta associado a introducdes antrdpicas,
especialmente nas regides costeiras (Pang et al., 2022).

Juntamente com os HPAs de origem pirolitica, a combustdo incompleta de
combustiveis fosseis e biomassa gera o carbono negro (no inglés, Black Carbon — BC).
O BC é uma fra¢do aromética altamente refrataria do carbono organico (Goldberg, 1985)
gue alcanca os sistemas costeiros através da descarga fluvial e/ou pela deposicao
atmosférica imida ou seca (Khan et al., 2017). Dessa forma, o BC presente no ambiente
marinho se destaca como marcador por ser proveniente de fontes al6ctones

exclusivamente terrestres (Bond et al., 2013). Sua assinatura isotdpica (3'°Cgc) tem
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sido usada para identificar as fontes de BC no aerossol e em sedimentos (Gao et al.,
2018).

Os HPAs leves, presentes em maior abundancia em oleos, se degradam mais
rapidamente que os de alto peso molecular, o que pode levar a interpretagdes ambiguas
guando baseadas apenas neles (Yunker et al., 2002). Portanto, a analise dos homologos
alquilados dos HPAs, predominantes em residuos de petréleo, oferece uma base mais
sélida para estimar as contribuicdes piroliticas e petrogénicas de HPAs (Wagener et al.,
2012). Além disso, o BC, com sua baixa taxa de degradacéo, € gerado principalmente
por fontes piroliticas como trafego, carvao, industria e queima de biomassa (Gao et al.,
2018). Assim, os HPAs (parentais e alquilados) e o BC podem, em conjunto, ser uma
ferramenta poderosa na distingdo de fontes de MO em sistemas costeiros complexos.

A Baia de Todos os Santos (BTS) é uma das primeiras areas de exploragédo de
petréleo no Brasil. Ao longo do tempo esse ambiente tem sido submetido a diversas
atividades potencialmente impactantes, principalmente a industria petroquimica e,
secundariamente, a urbanizagdo. Um estudo anterior (Silva et al., 2024) com a analise
das tendéncias temporais da MO depositada no sedimento da BTS reveladas através
de alcanos e is6topos de carbono e nitrogénio mostraram tendéncias consistentes de
mudanca no tipo da MO depositada, com um aumento da MO al6ctone/terrestre proximo
a costa, refletindo os ciclos econémicos na BTS. No entanto, ndo esta claro a natureza
dessa MO aléctone e as contribuicdes das fontes locais.

A fim de investigar melhor a MO depositada na baia esse estudo analisou nos
mesmos testemunhos a variagdo dos teores de BC e HPAs parentais e alquilados. O
registro histérico do BC e HPAs que abrangem a era pré-industrial local e
contemporanea foi caracterizado. Os periodos criticos de aumento foram identificados
e as principais fontes e causas da variagdo da deposicdo do BC e dos HPAs foram
discutidas. Esses dados histéricos constituem a primeira avaliacdo da deposi¢éo do BC
na BTS e, portanto, fornecem informacdes relevantes sobre o impacto do aumento das

emissdes na regido.
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2. Materiais e métodos

2.1 Area de estudo

A Baia de Todos os Santos (BTS) (Fig. 1), a segunda maior baia do Brasil com
1.223 kmz, é reconhecida por seu valor ecoldgico e abriga ecossistemas como recifes
de coral, estuarios, manguezais, ilhas e planicies de maré (Hatje; De Andrade, 2009).
Com uma profundidade média de 9,8 m, a BTS apresenta caracteristicas oceénicas e
circulacdo impulsionada por marés (Lessa et al.,, 2009). Sedimentos de lama
predominam na metade norte, enquanto sedimentos arenosos sdo comuns ha parte sul
(Lessa; Dias, 2009). Os principais rios afluentes sdo Paraguacu, Subaé e Jaguaripe,
enquanto os menores, Mataripe, Sao Paulo e Caipe, estdo préximos a uma refinaria de

petréleo (CRA, 2004).

A influéncia humana significativa na BTS comegou nas décadas de 1940 e 1950,
com o desenvolvimento industrial ligado ao setor petrolifero. Desde entdo, industrias
metallrgicas, téxtil, quimica, petroquimica, carcinicultura, mineracao e atividades
portuérias aumentaram as pressfes antropogénicas. A regido norte/nordeste da BTS é
fortemente impactada por contaminacdo organica e inorganica devido a efluentes
industriais e domésticos ndo tratados (Felizzola et al.,, 2007; Silva et al.,, 2014;
Nascimento et al., 2017; Andrade et al., 2017; de Almeida et al., 2018; Santos et al.,

2020).
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Figura 1. Mapa da Baia de Todos os Santos (BTS), Brasil, com a localizagbes de
amostragem dos testemunhos de sedimentos T2 e T4. As localiza¢des da Refinaria
Mataripe (RM) e do Terminal Portuario Madre de Deus (TEMADRE) também sao

mostrados.

2.2. Amostragem

Em 2017, dois testemunhos foram coletados na regido norte da BTS (Fig.1). O

testemunho T2, foi coletado mais distante da costa, em um local de maior hidrodindmica

e mais afastado de fontes diretas de contaminagdo. J& o testemunho T4 foi coletado
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mais préximo a costa, sob uma potencial influéncia de uma refinaria de petréleo e outras
fontes antropicas continentais. Em laboratorio, os testemunhos foram mantidos a -4°C,
sendo posteriormente abertos e seccionados em intervalos de 2 cm. As subamostras

foram liofilizadas e armazenadas até as analises quimicas.

2.3 Preparagado das amostras e analises instrumentais

Detalhes das andlises de granulometria, datacdo/taxa de sedimentacéo, carbono
organico total (COT) e da extracdo de hidrocarbonetos podem ser encontrados em Silva
et al. (2024). A granulometria foi obtida com um analisador de particulas por difracéo a
laser (CILAS 1064) e classificada com o software GRADISTAT V 5.0®. A datac&o do
testemunho T2 foi feita com 2*°Pb, utilizando o modelo de concentracéo inicial constante
(CIC) para calcular a taxa de sedimentacéo e idades (Godoy et al., 1998). A taxa de
sedimentacdo do testemunho T4 foi estimada em 0,61 cm ano, com base em dados
de CRA (2004) e Wagener et al. (2010). A determinacédo do COT foi realizada em um
analisador elementar acoplado a um espectrdometro de massas de razao isotopica (EA-
IRMS), ap6s acidificacdo para remover carbonatos.

A andlise de carbono negro (BC) seguiu o0 método de oxidacao térmica (CTO-
375) de Gustafson et al. (1997). Em resumo, ~10mg de sedimento foi pesada apos a
remocao dos carbonatos por acidificagdo com acido cloridrico. Adicionalmente, o
sedimento seco passou por uma etapa de oxidacdo térmica em uma mufla
(NABERTHERM) com fluxo de oxigénio constante. O programa de temperatura utilizado
foi de 10 °C mint até 300 °C e 0,5 °C min? até 375 + 5 °C, permanecendo nesta
temperatura durante 24 horas. ApGs o tratamento térmico considera-se que o todo COT
foi removido, restando apenas o BC. Posteriormente, foi realizada a quantificacdo no
analisador elementar conforme descrito acima, com ~10 mg de sedimento seco em

capsulas de prata.
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A extracdo de HPAs utilizou um método adaptado do EPA 3540C, com 5-10 g
de sedimento extraido em Soxhlet usando diclorometano/n-hexano (1:1, v/v) por 8
horas. Padrdes internos deuterados (acenafteno-Dio, fenantreno-Dio and criseno-Diy;
concentracdo de 1000 ng mL?' cada) foram adicionados antes da extracdo, e o
sedimento foi tratado com cobre ativado para remover enxofre. Os extratos foram
concentrados e purificados em colunas de silica gel e alumina, eluidos com n-hexano e
diclorometano. Padrbes de recuperacéo deuterados (fluoreno-D1o € benzo[a]lantraceno-
D12; concentragdo de 1000 ng mL* cada) foram adicionados aos extratos concentrados.
A quantificacdo dos HPAs foi realizada usando um cromatégrafo a gas (Agilent
Technologies, modelo 7820A) acoplado a um espectrometro de massas (Agilent
Technologies, modelo 5975C). O cromatdgrafo a gas foi equipado com uma coluna
capilar de silica fusionada HP-5ms (comprimento de 30 m, 0,25 mm de didmetro interno
e 0.25 ym de espessura de filme). A temperatura do injetor e da interface do GC-MS foi
de 300 °C. A temperatura do forno foi programada da seguinte forma: 60 °C, taxa de 15
°C min? até 150 °C, taxa de 5 °C min™ até 220 °C e taxa de 10 °C min* até 300 °C, com
um periodo isotérmico final de 10 min. Hélio foi usado como gas de arraste em fluxo
constante (1.2 mL min?), e 1 yL do extrato foi injetado no modo splitless com um
amostrador automatico.
Um total de 16 HPAs parentais foram identificados: naftaleno (NaF), acenaftileno
(Ac), acenafteno (Acl), fluoreno (Fl), fenantreno (Fen), antraceno (Ant), fluoranteno (Flu),
pireno (Pir), benzo[alantraceno (BaA), criseno (Cri), benzo[b]fluoranteno (BbF),
benzo[Kk]fluoranteno (BKF), benzo[a]pireno (BaP), indeno [1,2,3,cd] pireno (IP),
dibenzo[a,h]antraceno (DahA) e benzo[g,h,i]perileno (BghiP). Além disso, cinco grupos
de HPAs alquilados também foram identificados, incluindo naftalenos (C2-C4 NaF),
fluorenos (C1-C3 Fl), fenantrenos/antracenos (C1-C4 Fen/Ant), fluorantenos/pirenos

(C1-C3 Flu/Pir) e benzo[a]antracenos/crisenos (C1-C3 BaA/Cri).
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2.4 Garantia de qualidade/controle de qualidade (QA/QC)

Detalhes do procedimento séo descritos por Silva et al., 2024. A cada lote de 15
amostras de campo, foram analisados um branco de instrumento, um branco de
laboratério, uma duplicata de amostra e duas amostras do material de referéncia
certificado (NIST SRM 1941b). Solventes de grau pesticida foram utilizados, e todas as
solu¢Bes padrédo foram analisadas para garantir sua integridade. A quantificacdo dos
analitos seguiu o método de padronizacdo interna, com recuperacdo dos padrbes
internos de 79 £ 16%, dentro dos limites aceitos (Lauenstein e Cantillo, 1998). O limite
de quantificacdo dos HPAs variou de 0,09 a 0,19 ng g™ (peso seco). Apenas 5,4% dos
analitos nos brancos de laboratério estavam acima do LQ e foram subtraidos das
amostras. A recuperacdo média dos analitos foi de 105%, com um coeficiente de

variagado de 8%, indicando boa exatidao e preciséo.

3. Estatistica

A normalidade das variaveis foi verificada pelo teste de Kolmogorov-Smirnov,
e as analises estatisticas descritivas e nao-paramétricas foram realizadas com o
software STATISTICA 9.0® (STATSOFT 2009). Valores abaixo do limite de deteccéo
foram substituidos por metade desse limite. A andlise de correlacdo de Spearman foi

realizada, com significaAncia estabelecida em p = 0,05.

