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RESUMO

Os hidrocarbonetos aromaticos policiclicos (HPA) sdo contaminantes organicos ubiquos
gerados por processos naturais (digenéticos ou biogénicos) e antropogénicos (pirogénicos ou
petrogénicos). Eles sdo formados principalmente durante a decomposi¢ao da matéria organica
induzida por altas temperaturas. Dezesseis desses HPA sdo considerados prioritrios em
estudos ambientais pela Agéncia de Protegdo Ambiental dos Estados Unidos (USEPA) devido
as suas propriedades toxicas e carcinogénicas. A maioria dos poluentes, assim como os HPA,
persiste nos sedimentos até sua degradacdo, portanto, os estudos de poluicdo sedimentar sdo
considerados efetivos em pesquisas sobre contaminacdo. Os corpos aquaticos que constituem
a bacia do Rio Amazonas sdo habitats de grande diversidade bioldgica, numerosas espécies
de peixes e de moluscos sdo importantes fontes de alimento para a populagdo ribeirinha e
recursos para a industria alimentar. A poluicdo desses sistemas aquaticos por HPA pode
prejudicar a biota e consequentemente a populag@o e a economia local. Mesmo assim, pouca
informagdo esta disponivel sobre a poluicdo por HPA em sistemas aquaticos amazonicos. O
objetivo deste estudo foi avaliar os niveis de contaminagdo por HPA dos sedimentos
superficiais da Zona Costeira Amazdnica (Belém-PA, Macapa-AP e Santana-AP) através da
identificagdo e quantificagdo dos HPA, comparacdo dos niveis de HPA encontrados com areas
proximas e outras partes do mundo, identificagdo de fontes potenciais de HPA na érea
estudada, avaliacdo da qualidade dos sedimentos em relagdo a esses poluentes e discussao
inicial sobre baselines para HPA em sedimentos de sistemas aquaticos amazonicos. Quatorze
amostras de sedimentos superficiais foram coletadas ao longo da area urbanizada da Baia de
Guajaréd e do Rio Guama (Belém-PA); onze amostras ao longo dos canais sinuosos das ilhas
do Combu e das Ongas, localizadas ainda nos acima referidos corpos aquaticos; dez amostras
dentro do rio Aura que flui para o Rio Guama; e dezesseis amostras ao longo do Estuario do
Rio Amazonas (Macapa e Santana-AP) abrangendo a margem urbanizada e a [lha de Santana.
A concentragio total de HPA (XHPA) variou de 18,1 a 9905,7 ng g na Baia de Guajara e no
Rio Guama4, 3824,2 a 15693,9 ng g no Rio Aurd e 22,2 a 158 ng g no Estuario do Rio
Amazonas. De maneira geral, a area estudada pode ser classificada como moderada a
altamente contaminada. No entanto, os niveis de HPA obtidos na zona insular estudada sdo

relativamente baixos e podem ser considerados como baselines para esses poluentes em



viii

sedimentos de sistemas aquaticos amazonicos. A discriminacdo das fontes de HPA e seu
potencial de toxicidade ¢ necessario para avaliar seus efeitos no meio ambiente. Os HPA sdo
sempre emitidos como uma mistura, € as propor¢des de concentracdo molecular relativa sdo
consideradas caracteristicas de uma dada fonte de emissdo. As razdes diagnosticas
selecionadas e as andlises estatisticas mostraram que a combustdo de biomassa e de
combustiveis fosseis sdo a principal origem dos HPA. Embora a origem pirogénica seja a
principal fonte, ndo podemos ignorar que existe uma mistura de HPA de diferentes fontes, as
atividades portudrias e petroquimicas sao fontes menores desses contaminantes para a area de
estudo. Os dados indicaram a existéncia de fontes pontuais e um transporte relativamente
restrito dos HPA. As diretrizes de qualidade de sedimento (SQGs) baseadas em limiares de
toxicidade foram utilizadas para classificar a toxicidade das amostras de sedimentos e,
consequentemente, os potenciais efeitos biologicos adversos. A avaliagao do risco ecoldgico
indicou que os HPA nos sedimentos devem: na margem urbanizada da Baia de Guajara e do
Rio Guama, assim como no Rio Aura, ocasionalmente causar efeitos a biota, como danos
agudos; nas ilhas do Combu e da Ongas, ndo oferecer estresse bioldgico ou danos potenciais;
e no Estuario do Rio Amazonas, nao ocasionar nenhum efeito adverso sobre os organismos,
mas a presenga de dibenzo[a,h]antraceno e benzo[a]pireno, considerados poderosos agentes

cancerigenos, neste sistema aquatico merece atencao.

Palavras-chave: Hidrocarbonetos Policiclicos Aromaticos. Sedimentos Superficiais.

Distribuicao. Fontes. Risco Ecoldgico. Zona Costeira Amazdnica.
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ABSTRACT

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous organic contaminats generated by
natural (diagenetic or biogenic) and anthropogenic (pyrogenic or petrogenic) processes. They
are primarily formed during heat-induced decomposition of organic matter. There are sixteen
PAH considered as priority in environmental studies by the Environmental Protection Agency
of the United States (USEPA) due to their toxic and carcinogenic properties. Most pollutants,
as PAH, persist in sediments until their degradation, therefore sedimentary pollution studies
can be effective approaches to contamination research. The aquatic bodies that constitute the
basin of the Amazon River are habitats of great biological diversity, numerous species of fish
and mollusks are an important food source for the riverine population and resources for the
alimentary industry. PAH pollution of these aquatic systems can damage the biota and
consequently the local people and economy. Even so very little information is available on
extend of PAH pollution in amazonic aquatic systems. The aim of this study was to evaluate
PAH contamination levels of the superficial sediments of the Amazon Coastal Zone (Belém-
PA, Macapa-AP and Santana-AP) through PAH identification and quantification, comparison
of PAH levels found in nearby areas and around the world, identification of potential PAH
sources to the studied area, evaluation of sediment quality in respect to these pollutants and an
initial discussion about baselines for PAH in sediments from amazonian aquatic systems.
Fourteen surficial sediment samples were collected along Guajard Bay and Guama River
(Belém-PA) urbanized area; eleven samples along the sinuous channels from the Combu and
Ongas islands, located yet in the mentioned above aquatic bodies; ten samples inside Aura
River that flows into the Guama River; and sixteen samples along Amazon River Estuary
(Macapa and Santana-AM) covering the urbanized margin and Santana island. Total PAH
concentration (YPAH) ranged from 18.1 to 9905.7 ng g ' dw at Guajara Bay and Guama
River, 3824.2 to 15693.9 ng g ' dw at Aura River and 22.2 to 158 ng g ' dw at Amazon River
Estuary. In general, the studied area can be classified as moderate to highly contaminated.
However, obtained PAH levels at the studied islands zone are relatively low and may be
considered as baselines for these pollutants in sediments from amazonic aquatic systems. The
discrimination of PAH sources and their toxicity potential is necessary to evaluate their

effects in the environment. PAH are always emitted as a mixture, and the relative molecular



concentration ratios are considered to be characteristic of a given emission source. The
selected PAH ratios and statistical analysis for showed that biomass and fossil fuel
combustion are the dominant PAH origin. Although the pyrogenic origin is the main source,
we can not ignore that there is a mixture of PAH from different sources, the port and
petrochemical activities are minor sources of these contaminants for the studied area. Data
indicated the existence of punctual sources and a relatively restricted PAH transport.
Sediment quality guidelines (SQGs) based on toxicity thresholds were be used to rank the
toxicity of sediment samples and, consequently, the potential adverse biological effects. The
ecological risk assessment indicated that PAH in the sediments should: at Guajard Bay and
Guamd River urbanized margin, as well as at Aurd River, occasionally cause biological
effects, as acute damage; at Combu and Ongas islands, do not offer biological stress or
damage potential, and at Amazon River Estuary, do not cause any adverse effect on
organisms, but the presence of dibenzo[a,h]anthracene and benzo[a]pyrene, considered

powerful carcinogenic agents, in this aquatic system deserves more concerns.

Keywords: Polycyclic Aromatic Hydrocarbons. Surface Sediments. Distribution. Sources.

Ecological Risk. Amazon Coastal Zone.
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1 INTRODUCAO

A urbanizacdo massiva e o desenvolvimento industrial proporcionam para a
civilizacdo um avango em diferentes areas do conhecimento, mas deixa como consequéncia
um passivo ambiental que afeta os ecossistemas naturais € o proprio homem. O aumento da
populagdo implica em maior consumo dos recursos naturais, o que eleva a carga poluidora
gerada devido a essa expansdo descontrolada em centros urbanos e industriais. O impacto
sobre o meio ambiente afeta os ecossistemas, cujo estado de comprometimento pode ser
medido pela proximidade as areas urbanizadas (UNEP 2002). O aporte de poluentes de
origem antropogénica se constitui em grande parte por substancias organicas que estdo
amplamente distribuidas no ambiente e constituem misturas complexas em todos os
compartimentos ambientais (Ockenden et al. 2003). Os poluentes de origem organica podem
chegar ao ambiente de forma pontual ou difusa e geralmente permanecem por um longo
periodo no ambiente, por isso sdo denominadas poluentes organicos persistentes (POPs) pela
Organizacao Mundial da Satde (OMS).

Os HPA encontram-se entre os contaminantes de maior interesse no estudo da
contaminagdo ambiental em fun¢do do seu reconhecido potencial mutagénico, teratogénico e
carcinogénico, além de sua relativa persisténcia no meio e a possibilidade de bioacumulagao
(Chen C.W. & Chen C.F 2011, Deng et al. 2013, Guo et al. 2012, Culotta et al. 2006,
Guzzella et al. 2005, Soliman et al. 2014). Esses contaminantes sdo amplamente
disseminados em ambientes aquaticos, resultado de processos tanto naturais (biossintese por
algas, bactérias e algumas espécies vegetais de pequeno porte) quanto antropicos
(petrogénicos e piroliticos). Entretanto, a maior quantidade de HPA ¢ libertada para o
ambiente através da atividade antropogénica (Li et al. 2016, Wilke 2000).

O petroleo ainda é o recurso natural de maior importancia sendo a principal fonte de
energia para o desenvolvimento de diversas atividades. E uma mistura complexa de diferentes
substancias organicas quimicamente convertidas sob diferentes condi¢des e processos
bioldgicos e geologicos por longos periodos de tempo. Em média o petréleo contém cerca de
80% de alifaticos (alcanos isoprendides ou isoalcanos), 15% de compostos aromaticos (mono
aromaticos e policiclicos aromaticos) e 5% de derivados de N, S e O (NCR 1985, UNEP
2002, Wang et al. 1999).



A utilizacao desse combustivel fossil e de seus derivados ocasiona a liberacdo de
hidrocarbonetos policiclicos aromaticos (HPA) que, devido sua estabilidade quimica, baixa
solubilidade em agua e forte tendéncia de sor¢do as particulas minerais e organicas,
apresentam um comportamento ambiental que resulta na sua resisténcia ao ataque microbiano
e no consequente acimulo nos ecossistemas (Clayden et al. 2012, Jacques et. al. 2007,
Lindgren et al. 2014, Naes et al. 1995). A capacidade de adsor¢do dos HPA no material
particulado e na matéria organica faz dos sedimentos e do solo importantes matrizes, sendo as
primeiras a apresentar sinais de contaminagdo e dos efeitos desses poluentes (Macdonald et
al. 1996). Os sedimentos sdo reconhecidos como sumidouro de contaminantes organicos, tais
como os HPA devido a natureza hidrofobica dos hidrocarbonetos (Lewis & Galloway 2008).

Os HPA nio sdo apenas poluentes ambientais, mas também marcadores geoquimicos
uteis na avaliacdo de impactos relacionados a atividade humana por serem estaveis
quimicamente, resistentes a processos de degradagdo e estarem atrelados a acao antrdpica. As
tendéncias temporais da concentracdo de HPA nos sedimentos e os fluxos de deposi¢ao destas
substancias estdo relacionados com o histdorico de consumo de energético da humanidade (Liu
et al. 2012).

A Agéncia de Protecdo Ambiental dos Estados Unidos (USEPA) considera como
prioritarios em estudos ambientais 16 HPA, sendo esses o naftaleno (Nap), o acenaftileno
(Acy), o acenafteno (Ace), o fluoreno (Flo), o fenantreno (Phe), o antraceno (Ant), o
fluoranteno (Flt), o pireno (Pyr), o benzo[a]antraceno (BaAd), o criseno (Chr), o
benzo[b]fluoranteno (BbF), o benzo[k]fluoranteno (BkF), o benzo[a]pireno (BaP), o
indeno[ 1,2,3-cd]pireno (lcdP), o dibenzo[a,h]antraceno (DahA) e o benzo[g,h,i]perileno
(BghiP) (ATSDR 1995 Duodu et al. 2017).

No Brasil, a resolugdo do CONAMA n° 357/2005, estabelece a concentragao de 0,05
ug L' para apenas 5 HPA (Bad, BaP, BbF, BKF ¢ DahA), como valor limite para o padrdo de
qualidade de 4gua. A portaria n® 344/04 do CONAMA, que estabelece as diretrizes gerais
para procedimentos de dragagem em aguas jurisdicionais brasileiras, reporta concentragdes
limites para a presenca de 13 HPA (5,8 — 2355,0 pg kg™ em ambiente dulcicola e 6,2 — 5100
ng kg ambientes aquaticos salobros ou salinos) e para a concentracio total de HPA (1000 pg
kg em ambiente dulcicola e 3000 pg kg ambientes aquaticos salobros ou salinos) nos
sedimentos. Orgdos ambientais, como o Canadian Council of Ministers of the Environment

(CCME), utilizam indices como o TEL (Threshold Effect Level) ¢ o PEL (Probable Effect



Levels), que representam a concentragdo do contaminante que oferece risco de toxidade a um
numero elevado de organismos testados para regular a presenca desses organicos no ambiente
(CCME 2002, Long et al. 1995, MacDonald et al. 1996).

A costa brasileira possui uma das maiores areas continuas de manguezal do mundo,
com cerca de 1 milhdo de hectares e cuja vegetagdo apresenta sua maior exuberancia nas
latitudes proximas a linha do Equador, 4rea denominada Zona Costeira Amazonica (ZCA)
(Fernandes 2003). Ela est4 inserida no contexto das regides tropicais umidas situadas entre
4°N e 4°S, posigdo equatorial e subequatorial, e estende-se por 1.850 km, incluindo
reentrancias, abrangendo trés estados brasileiros: Amapd, Para e Maranhao (Ab’Saber 2005).
As planicies de inundagdo e rios da regido amazOnica sdo muito sensiveis a poluigdo
ambiental, especialmente as bacias proximas a zona costeira, onde a presenca de canais
sinuosos associados a uma grande carga de material sedimentar transportada pelo pulso de
inundag¢do contribui para o processo de acumulagdo residual de poluentes na area (Matos ef al.
2011).

Na ZCA estao localizados diversos terminais portuarios: os do Para (Porto de Belém,
Terminal Petroquimico de Miramar e Porto de Vila do Conde) ¢ Amapa (Porto de Santana e
Porto do Agai), além do Maranhao (Terminal de Itaqui). Como na ZCA nio existe producao e
extracdo de petroleo, os impactos desta industria estdo relacionados principalmente ao
transporte ¢ consumo de produtos do petroleo (Lima 2009). Entre os anos 2011 e 2015
ocorreram expressivos acidentes com embarcagoes, divulgados pela midia, que implicaram no
aporte de combustiveis para os corpos hidricos da ZCA.

Em abril de 2011 houve um derramamento de 6leo combustivel procedente da Usina
Termoelétrica Parintins, no lago do Macurany, a 369 km de Manaus (AM), causando a morte
de aves e peixes (Derramamento... 2011). Trés barcos explodiram, em outubro de 2013, no rio
Matapi, afluente do rio Amazonas, na area rural de Santana (a 17 km de Macapa, capital do
estado do Amapd), as embarcacdes armazenavam de forma irregular grande quantidade de
combustivel (Transporte... 2014). Entre janeiro e abril de 2014, ocorreram trés acidentes com
explosdes em barcos que armazenavam e transportavam combustiveis ilegalmente no Amapa
(Ribeiro 2014). Em 2015, um navio cargueiro que transportava 5 mil cabecas de gado
naufragou no Porto de Vila do Conde (Barcarena-PA) e 750 toneladas de 6leo combustivel

vazaram no Rio Para (Embarcacao... 2015).



Acidentes envolvendo naufragios de embarcagdes de pequeno e médio porte sdo
comuns nos rios da regido amazonica. Em 2017, seis naufragios foram registrados em
pouco mais de um més apenas nos rios do Para (Taveira 2017). Vale ressaltar que
pequenos derrames e descartes de combustiveis na agua podem servir como fontes pontuais
de HPA comprometendo a biota existente na area devido a indugdo de efeitos genotdxicos e
mutagénicos sobre organismos (MacDonald et al. 1996).

Além das atividades de transporte e transbordo de combustiveis na area, o langamento
de esgotos domésticos e efluentes industriais sem tratamento prévio assim como a queima de
material organico (lixo e madeira) vém se intensificando com o crescimento e
desenvolvimento das principais cidades situadas na ZCA. As queimadas sdo um problema
intrinseco da Amazonia brasileira e afetam milhares de quildmetros quadrados de floresta
todos os anos (Cochrane 2000). Ha dez anos, o Brasil ocupou o 5° lugar no ranking dos paises
que mais influenciam nos processos de aquecimento global e essa infeliz condi¢do se deve as
emissoes de didxido de carbono derivadas do desmatamento da floresta amazdnica (IPCC
2007). Entre substancias emitidas em grande quantidade pela queima de biomassa estdo os
HPA.

A queima de lixo doméstico também ¢ uma realidade no cotidiano amazonico e
permanece acobertada por motivos politico-econdmicos, mas em agosto de 2015 essa
problematica veio ao conhecimento publico quando um incéndio subterraneo nos residuos
s6lidos do Lixdo do Aura (préoximo ao Rio Aurd na Regido Metropolitana de Belém-
PA), provocado por catadores de uma empresa de sele¢cdo de lixo, liberou uma enorme
quantidade de fumaca que encobriu o céu de algumas areas da cidade de Belém
durante varios dias (Fogo... 2015). A queima de residuos s6lidos ainda ¢ o principal
meio de destinagdao do lixo produzido nas ilhas proximas aos grandes centros urbanos
da ZCA, visto que a coleta de lixo por empresas especializadas ndo abrange essas
areas.

O monitoramento das condi¢des ambientais e das atividades urbanas, portudrias e
industriais ¢ fundamental para diagnosticar e avaliar danos aos ecossistemas e as comunidades
aquaticas. Portanto, a caracterizagdo de fontes e a avaliacdo dos niveis de HPA sdo de suma
importancia. Trabalhos publicados envolvendo HPA em sedimentos da regido Amazonica

ainda sdo incipientes e, em sua grande maioria, estdo disponiveis somente sob a forma de



teses e dissertacdes, tendo como foco de estudo as proximidades de fontes pontuais de
contaminagao.

Wilcke et al. (2000) encontraram concentragdes de HPA entre 13 e 58 ng g em
planicies de inundagdo da regido amazonica. Lima (2009) tragou um historico deposicional de
HPA em testemunhos sedimentares nas Cidades de Belém (PA), Barcarena (PA) e Santana
(AP). Evangelista (2013) estudou HPA em testemunhos do igarapé¢ Tucunduba, nas
proximidades do rio Guama (Belém-PA). Sodré (2014) otimizou uma metodologia visando a
determinagdo de HPA em sedimentos da baia de Guajara (Belém-PA), utilizando a
cromatografia liquida de alta eficiéncia com detector UV-Vis-DAD. Santos (2014) avaliou a
relacdo entre HPA presentes nos sedimentos e em organismos bentdnicos do Terminal de
Miramar (TEMIR) na Baia de Guajara mostrando uma forte ligagdo entre a presenga de HPA
e a reducao na densidade populacional dos organismos.

O desenvolvimento deste trabalho veio a partir da necessidade de expansdo da area de
estudo dentro da ZCA e de ampliacdo da malha amostral para além dos focos de
contaminagdo, coletando informag¢des de HPA em locais onde a influéncia antropica €, em
teoria, minima. Este trabalho diferencia-se dos demais desenvolvidos anteriormente na area
por iniciar uma discussdo sobre baselines para estes contaminantes organicos na regiao
amazbdnica, o que permite analisar riscos potenciais de contamina¢do e identificar
concentragdes naturais na area, possibilitando uma completa avaliagdo da poluigdo por HPA

nos sedimentos superficiais de sistemas aquaticos da ZCA (estados do Pard e do Amapa).



2 OBJETIVOS

2.1 OBJETIVO GERAL

Este trabalho teve como principal avaliar o grau de contaminagdo dos sedimentos
superficiais da Zona Costeira Amazdnica (Belém-PA, Macapa-AP e Santana-AP) pelos

dezesseis HPA considerados como prioritarios em estudos ambientais.

2.2 OBJETIVOS ESPECIFICOS

Identificar e quantificar HPA em sedimentos superficiais na ZCA por métodos

cromatograficos;

e Determinar a distribuigdo de HPA em 4reas portudrias amazonicas com elevada

hidrodinamica;

o Identificar as principais fontes de HPA através do uso conjunto de razdes diagnodsticas e

ferramentas estatisticas;

e Avaliar a qualidade dos sedimentos da ZCA com relagdo aos riscos ecologicos segundo

Valores Guias de Qualidade de Sedimento (VGQS);
e Iniciar uma discussdo sobre baselines para os HPA na ZCA;
e Comparar o grau de contaminagao por HPA entre as areas estudadas na ZCA;

e Ampliar o banco de dados sobre HPA na ZCA, através do tratamento e publicacdo de

dados pré-existentes e coleta de amostras em areas ainda nao estudadas;



3 REVISAO BIBLIOGRAFICA

3.1 HIDROCARBONETOS POLICICLICOS AROMATICOS

Os HPA sao poluentes organicos volateis amplamente presentes no meio ambiente,
sdo compostos aromadticos formados por dois ou mais anéis aromadticos condensados,
constituidos exclusivamente por atomos de carbono e hidrogénio, organizados sob forma
linear, angular ou agrupada (Bouloubassi et al. 2012, Bragato et al. 2012, Callén et al. 2013,
Carver et al. 1986, Lea-Langton ef al. 2013, Netto et al. 2000, Readman et al. 2002). Ha mais
de 100 HPA reconhecidos pela Unido Internacional de Quimica Pura e Aplicada (IUPAC),
devido a possibilidade da fusdo de um niimero varidvel de anéis e das diversas posi¢cdes em
que estes anéis podem se ligar entre si.

HPA sdo considerados poluentes orgénicos prioritdrios em estudos ambientais, sendo
alguns desses contaminantes descritos como precursores de agdes mutagénicas e tumorais em
sistemas biologicos (WHO 1983). A formacdo desses contaminantes tem sua origem
principalmente na combustdo incompleta da matéria organica, origem essa influenciada
primariamente por fatores como temperatura e pressdo que direcionam o perfil constituinte
dos mesmos (Page et al. 1999). Deste modo, incéndios florestais e de campos, assim como a
queima de combustiveis fosseis, seriam fontes primarias de HPA para o meio ambiente.

Entretanto, as maiores emissdes de HPA provém de processos industriais ligados a
producdo de ago e aluminio, da exaustdo de incineradores de rejeito e por residuos solidos
industriais. Atividades petroquimicas como o processo de refino na industria do petréleo,
assim como, acidentes que envolvem o derramamento direto de 6leo e seus derivados em
corpos aquaticos também elevam consideravelmente os niveis ambientais de HPA (Page et al.
1999, Sisinno et al. 2003, Yunker et al. 2002).

A Figura 3.1 ilustra a classificacdo dos hidrocarbonetos (HC) de maneira geral e
demonstra que os HPA podem ter sua origem atrelada ou ndo a atividade antropica. Os HPA
antropogénicos subdividem-se ainda em uma origem relacionada ao petrdleo e seus derivados
(petrogénicos) ou a queima incompleta de compostos organicos (piroliticos). Outra fonte
potencial de HPA, ndo descrita na Figura 3.1, ¢ sintese biogénica. A sintese de HPA por algas
(Borneff et al. 1968), bactérias (Brisou 1969, De Lima-Zanghi 1968, Knorr & Schenk 1968,
Mallet & Tissier 1969, Niaussat et al. 1970) e plantas (Graef & Diehl 1966, Hancock et al.



1970) pode ser uma fonte considerdvel em areas remotas ou isoladas dos grandes centros
urbanos (Krauss et al. 2005).

Embora existam poucos dados de HPA em regides temperadas, esses sugerem que ha
uma diferenga na composicdo das misturas desses compostos quando comparadas com a
composicdo apresentada nas regides tropicais. (Wilcke & Amelung 2000). Jiirgens et al.
(2000) e Wilcke et al. (2003) sugerem um predominio de naftaleno nos solos do estado do
Amazonas relacionado a queima de biomassa ¢ biogé€nese pela vegetagdo de médio e grande
porte pertencente a familia Annonaceae, principalmente pelas espécies Rollinia insignis e
Xylopia benthamii. Chen et al. (1998a,b), Wilcke et al. (2002) e Wilcke et al. (2003)
consideram as comunidades de cupins como fontes de naftaleno, fenantreno e perileno para os

solos da Amazodnia Central.

HIDROCARBONETOS ‘

NAO AROMATICOS AROMATICOS

I

| |

NATURAIS ANTROPOGENICOS
I

| |

PETROGENICOS PIROLITICOS

Figura 3.1 - Classificagdo genérica dos hidrocarbonetos.
Fonte: Vollhardt & Schore (2004).

De acordo com a USEPA, dezesseis HPA sdo considerados particularmente
importantes no monitoramento ambiental de poluentes organicos prioritarios (Tabela 3.1).
Esses compostos apresentam de 2 a 6 anéis aromaticos fundidos, com massa molecular
variando entre 128 ¢ 278 g mol™. Suas caracteristicas fisico-quimicas, como solubilidade e
pressao de vapor, sdo fatores importantes que direcionam a distribuicdo desses contaminantes
entre as fases soltivel e particulada em meio atmosférico, aquoso e biodtico. A solubilidade em
agua dos HPA varia entre os altamente insoliveis a pouco soliiveis em agua, enquanto a
pressao de vapor transita entre compostos altamente volateis e compostos relativamente pouco

volateis (Brito et al. 2005, Netto et al. 2000).



Tabela 3.1 - Hidrocarbonetos Policiclicos Aromaticos (HPA) considerados como prioritarios em
estudos ambientais de acordo com a USEPA.

Nomenclatura
Estrutura Efeito
(IUPAC)
Naftaleno Toéxico
Acenafteno dij Mutagénico
Antraceno m Mutagénico
Carcinogénico e
Fluoranteno A
mutagénico
. EIS):) Carcinogénico e
Criseno .
mutagenico
Carcinogénico e
Benzo[b]fluoranteno iISjU gA .
— mutagénico
. Carcinogénico e
Benzo[a]pireno .
mutagenico
|
Benzo[g,h,i]perileno Carcinogénico
|
Acenaftilieno &j Mutagénico
Fluoreno (&) &) Mutagénico
Fenantreno Toéxico e mutagénico
. Carcinogénico e
Pireno .
mutagenico
Carcinogénico e
Benzo[a]antraceno .
mutagenico
Carcinogénico e
Benzo[k]fluoranto g

Dibenzo[a,h]antraceno

Indeno[1,2,3-cd]pireno

g 8 e

mutagénico

Carcinogénico e
mutagénico

Carcinogénico
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A massa molecular estd inversamente relacionado com a solubilidade dos HPA, que
diminui com o aumento do niimero de anéis. Os HPA apresentam caracteristicas lipofilicas,
onde seus constituintes sdo classificados como moderadamente a altamente lipossolaveis. O
mesmo pode ser relacionado com a volatilidade dessa classe de substancias, onde compostos
com menor massa molecular apresentam elevada pressdo de vapor e consequentemente ampla
dispersao ambiental (Brito et al. 2005, Netto et al. 2000).

