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RESUMO

Em janeiro de 2019, o Brasil foi impactado pelo maior derramamento de dleo ja
registrado em oceanos tropicais, com mais de 5 mil toneladas de 6leo atingindo
a costa das regides Nordeste e Sudeste. Em janeiro de 2022, um novo evento
relacionado a mais de 11 toneladas de 6leo derramado atingiu o litoral do Ceara.
Em agosto de 2022, toneladas de tarballs contaminaram grande parte do litoral
nordestino. Em adi¢do, nos anos de 2021 e 2022, residuos oleosos continuaram
a chegar no litoral cearense. Neste contexto, este trabalho aplicou a geoquimica
forense para investigar as caracteristicas, origens e o nivel de intemperismo de
56 amostras de 6leo coletadas entre 2019 e 2022. Um primeiro artigo publicado
abordou 16 amostras de tarballs coletadas em agosto de 2022, as quais
apresentaram similaridade entre si de acordo com as razdes diagndsticas
baseadas em biomarcadores. As razdes diagnosticas destas amostras, quando
comparada a dos 6leos dos eventos de 2019 e do inicio de 2022, apresentaram
diferencas significativas, indicando origens e eventos distintos. Os tarballs
apresentaram um perfil bimodal, com n-alcanos variando de nC13 a nC41,
caracterizando-se como 6leo cru parafinico (ndo combustivel), termicamente
maturo e de origem marinha. Os resultados obtidos por ESI(-) FT-ICR MS
indicaram que essas amostras passaram por processos de biodegradagao e
fotooxidagdo, com abundancia de acidos graxos, o que € consistente com
caracteristicas cerosas. O segundo artigo apresenta os resultados de oleos
coletados nos anos de 2021 e 2022 no Ceara. Das 32 amostras analisadas, 26
apresentaram alta abundéncia de n-alcanos de cadeia longa (nC31 a nC41),
tipicos de oleos parafinicos. Nao foram detectados n-alcanos de baixo peso
molecular (<nC31) e os isoprendides pristano (Pr) e fitano (Fi). A analise dos
biomarcadores, através das razdes diagndsticas, indicou que 26 amostras nao
apresentam similaridade mutua, sugerindo multiplas fontes. No entanto, trés
amostras de 2021 apresentam similaridade com o evento de 2019, e trés
amostras de 2022 com o evento ocorrido no inicio de 2022. A analise
multivariada corroborou com os resultados obtidos pelos biomarcadores,
revelando o agrupamento de seis amostras com os eventos de 2019 e inicio de
2022, além de dispersao significativa das demais amostras, que néo
apresentaram similaridade entre si e nem com os eventos passados. Quanto aos
compostos aromaticos, ndao houve deteccdo de hidrocarbonetos policiclicos
aromaticos (HPAs), apenas a presencga dos triaromaticos esterdides (TAS). O
estudo dos compostos polares acidos por ESI(-) FT-ICR MS diferenciou cinco
grupos: o 6leo de 2019 apresentou as classes N1, O2, NS, O1 e NO; o d6leo do
inicio de 2022 apresentou as classes N1, Oz, O3, O1, NO e NOy; os tarballs
parafinicos apresentaram as classes N1, O2, O1, O4S e NS. A amostra PO3#2021,
similar ao 6leo de 2019, apresentou maior abundancia das classes O3, O3, O3S
e Os. As trés amostras de 2022, associadas ao evento do inicio de 2022,
apresentaram as classes O2, 04S, O € OsS, indicando agéo da fotooxidagao. As
distribuicbes de DBE vs numero de carbonos para as classes N1 e O2 mostraram
maior abundancia entre C20 e C40, padrao incomum em 6leo cru, sugerindo que
esses residuos passaram por processos térmicos. Este estudo evidenciou a
vulnerabilidade do litoral cearense a chegada continua de residuos petroliferos,
0s quais tém se acumulado e impactado o meio ambiente de forma silenciosa.

Palavras-chave: poluicdo costeira; geoquimica ambiental; fingerprint,
biomarcadores.



ABSTRACT

In January 2019, Brazil was impacted by the largest oil spill ever recorded in
tropical oceans, with over 5,000 tons of oil reaching the coasts of the Northeast
and Southeast regions. In January 2022, a new incident involving more than 11
tons of spilled oil affected the coast of Ceara. In August 2022, tons of tarballs
contaminated large portions of the northeastern coastline. In addition, during
2021 and 2022, oily residues continued to wash up along the Ceara coast. In this
context, this study applied forensic geochemistry to investigate the
characteristics, origins, and degree of weathering of 56 oil samples collected
between 2019 and 2022. The first published article addressed 16 tarballs
samples collected in August 2022, which showed mutual similarity based on
biomarker-derived diagnostic ratios. When compared to oils from the 2019 and
early 2022 events, these samples exhibited significant differences, indicating
distinct sources and spill events. The tarballs displayed a bimodal profile, with n-
alkanes ranging from nC13 to nC41, characterizing them as paraffinic crude oil
(non-fuel), thermally mature, and of marine origin. Results obtained through ESI(-
) FT-ICR MS indicated that the samples had undergone biodegradation and
photooxidation, with a high abundance of fatty acids, consistent with waxy
characteristics. The second article presents results from oil samples collected in
Ceara during 2021 and 2022. Of the 32 samples analyzed, 26 showed a high
abundance of long-chain n-alkanes (nC31 to nC41), typical of paraffinic oils. No
low molecular weight n-alkanes (<nC31) or the isoprenoids pristane (Pr) and
phytane (Ph) were detected. Biomarker analysis using diagnostic ratios indicated
that 26 samples did not show mutual similarity, suggesting multiple sources.
However, three samples from 2021 showed similarity to the 2019 event, and three
samples from 2022 were linked to the early 2022 spill. Multivariate analysis
supported the biomarker results, revealing that six samples clustered with the
2019 and early 2022 events, while the remaining samples showed significant
dispersion and no similarity with each other or with past events. As for aromatic
compounds, no polycyclic aromatic hydrocarbons (PAHs) were detected—only
the presence of triaromatic steroids (TAS). The analysis of polar acidic
compounds by ESI(-) FT-ICR MS revealed five distinct groups: the 2019 oil
exhibited the classes N1, O2, NS, O1, and NO; the early 2022 oil showed the
classes N4, Oz, O3, O1, NO, and NO; and the paraffinic tarballs were
characterized by the classes N+, O2, O1, O4S, and NS. Sample P03#2021, which
was similar to the 2019 oil, showed higher abundances of Oz, O3, O3S, and O4
classes. The three 2022 samples associated with the early 2022 event presented
the classes Oz, O4S, Os, and O6S, indicating photooxidation. The DBE vs. carbon
number distributions for the N1 and O2 classes showed higher abundances
between C20 and C40, an uncommon pattern for crude oil, suggesting that these
residues had undergone thermal processes. This study highlighted the
vulnerability of the Ceara coastline to the continuous arrival of petroleum
residues, which have been silently accumulating and impacting the environment.

Keywords: coastal pollution, environmental geochemistry; fingerprint;
biomarkers.
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1 INTRODUGAO GERAL

Esta tese esta estruturada em quatro capitulos. O primeiro capitulo
abrange a introdugéo, a revisdo da literatura, os objetivos do estudo, a
caracterizagao da area de estudo, a descricdo da metodologia e as referéncias
bibliograficas. O segundo e o terceiro capitulo consistem em artigos cientificos
resultantes da pesquisa. O artigo apresentado no segundo capitulo, publicado
no periédico Marine Environmental Research, em 2025, investiga os tarballs
parafinicos que atingiram a costa do Nordeste do Brasil no final de 2022. O
terceiro capitulo apresenta os resultados da investigagdo geoquimica de
amostras de residuos de petrdleo coletadas em duas campanhas na costa
cearense durante os anos de 2021 e 2022. O quarto capitulo reune a conclusao
geral do trabalho e as consideragbes finais. Por fim, sdo apresentadas as
referéncias bibliograficas e os apéndices A e B, referentes aos materiais

suplementares dos artigos dos capitulos dois e trés, respectivamente.

1.1 INTRODUGCAO

Os derramamentos de petréleo ocorrem tanto por exsudagdes naturais
quanto por atividades da industria petrolifera, incluindo o transporte de éleo e
seus derivados, perfuracdo de pocgos, colisbes acidentais, naufragios de
petroleiros, falhas em oleodutos e em plataformas de extragdo, causando
impactos adversos na socioeconomia e nos recursos ecoldgicos, entre outros (Bi
et al., 2021; Keramea et al., 2021). Os derramamentos de petroleo registrados
na regidao Nordeste do Brasil configuram-se como um problema de grandes
propor¢des nos ambitos social, econdmico e ecoldgico, devido a alta frequéncia
dos eventos, ao expressivo volume de 6leo envolvido e a ampla extensao
geografica afetada. Tais episddios tém provocado impactos significativos em
areas legalmente protegidas, bem como em diversas comunidades costeiras que
dependem diretamente dos recursos marinhos para sua subsisténcia (Soares et
al., 2022).
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Em 2019, a costa nordeste do Brasil foi atingida pelo maior derramamento
de Oleo ja registrado em oceanos tropicais (Oliveira et al., 2020; Lourenco et al.,
2022; Reddy et al., 2022), com mais de 5.000 toneladas de 6leo recolhidas em
mais de onze estados afetados (IBAMA, 2022; Soares et al., 2022). Esse evento
foi tdo expressivo que, ainda em 2020 e 2021, materiais oleosos relacionados ao
derramamento de 2019 continuaram chegando as praias brasileiras (Lima et al.,
2023). Em janeiro de 2022, manchas de 6leo ndo associadas ao evento de 2019
surgiram na costa do estado do Ceara, atingindo uma extensdo de
aproximadamente 400 km, com mais de 8.000 litros de d6leo coletados (Azevedo
et al., 2022; Soares et al., 2022). Mais recentemente, no final de 2022, bolas de
alcatrao (tarballs) foram observadas ao longo de toda a costa do Nordeste
brasileiro (Mello et al., 2023; Pereira et al., 2023; Nascimento et al., 2025).

Os tarballs sao bolas de alcatrdo com variagdes de cor, forma, tamanho e
composi¢ao quimica, podendo ter origem em exsudacdes naturais (Corrick et al.,
2021; Kvenvolden e Cooper, 2003) ou em fontes antropogénicas, resultantes da
liberacdo de petréleo no oceano (Warnock et al., 2015). Essas estruturas
apresentam forma aproximadamente esférica, geralmente com menos de 10 cm
de didmetro (Kvenvolden e Cooper, 2003). Podem ser formadas a partir de
petroleo liquido transformado em material oleoso mais consistente por
intemperismo e outros processos fisicos (Warnock et al., 2015), podendo
persistir no oceano por longos periodos. Esses residuos sao transportados para
regides costeiras por meio das ondas e correntes marinhas (Butler et al., 1998),
afetando os ecossistemas marinhos e as zonas costeiras, além de impactar
diretamente as comunidades locais (Warnock et al., 2015). A poluigdo por
derramamentos de 6leo em ambientes costeiros representa uma preocupagao
significativa para o ecossistema marinho global, uma vez que esses residuos
contém compostos toxicos e poluentes (Shinde et al., 2020), além de abrigarem
diversas bactérias e fungos associados, os quais podem ser potenciais agentes

patogénicos para humanos e animais (Shinde et al., 2017).

ApoOs ser derramado no ambiente, o petrdleo € submetido a varios

processos fisicos, quimicos e bioldgicos que alteram sua composi¢cao quimica,
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processos esses conhecidos como intemperismo (Stout e Wang, 2016; Wang et
al., 1999). O betume parafinico, que forma os tarballs parafinicos, é
relativamente resistente aos processos de intemperismo, permitindo que
permanegam por periodos prolongados no oceano (Edwards et al., 2018). Os
compostos parafinicos podem retardar os efeitos do intemperismo nos tarballs
devido a diminuicdo da dispersao do 6leo (Blumer et al., 1973) e a protecéo
proporcionada pela parafina na coluna de agua durante o transporte pelas

correntes marinhas (Lourencgo et al., 2020).

Para a avaliagdo de d6leos derramados, a geoquimica forense tem sido
aplicada para ajudar a determinar sua origem, o tempo de exposi¢ao dos 6leos
e 0s processos intempéricos que atuaram nesses residuos (Kaplan, 1997). A
geoquimica forense baseia-se principalmente nos principios cientificos da
geoquimica organica (Kaplan, 1997), permitindo obter a impressao digital
quimica do petroleo derramado utilizando técnicas analiticas convencionais e
avancadas de alta resolugdo, como a cromatografia gasosa (Stout e Wang,
2007) e, mais recentemente, a espectrometria de massas por ressonancia
ciclotrénica de ions com transformada de Fourier (FT-ICR MS; Prince e Walters,
2022). Essas técnicas envolvem a avaliagcdo de fatores que influenciam a
impressao digital quimica do éleo derramado, incluindo a génese, o refino, os
processos intempéricos e a mistura no meio ambiente sofridos por esses 6leos
(Stout e Wang, 2007). Este conceito tem sido amplamente utilizado para estudar
os derramamentos de petroleo no Nordeste do Brasil nos ultimos anos (Azevedo
et al., 2022; Carregosa et al., 2021; Lima et al., 2020, 2021, 2023; Oliveira et al.,
2020; Reddy et al., 2022; Pereira et al., 2023; Martins et al., 2024; Nascimento
et al., 2025).

Destacando a extensao e a recorréncia dos derramamentos de residuos
de petrdleo na costa do Nordeste brasileiro, este trabalho propde a aplicagao da
geoquimica forense como ferramenta para investigar a origem, as caracteristicas
e os efeitos intempéricos dos diferentes residuos de petrdleo registrados no

litoral do estado do Ceara nos anos de 2019 a 2022.
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1.2 OBJETIVOS

1.2.1 Objetivo Geral

Investigar a composi¢cdo quimica de materiais oleosos encontrados ao
longo do litoral do estado do Ceara, Nordeste do Brasil, entre 2019 e 2022, com
base nos compostos saturados, aromaticos e polares, visando identificar a
origem, a similaridade e os efeitos do intemperismo, por meio da aplicagdo dos

conceitos da geoquimica forense.

1.2.2 Objetivos especificos

Para alcancgar o objetivo geral, t€m-se os seguintes objetivos especificos:

e Monitorar a presenca de materiais oleosos em beachrocks — formacgdes
rochosas — e em faixas de areia nas praias do estado do Ceara, entre 2019 e
2022, através da: (i) coleta de tarballs parafinicos associados ao evento ocorrido
no final de 2022 no Nordeste brasileiro; (ii) coleta de residuos oleosos
identificados ao longo de toda a costa cearense nos anos de 2021 e 2022.

e Avaliar as amostras de 6leo derramado, por meio de razbes diagndsticas
obtidas a partir de biomarcadores saturados e aromaticos resistentes, analisados
por técnicas cromatograficas gasosas, com o objetivo de: (i) verificar a
similaridade entre as amostras coletadas, a fim de identificar os 6leos que
apresentam caracteristicas semelhantes; (ii) ldentificar possiveis perfis de
combustiveis presentes nas amostras.

e Aplicar os compostos polares acidos analisados pela técnica de
espectrometria de massas com ressonancia ciclotrbnica de ions com
transformada de Fourier (FT-ICR MS) para complementar a investigagao
geoquimica forense dos Oleos derramados, incluindo a investigacdo dos

processos intempéricos atuantes.
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1.3 REFERENCIAL TEORICO

1.3.1 Derramamentos de 6leo: contexto global e implicagbes ambientais
1.3.1.1 Ocorréncias globais de derramamentos de 6leo: histéricos e perspectivas

O petréleo permanece como uma das principais fontes de energia global
desde o século XX, sendo responsavel, juntamente com o carvéo e o gas natural,
por cerca de 80% da matriz energética mundial projetada para 2030 (Alcoforado,
2023). Apesar dos crescentes apelos por transi¢cdes energéticas sustentaveis, a
dependéncia estrutural do petréleo ainda € marcante, o que torna inevitavel os
riscos ambientais associados a sua cadeia produtiva, especialmente no
transporte maritimo.

A industria petrolifera, enfrentando o desafio de equilibrar produtividade
com sustentabilidade ambiental, é atualmente responsavel por mais de dois
tercos da energia mundial (Heidari et al., 2022; Kamyk et al., 2021; Keramea et
al., 2021). A crescente demanda projetada pela Organizacdo dos Paises
Exportadores de Petroleo (OPEP), estimada em 105,2 milhdes de barris por dia
em 2025 (OPEP, 2023), reforga a expansao do transporte maritimo de petréleo.
Como resultado, a seguranga dos petroleiros torna-se cada vez mais relevante,
especialmente diante dos inumeros derramamentos de petréleo registrados ao
longo da histéria (Chen et al., 2019). A Figura 1 apresenta o numero de
derramamentos de petréleo de navios tanques, de 1970 a 2024 (ITOPF, 2024).

Figura 1. Numero de derramamentos de 6leo de 1970 a 2024.
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Fonte: ITOPF (2024).
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Segundo dados da International Tanker Owners Pollution Federation
(ITOPF, 2024), apenas em 2024 foram registrados seis grandes derramamentos
(>700 toneladas) e quatro de médio porte (7—700 toneladas). A distribuigédo
geogréfica dos eventos entre a América do Sul, América do Norte, Asia e Europa
evidenciaram a abrangéncia global do problema. Os incidentes envolveram
principalmente 6leo combustivel, resultando em cerca de 10.000 toneladas de
residuos oleosos derramados no ambiente marinho. Os desastres relacionados
ao transporte de petrdleo, embora menos frequentes nas ultimas décadas,
continuam sendo relevantes pelo seu potencial destrutivo.

De acordo com estudos realizados por Dong et al. (2022), a anélise de
563.705 imagens de satélite resultou na elaboragado do primeiro mapa global de
manchas de 6leo nos oceanos, acompanhado de um inventario detalhado das
principais fontes persistentes, como exsudagdes naturais, plataformas e
oleodutos. Os resultados indicaram que aproximadamente 90% das manchas
estavam localizadas a menos de 160 quildmetros de areas costeiras, o que
evidencia a vulnerabilidade dessas regides. Além disso, foram identificados 21
cinturdes com alta densidade de manchas, que coincidem significativamente
com rotas de navegagao maritima. Esses dados sugerem que boa parte dos
derramamentos tem origem antrépica, especialmente associada ao trafego de
navios petroleiros e outras embarcagdes comerciais.

Atividades como operagdes de producado de petroleo em alto-mar,
incluindo perfuragao, além de vazamentos e derramamentos de navios-tanque e
embarcagdes, contribuem para aproximadamente 8% da quantidade total de
residuos de petréleo que chegam a superficie do oceano (Board et al., 2003;
Chen et al., 2018; Lorenz, 2020). Porém, desde 1970, observa-se uma tendéncia
de queda no numero de acidentes e na quantidade de o6leo derramado por
petroleiros. Antes da década de 1990, esses indices variavam significativamente
a cada ano. A partir dessa década, estabilizaram-se em niveis baixos e com
redugdo continua. Mais de 90% dos acidentes e do volume total de o6leo
derramado ocorreram antes de 1990. Os dados evidenciam uma expressiva

diminuicado desses eventos apods esse periodo (Chen et al., 2019). Esses
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incidentes ndo apenas colocam em risco a saude e a vida de tripulacoes,
ocorrem também perdas ambientais com sérios impactos sobre os
ecossistemas. Uma vez derramado no oceano, o 6leo tende a se espalhar e se
deslocar com as correntes costeiras e os ventos, contaminando praias e
ecossistemas associados (Galierikova e Materna 2020; Zanhg et al., 2016;
Caballer e Onate, 2017).

Ao longo das ultimas décadas, diversos desastres associados ao
transporte de petroleo e seus derivados em mares e oceanos foram registrados.
Dentre eles, destacam-se o acidente com o super petroleiro Torrey Canyon, que
colidiu contra rochas ao largo da costa da Cornualha, em aguas britanicas, em
1967. Este evento resultou no derramamento de aproximadamente 119.328
toneladas de petréleo bruto, o que causou a morte de mais de 25.000 aves e
outros organismos marinhos (Chen et al., 2018; Galierikova e Materna, 2020;
Wells, 2017). Em 1989, o petroleiro Exxon Valdez encalhou no recife Bligh,
localizado na baia de Prince William, no Alasca, provocando o derramamento de
42 milhdes de litros de 6leo cru. O incidente resultou na contaminacao de
aproximadamente 1.990 km de costa e causou uma significativa mortalidade da
vida marinha local (Peterson et al., 2003). Em 2002, o petroleiro Prestige sofreu
uma falha estrutural grave nos tanques de carga e afundou a 222 km da costa
das llhas Cies, no noroeste da Espanha. Como resultado, mais de 60.000
toneladas de petroleo foram derramadas, contaminando aproximadamente
1.300 km de costa (Albaigés et al., 2006). Em 2010, uma explosao na plataforma
Deepwater Horizon, no norte do Golfo do México, com profundidade de 1.522
metros, liberou cerca de 3,19 milhdes de barris de petréleo nos oceanos ao longo
de 87 dias (Beyer et al., 2016). Ja em 2017, as embarca¢des BW Maple, uma
transportadora de gas de petrdleo liquefeito, e MT Dawn Kanchipuram,
transportadora de 6leo lubrificante, colidiram ao norte de Chennai, no sul da
india, resultando no derramamento de 75 toneladas de petréleo e impactando
uma area de 25 milhas da costa (Han et al., 2018). Em 13 de margo de 2025, no
Equador, ocorreu o rompimento do sistema de oleodutos (SOTE) na provincia
de Esmeraldas, resultando no derramamento de mais de 25.000 barris de

petroleo. O vazamento se espalhou por 86 km a partir do local do incidente,
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afetando mais de 15 municipios. Como consequéncia, cinco rios préximos ao
Oceano Pacifico foram contaminados (Oil & Gas Journal, 2025).

Ao longo das ultimas décadas, as estatisticas sobre a frequéncia de
derramamentos de petroleo superiores a sete toneladas por navios-tanque
indicam uma expressiva reducdo. Na década de 1970, a média anual era de
aproximadamente 79 ocorréncias, numero que caiu mais de 90% na década de
2010, chegando a 6,3, e se mantendo em patamares semelhantes na década
atual. Contudo, em termos de volume derramado, os dados anuais podem ser
significativamente distorcidos por eventos isolados de grande magnitude.
Exemplos como o Atlantic Empress (1979), com 287.000 toneladas derramadas;
o Castillo de Bellver (1983), com 252.000 toneladas; o ABT Summer (1991), com
260.000 toneladas; e o Sanchi (2018), com 113.000 toneladas, ilustram essa
situacdo (ITOPF, 2024). O vazamento da Deepwater Horizon, em 2010, que
liberou cerca de 3,19 milhdes de barris de petréleo no oceano, reforcando como
um unico acidente pode alterar drasticamente os indices de volume anual (Beyer
et al., 2016). Apesar da expressiva reducao na frequéncia desses desastres, os
impactos ambientais decorrentes de grandes vazamentos permanecem
significativos, evidenciando a necessidade de monitoramento constante e do

continuo aperfeigopamento das estratégias de prevencéao e resposta.

1.3.1.2 Panorama dos derramamentos de petroleo no Brasil

Nas ultimas décadas, o Brasil tem enfrentado diversos derramamentos de
petroleo que causaram impactos ambientais significativos, especialmente em
areas costeiras. Esses eventos nao apenas revelam os riscos inerentes as
atividades de exploracao, transporte e refino de petréleo, mas também suscitam
importantes debates académicos acerca das causas, consequéncias e das
respostas institucionais a esses acidentes.

Historicamente, destacam-se casos que marcaram o cenario ambiental
brasileiro, como o0 vazamento do petroleiro Tarik Iba Ziyad em 1975, na Baia de
Guanabara, Rio de Janeiro, que resultou no derramamento de seis mil toneladas

de dleo. No inicio dos anos 2000, episédios como o rompimento de dutos da
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Petrobras, que causaram o vazamento de milhdes de litros de 6leo na Baia de
Guanabara e nos rios Barigui e Iguagu, ampliaram a preocupagdo com a
segurancga das infraestruturas petroliferas (Meniconi et al., 2000; CETESB,
2005). Outros acidentes, como o derramamento em S&o Sebastido (SP) em 2000
e o vazamento da Chevron em 2011 na Bacia de Campos, reforcaram o alerta
sobre os potenciais danos ambientais e a necessidade de aprimorar os
mecanismos de preveng¢ao e mitigagao.

No contexto mais atual, o derramamento de 2019 na costa nordeste do
Brasil representa um marco que reabriu debates sobre a vulnerabilidade dos
ecossistemas marinhos e as limitacbes dos sistemas de monitoramento e
controle ambiental (Oliveira, et al., 2020; Reddy et al., 2022; Zacharias et al.,
2023). Desde entéo, outros eventos tém sido registrados, como o derramamento
de oleo em janeiro de 2022 no Estado do Ceara (Azevedo et al., 2022). A
chegada dos tarballs parafinicos ao longo do litoral nordestino em agosto de
2022 (Mello et al., 2023; Nascimento et al., 2025; 2022; Pereira et al., 2023).
Esses episddios recentes ressaltam a necessidade em aprofundar a
investigacdo sobre os derramamentos de 6leo ocorridos no Brasil, sobretudo
aqueles que se sucederam a partir de 2019, tema que tem ganhado crescente

atencdo na area académica e que sera explorado nos topicos seguintes.

1.3.1.3 Derramamento de petréleo no Brasil em 2019: consequéncias, desafios

e debates

O derramamento de 6leo ocorrido em 2019 foi 0 maior desastre ambiental
relacionado a petroleo ja registrado na América do Sul e em regides tropicais,
devido a sua ampla extensao geografica e a sobreposigcdo com ecossistemas de
elevada relevancia ecoldgica (Soares et al., 2020; 2022; Magalhaes et al., 2022).
No final de agosto daquele ano, manchas de 6leo de origem desconhecida
surgiram inicialmente no litoral da Paraiba, dando inicio a um grande
derramamento ao longo do litoral brasileiro. Esse acidente configura-se como o

maior derramamento de 6leo em extensdo e duragao ja registrado no Brasil
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(Soares et al., 2020; Lourenco et al., 2020). Nos meses seguintes, o 6leo atingiu
toda a costa nordestina, além dos litorais dos estados do Espirito Santo e do Rio
de Janeiro. De uma area monitorada que ultrapassa 4.000 km de extenséo,
aproximadamente 1.000 km da costa brasileira foram diretamente afetados pelo
oleo (Soares et al., 2022; IBAMA, 2020). Mais de 4.000 toneladas de residuos
de petréleo, cuja origem permanece desconhecida, chegaram a costa nordeste
do pais desde o final de agosto, contaminando centenas de praias, estuarios,
recifes e manguezais ao longo de uma extensao de 2.500 km (Escobar, 2019;
Cavalcante et al., 2024).

O 6leo derramado em 2019 foi classificado como pesado e altamente
intemperizado, ou seja, passou por processos quimicos, fisicos e biolégicos ao
longo do tempo, apresentando como principais caracteristicas alta viscosidade,
alta densidade e baixas concentragbes de compostos volateis (Reddy et al.,
2022; Oliveira et al., 2022). Com base nessas propriedades, o IBAMA (2020)
aponta os principais comportamentos previstos do 6leo no ambiente marinho e
seus provaveis impactos sobre a flora e fauna marinhas: baixos niveis de
evaporacgao, o que implica em concentracées reduzidas de hidrocarbonetos no
ar proximo as manchas; alta persisténcia no ambiente, indicando que o 6leo nao
se degrada facilmente; densidade proxima a da agua do mar, o que possibilita
seu afundamento ao encontrar agua salobra ou quando misturado a areia e
outros sedimentos; baixa toxicidade potencial para organismos marinhos, devido
as baixas concentragbes de compostos aromaticos presentes; e potencial para
sufocagao fisica dos organismos marinhos que entrem em contato direto com o
material, decorrente da alta viscosidade e densidade do o6leo. A Figura 2

apresenta imagens ilustrativas do derramamento de 6leo ocorrido em 2019.
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Figura 2. Amostras do derramamento de petroleo no ano de 2019 nos estados da Bahia
e Cear4, a) Praia de ltubera e b) Praia do Balbino.

Fonte: IBAMA (2020).

A medida em que as manchas e ondas de 6leo chegavam & costa do
Nordeste, muitos voluntarios locais se mobilizaram espontaneamente, tanto
individual quanto coletivamente, movidos por forgcas humanitarias e ambientais
para limpar as praias, todos expostos a substancias toxicas como (HPAs e
BTEX), colocando em risco sua propria saude. Nos primeiros dias, quando os
poluentes comegaram a chegar ao litoral, a maioria desses voluntarios nao tinha
conhecimento sobre como lidar com o desastre, nenhuma orientagcdo de
autoridades, nem acesso a equipamentos de protecao individual (EPI) (Araujo et
al., 2020; Euzébio et al., 2019; Aguilera et al., 2010; Oliveira et al., 2020).

Os impactos ambientais foram extensos, com efeitos sobre a
biodiversidade marinha ainda nao totalmente quantificados. Pesquisas indicam
danos a espécies de peixes, invertebrados, tartarugas-marinhas e corais, além
da contaminacéao de habitats criticos (Magalhaes et al., 2022; Souza et al., 2022).
As comunidades tradicionais — como pescadores artesanais e marisqueiras —
foram severamente afetadas, tanto no aspecto econdmico quanto na saude, pela
manipulagdo direta dos residuos oleosos sem o uso de equipamentos
adequados de protegao (Araujo et al., 2021; Pereira et al., 2023).

Um ano apos o inicio do desastre ambiental, a Marinha do Brasil divulgou

que o petrdleo encontrado no litoral brasileiro era de origem venezuelana, e que
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o vazamento teria ocorrido a aproximadamente 700 quildbmetros da costa, com o
oleo permanecendo submerso por cerca de 40 dias antes de atingir o litoral
(Oliveira et al., 2020; Reddy et al., 2022). Ainda segundo a Marinha, a origem do
O0leo de uma embarcagdo que navegava em alto-mar e que realizou despejo
ilegal de 6leo (descarga intencional) ou que acidentalmente liberou o dleo. Essa
embarcagao néo foi identificada, mesmo com indicios, a certeza do navio que
langou esse 6leo nao foi confirmada. Foram aproximadamente 2,5 milhdes de
toneladas de petréleo venezuelano, mas nao se sabe qudo precisa é essa
estimativa e quanto desse 6leo derramado chegou as regides costeiras (Soares
et al., 2020; Escobar, 2019).

Apesar dessas conclusdes, a auséncia de responsabilizacdo formal e a
escassez de informacdes publicas detalhadas sobre o ocorrido reforgcaram o
carater enigmatico do evento, contribuindo para debates continuos sobre a
governanga ambiental, a segurancga da navegacao e os limites da capacidade de
monitoramento em aguas jurisdicionais brasileiras (Freitas et al., 2022; BRASIL,
2019; De Moura et al., 2023). Esse episddio ndo apenas evidenciou lacunas nas
estratégias de prevengao e resposta a desastres ambientais no Brasil, como
também impulsionou novas discussdes sobre a vulnerabilidade da costa
brasileira a incidentes similares. Diante disso, os eventos de derramamento de
petroleo registrados nos anos subsequentes, particularmente em 2022,

merecem atencao especifica e serdo analisados nas se¢des seguintes.

1.3.1.4 Presenga de manchas de 6leo no estado do Ceara no inicio de 2022:
registros, analises e lacunas investigativas

No més de fevereiro de 2022, ocorreram registros de manchas de 6leo ao
longo da costa do estado do Ceara (Figura 3). De acordo com informacées do
Projeto de Planejamento Costeiro e Marinho do Ceara, desenvolvido no ambito
do Programa Cientista-Chefe Meio Ambiente (FUNCAP/SEMA/SEMACE), em
colaboracdo com o Gerenciamento Costeiro do Estado do Ceara
(GERCO/SEMA/PRAIA LIMPA), até o dia 18 de fevereiro de 2022, um total de
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65 praias, distribuidas em 14 municipios litoraneos cearenses, haviam sido

impactadas.

A Superintendéncia Estadual do Meio Ambiente (SEMACE), alinhada ao
Grupo de Articulacao Interinstitucional criado na época do incidente de manchas
de dleo ocorrido no ano de 2019, atualiza informacdes acerca do trabalho de
recebimento do material recolhido pelas prefeituras. Na ocasiao, 8.200 litros de

material foram recolhidos e destinados a descarte.

