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RESUMO

O setor sudeste da Zona Costeira Amazonica (Southeastern Amazon Coastal Zone — SACZ)
inclui a mais extensa faixa continua de manguezais do mundo, com mais de 20 estuarios de
macromarés. Nessa area, um grande volume de sedimentos finos tem se depositado durante o
Holoceno, porém, sabe-se que os rios locais sdo de agua preta, transportando pequenas
quantidades de sedimentos em suspensdo. Desta forma, nos ultimos anos, surgiram
guestionamentos relacionados as principais fontes e 0s mecanismos de transporte de sedimentos
finos para os estuarios e para o desenvolvimento dos manguezais na regido. Recentemente, foi
evidenciada a existéncia de uma fonte offshore de sedimentos lamosos para 0s manguezais. Por
sua proximidade, o rio Amazonas tem sido visto como o provavel fornecedor de sedimentos,
com uma vazdo média de 170x103 m3.s-1 e concentracdo de sedimentos em suspensédo de ~80
mg.L-1, o que representaria uma fonte praticamente inexaurivel de lama tanto para os estuarios
quanto para 0s manguezais. Porém, a proveniéncia e processos de transporte pelos quais a lama
do Amazonas alcancaria a SACZ, propiciando a grande progradacdo dos manguezais, nao sdo
ainda completamente compreendidos, uma vez que, a pluma do Amazonas é principalmente
derivada para noroeste. Neste sentido, a constituicdo sedimentar da plataforma interna e seu
retrabalhamento precisam ser também avaliados, bem como a possibilidade de suprimento de
lamas a leste da regido de estudo. O presente estudo visou a integracdo e complementacao de
esforcos acerca da dindmica de sedimentos nos estuarios (Mocajuba, Caeté e Gurupi) e
manguezais da SACZ, combinando estudos na plataforma continental interna. Para tal,
ferramentas e abordagens da hidrodindmica, sedimentologia e biogeoquimica foram utilizadas
para a identificacdo e entendimento das fontes e mecanismos de transporte de sedimentos
lamosos para o setor, compondo um gradiente de distancia da foz do rio Amazonas, bem como
uma escala de dimensdes das bacias hidrogréaficas locais. O estuario do rio Mocajuba apresenta
aspectos bastante peculiares quanto a morfologia e hidrodindmica. A morfologia do estuario é
fortemente influenciada pela evolugdo estrutural e pelas falhas causadas pelos eventos
neotectonicos desde 0 Nedgeno, resultando em areas profundas e retilineas nas porgées inferior
e média do estuério. A maré se propaga estuério adentro sem sofrer significativas deformacdes,
resultado da combinacéo entre a morfologia herdada e a hidrodindmica. A salinidade apresentou
maiores valores durante os periodos secos, enquanto a concentracdo de sedimentos em
suspensdo foi maior durante os periodos chuvosos. A circulagdo estuarina no Mocajuba é

similar aos fiordes, devido a profundidade, porém, sem estratificacdo de salinidade. N&o houve



formagdo da zona de turbidez maxima estuarina devido as &reas de alta profundidade, baixas
velocidades de corrente e baixa concentragdo de sedimentos em suspensdo. No entanto, em
ambos os periodos, uma “cunha turva” foi observada perto da foz do estuario, evidenciando a
influéncia da pluma do rio Amazonas. O estuario do rio Caeté € classificado como planicie
costeira, dominado por marés, com regime semidiurno e consideraveis variagbes durante as
fases de sizigia e quadratura. Do ponto de vista cientifico, este é um dos estudrios mais
conhecidos da SACZ, com trabalhos abrangendo areas da geologia, geomorfologia,
hidrodinamica, sedimentologia, geoquimica, biogeoquimica, ecologia em geral, dentre outras
areas. Para a presente Tese, 0 estuario do Caeté foi considerado um “estuario modelo” devido a
localizacdo geogréfica (em relago as distancias da foz do rio Amazonas e dos estuarios dos
rios Mocajuba e Gurupi), o tamanho da bacia hidrografica e os dados disponiveis em artigos
cientificos que comprovam a influéncia de uma fonte externa de sedimentos finos. O Gurupi é
um tipico estuério de planicie costeira, raso, em formato de funil, dominado por mare, porém,
parcialmente misturado. A salinidade e concentracdo de sedimentos em suspensdo foram
maiores na foz e diminuiram a montante. A zona de turbidez maxima estuarina foi observada
em ambas as estacBes, porém, o aumento da descarga fluvial atenuou e deslocou essa zona em
direcdo ao mar. A maré se propagou assimetricamente, com efeito hipersincrono préximo a foz,
sendo atenuado a montante. No que se refere a matéria orgénica sedimentar, os dados
evidenciaram que as amostras estuarinas apresentam valores de 8*C mais negativos, como
resultado da maior influéncia terrestre e dos manguezais. Os valores de 53C das amostras
coletadas na plataforma interna apresentaram valores menos negativos, indicando mistura entre
as fontes de carbono marinha e manguezais. Além disso, os resultados evidenciaram que o
tamanho da bacia de drenagem dos rios locais também é um fator relevante na dindmica de
matéria organica. O rio Gurupi, por exemplo, é grande o suficiente para contribuir com
sedimentos organicos e terrigenos para o estuario e para plataforma interna. Em sintese, 0s
estudrios da SACZ sdo caracterizados pelo regime de macromarés, sujeitos aos aspectos
particulares da geologia, geomorfologia e do rio local. No estuario do Mocajuba, a morfologia
herdada apresentou forte influéncia nos processos hidrodinamicos e sedimentares. Por outro
lado, no estuario do Gurupi, a elevada vazdo fluvial teve papel fundamental na dinamica

estuarina.

Palavras-chave: Macromarés; Plataforma Continental Interna; Zona de Turbidez Maxima;

Zona Costeira Amazonica (ZCA).



ABSTRACT

The Southeastern Amazon Coastal Zone (SACZ) includes the largest mangroves belt in the
world and more than 20 macrotidal estuaries. In this area, a large volume of fine sediments has
been deposited during the Holocene, however, it is known that the local rivers are black water
rivers, carrying small amounts of suspended sediment. Therefore, since decades the sources and
transport mechanisms of fine sediments to estuaries and mangroves have been speculated and
investigated. It was recently demonstrated the existence of an offshore source of muddy
sediments to the mangroves. Due to its proximity, the Amazon River has been seen as the
probable main source of sediments, where an average flow of 170x10° m3.s™ and suspended
sediment concentrations in the order of 80 mg.L* would represent a nearly inexhaustible source
of mud to both estuaries and mangroves. However, the provenance and transport processes by
which the mud of the Amazon would reach the SACZ, providing mangrove progradation, are
not yet understood, since the plume is mostly drifted to northwest. In this context, the
sedimentary constitution of the inner continental shelf and its reworking must also be evaluated,
as well as the possibility of mud supply to the east of the study region. The present study aimed
to integrate and complement efforts on sediment dynamics in the estuaries (Mocajuba, Caeté
and Gurupi) and mangroves of the SACZ, combining studies on the inner continental shelf.
Therefore, tools and approaches from hydrodynamics, sedimentology and biogeochemistry
were used to identify and understand the sources and transport mechanisms of muddy sediments
for the sector, composing a distance gradient from the mouth of the Amazon River, as well as a
gradient of the drainage basins size. The Mocajuba estuary presents quite peculiar aspects in
terms of morphology and hydrodynamics. The morphology of the estuary is strongly influenced
by structural evolution and faults caused by neotectonic events since the Neogene, resulting in
deep and straight areas in the lower and middle portions of the estuary. The tide propagates into
the estuary without significant deformations, as a result of the combination between inherited
morphology and hydrodynamic aspects. Salinity showed higher values during dry seasons,
while the concentration of suspended sediment was higher during rainy seasons. Estuarine
circulation in Mocajuba is similar to fjord because of the deep, however, without salinity
stratification. The estuarine turbidity maxima zone did not occur due to the high depth areas,
low current velocities, and low suspended sediments concentration. However, a “high turbidity
wedge” was observed near the mouth of the estuary, evidencing the Amazon River plume
influence. The Caeté estuary is classified as a coastal plain, tide-dominated, with a semidiurnal

regime and considerable variations during the spring and neap phases. From a scientific point
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of view, this is one of the most studied estuaries in the SACZ, including geology,
geomorphology, hydrodynamics, sedimentology, geochemistry, biogeochemistry, ecology in
general, among other studies areas. For this Thesis, the Caeté estuary was considered a “model
estuary” due to its geographic location (regarding to the Amazon River mouth, Mocajuba and
Gurupi estuaries distances), the hydrographic basin size and especially because of the data
available in scientific articles that prove the influence of an offshore source of fine sediments.
Gurupi is a typical coastal plain estuary, shallow, funnel-shaped, tide-dominated, but partially
mixed. Salinity levels and suspended sediment concentrations were higher at the mouth and
decreased upstream. The estuarine turbidity maxima zone was observed in both seasons,
however, the increase in river discharge, during the rainy season, attenuated and displaced this
zone seaward. The tide propagated asymmetrically, with hypersynchronous behavior near the
mouth, being attenuated upstream. Regarding sedimentary organic matter, the data showed that
estuarine samples present more negative 8'C values, as a result of stronger terrestrial and
mangroves influences. The §3C values of samples collected on the inner shelf showed less
negative values, indicating a mixture between marine and mangrove carbon sources.
Furthermore, the results showed that the size of the drainage basin of local rivers is also a
relevant factor in the dynamics of organic matter. The Gurupi River, for example, is large
enough to contribute organic and terrigenous sediments to the estuary and internal shelf. In
summary, the SACZ estuaries are characterized by the macrotidal regime, subject to singular
aspects of geology, geomorphology and the local river. In the Mocajuba estuary, inherited
morphology had a strong influence on hydrodynamic and sedimentary processes. In the Gurupi

estuary, the high river flow played a fundamental role in the estuarine dynamics.

Keywords: Macro tides; Continental Inner Shelf; Estuarine Turbidity Maxima; Amazon
Coastal Zone (ZCA).
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CAPITULO 1 CONSIDERACOES INICIAIS
1.1 APRESENTACAO

O presente documento consiste em uma Tese de Doutorado apresentada como requisito a
obtencdo do grau de Doutor (a) em Geologia ao Programa de P6s-Graduacdo em Geologia e
Geoquimica (PPGG) do Instituto de Geociéncias (IG) da Universidade Federal do Para (UFPA).
A Tese foi redigida por Ariane Maria Marques da Silva (matricula: 202001780003), orientada
pelo Prof. Dr. Nils Edvin Asp Neto.

A Tese de Doutorado foi fundamentada considerando trés estuarios amazonicos e a area
de plataforma continental interna adjacente. O estudo desse grupo de quatro areas constituiu
um gradiente de distancia da foz do rio Amazonas, com importante variagao das suas descargas
solida e liquida, integrando os dados obtidos ao longo da costa e plataforma continental interna.
Além disso, um gradiente de tamanho das bacias de drenagem e, consequentemente, influéncia
da descarga fluvial local, também foi avaliado na presente Tese.

A Tese de Doutorado foi elaborada no formato de agregacdo de artigos cientificos,
composta por sete capitulos, incluindo dois artigos cientificos publicados e um terceiro
manuscrito para posterior submissao. O primeiro capitulo traz a apresentacédo da Tese e faz uma
abordagem geral do tema, apresentando os topicos de Introducdo, Problemaética, Hipotese e
Objetivos. O segundo capitulo apresenta um referencial tedrico sobre a tematica e tipos de
ambientes abordados na Tese. O terceiro capitulo descreve a Metodologia e aspectos
relacionados as areas de estudo. Os capitulos quatro, cinco e seis correspondem aos resultados
obtidos durante a pesquisa, sendo estes apresentados na forma de artigos cientificos.
Finalmente, o capitulo sete apresenta as consideracdes finais gerais da presente Tese de
Doutorado.

O capitulo 4 inclui o primeiro artigo. Este avaliou as caracteristicas morfoldgicas e
hidrodinamicas do estuario do rio Mocajuba, considerando os aspectos da evolucdo
neotectdnica na propagacéao e deformacdo da maré. Além disso, a proximidade entre estuario
do rio Mocajuba e a foz do rio Amazonas nos instigou investigar também a contribuicdo da
pluma do rio Amazonas na dindmica sedimentar do estuario. Analisar a dinamica do estuario
do rio Mocajuba foi fundamental para o desenvolvimento da presente Tese de Doutorado, em
virtude da sua localizacdo geogréafica proxima a foz do rio Amazonas, alem de aspectos
geomorfologicos peculiares. Este artigo foi aceito e publicado no periddico “Estuaries and

Coasts”, com qualis CAPES A2 e fator de impacto 2,7.



O capitulo 5 apresenta o segundo artigo. Este analisou a dindmica do estuario do rio
Gurupi em resposta as variagdes sazonais da descarga fluvial e da influéncia da pluma do rio
Amazonas. Constatou-se que a elevada descarga fluvial do rio Gurupi contribuiu fortemente
nos aspectos hidrodindmicos e sedimentares do estuario, especialmente na circulagao estuarina,
no transporte de sedimentos e na localizacdo e concentragcdo da zona de maxima turbidez
estuarina. Este artigo foi aceito e publicado no periddico “Water”, com qualis CAPES A3 e
fator de impacto 3,530.

O capitulo 6 apresenta os resultados das andlises biogeoquimicas das amostras de
sedimentos coletadas nos estuarios e plataforma. O capitulo estid redigido na forma de
manuscrito e pretende-se submeté-lo ap6s as consideracdes da banca avaliadora da presente
Tese de Doutorado. Finalmente, o capitulo 7 apresenta as consideracgdes finais da Tese, visando

uma integracdo dos resultados dos trés capitulos anteriores.

1.2 INTRODUCAO

As zonas costeiras sdo areas de grande complexidade e diversas particularidades devido
as fortes influéncias da descarga de efluentes, dinamica sedimentar e acdo antropica através da
exploracdo de recursos naturais (French 1997). Essas regides sdo definidas como &reas de
transicdo entre continente e oceano, nas quais a faixa terrestre é afetada pelos processos
marinhos e a faixa marinha é afetada pelos processos terrestres (continentais) (Rodriguez &
Windevoxhel 1998).

Os processos marinhos e continentais, como as variacBes na forcantes das marés e
descargas fluviais, controlam o fluxo de sedimentos nas zonas costeiras (Friedrichs & Perry
2001, French et al. 2008). Desta forma, as concentracdes de sedimentos desempenham um
relevante papel na evolucdo geomorfoldgica e circulacdo das zonas costeiras, modificando o
relevo através dos efeitos provocados pela floculacdo, adsorcdo e deposicdo de sedimentos
(Yeshaneh et al. 2013, Chatanantavet & Lamb 2014, Hu et al. 2019).

As propriedades dos sedimentos, especialmente o tamanho e a forma, também
influenciam na dindmica e evolugéo das zonas costeiras (Suguio 2003). Ao longo do transporte,
a granulometria dos sedimentos sofre modificagdes devido aos ciclos de deposicao-
ressuspensdo e pelo proprio transporte, sendo uma parte do sedimento permanentemente
aprisionada no ambiente (Nichols 1984). Essa fracdo de sedimentos que fica retida pode

contribuir efetivamente nos processos de evolugdo ou preenchimento do ambiente costeiro ao



longo do tempo, a exemplo do que acontece com estuérios (Woodroffe et al. 1986, Dalrymple
et al. 1992, French et al. 2008).

Os estuarios sdo ambientes costeiros fortemente afetados pela dindmica e transporte
sedimentar (Chappell & Woodroffe 1994, Asp et al. 2018, Gomes et al. 2020). O transporte de
sedimentos nesses ambientes é controlado, substancialmente, por processos fisicos, como
hidrodindmica fluvial e assimetrias na propagacdo da maré ao longo do continuum rio-estuério-
oceano (Asp et al. 2018, Hu et al. 2019).

De modo geral, a retencdo (ou aprisionamento) de sedimentos finos nos estuarios ocorre
na zona denominada de turbidez méaxima estuarina (Estuarine Turbidity Maxima — ETM) (Dyer
1995, Asp et al. 2016, 2018). Os aspectos relacionados a formacéo e localizagdo da ETM séo
resultados da dinamica sedimentar, incluindo as propriedades sedimentares e 0s processos de
erosdo, transporte, retrabalhamento e deposi¢cdo (Burchard et al. 2018). Outros fatores que
também influenciam a ETM sdo a morfologia, a variagdo do nivel do mar (NM) e 0s processos
hidrodindmicos, como a descarga fluvial, as correntes de maré e a salinidade (Gomes et al.
2013, Schettini et al. 2013, Asp et al. 2016).

A dinamica de sedimentos finos (silte e argila) é essencial na coloniza¢do de manguezais
e acumulo de biomassa no setor leste da Zona Costeira Amazdnica (Southeastern Amazon
Coastal Zone — SACZ) (Nascimento Jr. 2016). Essa area € fortemente afetada pelo grande
volume de agua e sedimentos descarregados pelo rio Amazonas, maior do rio do mundo
considerando a extensdo, volume e descarga de sedimentos (Gibbs 1967, Oltman 1968, Meade
et al. 1979, Calléde et al. 2010, Nittrouer et al. 2021).

Estima-se que o0 rio Amazonas descarrega cerca de 206x10° m3.s~ ! de agua e 1,2x10°
toneladas de sedimentos por ano no Oceano Atlantico (Calléde et al. 2010, Milliman &
Farnsworth 2011). Os sedimentos carreados pelo rio Amazonas tém, majoritariamente, tamanho
médio variando entre silte e argila e sdo transportados em suspensao na coluna d’agua (Gibbs
1967, Meade 1985, Nittrouer & DeMaster 1986).

Ao atingir a area de juncdo entre a foz e 0 oceano costeiro, 0s sedimentos em suspensao
do rio Amazonas formam uma pluma conhecida como “Pluma do rio Amazonas (Amazon River
Plume — ARP)” (Lentz & Limeburner 1995, Molleri et al. 2010). A ARP ¢ caracterizada pela
baixa salinidade e elevadas concentragdes de nutrientes e sedimentos finos, afetando os
aspectos ecoldgicos, geomorfologicos, bioquimicos e oceanograficos da regido costeira
amazonica (Molleri et al. 2010).

Os sedimentos que compdem a ARP sdo afetados significativamente pela forgante

causada pelo estresse dos ventos alisios de nordeste e forte fluxo ao longo da plataforma



associado a Corrente Norte do Brasil (CNB) (Geyer et al. 1996). A CNB é a corrente
responsavel por conduzir a agua para noroeste, ao longo da costa do Brasil, porém, sua maior
influéncia ocorre no dominio externo a Plataforma Amazonica, transportando massa e calor
através do Equador para o Hemisfério Norte (Johns et al. 1990, 1998, Geyer et al. 1996, Fontes
et al. 2008).