A degradagdo ambiental dos HPA pode ocorrer por processos fisico-quimicos, como
no caso da degradacao por foto-oxidacao, ou pela agcdo bioldgica de microorganismos (Hwang
& Cutright, 2002). Muitos estudos vém demonstrando a capacidade hidrocarbonocléstica de
diferentes espécies de bactérias, fungos e leveduras (Chaillan et al. 2004, Hedlund et al.
2001).

Os HPA também podem ser biotransformados pela acdo de enzimas especificas
presentes em grandes vertebrados (Warshawsky 1999). O processo de biotransformagdo dos
HPA ¢ crucial na ativagdo e formacgdo de possiveis agentes carcinogénicos (Hajslovd &
Zrostlikova 2003). As propriedades mutagénicas e carcinogé€nicas de alguns HPA conferem a
esses contaminantes a razao para a sua inclusdo na maioria dos programas de monitoramento
ambiental e satide humana em diferentes paises no mundo. Uma vez absorvidos pelas células,
os HPA s3o metabolicamente ativados e, desta maneira, tornam-se reativos a grupos
nucleofilicos presentes em macromoléculas celulares. A formagdo de adutos de DNA ¢
considerada essencial na carcinogenicidade quimica desses xenobiontes (Klaassen et al.

1996).

3.1.1 Propriedades Fisico-quimicas

Os HPA sao solidos a temperatura ambiente, tem altos pontos de ebuli¢do e fusdo e
suas propriedades fisico-quimicas sdo, em grande parte, determinadas por seus sistemas de
duplas conjugadas, que variam com o numero de anéis e, portanto, com suas massas
moleculares (Bragato et al. 2012, Callén et al. 2013, Costa 2001, Lea-Langton et al. 2013). O
carater hidrofobico desses compostos ¢ fortemente influenciado por suas propriedades fisicas
e quimicas, sendo estas, o fator preponderante na acumulagdo dos HPA em sedimentos. Os
HPA tém baixa solubilidade em agua e sua solubilidade diminui com o aumento do tamanho

da molécula, sendo o naftaleno o tinico HPA relativamente solavel (32 mg L™). Os HPA com
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estruturas de arranjo linear dos anéis aromaticos fusionados sdo normalmente menos soluveis
que os compostos que possuem estruturas angulares ou condensadas (Redman et al. 2002).

As espécies com anéis aromaticos com substituicdes alquiladas possuem menor
solubilidade em &agua, sendo que a solubilidade ¢ inversamente proporcional ao grau de
alquilagdo. Com o aumento da solubilidade dos HPA em 4gua sua biodisponibilidade cresce
em propor¢ao direta enquanto que a sua volatilidade diminui @ medida que aumenta sua massa
molecular (Netto et al. 2000).

O coeficiente de particao octanol-dgua (Kow) ¢ uma propriedade fisico quimica que
pode ser usada para verificar a afinidade desses compostos com a matéria organica em
matrizes ambientais. Quanto maior o valor do logaritmo desse coeficiente, mais hidrofobica ¢é
a substancia. Assim, os HPA que apresentam valores de Log K,y > 1, no ambiente marinho,
tendem a associar-se ao material organico particulado em suspensao e ao sedimento. Segundo
Schwarzenbach et al. (2016), o K,y ¢ extremamente Util quando se avalia a disponibilidade e
bioacumulagdo de compostos organicos na biota e fragdo aquosa. Quanto maior o Ky, mais
lipossoluveis serdo os HPA, ou seja, mais hidrofobico, sendo este fator o governante na
disponibilidade para os organismos vivos.

Outra propriedade importante dos HPA ¢ a constante de parti¢do com carbono (K,),
que consiste na razdo entre a concentracdo da substincia adsorvida ao carbono organico e a
fase aquosa, indicando o potencial do composto para se ligar ao carbono organico em solos e
sedimentos. HPA com 2 ou 3 anéis aromaticos apresentam valores de K, variando de 103 a
104, indicando um potencial moderado na adsor¢do ao carbono organico nos solos e
sedimentos (Fernandez et al. 1999). Os compostos com 4 a 6 anéis aromaticos tém valores de
K. entre 104 a 106, indicando maior tendéncia a adsor¢do ao carbono organico no ambiente.
Deste modo, diferentes ecossistemas podem adsorver HPA em diferentes niveis em fun¢ao do
conteudo de carbono organico.

A pressdo de vapor e a constante de Henry (relagdo entre solubilidade de um gas e a
pressdo) dos compostos aromaticos também diminuem com o aumento da massa molecular.
Como reflexo destes fatores, HPA de 2 ou 3 anéis tendem a concentrar-se na fase gasosa do
ar, HPA com 4 anéis distribuem-se entre as fases do ar ¢ HPA com 5 ou mais anéis
concentram-se principalmente no material particulado atmosférico. A pressdao de vapor e
constante de Henry sdo as propriedades governantes no transporte e distribuicdo dos HPA via

atmosfera sendo considerados os responsaveis pelo fato desses contaminantes serem
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encontrados em niveis considerdveis em regides remotas e distantes de centros urbanos e
industriais (Macdonald et al. 2005).

HPA s3o compostos relativamente inertes e suas reagdes mais comuns sao as reagoes
de substitui¢ao ou de adicao eletrolitica. Como as reagdes de adi¢ao destroem a aromaticidade
do sistema conjugado diminuindo a estabilidade da molécula, elas sdo, muitas vezes, seguidas
por reagdes de eliminacdo, que regeneram o sistema aromadtico € dao origem a um produto
final de substitui¢do. Por esse motivo os valores de algumas constantes fisico-quimicas sao
relevantes para a compreensao do comportamento ambiental e toxicoldgico destes compostos
no que se refere ao transporte, distribuicao, disponibilidade, bioacumulagdo e toxicidade dos
HPA nos compartimentos ambientais e consequentemente na biota (Netto et al. 2000). A

Tabela 3.2 apresenta as principais caracteristicas fisico-quimicas dos 16-HPA-USEPA.

Tabela 3.2 - Principais caracteristicas fisico-quimicas dos 16-HPA-USEPA.
HPA PM PF(°C) PE(C) PV(C) Kwo Solubilidade Constante de Henry

(mol L™ 25°C (kPa)
Nap 128 81 217 10,4 3,4 3,17.10* 4,89.10°
Acy 152 92-93 - 8,9.10" 4,07 - 1,14.10°
Ace 154 95 279 2,9.10" 3,98 3,93.10° 1,48.10°
Flo 166 115-116 295 8,0.10% 4,18 1,98.10° 1,01.107
Fhe 178 216 342 8,0.10° 45 73 7,3.107
Ant 178 100 340 1,6.10% 4,6 1,29.10° 3,98.10°
Flt 202 108 375 1,2.10° 522 260 6,5.10*
Pyr 202 150 393 6,0.10% 5,18 135 1,1.10°
Chr 228 160 400 2,8.10° 5,61 14 -
BaA 228 253 448 8,4.10° 5,91 2,00 -
BbF 252 168 4821  6,7.10° 6,84 1,20 5,1.107
BKkF 252 215 480 1,3.107 6,12 0,76 4,4.107
BaP 252 178 496 7,3.107 6,5 3,80 3,4.10° (20°C)
DahA 276 278 545 1,4.10% 7.1 0,26 2,7.10% (20°C)
IedP 276 162 536 1,3.10% 6,58 62 2,9.10% (20°C)
BghiP 276 266 524 1,3.10° 6,5 0,50 (27°C) 7.107

PM = peso molecular em unidade de massa atomica (u.m.a.); PF = ponto de fusdo;, PE = ponto
de ebulicdo,; PV = pressdo de vapor (25°C); Kwo = coeficiente de parti¢do octanol-dgua.
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3.1.2 Hidrocarbonetos Policiclicos Aromaticos em Estuarios

Os estudrios caracterizam uma regido natural de transi¢do ecoldgica extremamente
delicada, os ecotones. Eles desempenham uma importante fungao de ligacao e de trocas entre
0s ecossistemas terrestres e marinhos. Estes locais apresentam grande importancia biologica,
pois agrupam uma intensa variedade de espécies, sendo também considerados como
“bergarios” para varios organismos devido ao seu carater semifechado que gera uma regiao
protegida e acimulo de nutrientes (Thurman & Trujillo 1999).

Os estuarios sdo regides que apresentam um delicado ecossistema e, muitas vezes, sao
afetados pela presengca de organoclorados, metais pesados e HPA. Sdo particularmente
vulneraveis a contaminagdo por petroleo, seus derivados e produtos de sua oxidacdo por
frequentemente abrigarem instalagdes portudrias e apresentar circulagao restrita (Gundlach &
Hayes 1978, Kennish 1996).

A grande quantidade de material em suspensdo, muitas vezes presente nos estudrios,
funciona como sitio ativo para contaminantes (Volkman et al. 1992). Os sedimentos finos
desses habitats adsorvem os HPA, podendo disponibilizar estes compostos por muitos anos e
até mesmo interromper o desenvolvimento das comunidades bentonicas (Kennish 1997).

Enquanto a presenca fisica da polui¢do por HC nos habitats mais sensiveis cria
condi¢des indspitas para o sucesso do assentamento de muitas populagdes bentdnicas, o
decréscimo do pH e de niveis de oxigénio resultantes da decomposi¢do microbiana e outros
processos oxidativos aumentam a mortalidade e diminuem a quantidade de alimento
disponivel para os sobreviventes, amplificando os efeitos fisicos de deterioragdo ambiental
(Kennish 1997).

A comunidade bentdnica, nos sistemas estuarinos, geralmente sofre dizimagao total ou
parcial imediatamente apos grandes cargas de poluicdo por HPA, apesar de comegar a se
recuperar algumas semanas apds um evento de polui¢do ela geralmente ndo atinge os niveis
de antes do evento em um periodo de até trés anos (Laws 1993).

O transporte dos HPA (Figura 3.2) nos ambientes de maneira geral se da
principalmente por via atmosférica associado ao material particulado fino, o que permite uma
ampla distribui¢cdo desses compostos. Uma vez emitidos para a atmosfera, os HPA podem ser

depositados sob a forma seca (vapor ou particulada) ou umida (precipitacdo sob a forma
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dissolvida ou particulada) sobre sistemas aquaticos e terrestres (Garban ef al. 2002, Rose &

Rippey 2002).
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Figura 3.2 - Esquema geral do transporte de hidrocarbonetos policiclicos aromaticos entre as esferas
terrestres.
Fonte: Modificado de Ming-Ho & Tsunoda (2005).

O comportamento de parti¢ao entre agua e ar, entre agua e sedimento e entre agua e a
biota sdo caracteristicas importantes na distribuicio de HPA no ambiente estuarino. Esses
poluentes apresentam alto coeficiente de particdo entre solventes organicos e agua, o que
permite prever possiveis processos cumulativos em compartimentos como sedimentos ricos
em matéria organica, assim como na bioacumulagdo em sistemas biologicos. A interacdo dos
HPA com outras moléculas organicas pode amplificar a persisténcia desses compostos no
ambiente, caracteristica esta que aumenta a periculosidade destes compostos em estudrios

(Neff 1979).

3.1.3 Fontes de HPA

3.1.3.1 Fontes naturais (biogénicas e geogénicas)
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Alguns HPA sdo originados a partir de precursores naturais, derivados de processos
diagenéticos de marcadores especificos (biosintese). Em regides preservadas, as
concentragdes de HPA biogénicos s3o mais pronunciadas e sua presenca pode caracterizar
processos de evolucao de ecossitemas e/ou indicar agdo antropica. Além da formacao
diagenética, os incéndios florestais e as exsudagdes submarinas, ou seja fontes geogénicas
também contribuem com a presenca de HPA no meio.

Alguns autores afirmam que os HPA sdo sintetizados a partir de algas ou bactérias
(Knorr & Schenk 1968), embora outros mostrem que as bactérias concentram HPA, mas nao
os sintetizam (Hase & Hites 1976). De uma forma ou de outra, eles podem controlar certas
etapas da diagénese da matéria organica na formacdo de compostos biogénicos, como a
aromatizacdo de precursores de terpenoides ou pigmentos (Wakeham et al. 1980). O perileno
¢ um HPA de 5 anéis aromaticos, ndo apresentando alquilagdo em sua estrutura. Pode ser
derivado de transformacdo diagenética de precursores in situ e pela combustdo de materia
organica, além de poder ser encontrado no petréleo.

As elevadas concentracdes de perileno em regides preservadas refletem sua natureza
biogénica, sugerindo precursores terrigenos para o composto (Gschwend et al. 1983).
Trabalhos realizados por Aizenshtat (1973), encontraram niveis de perileno em sedimentos
marinhos ricos em produtos derivados de plantas superiores, sugerindo aporte terrestre. Por
outro lado, Wakeham et al. (1979) encontraram quantidades elevadas de perileno em
sedimentos onde a influéncia terrestre era muito pequena sugerindo precursores aquaticos. Os
pigmentos do tipo perihidroxiperilenoquinona podem ser precursores para a formacdo de
perileno ligada a organismos aquaticos (Orr & Grady 1967).

Em regides urbanizadas e/ou industrializadas, suas concentragdes sdo bem mais baixas
devido a influéncia de compostos caracteristicos de processos de queima de combustiveis
fosseis ou de langamento de efluentes, mas as correlacdes entre o perileno e os HPA
derivados de combustdo ndo sdo representativas (Pereira et al. 1999). Como observado, as
fontes de perileno ainda ndo foram muito bem esclarecidas e estudar regides preservadas e
com caracteristicas diferentes entre si pode elucidar os caminhos de formagdo e as fontes
deste composto no ambiente.

Além do perileno, outros compostos como fenantreno, metilfenantreno, metilantraceno
em sedimentos de lagos tem uma origem bioldgica devido a degradagdo de material vegetal

(Simoneit 2002). O naftaleno tem sido encontrado em regides onde ha presenga de flores de
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plantas do género Magnolia, vegetagdo lenhosa e ninhos de cupins como parte de seus

sistemas de defesa contra parasitas e invasores (Wilcke 2000).

3.1.3.2 Fontes petrogénicas (HPA leves ou de menor massa molecular)

Os HPA petrogénicos sao caracterizados por apresentarem certo grau de alquilacdo em
sua estrutura. Geralmente, a abundancia de HPA no petréleo diminui com o aumento da
massa molecular, ou seja, com o aumento do nimero de anéis aromaticos. Os HPA
petrogénicos tendem a ser mais toxicos para os organismos ¢ estdo mais biodisponiveis para a
biota (Wang et al. 1999).

A polaridade da molécula resulta em comportamento que difere dos compostos nao
polarizados sob algumas condic¢des. O naftaleno e o fenantreno sdo os HPA mais abundantes
em amostras contaminadas por petroleo (UNEP 2002). Os HPA petrogénicos podem ser
introduzidos em derrames acidentais de combustiveis fosseis, através de exploragdo, produgdo
transporte, tubulagdes, descarte de efluentes (industriais e urbanos) e escoamento da agua
superficial (Yunker et al. 2000, Yunker et al. 2002). Para este trabalho, os HPA petrogénicos

serdo aqueles representados por estruturas contendo de dois a trés anéis aromaticos.

3.1.3.3 Fontes pirogénicas (HPA pesados ou de maior massa molecular)

Os HPA pirogénicos resultam da combustdo incompleta da matéria organica sob
condi¢des de elevada temperatura, baixa pressao e curto tempo de formagao. Sao formados
pela quebra ou rompimento do material organico em moléculas menores durante a pirdlise e
consecutivamente rearranjados em HPA nao alquilados (Neff 1979). A principal fonte de
HPA piroliticos ¢ a queima de combustiveis fosseis e o6leo bruto, envolvendo motores
veiculares, caldeiras industriais e navios, por exemplo, além da queima de biomassa (Neff
1979).

Os HPA mais abundantes em processos de combustdo sdo: fluoranteno, pireno,
benzo(a)antraceno, criseno, benzofluoranteno, benzopireno, indeno(1,2,3-c,d)pireno e benzo
(g,h,i)perileno (Bouloubassi & Saliot 1993). Os HPA pirogénicos sdo emitidos para a
atmosfera na fase gasosa ou particulada e sua deposicdo ¢ fortemente dependente das

parti¢des entre os compartimentos (Lima 2004). Alguns desses fatores que podem influenciar
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a particdo incluem: 1) pressio do HPA na fase vapor; 2) quantidade de particula fina na
atmosfera; 3) temperatura ambiente; 4) niveis de HPA (Baek et al. 1991). Para este trabalho,
os HPA pirogénicos serdo aqueles representados por compostos com estruturas apresentando

acima de trés anéis aromaticos.

3.1.4 Biotransformacao dos HPA

Devido a baixa solubilidade aquosa dos HPA e seu caracter hidrofobico, os mesmos
sdo facilmente adsorvidos a particulas de matéria organica e, posteriormente, acumulam-se
nos sedimentos. Animais consumidores ndo seletivos de depdsitos sedimentares ingerem
grandes quantidades de sedimentos expondo seu sistema gastrointestinal e superficie corpoérea
aos HPA sorvidos na matéria organica e/ou dessorvidos na agua intersticial (Ferguson &
Chandler 1998).

Alguns organismos, como por exemplo os poliquetas, chegam a ingerir por dia uma
quantidade de sedimento equivalente a vinte vezes sua massa corporea (Cadée 1976, Jumars
et al. 1990, Reish & Gerlinger 1997). Para estes organismos, a ingestao de sedimentos ¢ a
principal via de absor¢do de contaminantes associados a particulas (Forbes et al. 1998, Penry
& Weston 1998; Weston 1990, Weston & Mayer 1998).

A biotransformacdo dos HPA em alguns organismos que constituem a fauna
bentdnica ¢, em principio, semelhante ao processo de duas etapas observadas em vertebrados.
Na fase I, as enzimas do Citocromo P450 (CYP) catalisam a introdu¢do de um grupo
funcional na estrutura do HPA, aumentando a solubilidade do mesmo em d4gua.
Subsequentemente, as enzimas de fase Il catalisam uma ligagdo covalente entre o HPA e um
grupo polar, o que aumenta ainda mais a solubilidade em agua (Giessing et al. 2003a,b,
Giessing & Lund 2002, James 1987, Jorgensen et al. 2005, Li & James 1993, Van Den Hurk
& James 2000) possibilitando assim a eliminacdo total ou parcial dos HPA (Burchell &
Coughtrie 1989, Livingstone 1998).

A Figura 3.3 ilustra os processos pelos quais os HPA serdo biotransformados
inicialmente pelas enzimas da fase I presentes no organismo e, também, pelo aumento da
expressao de genes do CYP devido a ligagdo dos HPA a um receptor. As enzimas CYP sdo as
enzimas mais importantes da fase I e a inducdo das mesmas ird resultar em uma maior

eficiéncia da fase I de biotransformacdo. A fase I da biotransformagao dos HPA ¢ considerada
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determinante no processo de eliminacgdo total. Os metabolitos formados na fase I sdo entdo
biotransformados em outros metabolitos por enzimas durante a fase II que podem ser mais
facilmente eliminados do organismo, ou podem ainda ser de-conjugados a metabolitos de fase

I novamente por enzimas enterro-hepaticas (Jorgensen et al. 2008).
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Figura 3.3 - Esquema dos processos de biotransformacgdo e de eliminagdo de HPA em animais.
Fonte: Modificado de Jorgensen et al. (2005).

O CYP, entretanto, ndo ¢ bem representado em invertebrados de maneira geral, ja
que organismos de baixos niveis tréficos ndo possuem um sistema de metabolizacdo eficiente.

Portanto, esses animais tendem a bioacumular mais intensamente os HPA (Albers, 1994).
3.1.5 Legislacao

O Brasil ainda nao possui uma politica ou legislag@o a nivel federal para protecdo ou
remediacdo de sedimentos, solos e aguas subterraneas. Algumas iniciativas, em termos de
legislacdo, estdo sendo tomadas em niveis locais, como € o caso do estado de Sao Paulo. Dos
16 HPA, somente o naftaleno ¢ citado na lista da Companhia de Tecnologia e Saneamento

Ambiental do Estado de Sdo Paulo (CETESB), com valores guias entre 15 ¢ 90 ppm para solo
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e 100 ppb para 4dgua subterranea. Na Holanda ja existe uma norma que especifica valores de

referéncia para HPA em solos (Tabela 3.3).

Tabela 3.3 - Valores de referéncia para solos segundo a norma Holandesa.
Fonte: Modificado de CETESB (2001).

Concentragio em peso seco (mg kg™)

Tipo de Solo
Referéncia Alerta Intervencao

Concentracdo de HPA em solo com
0% de teor de argila e 0% do teor de 0,2 4,1 8,0
matéria organica

Concentragdo de HPA em solo com
25% de teor de argila organica e 10% 1,0 20,5 40,0
do teor de matéria organica

O sedimento tem uma grande capacidade de integrar os processos biogeoquimicos
que controlam o actimulo e a redisposi¢cdo da matéria organica e inorginica para a coluna
d’4gua, como: reacdes fisico-quimicas, fluxo de energia e transformagdes bioldgicas. Em
virtude disso, o sedimento ¢ reconhecido como o resultado da integracdo de todos os
processos que ocorrem em um sistema aquatico e pode ser usado para identificar a presenga
de contaminantes quimicos que ndo solubilizam ou possuem pouca solubilidade, quando
difundidos em aguas superficiais (Martins 2005).

No Brasil, a Resolu¢do 344/04, do Conselho Nacional do Meio Ambiente
(CONAMA) ¢ o unico documento legal que se refere a contaminagdo de sedimentos,
estabelecendo padroes para HPA. Na realidade, esta resolucao foi elaborada para estabelecer
diretrizes gerais e procedimentos para a avaliacdo do material a ser dragado (sedimento)
visando o gerenciamento de sua disposicdo em &guas jurisdicionais brasileiras. Porém, nas
consideragdes introdutorias dessa resolucdo, menciona-se a necessidade de medidas eficazes
para impedir a contaminagdo marinha, bem como a atuacdo de 6rgaos ambientais no que diz
respeito ao processo de licenciamento ambiental de dragagens.

Os padrdes de qualidade estabelecidos na Resolugdo 344/04 sdo apropriados na
auséncia de um instrumento legal especifico que estabelece a qualidade aceitavel dos
sedimentos. Dessa forma, podem-se utilizar valores orientadores descritos em publicagdes
internacionais referentes a qualidade dos sedimentos para adequagdo desses padrdes. Os

critérios de qualidade para sedimentos, descritos na Resolugdo CONAMA 344/04 para 13
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HPA variam entre 6,71 a 53 pg kg (limiar abaixo do qual se prevé uma pequena
probabilidade de efeitos adversos a biota) e, entre 88,9 a 2.355 ug kg™ (limiar acima do qual

se prevé um provavel efeito adverso a biota), ambos para agua doce.

3.2 METODOS DE ANALISE DE HPA EM SEDIMENTOS SUPERFICIAIS

3.2.1 Extracao

A andlise de compostos organicos em sedimentos geralmente inclui as etapas de
extragdo com diferentes solventes organicos, clean-up, fracionamento, detec¢do e
quantificagdo por técnicas cromatograficas (Lebo et al. 2004). Existem varios métodos que
podem ser aplicados para cada uma das etapas, apresentando vantagens e limitagdes. A
escolha do método mais adequado depende ndo somente do tempo e da eficiéncia de extracao,
mas também da facilidade em realiza-lo e da disponibilidade do material necessario. A
maioria dos métodos de extragdo ¢ baseado na liberagdo dos compostos devido a interacao
com o solvente selecionado (Lebo et al. 2004). Trés fatores determinam o rendimento de um
processo de extracdo: (1) A solubilidade dos compostos no solvente organico; (2)
Acessibilidade do solvente a superficie do sedimento e a matriz orgénica; e (3) Tempo de
extracao.

Um solvente mais apolar, como o hexano, pode apresentar alta solubilidade para
compostos organicos hidrofobicos, mas ndo tem fécil acesso a parte mais interna da matéria
organica do sedimento, pois esse material contém muitos grupos polares como aminas, fendis
e acidos carboxilicos, que impedem o hexano de interagir mais fortemente com o material
(Lebo et al. 2004). Portanto, para interagir adequadamente com a matéria organica ¢
necessaria a adi¢ao de um solvente polar (como a acetona) ao hexano, ou utilizar um tnico
solvente de média polaridade como o diclorometano (Lebo et al. 2004).

Existe uma variedade de técnicas comumente usadas para extracdo de hidrocarbonetos
(HC) em sedimentos, dentre elas as mais comuns sdo a extracdo Soxhlet e a extracdo
utilizando um sistema de ultrassom. A extragdo com Soxhlet ¢ um processo lento, requer
grandes quantidades de solvente e pode degradar termicamente os compostos mais labeis,
enquanto que a extracdo ultrassOnica apresenta uma alta eficiéncia de extragdo, baixo custo

operacional e temperaturas menores (Banjoo & Nelson 2005).
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Apesar de apresentarem um custo mais elevado, técnicas como extragdo por fluido
supercritico, extragdo por solvente pressurizado e extragdo por micro-ondas sdo igualmente
aplicadas, nesse tipo de determinacdo (Brito et al. 2005). De forma geral, cada técnica
apresenta vantagens e desvantagens, sendo a escolha determinada principalmente em fungdo
do custo, simplicidade de operagdo, economia de material e de tempo (Banjoo & Nelson
2005).

Na extragdo além dos HC, diversos compostos (trigliceridios, acidos graxos, esterdis,
etc) sdo coextraidos, por isso ha a necessidade de uma limpeza do extrato, através de colunas
cromatograficas de bancada (clean up). O clean up utilizando adsor¢do em fase sélida € o
método mais utilizado na “limpeza” da amostra e fracionamento dos constituintes, neste
processo sdo utilizadas silica, alumina e solventes apolares na elui¢do dos analitos (USEPA
2007,1996).

A principal dificuldade associada com a determinacdo de HPA em amostras
ambientais ¢ a extrema complexidade das matrizes. Mesmo ap6s a purificacdo, a fracdo que
contém os HC ainda pode conter centenas de outros compostos. Por isso, ¢ fundamental que o
método escolhido oferega boa eficiéncia de extracdo e clean up. Dentre os métodos analiticos
utilizados em estudos de HPA, a cromatografia ocupa um lugar de destaque no que concerne a

separacdo, identificagdo e quantificagdo desses compostos (Langas 2004).

3.2.2 Cromatografia Gasosa Acoplada a Espectrometria de Massas

A cromatografia ¢ um método fisico-quimico de separacdo fundamentado na
migracdo diferencial dos componentes de uma mistura complexa, que ocorre devido a
diferentes interagdes, entre duas fases imisciveis, a fase movel e a fase estacionaria. A grande
variedade de combinacOes entre fases moveis e estaciondrias a torna uma técnica
extremamente versatil e de grande aplicacao (Degani et al. 1998).

A cromatografia pode ser utilizada para a identificagio de compostos, por
comparagdo com padrdes previamente existentes, e para a purificagdo de compostos,
separando-se as substancias indesejaveis e para a separagao dos componentes de uma mistura
(Degani et al.,, 1998). As diferentes formas de cromatografia podem ser classificadas
considerando-se diversos critérios como, por exemplo, o modo de separagdo (Skoog et al.

2009) (Figura 3.4).
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Figura 3.4 - Classificagdo dos métodos cromatograficos segundo o modo de separacdo, com destaque
para o método que sera utilizado neste trabalho.
Fonte: Skoog et al. (2009).

As técnicas de andlise cromatografica mais utilizadas na identificacdo dos HPA sao:
a cromatografia gasosa (GC) e a cromatografia liquida (LC), ambas associadas a diversos
tipos de detectores. Os analitos volateis, semi-volateis e termicamente estaveis sdo analisados
por GC, ja os compostos com massa molecular um pouco mais elevada ou que apresentem
sensibilidade a altas temperaturas devem ser analisados por LC (Luz 2010).