Figura 3. Amostras de petréleo derramados nas praias do estado do Ceara em fevereiro
de 2022.
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Estudos de geoquimica forense realizados por Azevedo et al. (2022) e

Nascimento et al. (2023) comprovaram que este 6leo nao tinha correlagdo com
o oleo derramado em 2019, sendo, portanto, relacionado a um novo incidente.
Assim, nos derramamentos de 6leo: um em 2019 (Reddy et al., 2022) e outro no
inicio de 2022, (Azevedo et al., 2022) determinou o perfil quimico de seis
amostras de 2022 e as comparou com 0s 6leos derramados em 2019 com base
na geoquimica forense (Kaplan et al., 1997). Como resultados, os perfis
cromatograficos por GC-FID, caracterizados como “impressdes digitais”, com n-
alcanos variando de nC17 a nC34. Observou-se, ainda, que os isoprendides
pristano (Pr) e fitano (Fi) apresentaram abundancias muito baixas ou nao foram

detectados (Figura 4).

A auséncia de hidrocarbonetos de baixo peso molecular (<C17) nos

cromatogramas é atribuida, muito provavelmente, ao processo de evaporacéo,



31

que é o principal mecanismo de intemperismo responsavel pela degradacéo
inicial dos oleos derramados quando expostos ao ambiente (Stout et al., 2016;
Albaigés et al., 2018; Lima et al., 2021; Filewood et al., 2022). A presenca de
elevagao da linha de base nos cromatogramas CG- FID nas amostras de 6leo é
carateristica da mistura complexa nao resolvida (UCM), indicando a ocorréncia
de biodegradacédo ou fotooxidacédo (Stout et al., 2016; Albaigés et al., 2018;
Filewood et al., 2022).

Figura 4. Cromatogramas GC-FID representativos das amostras de 6leo do inicio de
2022 (amostra P05#22) e 2019 (amostra P01#19).
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Fonte: Azevedo et al. (2022).

Ainda segundo Azevedo et al., 2022, a abundancia de n-alcanos nC17 a
nC34 indicou que a amostra de 6leo coletada em 2022 ndo € o mesmo material
do oleo que chegou a praia do Nordeste do Brasil em 2019, pois esses
hidrocarbonetos nao teriam sido preservados no ambiente por tanto tempo (Stout
et al., 2016), a menos que tivessem a mesma fonte que continuou a liberar o

petroleo, o que € improvavel.

Com o objetivo de investigar a possivel correlagcdo entre os
derramamentos de 6leo ocorridos em 2019 e no inicio de 2022, foram realizadas
analises de compostos mais resistentes a degradacao, como os biomarcadores

alifaticos terpanos e esteranos. Essas analises foram conduzidas por meio de
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cromatografia gasosa bidimensional (GCxGC) (Figura 5). Os resultados obtidos
por Azevedo et al. (2022) revelaram a presenga de compostos tipicos de petrdleo
bruto que, provavelmente, ndo passaram por processos industriais ou métodos
de refino voltados a obtencdo de éleos combustiveis. Foi identificada uma gama
completa de biomarcadores alifaticos, incluindo hopanos, esteranos e
diasteranos (Figura 5). A semelhanga observada entre os perfis cromatograficos
dos biomarcadores nas analises por GCxGC-FID (Figuras 5a e c) sugere que as
amostras de 6leo analisadas compartilham a mesma origem, indicando que o
0leo encontrado ao longo dos 130 km da costa leste do estado do Ceara, em
2022, teve como provavel fonte o mesmo evento ou incidente registrado

anteriormente.

Figura 5. Cromatografia gasosa bidimensional das amostras de 2019 e inicio de 2022.
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Fonte. Azevedo et al. (2022).
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1.3.1.5 A chegada de tarballs parafinicos nas praias do Nordeste do Brasil em

agosto de 2022: ocorréncias, hipéteses e caminhos da pesquisa atual

Em agosto de 2022 chegaram residuos oleosos nas praias do Nordeste
brasileiro, esses residuos oleosos atingiram praias do nordeste brasileiro,
incluindo os estados do Alagoas, Bahia, Ceara, Paraiba, Pernambuco e Rio
Grande do Norte (BRASIL, 2022). No estado de Pernambuco, mais de 400 quilos
do material foram recolhidos em 12 cidades do litoral do estado, de acordo com
a Agéncia Pernambucana do Meio Ambiente (CPRH). No estado do Ceara, os
materiais oleosos chegaram em setembro de 2022, atingindo muitas praias,
sendo grande parte destas regibes turisticas, como as praias do Futuro, Morro
Branco, Cumbuco, Porto das Dunas entre outras. Para se ter uma dimenséo da
quantidade de dleo, cerca de 2,8 kg de material oleoso foi coletado em 3,4 Km
de faixa de areia da Praia do Futuro no primeiro dia da chegada do éleo na regido
(Bastos et al., 2022; DIARIO DO NORDESTE, 2022; Nascimento et al., 2025).

Os dleos apresentavam caracteristicas bem diferentes dos 6leos do inicio
de 2022 e de 2019. Eles tinham forma de bolas, os chamados tarballs (Corrick
et al., 2021; Kvenvolden e Cooper, 2003), e foram encontradas aderidas a
grande parte desses tarballs organismos marinhos do tipo Lepas (L. anatifera
Linnaeus, 1758). As Lepas sao organismos filtrantes, as quais sao utilizadas
como alimentos por muitos animais e até pelo homem (Mello et al., 2023; Feitosa
et al., 2024). A Figura 6a, b e c apresenta trés imagens da presenca das Lepas

aderidas aos tarballs quando coletados no final de 2022.



34

Figura 6. Tarballs coletados no final de 2022 nas praias do Ceara.

Fonte. Mello et al. (2022).

Segundo nota técnica divulgada pelo MCTI — Ministério da Ciéncia e
Tecnologia (BRASIL, 2022), os residuos oleosos que atingiram o litoral
nordestino em agosto de 2022 apresentam caracteristicas distintas de petréleo
cru, as analises desses residuos oleosos indicaram a ocorréncia de um novo
evento, possivelmente relacionado ao descarte de agua oleosa proveniente da
lavagem de tanques de navios petroleiros em alto-mar. Oleos parafinicos
encontrados nos mares e oceanos geralmente estdo associados a lavagem de
tanques de navios petroleiros, pratica comum que pode liberar residuos de
petroleo bruto com alto teor de n-alcanos de cadeia longa. Esses compostos,
pouco soluveis e de baixa volatilidade, se solidificam em contato com a agua fria
do mar, formando farballs que podem flutuar por semanas antes de atingir a
costa (Corréa et al., 2024; Nascimento et al., 2025; Pereira et al., 2023). A
composi¢cao geoquimica desses residuos indicou que estes ndo passaram por
processos de refino, confirmando sua origem de residuos aderidos as superficies
internas de tanques de navios (Mello et al., 2023). Quando descartados
irregularmente, representam uma forma recorrente e cronica de poluicao

marinha associada ao trafego maritimo internacional.
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Em estudos realizados por pesquisadores da Universidade Federal de
Sergipe (UFS) e da Universidade Federal Rural de Pernambuco (UFRPE), os
Oleos encontrados nas praias dos dois estados nordestinos estdo associados ao
derramamento de material proveniente de depdsitos de parafina em tanques de
armazenamento de o6leo bruto. Em relacéo se este 6leo derramado em setembro
de 2022 é o mesmo do inicio de 2022, estudos realizados por Nascimento et al.
(2023) e Pereira et al. (2023) mostraram que esses 6leos n&o se relacionam com
os derramados no inicio do ano de 2022 e nem de 2019, indicando que o 6leo
do final de 2022 caracterizou-se por um novo evento de derramamento de 6leo

na costa brasileira.

1.3.2 Processos intempéricos

Quando um vazamento de petréleo acontece no mar, o 6leo normalmente
se espalha e se move na superficie do mar com o vento e as correntes, passando
por uma série de transformacdes quimicas e fisicas. Esses processos sao
chamados coletivamente de intemperismo e determinam o destino desses
residuos de 6leo. O intemperismo modifica a impressao digital quimica do éleo
derramado, fazendo com que esse 6leo n&o corresponda ao original encontrado
nos eventos (Wang e Stout, 2016).

A modificagdo das caracteristicas quimicas desses 6leos dificulta na
caracterizagao do fingerprinting, isso porque os biomarcadores presentes no
petroleo sdo compostos Uteis para a identificacdo quimica, pois retém todo ou a
maior parte do esqueleto de carbono original do produto natural, e essa
similaridade estrutural revela mais informagdes sobre a fonte do petrdleo do que
outros compostos presentes no mesmo. Assim, a analise qualitativa da
impressao digital quimica do 6leo derramado, das fontes candidatas podera ter
melhor sucesso a partir de uma comparagao visual entre varias impressoes
digitais espectroscépicas e cromatograficas quando a assinatura do 6leo nao
esta desgastada, isto €, nao sofreu com os processos intempéricos (Douglas et
al., 2016; ITOPF, 2024).


https://www.itopf.org/es/knowledge-resources/documents-guides/fate-of-oil-spills/weathering/
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Os processos intempéricos mais importantes apds o vazamento de 6leo em
aguas superficiais doces ou marinhas incluem o espalhamento, a evaporacéo, a
dissolugéo, a dispersao na coluna d'agua, formacéo de emulsées de agua em
oleo, oxidacéo fotoquimica, degradagdo microbiana, adsorgdo a particulas em
suspensao e encalhe na costa ou sedimentagédo em sedimentos do fundo (Figura
7).

Figura 7. Processos de intemperismo atuando no mar.
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Fonte. ITOPF, 2011.

1.3.2.1 Evaporagao

A evaporacao é um dos principais processos de intemperismo que afetam
a composicao quimica/impressao digital do éleo derramado nas primeiras horas
ou dias seguintes a um derramamento de 6leo em meio aquoso. Embora as
condigdes especificas do derramamento (por exemplo, espessura, formagao de
mousse, velocidade do vento e temperatura ambiente da agua/ar) afetem a taxa
de evaporacao, em todas as condigdes, a propensao a evaporagao €, em ultima
analise, governada pela pressao de vapor de seus constituintes individuais. O
efeito da evaporacao na impressao digital de um 6leo derramado dependera de

sua composic¢ao original, como exemplo, um combustivel como a gasolina pode
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evaporar completamente em poucas horas, eliminando efetivamente sua
impresséao digital, enquanto um combustivel pesado ou 6leo bruto sofrera perdas
minimas ou alteragbes em sua impressao digital (Wang e Stout, 2016; TARR et
al., 2023; ITOPF, 2024).

1.3.2.2 Dissolucéo

A dissolugdo € relativamente insignificante em comparacdo com a
evaporagao na maioria dos derramamentos em aguas superficiais (Mackay e
Mcauliffe, 1989; Payne et al., 1987; Neff, 1990) e tera pouco efeito na impressao
digital quimica de um 6leo derramado. Porém, para compreender o processo de
dissolucdo, € importante reconhecer o impacto do 6leo derramado na biota, que
pode absorver hidrocarbonetos dissolvidos mais faciimente (ITOPF, 2024; Tarr
et al., 2023).

1.3.2.3 Biodegradacgao

A taxa de perda de massa devido a biodegradag¢ao € mais lenta do que a
da evaporagao ou dissolugédo. Dessa forma, os efeitos da biodegradagdo na
impressao digital quimica de um oleo derramado nao sao observados em curto
prazo apds o vazamento, isso porque o efeito da biodegradacao dependera da
natureza do 6leo derramado e das condi¢gdes do derramamento. Assim, apos um
derramamento de petrdleo bruto ou refinado em solos, sedimentos ou aguas
abertas, diferentes classes de hidrocarbonetos sdo degradadas
simultaneamente, mas em taxas amplamente distintas pela microbiota nativa. Os
n-alcanos de baixo peso molecular sdo os primeiros a ser biodegradados mais
rapidamente, seguidos por isoalcanos e n-alcanos de maior peso molecular,
olefinas, monoaromaticos, HPAs e, finalmente, cicloalcanos, resinas e asfaltenos
altamente condensados (Stout e Wang, 2016; Tarr et al., 2023; ITOPF, 2024).
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1.3.2.4 Fotooxidacao

A exposicao de petréleo bruto e seus derivados a radiacao solar leva a
diversas reacdoes de fotooxidacdo de radicais livres que produzem uma
variedade de compostos contendo oxigénio, incluindo peroxidos, aldeidos,
cetonas, alcoois, carbonilas, sulféxidos, epodxidos e acidos graxos. Esses
compostos polares formados durante a degradacdo do petrdleo apresentam
maior solubilidade em &agua em comparagdo aos compostos originais,
favorecendo sua dissolucdao preferencial. Paralelamente, moléculas
fotossensiveis de maior massa molecular podem sofrer reticulagdo via
fotooxidacao, tornando-se insoluveis e aumentando a viscosidade do 6leo. A
taxa de fotooxidacdo do petréleo esta associada a intensidade da radiacéo
ultravioleta solar, sendo pouco influenciada pela temperatura ambiente. A
fotooxidacdo também afeta hidrocarbonetos aromaticos policiclicos (HPAs),
podendo alterar grupos inteiros de compostos, como os esterdides triaromaticos,
ou isbmeros especificos, como metil-pirenos e benzofluorenos, onde alguns
desses sao utilizados na caracterizagado quimica de 6leos derramados (Stout e
Wang, 2016; Tarr et al., 2023; ITOPF, 2024).

1.3.2.5 Emulsificacao

Entre os varios processos de intemperismo, a formagao de emulsdées
(mousse) é o unico que promove a persisténcia do 6leo na superficie da agua e
na praia — e, simultaneamente, retarda o processo de intemperismo. Emulsbes
de petroleo formam frequentemente uma crosta composta por materiais
asfalténicos oxidados, que atuam como barreira fisica, limitando processos de
dissolugcédo, evaporacao, fotooxidacdo e biodegradacdo dos hidrocarbonetos
presentes na fase oleosa. Essa barreira contribui para a preservacao do perfil
quimico do 6leo emulsionado em relacdo ao 6leo ndo emulsionado. Como
consequéncia, residuos intemperizados, como mousse, piche e pavimento
asfaltico acumulados na zona costeira, podem reter hidrocarbonetos volateis e

compostos biodegradaveis por longos periodos. Esse fendbmeno influencia a
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persisténcia ambiental do petroleo derramado (Stout e Wang, 2016; Tarr et al.,
2023; ITOPF, 2024).

1.3.2.6 Dispersao

Ocorre quando a acdo das ondas faz com que uma mancha superficial se
desfaca em gotas de dleo que se misturam e se espalham pela coluna d'agua.
Essas gotas naturalmente dispersas sdao maiores do que as observadas com o
uso de dispersantes e podem flutuar de volta a superficie, onde se recombinam
para formar outra mancha. Alguma dispersao natural ocorre com todos os 6leos,
especialmente os leves. Em mares agitados, os 6leos leves podem até ser
completamente dispersos por esse processo (Stout e Wang, 2016; Tarr et al.,
2023; ITOPF, 2024).

1.3.3 Composicao quimica do petréleo e seus principais constituintes

O petréleo € uma mistura complexa essencialmente de hidrocarbonetos
que existe naturalmente nos estados gasoso (gas natural), liquido (petréleo cru)
e sélido (asfalto). E derivado de uma variedade de materiais organicos que sdo
quimicamente convertidos ao longo de longos periodos (centenas de milhdes de
anos), sob diferentes condigbes geoldgicas e térmicas. O petrdleo cru é
composto principalmente de carbono e hidrogénio, mas também contém
pequenas quantidades de enxofre, oxigénio e nitrogénio, bem como tragos de
metais (Wang et al., 1995; Speight, 2014). Analisar a composi¢cdo dos O6leos
derramados, geralmente derivados de petroleo cru, € fundamental para
compreender seu comportamento no ambiente marinho. Esses oleos sé&o
formados por misturas complexas de hidrocarbonetos, cujas caracteristicas
quimicas variam conforme a origem geoldgica e o grau de intemperismo. A
identificacdo destes compostos permite rastrear a fonte do 6leo e avaliar seu
potencial de impacto ambiental. Assim, a analise composicional é essencial em
casos de poluigao por derramamento (Wang e Fingas, 2003; Stout e Payne,
2016).
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Os principais componentes do petroleo investigados em estudos
ambientais e forenses sdo os hidrocarbonetos saturados, os aromaticos e as
resinas. Os saturados, como os n-alcanos e isoprenodides, sao uteis na inferéncia
de origem e grau de biodegradacdo; os aromaticos, por sua vez, incluem
compostos téxicos e persistentes como os HPAs, sendo indicadores importantes
de risco ambiental; ja as resinas, compostos mais polares, contribuem para a
caracterizacao do 6leo e podem influenciar sua solubilidade e comportamento

em ambientes aquaticos.

1.3.3.1 n-Alcanos

Os n-alcanos tém férmula geral CnHzn+2, possuem cadeias abertas e sem
ramificagdes, com ligagdes simples entre seus atomos como o nC16 (Figura 8).
Os n-alcanos sdo amplamente utilizados em estudos de geoquimica organica e
forense de 6leos derramados (Tissot e Welte, 1984; Peters e Moldowan, 2005;
Hunt et al.,, 2002). O estudo dos n-alcanos auxilia na determinagdo de
parametros relacionados ao grau de evolugéo térmica das rochas geradoras, tipo
e origem da matéria organica, isso por estarem presentes em fontes de matéria
organica como (plantas, bactérias e fitoplanctons). Os n-alcanos de cadeia
longa, com numero de carbonos variando de nC25 a nC31, sao
predominantemente derivados de plantas terrestres. Em contraste, os n-alcanos
de cadeia curta, entre nC15 e nC17, séo caracteristicos de fontes marinhas
(Peters e Moldowan, 2005). O uso das razdes dos isoprendides (nC17/Pr e
nC18/Fi) sdo normalmente utilizados para avaliar o grau de biodegradacéo dos

petroleos (Stout e Wang, 2016).

Figura 8. n-alcano C16.
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Fonte. Elaborada pelo autor.
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1.3.3.2 Isoprendides (Pristano e Fitano)

Os isoprendides mais estudados em avaliagbes do petrdleo e seus
derivados sdo o pristano (2,6,10,14-tetra-metilpentadecano; Pr) e o fitano
(2,6,10,14- tetra-metilhexadecano; Fi). A maioria dos isoprendides regulares com
20 ou menos atomos de carbono, incluindo o pristano e o fitano, origina-se
principalmente da degradagao da cadeia lateral do fitol da clorofila (A) durante
os estagios iniciais da diagénese (Rontani e Volkman, 2003), esses caminhos
estdo representados na Figura 9, onde o pristano é formado principalmente por
oxidacdo e descarboxilacdo do fitol, enquanto o fitano resulta de processos de
desidratagdo e subsequente redugdo. Assim, o pristano e o fitano para alguns
oleos sdo normalmente os membros mais abundantes de toda uma série de
isoprendides regulares ligados a cabega-cauda no petréleo (Peters e Moldowan,
2005).

A razao pristano/fitano (Pr/Fi) é amplamente utilizada como indicador das
condigdes redox do ambiente deposicional da matéria organica. Valores de Pr/Fi
inferiores a 1 sugerem ambientes andxicos, enquanto valores superiores a 1
indicam deposigao sob condi¢gbes oOxicas. Essa razao € particularmente util na
inferéncia do paleoambiente deposicional e na caracterizacdo geoquimica de
Oleos e rochas geradoras. No entanto, sua interpretacdo deve ser realizada em

conjunto com outros parametros geoquimicos (Peters e Moldowan, 2005).

Figura 9. Isoprendides pristano e fitano.
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Fonte. Elaborado pelo autor.
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1.3.3.3 Terpanos

Os terpanos constituem uma classe de biomarcadores de grande
relevancia na geoquimica organica. Sao derivados principalmente de
precursores bacterianos do tipo poliprendide, os quais compdéem a membrana
celular de procariontes (Waples e Machihara, 1991). Os terpanos mais comuns
encontrados em petréleo e sedimentos sido os ftriciclicos, tetraciclicos e

pentaciclicos (Peters et al., 2005).

Os terpanos triciclicos sdo amplamente encontrados em 6leos e extratos
de rochas sedimentares marinhas e lacustres (Aquino Neto et al., 1982; Chicarelli
et al., 1988; Kruge et al., 1990; Hunt et al., 2002; Peters, 2000). Ja os terpanos
pentaciclicos tém sido utilizados em correlagbes 0leo/dleo e Odleo/rocha
geradores, na avaliagdo do paleoambiente deposicional, na analise do grau de
maturacgao térmica e como indicadores do nivel de biodegradagéao, devido a sua
maior resisténcia quando comparados a outras classes de compostos do
petroleo (Martins et al., 2014). Esses compostos derivam de reag¢des de reducéo
e desidratagao do bacteriohopanoterol, originado de membranas de organismos
procariéticos, que ocorrem durante a diagénese, contém de 27 a 35 atomos de
carbono e apresentam o ion de fragmentacdo m/z 191 como principal marcador
(Peters et al., 2005).

Os terpanos tetraciclicos constituem uma série mais restrita do que os
triciclicos, cujos compostos mais comuns variam entre nC24 e nC27 (Nunes et
al., 2017). Sado mais resistentes a biodegradacao do que os hopanos (Aquino
Neto et al., 1982) e, por isso, sao utilizados ocasionalmente em correlagdes de
petroleos brutos alterados (Seifert e Moldowan, 1980). A abundéancia do terpano
triciclico nC24 esta relacionada a ambientes de deposicdo de carbonatos e
evaporitos (Connan et al., 1986); contudo, de acordo com Waples e Machihara
(1991), ndo é clara a existéncia de uma unica origem para o nC24 tetraciclico,
uma vez que este também esta associado a alginatos ou a matéria organica

terrestre.
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Os terpanos pentaciclicos constituem a classe de biomarcadores mais
estudada e utilizada entre os biomarcadores ciclicos. Por apresentarem muitos
centros quirais em suas estruturas, possuem a capacidade de formar diferentes
derivados estereoquimicos, cujas abundancias sao utilizadas como parametros
indicativos do ambiente deposicional, da evolugdo térmica e/ou do nivel de
biodegradacao (Peters et al., 2005). Nesta classe de terpanos, incluem-se
compostos hopandides e ndo hopandides. Entre os ndo hopandides, destacam-

se os terpanos pentaciclicos, o0 gamacerano e os oleanano (Figuras 10 a e b).

Figura 10. Estruturas representativas dos terpanos pentaciclicos com esqueleto hopano
(A) e ndo-hopandide (B).

b)

Gamacerano

Fonte. Elaborado pelo autor.

1.3.3.4 Esteranos

Os esteranos tém de 27 a 29 dtomos de carbono em sua cadeia fechada,
incluindo os esteranos regulares, os esteranos rearranjados ou diasteranos.
Dentre eles, os esteranos regulares da série homologa C27, C28 e C29
(Colestano, Ergostano e Estigmastano) sdo os mais comuns e mais utilizados
nas avaliagcbes de petréleo em fungao da sua alta especificidade (Wang e Stout,
2006). Os esterois dos organismos eucariotas sao precursores dos esteranos
nas rochas geradoras e no petroleo (Mackenzie et al., 1981; Moldowan et al.,
1991). Devido ao grande numero de centros assimétricos nos esterodis, sao

possiveis misturas muito complexas de estereoisbmeros.

Grande parte dos esteranos (Figura 11 a, b e c¢) constituintes do petréleo

originou-se a partir dos esterdis presentes nas membranas lipidicas dos
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organismos eucariotas. A configuracao biologica [14a,17a (H) -20R] ditada pelo
esterol precursor e seu produto saturado € instavel durante a catagénese e &
convertida nas configuragbes geologicas (143,178 (H)-20S, 143,173 (H)-20SR,
14a,17a (H)-20S) através de isomerizacao (Gallotta, 2014).

Figura 11. Estruturas representativas dos esteranos.

a) Colesténo (C27) b) Ergostano (C28) c) Estigmastano (C29)

Fonte. Elaborado pelo autor.

1.3.3.5 Esteroides aromaticos

Os esterdides aromaticos sédo hidrocarbonetos nafténicos aromaticos, que
consistem em estruturas mistas de anéis aromaticos e saturados de 6 ou 5
carbonos (Figura 12). A analise por CG-MS revelou a presenga de duas familias
principais de componentes de hidrocarbonetos monoaromaticos esteroides e
hidrocarbonetos triaromaticos esterdides (Mackenzie et al., 1981; Barakat, 1994;
Li e Jiang, 2001). Os esterdides monoaromaticos do anel C (MAS) sao
compostos por dois anéis de ciclohexano (A+B) e um anel de ciclopentano
fundidos com um anel aromatico (anel C) na sua estrutura molecular. Os
triaromaticos esterdides (TAS) tém estruturas moleculares semelhantes ao
(MAS), com a principal diferenca de que os seus anéis ciclohexano A e B sao
substituidos por anéis aromaticos (Yang et al., 2013).

A abundancia de esterdides monoaromaticos em relagdo aos
triaromaticos fornece informagdes através de correlagbes geoquimicas, para a
avaliagcdo da maturidade do petréleo bruto (Yang et al., 2013; Seifert e
Moldowan, 1978; Lu et al., 1992; Barakat, 1994; Brocks et al., 2003; Zhao ef al.,
2005; Oliveira et al., 2012).
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Os homologos C26-28 TAS sao considerados muito resistentes a uma
grande variedade de condigdes de intemperismo em escalas geologicas,
incluindo a biodegradacao no reservatério, e degradam-se apenas em condi¢des
extremas como mostra escala de Peters e Moldowan (Volkman et al., 1984;
Peters et al., 2005). Eles foram provavelmente formados por aromatizagao e
perda de um grupo metilo dos esteranos regulares C27-C29 durante o processo
de diagénese e processos térmicos (Moldowan e Fago, 1986; Peters et al.,
2005).

Figura 12. Estereoisomeria e fragmentacdo em massa de esterdides triaromaticos e
esteréides monoaromaticos do anel C.

20R ou S (C) 20R ou S (C)
Esterioisomerismo Esterioisomerismo
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7o) 7o)
15 o0,

Saou B (H)
Esterioisomerismo Triaromaticos esteranos
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Fonte: Elaborada pelo autor.

Os esterdides aromaticos sao monitorados pelo ion fragmento
caracteristico de m/z 231 para triaromaticos e de m/z 253 para os
monoaromaticos esterodides, e confirmados por ions de m/z 215 e m/z 143,

respectivamente (Peters et al., 2005; Yang et al., 2013).
1.3.3.6 Hidrocarbonetos Policiclicos Aromaticos (HPAs)
Os hidrocarbonetos sdo denominados aromaticos quando apresentam em

sua cadeia pelo menos um anel aromatico, enquanto isso os poliaromaticos,

mais conhecidos como Hidrocarbonetos Policiclicos Aromaticos (HPAS)
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apresentam dois ou mais anéis benzénicos fundidos com cinco ou seis atomos
de carbono, chamados de HPAs parentais. Esses anéis podem apresentar
ramificagdes de cadeias alifaticas ou heteroatomos como enxofre e oxigénio,
sendo estes denominados HPAs alquilados (Cavalcante et al., 2020; Cheng et
al., 2019; Behera et al., 2018; Yin et al., 2022). Como os HPAs sao poluentes
organicos persistentes, eles tém recebido atengdo por apresentarem
caracteristicas toxicas, mutagénicas, cancerigenas e teratogénicas, assim a
Agéncia de Protecdo Ambiental Americana (USEPA) classificou 16 HPAs como

prioritarios devido a estes riscos (Figura 13).

Figura 13. Estruturas moleculares dos 16 HPAs prioritarios segundo a Agéncia de
Protecdo Ambiental dos Estados Unidos (USEPA).
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Fonte. EMBRAPA (2009); UESPA (2014).

Em geral, as emissdes de HPAs no meio ambiente podem ocorrer atraves
de trés possiveis fontes: pirolitica, petrogénica e diagenética. Os HPAs de origem
petrogénica sao formados por processos diagenéticos, que neste caso, remetem

a condi¢des de baixa temperatura relativa, sobre escalas geoldgicas de tempo,
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esses HPAs exibem um padrdo de distribuicdo em forma de sino (bell shaped)
(Wang e Fingas, 2003; Yunker et al., 2011). Por outro lado, os HPAs de origem
pirolitica, resultam da combustdo incompleta de matéria organica sob condigdes
de intervalos de baixa a alta temperatura, baixa pressdo e curto tempo de
formagdo, geralmente apresentam a distribuicdo dos HPAs alquilados
homologos com HPAs parentais mais abundantes (com o perfil de distribuicdo
de C0->>C1->C2->C3->C4-, chamada de distribui¢do inclinada), (Cavalcante et
al., 2002; EMBRAPA, 2009; Neff et al., 1979).

1.3.3.7. Compostos Polares no Petroleo (N, O e S)

Os compostos heteroatdmicos, relatados como compostos polares,
incluem espécies contendo atomos de N, S e O, ligados a sistemas aromaticos
e nafténicos. Esses compostos correspondem a 15% do petrdleo, e a presenca
de alguns desses compostos no 6leo pode levar a problemas que afetam todo o
setor petrolifero, que vao desde alteragcao das propriedades fisicas e quimicas
do petréleo bruto, envenenamento do catalisador, instabilidade dos produtos,
depdsitos de nafteno, corrosdo de equipamentos em refinarias (dutos e tanques),
até perda da capacidade de fluxo com a redugao da temperatura, entre outros
(Vanini et al., 2020). Estes sao tipicamente encontrados em fragbes de resinas
e asfaltenos (Rocha et al., 2019).

Os principais compostos oxigenados presentes no petréleo sao os acidos
nafténicos e os fendis. Os acidos nafténicos sdo definidos como acidos
carboxilicos que incluem uma ou mais estruturas de anel saturado, sendo os
anéis de cinco e seis membros mais comuns. Além dos acidos contendo anéis,
os acidos carboxilicos lineares sao frequentemente incluidos na classe de acidos
nafténicos (Dalmaschio et al., 2014). Os acidos nafténicos sdo responsaveis por
processos corrosivos em tanques de armazenamento, que tém sua
corrosividade associada ao indice de acidez total (TAN). Valores elevados de
TAN indicam maior concentragdo desses acidos, o que eleva o potencial
corrosivo do petroleo ou de seus derivados (Speight, 2014). Ja os fenois

contribuem para a coloragao escura, odor forte e formagcao de emulsdes estaveis
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devido a imiscibilidade entre agua e petréleo. Ambos estdo concentrados na
fracdo asfalténica, a mais pesada do petrdleo, sendo objetos de destaque em
estudos que visam compreender os efeitos desses compostos nas propriedades
fisica e quimicas e nos desafios operacionais dos processos de refino (Barrow
et al., 2003; Rocha et al., 2019; Gruber et al., 2012).

Além dos compostos oxigenados, o petroleo contém outros componentes
polares importantes, como as espécies nitrogenadas basicas e ndo - basicas. Os
compostos basicos séo representados pelos seguintes grupos de compostos:
piridina, alguns pirrois, azo-(bases médias), aminas primarias (bases fortes), n-
alquil- inddis e alquil-aril-aminas (bases fracas). Ja os compostos nao-basicos
sao representados pelos: sdo representados pelos inddis, carbazéis, piridinas,
pirrdis e a maior parte das amidas, esses compostos representam menos de
30% do total de compostos organicos nitrogenados presentes no petréleo. Os
carbazodis sdo os compostos mais abundantes (Looij et al., 1998; Dalmaschio et
al.,2014; Furimsky et al., 2005; Rocha et al., 2011). A figura 14 apresenta as

principais classes de heterocompostos.

Figura 14. Exemplos de compostos contendo heteroatomos comumente encontrados
no petréleo.
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Fonte. Elaborado pelo autor.
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Dentre os compostos sulfurados presentes no petrdleo, os
organossulfurados se destacam por sua abundancia e sao geralmente
classificados em duas categorias: acidos, que incluem mercaptanas, tiofendis e
ciclo-tiois; e ndo acidos, como dissulfetos e derivados de tiofeno. Os tiofenos,
por sua vez, apresentam estruturas aromaticas complexas, tais como benzo-,
dibenzo- e naftobenzotiofenos, sendo considerados os compostos sulfurados
majoritarios nas amostras de petréleo. Frequentemente, esses compostos
encontram-se associados a outros heteroatomos, como nitrogénio (N) e oxigénio
(O), originando estruturas mistas do tipo SO, NS e NOS, entre outras (Rocha et
al., 2019; Looij et al., 1998; Orr e Damsté, 1990).

