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RESUMO

Os hidrocarbonetos policiclicos aromaticos (HPAs) sdo compostos de grande relevancia
ambiental, pois apresentam caracteristicas mutagénicas e carcinogénicas, mesmo em
concentragdes muito baixas. O Estuario do Rio Goiana (PE/PB) é considerado um
ambiente ainda preservado, mas esta ameacado pela ocupagdo urbana, agroindustria
canavieira e pelas atividades de carcinicultura. O objetivo do presente trabalho foi
avaliar a concentracao, origem e distribuicdo espacial dos HPAs nas aguas e sedimentos
desse ambiente estuarino, associando com a hidrodindmica local. Perfis longitudinais
foram realizados na preamar e baixamar investigando a salinidade, turbidez e clorofila.
Os resultados foram similares, nos dois regimes de marés. Uma zona de turbidez
maxima (ZTM) foi identificada aproximadamente a 21 km da foz. As concentragdes de
hidrocarbonetos do petroleo dissolvidos e/ou dispersos (HPDDs) na agua foram
determinadas por espectrofluorescéncia, e variaram entre 0,20 + 0,02 ug L™ e 0,51 +
0,07 pg L™ equivalentes de 6leo Carmépolis, e entre 0,10 + 0,01ug L™ e 0,26 + 0,04 pg
L equivalentes de Criseno. As concentracdes de HPDDs foram associadas ao material
particulado em suspensdo (MPS), resultando num acimulo na ZTM. As concentracdes
de HPAs no sedimento foram determinadas atraves de um sistema de cromatografia
gasosa acoplado a um detector de espectrometria de massas (GC/MS), e variaram entre
<0,06 e 156 ng g, classificando o Estuario do Rio Goiana como pouco contaminado.
Os HPAs nos sedimentos foram correlacionados positivamente com a matéria organica
e fracdo de finos e sdo oriundos predominantemente de fontes piroliticas. A andlise da
qualidade do sedimento sugere baixa probabilidade da biota sofrer efeitos adversos.
Entretanto, é necessario que seja feito um monitoramento continuo na area, visando
controlar as vias de entrada e garantindo a conservacdo desse sistema estuarino de

grande importancia econémica, ecoldgica e social.

Palavras-chave: Contaminacgdo. Fluorescéncia. GC-MS. Zona de turbidez maxima.



ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are compounds of great environmental
relevance. They are potentially mutagenic and carcinogenic, even in very low
concentration. The Goiana River Estuary (PE / PB) is still considered a well preserved
environment, but may be under threaten by urban occupation, sugar cane agro industry
and shrimp farming activities. The objective of the present work was to evaluate the
concentration, origin and spatial distribution of HPAs in water and sediment of this
estuarine environment, correlating to local hydrodynamics. Longitudinal profiles were
performed during high and low tides investigating salinity, turbidity and chlorophyill.
Results were similar in both tidal regimes. An estuarine turbidity maximum (ETM) was
identified approximately 21 km upstream. Dissolved and/or dispersed petroleum
hydrocarbons (HPDDs) in water were determined by spectrofluorescence, ranging from
0.20 +0.02 ug L™ to 0.51 + 0.07 pug L™ oil Carmépolis equivalents, and between 0.10 +
0.01pg L™ and 0.26 + 0.04 pg L™ chrysene equivalents. HPDDs were associated with
suspended particulate matter (SPM), resulting in accumulation at ETM. PAHs in the
sediment were determined using a gas chromatography system coupled to a mass
spectrometry (GC / MS) detector, ranging from <0.06 to 156 ng g™. This range classify
the Goiana River estuary as low contaminated. PAHs in sediments were positively
correlated with organic matter and fine fraction, and are predominantly derived from
pyrolytic sources. Analysis of sediment quality suggests a low probability of adverse
effects on biota. However, it is necessary to have continuous monitoring in the area, to
control the input routes and to ensure the preservation of this estuarine system of great

economic, ecological and social importance.

Keywords: Contamination. Fluorescence. GC-MS. Estuarine turbidity maxima.
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1. INTRODUCAO GERAL

A linha costeira do Brasil apresenta mais de 8.500 km de extenséo e abriga
alguns dos mais produtivos e valorizados habitats do mundo, em que a diversidade é
marcada pela transicdo de ambientes terrestres e marinhos, com interacdes que lhe
concedem um carater de fragilidade. Por estas razdes necessitam de uma atengdo
especial por parte do poder publico, conforme demonstra sua inclusdo na Constituicao
Brasileira como area de patriménio nacional (MMA, 2015; GONZALEZ et al., 2006;
CORDEIRO, 2003). Além disso, a regido costeira caracteriza-se por ser um local
densamente povoado e de elevada atividade antrdpica, onde vivem aproximadamente
26,58% da populacéo total do Brasil (IBGE, 2011).

Dentre 0s ecossistemas costeiros, destacam-se 0s estuarios, que sdo comumente
descritos como corpos d’agua parcialmente fechados localizados na interface continente
e oceano, e caracterizados por serem ambientes com dindmica natural bastante intensa,
alta produtividade e diversidade bioldgica (BIANCHI, 2006). Essas areas apresentam
caracteristicas biologicas Unicas, proporcionando abrigo e alimento para diversas
espécies aquaticas, inclusive espécies de grande importancia econdmica, favorecendo as
atividades pesqueiras nesses locais. Também sdo importantes areas de recreacdo, onde
se desenvolvem atividades esportivas, turisticas, nauticas e de lazer. Além disso,
funcionam como polos de atracdo para a instalacio de cidades e industrias e
funcionamento de portos (QUEIROZ, 2011). Essas caracteristicas fazem dos
ecossistemas estuarinos ambientes suscetiveis a contaminacéo.

O aporte de contaminantes quimicos nos estuarios pode ocorrer de forma pontual
ou difusa, atraves de vazamentos, lancamento de efluentes domésticos e industriais,
deposicdo atmosférica, drenagem urbana, entre outros (GONZALEZ et al., 2006;
POLAKIEWICZ, 2008). Dentre estes contaminantes, destacam-se os hidrocarbonetos
(HCs), que vém sendo alvo de diversos estudos no ambiente aquéatico devido,
principalmente, as suas propriedades toxicas (MANSUR, 2009). Além disto, estes
compostos apresentam uma alta estabilidade quimica, e sofrem pouca ou nenhuma
alteracdo em determinada escala de tempo, mantendo assim o registro de sua origem.
Desta forma, sdo considerados bons indicadores de eventos e processos ocorrentes na
natureza, sendo amplamente utilizados como marcadores organicos geoquimicos
(COLOMBO et al., 1989).
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A determinacdo destes compostos € frequentemente realizada em quatro
compartimentos ambientais: ar, agua, sedimentos e organismos. A escolha da matriz a
ser avaliada depende tanto do tipo de informagdo que se deseja obter quanto da natureza
quimica do poluente (MANSUR, 2009). Os contaminantes que estdo na coluna d’agua
(dissolvidos, dispersos e/ou associados ao material particulado) se encontram mais
biodisponiveis para a fauna e a flora aquética. A avaliacdo de hidrocarbonetos de
petréleo dissolvidos e/ou dispersos (HPDDs) na &gua tem sido uma importante
ferramenta em estudos ambientais no que se refere a contaminacdo recente em regifes
que estdo sujeitas a acdes antropicas (ZANARDI et al., 1999a,b; BICEGO et al., 2002,
NAYAR et al., 2004; BICEGO et al., 2009; LEMOS et al., 2014) . A determinac&o dos
HPDDs é feita comumente através o método de fluorescéncia. Este método é bastante
eficiente (gera resultados expressivos mesmo em baixas concentracfes), barato (em
comparagdo a outras técnicas analiticas), além de ser uma ferramenta simples que
fornece dados sobre a integridade do sistema, apontando os focos de maiores
concentracdes, que necessitam de investigacOes futuras mais detalhadas (ZANARDI et
al., 1999a,b; DOVAL et al., 2006; BICEGO et al., 2009). No entanto, esse método
também oferece algumas desvantagens, como por exemplo, ndo distinguir fontes de
hidrocarbonetos de origens distintas, uma vez que € insensivel as diferencas estruturais
dos compostos (EHRHARDT; PETRICK, 1989). A fracdo que é pouco solivel e/ou
hidrofobica tende a se depositar nos sedimentos e, por esta razdo, este compartimento é
muitas vezes escolhido como a matriz a ser analisada em estudos de avaliacdo cronica
da contaminacdo por HCs (BEETON, et al., 1979; HOSTETTLER et al., 1999;
POLAKIEWICZ, 2008). Os HPAs, nos sedimentos, sdo geralmente identificados e
quantificados por cromatografia em fase gasosa acoplada a um detector de
espectrometria de massas (GC-MS) (LEMOS, 2013; KANZARI et al., 2012; SILVA et
al., 2014; MACIEL et al., 2015, TAHIR et al., 2015). Esta técnica tem como vantagem
identificar os compostos individuais e, por sua extrema sensibilidade, consegue
quantificar concentracdes muito baixas, na ordem de ng g™, com confiabilidade.

O estuario do Rio Goiana, localizado na divisa entre o estado de Pernambuco e
Paraiba, no Nordeste brasileiro, € um exemplo de sistema estuarino influenciado pelas
atividades antropicas. Este estuario sofre pressdo da industria cimenteira, carcinicultura,
monocultura da cana-de-aclcar e dos despejos de efluentes urbanos (BARCELLOS et

al. 2016). No entanto, mesmo com todas essas atividades nos seus arredores, este



20

sistema ainda apresentam porc¢0es significativas de vegetacdo de mangue (GARLIPP et
al., 2010). No entorno desse estuario se encontram um polo farmacoquimico e um polo
automotivo, e ainda estdo sendo realizados grandes investimentos para implantacdo de
uma area portuaria, de um aeroporto e instalacdo de novas fabricas que, provavelmente,
irdo causar sérios impactos para tal ecossistema (BRAZIL, 2014).

O presente estudo busca investigar, pela primeira vez, a distribuicdo dos
hidrocarbonetos policiclicos aromaticos (HPAS) nas aguas e sedimentos do estuério do
Rio Goiana, associando com a hidrodindmica local. As concentracfes dos
hidrocarbonetos nesta regido provavelmente ainda sdo menores do que as reportadas
para estudrios localizados em &reas altamente urbanizadas. Entretanto, a hidrodindmica
local pode estar influenciando na distribuicdo e transporte desses contaminantes por
todo o estuario. Os resultados permitirdo avaliar o grau de degradacdo deste sistema,
bem como servirdo para estudos de avaliagdes temporais e de impactos provenientes da

instalacdo dos novos empreendimentos na regido.

1.1. HIDROCARBONETOS POLICICLICOS AROMATICOS

Os hidrocarbonetos (HCs) sdo compostos quimicos formados basicamente por
atomos de carbono e hidrogénio, presentes na natureza como constituintes da matéria
organica de origem animal e vegetal e, além disto, sdo 0s principais componentes dos
combustiveis fosseis (petroleo, gas natural e carvdo) (FIGUEIREDO, 1999; YUNKER;
MACDONALD, 2003). Os HCs sdo comumente divididos, de acordo com a sua
estrutura quimica, em dois grandes grupos: alifaticos e aromaticos (BICEGO et al,
2008). Estes perfazem 95% da constituicdo do petrdleo, onde 80% sdo constituidos de
hidrocarbonetos alifaticos (HAs) e os 15% restantes por hidrocarbonetos aromaticos
(UNEP, 1992).