A GC ¢ uma técnica para separacdo e analise de misturas de substancias volateis ou
semi-volateis, onde a amostra ¢ vaporizada e introduzida em um fluxo de um gas adequado
denominado de fase movel ou gas de arraste. Este fluxo de gds com a amostra vaporizada
passa por um tubo contendo a fase estaciondria (coluna cromatografica), onde ocorre a
separacdo da mistura. A fase estaciondaria pode ser um sélido adsorvente (Cromatografia Gés-
S6lido) ou, mais comumente, um filme de um liquido pouco volatil, suportado sobre um
solido inerte (Cromatografia Gas-Liquido) ou sobre a propria parede do tubo (Cromatogratia
Gasosa de Alta Resolugdo). A Figura 3.5 mostra os componentes basicos de um GC.

Nesses equipamentos ¢ necessario o controle da temperatura do injetor, da coluna e
do detector, as quais sdo mantidas por termostatos. Como a temperatura ¢ um fator
extremamente importante, grande parte das andlises por GC ¢ feita com programagao de
temperatura, obtendo-se melhor separa¢do com picos mais simétricos em menor tempo de

analise (Degani ef al. 1998).
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Figura 3.5 - Componentes basicos de um cromatografo gasoso; a) entrada do géas de arraste, b) injetor,
¢) coluna, d) detector e e) registrador ¢ cromatograma.
Fonte: Modificado de Skoog et al. (2009).

A GC ¢ uma técnica analitica muito utilizada por possuir um alto poder de resolugao,
com limetes de detecgdo variando de nano a picogramas (10°-10"* g). A escolha da fase
movel (gas de arraste) depende do tipo de detector que esta sendo usado e do tipo de coluna,
sendo que este gas deve apresentar elevado grau de pureza e ser inertes quimicamente em
relacdo a fase estacionaria. Hidrogénio, nitrogénio e hélio sdo os mais empregados (Degani et
al. 1998, Skoog et al. 2009).

Os detectores de maior aplicacdo sdo o detector por ionizagdo em chama e o detector
de condutividade térmica. Atualmente, espectrometros de massa tém sido acoplados a
equipamentos de GC possibilitando a identificacdo imediata das substancias presentes na
amostra (Skoog et al. 2009).

A GC separa os componentes de uma mistura e a espectrometria de massa fornece
informagdes estruturais de cada analito. Combinando essas duas técnicas € possivel ter tanto
uma analise qualitativa como quantitativa e avaliar uma solugcdo contendo uma série de

compostos quimicos.

3.3 CARACTERIZACAO DA AREA DE ESTUDO

A costa brasileira possui uma das maiores areas continuas de manguezal do mundo,
com cerca de 1 milhdo de hectares e cuja vegetacdo apresenta sua maior exuberancia nas
latitudes proximas a linha do Equador, 4rea denominada Zona Costeira Amazonica (ZCA)
(Fernandes 2003). Ela esta inserida no contexto das regides tropicais umidas situadas entre
5° N e 4° S e os meridianos 43° W e 51° W, posi¢do equatorial e subequatorial, e estende-se

por 2.250 km abrangendo trés estados brasileiros: Amapa, Pard e Maranhdo (Ab’Saber 2005).
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As cidades de Belém-PA, Macapa-AP e Santana-AP constituem a area de estudo deste
trabalho. Nessas regides se desenvolve a maior extensdo continua de manguezais do planeta,
os estudrios estendem-se por mais de 80 km continente adentro em uma fisiografia com baixo
relevo (0 a 80 m), ampla planicie costeira (com at¢ 70 km de largura), alta densidade de
drenagem e processos ativos de erosdo e sedimentag@o (Souza Filho ef al. 2005).

A éarea de estudo ¢ caracterizada pelo comércio, transporte, armazenagem e transbordo
de combustiveis; pelas atividades pesqueiras e de extrativismo vegetal; ¢ pelas industrias

variadas (curti¢do de couro, produgdo de aluminio, celulose e papel) (Lima 2009).

3.3.1 Belém - Para

Na regido paraense, o trabalho englobou a Baia do Guajard, o Rio Guama ¢ o Rio
Aurd, area compreendida entre as coordenadas: 48°30° W e 49°00° W e 2°00° S e 1°30° S. O
Rio Aura e a orla da cidade de Belém, também entram como area de estudo neste trabalho
visto que mesmo as amostras tendo sido coletadas em periodo anterior ao inicio do doutorado,
o tratamento e a interpretacdo dos dados assim como a publicacdo de artigos abrangendo o
estudo dos HPA nesses dois locais ocorram durante o doutorado.

A cidade de Belém e sua regido metropolitana (RMB) apresentam, aproximadamente
1,7 milhdo de habitantes (IBGE, 2010a) e situa-se a uma altitude média de 15 m em relagao
ao nivel do mar, na confluéncia do rio Guama (ao sul) com a Baia do Guajara, sob influéncia
marinha e fluvial.

A rede de abastecimento chega a 80% das residéncias, mas somente 8% da descarga
domiciliar estd conectada a rede coletora de residuos, o que provoca o descarte inadequado
dos dejetos em 14 bacias que abastecem a cidade (IBGE 2012). Os dados mais recentes
encontrados na literatura, entretanto estimados ha mais de 15 anos, indicam que os corpos
d’4gua proximos a cidade de Belém recebem efluentes de 30 km de drenagens naturais, que
cortam a zona urbana da cidade e transportam uma carga total de 60.000 m® dia™ de esgoto in
natura (Corréa 2002). Além disso, Belém estd no ranking de municipios com maior percentual
de esgoto a céu aberto entre as cidades brasileiras com mais de 1 milhao de habitantes, entorno de

44,5% domicilios, e também com relacdo ao lixo acumulado (10,4%) (IBGE 2012).



25

Em toda a area predominam as atividades portuarias de pequeno e médio porte, ha
também um intenso trafego fluvial de embarcagdes, principalmente no entorno do Terminal

de Miramar (TEMIR) e Porto da SOTAVE (Baia do Guajara).

3.3.1.1 Geologia da area

Geologicamente, a regido ¢ constituida por uma area insular e outra continental,
desenvolvida sobre um terraco de erosdo, com altitude de 5 m, bruscamente delimitado por
nitidas escarpas voltadas para as dguas do estudrio Guajara e Furo do Maguari (Para 1995).
Nessa ocorrem os sedimentos Terciarios de Formagao Barreiras, os sedimentos Quaternarios
do Pés-Barreiras e sedimentos Holocénicos.

A Formagao Barreiras ¢ constituida de sedimentos continentais, argilosos, arenosos,
com presenca de fosseis vegetais e animais, € ocasionalmente conglomeraticos e ricos em
hematita/goethita. O Pos-Barreiras apresenta sedimentos arenosos que variam de
creme-amarelados e amarelo-alaranjados até branco, com silte e argila intercalados. As argilas
sao de coloragdo cinza escuro a cinza claro e contém restos de vegetais, localmente
apresentam-se laminados com intercalagdes de niveis milimétricos a centimetros de silte e
areia fina, sdo incluidos também arenitos ricos em hematita/goethita sob forma de blocos,
sustentados por uma matriz areno argilosa incoesa (Nascimento et al. 1998).

Os sedimentos Holocénicos que constituem as formacdes aluviais recentes que
ocorrem nas areas das baixadas inundaveis da faixa litorAnea e nos vales de rios e igarapés da
regido. Constituem-se de areias e argilas com siltes associados, as areias sdo de granulometria
fina 4 média de cor marrom, com intercala¢des de argila e silte. As argilas sdo cinza, marrom
e as vezes preta, portadora de restos vegetais com galhos e folhas, contendo bioturbagdes e
laminacdes plano-paralelas formadas por intercalagdes de argilas, siltes e areias finas em
niveis milimétricos (Nascimento et al. 1998).

A fisiografia da regido pode ser simplificada em zonas de Terra Firme, com as cotas
maiores que 14 m, e as zonas de varzeas, inferiores a 4 m. Nas zonas com cotas mais elevadas
predominam os terrenos sedimentares do Quaternario (Pleistoceno; mas alguns terciarios),
consistindo em niveis de concre¢des ferruginosas intercaladas em corpos de areia ou argila.

Nas zonas de baixadas ocorrem sedimentos do Quaternario (Holoceno), compostos por
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argila/silte inconsolidados. Algumas areas sdo terrenos fluviais inundaveis, sobretudo na

época chuvosa ou durante a maré de langante (Para 1995).

3.3.1.2 Clima

Belém ¢ a capital mais chuvosa do Brasil, seu clima ¢ classificado como tropical
umido sem estagdo fria, com temperaturas médias anuais que variam entre 29°C e 34°C,
baixas amplitudes térmicas diarias, indices de umidade relativa do ar raramente menores que
70% (oscilando em torno de 90%), a menor precipitacdo mensal ¢ sempre superior a 60 mm e
o total pluviométrico superior a 2.500 mm. Esses dados sdo indicativos de uma regido com
bastante calor e umidade (Somar Meteorologia 2015).

Sao comuns precipitacdes pluviométricas, ditas de convecgdo, trazidas pelos ventos
NE sobre a baia de Guajara e ilhas adjacentes (Bastos et al. 2002). A regido ndo apresenta
meses secos bem definidos, além de ndo existir uma reparticdo muito uniforme das chuvas
durante o ano; o que ocorre ¢ uma sensivel diminui¢do mensal das precipitagdes a partir do
més de junho, geralmente atingindo indices minimos em torno de outubro e novembro
(SUDAM 2013). O regime das chuvas exerce uma grande influéncia sobre os sistemas

hidricos da regido (Moraes et al. 2005).

3.3.1.3 Vegetacao

Na RMB existe um predominio da floresta densa do tipo Ombroéfila Aluvial (agai e
buritirama) e outras plantas rosuladas (Heliconia), nas areas quaternarias aluviais. Observa-se,
também, ucutba, samaumeria e agacu, que ocupam as areas de aluvides mais consolidadas.
Em 4reas mais proximas ao rio Guama e baia de Guajara encontram-se espécies como
Rhizophora mangle (Mangue) e Avicennia sp (Siriiba) que recobrem estreitas faixas das
planicies, e onde essas sdo ausentes, ocorre a vegetacdo de Varzea e Igapd como Euterpe
oleracea (acai), Montrilia fluxuosa (buriti) e Montrichardia arborescens (aninga) (Gongalves

et al. 2006, Pinheiro 1987).
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3.3.1.4 Hidrodinamica

O estuario Guajara representa um ambiente caracterizado por uma alta energia € como
consequéncia, ndo apenas a fisiografia, como o proprio relevo da calha estuarina estd sujeito
as modificacdes periddicas relativamente rapidas (Pinheiro 1988). A superficie das aguas,
mesmo em condi¢des de ventos fracos, caracteriza-se como um sistema relativamente agitado,
sobretudo pela acdo das correntes de marés que com a presencga frequente de ondulagdes
irregulares define um regime de fluxo turbulento (Monteiro et al. 2015).

Pinheiro (1987) classifica a baia do Guajard como um sistema com padrdo de
circulagdo uniforme, que no periodo entre a preamar e baixa-mar tende a ser homogéneo e
com baixas concentragdes ionicas na superficie, sendo a dindmica das aguas um sistema de
elevada energia hidraulica. A sazonalidade e a entrada da maré¢ salina provocam alteragdes
nas propriedades fisico-quimicas das dguas e na concentragdo do material em suspensao
(Cordeiro 1987, Pinheiro 1988).

Apesar da forte imposicao das correntes ¢ das marés, as ondas, de até 1,5 m, geradas
pelos ventos representam um importante agente na dinamica deste sistema, o qual propicia a
mistura das aguas e constante ressuspensdo dos sedimentos de fundo nos bancos e margens.
Além disso, promovem degradagdo, principalmente, na margem urbanizada do estudrio e, por

outro lado, criam situagdes de agradagdo em locais especificos (Cordeiro 1987).

3.3.2 Macapa e Santana - Amapa

No Setor Costeiro Estuarino do Estado do Amapa concentra-se a maior parte da
populacdo do estado, com 75% dos habitantes amapaenses. Macapa (capital do Amapad) e
Santana (municipio distante 18 km de Macapd) possuem uma populacdo de 590.177
habitantes, equivalente a 63% da populacdo do estado (IBGE 2010b).

Essas duas cidades amapaenses, assim como muitas outras cidades localizadas na
costa norte brasileira, ndo possuem um sistema de tratamento de esgoto adequado, sendo o
mesmo lancado diretamente no sistema hidrico do Canal de Santana, localizado entre a orla
urbana municipal e a ilha de Santana (Silva ef al. 2001). A economia local baseia-se no
turismo, comércio, industria, pecuaria (bovina e bubalina), agricultura e, principalmente,

extragdo mineral. Os principais produtos comercializados sao: madeira, minério (manganés e
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crdmio) e celulose, além das atividades de transbordo e transporte de petroleo e derivados

(Berrédo et al. 2001, Cunha et al. 2004).

3.3.2.1 Geologia da area

Os sedimentos tércio-quaternarios adjacentes a zona costeira estuarina do Estado do
Amapa sao representados pelas rochas da Formagao Barreiras (arenitos argilisados, argilitos
siltosos e conglomerados) em sistemas de leques aluviais e lacustres. A distribuicdo dos
sedimentos ocorre no dominio dos municipios de Macapd, Santana, Itaubal, Cutias e nordeste
do Municipio de Mazagdo (Nittrouer ef al. 1999).

Nittrouer et al. (1999) descreveu duas fases de desenvolvimento da planicie costeira
do Amapéa durante o Quaternario: pré-holocénica, com processos de organizagdo natural do
relevo da regido e holocénica apresentando uma reorganizagdo continua de sua rede de
drenagem na qual processos aluviais contribuiram para o remodelamento da superficie desta
planicie. Observou ainda a ocorréncia de 3 unidades distintas: sedimentos argilo-arenosos,
que constituem a base da formacao, sedimentos areno-argilosos e sedimentos arenosos €
conglomeraticos.

Segundo Silveira & Santos (2006) a linha de costa do Estado do Amapa demonstra
uma grande instabilidade morfologica, devido a agcdo de diversas for¢antes na regido, tais
como o regime de ventos (predominancia de alisios de nordeste), alta precipitacdo, o sistema
de circulagdo geral do oceano Atlantico (Corrente Norte Equatorial e reflexdo da Corrente
Norte Brasileira) e a descarga do Rio Amazonas.

Fazem parte da fisiografia do Estado do Amapa as bacias hidrograficas dos rios:
Matapi, Curiau, Pedreira, Ipixuna, Macacoari, Gurijuba, Araguari ¢ das Ilhas da Pedreira e

Arquipélago do Bailique (IEPA 2004).

3.3.2.2 Clima

O clima amapaense caracteriza-se por ser equatorial quente-imido caracterizado
principalmente por elevadas precipitagdes anuais com média de 2.550 mm ano™, a variagio de
temperatura ¢ pequena, em virtude de sua localiza¢do, préxima a linha do Equador, sendo

média anual igual a 26,6°C (Neves et al. 2011).
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O periodo chuvoso segue de dezembro a agosto, ndo chegando a 3.000 mm. A estacdo
mais seca vai de setembro a meados de dezembro, quando se registram as temperaturas mais
altas (INMET 2015). Os ventos predominantes sdo os alisios do hemisfério norte, que sopram
do nordeste, porém durante o periodo seco, devido ao recuo da frente intertropical na direcao

norte, chegam ao litoral amapaense os alisios do hemisfério sul (SUDAM 2013).

3.3.2.3 Vegetacgao

A vegetagdo caracteristica do litoral estuarino do Estado do Amapa apresenta um
conjunto impar, moldado pela dindmica do Rio Amazonas, onde predominam os campos
naturais e as florestas de varzea. Na planicie costeira do Estado do Amapéa ocorre uma
cobertura de floresta denominada Formacdo Pioneira caracterizada por espécies que se
encontram no estadgio de sucessdo com ecossistemas dependentes de fatores ecologicos
estaveis sendo divida em Campos da Planicie do Amapa (IEPA 2004).

As espécies caracteristicas das florestas de varzea na regido estuarina do Amapa sio
marcadas pelo dominio de palmeiras, destacando-se o acai (Euterpe oleracea), buriti
(Mauritia flexuosa), ubucu (Manicaria saccifera) e urucuri (Attalea excelsa) (IEPA 2004).

Os solos hidromorficos sdo bordejados por vegetagdao do tipo macréfitas aquaticas na
margem interna dos canais € pequenos rios, e vegetacdo constituida por espécies do tipo
aningas (Montrichardia arborencens), Eichhornia crassipes e outras associagdes do tipo

palmeiras (Costa Neto et al. 2006).

3.3.2.4 Hidrodinamica

As véarzeas do estudrio amazonico recebem influéncias das marés oceanicas através de
dois pulsos didrios de inundagdo. As forgantes atmosférica, ocednica e Amazonica sdo as
principais atuantes na zona costeira do Amapa (Silveira & Santos 2006). Este ltimo ¢
considerado o maior em descarga liquida com 209.000 m® s e 6.108 t dia” de aporte de
sedimentos ao oceano (Geyer et al. 1996). Descarga essa que varia sazonalmente, com

1 1

maximo em torno de 220.000 m’> s’ em maio, € minimo em torno de 100.000 m’ s em

novembro, a maior parte do volume de 4gua doce (cerca de 65% da descarga total) ¢
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transportada pelo canal do Norte, influenciando diretamente a zona costeira amapaense

(Cunha et al. 2010).
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4 MATERIAIS E METODOS

4.1 ESTRATEGIA AMOSTRAL

A malha amostral em areas urbanas e periurbanas proximas a Belém, Macapa e
Santana foi estabelecida com base nos seguintes fatores: riscos ambientais, influéncia de
tributarios derivados de corpos de dguas poluidos e nao poluidos e a presenca de material com
granulometria fina (predominio de silte + argila).

A coleta das amostras de sedimentos na Baia do Guajara e Rio Guama (Belém-PA) foi
realizada em 11 pontos nas proximidades de sua porcao insular (Figura 4.1), uma vez que o
grupo de pesquisa havia coletado e analisado amostras ao longo da margem urbanizada desses
dois corpos hidricos, assim como no Rio Aura. As amostragens referentes aos HPA nas
proximidades da 4rea fortemente urbanizada de Belém geraram dois artigos desenvolvidos e

publicados durante periodo do doutorado aparecendo como resultados desta tese.
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Figura 4.1 — Area de trabalho em Belém-PA e localizagdo dos pontos de amostragem na porgio insular
da cidade.

No Amapa, 16 coletas de sedimento superficial foram realizadas ao longo do Canal de
Santana no Estudrio do Rio Amazonas abrangendo as orlas das cidades de Macapa e Santana

e a Ilha de Santana (Figura 4.2).
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Figura 4.2 — Area de trabalho no Amapa e localizagio dos pontos de amostragem.

4.2 AMOSTRAGEM

As amostragens foram realizadas com o auxilio de uma draga do tipo Van Veen que
coleta material oriundo de no maximo 10 cm de profundidade (Figura 4.3A). Esta estratégia
de amostragem tem por objetivo representar cerca de 10 anos de acumulo de poluentes nos
sedimentos, visto que Santos et al. (2012) e Neves et al. (2013) determinaram uma taxa de
sedimentacdo média de 0,8 cm ano™ na baja de Guajara (Belém-PA). Valores semelhantes na
taxa de sedimentacdo sdo estimados na regido amapaense segundo o Ministério do Meio
Ambiente.

As amostras de sedimento foram transferidas para recipientes metalicos previamente
lavados com n-hexano (Figura 4.3B) e mantidas sob refrigeracdo para posterior congelamento

em laboratorio até o inicio do tratamento pré-analise.
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Figura 4.3 - (A) Coleta e (B) armazenamento das amostras de sedimento superficial em recipientes
metalicos.

4.3 ANALISES DE LABORATORIO

A analise dos HPA consistui em cinco etapas basicas: extracdo dos analitos da matriz,
remogao dos coextrativos ou clean up, separacao ou fracionamento dos analitos, identificagao
e quantificacdo dos compostos. Métodos cromatograficos foram empregados nas quatro
ultimas etapas da andlise, sendo a GC utilizada somente para identificacdo e quantificagdo dos
analitos.

Neste trabalho foi utilizado os 16 HPA listados como prioritarios pela USEPA, que
muitas vezes sdo considerados como representativos para a medigdo desta classe de

substancias em amostras ambientais (Otte et al. 2013).

4.3.1 Cuidados Analiticos

Para evitar contaminagdo, toda a vidraria utilizada foi previamente imersa em
detergente alcalino Extran a 5% por, aproximadamente, 12 horas. Depois enxaguada em agua
destilada, seguido de acetona, diclorometano e n-hexano, seca naturalmente e coberta com

papel aluminio.

4.3.2 Preparaciao do Sedimento

As amostras congeladas foram secas em estufa a 28°C por 7 dias. Apds a secagem, 0s

sedimentos foram macerados com pistilo e gral de agata para sele¢do de: 4 g para a extragdo
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dos HPA e andlise dos mesmos, 4 g para calcinagdo e 1 g, aproximadamente, para

determinagdo granulométrica.

4.3.3 Extracao

Antes da extracdo, foi adicionado a amostra 100 pL do padrdo subrrogado (solucao
com concentragio final de 50 ng g composta por: Naftaleno-ds, Acenafteno-d, o, Fenantreno-
djo e Criseno-d;»), 30 min de repouso para incorporacdo dos padrdes na matriz. A extragao
dos HPA seguiu o método 3550C descrito pela USEPA (2007) com alteracdes de Medeiros e
Bicego (2004) para contaminantes ambientais. A extra¢do ultrassonica teve duracao de 30 min
e adi¢do de 6 mL de diclorometano (DCM), para cada amostra esse processo foi repetido duas
vezes totalizando 18 mL de extrato.

Extragdes de compostos organicos podem ser eficientes a partir de 10 min a até 1 h
utilizando-se este processo (Bendicho ef al. 2012) e o método de extragdo de HPA por
agitacao ultrassonica tem revelado resultados equivalentes aos obtidos pela cléssica extracao
via Soxhlet (Lopez-Avila & Benedicto 1996). O extrato foi concentrado em evaporador
rotativo até o volume de 1 mL para a troca de solvente por 8 mL de n-hexano grau HPLC e
concentrado a 2 mL. Ao término do processo de troca de solventes, foram adicionados fios de
cobre metalico aos extratos para eliminar compostos a base de enxofre que prejudicam a

analise cromatografica.
4.3.4 Clean Up, Fracionamento e Padrio Interno

Os processos de limpeza (clean up) e fracionamento foram realizados segundo o
método 3630C descrito pela USEPA (1996), com modificacdes propostas por Barbosa et al.
(2016).
4.3.4.1 Montagem da coluna para o clean up e fracionamento

Para a realizag@o dos processos de clean up e fracionamento foi utilizada uma a coluna

com | cm de didmetro. Na base da coluna previamente lavada com DCM adicionou-se 13 de

vidro que também foi lavado no interior da coluna com DCM, a torneira foi mantida aberta
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durante toda essa etapa. Apds todo o escoamento do DCM, fechou-se a torneira e uma
quantidade de DCM necessaria para alcancar a altura de, aproximadamente, 5 cm foi
adicionada.

Uma pequena quantidade de sulfato de sodio (Na,SOy), cerca de meia espatula
pequena, foi adicionada sobre a 13 de vidro para nivelar a alumina acrescentada a coluna
posteriormente. Apos todo o assentamento do sulfato de sédio, adicionou-se lentamente 1 g
de alumina neutra (desativada a 2%) e a mesma compactada na coluna com auxilio de um
bastdo emborrachado. Foram misturados 2 g de silica (desativada a 5%) com DCM em um
béquer para formar um gel que foi adicionado a coluna.

No topo da coluna foi adicionado o sulfato de s6dio com DCM até sua perfeita
compactagdo. O excesso de solvente foi escoado até atingir o nivel do sulfato de sodio e a
torneira fechada novamente. Antes do uso, faz-se necessario a troca de solvente da coluna. A
troca de solvente ¢ realizada através da adicdo 10 mL de n-hexano grau HPLC na coluna, o
mesmo deve ser escoado lentamente até o nivel do sulfato de sddio e a torneira fechada. A
Figura 4.4 ilustra a coluna pronta para os processos de limpeza e fracionamento € no anexo A
esta detalhadamente descrito o preparo do sulfato de sodio, da silica (desativada a 5%) e da

alumina neutra (desativada a 2%).

Sulfato de sodio

Silica gel
(silica desativada a 5% + DCM)
Alumina neutra (desativada a 2%)

Sulfato de sodio
L3 de vidro

Figura 4.4 - Coluna otimizada para os processos de clean up e fracionamento.
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4.3.4.2 Clean Up e Fracionamento

Durante o processo de limpeza e fracionamento sdo geradas duas fragdes: F; composta
por n-alcanos saturados e F, por aromaticos (HPA). Com o auxilio de uma pipeta Pasteur, o
extrato (2 mL) foi transferido para a coluna. O baldo volumétrico onde estava armazenado o
extrato foi lavado duas vezes com aproximadamente 1 mL de n-hexano grau HPLC para o
aproveitamento total do extrato. O extrato foi eluido lentamente com 6 mL de n-hexano grau
HPLC e a F; coletada em um balao volumétrico. Um novo baldo coletor foi utilizado para
coletar F,, obtida através da elui¢ao do extrato com 20 mL de uma solugao de DCM/n-hexano
(1:1, v:v). A fracdo F,, fracdo de interesse neste trabalho, foi concentrada em evaporador
rotativo até um volume de 1 mL e transferida para um frasco para posterior inje¢do no

GC/MS .

4.3.4.3 Adicao do Padrdo Interno (PI)

Ao extrato de HPA (F;) no frasco de injecdo foi adicionado 50 puL do PI de HPA (p-
terfenil-d;4 1 pg mL' em n-hexano grau HPLC). Realizou-se ainda antes da inje¢cao no GC/MS,

uma homogeneizagao da solugdo extrato + PI com agitador do tipo vortex por 30 s.

4.3.5 Determinac¢io dos HPA por GC/MS

A determinagdo e quantificagdo dos HPA por GCMS/MS foram realizadas no
Laboratério de Analise de Compostos Organicos Poluentes da Universidade Federal de
Sergipe (UFS). Para a identificacdo dos HPA foi utilizado a comparacao dos tempos de
reten¢do de analitos e padrdes e os ions de identificacdo de cada analito. Para a quantificacao
foi empregada a area do ion de quantificagdo especifico de cada analito (Anexo B). A
recuperacdo do método foi avaliada através dos percentuais recuperados dos padrdes
subrrogados.

As andlises cromatograficas foram realizadas em cromatografo gasoso acoplado a
espectrometro de massa triploquadrupolo modelo GCMS-Tq8040 (Shimadzu) com ionizador

de elétrons (Figura 4.5) equipado com um injector automatico Comb Pal (AOC 5000 plus) e
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uma coluna capilar SH-RTXS5SiIMS (Crossbond 1,4-bis[dimethylsiloxy]phenylene dimethyl
polysiloxane, 30 m, 0,25 mm didmetro interno, 0,25 um film thickness, Restek, USA), sob as
seguintes condigdes de operagdo: temperatura do injector igual a 300°C em modo splitless;
temperatura da interface de 300°C; fonte de ioniza¢ao a 280°C; e taxa de fluxo de 1,2 mL
min™ (Hélio, 99,995% de pureza).

A rampa de temperatura utilizada foi a seguinte: temperatura inicial do forno igual a
40°C durante 1 min, depois aumentada em 20°C min” até 150°C, em 10°C min™ até 220°C,
em 5°C min™ até 245°C, e finalmente aumentada em 10°C min™ até 300°C sendo mantida
durante 7 min. O tempo total da corrida cromatogréfica foi de 31 min (Souza et al., 2018). A

Figura 4.6 ilustra o processo de tratamento das amostras até a injecao no GCMS.