4. Resultados

4.1. Taxas de sedimentacao

A taxa de sedimentacdo do testemunho T2 foi de 0,44 + 0,2 cm ano?,

abrangendo o periodo de 1844 (base) a 2017 (topo). Em contrapartida, o testemunho
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T4 apresentou uma taxa estimada de 0,61 cm ano, abarcando um periodo de 113 anos,
desde 1904 (base) até 2017 (topo). Os métodos utilizados para datacdo e célculo das

taxas de sedimentacdo podem ser encontrados em Silva et al., 2024.

4.2. Concentracdo, composicao e perfil temporal dos HPAs

As concentragdes de HPAs nos testemunhos T2 e T4 sdo mostradas na Figura 2.
No testemunho T2, os HPAror (HPA1s € HPAaK) variaram de 33,6 a 185 ng g, com
HPAs variando de 32,5 a 109 ng g*. Os HPAs de baixo peso molecular (LMW), isto €,
a soma de HPAs com 2 e 3 anéis, variaram de 2,93 a 14,5 ng g%, enquanto os HPAs de
alto peso molecular (HMW), somatério de HPAs com 4, 5 e 6 anéis, variaram de 26,9 a
95,1 ng gt Os homdlogos alquilados (HPAak) variaram de 1,11 a 77,5 ng g7,
contribuindo em média com 24,5% do total de HPAs identificados. As concentracdes se
mantiveram relativamente constantes ao longo do perfil temporal.

A composi¢do dos HPAs nos testemunhos é mostrada na Figura 3. No T2, 0s
HPAs de cinco e seis anéis (BbF, BKF, BaP, IP, DahA e BghiP) dominaram, compondo
176 a 70,5% dos HPAs. Os HPAs de quatro anéis (fluoranteno, pireno,
benzo[a]antraceno e criseno) constituiram de 9,34 a 39,5%. Compostos com dois e trés
anéis representaram de 3,72 a 73,8% do HPA+or. O BbF (3,49 a 23,6%, média = 15,4%)
foi o principal componente dos HPAs no testemunho T2. Acenafteno foi o HPA menos
comum (0 a 0,16%). Para os HPAak, benzo[alantraceno/criseno foi a série mais
abundante, seguido por fluoranteno/pireno, fenantreno/antraceno, fluoreno e naftaleno.

No testemunho T4, HPAtor e HPA ¢ variaram de 2,90 a 1066 ng g™t e 2,70 a 878
ng g1, respectivamente. LMW variou de 1,47 a 45,6 ng g7 e HMW de nao detectados
a 833 ng gt HPAak variou de 0,63 a 329 ng g%, compondo 27,4% dos HPAs. As

concentracdes aumentaram abruptamente desde 1980.



Idade (anos)

72

2017 ; | 2017
2007
2007
1997
1987 1997
1977 '
; 1987
1967 .
1957 1977
1947 .
: 1967
1937 =
o
&
1927 = 1957 *
o
[1+]
1917 ©
1947 -
1907
1897 1937 : !
——7 HPATOT
1887 ) —— HPATOT .
=8 HPALG 1927 - =83 HPALG
1877 — 5 HPAALK =@=73 HPAALK
1867 =t LMW 1917 & g 5L MW
SHMW i ZHMW
1857 '
1907 -
1847 ; J
1837 i 1897 ’
0 100 200 300 400 500 600 700 800 9S00 1000 1100 0 100 200 300 400 500 800 700 800 900 1000 1100
TESTEMUNHO T2 TESTEMUNHO T4

Figura 2. VariacOes das concentracfes de HPAror, HPA15, LMW, HMW e HPAak dos
testemunhos T2 e T4. HPAss se refere aos 16 HPASs prioritarios da Agéncia de Protecdo
Ambiental dos EUA. As linhas tracejadas indicam os niveis de referéncia onde HPAror
<100 ng g~" indicam uma contaminacao baixa, valores entre 100 a 1000 ng g~' indicam
um nivel moderado e HPAror entre 1000 a 5000 ng g~ indica um nivel alto de

contaminacéo (Baumard et al.,1998).

Com relagdo a composicdo dos HPAs, compostos com cinco e seis aneéis
responderam por 0 a 79,1% do HPAror, j& a frequéncia de ocorréncia dos compostos

com quatro anéis variou de 0 a 31,2%. Por sua vez, os compostos de dois + trés anéis
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dominaram o testemunho T4, respondendo por 3,78 a 100% dos compostos. NaF esteve
presente em todas as amostras e foi responsavel por 0,36 a 95,8% do HPAr. Por outro
lado, o acenafteno foi o HPA menos comum, contribuindo com 0 a 0,200% do HPA.:.
Para os HPAak foram registrados a seguinte ordem de abundancia: Fen/Ant > BaA/Cri

> Flu/Pir > FI > NaF.
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Figura 3. Padrdo de distribuicdo de HPAs com 2 a 6 anéis em sedimentos dos

testemunhos T2 e T4 coletados na Baia de Todos os Santos, Brasil.

4.3. Concentracgao e perfil temporal do BC e COT

As concentracGes de BC, COT, 8*3C-gc e 3*C-oc nos testemunhos coletados na
BTS sao apresentados no Material Suplementar (Tabela S1 e S2). A Figura 4 mostra o0s
perfis sedimentares das concentra¢cfes do BC e COT. As concentracBes de BC foram <
0,5 mg g'*em todos os estratos dos testemunhos, variando de 0,08 a 0,44 mg gtem T2

e 0,14 a0,43mggtem T4.
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Figura 4. ConcentracBes de carbono negro (BC) e carbono orgéanico total (COT) no

sedimento dos testemunhos T2 e T4, coletados na Baia de Todos os Santos, Brasil.

No testemunho T2, o BC diminuiu da base para o topo, estabilizando em 0,1 mg
g'a partir da década de 1980. Em T4, o BC foi mais variavel antes de 1950, com um
padrdo mais constante de 1950 até o final da década de 1990. A partir dos anos 2000,
houve um aumento significativo, quando as concentracdes passaram de 0,220 para
0,400 mg g*.

Os resultados de COT foram descritos por Silva et al. (2024) (Material
Suplementar — Tabela S1 e S2). As concentracdes de COT variaram de 6,60 a 19,8 mg
gl em T2, aumentando a partir da década de 1920. Ja em T4, variaram de 11,7 a 22,3
mg g, com as concentracGes mais elevadas entre 1990 e 2017 (14 a 22,3 mg g2).

O BC representou de 0,420 a 3,95% do COT em T2 e de 0,95 a 2,22% em T4.

PROFUNDIDADE (CM)



IDADE (ANOS)

76

4.4 . Is6topos de COT e BC

A Figura 5 mostra os perfis sedimentares das concentracdes do 3**Coc e 8**Cgc
em T2 e T4. Os valores de 8*Coc variaram de -21,8 a -15,3%0 em T2 e de -22,53 a -
16,77 no testemunho T4. Entre 1935 e 1950, houve uma tendéncia crescente nos
valores de 3Coc de -22 a -16%0 em T4. Ja os valores de 3*Cgc variaram de -23,6 a

-9,83%0 em T2 e de -23,7 a -10,2%o0 em T4.
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Figura 5. Valores de d3'3Cco e 33Cgc no sedimento dos testemunhos T2 e T4, coletados

na Baia de Todos os Santos, Brasil.
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4.5 . Correlagéo entre TOC, BC e HPAs

A matriz de correlacdo de Spearman (Tabela 1) mostra as associacdes entre
COT e BC com as demais variaveis. Em T2, o COT foi significativamente correlacionado
(rs 2 0,50) com todos os HPAs com quatro, cinco e seis anéis de origem pirolitica (Flu,
Pir, BaA, Cri, BbF, BkF, BahP, DahA, IP, BghiP), além do YHPA e YHPA:s. Jad 0 BC
mostrou correlacdo elevada apenas com 8Coc. Compostos alquilados revelaram
correlagéo significativa entre COT e HPAak, C3 NaF, C1-FI, C3-Flu+Pir, C1-BaA+Cri,
C2-BaA+Cri e C3-BaA+Cri.

Em T4, houve alta correlacdo entre COT e BC e entre 3*Coc e 8**Cgc. O COT
foi significativamente correlacionado ao NaF, Fl e Ant além dos HPAs com cinco e seis
anéis, YHPA e >HPAs. Entre os alquilados, correlagbes significativas foram
encontradas entre COT e C1-Fl, C1-BaA+Cri, C2-BaA+Cri e C3-BaA+Cri. J4 o BC foi
significativamente relacionado aos compostos de origem pirolitica BkF, IP e BghiP.

Dentre os HPAak, apenas o C2-BaA+Cri revelou uma importante correlacdo com o BC.



78

Tabela 1. Matriz de correlacdo de Spearman com os dados de COT e BC para os
componentes individuais de HPA, 8%Coc, 8Cgc, YHPArot, YHPA16, Y HPAAk Obtidos
no sedimento dos testemunhos T2 e T4, coletados na Baia de Todos os Santos, Brasil.

Valores em negrito indicam correlacdes significativas para p< 0.05.

TESTEMUNHO T2 TESTEMUNHO T4
Correlagdo com COT Correlagio para BC Correlagdo com COT Correlagdo para BC
coTr 1.00 -0.12 1.00 0.78
6c-oc 0.02 0.82 -0.07 -0.13
BC -0.12 1.00 0.78 1.00
5"°C-BC 0.49 -0.41 -0.08 0.18
NaF 0.01 -0.07 0.56 047
Ac 0.39 -0.32 0.23 -0.12
Acl 0.40 -0.16 0.34 0.30
Fl 0.20 -0.28 0.52 0.44
Fen 0.57 -0.34 0.47 0.36
Ant 0.43 -0.39 0.50 0.39
Flu 0.57 -0.37 0.30 0.22
Pir 0.56 -0.37 0.48 0.37
BaA 0.53 -0.42 0.50 0.39
Cri 0.61 -0.45 0.50 0.39
BbF 0.60 -0.35 0.54 045
BkF 0.64 -0.45 0.56 0.50
BahP 0.54 -0.38 0.57 0.50
DahA 0.51 -0.25 0.52 043
IP 0.61 -0.38 0.58 0.51
Bgp 0.64 -0.37 0.55 0.50
YHPA o1 0.37 -0.40 0.57 0.46
FTHPA s 0.12 -0.39 0.56 047
HP AL« 0.54 -0.43 0.46 0.39
C2 Naf 0.49 -0.41 0.54 0.46
C3 Naf 0.58 -0.48 0.54 047
C4 Naf 042 -0.41 0.50 0.41
C1-Fl 0.54 -0.41 0.50 0.40
C2-Fl 0.22 -0.20 0.50 042
C3-Fl 0.18 -0.38 0.42 0.35
C1Fen + Ant 0.44 -0.40 0.34 0.27
C2 Fen + Ant 0.46 -0.40 0.35 0.28
C3 Fen + Ant 0.49 -0.40 0.39 0.33
C4 Fen + Ant 0.36 -0.22 0.50 0.42
C1- Flu+Pir 0.50 -0.38 0.53 044
C2- Flu+Pir 0.48 -0.37 0.48 0.40
C3- Flu+Pir 0.51 -0.37 0.44 0.37
C1-BaA+Cri 0.56 -0.44 0.54 047
C2-BaA+Cn 0.64 -0.45 0.58 0.50

C3-BaA+Cri 0.59 -0.36 0.56 0.48
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5. Discussao

5.1 Fontes de contaminacao paraa BTS

Para formular estratégias adequadas de controle de poluentes, € necessario
determinar as fontes desses compostos. A razao entre 0s is6topos estaveis do carbono
(d3*3C) tem sido uma ferramenta bastante utilizada ndo apenas para identificar fontes de
COT, mas também para identificar vias de producéo do BC.