1.3.4 Técnicas analiticas aplicadas para analise de petroleo

A aplicagao de técnicas analiticas torna-se essencial para a analise quimica
a nivel molecular de 6leos derramados e fornecer respostas precisas quanto a
sua origem, seu grau de degradacgao e outros processos relevantes. Dessa
forma, métodos analiticos vém sendo empregados em estudos cientificos e
periciais, com o objetivo de oferecer subsidios confiaveis nas analises para
acdes de remediagdo ambiental, como também em processos de

responsabilizagao legal (Oliveira et al., 2020).

Nesse contexto, trés técnicas analiticas tém sido amplamente utilizadas
nos estudos sobre derramamentos de 6leo. A cromatografia gasosa com
detector por ionizacdo de chama (GC-FID) é amplamente utilizada para
quantificacdo de hidrocarbonetos totais do petrdleo, sendo eficiente na obtencao
de perfis de n-alcanos. Ja a cromatografia gasosa acoplada a espectrometria de
massas (GC-MS) permite a identificagdo de compostos especificos, como os
biomarcadores (Hyun et al., 2018). No entanto, a elevada complexidade dos
componentes do petréleo e a presenca de compostos polares, que nao séo
passiveis de analise por CG, apresentam desafios para as abordagens
tradicionais. Assim, surge a petrolebmica, ferramenta para se obter mais

informagdes composicionais de fragdes do petrdleo ndo passiveis de CG,
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utilizando técnicas de espectrometria de massas de alta resolugdo, como
espectrometria de massas por ressonancia ciclotrbnica de ions com
transformada de Fourier (FT-ICR MS; Chen et al., 2019; Acter et al., 2023; Price
e Walters, 2022).

O uso de técnicas convencionais, como a cromatografia gasosa, incluindo
o GC-FID e o GC-MS, tem sido amplamente empregado na analise de oleos
derramados, fornecendo informagdes relevantes sobre as alteragbes
composicionais decorrentes do intemperismo de hidrocarbonetos e HPAs. No
entanto, limitacdes como a coeluicdo de compostos e a impossibilidade de
analise de fragdes polares nao volateis ou termicamente instaveis evidenciam a
necessidade de sua integragdo com métodos com maior resolugdo e
abrangéncia, especialmente em contextos de analise forense ambiental, como
evidenciam diversos estudos voltados a caracterizacio de 6leos derramados em
ambientes costeiros (Lima et al., 2023; Pereira et al., 2023; Nascimento et al.,
2025; Maki e Harayama, 2001; Prince e Walters, 2022);

1.3.4.1 Cromatografia gasosa com detector de ionizagado de chama (GC-FID)

A cromatografia gasosa com detecgao por ionizagdo de chama (GC-FID) é
amplamente empregada na analise de Oleos derramados devido a sua alta
eficiéncia na quantificagcdo de hidrocarbonetos totais do petréleo (TPH), n-
alcanos e isoprendides. Sua sensibilidade, reprodutibilidade e ampla faixa linear
tornam essa técnica ideal para investigagdes ambientais, sobretudo na avaliagao
de alteragbes composicionais provocadas por processos intempeéricos, como
evaporagao, oxidagao e biodegradacao (Wang et al., 1999; Wang e Fingas,
2003). Como resultado de suas analises, o GC-FID gera perfis cromatograficos
caracteristicos,  frequentemente =~ denominados  “impressées  digitais”
(fingerprints), que possibilitam a identificagdo e diferenciagdo entre 6leos de
distintas origens, sendo particularmente uteis na correlacdo Ooleo/éleo e

Oleo/fonte em estudos forenses e ambientais (Hyun et al., 2018; CEN EN 15522-
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2:2023). As Figuras 15 a e b exemplificam cromatogramas do GC-FID de

amostras de 6leos derramados nos anos de 2019 e 2022 na costa brasileira.

Figura 15. Cromatogramas GC-FID de amostras dos derramamentos de 2019 (a) e
2022 (b).
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Os cromatogramas gerados por GC-FID apresentam distribuicoes
caracteristicas de n-alcanos, geralmente variando de nC9 a nC40, e permitem
comparagoes diretas com padrdes de referéncia ou O6leos previamente
caracterizados. A técnica também possibilita a avaliagdo da UCM (Unresolved
Complex Mixture), cuja intensificagdo indica acdo avangada de biodegradagao
ou outros processos intempéricos (Hyun et al., 2018). Além disso, quando
combinada a outras técnicas, como a cromatografia gasosa acoplada a
espectrometria de massas (GC-MS), pode ser mais eficazmente aplicada por
meio da correlagdo com biomarcadores geoquimicos, como hopanos e

esteroides (Peters et al., 2000).

Estudos forenses de contaminagdo ambiental frequentemente adotam o
GC-FID como ferramenta de triagem em analises rotineiras de solos, sedimentos
e amostras de agua contaminadas por petroleo. No contexto de derramamentos
costeiros, como o registrado no Brasil em 2019, o uso do GC-FID demonstrou

eficacia na identificagédo de hidrocarbonetos totais e n-alcanos, os quais foram
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utilizados como marcadores primarios para determinar a origem do 0Oleo e seu
estagio de degradagao (Oliveira et al., 2020). No caso do derramamento da
Deepwater Horizon, Aeppli et al. (2012) e McKenna et al. (2013) analisaram
sedimentos oleosos, utilizando inicialmente GC-FID, para determinar se estes
oleos haviam sofrido intemperismo. Dessa forma, o GC-FID permanece como
uma técnica indispensavel no monitoramento de areas impactadas por

hidrocarbonetos, oferecendo robustez analitica e simplicidade operacional.

1.3.4.2 Cromatografia gasosa acoplada a espectrometria de massas (GC-MS)

A cromatografia gasosa acoplada a espectrometria de massas (GC-MS) é
amplamente reconhecida como ferramenta essencial na andlise de Oleos
derramados, por permitir a identificacdo e quantificacdo de hidrocarbonetos
alifaticos, incluindo os biomarcadores de petréleo, e aromaticos, mesmo em
amostras altamente degradadas. Estudos realizados durante o desastre do
Deepwater Horizon demonstraram que o GC-MS, operando em modo de
monitoramento seletivo de ions (SIM), é eficaz na deteccéo de compostos-chave
essenciais para caracterizar a origem do O6leo e monitorar seu grau de
degradacao ambiental (Wang et al., 2012; Hall et al., 2013; Aeppli et al., 2012;
2014: McKenna et al., 2013).

Além disso, os dados obtidos das analises por GC-MS tém sido integrados
a métodos multivariados, combinando razdes diagndsticas de biomarcadores
com analises estatisticas, como a Anadlise de Componentes Principais (PCA)
(Sudol et al., 2020), o que amplia a robustez da correlagdo entre amostras
ambientais e possiveis fontes. Normas internacionais, como a CEN EN 15522-
2:2023, também consolidam esse tipo de analise como padrédo para
investigacbes de derramamentos de 6leo. O GC-MS tem sido amplamente
utilizado em investigacbes de contaminagdo ambiental costeira no Brasil,
incluindo os episédios de derramamento registrados no Nordeste em 2019 e
2022. Trabalhos recentes demonstraram a aplicacdo eficaz da técnica na

caracterizacdo de residuos oleosos coletados em praias, com foco na
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identificagdo de marcadores moleculares como hopanos, esteranos e
hidrocarbonetos policiclicos aromaticos (HPAs) alquilados — compostos que
indicam origem petrogénica dos contaminantes e sugerem sua proveniéncia a
partir de 6leo pesado (Azevedo et al., 2022; Martins et al., 2024; Oliveira et al.,
2020; Brandéo et al., 2021; Bontempo et al., 2020; Bérgamo et al., 2023; Martins
et al., 2023; Stout e Wang, 2016). Nesses estudos, a selegdo de ions de
fragmentacdo especificos, como m/z 191 (terpanos; Figura 16 a), m/z 217
(esteranos; Figura 16 b) e m/z 231 (esteranos triaromaticos), é essencial para a
deteccdo seletiva e a construgdo de cromatogramas de ions caracteristicos,
possibilitando uma identificagao precisa dos compostos presentes. Esses dados
nao apenas corroboram com a eficiéncia da técnica para analises forenses,

também reforcam sua importancia em avaliagdes de risco ambiental.

Figura 16. Cromatogramas m/z 191 do 6leo de 2019 e m/z 217 do dleo de 2022.
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a) Oleo 2019 (m/z 191) b) Oleo 2022 (m/z 217)

Fonte. Nascimento et al. (2025).

A cromatografia gasosa acoplada a espectrometria de massas (GC-MS)
permanece como uma das técnicas mais eficazes para a caracterizagcéo
detalhada de o6leos, mesmo em estagios avancados de degradacdo. Sua
aplicacao tem sido fundamental na detecgdo de hidrocarbonetos, incluindo os
HPAs alquilados e biomarcadores resistentes, permitindo inferéncias sobre a
origem e o estado de alteragao dos residuos oleosos (Arey et al., 2007; Reddy

et al., 2012). A elevada seletividade e sensibilidade dessa técnica é
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indispensavel em estudos ambientais, periciais e industriais voltados a analise

de derramamentos de petréleo.

1.3.4.3 Espectrometria de massas de alta resolugéo (FT-ICR MS)

A espectrometria de massas de ultra-alta resolugdo revolucionou a
compreensao da composi¢cao do petroleo, permitindo a caracterizagdo de
componentes individuais em fragdes inteiras, sem a necessidade de separagao
cromatografica prévia. Esses instrumentos oferecem grande potencial para
caracterizar a maioria dos compostos polares de alto peso molecular ainda nao
identificados no petréleo, bem como residuos que foram alterados por processos
intempéricos (Prince e Walters, 2022; Huba e Gardinali, 2016; Qin et al., 2024).

Assim, a espectrometria de massas por ressonancia ciclotronica de ions
com transformada de Fourier (FT-ICR MS) apresenta resolugdo e acuracia de
massa acima de 1.000.000 em m/z 400, permitindo a identificacido de dezenas
de milhares de férmulas moleculares em uma unica analise. Essa capacidade
torna possivel caracterizar diretamente fragdes complexas de petréleo, como
resinas e asfaltenos, sem a necessidade de separagcado cromatografica prévia,
acessando compostos pesados, polares e pouco volateis que nao sao
detectados por técnicas convencionais, como GC-MS uni e bidimensional
(Marshall e Rodgers, 2008; Rodovi¢ et al., 2019: Wise et al,.2022).

O FT-ICR MS oferece analise em uma ampla faixa de massa (m/z), poder
de resolucédo de massa e precisdo de massa. Este foi aplicado pela primeira vez
ao petréleo por meio da ionizacao eletréonica do petroleo destilado. No entanto,
o campo magnético relativamente baixo (3,0 T), limitada a faixa m/z, a
necessidade de volatilizar a amostra, limitada faixa de peso molecular
(especialmente para espécies contendo heteroatomos) e a ionizagao eletrénica
produz extensa fragmentagao (especialmente de cadeias alquilicas; Mckenna et
al., 2013). No entanto, os recentes desenvolvimentos em FT-ICR MS (Figura 17)
e fontes de ions langaram uma nova luz sobre a imensa complexidade do
petroleo bruto, tornando possivel resolver e identificar milhares de compostos a

partir de uma Unica amostra de 6leo cru (Rocha et al., 2019).
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A espectrometria de massas com foco na Petrolebmica tem como seus
pilares a fontes de ionizacéo, que permite analises de moléculas complexas, um
analisador com altissima resolugao e exatiddao e um sistema de processamento
dos dados (Rocha et al., 2019). As principais fontes de ionizagdo empregadas
na analise do petroleo e suas fragdes sédo a ionizagéo por impacto eletronico (El),
ionizagdo quimica a pressao atmosférica (APCI), fotoionizagdo a presséo
atmosférica (APPI) e electrospray (ESI), onde cada uma tem a capacidade de
ionizar diferentes compostos, respeitando a polaridade e massa molecular de
cada espécie.

As técnicas de APCI, APPI e ESI sédo classificadas como técnicas de
ionizagao a pressao atmosférica (API), visto que elas ndo operam sob vacuo e
possuem caracteristica de serem técnicas de ionizagéo brandas, ou seja, geram
pouca ou nenhuma fragmentagéo. Desta forma, a técnica de APCI, é utilizada
na ionizagao de espécies com polaridade intermediaria e com massa até 1500
Da. A técnica de APPI utiliza fétons gerados por uma lampada de descarga
ultravioleta para ionizar o analito e a técnica de electrospray ioniza moléculas
polares com massas elevadas, neste caso, ao contrario do que acontece com
APCI e APPI, as espécies sao ionizadas ainda em solugéo (Rocha et al., 2019;
Hoffmann e Stroobant, 2007; Marshall, 2008).

Figura 17. Espectrometria de massa por ressonadncia ciclotrbnica de ions com
transformada de Fourier (FT-ICR MS) para caracterizagao quimica do petroleo e seus
derivados.
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Fonte: Adaptado de Vanini et al. (2020) e Pinto et al. (2022).
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O FT-ICR MS tem se mostrado particularmente importante em estudos
sobre derramamentos de dleo, permitindo o monitoramento de mudancgas
moleculares causadas por processos intempéricos como a fotooxidacao, a
biodegradacao e a formagao de agregados organicos oleosos (marine oil snow;
Rodovic et al., 2019). A analise de parametros como o defeito de massa (mass
defect), o numero de insaturagdes (DBE) e a presencga de heteroatomos (O, N,
S) fornece uma “impresséo digital quimica” detalhada do petréleo, auxiliando na
diferenciacdo entre fontes distintas e na avaliagdo do grau de degradagédo do
60leo em ambientes costeiros (Corilo et al., 2013; Lima et al., 2023). Esses
atributos mostram o quanto essa técnica € uma ferramenta essencial e inovadora
em analises forenses e ambientais de derramamentos de 6leo, complementando
os estudos de outras técnicas cromatograficas convencionais (Prince e Walters,
2022).

No contexto da pesquisa no Brasil, diversos estudos tém aplicado técnicas
de espectrometria de massas de alta resolucdo para caracterizacao detalhada
de 6leos derramados, com énfase na elucidacdo da composicdo molecular e na
identificacdo de marcadores especificos que permitam inferir a origem e o grau
de intemperismo do material. Essa abordagem tem sido particularmente
relevante na investigacdo de derramamentos de petroleo em areas costeiras,
fornecendo informagdes mais abrangente sobre a distribuicdo de compostos
polares, incluindo acidos organicos e fragdes resinosas e asfalticas. Assim, de
acordo com Lima et al. (2020; 2021), em seus estudos utilizando 6leos brasileiros
simulando a agao de processos intempéricos, bem como tarballs coletados em
praias, pode-se observar o aumento na abundancia relativa de compostos das
classes O2, O3z e O4, 0 que sugeriu que a fotooxidagao teve um papel importante
na oxidacao dos 6leos derramados. Ja para os tarballs, os perfis de classes de
heteroatomos obtidos por FT-ICR MS indicaram intemperismo extensivo para
todas as amostras, com biodegradacéao e fotooxidagao como os processos mais

importantes sofridos pelo 6leo derramado.
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Em estudo realizado por Reddy et al. (2022), com dleos derramados no ano
de 2019 no Brasil, o uso do FT-ICR MS permitiu identificar que o 6leo derramado
continha compostos com ponto de ebulicdo alto, indicativo de mistura de petréleo
bruto com outros derivados de petrdleo ou de alteracdo térmica. Ja estudos
realizados por Nascimento et al. (2025) e Pereira et al. (2023), com tarballs
parafinicos que chegaram ao litoral do Nordeste brasileiro no final de 2022,
mostraram que a avaliagdo dos compostos polares acidos por ESI(-) FT-ICR MS
revelou que esses 0Oleos sofreram biodegradacgao e fotooxidagdo, pelo menos
em sua extensao inicial. Eles também apresentaram alta abundancia de acidos

graxos, DBE 1 da classe Oz, consistentes com suas caracteristicas cerosas.

A capacidade de diferenciar amostras com base em assinaturas
moleculares unicas em estudos da geoquimica forense tem-se fortalecido com a
aplicacao das técnicas de espectrometria de massas de alta resolugao, incluindo
o FT-ICR MS, auxiliando nao apenas na identificagao de fontes, mas também
para um melhor entendimento das alteragcbes quimicas provocadas pelos
processos intempéricos, como biodegradagéao e fotooxidacao (Prince e Walters,
2022). As contribuigdes dessa técnica evidenciam seu papel estratégico na
compreensao dos impactos ambientais e na formulacdo de respostas mais

eficazes frente a eventos de derramamento de petréleo.
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1.4 MATERIAL E METODOS

1.4.1 Area de Estudo

Neste trabalho, foram analisadas 56 amostras de residuos oleosos
coletadas ao longo da costa do estado do Ceara e de mais cinco estados do
nordeste brasileiro no periodo de 2019 a 2022 (Tabela 1). Incluem-se nesse
estudo, quatro amostras referentes ao evento de 2019 (1 a 4, Tabela 1; Reddy
et al., 2022), 19 amostras coletadas no monitoramento do ano de 2021 (5 a 23,
Tabela 1) na costa litoral cearense, trés amostras coletadas no inicio de 2022,
referentes ao evento ocorrido no estado do Ceara (24 a 26, Tabela 1; Azevedo
et al., 2022), 13 amostras coletadas no monitoramento do litoral do Ceara no
periodo de maio a setembro de 2022 (27 a 39, Tabela 1) e 17 amostras coletadas
no final de 2022 referentes a chegada de tarballs parafinicos (45 a 53, Tabela 1;
Nascimento et al., 2022; Nascimento et al., 2025; Pereira et al., 2023). Além das
amostras do estado do Ceara, foram analisadas oito amostras de residuos dos
estados de Alagoas, Bahia, Paraiba e Rio Grande do Norte (54 a 61, Tabela 1,
Nascimento et al., 2025; Pereira et al., 2023), relacionadas ao evento dos tarballs

parafinicos do final de 2022.

Tabela 1. Localizagdo das amostras de 6leo coletadas nos anos de 2019 a 2022.

N° Amostras
Evento de 2019 Praia/Estado
1 P01#2019 Cumbuco/CE
2 P02#2019 Mangue do Rio Jaguaribe
3 P03#2019 Paracuru/CE
4 P04#2019 Paracuru/CE
Monitoramento de 2021
5 PO1E#2021 Barra nova/CE
6 PO3E#2021 Pontal de Macei6/CE
7 PO4E#2021 Barra/CE
8 POGE#2021 Cano quebrada/CE
9 PO7E#2021 Iguape/CE
10 PO8E#2021 Sabiaguaba/CE
11 P10E#2021 Pecém /CE
12 P11E#2021 Icarai/CE




13 P12E#2021 Cumbuco/CE

14 P14W#2021 Taiba/CE

15 P16W#2021 Lagoinha/CE

16 P17W#2021 Paracuru/CE

17 P20W#2021 Caetanos de cima/CE

18 P21W#2021 Mundau/CE

19 P22W+#2021 Icarai de amontada/CE

20 P23W#2021 Almofala/CE

21 P24W#2021 Bitupita/CE

22 P28W#2021 Jericoacoara/CE

23 P34W#2021 Caetenos/CE
Evento de 2022.1

24 PO1E#22 (01) Sabiaguaba/CE

25 PO4E#22 (01) Cumbe/CE

26 POSE#22 (01) Canoa Quebrada/CE

Monitoramento de 2022

27 PO1E#22 (02) Sabiaguaba/CE

28 PO2E#22 (02) Porto das Dunas/CE

29 PO5E#22 (02) Canoa quebrada/CE

30 POGE#22 (02) Canto verde/CE

31 PO1W#22 (03) Cumbuco/CE

31 PO2W#22(03) S03 Taiba/CE

33 PO3W#22(03) Paracuru/CE

34 P04W#22(03) Flecheiras/CE

35 PO1W#22(04) SO1 Bitupita/CE

36 PO1W#22(04) S03 Bitupita/CE

37 PO1W#22(04) S05 Bitupita/CE

38 PO1W#(05) SO1 Jericoacoara/CE

39 PO1W#(05) S03 Jericoacoara/CE
Evento de 2022.2

45 PO1W#22(06) SO1 Praia do Futuro/CE

46 PO1W#22 (07) Icarai/CE

47 PO2W#22 (07) Cumbuco/CE

48 PO3W#22 (07) Pecém/CE

49 PO1W#22 (08) Futuro/CE

50 PO1W#22 (09)S01 Flecheiras/CE

51 PO2W#22 (09) Almofala/CE

52 PO1W#22 (10) Paracuru/CE

53 PO1W#22 (11) Peroba/CE

54 PO1W#22 (12) Albino/BA

55 PO2W#22 (12) Costa/BA

56 PO1W#22 (13) Barra Formosa/RN

57 PO2W#22 (13) Tabatinga/RN

58 PO1W#22 (15) Candeias/PE

59



59 PO2W#22 (15) Olinda/PE
60 PO3W#22 (15) Maragogi/AL
61 PO4W#22 (15) Pina/AL

Fonte: Elaborado pelo autor, 2025.

A Figura 18 representa o mapa de localizagdo das amostras monitoradas
nos anos de 2021 e 2022 e dos eventos de 2019, 2022.1 e 2022.2 no estado do

Ceara. Ja a Figura 19 representa o mapa de localizagao dos tarballs coletados

nos estados de Alagoas, Bahia, Ceara, Pernambuco e Rio Grande do Norte.

Figura 18. Mapa de Localizagdo das amostras monitoradas nos anos de 2021, 2022 e

das amostras dos eventos de 2019, 2022.1 e 2022.2.
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Figura 19. Localizagéo das amostras de dleo de farballs dos estados do Ceara, Alagoas,
Bahia, Sergipe, Rio Grande do Norte e Pernambuco.
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1.4.2 Procedimento Experimental

Nestas etapas serdo descritos os procedimentos adotados para as
analises das amostras de o6leo derramado. Detalha-se as etapas extragao,
precipitacao do asfalteno e a cromatografia liquida, onde a metodologia SARA é
aplicada para separacado do petrdleo em classes de compostos (Saturados,
Aromaticos, Resinas e Asfaltenos). Os procedimentos experimentais foram
estruturados de modo a assegurar a reprodutibilidade e a confiabilidade dos
resultados obtidos. Essa abordagem visa garantir a robustez e a validade das
inferéncias realizadas. A Figura 20 representa o fluxograma das etapas de

analises experimentais que foram aplicados para a analise das amostras.
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Todas as vidrarias foram inicialmente lavadas com sab&o Dinamicatec a
3% e enxaguadas com agua destilada. Em seguida, foram enxaguadas com uma
solugdo de potassa alcodlica e posteriormente lavadas dez vezes com agua.
ApOs essa etapa, as vidrarias foram enxaguadas com uma solu¢do de acido
acético a 10% e novamente lavadas cerca de dez vezes com agua corrente. Por
fim, as vidrarias foram enxaguadas com agua destilada e secas em estufa. Apos

a secagem, as vidrarias foram rinsadas com diclorometano PA.

Figura 20. Fluxograma do processo de extracao, precipitacao, e analises das amostras
de dleo.

—
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Fonte: Elaborado pelo autor.

1.4.3Extracao

A etapa de extragdo tem como obijetivo retirar impurezas como sedimentos,
folhas e todo qualquer material que esteja aderido a amostra de 6leo derramado
(Figura 21). Todas as amostras foram pesadas, cerca de 1,0 g, e adicionado 6
mL de diclorometano (grau HPLC). A amostra foi agitada em vortex e
centrifugada, esse procedimento foi realizado cinco vezes. Apds cada
centrifugagédo, o sobrenadante foi retirado e acondicionado em um baldo de
fundo redondo. Apds a realizacao deste procedimento, o 6leo foi roto evaporado
para retirada de todo solvente e concentragao da amostra de 6leo (Carregosa et
al., 2021). O ¢leo extraido foi guardado em frasco ambar sob refrigeragao para

ser usado nas etapas posteriores.
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Figura 21. Etapas do processo de extragdo do dleo.
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Fonte: Elaborado pelo autor.

1.4.4 Precipitagado do asfalteno

Cerca de 300 mg de dleo foi utilizado na precipitagcdo de asfalteno. A
amostra de 6leo pesada foi adicionada 12 mL de n-hexano (grau HPLC), e esta
foi levada ao banho ultrassénico por 10 min, seguido por centrifugacdo. Esse
processo foi realizado cinco vezes (Martins et al.,, 2021). Ao final de cada
centrifugagédo, o sobrenadante (malteno) foi retirado e acondicionado em um
baldo de fundo redondo. Apds realizado este procedimento, o malteno foi roto
evaporado e guardado em vial de 4 mL em refrigeracao, até sua utilizagcdo em

etapas futuras (Figura 22).

Figura 22. Fluxograma de precipitacao do asfalteno.
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1.4.5 Cromatografia liquida em coluna

A etapa de Cromatografia liquida em coluna foi realizada em duas etapas
(Figura 23). A primeira etapa tem a preparagdo da amostra e ambientacédo da
coluna com 8 g silica gel, alumina, sulfato de sédio (1 g) e 1a de vidro. Cerca de
40 mg de malteno foi pesado em uma placa de Petri. A esta amostra foram
adicionadas algumas gotas de diclorometano (HPLC) e um pouco de alumina
para formar uma pasta. Apds mistura, o material € deixado para evaporacao de
todo solvente.

Figura 23. Fluxograma do processo de cromatografia liquida.
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Fonte. Elaborado pelo autor.

Ja na etapa 2, apés empacotamento da coluna com silica gel e sulfato de
sodio anidro, sao realizadas trés eluicdes:

a) Fracao de saturados (F1), utilizando 30 mL de n-hexano, coletado em
um baldo de fundo redondo .

b) Fracdo de aromaticos (F2), utilizando 30 mL de uma mistura de n-
hexano com diclorometano (8:2), coletado a fragdo em baldo de fundo redondo.

c) Fracdo de resinas (F3), utilizando 30 mL de uma mistura de
diclorometano e metanol (9:1), coletado a fragdo em baldo de fundo redondo.

ApoOs a coleta de cada fragao, estas foram levadas ao roto evaporador
para remogcao dos solventes e concentracao das fragdes. Apds roto evaporacgao,

as amostras foram acondicionadas em vial de 2 mL previamente limpo e
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guardadas sob refrigeragéo (Terra et al., 2019). Todos os solventes usados tém
grau cromatografico HPLC da Sigma-Aldrich Chemical.

Além da cromatografia liquida para as amostras, também foi realizado o
mesmo procedimento para as amostras de branco para todas as fragées. O
branco foi constituido de todos os reagentes presentes na cromatografia liquida
em coluna (silica gel, alumina, sulfato de sédio anidro). Esse procedimento é
importante pois permite avaliar possiveis contaminacdes durante o preparo e a
analise em laboratério das amostras. O branco atuou como controle de
qualidade, revelando interferéncias oriundas de reagentes, materiais ou
equipamentos. Esse procedimento assegura a confiabilidade dos resultados,
garantindo que os hidrocarbonetos detectados sejam exclusivamente da
amostra. Dessa forma, a inclusdo do branco fortalece a rastreabilidade e a

precisdo dos dados obtidos

1.4.6 Cromatografia gasosa com detector de ionizagdo de chama (GC-FID) para
analise da fragao saturada (F1)

Para analise dos n-alcanos e isoprendides pristano e fitano, a fragao
saturada foi analisada por cromatografia gasosa com detetor de ionizagdo de
chama (GC-FID) da Thermo - Focus GC com coluna capilar Agilent J&W DB-5
(80 m x 0,25 mm i.d. x 0,25 pm df). Utilizou-se nitrogénio como gas de arraste,
com um fluxo constante de 1 mL min'. O forno do GC- FID foi mantido
isotermicamente a 50 °C durante 5 min, depois aquecido de 50 a 300 °C a 6 min-
', com a temperatura final mantida durante 17,67 min (tempo total de 63 min.).

A temperatura do injetor foi de 280 °C e o FID foi regulado para 300 °C. O
volume de injegcao da amostra foi de 1 uL, em modo splitless, utilizando n-hexano
como solvente (grau HPLC). Os n-alcanos (nC8 a nC40) e os isoprendides
(pristano e fitano) foram identificados e quantificados por padronizagao externa.
O padrao analitico foi adquirido a AccuStandard (Hydrocarbon Window Defining
Standard, DRH-008S-R?, que é uma mistura de n-alcanos e isoprendides acima

referidos).
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1.4.7 Cromatografia gasosa acoplada a espectrometria de massas (GC-MS)

para analise das fragcbes saturados e biomarcadores (F1 e F2)

Para avaliar os biomarcadores saturados e aromaticos, a fracao de
malteno foi analisada por cromatografia gasosa/espectrometro de massa de
quadrupolo (GCMS-QP2010 SE, Shimadzu, Japao) com o procedimento
realizado com ionizagédo de elétrons (El) a 70 eV, acoplado a um amostrador
automatico (AOC-6000 Plus, Shimadzu, Japao). A separagao cromatografica foi
efetuada utilizando uma coluna capilar HP-5ms Ultra Inert (30 m x 0,25 mm d.i.
x 0,25 um df; 5%-fenil-metilpolissiloxano). O forno de GC foi aquecido de 70° a
325 °C a uma taxa de 20 °C min-!, mantendo-se a temperatura final durante 10

minutos. O volume de inje¢do da amostra foi de 1 yL em modo split (1:20).

As temperaturas do injetor, da fonte de ions e da interface foram de 300,
250 e 300 °C, respectivamente. Utilizou-se Hélio como gas de arrastamento a
um caudal constante de 1 mL min-'. As amostras foram analisadas nos modos
de aquisicdo de varredura completa e monitoramento de ions selecionados
(SIM). No modo SIM, os ions fragmentos m/z 83, 85, 191 e 217 foram
monitorados para avaliar os compostos saturados alquilciclohexanos, n-
alcanos/hidrocarbonetos ramificados, terpanos tri e pentaciclicos e esteranos e
diasteranos. Os m/z 178, 192 e 231 foram monitorizados para avaliar os
compostos aromaticos fenantreno e antraceno, metilfenantrenos e
metilantraceno, e esterdides triaromaticos (TAS), respetivamente (Carregosa et
al., 2021). Os dados obtidos apds as analises foram processados utilizando o
software GC- ES v. 4.20 (SHIMADZU, JAPAO).

1.4.8. Espectrometria de massas de ressonéancia ciclotrénica de ions com
transformada de Fourier (FT-ICR MS) para avaliagdo dos compostos polares
acidos

Para avaliar os compostos polares acidos, o 6leo total extraido foi
analisado por ESI(-) FT-ICR MS. 10 mg de d6leo foram dissolvidos em 10 mL de
tolueno. Da solugao de reserva para analise ESI(-), 500 pL foram recolhidos e

transferidos para um baldo contendo 500 uL de metanol com 25 uL (2,5%) de
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NH40OH. Os solventes metanol, tolueno e hidréxido de amoénio eram de qualidade
HPLC adquiridos a J.T. Baker (Phillipsburg, NJ, EUA) e Sigma-Aldrich

(Steinheim, Alemanha), respectivamente.

As aquisicoes de FT-ICR MS foram efetuadas com um SolariX 2xR 7T
(Bruker Daltonics - Bremen, Alemanha) acoplado a uma fonte ESI de modo
negativo. O gas de secagem utilizado foi o azoto com um caudal de 4,0 L min-1
e uma temperatura de 200 °C e gas de nebulizagdo com 1,0 bar. As amostras
foram injetadas utilizando uma bomba de seringa com um caudal de 240 yL h™'.
Os ions foram acumulados na célula de colisdo durante 0,005 s e transferidos
para a célula ICR em 0,6 ' ms. Os espectros foram previamente analisados no
LTQ Fleet para verificar a distribuigcdo gaussiana. Foram adquiridos conjuntos de
dados 8MW utilizando o modo de magnitude com a gama de dete¢édo m/z 150 -
2000. Foi utilizada a detecgdo 2w (quadrupolo) para obter uma resolugéo
elevada a uma velocidade de varrimento rapida. Para cada amostra, foram
adquiridos 300 exames para obter espectros com excelentes valores de
sinal/ruido. Para os dados apodizados, o poder de resolugdo medido em m/z 400
foi de 880 000. Para a aquisicdo dos espectros de uma amostra, o tempo de
aquisicao transiente foi de 2,5 segundos. Os dados foram calibrados
internamente utilizando uma série homologa de classe de nitrogénio neutro (N+)
utilizando o software Data Analysis 4.2 (BRUKER DALTONICS GMBH,
BREMEN, Alemanha).