Os hidrocarbonetos alifaticos (HAs) podem ser saturados, exibindo apenas
ligacbes simples, e sdo subdivididos em n-alcanos (cadeias normais), isoprendides
(cadeias ramificadas) e cicloalcanos (com pelo menos uma cadeia carbénica fechada);
ou insaturados, apresentando uma ligacdo dupla (alcenos) ou tripla (alcinos) entre os
atomos de carbono (UNEP, 1992; GLUYAS; SWARBRICK, 2003; BICEGO et al.,

2008). Os hidrocarbonetos aromaticos tém como principal caracteristica a presenga de
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um ou mais anéis benzénicos condensados, sendo estes ultimos conhecidos como
hidrocarbonetos policiclicos arométicos (HPAs) (UNEP, 1992; NRC, 2003).

Os HCs sdo amplamente encontrados no ambiente marinho, e sdo provenientes
de fontes naturais e antropicas. Dentre as fontes naturais, destacam-se as atividades
magmaticas em fundo oceénico, erosdo dos sedimentos continentais, diagénese de
precursores naturais, sintese por organismos aquaticos e terrestres e a combustao
espontanea da biomassa (UNEP, 1992; VOLKMAN et al., 1992). No entanto, a
introducdo natural desses compostos no ambiente é pequena quando comparada com a
introducdo antropica, que é a principal responsavel pela contaminagdo dos ecossistemas
por HCs (BEYER et al., 2010). Dentre as fontes antropicas mais expressivas ressaltam-
se a queima de combustiveis fosseis e derivados, lancamento de efluentes domésticos e
industriais, drenagem fluvial, atividades portuérias, acidentes envolvendo plataformas e
petroleiros, além de problemas na producdo, beneficiamento e transporte do oOleo
(ZANARDI et al., 1999a;b; TOKHI et al., 2008).

Uma vez presentes na coluna d’agua, os hidrocarbonetos podem ser alterados,
resultando na formacdo de novas espécies com caracteristicas distintas da sua forma
original. Inimeros processos podem ocasionar tais mudancas: complexacdo, adsorcéo,
dissolucdo, foto-oxidacdo, solubilizacdo, bioacumulacdo, sedimentacdo, etc (LIMA,
1996) (Figura 1). Mesmo ap0s deposicdo no fundo marinho, estes compostos ficam
suscetiveis a eventuais processos naturais, como a bioperturbacdo, diagénese,
tempestades, acdo das correntes, ondas e marés, que sdo capazes de ressuspender 0s
sedimentos, contribuindo para a redisponibilizacdo de contaminantes para a coluna
d’agua (REIBLE et al., 1996). Acles antropicas, como as atividades de dragagem,
também podem remobilizar os compostos e torna-los disponiveis para a biota
(FRONZA, 2006). Os HCs ingeridos pelos organismos durante a alimentacdo e
repiracdo podem ser metabolizados por muitos invertebrados (ex: moluscos, crustaceos,
equinodermos), peixes, mamiferos e aves, sendo parte destes transformados em
compostos mais hidrossoliveis, facilitando a excre¢cdo (ALBERS, 1994). Porém, as
taxas de biotransformacdo sdo intrinsecas ao animal e dependem de diversos fatores,
tais como as atividades e regulacdo das enzimas que geralmente sdo maiores em
vertebrados (IGNACIO, 2007). Os invertebrados, geralmente associados ao substrato

sedimentar, possuem uma taxa de bioconcentragdo uma ordem de magnitude maior que
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a taxa de biotransformacéo, o que permite, algumas vezes, observar bioacumulagéo dos
HPAs nestes organismos (LIVINGSTONE, 1992; UNEP, 2001).

Os HPAs s@o considerados poluentes de grande relevancia ambiental,
especialmente devido a sua maior persisténcia no ambiente e elevada toxicidade,
representando uma ameaca a salde e a integridade dos organismos e ecossistemas
(USEPA, 2000; YAMADA et al, 2003).

Figura 1. Processos fisicos, quimicos e biologicos dos hidrocarbonetos no ambiente marinho. Fonte:
MARTINS, 2005.

| deposigio atmosférica

introdugdo

antrdpica
foto-oxidagdo

HIDROCARBONETOS

solubilizacdo

coluna d'dgua

oo

degradagde bacteriana

material
particulado
fundo marinho

continente

bioturbagdo

preservagdo

Com base na sua origem antropica, 0s HPAs podem ser divididos em dois
grupos principais: petrogénicos ou piroliticos. Os HPAs petrogénicos, geralmente
apresentam em sua estrutura molecular de 2 a 3 anéis aromaticos, sendo estes
formados a partir de alteracdes da matéria organica em temperaturas relativamente
baixas, originando em maior quantidade compostos mais instaveis (Ex: antraceno e
fenantreno) (BOEHN, 2005). Enquanto que os HPAs de origem pirolitica, que
geralmente possuem mais de 3 anéis aromaticos e baixo grau de alquilacdo, séo
formados em temperaturas elevadas, como em processos de combustdo, com maior
propor¢do de compostos estaveis (Ex: benzo(a)antraceno e o pireno (BOEHN,
2005).
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No ambiente existem centenas de HPAs, mas a Agéncia de Protecdo
Ambiental Americana (USEPA) priorizou 16 para a determinacdo, quantificacdo e
monitoramento em estudos ambientais, devido as suas propriedades toxicoldgicas.
S&@o eles: naftaleno, acenaftileno, acenafteno, fluoreno, fenantreno, antraceno,
fluoranteno, pireno, benzo(a)antraceno,  criseno, benzo[b]fluoranteno,
benzo[Kk]fluoranteno, benzo[a]pireno, indenol[1,2,3-c,d]pireno,
dibenzo[a,h]antraceno, benzo[g,h,i]perileno (Figura 2).

Figura 2. Estrutura molecular dos 16 HPAs parentais prioritarios em estudos ambientais segundo a
Agéncia de Protecdo Ambiental Americana (USEPA). Fonte: Autoria propria
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1.2. ASPECTOS E EFEITOS TOXICOLOGICOS DOS HPAs

Os efeitos toxicos dos HPAs nos organismos marinhos dependem de diversos

fatores, como a biodisponibilidade desses compostos e persisténcia, capacidade do
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organismo de acumular ou metabolizar e a tendéncia destes contaminantes intervirem
no metabolismo natural dos organismos (BICEGO, 1996). Os compostos de menor
massa molecular (2-3 anéis) provocam maiores efeitos em organismos da coluna d’agua
devido a maior solubilidade e, consequentemente, maior disponibilidade. Os compostos
de alto peso molecular (4-6 anéis), mais hidrofébicos, tendem a ser mais resistentes a
fotoxidagédo e a biodegradacdo, mediante a forte interagdo com o material particulado
consolidado, que atua como uma protecdo ao ataque microbiano. Isto faz com que os
organismos bentdnicos fiquem mais expostos a estes compostos do que os peldgicos
(YUNKER et al., 2002).

De maneira geral, os compostos de baixo peso molecular (BPM) ndo séo
carcinogénicos para um grande nimero de organismos, porém podem causar toxicidade
aguda a organismos aquaticos. Por outro lado, os HPAs mais pesados sdo considerados
carcinogénicos e mutagénicos para uma ampla variedade de organismos, como
invertebrados, peixes, anfibios, aves e mamiferos (USEPA, 1993; ZITKO, 2000).
Diante disso, a Agéncia Internacional de Estudo do Cancer (IARC, 1986) reuniu uma
série de dados provenientes de diversos estudos epidemiologicos com seres humanos e
experimentos com animais, estabelecendo a carcinogenicidade, genotoxicidade e
mutagenicidade de alguns HPAs (Tabela 1). Por se tratar de uma compilacdo de dados,
a tabela foi proposta mesmo com algumas lacunas, que sdo representadas da seguinte
forma: I, quantidade insuficiente de dados; S, quantidade suficiente de dados; L, dados
limitados a algumas espécies; N, ndo ha efeitos carcinogénicos e/ou mutagénicos. A
carcinogenicidade foi considerada quando ocorreu alteracdo celular resultando no
aparecimento de tumor. A genotoxicidade foi analisada através dos testes de
deterioracdo do DNA, aberracdo cromossdémica e mutagenicidade. A mutagenicidade
foi realizada através do teste de Amis.

Diversos efeitos causados pela contaminacdo por HPAs ja foram registrados em
estudos ambientais e em laboratdrio, tais como aumento nas taxas de mortalidade de
larvas de camardes (BECHMANN et al., 2010), alterac@es fisiologicas e celulares em
caranguejos (DISSANAYAKE; BAMBER, 2010), reducéo na capacidade de forrageio
de larvas de peixes (CARVALHO et al., 2008), decréscimo na fecundidade total da
espécie de copépodo Tisbe biminienses (MACIEL et al., 2015), além de mudancas
comportamentais, como alteracfes na resisténcia natatoria, na velocidade e trajetoria de
natacao e reducdo nas taxas de captura de presas (TORREIRO-MELO et al., 2015).
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Alguns estudos com mamiferos também revelaram que, além de carcinogénicos,
os HPAs podem causar efeitos ndo neoplésicos, principalmente ligados a alteracdes da
proliferacdo de tecidos, como da medula 6ssea, dos 6rgdos linfaticos, das gbnadas e do
epitélio intestinal, ocasionados especialmente pela exposicdo a esses compostos por vias
dérmica e respiratéria  (SANTODONATO et al, 1981; ATSDR, 1990a;
ATSDR,1990b). Também foram verificados varios efeitos dos HPAs associados aos
humanos, podendo até provocar alteraces no DNA dos fetos. Isso é comprovado em
filhos de méaes expostas a poluicdo atmosférica doméstica e industrial contendo esses
compostos (WHYATT et al, 2000). Além disso, outro estudo mostrou que os HPAS
podem causar uma significativa diminui¢do do tamanho, peso e do perimetro do cranio
em recém-nascidos (PERERA et al., 1998).

Tabela 1. Dados relativos aos efeitos carcinogénicos, genotoxicos e mutagénicos de alguns HPAs

(IARC, 1986).
HPA Carcinogenicidade Genotoxicidade Mutagenicidade

Fluoreno | L -
Fenantreno | L +
Antraceno N N -
Fluoranteno N L +
Pireno N L +
Benzo(a)antraceno S S +
Criseno L L +
Benzofluorantenos S | +
Benzo(a)pireno S S +
Indeno(1,2,3-c,d)pireno S | +
Benzo(g,h,i)perileno | | +

Dados disponiveis para a comprovacao do efeito: S — suficientes; | — insuficientes; L — Limitados; N —

ndo carcinogénico; (+) — positivo; (-) — negativo.
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1.3. IDENTIFICACAO DA ORIGEM DOS HPAs

A identificacdo das origens dos HPAs é um fator bastante importante que auxilia na
execucdo de estratégias de controle desses contaminantes. Porém, a presenca de
misturas complexas de poluentes no ambiente, resultante do elevado nimero de
processos de producdo e transporte, tornam dificil a associacdo destes compostos com
suas fontes especificas. Atualmente, muitos estudos tém sido realizados em busca de
ferramentas para discriminar a origem de tais compostos nos diferentes compartimentos
ambientais, especialmente nos sedimentos. Mais recentemente varios pesquisadores tém
utilizado o método das razées diagnosticas (SOCLO et al., 2000; ROCHER et al., 2004;
WANG et al., 2006; YANG, 2000; MAGI et al., 2002; ZHANG et al., 2004; LI et al.,
2006; YUNKER et al., 2002, YUNKER et al., 2012), que sdo fundamentadas na
estabilidade relativa dos HPAs. Esta é calculada a partir do calor de formacdo dos
compostos com mesmo peso molecular (isdmeros), levando-se em conta a estabilidade
quimica individual de cada composto. A tabela 2 mostra diferentes razfes diagnosticas
com seus respectivos valores limitrofes que norteiam as fontes de origem desses
contaminantes.