Em um estudo anterior nos mesmos testemunhos, Silva et al. (2024) relataram
de uma dominancia do carbono organico autéctone (fitoplancton, zooplancton e
gramineas). No testemunho T2, a contribuicdo da MO terrestre foi de 33,38 + 8,39%.
Destaca-se o periodo entre as décadas de 1930 e 1980, quando houve maior
contribuicdo da MO marinha por uma possivel expansdo de macroalgas moles e
calcarias hoje presentes no local. Ja no testemunho T4, houve um aumento nos teores
de MO ao longo do tempo, com um aporte crescente de contribuicdes aldctones a partir
da década de 1950, impulsionada por mudanc¢as no uso da terra.

Alguns estudos tiveram sucesso em utilizar valores 6**Csc para discriminar essas
fontes. Os valores de d*3*Cgc na fuligem de carvdo variam de -23%o0 a -26%o (Glaser et
al., 2005; Widory, 2006), no entando ndo sao fontes significativas para area estudada.
Ja particulas geradas a partir gueima de combustiveis fosseis estéo na faixa de -27%o. a
-30%o para 6leo combustivel (Widory, 2006) e -22%o a -26%o para disel e gasolina (Glaser
et al., 2005; Lopez-Veneroni, 2009). Foram relatados valores de 6**C a partir de rochas
intemperizadas no intervalo de -19,4%o a -21,3%o (Dickens et al., 2004). Saiz et al (2015)
a partir de queimadas experimentais em savanas do norte da Australia determinou um
6'3Cpgc variando de —29%o a —33%0 em uma biomassa lenhosa (tipo C3) e variando de
-15%0 a —19%o para gramineas (tipo C4). Mas é importante notar que o 6**Cgc produzido
durante a queima depende do 6**C da biomassa original (Gao et al., 2018) e que nédo

existem valores estabelecidos para a flora da regiéo.
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Os valores de d'3Cgc variaram de —23,6 a —9,83%o0 (média de -18,4 + 3,46%0) no
testemunho T2. Em geral, esses valores estdo associados a queima de biomassa
(gramineas — C4). Para o testemunho T4, o 8'Cgc variou entre -23,7 a -10,2%o (média
de -18,4 + 4,11%o0) (Fig. 5). Da base do testemunho até meados da década de 1980
esses valores sugerem queima de biomassa (C4). Desse periodo até o topo do
testemunho a deplecdo de *C implica que as contribuicdes de BC para os sedimentos
se originam principalmente de emissdes veiculares (queima de gasolina, diesel).

A composicdo dos diferentes HPAs também desempenha um papel importante na
atribuicao da fonte. Varios estudos aplicaram razfes diagnésticas entre isdmeros de
HPAs para identificar possiveis fontes de HPAs para o meio ambiente (Cao et al., 2020,
Vaezzadeh et al., 2021, Li et al., 2023). Neste estudo, foram aplicadas as seguintes
razdes: Ant/(Ant+Fen), Flu/(Flu+Pir), IP/(IP+BghiP) e BaA/(BaA+Cri). Os resultados
estao resumidos no material suplementar (Tabela S3).

Todas as relag@es indicaram origem pirolitica dos HPAs para os dois testemunhos
em todos os estratos sedimentares. A razdo Ant/(Ant+Fen) foi superior a 0,1 em todas
as amostras indicando a presenca de uma fonte pirolitica, porém nao discrimina o tipo
de material queimado.

A relacéo Flu/(Flu + Pir) indicou uma origem pirolitica dos HPAs como derivados
da queima de biomassa (> 0,5) no testemunho T2. Ja no testemunho T4 também
indicaram fonte pirolitica proveniente da combustdo de biomassa, com excecdo de
alguns periodos com presenca de HPAs associados a queima de petrdleo (> 0,4 e <
0,5).

Os valores da relacdo IP/(IP + BghiP) variaram de 0,47 a 0,61 e de 0,33 a 0,72
nos testemunhos T2 e T4, respectivamente. Para esta relac&o, valores superiores a 0,5
indicam a queima de carvao e biomassa como fontes de HPAs e foram predominantes
no testemunho T2. Ja indices inferiores a 0,5 sugeriram a queima de petréleo e

combustiveis como fontes de HPAs (Fig. 6a) e ocorreram com maior frequéncia no
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testemunho T2 durante o inicio dos anos 2000, enquanto no testemunho T4 a frequéncia
aumentou no final da década de 1970.

Ja a relacdo BaA/(BaA + Cri) indicou a presenca fontes piroliticas para os
testemunhos T2 (0,38 a 0,53) e T4 (0,37 a 0,54) sem discriminar o tipo de combustao
(> 0,35).

Os produtos piroliticos aparecem mais amplamente disseminados nos
sedimentos da BTS, possivelmente em decorréncia do carater difuso de sua principal
via de introducdo, a deposicdo atmosférica. A deposicdo de particulas secas é um
mecanismo muito importante nos fluxos ar-mar na BTS e as emissdes de contaminantes
por veiculos e/ou industrias sdo apontadas como uma das principais fontes de particulas
finas em processos de transporte de longa distancia (Mkoma et al., 2014). Por outro
lado, compostos de origem petrogénica, sedimentam preferencialmente nas
proximidades de suas fontes.

Ressaltamos que as concentracdes de HMW nos testemunhos foram sempre
superiores ao LMW. Nota-se, entretanto, que no testemunho T4 houve um aumento da
proporcédo de compostos HMW em direcado ao topo (Fig. 3). Uma vez que os LMW estéo
principalmente associados a fontes petrogénicas e os HMW sao predominantemente
piroliticos (Yunker et al., 2002), esses dados sugerem a predominéncia de fontes
piroliticas para os HPAs no testemunho T2 e, diferente das razdes diagndsticas, aponta
para uma mudanca de fontes no testemunho T4 (de petrogénica para pirolitica).

A presenca de grande quantidade compostos alquilados é representativa de
introducéo recente de 6leo, enquanto que compostos parentais podem inferir processos
de combustdo e/ou introducdo mais antiga. O testemunho T2 apresentou um padréo
com baixa variabilidade para HPAaLx € uma concentragdo média de 39,24 ng g*. Arazéo
Fenantreno + Antraceno/ Fenantreno + Antraceno + C1Fe (Yunker et al., 2002) indicou
a origem pirolitica dos HPAs (> 0,5) em todo perfil, com excecdo de 2 amostras.

Ja no testemunho T4, da base até a década de 1970 as concentra¢gfes sdo baixas

(< 4 ng g} e uniformes. Apds esse periodo observa-se um aumento significativo das
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concentracdes de HPAaLk que persiste até o topo, com o maximo ocorrendo ha década
de 2000 (329,23 ng g1) e que chega a representar quase 50% dos HPAs. Esse intervalo
€ acompanhado do aumento de HPAror, HPAs, LMW e HMW. A razdo (Fen + Ant)/(Fen
+ Ant + C1Fe) da base até a década de 1970 indica a presenca de fonte pirolitica, apés
esse periodo os valores < 0,5 podem indicar caracteristicas tanto de combustdo quanto
de petrdleo.

Outras evidéncias detalhadas por Silva et al., 2024 mostram a presenca de
compostos de origem petrogénica no testemunho T4. A alta concentracdo de UCM
(valor maximo = 349,94 ng g?) e a relagdo UCM/n-alcanos > 4 s&o inequivocamente
caracteristicos de material petrogénico altamente degradado. Essas condi¢cfes indicam
um aporte pretérito significativo de hidrocarbonetos, possivelmente associado a

indUstria de petréleo instalada na regiao.
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Figura 6. a) Diagrama cruzado entre as razdes diagnosticas BaA/(BaA + Cri) versus
IP/(IP + BghiP) e b) Diagrama cruzado entre as razdes Ant/(Ant +Fen) versus Flu/(Flu +
Pir). Legenda: BaA: benzo[a]antraceno; Cri: criseno; IP: indeno[1,2,3-cd]pireno; BghiP:

benzo[ghi]perileno; Flu: fluoranteno; Pir: pireno; Ant: antraceno; Fen: fenantreno.
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5.2. BC e HPAs em baias costeiras

O BC emitido a partir de processos de combustéo pode ser transportado através
descarga fluvial ou deposicdo atmosférica Umida ou seca até alcancar os sistemas
costeiros (Mitra et al., 2014). Contudo, seu alcance € variavel e depende essencialmente
do tamanho da particula. Particulas de carvao mineral e vegetal (maiores que 2 um),
costumam se acumular no solo, refletindo apenas a histéria de queima de ecossistemas
locais. Por outro lado, particulas como a fuligem liberadas a partir de emissfes
veiculares, como descritas nesse estudo, costumam ser menores que 2 ym e assim,
podem ser transportadas por longas distancias (Han et al., 2009).

A circulacd@o atmosférica da regido € dominada pelo anticiclone moével do Atlantico
Sul, com ventos aliseos de sudeste e leste de grande penetragdo no continente. De
acordo com Tavares (1997), o padrdo de circulacédo local favorece o transporte dos
poluentes produzidos pelo Complexo Petroquimico de Camacari (COPEC) e Centro
Industrial de Aratu (CIA) para a BTS (Figura 1), tornando a baia uma grande receptora
de compostos quimicos atmosféricos resultantes das atividades antropogénicas.
Estudos ja reportaram a presenca dos HPA16 no material particulado depositado na llha
de Maré, localizado a leste da area de estudo. O fluxo de deposigdo de 2,49 pug m2 dia
! foi associado a queima de diesel em navios e barcos menores, fuligem doméstica,
combustdo de madeira para producéo de energia (da Rocha et al., 2009).

Neste estudo, observamos niveis mais altos de BC no testemunho T4, situado
proximo a costa, provavelmente transportado por escoamento urbano e dos rios. No
entanto, a presenca do BC ainda que em baixas concentra¢des ao longo do testemunho
T2, sugerem que a deposicdo atmosférica também seja uma rota de disseminacdo do
BC para a BTS.