A tensdo dos ventos, especialmente causada pela direcdo e intensidade, varia
sazonalmente. O pico dos ventos alisios de nordeste ocorre nos meses de Fevereiro e Marco,
tornando a tensdo dos ventos normal (perpendicular) a linha de costa. Nesse contexto, a ARP
se expande na area da plataforma com direcdo nordeste e permite o aprisionamento de
sedimentos finos nos estuarios e manguezais da SACZ (Asp et al. 2018, Gomes et al. 2021,
Silva et al. 2023a,b). Porém, quando os ventos atingem a costa vindos da direcdo paralela a
costa, como em Agosto, 0 estresse causado ao longo da plataforma direciona a ARP para o
noroeste, reduzindo drasticamente o fluxo de agua e transporte de sedimentos para a por¢éo
leste da Zona Costeira Amazonica (ZCA) (Nittrouer et al. 1995, Geyer et al. 1996).

Uma vez que a ARP se concentra na porcdo leste da ZCA, a dgua gque entra nos estuarios
forma uma “cunha turva” e, devido a variagao de densidade, o transporte de sedimentos ocorre
proximo ao fundo. Esse processo também foi observado nos principais afluentes do rio
Amazonas, como 0s rios Xingu e Tapajos (Freitas et al. 2017, Fricke et al. 2017, 2019,
Medeiros Filho et al. 2016).

O presente trabalho pretende contribuir ainda mais com estudos sobre a dindmica
estuarina, especialmente de estudrios amazonicos, sob ponto de vista hidrodinamico,
morfodinamico, sedimentolégico e biogeoquimico. Estudos dessa natureza sao particularmente
importantes na regido amazoénica, onde o rio Amazonas é responsavel pelo transporte de um

imenso volume de sedimentos e matéria organica para a regido costeira.

1.3 MOTIVACAO E JUSTIFICATIVA

Os estudos relacionados a regido da foz do rio Amazonas vém sendo desenvolvidos ha
varios anos, onde destacamos principalmente aspectos relacionados a influéncia da maré, vazéo
fluvial, descarga de sedimentos do préprio rio Amazonas, bem como a sedimentacdo na
plataforma continental adjacente (Oltman 1968, Gibbs 1982, Nittrouer et al. 1986, Curtin 1986,
Muller-Karger et al. 1988, Calléde et al. 2010). A medida que o conhecimento acerca dos
estuarios amazoénicos tem avancado, o entendimento das particularidades de cada sistema tem

contribuido para a compreensao da dinamica da ZCA como um todo, em aspectos relacionados



a oceanografia e geologia local (Asp et al. 2013, 2016, 2018, Costa et al. 2013, Menezes et al.
2013, Rollnic & Rosério et al. 2013, Rodrigues et al. 2018, Xavier et al. 2020, Fassoni-Andrade
et al. 2021, Gomes et al. 2021, Yu et al. 2022).

A grande descarga de sedimentos do rio Amazonas no oceano torna relevante o
entendimento integrado dos processos envolvidos na dinamica sedimentar desde a por¢ao mais
fluvial, incluindo as areas de “rios com maré” ou tidal rivers (Fricke et al. 2017, 2019, Freitas
et al. 2017, Silva et al. 2021), até a por¢do mais marinha, incluindo os estuarios (Gomes et al.
2013, 2021, Asp et al. 2013, 2016, 2018).

A ZCA inclui 23 estuarios e 30 bacias hidrograficas que drenam uma area de ~330 mil
km? (Martins et al. 2007, Souza-Filho et al. 2009). As suas principais caracteristicas sdo a
grande descarga de dgua e sedimentos do rio Amazonas e a grande area de manguezais que
margeia a zona costeira, contrastando com os diversos rios de pequeno e médio porte do setor
leste, com reduzidas cargas sedimentares. Além disso, a pluma do rio Amazonas também tem
forte influéncia nos processos costeiros, sendo a principal fonte de sedimentos para estuarios e
manguezais da regido (e.g. Souza-Filho et al. 2009, Asp et al. 2018, Gomes et al. 2021). Apesar
da grande importancia ambiental, econémica e social da ZCA, estudos que fogquem nos
processos de transporte, aprisionamento e deposicdo desses sedimentos finos de proveniéncia
offshore ainda sdo escassos.

Os estudrios sdo ambientes costeiros transicionais, conectando os rios ao oceano (Thrush
et al. 2013). Esses ambientes tém grande importancia para a humanidade, consequentemente,
sdo altamente vulneraveis a influéncia antrépica (Wolanski & Elliott 2015). Os estuarios tém
importancia pela sua localizacdo ideal para a instalacdo de portos, além de serem sdo habitats
naturais de diversas espécies de peixes, aves e mamiferos (Miranda et al. 2002). Do ponto de
vista ecoldgico, estuarios sdo mais produtivos que os mares abertos devido a alta
disponibilidade de nutrientes, consequentemente, fornecem melhores condi¢bes para o
desenvolvimento da biodiversidade (Lamberth & Turpie 2003, Pattanayak et al. 2024).

Sabe-se que os estuarios sdo eficientes armadilhas de sedimentos fluviais e marinhos
(Dyer 1997). No geral, os estuarios apresentam a ETM com elevadas concentracbes de
sedimentos em suspensdo, podendo alcancar valores de 5-100 vezes maiores do que a
concentracdo de material particulado em suspensdo (MPS) a montante e/ou a jusante (Burchard
et al. 2018).

Asp et al. (2018) afirmam que a dindamica de sedimentos em suspensao nos estuarios
amazOnicos é bastante complexa devido a interacdo entre a descarga fluvial local e a dindmica

da plataforma continental interna. Os autores destacam ainda que a concentracao de sedimentos



offshore é maior do que a concentracdo nos rios locais, desta forma, sedimentos finos sdo
importados da plataforma para os estuarios.

Posteriormente, Gomes et al. (2021) analisaram a relacdo entre a dindmica de sedimentos
em suspensdo, a formacdo da ETM e a morfologia de cinco estuarios da SACZ. Os resultados
sugerem que os sedimentos finos carreados pelo rio Amazonas contribuem efetivamente tanto
para a formagdo da ETM nos estudrios, quanto para o desenvolvimento dos manguezais
adjacentes.

Como apresentado anteriormente, a extensdo e complexidade dos processos atuantes na
bacia amazonica dificultam os estudos de areas e ambientes menores, como estuarios e/ou
pequenos rios da regido. Desta forma, o entendimento dos sistemas estuarinos amazonicos em
menor escala fornece subsidios mais detalhados para a compreensdo da dindmica da SACZ,
especialmente no que se refere a proveniéncia e ao transporte de sedimentos finos.

Apesar dos avancos nos estudos relacionados a dindmica de sedimentos em suspensao
nos estuarios amazonicos, o entendimento do papel das fontes de sedimentos proximais e distais
e 0s mecanismos de transporte ainda sdo poucos compreendidos (Souza-Filho et al. 2009, Asp
et al. 2018), justificando a necessidade do desenvolvimento da presente Tese de Doutorado.

Outros aspectos relevantes e que justificam o desenvolvimento do presente trabalho estéo
relacionados aos impactos das mudangas climaticas nos ambientes deposicionais. Estudos tém
demonstrado que as mudancas climaticas irdo impactar os sistemas estuarinos ao longo do
mundo (Kennedy 1990, Rybczyk et al. 2013, Robins et al. 2016, Hallet et al. 2018, Biguino et
al. 2023). Porém, a complexa diversidade dos estuarios dificulta a previsdo dos impactos
provocados pelas mudancas climéticas, uma vez que esses ambientes sdo influenciados pelos
sistemas fluviais e marinhos, assim, a resposta dos estuarios as mudancas climaticas ainda sao
em maioria especulativas (Gillanders et al. 2011, Scanes et al. 2020).

Estima-se que os impactos das mudancas climaticas afetardo na ciclagem de nutriente,
temperatura da agua, no padrdo dos ventos, nos ciclos hidrolégicos e na variagdo do NM
(Statham 2012). Itsukushima (2023) prop6s que 0 aumento da temperatura da &gua esta
afetando as areas de distribuicdo de muitas espécies de peixes tropicais e subtropicais. Sapkota
et al. (2023) demonstraram que o aquecimento crescente das dguas de bacias hidrogréaficas esta
provocando pulsos precoces de nutrientes, afetando o transporte, a producdo primaria e as
cadeias alimentares costeiras.

O trabalho de Scanes et al. (2020) sugere que ambientes fechados, como riachos
(“creeks”) e lagoas, se tornem substancialmente menos salinos & medida que serdo inundados

pelo escoamento da agua doce. Por outro lado, os rios e estuarios se tornardo mais salinos pelo



aumento da entrada de agua oceénica e menor contribui¢do de 4gua doce (fluvial). Ainda sobre
os efeitos das mudancas climéticas na salinidade, Costa et al. (2023) sugerem que um futuro
cenario de seca, com reducdo de precipitacdo, provocard reducdo das descargas fluviais,
aumentando substancialmente a intrusdo salina nos estuarios, afetando os padrdes de circulagéo.

E importante destacar ainda que os estuarios desempenham um papel importante no ciclo
global de carbono. Isso também tem gerado questionamentos e preocupagdes, especialmente no
que se refere ao comportamento de fonte ou sumidouro de carbono para atmosfera e a
acidificacdo das aguas (Li et al. 2023).

O monitoramento desses ambientes estuarinos é de suma importancia para buscarmos
melhores estratégias para prever 0s riscos ambientais e tentar amenizar 0s impactos.
Finalmente, por ser um trabalho que investiga estudrios amazénicos pouco estudos ou
conhecidos do ponto de vista cientifico, esta tese também contribuiu para o entendimento de
processos oceanograficos anteriores aos efetivos impactos das mudancas climéticas na zona

costeira amazonica.

1.4 PROBLEMATICA E HIPOTESE

A mais extensa faixa continua de manguezais do mundo situa-se na ZCA, com area de ~8
mil km?e 480 km de extens&o (Souza-Filho et al. 2009). Nos Gltimos anos, inimeras discussdes
vém sendo feitas sobre a origem e 0s mecanismos do transporte de sedimentos lamosos para
estuarios e manguezais da SACZ, uma vez que os rios locais transportam pequenas quantidades
de sedimentos em suspensdo (Souza-Filho et al. 2009).

Na regido oeste da ZCA, a foz do rio Amazonas fornece um suprimento quase inesgotavel
de sedimentos finos. Desta forma, acredita-se que essa seria a fonte priméria de sedimentos
também para a SACZ. Contudo, é necessario ressaltar que 0s mecanismos pelos quais a lama
seria transportada para leste ainda ndo sdo totalmente compreendidos (Asp et al. 2018).

Imagens de satélite evidenciam uma faixa tarbida costeira, que ocupa a antepraia da
SACZ com bastante frequéncia. Em parte, esta turbidez costeira tem sido atribuida aos estuarios
e rios locais, porém estes apresentam dominio de enchente em sua por¢do mais marinha.

Outra possibilidade que justifique a elevada turbidez costeira é o retrabalhamento e
ressuspensdo dos sedimentos da plataforma interna por acdo de ondas e correntes, sendo entéo
‘bombeados’ pela maré para dentro dos estudrios. Porém, mapeamentos do tamanho médio de

grdo referem toda a area como composta por areias finas e muito finas (Milliman et al. 1975,



Fontes et al. 2008). Mesmo assim, teores de lama na ordem de 5 a 10% s&o observados e
suficientes para elevar a turbidez costeira (Asp et al. 2022).

Se considerarmos que héa teores substanciais de lama no sedimento de fundo, outros
guestionamos passam a ser importantes, como por exemplo, qual seria sua origem desta lama?
Em escalas maiores de tempo, existe grande probabilidade desta lama ser provida pelo rio
Amazonas, mas a possibilidade de retrabalhamento de depdsitos antigos, aflorantes na
plataforma interna e de origem em estuarios e manguezais, em associacdo com a historia de
variacdo do NM, também precisa ser investigada.

Nittrouer et al. (1995) e Geyer et al. (1996) ja demonstraram que, quando 0s ventos
provém de N-NE, como € a situacdo predominante no primeiro semestre do ano, a pluma do rio
Amazonas se deriva e difunde parcialmente para leste, eventualmente abastecendo a area com
sedimentos finos. Em contraposicédo, durante o segundo semestre do ano, a influéncia da pluma
é limitada a oeste, quando o0s ventos atingem a costa paralelamente.

Existe ainda a possibilidade de sedimentos serem providos por rios e processos erosivos
a leste da SACZ, ja que o padrdo predominante de ventos, ondas e correntes € de leste a oeste
na regido. Neste caso o sistema fluvial da Baia de Sdo Marcos e o rio Parnaiba poderiam prover
sedimentos transportados por deriva litoranea para oeste. Porém, a propria Baia de Sdo Marcos
funcionaria como uma grande armadilha de sedimentos, a qual possivelmente recebe e acumula
os sedimentos do rio Parnaiba, além de seus proprios rios, fazendo com que esta fonte seja
improvavel, além de representar apenas uma fracdo do que € suprido pelo Amazonas.

Uma vez que estes sedimentos atinjam a costa, independentemente de sua proveniéncia,
tem sido demonstrado que a convergéncia de transporte e a formacao da ETM, em combinacgéo
com a complexa dindmica entre os canais estuarinos e as planicies de manguezais, resultam em
sua deposicdo e acimulo, enguanto houver espaco de acomodacado (Asp et al. 2018).

Neste contexto esta Tese se propds a investigar qualitativa e quantitativamente as fontes
e proveniéncia de sedimentos lamosos para 0s estuérios e manguezais da SACZ, sob a luz dos
novos conhecimentos da hidrodindmica e transporte de sedimentos na area, combinando

técnicas diversas e atuais de sedimentologia, biogeoquimica e geofisica.

1.4.1 Hipotese

Os sedimentos fluviais, estuarinos e costeiros fornecem importantes indicagdes sobre suas
origens e as mudancas ocorridas no ambiente devido as influéncias naturais (Roig et al. 2005,
Miller et al. 2015). Os sedimentos apresentam alto grau de variagdo espacial quanto a

composigdo quimica/mineralogica e idade, desta forma, fatores como o aporte de afluentes, a



proveniéncia dos substratos geoldgicos, o transporte e a deposicao sdo os que mais influenciam
na composi¢do quimica sedimentar (Soares 2007).

Estudos isotopicos realizados ao longo do rio Amazonas evidenciaram que os sedimentos
sdo derivados predominantemente dos Andes, com contribuicao incipiente das areas craténicas
(Basu et al. 1990, Allégre et al. 1996, McDaniel et al. 1997, Parra & Pujos 1998, Viers et al.
2008, Horbe et al. 2014, Roddaz et al. 2014, Santos et al. 2015, Medeiros Filho et al. 2016).
Esses resultados sao de relevante importancia para identificar as fontes distintas dos sedimentos
e para elaborar modelos de mistura, como foi realizado por Medeiros Filho et al. (2016) focando
nos sedimentos dos rios Amazonas e Tapajos, por Teddulo (2017) nos sedimentos dos rios
Amazonas e Xingu e, por Hoppner et al. (2018) nos sedimentos dos rios Solimdes, Madeira e
Amazonas.

A principal hipotese que norteia o presente trabalho é de que a pluma do rio Amazonas
seria a principal responsavel pelo suprimento de sedimentos finos para a SACZ. Desta forma,
acredita-se que ha& um gradiente longitudinal, no qual a influéncia do rio Amazonas nos
estuarios dos rios Mocajuba, Caeté e Gurupi tende a diminuir a medida que aumenta a distancia
de sua foz. Assim sendo, dados hidrodindmicos, morfoldgicos e sedimentoldgicos foram
coletados e analisados para identificar as similaridades e peculiaridades de cada um dos

estuarios.

1.5 OBJETIVOS

1.5.1 Objetivo geral

O objetivo geral desta Tese é investigar a hidrodindmica e mecanismos de transporte de
lama para os estuarios e manguezais da SACZ, através da andlise integrada de dados obtidos
em trés estuarios da regido (Mocajuba, Caeté e Gurupi) e da plataforma interna adjacente. Desta
forma, estabeleceu-se um gradiente horizontal de distancia da foz do rio Amazonas e sua pluma,
bem como gradientes longitudinal e transversal em cada um dos estuarios, levando em
consideracdo a convergéncia de transporte e a comparacao entre o que € transportado nos canais

estuarinos e efetivamente depositado nos manguezais.

1.5.2 Objetivos especificos
e Descrever a dindmica dos estuarios dos rios Mocajuba e Gurupi, identificando as

principais forcantes atuantes, correlacionando com o estuario do rio Caeté,
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considerando os aspectos de morfologia de fundo, descarga fluvial, propagagéo e
deformacédo da mare, a circulagdo estuarina e a formacdo da ETM;

Integrar, comparar e correlacionar os dados de sedimentos em suspensédo e sedimentos
superficiais de fundo na zona de convergéncia de transporte, a montante e a jusante dos
estuarios dos rios Mocajuba, Caeté e Gurupi;

Indicar a contribuicdo da pluma do rio Amazonas nas amostras de sedimentos
superficiais de fundo nos estuarios e na plataforma interna adjacente;

Identificar e definir a importancia relativa das fontes marinhas e terrestres da matéria
organica sedimentar, e consequentemente dos sedimentos lamosos, para a dindmica
costeira amazonica;
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CAPITULO 2 FUNDAMENTACAO TEORICA
2.1 ZONA COSTEIRA AMAZONICA

As zonas costeiras sdo areas de juncdo entre continente e oceano costeiro caracterizadas
pela complexa interacdo e feedback entre atmosfera, hidrosfera, litosfera, biosfera e processos
bioguimicos (Lyons et al. 1982), estando sujeita, portanto, as modificagcGes por processos de
origem fluvial e marinha (Silva et al. 2005). Desta forma, os aspectos relacionados as zonas
costeiras variam amplamente dependendo das escalas de espaco-tempo, estruturas geoldgicas,
configurac@es tectbnicas, composicéo e disponibilidade sedimentar, variacdo do NM e acdes
de ondas e correntes (Carter & Woodroffe 1994).

As zonas costeiras devem ser consideradas um sistema altamente energético e produtivo.
A geomorfologia das zonas costeiras € modelada pela interacdo entre os processos marinhos e
continentais que resultam em ambientes costeiros tais como: falésias, praias, deltas e estuarios
(Carter & Woodroffe 1994, Woodroffe 2002, Carter 2013). Destacamos que, dentre 0s
ambientes costeiros, a interacdo entre os estuarios e as areas da plataforma interna adjacente
vem ganhando destaque, nos ultimos anos, em razdo do seu papel na regulacéo do fluxo de 4gua
e sedimentos entre continente-oceano e sua importancia para o0 contingenciamento de
problemas costeiros (Castaing & Allen 1981).