Figura 4.5 - Cromatografo gasoso acoplado a espectrometro de massa triploquadrupolo modelo
GCMS-Tq8040 (Shimadzu) com ionizador de elétrons.

Concentragéo do
Preparo da Amosira j=—s{ Exfracdo je Extrato
Cromatografia de Adsorcéo
(Clean Up e Fracionamento}
F2 F2+ Pl GCIMS

Figura 4.6 - Fluxograma do processo de tratamento das amostras até a inje¢do no GC/MS.
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4.3.6 Controle de Qualidade das Analises

A validacao dos dados foi realizada de acordo com as diretrizes da USEPA. Os dados
foram revisados quanto ao tempo de reten¢ao, desempenho do sistema GC-MS, calibragdes
iniciais e continuas, andlise em branco do método de laboratorio, recuperagdes e limites de
quantifica¢do (LQ) e deteccdo (LD) dos HPA. Curvas de calibragdo construidas na faixa de
interesse foram lineares e os coeficientes de correlagdo linear para a maioria dos compostos
foram superiores a 0,99 indicando boa performance do método cromatografico (Anexos C e

D).

4.3.7 Analises Granulométricas

A determinagdo das propriedades fisicas dos sedimentos ¢ de fundamental importancia
para o entendimento da dindmica responsavel pela formacao de depdsitos sedimentares, assim
como sua afinidade com matéria organica e contaminantes. Neste contexto, a propriedade
mais importante dos sedimentos ¢, provavelmente, a dimensao das particulas que os compdem
e a quantificagdo por grandes classes dimensionais. Essa andlise permite deduzir indica¢des
preciosas, tais como a proveniéncia, transporte ¢ ambientes deposicionais (Martins 2007).

O material sedimentar seco, cerca de 1 g, foi lavado com 4gua destilada/deionizada e
peroxido de hidrogénio (H>O,) para remocao da matéria organica. Em seguida, o material foi
desagregado através de ultrassom e agitador mecanico. Posteriormente, o tamanho dos graos
foi determinado por meio de um analisador de particulas a laser (Laser Diffraction, SALD

2101-Shimadzu).

4.3.8 Analises de Carbono Organico (% CO) e Matéria Organica (%MO)

A quantidade de carbono organico (CO) foi determinada por oxidacdo da matéria
organica, método gravimétrico. Para determinar a quantidade de matéria organica (MO), o
valor obtido para o CO foi multiplicado por 1,724 e os resultados apresentados em
percentagem.

Para determinagdo do carbono organico pelo método gravimétrico, pesou-se

aproximadamente 1g de amostra seca em estufa, a 105°C em cadinho de porcelana ja
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previamente calcinado a 400°C, durante 1 hora. O cadinho foi levado ao forno mufla por 4
horas a uma temperatura de 450°C, esfriou-se em dessecador e realizou-se a pesagem. A
diferenca na massa da amostra antes e apos a calcinagdo a massa de carbono organico

presente. O calculo foi realizado segundo a Equacgao 1.

m(g) = 100%
pl(g) —p2(g) = %CO

Equacgao 1

Onde:
m(g) = massa da amostra ndo calcinada;
pl(g) = peso do cadinho + amostra antes da calcinagdo;

p2(g) = peso cadinho + amostra ndo calcinada.

4.4 INTERPRETACAO DA ORIGEM DOS HPA

As razdes diagnosticas de origem HPA (Tabela 4.1) sdo amplamente utilizadas como
ferramentas para a interpretacio das fontes desses compostos. HPA piroliticos sdo
caracterizados por quatro ou mais anéis aromaticos, € um alta massa molecular (HMW),
enquanto os HPA de origem petrogénica apresentam baixa massa molecular (LMW).
Portanto, a razao LMW/HMW tem sido utilizada para distinguir fontes pirogénicas (< 1) e
petrogénicas (> 1).

Phe e Ant sao dois isomeros estruturais e devido as suas propriedades fisico-quimicas
distintas, eles se comportam de forma diferente no ambiente e o que gera valores varidveis
para a razao Phe/Ant, pois o Phe ¢ termodinamicamente mais estavel do que o 4Ant (Gschweng
& Hite 1981). As razdes Phe/Ant > 10 e Flt/Pyr < 1 indicam que as fontes de HPA sdo
petrogénicas, enquanto o resultado oposto sugere uma proveniéncia pirolitica aos HPA. A
razdo Ant/(Ant+Phe) < 0,1 indica uma fonte petrogénica ¢ > 0,1 uma fonte de combustdo
(Yunker et al., 2002). Fla/(Fla+Pyr) < 0,4 indica uma origem petrogénica, e essa relagdo entre
0,4 e 0,5 implica uma origem de combustio de combustiveis fosseis, enquanto
Fla/(Fla+Pyr) > 0,5 sugere fonte de combustdo de carvdo, grama e madeira (Tobiszewski &
Namiesnik 2012).

Chr e BaA sao formados a partir de processos de combustao da matéria organica sob

temperaturas elevadas, logo a relacdo BaA/(BaA+Chr) permite definir uma origem de HAP
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relacionada a combustdo de carvao quando a razdo estd entre 0,20 a 0,35. A emissdo de
veiculos implica em valores superiores a 0,35 para essa propor¢do e fontes petrogénicas
abaixo de 0,2 (Yunker et al. 2002). J& a razdo IcdP/(IcdP+BghiP) < 0,2 sugere uma origem
petrogénica, valores entre 0,2 a 0,5 indica combustao de petrdleo e valores > 0,5 caracterizam
combustdo de grama, madeira e carvao (Tobiszewski & Namiesnik 2012).

A razdo XCOMB/XHPA ¢ muito util para se determinar o grau em que a origem dos
HPA esta relacionada a combustdo de compostos organicos, valores entre 0,2 e 0,9 indicam
altas fragdes de origem pirolitica (Le & Dong 2011). A concentracdo total de HPA
relacionadas a combustdo (XCOMB) representa a soma de Fla, Pyr, BaA, Chr, BbF, BkF,
BaP, IcdP, DahA e BghiP; enquanto que XHPA representa a concentracao total de todos os 16
HPA analisados.

A razdo entre os HPA com 4 anéis aromaticos € HPA com 5 e 6 anéis aromaticos
(PAHu4)/PAHs+6)) € utilizada para verificar a distdncia da fonte de HPA, por exemplo,
PAH4/PAHs+6) > 0,9 sugere um transporte por longas distancias enquanto valores < 0,9
sugerem que os HPA se originam a partir de emissdes de fontes locais (Liu et al. 2007).
Todas as razdes diagnoésticas utilizadas na interpretacdo da origem dos HPA estdo dispostas

na Tabela 4.1.

Tabela 4.1 - Relagdo entre a razdes diagndsticas e a origem dos HPA.

Razio Origem
Pirogénica | Petrogénica

LMW/HMW <1 > 1
Phe/Ant <10 >10

Flt/Pyr >1 <1
Ant/(Ant+Phe) > 0,1 <0,1
Flt/(Fl1t+Pyr) >0,4 <04
BaA/(BaA+Chr) >0,2 <0,2
IcdP/(IcdP+BghiP) >0,2 <0,2
~COMB/ZPAH >0,2 <0,2




41

4.5 ANALISES ESTATISTICAS

A analise de componente principal (PCA) foi utilizada para determinar a relagao entre
as variaveis analisadas e suas distribuicdes. A PCA ¢ uma técnica multivariada utilizada para
simplificar a interpretacdo de sistemas complexos, sua principal fun¢do ¢ a reducdo da
quantidade de varidveis, mantendo as informagdes originais tanto quanto possivel (Ravindra
et al. 2008). Outra ferramenta estatistica empregada neste trabalho foi a andlise de correlagao
que ¢ amplamente utilizada em estudos ambientais porque ¢ um método eficiente de revelar
relacdes entre multiplas varidveis. O intervalo de confianga superior (Uper 95% interval) ¢
uma ferramenta estatistica muito usada para avaliag@o de risco. O limite de confianga superior
a 95% na média aritmética ¢ usado para indicar a confiabilidade de uma estimativa, quanto
maior distdncia do valor zero maior sera a diferenca entre as amostras. A PCA foi
determinada com a linguagem de programacao R (http://www.r-project.org/), e a analise de

correlagdo e o limite de confianca com o Excel.

4.6 VALORES-GUIAS DA QUALIDADE DE SEDIMENTOS (VGQS)

Os valores-guia do Canadd sdo baseados em um banco de dados quimicos e
bioldgicos obtidos na América do Norte e elaborados sob a orientacio do Conselho
Canadense de Ministérios do Meio Ambiente (CCME), o qual originou o Protocolo de
Derivacao dos Principios Canadenses para a Qualidade dos Sedimentos e para a Protecao da
Vida Aquatica (Environment Canada 1995). A elaboracdo desse protocolo teve por objetivo
estabelecer critérios para a avaliagdo da qualidade dos sedimentos e do significado
toxicologico das substancias associadas aos mesmos para os organismos aquaticos.

A experiéncia canadense também ja foi incorporada pela CETESB na avalia¢ao da
contaminagdo das aguas paulistas desde 2002, conforme o Relatério de Qualidade das Aguas
Interiores do Estado de Sao Paulo (CETESB 2005).

O Protocolo Canadense estabelece dois valores-guia de varias substancias quimicas
individuais com base em valores de concentracao especificos, o TEL (threshold effect level) e
o PEL (probable effect level). Esses valores-guia sao baseados nas concentracdes totais e na
probabilidade de ocorréncia de efeitos deletérios na biota em decorréncia da sua exposi¢ao a

esses niveis de concentragdo. O menor limite (TEL) representa a concentragio abaixo da qual
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raramente sdo esperados efeitos adversos para os organismos aquaticos. O maior limite (PEL)
representa a concentragdo acima da qual sdo frequentemente esperados efeitos adversos para
os organismos. Na faixa entre TEL e PEL situam-se os valores onde ocasionalmente espera-se
a ocorréncia de tais efeitos.

A aplicacdo destes valores tem cardter meramente orientativo na busca de evidéncias
da presenca de contaminantes em concentragdes capazes de causar efeitos deletérios,
sobretudo, com relagdo a toxicidade para a biota, mas ndo como critério de corte de qualidade
dos sedimentos. Alguns estudos tém indicado que, ¢ comum encontrar valores de referéncia,
ou seja, sem interferéncia antropogénica, acima dos valores-guia de qualidade dos sedimentos
adotados no Canada. Estes casos indicam que os valores de TEL e PEL podem ndo ser
indicativos da contaminagdo dos sedimentos devendo, portanto, serem utilizados
conjuntamente com outros critérios de avaliagdo (Chapman & Wang 2001), como a Diretriz
de Qualidade de Sedimentos (DQS) da Administragdo Oceanica e Atmosférica Nacional dos
EUA (NOAA).

O banco de dados que gerou a DQS do NOAA reune trabalhos onde sdo apresentadas
as concentragdes mais baixas relacionadas a algum efeito adverso e ndo apresentam trabalhos
onde as concentragcoes nao estdo relacionadas a efeitos, como as diretrizes canadenses. Desta
forma, existe menor chance de ocorrer um erro de previsibilidade do tipo “falso-positivo”, isto
¢, prever que o sedimento causard efeito toxico quando os testes ecotoxicoldgicos mostram
que ndo causa.

Os valores ERL (effects range low) e ERM (effects range median) da DQS sdo
amplamente utilizados e cientificamente testados quanto a sua habilidade de prever a
toxicidade do sedimento; sdo utilizados no processo de decisdo para disposi¢dao de material
dragado em outros paises, como por exemplo na Australia e na Nova Zelandia. Tanto TEL
quanto ERL sdo valores que preveem menos de 25% de efeito biologico adverso e, tanto PEL
quanto ERM sdo valores que preveem a incidéncia de 50% de efeito biologico adverso. E
ainda, para a maioria dos metais a incidéncia de efeitos abaixo do ERL ¢ apenas de 10%
(Long et al. 2000).

A Tabela 4.2 apresenta os limites de TEL, PEL, ERM e estabelecidos para alguns

dos HPA a serem estudados.



Tabela 4.2 - Valores-guia de qualidade de sedimentos (em ng g') para os 16-HPA-USEPA.

HPA ERL ERM TEL PEL

Nap
Acy
Ace
Flo
Phe
Ant
Flt
Pyr
BaA
Crh
BbF
BkF
BaP
InP
DahA
BghiP

160 2100

44
16
19
240
853
600
665
261
384

430

63

640
500
540
1500
1100
5100
2600
1600
2800

1600

260

YPAH 4000 45

35
7
6

21

87

47

113

153

75

108

6

619

391
89
128
144
544
245
1494
1398
693
846

763

135

6

43
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5 RESULTADOS E DISCUSSAO

O item Resultados e Discussdes esta organizado em 5 artigos. O primeiro artigo
intitula-se “Occurrence and sources of priority polycyclic aromatic hydrocarbons in sediment
samples along the Aurd River (Northern Brazil)”, publicado no periddico Geochimica
Brasiliensis. O segundo intitula-se “Preliminary assessment of Miramar Petrochemical Harbor
as PAH source to Guajara Bay (Belém-PA-Brazil) surface sediments”, publicado na Revista
Escola de Minas. O terceiro € intitulado “Presence, distribution and sources of PAH in
superficial sediments from amazonic estuarine systems, Northern Brazil” submetido a revista
Brazilian Journal of Oceanography. O quarto intitula-se “PAH baselines for amazonic
surficial sediments: A case of study in Guajard Bay and Guama River (Northern Brazil)”
submetido a revista Bulletin of Environmental Contamination and Toxicology. E o quinto
intitula-se “Polycyclic aromatic hydrocarbons (PAH) in surface sediments from the Amazon
River Estuary (Amapa, Northern Brazil): distribution, sources and ecological risk assessment”
submetido a revista Marine Pollution Bulletin.

Os dois primeiros artigos abordam um estudo inicial com relacdo aos HPA na Zona
Costeira Amazonica (ZCA), foram desenvolvidos sobre tudo com a intencdo de estabelecer
um padrdo e uma rotina de andlises no Cromatografo Liquido de Alta Eficiéncia (CLAE) com
detector UV-Vis-DAD do Laboratorio de Cromatografia da UFPA, assim como de adaptar as
técnicas de extracdo de HPA aos equipamentos disponiveis nesse laboratorio. Ambos os
artigos abrangem d4reas de amostragem onde a contaminagdo por HPA ¢ evidente e em
concentragdes passiveis de detec¢do e quantificacdo pelo CLAE.

O primeiro artigo trata do estudo da distribui¢do de HPA ao longo do Rio Aura e da
avaliacdao da origem dos HPA presentes nos sedimentos superficiais deste corpo hidrico. A
area de estudo foi escolhida devido a problematica existente com relagao ao aterro sanitario
irregular, desativado em 2015, com localizacdo proxima ao Rio Aurd e que funcionou desta
maneira durante varios anos. O segundo artigo, assim como o primeiro, visa avaliar se uma
fonte de HPA ¢ a principal via de poluicdo por esses contaminantes organicos em um corpo
aquatico. A area de estudo do segundo artigo abrange os sedimentos superficiais da Baia de
Guajara nas proximidades do Terminal Petroquimico de Miramar (TEMIR), investigado como
principal fonte de HPA para esta baia. Diferentemente do segundo artigo, que comprova uma

fonte prioritaria de HPA, o artigo “Preliminary assessment of Miramar Petrochemical Harbor
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as PAH source to Guajara Bay (Belém-PA-Brazil) surface sediments” revela que a area
recebe HPA de fontes petrogénicas relacionadas as atividades do TEMIR, mas que também hé
um input significativo de HPA pirogénicos.

Diante dos resultados obtidos no segundo artigo, o terceiro propde a quantificacao e
distribui¢ao de HPA ao longo de toda a margem urbanizada da Baia de Guajard, assim como a
identificacdo das fontes desses hidrocarbonetos para os sedimentos superficiais. Os niveis de
HPA totais detectados (> 500 ng g') caracterizam um ambiente altamente contaminado
segundo Soclo et al (2000). O quarto artigo discute baselines para os 16 HPA prioritarios em
estudos ambientais em sedimentos superficiais de ecossistemas aquaticos amazdnicos, com
base no estudo de caso do Rio Guama e da Baia de Guajara. O artigo “PAH baselines for
amazonic surficial sediments: A case of study in Guajara Bay and Guama River (Northern
Brazil)” abrange analises em sedimentos da regido insular desses dois corpos hidricos, visto
que ndo estdo sob a influéncia direta das fontes de HPA localizadas na regido urbanizada da
cidade de Belém-PA. Os cromatogramas e a tabela com os valores das concentragdes
individuais e totais dos HPA referentes ao quarto artigo encontram-se nos anexos E e F,
respectivamente.

O quinto artigo traz uma ampliagdo da area de estudo para além do estado do Pard. A
area de estudo do mesmo esta inserida no estado do Amapa, por isso pode-se dizer que esta
tese abrangeu parte da ZCA. O 1ltimo artigo abrange os temas discutidos nos artigos 3 ¢ 4
(quantificacao e distribuicdo de HPA, identificacdo da origem dos HPA, baselines e risco
ecoldgico) tendo como area de estudo o Estudrio do Rio Amazonas que compreende as
cidades de Macapa e Santana (AP). Os cromatogramas e tabela com os valores das
concentragdes individuais e totais dos HPA referentes ao quinto artigo encontram-se no anexo

G e H, respectivamente.
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Occurrence and Sources of
Priority Polycyclic Aromatic
Hydrocarbons in Sediment
Samples along the Aura River
(Northern Brazil)

Resumo

Hidrocarbonetos aromaticos policiclicos (HAP) sdo compostos orginicos
gerados pela combustio incompleta de matéria organica ¢ ha dezesseis PAHs
(16 USEPA-HPA) considerados prioritarios em estudos ambientais por parte
da Agéncia de Protecio Ambiental dos Estados Unidos. Os objetivos deste
trabalho foram determinar as principais variagdes de origem e espaciais do
16-USEPA-PAHs nos sedimentos do rio Aura, Estado do Para, norte do
Brasil. Ao norte do rio Aurd existe um aterro sanitdrio. atualmente
desativado, que funciou de forma descontrolada e irregular por cerca de 24
anos. PAHs foram identificados e quantificados em sedimentos de 10 locais
dentro do rio € em sua foz. As amostras foram analisadas por HPLC/UV-Vis-
DAD para avaliar o grau de contaminagdo. Concentragdes totais de PAH
(ZPAHs) variaram de 3 824,21-15 693.91 ng g-1. Em geral, observou-se um
gradiente de concentracio. As amostras de sedimentos foram classificadas
como altamente contaminadas (EPAHs> 500 ng g-1). Em comparagéo com
outras areas, as concentracdes de PAH no rio Aurd sdo relativamente
semelhantes aos lugares altamente industrializados e poluidos. As razdes de
alto peso molecular / baixo peso molecular de PAHs (LMW/ HMW). indicam
uma origem pirolitica. que demonstrou-se terem sido gerados principalmente
a partir da combustio de residuos.

Palavras-chave: hidrocarbonetos aromaticos policiclicos, rio Amazonas.
cromatografia liquida de alta performance

Abstract

Polycyelic aromatic hydrocarbons (PAHs) are organic compounds generated
by the organic matter incomplete combustion and there are sixteen PAHs (16-
USEPA-PAHs) considered as priority in environmental studies by the
Environmental Protection Agency of the United States. The aims of this work
were to determine the major source and spatial variations of the 16-USEPA-
PAHs in the sediments of Aura river. State of Para, northern Brazil. North of
the Aurd river exists a landfill site. currently disabled. which operated in an
uncontrolled and irregular manner for about 24 years. PAHs were identified
and quantified in sediment from 10 sites inside the river and in its mouth. The
samples were analyzed by HPLC/UV-Vis-DAD to assess the degree of
contamination. Total PAH concentrations (£PAHs) ranged from 3 824.21 to
15 693.91 ng _2'1. In general, a concentration gradient was observed. The
sediment samples were classified as highly contaminated (ZPAHs > 500 ng g
1. Compared to other areas, PAH concentrations in Auré river are relatively
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similar to highly industrialized and polluted places. The ratios of low
molecular weight/high molecular weight PAHs (LMW/HMW). indicates a

pyrolytic origin, which have shown to be mostly from waste combustion.
Keywords:

Polycyelic  aromatic  hydrocarbons. Amazon river.

performance liquid chromatography
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1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs)
include toxic organic compounds that can be
found in wastewaters and sewages released from
industrial and/or urban areas. These wastewaters
and sewages are sometimes discharged untreated
to stream waters and it can be a problem to human
health. Though PAHs occur naturally in the
environment, generated by forest fires and
volcanic eruptions, but the largest amount of
PAHs is released into the environment by human
activities  (King-Heiden et al,  2011).
Anthropogenic PAHs result mainly from pyrolytic
processes, especially the incomplete combustion
of organic materials during industrial activities.
domestic waste burning. incineration and vehicle
emissions. and as well as from petroleum cracking
and refining in petrochemical industries (Porte ef
al., 2006).

Due to their toxic. carcinogenic, and
mutagenic characteristics, sixteen PAHs have
been identified as priority pollutants by the United
States Environmental Protection Agency (16-

USEPA-PAHs) (Kayal & Connell. 1995). Two
classes of PAHs can be distinguished based on
their properties and molecular weight: first, the
"low-molecular-weight" PAHs with two or three
benzene rings and "high-molecular-weight" PAHs
with four to six aromatic rings (Pereira Netto ef
al., 2000). Sediments are often contaminated with
complex mixtures of toxicants and represent sinks
and potential sources for lipophilic pollutants
(Brack. 2003). Pollutants of concern in sediments
mclude moderately to strongly lipophilic
chemicals such as PAHs (Villeneuve ef al., 2000,
Brack et al., 2005).

The Aurd river is located in the
metropolitan area of Belém (capital of the State of
Pard, northern Brazil) between the latitudes
01°02'30"S and 01°30'00"S and the longitudes
48°10'00"W  and  48°30'00"W. It  has.
approximately. a total length of 10400 m. The

2. MATERIAL AND METHODS

Sediments were collected in 2014 at ten
locations along the Aura river (Fig. 1) and at its
mouth inside the Guama river. At each location.

Geochimica Brasiliensis 30(1): 26 - 32, 2016

climate of the area is characterized as "equatorial
humid", according to the Képpen classification.
The annual rainfall average is 2000 mun and the
temperature average is 35°C (Ferreira & Costa,
2006). Tt is an area characterized by a diversity of
environmental problems. including deforestation,
erosion, flooding and water contamination
(Siqueira & Aprile. 2013). North of the Aurd river
exists a landfill site, currently disabled, which
operated in an uncontrolled and irregular manner
for about 24 years and approximately 1.4 km from
the Aurd River there are the lakes Bolonha and
Black Water. sources of water supply to the
metropolitan region of Belém (Siqueira & Aprile.
2013).

The flood plains and rivers of the Amazon
region are very sensitive to environmental
pollution, especially the basins near to the coastal
zone which sinuous channels associated with a
large sedimentary material load carried by the
flood pulse contribute to the residual
accumulation process in this area (Matos er al.,
2011). The Awra river is an important hydric
source to the lakes where the water is collected to
supply part of the Belém city.

Near the studied river there are a landfill
site. currently disabled. Waste degradation
products, as well as substances produced by its
burning are potential sources of PAHs and these
contaminants have as main final destination the
river beds (Lima. 2004), the Aura river in this
case. The regional climate, characterized by
constant and intense rains. allows the pollutants
migration like a shaped plume moving through
runoff toward the local rivers (Bahia ef al., 2006).

The present study, to our knowledge, is the
first one to assess information about PAHs in the
Aurd river. The aim of this work, therefore. was to
determine the major source and spatial variations
of 16-USEPA-PAHs in the sediments of this
watercourse.

Naphthalene-d8, Acenaphthene-d10.
Phenanthrene-d10 and Chrysene-d12 solution in
n-hexane HPLC grade). The PAHs were extracted

High



sediment was collected from the surface (0-10
cm) with a Petersen grab sampler and thoroughly
homogenized in inert materials. Sediments were
freeze-dried (Liotop, model 1101) and amounts of
4 g of the freeze-dried sediment were doped with
50 pL of an internal standard (500 ng g’

in ultrasonic bath (Bandelin Electronic. model TK
30 Somorex) during 30 min and 6 mL of
dichloromethane (DCM) HPLC grade was used as
solvent. This process is based on the method
3550C described by USEPA (2007).
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Figure 1. Aura river map showing the 10 sampling sites near to the landfill and the lakes Bolonha and Black Water.

Empty extraction thimbles were subjected
to the same extraction procedures and served as
process controls. The extraction method recovery
was calculated through wvalues obtained for the
mternal standard. Afterwards the ultrasound
extraction, the extract was cleaned up into a
alumina/silica gel column using n-hexane and n-
hexane/DCM  solution (50:50: wv:v) as mobile
phase according to the method 3630C described
by USEPA (1996).

The list of the 16 EPA priority PAHs was
used, which often is taken as representative for the
measurement of this substance class 1
environmental samples (Otte ef al, 2013). They
are: naphthalene (Na). acenaphthylene (Acy).
acenaphthene (Ace). fluorene (Flo), phenanthrene
(Phe). anthracene (An), fluoranthene (Fl). pyrene
(Py). benzo[a]anthracene (BaA). chrysene (Chr).

benzo[b]fluoranthene (BbE).
benzo[k]fluoranthene  (BkF). benzo[a]pyrene
(BaP), dibenzo[a, h]anthracene (DahA).

benzo[g, h.i]perylene
cd|pyrene (IcdP).
Analysis of PAHs was carried out by high
performance liquid chromatography with a diode
array detector. HPLC equipment

(BghiP),  indeno[l.2.3-

Dionex/Thermofisher Ultimate 3000 was used
under the following operating conditions: C16
column (250 mm x 4.5 mm x 5 pm) from
Acclaim: column temperature at 30°C: pump
pressure  between 2870-2980 psi: automatic
injection of 20 pL: flow rate of 2 mL min™:
elution system starting with 55% acetonitrile
(ACN) and 45% Milli-Q water for 5 min.
mereasing to 85% ACN in 30 min. system
stabilization in 85% ACN for 10 min. decreasing
to 55% ACN and system stabilization in 55%
ACN over 5 min. Readings were taken at
wavelengths of 214, 254 and 263 nm.

External standard calibration curves were
used for quantification of the extracts. Diagnostic
rates of PAHs origin were used as tools for the
mterpretation of petrogenic or pyrolytic origin of
these compounds (Gschwend & Hites. 1981.
Budzinski ef al., 1997, Page ef al., 1999, Readman
et al, 2002. Yunker e al, 2002). It can be
calculated by the ratio of the sum of the low
molecular weight PAHs total concentration
(LMW) and the sum of high molecular weight
PAHs total concentration (HMW) (Silva ef al,
2007).
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3. RESULTS AND DISCUSSION

Recoveries for each individual PAHs
studied in sediment samples were in the range of
99.4-100.3% (Table 1). According to the US
Environmental Protection Agency (EPA) methods
guidelines, acceptable recovery values should be
in the range from 70 up to 130% (Ribani ef al.,
2004). The calibration curves constructed were

linear over the range of interest and correlation
coefficients for the majority of compounds were
greater than 0.99, indicating good performance of
the chromatographic method. Good results were
also observed for detection limits in the range
0.01 to 0.50 ng ml™” and quantification limits 0.05
to 1.66 ng ml™.