Os isébmeros mais utilizados na literatura e suas respectivas diferencas com
relacdo ao calor de formacéo séo: Indeno(1,2,3-cd)pireno e Benzo(ghi)perileno (MM=
276, AHf = 25,0 Kcal mol™), Fluoranteno e Pireno (MM=202, AHf = 20,6 Kcal mol™),
Antraceno e Fenantreno (MM=178, AHf =5,5 Kcal mol™®) e Benzo(a)antraceno e
Criseno (MM=228, AHf = 2,7 Kcal mol™). Quanto maior a diferenca entre os calores de
formacdo mais confiavel a diferenciacdo quanto as fontes de emissdo (YUNKER et al.,
2002; MARTINS, 2005).
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Tabela 2. Valores de referéncia das razdes moleculares com suas respectivas indicacdes de fontes de HPA e os

estudos que Ihe estabeleceram ou consolidaram.

Razbes Valores Origem Referéncias
BPM/APM >1 Petrogénica SOCLO et al. (2000)
<1 Pirogénica ROCHER et al. (2004)
WANG et al. (2006)
An/(An+Fen) >0,1 Pirogénica YANG (2000)
<0,1 Petrogénica MAGI et al. (2002)
YUNKER et al., (2002)
>0,50 Combustéo da biomassa YUNKER et al. (2002)
FI/(F1+Pir) <0,40 Petrogénica ZHANG et al. (2004)
0,40-0,50 Combustéo de petréleo LI et al. (2006)
BaA(BaA+Cri) <0,20 Petrogénica SICRE et al. (1987)
>0,35 Pirogénica YUNKER et al. (2002)
>0,50 Combustdo da biomassa
Incd(Incd+BghiP) <0,20 Petrogénica YUNKER et al. (2002)
0,20-0,50 Combustao de petroleo

BPM/APM: YHPAs com 2-3 anéis aromaticos/Y HPAs com 4-6 anéis arométicos. An: Antraceno;

Fen:Fenantreno; Fl: Fluoranteno, Pir: Pireno; BaA: Benzo[a]Antraceno; Cri: Criseno; Incd: Indeno

[1,2,3-cd]Pireno; BghiP: Benzo[ghi]Perileno.
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1.4. CARACTERIZACAO DA AREA DE ESTUDO

O Estuario do Rio Goiana esté situado na regido Nordeste do Brasil, na divisa
dos estados de Pernambuco e Paraiba (7°32°-7°35" S e 34°50°-34°58* W), e € constituido
pela confluéncia dos rios Capibaribe Mirim e Tracunhaém, que da origem ao Rio
Goiana (Figura 3). Esse sistema estuarino possui uma extenséo de aproximadamente 30
km e uma profundidade que varia de 3 a 10 metros. Os sedimentos que o compde é
bastante heterogénio com predominancia de areias silticas, sendo a grande maioria do
tipo terrigena, com teores organicos médios e de origem mista, marinha-continental
(BARCELLOS et al., 2016).

A bacia hidrografica do Rio Goiana ocupa uma érea de 2.900 km?, estendendo-
se desde a regido Agreste até a Zona da Mata Norte, abrigando cerca de 500.000
habitantes, divididos em 25 municipios, sendo 7 sedes cortadas pelo rio (CPRH, 2008).
O uso e ocupacdo do solo compreendem, alem das vilas e cidades, agroindustria
canavieira, pecudria, policulturas, carcinicultura, instalagdes industriais e reservas de
Mata Atlantica (BARBOSA, 2010).

O clima dessa area, segundo a classificagao de Koppen, ¢ do tipo AS’, com duas
estacOes bem definidas, sendo uma seca e outra chuvosa. A temperatura média do ar é
25 °C, e oscila entre 27 °C, nos meses de verdo, e 24 °C, nos meses de inverno
(DANTAS, 2008; BARLETTA; COSTA, 2009). A precipitacdo média anual de 1.634,2
mm (CPRM, 2005).
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Figura 3. Localizacdo do Estuério do Rio Goiana e os rios que o formam: Capibaribe-Mirim e
Tracunhaém. Fonte: adaptado de DANTAS et al., 2010.
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A regido estuarina do Rio Goiana corresponde a uma das maiores formacdes de
manguezais do litoral de Pernambuco, desempenhando um importante papel na
produtividade do ecossistema, além de servir como viveiro natural para diversas
espécies de invertebrados aquéticos (CPRH, 1993). Contudo, as areas adjacentes de
vegetacdo aquatica e florestas de mangue estdo sendo gradativamente substituidas por
plantacdes de cana-de-acucar e ocupacdo urbana (SOUZA, 2013). Ao longo do canal
principal é possivel observar dominios de areas urbanas da cidade de Goiana, no
estuario superior, a presenca de uma pequena comunidade (Caapord) e duas vilas de
pescadores (Barreirinha e Congacari). Na porcdo intermedidria e proxima a foz
encontram-se as comunidades de Acal e Carne de Vaca (MIRANDA, 2016). Alem
dessas ocupac@es populacionais, muitas industrias estdo presentes no seu entorno, como
a HEMOBRAS (Empresa Brasileira de Hemoderivados e Biotecnologia), Vita Derm
(cosméticos), RIFF Laboratério Farmacéutico, Imbesa-Rishon (cosméticos), Fiat
Automoveis, Cimento Poty e Vivix Vidros Planos (Figura 4).

Em setembro de 2007 esse sistema estuarino tornou-se parte de uma unidade de
conservacdo federal, sendo esta classificada como uma reserva extrativista, conhecida
como RESEX Acal-Goiana que possui cerca de 670.000 m?. A criacio dessa reserva se

fez necessaria devido a acentuada exploracdo de Anomalocardia flexuosa (Mollusca
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Bivalvia) nesta regido, assim como pela grande dependéncia das populagdes ribeirinhas
em relacdo aos recursos desse estuario (FADIGAS; GARCIA, 2010).

Os principais impactos ambientais que tem afetado os recursos hidricos da bacia
do Rio Goiana sdo: a descarga de efluentes domésticos, agroindustriais, industriais e
agropecuérios; construcdo de edificacbes (residéncias, industrias, dentre outras)
proximas aos cursos d’ agua e nas areas de protecdo de barramentos; poluicdo
atmosférica gerada pela emissdo de fuligem decorrente da queima do bagago da cana-
de-agUcar nas caldeiras das usinas de plantio da cana e pelas atividades industriais;
lancamento de efluentes oriundos de matadouros publicos e clandestinos localizados as
margens dos rios em varios municipios; desmatamento das &reas de nascentes e das
matas ciliares; presenca de lixdes proximos aos cursos d’ agua; uso de agrotoxicos nas
plantacdes de cana-de-acUcar localizados as margens; lancamento de lixo domeéstico
diretamente na calha dos rios e riachos pela populacdo, dentre outros (CONDEPE,
2005).

Figura 4. Principais empreendimentos e povoados presentes no sistema estuarino do Rio Goiana.
Fonte: MIRANDA, 2016
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Avaliar as concentrac@es, origem e distribuicdo dos hidrocarbonetos policiclicos
aromaticos (HPASs) nas aguas e sedimentos do Estuario do Rio Goiana (PE/PB-

BRASIL), correlacionando com a hidrodinamica local.

2.1.1. Objetivos Especificos

e Determinar os perfis verticais médios de salinidade, temperatura, turbidez e
clorofila durante a preamar e baixamar ao longo do Estuério do Rio Goiana com
a finalidade de se entender melhor a hidrodindmica local;

e Determinar as concentragcdes de hidrocarbonetos de petroleo dissolvidos e/ou
dirpersos (HPDDs) nas aguas do Estuario do Rio Goiana na baixamar para
avaliar a contribuicdo dos rios na introducéo recente desses contaminantes;

e Investigar a influéncia da hidrodindmica na distribuicdo e no transporte dos
HPDDs no sistema estuarino do Rio Goiana;

e Analisar as concentragdes e distribuicdo de hidrocarbonetos policiclicos
aromaticos em amostras de sedimento na calha principal do estuario com o
intuito de investigar a contaminacéo crénica por HPAS nesse sistema estuarino;

e Caracterizar os sedimentos quanto a granulometria e teor de matéria organica, e
correlacionar com as concentracGes de HPAs no sedimento;

e ldentificar as diferentes origens, se petrogénica ou pirolitica, dos
hidrocarbonetos nos sedimentos desse sistema estuarino;

e Avaliar o grau de contaminacdo da regido estuarina do Rio Goiana por HPAs.

Os resultados deste estudo serdo apresentados no formato de artigo cientifico,
escrito no modelo do periddico “Marine Pollution Bulletin”, para qual o mesmo sera
submetido. No final deste trabalho estdo apresentadas algumas conclusdes gerais sobre
os hidrocarbonetos policiclicos aromaticos no Estuario do Rio Goiana, bem como a

metodologia realizada, de forma detalhada (Anexo 1).
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3. MANUSCRITO

Polycyclic aromatic hydrocarbons in water and surface sediment of mesotidal
tropical estuary located in an intensive sugar-cane cropping area

Roxanny Helen de Arruda Santos, Carlos Augusto Franca Schettini, Gilvan Takeshi
Yogui, Daniele Claudino Maciel, Eliete Zanardi-Lamardo

Abstract

Goiana Estuary (northeastern Brazil) is well preserved but is under threaten due to
human activities. Dissolved/dispersed petroleum hydrocarbons (DDPHSs) and polycyclic
aromatic hydrocarbons (PAHSs) were investigated in water and sediments of this system,
and the concentrations were low. Results pointed out fluvial waters as the main source
of DDPHSs and they were associated to the suspended particulate matter. During dry
season, this feature traps contaminants inside the estuary, avoiding such material from
being transported to the ocean. PAHSs in sediments are related to organic matter and fine
particles (silt and clay). Low PAH concentrations probably will not cause adverse
biological effects, but a continuous monitoring is recommended in the area to avoid

further contamination and to ensure the conservation of this estuarine system.

Keywords: Contamination, Estuarine turbidity maximum, PAHSs, Pyrolytic.

Introduction

Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous organic compounds in
environmental compartments such as air, water, soil, sediment and biota (Countway et
al., 2003; Chen et al., 2004; Cheollee et al., 2005; Curtosi et al., 2009, Wang et al.,
2010, Chizhova et al., 2013). Sources of PAHs to the environment include industrial

and urban effluents, fossil fuels, combustion processes and port activities (Zanardi et al.,
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1999a;b; NRC, 2003; Lemos et al., 2014; Maciel et al., 2015b). Magmatic activity,
biochemical synthesis, natural biomass combustion, organic matter diagenesis and
erosion of the Earth's crust constitute natural sources although they are not relevant for
the PAH budget when compared to anthropogenic sources (UNEP, 1992; Volkman et
al., 1992; Witt, 1995). The fate of PAHSs in the environment is of great concern because
some of these compounds present a high carcinogenic and mutagenic potential for
several organisms (Kamal et al., 2014). In addition, they are able to accumulate in some
benthic organisms such as mollusks and crustaceans, and may pose a health threat for
humans that consume shellfish (Neff, 1984, Khairy et al., 2014).