A zona costeira brasileira se expande por ~9 mil km, cobrindo uma area de ~514 km?
(Nicolodi & Petermann 2010), sendo controlada, fundamentalmente, pelo suprimento de
sedimentos, geologia herdada por eventos tecténicos durante a separacdo entre a América do
Sul e Africa, energia de ondas e marés e pela variacgdo do NM durante o Quaternario
(Dominguez 2006). O suprimento de sedimentos na zona costeira brasileira € regulado,
principalmente, pela descarga dos rios Amazonas, Tocantins, Parnaiba, dentre outros (Nicolodi
& Petermann 2010). A variacdo do NM durante o Quaternario resultou na formacdo dos
ambientes costeiros, especialmente estuarios e tidal rivers, além de fornecer componentes mais
recentes a morfologia costeira (Dominguez 2006, Medeiros Filho et al. 2016, Asp et al. 2018,
Fricke et al. 2017, 2019, Silva et al. 2021).

A ZCA esté localizada entre 0 Cabo Orange (Amapa) e a Ponta de Tubardo (Maranhao)
(entre os paralelos 4° S e 5° N e os meridianos 43° W e 51° W) (Souza-Filho et al. 2005) (Figura
1). A interacdo entre as fortes correntes de maré e as grandes descargas liquida e solida
provenientes do rio Amazonas tornam a ZCA um sistema altamente dindmico e unico quando

comparado em escala regional e global. As particularidades e a localizacdo desses fendmenos
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sdo influenciadas pelos componentes fluviais e marinhos, sendo ambos igualmente importantes
(Gabioux et al. 2005, Rosério et al. 2009).
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A SACZ se desenvolveu durante os ultimos cinco mil anos como produto da estabilizacéo
do NM, resultante da reducdo na taxa de elevagédo do NM durante o Holoceno tardio (Cohen et
al. 2005, Souza-Filho et al. 2009, Asp et al. 2018). A SACZ possui ~480 km de extensdo, com
~7.600 km? de manguezais continuos (Souza-Filho 2005), sendo resultado da complexa
interacdo entre marés e excessiva acumulacao de sedimentos. O referido setor abrange inimeros
estuarios, planicies de maré, praias e extensas areas de manguezais.

O embasamento do setor leste da ZCA é constituido por sedimentos siliciclasticos do
NeoOgeno, representados por carbonatos da Formacdo Pirabas, rochas e sedimentos
siliciclasticos do Grupo Barreiras, sedimentos Pos-Barreiras, com texturas de cascalho a argila,
apresentando elevacgdes variando entre 20 e 100 m acima do nivel médio do mar (Planalto
Costeiro) (Asp et al. 2013). Os sedimentos quaternarios predominam em areas mais baixas,
com distin¢do da planicie costeira do Holoceno. No setor leste também estdo presentes rochas
igneas, metamorficas e metassedimetares proterozoicas. A combinacao dessas particularidades
¢ um fator muito importante para o tamanho das bacias de drenagem nos rios Mocajuba, Caeté
e Gurupi (Asp et al. 2013).
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2.2 DEFINICAO E CLASSIFICACAO DE ESTUARIOS

A palavra estuario tem origem do latim aestuarium, cujo significado é maré ou onda
abrupta de grande altura, referindo-se a um ambiente altamente dindmico, com mudancas
constantes em respostas a forcantes naturais. Genericamente, utiliza-se o termo para indiciar o
encontro do rio com 0 mar, caracterizando uma foz litoranea (Miranda et al. 2002).

Na definicéo classica de estuarios, estabelecida por Pritchard (1967), a salinidade é o fator
determinante para a delimitacdo da zona estuarina. Segundo este conceito, um estuario € um
corpo d’agua costeiro, semifechado, no qual a agua do mar é mensuravelmente diluida pela
agua doce proveniente da drenagem continental. Nesse contexto, a area de um estuario esta
limitada a variacdo de salinidade entre 0,1 a 30-35. Apesar de ser a definicdo mais utilizada,
esta apresenta uso limitado pois ndo leva em consideracao os processos sedimentares.

Do ponto de vista geoldgico, considerando estuarios como ambientes de sedimentacéo
costeira, uma definicdo mais completa é dada por Dalrymple et al. (1992). Nesse sentindo,
estuarios correspondem ““a parte maritima de um sistema de vale afogado que recebe sedimentos
de fontes fluviais e marinhas e que contém facies influenciadas por processos marinhos e
fluviais. Considera-se que o estuario se estende desde o limite terrestre das facies de maré na
sua cabeceira até o limite das facies marinhas na sua foz”.

Além de sua grande importancia geoldgica como ambiente deposicional, parte
fundamental no continuum de mistura de processos fluviais e marinhos, os estuarios sdo
ambientes de grande relevancia econdmica, social e ecoldgica (Odum 1988, Silva 2000,
Schettini 2002, Pereira Filho et al. 2001). No que diz respeito a produtividade primaria, estes
ambientes possuem alta riqueza de nutrientes e, consequentemente, elevada producéo (Miranda
et al. 2002).

Estuarios atuam como zonas de reproducdo e bercario natural para muitas espécies de
peixes e crustadceos (Silva et al. 2005). Em condi¢bes ideais, 0s estuarios atuam como
laboratérios naturais onde os modelos fisicos analiticos e numéricos e simulacdes tedricas
podem ser aplicados fornecendo embasamento paras pesquisas. Além da importancia cientifica,
0s estuarios também apresentam notoria relevancia no que diz respeito ao desenvolvimento
populacional, com ~60% das grandes cidades mundiais localizadas proximas as
desembocaduras dos estuarios (Miranda et al. 2002).

Os estuarios podem ser classificados em diversos grupos de acordo com o balanco d’agua,

a geomorfologia, a estratificacdo de salinidade e da circulagdo (Valle-Levinson 2010). Outras
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classificacbes separam 0s estudrios com base na interagdo do prisma de maré (produto entre a
altura da maré e a area do sistema) e a descarga fluvial (Baptista Neto et al. 2004).

Na classificacdo baseada na geomorfologia, os estuarios podem ser dos tipos: planicies
costeiras, construidos por barras, tectonicos, fiordes, dentre outros (Miranda et al. 2002). Os
estudrios estudados na presente Tese de Doutorado séo classificados, quanto a geomorfologia,
como do tipo planicie costeira e tecténico.

Os estudrios do tipo planicie costeira foram formados como resultado do afogamento dos
vales dos rios durante a transgressdo do mar no Holoceno (Miranda et al. 2002) (Figura 2 — C).
Estes estuérios tém a configuracdo geometrica em formato V (forma afunilada), com a area da
secdo transversal aumentando estuério abaixo. O formato dos estuérios tipo planicie costeira se
assemelha ao vale do rio, porém, sdo mais largos. Outra caracteristica dos estuarios de planicie
costeira € a relativa baixa profundidade, geralmente, inferiores a 10 m. A razdo
largura/profundidade € alta, porém, pode sofrer variacdo de acordo com as particularidades do
vale escavado (Miranda et al. 2002, Valle-Levinson 2010). Exemplos de estuarios do tipo
planicie costeira sdo os estuarios dos rios Caeté (Asp et al. 2018), Gurupi (Gomes et al. 2021)
e Potengi (Silva et al. 2011).

(A) Fiorde (B) Ria

Meandros inundado

Relevo emerso alto
Soleira rasa, boca constrita

(C) Planicie Costeira (D) Tectonico

Forma afunilada

Tipo composto

Ria Lagunar
(relevo alto)  (relevo baixo)

o

(E) Construido por Barra (F) Laguna costeira
P
N ¢

Figura 2- Classificacdo de estuarios baseada em aspectos morfolégicos (modificado de Miranda et al. 2002).
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Os estuérios do tipo tecténico tém formacéo relacionada a fraturas da crosta da Terra e
vincos que geraram falhas em regifes adjacentes ao oceano (Figura 2 — D). Essas falhas
afundam uma parte a crosta, formando uma bacia. Posteriormente, com a subida do NM, essa
bacia é preenchida por agua oceanica, formando os estuarios (Valle-Levinson 2010). Um
exemplo de estuério tectonico é o estuario do rio Mocajuba (Gomes et al. 2021).

A estratificagdo da coluna d’agua, também denominada de estratificacdo vertical de
salinidade, € uma outra forma de classificar os estuarios. Nesse contexto, 0s estuarios podem
ser classificados como do tipo: cunha salina, fracamente estratificado, fortemente estratificado
e bem-misturado (Valle-Levinson 2010).

Estuarios do tipo cunha salina ocorrem em regifes de micromarés e sao tipicamente
dominados por rio (Figura 3 — A). Esses estuarios apresentam consideravel variacdo de
salinidade no perfil vertical, ja que o nivel de salinidade na superficie € menor do que nas dguas
no fundo, porém, a estratificacdo é mais significativa durante as marés de enchente, quando a
agua oceanica penetra estuario acima (Valle-Levinson 2010, Baptista Neto et al. 2004).

Os estuarios do tipo fracamente estratificado ou parcialmente misturados sdo resultados
da acdo moderada a forte das correntes de maré e vazdo fluvial fraca a moderada (Figura 3 — B)
(Valle-Levinson 2010). Nessas condigdes, hd o aumento gradativo da salinidade, tanto
verticalmente quanto horizontalmente (Baptista Neto et al. 2004).

(A) (B)

oceano oceano
"—-—— —
rio
<=

marés mares

fracamente
estratificado

(C) (D)

oceano oceano

fortemente
estratificado

| bem-misturado |

Figura 3- Classificacdo de estuarios baseada na estratificagdo de salinidade (modificado de Valle-Levinson 2010).

O terceiro tipo de estudrio, de acordo com a classificagdo vertical de salinidade, é o

fortemente estratificado (Figura 3 — C). Nesse caso, a descarga fluvial € mais significativa do
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que a agdo das correntes de maré. Como consequéncia, ha uma estratificacdo similar aos
estudrios do tipo cunha salina, porém, a estratificacdo permanece forte ao longo do ciclo de
mareé (Valle-Levinson 2010).

Finalmente, o Gltimo tipo séo os estuarios bem-misturados, nos quais as correntes de maré
séo significativamente mais fortes do que a descarga fluvial (Figura 3 — D). O resultado dessa
interacdo sdo perfis de salinidade quase uniformes e os fluxos s&o unidirecionais (Valle-
Levinson 2010).

Miranda et al. (2002) apontaram que a circulacdo de dguam dentro de um estuario é
influenciada pelas condigdes hidrodindmicas atuantes. Desta forma, em um periodo de forte
precipitacdo um estuério parcialmente misturado pode se tornar em um estudrio bem
estratificado ou de cunha salina. Além disso, um mesmo estuario pode apresentar dois tipos

diversos de estratificacdo das suas aguas simultaneamente.

2.3 ESTUARIOS AMAZONICOS

A costa norte brasileira tem 1.200 km de extensdo e abrange duas particularidades
geomorfoldgicas de grande relevancia mundial: o maior sistema de manguezais e a foz do rio
Amazonas. A linha de costa é extremamente irregular, apresentando 23 estuarios e 30 bacias
hidrograficas que drenam uma area de ~330 km? (Souza-Filho 2005, Souza-Filho et al. 2009).

Souza-Filho (2005) dividiu o setor leste da costa amazdnica em cinco setores baseado nas
caracteristicas geomorfologicas. O setor 1 abrange desde a Baia de Maraj6 até a Baia de Pirabas,
englobando o estuario do rio Mocajuba. Nesse setor, o planalto costeiro se estende até a linha
de costa, com formacao de falésias sujeitas a acdo das ondas e correntes de marés. A planicie
costeira é limitada a ~2 km de largura e as areas de manguezais ocupam area de ~842,81 km?.

O setor 2 ¢ caracterizado pelo desenvolvimento das florestas de manguezais (totalizando
uma area de 1.333,97 km?) e recuo do planalto costeiro em direcdo a sul para construir falésias
inativas. Este setor se estende desde a Baia de Pirabas até Baia do Gurupi, englobando os
estuarios dos rios Caeté e Gurupi (Souza-Filho 2005).

Os estuarios amazOnicos apresentam algumas caracteristicas em comum, como por
exemplo, o regime de macromarés, fortes correntes de maré e ventos alisios, resultando em altas
condigdes hidrodindmicas (Meade et al. 1985, Figueroa & Nobre 1990, Beardsley et al. 1995,
Marengo 1995, Geyer et al. 1996, Monteiro et al. 2016, Pereira et al. 2009). Contudo, as bacias
de drenagem tém caracteristicas geoldgicas e geomorfoldgicas particulares que influenciam nos

aspectos hidrodinamicos, morfolédgicos e sedimentares de cada estuario, tornando-os ambientes
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unicos do ponto de vista geoldgico e oceanografico, especialmente no que diz respeito as
assinaturas geoquimica e biogeoquimicas.

Os estuarios da SACZ séo classificados como dominados por marés (Gomes et al. 2021).
No modelo proposto por Dalrymple et al. (1992), estes estuarios apresentam caracteristicas
peculiares, tais como: geometria em formato de funil, barras alongadas bem desenvolvidas na
desembocadura e velocidades de correntes que aumentam a medida que adentram no estuério
devido aos efeitos hipersicronos da maré (Figura 4). Nesse contexto, as marés sao responsaveis

pela mistura (turbuléncia) das dguas, assim como, pelo transporte de sedimentos para dentro e
fora dos estuarios (Asp et al. 2013).
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Os estuérios estudados estdo localizados em uma regido caracterizada pela alta
pluviosidade, normalmente associada a ocorréncia dos ventos alisios, responsaveis por trazer a
umidade dos oceanos (Silveira 1972). A temperatura é tipica de ambiente equatorial alcangando
médias maximas e minimas superior a 30°C e inferior a 22°C. Com relacdo a umidade relativa,
a média anual varia entre 80 e 91% (Martorano et al. 1993).

O clima da regido é controlado pelas varia¢fes da posicdo da Zona de Convergéncia
Intertropical (ZCIT) (Souza Filho et al. 2009). O periodo chuvoso ocorre quando a ZCIT se
desloca em direcdo a area costeira dos Estados Maranhdo, Pard e Amapa. Em contraponto,
durante o periodo seco o deslocamento da ZCIT ocorre em dire¢do ao Hemisfério Norte. Assim,
o clima é classificado como equatorial quente e imido, caracterizado pela ocorréncia da estacdo
chuvosa entre 0os meses de Janeiro a Agosto e estacdo seca nos demais meses do ano, com

precipitacdo média anual variando entre 2.300 e 2.800 mm (Moraes et al. 2005).

2.4 DINAMICA SEDIMENTAR E O PAPEL DOS MANGUEZAIS

A dindmica sedimentar é o fator primario atuante na morfodindmica costeira,
considerando 0s processos sedimentares como a erosdo, 0 transporte e a deposicdo de
sedimentos nas areas costeiras. Alguns agentes oceanograficos atuam associados aos processos
sedimentares na morfodindmica costeira, tais como: as ondas, as marés e correntes oceénicas
(Woodroffe 2002).

A dindmica em estuarios parcialmente e bem misturados favorece a formacdo e
manutenc¢do de uma zona de alta concentragdo de sedimentos finos, denominada de “turbidez
maxima estuarina (Estuarine Turbidity Maxima — ETM)”. Essa zona apresenta as maiores
concentracOes de sedimentos em suspensdao quando comparadas com as areas a montante e a
jusante do estuario (Dyer 1995, Miranda et al. 2002).

Entender a dindmica da ETM é de fundamental importancia para compreensdo dos
ambientes costeiros, especialmente no que se refere aos aspectos sedimentolégicos (deposicao
de sedimentos a longo prazo, por exemplo), geoquimicos (como a retencéo de contaminantes),
ecologicos (relacionados aos ciclos de nutrientes, por exemplo) e biogeoguimicos (como as
implicacgdes no ciclo global de carbono) (Jay et al. 2015).

Em estuarios, a ETM geralmente se localiza no limite superior da intruséo salina, sendo
influenciada pelas correntes de maré e fluviais, velocidades dos movimentos convergentes,
salinidade e sazonalidade (Figura 5) (Nichols & Biggs 1985, Dyer 1995, Miranda et al. 2002,
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Jay et al. 2015). Consequentemente, a posi¢do da ETM pode variar longitudinalmente dentro
do ambiente de acordo com a estratificagao de salinidade e de MPS (Dyer 1995, Jay et al. 2015).
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da zona de méxima turbidez estuarina (Modificado de Miranda et al. 2002).

A vazdo fluvial controla a localizacéo e a concentracdo de sedimentos na ETM. Durante
os periodos de alta descarga fluvial, os estuarios tendem a apresentar maiores concentracdes de
sedimentos em suspensdo e a ETM se localiza na por¢do mais marinha do estuério (i.e., mais
proxima da foz). No entanto, durante os periodos de baixa vazéo fluvial, as concentragdes de
sedimentos em suspensdo tendem a ser mais baixas, assim como a descarga fluvial (Uncles &
Stephens 1989, Dyer 1995).

As fases de maré também apresentam grande relevancia na formacéo e localizacdo da

ETM. Durante a fase de enchente (maré alta), a ETM se localiza estuario acima, com baixas
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concentragfes de sedimentos em suspensdo. Durante a vazante (maré baixa), a ETM fica
localizada na porc¢éo inferior do estuario, com concentracdes de sedimentos em suspensdo mais
significativas devido a erosdo das margens (Dyer 1995).

Existem varios processos formadores da ETM, entre eles destacam-se: (i) circulacdo
gravitacional vertical, (ii) bombeamento de maré, (iii) assimetria da maré e (iv) floculacéo
(Festa & Hansen 1978, Dyer 1995). A circulacdo gravitacional vertical € o0 mecanismo mais
comum que explica a formacdo da ETM em estuarios parcialmente misturados, e esta
relacionada a descarga de sedimentos fluviais e a intrusao salina (Postma 1967, Festa & Hansen
1978, Geyer 1993, Dyer 1995). Neste caso, os gradientes de densidade longitudinais e verticais
nos estuarios sdo causados pela mistura entre as aguas fluvial (doce) e marinha (salina) (Allen
et al. 1980).

Em estuarios parcialmente misturados ha um ponto nulo formado pela convergéncia entre
as correntes fluviais (em diregdo ao mar) e as correntes marinhas (em diregdo ao continente).
Nesse contexto, os sedimentos carreados pelo rio concentram-se no limite da intrusdo salina,
onde as altas velocidades de correntes marinhas mantém os sedimentos finos em suspenséo,
enguanto graos mais grossos tendem a depositar.

Os sedimentos em suspensao séo transportados pelo fluxo residual superficial da jusante
até a porcdao média dos estuarios. A concentracdo maxima de sedimentos em suspensao ocorre
préximo ao ponto nulo da intrusdo salina, formando a zona de ETM através da circulacéo
gravitacional vertical residual que produz a ampla turbidez de fundo em estuarios (Hamblin
1989, Lang et al. 1989, Geyer 1993, Dyer 1995).