Table 1. Concentration (ng g™') observed for each of the 16-USEPA-PAHs, ZPAHs, LMW, HMW and the extraction method recovery
percentage (%Rec) in the surface sediments of the 10 sampling sites along the Aura river. ND = not detected.
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16-USEPA- SAMPLING SITES
PAHs 51 52 53 54 S5 S6 57 S8 59 510
Na 1079.96 1079.10 1066.42 1063.34 106298 108986 107411 ND 1082.82 1152.86
Acy 1 444.76 144243 ND ND ND 1447.02 ND ND ND ND
Ace ND ND ND ND ND ND ND ND ND ND
Flo 999.87 998.68 998.02 ND 996.53 ND ND ND ND ND
Fhe 973.23 973.14 970.02 968.63 967.54 973.33 974.78 974.69 ND ND
An 1061.05 1074.49 1069.24 1066.49 106460 1079.76 ND ND ND ND
F1 1167.08 1166.87 1166.85 1163.55 116339 1169.81 ND 1167.49 ND ND
Py 1 446.49 1438.03 143544 143227 143205 1451.16 145229 1450091 ND ND
Chr 111932 1109.84 1108.71 1108.08 1108.01 ND 114405 114344 ND ND
BaA 1092.22 1089.65 1 089.07 1089.06 1088.82 ND 1 089.06 ND ND ND
BbF 146.95 148.69 147.41 151.85 153.08 ND ND ND ND ND
BKF 119497 119332 1191.86 1191.89 118941 121932 121907 121937 1189.82 121393
BaP ND ND 1335.77 1334.05 ND ND ND ND ND ND
DahA 1290.99 ND ND ND ND ND ND ND ND ND
IcdP 1 400.59 1399.99 1396.71 1396.24 139610 147542 147705 146822 139934 145741
BghiP 1276.43 1276.00 1275.24 1274.20 1273.18 ND ND 1305.19 1275.25 ND
LMW 555886 5567.85 4103.70 300846 409164 458998 204888 97469 108282 1152.86
HMW 1013505 882240 1014706 10141.19 880405 531572 638152 775461 386441 267135
IPAHs 1569391 1439025 1425076 1323964 1289569 990570 843040 872930 494723 382421
%sRec 99.6 99.4 99.8 99.7 100.2 99.9 99.8 100.0 100.2 100.3

The concentration ranges of individual
and total PAHs in sediment samples from Aura
river are shown in Table 1. The average total 16
PAHs concentration (XPAHs) from the 10
samples ranged from 3824.21 ng g'l at sampling
site 10 (S10) to 15693.91 ng g at S1. In general.
a concentration gradient was observed. The
highest concentrations were detected m the
northern portion of the Aura river, close to the
local landfill and a decreasing in the values of the
TPAHs was detected toward the mouth of the
Aura river. The typical high rainfall index in the
region may have significantly contributed to an
increase in the river flow leading to PAHs
distribution from the pollution source.

Samples may be classified as “highly
contaminated” if total PAH concentrations
(SPAHs) are higher than 500 ng g, “moderately
contaminated” at 250 ng g to 500 ng g’ TPAHSs.
and “slightly contaminated” if ZPAHs are below
250 ng g’ (Soclo ef al, 2000). Our data
demonstrates that all the sediment samples along
the Awrd river are classified as highly
contaminated. On the other hand. the
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concentration of individual PAHs was also lower
than the sediment quality criteria proposed by
USEPA (1993) for Flo (3000 ng g). Ace (2400
ng g’) and Phe (2400 ng g?). It is noteworthy that
the sampling sites S3 and S4 were the only ones
where there was observed the PAH BaP (1335.77
ng g’ and 1334.05 ng g?). this compound is the
most studied among the 16-USEPA-PAHs due to
their extremely toxic properties. According to
Garcia (2004). BaP is mainly found in areas close
to runoff and mixed wastewater {domestic and
industrial) discharge and close to the oil industry
such as refineries and gasoline stations.

BkF and IcdP were observed in all
studied sites. Py was the PAH with greater
concentration detected., 1446.49 ng g'l in SI.
Among the PAHs with low molecular weight. the
Ace was not detected in any of sample sites.
While Na was observed throughout the sampling
area. except in S8. Generally, there was a slight
sinking in the individual light PAHs detection
from S1 to S10: the total amount ranged from
5558.86 to 974.69 ng g'l. All 10 high molecular
weight PAHs were detected in at least one
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sampling point. IedP was observed in every
studied site, representing an average of 23% of
HMW. The average HMW from the 10 samples
ranged from 2671.35 at S10 to 10135.05 ng g™ at
S1.

The analysis and comparison of the total
sedimentary PAH levels in this study with other
Brazilian sediments and worldwide data shows
that the Auwrd river has PAHs rates similar to
highly industrialized and contaminated locations
(Table 2).

To find the origin of the pollution in the
Aurd river sediment samples, we used the
LMW/HMW ratios criteria, as demonstrated in
Fig. 2. All samples in this study yielded

LMW/HMW ratios lower than 1. indicating a
pyrolytic origin for the PAH contaminants (Silva
et al., 2007). Usually, no more than two criteria
are used to determine possible sources, because
using more criteria can lead to different and
ambiguous interpretation of the results. Petrogenic
contamination  is  characterized by  the
predominance of the low molecular weight while
the high 1noleculku‘ weight PAHs dominates the
pyrolytic PAH distributions (Soclo et al, 2000,
Magi et al.. 2002). The probable origin of these
contaminants. based on LMW/HML ratios, are
emissions from the regular burning of solid waste
(intentional or not) in the landfill close to the Aura
river.

Table 2. Concentration of total PAHs in selected Brazilian and worldwide sediments.

Region

Total PAHs (ng g'l) Reference

Low Levels

51

Chesapcake Bay-USA 1-180 Dickhut et al. (2000)
Lowland Region, Manaus-Brazil 13-58 Wilcke er al. (2003)
Laja Lake, Bio Bio-Chile 46 —359 Queiroz et al. (2005)
Santana Harbor, Santana-Brazil 101 — 554 Lima (2009)
Intermediate Levels

Caspian Sea, Europe 1—-1600 Tolosa et al. (2004)
Coceo River, Fortaleza-Brazil 721-2233 [EC Oag.ga}]can‘re eral.
Guanabara Bay. Rio de Janeiro-Brazil 83-2427 Silva ef al. (2007)
Todos os Santos Bay, Bahia-Brazil §-7221 Rocha et al. (2012)

High Levels
Aura River, metropolitan region of Belém city-
Brazil

3824 -15694

This work

Santos Estuary. Sdo Paulo-Brazil 23-68130 Bicego et al. (2006)
Lagoa dos Patos Estuary. Rio Grande do Sul-Brazil 38-11780 Medeiros er al. (2005)
Portland Harbor. Portland-USA 860 — 20 644 Stout et al. (2001)
South Paraiba River, Rio de Janeiro-Brazil 182 —35082 Nudi (2005)
13
Fetrogenic
0.86 Pyrolytic

LMW/HMW ratios

043

S1 52 53 54

S5 58 57 58

Sampling Sites
Figure 2. Plot of LMW versus HMW for sediment samples in the 10 sampling sites in Aura river,

4, CONCLUSION

The present work represents the study of

the distribution and origin of 16-USEPA-PAHs in
surface sediments of the Aura river. this is an
umportant

source of water supply to the

higher
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metropolitan region of Belém city.
sediment samples collected. ZTPAHs ranged from
3824.21to 15693.911 ng g'l and are dominated by
molecular

510

For the

weight compounds.



Furthermore, based on selected PAH ratios, it was
observed that sediments present a dominant
pyrolytic inputs. Therefore. the results suggest
that PAHs in the Awrd river study area are
derived. primarily. from buming of solid waste
(intentional or not) in the landfill. The values
found in this study suggest an important
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1. Introduction

Due to their toxic, carcinogenic, and
mutagenic characteristics, sixteen polycy-
clic aromatic hydrocarbons (PAH) have
been identified as priority pollutants by the
United States Environmental Protection
Agency (KAYAL; CONNELL, 1995).
Though PAH occur naturally, generated
by forest fires, volcanic eruptions and
biosynthesis by organisms, the largest

ociéencias

Preliminary assessment of
Miramar Petrochemical Harbor
as PAH source to Guajara bay

(Belém-PA-Brazil) surface sediments

Abstract

A preliminary study on a petrochemical harbor as a potential source of polycyclic
aromatic hydrocarbons (PAH) to surface sediments of Guajara bay, located in Belém
City, Para State, Brazil, over the last 10 years is presented here. The 16 priority USEPA
PAH were identified and quantified. Surface sediment samples, collected at 5 sites in
the bay, near Miramar Petrochemical Harbor (TEMIR), were extracted and analyzed
by high performance liquid chromatography with a diode array detector. Total PAH
concentration ranged from 533.0 to 3123.3 ng g dry weight with a mean concentra-
tion of 1091.9 ng g'. The most contaminated places were those where muddy sedi-
ments were found with highest concentrations of organic matter. The priority PAH
with low molecular weight represented 54.4% of the total abundance and indicate
that the main source of contamination of the sediments was petrogenic, indicative of
the relevant contribution of the petrochemical harbor activity to the input of PAH to
Guajara bay. However, pyrolytic PAH coming from fuel combustion, household waste
combustion and untreated sewage discharge are also potential contamination sources
to this environment.

Keywords: polycyclic aromatic hydrocarbons; sediment; petrochemical harbor;
Amazon estuary.

amount of PAH is released into the envi-
ronment by human activities (WILCKE
et al., 2000). Therefore, PAH are not
only environmental pollutants, but also
useful geochemical markers of anthro-
pogenic impacts, the temporal trends of
PAH concentrations in sediments and its
depositional fluxes and are correlated with
historical energy consumption (LIU et al.,

2012). Sediments are often contaminated
with complex mixtures of toxicants and
represent sinks and potential sources for
moderately to strongly lipophilic chemi-
calssuch as PAH (BRACK, 2003; BRACK
etal., 2005).

The flood plains and rivers of the
Amazon region are very sensitive to
environmental pollution, especially in
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the basins near the coastal zone whose
sinuous channels are associated with a
large sedimentary material load carried
by the flood pulse and contribute to the
residual accumulation process in this
area (MATOS et al., 2011). Guajara bay
is an integral part of the Amazon Estuary
system, and functions as the main receiver
of urban and industrial wastes from the
city of Belém, capital city of Pard State
(Northern Brazil). Miramar Petrochemi-
cal Harbor (TEMIR) is located in the

2. Material and method

Petrochemical Harbor as PAH source to Guajard bay (Belém-PA-Brazil) surface sediments

Guajard bay’s eastern bank, 5 km from
the Belém Port.

TEMIR was built to receive, store
and convey liquid and gaseous fuel prod-
ucts. Import of these products by cabotage
predominates over waterway export. The
annual cargo movement average (import +
export) is over 2500 t (SANTOS, 2014).
Also in this area, there is a lot of vessel
traffic, as well as fuel transportation and
sale in floating docks. Small spills and oil
discharges in the water can characterize a

Sediment sampling and characterization

Samples were collected during
2011/2012/2013, using a handheld
VanVeengrab, over § fixed sampling
sites near the Miramar Petrochemical
Harbor (TEMIR) located on the east-
ern bank of the Guajard bay (Belém-
PA-Brazil) (Figure 1). The top layer (10
cm) of each grab sample was collected
using a stainless steel coop and imme-
diately transferred to n-hexane rinsed

400 mL metal containers. Samples
were kept in ice before the freezer
storage prior to analysis. Samples
were considered as triplicates and the
sampling aimed to represent about 10
years of sediment and pollutant accu-
mulation in the Guajard bay bottom,
Santos et al. (2012) and Neves et al.
(2013) determined a mean sedimenta-
tion rate of 0.8 cm/year in this estuary.

MRB = Metropolitan Region of Belém City
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punctual polluting source and insert PAHs
and trace elements to the environment
(JACQUES et al., 2007).

Research focus on PAH in Guajara
bay sediments is still incipient and, for the
most part, only available in the theses and
dissertations of Lima (2009), Sodré (2014)
and Santos (2014). The aim of this work
was to evaluate, on a preliminary basis,
the TEMIR as a relevant source of the
priority 16 PAHs for Guajard bay surface
sediments over the last 10 years.

The lyophilized samples were used to
determine granulometry by the pipet-
ting dispersion method. The content of
organic carbon (OC) was determined
by organic matter oxidation such as
the method proposed by Walkley-
Black (DONAGEMA et al., 2011). To
determine organic matter (OM), OC
concentration was multiplied by 1.724.
The results are presented in percentage.

Figure 1
Sediment sampling locations.



PAH analysis

The list of the 16 EPA priority PAH
was used, which is often taken as representa-
tive for the measurement of this substance
class in environmental samples (OTTE et al.,
2013). They are: naphthalene (Na), acenaph-
thylene (Acy), acenaphthene (Ace), fluorene
(FI), phenanthrene (Phe), anthracene (An),
fluoranthene (Flt), pyrene (Py), chrysene
(Chr),benzo[ajanthracene (BaA), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene
(BkF), benzo[a]pyrene (BaP), dibenzo[a,h]
anthracene (DahA), indene[1,2,3-cd]pyrene
(IedP) and benzo[g,h,i]perylene (BghiF).

Amounts of 30 g of lyophilized sedi-
ment were spiked with10 pL of an analytical
surrogate consisting of a suite of deuterated
PAHs (500 ng g naphthalene-d,, acenaph-
thene-d , phenanthrene-d , chrysene-d ,
and perylene-d,, solution in #-hexane).

The extraction procedure and the pu-
rification and separation methods used were
based on the United Nations Environmental

PAH origin interpretation

In recent studies, the following indi-
ces were used by other authors to assess
and determine with accuracy the origin
of the PAH from various environments
(SICRE et al., 1987; BENLAHCEN
et al., 1997; BUDZINSKI et al., 1997;
BAUMARD et al., 1998). Four significant
PAH ratios were calculated for the stud-
ied samples: Phe/An, Flt/Py, Chry/BaA
and LMW/HMW (LMW = Na+Acy+
Ace+Flo+PhesNa; HMW = Fl+Py+BaA+
Chr+BbF+BkF+BaP+DahA+BghiP+IcdP).

3. Results

The data concerning the sediment
characterization of the samples taken
from the Guajara bay, the mean con-
centration of the individual PAH, mean
concentration of total PAH (EPAH),
mean LMW concentration, mean
HMW concentration, LoD and LoQ
are shown in Table 1. A general result
was that the sediment samples were es-
sentially muddy (59.3 to 72.0%). Most
of the sampling station showed low

levels of OM (3.9 to 4.7%), the highest
OM values were observed in sites near
tributary channels.

The total concentration of USEPA
priority PAH varied between 608.7
(Site 5) and 2812.6 ng g (Site 3) of dry
weight. The highest concentrations of
=PAH were observed in sites closest to
the TEMIR. Among the 16 priority PAH
as defined by the USEPA, the mostabun-

Program with adaptations for studying en-
vironmental contaminants (MEDEIROS;
BICEGO, 2004). PAH were extracted in
ultrasonic bath during 30 min using 6 mL
of dichloromethane as solvent. Empty ex-
traction thimbles were subjected to the same
extraction procedures and served as process
controls. The extraction method recovery
was calculated through values obtained for
the internal standard.

After extraction, the solvent was con-
centrated in a rotary evaporator to a volume
of 1 mL. The extract was fractionated by
adsorption in an alumina column withsilica
gel when the aliphatic hydrocarbons were
separated with 10 mL of n-hexane (fraction
1, not used in this work) and the PAH (frac-
tion 2) with 15 mL of dichloromethane/n-
hexane 3:7 (v/v). Fraction 2 was concen-
trated to a volume of 1 mL.

The analyses were performed using
a HPLC equipment Dionex/Thermofisher

The Phe/An index reflect was ex-
tensively used to infer nature of PAH
pollution in sediments (GSCHWEND;
HITES, 1981; BUDZINSKI e al.,
1997) An supports petrogenesis for
PAH in sediments. The Similarly,
Flt is less thermodynamically stable
than Py and they are often associated
with each other in natural matrices
and a predominance of Flt over Py is
characteristic of a pyrolytic process,
while in petroleum-derived PAH, Py

dant were Phe (16.2%), Na (14.8%), Ace
(8.3%) and Acy (7.8%), typical of pet-
rogenic contributions, since the Na and
Phe are classified as petrogenic (PAGE
et al., 1999). Low molecular weight
PAH represent 54.4% of the total PAH
found in this work. Making use of the
ratio LMW/HMW, it was possible to
observe that all the studied sites receive
a larger contribution of petrogenic con-
tamination. Considering the individual
values of the Phe/An and Flt/Py ratios,
most of the sites were characterized by
Phe/An values > 10 and Flt/Py values <
1, which is characteristic of a petrogenic
+ pyrolytic contamination. Petrogenic
sources as the most important source
of contamination to Guajard bay are
confirmed by the Chry/BaA ratio values
higher than 1. Only samples of Site 1
presented Phe/An values < 10 and LMW/
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Ultimate 3000 with a diode array detector
under the following operating conditions:
C16 column (250 mm x 4.5 mm x 5 pm)
from Acclaim; column temperature at
30°C; pump pressure between 2870-2980
psi; automatic injection of 20 pL; flow
rate of 2 mL min; elution system starting
with 55% acetonitrile (ACN) and 45%
Milli-Q water for 5 min, increasing to
85% ACN in 30 min, system stabiliza-
tion in 85% ACN for 10 min, decreasing
t0 55% ACN and system stabilization in
55% ACN over § min. Readings were
taken at wavelengths of 214, 254 and 263
nm. External standard calibration curves
were used to quantify the extracts. Limit
of detection (LoD) and limit of quantifica-
tion (LoQ) were calculated based on the
International Union of Pureand Applied
Chemistry (IUPAC) definition (LONG,
1983), concentrations in the range 0.05 to
2.00 pg mL" were performed.

is more abundant than Flt. Generally,
a Phe/An< 10 and Flt/Py>1 indicates
that the contamination by PAH from
a pyrolitic origin, whilst the PAH
from petrogenic is characterized by
Phe/An >10 and Flt/Py <1 (BAU-
MARD et al., 1998; VAVALANIDIS
et al., 2008). The ratio LMW/HMW
has been used to distinguish pyrogenic
(< 1) and petrogenic (> 1) sources and
Chry/BaA ratio > 1 indicates petro-
genic processes (LIU et al., 2007).

HMW values < 1, and can be called as
a mixing or transition zone where it is
possible to observe both pyrolytic and
petrogenic contribution.

Recoveries for each individual
PAH studied in sediment samples were
in the range of 70% (naphthalene-d,) to
82% (perylene-d,,). According to the US
Environmental Protection Agency (EPA)
method guidelines, acceptable recovery
values should be in the range from 70
upto 130% (RIBANI et al., 2004). The
calibration curves constructed were
linear over the range of interest and
correlation coefficients for the majority
of compounds were greater than 0.99,
indicating good performance of the chro-
matographic method. Great results were
also observed for LoD in the range 0.01
(Na and An) to 0.50 pg mL*(BaA) and
for LoQ 0.05 (Na) to 1.67 pg mL™! (BaA).
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Table 1

56

Total PAH (ZPAH) concentration (ng g" of dry weight), individual 16 priority PAH concentration (ngg'), low molecularweight PAH (LMW)
concentration (ng g') and high molecularweight PAH (HMW) concentration (ng g') in superficial sediments ofthe 5 studied sites in Gua-
Jjard bay, sediment characterization of the samples and the values (pg mL') obtained to limits of detection (LoD) and quantification (LoQ).

Sampling Sites
PAH LoD LoQ
51 52 53 54 55
MNa 170.9+48.7 287.0+178 3771701 192.1+56.6 82.2+36.0 0.01 0.05
Acy 16.9+9.5 133.72+89.4 349.7+270.2 61.6+41.0 ND 0.06 018
Ace 56.1+31.4 152.5+77.9 145.0+£56.6 60.3+40.2 204.9+71 0.03 0.08
Flo 66.7+49.8 63.7+36.3 197.2+30.5 97.3+68.8 6.5+0.7 0.03 010
FPhe 54.6+31.6 210.02101.9 606.0£128.1 325.1£216.8 21.1£19 0.03 0.0
An 36.7+21.2 38.6215.8 36.24241 31.9+21.3 ND 0.01 0.35
Fle 90.4+35.4 54.5+36.3 97.04671 71.9+18.6 40.5:8.6 0.03 0.08
Py 63.5£22.5 87.5+£45.0 191.6+96.8 109.0+£44.0 43.421.9 0.05 1.06
BaA 63.7+47.8 4432299 187172 91.1267.0 17.712.0 0.50 1.67
Chr 90.0+60.4 44.1+29.4 200.7+79.8 137.7+66.5 37.8+6.1 0.05 1.50
BbF 95.2+£19.8 47.5+£28.9 98.9:22.4 39.5£26.3 39.1£6.6 0.05 014
BkF 17.7£10.4 21.4£15.7 75.8+30.9 ND 28.42£5.2 0.04 013
BaP 84.5+54.8 43.8+29.2 61.0+£0.9 42.2+78.1 28.522.0 0.06 019
ledP 59.1+22.9 66.6:40.7 39.2426.1 47.3+31.5 ND 0.04 013
DahA 81.9x44.4 57.2+£32.2 50.6£33.7 48.2£31.1 ND 0.03 0.0
BghiP 97.4+48.9 112.2+57.9 09.5+66.3 112.5+43.7 58.7+37.8 0.05 0.14
LMW 401.8+230.2 B85.52408.7 1711.3£579.6 768.3+440.7 314.7+45.7
HMW 743.3+470.0 579123451 1101.3£496.0 699.4+357.8 294.1+101.5
YPAH 1145.1£700.1 | 1464.6+898.6 | 2812.621075.6 | 1467.7+798.6 608.7+156.3
Sand % 35.5 293 28.0 284 40.7
Mud % 64.5 70.8 72.0 71.6 593
OM % 4.7 4.6 4.3 4.4 3.9
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4, Discussion

Based on a general view of the
ZPAH concentrations and sediment
characterization of the study area, it
can be observed that the highest PAH
concentrations were in the sediment sites
composed mainly by mud, showing that
granulometry is the most important fac-
tor influencing the PAH concentration in
environmental samples. Several studies
confirmed the hypothesis that the PAH
concentration tends to be higher in soil
and sediments and with the predomi-
nance of mud, presented relatively higher
concentrations of PAH (BICEGO et al.,
2006; LU et al., 2012). The organic mat-
ter amount in the sediment showed no
such importance as the grain size and
may be associated with the entrance of or-
ganic matter (macro- and micronutrients)
from several anthropic activities in this
urbanized region, such as sewage. Since
most of the channels at the Guajara bay,
as Sao Joaquim stream and Una chanel
located at studied area, do not exhibit

sewage treatment systems. Small spatial
variations were observed (mean value and
standard deviation = 4.4% = 0.3) in the
amount of OM in the 5 studied sites due
to the proximity of the sampling sites to
these channels.

The ZPAH concentrations found in
the sediments of the Guajard bay near the
TEMIR, which is under a heavy influence
of urban and port activities, can be com-
pared with those reported in other studies
performed in fluvial systems by Guo et
al. (2009), Meire et al. (2009), Leite et
al. (2011) and Kanzari et al. (2012). The
degree of sediment contamination may
be evaluated based on the concentration
of the 16 priority PAH, as determined by
USEPA. Environments may be classified
as “highly contaminated” when their
concentration of 216 PAH is above 500
ng g, “moderately contaminated” when
that concentration is between 250 and
500 ng g, and “weakly contaminated™
when that observed concentration is
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below 250 ng g (SOCLO et al., 2000).
Among the samples evaluated in this
study, only Site 5 showed during the
first sampling period a TPAH concentra-
tion < 500 ng g'. Considering the mean
values of ZPAH concentration and the
10 years period focused in this study,
all the studied sites are classified as
highly contaminated, presenting a ZPAH
mean concentration between 608.7 and
2812.6 ng g*! of dry weight.

Among the 16 priority PAH studied,
the most abundant were the ones typical
of petrogenic contributions. One difficulty
in identifying PAH origins, is the pos-
sible coexistence of many contamination
sources, and the transformation processes
that PAH could have undergone before de-
position in the analyzed sediments. Indices
used to determine the origin of the PAH in
the sampling sediments indicate a primary
contribution of petrogenic contamination
but it also demonstrates a pyrolytic con-
tribution. Only the samples of Site 1 pre-



sented a predominance of rates that lead
to a pyrolytic main contamination. Fuel
combustion, household waste combus-
tion and untreated sewage discharge are
potential pyrolytic sources for the region
as suggested by Lima (2009) and Sodré

5. Conclusions

The presence of PAH in superficial
sediments of the Guajara bay can be at-
tributed to sites that showed the influence
of mud predominance. The studied area
receives PAH input mainly from petro-
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Polycyclic aromatic hydrocarbons (PAH) are ubiquitous organic contaminats generated
by natural and anthropogenic processes. PAH are primarily formed during heat-induced

decomposition of organic matter such as the incomplete combustion of coal, gas, oil, wood
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and organic waste (Cabuk et al., 2014) and discharged into the environment through
anthropogenic activities as oil spillage, vessel traffic, wastewater discharge, atmospheric
fallouts from vehicle exhaust and industrial stack emissions (Qiu et al., 2009).

Sixteen PAH had been indentified as priority pollutants by US Environmental
Protection Agency (USEPA) due to their carcinogenic, mutagenic and toxic effects to marine
organisms (Neff, 1979; Tam et al., 2001). They are: naphthalene (Nap), acenaphthylene (Acy),
acenaphthene (4ce), fluorene (Flo), phenanthrene (Phe), anthracene (A4nt), fluoranthene (Flt),
pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA),
benzo[g,h,i]perylene (BghiP), indeno[1,2,3-cd]pyrene (IcdP). This list of 16 priority PAH is
often take as representative for the measurement of this substance class in environmental
samples (Otte et al., 2013).

Most PAH persist in sediments until their degradation (Valentin et al., 2006;
Tobiszewski and Namie$nik, 2012), therefore, sedimentary pollution studies can be effective
approaches to PAH contamination research. PAH are good indicators of historical
anthropogenic impacts on the environment. According to its formation mechanism, the
anthropogenic PAH can be classified as petrogenic and pyrogenic. Petrogenic PAH are
mainly derived from crude oil spillage and its refined products whereas pyrogenic PAH are
produced during incomplete combustion of organic carbon (Budzinski et al., 1997; Baumard
et al., 1998; Guinan et al., 2001; Mirza et al., 2012).

The flood plains and rivers of the Amazon region are very susceptible to
environmental pollution, especially in the basins near the coastal zone whose sinuous
channels associated with a large sedimentary material load carried by the flood pulse
contribute to the residual accumulation process in this area (Matos et al., 2011). Guajara Bay
and Guama River, an integral part of the Amazon Estuarine system, behave as the main sink
of urban and industrial wastes from the city of Belém, capital of the State of Pard (Northern
Brazil).

Guajara Bay and Guama River show slightly acidic waters with high turbidity and
they are dominated by semidiurnal mesotides with a mean range of 3 m (Gregorio and
Mendes, 2009). The average annual temperature of the studied area oscillate between 29°C
and 34°C and the annual precipitation is always over 2500 mm, these data indicate a region

with a lot of heat and humidity (Ananias et al., 2010). Nearly two million people live in the
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metropolitan region of Belém and its neighborhood. Miramar Petrochemical Harbor (TEMIR)
is located in the Guajara’s Bay eastern bank, 5 km from the Belém Port, which was built to
receive, store and convey liquid and gaseous fuel products. In this area, there is also a lot of
vessel traffic, as well as transportation and sale of fuel in floating docks.

Published research about PAH in amazonic aquatic systems were conducted by Santos
et al. (2016) that had shown the presence and the contamination degree of this organic
compounds in surficial sediments from Aura River (affluent of Guama River) relating the
high HPA levels to an inregular landfill and Sodré et al. (2017) that investigated a
petrochemical harbor (TEMIR) as a source of PAH to Guajard Bay sediments. The majority
studies involving HPA in sediments from amazonic aquatic bodies are reported only in theses
and dissertations. Therefore, this study aimed to investigate PAH pollution levels, their spatial
distribution and sources in surface sediments collected along the urbanized margin of Guajara
Bay and Guam4 River Estuary (Amazon region, Northern Brazil).