Na fase de processamento, as formulas moleculares sao inicialmente
atribuidas a partir dos espectros recalibrados. Para isto, foi utilizado o software
Composer64 (Versdao 1.5.3 Sierra Analytica, Modesto, EUA). Em geral, as
condi¢gdes de processamento foram semelhantes para todas as amostras. No
entanto, o limiar de intensidade, a abundancia minima e os novos parametros de
abundancia minima variaram de acordo com a intensidade do ruido de cada
espectro. Estes trés parametros foram utilizados para definir um limite de
abundancia relativa, de modo a que apenas fossem atribuidas férmulas

moleculares a sinais de intensidade superior ao limite pré-estabelecido. Os
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elementos permitidos foram '2C, 'H, 'O, N e 32S. O erro de formula maximo

permitido foi de 0,5 ppm.
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Artigo 1: Publicado na Marine Environmental Research 204, 106878, 2025. DOI:
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FORENSIC ENVIRONMENTAL GEOCHEMISTRY TO REVEAL THE EXTENT,
CHARACTERISTICS, AND FATE OF WAXY TARBALLS SPILLED OVER THE
NORTHEAST COAST OF BRAZIL IN 2022

Abstract

This work applied the forensic environmental geochemistry assessment to
evaluate the tarballs that contaminated the coast of Brazil in late 2022.
Accordingly, saturated and aromatic biomarkers were analyzed by gas
chromatography and acidic polar compounds by Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) of 16 tarball samples from beaches
of five Brazilian states. All samples presented waxy characteristics and are from
the same source, highlighting the large coast extension affected by this event (~
3,000 km). However, they have distinct sources from the spilled oils stranded on
the Brazilian coast in 2019 and early 2022. Biomarkers indicate their
characteristics of mature and marine crude oils (not fuel). Furthermore, all
samples presented low weathering levels, indicating their fate as a high-
persistence contaminant in the environment. These tarballs likely originated from
the washing processes of ship tanks and persisted drifting on the sea until they

arrived on the Brazilian coast.

Keywords: Oil Spill; Tarball; Marine Pollution; Forensic Geochemistry;

Biomarker; FT-ICR MS.
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2.1 Introduction

In late 2022, tens of tons of mysterious tarballs were stranded on the
northeast coast of Brazil (MCTI, 2022), contaminating many marine and seashore
areas. The first oiled materials were found in the State of Pernambuco in late
August (Pereira et al., 2023; Bérgamo et al., 2023), reaching the states of Bahia,
Sergipe, Alagoas, Paraiba, Rio Grande do Norte, and Ceara in the following

weeks (Mello et al., 2023).

Oil spills affecting Northeast Brazil have been an immeasurable social,
economic, and ecological problem due to their high frequency, high amount of oil,
and because they have been affecting large geographic extension, impacting a
broad number of protected areas and coastal communities (Soares et al., 2022).
In 2019, the northeast coast of Brazil experienced the largest oil spill on tropical
oceans (Reddy et al., 2022), with more than 5,000 tons of oil affecting eleven
states (Soares et al., 2022). During 2020 and 2021, oiled materials related to the
2019 event were still reaching the beaches of Brazil (Lima et al., 2023). In
January 2022, spilled oil not associated with the 2019 event appeared once again
on the coast of the State of Ceara, reaching an extension of 400 km and with
more than 8,000 liters of oil collected (Azevedo et al., 2022; Soares et al., 2022).
Most recently, in late 2022, puzzling tarballs appeared all over the coast of

Northeast Brazil.

Tarballs are marine residues with varying color, shape, size, and chemical
composition that can originate from natural seepages (Corrick et al., 2021;

Kvenvolden and Cooper, 2003) or anthropogenic sources due to the release of
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oil into the ocean (Warnock et al., 2015). They have roughly spherical shapes,
usually less than 10 cm in diameter (Kvenvolden and Cooper, 2003). They can
be formed by liquid petroleum transformed into more consistent oiled material by
weathering and other physical processes (Warnock et al., 2015) and can persist
in the ocean for a long time (Warnock et al., 2015). These conglomerated
residues can be carried ashore by waves and currents (Butler et al., 1998),
affecting the marine ecosystems and coastal areas with human and ecological
impacts (Warnock et al., 2015). Tarballs pollution is a considerable concern to
the global marine ecosystem as they have toxic and pollutant compounds (Shinde
et al., 2020) and have many bacteria and fungi associated with them, including

potential human and animal pathogens (Shinde et al., 2017).

After being released into the environment, petroleum undergoes several
physical, chemical, and biological processes that affect its fate and chemical
composition, known as weathering (Stout and Wang, 2016; Wang et al., 1999).
This fate is dependent on the oil properties and the environmental conditions. The
waxy bitumen, which forms the waxy tarballs, is relatively resistant to weathering
processes, allowing them to survive prolonged periods in the ocean (Edwards et
al., 2018). The waxy compounds can retard the weathering effects on the tarballs
due to the decrease in oil dispersion (Blumer et al., 1973) and their protection by
the wax in the water column during transport by marine currents (Lourenco et al.,

2020).

Forensic environmental geochemistry has been applied to assess petroleum-

related contaminants and spilled oils, determining their source, time of release,



92
and the acting weathering process (Kaplan, 1997). It is mainly based on the
scientific principles of organic geochemistry (Kaplan, 1997), in which it can be
obtained the chemical fingerprinting of the spilled oil using analytical techniques,
mostly gas chromatography (GC) (Stout and Wang, 2007) and, more recently,
high-resolution mass spectrometry, mainly Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) (Prince and Walters, 2022). It usually
involves assessing the significant factors that influence the chemical fingerprint
of the spilled oil, including the crude oil genesis, petroleum refining, weathering
processes, and mixing in the environment (Stout and Wang, 2007). This concept
has been widely employed to examine the oil spills in Northeast Brazil in recent
years (Azevedo et al., 2022; Carregosa et al., 2021; Lima et al., 2020, 2021,

2023; Oliveira et al., 2020; Reddy et al., 2022).

FT-ICR MS is an ultra-high-resolution analytical technique that has been
used in oil spill studies, expanding the analytical window and, consequently,
allowing the analysis of non-volatile compounds that are not accessible by
traditional chromatographic techniques (Chen et al., 2016; Corilo et al., 2013;
Huba and Gardinali., 2016; Krajewski et al., 2018; McKenna et al., 2013). FT-ICR
MS coupled with electrospray ionization (ESI) in negative ion mode enables the
detection of acidic NSO compounds through the deprotonation process, including
phenols (O class), carboxylic acids (O2 class), and pyrroles (N4 class) (Kim et

al., 2005; Martins et al., 2021; Oldenburg et al., 2014).

Drawing attention to the recurrent oiled material stranding the seashore of

Brazil from multiple sources, this work aims to thoroughly assess the geochemical
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characteristics of the tarballs that reached its northeastern coast in late 2022
through aliphatic and aromatic biomarkers and acidic polar compounds assessed
by GC and FT-ICR MS. The forensic environment geochemistry concept was
comprehensively applied on them to assess: (1) the extension of the Brazilian
coast affected by this event; (2) possible similarities between the 2022 waxy
tarballs and the spilled oils collected in 2019 and in early 2022; (3) their genesis,
including the depositional environment and thermal maturity of their source rock;
(4) if the oiled material is virgin crude oil or processed oil; (5) the weathering

process acting on them and their fate.

2.2 Materials and methods

2.2.1 Samples

The set of samples encompasses 16 tarballs collected from late August to
late October 2022 on distinct beaches from the states of Bahia, Sergipe, Alagoas,
Rio Grande do Norte, and Cear’a, in the northeast of Brazil (Fig. 23, samples with
codes 22.2). In addition, two spilled oil samples were collected in January 2022
in the State of Cear’a (samples with codes 22.1; Azevedo et al., 2022), and two
samples from the 2019 oil spill event, also collected in the State of Cear’a (Fig.

23).
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Fig. 23. Location of tarballs and spilled oil samples collected in 2019 and 2022

(see details in Table S1, Appendence A).
2.2.3 Extraction and separation

The oil extraction was performed from approximately 1.0 g of tarball samples
(oil mixed with sediment) using dichloromethane as a solvent, which was stirred,
centrifuged, and the organic phase was relocated to a flask and the solvent with
the oil was roto-evaporated (Carregosa et al., 2021). The asphaltene precipitation
was performed from 300 mg of extracted oil by 100 ul of dichloromethane mixed
with 12 mL of n-hexane through an ultrasonic bath for 10 min, followed by
centrifugation. The maltene fraction dissolved in the solvent was removed, and
the precipitated asphaltene was washed five times with 12 mL of n-hexane to

ensure maximum recovery of the maltene (Martins et al., 2021), then roto-
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evaporated. Finally, approximately 40 mg of maltene were fractionated in
saturated, aromatics, and resins by liquid column chromatography where each
fraction was eluted with n-hexane, n-hexane:dichloromethane (8:2, v:v), and
dichloromethane:methanol (9:1, v:v), respectively. After collecting each fraction,
they are taken to the rotary evaporator to remove the solvents (Terra et al., 2019).

All solvents were chromatographic/HPLC grade from Sigma-Aldrich Chemical.
2.24 GC-FID

To assess the n-alkanes and isoprenoids, the saturated fraction was
analyzed by gas chromatography with a flame ionization detector (GC-FID) from
Thermo — Focus GC with Agilent J&W DB-5 capillary column (30 m x 0.25 mm
i.d. x 0.25 ym df). Nitrogen was used as a carrier gas, with a 1 mL min-! constant
flow. The GC oven was isothermally held at 50 °C for 5 min, then heated from
50° to 310 °C at 6 min™', with the final temperature held for 17.67 min (total time:
63 min.). The injector temperature was 280 °C, and the FID was set at 300 °C.
The sample injection volume was 1 L, in splitless mode, using n-hexane as a
solvent (HPCL grade). The n-alkanes (nC8 to nC40) and isoprenoids (pristane
and phytane) were identified and quantified by external standardization. The
analytical standard was purchased from AccuStandard (Hydrocarbon Window
Defining Standard, DRH-008S-R2, which is a mixture of the aforementioned n-
alkanes and isoprenoids). The applied calibration curves cover the range from

0.50 to 10 ppm.

2.2.5 GC-MS
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To assess the saturated and aromatic biomarkers, the maltene fraction was
analyzed by gas chromatography/quadrupole mass spectrometer (GCMS-
QP2010 SE, Shimadzu, Japan) with the procedure performed with Electron
ionization (El) at 70 eV, coupled to an automatic sampler (AOC-6000 Plus,
Shimadzu, Japan). The chromatographic separation was done using an HP-5ms
Ultra Inert capillary column (30 m x 0.25 mm i.d. x 0.25 ym df; 5%-phenyl-
methylpolysiloxane). The GC oven was heated from 70 to 325 °C at a rate of 20
°C min', with the final temperature held for 10 min. The sample injection volume
was 1 pL in split mode (1:20). The injector, ion source, and interface temperatures
were 300, 250, and 300 °C, respectively. Helium was used as carrier gas at a
constant flow rate of 1 mL min~'. Samples were analyzed in full scan and single
ion monitoring (SIM) acquisition modes. In SIM mode, m/z 83, 85, 191, and 217
were monitored to assess the saturated compounds alkylcyclohexanes, n-
alkanes/branched hydrocarbons, tri and pentacyclic terpanes, and steranes and
diasteranes. The m/z 178, 192, and 231 were monitored to assess the aromatic
compounds phenanthrene (P) and anthracene (A), methylphenanthrenes (MP)
and methylanthracene (MA), and triaromatic steroids (TAS), respectively
(Carregosa et al., 2021). The data obtained after the analyses were processed

using GCMS solution v. 4.20 (Shimadzu, Japan).
2.2.6 ESI(-) FT-ICR MS

To assess the acidic polar compounds, the total extracted oil was analyzed
by ESI(-) FT-ICR MS. 10 mg of oil was dissolved in 10 mL of toluene. From the

stock solution for ESI(-) analysis, 500 uL was collected and transferred to a flask
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containing 500 pL of methanol with 25 pL (2.5%) of NH4OH. Solvents methanol,
toluene, and ammonium hydroxide were HPLC grade purchased from J.T. Baker

(Phillipsburg, NJ, USA) and Sigma-Aldrich (Steinheim, Germany), respectively.

FT-ICR MS were acquired using a 7T SolariX 2xR (Bruker Daltonics -
Bremen, Germany) coupled to the negative mode ESI source. The drying gas
used was nitrogen with a flow rate of 4.0 L min-!, a temperature of 200 °C, and
nebulization gas with 1.0 bar. Samples were injected using a syringe pump with
a flow rate of 240 uL h™'. lons were accumulated in the collision cell for 0.005 s
and transferred to the ICR cell in 0.6 - 1 ms. The spectra were previously analyzed
in the LTQ Fleet to check the Gaussian distribution. 8MW datasets were acquired
using magnitude mode with the detection range m/z 150 - 2000. 2w (quadrupole)
detection was used to provide high resolution at a fast scan rate. For each
sample, 300 scans were acquired to obtain spectra with excellent signal/noise
values. For the apodized data, the resolving power measured in m/z 400 was 880
000. For the acquisition of one sample spectra, the transient acquisition time was
2.5 seconds (Fig. S1, Appendence A). The data were internally calibrated using
a homologous series of neutral nitrogen (N1) class using Data Analysis 4.2

software (Bruker Daltonics GmbH, Bremen, Germany).

In the processing stage, molecular formulas are initially assigned from the
recalibrated spectra. The Composer64 software (Version 1.5.3 Sierra Analytica,
Modesto, USA) was used for this. In general, processing conditions were similar
for all samples. However, the intensity threshold, minimum abundance, and new

minimum abundance parameters varied according to the noise intensity of each
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spectrum. These three parameters were used to define a limit of relative
abundance so that only molecular formulas were assigned to peaks of intensity
greater than the pre-established limit. Allowed elements were '?C, 'H, 60, N,

and 32S. The maximum allowed formula error was 0.5 ppm.

3 Results and discussion

3.1 General characteristics of the waxy tarballs

The tarballs collected all over the Northeast coast of Brazil (Fig. 24,
Appendence A), from the states of Bahia to Ceara, have a roughly spherical
appearance, ranging from small materials (Fig. 24b, Appendence A) with less
than 1 cm to large materials with more than 10 cm (Fig. 24c and d). They are soft
black materials with an oil smell, which fluctuates on the seawater as pelagic tars
(Fig. S2, Appendence A). The precipitation of a considerable visible amount of
wax in the saturated fraction after the fractionation by liquid chromatography
pointed out their waxy characteristics, in agreement with the high percentage of
it (46 to 62%; Fig. S3, Appendence A). Part of the tarballs were found with the
marine organisms goose barnacle species Lepas anatifera attached to them
(Mello et al., 2023), which have cosmopolitan distribution mostly in oceanic
waters, indicating that these materials come from the open Atlantic Ocean and
that they have been drifting for at least a month due to the size of these organisms

(more detail in Mello et al., 2023).



Fig. 24. Tarballs found in the first days of their appearance at the State of Ceara

in late 2022: Cumbuco beach, September 24 (a); Futuro beach, September 23
(b); Icarai beach, September 24 (c); Cumbuco beach, September 24 (d); Pecém
beach, September 24 (e); Flecheiras beach, August 03 (f); Almofala beach,

August 03 (g).

Approximately 2.8 Kg of tarballs (Fig. S4, Appendence A) were collected in
200 m of beach extension at the Futuro beach in their first appearance in the
State of Ceara on September 23, 2022. Considering that Future Beach has an
extension of eight km, it can be estimated that around 112 kg of tarballs were
stranded on this beach on that day. The amount of tarball reaching the coast of
Ceara on the first arrival can also be estimated as eight tons, considering its 573
km of extension. If we consider the coastal extension of Northeast Brazil, which
is nearly 3,000 km, the amount of tarballs beaching Brazil could reach at least 42

tons. This amount is consistent with the seven tons collected only in the state of
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Pernambuco (G1, 2022), with an extension of 187 km. Moreover, this amount can
probably be higher since tarballs kept arriving in the following days in small
amounts after the first arrivals. This is consistent with medium tanker spills

(ITOPF, 2024).
3.2 Similarity among the Northeast Brazilian waxy tarballs

The GC-FID chromatogram of the 16 tarball samples collected in late 2022
shows a remarkably similar bimodal profile (Fig. S5, Appendence A) and
Fig.25), with n-alkanes ranging from nC12 to nC40, maximizing at nC17 and
nC33. The high abundance of long-chain n-alkanes (nC31 to nC40) corroborates
their waxy characteristic, and together with no detection of UCM (unresolved
complex mixture), it also points to little-weathering tarballs. Edwards et al. (2018)
described similar characteristics in the stranding waxy tarballs in southern
Australia, which pointed to the unusual amount of long-chain n-alkanes that
resemble wax precipitated from marine crude oil during production (Philp, 1994).
Pereira et al. (2023) and Bérgamo et al. (2023) have found similar profiles for
tarball samples, but the studies were restricted for sampling in the state of

Pernambuco, Northeast Brazil, between August and September 2022.
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Fig. 25. GC-FID chromatograms representative for the tarballs and the 2022.1
and 2019 spilled oils (a). Radar plots comparing the diagnostic ratios of
triaromatic steroids (b), tricyclic and pentacyclic terpanes (c), and steranes (d) for

the average of the tarballs and the 2022.1 and 2019 spilled oils.

Some possible origins of the waxy tarballs are natural oil seeps (Edwards et
al., 2018) or ship tank washing processes, where paraffin sticks to the walls
during long transport trips (Zakaria et al., 2001). Tarballs derived from the
washing process of tanks are usually rich in paraffin (Blumer et al., 1973) and

have long-chain n-alkanes in high abundance (Zakaria et al., 2001).

The GC-FID chromatograms of the 2022.2 tarballs have notable distinct

profiles from the chromatograms of the 2019 and 2022.1 spilled oils (Fig. 25a);
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these last two already presented by Reddy et al. (2022), Azevedo et al. (2022),
and Pereira et al. (2023). The ratios calculated using the n-alkanes and
isoprenoids pristane/phytane (Pr/Ph), Pr/nC17, and Ph/nC18 (Table S2,
Appendence A) showed low relative standard deviation (RSD) values (<5%)
among the 16 tarballs; however, the ratios using a wider range of n-alkanes, such
as terrigenous/aquatic ratio (TAR), carbon preference index (CPI), low molecular
weight n-alkanes (LMW)/high molecular weight n-alkanes (HMW), and
weathering index (WI) showed high RSD values (>30%) among them, primarily
due to weathering effects. When the 2019 and 2022.2 samples are included in
this comparison, the RSD values dramatically rise, ranging from 28.15 to
258.56% for these ratios. These differences suggest distinct sources for these
three groups of spilled oils. However, as the diagnostic features from the GC-FID
profiles are influenced by weathering processes, resistant molecular biomarkers

are needed to assess the similarity among these spilled oils (Wang et al., 2013).

To investigate the similarity among the tarballs collected in 2022.2 and also
the correlations of these tarballs with the spilled oils collected in 2019 and 2022.1,
we applied diagnostic ratios based on molecular biomarkers resistant to
weathering processes including the triaromatic steroids (TA), tricyclic and
pentacyclic terpanes, and steranes (Table S$3; mass chromatograms in Figs. S6,
S7, and S8; representative mass spectrum in Fig. S9; Arekhi et al., 2021; Wang
et al.,, 2013, Appendence A), which can be recalcitrant even under tropical

climate conditions (Lima et al., 2021; 2023).
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On the one hand, the radar plots of the diagnostic ratios for all 16 tarballs
show good similarity (Fig. S10, Appendence A), corroborating the GC-FID
results, with the RSD lower than 10% to 24 of the total 28 ratios. Exceptions are
the ratios 21/23 Tri, 23/24 Tri, 26/25 Tri, and Tet24/26Tri (Fig. S10b,
Appendence A), which can be explained by the higher susceptibility of the
tricyclic terpanes to biodegradation when compared with the pentacyclic and
steranes (Arekhi et al., 2021). The similarity of these samples confirms the great
extension (approximately 3,000 km) of the Brazilian coast affected by this oil spill

event, from the Bahia to Ceara states.

On the other hand, the radar plots of the diagnostic ratios for the average of
the 16 tarballs (2022.2) compared with 2022.1 and 2019 spilled oils are
remarkably different (Fig. 25b, ¢, and d), clearly indicating that these sets of
samples originated from a distinct source and different events. The RSDs
considering all 20 environmental oil samples are considerably higher than the
RSD only of the 16 tarballs, reaching values up to 38.9% to the TAS, up to 106.5%

to the terpanes, and up to 21.7% to the steranes.
3.3 Genesis of the waxy tarballs

The key chemical feature associated with the source, depositional
environment, and maturity of the source rock of the crude oil is crucial in the
chemical fingerprinting of spilled oils (Stout and Wang, 2007). Petroleum
biomarkers resistant to weathering processes were assessed to investigate the

geochemical information of the tarball genesis.
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The thermal maturity of the source rock of the spilled oil samples was
assessed by geochemical parameters based on the isomerization of asymmetric
centers of hopanes and steranes (Peters et al., 2005). For instance, the
biologically produced hopanes have the configuration 22R, which is converted
gradually to a mixture of 22R and 22S diastereomers. So, the ratios H31S/(H31S
+ H31R) and H32S/(H32S + H32R) with values between 0.57 to 0.62 point out
that the main phase of oil generation has been reached (Seifert and Moldowan,
1980). The tarball samples (2022.2) have the values of H31S/(H31S + H31R) and
H32S/(H32S + H32R) ratios within the equilibrium zone (Fig. 26a and Table S4
;/Appendence A; 0.56 to 0.59 and 0.59 to 0.60, respectively), indicating that they
are mature. The values are similar to those obtained for the 2019 oil [except the
H32S/(H32S + H32R) ratio for sample P01#2019; Table S4, Appendence A] and
2022.1 spilled oils. The values of the carbon preference index (CPI) near 1.0
corroborate the maturity of the tarballs (Table S4, Appendence A; from 0.97 to

1.12) (Peters et al., 2005).
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Fig. 26. Thermal maturity parameters based on isomerization of asymmetric
centers in the C31 and C32 homohopanes (a) and C29 steranes (b), in addition
to the triangular plot to assess maturity based on the relative distribution of
carbazoles (DBE 9), benzocarbazoles (DBE 12), and dibenzocarbazoles (DBE
15) obtained from the ESI(-) FT-ICR MS analysis (Oldenburg et al., 2014).
Numbers on the diagram indicate the values of the vitrinite reflectance equivalent
(%Re) obtained by Oldenburg et al. (2014). Plots to assess the source and
depositional environment: Hop/Ste against 21/23 Tri (d); TPP/(TPP + Dia27) (e);
Triangular plot showing the relative distribution of C27, C28, and C29 regular

steranes.

However, the values for the C29 20S/(20S + 20R) and C29 BB/(BB + aa)
ratios indicate that the tarball samples are below the equilibrium zone (Fig. 26b),

being still immature. In addition, they present lower maturity than the 2019 and
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2022.1 spilled oil samples according to the C29 20S/(20S + 20R). The C29 BR/(BR
+ aa) presents values for all samples markedly lower than the equilibrium values,
possibly because they are slower to reach equilibrium than the C29 20S/(20S +

20R), being more effective at higher levels of maturity.

The maturity was also assessed by the triangular plot based on the
distribution of the carbazoles (DBE 9), benzocarbazoles (DBE 12), and
dibenzocarbazoles (DBE 15) (Fig. 26¢; Oldenburg et al., 2014) from the ESI(-)
FT-ICR MS analysis. The tarball samples have reached the peak of the oil
window [approximately 0.84-0.85 %Re compared with Oldenburg et al. (2014)],

whereas the other spilled oil samples have a higher maturity.

Regarding the organic matter type and depositional environment of the
source rocks of the oil that generated the tarballs, the bimodal distribution of the
n-alkanes (Fig. 26a and Fig. S5, Appendence A) indicates a mixture of marine
and terrestrial organic matter input (Hakimi et al., 2023). The high values of the
Terrigenous/Aquatic ratio (0.49 to 0.76; Table S5, Appendence A) corroborate
the significant terrigenous contribution (Bourbonniere and Meyers, 1996). In
addition, the Pr/Ph ratio lower than 1 (0.58 to 0.70, Table S5, Appendence A)
suggests marine organic matter deposited under anoxic conditions (Didyk et al.,

1978).

The depositional paleoenvironment of the tarball source rocks was also
assessed by geochemical parameters based on biomarkers (Table S5,
Appendence A). The plot of 21/23 Tri against Hop/Ste (Fig. 26d) and H31R/H30

against TPP/(TPP + Dia27) (Fig. 26e) indicate that the tarballs are associated
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with a marine source rock. Low 21/23 Tri (0.02 to 0.18 for the herein tarballs,
Table S5, Appendence A) and low Hop/Ste (lower than 5, Mello et al., 1998;
3.46 to 3.90 for the herein tarballs, Table S5, Appendence A) are characteristics
of marine oils (Bastos et al., 2022; Oliveira et al., 2020;). In addition, C31/30H
ratio higher than 0.30 (Bastos et al., 2022; 0.43 to 0.47 for the herein tarballs,
Table S5, Appendence A) is also associated with marine conditions, and the low
abundance of C30 tetracyclic polyprenoid (TPP; 0.27 to 0.33 for the herein
tarballs, Table S5, Appendence A) indicate low contribution of lacustrine algae
to the source rock since the TPP is highly specific for algal input (Botryococcus;

Holba et al., 2000).

Other biomarker ratios supported that marine characteristics of the oils,
including the H29/H30 higher than 0.6 (Teixeira et al., 2014; 0.96 to 1.03 for the
herein tarballs, Table S5, Appendence A) and HH35(S)/HH34(S) close or higher
than 0.8 (Teixeira et al., 2014; 0.67 to 1.86 for the herein tarballs, Table S5,
Appendence A). The tarball samples also have an abundance of C27 and C29
regular steranes close to each other (C27/C29 from 0.90 to 1.03 for the herein
tarballs, Table S5, Appendence A), together with the relative distribution of C27,
C28, and C29 regular steranes plotted in a triangular plot (Fig. 26f) corroborates
an open marine to marine estuarine as the depositional environment of the source
rocks of the tarballs (Huang and Meinschein, 1979). These results are consistent
with the mixture of marine and terrestrial organic matter input highlighted by the
bimodal distribution of the n-alkanes (Fig. 25a and Fig. S5, Appendence A) and

the low salinity conditions indicated by the low values of the gammacerane ratio
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(G/H, varying from 0.00 to 0.04 for the herein tarballs, Table S5, Appendence

A).
3.4 Type of Oil

Although petroleum products maintain some of the chemical characteristics
of the genesis (primary control), refining processes, such as distillation,
hydrotreatment, and cracking, alter the distribution of some biomarkers and PAHs
in the source oil and are considered a secondary control, influencing the chemical
fingerprint of spilled oil and should be considered when analyzing spilled oil (Stout
and Wang, 2016). So, most oil spill in marine environments is crude or refined oil
(Stout and Wang, 2007). Accordingly, to understand the essential features of the
accidents, it is fundamental to determine if the oily material is crude or refined oil

(Bastos et al., 2022).

Anthracene was absent in all 16 analyzed tarballs, and 2-methylanthracene
was detected only in three samples, with very low abundance (Fig. 27a and Fig.
27b; Fig. $S11 and S$12, Appendence A), indicating that they probably did not
undergo refining processes. These compounds, generally absent or in very low
abundance in crude oils, are formed when the oil is exposed to thermal alteration
processes, such as cracking (Emsbo-Mattingly and Litman, 2016; Stout and
Douglas, 2016; Uhler et al., 2016). Another indication is the predominance of the
9/4 and 1-MP isomers, less thermally stable, about the 3 and 2-MP isomers,
which are more thermally stable (Fig. 27b, Fig. S11, and S12, Appendence A).
The 3 and 2-MP isomers tend to be enriched about 9/4 and 1 MP when exposed

to some thermal alteration processes (Reddy et al., 2022; Uhler et al., 2016).
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Fig. 27. Representative m/z 178 (a), m/z 192 (b), and m/z 231 (c) chromatograms
of aromatic fractions of tarballs, showing the distribution of the phenanthrene,
methylphenanthrenes, and triaromatic steroids (TAS), respectively. (d) The plot
of (3- + 2-MP)/(9/4- + 1-MP) against 2-MA/> MP to assess the type of oil. Ph =
phenanthrene (m/z 178); An = anthracene (m/z 178); MP = methylphenanthrene
(m/z 192); 2-MA = 2-methylanthracene (m/z 192); TAS = triaromatic steroids (m/z

231).

More evidence that the waxy tarballs are a crude oil product was obtained
through the ratios suggested by Zhang et al. (2016) (Table S6, Appendence A),
who used the compounds mentioned above to distinguish crude oils from heavy
fuel oils (HFOs) that share similar physical properties and chromatographic
characteristics (Zhang et al., 2016). A plot of the 2-MA/Y MP ratio against the (3-
+ 2-MP)/(9/4- + 1-MP) ratio was applied to assess whether the tarballs are raw
or refined products (Fig. 27d). Zhang et al. (2016) showed that the 2-MA/Y MP

ratio was below 0.05 for most of the 230 crude oils and above 0.05 for most of
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the 210 HFOs studied in their work. In the present study, this ratio was possible
to obtain for only three of the 16 samples of tarballs 2022.2, with values less than
0.05. The (3- + 2-MP) /(9/4- + 1-MP) ratio ranged from 0.79 to 0.88 for the 16
samples analyzed in this study, which are consistent with those observed in crude
oils (<1.50). In addition, the other ratios that use the 2-MA [2-MA/3-MP; 2-MA/1-
MP; 2-MA/(2 + 3-MP); 2-MA/(9/4 + 1-MP)] were also possible to calculate only
for three of the 16 samples, with values close to or less than 0.01, which are
characteristic of crude oils. These results are in agreement with the outcomes of
Pereira et al. (2023), which indicated that two tarballs collected in the State of

Pernambuco in August 2022 were related to virgin/unprocessed oils.

In addition, the hydrocracking process can destroy mono and triaromatic
steroids (Peters et al., 1992), probably due to the elevated temperatures and
pressures of the hydrogen. The high abundance of TAS in the 2022.2 oils (Fig.
27c¢ and Fig. S6, Appendence A), which is best visualized through the ratios
C20 TAS/C30H (0.12 to 0.15) and C28 TAS 20S/C30H (0.26 to 0.31; Table S3,

Appendence A), corroborates this oil did not undergo this process.

3.5 Weathering and fate assessment

The fate of spilled oils in marine and coastal environments rests on their initial
physical and chemical characteristics, the climatic and environmental conditions,
and whether the oil remains at sea or is washed ashore (IPTOF, 2012). This fate
is closely linked to the weathering processes that may change the chemical

composition and properties of the spilled oil over time, which are even more
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intense under tropical climate conditions, as occur in Northeast of Brazil (Lima et
al., 2021; 2023). So, the effects of weathering should be taken into consideration

in oil spill investigations and response operations (IPTOF, 2012).