PAHSs are lipophilic chemicals, have low volatility, low solubility in water and
high resistance to biodegradation. Besides, they can be easily adsorbed onto suspended
particulate matter (SPM) with subsequent deposition in sediments (Cullen et al., 1994;
Tolosa et al., 2004) where slow chemical and biochemical transformations may occur
(Paez-Osuna et al., 2002). Therefore, sediments become a suitable study matrix since
they record historical local contamination. Sediments are also considered a secondary
source of contamination because either natural or anthropogenic processes may release
contaminants back to the water column (Lazorchak and Josephs, 2003; Kim et al.,
2014).

Coastal areas including estuaries are among the most susceptible environments
regarding anthropogenic activities and have been frequently reported as contaminated
by PAHs (Chouksey et al., 2004; Bicego et al., 2006; Araghi et al., 2014; Lemos et al.,
2014; Maciel et al., 2015b). The watersheds of Goiana River spread over an area of
2,900 km?, housing approximately 500,000 inhabitants. Land use includes various
crops, sugarcane agribusiness, livestock, urban settlements, few industries and Atlantic

forest patches (CPRH, 2003). Activities such as shrimp farming and fishing also take
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place in the estuarine portion of Goiana River. In addition, substantial investments have
been made for the construction of an airport, a port and manufacturing plants (Brazil,
2014). Studies carried out in the estuary reported microplastics (Lima et al., 2014) and
mercury contamination (Barletta et al., 2012). Despite anthropogenic pressure in the
watersheds, Goiana River estuary is a marine protected area (MPA) that has one the
largest mangrove formations on the coast of Pernambuco, playing a key role in
ecosystem productivity and serving as a natural nursery for countless species of aquatic
invertebrates. This study assessed levels, sources and distribution of PAHSs in waters

and sediments from Goiana estuary, associated with local hydrodynamics.

Materials and methods

Study area

Goiana estuary (7° 32’ S, 34° 51° W) is located in the northeastern brazilian
coast and its main stem serves as a boundary between the states of Pernambuco and
Paraiba. It is formed by the confluence of Capibaribe Mirim and Tracunhaém rivers.
The estuary is nearly 30 km long with widths ranging from 30 m at the upper estuary to
450 m at its encounter with the Atlantic Ocean. Channel depths range from 3 to 10 m.
Mangrove forests occupy an area of about 4.7 km? (Barletta; Costa, 2009).

Climate is tropical with mean annual temperature of 27 + 2 °C (Barletta; Costa,
2009). Heavy rains are concentrated during June and July (winter). Historical flow from
Tracunhaém River (Brazilian Water Agency, gauge #39080000) and Capibaribe Mirim
River (gauge #39084000) are 11.0 and 8.8 m3 s, respectively (ANA, 2017). These two
gauges account for nearly 90% of the catchment area. River flow has high seasonal and

inter-annual variability. For instance, monthly mean flow varies between 3.5 and 60 m*
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st in the dry (November-February) and wet (May-August) seasons, respectively.

Similarly to other streams in the northeastern Brazilian coast, the river flow experiences
inter-annual variability associated with large scale phenomena such as EIl Nifio Southern
Oscillation (ENSO) and Atlantic Tropical Dipole (Schettini et al, 2016a).

Local tides are semi-diurnal ranging between 0.8 and 2.6 m during the neap and
spring tides, respectively (Schettini, personal communication). The upper limit of tidal
oscillation in the estuary is unknown but it was observed up to 30 km upstream in this
study. It is likely to be even further. According to this survey the estuary presents a well
mixed vertical salinity structure (unpublished data).

Goiana estuary was declared an MPA (Resex Acau-Goiana) in September 2007,
covers about 0.67 km?, and has been managed for sustainable use of natural resources
(Brasil, 2007). The estuary encompasses a few small fisherman villages, and the
economy is based mainly on traditional fishing of mollusks, crustaceans and fish.
Outside MPA limits, agribusiness (planting, milling, and sugar and alcohol production),
sand (from the main channel) and limestone (from watersheds) mining also contribute

to the economy of the area (Ferreira et al., 2016; Barletta and Costa, 2009).

Water sampling

A field trip for sampling surface water and recording water column properties
was conducted during a spring tide in December, 2015 (dry season). Firstly, a
longitudinal survey was conducted at high water in order to record (every 1 km) vertical
profiles of salinity, turbidity and chlorophyll with a CTD probe (JFE-Advantech, model
Rinko Profiler). This survey was 30 km long, and the upper limit of salinity was found
27 km from the estuary mouth. Based on this knowledge, a second longitudinal survey

was conducted at low water with CTD profiles being recorded every 1 km, and water
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samples being collected every 3 km (Figure 2). The latter was taken in triplicates at 1 m
depth using 4 L pre-cleaned amber glass bottles attached to a stainless steel device.
Water samples were collected at the bow right before the boat full stop in order to avoid

contamination from engine oil.
Sediment sampling

Sediments samples were collected in December 2015 and January 2016.
Samples were taken from 12 stations located 2 km apart at the middle of the stream
channel (Figure 1). Surface sediments were collected using a stainless steel van Veen

grab sampler, stored in aluminum containers and kept frozen at —22 °C until analysis.
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Figure 1. Geographical setting of the Goiana estuary (northeastern Brazil), and location of water (W1-

W?10) and sediment (S1-S12) sampling sites.
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Chemical analysis

Dissolved/dispersed petroleum hydrocarbons in water

Immediately after sampling water, 20 mL of n-hexane (pesticide grade) was
added to the 4 L amber glass bottle in order to extract dissolved/dispersed petroleum
hydrocarbons (DDPHSs). In the laboratory, the organic extract was separated from water.
Anhydrous Na;SO, (previously combusted at 450 °C) was added to the extract for
binding traces of water. Subsequently, the extract was concentrated to 10 mL on a rotary
evaporator. DDPHs were analyzed by fluorescence spectroscopy (SpectraMax M3
Molecular Devices) according to 10C (1984), with modifications in the extraction step,
proposed by Ehrhardt (1983). The organic extract was excited at 310 nm and
fluorescence emission was recorded at 360 nm (Zanardi-Lamardo et al., 1999a,b).
DDPH concentrations were calculated based on two analytical curves: one prepared
with chrysene (99% purity, Sigma-Aldrich) and the other prepared with Carmépolis
weathered oil. Concentration in the analytical standards ranged between 0 and 2.5 pug L
! Results were expressed as chrysene and Carmépolis oil equivalents, respectively.
Considering that oil is a complex mixture, the use of chrysene as a standard (10C, 1984)
has risen some disagreement among researchers although it has been accepted because it
provides a worldwide basis for comparison of results. On the other hand, Carmépolis oil
comes from one of the oldest active fields along the northeastern Brazilian coast, and it
has been widely used as a standard oil for the Brazilian coast, southwestern Atlantic and
at Admiralty Bay, western Antarctic Peninsula (Zanardi et al., 1999a,b; Bicego et al.,
2002; 2009; Lemos et al., 2014; Maciel et al., 2015a). The field blank fluorescence was
subtracted from samples. The method detection limit (DL) was calculated as three times

the standard deviation of blank concentrations (Quevauviller et al.,, 1992). DLs
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expressed in chrysene and Carmépolis oil equivalents were 0.01 and 0.03 pg L™,

respectively.

Organic matter and sediment grain size

Sediment grain size determination was based on Suguio (1973). Samples were
wet-sieved through a 63 um sieve for separating corse and fine sediments. Then, the
corse fraction was further sieved in a shaker while the fine fraction was further
fractionated by pipetting method. Results were calculated using SysGran 3.0 software,
and sediments were classified into categories based on their percentages of sand, silt and
clay (Flemming, 2000). Total organic matter (OM) was determined by gravimetry
through weight difference before and after sample combustion at 450 °C for 6 hours

(after Davies, 1974).

Polycyclic aromatic hydrocarbons in sediments

Aliquots of 15 g of freeze-dried sediment were extracted in Soxhlet apparatus
with 80 mL n-hexane/dichloromethane (1:1, v/v) for eight hours (UNEP, 1992). Prior to
extraction, deuterated PAHs (acenaphthene-d10, phenanthrene-d10 and chrysene-d12)
were added as surrogate to all samples, including blank and certified reference material.
The organic extracts were concentrated in a rotary evaporator and cleaned up by
alumina-silica gel (both 5% deactivated) chromatography. The aliphatic hydrocarbons
(AHSs) (not used in this study) were removed with n-hexane, and thereafter, PAHs were
eluted with a mixture of dichloromethane and n-hexane (3:7, v/v). PAHs identification
was performed by gas chromatography (Agilent Technologies, model 7820) coupled to
mass spectrometry (Agilent Technologies, model 5975C) in the selected ion monitoring

(SIM) mode. The gas chromatograph was equipped with an HP-5ms fused silica
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capillary column (30 m x 0.25 mm i.d. x 0.25 pm film thickness). Helium was used as
carrier gas at constant flow rate (1.2 mL min™), and 1pL of the extract was injected in
splitless mode with an autosampler. Both injector and interface to MS temperature was
300 °C. The oven temperature was programmed as follows: 60 °C, rate of 15 °C min™
to 150 °C, rate of 5 °C min™ to 220 °C, and rate of 10 °C min™ to 300 °C, with a final
hold for 10 min. The mass spectrometer was operated at 70 eV. Identification of PAHs
was based on retention time and four selected major m/z ions for the 16 compounds
established as priority by the United States Environmental Protection Agency (USEPA).

Quality control was performed by analysis of procedural blank, analytical
control and duplicates of a certified reference material (SRM 1944 — New York/New
Jersey Waterway Sediment) acquired from the United States National Institute of
Standards and Technology (NIST). Traces found in the blank were subtracted from
samples. Average recovery of analytes in the SRM 1944 was 81 + 8.5% of the certified
values. Recovery of surrogates ranged between 41 and 108%, lying within acceptable
limits according to Lauenstein and Cantillo (1998). The limit of quantification (LOQ)
was calculated as the ratio of the lowest concentration in the calibration standards to the
mass of sediment extracted, resulting in 0.06 ng g™*. Results are reported on a dry

weight basis.

Statistical analyses

Data normality was checked using the Kolmogorov-Smirnov test. The
relationship between the physical parameters (turbidity, chlorophyll and salinity) and
the concentration of DDPHs, as well as the association between grain size, OM and

concentration of HPAs in the sediments were tested by Spearman correlation analysis,
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for each station studied. The significance level of 0.05 was considered in the tests used.

Analyzes were performed using BioEstat 5.0 software.

Results

Water

Water column profiles of salinity, turbidity and chlorophyll recorded during high
and low tides (Figure 2) were depth-averaged at each station. At high tide, mean salinity
ranged from 0.20 + 0.00 to 37.58 £ 0.10 psu, the former being found at St. 3 (2 km from
the estuary mouth) and the latter at St. 30 (29 km upstream) (Figure 2a). Mean values of
turbidity ranged from 8.14 + 0.59 to 28.38 + 3.82 NTU, with maximum turbidity
recorded at St. 23 (upstream) and minimum at St. 1 (mouth) (Figure 2b). Mean
chlorophyll ranged from 1.25 + 0.14 pg L™ at St. 1 to 9.33 + 0.48 pug L™* at St. 26
(Figure 2c). At low tide, mean salinity ranged from 1.64 + 0.00 psu at St. 28 (27 km
upstream) on the Capibaribe-Mirim River to 36.47 + 0.03 psu at St. 1 (0 km) (Figure
2a). Turbidity ranged from 12.04 + 6.32 NTU at St. 1 to 31.71 = 0.85 NTU at St. 22
(near the confluence of Tracunhaém and Capibaribe-Mirim rivers) (Figure 2b).
Chlorophyll ranged from 3.31 + 0.34 pug L™ at St. 1 to 9.82 + 1.10 ug L™ at St. 25 (24
km from mouth) (Figure 2c). According to Figure 2, there is a similarity between
profiles recorded at high and low tides, having a displacement of such parameters to the
mouth, as is the result of the displacement of the entire volume of water flowing
seawards during the ebb phase of the tide.