Nao ha outros estudos do BC nos sedimentos da BTS. Os dados também sé&o
escassos no Brasil e 0 sistema costeiro estudado de maior semelhaca € a baia de

Guanabara (BG), no estado do Rio de Janeiro. De maneira geral, as concentracdes
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encontradas no topo dos testemunhos coletados na BTS (0,11 a 0,44 mg g!) ainda séo
significativamente inferiores quando comparados com concentracdes obtidas nos
sedimentos superficiais da baia de Guanabara (0,3 a 3,1 mg g*!) (Luz et al., 2008). O
mesmo acontece em comparacdo com trés testemunhos coletados em regibes de
manguezal da BG, onde as concentragfes variaram de 0,3 a 4,7 mg g*(Luz etal., 2010).
E importante destacar que a BG é uma uma baia cerca de quatro vezes menor que a
BTS e mais severamente antropizada.

Os teores encontrados no topo dos testemunhos da BTS sdo comparaveis com
amostras superficiais de outras regides marinhas costeiras menos impactadas como o
Golfo de Céadiz (0,1 — 1,1 mg g*) (Sanchez-Garcia et al., 2013), a Malasia (0,2 — 0,36
mg g?!) (Vaezzadeh et al., 2021) e a baia de Daya, na China, (0,5 — 1,8 mg g) utilizada
para maricultura (Dan et al., 2022). No entanto, ainda s&o significativamente baixos
quando comparados com regides densamente urbanizadas e industrializadas como
Beijing (0,37-12,7mg g%) (Liu et al., 2011) e aos sedimentos na area portuaria de Boston
e Nova York (3,40 — 6,00 mg g%) (Lohmann et al., 2005).

E crucial, entretanto, considerar que mesmo concentracdes relativamente baixas
de BC sdo relevantes do ponto de vista ambiental e 0 aumento significativo das
concentracdes de BC registrado em T4 a partir dos anos 2000, associado ao aumento
dos processos de combustdo, merece atencdo. A alta capacidade de sor¢cdo do BC e
seu carater recalcitrante e resistente a degradacdo favorece o acumulo no ambiente
(Lian e Xing, 2017). Por outro lado, o BC compreendido no COT de solos e sedimentos
pode reduzir a assimilagdo de poluentes pela biota em até duas ordens de magnitude.
Isso justifica a necessidade de um estudo detalhado dessa frag@o carbonécea, a fim de
evitar avaliacdes errbneas dos riscos ambientais (Koelmans et al., 2006).

Com relacao aos HPAs, embora comparagdes quantitativas sejam dificeis devido
a variagdo no numero e tipo de HPAs individuais, estudos anteriores realizados em
sedimentos superficiais na BTS mostram concentragdes mais elevadas proximas as

margens da baia, com destaque para a regido proximo a RM (Silva et al., 2014; de
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Almeida et al., 2018). Ja registros histéricos de HPA na BTS também séo escassos.
Wagener et al. (2010) relataram concentracdes elevadas proximo a RM, com o0 HPAror
(24 HPAs parentais e alquilados) variando de 112 - 3765 ng g* (peso seco). Também
foi verificado que os compostos alquilados constituiam a maior fragdo da concentracao
total concorrendo com a presenca de residuos petrogénicos nas amostras e que as
séries completas de naftaleno e fenantreno estiveram presentes em todos 0s segmentos

depositados apos a década de 1950.

5.3. Efeitos do BC e dos HPAs sobre o COT e a matéria organica

As relacdes entre BC e COT podem ser explicadas pela natureza da MO
depositada na BTS. Silva et al., 2024 mostraram que o testemunho T2 registrou ao longo
de todo perfil uma dominancia da MO aut6ctone, derivada do fitoplancton marinho,
zooplancton e gramineas marinhas. Nesse sentido, é importante notar que a entrada
reduzida da MO al6ctone diminui automaticamente a possibilidade de contribuicdo do
BC, de origem exclusivamente terrestre (Bond et al.,, 2013). Esta observacdo é
consistente com a fraca correlacao entre o COT e o BC no testemunho T2. Um padrao
semelhante foi encontrado por Dan et al. (2022) na Baia de Daya (China), uma baia
com grandes areas destinadas a maricultura. Destacamos também que as correlagdes
indicam que os HPAs, em maior abundancia piroliticos, foram regulados pelo COT no
testemunho T2.

Ja no testemunho T4, foi registrado o aumento gradativo e consistente da MO
terrestre a partir da década de 1950 e de maneira mais acelerada a partir da década de
1980 (Silva et al.,, 2024). Esse processo também coincide com uma mudanca na
composicdo dos HPAs, a partir de década de 1950, com o aumento da propor¢ao
relativa de compostos de alto peso molecular, tais como pireno, fluoranteno,

indeno[1,2,3- cd]pireno, benzo[b]fluoranteno, benzo[k]fluoranteno e benzo[ghi]perileno.
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Esses compostos podem ter sido gradualmente introduzidos no ambiente pelo processo
de refino na RM, contudo, em parte podem ser associados a deposi¢cao atmosférica de
particulas de fuligem resultante de emissdes veiculares, principalmente nas ultimas
décadas. Essa suposicdo é sustentada pelo aumento expressivo do aporte do BC,

associado a essas fontes, a partir da década de 1990.

5.4. Mudancas histéricas na contribuicdo da MO na BTS

Até meados do século XX, a regido ao redor da BTS era predominantemente rural,
com foco em atividades primarias como pesca artesanal e cultivo de culturas como
cana-de-acucar, café, fumo, cacau e algoddo. Nessa época, a pratica comum de “corte
e queima" era utilizada para colheita ou limpeza dos campos, 0 que pode explicar as
concentracdes mais elevadas de BC associadas a combustdo de biomassa no
testemunho T2 (o periodo néo foi abrangido pelo testemunho T4) (Figura 4). Por outro
lado, poucas dezenas de ng/g de HPAror e dos HPAak foram registrados (Figura 2).
Em conjunto com a auséncia de UCM e de pristano e fitano reportadas por Silva et al.,
2024, ha um forte indicio de que ndo haviam aportes significativos de hidrocarbonetos
de origem petrogénica.

Uma transformacgdo significativa na regido foi impulsionada pela descoberta,
exploracao, refino e transporte de petréleo na BTS. A Figura 7 resume 0s principais
eventos relacionados a industria petrolifera na area. A descoberta e o inicio da
exploracdo de petrdleo no Brasil ocorreram na BTS entre 1939 e 1941, e até a década
de 1980, a regido foi a Unica produtora de petréleo do pais. Em 1950, a constru¢ao da

Refinaria Mataripe (RM) marcou o primeiro ciclo de expanséao industrial na BTS.
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Figura 7. Linha do tempo dos principais eventos relacionados & industria petrolifera na
Baia de Todos os Santos, Bahia - Brasil, incluindo derramamentos de petréleo e

derivados.

Muitas fazendas foram desapropriadas para dar lugar a infraestrutura
complementar ao complexo petrolifero. Além disso, foram implantadas centenas de
unidades industriais, infraestrutura de transporte, abastecimento de agua, energia
elétrica e terminais maritimos, como o TEMADRE em 1956, juntamente com rotas de
navegacdo conectando os terminais e as empresas produtoras (Brito, 2008). A
construcao de estradas, por sua vez, impulsionou o aumento da ocupacdo humana nas
proximidades da BTS. Todas essas mudancas ocorreram ao longo de poucas décadas.

O testemunho T4 foi mais impactado por essas atividades antropicas. Silva et al.,
2024 verificaram um aumento gradual da MO terrestre a partir de 1950, associado a
mudancas do uso da terra. Contudo, essas alteracdes ndo foram acompanhadas de
mudancas imediatas nos hidrocarbonetos. Na verdade, antes da década de 1970 as
concentracdes de HPAs (HPA+or, HPAALk) permaneceram relativamente baixas (< 50 ng
g1), ndo mostrando indicios da presenca de compostos de petréleo no sedimento.

O aumento nas concentragdes de HPAtor, HPAAk no testemunho T4 no final da

década de 1970 podem estar relacionados as amplia¢cdes da capacidade de producéo



89

da RM (CRA, 2004) e a alguns eventos de contaminacdo ao longo do tempo de
operacdo da refinaria (Figura 7). Silva et al. (2024) analisando essas amostras
verificaram um aumento substancial dos hidrocarbonetos alifaticos nesse periodo,
alcancando um nivel de contaminacéo considerado alto (> 100 pg g*), bem como a
deteccdo da UCM a partir do inicio da década de 1980. Para a mesma regido, o CRA
(2004) e Wagner et al., 2016 também observaram valores elevados de HPA1or a partir
da década de 1970 que foram associados a uma fonte petrogénica.

No entanto, observa-se uma mudanga na composicdo dos HPAs ao longo do
tempo (Figura 3), com a fonte petrogénica sendo gradualmente substituida pela
combustao. Os dados de BC também indicam uma mudanca nas fontes de combustao
apos a década de 1980, com a industria e o transporte emergindo como as principais
fontes de BC, ao invés da queima de biomassa. As concentra¢des de BC aumentaram
a partir da década de 1990 até o topo do testemunho, refletindo a crescente influéncia
humana e o acimulo de fuligem produzida na regido metropolitana ao redor da area de
estudo. De fato, em 2017, as 13 cidades ao redor da BTS possuiam uma frota de
aproximadamente 993 mil veiculos (DENATRAN, 2017). Isso sugere que o BC e os
HPAs piroliticos provenientes dessas emissdes podem representar uma importante
fonte de contaminantes para a baia por meio do transporte atmosférico.

O perfil de concentracdo de HPArorrevela umareducado dos valores que pode ser
explicada em parte pela implementagéo de politicas ambientais na década de 1990,
como o Programa Bahia Azul (Bahia, 2005), pelo uso de um sistema de separacéo de
agua e Oleo gerados pela usina de asfalto da RM e, em parte, pela reducdo da
frequéncia de eventos de contaminacao de maior porte (Fig. 7). No entanto, em 2014, o
perfil de concentragdo de HPAtot no testemunho T4 atingiu seu valor méximo (1066,43
ng g1), seguido de um declinio, indicando uma possivel contaminagdo aguda associada
ao derramamento de 10.000 litros de 6leo por um navio-tanque na regido (CRA, 2004).

O testemunho T2 revelou-se mais bem preservado. Distante de atividades

industriais e da influéncia de aportes dos rios, as entradas de HPAs sdo afetadas
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possivelmente apenas pelo transporte atmosférico. Em geral, as contribuicées de HPA
ao longo do dltimo século parecem ter permanecido relativamente constantes. Ao longo
de todo o perfil as contribuicbes de HPAror € dos homdélogos alquilados sédo baixas.
Silva et al., 2024 ndo encontraram assinaturas petrogénicas ao longo do testemunho T2
(auséncia de UCM, pristano e fitano).

Com relagdo ao BC, os valores de 5Cgc oscilaram, mas permaneceram dentro
da faixa associada a combustédo de biomassa. Isso pode refletir a natureza transitoria
da pratica de corte e queima para atividades agricolas, além do carater dindmico do
transporte edlico. No final da década de 1990, houve uma diminui¢cao nas concentragdes
de BC no testemunho T2 que reflete a reducéo das praticas de queimadas agricolas. A

importancia das fontes piroliticas é confirmada pelos indices diagnésticos de HPAs.