3.6 Hydrocarbons by GC-FID and GC-MS

Through the analysis carried out using GC-FID, it was possible to visualize
the still presence of low molecular weight n-alkanes (nC12-nC14) and the
unresolved complex mixture (UCM) in very low abundance in the 16 tarball
samples collected along the coast of Northeast Brazil (Fig. 21a and Fig. S3,
Appendence A), which indicates that weathering processes (e.g., evaporation,
dissolution, and biodegradation) probably affected them in low extension
(Lourenco et al., 2020; Stout and Wang, 2016; Zito et al., 2014). This low UCM
and the high abundance of n-alkanes (nC12 to nC41) directly influenced the high
values observed for the resolved/UCM ratio (32.37 to 101.10%; Table S2,
Appendence A), which corroborates the low degradation of these waxy tarballs,
although these high values can also be attributed to their paraffinic characteristic

(Edwards et al., 2018; Rostami and Amini-Rad 2019).
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Fig. 28. Representative m/z 85 (a) and m/z 83 (c) chromatograms of aliphatic
fractions of tarballs, showing the distribution of the n-alkanes and
alkylcyclohexanes, respectively. Bar graph of the Weathering Index (WI) applied
to assess the extent of weathering suffered by tarball samples (b). The plot of the
H30/Ph against H30/AC to assess biodegradation (d). Radar plots comparing the

diagnostic ratios for weathering assessment (e; f) for the tarballs.
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The Weathering Index [WI = (nC10 + nC12 + nC14)/(nC22 + nC24 + nC26 +
nC28)] was also applied (Fig. 28b), which tends to decrease with increasing
weathering due to evaporation and dissolution of low molecular weight n-alkanes
(Hegazi et al., 2004; Wang and Fingas, 1995). This index varied considerably
among the 16 tarball samples (0.21 to 0.68; Table S2, Appendence A), showing
a high RSD value (26.28%), indicating that the weathering processes of
dissolution and evaporation acted at some level in these tarball samples, which

is expected in tropical climate conditions.

Isoprenoids (e.g., pristane and phytane) are more resistant to biodegradation
processes when compared to n-alkanes; therefore, the nC17/Pr and nC18/Ph
ratios can be used as a cue for evaluating microbial degradation (Emsbo-
Mattingly and Litman, 2016; Stout and Wang, 2016). Values >1 were obtained for
the nC17/Pr (1.97 to 2.41) and nC18/Ph (1.46 to 1.72) ratios, which showed low
RSD of 5.19 and 4.55%, respectively (Fig. 28e and Table S7, Appendence A),
indicating that little biodegradation acted to remove the n-alkanes or acted in the
same extension to all tarballs (Emsbo-Mattingly and Litman, 2016; Stout and

Wang, 2016).

Edwards et al. (2018), studying waxy bitumen stranded on beaches in
southern Australia, assigned empirical values of the degree of weathering varying
from 0 to 5. In this work, the greater abundance of nC17 and nC18 over the
pristane and phytane and the depletion observed for these compounds (Fig. 28f)
point to the 0.5 degree of weathering for the tarballs, being slightly affected by

weathering processes.
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In addition, the normalization of biomarkers with 17((H),21B(H)-C30 hopane
(H30), which is highly recalcitrant, have been used to assess further the possible
effects of biodegradation on the n-alkanes and isoprenoids (Arekhi et al., 2021).
The calculated ratios H30/nC17 (0.05 to 0.08), H30/nC18 (0.05 to 0.09), H30/Pr
(0.13 to 0.23), and H30/Ph (0.08 to 0.15) showed values of RSD 15.80, 15.40,
15.66, and 14.37% (Fig. 28f and Table S7, Appendence A), respectively,

demonstrating that biodegradation likely acted at low extension in these tarballs.

The n-alkylcyclohexanes, which were detected in the 16 tarball samples
(aC13 to aC26, Fig. 28c and Fig. S13, Appendence A), are more resistant to
biodegradation when compared to n-alkanes and isoprenoids (Martins et al.,
2019; Lima et al., 2023). Despite this higher resistance, the ratios H30/DC (0.43
to 0.75) and H30/AC (0.05 and 0.08; Martins et al., 2019; Lima et al., 2023)
showed values of RSD 14.88 and 13.36% (Fig. 28f and Table S7, Appendence
A), respectively, corroborating that biodegradation acted in different levels in
these samples. The plot between the C30H/Ph ratio and the C30H/DC and
C30H/AC ratios (Martins et al., 2019; Fig. 28d and Fig. S14, Appendence A)
showed good correlations, with R? indices close to 0.9, which reinforces that
these samples were probably affected to different degrees by biodegradation.
With the increase in biodegradation, an increase in the values of these ratios are

observed (Martins et al., 2019).

Regarding the aromatic compounds, 9-MP is more resistant to microbial
biodegradation processes than the 2- and 3-MP isomers. Thus, biodegradation

promotes increased ratios 9-MP/3-MP and 9-MP/2-MP (Lima et al., 2023).
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Photooxidation may also affect these ratios since 2-MP would be more refractory
than other MP isomers (Radovic et al., 2014; Lima et al., 2023). These ratios
indicate that biodegradation and photooxidation acted similarly among the 16
tarball samples due to the low variations observed in the values of the ratios 9-
MP/3-MP (1.66 to 1.74) and 9-MP/2-MP (1.17 to 1.25) and the low values of RSD

1.40 and 1.62%, respectively (Fig. 28e and Table S7, Appendence A).

The ratios C20 TAS/C30H and C28 TAS 20S/C30H can be applied to assess
the effect of photooxidation on the composition of oils exposed to the
environment, as triaromatic steroids are resistant to biodegradation; however,
susceptible to photooxidation (Aeppli et al., 2014; Arekhi et al., 2021; Radovic et
al., 2014; Wang et al., 2014). The similar values for these ratios among the 16
tarballs (0.12 to 0.15 and 0.26 to 0.31), with low values of RSD 7.50 and 5.45%,
respectively (Fig. 28e and Table S7, Appendence A), indicated that
photooxidation was probably not very active since it did not effectively affect the

distribution of TAS present in the tarballs.

3.7 Acidic polar compounds by ESI(-) FT-ICR MS

The heteroatomic class distribution obtained from the ESI(-) FT-ICR MS
analysis (relative abundance >2%) of the 16 tarball samples is presented in Fig.
29a (the heteroatomic class distribution with all classes is presented in Table S8,
Appendence A). Despite previous analyses using biomarker compounds
demonstrating that these samples share the same origin, their relative

abundance of the heteroatomic classes varied among the 16 analyzed samples.
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Some variations are also observed in the DBE distribution of the most abundant
N1, O1, and Oz classes (Fig. S15, Appendence A). This is probably due to the
high susceptibility of acidic polar compounds (e.g., carboxylic acids, alcohols, and
pyrroles) to weathering processes (Chen et al., 2016; Huba and Gardinali., 2016;

Lima et al., 2021; Lima et al., 2023).



117

(a) 80 (h)12 0.5,
10 ]
= 70 N 0.4
é 60 5 0.3
o 50
2 o~ 0.2
5 50 4
2 2y il |
o 40 0 I,l ||I I N - 0 | | || |
< 0x>2/01  SOx/SO  SOxN] NO3NO2Z  NO3  NON1  (04+03) 0% 03/02
ity (NO+NO2) (02+01)  (02+01)
2 20
i _
'

<

N NO NO2 NOS NS 0 02 025 03 035 048 08
B PO1#22.2(07) mPOZ#22.2(07) = PO3#22.2(07) = PO1#22.2(08) m PO1#22.2(09) = P02#22.2(09) W PO1#22.2(10) mPO1#22.2(11)
mPO1#22.2(12) mPO2422.2(12) mPO1%22.2(13) mP02#22.2(13) mPO1422.2(15) mP02#22.2(15) = P0O3#22.2(15) = P04#22.2(15)

¢) 2.5 d) 1.8
© PO1(07) Gl
2.4 ° P02(12) po1(07
. of o o
2.3 ® - ® : e,
£ PO2(12) 8 £ o
= s - . ®
e ‘--‘.i % 1.6 ° .‘”'-a.._
Q % . R2=0.7124 S ° o R?=0.6942
< 214 e = ] ""-..
;-».,_ 1.5 e
2.0+ "-..‘_'. e
1.9 | ‘ . ‘ L 14 . | | . |
0 5 10 15 20 25 0 5 10 15 20 25
%02 %02
(e) L.17 () 0.8 .
® " 2 /"’-
1.04 - = 074 o« 2
s o Iy
.e P
g 09 7 < 0.6 ® 7 R=0.6638
e @ 7 R2=0.4098 < P
S - B 0.5+
b= . - : K [ ]
< e . ¢ = W
8o e 5 S0
0.74 o § 0.4 ,.-’
e
0-6 T T T T T 1 0<3 T T T T T 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
SA Index SA Index

Fig. 29. Heteroatom class distribution of the tarballs assessed by ESI(-) FT-ICR
MS (a). Bar charts showing the variation in heteroatom class ratios suggested by
Lima et al. (2021) in the 16 tarballs collected on the coast of Brazil in late 2022
(b). Plots of the O2 (%) obtained by ESI(-) FT-ICR MS against the nC17/Pr (c)

and nC18/Ph (d) obtained by GC-FID. Plots of the SA Index against the A/C ratio
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(e) and modified A/C ratio (f), which are biodegradation parameters based on O

compounds.

The variation in the abundance of oxygenated classes with more than two
oxygen atoms (e.g., Oz, O4, O3S, 045, NO3, N3Oz, and N3O3S) in the 16 tarball
samples (Fig. 29a and Table S8, Appendence A) indicate that photooxidation
acted at some level in these tarballs since oil exposure to radiation generates an
increase in the abundance of oxygenated classes (Aeppli, 2022; Chen et al.,
2022; Lima et al., 2021; Zito et al., 2014). This is plausible since these tarballs
were drifting on the sea for at least a month, since some of them had a growth
Lepas Anatifera attached to them (Mello et al., 2023; Bérgamo et al., 2023), and

they fluctuate on seawater, being exposed to the sunlight in Tropical areas.

Several ratios using the heteroatom classes were calculated to further assess
the influence of biodegradation and photooxidation on the waxy tarballs. Their
significant variation highlights the occurrence of these weathering processes at
some extension (Fig. 29b and Table S10, Appendence A; Lima et al., 2021;
2023). For instance, the higher values for the SOx/SO and SO«/N ratios indicate
that the PO3#22.2(15) sample is probably the most affected by biodegradation.
In contrast, the higher Ox-2/O ratio indicates that sample P01#22.2(08) would be
the most affected by biodegradation (Lima et al., 2023). However, the high values
of photooxidation ratios [NO3/NO2, NO3z/(NO + NO2), NOx/N4, (04+03)/(02+01),

04/(02+01), O3/02; Fig. 29b] obtained for samples P03#22.2(07), PO1#22.2(09),



119
PO1#22.2(11), PO3#22.2(15), and P04#22.2(15) is an indication that they were

probably the most affected by photooxidative processes (Lima et al., 2021).

In addition, the negative correlation in the variation of the O2 class (%), which
increases, and the nC17/Pr and nC18/Ph ratios (Fig. 29c and d), which tend to
decrease with biodegradation, due to the formation of carboxylic acids and the
higher resistance of the isoprenoids over the n-alkanes, respectively, corroborate
the occurrence of biodegradation at least in low extension. The P0O1#22.2(08)
sample was the most affected by biodegradation, whereas the P01#22.2(07) and

P02#22.2(12) samples were the least affected.

The A/C ratio (DBE 1/DBE 2-4; Kim et al., 2005), modified A/C ratio (DBE
1/DBE 2-6; Vaz et al., 2013), which tend to reduce with increasing
biodegradation, the SA index (% DBE 1-6; Vaz et al., 2013) and the modified SA
index (% DBE 2-6; Martins et al., 2017), which tends to increase with the
progression of biodegradation, were also applied to evaluate the effects of
biodegradation on the waxy tarballs based on O: class. The plot using the SA
index and the A/C and modified A/C ratios showed an increasing general
tendency (Fig. 29e and f), with R? of 0.41 and 0.66, respectively. Here, it is worth
noting an inverse tendency expected to biodegradation, with an increase in the
SA index and the A/C ratios (positive correlation), indicating that acyclic acids
could be generated, probably due to the paraffin characteristic of these tarballs,
rich in n-alkanes that tend to be consumed to form fatty acids (Lima et al., 2023).
The plot between the % DBE 1 and % DBE 1-6 (Fig. S16, Appendence A)

facilitates the understanding of this observation, in which it is clear that all acid
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compounds, fatty acids, and naphthenic acids, are being formed, probably by

biodegradation.
4 Conclusions

The oil residues in the form of tarballs collected from 16 beaches in five states
of Brazil in late 2022 have the same source, revealing the extensive coastline
affected by the oil spill, with approximately 3,000 km. Additionally, it constitutes a
new event with no correlations with the 2019 and early 2022 oil spills. We
estimated that more than 42 tons of this new material were stranded on the shore,
classifying the event as at least a medium tanker spill. This represents a silent
and considerable contamination of the Brazilian coast due to oil discharging into

the South Atlantic Ocean.

The tarballs have characteristics of a thermally mature and marine crude oil
(not fuel oil). They present waxy aspects and low levels of weathering, including
dissolution, evaporation, biodegradation, and photooxidation. This highlights their
fate with high persistence even in tropical regions, showing that they can drift for
long distances without being significantly degraded, amplifying the extension of
contamination. In addition, the assessment of the acidic polar compounds by
ESI(-) FT-ICR MS reveals that they suffered biodegradation and photooxidation,
at least at the initial extension. They also have a high abundance of fatty acids

(acyclic carboxylic acids), consistent with their waxy characteristics.

The comprehensive geochemical assessment of the waxy tarballs, together
with the fact that they were drifting on the sea for at least a month due to the

presence of the grown marine organisms goose barnacle species Lepas anatifera
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attached to them and that they appear in the Northeast of Brazil as a specific
event, not having any relationship with previous oil spills, indicated that these
tarballs are likely originated from washing processes of ship tanks with crude oil,
which were discharged intentionally or accidentally on the open Atlantic Ocean,

and brought to the coast of Northeast Brazil by ocean currents.
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CAPITULO 3

STUDY OF PETROLEUM RESIDUES ALONG THE CEARA COAST IN 2021
AND 2022: FORENSIC GEOCHEMISTRY TO ASSESS CHRONIC SEASHORE
POLLUTION IN BRAZIL AFTER THE 2019 OIL SPILL

Artigo 2: A ser submetido para a Marine Pollution Bulletin

Abstract

This work aimed to investigate the occurrence, characteristics, and origin of
petroleum residues contaminating the beaches of Ceara, Brazil, following the
2019 oil spill, using forensic geochemistry and testing correlation with known oil
spill events. Two monitoring surveys were conducted in 2021 and 2022 to collect
oil residues from distinct beaches over ~470 km of Brazilian coastline, sampling
19 and 13 oil residues, respectively. Ten spilled oil samples from 2019, 2022.1,
and 2022.2 events were also used. Hydrocarbons were assessed by GC-FID and
high-temperature GC-FID, saturated and aromatic biomarkers by GC-MS, and
acidic polar compounds by ESI(-) FT-ICR MS. Multivariate statistical analysis was
performed using PRIMER 7 with the PERMANOVA. Most 2021 and 2022 oil
residues have a high abundance of long-chain n-alkanes (nC29 to nC52) and
moderate to high unresolved complex mixture (UCM), indicating paraffinic and
heavy petrogenic material. Diagnostic ratios based on tricyclic terpanes,
steranes, and tetracyclic polyprenoids and principal coordinates and hierarchical
clustering analysis showed that only three 2021 and three 2022 oil samples
correlated with the 2019 and 2022.1 events, respectively. In addition, the other

petroleum residues showed remarkable dissimilarities among them, indicating
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multiple sources. PAHs and alkylcyclohexanes were generally not detected in the
oil residues, but the triaromatic steranes were, which is similar to heavy petroleum
residues. FT-ICR MS analysis also suggests their heavy residue characteristics.
We hypothesize that the beached oils are residual waste from ship operations in
the Atlantic Ocean dumped in the sea and brought to the Brazilian coast by
oceanic currents. This research discloses that toxic petrogenic material has

chronically contaminated the coast of Ceara.

Keywords: Oil Spill; Tarball; Coastal Pollution; Organic Geochemistry;

Biomarker; FT-ICR MS.

1. Introduction

Crude oil is a critical raw material in contemporary society due to its extensive
application as a primary fuel source across various sectors, including electric
power generation, industrial processes, and transportation (Singh et al., 2020).
Much of society depends on oil products; areas such as transport and industry
are examples. Crude oil is available in some parts of the world, and due to the
high global demand, it is predominantly transported by sea after it has been
extracted. Maritime logistics, therefore, plays an essential role in the global

distribution of this material (Govindarajan et al., 2021).

The growing demand for oil exploration and consumption in marine and terrestrial
environments has increased the risk of spills caused by pipeline ruptures, ship
accidents, and natural seepage, among other factors (ITOPF, 2024). Such

incidents release crude oil into the environment, leading to significant ecological



131
impacts, including food chain contamination and damage to vegetation and

coastal resources in marine ecosystems. (Purohit et al., 2024).

QOil spills of unidentified origin, often called "mystery" oil spills, frequently occur in
rivers, open waters, and navigable coastal areas (Hettithanthri et al., 2022; Wang
et al.,, 2023). These spills commonly result from accidental or intentional
discharges from oil production platforms, floating storage units, coastal oil
storage facilities, other industrial installations, as well as barges and vessels in
transit (Stout et al., 2007; Ornitz and Champ, 2002; Li et al., 2016). These oil
spills, in addition to crude oil, also consist of petroleum products such as light
distillates, medium fuels, and heavy residues, each composed of different
constituents (Yang et al.,, 2014). Among the most significant environmental
disasters with oil spills in the world are the Deepwater Horizon (2010) and the
Gulf War oil spill (1991), which have caused extensive environmental damage
(Haseeba et al., 2025). These events released more than four million barrels of
crude oil into marine ecosystems, severely impacting wildlife, coastal habitats,
and the fishing industry, Environmental Protection Area (EPA; Clement et al.,

2017).

In Brazil, the year 2019 is remembered as the most significant environmental
tragedy in tropical oceans, when large quantities of oil reached the northeastern
and parts of the southeastern coastline of Brazil, impacting over 1,000 locations
(IBAMA, 2020). More than 5,000 tons of oil-contaminated residues were removed
from affected beaches, mangroves, and coral reefs during this period, reflecting

the extensive environmental impact of the spill (Oliveira et al., 2020; Brum et al.,
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2020; Lourenco et al., 2020; Reddy et al., 2022; Zacharias et al., 2022). In the
years 2020 and 2021, remnants of the oil from 2019 still reached the beaches of
northeastern Brazil through the movements of winds and currents (Lima et al.,

2023).

In early 2022, oiled materials reappeared mysteriously on the coast of Northeast
Brazil, specifically in Ceara (Azevedo et al., 2022; Soares et al., 2022b). Initially,
oil spots were found along a 130 km stretch of the eastern coast state, later
spreading over 400 km westward (Soares et al., 2022b). Over again, in late 2022,
tens of tons of mysterious tarballs were stranded on the northeast coast of Brazil
(MCTI, 2022; Mello et al., 2023; Pereira et al., 2023; Nascimento et al., 2025),
contaminating many marine and seashore areas. The first oiled materials were
found in the State of Pernambuco in late August, reaching the states of Bahia,
Sergipe, Alagoas, Paraiba, Rio Grande do Norte, and Ceara in the following
weeks in an extension of ~3,000 km (Nascimento et al., 2025). These oils have
characteristics of tarballs, which are marine residues with varying color, shape,
size, and chemical composition that can originate from natural seepages
(Clement et al., 2012; Corrick et al., 2021) or anthropogenic sources due to the
release of oil into the ocean (Warnock et al., 2015). They can be formed by liquid
petroleum transformed into more consistent oiled material by weathering and
other physical processes and can persist in the ocean for a long time (Warnock

et al., 2015).

Forensic geochemical investigation of oil spills is essential for finding their

provenance, assessing their impact, and improving response strategies. Efficient
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analytical methods are crucial for accurately characterizing oil spills and
supporting pollution control laws that aim to protect public health and the
environment (Kienhuis et al., 2016). Among several techniques, the most widely
used to characterize the spilled oils and identify their sources is gas
chromatography (GC). Key variables include changes in chromatographic
profiles, the presence of a complex unresolved mixture (UCM), and variations in
carbon number range (Chua et al., 2020) or coupled to mass spectrometry (MS)
(Wang and Fingas, 1997; Rocha et al., 2022) which analyzes the most resistant
biomarkers and oil. Additionally, statistical analyses assist in the correlations of

the spilled oil with possible sources or other oils (Martins et al., 2024).

In this context, this work aimed to investigate the presence of petroleum residues
over the coast of Ceara, Northeast of Brazil, in 2021 and 2022, assessing their
characteristics and origin in a forensic geochemistry approach. It is also the aim
to assess their fingerprint and their correlation with the oils of the known spill

events of 2019, early 2022, and late 2022.

2. Materials and methods

2.1. Samples

The oil samples investigated in this work include 19 and 13 petroleum residues
collected during two surveys conducted in 2021 and 2022, respectively, covering
most of the extension of the State of Ceara (~488.28 km), Northeastern Brazil,
as presented in the map in Figure 1 and detailed described in Table S1. In
addition, ten oil samples from knowing oil spill events on the coast of Brazil were

assessed, including four samples from the 2019 oil spill (Reddy et al., 2022),
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three samples from the 2022.1 oil spill (Azevedo et al., 2022), and three samples
from 2022.2 oil spill (Nascimento et al., 2025) (Table S2, Appendence B),
totalizing 42 oil samples. Figure 2 shows representative pictures of the samples
from the 2022 and 2021 surveys, as well as from the 2019, 2022.1, and 2022.2
events. The 2021 and 2022 petroleum residues were collected in various areas
on the beaches of Cear4, including tarballs on the sediments and adhered to

rocks (see additional pictures in Figures S1 and S2, Appendence B).
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Figure 1. Location of tarballs and spilled oil samples collected in 2019, 2022.1, and
2022.2 events and in the 2021 and 2022 surveys.
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Figure 2. Representative pictures of the petroleum residue samples from the 2021 and
2022 surveys: P21#2021, Caetanos Beach (a); P08#2021(02), Sabiaguaba Beach (b);
P03#2022(03), Paracuru Beach (c); P02#22(03)S03, Taiba Beach; and the 2019,
2022.1, and 2022.2 events collected over the Ceara coast: (d); PO1#2019, Paracuru
Beach (e); P0O5#22.1(01), Canoa Quebrada Beach (f); PO7#22(02), Icarai Beach (g).

1.1. Extraction and separation

Oil extraction was performed with approximately 1.0 g of the oil sample mixed
with sediment, using dichloromethane as a solvent, which was stirred,
centrifuged, and the organic phase was stored in a round-bottomed flask where
the solvent was roto evaporated (Carregosa et al., 2021). Asphaltene
precipitation was performed from 300 mg of oil, using 12 mL of n-hexane as
solvent through an ultrasonic bath for 10 min, followed by centrifugation. The
maltene fraction was removed, and the precipitated asphaltene was washed five
times with 12 mL of n-hexane to ensure maximum maltene recovery (Martins et
al., 2021), then roto-evaporated.

For the fractionation of maltene into saturate, aromatic, and resin fractions by

liquid chromatography, 40 mg of maltene was used, in which each fraction was
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eluted with n-hexane, n-hexane:dichloromethane (8:2, wv:iv) and
dichloromethane:methanol (9:1, v:v), respectively (Terra et al., 2019). After
collecting the fractions, they are taken to the rotary evaporator to remove the
solvents. All solvents are chromatographic/HPLC grade from Sigma-Aldrich

Chemical.

1.2. GC-FID

Gas chromatography with a flame ionization detector (GC-FID) was used for
the analysis of n-alkanes and isoprenoids. The GC-FID was equipped with a
Thermo Focus GC system with an Agilent J&W DB-5 capillary column (30 m x
0.25 mm i.d. x 0.25 ym df). Nitrogen served as the attractor gas at a constant
flow rate of 1 mL min™. The GC oven program included an initial isothermal phase
at 50 °C for 5 min, followed by heating at 6 °C min™ to 310 °C, with a final hold
at 310 °C for 17.67 min, for a total of 63 minutes. The injector temperature was
280 °C, where the FID operated at 300 °C. Splitless mode (1 uL) was used for
sample injections using HPLC-grade n-hexane as the solvent. Analytical
standards, including the Hydrocarbon Window Defining Standard (DRH-008S-

R2) containing n-alkanes and isoprenoids, were obtained from AccuStandard.

1.3. High-temperature GC-FID

High-temperature gas chromatography (HT-GC), which employs advanced
thermally stable GC columns and operates at oven temperatures up to 470°C,

enables routine analysis of hydrocarbons ranging from C35 to C120, commonly
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found in petroleum and related substances (Philp et al., 2015; Pereira et al., 1999;
Coto et al., 2011). For detection, a flame ionization detector (FID) with a flame of
air and hydrogen 2mL min™" with a temperature of 400 °C was used. Injection
mode of 370 °C, splitless with column DB-5HT (30 % 0,25mm x 0.10 ym). Injection
starts at 100 °C maintained for 2 minutes, followed by heating at 10 °C min-! up

to 380 °C. Solvent used to solubilize the samples: carbon disulfide (CS2).

1.4.GC-MS

The saturated and aromatic hydrocarbon fractions were analyzed using a
quadrupole mass spectrometer (Agilent Technologies 5973) coupled to a gas
chromatograph, equipped with a splitless injector (300 °C, 0.8 min purge). A 1 yL
aliquot of each fraction was injected into an HP-5MS capillary column (30 m x
0.25mm x 0.25 ym, 5% phenyl-95% methylpolysiloxane; details in Nascimento
et al.""), with helium as the carrier gas at a constant flow rate of 1.0 mL min~". For
the saturated hydrocarbons, the GC oven was programmed from 60 °C (2 min),
ramped at 22 °C min™ to 200 °C (3 min), then at 3°Cmin™ to 300 °C, held for
25 min. For aromatic fractions, the program was 70°C (1 min), ramped at
22°Cmin~' to 110°C (1 min), 1.5°Cmin™ to 200 °C, and finally 3°Cmin™" to
300 °C (10 min isotherm). The MS was operated in full scan mode (50-550 Da)
and selected ion monitoring (SIM) mode, with compound identification based on
published mass spectra (Martins et al., 2023; Lima et al.,, 2021). Data were
acquired in full scan and single ion monitoring (SIM) modes. In SIM mode, m/z

83, 85, 191, and 217 were monitored to detect alkylcyclohexanes, n-
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alkanes/branched hydrocarbons, tri- and pentacyclic terpanes, and
steranes/diasteranes, respectively. For aromatic compounds, m/z 178, 192, 231,
and 259 were monitored to quantify phenanthrene, anthracene,

methylphenanthrenes, methylanthracene, and triaromatic steroids (TAS).

2.6. FT-ICR MS

To evaluate the polar acidic compounds, the extracted total oil was
analyzed by ESI(-) FT-ICR MS, where 10 mg of oil was dissolved in 10 mL of
toluene. From the stock solution for ESI(-) analysis, 500 uL were collected and
transferred to a vial containing 500 yL of methanol with 25 pL (2.5%) of NHsOH.
All solvents used were HPLC grade purchased from J. T. Baker (Phillipsburg, NJ,
USA) and Sigma-Aldrich (Steinheim, Germany), respectively. FT-ICR MS were
acquired using a 7T SolariX 2xR (Bruker Daltonics - Bremen, Germany) coupled
to the negative mode ESI source. The drying gas used was nitrogen with a flow

rate of 4.0 L min-', a temperature of 200 °C, and nebulization gas with 1.0 bar.

Composer64 software (version 1.5.3 Sierra Analytica, Modesto, 196 USA)
was used in the processing step, where molecular formulas were initially
assigned to the recalibrated spectra. The processing conditions were similar for
all samples. However, the intensity threshold, minimum abundance and new
minimum abundance parameters varied according to the noise intensity of each
spectrum. These three parameters were used to define a relative abundance limit

so that only molecular formulas were assigned to peaks with intensity greater
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than the pre-established limit. The allowed elements were '2C, 'H, 160, '“N, and

32S. The maximum allowed error of the formula was 0.5 ppm.

1.5. Statistical analysis

Multivariate statistical analysis of the diagnostic parameters used the
diagnostic ratios of the 42 oil samples based on resistant biomarkers (terpanes
and steranes) was performed using PRIMER 7 with the PERMANOVA add-on for

data processing.

2. Results and discussion

2.1. Occurrence and characterization of the petroleum residues

During the spilled oil monitoring and collection surveys carried out in 2021
and 2022 on 13 and 10 beaches along the coast of Ceara, Brazil, a considerable
amount of dark material similar to petroleum and its products was observed
(Figures 2, S1, and S2, Appendence B). These oiled materials were on the
beach sands or attached to beach rocks. They were usually black or dark brown,
and the appearance was mostly very dry and weathered. In order to investigate
if they are, in fact, petrogenic, in addition to their characteristics, origin, and
possible correlation with previous oil spills on the Brazilian coast, 19 oil samples
were collected during the 2021 survey, and 13 oil samples were collected during
the 2022 survey (Figure 1 and Table S1, Appendence B). For this, their

chemical fingerprints were comprehensively assessed by GC techniques.
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Similar monitoring was performed by Bontempo Filho et al. (2022) fourteen
months after the 2019 oil spill, and various oil residues were found mixed with
sand and adhered to rocks. They concluded that the oil residues are evidence of
2019 spilled oil persistence on the beaches. However, no chemical or
geochemical assessment was performed to evaluate their correlation with the
2019 oil spill, although they suggested that in future research on that, to discard
confusion from contaminants from ships navigating near the coastline zone of

Brazil.

In general, the GC-FID chromatograms of 2021 and 2022 petroleum residues
presented a high abundance of n-alkanes homologs series and considerable
UCM, confirming their petrogenic nature (Figures S3 and S4, Appendence B).
The monitoring samples present a variable profile, with a distinct range of n-
alkanes and UCM shapes, that can indicate different sources or exposure time in
the environment, leading to distinct weathering levels. UCM is the lift of the
baseline in the gas chromatogram (Wang et al., 2006). The UCM consists mainly
of linear hydrocarbon chains connected at one or more branch points, providing
strong evidence for petroleum contamination in sediment or water samples
(Azevedo et al., 2007). The presence of UCM is one of the primary hints of

contamination related to petroleum (Reddy et al., 2000).

In addition, most of the GC-FID chromatograms (Figures S3 and S4,
Appendence B), often called oil fingerprints from 2021 and 2022 surveys,
presented related profiles, indicating that the samples may share a common

source of waste. In all samples, the low molecular weight n-alkanes were not
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detected (<nC31), and the isoprenoids pristane (Pr) and phytane (Ph) and a
medium to high UCM, which could be attributed to the weathering processes such
as evaporation and biodegradation (Lima et al., 2023). However, the medium to
high n-alkanes (nC31 to nC41) are present in high abundance in these samples,
which is not a usual profile for weathering samples. Moreover, normal alkanes
degrade at faster rates than the isoprenoids (Peters and Moldowan, 2005; Stout
and Wang, 2016). This profile may be related to petroleum products produced
from crude oil distillation processes (Fingas et al., 2016) since the abundance
and distribution profiles of petroleum hydrocarbons in organic petroleum products
are often altered by the distillation and refining processes of their original
feedstock oils (Yang et al., 2013). In addition, some of these samples present a
bimodal UCM, characteristics of blended oils used as fuel (Douglas et al., 2016;

Fingas, 2016).

A significant reduction in the abundance of n-alkylcyclohexanes was also
observed for all oil samples from 2021 and 2022 monitoring (Figures S7 and S8,
Appendence B), corroborating the central hypothesis of a distillation cut.
However, the possibility of absence due to the weathering process cannot be

ruled out.

The presence of a high abundance of high molecular weight n-alkanes
ranging from (nC31 to nC41) in the petroleum residues indicates a paraffinic
material in accordance with their whitish saturated fraction (Nascimento et al.,
2025). Similar profiles were observed in a tarball collected from the coast of the

Bahia state in 2019 by Lobao et al. (2022) and in Ceara in 2019 by Reddy et al.
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(2022). The waxy characteristics make these petrogenic contaminants even more

resistant to weathering and persistent in the environment (Lourenco et al., 2020).

Three samples from the 2021 survey (P03#21, PO7#21, and P08#21,
Figures 3a, S1b, and S1f, Appendence B) presented distinct profiles from the
others with no predominance of long-chain n-alkanes, in addition to no whitish
saturated fraction. PO3#21 sample presented no n-alkanes, while PO7#21 and
PO8#21 samples presented medium to long-chain n-alkanes (nC17 to nC40).
They all presented unresolved complex mixture (UCM), which can be related to
weathering processes, such as biodegradation (Ramadass et al., 2020) or related
to their genesis as the 2019 spilled oil that was already biodegraded and heavy
before being spilled in the ocean (Reddy et al., 2022; Lima et al., 2023). Unlike
the other samples, these three 2022 samples (P01#22(02), P02#22(02), and
P02#22(03) S03) presented a GC-FID profile (Figures 3c, S4g, and h,
Appendence B) different from the other samples monitored in 2022, with a profile

ranging from nC17 to nC41 and a high UCM.
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Figure 3. Representative gas chromatographic profiles from GC-FID comparing the oil
samples collected on the coast of the state of Ceara in 2019, 2021, 2022.1, 2022.2, and
2022.