Average concentrations of DDPHs along Goiana estuary ranged from 0.20 +
0.02 to 0.51 + 0.07 pg L™ Carmépolis oil eq. and 0.10 + 0.01 ug L™ t0 0.26 + 0.04 pg L

! chrysene eq. (Table 1, Figure 2d). Overall, DDPH concentrations expressed as
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chrysene eq. were approximately 52% of those expressed as Carmépolis oil equivalents.
Considering that both basis exhibited the same pattern of variation, discussion will done

according to results expressed as Carmopolis oil equivalents.

Table 1. Average concentration (ug L™) and standard deviation (SD) of surface (1 m) dissolved/dispersed
petroleum hydrocarbons (DDPHs) determined at each sampling station along the Goiana estuary during
spring low tide (December 14, 2015). Concentrations are expressed as both chrysene and Carmapolis oil

equivalents.

Cormépolis Oil (ug L™)  Chrysene (ug L™)

Stations Distance of Average+SD Average+SD
mouth (km)
w1 0 km 0.23+0.02 0.13+0.01
W2 3km 0.20+0.02 0.10+0.01
W3 6 km 0.28+0.03 0.15+0.02
W4 9 km 0.29+0.01 0.15+0.01
W5 12 km 0.32+0.01 0.15+0.01
W6 15 km 0.33+0.02 0.17+0.01
W7 18 km 0.33+0.04 0.17+0.02
w8 21 km 0.51+0.07 0.26+0.04
W9 24 km 0.29+0.01 0.15+0.00

w10 27 km 0.21+0.01 0.11+0.01
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Figure 2. Average salinity (psu), turbidity (NTU), chlorophyll (ng L-1) and dissolved/dispersed
petroleum hydrocarbons (DDPHs, expressed in Carmépolis oil eq.) along the Goiana estuary
(northeastern Brazil) in December 14, 2015. Distances are referenced to the estuarine mouth (0 km). Error

bars denote standard deviation (SD). Red line refers to high tide and Black line to low tide.

Sediment

Most sediment samples were comprised of sand with less than 5% mud (Table
4). Exceptions are Sts. S2, S6, S7 and S10 that were classified as slightly muddy sand
(Figure 3). Organic matter (OM) percentage in sediments ranged from 0.5% (S12) to
5% (S7) (Table 2). The highest OM contents (> 3%) were found at the S3, S6, S7 and
S11. Significant, positive correlation was observed between OM and muddy sediment

fractions (silt + clay) (Spearman's rank-order correlation, rs = 0.64; p = 0.02; n = 12),
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corroborating the idea that organic matter has a strong affinity for fine particles

(Kowalska et al., 1994; Tyson, 1995; Mostafa et al., 2009).

Clay
50%,

Muddy sand

Yo 5% 25% 50%
Sand Mud content Silt

Figure 3. Flemming ternary diagram (Flemming, 2000) showing grain size distribution in sediment

samples collected at Goiana estuary, northeastern Brazil.

The sum of 16 priority PAHs ranged between >0.06 and 156 ng g™ dry weight
(dw) (Table 2). According to the Spearman's rank-order correlation, positive and
significant correlations were observed between ¥ PAHs and mud (rs = 0.60; p = 0.04; n
=12), and X PAHs and OM (rs = 0.81; p = 0.00; n = 12). These findings evidence that
contaminants at Goiana estuary are bound to OM adsorbed onto fine particles. The
highest PAH concentrations were observed at Sts. S3, S6, S7, and S11 (> 20 ng g™ dw)
where sedimentary OM content ranged from 3.5% to 5.0%. All other stations presented
¥ PAHs below 3.0 ng g ™ dw, being characterized by high sand (>79%) and low OM
(<1.5%) contents (Table 2). The lowest PAH concentration was reported at St. S12 that
also presented the lowest contents of mud (0.6%) and OM (0.5%). High molecular
weight (HMW) PAHs containing four or more aromatic rings were prevalent in

sediments of Goiana estuary.
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Table 2. Organic matter (%), grain size (sand+granule, salt and clay — expressed as %), polycyclic aromatic hydrocarbons (PHASs, expressed as ng g™ dry weight) and diagnostic PHAs rations in
sediments collected from Goiana estuary, northeastem Brazil.

PHAs LOQ S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 TEL PEL
Distance of mouth (km) Okm  2km 4 km 6 km 8 km 10 km 12 km 14 km 16 km 18 km 20 km 22 km

Organic matter 0.6 0.9 4.3 0.7 1.0 35 5.0 0.9 0.8 1.0 3.9 0.5

Sand + Granule 97.7 78.8 97.4 98.8 97.7 75.1 85.3 98.4 99.3 82.9 97.6 99.4

Silt 0.9 7.7 0.9 0.2 1.2 8.5 4.6 0.5 0.2 5.4 0.7 0.1

Clay 1.4 135 1.7 1.1 1.0 16.4 10.1 11 0.4 11.7 1.6 0.5

Naphthalene 0.1 ND 1.3 ND ND 0.8 2.9 0.2 ND ND 7.2 ND 34.6 391
Acenaphthylene 0.1 <LOQ 0.5 ND ND 0.3 13 0.1 <LOQ <LOQ 1.6 ND 5.87 128
Acenaphthene 0.1 <LOQ 0.1 ND ND 0.1 0.2 <LOQ ND <LOQ 0.7 ND 6.71 88.9
Fluorene 0.1 <LOQ 0.3 0.1 <LOQ 0.2 0.3 0.1 0.1 0.1 1.1 <LOQ 21.2 144
Phenanthrene 0.3 <LOQ 2.3 0.1 ND 2.1 4.9 0.4 ND 0.3 9.9 ND 86.7 544
Anthracene <LOQ <LOQ 0.4 ND ND 0.3 1.2 <LOQ <LOQ <LOQ 1.2 ND 46.9 245
Fluoranthene 0.1 0.1 3.3 ND <LOQ 3.0 18.8 0.3 <LOQ 0.2 13.0 ND 113 1494
Pyrene 0.1 0.2 3.6 0.1 0.1 3.0 17.1 0.5 0.1 0.2 13.0 <LOQ 153 1398
Benzo[a]anthracene <LOQ <LOQ 1.3 ND <LOQ 0.8 14.9 <LOQ <LOQ <LOQ 25 ND 74.8 693
Chrysene 0.1 0.1 14 ND <LOQ 1.3 19.6 0.1 <LOQ 0.1 4.4 ND 108 846
Benzo[b]fluoranthene 0.1 0.1 14 <LOQ <LOQ 11 13.6 0.1 <LOQ 0.1 4.2 <LOQ
Benzo[k]fluoranthene 0.1 <LOQ 1.5 <LOQ <LOQ 1.2 13.8 0.1 <LOQ 0.1 3.6 <LOQ

Benzo[a]pyrene 0.1 0.1 1.8 <LOQ <LOQ 14 15.6 0.1 <LOQ 0.1 4.4 <LOQ 88.8 763
Indeno[1,2,3-cd]pyrene 0.2 0.1 2.9 <LOQ 0.1 25 16.5 0.3 0.1 0.2 7.8 <LOQ
Dibenzo[a,h]anthracene <LOQ <LOQ 0.3 ND ND 0.2 2.6 <LOQ ND <LOQ 0.5 ND 6.22 135
Benzo[ghi]perylene 0.1 0.1 3.4 <LOQ 0.1 2.9 13.1 0.3 0.1 0.2 8.3 <LOQ

Y16PAHs 1.6 0.8 25.8 0.3 0.3 21.2 156.4 2.6 0.4 1.6 83.4 <LOQ

LMW/HMW 0.78 0.62 0.23 2.0 0.1 0.22 0.07 0.44 0.33 0.33 0.35 0.04

FI/FI+Py 0.5 0.33 0.48 0.23 0.23 0.5 0.52 0.38 0.23 0.5 0.5 NC

IP/IP+BghiP 0.67 0.5 0.46 NC 0.5 0.46 0.56 0.5 0.5 0.5 0.48 NC

An/An+Ph 0.09 NC 0.15 0.23 NC 0.13 0.20 0.07 NC 0.09 0.11 NC

BaA/BaA+Chry 0.23 0.23 0.48 NC NC 0.38 0.43 0.23 NC 0.23 0.36 NC

BghiP/IP 0.5 1.00 1.17 NC 1.00 1.16 0.79 1.00 1.00 1.00 1.06 NC

BaA/BaP 0.3 0.3 0.72 NC NC 0.57 0.96 0.3 NC 0.3 0.57 NC

<LOQ = below the limit of quantitation (<0.06); ND = not detected; NC = no calculable; LMW = low molecular weight; HMW = high molecular weight; TEL = threshold effect level; PEL = probable effect level; FI =
Fluoranthene; Py = Pyrene; IP = Indeno[1,2,3-cd]pyrene; BghiP = Benzo(ghi)perylene; An = Anthracene; Ph = Phenanthrene; BaA = Benzo[a]anthracene; Chry = Chrysene; BaP = Benzo[a]pyrene. .*Py: presented only pyrene;
*Ph: presented only phenanthrene; *Chry: presented only chrysene.
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Discussion

Water

Petroleum hydrocarbons are commonly introduced into water streams by several
ways, including atmospheric deposition, leaching of agricultural soils or directly such as
oil spill or sewage (Stout et al., 2004; Keshavarzifard et al., 2014). Burning sugar cane
bagasse during the pre-harvest period is a very common practice in areas close to
Goiania Estuary (behind mangroves) (CPRH, 2003), which could be releasing to the
atmosphere soot and PAHSs associated (Zamperlini et al., 2000, Godoi et al., 2004;
Magalhées et al., 2007; Viana et al., 2008). This material could, eventually, reach the
estuarine system through wet or dry deposition and accumulate in the sediments (Maioli
et al., 2011; Lemos et al., 2014; Maciel et al., 2015b). Goiana estuary is also undergoing
pressure from small shrimp farmings and urban effluents, that may release PAHSs to the
system. In addition, a great number of vehicles (Approximately 23,081) (DENATRAN,
2015) and recreational and fishing vessels circulate the area.

The highest DDPHSs concentration was recorded 21 km upstream at St. W8 (0.51
+ 0.07 pg L™) where the highest values of turbidity and chlorophyll were also recorded
(Figure 2). Turbidity is measured by an optical backscatter probe which is an effective
surrogate for SPM in estuaries and coastal areas (Schettini et al., 2010) where SPM is
primarily comprised of suspended fine sediment particles. In environments where SPM
concentration is relatively low (< 1,000 mg L™), the relationship between turbidity and
SPM is direct and linear (Schettini et al., 2010). SPM in the water column can be
explained by either water-bed exchanges (erosion and deposition) or advection (river

supply) (Dyer, 1995). When the latter is prevalent in estuaries, SPM of riverine waters
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is higher than in brackish waters. This is not the case for Goiana estuary (Figure 2b)
where SPM was higher in brackish waters (S =~ 12 psu), suggesting that water-bed
exchange processes are dominant.