O bombeamento de maré também é um fator que contribui para a formagdo da ETM, uma
vez que a concentragdo de sedimentos em suspensao varia em uma ou mais ordens de magnitude
de acordo com os ciclos de maré (Officer 1981, Wellershaus 1981, Gelfenbaum 1983,
Grabemann & Krause 1989). Apesar da circulacdo estuarina reter os sedimentos nos estuarios,
as marés atuam na ressuspensdo desses sedimentos, sendo responsaveis pelas elevadas
concentragdes na coluna d’agua, além de moverem a ETM estuario acima ou abaixo de acordo
com as fases de maré (Shubel 1968, Uncles & Stephens 1989).

A assimetria de maré tambeém pode contribuir para a formagdo da ETM em ambientes
estuarinos, uma vez que durante os ciclos de maré, os sedimentos sdo erodidos, ressuspendidos
e depositados. O dominio da fase enchente provoca maior erosdo de fundo e maior transporte
de sedimentos ressuspendidos, consequente, a ETM tende ser mais concentrada. Em estuarios
que apresentam dominio de maré vazante, as condic¢@es de cisalhamento de fundo favorecem o

aprisionamento de sedimentos (Allen et al. 1980, Dronkers 1986).



21

A floculagdo ocorre em resposta a natureza coesiva das particulas de sedimentos finos
(argilosos) (Winterwerp & van Kesteren 2004, Manning 2006), desta forma, 0s processos de
agregacao e desagregacdo sdo fundamentais na formacao e manutencdo da ETM (Eisma 1986,
Burban et al. 1989). Existem dois mecanismos basicos que norteiam a floculacdo: o primeiro
refere-se as condi¢des que permitem a agregacao de particulas; e o segundo relaciona-se aos
fatores que mantém as particulas agregadas (Eisma 1986).

Em sintese, a floculacdo € afetada pela concentracdo de sedimentos em suspenséo,
salinidade, matéria organica, temperatura, pH e acdo de organismos (Burban et al. 1989). Em
condigdes naturais, os sedimentos em suspensdo apresentam cargas negativas e tendem a se
repelir. Para que a floculagdo ocorra, portanto, é necessario que haja uma compensagdo de
cargas que, geralmente, ocorre por meio da atracdo de cargas positivas presentes na agua
salgada (marinha), pela associacdo com a matéria organica ou pela a¢éo de organismos (Eisma
1986).

Como resultado da dindmica e dos mecanismos de transporte de agua e sedimentos
causados pelo padrdo de circulacdo estuarino, alguns ecossistemas atuam de forma eficiente
para prevenir o escape de sedimentos do ecossistema, tais como 0s manguezais (Harbison
1986). O manguezal é um ecossistema tipico de zonas tropicais e subtropicais, localizado em
areas de transicdo entre ambientes terrestre e marinho (Silva et al. 2005). De modo geral, 0s
manguezais ocorrem em costas abrigadas, como baias, estuarios e lagunas, sendo, portanto,
sujeito ao regime de marés (Schaeffer-Novelli 1995).

Os manguezais consistem em uma expressiva fonte de carbono e nutrientes (inorganicos
e organicos) para os ambientes costeiros (Boto & Wellington 1988, Boto & Robertson 1990),
sendo, portanto, sensivel as variacfes hidroldgicas, climaticas, aos fatores oceanogréaficos e a
dindmica sedimentar (Blasco et al. 1996, Schaeffer-Novelli 1995). Nesse ambiente, o transporte
sedimentar € altamente dinamico, com regides de rapidas erosdo e deposicdo de sedimentos
finos (Lara 2003).

De modo geral, o favorecimento da deposi¢do de sedimentos finos, nutrientes, detritos e
poluentes ocorre, principalmente, devido a inundacdo da &rea de manguezais durante as marés
de sizigia, ocasionando assim, um veiculo para transporte de sedimentos (Dittmar 1999). Além
disso, o fato de os manguezais situarem-se em areas protegidas da acao direta de ondas e fortes
correntes também contribui para que os sedimentos finos permanecam dentro do ambiente
(Onofre et al. 2007).

A variacdo da salinidade, a granulometria do substrato e a acdo das ondas e correntes

causam estresse ambiental nas areas de manguezais, afetando diretamente as espécies animais
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e vegetais tipicas desse ecossistema. Esse estresse ambiental aumenta proporcionalmente com
o aumento da distancia da linha d’4gua e os efeitos relacionados a inundagdo da maré (Fry et
al. 2000). Desta forma, as vegetacdes de areas de manguezais apresentam diversas adaptacoes
que capacitam a sobrevivéncia em ambientes salinos e/ou salobros, influenciados pelas marés
(Tomlinson 1986).

Estudos mostraram que em condic¢des de moderada salinidade e inundagdes frequentes,
isto &, sob condi¢des ambientais 6timas, as vegetacfes de mangue atingem maiores didmetros
e alturas (Schaeffer-Novelli et al. 1990, Lacerda 1999, Menezes et al. 2008). As espécies
vegetais tipicas dos bosques de mangue sdo Avicennia germinans (L.) L., Avicennia
schaueriana Stapf & Leechman ex Moldenke, Rhizophora mangle L., Rhizophora harrisonii
Leechman, Rhizophora racemosa G.F.W. Meyer, Laguncularia racemosa (L.) Gaertn f.,
Conocarpus erectus L. (Abreu et al. 2016).

No Brasil, cerca de 85% dos manguezais ocorrem ao longo das costas dos estados do
Amapa, Para e Maranhdo, totalizando uma &rea de cobertura de ~10.713 km? (Schaeffer-
Novelli et al. 1990, Vannucci 1999). Nessas areas, 0s manguezais apresentam diferentes
aspectos estruturais devido as caracteristicas particulares do relevo, tipo de solo, vegetacao e
amplitude de maré (Schaeffer-Novelli et al. 1990, Silva et al. 2005).

Berrédo et al. (2008) apontam h& diversidade de estudos relacionados aos manguezais
com enfoque na biodiversidade, ecologia e manejo. Contudo, ha escassez de trabalhos visando
o0 conhecimento de caracteristicas geoldgicas desses sistemas, principalmente, voltados para 0s

aspectos biogeoquimicos e geoguimicos dos sedimentos.

2.5 CARACTERIZACAO DA FONTE E COMPOSICAO DA MATERIA ORGANICA NOS
SEDIMENTOS COM USO DE BIOGEQUIMICA

A matéria organica (M.Q.) é constituida por inmeros compostos quimicos derivados dos
detritos vegetais e animais, tais como proteinas, carboidratos, lipidios e lignina (Abrantes et al.
2015, Hermes & Sikes 2016). Os principais elementos que compdem a M.O. séo carbono (C),
nitrogénio (N), hidrogénio (H), oxigénio (O) e enxofre (S) (Emerson & Hedges 2008). A
abundancia e razBes entre esses elementos, especialmente entre carbono e nitrogénio, fornecem
informacdes Uteis sobre a dinamica e ciclagem de M.O. nos ecossistemas (Hedges et al. 1994,
Meyers 1994).

A M.O. presente nos sedimentos fornece informagGes sobre a composigéo isotopica da

fonte e 0s processos biogeoquimicos envolvidos na dindmica sedimentar, especialmente o
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transporte e deposicdo dos sedimentos (Spano et al. 2014). Em ambientes aquaticos, a M.O. é
classificada como matéria organica particulada (M.O.P.) e matéria orgénica dissolvida (M.0.D)
(Benner et al. 1992, Niemirycz et al. 2006, Bianchi 2007, Brito 2014, Serejo 2014).

A M.O.P. é formada por detritos da fauna e flora que foram incorporados aos solos e
sedimentos finos (silte e argila). Esse material fica retido nos filtros de porosidade entre 0,2 e
0,7 um durante os processos de analises (Bianchi 2007). Apesar de ser derivada das mesmas
fontes organicas que a M.O.P., a M.O.D. é composta por polimeros de moléculas organicas e
substancias humicas, além de ser a principal forma de M.O. encontrada nos ambientes aquaticos
(Benner et al. 1992, Mctiernan et al. 2001, Hertkon et al. 2002, Niemirycz et al. 2006).

Em estuérios, as entradas, trocas e processamento de M.O. sdo bastante complexas, mas
tém grande relevancia na compreensédo do funcionamento e conectividade dos estuarios com 0s
ecossistemas marinhos e terrestres (Bouillon et al. 2011). Nos estuarios, a M.O. pode ainda ser
classificada como autéctone ou aléctone. A M.O. autdctone é aquela produzida dentro do
proprio ambiente, por exemplo, fitoplancton, zooplancton e detritos vegetais. Em contraponto,
a M.O. aléctone resultante da contribuicdo de fontes externas, seja marinha ou continental (Gofii
et al. 2003, Kristensen et al. 2008, Correa et al. 2019).

As caracteristicas quimicas da M.O. sofrem alteracbes a medida que o material é
transportado da fonte original até o oceano adjacente, uma vez que 0s estuérios transformam a
matéria organica e inorganica regulando a liberacdo de carbono para a plataforma continental
(Bauer et al. 2013, Liu et al. 2015, Correa et al. 2019). Desta forma, os is6topos estaveis sdo
usados como marcadores naturais da origem da M.O. através da andlise das diferencas entre as
assinaturas de vérias fontes. Ressaltando que, essas assinaturas sdo relativamente bem
preservadas durante a mineralizacao, transporte e deposicao (Bouillon et al. 2008).

Entender a dindmica do carbono é fundamental para o entendimento funcional e estrutural
do ecossistema (Martinelli et al. 1994), sendo as razdes isotopicas do carbono (C) Uteis para
identificar as diferentes fontes de M.O. e o tipo de planta terrestre (Meyers 1994). As plantas
metabolismo Cs apresentam composicdo isotOpica mais leve (mais negativas), sdo
empobrecidas em *C em relagdo ao *2C, com valores de 83C entre -24 a -38%o. As plantas Ca
apresentam composi¢do isotopica mais “pesada” (menos negativa), sdo enriquecidas em 3C,
com valores de §3C entre -11 a -15%o. Por fim, as plantas CAM apresentam valores similares
entre as plantas Cs e Cs4, com um amplo intervalo de variagéo (Ferraz et al. 2009).

No ambiente marinho, a M.O. produzida por fitoplancton apresenta valores de &*3C

variando entre -22 a -18%o (Meyers 1997). Ja na vegetagao e sedimentos de manguezais, os
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valores de 5'3C variam entre -25 a 28%o (Lacerda et al. 1986, Bouillon et al. 2008, Correa et al.
2019).

A razio isotopica do nitrogénio (**N/**N) na M.O. ¢é dependente das fracdes organicas e
inorganicas do nitrogénio presente na coluna d’agua (Kuramoto & Minagawa 2001). A
composicdo do 6°N na M.O. néo ¢ tdo especifica quando comparada ao 3'3C, uma vez que a
composicdo 8°N sofre mudancas causadas pelo fracionamento dos is6topos durante os
processos de fixacdo de N, desnitrificacdo, nitrificagdo e assimilagdo de nitrato (Wada et al.
1971, Mariotti et al. 1984, Minagawa & Wada 1986, Kuramoto & Minagawa 2001). Contudo,
apesar de apresentar variacao, dificultando a identificacdo das fontes de M.O., a composic¢ao
SN auxilia identificagdo dos processos biogeoquimicos associados a formagdo da M.O.
(Kumar et al. 2004).

A razdo atémica carbono/nitrogénio (C/N)a também € utilizada como uma ferramenta
para identificar se a M.O. presentes nos ambientes costeiros tem origem marinha ou terrestre
(Guo et al. 2004, Usui et al. 2006). A diferenca entre as fontes € justificada pela celulose
presente nas plantas terrestres e ausente nas algas (Hedges et al. 1986, Meyers 1994). As algas
apresentam valores de razdo (C/N)a. variando entre 4 a 10, enquanto as plantas terrestres tem
valores de razdo (C/N)a acima de 20 (Meyers 1994).

A determinagdo de fontes, sumidouros e fluxos de elementos em diferentes reservatorios
de um ecossistema € resultante da interacdo entre os processos bioldgicos, quimicos e
geoldgicos relacionados aos ciclos biogeoquimicos (Bianchi 2006). E comum que em
ecossistemas complexos haja multiplas fontes de M.O., o que impede a determinacédo da fonte
do material usando apenas um tracador. Desta forma, a combina¢do de métodos, como o uso da
composicdo isotdpica, elementar e biomarcadores, é fundamentalmente recomendada para
obter resultados precisos da origem da M.O. (Bouillon et al. 2011, Souza et al. 2017, Correa et
al. 2019).
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CAPITULO 3 MATERIAL E METODOS
3.1 AREA DE ESTUDO

3.1.1 Estuério do rio Mocajuba
3.1.1.1 Localizacéo

O estuario do rio Mocajuba localiza-se no estado do Para, distante ~140 km da capital
Belém e 225 km da foz do rio Amazonas (Figura 1), atuando como limite natural a oeste entre
0s municipios de Curuca e Sdo Caetano de Odivelas (Silva et al. 2012, Gomes et al. 2021). A
bacia de drenagem do rio Mocajuba apresenta area de 323 km?, sendo o comprimento estuarino
de 53 km e descargas maxima e média de 68,5 m3.s? e 11 m3.s?, respectivamente (Martins et
al. 2007, Gomes et al. 2021).

Erro! Fonte de referéncia ndo encontrada.
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Figura 1- Em (a) Localizagdo da Zona Costeira Amazonica; (b) Localizagdo do estuério do rio Mocajuba.
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A nascente do rio Mocajuba localiza-se no municipio de Terra Alta (PA), ao sul do
municipio de Curucé. O rio Mocajuba é formado pelo igarapé Pimenta e pela contribuicdo de
outros igarapés menores, com direcdo no sentido SE-NO. O rio Mocajuba apresenta diversos
meandros na porcdo fluvial (sem influéncia da maré) até a porcdo superior-média do estuario
(Silva et al. 2012). A porcao média-inferior do estuério apresenta curso retilineo resultado do
controle estrutural, fator que contribui consideravelmente na hidrodindmica do estuario (Soares
Junior et al. 2010, Gomes et al. 2021).

3.1.1.2 Contexto Geoldgico

A geologia no municipio de Curucé é representada pelos sedimentos da Formacéo
Barreiras, com idades datando o Nedgeno (nas regides mais internas do territério) e pelos
sedimentos datados do Quaternario (localizados na zona litoranea). S8o resultados dessa
estrutura areas de planicie de inundacao, terracos e esporadicos restos de tabuleiros, inseridos
em duas unidades morfoestruturais do relevo regional: Planalto Rebaixado da Amazénia (da
Zona Bragantina) e Litoral de “Rias” (Governo do Estado do Para 2005) (Figura 2).
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Figura 2- Mapa geoldgico da area na qual esté situado o estuario do rio Mocajuba.

3.1.1.3 Caracteristicas geomorfologicas
O relevo é caracterizado como uma costa estuarina baixa, cortada pelas baias de Curuca
e Cajuteua margeadas por planicies argilosas, frequentemente drenadas por canais de marés.

Ao norte do municipio encontram-se planicies flivio-marinhas e nas areas sul e sudeste ha uma
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faixa de tabuleiros que fazem parte Planalto Rebaixado da Amazonia (Mendes et al. 2015). O
solo da regido é descrito com predominéncia de latossolo amarelo com textura média,
concrecionario lateritico e solos indiscriminados de mangue (Silva et al. 2012, Trindade &
Aguiar 2020).

Quanto a vegetacdo, ha ocorréncia de floresta secundéria, resultante do processo natural
de regeneracdo da vegetacdo (Trindade & Aguiar 2020), sendo representada por espécies de
mangue que se expandem por ~ 116 km? ao longo do estuario do Mocajuba. Em areas
topograficamente mais elevadas, ha maiores ocorréncias das espécies Rhizophora mangle (L.),
seguida de Avicennia germinans (L.) As espécies de Laguncularia racemosa (L.) Gaertn. f. e
marismas (Spartina spp) encontram-se em menores porg¢Oes de distribuicdo (Pereira et al.
2007).

3.1.2 Estuério do rio Caeté
3.1.2.1 Localizagéo

O estuario do rio Caeté esta localizado no municipio de Braganca, no nordeste do Para
(0°45° — 107" S e 46° 50’ — 46° 30’ W) (Magalhaes et al. 2006), distante 369 km da foz do rio
Amazonas (Gomes et al. 2021) (Figura 3). O estuario faz parte da chamada Planicie Costeira
Bragantina, que corresponde a uma faixa costeira que se estende desde a Ponta do Maiau até a
foz do rio Caeté, com area de ~1.570 km? (Souza Filho & EI-Robrini 1996).

A area da bacia de drenagem do rio Caeté é de 2.236 km?. O comprimento do rio é de 100
km, incluindo o comprimento estuarino de 54,3 km (Lara 2003, Asp et al. 2012). A descarga
fluvial no estuério do rio Caeté apresenta variacdo sazonal significativa, com média de 41,5
m3.st e valores de 7,03 m3.s* (em Novembro) e 82,3 m3.s (em Abril) para os periodos seco e
chuvoso, respectivamente (Gomes et al. 2021).

O estuario do rio Caeté é um tipico estuario de planicie costeira, dominado por mares,
com regime semidiurno e consideraveis varia¢des durante as fases de sizigia e quadratura, bem
como, durante os periodos sazonais. Além disso, o estuario do rio Caeté apresenta extensas
areas de planicies de maré cobertas por manguezais, totalizando uma area de 110,1 km? (Asp
et al. 2018, Gomes et al. 2021).
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Figura 3- Em (a) Localizacdo da Zona Costeira Amazonica; (b) Localizagdo do estuario do rio Caeté.

3.1.2.2 Contexto Geoldgico

O desenvolvimento costeiro quaternario da regido € resultado da evolugdo estrutural-
sedimentar das bacias costeiras Pard-Maranhdo, Braganca-Viseu e S&o Luis (Souza Filho & EI-
Robrini 2000). Desta forma, a evolucdo costeira da Amazodnia é um produto das mudancas no
NM no quaternario e o grande suprimento e retrabalhamento de sedimentos na plataforma
continental (Souza Filho et al. 2009).

O estuario esta inserido no contexto da bacia costeira cretacia de Braganga-Viseu, sendo
representada por uma fossa tectonica delimitada por falhas normais de direcdo NW-SE (Aranha
etal. 1990). A area apresenta embasamento pré-cambriano composto por um mosaico de blocos
cratonicos (Abreu & Lesquer 1985), sedimentos cambroordovicianos (Formacgdo Bequimao) e
unidades eopaleozdicas (Sequéncia Piria-Camiranga) (Igreja 1991).
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O Neogeno é marcado inicialmente pela sedimentacdo calcarea da Formacdo Pirabas
(Gdes et al. 1990) e dos sedimentos clasticos do Grupo Barreiras, no Mioceno Inferior, os quais
constituem os sedimentos aflorantes do Planalto Costeiro (Arai et al. 1988;1994; Rossetti et al.
1989). O Quaternario é representado por sedimentos arenoargilosos pleistocénicos do Pds-
Barreiras (S& 1969, Souza Filho et al. 2009), e por depdsitos da planicie aluvionar estuarina e
costeira (Souza Filho et al. 2009) (Figura 4).
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Figura 4- Mapa geoldgico da area na qual esté situado o estuario do rio Caeté.