The spill events (Figures 3e, g, and h, Appendence B), respectively,
P02#2019, P05#2022(01), and P08#2022(02) present distinct profiles, where
sample P02#2019 (Figure 3e) presents a distribution of components with a
carbon number range from nC13 to nC40, with normal n-alkanes and many other

well-resolved compounds, over a smooth and continuous UCM.
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The GC-FID chromatograms of the year 2019 did not exhibit a bimodal
distribution, a characteristic that typically indicates mixtures of different types of
oil or mixtures with background biogenic organic matter (Reddy et al., 2020;
Lobao et al., 2022). Sample P05#22(01) (Figure 3g, Appendence B) has a GC-
FID chromatographic profile with n-alkanes ranging from (nC17 to nC37), and the
isoprenoids pristane (Pr) and phytane (Ph) occurring in very low abundances or
not detected (Azevedo et al.,, 2022). The absence of low molecular weight
hydrocarbons (<C17) in the chromatograms is probably due to evaporation, a
predominant weathering process that initially degrades spilled oils exposed to the
environment (Stout et al., 2016; Albaigés et al., 2018; Lima et al., 2021; Filewood
et al., 2022). Moreover, the samples from 2019 and early 2022 are related to
heavy fuel oil, originating from the mix of residual oil and a light cut (Azevedo et

al., 2025; Reddy et al., 2019).

The sample P08#2022(2) presented a bimodal profile with n-alkanes range
of (nC12 to nC40; Figure 3h, Appendence B), maximizing at nC17 and nC33.
The high abundance of long-chain n-alkanes (nC31 to nC40) confirms its waxy
characteristic and, together with the absence of UCM detection, also points to
poorly weathered tarballs. Similar characteristics were observed by Pereira et al.
(2024) and Nascimento et al. (2025) in tarballs spilled on beaches of the

northeastern Brazilian coast and beaches in Australia (Edwards et al., 2017).

The petroleum residues monitored in 2021 and 2022 presented very peculiar
characteristics, such as the presence of long-chain n-alkanes (> nC40); these oils

presented a whitish saturated fraction, characterizing these oils as paraffinic.
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Studies show that wax concentrates from several crude oils revealed an
extremely complex mixture of hydrocarbons with C numbers much higher than
C40, including n-alkanes, n-alkylcyclohexanes, n-alkylcyclopentanes, and
several series of branched hydrocarbons, representing a significant fraction of
the total oil, and when well preserved, they are relatively resistant to

biodegradation (Hsieh et al., 2000; Boukadi et al., 2005.; Suaria et al., 2018).

The oil samples monitored in 2021 and 2022 (Figure S6c and f, Appendence
B) subjected to HT-GC analysis shows significant concentrations of high
molecular weight hydrocarbons, ranging from nC31 to nC45. These waxes can
be characterized as microcrystalline waxes, dominated by high molecular weight
hydrocarbons HMWHCs above > nC40, being the main contributors to the sludge
at the bottom of the tank (Boukadi et al., 2005; Carlson et al., 1994; Misra et al.,
1995.; Philp et al., 2015). These samples presented their saturated fraction

whitish, thus indicating a paraffinic characteristic.
3.2. Similarity and origin of the petroleum residues
3.2.1. Correlation of the oils using saturated biomarkers

To investigate the correlation of the petroleum residue samples collected in
2021 and 2022 with other events that occurred in the state of Ceara in 2019, early
2022, and late 2022, diagnostic ratios based on resistant saturated biomarkers
analyzed by GC-MS were calculated, and their values compared among the
samples. These ratios were already applied in previous works investigating oil
spills in Brazil (Lima et al., 2023; Martins et al., 2024; Nascimento et al., 2025),

and it was shown to be very useful. Thus, twelve diagnostic ratios were applied
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in this forensic geochemical study (Tables S3, S4, S5, and S6, Appendence B)
using tricyclic and pentacyclic terpanes (m/z 191), steranes (m/z 217), triaromatic

steroids (TAS, m/z 231), and tetracyclic polyprenoids (TPPs, m/z 259).

Among the 19 samples monitored in 2021, only P03#21, PO7#21, and
P08#21 samples presented a correlation with the 2019 oil spill samples (Figure
4a). Their mass chromatograms m/z 191 (Figure S9b, e, and f, Appendence B)
with the terpanes distributions showed a noticed high abundance of the tricyclic
terpane (Tr23), which constitutes a chemical signature that associates them with
Venezuelan oil (Azevedo et al., 2022; Oliveira et al., 2020; Reddy et al., 2022).
In addition, they have a significantly higher abundance of C30 hopane (H30) in
comparison to the C29 hopane (H29), of 18a-22,29,30-trisnorneohopane (Ts)

and 17a-22,29,30-trisnorhopane (Tm) (Figure S9b, Appendence B).

The relative standard deviation (RSD) values ranged from 2.39 to 19.82%
(Figure 4a), thus demonstrating a positive correlation with the 2019 event.
However, the high RPD value of the C28 20S/(20S + 20R) steranes ratio is more
susceptible to biodegradation (Peters and Moldowan, 2005). Seven samples
monitored in 2021 (Figure 4c) showed a correlation with each other. However,
the high RSD values (18.7 to 138.8% for tricyclics, terpanes, and steranes) may
be related to the susceptibility of these compounds to biodegradation (Arekhi et
al., 2021). It can also be observed that the samples (Figure S16a and b,
Appendence B) did not correlate with the 2019 and 2022.1 events or with
themselves, indicating that these oily residues are from different sources and

underwent weathering processes that modified their characteristics (Harriman et
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al., 2017; Aeppli et al., 2012). These results show that most oily materials were

not related to the known oil spill event of 2019 as expected (Bontempo Filho et

al., 2022) but have multiple possible sources.
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Figure 4. Radar plots comparing the diagnostic ratios based on the terpanes, steranes,

and tetracyclic polyprenoids among the petroleum residue samples and the spilled oil

samples from the 2019 and 2022 known events: correlation between the 2021 oil

residues and the 2019 spilled oils (a); correlation between the 2022 oil residues and the

2022.1 spilled oils (b); correlation among seven 2021 oil residues (c); correlation among

five 2022 oil residues (d).

Among the 13 samples monitored

in 2022,

only P01#2022(02),

P02#2022(02), and P02#2022(03)S03) samples showed a correlation to the oils
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spilled in early 2022 (Figure 4b) Remarkable similarities were observed in their
mass chromatograms m/z 191, 217, and 259, related to the terpanes, steranes,
and TPPs. The C30 hopane showed greater abundance compared to the C29
hopane. The C23 tricyclic terpanes (Tr 23) were in low abundance, and C24
tetracyclic terpane (Tet 24) showed greater abundance than the C26 tricyclic
terpane isomers (Tr 26). These relationships show their correlation (Azevedo et
al., 2022). C27 and 28 steranes with high RSD values, between 16.16% and
30.14%, may be related to the susceptibility of these compounds to weathering
processes. One more group was formed based on the similarity of the samples
from the 2022 monitoring (Figure 4d), demonstrating the extent of the multiple
residues and oils released into the environment. Like that was observed for the
samples from the 2021 monitoring, these results show that most of the oily
materials collected in 2022 were not related to the known oil spill event of 2022
as expected but have multiple possible sources and are contaminating the coast

of Brazil regularly.

The identification of the similarity of the petroleum residue samples
collected in 2021 and 2022 through the multivariate PCO and HCA analyses of
all oils confirmed what the biomarkers diagnostic ratios showed, the samples
monitored in the years 2022 (P01#22(02), P02#22(02), and P02#22(03) S03)
grouped with the samples from the 2022.1 event and the samples P03#21,
P0O7#21, and PO8#21, grouped with the samples from the 2019 event (Figure 5a

and b).
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The samples from the 2021 and 2022 surveys that grouped among
themselves using the biomarker compounds also showed similarities through the
multivariate PCO and HCA (Figure 5a and b). The multivariate analysis confirms
the existing correlations between the groups. However, the Tr26/Tec24 ratios and
Tr25/Tr26 differed the most in the groups, which may be related to the weathering
processes suffered by these oil residues. Another important piece of information
is that the vast majority of samples that were statistically treated were samples
collected two years after a major event that was in 2019. These samples

remained in these environments being degraded by the weathering processes,

thus leading to the modification of their characteristics.
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Figure 5. Principal component analysis (PCO) and Cluster analysis (HCA) showing
relationships for everyone samples monitored in 2021 and 2022, from events in 2019,
2022.1 and 2022.2.

3.2.2. Correlation of the oils using the aromatic compounds

The chromatographic profile of the samples collected in 2022 and 2021
that do not correlate with the events of 2019 and 2022 present a very peculiar

characteristic, with the presence of long-chain n-alkanes ranging from nC31 to
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nC40, observed by GC-FID (Figures S3 and S4, Appendence B). These
samples that presented cuts in their profiles also showed a marked decrease in
the abundance of n-alkylcyclohexanes (m/z 83) (Figures S7 and S8,
Appendence B), remaining predominantly high molecular weight n-alkanes. This
compositional change may indicate that these oils underwent biodegradation
processes, preferentially removing more labile compounds with lower molecular

weight (Peters et al., 2005; Lima et al., 2019).

As the samples monitored in 2021 and 2022 were collected in a coastal
region of Northeastern Brazil, where the semi-arid tropical climate is predominant,
with high temperatures, intense solar radiation, and long periods of drought, these
conditions favored the evaporation of volatiie compounds and the oxidative
degradation of hydrocarbons, where compounds such as n-alkylcyclohexanes

tend to be rapidly degraded or removed (Lima et al., 2021).

The samples monitored in 2021 and 2022 that presented cuts with the
absence of light and medium n-alkanes and the presence of high molecular
weight n-alkanes also present a similar trend in the polycyclic aromatic
hydrocarbons (PAHSs) profile. The full scan mode showed that the conventional
low and medium molecular weight PAHs were not detected (Tables S7 and S8;
Figures S13 and S14, Appendence B), unlike the samples associated with
known events (2019 and 2022.1), which presented a significant presence of these
compounds already studied by Reddy et al. (2022), Azevedo et al. (2022),
Nascimento et al. (2025), and Pereira et al. (2024). The compositional profile

depleted in PAHs corroborates the possibility that these petroleum residues have
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undergone some degree of refining, given the simultaneous absence of low
molecular weight n-alkanes and PAHs, which is typical of derived products and

not of crude oil (Wang et al., 1999).

These oils may be a mixture of distilled residues of petroleum derivatives
such as lubricating oils that are distinguished from other refined products by
presenting a UCM eluted in a range of high-boiling point hydrocarbons, where
these oils generally contain very low concentrations of low molecular weight n-

alkanes and aromatic compounds (Yang et al., 2016).

The monitored samples that correlated with the 2019 event (P03#2021,
PO7#2021, and P08#2021) and 2022.1 event (P01#2022(02), P02#2022(02),
and P02#2022(03)S03) also present a similar profile in the PAHs chromatogram.
In general, they are characterized by the presence of the conventional aromatic
compounds present in oil samples, such as phenanthrenes, dibenzothiophenes,
chrysene, and their alkyl compounds, not detected in the other samples from the
2021 and 2022 monitoring (Tables S7 and S8; Figures S13 and S14,
Appendence B). The diagnostic ratios calculated using these PAHs compounds
and the triaromatic steranes (TAS) corroborate their similarity. For the three 2021
oil samples that correlate with the 2019 event, only two of the ten ratios present
an RSD higher than 10% (Figure 6a). For the three oil samples from the 2022
monitoring that correlate with the 2022.1 event, only three of the ten ratios present

an RSD higher than 10% (Figure 6a).
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Triaromatic steranes (TAS) were detected in all samples monitored in 2021
and 2022, with medium to high abundance. According to Yang (2013),
concentrations of aromatic steroids are particularly high in certain heavy crude
oils. They may be undetectable in products derived from the distillation of light
petroleum, such as aviation gasoline, kerosene, jet oil, and diesel. Their presence
is variable in heavy fuels and lubricating oils, influenced by the refining processes
employed, such as fluid catalytic cracking and hydrotreating, which can
significantly modify the abundance and distribution of aromatic steroids in refined

products.

According to the mass chromatogram m/z 231, the samples monitored in
2021 and 2022, which demonstrated geochemical correlation with the 2019 and
2022.1 events, present a cluster of intense peaks corresponding to triaromatic

steroids and other polycyclic aromatic hydrocarbons and/or naphthenic
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aromatics. The presence of these compounds suggests that the analyzed
material may have been subjected to industrial processes, such as thermal or
catalytic cracking and fractional distillation, as discussed by Pereira et al. (2023)
and Yang et al. (2013). This evidence reinforces the hypothesis that much of the
part of the samples does not represent crude oil but products derived from
already processed petroleum or a mixture of residues. These results are essential
for correctly interpreting the origin and processing history of the oily material

found.

3.3. Characterization by ESI(-) FT-ICR MS
3.3.1. Correlation and weathering assessment

Acidic polar compounds (e.g., carboxylic acids, alcohols, and carbazoles)
assessed by ESI(-) FT-ICR MS are usually detected in great abundance in spilled
oils and can be degraded or formed by weathering processes, such as
biodegradation and photooxidation (Chen et al., 2016; Huba and Gardinali., 2016;
Lima et al., 2021, 2023). In this work, these polar compounds were evaluated to
compare and check possible similarities and differences in the composition of the
petroleum residues and spilled oils collected between 2019 and 2022 along the
coast of Ceara, Northeastern Brazil. The possible influence of weathering

processes on the distribution of acidic polar compounds was also evaluated.

The heteroatom class distribution of polar acidic compounds allowed
distinguishing the two surveys (2021 and 2022) and the three oil spill events

(2019, 2022.1, and 2022.2) of samples collected between 2019 and 2022 on the
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coast of Ceara (Figure 7a). For the samples from the 2019 event, N4 class is
predominant, followed by Oz, NS, O1, and NO classes, respectively (Figure 7b).
The samples from the early 2022 oil spill (2022.1 samples, Figure 7c) are
dominated by the compounds from N1, Oz, Oz, O1, NO, and NO: classes,
respectively. For the 2022.2 event, N1, O2, O1, O4S, and NS classes are
predominant (Figure 7a). Some differences observed in the class distribution of
samples from the same oil spill event can be attributed to the susceptibility of
acidic compounds to weathering processes, such as photooxidation and

biodegradation (Chen et al., 2016; Lima et al., 2021, 2023).

With these results, the heteroatom class distribution of oil residues and
spilled oils revealed a significant variation in acidic composition among the
samples, which could be related to different sources or due to weathering
processes. The similarities in the class distribution among the samples collected
in 2019, 2022.1, and 2022.2 events (Figure 7a to c) corroborate with the
biomarker analyses shown in this work and the previous studies (Azevedo et al.,

2022; Nascimento et al., 2025; Reddy et al., 2022).
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The ESI(-) FT-ICR MS results show that the class distribution of the
petroleum residue samples from each of the 2021 and 2022 surveys varied
significantly, corroborating the biomarker results and reflecting the different
sources of oil that affected the Ceara coast in recent years. In contrast to the
observed for the samples from 2019, 2022.1, and 2022.2 oil spill events, the ESI(-
) class distribution for the samples from the 2021 and 2022 monitoring showed
that compounds from the Oz class are predominant in most samples (Figure 7a).
These oily materials were probably exposed to the biodegradation process, which
tends to increase the relative abundance of the O class (Lima et al., 2023;
Martins et al., 2017). Moreover, the predominance of the compounds with DBE
2, 3, and 4 (Figure 8a and b) corroborate this possibility since biodegradation
tends to reduce the abundance of the compounds with DBE 1 (fatty acids) and
increase the abundance of the compounds with DBE 2, 3, and 4 (naphthenic

acids; Kim et al., 2005; Vaz et al., 2013; Martins et al., 2017).

For the N4 class, the carbazoles (DBE 9), benzocarbazoles (DBE 12), and
dibenzocarbazoles (DBE 15) are predominant for all samples (Figure 8c and d),
which is expected since they are usually detected in great abundance in
petroleum samples (Hughey et al., 2002). The variation in the relative abundance
of the classes obtained by ESI(-) for the seven 2021 monitoring samples
(PO1#2021, P12#2021, P14#2021, P16#2021, P22#2021, P23#2021,
P24#2021; Figure 7d) and for the three 2022 monitoring samples

(PO5E#2022(02), POBE#2022(02), and PO3W#2022(03); Figure 7e), which
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according to the biomarker profile share the same source, better display the

influence of the weathering process in these samples.
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The P03#2021 sample, which exhibits a similar biomarker profile to the
2019 oil samples, displays a high abundance of the O, O3, O3S, and O4 classes
compared to the four samples from the 2019 event (Figure 7b). The increase in
the abundance of these classes can be attributed to photooxidation and
biodegradation, which enhances the relative abundance of the highly oxygenated
class upon exposure to the environment (Lima et al., 2021, 2023). This is
expected since these spilled oils were exposed to weathering for approximately
two years. The high abundance of the Oz and O4S classes (Figure 7c) in the

three samples collected in the 2022 survey, which correlate with the 2022.1 oil
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spill samples, and the detection of high oxygen species (e.g., Os and OsS; Figure
S$17, Appendence B) also indicate the action of the process of photooxidation.
These highly oxygenated species produced by exposure to sunlight can increase

the toxicity of the oil in the environment (Kim et al., 2019).

3.3.2. Fuel oil evidence and assessment

The DBE vs carbon distributions for N1 class in some of the samples from
the 2021 monitoring present a high abundance in a wide range of carbon
numbers from ~C20 to C40 (Figures 9a and S1, Appendence B 8), which is not
common for crude oils. One possible explanation is that the samples that present
this wide range of carbon number probably undergone some thermal process,
removing the more lights compounds and increasing the relative abundance of
the compounds with middle and high carbon number, something observed in the
distillation process (Stanford et al., 2006; Smith et al., 2008). Moreover, the DBE
vs carbon distribution for the O2 class in some of the samples from the 2021
monitoring presents a maximum abundance in DBE 1 and 5 (Figures 9¢ and
S$20, Appendence B), which can possibly be attributed to the mixing of two
different boiling cuts, a common practice to achieve some marine heavy fuel oil

specification (Corilo et al., 2013).
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Furthermore, the wide amount of petroleum residue samples from the
2021 and 2022 surveys with distinct DBE vs carbon distribution for the N1 and Oz
classes (Figures 9 and S20, Appendence B) obtained by ESI(-) FT-ICR MS
corroborate with the previous results presented in this work, that showed the high
amount of samples with different sources that affected all the Ceara coast during

2021 and 2022.

3. Conclusions

This work presented a comprehensive (geo)chemical investigation of
multiple petroleum residues found and collected during two surveys performed in
2021 and 2022 off the coast of Ceara, Northeastern Brazil. They present

homologs series of n-alkanes, medium to high UCM in their gas chromatograms,
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large content of saturated and aromatic biomarkers (e.g., terpanes, steranes,
TPPs, and triaromatic steranes), and many heteroatom classes with homolog
series of acid compounds (e.g., N1, O1, and O2), confirming their petrogenic
nature. The wide presence of these materials on the Brazilian coast highlights the
high level of petrogenic contamination in the area with no needed control and
inspection.

Unlike what was expected, the forensic geochemistry using resistant
biomarkers disclosed that most of the petroleum residues collected in the 2021
survey (16 out of 19) have no correlation with the mysterious 2019 oil spill, and
most of the petroleum residues collected in the 2022 survey (10 out of 13) have
no correlation with the 2022.1 oil spill that occurred over the Ceara. These non-
correlated oily materials have uncommon composition, including only long-chain
n-alkanes and considerable UCM, characterizing them as paraffinic and heavy
petroleum residues. They also have dissimilated among them, suggesting distinct
sources and origins. These results reveal that the Brazilian coast has been
contaminated by various other sources than the known oil spill events.

In addition to the low-medium n-alkanes, other more volatile compounds
were not usually detected in the paraffinic oil residues, including the n-
alkylcyclohexanes and light to intermediate HPAs (e.g., chrysenes,
phenanthrenes), which may indicate they are related to heavy petroleum
products from distillation and fractionation processes. They may be related to a
mixture of petroleum residues accidentally or unintentionally discarded into the

sea and brought to the Brazilian coast by the ocean currents.
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The petroleomics by ESI(-) FT-ICR MS assisted in the petroleum residue
chemical characterization and investigation. It corroborated the lack of correlation
between most petroleum residues and known oil spill events and demonstrated
the effect of weathering processes on the correlated oils after oil spills. In addition,
the bimodal distribution observed in the O class indicates a possible mixture of
different boiling cuts, a common practice in the formulation of heavy marine fuel
oil. These data reinforce the hypothesis that part of the analyzed oil residues
derives from processed products and are not crude oil. Thus, this study showed
how much the coast of Ceara has received a diversity of oily residues of unknown
origin that have gradually and silently impacted the marine and coastal

environment.
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CAPIiTULO 4
4.1 CONCLUSOES E CONSIDERAGOES FINAIS

Este trabalho realizou uma pesquisa abrangente sobre 0os mais recentes
e principais derramamentos de petrdleo ocorrido no nordeste do Brasil, de 2019
a 2022. A sequir, apresentam-se as principais conclusdes da pesquisa:

O monitoramento realizado entre os anos de 2019 e 2022 mostrou a
presenca recorrente de materiais oleosos em faixas de areias e beachrocks de
todo o litoral do Ceara, nordeste do Brasil. P6de ser observado amostras de dleo
em estado liquido como as coletadas no evento de 2019, como amostras na
forma de tarballs coletadas no evento do final do de 2022. Também como
caracteristica dos monitoramentos obtivemos amostras muito intemperizadas,
ao total foram 56 amostras de residuos de petréleo estudadas.

O uso das técnicas cromatograficas para as analises de biomarcadores
saturados e aromaticos apresentou resultados surpreendentes, dentre eles, tem-
se os diferentes eventos identificados a partir dos perfis moleculares, o
fingerprinting das amostras dos anos de 2019, 2022.1, 2022.2, indicando que
essas diferengas sugerem fontes distintas para esses trés grupos de dleos.

Uma surpresa nesse estudo foram os resultados das amostras
monitoradas nos anos de 2021 e 2022, foram 42 amostras, onde trés amostras
de 2021 apresentaram similaridade com os o6leos de 2019. E trés amostra de
2021 apresentaram similaridade com os 0Oleos do inicio do ano de 2022, isto
sugere que os 6leos do evento de 2019 podem ficado aprisionados no meio de
forma que suas caracteristicas moleculares tenham sido preservadas. Ja os
residuos de 2021 podem ser da mesma fonte que foi lanca em 2022, talvez a
pequena quantidade ndo tenha sido suficiente para ser detectada no meio
ambiente, porém também foi preservada. As demais amostras de 2021 e 2022,
algumas apresentaram similaridade entre si e outras ndo, mostrando que essas
amostras sdo de diversas fontes. Ainda como resultado encontrado, a grande
maioria das amostras de 2021 e 2022, apresentam um corte em seu perfil
cromatografico o GC-FID mostra a presenca somente de compostos mais

pesados (nC31 a nC40), além da nao presengca de compostos aromaticos
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convencionais (GC-MS), estas caracteristicas indicam que esses residuos
podem ter sofrido processos de térmicos.

A avaliagdo dos compostos polares acidos por ESI(-) FT-ICR MS revelou
que as amostras de tarballs (2022.2) sofreram biodegradacéo e fotooxidagéo,
pelo menos na extensdo inicial, apresentaram também, alta abundéancia de
acidos graxos (acidos carboxilicos aciclicos), consistentes com suas
caracteristicas cerosas. Ja para o estudo dos residuos monitorados nos anos de
2021 e 2022, a petrolebmica mostrou que a falta de correlagdo em grande
maioria dos residuos monitorados e os eventos ocorridos.

O intemperismo é claro nos 6leos correlacionados apds os eventos de
2019, 2022.1 e 2022.2. Corroborando com a questao destes residuos de 2021 e
2022 apresentarem esse corte, a presenca da classe Oz da indicios que esses
residuos sejam uma mistura de diferentes residuos petroliferos que passaram
por algum processo térmico como a destilagdo. Esse processo é uma pratica
comum na formulacdo de d6leo combustivel maritimo pesado. Esses dados
reforcam a hipdtese de que parte dos residuos de 6leo analisados derivam de
produtos processados e nao sao petrdleo bruto.

Os resultados relacionados a presenca de amostras parafinicas indicam
que além das amostras dos tarballs parafinicos do final de 2022, as amostras de
2021 e 2022 também apresentam caracteristicas parafinicas e como 6leos com
essas caracteristicas sdo muito utilizados para produgdo de combustiveis
liquidos e lubrificantes, esses residuos apds os derramamentos podem ser
residuos de processos de destilagcdo que foram lancados intencionalmente ou
nao no litoral do estado do Ceara.

Por fim, este estudo destaca o quanto o litoral do Ceara tem sido suscetivel
a chegada de residuos de origem petrolifera. Esses residuos vao se acumulando
e impactando silenciosamente e gradativamente o meio ambiente. Assim, &
necessario que a sociedade e as autoridades constituidas priorizem estudos
sobre derramamentos de petréleo, com énfase na caracterizagao dos residuos
que ira contribuir para o rastreamento da origem destes. Esses estudos podem
subsidiar agbes mitigadoras e responsabilizagao juridica ao que langam esses

residuos intencionalmente ou ndo nos ambientes costeiros. Assim, € necessario
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o uso de politicas publicas integradas a academia para a prote¢cdo dos
ecossistemas marinhos e preservacdo da saude humana frente aos impactos

ocasionados pelos derramamentos de petrdleo.
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APENDICE A

Material suplementar do artigo 1: Publicado em https://ars.els-
cdn.com/content/image/1-s2.0-S0141113624005397-mmc1.pdf

SUPPLEMENTARY MATERIAL

Forensic environmental geochemistry to reveal the extent, characteristics,

and fate of waxy tarballs spilled over the northeast coast of Brazil in 2022

x10?

o 0.2 0.4 0.6 0.8 1.0 12 14 16 18 20 22 24 (s)

Intensity

T L
200 400 600 a00 1000 1200 1400 1600 1800 miz

Fig. S1. Top: time domain of transient acquisition time. Bottom: Spectra in

magnitude mode, sample P01#22.2(09).
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Fig. S2. Test of fluctuation of the waxy tarball, collected in late 2022 at the State
of Ceara, Brazil, on sea water.

Liquid Chromatography
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Fig. S3. Percentage of the saturated, aromatic, and resin fractions of the maltene
obtained by liquid chromatography.
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e & TR AN
Fig. S4. Approximately 2.8 kg of tarballs collected in 200 m of extension at the
Future beach, State of Ceara, Brazil, on September 23, 2022.
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PO2W#2019

Fig. S4. GC-FID chromatograms of the 16 tarball samples collected in late 2022, in
addition to the two spilled oils collected in early 2022 and the two spilled oils collected
in 2019.
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Fig. S6. Chromatograms m/z 231 of the 16 tarball samples collected in late 2022,
in addition to the two spilled oils collected in early 2022 and the two spilled oils
collected in 2019.
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Fig. S7. Chromatograms m/z 191 of the 16 tarball samples collected in late 2022,
in addition to the two spilled oils collected in early 2022 and the two spilled oils
collected in 2019.
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Fig. $8. Chromatograms m/z 217 of the 16 tarball samples collected in late 2022,
in addition to the two spilled oils collected in early 2022 and the two spilled oils
collected in 2019.
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Fig. S9. Representative mass spectra of each family of biomarkers: C23 Tricyclic
terpane, obtained from sample P01#2019 (a); C30 Hopane, obtained from sample
P04#22.1(01) (b); C27 Diasterane, obtained from sample P01#22.2(07) (c); C27
Sterane, obtained from sample P01#22.2(07) (d); C20 Triaromatic Steroid, obtained
from sample P01#22.2(10) (e); C28 Triaromatic Steroid, obtained from sample
P01#22.2(10) (f); and C24 Tetracyclic Terpane, obtained from sample P04#22.1(01) (g).
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Fig. $10. Chromatograms m/z 178 of the 16 tarball samples collected in late
2022, in addition to the two spilled oils collected in early 2022 and the two spilled

oils collected in 2019.
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Fig. $11. Chromatograms

m/z 192 of the 16 tarball samples collected in late
2022, in addition to the two spilled oils collected in early 2022 and the two spilled
oils collected in 2019.
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Fig. S12. Chromatograms m/z 83 of the 16 tarball samples collected in late 2022,
in addition to the two spilled oils collected in early 2022 and the two spilled oils

collected in 2019.
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Fig. $15. Plots of the modified SA Index against the A/C ratio (c) and modified
A/C ratio (d), which are biodegradation parameters based on O2 compounds. In
addition, plot of the DBE 1 (%) against the DBE 1-6 (%).

Table S1. Sample codes, collection date and the locality information, including
the beach, state, and coordinates.

Sample code gollection Locallty i
ate Beach State UTM Coordinates
P01#22.2(07) | 24/09/2022 | Icarai Ceara SgngZ?rEN
P02#22.2(07) | 24/09/2022 | Cumbuco Ceara Sgg%g?rEN
P03#22.2(07) | 24/09/2022 | Pecém Ceara 3;3321?§N
P01#22.2(08) | 01/10/2022 | Futuro Ceara SgglggTrEN
P01#22.2(09) | 03/10/2022 | Flecheiras Ceara ggiigggﬂrﬁN
P02#22.2(09) | 03/10/2022 | Almofala Ceara gg?gﬁrﬂﬁ,\l
PO1#22.2(10) | 27/09/2022 | Paracuru Ceara gggi?g;ﬂrﬁN
P01#22.2(11) | 01/10/2022 | Peroba Ceara SZAZ%BHEN
P01#22.2(12) | 17/10/2022 | Albino Bahia gg%%?rEN
P02#22.2(12) | 17/10/2022 | Costa Bahia gg;g;gTrEN
PO1#22.2(13) | 15/09/2022 | Barra Formosa | Rio Grande doNorte | 901 4ME
P02#22.2(13) 15/09/2022 | Tabatinga Rio Grande do Norte gg%%ganN
PO1#22.2(15) | 27/08/2022 | Candeias Pernambuco gggzggganN
P02#22.2(15) | 30/08/2022 | Olinda Pernambuco g?ﬁ?g?ﬁ,\l
P03#22.2(15) | 03/10/2022 | Maragogi Alagoas gggg;;TrEN
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P04#22.2(15) | 22/10/2022 | Pina Pernambuco g?gngTrEN
P04#22.1(01) | 28/01/2022 | Cumbe Ceara ggg;ggTrEN
PO5#22.1(01) | 28/01/2022 | Canoa Quebrada | Ceara gggggg?rEN
Pot#2019 | 01/11/2022 | 198 90 R | ceara AN
P02#2019 07/11/2019 | Cumbuco Ceara ggg?gggrEN

Table S2. Geochemical ratios based on the n-alkanes and isoprenoids pristane
(Pr) and phytane (Ph) assessed by GC-FID.