Five surface sediment samples (depth 0-5 cm) were collected, using a handheld Van
Veen grab, at sites 1-5 in october/2014, others four samples in sites 6-7 and 13-14 in
january/2013 and the last five sediment samples at sites 8-12 in july/2012, totalizing 14
sampling sites along the urbanized margins of Guajara Bay and Guama River Estuary (Figure
1). This sampling represents about 10 years of sediments and pollutants accumulation since
Neves et al. (2013) and Santos et al. (2012) had determined an average sedimentation rate of

0.8 cm year ' in the studied area.
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Figure 1 Studied area map and the 14 sampling sites location.
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The PAH extraction from sediments was carried out according to the method 3550C
described by USEPA with adaptations of Medeiros and Bicego (2004) to study environmental
contaminants. A total of 4 g of freeze-dried sediments were spiked with 10 uL of a mixture of
perdeuterated standards (500 ng g’ naphthalene-dg, acenaphthene-d;o, phenanthrene-d;o,
chrysene-d;, and perylene-d;; solution in n-hexane) before PAH extraction by ultra-sonication
with dichloromethane (DCM) to evaluate the recovery of the method. The extract was
subsequently applied to a 1:2 alumina/silica gel glass column for clean-up and fractionation
using n-hexane and n-hexane/DCM solution (50:50; v:v) as mobile phase according to the
method 3630C described by USEPA. Empty extracted thimbles were submitted to the same
extraction procedures and they served as process control.

Concentrations of PAH were measured by high performance liquid chromatography
with a diode array detector (HPLC/Uv-Vis-DAD). HPLC equipment Dionex/Thermofisher
Ultimate 3000 was used under the following operating conditions: C16 column (250 mm x
4.5 mm x 5 pm) from Acclaim; column temperature at 30°C; pump pressure between 2870-
2980 psi; automatic injection of 20 pL; flow rate of 2 mL min™; elution system starting with
55% acetonitrile (ACN) and 45% Milli-Q water for 5 min increasing to 85% ACN in 30 min,
system stabilization in 85% ACN for 10 min, decreasing to 55% ACN and system of
stabilization in 55% ACN over 5 min. Readings were taken at wavelengths of 214, 254 and
263 nm.

External standard calibration curves were used to quantify individual PAH. Recoveries
for each individual PAH studied in sediment samples were in the range of 75% (naphthalene-
dg) to 90% (perylene-d;;). According to the USEPA method guidelines, the acceptable
recovery values should be in the range from 70 up to 130% (Ribani et al., 2004). The
calibration curves constructed were linear over the range of interest and correlation
coefficients for the majority of compounds were greater than 0.99 indicating a good
performance of the chromatographic method.

Diagnostic ratios of PAH origin were used as tools to interpret main sources of these
compounds. Pyrolytic PAH are characterized by four or more aromatic rings and a high
molecular weight (HMW), while petrogenic PAH generally have low molecular weight
(LMW). Therefore, the ratio between LMW and HMW has been used to distinguish
pyrogenic (< 1) and petrogenic (> 1) sources. Ratios Phe/Ant > 10 e FIt/Pyr < 1 indicate that

PAH sources are petrogenic, while the opposite result suggests that PAH are mainly from
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pyrogenic origin. The ratio Ant/(Ant+Phe) < 0.1 is related to petrogenic provenance and > 0.1
to a combustion source (Yunker et al., 2002). Flt/(Flt+Pyr) < 0.4 indicates a petrogenic origin,
values between 0.4 to 0.5 suggest an origin from fossil fuel combustion and Flt/(Flt+Pyr) >
0.5 denotes a coal, grass and wood combustion source (Tobiszewski and Namie$nik, 2012).

The ratio BaA/(BaA + Chr) allows to define a PAH origin related to coal combustion
when the ratio is among 0.20 to 0.35, vehicular emission implies in values higher than 0.35
and petrogenic sources below 0.2. Finally, the ratio IcdP/(IcdP + BghiP) < 0.2 suggests a
petrogenic origin, values between 0.2 to 0.5 indicate a petroleum combustion and > 0.5 a
grass, wood and coal combustion (Tobiszewski and Namie$nik, 2012). The ratio of
> COMB/Y PAH can be very useful to establish the degree to which the origins of PAH are
related to combustion of typical organics, values between 0.2 and 0.9 indicate high fractions
of combustion origin (Le and Dong, 2011). The Total Combustion Specific PAH (3. COMB)
represents the sum of Flt, Pyr, BaA, Chr, BbF, BkF, BaP, IcdP, DahA and BghiP. The ratio of
PAH4/PAHs+6) is used to verify the origin of the PAH, for example, PAHu4)/PAHs+5) > 0.9
suggests long distance transportation while values < 0.9 suggest that PAH originate from
emissions of local sources (Liu et al., 2007).

The sediment quality guidelines (SQGs) for effects range low (ERL), effects range
median (ERM), threshold effects level (TEL) and probable effects level (PEL) were used as
parameter to evaluate the environmental quality of the studied area. Statistical analyses were

performed with R programming language (http://www.r-project.org/). The principal

component analysis (PCA) and matrix correlations were carried out in order to determine the
relationship between the analyzed variables and their distributions. PCA is a multivariate
technique utilized to simplify the interpretation of complex systems, its primary function is
the reduction in the variables quantities while retaining the original information as much as
possible (Ravindra et al., 2008). Another statistical tool used was the correlation analysis that
is widely utilized in environmental studies because it is an efficient method to reveal the
relationship between multiple variables.

PAH total and individual concentration and sedimentological characteristics for the 14
sediment sampling sites are shown in Table 1. Total PAH concentration (3>,PAH) in surficial
sediments from the studied area ranged from 878.2 ng g™ to 9905.7 ng g ' of dry matrix with
a mean of 3456.5 ng g~'. According to Soclo et al. (2000), sediment may be classified as
“highly contaminated” when it presents YPAH above 500 ng g”'. Highest YPAH (> 8000 ng
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g ") were found at sites 2, 3 and 5, respectively. All three sites are located close to channels
impacted by urban and industrial wastes. In these sampling sites were also observed the
lowest quantity of compounds, on average 7 PAH predominantly of high molecular weight
(HMW).

DahA, BkF, Nap, Pyr and Phe were the major PAH in sediments, they are primarily
generated by high temperature combustion and biomass burn, except the Nap. They were
found in all samples, except at site 1 where Phe and Pyr were absent. Lowest Y PAH (< 1050
ng g ') were found at sites 13 and 12, respectively, stations located farther from the
downtown area. ) PAH were similar to or higher than those found in many other aquatic
environments (Table 2), however the studied area showed lower > PAH than those observed
by Bicego et al. (2006) in Santos estuary (Santos-SP-Brazil), an area recognized as highly
contaminated due to urbanization and intense industrial activity.

PAH distribution along Guajara Bay and Guama River Estuary sediments seems to be
related to punctual sources as discharge channels and petrochemical activies, such as harbors,
floating fuel stations and shipyards. A concentration gradient was observed, sites closest to
potential sources presented higher values tending to diminish with the distance from the
pollution origin. It is an indicative of the restricted transport of PAH and organic pollutants in
this area.

PAH  ratios LMW/HMW,  Phe/Ant,  Ant/(Ant+Phe),  BaA/(BaA+Chr),
IcdP/(IcdP+BghiP), Flt/Pyr, Flt/(Flt+Pyr), > COMB/} PAH and PAH4/PAH.6 used to
identify PAH sources to the Guajard Bay and Guama River Estuary and ascertain how far is
the origin of these compounds are shown in Table 3. LMW/HMW for the most of sampling
sites resulted below 1, excepted for sites 9, 10 and 11, suggesting a primary pyrolytic source
of PAH in the studied aquatic systems. Phe/Ant and Ant/(Ant+Phe) ratios also indicated a
predominant pyrolitic source, just sediment samples from sites 10 and 11 showed a main
petrogenic origin. These two sites are located close to a petrochemical harbor (TEMIR). The
ratio BaA/(BaA+Chr) suggested the presence of PAH from petroleum or biomass combustion
for all samples. IcdP/(IcdP+BghiP), as other ratios, indicated a clear pyrogenic source. PAH
composition in the surficial sediments samples can be divided into two main pyrolytic origins:

petroleum combustion (sites 8 to 11 and site 14) and biomass combustion (sites 6, 7, 12 and

13).



Table 1 The total and individual concentration of PAH compounds (ng g ' dw) and sedimentological characteristics for the 14
surficial sediment sampling sites on Guajard Bay and Guama River Estuary (Northern Brazil).

PAH Sites
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Nap 1082.8 1089.9 ND 1152.91074.1 1154 1229 1709 287.0 377.1 192.1 86.0 77.2 104.5
Acy ND 1447.0 ND ND ND 556 419 169 133.7 2497 616 559 49.0 94.8
Ace ND ND ND ND ND 649 609 56.1 1525 1450 603 ND ND 75.0
Flo ND ND ND ND ND 737 547 667 637 1972 973 ND ND 102.1
Phe ND 9733 97477 ND 9748 93.1 64.6 54.6 210.0 606.0 325.1 79.7 81.0 104.2
Ant ND 1079.8 0.0 ND ND 573 519 367 38.6 362 319 565 325 41.6
Flt ND 1169.8 1167.5 ND ND 1203 889 904 545 970 719 1369 819 942
Pyr ND 1451.2 14509 ND 14523 839 556 635 87.5 191.6 109.0 73.8 582 101.6
BaA ND ND 11434 ND 1144.0 59.1 474 63.7 443 187.1 91.1 76.1 948 69.1
Chr ND ND ND ND 1089.1 149.2 703 90.0 44.1 200.7 137.7 57.0 62.7 55.7
BbF ND ND ND ND ND 1393 131.0 952 475 989 395 ND 496 704
BKF 1189.8 1219.3 1219.41213.91219.1 66.7 52.6 17.7 214 758 ND 151.2 532 ND
BaP ND ND ND ND ND 994 1522 845 438 61.0 422 585 51.8 512
IcdP ND ND ND ND ND 670 686 59.1 66.6 392 473 547 61.8 50.0
DahA 1399.3 14754 1468.21457.41477.1 67.0 1472 819 572 50.6 482 984 73.6 88.7
BghiP 12752 ND 13052 ND ND 59.7 60.8 974 1122 995 1125 53.0 509 101.8
>PAH 4947.2 9905.7 8729.33824.28430.41371.41271.51145.3 1464.6 2712.6 1467.7 1037.7 878.2 1204.9
Sedimentological
Characteristics
%S Sand 12.4 13.6 13.1 288 10.1 6.8 5.8 8.1 7.9 7.4 7.6 6.5 6.7 7.1
%Mud 86.4 90.5 876 712 899 555 646 645 70.8 720 71.6 662 593 507
%OM 12.4 13.6 13.1 129 138 6.8 5.8 8.1 7.9 7.4 7.6 6.5 6.7 7.1

ND = Not Detected.
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Table 2 > PAH in sediments of brazilian and worldwide aquatic systems.

Concentration

Location 1 References
(ngg)
Low levels
An amazon region floodplain 13-58 Wilcke et al. (2003)
Laizhou Bay, China 23.3-292.65 Liu et al. (2009)
Intermediate to high levels
Southeast Coast of Brazil 366 -1 760 Pinheiro et. al. (2017)

Ceara River, Fortaleza-Brazil
Miramar Petrochemical Harbor,
Belém-Brazil

Guanabara Bay, Rio de Janeiro-Brazil

Santos and Sao Vicente Estuary, Sdo
Paulo-Brazil

Aura River, Belém-Brazil

Lagoa dos Patos Estuary, Rio Grande
do Sul-Brazil

Portland Harbor, Portland-OR-USA
Mar Céspio, Europe

Paraiba do Sul River, Rio de Janeiro-
Brazil

96.40 - 1 859.21
589.27-3117.06
83 -2427.27

22.6-8953

3824 -156%4
37.7-11779.90

860 - 20 644

212-9009

275-26700

Cavalcante et al. (2008)
Sodré et al. (2017)

Silva et al. (2007)

Bicego et al. (2006); Martins
et al. (2011); Buruaem et al.
(2013)

Santos et al. (2016)
Medeiros et al. (2005)

Stout et al. (2001)
Yancheshmeh et al. (2014)

Brito et al. (2005)

Table 3 PAH diagnostic ratios used to evaluate the sources of these organic pollutants to Guajara Bay

and Guama River Estuary.

Ant/

BaA/

IedP/

Flt/

Sites TLMW/ Phe/ 0 SO0 e, FIU ol ECOMB/  PAH®)/
YHMW Ant (Phe) ( Chr) éghiP) Pyr (Pyr) TPAH PAH(5+6)
1 03 NC NC NC NC NC NC 0.8 NC
2 0.9 09 05 NC NC 08 04 0.5 0.97
3 0.1 NC NC 1.0 NC 08 04 0.9 0.94
4 04 NC NC NC NC NC NC 0.7 NC
5 03 NC NC 0.5 NC NC NC 0.8 1.37
6 0.5 1.6 04 0.3 0.5 14 06 0.7 0.83
7 0.5 12 04 0.4 05 1.6 06 0.7 0.43
8 0.5 15 04 0.4 04 14 06 0.6 0.71
9 1.5 54 02 0.5 04 06 04 0.4 0.66
10 1.5 167 0.1 0.5 03 05 03 0.4 1.59
11 1.1 102 0.1 0.4 03 07 04 0.5 1.41
12 0.4 14 04 0.6 05 19 06 0.7 0.83
13 0.4 25 03 0.6 05 14 06 0.7 0.87
14 0.8 25 03 0.6 03 09 05 0.6 0.89

NC= Not calculated.
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Flt/Pyr suggests the presence of PAH from petrogenic source for samples 1, 2, 9, 10
and 11, and characterizes the other samples with PAH came from biomass combustion.
FIt/(F1t+Pyr) indicated a petrogenic PAH origin for sites 9, 10 and 11, PAH from petroleum
combustion for sites 1, 2 and 14 and a biomass combustion source for the other studied sites.
The ratio ) COMB/Y PAH ranged from 0.4 to 0.9 indicating high fractions of PAH from
combustion origin in Guajara Bay and Gauma River Estuary. Sites 9, 10 and 11, located near
to TEMIR, exhibited a mixture of pyrogenic and petrogenic PAH, corroborating with the
discussion iniciated by Sodré et al. (2017) about the oil industry influence in this area.
PAH4y/PAH s+ ratio ranged from 0.0 to 1.6, the majority of the sites presented values below
0.9, these results suggest that PAH in the surficial sediments are from emissions of local
sources.

The fine-grained sediment (silt + clay) ranged from 51% to 91% with an average of
72% (Table 1), highest > PAH concentrations were observed in the sediment samples
composed mainly by mud, although the grain size has not shown to be the most important
factor influencing the Y PAH (p = 0.88). Along Guajara Bay (sites 6 to 14), PAH were highly
enriched in the large size fractions of sediments suggesting a similar source (Wang et al.,
2001), urban runoff is likely the main contribution to this high PAH level. The organic matter
content (%OM) ranged from 6% to 14% with an average value of 9%, and this variable
showed a much more significant correlation with > PAH (p = 0.90) than grain size. Higher
%OM in some studied sites may be associated with the entrance of organic matter (macro-
and micronutrients) from several anthropic activities in this urbanized region, such as sewage,
that is also a PAH source. Most of the channels connected to Guajard Bay and Guama River
do not exhibit sewage efficient treatment systems.

The following indices of PAH ratios ZLMW/ZHMW (R1), Phe/Ant (R2), Ant/(Ant +
Phe) (R3), BaA/(BaA + Chr) (R4), IcdP/(IcdP + BghiP) (R5), Flt/Pyr (R6), Flt/(Flt+Pyr) (R7)
and XCOMB/ZPAHs (RS8) and sedimentological characteristics factors that determine PAH
accumulation in the sediment (Mud and OM) were used as variables and the samplings were
used as trials (Figure 2). Most of the variance (75.5%) was explained by the first two main
components; PC1 explained 53.05% of the total variance and PC2 accounted 22.45%. PCl1
was characterized by a high influence of R5-R7 in the positive part and Mud and OM in the
negative part. These positive loadings between the ratios R3-R7 implies that PAH might be
from the same source. The negative relation between Mud and OM indicates that these two

predictive variables varied dependently, and they are associated to finer grains adsorption
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power that retains organic matter (Kemp, 1971; Burone et al., 2003). The compositional
patterns showed that 4-6 ringed PAH constituted a significant proportion of the ) PAH. PAH
sources analysis in integrated study using the PAH ratios and PCA indicated that combustion
of fossil fuel, biomass burn and automobile emissions are the major sources of PAH to

Guajara Bay and Guama River Estuary.
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Figure 2 PCA analysis of (A) PAH diagnostic ratios and (B) sedimentological characteristics.

Sediment samples were clustered into two main groups of samples according to
contamination sources (Figure 2). The first group corresponds to samples influenced by
purely petrogenic spills and petrol combustion and even constitute samples with highest
%OM and %Mud. The second group is composed mainly by PAH from pyrolytic sources and
it is divided into two subgroups: the first one (right upper quadrant) includes biomass
combustion as a primary PAH orign and the second (lower right quadrant) includes PAH
originated by fossil fuel combustion.

Significant Spearman correlations (o0 = 0.05) (highlighted in bold) among individual
PAH are shown in Table 4, the matrix correlation was calculated to examine similar PAH
sources. Dobbins et al. (2006) and Ye et al. (2006) describe a positive correlation (0.85) for
Flo and Ace, because they are both indicators of petrogenic source. In contrast, BKF shows a
negative correlation with Ace (-0.65) wich indicates a pyrogenic source for BkF, as reported
by Larsen and Baker (2003) and Zhang et al. (2016). This analysis corroborated with the
observation made by PCA since it also indicated the organic matter combustion as main PAH

source to the surficial sediments of Guajard Bay and Guama River Estuary.
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Table 4 Correlation matrix of individual PAH concentrations from surficial sediments of Guajara Bay
and Guama River Estuary.

Nap Acy Ace Flo Phe Ant FIit Pyr BaA Chr BbF BkF BaP IcdP DahA BghiP
Nap 1.00 0.37 -0.37 -0.37 0.26 037 0.03 032 0.04 031 -055 0.77 -0.64 -0.77 0.77 0.04
Acy 1.00 -0.08 -0.08 0.49 0.99 0.64 048 -0.20 -0.16 -0.19 0.27 -0.24 -0.28 0.28 -0.21
Ace 1.00 0.85 -0.14 -0.20 -0.31 -0.39 -0.28 -0.09 0.61 -0.65 0.44 0.57 -0.64 -0.28
Flo 1.00 -0.08 -0.20 -0.29 -0.37 -0.25 -0.04 0.66 -0.63 044 045 -0.63 -0.27
Phe 1.00 045 0.69 094 0.72 046 -038 0.53 -049 -0.58 0.53 0.15
Ant 1.00 0.66 049 -0.20 -0.16 -0.22 031 -0.23 -0.29 0.32 -0.19
Flt 1.00 0.75 035 -0.25 -0.33 047 -0.36 -045 047 036
Pyr 1.00 075 0.44 -0.47 0.66 -0.53 -0.65 0.67 0.21
BaA 1.00 0.63 -0.34 048 -0.39 -047 048 0.36
Chr 1.00 -0.11 022 -0.17 -0.23 0.22 -0.24
BbF 1.00 -0.73 0.89 0.75 -0.71 -0.35
BKF 1.00 -0.78 -0.96 1.00 0.47
BaP 1.00 0.85 -0.77 -0.39
IcdP 1.00 -0.96 -0.47
DahA 1.00 0.47
BghiP 1.00

A comparison of the sediment quality guidelines (SQGs) values for effects range low

(ERL), effects range median (ERM), threshold effects level (TEL) and probable effects level

(PEL) which provide qualitative guidelines to protect the aquatic organisms with the data

obtained in this study is shown in the Table 5. The presence of PAH with higher

concentrations than ERL varied between 0% - 57%, where only BaP content was low than

ERL for all samples. For ERM, only Acy and DahA presented higher values than the

established for this parameter, this two PAH were observed in 7% and 36% of samples, and

could cause acute biological damage. The presence of compounds with higher concentrations

than TEL varied between 14-100%, DahA and Y PAH had this behavior for all samples. For

PEL, only Fit and BaP showed values lower than it. These results indicate that biological

effects, as acute damage, related to PAH will occasionally occur at the studied area.
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Table 5 Standard pollution criteria of PAH components for sediment matrix (ng g™).
This study
PAH ERL ERM TEL PEL ERL-

>ERM TEL-PEL >PEL

Min. Max. 1*1(501\)/[ (%) (%) (%)
Nap 160 2100 34.6 391 ND 1153 57 0 93 29
Acy 44 640 6.7 889 ND 1447 57 7 71 71
Ace 16 500 59 128 ND 153 50 0 50 14
Flo 19 540 212 144 ND 197 50 0 50 7
Phe 240 1500 86.7 544 ND 975 36 0 57 29
Ant 853 1100 46.9 245 ND 1080 7 0 29 7
Flt 600 5100 113 1494 ND 1170 14 0 29 0
Pyr 665 2600 153 1398 ND 1452 21 0 29 21
BaA 261 1600 74.8 693 ND 1144 14 0 43 14
Chr 384 2800 108 846 ND 1089 7 0 29 7
BbF NA* NA NA NA ND 139 NA NA NA NA
BKF NA NA NA NA ND 1219 NA NA NA NA
BaP 430 1600 89 763 ND 152 0 0 14 0
IcdP NA NA NA NA ND 69 NA NA NA NA
DahA 634 260 622 135 48 1477 79 36 100 43
BghiP NA NA NA NA ND 1305 NA NA NA NA
YPAH 4000 44,792 619 5,672 878 9906 29 0 100 21

ND = not detected
NA = not analysed
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Abstract

The 16 priority PAH were determined in sediment samples from the insular zone of Guajara Bay and
Guama River (Southern Amazon River mouth). Low hydrocarbon levels were observed and
Naphthalene was the most representative PAH. The low molecular weight PAH represented 51% of
the total PAH. Statistical analysis showed that the sampling sites are not significantly different. Source
analysis by PAH ratios and principal component analysis (PCA) revealed that PAH are primary from a
few rate of fossil fuel combustion, mainly related to the local small community activity. All samples
presented no biological stress or damage potencial according to the sediment quality guidelines
(SQGs). This study discuss baselines for PAH in surface sediments from amazonic aquatic systems
based on source determination by PAH ratios and PCA, SQGs and through comparison with previous
studies data.

Keywords: polycyclic aromatic hydrocarbons, baselines, sediment, Amazonic aquatic systems.
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Introduction

Polycyclic aromatic hydrocarbons (PAH) are among some of the most persistent pollutants in
the aquatic environments (Harris et al. 2011), the hazardousness of these compounds is due to
their carcinogenic or genotoxic properties. These hydrocarbons can be originated from natural
processes such as biomass burning, volcanic eruptions, diagenesis and biosynthesis. However
the majority of PAH are anthropogenic generated from coal and wood burning, petrol and
fossil fuel combustion, liquid fuels spills and industrial processes (Mostert et al. 2010).

PAH are always emitted as a mixture, and the relative molecular concentration ratios are
considered to be characteristic of a given emission source. PAH diagnostic ratios have come
into common use as a tool for identifying and assessing pollution emission sources (Yunker al
al. 2002). Some diagnostic ratios are based on parent PAH, others on the proportions of alkyl-
substituted to non-substituted molecules. These ratios are applicable to determine PAH source
in different environmental matrices such as petroleum products, petroleum combustion and
biomass or coal burning. The compounds involved in each ratio have the same molar mass, so
it is assumed they have similar physicochemical properties. Diagnostic ratios change in value
to different extents during phase transfers and environmental degradation (Tobiszewski and
Namiesnik 2012).

The discrimination of PAH sources and their toxicity potential is necessary to evaluate their
effects in the environment. When assessing health and ecological risk in aquatic
environments, sediment analysis is often chosen. Sediment quality guidelines (SQGs) based
on toxicity thresholds can be used to rank the toxicity of a sediment and, consequently, the
potential adverse biological effects based on PAH chemical data (Bay et al. 2012). The use of
SQGs is only an orientation in studies about contamination.

The aquatic bodies that constitute the basin of the Amazon River are habitats of great
biological diversity, numerous species of fish and mollusks are an important food source for
the riverside population and resources for the alimentary industry. PAH pollution of these
aquatic systems can damage the biota and consequently the local people and economy. Very
little information is available on extend of PAH pollution in amazonic aquatic systems.
Wilcke et al. (1999) found PAH concentrations between 13 and 58 ng g™ in floodplains of the
amazon region. Lima (2009) traced a PAH historical depositional in punctual sedimentary
records in the cities of Belém (PA), Barcarena (PA) and Santana (AP). Santos et al. (2016)
studied PAH distribution along Auré River (affluent of Guama River) relating the high PAH
levels to an inregular landfill and Sodré et al. (2017) investigated a petrochemical harbor as a
significant source of PAH to Guajara Bay sediments.

The establishment of baselines as a relative measure to distinguish anthropogenic input from
natural (geogenic and/or biogenic) concentrations of trace-elements in different environmental
samples is one of the most important subjects in recent environmental sciences (Galuszka and
Migaszewski 2011). Studies involving this kind of establishment are important to allow the
evaluation of potential contamination risks in a determined area. Once baselines are identified
it is possible to stablish an environmental management that can be transformed into alert
guides for the government (Galuszka 2007). PAH baseline levels in Amazon area are not
known so far.

In this study is presented and discussed the results of PAH analyses in surface sediments from
a poorly anthropized region of amazonic aquatic systems aiming to initiate a discussion on
baselines for these hydrocarbons in Amazon based on source determination by PAH ratios,
SQGs and through comparison with previous studies data.
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Materials and Methods

The flood plains and rivers of the Amazon region are very sensitive to environmental
pollution, especially in the basins near the coastal zone where sinuous channels associated
with a large sedimentary material load carried by the flood pulse contribute to the residual
accumulation process in this area (Matos et al. 2011). Guajara Bay and Guama River are an
integral part of the Amazon Estuary system, and behave as main sink of urban and industrial
sewage from the city of Belém, capital city of Para State (Northern Brazil), which most often
do not receive proper treatment prior to discharge.

In both Guajara Bay and Guama River there is a lot of vessel traffic, as well as transportation
and sale of fuel in floating docks. An important petrochemical activity occurs in this area
through the Miramar Petrochemical Harbor (TEMIR), it was designed to the movementation
of flammable liquid and gaseous products. Sodré et al. (2017) point the harbor as a source of
petrogenic PAH to Guajara Bay.

Guajara Bay and Guama River are characterized by slightly acidic waters with high turbidity
and are dominated by semidiurnal mesotides with a mean range of 3 m. These aquatic systems
are located into a region with a lot of heat and humidity, the mean annual temperature
oscillate between 29°C and 34°C and the annual precipitation is always over 2,500 mm
(Ananias et al. 2010). Nearly two million people live in the metropolitan region of Belém City
and neighborhood.

Sampling sites are distributed along the sinuous channels from the Combu and Ongas islands,
where the most of the riverside inhabitants of the area live (Figure 1). Eleven surface
sediments samples (depth 0-5 cm) were collected in June/2016 using a handheld Van Veen
grab. The sediment column collected represent about 10 years of local sedimentation since
Neves et al. (2013) recorded a 0.8 cm/year as mean sedimentation rate in the studied area.
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Figure 1 Studied area map and the eleven sampling sites location.

The USEPA proposed a list of the 16 priority PAH which is often taken as representative for
the measurement of this substance class in environmental samples (Table 1). The ultrasonic
PAH extraction from sediments was carried out according to the method 3550C described by
USEPA with adaptations of Medeiros and Bicego (2004) for studying environmental
contaminants. A total of 4 g of freeze dried sediments was used in the extraction process. A
mixture of perdeuterated (500 ng g naphthalene-d8, acenaphthene-d10, phenanthrene-d10
and chrysene-d12 solution in n-hexane) was added to the samples before PAH extraction to
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evaluate the recovery of the method and a p-terphenyl-d14 (200 ng g) solution was used as
internal standard. The extract was cleaned up according to the method 3630C described by
USEPA.