3.1.2.3 Caracteristicas geomorfologicas

No geral, o estuario do rio Caeté é circundado por uma area com manguezais bem
desenvolvidos, com altura média de 20 m, formando uma peninsula de 166 km?, cortada por
varios canais de maré (Lara 2003).

A vegetagdo da &rea é caracterizada como florestas secundarias e formacdes pioneiras.
As florestas secundarias sdo encontradas sobre o planalto costeiro, sendo as formacdes
pioneiras representadas por manguezais, campos herbaceos e arbustivos sobre a planicie
costeira (Souza Filho & El-Robrini 1996). As espéecies dominantes sdo Rhizophora mangle (L.),
Avicennia germinans (L.) e Laguncularia racemosa (L.) Gaertn. f. (Cohen et al. 1999).

A bacia hidrogréfica apresenta topografia baixa e suave, consequentemente, a maré tem

maior alcance ao se propagar para dentro do estuério. O canal principal possui se¢do transversal
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em forma de W, com profundidades médias maiores do que altura de maré. A porgéo superior
do estuério corresponde a um vale afogado, enquanto, a porc¢do inferior representa um tipico

estuario de planicie costeira, na qual ocorre o acimulo de sedimentos (Asp et al. 2018).

3.1.3 Estuério do rio Gurupi
3.1.3.1 Localizagéo

O estuario do rio Gurupi esta localizado na divisa territorial entre os estados do Para e
Maranhdo (Figura 5). O estado do Para inclui 30% do estuario do Gurupi, englobando os
municipios de Cachoeira do Piria, Dom Eliseu, Nova Esperanca do Piri4, Paragominas,
Uliandpolis e Viseu. Desta forma, a maior parte do estuario (70%) esta localizada no estado do
Maranhdo, abrangendo os municipios de S8o Francisco do Brejdo, Acailandia, Itinga do
Maranh&o, Centro Novo do Maranhdo, Junco do Maranh&o, Boa Vista do Gurupi e Carutapera
(Lima et al. 2017, Pereira & Vieira 2019).
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Figura 5- Em (a) Localizacdo da Zona Costeira Amazonica; (b) Localizagdo do estudrio do rio Gurupi.
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A bacia de drenagem do rio Gurupi tem area de 35.200 km? (Souza Filho et al. 2009),
sendo parte da Regido Hidrogréfica do Atlantico Nordeste Ocidental (ANA 2015). O rio Gurupi
é formado pela confluéncia dos rios Itinga (1.950,80 km?) e Acailandia (3.225,54 km?). O rio
percorre cerca de 700 km desde sua nascente em Acailandia (Maranh&o) até a foz no Oceano
Atlantico, com comprimento estuarino de 57,7 km (Lima et al. 2017, Gomes et al. 2021).

Os principais fatores que tornaram o estuério do rio Gurupi interessante do ponto de vista
cientifico para o presente trabalho foram o tamanho da bacia de drenagem, a vazdo fluvial e sua
localizacdo quanto a distancia em relagdo a foz do rio Amazonas. Primeiramente, quando
comparado aos demais estuarios deste trabalho, ja apresentados anteriormente, o tamanho da
bacia de drenagem do Gurupi € significativamente maior, com uma descarga também
significativa (média de 472 m3.s?). Além disso, o rio Gurupi esta localizado a 433 km de
distancia da foz do rio Amazonas, desta forma, espera-se que a influéncia da ARP seja menor
do que nos demais estuarios da SACZ (Asp et al. 2018, Gomes et al. 2021).

3.1.3.2 Contexto Geoldgico

A geologia da area na qual o estuario do rio Gurupi esta inserido é fortemente influenciada
por dois dominios: um paleoproterozdico, denominado de Craton Sdo Luis, e outro
neoproterozéico, denominado de Cinturdo Gurupi (Klein & Moura 2003). Em linhas gerais, no
limite entre os estados do Para e Maranhdo (regido do rio Gurupi) afloram rochas igneas e
metamorficas envoltas por sedimentos fanerozdicos (Figura 6).

O Craton de Sédo Luis é um dominio paleoproterozéico estruturalmente bem preservado,
com rochas de idade ~2,0 Ga (Almeida et al. 1976), localizado na por¢éo norte-nordeste da
regido do rio Gurupi. O Craton de Séo Luis constituido por granitoides calcico-alcalinos (TTG)
relacionados a subduccdo/arcos vulcanicos. Além disso, associados aos granitdides héa
ocorréncia de sequéncias metavulcano-sedimentares metamorfizadas em facies xisto verde
(Klein & Moura 2003).

O Cinturdo Gurupi é um dominio neoproterozoico com rochas apresentando idades entre
1,0 e 0,5 Ga (Almeida et al. 1976). E formado por uma sequéncia metavucano-sedimentar
metamorfizada em facies xisto verde, gnaisses em fécies anfibolito, com intercalacdes

metassedimentares em facies anfibdlito (Klein & Moura 2003).
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Figura 6- Mapa geoldgico da area na qual esta situado o estuario do rio Gurupi.

3.1.3.3 Caracteristicas geomorfoldgicas

Gomes (2015) evidenciou que as areas da bacia hidrogréafica e do perfil do rio possuem
baixo relevo, estando abaixo de 100 m de elevacdo. Entretanto, no setor da cabeceira, localiza-
se a serra homénima na qual a elevacao ultrapassa 450 m.

Os dados hipsométricos da bacia do rio Gurupi se enquadram no estdgio Monadnock,
segundo Strahler (1952), sendo possivel notar o contraste entre as areas de pequenas elevacdes
das Serras do Gurupi e Tiracambu e areas extensas de elevacdo intermediaria. De acordo com
Lima et al. (2017), a rede de drenagem (52 ordem — Strahler 1952) é principalmente N-S (canal
principal) e E-W (variagdes para NE-SW e NW-SE), com padrdo trelica/angular, localmente
paralelo, e maior densidade na porcédo ocidental.

Os dados de topografia, geologia e a hipsometria da bacia apontam para um bom potencial

de producdo e erosdao de sedimentos para a regido costeira, mas o relevo relativamente suave
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reduz o potencial de transporte. Por outro lado, em estagios de NM mais baixo este potencial

de transporte seria bastante aumentado (Gomes 2015).

3.1.4 Plataforma Continental Amazonica

A Plataforma Continental Amazonica esta localizada no litoral norte do Brasil (entre 4°
N e 2° S) entre os estados do Amapé e Maranhdo (Castro & Miranda 1998) (Figura 7). Este
ambiente € altamente energético devido a agdo combinada de agentes como a forte descarga de
agua e sedimentos proveniente dos rios Amazonas e Par, a influéncia dos ventos alisios, a
Corrente Norte do Brasil (CNB), as amplitudes das marés e acdo das ondas (Oltman 1968,
Geyer et al. 1996, Castro & Miranda 1998, Lima et al. 2004, Asp et al. 2022).
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Figura 7- Mapa evidenciando a Plataforma Continental Amazonica e a localizagdo dos trés estuarios (Mocajuba,
Caeté e Gurupi) alvos do presente estudo (Fonte: compilagdo de dados batimétricos DHN, dados topograficos
SRTM, e digitalizacdo propria de contornos e cursos de drenagem).

A plataforma interna se inicia, aproximadamente, na is6bata -20 m (distante 15 km da

costa ao longo do nordeste do Estado do Pard) (Souza Filho et al. 2009). A descarga sélida do
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rio Amazonas fornece relevantes depositos lamosos para a Plataforma, compondo um mosaico
de sedimentos de fundo com granulometria grossa e fina (Siqueira & Aprile 2012).
Aproximadamente 97% dos sedimentos transportados pelo rio Amazonas sao provenientes das
drenagens dos Andes (62% transportados pelo rio Solimdes e 35% pelo rio Madeira) e os 3%
séo provenientes dos rios da plataforma cristalina (Seyler & Boaventura 2001).

Sabe-se que os sedimentos depositados na Plataforma Continental do Amazonas séo,

majoritariamente, argilosos e siltosos (Meade et al. 1985), porém, encontram-se ainda
sedimentos arenosos "reliquias™ e sedimentos carbonatados da plataforma externa (Nittrouer &
DeMaster 1986). Além disso, estudos também tém evidenciado que esses sedimentos finos séo
modernos e correspondem ao delta subaquoso do rio Amazonas, enquanto os sedimentos
grossos sao mais antigos (reliquias) (Nittrouer et al. 1986,1995, 2021, Asp et al. 2022).
Desta forma, estudos relacionados a caracterizacdo granulométrica e proveniéncia dos
sedimentos sdo fundamentais para identificar e mapear a distribuicdo do material que é
transportado pelo rio Amazonas e, posteriormente, sequestrado pelos estuarios e manguezais
ao longo do litoral norte brasileiro (Medeiros Filho et al. 2016, Teddulo 2017, Hoppner et al.
2018).

3.2 METODOLOGIA

A metodologia da presente tese foi dividida em trés fases, seguindo o cronograma
proposto no projeto de doutorado. A primeira fase consiste periodo “pré-campo”, no qual os
levantamentos bibliograficos foram realizados, as malhas amostrais referentes as coletas
hidrodinamicas e sedimentares foram definidas e, por fim, os equipamentos foram preparados
e configurados para realizacéo das coletas de dados.

Na segunda fase, isto ¢, na fase de “campo”, os dados batimétricos, hidrodindmicos e
sedimentares foram coletados e armazenados adequadamente e, posteriormente, foram
analisados em laboratorio. Finalmente, na fase “p6s-campo”, as amostras sedimentares foram
analisadas em laboratdrio quanto a granulometria, os mapas de distribuicdo dos parametros
hidrodindmicos foram elaborados, assim como, as analises estatisticas foram realizadas com
uso de programas especificos.

Para melhor visualizacdo dos esquemas de coleta e processos de analises dos dados um
fluxograma abaixo foi elaborado seguindo o cronograma e a metodologia utilizados ao longo
deste estudo (Figura 8).
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Figura 8- Fluxograma sumarizando a metodologia utilizada na presente Tese.

As coletas foram realizadas, sumariamente, obtendo dados batimétricos, hidrodindmicos
e sedimentares, de acordo com a variacdo sazonal (periodos secos e chuvosos) em cada um dos
estuarios, assim como na area de plataforma continental. A tabela abaixo contém as datas e 0s

periodos sazonais das coletas em cada estuario:

Tabela 1- Cronograma das coletas realizadas nos estuarios.

PERIODO
LOCAL DATA METODOLOGIA SAZONAL
Maio/2013 Hidrodinamica Chuvoso
Marco/2014 Hidrodindmica Chuvoso
Estuario do rio Morfologia e
Mocajuba NevenaeiZols Hidrodindmica —
Dezembro/2014 Hidrodinamica Seco
Novembro/2022 Sedimentologia Seco
Estuario do rio Caeté Novembro/2022 Sedimentologia Seco
Maio/2012 Morfologia Chuvoso
Abril/2012 Hidrodinamica Chuvoso
Estuario do rio Gurupi -
Novembro/2012 l\_/Iorfo_Iogla_e Seco
Hidrodinamica
Novembro/2022 Sedimentologia Seco
Fevereiro/2022 Sedimentologia Chuvoso
Plataforma Continental Margo/2022 Sedimentologia Chuvoso
Amazonica Novembro/2022 Sedimentologia Seco
Maio/2023 Sedimentologia Chuvoso




36

3.2.1 Morfologia

Os dados batimétricos forneceram informacdes detalhadas sobre a morfologia de fundo e
as areas das secdes transversais. Os perfis das malhas batimétricas variaram de acordo com as
especificidades de largura e comprimento de cada estuario.

As coletas de dados foram realizadas a bordo de uma pequena embarcacdo do tipo
voadeira, com o uso de uma ecossonda Furuno® 4100, um equipamento de sistema de
posicionamento global (Global Positioning System — GPS) da marca Garmin®, modelo
GPSmap 60CSx, sendo estes equipamentos conectados a um notebook (Figura 9). O

processamento desses dados ocorreu em laboratério com uso de aplicativos como o Surfer 13.
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Figura 9- Equipamentos utilizados nas coletadas de dados batimétricos.

3.2.2 Hidrodinamica

As medigdes hidrodinamicas longitudinais foram realizadas por meio de perfis verticais
na coluna d’agua, distantes entre 1 km (estuario do rio Mocajuba) e 5 km (estuario do rio
Gurupi) (Figura 10 — A). Os dados longitudinais incluem medicGes de salinidade, temperatura,
turbidez e profundidade, e foram coletados com uso de CTD (Condutivity, Temperature,
Depth), modelo 90m da marca Sea & Sun, equipado adicionalmente com um sensor de turbidez
Seapoint® bulkhead (Figura 10 — B). Posteriormente, esses dados foram analisados com o uso
dos aplicativos SDA Sea & Sun Technology GmbH, Microsoft Excel, Grapher 12 e Surfer 13.
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Figura 10- (A) Equipamento CTD utilizado nas coletas longitudinais e em (B) esquema de coleta dos perfis
longitudinais.

Um perfilador acustico de corrente (ADCP — Acoustic Doppler Current Profiler) modelo
workhorse monitor (1.200 kHz) Teledyne® foi utilizado para obtencdo de dados de vazdo,
sentido, direcdo e velocidade de corrente. Os dados foram coletados em um perfil transversal,
de margem a margem, com intervalo de 20 a 30 minutos, dependendo do estuario, durante 13
horas (Figura 11). Em laboratério, estes dados foram processados o aplicativo WinRiver Il e

analisados em ambiente MatLab.

Sentido do Transecto

Figura 11- Esquema de coleta utilizando ADCP, evidenciando o perfil transversal, de margem a margem no
estuério.
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Os dados de variagdo de nivel d’agua foram obtidos com uso de marégrafos do tipo
sensores de pressdo modelo Onset/HOBO® U20-002-Ti (Figura 12 — A). Os marégrafos foram
instalados longitudinalmente durante o primeiro dia de coleta e retirados no ultimo dia para

garantir os registros de ciclos de marés completos (Figura 12 — B).

+ Marégrafos

/ ADCP

S/Ni 9738916

0BO

Water Level Logger
range: 0 to 30.6m (0 to 1004t)

P/N: U20-001-02
www.onsafcomp.com
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-

Figura 12- (A) Marégrafo utilizado para obtencdo de dados de variacdo de nivel d’agua e (B) esquema de obtencdo
de dados transversais, utilizando ADCP e marégrafos.

3.2.3 Sedimentologia
3.2.3.1 Coletas de sedimentos

As coletas de sedimentos superficiais de fundo foram realizadas a bordo de embarcacgéo
do tipo voadeira, utilizando GPS, dragas busca-fundo modelos Petersen e Shipek. A escolha
dos pontos amostrais foi baseada em estudos prévios, como o de Asp et al. (2018) e Gomes et
al. (2021), a fim de abranger as areas a montante (dominio de vazante), a jusante (dominio de
enchente) e a area de convergéncia de transporte de cada estuario, além das areas de manguezais
adjacentes (Figura 13).

As amostras de sedimentos foram devidamente identificadas, etiquetadas, armazenadas
em sacos plasticos e analisados em laboratério para determinacao de carbonatos totais (C.T.),

M.O. e distribuicdo textural dos sedimentos ao longo dos estuarios.
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Figura 13- (A) Esquema de amostragem de sedimentos de fundo e em suspensdo ao longo dos estuarios e nas areas
de manguezais, (B) draga utilizada nas coletas, (C) e (D) amostras de sedimentos coletadas no estuario do rio
Mocajuba.

3.2.3.2 Eliminacéo de C.T. e M.O.

Inicialmente, todas as amostras de sedimentos foram lavadas com &gua destilada a
temperatura ambiente para eliminacdo de sais e secadas em estufa a 60 °C. Em seguida, as
amostras foram pesadas e subamostradas para determinagédo de C.T. e M.O.

As amostras de sedimentos de fundo foram tratadas com Acido Cloridrico (HCI) para
determinar a concentracdo de carbonatos totais. Cerca de 10 g de cada amostra sofreram ataque
com HCI diluido a 10% durante 24 h. Por meio de calculos simples foi estimado a porcentagem

da concentracdo de carbonatos totais de cada amostra, seguindo a equacéo abaixo:

CT (%) = (P1(g) — P2 (g)) x100 1)

CT = Carbonatos totais (%)
P1 = Peso da amostra antes de tratar com HCI (g)
P2 = Peso da amostra depois de tratar com HCI ()

A determinacdo da matéria orgénica (M.O.) foi estimada pela perda de peso do sedimento
por oxidag¢do com uso de Peroxido de Hidrogénio (H202) a 200 volumes. Cerca de 100 g de
cada amostra foram tratadas com H202em trés imersdes: 10%, 50% e 100% (puro). As amostras
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permaneceram imersas em cada etapa por 24 horas, em temperatura ambiente. Apds esse
processo, as amostras foram lavadas com &gua destilada a temperatura ambiente e levadas para
secagem na estufa, com temperatura de 60 °C durante 24 horas. Ao final do processo, utilizou-

se 0 seguinte calculo para obtencdo da porcentagem de M.O. em cada amostra:

MO (%) = (P1 (g) — P2 (g)) x100 (2)

MO = Matéria Organica (%)
P1 = Peso da amostra antes de tratar com H202 (g)

P2 = Peso da amostra depois de tratar com H202 (g)

3.2.3.3 Anélises granulométricas

Apobs as eliminacdes de carbonatos e M.O., as amostras de sedimentos foram analisadas
com uso de granulémetro a laser modelo CILAS 1190 LD, com faixa de medida de 0,040 um
a 2.000.000 pum (Figura 14). Os dados foram processados com auxilio dos aplicativos Size
Expert e GRADISTAT.

Figura 14- Equipamentos utilizados nas analises granulométricas dos sedimentos.

3.2.3.4 Classificacdo textural dos sedimentos

A classificacdo dos sedimentos quanto a textura foi realizada seguindo os protocolos de
nomenclatura de Folk (1954), a classificacdo de Folk & Ward (1957) e escala milimétrica de
Wentworth (1922). Os parametros sedimentares analisados foram o tamanho meédio, grau de
assimetria e grau de selegéo.

O diametro médio é um parametro que representa o tamanho médio das particulas (Folk
& Ward 1957). Na escala milimétrica de Wentworth (1922), a classificacdo quanto ao tamanho

médio varia de coldide (13 ® ou 0,12 ) a bloco (acima de -8 @ ou 256 mm) (Tabela 2).
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O tamanho médio dos sedimentos e a hidrodindmica local influenciam diretamente nos
processos de transporte e deposicdo de sedimentos (Suguio 1973, Folk 1974). Segundo Davis
Jr & FitzGerald (2004), os sedimentos finos (5 ® a 13 ® ou 31 p 0,12 ) tendem a se acumular
em ambientes de baixa energia de ondas, enquanto os sedimentos grossos (> 4 ® ou < 0,0625
mm) tendem a se acumular em ambientes de alta energia de ondas.