The occurrence of highest SPM values at low salinities suggests the existence of
an ETM at Goiana estuary. Such a feature is a zone where SPM concentrations are
higher than elsewhere in the estuary, and it is usually located toward the estuarine head
(Dyer, 1995). The occurrence of an ETM implies particle retention processes in the
estuary. In other words, fine sediments transported in suspension are trapped at ETM
during downstream water flow. Particle settling velocity is speeded up at ETM due to
flocculation of river-born SPM upon mixing with salt water and the residual circulation
ETM has been recorded at Capibaribe estuary (Schettini et al., 2016b) that is located 50
km south of Goiana estuary and share the same hydrological regime (Schettini et al.,
2016a). However, regardless the hydrological regime and river dimensions, ETM has
also been observed all over the world (Uncles et al., 1994, Wolanski et al., 1995, Geyer
et al., 2001; Gorec et al., 2004; Uncles et al., 2006).

In theory, chlorophyll maxima in estuaries are supposed to occur closer to the
estuary mouth where light penetration in the water column is not limitant for primary
producers (Pereira-Filho et al., 2001). The co-occurrence of chlorophyll maxima at
ETM in the Goiana estuary (Figure 2) is likely a consequence of shallowness and low
SPM concentration. It also suggests that riverine waters are a major source of nutrients
as well. Higher residence times in the upper estuary facilitate conversion of nutrients
into phytoplankton biomass.

ETM is an important estuarine feature for understanding contaminant dynamics,
especially for hydrophobic chemicals. Petroleum hydrocarbons have low water

solubility and strongly partition onto SPM (Luo et al.,, 2006; Guo et al., 2006;
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Patrolecco et al., 2010). According to the Spearman's rank-order correlation, DDPHs
were significantly correlated with turbidity at Goiana estuary (rs = 0.86, p = 0.00, n =
10). Such a strong correlation suggests that SPM is a good proxy for DDPHSs at Goiana
estuary. In addition, it indicates that most aromatic hydrocarbons in the water column
are dispersed rather than dissolved. Same DDPHs and ETM correlation was also
reported at Capibaribe Estuary (Zanardi-Lamardo, personal communication). A study at
Daliao River watershed (China) and Tiber River also reported higher DDPHs
concentrations in at SPM than at waters (Guo et al., 2006; Patrolecco et al., 2010). The
wind preferentially blows to the E-SE (East-Southeast) sector suggesting that
atmospheric transport is not the main route to PAHSs input to this system. However,
burning sugar cane may release soot to the atmosphere that can be deposited in adjacent
areas, been indirectly introduced by drainage basin leaching. Thus, it seems that DDPHs
at Goiana Estuary mainly comes from rivers.

Most samples (60%) exhibited DDPH concentrations (Table 1) lower than the
proposed baseline for South Atlantic waters (0.31 ug L™ Carmépolis oil eq., Bicego et
al., 2002). Concentrations above 1 pg L™ oil eq. are typical of marine regions affected
by input of petroleum hydrocarbons or their derivatives (Law, 1981; Knap et al., 1986;
Zanardi et al., 1999b; Bicego et al., 1996). All samples from Goiana estuary exhibited
DDPH concentrations below 1 ug L™ oil eq., suggesting that local contamination is low.
DDPHs concentrations at Goiana estuary (0.20 to 0.51 pg L™ oil eq./ median = 0.29 ug
L™ oil eq.) are lower than that reported to chronically contaminated regions, such as
Capibaribe estuary, Brazil (0.47 to 5.63 pg L™ oil eq./ median =3.8 ug L™ oil eq.,
Maciel et al., 2015a) and Harbor area in Sicily coast, Italy (1.36 to 5.97 ug L™ oil eq.;
De Domenico et al, 1994); and highly contaminated regions, such as Ulhas estuary,

India (3.3 to 21.3 pg L™ oil eq./median=6.8 ug L™ oil eq.; Chouksey et al., 2004) and
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Galicia coast, Spain (0,19-28 pg L™ oil eq./median=3.02 pg L™ oil eq.; Gonzélez et al.,

2006).

Sediment

PAH concentrations in sediments of the Goiana estuary ranged from < 0.06 to
156 ng g™ dw with a median of 1.6 ng g (Table 2). These levels are lower than those
recorded in moderately contaminated estuarine regions (Guzella et al., 2005; Bicego et
al., 2006; Luo et al., 2006; He et al., 2014; Maciel et al., 2015b) and similar to marine
regions considered low contaminated (Gogou et al., 2000; Darilmaz; Kucuksezgin,
2007) (Table 3). According to Baumard et al. (1998), PAHs contamination in sediments
may be classified into four different levels: low (0-100 ng g™), moderate (100-1000 ng
g™, high (1000-5000 ng g™) and very high (> 5000 ng g™). Most samples from the
Goiana estuary presented low contamination levels. The only exception was St. S7 that
was classified as moderately contaminated (Figure 4).

No PAHSs distribution pattern was observed in sediments along the Goiana
Estuary. At the sampling planning time there was no grain size distribution pattern
published and the main channel was chosen to be sampled at an equidistant distance.
The grain size distribution is basically sand in most samples (8 out 12), which could
mask the PAH distribution results. Recently, a grain size study was published,
considering samples from the main channel and margins of the estuary, and showed an
upstream increase trend of fine particles (Barcellos et al., 2016). That was not observed
in this study, maybe because only the main channel was sampled. Even though, PAH
concentrations were significantly and positively correlated with both mud and OM

content of sediments. These findings corroborate association between DDPHs and
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turbidity in the water column, confirming that aromatic hydrocarbons preferentially

partition onto fine particles.

Table 3. Comparison of total PAH concentration (ng g™) in surface sediment samples collected from

different locations.

Locations N®*  Range (ng g?) Median (ng g?) References
Hugli Estuary, India 19 25-1081 270.5 Guzzella et al., 2005
Santos Estuary, Brazil 16 22 — 68,130 451 Bicego et al., 2006
Pearl River Estuary, China 18 189 — 637 278.5 Luo et al., 2006
Guan River Estuary, China 21 90-218 129 He et al., 2014
Capibaribe Estuary, Brazil 16 <DL -498 184.7 Maciel et al., 2015b
Cretan Sea, Eastern Mediterranean 24 14.6-158.5 47.5 Gogou et al., 2000
Eastern Aegean Sea, Izmir Bay 16 25-113 13 Darilmaz; Kucuksezgin, 2007
Goiana Estuary, Brazil 16 <0.06-156 1.6 This study

N? Number of PAH compounds analyzed in each study.
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Figure 4. Concentration of total PAHs (ng g-1 dry weight) in sediments from Goiana estuary, northeastern Brazil.

The dashed line denotes the limit between low and moderate contamination according to Baumard et al. (1998).
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The highest PAH concentrations were observed at Sts. S7 and S11 followed by
S3 and S6. At these stations, the most abundant individual PAHs were fluoranthene,
pyrene, indeno[1,2,3-cd]pyrene and benzo[ghi]perylene that accounted for
approximately 50% of total PAHs. Fluoranthene and pyrene have been pointed out as
good proxies for sugarcane combustion (Magalhé&es et al., 2007), a common practice in
the Goiana River watershed.

Petrogenic sources of PAHs are dominated by low molecular weight (LMW)
compounds with two and three aromatic rings, whereas pyrolytic sources tend to
produce high molecular weight (HMW) compounds with four or more aromatic rings
(Boehm et al., 2005). The ratio of HMW to LMW PAHSs has been used for inferring
sources to the environment (Soclo et al., 2000). Most sediment samples collected from
Goiana estuary exhibited ratios below 1 (Table 4), suggesting prevalence of pyrolytic
sources. The only exception was St. S4 (LMW/HMW = 2) that suggested petrogenic
inputs. St. S4 is located close to inactive shrimp aquaculture ponds that released
effluents directly into the estuary in the past (Barcellos et al., 2016). Total PAHs were
very low at S4 probably due to prevalence of sandy sediments (Table 2).

Ratios between PAH isomer pairs have been used for inferring sources to the
environment (Budzinski et al., 1997; Tam et al., 2001; Yunker et al., 2002; Yunker et
al., 2014). Caution has to be taken regarding the conclusion drawn exclusively from
these diagnostic ratios, since their thresholds were based on data obtained from
temperate climate matrices. In tropical regions, as Goiana estuary, high temperatures,
solar intensity and microbial activity may play an important role in determining the
degradation rate, which could interfer in the ratio interpretation (Wagener et al., 2010).
Thus, more studies in tropical areas with specific PAH sources should be performed to

better understand about these ratios. In this study, the following ratios were calculated:
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fluoranthene to fluoranthene plus pyrene (FI/FI+Py), indeno[1,2,3-cd]pyrene to
indeno[1,2,3-cd]pyrene plus benzo[ghi]perylene (IP/IP+BghiP), anthracene to
anthracene plus phenanthrene (An/An+Ph), and benz[a]anthracene to benz[a]anthracene
plus chrysene (BaA/BaA+Chry). In some sediments, one of the isomer pair was not
present and, in such case, half of limit of quantification (0.03) was used for ratio
calculation. The ratios at St. S12 could not be calculated in any case.

According to Figure 5, was observed a mixture of sources throughout the
estuary, except at Sts. S3, S6, S7 and S11, which were predominantly pyrolytic. Plotting
the pairs of isomers IP / IP + BghiP and FI / Fl + Py, it was observed combustion of oil
and its derivatives contribution at Sts. S3, S6, S10 and S11, and biomass combustion
dominated at St. 7 (Figure 5a). Probably St. 7 reflects PAHs from sugarcane straw
burning, a frequent practice during the pre-harvest period from a farm located in the
surrounding area. St. 1 presented a contribution of both combustion sources, and the
other stations indicated mixture of sources of PAHs (petrogenic and pyrolytic) (Figure
5a). The An/ An + Ph and FI / FI + Py + ratios showed petrogenic and petroleum
combustion at St. S1, S4 and S10 (Figure 5b). Once again, Sts. S3, S6, S7 and S11
indicated prevalence of pyrolytic sources (Figure 5b), corroborating the previous results.
Sts. S2, S5, S8 and S9 indicated oil and its derivatives direct input (Figure 5b). Plotting
the ratios BaA / BaA + Chry and FI / FI + Py, it is possible to observe a mixture of
sources at Sts. S1, S2, S8 and S10 (Figure 5c). PAHs at Sts. S3, S6, S7 and S11 were
found to be predominantly from combustion and Sts. S4, S5 and S9 indicated petrogenic
sources prevalence (Figure 5c¢). These results suggest that there a several PAHSs sources
at this estuary and a more detailed study should be done to better understand their origin

and fate.
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BaA/BaA+Chry to FI/FI+Py in sediments of Goiana estuary, northeastern Brazil.
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For investigating whether oil combustion comes from gasoline or diesel, ratios
of benzo[ghi]perylene to indene[1,2,3-cd]pyrene (BghiP/IP), and benz[a]anthracene to
benzo[a]perylene (BaA/BaP) have been used (Li; Kamens, 1993, Zhang et al., 2004).

Diesel is the most frequently used fossil fuel in marine vessels from Goiana
estuary. However, a mixture of gasoline and diesel combustion was observed at all
stations except Sts. S7, where diesel predominated (Figure 6). The ratios in Sts. S4 and

S12 could not be calculated.
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Figure 6. Cross plot of the ratios benz[a]anthracene to benzo[a]perylene (BaA/BaP) and
benzo[ghi]perylene to indeno[1,2,3-cd]pyrene (BghiP/IP) in sediments of Goiana estuary, northeastern
Brazil. Ratio BaA/BaP (0.5 = Combustion gasoline; ~1.1 = Combustion diesel). Ratio BghiP/IP (=3.5 =

Combustion gasoline; ~1.1 = Combustion diesel).