6. CONCLUSOES

Este estudo mostra que o BC e HPAs na BTS séo eficientemente dispersos pelo
transporte edlico. Em tempos remotos, a combustdo de biomassa contribuiu
significativamente para os sedimentos, enquanto, desde a década de 1980, as emissbes
veiculares predominaram préximo a costa. A area urbanizada ao redor da BTS influencia
a poluicdo dos sedimentos. O aumento recente de BC proximo a costa destaca a
necessidade de controlar emissdes industriais e veiculares. A presenca de BC por mais
de um século nos testemunhos sugere que ele pode se acumular em sedimentos
marinhos por muito tempo.

As atividades de producéo, refino e transporte de petrdleo na BTS impactaram

diretamente a qualidade dos sedimentos desde a década de 1970. Foi observada

poluicdo moderada a partir dos anos 1980, com um pico elevado em torno de 2010. As
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fontes piroliticas predominam nos HPAs, enquanto os indices diagndsticos tradicionais
nao discriminam eficientemente o aporte petrogénico historico.

Os dados aqui apresentados fornecem uma quantificacao valiosa de HPAs e BC,
essencial para avaliar impactos futuros e definir metas de remediacdo em casos de
poluicdo ambiental. Estudos adicionais sobre deposicdo atmosférica desses
contaminantes e monitoramento continuo a longo prazo sao necessarios para garantir

gue os niveis ndo excedam os atuais.
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Material Suplementar
Tabela S1. Concentracdes total dos HPAs (HPAstor), 0s 16 HPAs prioritarios da Agéncia de Protecéo
Ambiental dos EUA (HPAs6), soma de n-alcanos de baixo peso molecular (LMW), soma de n-alcanos de alto
peso molecular (HMW), Hidrocarbonetos alquilados (HPAaLk), carbono negro (BC, do inglés black carbono),
is6topo do carbono negro (8'*Csc), carbono organico total (COT) e o is6topo do carbono (8**Coc) no

testemunho T2, coletado na Baia de Todos os Santos, Brasil.

ANO | PROFUNDIDADE | HPAr | HPA LMW HMW | HPA, coT 6C3, BC 85C35¢
2017 0 1.98 0.08 0.11 -21.89
2012 2 173.91 | 108.88 | 14.24 | 251.47 | 65.03 1.81 0.17 0.11 -23.22
2008 4 172.52 | 106.12 | 10.04 | 246.21 | 66.40 1.79 0.09 0.07 -23.54
2003 6 152.63 | 104.74 9.18 197.57 | 47.89 1.81 0.10 0.09 -18.72
1999 8 165.93 | 107.24 | 14.02 | 192.86 | 58.69 1.75 0.05 0.11 -17.91
1994 10 158.30 | 105.77 | 10.95 | 200.57 | 52.53 1.71 0.07 0.09 -19.78
1990 12 168.65 | 105.74 | 11.65 | 185.31 | 62.92 1.70 0.32 0.09 -20.11
1985 14 166.80 | 107.17 | 14.14 | 188.68 | 59.63 1.62 0.09 0.10 -23.72
1981 16 175.67 | 105.93 | 10.82 | 210.55 | 69.74 1.84 0.10 0.28 -15.86
1976 18 169.23 | 107.95 | 13.36 | 233.69 | 61.28 1.54 0.10 0.14 -19.32
1972 20 159.75 | 107.00 | 13.31 | 197.64 | 52.75 1.72 0.27 0.25 -15.25
1967 22 178.47 | 109.07 | 13.98 | 271.07 | 69.40 1.47 0.10 0.18 -19.72
1962 24 173.61 | 108.19 | 13.50 | 240.65 | 65.43 1.63 0.26 0.30 -16.76
1958 26 165.36 | 107.55 | 13.34 | 216.83 | 57.81 1.61 0.26 0.28 -15.26
1953 28 181.69 | 106.35 | 10.07 | 260.75 | 75.34 1.58 0.31 0.19 -17.63
1949 30 185.58 | 108.07 | 14.00 | 222.22 | 77.50 1.50 0.06 0.12 -21.84
1944 32 168.66 | 108.15 | 14.46 | 214.53 | 60.51 1.47 0.23 0.26 -16.88
1940 34 166.54 | 104.69 | 10.18 | 175.08 | 61.85 1.24 0.00 0.22 -15.24
1935 36 170.15 | 106.41 | 13.25 | 180.56 | 63.73 1.27 0.33 0.28 -14.55
1931 38 173.95 | 105.36 | 11.53 | 175.42 | 68.58 1.13 0.05 0.11 -23.61
1926 40 163.26 | 102.55 7.40 145.02 | 60.71 0.94 0.12 0.09 -22.65
1922 42 179.98 | 105.25 | 10.95 | 181.11 | 74.73 0.85 0.17 0.08 -22.27
1917 44 138.80 | 101.31 | 10.00 | 105.03 | 37.50 1.00 0.03 0.15 -17.42
1912 46 125.16 | 100.05 7.94 92.67 25.11 0.91 0.08 0.22 -20.36
1908 48 108.54 | 95.28 7.26 53.36 13.25 0.70 0.25 0.22 -17.51
1903 50 115.98 | 99.74 7.73 88.99 16.24 0.82 0.14 0.32 -16.06
1899 52 106.72 | 95.99 6.11 54.25 10.73 0.72 0.18 0.11 -20.16
1894 54 101.79 | 92.46 7.27 41.82 9.33 1.19 0.16 0.36 -10.63
1890 56 103.14 | 93.41 5.47 39.89 9.73 0.66 0.14 0.19 -18.73
1885 58 92.45 86.39 4.99 21.82 6.06 0.69 0.11 0.12 -18.59
1881 60 91.00 84.76 4.59 18.55 6.24 0.75 0.13 0.09 -21.05
1876 62 87.46 82.98 4.63 16.76 4.48 0.95 0.11 0.09 -22.49
1872 64 88.28 81.54 5.60 18.06 6.74 1.47 0.11 0.35 -9.83
1867 66 64.32 62.18 3.95 5.51 2.14 0.99 0.12 0.28 -20.00
1862 68 50.72 48.33 3.73 3.00 2.39 0.98 0.08 0.29 -20.11
1858 70 55.80 53.35 2.93 2.98 2.45 1.08 0.55 0.38 -15.98
1853 72 84.31 80.67 3.03 10.52 3.64 1.16 0.16 0.36 -15.14
1849 74 44.23 42.82 3.78 2.42 1.41 1.21 0.16 0.39 -14.46
1844 76 33.58 32.47 5.54 2.04 1.11 1.22 0.53 0.44 -14.04

HPASTOT, HPAlG, LMW, HMW, HPAALk (ng gl)
BC (mg g?), COT (%o)
613(:00 e 613C3c (%o)
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Tabela S2. Concentragfes total dos HPAs (HPAstor), 0s 16 HPAs prioritarios da Agéncia de Protecéo
Ambiental dos EUA (HPA;6), soma de n-alcanos de baixo peso molecular (LMW), soma de n-alcanos de alto
peso molecular (HMW), Hidrocarbonetos alquilados (HPAa.k), carbono negro (BC, do inglés black carbono),
is6topo do carbono negro (8**Csc), carbono organico total (COT) e o is6topo do carbono (8**Coc) no

testemunho T4, coletado na Baia de Todos os Santos, Brasil.

ANO | PROFUNDIDADE | HPAor | HPAy LMW | HMW | HPA, cot 8% BC 8Cc
2017 0 464.02 | 307.61 | 18.77  288.84 156.42 | 2.23 | -22.02 0.40 | -22.89
2014 2 1066.43 | 878.97 | 45.58 | 833.40 | 187.46 | 2.08 | -21.97 | 033 | -23.08
2010 4 685.37 | 509.38 | 19.27 | 490.10 | 176.00 | 1.98 | -22.01 | 038 | -22.67
2007 6 620.58 | 449.33 | 20.32 | 429.01 | 171.25 | 2.04 | -22.13 0.38 | -23.44
2004 8 763.01 | 514.92 | 32.76 | 482.16 | 248.08 | 190 | -22.36 | 034 | -22.71
2001 10 671.86 | 342.63 | 42.04 | 300.59 | 329.23 | 2.00 | -22.53 0.39 | -23.74
1997 12 542.15 | 237.40 | 41.98 | 195.43 | 304.75 | 1.52 | -22.06 | 022 | -22.59
1994 14 364.94 | 163.08 | 29.84 | 133.24 | 201.86 | 1.76 | -22.51 | 022 | -22.86
1991 16 220.63 | 110.48 | 20.99 | 89.49 | 110.14 | 1.40 | -21.40 | 017 | -21.52
1987 18 14222 | 7536 | 13.82 | 61.54 | 66.85 129 | -21.01 | 017 | -23.08
1984 20 123.89 | 76.69 | 11.26 | 6542 | 47.20 126 | -20.66 | 0.17 | -17.50
1981 22 70.96 | 48.41 6.65 41.76 | 22.54 117 | 2074 | 014 | -22.71
1978 24 40.03 | 27.20 5.54 21.66 | 12.83 1.20 | -20.55 0.14 | -20.65
1974 26 12.50 8.76 2.72 6.04 3.75 120 | -2021 | 014 | -22.34
1971 28 8.45 6.36 2.90 3.46 2.09 1.22 | -1958 | 017 | -17.12
1968 30 5.48 4.16 1.47 2.69 1.32 119 | -2021 | 019 | -14.13
1965 32 7.83 6.33 2.85 3.48 1.50 1.19 | -20.25 0.15 | -19.30
1961 34 6.51 5.54 3.02 2.51 0.98 129 | -1958 | 021 | -16.27
1958 36 5.91 4.69 2.84 1.85 1.22 1.29 | -1958 | 0.24 | -13.51
1955 38 4.04 3.61 2.05 1.56 0.43 136 | -19.47 | 024 | -13.75
1951 40 3.93 2.86 1.77 1.09 1.07 149 | -21.27 | 019 | -15.41
1948 42 5.14 4.38 3.16 1.21 0.76 1.90 | -16.87 | 0.19 | -17.03
1945 44 7.86 6.51 4.94 1.74 1.35 1.90 | -16.77 | 021 | -14.39
1942 46 5.94 5.06 4.24 0.92 0.88 1.73 | -17.67 | 026 | -14.19
1938 48 7.36 6.10 5.21 1.00 1.26 1.62 | -19.90 | 0.15 | -19.04
1935 50 4.50 3.74 2.97 0.87 0.76 1.50 | -21.48 | 028 | -17.48
1932 52 6.09 4.64 3.99 0.64 1.46 148 | -21.08 | 028 | -14.47
1928 54 2.90 2.50 1.89 0.62 0.40 148 | -2056 | 033 | -15.13
1925 56 4.51 3.38 2.19 1.19 1.13 1.95 | -18.80 | 043 | -10.33
1922 58 4.27 3.36 3.03 0.33 0.91 156 | -21.16 | 0.18 | -20.21
1919 60 3.70 2.72 2.61 0.11 0.98 203 | -19.26 | 0.41 | -11.75
1915 62 3.50 2.73 2.22 0.51 0.76 152 | -2099 | 0.28 | -17.35
1912 64 3.34 2.70 2.70 0.00 0.63 140 | -20.89 | 0.20 | -20.04
1909 66 4.44 3.09 2.87 0.23 1.34 1.80 | -21.94 | 0.19 | -20.90
1906 68 10.03 7.10 3.08 4.02 2.94 1.80 | -17.91 | 037 | -10.22

HPASTOT, HPAle, LMW, HMW, HPAALk (ng gl)
BC (mg g), COT (%)
5'3Coc e 83Cpgc (%o)
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Tabela S3. indices diagndsticos de origem dos HPAS.