Sample code | Pr/Ph? | Pr/nC17° | Ph/nC18°| TARY |CPIe | Wb f::r:)'f‘m :3/‘:;°"’ed’UCM
PO1#22.2(07) | 0.77 | 0.41 0.58 042 |1.02 |0.50 |13481.58 |46.8
P02#22.2(07) |0.84  |0.46 0.63 058 |1.41 |0.68 |6611.63 |54.7
PO3#22.2(07) |0.88  |0.45 0.62 076 |1.42 |0.47 |4864.1 61.3
PO1#22.2(08) | 0.80 | 0.51 0.69 1.06 |14 021 [111737  |101.0
PO1#22.2(09) [0.86 |05 0.66 0.9 1.04 |0.34 |586859 |57.42
P02#22.2(09) | 0.83  |0.45 0.61 037 |126 |044 |6318.7 38.26
PO1#22.2(10) | 0.80  |0.46 0.64 044 |1.04 |0.33 |6285.9 41.14
PO1#22.2(11) |0.80  |0.43 0.62 042 |128 |0.59 |6169.57 |40.25
PO1#22.2(12) |0.84  |0.43 0.58 040 [1.09 |0.53 |6329.71  |32.81
P02#22.2(12) |0.86  |0.43 0.58 043 |13 |047 |6247.9 44.84
PO1#22.2(13) |0.85  |0.43 0.58 032 |10 |044 |444965 |[33.39
P02#22.2(13) |0.79  |0.43 0.62 046 |10 |0.33 [6329.71 |36.88
PO1#22.2(15) | 0.83  |0.44 0.6 040 |151 [0.33 [6236.32 |39.04
P02#22.2(15) | 0.83  |0.45 0.61 051 |1.05 |0.34 |7598.37 |45.32
PO3#22.2(15) | 0.80 | 0.46 0.65 032 |1.18 |040 |427122 |32.37
PO4#22.2(15) | 0.85 | 0.46 0.62 045 |262 |044 |5849.37 |[39.78
PO4#22.1(01) |0.17  |0.85 9.27 2422 [1.42 |0.07 |594.1 12,64
PO5#22.1(01) | 0.02 | 0.02 0.67 921 |1.24 |0.02 |973.48 94.40
PO1#2019  |0.99  |0.46 0.45 064 [1.08 [0.041]1752.93 [15.69
PO2#2019  |0.77  |0.47 0.65 065 |1.07 |0.065|806.91 8.93
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3Pristane/Phytane; °Pristane/nC17; °Fitane/nC18; “TAR (Terrigenous aquatic ratio) = (nC15 +
nC17 + nC19)/(nC27 + nC29 + nC31); °CPI (carbon preference index) = 1/2[(nC25 + nC27 + nC29
+ nC31 + nC33)/( nC24 + nC26 + nC28 + nC30 + nC32) + (nC25 + nC27 + nC29 + nC31 + nC33)/(
nC26 + nC28 + nC30 + nC32 + nC34)]; '=nC9-40(ppm); 9Resolved/UCM (%); "WI (Weathering
Index) = (nC10 + nC12 + nC14)/(nC22 + nC24 + nC26 + nC28).

Table S3. Part 1: Parameters based on monoaromatic steroids (m/z 231), terpanes (m/z 191), and
steranes (m/z 217) for similarity assessment.

Sample code fﬂ’f?’ i‘:’llbz“ i‘:{fs Ifitf‘”zs Ts/(Ts+Tm)® | H29/H30' | H31R/H30° ;',',31(3)’ H31(R | 53 Triic3oH!
PO1#22.2(07) | 008 | 204 0,42 3.65 0.36 0.98 0.46 1.30 0.14
PO2#22.2(07) | 014 | 2.07 0.47 334 0.36 1.00 047 127 0.15
PO3#22.2007) | 013 | 203 0.45 3.42 0.36 0.97 0.46 129 0.14
PO1#22.2(08) | 011 | 1.97 0.52 292 0.36 0.99 0.46 1.29 0.15
PO1#22.2(09) | 018 | 210 0.54 3.00 0.36 1.00 0.45 131 0.15
P02#22.2(09) | 018 | 1.98 0.50 3.06 0.37 0.98 0.45 132 0.15
PO1#22.2(10) | 014 | 2.03 0.52 3.04 0.37 0.96 0.43 133 0.15
PO1#22.2(11) | 012 | 1.96 0.57 2.70 0.36 1.00 0.45 132 0.15
PO1#22.2(12) | 013 | 1.99 0.45 361 0.36 0.97 0.44 133 0.14
P02#22.2(12) | 018 | 210 0.47 3.25 0.36 1.01 0.46 131 0.14
PO1#22.2(13) | 013 | 217 0.36 4.56 0.36 0.98 0.46 128 0.13
PO2#22.2(13) | 013 | 207 0.49 3.54 0.36 0.99 0.44 132 0.13
PO1#22.2(15) | 013 | 2.03 0.45 3.54 0.36 0.99 0.44 1.34 0.16
P02#22.2(15) | 004 | 2.35 0.13 10.91 0.34 1.00 0.43 1.41 0.14
PO3#22.2(15) | 006 | 1.28 0.34 4,25 0.35 1.00 0.44 131 0.16
PO4#22.2(15) | 002 | 1.80 0.22 711 0.35 1.03 0.44 135 017
PO4#22.1(01) | 091 | 267 0.75 168 0.31 0.83 0.40 125 0.13
POS#22.1(01) | 074 | 265 0.71 145 0.32 0.84 0.44 122 0.14
PO1#2019 019 | 256 0.51 0.58 0.34 0.68 0.39 133 0.91
P02#2019 024 | 247 0.61 0.55 0.35 0.68 0.39 133 0.87

aC21/C23 Tricyclic Terpane; °C23/C24 Tricyclic Terpane; °C26/C25 Tricyclic Terpane; 9C24 tetracyclic/C23 Tricyclic
Terpane; ©18a(H)-30-Norneohopane/(18a(H)-30-Norneohopane + 17a(H)-22,29,30-Trisnorhopane); 17a(H),21B(H)-30-
Norhopane/17a(H),21p(H)-Hopane; 917a(H),21B(H)-Hopane (22R)/17a(H),21B(H)-Hopane; h17a(H),21B(H)-30-
Homohopane (22S)/ 17a(H),21B(H)-Hopane (22R); iC23 Tricyclic Terpane/17a(H),21B(H)-Hopane

Table S3. Part 2: Parameters based on monoaromatic steroids (m/z 231), terpanes (m/z 191),
and steranes (m/z 217) for similarity assessment.

c27 . .
c29ppi(C29 | c27 BB | c3oHic27 | & Steranes/T | Dia 27R/Dia | C29apB(S)/ | C29app(
Sample code C27/C29° BB +C29(()° /C29 BB (@ g;a:ttz::::zlsf erpanesf 27S9 C30H" R)/C30Hi
P01#22.2(07) 0.96 0.41 1.28 4.79 0.24 0.37 0.54 0.11 0.19
P02#22.2(07) 0.90 0.41 1.17 4.87 0.24 0.38 0.55 0.13 0.20
P03#22.2(07) 0.94 0.41 1.24 4.80 0.24 0.37 0.55 0.12 0.19
P01#22.2(08) 0.94 0.40 1.26 4.76 0.24 0.38 0.56 0.11 0.20
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P01#22.2(09) 0.90 0.40 1.21 4.62 0.23 0.40 0.59 0.13 0.21
P02#22.2(09) 0.91 0.41 1.21 4.38 0.26 0.42 0.47 0.13 0.21
P01#22.2(10) 0.95 0.41 1.27 4.61 0.24 0.39 0.52 0.12 0.20
PO1#22.2(11) 0.94 0.41 1.23 4.46 0.23 0.41 0.55 0.12 0.21
P01#22.2(12) 0.94 0.39 1.32 4.56 0.24 0.39 0.53 0.1 0.20
P02#22.2(12) 0.91 0.40 1.21 4.45 0.24 0.40 0.53 0.13 0.21
P01#22.2(13) 0.92 0.41 1.23 4.69 0.22 0.39 0.52 0.12 0.20
P02#22.2(13) 0.90 0.41 1.20 4.62 0.23 0.39 0.59 0.13 0.20
P01#22.2(15) 0.92 0.41 1.20 4.51 0.25 0.40 0.56 0.12 0.20
P02#22.2(15) 1.03 0.37 1.55 3.59 0.27 0.39 0.52 0.09 0.18
P03#22.2(15) 1.00 0.40 1.36 3.47 0.27 0.39 0.58 0.10 0.19
P04#22.2(15) 1.00 0.40 1.34 3.37 0.26 0.40 0.56 0.1 0.19
P04#22.1(01) 0.71 0.37 1.08 9.10 0.33 0.17 0.53 0.05 0.09
P05#22.1(01) 0.71 0.35 1.12 8.74 0.35 0.17 0.56 0.05 0.10
P01#2019 0.82 0.37 1.39 6.88 0.20 0.32 0.28 0.09 0.13
P02#2019 0.93 0.37 1.41 7.03 0.17 0.32 0.32 0.09 0.14

aC27 (R+S)/C29 (R+S) steranes; PC29BBR/(C29BB + C29({) (S+R) steranes; °C27BBR/C29BB (R+S) steranes;
417a(H),21B(H)-Hopane /C27({{ (R+S) steranes; °C27 (R+S) Diasteranes/C27 (R+S) sterane; 'C27, C28, C29 ({(,
BB, (BB) (R+S) /17a(H),21B(H)-30-Norhopane + 17a(H),21p(H)-Hopane + 17a(H),21B(H)-30-Homohopane (R+S);
17a(H),21B(H)-30-Bishomohopane (R+S) + 17a(H),21B(H)-30-trishomohopane (R+S) 9C27R/C27S diasterane;
hC29aBR(S) sterane/ 17a(H),21B(H)-Hopane; 'C29aBB(R) sterane/17a(H),21B(H)-Hopane.

Table S3. Part 3: Parameters based on monoaromatic steroids (m/z 231), terpanes (m/z 191),
and steranes (m/z 217) for similarity assessment.

c20 | c28 ca7 20 c28 20 C20/C2 | C26S/C | C28S/C | C28RIC | C27RIC
Sample ic28 | 208/c28 | 20ric2 | 20 | TAS $20 cp |6R_+|26R +|26R +|26R +|26R +
code 20R | 20R 8 20R | 15 20s/c30 | 1252 | cars | cars | cars | cars | cars
TAS® | TAS® | TAs® He TAS® | TAS" | TAS | TAS TAS
%01#22'2(0 042 | 094 1.19 0.12 0.26 118 0.27 0.09 0.60 0.63 0.75
5)02#22'2(0 044 | 094 1.20 0.15 0.31 1.36 0.28 0.10 0.60 0.64 0.77
%03#22'2(0 041 | 092 1.20 0.13 0.29 1.39 0.26 0.10 0.59 0.64 0.77
2’31#22'2(0 041 | 094 121 0.12 0.27 118 0.26 0.10 0.60 0.65 0.78
531#22'2(0 043 | 094 1.20 0.14 0.31 1.38 0.27 0.10 0.60 0.64 0.76
532#22'2(0 046 | 095 121 0.15 0.31 145 0.29 0.11 0.61 0.64 0.78
531#22'2(1 046 | 095 1.22 0.14 0.29 1.46 0.29 0.10 0.60 0.63 0.77
T)O1#22'2(1 044 | 093 1.20 0.13 0.27 127 0.28 0.11 0.60 0.64 0.78
2)01#22'2(1 044 | 091 119 0.14 0.28 1.24 0.28 0.10 0.58 0.64 0.76
2)02#22'2(1 044 | 095 121 0.14 0.30 143 0.28 0.10 0.60 0.63 0.76
5)01#22'2(1 041 |093 1.20 0.12 0.28 155 0.26 0.10 0.60 0.64 0.77
5)02#22'2(1 060 | 091 1.16 0.03 0.04 1.41 0.31 0.11 0.46 0.50 0.59
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;’)01#22'2(1 049 | 094 121 0.15 0.29 1.26 0.30 0.09 0.59 0.62 0.75
;’)02#22'2(1 045 | 094 1.20 0.14 0.30 153 0.27 0.08 0.58 0.61 0.74
2’5’3#22'2(1 044 |093 119 0.14 0.30 128 0.28 0.08 0.60 0.64 0.77
;’)04#22'2(1 045 | 0.93 1.19 0.13 0.26 1.09 0.28 0.08 0.57 0.61 0.73
%04#22'1(0 013 | 0.83 0.95 0.02 0.12 0.44 0.10 0.14 0.68 0.82 0.78
%05#22'1(0 016 | 085 0.98 0.02 0.13 0.47 0.12 0.13 0.65 0.76 0.75
PO1#2019 | 0.07 | 0.77 115 0.05 0.54 0.18 0.05 0.14 0.49 0.63 0.73
PO2#2019 | 0.05 | 0.80 113 0.02 0.26 0.14 0.03 0.14 0.51 0.63 0.71

aC20 triaromatic steroid/C28 20R triaromatic steroid; °C28 20S triaromatic steroid/C28 20R triaromatic steroid; °C27
20R triaromatic steroid/C28 20R triaromatic steroid; 9C20 triaromatic steroids/17a(H),21B(H)-Hopane; ¢C28
triaromatic steroid (20S)/17a(H),218(H)-Hopane; ‘C20 triaromatic steroid/C21 triaromatic steroid; 9C20 triaromatic
steroid/C26R + C27S triaromatic steroid; "C26S triaromatic steroid/C26R + C27S triaromatic steroid; 'C28S
triaromatic steroid/C26R + C27S triaromatic steroid; IC28R triaromatic steroid/C26R + C27S triaromatic steroid:;
kKC27R triaromatic steroid/C26R + C27S triaromatic steroid.

Table S4. Parameters based on n-alkanes (m/z 85), terpanes (m/z 191), and steranes (m/z
217) for thermal maturity assessment (organic geochemistry characteristics).

Cods —|atry o ligmp o | TeMTs e Tmy | 300 2091 | c20 ppigp + oy | cer
P01#22.2(07) | 0.57 0.59 0.36 0.46 0.41 0.97
P02#22.2(07) | 0.56 0.59 0.36 0.48 0.41 0.99
P03#22.2(07) | 0.56 0.60 0.36 0.47 0.41 1.00
P01#22.2(08) | 0.56 0.59 0.36 0.47 0.40 0.97
P01#22.2(09) | 0.57 0.59 0.36 0.48 0.40 0.99
P02#22.2(09) | 0.57 0.59 0.37 0.48 0.41 0.98
P01#22.2(10) | 0.57 0.59 0.37 0.46 0.41 1.00
P01#22.2(11) | 0.57 0.60 0.36 0.45 0.41 1.00
P01#22.2(12) | 0.57 0.59 0.36 0.48 0.39 0.98
P02#22.2(12) | 0.57 0.60 0.36 0.47 0.40 1.06
P01#22.2(13) | 0.56 0.60 0.36 0.47 0.41 0.97
P02#22.2(13) | 0.57 0.60 0.36 0.47 0.41 1.02
PO1#22.2(15) | 0.57 0.60 0.36 0.48 0.41 1.00
P02#22.2(15) | 0.59 0.60 0.34 0.48 0.37 0.99
P03#22.2(15) | 0.57 0.60 0.35 0.46 0.40 0.97
P04#22.2(15) | 0.57 0.60 0.35 0.47 0.40 1.00
P04#22.1(01) | 0.56 0.59 0.31 0.50 0.37 1.12
P05#22.1(01) | 0.57 0.59 0.32 0.50 0.35 1.04
PO1#2019 0.57 0.45 0.34 0.53 0.37 1.06
P02#2019 0.57 0.60 0.35 0.52 0.37 1.06

a17a(H),21B(H)-30-Homohopane(S)/(17a(H),21B(H)-30-Homohopane(S+R); *17a(H),21B3(H)-30, 31-Bishomohopane(S)/(
17a(H),21B(H)-30, 31-bishomohopane(S+R); °18a(H)-30-Norneohopane/(18a(H)-30-Norneohopane + 17a(H)-22,29,30-
Trisnorhopane); 4C29 20S Sterane/C29 20 (S+R) steranes; °C29 BB (R+S) steranes/(C29 BR+aa) (R+S) steranes; ‘CPI
(carbon preference index) = 1/2[(nC25 + nC27 + nC29 + nC31 + nC33)/( nC24 + nC26 + nC28 + nC30 + nC32) + (nC25
+ nC27 + nC29 + nC31 + nC33)/( nC26 + nC28 + nC30 + nC32 + nC34)]
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Table S5. Parameters based on n-alkanes (m/z 85), isoprenoids (m/z 183), terpanes (m/z 191),
and steranes (m/z 217), TPPs (m/z 259) for genesis assessment (organic geochemistry
characteristics).

32'5‘5"’ TAR® | Pr/Pht |21/23Tric | Hop/Ste® | H31R/H30° (TTPPP;+DIA27)f H29/H30° ::gig;{] C27/C29' |G/H | DIA27/C27
PO1#22.2(07) | 0.55 |060 | 0.08 3.78 0.46 0.29 0.98 0.89 0.96 004 |0.24
PO2#22.2(07) | 057 | 064  |0.14 3.70 0.47 0.28 1.00 0.89 0.90 002 |0.24
P03#22.2(07) | 0.64 062 | 0.13 3.89 0.46 0.27 0.97 0.73 0.94 002 |024
PO1#22.2(08) | 0.61 |0.60 | 0.11 3.71 0.46 0.28 0.99 0.71 0.94 000 |0.24
PO1#22.2(09) | 0.61 | 061 | 0.18 3.60 0.45 0.27 1.00 0.67 0.90 001|023
P02#22.2(09) | 0.53 | 062 | 0.18 3.46 0.45 0.28 0.98 0.80 0.91 001 |0.26
PO1#22.2(10) | 076 | 058  |0.14 3.77 0.43 0.28 0.96 0.75 0.95 004 |0.24
PO1#22.2(11) | 0.64 | 064  |0.12 3.46 0.45 0.28 1.00 0.67 0.94 001 |023
PO1#22.2(12) | 059 | 062  |0.13 3.75 0.44 0.28 0.97 0.86 0.94 000 |0.24
P02#22.2(12) | 0.60 | 060 | 0.18 3.56 0.46 0.28 1.01 0.73 0.91 003 |0.24
PO1#22.2(13) | 0.55 | 063 | 0.13 3.74 0.46 0.31 0.98 0.82 0.92 001 |022
PO2#22.2(13) [ 071|062  |0.13 3.77 0.44 0.30 0.99 0.69 0.90 000 |023
PO1#22.2(15) | 049 | 063 | 0.13 3.57 0.44 0.33 0.99 1.86 0.92 001 |0.25
P02#22.2(15) | 0.63 | 070 | 0,04 3.90 0.43 0.30 1.00 n.d. 1.03 000 |027
PO3#22.2(15) | 0.57 | 062 | 0.06 3.68 0.44 0.31 1.00 1.40 1.00 000 |027
PO4#22.2(15) | 049 | 063 | 0.02 3.56 0.44 0.29 1.03 0.89 1.01 001 |0.26
PO4#22.1(01) | 65.32 | 0.01 | 0.91 10.75 | 0.40 0.32 0.83 0.69 0.71 002 |033
PO5#22.1(01) | 16.07 |0.01 | 0.74 1006 | 044 0.28 0.84 0.86 0.71 002 |035
PO1#2019  |072 |071 | 0.19 7.22 0.39 0.89 0.68 2.12 0.82 033 020
PO2#2019 | 085 |072 |0.24 5.25 0.39 0.87 0.68 0.84 0.93 016 | 047

aTAR (Terrigenous aquatic ratio) = (nC15 + nC17 + nC19)/(nC27 + nC29 + nC31); bPristane/Phytane; °C21/C23 Tricyclic Terpane;
9Hopanes/Steranes; °17a(H),21B(H)-Homohopane (22R)/17a(H),21B(H)-Hopane; fC30 Tetracyclic Polyprenoid 18((H)/( C30
Tetracyclic Polyprenoid 18((H) + C27 (S+R) diasteranes) 917a(H),21B(H)-30-Norhopane/17a(H),21B(H)-Hopane; "M7a(H),21B(H)-
30,31,32,33,34-pentakishomohopane(22S)/17a(H),218(H)-30,31,32,33-Tetrakishomohopane  (22S); 'C27 (R+S)/C29 (R+S)
steranes; iGammacerane /17a(H),21B(H)-Hopane; "C27 (R+S) Diasteranes/C27 (R+S) steranes.

Table S6. Parameters based on phenanthrene (Ph; m/z 178), and
methylphenanthrenes (MP) and 2-methylanthracene (2MA; m/z 192) for type
of oil assessment.

Sample code | (3 + 2)/(9/4 + 1)MP® ZM'M,A’ 3- :II-IF\”I°AI 1- f'?“:’:n’gd f‘ﬂ"_ﬁ’gi“ 2MA/S MPf
PO1#22.207) | 0.87 0.00 0.00 0.00 0.00 0.00
P02#22.2(07) | 0.86 0.00 0.00 0.00 0.00 0.00
PO3#22.2(07) | 0.86 0.00 0.00 0.00 0.00 0.00
PO1#22.208) | 0.84 0.00 0.00 0.00 0.00 0.00
PO1#22.2(09) | 0.85 0.00 0.00 0.00 0.00 0.00
P02#22.2(09) | 0.86 0.00 0.00 0.00 0.00 0.00
PO1#22.2(10) | 0.86 0.00 0.00 0.00 0.00 0.00
PO1#22.2(11) | 0.86 0.00 0.00 0.00 0.00 0.00
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P01#22.2(12) 0.88 0.00 0.00 0.00 0.00 0.00
P02#22.2(12) 0.87 0.00 0.00 0.00 0.00 0.00
PO1#22.2(13) 0.88 0.00 0.00 0.00 0.00 0.00
P02#22.2(13) 0.87 0.00 0.00 0.00 0.00 0.00
P01#22.2(15) 0.86 0.00 0.00 0.00 0.00 0.00
P02#22.2(15) 0.79 0.01 0.00 0.00 0.00 0.00
P03#22.2(15) 0.83 0.01 0.01 0.00 0.00 0.00
P04#22.2(15) 0.85 0.00 0.00 0.00 0.00 0.00
P04#22.1(01) 1.85 0.08 0.15 0.03 0.06 0.02
PO05#22.1(01) 1.81 0.11 0.20 0.05 0.08 0.03
PO1#2019 1.86 0.21 0.42 0.09 0.17 0.05
P02#2019 1.79 0.26 0.50 0.1 0.19 0.06

(3 + 2-methylphenanthrene)/(9/4 + 1-methylphenanthrene); °2-methylantracene/3-methylphenanthrene; °2-

methylantracene/1-methylphenanthrene; 92-methylantracene/(3 + 2-methylphenanthrene); €2-

methylantracene/(9/4 + 1-methylphenanthrene); °2-methylantracene/(3 + 2 +9/4 + 1-methylphenanthrene).

Table S7. Part 1. Parameters based on n-alkane and isoprenoids (GC-FID), n-
alkylcyclohexanes (m/z 83), triaromatic steroids (m/z 231), and methylphenanthrenes (MP,
m/z 192) for the evaluation of weathering processes.

Sample Code | C17/Pr* | C18/Ph® | 9 MP/3MP® | 9 MP/2MP* '(I?:%ICSOHe gozglcsozf‘s H30/Pr¢ H30/Ph"
P01#22.2(07) |2.41 1.71 1.71 1.17 0.12 0.26 0.15 0.10
P02#22.2(07) |2.17 1.59 1.68 1.23 0.15 0.31 0.22 0.14
P03#22.2(07) |[2.21 1.62 1.66 1.20 0.13 0.29 0.22 0.14
P01#22.2(08) |1.97 1.46 1.72 1.21 0.12 0.27 0.23 0.14
P01#22.2(09) |2.02 1.52 1.69 1.25 0.14 0.31 0.22 0.14
P02#22.2(09) |2.24 1.63 1.69 1.23 0.15 0.31 0.20 0.13
P01#22.2(10) |2.15 1.57 1.68 1.21 0.14 0.29 0.22 0.13
PO1#22.2(11) |[2.31 1.61 1.71 1.20 0.13 0.27 0.20 0.13
P01#22.2(12) |2.33 1.71 1.66 1.19 0.14 0.28 0.21 0.13
P02#22.2(12) |2.32 1.72 1.69 1.23 0.14 0.30 0.20 0.12
P01#22.2(13) |2.35 1.72 1.66 1.19 0.12 0.28 0.23 0.15
P02#22.2(13) |2.33 1.62 1.69 1.22 0.14 0.29 0.23 0.14
PO1#22.2(15) |2.27 1.67 1.67 1.22 0.15 0.29 0.16 0.10
P02#22.2(15) |2.24 1.65 1.74 1.24 0.14 0.30 0.18 0.12
P03#22.2(15) |2.16 1.54 1.73 1.22 0.14 0.30 0.16 0.10
P04#22.2(15) |2.18 1.62 1.71 1.21 0.13 0.26 0.13 0.08

2nC17/Pristane; ®nC18/Phytane; €9/4-Methylphenanthrene/3-Methylphenanthrene; 99/4-Methylphenanthrene/2-
Methylphenanthrene; °C20 triaromatic steroid/17a(H),218(H)-Hopane; 'C28 20S triaromatic steroid/17a(H),218(H)-Hopane;
917a(H),21B(H)-Hopane/Pristane; "7a(H),21B(H)-Hopane/Phytane.

Table S7. Part 2: Parameters based on n-alkane and isoprenoids (GC-FID), n-
alkylcyclohexanes (m/z 83), triaromatic steroids (m/z 231), and methylphenanthrenes (MP, m/z
192) for the evaluation of weathering processes.
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Sample Code | H30/C17° | H30/C18> | H30/DC®  |H30/AC® | C30H/9-MP° | C30H/1-Mp' | S30H/2 | CIOHI3-
PO1#22.2(07) | 0.05 0.05 0.49 0.05 1.44 2.22 168 246
P02#22.2(07) | 0.07 0.08 0.73 0.08 1.02 158 125 172
P03#22.2(07) | 0.07 0.07 0.70 0.08 122 1.84 147 204
PO1#22.2(08) | 0.08 0.09 0.75 0.08 161 243 1.96 278
PO1#22.2(09) | 0.07 0.07 0.64 0.07 1.05 163 131 177
P02#22.2(09) | 0.06 0.07 0.60 0.07 0.91 143 112 1.54
PO1#22.2(10) | 0.08 0.08 0.64 0.07 0.97 150 117 163
PO1#22.2(11) | 0.07 0.07 0.64 0.07 148 2.30 177 253
PO1#22.2(12) | 0.06 0.07 0.62 0.07 1.02 158 121 169
PO2#22.2(12) | 0.06 0.07 0.61 0.07 0.97 159 119 164
PO1#22.2(13) | 0.07 0.07 0.71 0.08 0.88 137 1.05 146
P02#22.2(13) | 0.07 0.08 0.71 0.08 1.01 1560 123 170
PO1#22.2(15) | 0.05 0.05 0.48 0.06 0.83 127 1.01 138
P02#22.2(15) | 0.05 0.07 0.68 0.07 0.92 123 115 161
P03#22.2(15) | 0.06 0.06 0.54 0.06 115 170 141 1.99
P04#22.2(15) | 0.05 0.05 0.43 0.05 103 157 124 176

a17a(H),21B(H)-Hopane/nC17; *17a(H),21B(H)-Hopane/nC18; ©17a(H),21B(H)-Hopane/ZC13-C26 n-
alkylcyclohexanes; 917a(H),21B(H)-Hopane/C16 n-alkylcyclohexane; ©¢17a(H),21B(H)-Hopane/9/4-
Methylphenanthrene;  M7a(H),21B(H)-Hopane/1-Methylphenanthrene;  917a(H),21B(H)-Hopane/2-
Methylphenanthrene; "7a(H),21B(H)-Hopane/3-Methylphenanthrene.

Table S8. Part 1: Relative abundance (%) for heteroatom classes obtained from
the analysis by ESI(-) FT-ICR MS.

gs:‘ep'e HC [N N2 N20 | N205 glzos N2S2 | N2s3 | N3 N302 | N303
5)01#22'2(0 000 [ $'% 1130 [o024 [o00 [000 [000 [000 [000 |000 |0.00
Po2#2220 041 | 210 Jo8s | 067|000 |000 [000 |000 |000 |000 |000
Poe#2220 1000 | 5%% Jo72 | 043 o000 |o000 [000 |000 |000 |000 |000
£ #2220 1011 | 340 Joo0 | o000 |000 |o000 |o000 |000 |000 |o000 |170
o 12220 Joss | 2% Joss |044 |000 |o045 |o028 |000 |o000 |o000 |268
o 12220 Jooo | %2 | 104 |o000 |000 |000 |000 |000 |000 |000 |00
o 2221 Jooo | ¢ Jo96 |000 |000 |000 |000 |000 |000 |000 |000
#2220 000 | $22 052 |000 |o000 |000 |0s8 |000 |000 |000 | 000
;’)01#22'2(1 047 [ 37 1128|037 |o49 [o000 [095 [000 [015 |017 |0.00
5y #2221 100 | 1M o038 |o000 |000 |o000 |000 |000 |000 |000 |000
oy #2220 Hooo | 327 |oss 000 [000 [000 [000 [000 |000 [000 | 000
5)02#22'2(1 000 | 2% 104 [030 [000 |000 [000 |000 |0.00 |[000 |000
2)01#22'2(1 000 | 3%° | 136 [o049 [o012 [o000 [034 [000 [000 |000 |0.00
gy 2220 Hooo | 24% 000 000 [000 [000 [000 [000 |000 [000 | 000
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;’)03#22'2(1 0.00 36'7 028 |000 |000 |o000 |000 |o000 |000 |o000 |o000
;’)04#22'2(1 0.56 23'2 052 |034 |000 |o000 |059 |o028 |000 |o000 |o046

Table S8. Part 2: Relative abundance (%) for heteroatom classes obtained from the
analysis by ESI(-) FT-ICR MS.

Sample N2 | nzozs2 | §°9% [ N394 |Nss3s N0 [NO2 | NO2s [ NO3 | NOS | Ns
Po#2220 1000 | 0.0 000 |000 |000 |557 |130 |0.00 000 | o088 7.82
;’)02#22'2(0 000 | 0.00 000 |000 |000 |1167 |400 |0.00 062 | 220 6.70
;’)03#22'2(0 0.00 | 0.00 000 |000 |000 |730 |38 |o000 101 | 1.30 493
2’)01#22'2(0 0.00 | 0.00 000 |000 |000 |444 |[317 |o000 034 | 000 4.05
5)01#22'2(0 000 | 0.00 037 [000 |000 |576 |417 |o027 145 | 130 463
5’)02#22'2(0 000 | 0.00 000 [000 |000 |591 |135 |0.00 000 | 0.91 7.41
&01#22'2(1 000 | 0.00 000 |000 |000 |496 |241 |000 023 | 0.86 6.24
':)01#22'2(1 299 | 1.23 096 |078 |000 |478 |297 |o000 046 | 0.74 437
;)01#22'2(1 0.00 | 0.00 000 |000 |000 |475 |198 |0.00 000 | 097 5.73
;)02#22'2(1 000 | 0.00 000 |000 |000 |33 |034 |000 000 | 0.00 7.23
;01#22'2(1 000 | 0.00 000 |000 |000 |631 |257 |000 000 | 1.02 6.38
;02#22'2(1 000 | 0.00 000 [000 |000 |537 |263 | 000 037 | 1.15 6.65
;01#22'2(1 000 | 0.00 000 [000 |000 |547 |229 | 000 000 | 1.33 7.00
5)02#22'2(1 0.00 | 0.00 000 |000 |000 |33 |000 |000 000 | 0.00 6.36
5)03#22'2(1 051 | 0.00 000 |000 |000 |446 |325 |0.00 085 | 057 3.66
5)04#22'2(1 172 | 1.22 114 | 088 |025 |579 |447 | 0.00 109 | 0.97 3.58

Table S8. Part 3: Relative abundance (%) for heteroatom classes obtained from the
analysis by ESI(-) FT-ICR MS.

Sample NS2 | 0 o2 |o2s |o03 03s 04 |oss |o0s5s |os |s

;’)01#22'2(0 000 | 10.84 |417 |026 | 000 2.37 000 |180 |000 |[206 |000
;’)02#22'2(0 000 | 552 | 702 |094 | 188 2.09 000 [279 |000 |159 |000
;’)03#22'2(0 000 | 928 | 1219 |212 | 445 6.08 142 | 1110 | o062 |288 |o054
g 2220 | oo | 1037 | 2276 | 261 | 670 5.24 000 |000 |000 |295 |089
5)01#22.2(0 000 | 10.63 | 17.63 |344 | 651 4.75 000 [000 |000 |391 |124
5’)02#22'2(0 000 | 10.91 | 505 |048 | 080 2.17 000 |[284 |000 |187 |000
(F)>)01#22.2(1 000 | 10.09 | 750 |130 |273 2.78 070 |455 |000 |274 |000
';’)01#22'2(1 000 | 911 [932 |173 |364 3.62 071 | 547 |000 |[324 |055
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2’)01#22-2(1 034 | 11.32 | 708 | 115 | 265 3.38 000 |[169 |000 |317 |062
2’)02#22-2(1 000 | 1033 | 294 |000 | 0.00 114 000 |127 [000 |122 |000
2’)01#22-2(1 000 | 988 |725 |117 |236 2.93 035 |38 |000 |239 |000
;’)02#22-2(1 000 | 975 |649 |142 |233 3.25 043 | 467 |000 |[269 |000
£ #2220 000 | 1145 | 634 | 135 | 173 2.99 025 | 416 |000 |313 |000
£y2#2220 000 | 1127 | 604 | 000 | 000 0.00 000 |857 |000 |0.00 |000
2)03#22'2(1 000 | 869 | 1261 |217 | 485 9.65 147 | 1585 |091 |288 |057
;04#22'2(1 000 | 983 | 1204 |271 | 464 8.18 110 [840 |o094 |401 |[1.34

The mass spectral peaks that appeared pronounced in the ESI(-) mode, C1sH3002 (DBE 2), C16H3202
(DBE 1), C1sH3402 (DBE 2), and C1gH3sO2 (DBE 1), may reflect common contaminants (Tian et al.,
2022). Because these compounds present a homologous series (Kim et al., 2005), they were calculated
through the mean between C15 and C17 for compounds C16 of DBE 1 and DBE 2 and between C17
and C19 for compounds C18 of DBE 1 and DBE 2.