Tabela 2- Classificacdo textural dos sedimentos de acordo com Wentworth (1922). Os valores da terceira coluna
marcados com * estdo em escala p, sendo 1 p=0,001mm

Classificacdo de Wentworth Escala em phi (®) Escalaem mm

-9 512
Bloco 8 256
Matacéo -7 128
-6 64
-5 32
Seixo -4 16
-3 8
-2 4
Cascalho -1 2
Areia m. grossa 0 1
Areia grossa 1 0,500
Areia média 2 0,250
Areia fina 3 0,125
Areia m. fina 4 0,0625
Silte grosso 5 31p*
Silte médio 6 15,6 u*
Silte fino 7 7,8 u*
Silte muito fino 8 3,9 u*
Argila grossa 9 2 u*
Argila média 10 0,98 p*
Argila fina 11 0,49 p*
Argila muito fina 12 0,24 p*
Coldide 13 0,12 p*

Fonte: Dias (2004), com modificacdes.

O grau de sele¢ao ¢ uma medida de dispersdo representada pelo desvio padrido (o) da
distribuicdo da amostra (Briggs 1977). O tamanho médio e o grau de selecdo séo parametros
importantes para estudos relacionados ao transporte de sedimentos, principalmente no processo
de fracionamento sedimentar (Suguio 1973). Folk & Ward (1957) sugerem que uma escala
qualitativa seja usada convenientemente para descri¢do de grau de selecdo de sedimentos, que

apresenta os seguintes limites:
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Tabela 3- Classificacdo de sedimentos com relagdo ao grau de selecéo

Desvio padrio (o) Classificacao
<0,35 muito bem selecionado
0,35a0,50 bem selecionado
0,50a1,00 moderadamente selecionado
1,00 a 2,00 pobremente selecionado
2,00 24,00 muito pobremente selecionado

Fonte: Folk & Ward (1957).
O selecionamento dos grdos por tamanho pode ocorrer pelo aumento do transporte ou

pelo aumento da agitacdo do meio. Uma amostra de sedimentos bem selecionados implica em
pequena dispersdo dos valores das medidas de tendéncia central (Nichols 2009). Segundo Folk
(1974), os sedimentos praiais, derivados de uma mesma fonte, sdo bem selecionados, enquanto
sedimentos fluviais sdo pobremente selecionados devido a atuagdo dos agentes costeiros.
Outro parametro textural que foi utilizado na classificagéo textural dos sedimentos de
fundo foi o grau de assimetria. Este parametro é indicado pela distancia entre diametro médio
e a mediana. As descri¢cdes para os valores de assimetria propostos por Folk & Ward (1957)

séo apresentadas na tabela a seguir:

Tabela 4- Classificagéo de sedimentos com relacéo ao grau de assimetria, segundo Folk & Ward (1957)

Assimetria Classificacao
+100 a +0,30 fortemente assimétrica no sentido dos finos (muito positiva)
+0,30 a +0,10 assimétrica no sentido dos finos (positiva)
+0,10a-0,10 aproximadamente simétrica
-0,10a-0,30 assimétrica no sentido dos grosseiros (negativa)

+0,30a-1,00 fortemente assimétrica no sentido dos grosseiros (muito negativa)
Fonte: Modificado de Dias (2004).

Quando os valores de diametro médio e mediana coincidirem, a distribuicdo sera
simétrica. Porém, quando os valores de didmetro médio e mediana forem distintos, a assimetria
sera classificada como positiva ou negativa. A assimetria positiva ocorre quando os valores da
média foram maiores do que a mediana. Em oposi¢do, quando os valores da média forem
inferiores ao da mediada, a assimetria sera negativa (Jesus & Andrade 2013).

O grau de assimetria esta intrinsicamente relacionado aos ambientes de deposi¢do. Ao
correlacionar a assimetria com o didmetro médio, nota-se que 0s sedimentos grossos (arenosos)
apresentam assimetria negativa, enquanto sedimentos finos (lamosos) tém assimetria positiva
Folk & Ward (1957).
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3.2.4 Anédlise do Material Particulado em Suspenséo (MPS)

O MPS foi estimado através da coleta de agua superficial com uso de garrafa
oceanograficaa tipo Niskin. As amostras de agua foram armazenadas em garrafas plasticas,
devidamente identificadas e mantidas em caixa térmica com gelo para melhor conservagédo. O
processo de filtragem foi realizado em laboratorio, seguindo a metodologia proposta por
Strickland & Parsons (1972), utilizando bomba a vécuo e filtros de fibra de vidro com 44 mm

de diametro e 0,6 um de porosidade (Figura 15).

Figura 15- Analise do MPS em laboratério de acordo com a metodologia proposta por Strickland & Parsons (1972).

Inicialmente os filtros foram etiquetados de acordo com as amostras de dgua coletadas,
em seguida, eles foram lavados com &gua destilada, secados em estufa a 60 °C, durante 24
horas. Finalmente, os filtros foram pesados e obteve-se o peso inicial em gramas (P1).

No processo de filtragem, cada amostra de agua foi subamostrada em quantidades de 200
ml. Apo6s a filtragem, os filtros utilizados foram secados novamente em estufa a 60 °C, durante
24 horas. Na etapa final, esses filtros contendo amostras de MPS foram pesados e obteve-se o
peso final em gramas (P2). A quantidade de MPS ¢ calculada através da equacao abaixo:
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P2 (g) —P1(g) 3)
Vf (L)

MPS = Material Particulado em Suspensdo (g.L™)

MPS (g.L°1) =

P1 = Peso inicial do filtro (g)
P2 = Peso final do filtro (g)
Vf = Volume filtrado (L)

3.2.5 Fluxos residuais de agua e sedimento

Os fluxos residuais de agua e sedimento contribuiram na interpretacdo dos processos de
importacdo e/ou exportagdo de sedimentos nos estuarios. As andlises foram realizadas em
ambiente MatLab seguindo a metodologia proposta por Nowacki et al. (2015) e Glover et al.
(2021).

Os dados de profundidade foram reajustados utilizando método de coordenada sigma,
com valores variando entre 0 (superficie) e 1 (fundo) (¢ = z/h) (Giddings et al. 2014, Nowacki
etal. 2015, Glover et al. 2021). Os valores de velocidades de correntes, area de secéo transversal
e variacdo de maré foram extraidos do perfil transversal com uso de ADPC e instalacdo de
marégrafo, respectivamente, seguindo a metodologia ja descrita anteriormente (vide tdpico
5.2.2). Os dados de SSC foram interpolados utilizando os perfis longitudinais de CTD.

O fluxo residual foi calculado assumindo:

F = ([ ucdA) (4)
sendo u a velocidade, ¢ a concentracdo de sedimento em suspensdo ou salinidade, dA
concentragdo variam transversalmente (y), verticalmente (c), e temporariamente (t). O fluxo
residual de agua foi calculado utilizando os dados QRev da saida de dados do ADCP e
modificando a unidade ¢ na equacao.

No célculo do fluxo residual de sedimentos, as lacunas nas medicdes foram calculadas
utilizando interpolacdo cubica dos dados de SSC. Em seguida, a decomposicdo do fluxo
residual foi calculada seguindo o metodo proposto por Lerczak et al. (2006), Nowacki et al.
(2015) e Glover et al. (2021), assumindo que:

F = u0COA0 + f ulcldAO + (f u2C2dA) = FR + FE + FT (5)
(J udA) ([ cda) (udA) (cdA)
uo:A—OCo: Ao U = A, —Ug 61 = dAO—Co (6)

Uy =U— Uy — U C3 =C—Cy—C; (7
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onde F é o fluxo relacionado a adveccao fluvial, F; é o fluxo das trocas estuarinas e Fr € 0
fluxo residual que representa outros processos como erosao, deposi¢do e o bombeamento da
maré.

O fluxo transversal foi calculado estimando os valores de salinidade e turbidez (obtidos
pelo CTD) e correlacionados aos dados de ADCP de acordo com McLachlan et al. (2017) e
Glover et al. (2021). As lacunas foram preenchidas usando interpolagéo linear.

3.2.6 Circulacéao estuarina

A circulacdo estuarina e a estratificacdo de salinidade foram calculadas seguindo os
parametros propostos por Geyer & MacCready (2014), também aplicados por McLachlan et al.
(2017) e Glover et al. (2021). De acordo com Geyer & MacCready (2014), a estratificacdo
estuarina pode ser do tipo: fjorde, baia, SIPS (estratificacdo periddica induzida por tensdo, do
inglés “strain-induced periodic stratification”), fortemente estratificado, parcialmente
misturado, bem misturado, cunha salina ou cunha salina intermitente (do inglés time-dependent

salt wedge) (Figura 16).
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Figura 16- Diagrama de estratificacdo utilizando o Frounde number e Mixing number. A linha sélida em vermelho
representa o valor de M onde a camada limite de maré pode atingir a superficie. As linhas tracejadas em vermelho
representam o valor de M que separa 0s estuarios que sempre permanecem estratificados daqueles em que a
estratificacdo pode variar de acordo com os ciclos de maré (Modificado de Geyer & MacCready 2014).
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Esse critério leva em consideragdo o nimero de Froude (do inglés “Froude number”) e o
numero de mistura (do inglés “Mixing number”), os quais relacionam as variaveis de forgantes
principais, a velocidade das correntes de maré e a descarga de agua. O Froude number (Fgy)

representa a forcante fluvial (entrada de agua doce) e € calculado da seguinte maneira:

Ur

Frr = Toosm (8)
sendo Ur a velocidade da descarga fluvial, B ¢ 7.7 x 10 (B = coeficiente de salinidade), g ¢ a
gravidade (9,8 m.s?), S ¢ a salinidade oceanica e H é a profundidade da coluna d’4gua.
O Mixing number (M) caracteriza a forcante de maré (mistura vertical), sendo calculado

através da seguinte formula:

2 _ CoUf
M* = wNoH?2 9)

sendo Cp o coeficiente de cisalhamento, Ut a velocidade de corrente de maré, o a frequéncia
da maré, No a frequéncia de flutuabilidade considerando a variacao superficie-fundo (Geyer &
MacCready 2014, McLachlan et al. 2017, Glover et al. 2021). O coeficiente de cisalhamento

foi calculado de acordo com Sternberg (1968).

3.2.7 Analises biogeoquimicas

As amostras de sedimentos foram secas utilizando um liofilizador (L101 Liotop ®). Uma
fragdo de cada amostra foi analisada com o uso de granuldmetro a laser (Shimadzu SALD-
3101) e o restante foi peneirada (peneiras de malhas de ago com aberturas entre <2.0 mm a
<63um) para anélises isotopicas.

As amostras de sedimentos liofilizados foram adicionadas a granulometria, com limite de
absorbéancia de graos de 0,05 (para amostras arenosas) durante seis minutos, sendo devidamente
descontaminadas entre cada amostra. A analise de classificacdo granulométrica foi realizada
utilizando o programa Gradistat v9.1e a classificacdo de Folk & Ward (1957).

Para as analises de carbono total (Corg) € nitrogénio total (Niota) 10 mg de amostras foram
pesadas em cépsula de estanho. Para a determinacgdo de carbono organico, 10 mg de amostra
foram pesadas em céapsulas de prata e, posteriormente, descarbonatadas (extragcdo de carbono
inorganico) com cinco adigdes de 25 pL de acido cloridrico (HCI 2M). As adi¢bes foram
intercaladas com agquecimento em estufa a 60°C por 30 minutos. Finalmente, as amostras foram
aquecidas a 110°C por quatro horas para evaporacdo do HCI em mufla.

As anélises de composi¢des elementares (C e N) e isotopicas (833C e 8'°N) foram
realizadas com uso do Analisador Elemental Flash 2000 (Organic Elemental Analyzer - Thermo

Scientific), acoplado a interface Conflo IV e Delta V Advantage (Isotope Ratio Mass
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Spectrometer Thermo Scientific). As composi¢Oes isotopicas de carbono e nitrogénio foram
determinadas pela notagdo delta convencional () em partes por mil (%o) referentes ao material
de referéncia Pee Dee Belemnite (PDB) e ao nitrogénio atmosférico, com limites de deteccéo
de 0,05% para carbono e 0,02% para nitrogénio. A razdo isotopica é obtida como descrito

abaixo:

Ramostras

ONE %o = [( > - 1] x 1000

Rpadrao

sendo N o is6topo mais pesado do elemento E (carbono e nitrogénio) e R é a razéo do isétopo

mais pesado sobre o mais leve (**C/*2C e >*N/*N) desses elementos.

3.2.8 Analises estatisticas

Nos artigos da presente Tese, testes estatisticos foram utilizados para verificar se houve
diferencas significativas entre os dados sedimentoldgicos em diferentes periodos sazonais (i.e.,
secos e chuvosos). Os dados coletados foram independentes (ndo-pareados) e ndo apresentaram
distribuicdo normal (ndo-paramétricos). Assim sendo, o teste de Mann-Whitney foi utilizado
por se adequar aos dados e ao tipo de analise (McKnight & Najab 2010). Analises foram

realizadas com uso do programa RStudio e 0s seguintes pacotes:

Tabela 5- Pacotes do programa RStudio que foram utilizados nas analises estatisticas e suas principais funcbes

Pacote Funcéo
xIsx (Dragulescu & Arendt 2020) Analisar planilhas do Excel
vegan (Oksanen et al. 2015) Testes estatisticos e analises multivariadas
MVar.pt (Ossani & Cirillo 2021) Padronizagéo e normalizagdo dos dados
lattice (Sarkar D. 2008) Analises multivariadas
grid (R Core Team 2019) Anélises multivariadas

ggplot2 (Wickham 2016) Visualizacdo gréafica
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Abstract

The geomorphological aspects of coastal environments are influenced by the sea level variation,
sediment supply, waves, tides, currents, river discharge, and tectonic evolution. In some cases,
tectonic events that occurred millions of years ago still control the morpho- and hydrodynamics
of modern depositional environments. The Mocajuba estuary is in the northeastern sector of the
Brazilian Amazon coast, where the Amazon River Plume (ARP) provides offshore suspended
sediment concentrations (SSC) substantially higher than those provided by the Mocajuba River
itself. The aim of this study was to analyze the morphology and SSC dynamics of a tropical
tide-dominated estuary, formed by small-scale tectonic faults. Morphology, hydrodynamics,
and SSC were measured during spring tides of rainy and dry seasons of two different years.
The morphology was assessed via bathymetric surveys. Vertical profiles of depth, salinity, and
SSC were collected using a CTD + turbidity sensor. Current velocity and discharge were
evaluated on an ADCP transect occupied for 13 h at 20 km from the mouth. The water level
variation was measured with five pressure sensor/tidal gauges along the estuary. The Mocajuba
estuary is a tide-dominated estuary, with peculiar morphology aspects, such as rectilinear areas
instead of the funnel-shaped morphology. Furthermore, due to the structural evolution and the
faults caused by the tectonic events, the Mocajuba is a deep estuary, presenting an estuarine
circulation similar to fjord systems. The combination between the inherited morphology and
hydrodynamics aspects allows the tidal wave propagates without substantial deformation

characterizing the synchronous behavior. The seasonal conditions influenced the salinity and
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SSC data along the estuary. While the salinity levels were higher during the dry season, the
SSC was higher during the rainy season. In both seasons, we noticed the influence of the

ARP providing fine sediments to the estuary and mangroves adjacent areas. In contrast to other
Amazonian estuaries, the Mocajuba estuary does not present an estuarine turbidity maxima
zone due to the high deep areas, low current velocities, and low SSC. Nevertheless, a “turbid

wedge” was formed near the estuary mouth.

Keywords Estuarine hydrodynamics, Amazon River plume, Deep estuary, Turbidity

Introduction

Coastal zones are large areas affected by processes that involve the oceanic and
continental interfaces, such as the sea-level variation, sediment supply, waves, tides, currents,
and river discharge (Garrison 2010). The geomorphological aspects of coastal zones are also
influenced by the tectonic evolution (Bird 2008). In the Amazon Coastal Zone, the marginal
basin is, structurally, the result of tectonic events that occurred mainly from the Upper Triassic
to the Lower Cretaceous related to the formation of faults and grabens in NW-SE direction
(Soares Junior et al. 2008). The Amazon Coastal Zone has been controlled by the structural-
sedimentary evolution of Para-Maranhdo and Braganc¢a-Viseu coastal basins (Souza-Filho
2000, Souza-Filho et al. 2009).

Presently, this area is characterized by a tide-dominated regime, with large mangrove
areas and numerous estuaries (e.g., Souza-Filho 2005; Asp et al. 2013, 2018; Gomes et al.
2021). According to the interaction between the morphology, hydrodynamics, and sediment
load, the Amazon estuaries are mostly a combination of an incised-drowned river valley, with
a prograding coastal plain. Whereas the morphology and hydrodynamics are in an equilibrium
state, typical tropical, macrotidal estuaries are formed (Asp et al. 2018). Within an advanced
state of sediment infilling, the estuaries are shallow and controlled by friction (Asp et al. 2012).
Exceptionally, these estuaries might present deep channels, even in comparison to the tidal
range (Asp et al. 2013), where deep estuaries typically reflect an inherited morphology from
their tectonic evolution (Pritchard 1967; Valle-Levinson 2010).

Another characteristic of the Amazon Costal Zone is the high concentrations of suspended
sediments, mostly provided by the Amazon River in different time frames (Asp et al. 2018),
including the Amazon River Plume (ARP) (Nittrouer et al. 1995; Geyer et al. 1996; Asp et al.
2018, 2022; Gomes et al. 2021). The ARP plays an important role in the geomorphological
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evolution of and circulation within the numerous estuaries along the Amazon Coastal Zone,
especially those near to the Amazon River mouth (Gomes et al. 2021).

The Amazon Coastal Zone harbors more than 20 estuaries, including the Mocajuba
estuary (Martins et al. 2007), located about 225 km eastward of the Amazon River mouth
(Gomes et al. 2021). The Mocajuba is a tide-dominated estuary, which presents a particular
inherited morphology attributed to neotectonics events since the Neogene (Soares Junior et al.
2010). Because of its location, geomorphology, and hydrodynamics aspects, the Mocajuba
estuary presents unique conditions to investigate the Amazon River influence in the eastern
sector of the Amazon Coastal Zone.

In this paper, we focus on the interaction of the morphodynamic, hydrodynamic, and
sedimentary processes in the Mocajuba estuary. Furthermore, we also investigate the
contribution and dynamics of the offshore suspended-sediment, especially considering the

Amazon River Plume as the main source.