The samples were analyzed by GC-MS for the 16 PAH compounds using the method 8270
described by USEPA for the analysis of semivolatile compounds. Validation of the data was
performed according to USEPA guidelines. The data were reviewed for completeness,
holding times, GC-MS tuning and system performance, initial and continuing calibrations,
laboratory method blank analysis, recoveries and compound quantitation and detection limits.
Summary statistics (minimum, maximum, arithmetic mean, upper 95% confidence limit on
the arithmetic mean and frequency of detection) were generated for each compound for all
sample sites combined. Upper 95% confidence interval is the statistic preferred by EPA and
many states for risk assessment. Principal components analysis (PCA) was performed on the
individual PAH concentrations quantified for sediment samples from Guajara Bay and Guama
River, and performed with the R programming language (http://www.r-project.org/).
Diagnostic ratios of PAH origin were used as tools for sources interpretation of these
compounds. Once, each source of PAH may provide a signature or an individual profile,
enabling the identification of the source of PAH. The diagnostic ratios used in this study
were: > LMW/Y>HMW, Ant/(Ant + Phe), Flt/Pyr, Flt/(FIit + Pyr), BaA/(BaA + Chr) and
PAH4/PAHs+6). The contamination status of PAH in sediments and their likelihood in
causing damages to living organisms were evaluated by SQGs (TEL, PEL, ERL and ERM).

Results and Discussion

Analysis of the laboratory results for the PAH indicated that quality control criteria were
acceptable. Recoveries for each individual PAH were in the range of 94-124% and the
calibration curves constructed were linear (> 0.99) over the range of interest, indicating good
performance of the chromatographic method. Good results were also observed for detection
limits in the range 0.1 to 0.5 ng mL™" and quantification limits 0.3 to 1.0 ng mL ™.

Low hydrocarbon levels in surface sediments were observed (Table 1). The total PAH
concentration (Y PAH) ranged from 18.1 ng g dw (Site 2) to 29.1 (Site 7) with a mean
concentration of 24.6 ng g dw. Naphthalene (Nap) was the most representative PAH in
sediments samples; it collaborates with 33% of the ) PAH in the studied area presenting 8.5
ng g as average. Wilcke et al. (1999) assumed that there are other Nap sources in the
Amazon environment besides the anthropogenic ones, mainly far from the cities, termite nests
product this PAH as a defensive system. The presence of termites is common in the studied
area.

The upper 95% confidence limit on the arithmetic mean is used to indicate the reliability of an
estimative, the more distance this interval is of zero the greater the difference between the
samples. The highest confidence intervals observed were 2.4 ng g'and 1.3 ng g'for YPAH
and Nap, respectively (Table 1). The result of the statistical analysis showed that the 11
sampling sites are not significantly different. The lowest individual PAH concentration
detected was 0.4 ng g”' dw for Anthracene (4nt) (Site 2) and Benzo[a]pyrene (BaP) (Site 10),
and the highest 11.4 ng g dw for Nap on Site 6.

The comparison of Y PAH determined in this work with data provided by previous studies of
Santos et al. (2016) and Sodré et al. (2017) provided the observation of a reduction in the
>'PAH mean of about 99% in the islands region. The low PAH levels found indicate a low
input of these hydrocarbons and it is possible to characterize the island zone of Guajara Bay
and Guama River as minimally contaminated. A distinct situation of the urbanized margin of
Guajara Bay and Guamé River where the lowest value determined is above 500 ng g, this
area have been characterized as highly contaminated. The concentration levels were also
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lower than values found recently in southern Brazil mangroves (6.8 to 437.3 ng g ') by
Assuncdo et al. (2017), in Todos os Santos Bay — Brazil (11.45 to 1825.35 ng g ') by
Nascimento et al. (2017), in Tiber River — Italy (36.2 to 545.6 ng g ') by Montuori et al.
(2016) and in Bohai Bay — China (37.2 to 206.6 ng g ') by Qian et al. (2016).

All samples presented individual and ) PAH levels below the values ERL, ERM, TEL and
PEL (Table 1). The concentration below which adverse effects are rarely expected for the
organisms is presented as TEL. The highest limit (PEL) represents the concentration above
which adverse effect for organisms is often expected. If > PAH is lower than ERL, it indicates
that PAH in the sediments will not cause any adverse effect to creatures; if the concentration
exceeds ERL but still below ERM, PAH will occasionally damage the biota in the studied
area; and if the concentration exceeds ERM, PAH will frequently damage organisms
(Macdonald et al. 2000). Results idicate that the studied area does not offer biological stress
or damage potential according to SQGs.

LMW composed 51% of the Y PAH. The abundance of 2-3-ring PAH indicates that the
dominant PAH components in the estuary may be derived from petrogenic sources, or even
natural sources such as Nap produced by biosynthesis. The low PAH(4)/PAH(5+6) ratio, <
0.9 for all samples, suggests that the PAH are originated by local sources, so the data reflect
local reference values. The LMW/HMW ratio in the samples indicates a mixture of pyrolytic
and petrogenic sources. Considering the values of Y LMW/ HMW < 1 (Sites 2, 3, 6, 7, 9 and
11), F1t/(Flt + Pyr) > 0.5 (Sites 2-11), BaA/(BaA + Chr) > 0.35 (all samples) and Flt/Pyr > 1
(Sites 3, 6, 7,9 and 11), only site 1 presented a petrogenic source for all the diagnostic ratios.
The majority of samples showed pyrogenic contributions (grass, wood and coal combustion).
Mainly sources for the area are small forest fires for planting and domestic garbage burning
by the riverside community and residual disposal of oils used in electric generators and in
small boats.

It was used the PCA to identify potential PAH sources to Guajarda Bay and Guama River
sediments (Figure 2a). The multivariate analysis was performed with 13 PAH,
Acenaphthylene (Ace), Acenaphthene (Acp) and Benzo[ghi]perylene (BghiP) were ruled out
because they were below 5 ng g dw in all samples. Two principle components (Dim 1 and
Dim 2) were extracted, representing more than 61.98% of the total variances of Y PAH. Dim 1
contributed 41.32% to the total variance, 4-6 rings PAH (A4nt, Fluoranthene - Flt, Pyrene -
Pyr, Benzo[a]anthacene - BaA, Crysene - Cry, Benzo[a]pyrene - BaP and Indeno[1,2,3-
cd]pyrene - InP) predominated, with moderate loadings of Benzo[b]fluoranthene (BbF), and it
was related to PAH pyrogenic sources. Ant and Flt are known as markers for pyrolysis
nonburned fossil fuels and Pyr, Bad, Cry, BaP and InP are suggested to be indicators of
diesel, gasoline and natural gas combustion (Larsen and Baker 2003). BbF is usually the
component of fossil fuel combustion and coal burning (Larsen and Baker, 2003). Therefore,
this profile was considered a traffic-related source (Simcik et al. 1999). There is, in the study
area, an intense traffic of small and medium-sized boats as well the use of electric generators
by the local population since there is still no electricity available at the islands.



Tablel Summary statistics for each PAH and standard pollution criteria of PAH components for sediment matrix (ng g™).

Statistical Analysis Quality Parameters
PAH Min., Max. Arithmetic U-per 95% Frequel‘lcy of ERL ERM TEL PEL
mean interval detection®

Naphthalene (Nap) 5.1 11.4 8.5 1.3 11 11 160 2100 35 391
Acenaphthylene (Ace) ND 0.7 0.5 0.2 9 11 44 640 7 89
Acenaphthene (Acp) ND 0.5 0.4 0.1 9 11 16 500 6 128
Fluorene (Fl) ND 0.5 0.3 0.1 9 11 19 540 21 144
Phenanthrene (Phe) ND 2.1 1.3 0.3 10 11 240 1500 87 544
Anthracene (Ant) 0.4 1.9 0.8 0.3 11 11 853 1100 47 245
Fluoranthene (Flt) 1.0 29 1.6 0.3 11 11 600 5100 113 1494
Pyrene (Pyr) 0.5 2.0 1.0 0.3 11 11 665 2600 153 1398
Benzo[a]anthracene (BaA) 1.1 2.5 1.5 0.3 11 11 261 1600 75 693
Crysene (Cry) ND 2.1 1.0 0.3 10 11 384 2800 108 846
Benzo[b]fluoranthene  (BbF) 1.9 33 2.4 0.3 11 11 NA NA NA NA
Benzo[k]fluoranthene  (BkF) ND 2.3 1.0 0.5 8 11 NA NA NA NA
Benzo[a]pyrene (BaP) 0.4 2.0 1.5 0.3 11 11 430 1600 89 763
Indenol[1,2,3-cd]pyrene (InP) 1.0 1.8 1.4 0.2 11 11 NA NA NA NA
Dibenzo[a,h]anthracene (DahA) | ND 1.4 1.1 0.2 10 11 63 260 6 135
Benzo[ghi]perylene (BghiP)| ND 0.8 0.4 0.1 9 11 NA NA NA NA
>PAH 18.1  29.1 24.6 2.4 5 11 | 4000 45 619 6

"Frequency of detection = number detected:number samples.

ND = not detected
NA = not analysed
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Figure 2 Plots with Dim 1 and Dim 2 from principal components analysis. (a) Factor loadings of 16
PAH on Dim 1 (41.32%) and Dim 2 (20.66%); (b) factor scores of samples sites from Guajara Bay
and Guama River.

Dim 2 contributed 20.66% to the total variance, showing high loading values of
Benzo[k]fluoranthene (BkF) and moderate loadings of Nap, Phenanthrene (Phe) and BaA
related to mixed sources of PAH. BkF and BaA are used as typical markers of diesel vehicle
emissions (Larsen and Baker 2003). While, Nap and Phe suggest incomplete combustion,
volatilization or petroleum-related products spills, additionally gasoline engine samples. The
score plot of the first two components (Figure 2b) allows the characterization of the sampling
sites according to the first and the second component. For the first component (Dim 1), two
groups were observed. The first group differentiates the samples 3, 5, 6, 7 and 11 from the
others samples by the higher positive on the first component score, higher content of Ant,
BaA, Cry and InP, characteristic compounds of the emission by gasoline and diesel vehicles.
While, the other samples showed intermediary contamination.

In Dim 2, sediment samples 5 and 6 are differentiated by the higher negative scores on the
second component, higher content of Nap, BaA and BkF, characteristic components of fossil
fuel combustion by vehicles (Simcik et al. 1999).

It is clear from the results presented that the data provide PAH baselines for Guajara Bay and
Guama River sediments and initiate a discussion about this topic in the Amazon area. This
study can assist further work related to PAH monitoring in amazonic aquatic systems that
present activities mainly related to the riverside community. Although it is incumbent upon
the regulatory agencies to recognize that substantial reference levels of PAH exist in our
urban environments and to acknowledge this information in the development of realistic
target clean up levels.
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Abstract

The distribution, sources and ecological risk assessment of the priority polycyclic aromatic
hydrocarbons (PAH) in 16 surficial sediments samples from the Amazon River Estuary
(Macapa and Santana cities, state of Amapa, Northern Brazil) were investigated. Total PAH
concentration (Y PAH), determined by GC-MS, ranged from 22.2 to 158.9 ng g”' dw (mean
value 49.4 ng g~' dw). Obteined PAH levels are relatively low compared to nearby areas and
other coastal zones around the world, but may be considered as baselines for these pollutants
in sediments from amazonic aquatic systems. The selected PAH ratios and the statistical
analysis for each site showed that fossil fuel and biomass combustion were the dominant PAH
origin, primarily from local sources. The ecological risk assessment, investigated through the
sediment quality guidelines indicated that PAH in the sediments should not cause any adverse
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effect on organisms, but the presence of dibenzo[a,h]anthracene and benzo[a]pyrene deserves
more concerns.

Keywords: PAH; Sediment; Sources; Distribution; Ecological risck; Amazon River Estuary.

Polycyclic aromatic hydrocarbons (PAH) are volatile, ubiquitous, toxic and
bioaccumulative organic pollutants that are composed by two or more fused aromatic rings
(Bouloubassi et al., 2012; Callén et al., 2013; Carver et al., 1986; Readman et al., 2002). PAH
can be introduced in the environment by various processes such: incomplete combustion at
high temperatures of recent and fossil organic matter (pyrogenic origin), spills of crude oil
and its derivatives (petrogenic origin), short-term diagenetic degradation of biogenic
precursors (diagenetic origin) and bacteria, fungus, vegetable species and algae biosynthesis
(biogenic origin) (Ahmed et al., 2017; Ramdine et al., 2012). Although PAH inputs are
mostly linked to the anthropogenic activity.

Among various chemical contaminants, the pollution caused by PAH has led over
recent years to numerous studies on the origin, distribution and fate of PAH in the
environment, owing to their carcinogenic and mutagenic efects in living and/or human beings.
They have low aqueous solubilities and high octanol/water partition coefficients, which
means that PAH entering in aquatic systems tend to associate with particulate material and
accumulate in sediments (Lindgren et al., 2014; Naes et al., 1995). The costal sediments are
one of the main reservoirs of toxic chemical compounds becase urban rivers act as carriers of
large amounts of pollutants produced by the urban system (Huang et al., 2017).

The discrimination of PAH sources and their toxicity potential is necessary to evaluate
their effects in the environment. When assessing health and ecological risk in aquatic
environments, sediment analysis is often chosen. Sediment quality guidelines (SQGs) based
on toxicity thresholds can be used to rank the toxicity of a sediment and, consequently, the
potential adverse biological effects based on PAH chemical data (Bay et al. 2012). However
the use of SQGs is only an orientation in studies about contamination.

Sixteen PAH had been indentified as priority pollutants by US Environmental
Protection Agency (USEPA) due to their damage effects (Neff, 1979; Tam et al., 2001). They
are: naphthalene (Nap), acenaphthylene (A4cy), acenaphthene (Ace), fluorene (Flo),
phenanthrene (Phe), anthracene (A4nt), fluoranthene (FIf), pyrene (Pyr), benzo[a]anthracene
(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo[gh,i]perylene (BghiP),
indeno[1,2,3-cd]pyrene (IcdP). Each source of PAH gives rise to characteristic compound
pattern, and it is therefore possible to get access to the processes that generate these
compounds in the studied matrices (Budzinski et al., 1997; Lake et al., 1979). Diagnostic
ratios involving pairs of these PAH isomers and/or similar physicochemical features are
largely used to discriminate PAH origin (Tobiszewski and Namiesnik, 2012).

The flood plains and rivers of the Amazon region are very sensitive to environmental
pollution, especially in the basins near the coastal zone where sinuous channels associated
with a large sedimentary material load carried by the flood pulse contribute to the residual
accumulation process in this area (Matos et al., 2011). The aquatic bodies that constitute the
basin of the Amazon River are habitats of great biological diversity, numerous species of fish
and mollusks are an important food source for the riverine population and resources for the
alimentary industry. PAH pollution of these aquatic systems can damage the biota and
consequently the local people.

Very little information is published on PAH pollution in amazonic aquatic systems.
Wilcke et al. (1999) found PAH concentrations between 13 and 58 ng g™ in floodplains of the
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amazon region. Santos et al. (2016) studied PAH distribution along Aura River (affluent of
Guama River, city of Belém, state of Para, Northern Brazil) relating the high PAH levels to an
inregular landfill and Sodré et al. (2017) investigated a petrochemical harbor in city of Belém
as a significant source of PAH to Guajara Bay sediments.

The Amapa state is located in the brazilian Amazon, Northern Brazil, with a
population of approximately 751 thousand inhabitants and na area of 143 thousand km?
(IBGE, 2017). The climate is characterized by a rainy season between December to May and
a dry season from June to November, with an average temperature of 26.6°C and the mean
annual precipitation is 2,500 mm, this data indicate a region with a lot of heat and humidity
(Ananias et al., 2010). The Amazon River Estuary is a mesotidal system (tidal effect with a
mean range of 3 m) characterized by high turbidity and important inputs of organic matter
from various origins (anthropogenic and biogenic) (Gregorio and Mendes, 2009). The two
principal cities of Amapa are Macapa (capital of the state) and Santana (the port zone) wich
concentrate 63% of the state population, and they are located on the bank of the Amazon
River Estuary.

The local economy is based on tourism, commerce, industry, livestock (bovine and
buffalo), agriculture and, mainly, mineral extraction (Cunha et al., 2004). In this area, there is
also a lot of vessel traffic, as well as transportation and sale of fuel in floating docks. Amazon
River Estuary behave as main sink of urban and industrial sewage from Amapa urban zone,
which most often do not receive proper treatment prior to discharge. Most of these activities
are potential sources of PAH for the estuary.

Previous research on sediment PAH pollution in different amazonic aquatic bodies,
including Amazon River Estuary, were conducted by Lima (2009). The author traced a PAH
historical depositional but in punctual sedimentary records from the cities of Belém (PA),
Barcarena (PA) and Santana (AP). Due to a necessary investment in knowledge about HPA in
the Amazon region, the aim of this study is to assess the distribution, levels, sources and the
ecological risk of 16 priority PAH in surficial sediments from Amazon River Estuary in the
cities of Macapa and Santana (state of Amapa, Northern Brazil).

The sampling stations were arranged from the urbanized and nonurbanized margins of
Amazon River Estuary encompassing the cities of Macapa and Santana (state of Amapa,
Northern Brazil) (Fig. 1). The surficial sediments (depth 0-5 cm) were collected from the 16
sampling sites (AP1, AP2, AP3, AP4, APS5, AP6, AP7, AP8, AP9, AP10, AP11, AP12, AP13,
AP14, AP15 and AP16) using a handheld Van Veen grab. Sediment samples were wrapped in
solvent-rinsed aluminum containers and kept frozen until further analysis.

The samples were oven dried at 28°C for 7 days and ground into a fine powder for
PAH analysis. PAH extraction was carried out according to the method 3550C described by
USEPA with adaptations of Medeiros and Bicego (2004) for environmental contaminants. A
mixture of perdeuterated (500 ng g naphthalene-ds, acenaphthene-d;o, phenanthrene-d,,
chrysene-d;; and solution in n-hexane) was added to the samples (5 g), before PAH extraction
by ultra-sonication with dichloromethane (DCM), to evaluate the recovery of the method.

Activated cooper was added to the combined extracts to remove elemental sulfur and
then the extract was concentrated, solvent-exchanged with n-hexane and reduced to
aproximately 2 mL. The resulting extract was loaded into a 1:2 alumina/silica gel glass
column for fractionation and clean up according to the method 3630C described by USEPA
and modified by Barbosa et al. (2016). The first fraction (F,) was eluted with 8 mL of n-
hexane to eliminate aliphatic hydrocarbons and the second fraction (F;), mostly containing
PAH, was eluted with 20 mL of DCM/n-hexane (1:1; v:v) solution. The F, was concentrated
to 1 mL and 25 pL of the internal standard (200 ng g p-terphenyl-dy4 solution in n-hexane)
was added to it.
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Fig. 1. Locations of the studied areas of Amazon River Estuary.

The 16 PAH concentrations were measured by gas chromatography-mass spectrometry triple
quadrupole (GCMS-Tq8040 Shimadzu) with electron ionization (EI), equipped with a Comb
Pal (AOC 5000 plus) automated injector and SH-RTXS5SiIMS capillary column (Crossbond
1,4-bis[dimethylsiloxy]phenylene dimethyl polysiloxane, 30 m, 0.25 mm i.d., 0.25 pm film
thickness, Restek, USA). The following chromatographic parameters were used: injector
temperature at 300°C in splitless mode; interface temperature at 300°C; ionization source
temperature at 280°C; flow rate of 1.2 mL min ' (Helium, 99.995% purity); oven temperature
was initially set at 40°C for 1 min, then increased by 20°C min ™' to 150°C, then increased by
10°C min "' to 220°C, after increased by 5°C min ' to 245°C, and again increased by 10°C
min~' to 300°C which was held for 7 min. The total time of the chromatographic run was 31
min (Souza et al., 2018).

Validation of the data was performed according to USEPA guidelines. The data were
reviewed for completeness, holding times, GC-MS tuning and system performance, initial and
continuing calibrations, laboratory method blank analysis, recoveries and compound
quantitation and detection limits. The recovery for the spiked blanks varied on average from
71% (naphthalene-dg) to 92% (phenanthrene-d;p). According to the USEPA method
guidelines, acceptable recovery values should be in the range from 70 up to 130% (Ribani et
al., 2004). The calibration curves constructed were linear over the range of interest and
correlation coefficients for the majority of compounds were greater than 0.99, indicating good
performance of the chromatographic method. The limit of quantification (LOQ) of each
analyte was 0.2 ng g ' (1* point of analytical curve divided by the sample mass) and the limit
of detection (LOD) was LOQ/3 (Dias et al., 2013; Frena et al., 2016; Souza et al., 2018).

Statistical analysis was carried out with statistical software R (http://r-project.org) in
particular, the package Facto-MineR (Husson et al., 2017) was utilized for the multivariate
analyses. PCA was used to identify relations among the diagnostic ratios determined in this
study. Furthermore, Pearson correlation was applied to better understand the relationship
between PAH and bulk parameters (grain size and organic matter). Upper 95% confidence
interval for the mean is the statistic preferred by EPA and many states for risk assessment, it
was used to indicate the reliability of the estimative, the more distance this interval is of zero
the greater the difference between the samples. Values below the detection limit were
replaced by half of the detection limits (LOD) for the statistical analysis. Sediment quality
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guidelines (SQGs) were conducted to assess the toxicity posed to the benthic community by
PAH.

The spatial distributions of individual PAH in the surface sediments from the studied
sites in Amazon River Estuary, PAH total amount per sample (£PAH), PAH total amount per
number of rings (X2ring, X3-4ring and X5-6ring), bulk parameters (%Sand and %Mud),
organic matter content (%OM) and uper 95% interval on the mean for the studied parameters
are shown in Tab. 1. The total concentrations of 16 priority PAH (3 PAH) ranged from 22.2 to
158.9 ng g ' dw with a mean value of 49.4 ng g ' dw. The highest concentration was abserved
at site AP6 (158.9 ng g ' dw) followed by AP1 (81.8 ng g ' dw), whereas the lowest
concentration was measured at site AP5 (22.2ng g ' dw).

Total PAH levels in the surficial sediments from the studied area can be categorized as
“weakly contaminated” (< 250 ng g™') (Soclo et al., 2000) and they were similar or lower than

values found in: other aquatic bodies from amazon region (608.7 to 15693.9 ng g ') (Santos

et al., 2016; Sodr¢ et al., 2017); Poxim River, Northeast Brazil (2.2 to 28.4 ng gfl) (Souza et
al., 2018); mangroves at Southern Brazil (6.8 to 437.3 ng g ') (Assuncio et al., 2017); Todos
os Santos Bay, Northeast Brazil (11.45 to 1825.35 ng gfl) (Nascimento et al., 2017); Cochin
estuary, India (304 to 14.194 ng g ') (Ramzi et al., 2017); Nantong Coast, China (1.4-87.1 ng
gfl) (Liu et al., 2016); and Brisbane River, Australia (148 to 3079 ng gfl) (Duodu et al.,
2017).

The relative abundance of individual PAH varied considerably (Fig. 2A). Data showed
that Nap was the dominant component with a relative abundance of 38%, whereas Acy and
Ace only account for about 1%. The mean value order for the 16 PAH was Nap > BbF >
BghiP > IcdP > Phe > DahA > Flt > BaA > Chr > Pyr > BaP > BkF > Ant > Flo > Acy > Ace.
Nap is a direct skin irritant and together with BbF, DahA, IcdP are known animal
carcinogens (International Agency for Research on Cancer, 2010). BbF, DahA and IcdP have
caused tumors in laboratory animals when they breathed these substances in the air, when
they ate them, or when they had long periods of skin contact with them (Agency for Toxic
Substances and Disease Registry, 1995).

The PAH compositional patterns in the sediments were mainly 2-ring (Nap) and 5-ring
(BbF, BkF, BaP and DahA), with average of 38% and 21% respectively. The PAH
composition followed a gradient of 2-ring > 5-ring > 4-ring > 3-ring > 6-ring. The
composition pattern of PAH by ring size is show in Fig. 2B. The low molecular weight PAH
(LMW) (2- to 3-ring) are normally originated from low- or moderate-temperature combustion
process (i.e. coal combustion), while the high molecular weight PAH (HMW) (4- to 6-rings)
are chiefly from the high-temperature combustion process (i.e. vehicular exhaust,
anthropogenic combustion or pyrogenic sources) (Harrison et al., 1996). HMW had a
relatively dominance above the LMW, 51% of the total PAH mass. Such a small variation
indicates that there are potentially similar sources of PAH in the area, possibly pyrogenics.

Grain size [%Sand and %Mud (silt + clay)] and organic matter content (%OM) play an
important rule in organic compounds adsorption and distribution, and are very important to
understand the behavior of PAH in the ecosystem (Nguyen et al., 2014). Grain size analysis
for the surface sediments were performed with a laser granulometer (SALD 2101 Shimadzu)
after the organic matter digestion with 10% H,O, and the dispersion with sodium
hexametaphosphate. Samples were calcined in a muftle furnace at 450°C for 4 h to determine
the content of organic carbon (%OC) by the difference of mass. The %OM was obtained
through the equation %OM = 1.724 x %OC (Dume et al., 2017; Kebede and Ademe, 2016;
Ranney, 1969).



Tab. 1. Sediment samples (AP1-P16). Uper 95% interval on the mean for the studied parameters. PAH individual concentration (ng g').
PAH total amount per sample (SPAH, ng g '), PAH total amount per number of ring (X2ring, £3-4ring and Z5-6ring, ng g). Bulk
parameters: %Sand, %Mud (silt + clay). And organic matter content (%OM). ND = Not Detected.

AP1 AP2 AP3 AP4 APS AP6 AP7 AP8 AP9 AP10 AP11 AP12 AP13 AP14 AP15 AP16 Uilr)li:rgvsa(;ﬁ)
Nap le.1 7.5 7.8 11.1 6.7 198 10.7 244 264 189 209 85 113 149 129 17.1 2.9
Acy 1.t 02 02 03 03 24 02 02 02 02 05 03 04 06 02 03 0.3
Ace 05 03 03 04 04 06 03 03 03 04 03 03 02 03 03 03 0.0
Flo 13 06 08 09 11 1.7 06 1.0 09 1.1 10 05 06 09 07 038 0.1
Phe 6.7 20 36 53 23 79 27 37 41 3.0 438 1.8 19 41 23 34 0.8
Ant 10 03 45 03 07 29 ND ND 02 ND ND 21 ND 04 ND 03 0.6
Flt 69 10 14 47 11 233 1.7 09 12 09 26 06 06 27 1.1 21 2.7
Pyr 63 07 19 35 05 190 11 ND 09 03 22 04 ND 31 ND 1.0 2.2
BaA 30 06 12 1.7 11 233 10 04 06 05 1.7 0.5 19 15 05 1.5 2.6
Chr 20 06 06 24 13 70 10 17 20 10 15 08 1.3 12 14 14 0.7
BbF 6.1 16 29 50 14 209 35 23 28 29 55 1.7 1.8 53 39 57 2.2
BkF 18 04 10 1.1 14 55 07 04 05 23 10 04 04 14 05 1.5 0.6
BaP 34 08 25 11 08 88 10 06 07 07 16 07 07 30 21 08 1.0
lcdP 82 19 36 50 14 59 28 15 1.7 16 35 19 16 84 17 41 1.1
DahA 59 22 34 39 10 33 32 23 27 18 36 23 23 32 31 38 0.5
BghiP 116 21 76 59 07 64 66 13 19 21 43 24 14 &3 14 23 1.5
> PAH 81.8 229 43.4 525 222 1589 37.4 409 472 377 55.0 251 26.7 595 321 465 15.7
Y 2ring le.1 7.5 79 11.1 6.7 19.1 10.7 244 264 189 209 85 113 149 129 17.1 2.9
> 3-4ring 288 64 145 195 891 882 89 81 105 74 145 72 71 149 6.6 11.1 9.5
> .5-6ring 369 9.1 21.0 220 6.6 509 178 84 103 114 196 94 83 29.6 12.7 183 5.7
%Sand 369 493 51.6 155 40.0 28.0 16.8 14.7 13,5 212 71.6 668 475 522 323 384 8.7
Y%oMud 63.0 50.7 48.4 84.5 61.0 72.0 83.2 853 86.5 78.8 284 332 525 478 677 61.6 8.7

%0M 27 22 27 105 18 53 49 40 64 53 57 23 34 48 39 35 1.0
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Fig. 2. Contribution of the individual PAH compounds to the total PAH (A) and composition
pattern of PAH by ring size (B).