T2 CORE T4 CORE
Age (yers) Depth(cm) Phen/Ant Ant/(Ant Fluo/Pi Fluo/[Flu BaA/(E'saA InP/(InP + Age (yers) Depthicm) Phen/Ant Ant/(Ant Fluo/Pir Fluo/[Fluo BaA/(E'EaA InP/(InP +

+ Phen) 0 + Pyr] + Cri) BgP) + Phen) + Pyr] + Cri) BgP)
2017 0 nc nc nc nc nc nc 2017 0 0.99 20.34 1.02 0.50 0.42 0.44
2015 2 5.31 10.53 1.26 0.56 0.41 0.61 2014 2 2.18 50.44 1.16 0.54 0.54 0.54
2013 4 3.84 5.71 1.21 0.55 0.44 0.60 2010 4 0.98 22.84 1.03 0.51 0.50 0.71
2011 6 3.73 5.62 1.17 0.54 0.45 0.52 2007 6 0.75 25.11 1.03 0.51 0.48 0.70
2009 8 0.81 13.15 1.14 0.53 0.43 0.48 2004 8 0.45 46.77 1.00 0.50 0.49 0.72
2007 10 4.67 7.51 1.15 0.54 0.42 0.47 2001 10 0.33 66.36 1.03 0.51 0.51 0.45
2005 12 3.20 7.75 1.18 0.54 0.49 0.48 1997 12 0.20 68.75 1.00 0.50 0.52 0.44
2003 14 0.79 12.63 1.10 0.52 0.44 0.49 1994 14 0.20 47.41 1.00 0.50 0.52 0.43
2001 16 2.66 6.52 1.08 0.52 0.49 0.51 1991 16 0.18 32.40 0.88 0.47 0.53 0.44
1999 18 4.21 8.09 1.18 0.54 0.50 0.55 1987 18 0.25 17.82 0.94 0.49 0.52 0.45
1997 20 3.90 7.00 1.17 0.54 0.45 0.55 1984 20 0.28 13.86 1.02 0.51 0.55 0.49
1995 22 3.36 8.25 1.13 0.53 0.50 0.50 1981 22 0.51 5.25 0.99 0.50 0.53 0.49
1993 24 3.25 8.13 1.09 0.52 0.50 0.50 1978 24 0.60 2.85 1.06 0.52 0.52 0.45
1991 26 3.57 7.28 1.14 0.53 0.48 0.49 1974 26 3.31 1.16 1.46 0.59 0.41 0.55
1989 28 nc 10.94 nc nc nc nc 1971 28 nc nc 1.46 0.59 0.41 0.54
1987 30 2.21 8.99 1.11 0.53 0.51 0.53 1968 30 nc nc 1.58 0.61 0.43 0.53
1985 32 3.87 10.62 1.18 0.54 0.48 0.53 1965 32 nc nc 1.33 0.57 0.37 0.54
1983 34 2.52 7.66 1.15 0.53 0.53 0.52 1961 34 nc nc 1.37 0.58 0.40 0.61
1981 36 2.24 9.14 1.08 0.52 0.51 0.53 1958 36 nc nc 1.77 0.64 0.37 nc
1979 38 2.08 7.69 1.12 0.53 0.53 0.53 1955 38 nc nc 1.63 0.62 nc nc
1977 40 1.58 7.25 1.08 0.52 0.52 0.54 1951 40 nc nc 1.55 0.61 nc nc
1975 42 2.21 7.14 1.04 0.51 0.52 0.52 1948 42 nc nc 1.24 0.55 nc nc
1973 44 2.27 5.01 1.07 0.52 0.52 0.54 1945 44 nc nc 1.19 0.54 0.33 nc
1971 46 3.04 2.90 1.01 0.50 0.52 0.54 1942 46 nc nc 1.52 0.60 0.47 nc
1969 48 3.88 2.12 1.07 0.52 0.45 0.53 1938 48 nc nc 1.66 0.62 0.44 nc
1967 50 4.42 2.70 1.05 0.51 0.47 0.57 1935 50 nc nc 1.34 0.57 0.48 nc
1965 52 3.81 1.73 0.99 0.50 0.42 0.51 1932 52 nc nc nc nc nc nc
1963 54 4.90 2.46 1.12 0.53 0.43 0.53 1928 54 nc nc 1.34 0.57 nc nc
1961 56 5.32 1.70 1.09 0.52 0.44 0.53 1925 56 nc nc 1.25 0.56 0.52 nc
1959 58 4.46 1.17 0.98 0.50 0.44 0.53 1922 58 nc nc nc nc nc nc
1957 60 4.96 1.01 1.09 0.52 0.45 0.53 1919 60 nc nc nc nc nc nc
1955 62 4.82 0.87 1.07 0.52 0.45 0.54 1915 62 nc nc 0.58 0.37 nc nc
1953 64 5.45 1.00 0.96 0.49 0.42 0.53 1912 64 nc nc nc nc nc nc
1951 66 nc nc 1.25 0.56 0.46 0.50 1909 66 nc nc nc nc nc nc
1949 68 nc nc 1.35 0.57 0.45 0.54 1906 68 2.45 0.58 1.09 0.52 0.45 0.33
1947 70 nc nc 1.22 0.55 0.44 0.54
1945 72 5.17 0.86 1.10 0.52 0.42 0.51
1943 74 nc nc 1.27 0.56 0.38 0.48

1941 76 nc nc 1.74 0.64 0.46 0.54
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CAPITULO 4
CONCLUSAO GERAL

A Baia de Todos os Santos é um sistema costeiro altamente complexo, onde a

distribuicdo do material organico nos sedimentos depende de uma variedade de fatores

como producdo priméria, aporte terrigeno, profundidade, hidrodindmica, taxas de

sedimentacéo, fontes antropogénicas etc. No presente trabalho, a MO foi caracterizada

nos niveis elementar, isotopico e molecular. As principais contribuicdes e conclusdes

sdo as seguintes:

Com relacao ao histérico de deposi¢cdo da MO e suas fontes:

O alcance cronolégico obtido neste trabalho permitiu analisar o contexto histoérico
da alteragcdo da MO na regido norte da BTS, antes do periodo de maiores
mudancas significativas ocorridas a partir do desenvolvimento urbano e

industrial (1950) nessa regiao.

Em relacdo a abundancia de matéria organica de origem natural, prevalece a
MO marinha, no entanto, os n-alcanos mostram uma contribuicdo pequena dos
derivados de fitoplancton (baixa contribuicdo do Ci7). Isto decorre da maior
labilidade da MO marinha, mas também € um indicativo da baixa produtividade
primaria na baia. A BTS ainda pode ser considerada um sistema oligotrofico em

fungéo principalmente da escassez de nutrientes.

Embora a amostragem no estudo seja limitada, a comparacdo entre 0s

testemunhos mostra que a proximidade das fontes de contaminacao e o agente
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de transporte influenciam o alcance dos contaminantes. O transporte edlico é

um importante agente para compostos pirogénicos.

As atividades de producao, refino e transporte de petréleo as margens da Baia
de Todos os Santos tiveram um impacto direto na qualidade dos sedimentos
marinhos a partir da década de 1970. As emissdes veiculares também

contribuiram com o aporte antropogénico da MO nos testemunhos.

Apesar das diversas industrias e complexos urbanos existentes no entorno da
BTS, em geral, os niveis de poluicdo sdo considerados moderados em
comparacdo a outras baias do Brasil e do mundo. Isso possivelmente ocorre
devido a troca de agua constante com os oceanos, através do canal de Salvador,
resultando em um curto tempo de residéncia de particulas sedimentares em seu
interior, portanto reduzindo a quantidade de sedimento e contaminantes no

ambiente.

Com relacao ao uso dos marcadores e indices:

Os indices de diagnéstico frequentemente aplicados podem fornecer
informac¢Bes ambiguas em ambientes tropicais. As altas temperaturas e
intensidade solar, bem como a atividade microbiana intensa podem
desempenhar um papel importante na determinacéo da taxa de degradacéo dos
hidrocarbonetos e assim madificar as concentragdes dos compostos nos quais
dependem as taxas de diagnostico. Somente o0 uso dos 16 HPAs prioritarios
podem néo produzir resultados confiveis. A verificacdo cruzada com 0 maximo

de indicadores possiveis permite uma interpretacdo mais fiavel e precisa.
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= A determinacdo da UCM na fracéo alifatica, dos HPAs alquilados e do BC foram

importantes para a caracteriza¢ao das fontes de MO na BTS.

= A maior resisténcia do BC a alteracdo em relacdo a outras formas de matéria

organica o torna um rastreador Util para reconstruir a historia da combusté&o local.

Antropoceno:

= Ao reconhecer o Antropeceno, também nos confrontamos com guestfes éticas
e préticas urgentes, como a necessidade de adotar préaticas sustentaveis de
desenvolvimento. O Antropeceno pode representar uma nova maneira de entender a
relacdo entre os seres humanos e o planeta, destacando nossa responsabilidade
coletiva de agir de maneira consciente e sustentavel para preservar a salde e a

diversidade da vida na Terra.

= Embora o ano de 1950 seja indicado como um limite provavel para marcar o
inicio do Antropoceno, a industrializacdo tardia da Baia de Todos os Santos resultou em
mudancas nos padrdes de deposicdo para os marcadores geoquimicos analisados

nesse estudo apenas na década de 1980.

= Nossos resultados mostram a importancia de recorrer a multiplos marcadores

para restringir as fontes de matéria organica durante o Antropoceno.

Para futuros trabalhos recomenda-se:

= Ampliar a determinac¢fes de BC para outras areas criticas da BTS como a Baia

de Aratu e a regiao sob influéncia de Salvador;
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Determinar o BC em outros compartimentos (agua, atmosfera) para se
compreender sua dindmica na BTS;

Considerar a fragcdo BC em estudos ambientais de avaliacao de risco a biota;
Determinar a razéo isotépica em n-alcanos especificos e o desenvolver indices
adaptados a diversidade local de fontes de MO;

Utilizar biormarcadores como hopanos e esteranos para melhor caracterizar os

insumos antrépicos.
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HISTORIC DEPOSITION OF BLACK CARBON AND
POLYCYCLIC AROMATIC HYDROCARBONS IN SEDIMENTS
OF A TROPICAL BAY: OIL EXPLORATION, IMPACTS OF
URBANIZATION AND AGRICULTURE

Dear Mra Silva,

We have received the above referenced manuscript you
submitted to Regional Studies in Marine Science. It has
been assigned the following manuscript number: RSMA-D-
24-01117.