Material and methods
Regional setting and sampling

The northern Brazilian coast is 1200-km long and covers two global geomorphological
features: the longest continuous mangrove system (Souza-Filho 2005) and the mouth of the
largest river in length, discharge of water and sediment: the Amazon River (Souza-Filho et al.
2009) (Fig. 1a). The Amazon River drainage area is ~6.3 million km?, with an average discharge
of 206 x 10® m3.s™! (Calléde et al. 2010; Milliman and Farnsworth 2011) and the sediment load
is~1.2 x 10°t. yr ! (Meade et al. 1979).

Near the mouth, the discharge from the Amazon River mixes with the ocean water
creating a plume (ARP) of low salinity water and large amount of suspended and dissolved
material (Lentz and Limeburner 1995; Molleri et al. 2010). Although the ARP typically spreads
offshore to northwestward along the north Brazilian coast, the wind stress causes a temporal
variation in the plume flow during part of the year. Consequently, the ARP can extend eastward
into the North Atlantic by the retroflection of the North Brazil Current (NBC) (Lentz and
Limeburner 1995; Geyer et al. 1996).

The climate is hot and humid equatorial, controlled by variations in the position of the
Intertropical Convergence Zone (ITCZ) (Souza-Filho et al. 2009). The rainy season occurs in
January to August and the dry season occurs during the other months of the year (Fig. 1c), with
average annual rainfall ranging between 2300 and 2800 mm (Moraes et al. 2005). High
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quantities of rainfall are associated with the occurrence of trade winds, responsible for bringing
humidity from the oceans. The temperature varies with maximum and minimum averages above
30 °C and below 22 °C (Martorano et al. 1993).

The Mocajuba estuary is located between 0° 40" S and 0° 53’ S and between 47° 53' W
and 47° 59.3' W in the eastern sector of the Amazon coastal zone (Fig. 1b). The drainage area
of the Mocajuba River is 323 km?, with an average river flow of ~8 m3.s™* (Martins et al. 2007;
Asp et al. 2013; Gomes et al. 2021). The Mocajuba is a tide-dominated estuary, with the tidal
range reaching >5 m during spring tides (Asp et al. 2013; Gomes et al. 2021). The coastal plain
is covered by ~116 km? of well-developed mangrove forests, represented by Rhizophora
mangle (L.), Avicennia germinans (L.) Stearn, and Laguncularia racemosa (L.) Gaertn

(Giarrizzo and Krumme 2007; Giarrizzo and Saint-Paul 2008).
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Data acquiring and analysis

Bathymetric data were collected on November 15th of 2013 to evaluate bottom
morphology variations along the estuary. The data were recorded using a 50/200-kHz Furuno
4100 echosounder and Garmin 60Csx satellite positioning system (GPS). Longitudinal data

were collected in two dry seasons and two rainy seasons, during spring tides. Data for dry
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seasons were collected on November 15th and 16th of 2013 and on December 4th and 5th of
2014. Data for rainy seasons were collected on May 24th and 25th of 2013 and on March 31st
and on April 1st of 2014.

Salinity and turbidity longitudinal data were collected using a CTD (conductivity,
temperature, and depth), Sea and Sun model 90 M, additionally equipped with a Seapoint®
bulkhead turbidity sensor. The sample grid consisted of 21 points spaced ~2 km apart. These
data were analyzed using the software SDA Sea & Sun Technology GmbH, Microsoft Excel,
Grapher 12 and Surfer 13.

Water samples (~0.30-m beneath the surface) were collected using a Niskin type
oceanographic bottle, for quantification of suspended sediment concentration (SSC). The
samples were kept in 600-mL plastic bottles and processed in the laboratory following the
methodology described by Strickland and Parsons (1972). The turbidity and SSC values were
related using a quadratic polynomial correlation between calculated SSC from physical samples
and measured FTU from the CTD casts (SSC (g.L ) = 0.0000008 (OBS)? + 0.0006 (OBS) +
0.0221), R? = 0.805), according to Gomes et al. (2021). Water level variations were obtained
using tide gauges, Onset/HOBO® model U20-002-Ti pressure sensors, installed longitudinally
during the first day of the campaign in each of the seasons described earlier.

The current velocity and flow were measured using a Teledyne ® Acoustic Doppler
Current Profiler (ADCP), Workhorse Monitor (1200 kHz) during the first rainy season
campaign May 25th of 2013. The data were collected in a single transversal transect, located
about 20 km from the coastline. The WinRiver Il software were used to process the data.
Furthermore, vertical salinity and turbidity profiles were obtained using a CTD at 1-h interval,
for 13 h. Finally, in order to make seasonal comparisons, we used the current velocity, flow,
and water level data collected by Asp et al. (2013), which were representative of the dry season.

To check if there was a significant difference in SSC between the dry and rainy seasons
in different years, the longitudinal data were statistically analyzed using the RStudio software
(R Core Team 2020) and the Vegan package (Oksanen 2008). The data did not follow a normal
distribution (nonparametric), so the Mann—Whitney test was chosen to perform the comparison
analysis (Sheskin 2020).

The estuarine circulation was classified using the parameterization proposed by Geyer
and MacCready (2014), also applied by McLachlan et al. (2017) and Glover et al. (2021),
considering two important forcing variables. The first variable is the freshwater flow, which is

represented by the Froude number (Frs) and is calculated as follows:
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Ur

Frp = 72,

where UR is the river discharge velocity, B = 7.7 x 1074, g is gravity, S is the ocean salinity, and
H is the water depth. The tidal forcing is the second variable and represents the mixing
parameter (M), which was calculated by assuming:

wNyH?’

where CD is the drag coefficient (Sternberg 1968), UT is the tidal velocity, o is the tidal

2 —

frequency, NO is the buoyancy frequency of salinity variation, and H is the water depth.

Results
Morphology

The Mocajuba estuary morphology is quite peculiar, considering it is a tide-dominated
estuary. The lower and middle sectors of the estuary have rectilinear areas, and the meandering
morphology is restricted to the upper section. Near the mouth, a subtle reduction in the cross-
sectional area was noticed, although, in the upper section the reduction in the cross-sectional
area is more significant (Fig. 2). Due to the structural evolution of the area and the presence of
faults caused by the tectonic events thousands of years ago, the middle sector of the Mocajuba
estuary is characterized by deep areas, reaching > 30 m (e.g., profile 10) at some sites.
Regardless of the seasonal or tide conditions, the estuarine channel remains completely
submerged.

The Mocajuba estuary is a tropical estuary; however, it shares similarities with fjord-type
estuaries because of the elongated, deep, and narrow channel. However, the deep sites are
specifically located in areas where the fractures in the crust formed incised valleys. The
shallowest areas were noticed at the upper and lower sectors of the estuary (Fig. 2). A muddy
bank was identified at the seaward end of the lower estuary sector. Longitudinally, the cross-
sectional areas do not show significant reductions in the landward direction, except for an

increase at profiles 10-11 and decrease at profiles 21-23.
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Fig. 2 Transect bathymetric profiles (P1-23) and variation in cross-sectional area along the Mocajuba estuary. The red line shows the location of the profiles. Changes in seasonal

bottom morphology and water discharge were not considered
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Salinity and suspended sediment concentration dynamics

The salinity levels within the estuary were substantially higher during the dry seasons in
comparison to the rainy seasons. According to the data, the salinity variation along the estuary
in the rainy seasons sampled was 10.7 to 2.7 in 2013, and 9.2 to 7.2 in 2014 (Fig. 3a, c). In both
cases, the salinity levels were influenced by the discharge of tributaries into the Mocajuba
estuary, especially the Furo do Murid tidal channel which connects the estuaries of the Curuca
and Mocajuba. In the dry seasons, the salinity variation was 33.5 to 23.5 in 2013 and 33.7 to
22.7 (Fig. 3e, g). Because of the lower precipitation rate and Mocajuba River low discharge
during the dry season, the salinity values were higher than during the rainy season.

While the salinity levels were lower during the rainy season, the SSC values were
substantially higher in both rainy campaigns. The SSC mean values were 0.42 g.L"* and 0.56
g.L! in the rainy seasons of 2013 and 2014, respectively. Statistically, these values were
significantly different in both campaigns (p-value = 0.0003, w = 0.846, 95% confidence
interval). However, the maximum concentration was 2.08 g.L ! in both campaigns (Fig. 3b, d).
In the two dry seasons sampled the SSC values were also different, but in general of lower
concentrations. In 2013, the mean value was 0.08 g.L* and the maximum value was 0.33 g.L ™.
In 2014, the mean and maximum values were 0.05 g.L"* and 0.14 g.L?, respectively (Fig. 3f,
h). The means were statistically different (p-value = 0.0000004, w = 0.755, 95% confidence
interval).

Higher values of SSC were observed at the lower sector of the Mocajuba estuary during
both rainy seasons, although the position and concentrations were different between 2013 and
2014. In 2013, the SSC was lesser and restricted to the 12 km adjacent to the mouth. In 2014,
the SSC were much greater and extended up to 16 km from the mouth. In contrast, during the

dry seasons these zones of high SSC were not observed.
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Cross-sectional surveys

The comparison between the cross-sectional data collected during the rainy season in this
study and the data from Asp et al. (2013), which was collected in the dry season, showed that
the current velocities were seasonally different. During the dry season, the current velocities
values were 0.40 m.st and 0.43 m.s™* for the ebb and flood phases (Fig. 4a). Since these values
are very similar, we can conclude that, for this season, the ebb and flood phases are symmetrical.
In contrast, the current velocities during the rainy season showed a clear asymmetrical pattern,
with the ebb phase more intense than the flood phase. In this case, the peak values of current

velocities were 0.60 m.s* and 0.44 m.s* for the ebb and flood phase, respectively (Fig. 4b).
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The total discharge is characterized by the ebb phase dominance over the flood phase for
both seasons. During the dry season, the maximum total discharge values were 3520 m3.s* and

3674 m3.s* for flood and ebb phases, respectively. In contrast, during the rainy season, the
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maximum values of total discharge during the flood and ebb phases were 3472 m3.s ™! and 5874
m3.s7%, respectively.

Regarding the salinity and SSC, the same patterns as seen in the longitudinal data were
observed. During the dry season, the salinity was higher at the transect, and SSC were lower in
comparison to the rainy season. The mean values of salinity were 28 and 10 during the dry and
rainy season, respectively (Fig. 4c). In the case of the SSC, the mean values were 0.17 g.L* for

the dry season and 0.44 g.L™* for the rainy season (Fig. 4d).

Tidal propagation

In general, the tidal wave propagated along the Mocajuba estuary with a symmetrical
pattern. In the upper estuary there is a subtle tide asymmetry, which is more significant during
the rainy seasons due to greater river discharge. Due to the morphological aspects of the
channel, i.e., the depth and rectilinear areas, the tide propagates into the Mocajuba estuary
without significant frictional or convergence effects (Fig. 5a—d).

Regarding the tidal phase duration, an asymmetrical pattern was observed in all seasons.
The ebb phase was longer than the flood phase, and because of this, the Mocajuba estuary is
classified as a flood-dominated estuary. During the rainy seasons, in 2013, the tidal phase
duration was ~7 h and ~6.30 h for ebb and flood phases, respectively. In 2014, the tidal phase
duration was ~6.20 h and 5.80 h for ebb and flood phases, respectively. During dry seasons, in
2013, the ebb phase duration was ~6.50 h and the flood phase duration was ~5.70 h. In 2014,
the ebb phase duration was ~5.74 h and the flood phase duration was ~4.49 h (Fig. 5e-h).

The correlation of water-level variation and current velocities at the monitored cross-
section shows that velocities increase or decrease in a rather linear pattern for the dry season
(Fig. 6), whereas maximum velocities during ebb and flood phases are equivalent (see also Fig.
4a) and rather weak (Fig. 6) when compared to other estuaries of the region (Gomes et al. 2021),

not exceeding 0.5 m.sL,
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Especially in the dry season, the maximum velocities in both phases are reached near the
beginning of each phase, instead of at the mid tide. The rainy season measurements show a
similar pattern to the dry season for the ebb phase, whereas current velocities are substantially
higher as river flow is increased as well. However, the flood phase velocities remain fairly
constant during most of its duration, despite second order oscillations. During the flood tide in
both seasons these oscillations reflect the pattern of a double peak in current velocities, one at
the beginning of flood, when shallower areas near the mouth represent some restriction to the

flow, and a second one, close to the high water, when mangrove areas are being effectively

flooded (Fig. 6).

water level (m)

current velocjty (m.s)

Fig. 6 Relationship between water level and current velocity during spring tides of the dry (red line) and rainy
(blue line) seasons

Discussion
Origin of morphology and impacts on hydrodynamics

The Amazon River marginal basin is experiencing substantial subsidence due to the
massive sediment load from the Amazon River, especially during the last 10 Ma (Bird 2008;
Figueiredo et al. 2009; Souza-Filho et al. 2009). This Holocene subsidence has locally
compensated for the sea level fall in the last thousands of years, creating and maintaining
accommodation spaces, and originating the current estuaries along the eastern sector of the
Amazon Coastal Zone (Lessa et al. 2018).

The main characteristic features of the Mocajuba estuary are the deep depth and its
predominantly straight course, due to its inherited morphology caused by the tectonic events.

The meandering and narrowest areas occur at the upper estuary, in the river domain. Therefore,
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the variation of the bottom morphology is more effective at determining the increase (or
decrease) in the cross-sectional area than the width.

The Mocajuba river estuary is in the Para Platform area, where the coastal plateau
reaches the coastline and the coastal plain is restricted to the seaward fringe of the plateau,
typically less than 2 km wide (Souza-Filho 2005). The deposition of sediments on the Para
Platform occurred after a tectonic stabilization in the Neogene. Subsequently, during the
Holocene, the continuous rise in sea level caused the drowning of drainage basins and part of
coastal plain, and in addition activated normal faults due to recent movement (Soares Junior et
al. 2010).

That inherited morphology has a substantial influence on the hydrodynamics aspects,
especially regarding the current velocity and tidal propagation. Gomes et al. (2021) have
demonstrated that Mocajuba is a non-equilibrium (morphology— hydrodynamics) estuary. Since
the cross-sectional area is substantially large, in comparison with similar estuaries along the
Amazon coast (Asp et al. 2013, 2016), the current velocities are substantially lower than
expected, and tidal wave propagation is symmetrical, without substantial deformation along the
estuary.

The aforementioned structural control of the Mocajuba estuary morphology results in
an ‘over-dimensioned’ cross-sectional area. This configuration has been reported to other
Amazonian systems where the infilling process, after the drowning phase, is still incipient or
ongoing, due to different reasons, such as reduced sediment supply and/or structural control
(Freitas et al. 2017; Silva et al. 2021). This can be verified by a direct comparison with the
Urumajo estuary (Fig. 7), ~150 km eastwards of the Mocajuba estuary. The Mocajuba and
Urumajé estuaries have similar catchment areas (323 and 544 km?, respectively), freshwater
discharges (11 and 10 m3.s™%, respectively) and are subjected to the same setting of ocean tides,
waves, and climate (Gomes et al. 2021), although the Urumajé estuary shows current velocities
three times greater than Mocajuba estuary (Asp et al. 2016). The Urumajo estuary has been
investigated in detail, showing an in-equilibrium morphology and hydrodynamics (Brito et al.
2008; Asp et al. 2016; Gomes et al. 2021).

The Urumaj6 is located at the Braganca-Viseu sedimentary basin, which was
tectonically stable over the Quaternary, and it shows typical funnel-like morphology of a tide-
dominated estuary. There is a substantial upstream reduction of the cross-sectional area in its
lower portion, followed by a gentle and steady reduction of the area upstream, as a result of a

gradual reduction of the tidal-related flow (Fig. 7). The Mocajuba estuary, however, shows a
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rather steady cross-sectional area along the lower and middle portions of the estuary, within
sudden variations that could not be explained by the hydrodynamics (Fig. 7).
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Fig. 7 Cross-sectional areas and tidal range along the Mocajuba and Urumajé estuaries, illustrating the impacts of
the inherited morphology in the Mocajuba estuary in comparison with the more typical tide-dominated morphology
of the Urumajo estuary.

As the fluvial discharges are basically the same, the ‘excess’ of cross-sectional area of
the Mocajuba in comparison to the Urumajé estuary is considered to be the product of the
inherited morphology. This also reflects in the tidal propagation (Fig. 7), whereas the Urumajo
shows a hypersynchronous pattern and the Mocajuba a synchronous pattern of tidal propagation
(Gomes et al. 2021). Further, the Mocajuba estuary does not show the strong upstream reduction
in the cross-sectional area in the lower portion as expected for tide-dominated estuaries.
Actually, there is even a slight increase in the cross-sectional area from the 11th to the 16th
kilometer (Fig. 7), which could be related to the mud input from the Amazon River in the
lowermost portion of the Mocajuba estuary. A comparison between the two different
frequencies of the echo-sounder (50 x 200 kHz) suggest that this portion includes a massive
‘fresh’ mud deposit that could not be provided by the black water, small Mocajuba River. This
assumption is also supported by measured SSC (Fig. 3). This mud input causes some area

reduction at the mouth, with a gradual increase upstream.

Amazon plume and impact from offshore source

As pointed out by Geyer et al. (1996), the wind direction and intensity have a seasonal
pattern, affecting the flow expansion, ARP structure and freshwater content on the shelf (Fig.
8a). Studies have showed that from January to May, the winds are perpendicular to the coastline,

so the ARP expands along the shelf area towards the northeast and allows the trapping of fine

Tidal range (m)
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sediments in the SACZ estuaries and mangroves (Nittrouer et al. 1995; Geyer et al. 1996; Asp
et al. 2018), as showed schematically in Fig. 8b.

However, from June to December the winds direction is parallel to the coastline and
currents result in the transport of freshwater and suspended sediments to the northwest of the
Amazon River mouth. Although most of the sediments in the plume move in a northwesterly
direction during this period, a small amount of mud from the Amazon River still reaches the
boundary areas of the Mocajuba estuary mouth (Fig. 8c).

In this study, the seasonal SSC pattern observed was consistent with the proximity of the
Amazon River mouth and the ARP seasonal dynamic. Consequently, it was assumed that the
ARP was an important source of SSC in the Mocajuba estuary, especially during the rainy
season. Because of the vast volume of freshwater and SSC associated with the ARP, the
offshore plume can become denser and form a “turbid wedge” with transport closer to the
bottom as it enters the estuary (Fig. 3b, d). This process occurs in a similar way in some
tributaries to the Amazon River (Medeiros Filho et al. 2016; Freitas et al. 2017; Fricke et al.
2017). Furthermore, the observed high SSC zone in the Mocajuba estuary when the ARP is
present offshore is very similar to the estuarine turbidity maximum (ETM) that occurs in other
Amazonian estuaries (e.g., Asp et al. 2012, 2018; Gomes et al. 2021).