To assess the quality of sediments regarding their PAHs toxic potential, the data
set was compared to sediment quality guidelines proposed by McDonalds et al. (1996).
At the main channel of Goiana estuary, none of PAH concentrations exceeded proposed

limits, suggesting that the investigated compounds pose no risk to the local ecosystem.
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Conclusion

This study provided information on the distribution and dynamics of aromatic
hydrocarbons at Goiana estuary. Low levels of aromatic hydrocarbons were found in
both water column and sediment. Concentration of petroleum hydrocarbons in surface
waters of Goiana estuary is influenced mainly by the occurrence of an ETM. In the dry
season, such a feature traps contaminants in the upper estuary, preventing them from
being transported toward the ocean. There are evidences of the occurrence of
hydrocarbon retention in Goiana Estuary, which is observed by parameters such as
turbidity and salinity. PAHs concentration in sediments is mainly controlled by
distribution of organic matter and fine particles (silt and clay). Mixed PAH sources
were identified in sediments of Goiana estuary although pyrolytic contribution seems to
be larger, introduced probably by the maritime transport (fishing and tourism), and
eventually by industrial soot and the burning of sugar cane activities. Petrogenic sources
of PAHs are probably derived from urban discharges and industries, from shrimp
farming, in addition to oil spills from vessels that navigate in the area. PAH
concentrations in sediments were low and probably do not imply in adverse biological
effects. It is preeminent that other studies in the area be performed, specially sampling

the margins of the channel, that could bring some new insights to our knowledge.
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Table 1. Average and standard deviation (SD) of water column salinity (psu), chlorophyll (ug L™) and
turbidity (NTU) recorded at each sampling station along the Goiana estuary during spring high tide
(December 14, 2015). Distances are referenced to the estuarine mouth (0 km).

Stations Distance of Salinity (PSU) Turbidity Chlorophyll (ng L™)
mouth (km) (AveragexSD) (NTU) (Average+SD)
(Average+SD)
1 0 km 37.51+0.10 8.14+0.59 1.25+0.14
2 1 km 37.56+0.04 9.9745.08 1.48+0.23
3 2 km 37.58+0.02 8.82+3.65 1.27+0.08
4 3 km 37.53+0.01 11.4941.01 1.99+0.24
5 4 km 37.21+0.81 13.85+1.19 2.36+0.18
6 5 km 36.89+0.07 14.0741.74 2.86+0.06
7 6 km 36.32+0.03 13.4740.94 3.52+0.27
8 7 km 34.54+0.25 11.96+1.39 3.91+0.07
9 8 km 33.2740.12 14.3142.87 4.2240.14
10 9 km 31.92+0.02 14.25+4.72 4.47+0.32
11 10 km 30.94+0.18 20.21+7.08 4.81+1.01
12 11 km 29.99+0.03 17.85+2.76 4.68+0.13
13 12 km 28.87+0.09 16.71+1.90 4.60+0.06
14 13 km 28.24+0.03 15.71£3.12 4.66+1.04
15 14 km 29.53+0.39 16.04+4.89 4.44+0.91
16 15 km 28.77+0.01 15.18+0.60 4.50+0.08
17 16 km 27.95+0.02 15.36+1.86 4.45+0.07
18 17 km 27.40+0.03 16.36+2.24 4.58+0.64
19 18 km 26.92+0.18 15.75+1.17 4.21+1.28
20 19 km 26.02+0.27 15.23+1.07 4.47+0.25
21 20 km 22.35+0.37 21.89+6.42 4.40+0.91
22 21 km 18.95+0.15 27.50+4.79 4.88+0.57
23 22 km 16.92+0.45 28.38+3.82 5.37+0.36
24 23 km 13.75+0.27 23.64+3.00 6.89+0.59
25 24 km 11.2340.29 23.73+3.40 8.82+1.21
26 25 km 8.65+0.41 24.51+4.14 9.33+0.48
27 26 km 4.81+0.15 23.65+3.88 7.07+0.36
28 27 km 1.55+0.00 16.33£3.14 4.20+0.34
29 28 km 0.32+0.00 9.14+0.89 3.44+0.09
30 29 km 0.20+0.00 12.92+2.57 4.19+0.91
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Tabela 2. Average and standard deviation (SD) of water column salinity (psu), chlorophyll (ug L™)

and turbidity (NTU) recorded at each sampling station along the Goiana estuary during spring low tide

(December 14, 2015). Distances are referenced to the estuarine mouth (0 km).

Stations  Distance Salinity Turbidity Chlorophyll (ng L)
of mouth (PSU) (NTU) (Average+SD)
(km) (averagexSD)  (AveragexSD)
1 0 km 36.47+0.03 12.0446.32 3.31+0.84
2 1 km 35.44+0.13 13.98+2.70 3.61+1.41
3 2 km 34.69+0.01 11.87+1.30 4.10+0.16
4 3 km 33.2640.28 11.3344.97 3.70+1.46
5 4 km 31.89+0.38 12.85+1.10 4.38+0.18
6 5 km 30.71+0.03 13.3840.75 4.57+0.15
7 6 km 30.09+0.07 12.93+1.16 4.58+0.27
8 7 km 29.33+0.01 13.91+1.50 4.48+0.26
9 8 km 28.88+0.13 13.3945.50 4.19+1.66
10 9 km 28.16+0.24 15.47+3.50 4.46+0.98
11 10 km 28.72+0.03 13.49+1.15 4.52+0.31
12 11 km 28.21+0.13 13.72+1.37 4.58+0.38
13 12 km 27.24+0.14 13.79+3.89 4.41+0.27
14 13 km 26.86+0.03 17.28+0.97 4.47+0.24
15 14 km 25.54+0.03 18.29+1.60 4.53+0.25
16 15 km 23.03+0.28 18.62+1.57 4.47+0.78
17 16 km 19.72+0.01 21.67+0.87 4.94+0.37
18 17 km 17.09+0.01 31.60+2.31 5.82+0.33
19 18 km 15.54+0.01 26.38+1.94 6.54+0.27
20 19 km 14.28+0.14 28.22+3.66 7.23+0.30
21 20 km 13.16+0.02 31.44+1.49 8.14+0.26
22 21 km 12.21+0.04 31.71+0.85 8.88+0.22
23 22 km 11.28+0.23 29.60+2.06 9.63+0.62
24 23 km 7.97+0.15 26.30+2.20 8.78+0.19
25 24 km 5.39+0.06 30.36%5.39 9.82+1.10
26 25 km 3.47+0.01 17.76+2.25 5.93+0.47
27 26 km 2.20+0.22 13.91+4.41 4.49+0.35
28 27 km 1.64+0.00 12.93+0.49 4.14+0.09
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4. CONCLUSAO GERAL

e As concentragbes de hidrocarbonetos aromaticos na &gua e sedimento do
estudrio do Rio Goiana sdo baixas, classificando esse ambiente como pouco
contaminado, sugerindo que provavelmente ndo causam efeitos sobre a biota
local.

e A concentragdo de DDPHs no estuério do Goiana esté intimamente relacionada
com o material particulado em suspensdo (MPS), resultando no acimulo destes
compostos na zona de turbidez méaxima da regido, dificultando o transporte
desses contaminantes para 0 oceano.

e A forte relacdo entre os DDPHs e o material particulado em suspensédo (MPS)
indica que a maioria desses contaminantes se encontra na forma dispersa e néo
dissolvida, e aponta 0 MPS como um bom proxy para os DDPHs nesse
ecossistema estuarino.

e As aguas fluviais provavelmente sdo as principais rotas de entrada de DDPHs
para estuario do Goiana, uma vez que os ventos predominantes na regido nao
favorecem a deposicdo atmosférica sobre este corpo d'agua.

e Os HPAs no sedimento estdo associados com a matéria organica e fracdo de
finos, sendo estes oriundos de uma mistura de fontes, porém com predominancia
pirolitica.

e S&0 necessarios outros estudos na area, realizando amostragem de sedimentos
nas margens do estuario, a fim de melhor compreender a dinamica destes

contaminantes.
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ANEXO | - METODOLOGIA

Amostragem agua

O estudo das propriedades da &gua e coleta de amostras para a investigacdo da
contaminagédo por HCs foram realizados em 14 de dezembro de 2015, movendo-se da
foz a montante do estuario do Rio Goiana (PE/PB). Com a finalidade de se obter
amostras de &gua através do gradiente entre as aguas doces e marinhas, foi feito
primeiramente um levantamento longitudinal na maré alta (das 5:30 as 7:00 da manhd),
registrando os parametros fisicos. Estes foram coletados a cada 1 km e os perfis
verticais de salinidade, turbidez e clorofila foram registrados, com o auxilio de um CTD
(JFE-Advantech modelo Rinko Profiler). Estes dados foram obtidos ao longo de 30 km
do estuario, e o limite superior de salinidade foi determinado como sendo a 27 km da
foz. Com base nesse conhecimento prévio, o segundo levantamento foi conduzido da
mesma forma na maré baixa (das 11h40 as 13h40), com perfis de CTD a cada 1 km e
amostras de agua coletadas a cada 3 km (Figura 1, Tabela 1).

As amostras de agua foram coletadas a 1 m de profundidade, usando garrafas
ambar de 4L (previamente limpas com solvente organico), presas a um suporte de aco-
inox. As coletas foram realizadas imediatamente antes do barco parar totalmente, com a
proa voltada no sentido contrario a correnteza, para evitar contaminacdo por 6leo
proveniente da prépria embarcacdo. Também foram feitos brancos de campo, em
tréplica, que consistiram em, no decorrer da coleta, adicionar 20 mL de n-hexano em
frascos de armazenamento vazios, expostos a atmosfera local, para assim determinar

possiveis contaminac6es durante a coleta.



Figura 1. Pontos de coleta de 4gua no estuario do Rio Goiana (PE/PB), em 14 de dezembro de 2015.
Fonte: Google Earth.
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Tabela 1: Pontos de amostragem de 4gua com seus respectivos posicionamentos

geograéficos.

Pontos de amostragem Latitude Longitude
P1 7°32°49.91”’S 34°50°1.1770
P2 7°32°20.57”S 34°51°24.277°0
P3 7°32°28.21”°S 34°52°35.25”0
P4 7°32°39.68”S 34°53°37.1870
P5 7°3215.11”S 34°53°55.98”0
P6 7°33°5.26”S 34°54°42.76”0
P7 7°33°42.94”S 34°55°49.5170
P8 7°33°27.25”S 34°57°2.8170
P9 7°33°0.19”S 34°58°17.16”0

P10 7°32°16.82”S 34°59°44.70”0
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Amostragem sedimento

As amostras de sedimento foram coletadas em 12 pontos equidistantes (a cada 2
km), da jusante para montante do estuario do Rio Goiana (PE/PB), durante a estacdo
seca em 16 dezembro/2015 e 12 janeiro/2016 (Figura 2, Tabela 2). As coletas foram
realizadas com um amostrador de fundo do tipo van-Veen de aco inoxidavel. A camada
superficial (primeiros centimetros) foi retirada com o auxilio de uma colher de aco inox,
e o material acondicionado em formas de aluminio previamente calcinadas em mufla,
por 4 horas, a 450°C. Estas embalagens foram identificadas e dispostas em uma caixa
isotérmica com gelo, até a chegada ao laboratério. Posteriormente, foram armazenadas
em freezer (-22 °C) até 0 momento das analises.