To track the status of your manuscript, please log in as an
author at https://www.editorialmanager.com/rsma/, and
navigate to the "Submissions Being Processed" folder.

Thank you for submitting your work to this journal.

Kind regards,
Regional Studies in Marine Science
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ANEXO C
- REGRAS DE FORMATACAO DA REVISTA 2

Your Paper Your Way

We now differentiate between the requirements for new and revised submissions. You
may choose to submit your manuscript as a single Word or PDF file to be used in the
refereeing process. Only when your paper is at the revision stage, will you be
requested to put your paper in to a 'correct format' for acceptance and provide the
items required for the publication of your article.

To find out more, please visit the Preparation section below.

= Introduction
Types of article
Types of paper

Research paper, Baselines, Review, Short Communication, Micro Articles and
Perspective papers
Description of paper types:

A distinctive feature of Marine Pollution Bulletin is the number of different types of
paper which are published. 1. Research Papers form the core of the journal, with a
typical length of 6000 words and a maximum of 10000 words. 2. Reviews are between
8000 and 20000 words, on topics cross traditional lines. 3. Short Communications are
short research papers, with a typical length of 3000 words, and a maximum of 5000
words, 3 Figures or Tables. 4. Baseline Papers are less than 5000 words, contain an
abstract and keywords, brief introductory remarks, methodology with mandatory quality
assurance and quality control information, results and short discussion but do not have
sections or subsections. These papers are baselines related with marine pollution
(including toxicant levels; ecological and ecotoxicological data) and must bring original
data and information to support a better understanding of marine environmental issues.
5. Micro Articles are very short papers, less than 3000 words or 2 pages. They must
consist of a single, but well-described piece of information, namely: ? Original Data
and/or a plot plus a description ? Description of a new method, experiment or
instrumentation ? Descriptive case study 6. Perspective papers discuss about
subjective positions, viewpoints or new concepts within less than 2000 words. The
importance and influence of these special issues, which address the major marine
environmental concerns of our time, is increasingly being recognised not just by the
wider scientific community, but also by environmental policy makers at national and
international level. The special issues proposal should be discussed with the Editors-in-
Chief.

Submission checklist

You can use this list to carry out a final check of your submission before you send it to
the journal for review. Please check the relevant section in this Guide for Authors for
more details.

Ensure that the following items are present:
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One author has been designated as the corresponding author with contact details:
* E-mail address
* Full postal address

All necessary files have been uploaded:

Manuscript:

* Include keywords

* All figures (include relevant captions)

* All tables (including titles, description, footnotes)

* Ensure all figure and table citations in the text match the files provided
* Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

* Manuscript has been 'spell checked' and 'grammar checked'

« All references mentioned in the Reference List are cited in the text, and vice versa
» Permission has been obtained for use of copyrighted material from other sources
(including the Internet)

* A competing interests statement is provided, even if the authors have no competing
interests to declare

* Journal policies detailed in this guide have been reviewed

» Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

= Before you begin
Ethics in publishing

Please see our information on Ethics in publishing.
Declaration of competing interest

Corresponding authors, on behalf of all the authors of a submission, must disclose any
financial and personal relationships with other people or organizations that could
inappropriately influence (bias) their work. Examples of potential conflicts of interest
include employment, consultancies, stock ownership, honoraria, paid expert testimony,
patent applications/registrations, and grants or other funding. All authors, including
those without competing interests to declare, should provide the relevant information to
the corresponding author (which, where relevant, may specify they have nothing to
declare). Corresponding authors should then use this tool to create a shared statement
and upload to the submission system at the Attach Files step. Please do not convert
the .docx template to another file type. Author signatures are not required.
Declaration of generative Al in scientific writing

The below guidance only refers to the writing process, and not to the use of Al tools to
analyse and draw insights from data as part of the research process.

Where authors use generative artificial intelligence (Al) and Al-assisted technologies in
the writing process, authors should only use these technologies to improve readability
and language. Applying the technology should be done with human oversight and
control, and authors should carefully review and edit the result, as Al can generate
authoritative-sounding output that can be incorrect, incomplete or biased. Al and Al-
assisted technologies should not be listed as an author or co-author, or be cited as an


https://service.elsevier.com/app/home/supporthub/publishing/
https://www.elsevier.com/about/policies-and-standards/publishing-ethics#4-duties-of-authors
https://declarations.elsevier.com/home
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author. Authorship implies responsibilities and tasks that can only be attributed to and
performed by humans, as outlined in Elsevier's Al policy for authors.

Authors should disclose in their manuscript the use of Al and Al-assisted technologies
in the writing process by following the instructions below. A statement will appear in the
published work. Please note that authors are ultimately responsible and accountable
for the contents of the work.

Disclosure instructions

Authors must disclose the use of generative Al and Al-assisted technologies in the
writing process by adding a statement at the end of their manuscript in the core
manuscript file, before the References list. The statement should be placed in a new
section entitled ‘Declaration of Generative Al and Al-assisted technologies in the
writing process’.

Statement: During the preparation of this work the author(s) used [NAME TOOL /
SERVICE] in order to [REASON]. After using this tool/service, the author(s) reviewed
and edited the content as needed and take(s) full responsibility for the content of the
publication.

This declaration does not apply to the use of basic tools for checking grammar,
spelling, references etc. If there is nothing to disclose, there is no need to add a
statement.

Submission declaration and verification

Submission of an article implies that the work described has not been published
previously (except in the form of an abstract, a published lecture or academic thesis,
see 'Multiple, redundant or concurrent publication' for more information), that it is not
under consideration for publication elsewhere, that its publication is approved by all
authors and tacitly or explicitly by the responsible authorities where the work was
carried out, and that, if accepted, it will not be published elsewhere in the same form, in
English or in any other language, including electronically without the written consent of
the copyright-holder. To verify compliance, your article may be checked by Crossref
Similarity Check and other originality or duplicate checking software.

Preprints

Please note that preprints can be shared anywhere at any time, in line with

Elsevier's sharing policy. Sharing your preprints e.g. on a preprint server will not count
as prior publication (see 'Multiple, redundant or concurrent publication' for more
information).

Preprint posting on SSRN

In support of Open Science, this journal offers its authors a free preprint posting
service. Preprints provide early registration and dissemination of your research, which
facilitates early citations and collaboration.

During submission to Editorial Manager, you can choose to release your manuscript
publicly as a preprint on the preprint server SSRN once it enters peer-review with the
journal. Your choice will have no effect on the editorial process or outcome with the
journal. Please note that the corresponding author is expected to seek approval from
all co-authors before agreeing to release the manuscript publicly on SSRN.


https://www.elsevier.com/about/policies/publishing-ethics#Authors
https://www.elsevier.com/about/policies/publishing-ethics#Authors
https://www.elsevier.com/editors/perk/plagiarism-complaints/plagiarism-detection
https://www.elsevier.com/editors/perk/plagiarism-complaints/plagiarism-detection
https://www.elsevier.com/about/policies-and-standards/sharing
https://www.elsevier.com/researcher/author/policies-and-guidelines
https://www.elsevier.com/open-science
https://www.elsevier.com/solutions/ssrn
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You will be notified via email when your preprint is posted online and a Digital Object
Identifier (DOI) is assigned. Your preprint will remain globally available free to read
whether the journal accepts or rejects your manuscript.

For more information about posting to SSRN, please consult the SSRN Terms of
Use and FAQs.

Use of inclusive language

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive
to differences, and promotes equal opportunities. Content should make no
assumptions about the beliefs or commitments of any reader; contain nothing which
might imply that one individual is superior to another on the grounds of age, gender,
race, ethnicity, culture, sexual orientation, disability or health condition; and use
inclusive language throughout. Authors should ensure that writing is free from bias,
stereotypes, slang, reference to dominant culture and/or cultural assumptions. We
advise to seek gender neutrality by using plural nouns (“clinicians, patients/clients") as
default/wherever possible to avoid using "he, she," or "he/she." We recommend
avoiding the use of descriptors that refer to personal attributes such as age, gender,
race, ethnicity, culture, sexual orientation, disability or health condition unless they are
relevant and valid. When coding terminology is used, we recommend to avoid offensive
or exclusionary terms such as "master”, "slave", "blacklist" and "whitelist". We suggest
using alternatives that are more appropriate and (self-) explanatory such as "primary",
"secondary"”, "blocklist” and "allowlist". These guidelines are meant as a point of
reference to help identify appropriate language but are by no means exhaustive or
definitive.

Reporting sex- and gender-based analyses

Reporting guidance

For research involving or pertaining to humans, animals or eukaryotic cells,
investigators should integrate sex and gender-based analyses (SGBA) into their
research design according to funder/sponsor requirements and best practices within a
field. Authors should address the sex and/or gender dimensions of their research in
their article. In cases where they cannot, they should discuss this as a limitation to their
research's generalizability. Importantly, authors should explicitly state what definitions
of sex and/or gender they are applying to enhance the precision, rigor and
reproducibility of their research and to avoid ambiguity or conflation of terms and the
constructs to which they refer (see Definitions section below). Authors can refer to

the Sex and Gender Equity in Research (SAGER) guidelines and the SAGER
guidelines checklist. These offer systematic approaches to the use and editorial review
of sex and gender information in study design, data analysis, outcome reporting and
research interpretation - however, please note there is no single, universally agreed-
upon set of guidelines for defining sex and gender.

Definitions

Sex generally refers to a set of biological attributes that are associated with physical
and physiological features (e.g., chromosomal genotype, hormonal levels, internal and
external anatomy). A binary sex categorization (male/female) is usually designated at
birth (""sex assigned at birth™"), most often based solely on the visible external anatomy
of a newborn. Gender generally refers to socially constructed roles, behaviors, and
identities of women, men and gender-diverse people that occur in a historical and
cultural context and may vary across societies and over time. Gender influences how
people view themselves and each other, how they behave and interact and how power
is distributed in society. Sex and gender are often incorrectly portrayed as binary
(female/male or woman/man) and unchanging whereas these constructs actually exist


https://www.ssrn.com/index.cfm/en/
https://www.ssrn.com/index.cfm/en/terms-of-use/
https://www.ssrn.com/index.cfm/en/terms-of-use/
https://www.ssrn.com/index.cfm/en/ssrn-faq/
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.3897/ese.2022.e86910
https://doi.org/10.3897/ese.2022.e86910
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along a spectrum and include additional sex categorizations and gender identities such
as people who are intersex/have differences of sex development (DSD) or identify as
non-binary. Moreover, the terms "'sex™" and ""gender"" can be ambiguous—thus it is
important for authors to define the manner in which they are used. In addition to this
definition guidance and the SAGER guidelines, the resources on this page offer further
insight around sex and gender in research studies.

nn nn nn

Author contributions

For transparency, we require corresponding authors to provide co-author contributions
to the manuscript using the relevant CRediT roles. The CRediT taxonomy includes 14
different roles describing each contributor’s specific contribution to the scholarly output.
The roles are: Conceptualization; Data curation; Formal analysis; Funding acquisition;
Investigation; Methodology; Project administration; Resources; Software; Supervision;
Validation; Visualization; Roles/Writing - original draft; and Writing - review & editing.
Note that not all roles may apply to every manuscript, and authors may have
contributed through multiple roles. More details and an example.