The fine-grained sediment (silt + clay) ranged from 28.4% (AP11) to 86.5% (AP9)
with an average of 62.8% (Tab. 1). The organic matter content (%OM) ranged from 1.8%
(APS5) to 10.5% (AP4) with a mean value of 4.3%. Pearson correlation analysis was applied to
assess the relationship among individual PAH with bulk parameters and %OM. No significant
correlation was observed between PAH and %Sand, %Mud, %O0M (mV) (r < 0.6, p > 0.01).
Therefore, concentration and distribution of PAH were influenced by local inputs. A
significant positive correlation (r > 0.46, p < 0.05) was observed for %Mud and %OM,
indicating that increase in %Mud will simultaneous result in an increase in %OM associated
with the sediment. Moreover, no significant correlations were observed between Nap, Ant,
BaP and BghiP with other compounds. The significant positive correlations (r > 0.6, p < 0.01)
were observed for the most compounds, mainly PAH with 3-, 4- and 5-ring. This data
indicates that PAH are sharing common origins (Rajput and Lakhani, 2009; Basavaiah et al.,
2016).

PAH are distributed in environments throughout the world and are generated by many
different pathways, so it is important to identify PAH sources in environmental monitoring
studies. Various sources produce different compounds and lead to distinct concentrations in
the environment. Therefore, the diagnostic ratios Phe/Ant, Ant/(Ant+Phe), Flt/Pyr,
Flt/(Flt+Pyr), BaA/(BaA+Chr), IcdP/(IcdP+ BghiP), LMW/HMW, YHMW/YPAH and
PAH4/PAH;s+6) have being useful in the identification of PAH sources.

PAH origins can be categorized into different groups (Cazier et al., 2016; Lakhani,
2012; Tobiszewski and Namiesnik, 2012; Yunker et al., 2002): Phe/Ant > 15, Ant/(Ant+Phe)
< 0.1, Flt/Pyr > 1, Flt/(Flt+Pyr) < 0.4, BaA/(BaA+Chr) < 0.2, IcdP/(IcdP+ BghiP) < 0.2,
LMW/HMW > 1.0 and Y HMW/Y PAH < 0.2: petroleum pollution; 0.1 < Ant/(Ant+Phe) <
0.5, 0.4 < Flt/(FIt+Pyr) < 0.5 and 0.2 < IcdP/(IcdP+ BghiP) < 0.5: petroleum combustion;
LMW/HMW < 1.0 and Y HMW/> PAH > 0.2: pyrogenic processes; Ant/(Ant+Phe) > 0.5, 0.1
< FIt/(FIt+Pyr) < 0.5 and IcdP/(IcdP+ BghiP) > 0.5: grass, wood and coal combustion;
BaA/(BaA+Chr) > 0.35: vehicular emission. The ratio PAH4)/PAHs:6) > 0.9 suggests long
distance transportation while PAH4)/PAHs+6) < 0.9 indicates a PAH origin from emissions of
local sources (Liu et al., 2007).

Phe is thermodynamically more stable and its prevalence over Ant indicates that the
sediment PAH were mainly from petrogenesis activities (Baumard et al., 1998; Qiao et al.,
2006). Ratios Phe/Ant and Ant/(Ant+Phe) at most of sampling sites were lower than 15 and
higher than 0.1, respectively, indicating that the main PAH source could be combustion
activities. At other stations (AP4, AP7, AP9 nad AP15) these ratios were higher than 10 and
lower than 0.1, respectively, suggesting the existence of petrogenic sources next to these sites.
The ratio FIt/Pyr at 86% of the studied sites was higher than 1 and FIt/(Flt+Pyr) was higher
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than 0.4 indicating that the main PAH source is fossil fuel combustion. Moreover, there was
expressive presence of PAH from biomass combustion.

BaA/(BaA+Chr) and IcdP/(IcdP+ BghiP) ratios (Fig. 3A) indicated that: only AP9 was
dominated by petroleum pollution such as oil or fuels spills; almost 70% of the stations
presented PAH mainly originated by fossil fuel combustion; and sites AP5, AP13, AP15 and
AP16 had PAH probably produced by grass, wood and charcoal combustion. These values
may be associated with the intense vehicle and vessel traffic around the studies érea, the
common mangrove deforestation and biomass burning. BaP is a marker for some combustion-
derived PAH, since its level in petroleum is usually negligible (Magi et al., 2002). In Fig. 3B
is reported the measure concentration of BaP against the total PAH content. The significant
correlation between BaP and Y PAH (r = 0.938), at the 95% confidence level, confirmed a
majory pyrolytic origin for PAH in surficial sediments from Amazon River Estuary.
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Fig. 3. PAH cross plots for ratios IcdP/(IcdP+ BghiP) vs. BaA/(BaA+Chr) (A) and correlation
between BaP and Y PAH concentrations (B) in sediment samples from Amazon River
Estuary.

A PAH concentration gradient was observed along Amazonian River Estuary surficial
sediments, sampling sites closest to potencial sources showed greater values tending to
diminished with the distance, and the PAH4/PAH;s:¢) ratio ranged from 0.2 to 1.4, only site
AP6 presented a value above 0.9. These results suggest that PAH in the sediments came
primarily from emissions of local sources and it is an indicative of a relativily restricted
transport of PAH and other organic pollutants in this area.

PCA was used to further examine the relationships between sampling sites PAH
composition and the possible chemical sources for each factor by using the diagnostic ratios
and index, such as FIt/Pyr (R1), Phe/Ant (R2), Ant/(Ant + Phe) (R3), Flt/(Flt + Pyr) (R4),
LMW/HMW (RS5), XCOMB/2PAH (R6) and PAH4/PAHs+6 (R7). The data matrix was
therefore constituted by 112 elements (7 variables x 16 samples). The first principal
component (Dim 1) accounted for 51.21% of the total variance and the second (Dim 2) for
19.78%, thus accounting for 70.99% of the total variance. Dim 1 was characterized by a high
positive influence of R1 (r = 0.80), R4 (r = 0.82) and R5 (r = 0.84) and negative of R6 (r = -
0.85). Dim 2 is characterized by a high positive correlation with R2 (r = 0.69) and negative
with R3 (r = -0.76). The score plot of the first two components allows the characterization of
the samples (Fig. 4).

Fig. 4A shows that R1, R4 and RS5 ratios have a clear correlation, however, these
indices are known to provide a little mutual correlation indicating that each one provides
different information about the data set. The Fig. 4B indicates a good separation of the
different source types. Sampling stations APS, AP10, AP13, AP15 and AP16 presented a
projection along the direction associated with the R1, R4 and RS ratios, a mixture sources
correspondent region (biomass combustion and petrogenic). Sites AP3, AP5 and AP12 are
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projected along direction of R3 ratio, therefore they are influenced by pyrogenic sources. AP9
and AP11 association with the R2 ratio indicate a prevailing petrogenic source for PAH.
Ultimately, sites AP1, AP2, AP4, AP6, AP7 and AP14 were correlated with ratios R6 and R7,
indicating a combustion source related to long distance transportation.
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Fig. 4. Charts (A) variables of the PCA and (B) individual observations.

Ecological risk assessment of pollutants in various aquatic environments is widely
investigated through Sediment quality guidelines (SQGs) (Long et al., 2006). SQGs are based
on the Biological Effects Database for Sediments and they provide two sets of values: the
effect range low (ERL)/effect range median (ERM) and the threshold effect level
(TEL)/probable effect level (PEL) (Long et al., 1998; Long and MacDonald, 1995; CCME,
2002). The ERL, ERM, TEL and PEL values for some PAH compounds are listed in Tab. 2.
Theses tools were used to evaluate the potential biological concerns of sedimentary PAH
levels in the Amazon River Estuary. Results showed that ) PAH along the studied area were
below SQGs database, which indicate that PAH in the sediments should not cause any
adverse effect on organisms. However the presence of DahA and BaP, considered powerful
carcinogenic agents, in the surface sediment of Amazon River Estuary deserves more
concerns.

The intense and unorganized economic development of cities located in the Northern
Brazil results in industrial emissions, heavy traffic, diesel engine exhausts from shipping and
burning of coal and biomass, which would raise PAH loadings through atmospheric
deposition and freshwater run off. The ecological risk assessment revealed that the 16 PAH
have a low probability of negatively affecting the surface sediments in the Amazon River
Estuary.

Moreover, the rapid urbanization and industrial development, and the pollution
drainage caused by human activity inputs should be properly managed to avoid further
contamination by PAH and other pollutants. The results achieved in this work have shown
that the sediment samples did not present significant PAH contamination compared to other
coastal zones around the world, but may be considered as baselines for these pollutants in
sediments from amazonic aquatic systems. The sources observed predict that the cities of
Santana and Macapa have an influence on the environmental health and ecosystem quality.



Tab. 2. Standard pollution criteria of PAH components for sediment matrix (ng g).

PAH ERL ERM TEL PEL This study
Average Maximum
Nap 160 2100 34.6 391 15.0 26.0
Acy 44 640 6.7 88.9 0.2 24
Ace 16 500 59 128 0.0 0.0
Flo 19 540 21.2 144 0.3 1.7
Phe 240 1500 86.7 544 3.7 7.9
Ant 853 1100 46.9 245 0.6 4.5
Flt 600 5100 113 1494 3.1 233
Pyr 665 2600 153 1398 24 19.0
BaA 261 1600 74.8 693 24 233
Chr 384 2800 108 846 1.5 7.0
BbF NA NA NA NA 4.6 20.9
BkF NA NA NA NA 1.1 5.5
BaP 430 1600 89 763 1.4 8.8
lcdP NA NA NA NA 34 8.4
DahA 63.4 260 6.22 135 3.0 59
BghiP NA NA NA NA 4.1 11.6
2PAH 4000  44.792 619 5.672 47.0 158.0

NA = not available.
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6 CONCLUSAO

A presenca de hidrocarbonetos policiclicos aromdaticos (HPA) nos sedimentos
superficiais da Baia de Guajard (Belém-PA) esta diretamente relacionada ao teor de
sedimentos finos (silte + argila) ou ao conteudo de matéria organica (%MO) e as principais
fontes desses contaminantes organicos para a area portuaria desta baia sdo petrogénicas
ligadas ao Terminal Petroquimico de Miramar (TEMIR) e as atividades relacionadas a ele
como o intenso trafego de embarcagdes e a venda de combustiveis em postos flutuantes, por
exemplo. A contribuicdo petrogénica pontual foi evidente devido as altas concentragdes de
fenantreno e naftaleno observadas especificamente proximo ao TEMIR, além do predominio
de HPA de baixa massa molecular (LMW).

Entretanto, os dados apontam que o input de HPA pirogénicos (combustio de
combustiveis, queima de lixo doméstico e descarga de esgoto doméstico e industrial) também
¢ uma fonte consideravel de contaminacdo para a Baia de Guajard visto que os HPA
dibenzo[a,h]antraceno, benzo[k]fluoranteno e pireno foram os principais compostos nos
sedimentos ao longo da margem urbanizada na Baia de Guajara e Rio Guama (Belém-PA). A
concentracdo total de HPA (XHPA) foi semelhante ou superior a encontrada em outros
ambientes aquaticos considerados de moderado a altamente poluidos (> 500 ng g'). Sobre a
qualidade ambiental relacionada a biota nesses dois corpos hidricos, os HPA acenaftileno e
dibenzo[a,h]antraceno excederam o ERM (effects range median), definidos pelos VGQS,
podendo assim causar danos bioldgicos agudos.

Especificamente o Rio Aurd e a margem do Rio Guama influenciada por este corpo
hidrico menor, area localizada na Regido Metropolitana de Belém (PA), apresentaram os
maiores niveis de HPA. Foi também observado um gradiente na concentracao de HPA ao
longo do Rio Aurd, com uma tendéncia a reducdo nos valores conforme o aumento da
distancia de um aterro sanitdrio irregular. As razdes diagndsticas indicaram para esta area o
predominio de fontes pirogénicas relacionadas a queima de residuos solidos (intencional ou
ndo) no aterro sanitario. Os valores encontrados neste estudo sugerem um importante impacto
ambiental local e possiveis efeitos toxicos aos organismos que habitam o sedimento.

No Estuario do Rio Amazonas, ao longo das cidades de Macapa e Santana no estado
do Amapa, os niveis totais de HPA nos sedimentos superficiais caracterizam a area como
“fracamente contaminada” (< 250 ng g”') e ndo demonstraram correlacio com a granulometria

e %MO. O naftaleno foi o HPA mais abundante. As razdes diagnosticas e a PAC indicaram a
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existéncia de fontes primariamente pirogénicas (queima de biomassa e de combustiveis
fosseis). Um gradiente na concentracdo de HPA foi observado, os locais de amostragem mais
proximos das fontes potenciais (canais de esgoto, portos e estaleiros) apresentaram valores
maiores tendendo a diminuir com a distdncia das mesmas, sugerindo que os HPA sdo
provenientes principalmente de emissdes de fontes locais pontuais; e juntamente com 0s
valores obtidos para a razdo HPA«4/HPAs:6) indica um transporte relativamente restrito de
HPA e de outros poluentes organicos nesta area. O XHPA observado na area estd abaixo dos
VGQS, indicativo de que os HPA nos sedimentos ndo devem causar nenhum efeito adverso
sobre os organismos. No entanto, a presenga significativa de dibenzo[a,h]antraceno e de
benzo[a]pireno, considerados agentes carcinogénicos poderosos, merece atengao.

Foram observados baixos niveis de hidrocarbonetos nos sedimentos superficiais e
nenhuma diferenca significativa na composicdo de HPA ao longo da zona insular da Baia de
Guajard e do Rio Guamad, assim como na Ilha de Santana (AP). Os resultados das anélises
estatisticas mostraram que esses locais de amostragem podem ser considerados como um
conjunto de dados representativo da concentragdo de HPA de um sistema aquatico ndo
afetado por processos industriais nem esgoto urbano. As razdes diagnodsticas e PCA indicaram
a influéncia de fontes tanto pirogénicas, principalmente a combustdo de biomassa e de
combustiveis utilizados em embarcagdes de pequeno porte € em geradores de energia elétrica,
quanto petrogénicas relacionadas a atividade da populagao ribeirinha.

Logo, os niveis de HPA observados nesses sedimentos podem ser considerados como
baselines para estes contaminantes em sedimentos superficiais de sistemas aquaticos com
caracteristicas hidrica, sedimentologica e hidrodinamica semelhantes a Baia de Guajard, ao
Rio Guama e ao Estudrio do Rio Amazonas. Entretanto, cabe as agéncias reguladoras
reconhecer que existem niveis substanciais de PAH nos ambientes estudados e empregar essa
informac¢do no desenvolvimento de valores orientadores de qualidade de sedimentos quanto a

presenca de HPA.
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ANEXO A - PREPARO DO MATERIAL PARA O CLEAN UP

Material Preparo

- Calcinar em mufla por 4h a 400°C;

Alumina - Desativar a 2% em massa de agua ultrapura (mili-Q) por 10 min
sob agitacdo manual.
- Calcinar em mufla por 4h a 400°C;
Silica

- Desativar a 5% em massa de agua ultrapura (mili-Q) por 10 min

sob agitacdo manual.

Sulfato de So6dio | - Calcinar em mufla por 4h a 400°C

e Ativacido da Alumina a 2%:
60 uL de agua  --------—--- 3 g de Alumina

X(uL) - n°® de amostras

e Ativacio da Silica a 5%:
300 uL de 4gua  ------------ 6 g de Silica

X (uL) - 2 x n° de amostras
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ANEXO B — OS TEMPOS MEDIOS DE RETENCAO (Tg), AS TRANSICOES DE
MONITORAMENTO POR REACAO MULTIPLA (MRM) E A ENERGIA DE
COLISAO (CE) PARA CADA TRANSICAO

Quantificagdo g Qualificagio  EC  Qualificagio  EC

t
Composto (mIi{n) (m/2) (V) 1 (m/z) V) 2 (m/z) V)

Nap-dg 7,365 136 — 108 18 136 — 134 18 136 — 84 18
Nap 7,390 128 — 102 18 128 — 78 18 128 — 76 24
Acy 9,890 152 — 126 24 152 — 150 27 152 — 102 24

Ace-dj 10,150 162 — 160 18 162 — 158 24 162 — 134 24
Ace 10,210 153 — 151 24 153 — 127 24 153 —» 77 30
Flo 11,225 165 — 163 30 165 — 115 24 165 — 139 24

Phe-dg 13,235 188 — 160 24 188 — 158 30 188 — 186 18
Phe 13,290 178 — 152 18 178 — 176 24 178 — 150 42
Ant 13,405 178 — 152 18 178 — 176 24 178 — 128 24
Flt 16,320 202 — 200 30 202 — 152 30 202 —» 176 30
Pyr 16,990 202 — 200 30 202 — 151 39 202 — 175 39

p-Terp-dis 17,585 244 — 240 30 244 — 242 18 244 — 226 18
BaA 20,940 228 — 226 30 228 — 202 24 228 — 224 45

Chr-d;; 20,950 240 — 236 30 240 — 238 18 240 — 212 30
Chr 21,035 228 — 226 30 228 — 202 24 228 — 224 45
BbF 23,890 252 — 250 30 252 — 249 45 252 — 226 30
BkF 23,955 252 — 250 30 252 — 249 42 252 — 226 30
BaP 24,685 252 — 250 30 252 — 226 30 252 — 249 45
lcdP 27,955 276 — 274 30 276 — 273 45 276 — 250 30

DahA 28,055 278 — 276 30 278 — 274 45 278 — 252 30

BghiP 28,875 276 — 274 42 276 — 272 45 276 — 248 45
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ANEXO C — CURVAS DE CALIBRACAO UTILIZADAS PARA A
QUANTIFICACAO DAS AMOSTRAS DA REGIAO DAS ILHAS EM BELEM (PA)
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ANEXO D- CURVAS DE CALIBRACAO UTILIZADAS PARA A QUANTIFICACAO
DAS AMOSTRAS DE MACAPA E SANTANA (AP)
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ANEXO E - CROMATOGRAMAS DAS AMOSTRAS DE SEDIMENTO
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ANEXO F - CONCENTRACAO DOS HPA (EM NG G ) E CARACTERISTICAS SEDIMENTOLOGICAS DA REGIAO DAS ILHAS
DA BAIA DE GUAJARA E RIO GUAMA.

HPA  N°de anéis

Pontos de amostragem

PAl PA2 PA3 PA4 PAS PA6 PA7 PA8 PA9 PA10 PAll
Nap 2 1041 5,13 957 835 1627 7,86 541 998 729 7.04 8,06
Acy 3 0,67 063 058 0,60 058 060 0,66 068 058 065 073
Ace 3 0,51 038 053 046 046 044 045 047 051 045 049
Flo 3 0,48 041 041 040 036 037 040 038 040 034 040
Phe 3 1,68 1,12 1,53 1,46 107 1,09 205 1,17 1,50 1,10 1,20
Ant 3 0,57 043 097 047 040 039 194 037 043 039 055
Flt 4 1,46 1,15 1,87 1,88 0,99 0,99 295 120 1,60 1,00 1,27
Pyr 4 1,51 0,59 1,57 054 041 0,63 200 076 1,04 069 1,12
BaA 4 127 124 1,42 1,00 097 1,07 1,71 123 1,08 1,09 1,58
Chr 4 0,68 065 1,14 086 046 057 2,13 092 083 048 1,04
BbF 5 225 233 2,69 229 1,62 1,80 318 239 1585 211 325
BKF 5 1,52 0,69 086 058 039 046 093 0,66 0,53 139 0,83
BaP 5 1,43 124 1,74 1,36 088 1,03 196 141 1,15 042 2,03
InP 6 134 107 1,76 097 087 093 171 131 1,08 103 1,71
DahA 5 1,11 115 1,40 1,2 1,01 098 108 107 1,13 104 1,18
BghiP 6 0,59 037 082 037 035 036 045 040 036 039 0,66
LMW 23 1434 8,10 13,59 11,74 19,14 10,75 10,91 13,05 10,70 9,97 11,43
HMW 4-6 13,17 10,47 1527 11,07 795 8,82 18,10 11,35 10,66 9,64 14,67
SHPA ; 27,5 18,6 289 228 27,1 19,6 290 244 214 196 26,1
%Areia 90 272 94 212 266 10,1 189 93 253 113 152
%Finos 91,0 72,8 90,6 78,8 734 899 81,1 90,7 747 887 848
%MO 161 51 155 75 55 140 65 50 155 50 135
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ANEXO G - CROMATOGRAMAS DAS AMOSTRAS DE SEDIMENTO

BARRAS

AP2

AP1

\°§0@2§

S
&

A9 Q0 g o ot F S

I
F ¥

3

&

A \,SjJ Q\e QV@ \29\ << Q‘? Q)ASR (}“" %’OQ 488' ‘{)‘g

«®

AP4

AP3

AP6

APS



AP9

s e oo I = = -0 0 _ _ un 0 &

R & F P S o T ot F X FF

N9 o V¥ o Tty Vé’%‘g’«b@@@%@
AP11

— i I 10 x I = 0 I I I

-%‘DQ Q\O QV' ?5\ < Q*? &}\& Q}é‘ %\8 Q;g @S‘roq% %\8
AP13

-_II I_II
s

AR 8 o Qo ot

AP15

B T I
é’}q YSI‘) ?S,?‘ g\o Q‘Qe ?f,)‘& *'{\" Q‘-‘I‘ Q;g?' C’& &

126

AP10

1.
RS gt Q_\'\QF\% o <5§ %\3 & $

AP12

I I " I m 0 I I I
s o A - £ .58 3 48 8
\_SDQ b.::\ P Q‘(‘f‘ ?3 < Q‘é & @Q,‘-O /F g* \QBQ%Q;%\

AP14

[ |
\%Q’Q ) c?‘ P Q&\ ?5\ Q\\‘ Qﬁ b\é

Q

[ |
‘38 RO

&

AP16

E——— ] I - I s 0 0 I |
%‘:’QYS‘A’?&%‘(\GQ\&QQ Qﬁ\ ?’C«,\‘gg hs



ANEXO H - CONCENTRACAO DOS HPA (EM NG G™') E CARACTERISTICAS SEDIMENTOLOGICAS DE MACAPA E

SANTANA (AP).
HPA N° ﬂe Pontos de amostragem

aneis AP1 AP2 AP3 AP4 AP5 AP6 AP7 APS8 AP9 AP10 AP11 AP12 AP13 AP14 AP15S API16
Nap 2 16,15 749 7,85 11,06 6,70 19,81 10,69 24,41 26,42 18,91 20,92 846 11,33 14,92 12,86 17,09
Acy 3 1,13 0,23 0,23 032 034 242 023 ND 023 024 045 028 037 0,64 0,24 0,26
Ace 3 0,46 0,29 032 041 043 057 031 031 033 037 035 026 024 034 0,26 0,31
Flo 3 1,32 0,65 080 09 1,15 1,71 064 096 094 1,06 096 051 0,58 095 0,66 0,78
Phe 3 6,70 2,01 3,59 5,26 230 795 270 3,68 4,06 3,02 4,75 1,81 1,87 4,11 229 343
Ant 3 0,96 030 4,50 026 0,75 286 ND ND ND ND ND 208 ND 041 ND 033
Flt 4 6,91 099 1,37 466 1,09 2332 1,70 095 1,18 0,90 261 056 062 270 1,12 2,09
Pyr 4 6,31 0,69 1,86 3,48 0,52 18,99 1,14 ND 093 0,31 2,19 042 ND 3,05 ND 1,02
BaA 4 296 0,60 1,22 1,74 1,06 2333 099 037 065 051 1,71 045 193 1,51 0,52 1,51
Chr 4 2,00 0,60 0,60 242 1,27 7,05 1,01 1,67 2,00 096 1,45 084 131 1,23 143 1,39
BbF 5 6,06 1,59 287 5,03 1,37 2086 3,53 232 283 290 555 1,67 1,85 534 3,88 5,67
BkF 5 1,78 044 1,02 1,15 1,36 553 0,74 037 048 234 1,00 042 044 1,37 0,50 1,54
BaP 5 33 0,76 246 1,07 0,81 881 096 0,65 0,65 0,68 1,64 0,66 066 29 211 0,81
IcdP 6 824 194 359 496 1,39 593 278 146 1,66 1,5 3,50 190 1,65 840 1,66 4,12
DahA 5 587 222 3,44 392 1,02 333 325 226 272 1,82 3,57 234 228 320 3,12 3,84
BghiP 6 11,58 2,11 7,64 586 0,67 644 6,58 129 1,93 2,12 430 241 143 832 1,39 230
LMW 2-3 26,71 10,97 17,29 1821 11,67 35,32 14,70 29,53 32,15 23,62 27,44 13,41 14,40 21,37 16,39 22,20
HMW 4-6 55,06 11,96 26,08 34,30 10,56 123,58 22,67 11,34 15,02 14,12 27,51 11,68 12,29 38,09 15,74 24,29
>HPA - 81,77 22,92 43,37 52,50 22,23 158,90 37,38 40,87 47,17 37,74 54,95 25,08 26,69 59,45 32,13 46,49
%Areia 36,92 49,26 51,61 15,51 39,96 27,96 16,79 14,66 13,50 21,21 71,64 66,83 47,47 52,19 32,29 38,35
%Finos 62,95 50,74 48,39 84,49 60,96 72,04 83,21 85,34 86,50 78,79 28,36 33,17 52,53 47,81 67,71 61,65
%MO 2,67 222 272 1045 1,75 525 490 395 642 525 573 233 340 480 3,90 3,50
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UNIVERSIDADE FEDERAL DO PARA
INSTITUTO DE GEOCIENCIAS )
PROGRAMA DE POS-GRADUAGAO EM GEOLOGIA E GEOQUIMICA

PARECER

Sobre a Defesa Publica da Tese de Doutorado de
CAMILA CARNEIRO DOS SANTOS RODRIGUES

A banca examinadora da Tese de Doutorado de CAMILA CARNEIRO DOS
SANTOS RODRIGUES orientanda do Prof. Dr. José Augusto Martins Corréa (UFPA),
composta pelos professores doutores Morgana Frena (UFSC), Lilian Lund Amado (UFPA),
Silvia Keiko Kawakami (UFPA), e Marcelo de Oliveira Lima (IEC), ap6s apresentacéo da
sua tese intitulada “HIDROCARBONETOS POLICICLICOS AROMATICOS EM
SEDIMENTOS SUPERFICIAIS DE SISTEMAS AQUATICOS AMAZONICOS
(ESTADOS DO PARA E AMAPA”, emite o seguinte parecer:

A candidata realizou sua apresentacao de forma clara, bem organizada e segura
no tempo estipulado. Na argui¢cdo mostrou dominio da tematica abordada e respondeu as
perguntas formuladas pela banca. O trabalho escrito foi apresentado na forma de cinco
artigos, sendo dois ja publicados em revistas nacionais e trés submetidos a periddicos de
impacto internacional. Dessa forma, todos os artigos atendem as exigéncias basicas para
uma tese de doutorado.

Finalmente, a banca examinadora decidiu por unanimidade aprovar a tese de
doutorado com distingdo.

Belém, 13 de abril de 2018.

Prof. Dr. José Augusto !\-/l_7l'tins Corréa (Orientador — UFPA)
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Prof.2 Dr.2 Morgana Frena (UFSC)

Prof. Dr. Marcelo de Oliveira Lima (IEC)