Figura 2. Pontos de coleta de sedimentos no estuario do Rio Goiana (PE/PB), em 16 de dezembro de
2015 e 12 de janeiro de 2016. Fonte: Google Earth.
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Tabela 2: Pontos de amostragem de sedimentos com seus respectivos posicionamentos

geograficos.

Pontos de amostragem Latitude Longitude
P1 7°33°10.19”S 34°49°57.79”W
P2 7°32°32.66”S 34°50°42.49”W
P3 7°32°32.30”S 34°51°38.00"W
P4 7°32°31.65”S 34°52°19.85”W
P5 7°32°10.63”S 34°53°13.85”W
P6 7°32°43.69”S 34°53°55.44”W
P7 7°32°14.66”S 34°54°16.23”W
P8 7°32°49.49”S 34°54°32.76”W
P9 7°33°14.32”S 34°55°8.53”W
P10 7°33°40.00”S 34°55°51.40"W
P11 7°33°36.28”S 34°56°39.32”W
P12 7°33°23.14”S 34°57°30.01"W

Analises Quimicas

Analise de hidrocarbonetos de petrdleo dissolvidos e/ou dispersos (HPDDs) em agua

Apos a coleta, 20 mL de n-hexano (grau pesticida) foram adicionados em cada
amostra, para a extracdo de hidrocarbonetos aromaticos de petréleo dissolvidos e/ ou
dispersos (HPDDs). Durante 2 minutos, seguiu-se uma vigorosa agitacdo e,
posteriormente, a fase organica foi separada em um funil de separacdo. Foi adicionado
uma quantidade suficiente de sulfato de sodio aos extratos para remoc¢édo de tracos de
agua, e os mesmos foram concentrados a 10 mL, utilizando-se um rotaevaporador. Na
sequéncia, os extratos foram armazenados em freezer a -22 °C até o momento da
analise. Os HPDDs foram quantificados em um espectrofluorimetro (SpectraMax M3
Molecular Devices), usando um comprimento de onda de 310 nm para excita¢do e 360
nm para a medida de emissdo (LEMOS et al., 2014). As concentraces de HPDDs
foram calculadas em funcdo de duas curvas analiticas: uma preparada com criseno (99%
de pureza, Sigma-Aldrich) e a segunda preparada com éleo Carmopolis intemperizado,

numa faixa de concentragdo entre 0 ¢ 2,5 pg L™. O criseno é utilizado como padr&o em
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estudos de HPDDs, e proporciona a comparagdo dos resultados reportados em todo o
mundo (I0C, 1984). Porém, o uso do padrdo Criseno apresenta a desvantagem de ndo
fornecer um resultado muito realista, uma vez que o petréleo é formado por uma
mistura de diversos compostos no ambiente. Por esta razdo, o 6leo Carmopolis
intemperizado também foi usado nesse estudo. Este 6leo refere-se a uma das maiores
reservas da costa do nordeste brasileiro, e tem sido bastante aplicado como padrdo em
estudos de aguas costeiras e oceanicas brasileiras (ZANARDI et al, 1999a;. ZANARDI
et al, 1999b.; BICEGO et al, 2002.; BICEGO et al, 2003.; BICEGO et al, 2009.;
FAVROD, 2012.; LEMOS et al., 2014; CABRAL, 2014; SANTOS, 2015).

A média dos valores de fluorescéncia dos brancos de campo foi subtraida de
cada amostra. O limite de deteccdo do método (LDM) foi determinado como sendo trés
vezes 0 desvio padrdo das concentracfes do branco de campo (QUEVAUVILLER et al.,
1992), resultando em 0,01 pg L™ e 0,03 pg L™ equivalentes em Criseno e equivalentes

de 6leo Carmopolis, respectivamente.

Analise de hidrocarbonetos policiclicos aromaticos no sedimento

As amostras de sedimento foram secas através do processo de liofilizacdo,
homogeneizadas em almofariz com pistilo e passadas em uma peneira granulométrica
com malha de 500 um. Uma aliquota de aproximadamente 15 g de sedimento foi pesada
de cada amostra, e adicionados 100 uL dos padrdes internos (surrogate) de HPAS
deuterado (acenafteno-d10, fenantreno-d10 e criseno-d12), que contém concentracao de
1000 ng mL™ de cada analito.

O controle de qualidade foi constituido na analise dos brancos processuais,
amostras em duplicatas do material de referéncia (NIST SRM 1944) e controle
analitico. Todos estes, com excecdo do controle analitico, foram submetidos aos
procedimentos de extracdo e separacdo de analitos sob as mesmas condigcdes das
amostras. O branco é utilizado para rastrear possiveis contaminagdes durante o
processamento do lote analitico. O objetivo da duplicata € verificar a precisdo das
andlises do lote, enquanto que o controle analitico é usado para investigar a integridade
das solucgdes padrdes utilizadas.

As amostras foram submetidas ao processo de extracdo em sistema Soxhlet,

utilizando uma mistura de 80 mL de n-hexano e diclorometano (1:1, v/v) por cerca de
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8h. Durante a extracdo, também foram adicionados fios de cobre ativado ao solvente,
para remocdo de enxofre das amostras, um importante interferente nas analises. Os
extratos foram concentrados a 1 mL em um rotaevaporador. Metade deste volume (500
uL) foi utilizado para analise dos HPAS, e a outra parte foi armazenada em freezer para
posterior andlise dos pesticidas organoclorados e bifenilas policloradas (PCBs). Os
extratos foram submetidos a cromatografia de adsor¢do em uma coluna contendo silica
gel e alumina (5% desativadas). Os hidrocarbonetos alifaticos (HAs) (ndo utilizados
neste estudo), foram eluidos com 10 mL de n-hexano e, na sequéncia, os HPAs foram
removidos com 15 mL de uma mistura de diclorometano:n-hexano (3:7, v/v).

O eluato foi concentrado novamente no rotaevaporador até aproximadamente 1
mL, seguido da adicdo de 50 pL da solugdo de padréo interno (PICG) (1000 ng mL™),
contendo 0s seguintes compostos: fluoreno-d10, benzo(a)antraceno-d12 e o
benzo(a)pireno-d12. O extrato foi avolumado para 1 mL e, posteriormente, injetados no
cromatografo a gas (Agilent Technologies 7820A) acoplado a um detector de
espectrometria de massas (Agilent Technologies 5975) - GC/MS.

Foi injetado 1 puL dos extratos em modo de injecdo sem divisdo de fluxo
(splitless), com o tempo de abertura da purga de 0,5 min. A coluna capilar utilizada foi a
HP-5ms (composicdo da fase estacionaria: 5% fenilmetilarilenopolisiloxano) com 30
metros de comprimento, 0,250 mm de didmetro e 0,25 um de espessura do filme. O
hélio (grau de pureza 99,999%) foi utilizado como gas de arraste, com fluxo constante
de 1,2 mL min™® na coluna. A temperatura do injetor e da interface foram ambas
ajustadas para 300 °C, enquanto que a temperatura da fonte de ions e do quadrupolo
foram 150 °C e 230 °C, respectivamente. A rampa de temperatura do forno seguiu a
seguinte programacdo: temperatura inicial 60°C, 15°C min™ até 150°C, 5°C min™ até
220°C, 10°C min™ até 300°C, permanecendo estavel nesta temperatura por 10 min
(Figura 3). A corrida completa para a analise de HPAs totalizou 38 minutos. O
espectrometro de massas foi operado com fonte de ionizacdo por elétrons (energia de
ionizacdo: 70 eV; corrente de emissao: 300 pA) e o sistema foi operado em modo de

monitoramento de ions selecionados (SIM, selected ion monitoring).
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Figura 3. Rampa de temperatura empregada no forno para anélise de hidrocarbonetos policiclicos

aromaticos (HPAs). Fonte: Autoria propria.
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A identificagdo dos HPAs foi baseada no espectro de massas individuais e nos
tempos de retencdo de cada analito em padrdes certificados. As contaminagdes
encontradas no branco foram subtraidas dos valores das concentragdes nas amostras. A
recuperacdo dos padrdos internos (surrogate) variou entre 40,5% e 108%, e foi
calculada considerando a razéo entre as areas dos padrdes PICG e dos padrdes internos.
O limite de quantificacdo (LQ) foi estabelecido a partir da razdo entre a menor
concentracdo da curva analitica (1 pg mL™) e a massa da amostra extraida (15 g) ,
resultando em 0,06 ng g*. A média da recuperacéo do material de referéncia foi de 81 +
8,5%, estando dentro da faixa de concentracdo esperada. Mais detalhes sobre os

procedimentos analiticos sdo descritos pela UNEP (1992) e Martins et al. (2004).
Granulometria

A determinacdo granulométrica foi realizada segundo a metodologia adotada por
Suguio (1973). Em balanca analitica foi pesada uma aliquota de 30 g de sedimento de
cada amostra, sendo esta submetida posteriormente a oxidacdo com peréxido de
hidrogénio (H,0;) a 10% durante 48 horas para remocdo da matéria organica. Em
seguida, as amostras foram filtradas em papel de filtro qualitativo (porosidade: 4-12
um), lavadas com agua destilada até a remogao total do H,O; e levadas a estufa (60°C)
para secagem durante 24 horas. As amostras foram novamente pesadas para
determinagdo do peso total inicial antes de comecar as etapas do processo

granulométrico. Logo apds, foi realizado o peneiramento Umido das amostras numa
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peneira de 63 um, tendo como objetivo principal separar a fragdo grossa (>62 pum) da
fracdo lamosa (<62 um). A fragdo grossa (granulos e areia) foi seca na estufa (60°C) por
cerca de 24 horas e a fracdo lamosa (silte e argila) foi transferida para uma proveta,
sendo esta avolumada para 1 L com &gua destilada. Depois de secos, 0s sedimentos
maiores que 62 um foram separados em diferentes fragdes (granulo (2 um), areia muito
grossa (1 pum), areia grossa (500 um), areia média (250 pum), areia fina (125 um) e areia
muito fina (63 um) com o auxilio de um agitador de peneiras. Os sedimentos finos (<63
pm) também foram adicionados a proveta para serem posteriormente identificados
através do método de pipetagem, que determina a quantidade de material fino existente
em fragcOes dimensionais previamente estabelecidas, baseado na velocidade de
sedimentacdo de cada uma dessas porgdes (silte grosso, silte médio, silte fino, silte
muito fino, argila grossa, argila média e argila fina). As fracdes resultantes da
pipetagem foram secas em estufa (60°C), e pesadas em balanca analitica até peso
constante. Os resultados foram tratados no software Sysgran 3.0 para a obtencdo dos
percentuais de cada fracdo granulométrica e os sedimentos foram classificados em

diferentes categorias com base no diagrama ternario de Flemming (2000).
Matéria Organica

A determinacdo da matéria organica total foi realizada pelo método
gravimétrico, através da calcinacdo da amostra (adaptado de Davies, 1974). Aliquotas
de aproximadamente 4 g de sedimento de cada amostra, previamente liofilizadas, foram
pesadas em uma balanca analitica e levadas a mufla aquecida a 450 °C, por 6 horas. O
teor de matéria organica, expresso em porcentagem, foi determinado através da
diferenca de peso seco antes e depois da calcinacdo, dividido pelo peso da amostra

inicial, vezes 100.