Changes to authorship

Authors are expected to consider carefully the list and order of

authors before submitting their manuscript and provide the definitive list of authors at
the time of the original submission. Any addition, deletion or rearrangement of author
names in the authorship list should be made only before the manuscript has been
accepted and only if approved by the journal Editor. To request such a change, the
Editor must receive the following from the corresponding author: (a) the reason for
the change in author list and (b) written confirmation (e-mail, letter) from all authors that
they agree with the addition, removal or rearrangement. In the case of addition or
removal of authors, this includes confirmation from the author being added or removed.
Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor
considers the request, publication of the manuscript will be suspended. If the
manuscript has already been published in an online issue, any requests approved by
the Editor will result in a corrigendum.

Article transfer service

This journal uses the Elsevier Article Transfer Service to find the best home for your
manuscript. This means that if an editor feels your manuscript is more suitable for an
alternative journal, you might be asked to consider transferring the manuscript to such
a journal. The recommendation might be provided by a Journal Editor, a

dedicated Scientific Managing Editor, a tool assisted recommendation, or a
combination. If you agree, your manuscript will be transferred, though you will have the
opportunity to make changes to the manuscript before the submission is complete.
Please note that your manuscript will be independently reviewed by the new

journal. More information.

Copyright

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding
author confirming receipt of the manuscript together with a ‘Journal Publishing
Agreement' form or a link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including
abstracts for internal circulation within their institutions. Permission of the Publisher is
required for resale or distribution outside the institution and for all other derivative
works, including compilations and translations. If excerpts from other copyrighted works
are included, the author(s) must obtain written permission from the copyright owners


https://www.elsevier.com/researcher/author/policies-and-guidelines/edi#2-best-practice
https://credit.niso.org/
https://www.elsevier.com/researcher/author/policies-and-guidelines/credit-author-statement
https://www.elsevier.com/authors/submit-your-paper/submit-and-revise/article-transfer-service/scientific-managing-editors
https://www.elsevier.com/authors/submit-your-paper/submit-and-revise/article-transfer-service
https://www.elsevier.com/about/policies-and-standards/copyright
https://www.elsevier.com/about/policies-and-standards/copyright/permissions
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and credit the source(s) in the article. Elsevier has preprinted forms for use by authors
in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to
complete a 'License Agreement' (more information). Permitted third party reuse of gold
open access articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your
work. More information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.
Role of the funding source

You are requested to identify who provided financial support for the conduct of the
research and/or preparation of the article and to briefly describe the role of the
sponsor(s), if any, in study design; in the collection, analysis and interpretation of data;
in the writing of the report; and in the decision to submit the article for publication. If the
funding source(s) had no such involvement, it is recommended to state this.

Open access

Please visit our Open Access page for more information about open access publishing
in this journal.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-
career researchers throughout their research journey. The "Learn" environment at
Researcher Academy offers several interactive modules, webinars, downloadable
guides and resources to guide you through the process of writing for research and
going through peer review. Feel free to use these free resources to improve your
submission and navigate the publication process with ease.

Language Services

Manuscripts should be written in English. Authors who are unsure of correct English
usage should have their manuscript checked by someone proficient in the language.
Manuscripts in which the English is difficult to understand may be returned to the
author for revision before scientific review. Authors who require information about
language editing and copyediting services pre- and post-submission please

visit https://www.elsevier.com/languagepolishing or our customer support site

at service.elsevier.com for more information. Please note Elsevier neither endorses nor
takes responsibility for any products, goods or services offered by outside vendors
through our services or in any advertising. For more information please refer to our
Terms & Conditions: https://www.elsevier.com/termsandconditions.

Suggesting reviewers

Please submit the names and institutional e-mail addresses of several potential
reviewers.

You should not suggest reviewers who are colleagues, or who have co-authored or
collaborated with you during the last three years. Editors do not invite reviewers who
have potential competing interests with the authors. Further, in order to provide a broad
and balanced assessment of the work, and ensure scientific rigor, please suggest
diverse candidate reviewers who are located in different countries/regions from the
author group. Also consider other diversity attributes e.g. gender, race and ethnicity,


https://assets.ctfassets.net/o78em1y1w4i4/2SbTWf1UBdAWv1TR0Zn9Ln/eaf6afa0f694d19b6503dd99888c9b75/Permission-Request-Form.docx
https://www.elsevier.com/about/policies-and-standards/copyright
https://www.elsevier.com/about/policies-and-standards/open-access-licenses
https://www.elsevier.com/about/policies-and-standards/copyrightt
https://www.elsevier.com/researcher/author/submit-your-paper/sharing-and-promoting-your-article
https://www.sciencedirect.com/science/journal/0025326X/publish/open-access-options
https://researcheracademy.elsevier.com/
https://www.elsevier.com/languagepolishing
https://service.elsevier.com/app/home/supporthub/publishing/
https://www.elsevier.com/termsandconditions
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career stage, etc. Finally, you should not include existing members of the journal's
editorial team, of whom the journal are already aware.

Note: the editor decides whether or not to invite your suggested reviewers.
Page charges

Marine Pollution Bulletin has no page charges.

= Preparation
Queries

For questions about the editorial process (including the status of manuscripts under
review) or for technical support on submissions, please visit our Support Center.
NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise
through the creation and uploading of your files. The system automatically converts
your files to a single PDF file, which is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your
manuscript as a single file to be used in the refereeing process. This can be a PDF file
or a Word document, in any format or lay-out that can be used by referees to evaluate
your manuscript. It should contain high enough quality figures for refereeing. If you
prefer to do so, you may still provide all or some of the source files at the initial
submission. Please note that individual figure files larger than 10 MB must be uploaded
separately.

References

There are no strict requirements on reference formatting at submission. References
can be in any style or format as long as the style is consistent. Where applicable,
author(s) name(s), journal title/book title, chapter title/article title, year of publication,
volume number/book chapter and the article number or pagination must be present.
Use of DOl is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Note that missing data
will be highlighted at proof stage for the author to correct.

Formatting requirements

There are no strict formatting requirements but all manuscripts must contain the
essential elements needed to convey your manuscript, for example Abstract,
Keywords, Introduction, Materials and Methods, Results, Conclusions, Artwork and
Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be
included in your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Abstract

Abstracts should not exceed 150 words.
Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American
spelling and avoiding general and plural terms and multiple concepts (avoid, for
example, "and", "of"). Where relevant these should include the main species
concerned, the geographical area and the contaminant. Be sparing with abbreviations:
only abbreviations firmly established in the field may be eligible. These keywords will
be used for indexing purposes.


https://service.elsevier.com/app/home/supporthub/publishing/
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Please note that the instructions related to Abstract and Graphical abstract still apply to
all new submissions.
Peer review

This journal operates a single anonymized review process. All contributions will be
initially assessed by the editor for suitability for the journal. Papers deemed suitable are
then typically sent to a minimum of one independent expert reviewer to assess the
scientific quality of the paper. The Editor is responsible for the final decision regarding
acceptance or rejection of articles. The Editor's decision is final. Editors are not
involved in decisions about papers which they have written themselves or have been
written by family members or colleagues or which relate to products or services in
which the editor has an interest. Any such submission is subject to all of the journal's
usual procedures, with peer review handled independently of the relevant editor and
their research groups. More information on types of peer review.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us
with an editable file of the entire article. Keep the layout of the text as simple as
possible. Most formatting codes will be removed and replaced on processing the
article. The electronic text should be prepared in a way very similar to that of
conventional manuscripts (see also the Guide to Publishing with Elsevier). See also the
section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check’ and
‘grammar-check’ functions of your word processor.

LaTeX

You are recommended to use the Elsevier article class elsarticle.cls to prepare your
manuscript and BibTeX to generate your bibliography.

Our LaTeX site has detailed submission instructions, templates and other information.
Essential title page information

* Title. Concise and informative. Titles are often used in information-retrieval systems.
Avoid abbreviations and formulae where possible.

* Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add
your name between parentheses in your own script behind the English transliteration.
Present the authors' affiliation addresses (where the actual work was done) below the
names. Indicate all affiliations with a lower-case superscript letter immediately after the
author's name and in front of the appropriate address. Provide the full postal address of
each affiliation, including the country name and, if available, the e-mail address of each
author.

» Corresponding author. Clearly indicate who will handle correspondence at all
stages of refereeing and publication, also post-publication. This responsibility includes
answering any future queries about Methodology and Materials. Ensure that the e-
mail address is given and that contact details are kept up to date by the
corresponding author.

* Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a 'Present address' (or 'Permanent
address') may be indicated as a footnote to that author's name. The address at which
the author actually did the work must be retained as the main, affiliation address.
Superscript Arabic numerals are used for such footnotes.

Highlights

Highlights are mandatory for this journal as they help increase the discoverability of
your article via search engines. They consist of a short collection of bullet points that
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capture the novel results of your research as well as new methods that were used
during the study (if any). Please have a look at the example Highlights.

Highlights should be submitted in a separate editable file in the online submission
system. Please use 'Highlights' in the file name and include 3 to 5 bullet points
(maximum 85 characters, including spaces, per bullet point).

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose
of the research, the principal results and major conclusions. An abstract is often
presented separately from the article, so it must be able to stand alone. For this
reason, References should be avoided, but if essential, then cite the author(s) and
year(s). Also, non-standard or uncommon abbreviations should be avoided, but if
essential they must be defined at their first mention in the abstract itself.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more
attention to the online article. The graphical abstract should summarize the contents of
the article in a concise, pictorial form designed to capture the attention of a wide
readership. Graphical abstracts should be submitted as a separate file in the online
submission system. Image size: Please provide an image with a minimum of 531 x
1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5
x 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS,
PDF or MS Office files. You can view Example Graphical Abstracts on our information
site.

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's
requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers
XxxXX, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and
the United States Institutes of Peace [grant number aaaa).

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization
that provided the funding.

If no funding has been provided for the research, it is recommended to include the
following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Artwork

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.
* Number the illustrations according to their sequence in the text.

» Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

» For Word submissions only, you may still provide figures and their captions, and
tables within a single file at the revision stage.
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* Please note that individual figure files larger than 10 MB must be provided in separate
source files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are
given here.

Formats

Regardless of the application used, when your electronic artwork is finalized, please
'save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and line/halftone combinations given below):
EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of
300 dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum
of 500 dpi is required.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the
resolution is too low.

* Supply files that are too low in resolution.

» Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS
(or PDF), or MS Office files) and with the correct resolution. If, together with your
accepted article, you submit usable color figures then Elsevier will ensure, at no
additional charge, that these figures will appear in color online (e.g., ScienceDirect and
other sites) regardless of whether or not these illustrations are reproduced in color in
the printed version. For color reproduction in print, you will receive information
regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the
preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title

(not on the figure itself) and a description of the illustration. Keep text in the illustrations
themselves to a minimum but explain all symbols and abbreviations used.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended in the reference list, but
may be mentioned in the text. If these references are included in the reference list they
should follow the standard reference style of the journal and should include a
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