Table S9. Relative abundance (%) for elemental classes obtained from the
analysis by ESI(-) FT-ICR MS.

E:Lneple Ox Ny Sz OxNy OxSz NySz OxNySz
%01#22'2(0 1501 | 62.67 0.00 7.11 6.50 7.82 0.88
%02#22'2(0 1448 | 52.12 0.00 17.02 7.44 6.73 2.20
%03#22'2(0 2734 | 3054 0.54 12.56 22.79 493 1.30
5)01#22'2(0 30.86 | 34.67 0.89 9.66 10.81 411 0.00
5)01#22'2(0 3496 | 29.71 124 14.58 12.17 4.94 2.41
5)02#22'2(0 16.77 | 60.29 0.00 7.26 7.37 7.41 0.91
301#22'2(1 2102 | 5292 0.00 7.60 11.36 6.24 0.86
'13)01#22'2(1 2278 | 42.75 0.55 8.21 14.06 495 6.70
;)01#22'2(1 21.09 | 53.09 0.62 7.78 9.41 7.04 0.97
2’)02#22'2(1 1327 | 72.19 0.00 3.68 363 7.23 0.00
531#22'2(1 19.84 | 53.54 0.00 8.89 10.32 6.38 1.02
Eyore2 2 | 1000 | 5251 0.00 8.67 12.03 6.65 115
gy 72221 | 1946 | 5188 0.00 8.37 11.63 7.33 133
2)02#22'2(1 17.31 | 64.37 0.00 3.38 8.57 6.36 0.00
2)03#22'2(1 2762 | 27.06 0.57 8.55 31.46 3.66 1.07
2)04#22'2(1 2776 | 23.92 135 11.92 24.37 4.73 5.95

Table S10. Parameters based on acidic polar compounds obtained from the analysis by ESI(-)
FT-ICR MS for the evaluation of weathering processes.
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Sample NOY/NO, ugz;(Nm NOWN: gg::gj;’ 04(0#01) | 040 | Ow2lO1 | SOJSO | SOLN;
PoT#22.207 1 0.00 0.00 0.11 0.00 0.00 0.00 0.00 3.15 0.11
)P 02#22.2007 | ¢ 46 0.04 0.32 0.15 0.00 0.27 1.88 4.66 0.15
PoSH2207 | 027 0.09 0.41 0.27 0.07 0.37 4.60 7.92 0.76
PoT#22.208 1 0.19 0.05 0.23 0.20 0.00 0.29 6.70 3.66 0.31
PoT#22.209 | 035 0.15 0.40 0.23 0.00 0.37 6.51 3.09 0.42
)P 02#22.209 | 409 0.00 0.12 0.05 0.00 0.16 0.80 3.93 0.12
;’01#22'2(10 0.09 0.03 0.15 0.19 0.04 0.36 2.80 415 0.22
;’01#22'2(” 0.15 0.06 0.19 0.24 0.04 0.39 3.72 4.34 0.33
;’01#22'2(12 0.00 0.00 0.13 0.14 0.00 0.37 2.65 2.97 0.18
)P 02#22.2(12. | 499 0.00 0.05 0.00 0.00 0.00 0.00 2.98 0.05
;’01#22'2(13 0.00 0.00 0.17 0.16 0.02 0.33 2.40 431 0.20
;’02#22'2(13 0.14 0.05 0.16 0.17 0.03 0.36 2.38 4.48 0.23
;’01#22'2(15 0.00 0.00 0.15 0.11 0.01 0.27 175 3.72 0.23
)P 02#22.2(15 | .00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.13
)P°3#22'2(15 0.26 0.11 0.32 0.30 0.07 0.38 5.02 10.94 118
)P°4#22'2(1 5| 026 0.11 0.48 0.26 0.05 0.39 476 6.05 1.04
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APENDICE B

Supplementary Material

Material suplementar do artigo 2: Monitoring petroleum residues along the
Ceara coast in 2021 and 2022: Forensic geochemistry to assess chronic

seashore pollution in Brazil after the 2019 oil spill

Table S1. Code, collection date, and locality information, including the beach, state, and
coordinates of the beached petroleum residue samples from the 2021 and 2022 surveys.

Survey R Collection Locality
date Beach State | Coordinates
PO1#21 23/07/2021 Barra Velha Ceara :;18016 ?:?3(?6
Pontal de . | -4.395502
P0O3#21 24/07/2021 Maceié Ceara -37.766495
Pontal de . | -4,406538
PO4#21 24/07/2021 Maceid Ceara 37767475
P0O6#21 25/07/2021 Canto Verde | Ceara -_347.56%36822;8
PO7#21 10/08/2021 Iguape Ceara -33&%924735557897
) i -3.778348
P0O8#21 10/08/2021 Sabiaguaba Ceara -38.426251
P10#21 24/07/2021 Pecém Ceara ??853(;(;?86
P11#21 10/08/2021 Iguape Ceara ??89;$J 52295
i i -3.548363
P12#21 27/07/2021 Pecém Ceara -38.806858
i i -3.460652
2021 P14#21 07/10/2021 Taiba Ceara -38.933276
P16#21 08/10/2021 Lagoinha Ceara §’93f|1' ? ,? 78(?8
P17#21 08/10/2021 Lagoinha Ceara ??93,? 223?383
P20#21 04/11/2021 Apiques Ceara 5’91518? 381
. -3.080615
P21#21 04/11/2021 Caetanos Ceara -39 559479
P22#22 05/11/2021 Caetanos Ceara 3?9057;; 15 505
Icaraizinho de . | -3.042388
P23#21 04/11/2021 Amontada Ceara -39 608993
P24#21 04/11/2021 Bitupita Ceara f 182565792 ? 0
P28#21 06/11/2021 Jericoacoara | Ceara 2073?;((3)2770
P34#21 06/11/2021 Caetanos Ceara ::?90572 .? ?gz
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2022

P01#2022(04)S01 13/07/2022 Bitupita Ceara 421 ?285?2068778
P01#22(04)S05 13/07/2022 Bitupita Ceara _;121?29;;37124
P01#22(03)S03 17/07/2022 Bitupita Ceara 421 ?2971403?989
PO1#22(05)S01 11/09/2022 Jericoacoara | Ceard 42075911; 41 41 4
P0O1#22(05)S03 13/07/2022 Jericoacoara | Ceard _;126_759210626778

PO1#22(03) 30/06/2022 Cumbuco Ceard __338'_58902200973
P04#22(03) 30/06/2022 Flecheiras Ceard 339 _156894307526
P03#22(03) 30/06/2022 Paracuru Ceara __339?09181900672
P02#22(03)S03 30/06/2022 Taiba Ceara __33;;978049567
PO1#22(02) 03/05/2022 Sabiaguaba | Ceara __338_74822775058 4
PO2#22(02) | 030052022 | o098 | Gears | 38199
P06#22(02) 03/05/2022 Canto Verde | Ceara :;18 _115252072728
PO5#22(02) 03052022 | el | Ceara | i en

Table S2. Code, collection date, and locality information, including the beach, state, and
coordinates of the beached petroleum residue samples from the 2019, 2022.1, and
2022.2 events.

Event Sample Collection Locality
code date Beach State | Coordinates

Mangue do Rio . -4.440677
PO1#2019 | 01/11/2019 e i Ceara | i 400TT
P02#2019 | 07/11/2019 Cumbuco Ceara | 021200
2019 [ -38.738776
P03#2019 08/11/2019 | Paracuru (Quebra Mar) | Ceara -38.990374
Paracuru (Boca do . | -3.404193
PO4#2019 | 08/11/2019 Paco) Ceara | 40008
PO1#22.1(01) | 28/01/2022 Sabiaguaba P
20221 | PO4#22.1(01) | 28/01/2022 Cumbe Ceara | 472718
P0O5#22.1(01) | 28/01/2022 Canoa Quebrada | Ceara | n o0
PO1#22.2(07) | 24/09/2022 Icarai Ceara | SOl
2022.2 | PO1#22.2(08) | 01/10/2022 Futuro Beach Ceara | 22000
PO1#22.2(06) | 23/09/2022 Futuro Beach S,
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Table S3. Diagnostic ratios based on tricyclic and pentacyclic terpanes (m/z 191),
steranes (m/z 217), and TPPs (m/z 259) for similarity evaluation of the oils of the 2019

event and 2021 survey

Ratios 2019 Event 2021 Survey

P01 P02 | P03 | P04 | PO3 | PO7 P08 RSD

Tr26/Tet24' 222 | 250 | 254 | 221 | 225 | 1.97 | 2.20 8.8
Tr25/Tr262 166 | 1.39 | 1.48 | 1.53 | 1.56 | 1.60 | 1.48 5.8
Ts/Tm® 0.57 | 0.51 | 0.46 | 0.47 | 0.50 | 045 | 0.53 8.0
H29/H30* 0.69 | 0.74 | 0.75 | 0.73 | 0.67 | 0.63 | 0.75 6.1
H31R/H30° 0.45 | 043 | 046 | 0.41 | 0.46 | 0.41 0.40 5.7
C32HH(S)/C32HH(S + R)® 0.63 | 0.59 | 0.62 | 0.62 | 0.35 | 0.59 | 0.34 | 223
H35/H347 1.08 | 1.07 | 1.04 | 0.92 | 1.06 | 0.99 | 0.94 6.1

C29 20S/(20S + 20R) Ste® 0.37 | 043 | 041 | 043 | 025 | 0.39 | 0.12 | 29.8
C28 20S/(20S + 20R) Ste® 047 | 022 | 0.29 | 0.39 | 0.37 | 0.39 | 0.34 | 22.0
C27 20S/(20S + 20R) Ste1° 041 ] 0.38 | 047 | 044 | 043 | 0.33 | 0.89 | 429
C27/C29 Ste'" 1.14 | 112 | 0.97 | 1.05 | 1.06 | 0.91 | 1.00 7.7
TPP/(TPP+Dia27)"? 0.80 | 0.78 | 0.81 | 0.78 | 0.81 | 0.76 | 0.81 26

IC26tricyclic terpane/ tetracyclic terpane ; 2C25
trisnorneohopane/C27 17a-trisnorhopane; “C29 hopane /C30 hopane; °17a(H), 21B(H)-Homohopane(R)/C30 17a(H),
21B(H) Hopane ; °17a(H),21B(H)-30, 31-Bishomohopane(S)/17a(H),21B(H)-30, 31-bishomohopane(S + R); 7C35
hopane (S + R)/C34 hopane (S + R); ® C29 BuS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; °C28
BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; ; 1© C27 BaS/(20S + 20R) = 13a(H),170(H)-
diacholestanes 20R and 20S;"'©(5a(H),140(H),170(H) Cholestane (20S); '*(C30 tetracyclic polyprenoids/[C30
tetracyclic polyprenoids + C27diasterane Ba (S + R)].

Tricyclic Terpane/ C26

Tricyclic Terpae; 3C27 180-

Table S4. Diagnostic ratios based on tricyclic and pentacyclic terpanes and steranes (m/z
191), steranes (m/z 217), and TPPs (m/z 259) for similarity evaluation from the oils of the

2022.1 Event and 2022 survey

Ratios 2022.1 Event 2022 Survey

P04 (01) | P05 (01) | PO1(01) | po1 (02) | P02 (02) | P02 (03)S03 | DSR %
Tr26/Tet24’ 0.86 0.88 0.75 0.93 0.86 0.88 7.05
Tr25/Tr262 1.07 1.00 1.14 0.98 1.12 0.92 8.14
TsTm? 0.51 0.50 0.43 0.44 0.45 0.46 6.55
H29/H30* 0.71 0.89 0.74 0.78 0.75 0.75 8.06
H31R/H30° 0.40 0.45 0.36 0.39 0.39 0.38 7.47
C32HH(S)/C32HH(S *+ R)® 0.62 0.59 0.58 0.57 0.42 0.55 12.25
H35/H347 1.07 1.10 1.04 1.03 1.21 1.20 7.05
C29 20S/(20S + 20R) Ste? 0.41 0.45 0.39 0.46 0.45 0.43 5.87
C28 20S/(20S + 20R) Ste® 0.46 0.26 0.48 0.52 0.24 0.25 29.45
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C27 20S/(20S + 20R) Ste!® 0.35 0.37 0.38 0.38 0.38 0.22 14.78
C27/C29 Steranes'! 0.77 0.80 0.74 0.81 0.86 1.23 11.36
TPP/(TPP+Dia27)"? 0.59 0.59 0.56 0.56 0.56 0.50 5.84

1C26 tricyclic terpane/ tetracyclic terpane ; 2C25 Tricyclic Terpane/ C26 Tricyclic Terpae; 3C27 18a-trisnorneohopane/C27
17a-trisnorhopane; “C29 hopane /C30 hopane; °17a(H), 21B(H)-Homohopane(R)/C30 17u(H), 21B(H) Hopane ;
170(H),21B(H)-30, 31-Bishomohopane(S)/17a(H),21B(H)-30, 31-bishomohopane(S + R); ’C35 hopane (S + R)/C34 hopane
(S + R); #C29 BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; °C28 BaS/(20S + 20R) = 13a(H),17a(H)-
diacholestanes 20R and 20S; ; '© C27 PBaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and

20S;"'©(50(H),14a(H),17a(H) Cholestane (20S); '%(C30 tetracyclic polyprenoids/[C30 tetracyclic polyprenoids +
C27diasterane o (S + R)].



Table S5. Diagnostic ratios based on tricyclic and pentacyclic terpanes and steranes (m/z 191), steranes (m/z 217), and TPPs (m/z 259) for
similarity evaluation from the oils of the 2022.1 event and 2022
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2021 Survey

Ratios PO1 |P04 |PO6 |P10 (P11 (P12 |P14 |P16 |P17 (P20 (P21 |(P22 | P23 | P24 |P28 |P34 DPR
Tr26/Tet24' 0.58 |3.05 |0.12 |0.10 |0.22 |0.21 |0.40 |0.13 |2.05 (135 [1.30 [0.32 [0.22 |0.16 |0.25 |224 |116.4
Tr25/Tr262 0.40 |0.83 |296 |2.36 |1.18 (151 |[154 |1.48 |1.05 |1.58 [0.84 (205 [1.98 |1.37 |1.20 |0.75 | 45.4
Ts/Tm? 025 (119 |0.34 |1.75 |1.18 |0.50 |0.58 [0.32 |0.33 |0.72 |0.30 |0.53 |[0.41 |0.30 [1.12 |1.53 | 68.5
H29/H30* 158 (0.38 [1.19 [0.75 |1.05 |1.03 |094 (126 |0.67 |0.57 |0.42 |0.81 |1.10 [1.26 |1.09 |0.42 | 38.6
H31R/H30° 040 |0.17 |0.44 |0.42 |0.54 |045 |0.44 |047 |0.36 |[0.40 |0.22 |043 |0.47 |0.48 |049 |0.18 | 28.2
C32HH(S)/C32HH(S + R)® 0.56 |0.64 |062 |0.59 |0.60 |0.63 |0.60 |[0.58 |0.60 |[0.60 |0.58 |0.62 |0.56 |0.57 |0.60 |0.60 3.9
H35/H347 1.36 |0.50 |0.88 [0.85 |0.91 |1.01 [1.09 |092 [1.03 |1.25 |0.77 [0.92 |0.93 |[1.11 |0.86 |0.31 27.8

C29 20S/(20S + 20R) Ste® 040 |041 |046 |0.30 |0.46 |0.42 |0.46 |045 |0.50 [0.47 |0.47 |0.46 |042 |0.48 [0.42 |0.28 14.2
C28 20S/(20S + 20R) Ste? 045 |043 |043 |0.34 |052 |049 (049 |056 |0.35 [0.44 |0.30 |0.33 |0.36 |0.53 [0.39 |0.45 18.2
C27 20S/(20S + 20R) Ste'? 042 |044 |043 |0.34 |0.46 |044 |0.41 |047 |0.39 [0.51 |0.35 |0.49 |0.50 |0.46 [0.44 |0.32 13.3
C27/C29 Ste'! 0.73 |0.45 |0.29 |1.11 |0.65 |0.82 |0.85 |0.67 |1.57 |0.86 |1.39 |0.60 |[0.56 |0.70 |0.69 |0.51 42.9
TPP/(TPP+Dia27)"? 0.57 |0.92 |0.84 |0.39 |0.53 |0.52 |0.37 |0.63 |0.76 [0.47 |0.90 |0.53 |0.59 |0.64 [0.45 |0.94 30.1

1C26 tricyclic terpane/ tetracyclic terpane ; 2C25 Tricyclic Terpane/ C26 Tricyclic Terpae; 3C27 18a-trisnorneohopane/C27 17a-trisnorhopane; “C29 hopane /C30 hopane; °17a(H),
21B(H)-Homohopane(R)/C30 17a(H), 21B(H) Hopane ; ®17a(H),21B(H)-30, 31-Bishomohopane(S)/17a(H),21B(H)-30, 31-bishomohopane(S + R); 7C35 hopane (S + R)/C34 hopane
(S + R); 8C29 BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; °C28 BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; ; ' C27 BaS/(20S + 20R)
3a(H),17a(H)- diacholestanes 20R and 20S;"'©(5a(H),14a(H),17a(H) Cholestane (20S); '?(C30 tetracyclic polyprenoids/[C30 tetracyclic polyprenoids + C27diasterane Ba (S +

=1
R)I



231

Table S6. Diagnostic ratios based on tricyclic and pentacyclic terpanes and steranes (m/z 191), steranes (m/z 217), and TPPs (m/z 259) for similarity evaluation from the oils of 2022.1 and 2022.

C26 tricyclic terpane/ tetracyclic terpane ; 2C25 Tricyclic Terpane/ C26 Tricyclic Terpae; 3C27 18a-trisnorneohopane/C27 17a-trisnorhopane; “C29 hopane /C30 hopane; 317a(H), 21B(H)-

. 2022 Survey

Ratios P01(04)S01 | P01(04)S05 | P01(05)S01 | P01(05)S03 | P01(03) | P05(02) | P01(02) | P02(02) | P01(03)S03 | P04(03) | P02(03)S03 | P03(03) | P06(02) | DPR
Tr26/Tet24' 1.42 0.13 1.41 0.55 0.17 0.29 0.93 0.86 0.47 0.76 0.88 0.27 0.25 | 80.06
2Tr25/Tr262 1.63 1.30 1.20 1.64 1.81 1.63 0.98 1.12 1.64 1.44 0.92 1.56 1.39 | 19.52
3Ts/Tm? 0.57 1.77 0.69 0.79 0.36 0.84 0.44 0.45 0.66 0.56 0.46 0.60 0.55 |63.39
4H29/H304 0.62 0.84 0.61 0.75 1.02 0.88 0.78 0.75 0.80 0.95 0.75 1.02 1.03 | 17.68
SH31R/H30° 0.42 0.43 0.41 0.34 0.37 0.48 0.39 0.39 0.44 0.41 0.38 0.39 0.39 8.59
6C32HH(S)/C32HH(S + R)® 0.64 0.60 0.60 0.61 0.59 0.58 0.57 0.42 0.61 0.56 0.55 0.59 0.61 8.95
"H35/H347 1.25 0.95 1.22 0.92 1.16 1.17 1.03 1.21 1.00 0.88 1.20 0.94 0.99 |12.92
8C29 20S/(20S + 20R) Ste® 0.44 0.39 0.45 0.46 0.46 0.45 0.46 0.45 0.45 0.48 0.43 0.44 0.40 5.40
9C28 20S/(20S + 20R) Ste® 0.22 0.50 0.23 0.29 0.35 0.35 0.52 0.24 0.48 0.58 0.25 0.50 0.42 |35.96
10C27 20S/(20S + 20R) Ste'? 0.57 0.33 0.43 0.42 0.46 0.36 0.38 0.38 0.41 0.43 0.22 0.44 0.38 | 19.37
11C27/C29 Ste'" 0.60 0.78 1.02 0.79 0.61 0.76 0.81 0.86 0.90 0.66 1.23 0.92 0.84 |21.11
12TPP/(TPP+Dia27)'? 0.56 0.38 0.53 0.53 0.65 0.45 0.56 0.56 0.37 0.66 0.50 0.48 0.49 | 16.51

Homohopane(R)/C30 17a(H), 21B(H) Hopane ; $17a(H),21B(H)-30, 31-Bishomohopane(S)/17a(H),21B(H)-30, 31-bishomohopane(S + R); 7C35 hopane (S + R)/C34 hopane (S + R); 8 C29 BaS/(20S +
20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; °C28 BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and 20S; ; '° C27 BaS/(20S + 20R) = 13a(H),17a(H)- diacholestanes 20R and
20S;""©(5a(H),14a(H),17a(H) Cholestane (20S); 2(C30 tetracyclic polyprenoids/[C30 tetracyclic polyprenoids + C27diasterane Ba (S + R)].



Table S7. Conventional oil HPAs present in monitoring samples carried out on the coast of the State of Ceara in 2021

2021 Survey
m/z Compounds | P01 | P03 | P04 | P06 | PO7 | P08 | P10 T P12 | P14 | P16 | P17 | P20 | P21 | P22 | P23 | P24 | P28 | P34
142 C1N(1) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
C1N(2) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
C2N(1) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
C2N(2) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
156 C2N(3) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
C2N(4) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
C2N(5) Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
184 DBTO Nd X Nd | Nd Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
Ph Nd X Nd | Nd X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
178 An Nd X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
4MeDBT Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
198 3+2MeDBT Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
1MeDBT Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
3-MP Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
2-MP Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
192 2-MA Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
9/4-MA Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
1-MA Nd X Nd | Nd X X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
206 P2 Ba X Nd | Nd | Nd X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
212 C2-DBT Nd X Nd | Nd | Nd X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
226 C3-DBT Nd X Nd | Nd | Nd X Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd | Nd
242 c1C Nd X X X X X X X X X X X X X X X X X
256 c2C Nd X Nd | Nd X Nd

232
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Nd: Not detected or low abundance; x: Detected



Table S8. Conventional oil PAHs present in monitoring samples carried out on the coast of the State of Ceara in 2022

234

2022 Survey
m/z | Compounds | P01#22(04)S01 | po1#22(04)S05 | P01#22(05)S01 | P01#22(05)S03 | P01#22(03)S01 | P05#22(02) | P01#22(03)S03 | P04#22 (03) | P03#22(03) | P06#22(02)
142 LCINQY)! Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
C1N(2)? Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
C2N(1) Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
C2N(2) Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
156 | C2N(3) Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
C2N(4) Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
C2N(5) Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
184 | DBTO Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
178 LPh Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
An Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
4MeDBT Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
198 | 3+2MeDBT Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
1MeDBT Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
3-MP Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
2-MP Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
192 | 2.MA Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
9/4-MA Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
1-MA Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd
206 | P2 Nd Nd Nd Nd Nd X Nd X Nd Nd
212 | C2-DBT Nd Nd Nd Nd Nd Nd Nd X Nd Nd
226 | C3-DBT Nd Nd Nd Nd Nd Nd Nd X Nd X
242 | C1C Nd X Nd X X X X X X Nd
256 | C2C Nd X Nd Nd X X X X X Nd

Nd: Not detected or very low abundance; x: Detected
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Figure S1. Pictures of oil residue samples right before being collected during the 2021
survey over the coast of the State of Ceara, Northeastern Brazil.
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Figure S2. Pictures of oil residue samples right before being collected during the 2022
survey over the coast of the State of Ceara, Northeastern Brazil.
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Figure S3 (Part 1). GC-FID chromatograms for the petroleum residue samples collected
over the state of Ceara, Northeastern Brazil, during the 2021 survey.
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Figure S3 (Part 2). GC-FID chromatograms for the petroleum residue samples collected

over the state of Ceara, Northeastern Brazil, during the 2021 survey.
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Figure S3 (Part 3). GC-FID chromatograms for the petroleum residue samples collected
over the state of Ceara, Northeastern Brazil, during the 2021 survey.
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Figure S4 (Part 1). GC-FID chromatograms for the petroleum residue samples collected
over the state of Ceara, Northeastern Brazil, during the 2022 survey.
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Figure S4 (Part 2). GC-FID chromatograms for the petroleum residue samples collected
over the state of Ceara, Northeastern Brazil, during the 2022 survey.
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Figure S5. GC-FID chromatograms for the spilled oil samples collected from the state of
Ceara coast, Northeastern Brazil, related to the 2019, 2022.1 and 2022.2 events.



243

a) HT-GC b) HAT-GC
PO1#2022(06) S01 POI#2022(07)_S01
¢
=
% 9
3 -
& i)
v pa f;
=t P
i uug.iunl | [L. ALA am“mu W I
2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22 24 26 28
minutes minutes
¢) HI-GC d) HT-GC
POL1#2022(03) S03 PO6#2022(03)
__*dﬂﬂdwdmxmlwwdwl*N“JJ‘ Wy [ LA | Jmu
2 4 6 3 112 14 16 18 20 22 24 26 28 3 4 6 8 10 12TTIETTE NS 20 A2 T G 2R
minutes minutes
c) HTI-GC ) HI-GC
P04#2022(03) P23#2021
/’LJVMLLL]I " Jjj.lln. MIILJ{ W
12714 16 I8 22 72 36 28 2 g 14716 18 20 22 24 26 28
minutes minutes
g) HI-GC h) HT-GC
P10#2021 P04#2019

LM-LL"“ .IJ

Do

£
=

L bt

2 4 [ & 10 12 14 16 18 20 22 24 26 28
minutes

TETE 6 TR A0z C 14 1o I8

minutes

20022 24 26 28

Figure S6. HT-GC chromatograms of the samples monitoring of the 2021, 2022 and

events of the 2022.2 and 2019.
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Figure S7 (Part 1). GC-MS chromatograms m/z 83 for the n-alkylcyclohexanes

assessment in the samples collected in the 2021 survey
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Figure S7 (Part 2). GC-MS chromatograms m/z 83 for the n-alkylcyclohexanes

assessment in the samples collected in the 2021 survey.
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Figure S7 (Part 3). GC-MS chromatograms m/z 83 for the n-alkylcyclohexanes

assessment in the samples collected in the 2021 survey.
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Figure S8 (Part 1). GC-MS chromatograms m/z 83 for the n-alkylcyclohexanes

assessment in the samples collected in the 2022 survey.
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Figure S8 (Part 2). GC-MS chromatograms m/z 83 for the n-alkylcyclohexanes

assessment in the samples collected in the 2022 survey.
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Figure S9 (Part 1). GC-MS chromatograms m/z 191 of the samples collected in the 2021

survey.
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Figure S9 (Part 2). GC-MS chromatograms m/z 191 of the samples collected in the 2021

survey.
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Figure S9 (Part 3). GC-MS chromatograms m/z 191 of the samples collected in the 2021

survey.
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Figure S10 (Part. 1). GC-MS chromatograms m/z 191 of the samples monitoring of the

2022.
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Figure S10 (Part. 2). GC-MS chromatograms m/z 191 of the samples monitoring of the

2022.
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ym/z 217
P12#2021

1400 1600 18.00
Time-»

Dm/z 217
P16#2021

2000 2200 2400 26.00

2800 3000 3200

'32:00

.

1400 1600 1800 20.00

Time-»

n)ym/z 217
P20#2021

22.00

24.00 26.00

1400 1600 1800 2000 2200 2400 2600

Time-»

pPm/z 217
P22#2021

28.00

30,00

3200

2800 3000 3200

3200

'32:00

14.00 1600 1800 20.00

Time->

22100

2400 26.00

28.00

30.00

32100

32.00

255

PDm/z217
P14#2021

1400 16.00 2400 26.00

Time->

18.00  20.00 22.00 2800 3000 3200 32.00

m)m/z 217
P17#2021

1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 32.00

Time->

o)m/z 217
P21#2021

W

14.00 16.00 18,00 20.00 22.00 24.00 26.00 28.00 30.00 32:(]() 32.00
Time->»

q)m/z 217

1200 1600 1800 2000 2200 2400 2600 2800 3000 3200 3200
Time-»

Figure $11 (Part. 2). GC-MS chromatograms m/z 217 of the samples monitoring of the
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Figure S12 (Part. 1). GC-MS chromatograms m/z 217 of the samples monitoring of the

2022.
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Figure S13 (Part. 1). Total ion current chromatograms (TICC) for the aromatic fraction
of the oil residues collected in the 2021 survey.
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Figure S13 (Part. 2). Total ion current chromatograms (TICC) for the aromatic fraction

of the oil residues collected in the 2021 survey.
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Figure S14 (Part. 1). Total ion current chromatograms (TICC) for the aromatic fraction

of the oil residues collected in the 2022 survey.
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Figure S14 (Part. 2). Total ion current chromatograms (TICC) for the aromatic fraction

of the oil residues collected in the 2021 survey.
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Figure S15. Total ion current chromatograms (TICC) for the events from the years 2019,

2022.1, and 2022.2 survey.
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Figure S16. Mass chromatogram m/z 191, 217, and 259 obtained from GC-MS analysis,
showing the distribution of terpanes and steranes for the 2021 and 2022 survey samples
that did not obtain similarity with any sample.
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Figure S17. Distribution of heteroatom classes of Bil residues monitored in 2021 and
2022 evaluated by ESI(-) FT-ICR MS




265

1 a) PO1#2021 " *I'v) P04#2021 _
¢
2 Class N, w B Class N, :
. K " m ¢ j
E 15 05 E 15 .
10 ::: 40

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Carbon Carbon

30 X
%1 ¢) P06#2021 d) P11#2021 "
0.9 :
25 Class N, 25 Class N,
20 'y i 20 -
0.6 06
§ 15 05 é’ 15 0.5
£ 04 04
10 r'S 03 10 03
5 02 5 02
01 0.1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Carbon Carbon

*| e) P12#2021 oo 1) P14#2021 "
2 Class N, [ Class N,

20 (%4 20

06 08
w
m15 05 g 15 05
0.4 04
10 o 10 03
s 02 5 02
01 01
5 10 15 20 25 30 35 40 45 50 55 60 65 70 %05 10 15 20 25 30 35 40 45 50 55 60 6 70
Carbon Carbon
01 9) P16#2021 w0
g) g h) P17#2021
25 1 25 08
g Class N,
20 07 20 o7
06 0.6
E 15 05 é 15 05
04 0.4
10 i 10 03
5 02 5 02
0.1 01
5 10 15 20 25 30 35 40 45 50 55 60 65 70 %65 10 15 20 25 30 35 40 45 50 55 60 6 70
Carbon Carbon

30 . 10 30 1.0
i) P20#2021 i) P21#2021

25 25
Class N, Class N, =
20 o 20 07
0.6 08
§ 15 0.5 E 15 05
0.4 04
10 03 10 05
5 2 5 0.2
01 01

o

5 10 15 20 25 30 35 40 45 50 55 60 65 70 70 15 20 25 30 35 40 45 50 55 60 &5 30
Carbon Carbon

Figure S18 (Part. 1). Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the N4 class for the samples monitored in the year 2021.
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Figure S18 (Part. 2). Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the N1 class for the samples monitored in the year 2021.
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Figure S19 (Part. 1). Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the N, class for the samples monitored in the year 2021.
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Figure S20 (Part. 1). Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the O class for the samples monitored in the year 2022.
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Figure S20(Part. 2). Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the Oz class for the samples monitored in the year 2022.
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Figure S21. Isoabundance contoured plots of the double bond equivalent (DBE)
vs. carbon number for the Oz class for the samples monitored in the year 2022.