However, in the Mocajuba estuary case, the combination of the morphology and
hydrodynamic conditions is not appropriate for typical ETM formation where upstream fluvial
and marine waters meet. During the dry season, high salinity levels persist along the estuary,
and the current velocities of the Mocajuba estuary are very low relative to other Amazonian
estuaries (e.g., Asp et al. 2018; Gomes et al. 2021). Due to the low velocities, the resuspension
effects are not significant. These features associated with the low SSC along the estuary prevent
the ETM formation, since the SSC and mud deposition at the bottom are only high near the

mouth and due to the ARP contribution.
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Fig. 8 Scheme showing the Amazon River water into the Mocajuba estuary. a The scheme proposed by Nittrouer
et al. (1995), and b, ¢ the behavior of the ARP at the Mocajuba estuary mouth during the rainy and dry seasons,
respectively

Estuarine circulation
The estuarine circulation can be affected by the river discharge, the wind patterns, and
the tidal conditions (Farmer and Freeland 1983). Considering the river discharge and tidal



66

conditions, the estuarine circulation and stratification of the Mocajuba estuary is classified as
“Fjord” (Geyer and MacCready 2014), in both rainy and dry season observations (Fig. 9). In
the calculation of the Froude number (FRf), the river discharge is small relative to the reservoir

of offshore waters in the deep basin of the estuary, similar to a fjord system.
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Fig. 9 Estuarine circulation classification based on estuarine parameter space (diagram modified from Geyer and
MacCready 2014). The points represent the estuarine circulation during the dry (red point) and rainy (blue point)
seasons

Additionally, the relative water depth exerts a strong control on the mixing parameter (M)
promoting reduced turbulence (Friedrichs and Aubrey 1988) and reflects the condition where
tidal flow is small relative to the underlying volume of more saline water, within reduced
entrainment. Thus, the classification for the Mocajuba estuary is due to morphological aspects
in which depth plays an important influence in the estuarine circulation. Especially in the
middle sector of the Mocajuba estuary, which is the deepest zone, the salinity variation from
top-to-bottom is relatively higher, resulting in stratification similar to what occurs in fjord
estuaries (Syvitski and Shaw 1995). As freshwater flows seaward, it mixes with the underlying
waters below, so stratification is progressively reduced towards the mouth (Hansen and Rattray

1966). Even though the river discharge varies during the seasons, the morphology remains the
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main control of the estuarine circulation in the Mocajuba estuary. Here, we propose that deep
estuaries may not always have a glacial origin and the zone on the estuarine classification

scheme be re-named “Deep”.

Conclusions

The observations in this study have shown that the Mocajuba River estuary is indeed a
tide-dominated one, as tidal range and tidal-related flows are by far more important than fluvial
discharge for the hydrodynamics and SSC circulation. However, it has been demonstrated that
the estuary presents a deep morphology, with depths two to three times the tidal range along
most of the lower and middle sectors of the estuary. It has been demonstrated that the combined
tidal and fluvial flows could not explain the observed deepness, which is consistent with the
structural control herewith postulated and is reinforced by the low sinuosity of the channel.
Maximum measured current velocities were just one third of those expected and observed in
another regional estuary with virtually same tidal and fluvial flows. Considering freshwater
flow and mixing parameters, the Mocajuba estuary can be classified as a fjord-like or deep
estuary, stressing the importance of its inherited morphology. The Mocajuba is not a fjord and
this emphasizes that the estuary depth is the controlling factor in fjords and other morphologies
that have not filled to a sedimentary equilibrium. Besides, although flow measurements
reflected the seasonal increase of fluvial discharge, this was not enough to impact its
classification, which was fjord/deep type for both seasons.

Current velocities did not show substantial tidal asymmetries, although ebb currents were
stronger during the rainy season. Further, the estuary showed a synchronous pattern of tidal
propagation, despite some seasonal and interannual variation. The salinity did not show
substantial vertical or even longitudinal variations, although with a clear overall reduction
during the rainy season.

However, SSC showed important variations, especially near the estuary mouth, where a
turbid wedge was observed. This represents a substantial input of mud to the estuary, which is
associated with the Amazon River plume (ARP) consistent with the plume’s seasonal variation.
Overall, the results show that Amazonian estuaries have a large range of morphological and
hydrodynamic characteristics and respond diversely to external forcing, namely, tidal range,
fluvial discharge, and ARP influence, and will do so as well for upcoming global changes.
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Abstract

Estuaries along the Amazonian coast are subjected to both a macrotidal regime and seasonally
high fluvial discharge, both of which generate complex circulation. Furthermore, the Amazon
River Plume (ARP) influences coastal circulation and suspended sediment concentrations
(SSCs). The Gurupi estuary, located south of the mouth of the Amazon River, is relatively
unstudied. This study evaluates how the Gurupi estuary dynamics respond to seasonal discharge
and the varying influence of the ARP using cross-sectional and longitudinal surveys of
morphology, hydrodynamics, and sediment transport. The Gurupi was classified as a tide-
dominated estuary based on morphology and mean hydrodynamic conditions. However, the
estuary was only partially mixed during both the wet and dry seasons. The tides propagated
asymmetrically and hypersynchronously, with flood dominance during the dry season and ebb
dominance during the rainy season. Seasonal variations of the ARP did not significantly affect
the hydrodynamic structure of the lower Gurupi estuary. Estuarine turbidity maxima (ETM)
were observed in both seasons, although the increase in fluvial discharge during the wet season
attenuated and shifted the ETM seaward. Little sediment was delivered to the estuary by the
river, and the SSCs were higher at the mouth in both seasons. Sediment was strongly imported
during the dry season by tidal asymmetry. The morphology, hydrodynamics, and sediment
dynamics all highlight the importance of considering both fluvial discharge and coastal

influences on estuaries along the Amazon coast.
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1. Introduction

Rivers are the most important agents for transporting sediments to oceans [1,2]. The
Amazon River is the largest sediment source to the ocean [3], carrying a load of about 1.2 x 10°
t.yr* of sediments [4]. The Southeastern Amazon Coastal Zone (SACZ) is nearly 8000 km?
and it stretches along approximately 480 km and covers the Brazilian states of Para and
Maranh&o [5]. There are more than 20 tide-dominated estuaries in this region, where large
amounts of mud were deposited during the Holocene [6-8]. However, these numerous, small
Amazonian rivers do not contribute significantly to the sediment supply to the Atlantic Ocean
because they carry a low SSC. These rivers are often called “blackwater rivers” because of the
high levels of dissolved organic matter [9].

The transport and fate of sediment carried by these rivers is influenced by estuarine
processes. The tidal range and fluvial discharge are fundamental controls on estuarine
processes, influencing the primary production, tidal wave propagation, estuarine turbidity
maxima (ETM), salinity intrusion, and estuarine circulation [10-15]. The size of the drainage
basin has a large impact on the timing and magnitude of fluvial discharge [6,16].

The Amazon River Plume (ARP) also influences the estuaries in the SACZ, especially by
supplying fine sediments [6,17,18]. The surface area of the ARP reaches 1.5x10% km? and
extends into the western tropical North Atlantic [19-21]. However, studies have shown that the
ARP can also extend northwestward, penetrating approximately 100 km into the North Atlantic
[17,19,22,23].

The Gurupi estuary is a large tide-dominated estuary in the eastern sector of the Amazon
coast. This estuary provides an excellent opportunity to study the influence of river flow and
the ARP on the hydrodynamics and morphodynamics of a macrotidal system. Re- cent research
has been conducted on sediment dynamics and tidal propagation [6,18,24,25]. This study will
evaluate how the large catchment area and high river discharge affect the hydrodynamics and
morphology of the Gurupi River estuary. Additionally, we investigate the seasonally varying,

fine-sediment contribution from the Amazon River Plume.

2. Study Area
The Gurupi estuary is a blackwater river [9] located between 1°3'50” S and 1°51'50” S
and between 45°57" W and 46°21' W in the SACZ (Figure 1). The Gurupi estuary is
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characterized by widely developed mangrove forests [5], which cover an area of 1333.97 km?2.
The main mangrove vegetation species are Rhizophora mangle (L.), Avicennia germinans (L.),
and Laguncularia racemosa (L.) Gaertn. f. [5,25-27]. Additionally, in this sector, the coastal
plateau can be found farther inland, including inactive bluffs, as the coastal plain prograde

seaward during Late Holocene [5].
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Figure 1: The location of (a) South America, (b) the Amazon Coastal Zone, and (c) the Gurupi River estuary, with
sampling points.

The Gurupi River basin covers an area of 35,200 km? [7] and the river is approximately
700 km long [28]. The hydrographic basin area and the river profile have low relief, with
elevations less than 100 m [29]. However, in the headland area, the elevation exceeds 450 m
because of the Gurupi Mountain Range. The basin topography, geology, and hypsometry may
contribute to the sediment production and erosion in the coastal zone. Though, the relatively
minimal relief reduces the transport potential.

The region’s climate is classified as hot and humid equatorial, with the rainy season from

January to August, and the dry season from September to December. The climate is influenced
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by the variations in the position of the Intertropical Convergence Zone (ITCZ). The rainy season
occurs when the ITCZ moves toward the coastal areas of the Maranhdo, Para, and Amapa states.
In contrast, during the dry period, the ITCZ moves toward the Northern Hemisphere [7,30,31].
The average annual precipitation varies between 2.3 and 2.8 m [32]. The mean flow rate of the
Gurupi River is 472 m3.s™!, and the flow rate is estimated to be approximately seven times
greater in the rainy season than in the dry season [18,33]. The mean discharge over a 10-year
period (2005-2014) was 161 m*.s™* in November, and 1137 m®.s7* in April [34]. The maximum
tidal range is 5.6 m (in this study).

3. Materials and Methods
3.1. Fixed Instruments

The water levels were obtained using tidal gauges of the Onset/HOBO® (Bourne/MA—
USA) U20-002-Ti model pressure sensors sampling at 1 Hz. These tidal gauges were installed
at five points along the estuary, with approximately 20 km of spacing between locations (Figure
1c). The instruments were deployed in both the dry and rainy seasons to identify the propagation
and deformation of the tide during low and high fluvial discharge. The location of the tidal
gauges differs within the seasons, as tides propagate farther during the dry season. The tidal
gauges were installed during the first day of the campaign and removed on the last day to ensure
complete tidal cycle records.

3.2. Boat-Based Longitudinal Surveys

Bathymetric data were collected along the estuary during the rainy (i.e., May 2012) and
dry (i.e., November 2012) seasons, to examine the bottom morphology and calculate the cross-
sectional areas. Data were collected from a small boat, using a Furuno® 4100 echo sounder, a
Global Positioning System (GPS) device, GPSmap 60CSx model from Garmin®, and a
notebook.

Longitudinal surveys of hydrodynamic and sedimentology aspects along the Gurupi
estuary were conducted during the rainy (April) and dry (November) seasons to capture
seasonal variability. Vertical profiles in the water column were collected using a Sea and Sun
model 90M CTD probe (conductivity, temperature, and depth), which was additionally
equipped with a Seapoint® bulkhead turbidity sensor. The water column profiles were
approximately 5 km apart, totaling 21 measurement locations (Figure 1c).

The suspended sediment concentration (SSC) was estimated by collecting water samples

using a Niskin sampler at ~30 cm below the surface. Sampling was performed simultaneously
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with CTD casts. The water samples were stored in plastic bottles, and the SSC was determined
through filtration, using a vacuum pump and glass fiber filters with 44 mm in diameter with 0.6
pum porosity [35]. The turbidity values were related to the SSC using a large dataset of samples
(~180 casts/samples), including other neighboring estuaries ac- cording to [15]. This resulted
in a quadratic polynomial correlation between calculated SSC from physical samples and
measured FTU from the CTD casts (SSC (g.L™!) = 0.0000008 (OBS)? + 0.0006 (OBS) +
0.0221), R? = 0.805). This equation was used to convert turbidity into SSC [18].

3.3. Boat-Based Transversal Surveys

Flow and current velocity data were measured using an Acoustic Doppler Current Profiler
(ADCP) model workhorse monitor (1200 kHz) Teledyne®. A single transect was occupied ~20
km from the coastal line during the rainy and dry seasons (Figure 1c). The vessel traversed the

transect every 30 min for a 13-hour period to capture the tidal cycle.

3.4. Data Processing

The morphology was analyzed using bathymetric data, Landsat 5 TM satellite imagery,
and SRTM (Shuttle Radar Topography Mission) data to establish the watershed boundaries and
water pathways. These datasets were integrated using Surfer 13 (Golden Software,
Golden/CO—USA) to construct a digital elevation model (DEM). Subsequently, bathymetric
and topographic profiles were extracted, and the area and volume were calculated. Longitudinal
survey data were analyzed using SDA Sea & Sun Technology GmbH (Trappenkamp,
Germany), Microsoft Excel, Grapher 12, and Surfer 13 software. Transverse survey data were
processed using the WinRiver 1l softwares.

The residual fluxes of sediment and water were estimated following [2,36]. Since the
cross-sectional area varies with the tide, a sigma coordinate was used to replace the depth with
values between 0 at the surface and 1 at the bed (¢ = z/h) [2,36,37]. The SSC transects were
linearly interpolated using the CTD profiles. The residual flux was calculated by assuming the
following:

F = (J ucdA), (1)
where u is the velocity, c is the concentration (suspended sediment or salt), dA is the cross-
and concentration vary across-channel (y), vertically (o), and temporally (t). The transect-wide

fluxes were calculated from the salinity and turbidity values, measured by the CTD, and
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assigned to ADCP ensembles according to [36,38]. Temporal and spatial data gaps were filled
using linear interpolation.
For the residual flux of sediment, missing values were estimated by cubic interpolation

of SSC. The residual flux was decomposed following [2,36,39], by assuming the following:

F == u0COA0 +fu1C1dA0 + <f u2C2dA> = FR + FE + FT, (2)
(J uda) (J cda) (udA) (cdA)

Uy = ZO Co = ;0 12270_ 0 1=Z_AO_ 01 (3)

Uy =U— Uy — Uy C; =C— Cy — Cq, 4)

where Fy is generally interpreted as river advection, Fg is generally interpreted as estuarine
exchange flux, and F; is the residual term containing other processes such as tidal pumping,
local erosion, and deposition.

The estuarine circulation and salinity structures were classified using the parameterization
proposed by [15], also applied in [36,38]. According to [15], this parameterization allows the
classification of estuaries using the principal forcing variables, the tidal velocity, and the
freshwater flow. This classification relies on the freshwater Froude number and the Mixing
number. The freshwater Froude number represents the fluvial forcing (freshwater input) and is

calculated as follows:

Ur

Frr = Togsm ()
where Uy, is the river velocity, B is 7.7 x 10~* (8 = coefficient of salinity), g is the gravitational
acceleration, S is the oceanic salinity, and H is the water depth. The Mixing number (M)

describes the tidal forcing (vertical tidal mixing) and is calculated as follows:

2 _ CpUf
= oo, (6)

where C,, is the drag coefficient, U is the tidal velocity, w is the tidal frequency, and N, is the
buoyancy frequency from the maximum top-to-bottom salinity variation [15,36,38]. The drag
coefficient was calculated according to [40].

3.5. Statistics Analyses

Additional statistical analyses were used to determine whether there were significant
differences between the seasonal data of salinity and SSC from the two sample groups (April
and November). The analyses were performed in the R software by applying the VVegan and
ggplot2 packages [41-43]. The normality of all data were checked using the Shapiro-Wilk test.
As the data were non-parametric and unpaired, the Mann—Whitney U test was used [44—46].
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For both tests, the Shapiro—Wilk test and the Mann—Whitney U test, a significance level of 95%
(p-value = 0.05) was adopted for the analysis.

4. Results
4.1. Estuarine Morphology

The Gurupi is a typical coastal plain estuary, presenting a funnel-like lower estuary, with
tidal meanders along the middle sector and progressively narrowing upstream. Mangroves
border the estuary longitudinally from the middle sector to the lower sector. The Gurupi is
relatively shallow, with an average depth of ~6 m (Figure 2), reaching 13 m near the mouth
(see profile 1 in Figure 2).
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Figure 2: Bathymetric profiles showing the morphology of the Gurupi estuary. The red lines show the location of
the transect. The green line shows the variation of the cross-sectional area along the estuary. Seasonal bottom
morphology changes are not considered.

The bottom morphology and depths vary along the estuary with the formation of W-
shaped channels in areas such as profiles P1 to P6, P10, and P11 (Figure 2). Additionally, a V-
shape cross-section is observed on the upper estuary (P15-P22). No substantial seasonal
morphological changes were observed. However, the seasonal river flood results in deeper
waters in the upper estuary, whereas the water level might increase by ~3 m during the rainy
season. This resulted in an apparent morphological difference (comparison of Figure 3a,b with
Figure 3d,e). Additionally, these profiles may not follow the precise thalweg, resulting in
apparently different profiles for each season.
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Figure 3: Longitudinal variation of salinity and SSC during the rainy (a—c) and dry (d-—f) seasons (modified from

[18]). The dashed line represents the location of the cross-sectional profile with ADCP. Notice that the location of
the cross-section profile is the same for both seasons.

4.2. Suspended Sediment Concentration and Salinity

Suspended sediment concentration (SSC) and salinity were higher near the mouth.
However, values were seasonally different. During the rainy season, SSC values ranged from
0.17 g.L "1 t0 0.03 g.L %, from the mouth to the head of the estuary. Furthermore, the greater SSC
values were recorded near the mouth and a concentration of 0.04 g.L* was consistently recorded
along the middle and upper estuary. The observed salinity varied between 5.4 in the lower
estuary to ~0 at ~30 km (Figure 3a—c).

During the dry season, the SSC values were substantially higher than in the rainy season,
ranging from 0.34 g.L* to 0.28 g.L™%. During the dry season, increased SSC was observed along
most of the estuary, and a lesser SSC was only observed at ~51 km from the mouth. As
expected, the salinity levels were higher during the dry season than in the rainy season. The
maximum salinity was 25 and reached ~0 at 40 km from the mouth (Figure 3d—f). Variations
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of salinity and SSCs were greater in the lower sector of the Gurupi estuary (until ~30 km from
the mouth).

The Mann-Whitney U test was used to check if these seasonal variations were significant.
Regarding salinity, the Mann—Whitney U test showed a significant seasonal difference (W =
9.5; p-value = 0.02978). These variations were expected due to the reduction in rainfall and
river flow during the dry season, which directly impacts the salinity. The SSC also differed
between the dry and rainy seasons (W = 3; p-value = 0.01515). Local fluvial waters have a low

SSC, and increased fluvial discharges result in SSC dilution.

4.3. Tidal Patterns in Estuary Fluxes

The instantaneous fluvial discharge was also compared to the current velocities and net
residual discharge. During the rainy season, the maximum values of total discharge during the
flood and ebb phases were 6863 m3.s™ and 4435 m3.s?, respectively. The maximum values of
current velocity during the flood and ebb phases were 0.95 m.s™ and 0.76 m.s™, respectively
(Figure 4a).
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Figure 4: Hydrodynamics in the cross-sectional area comparing the discharge (red line) and the current velocity
(blue line), during the rainy (a) and dry (b) seasons. The black line shows the water level variation.

During the dry season, the maximum total discharge was greater during the ebb (5647
m3.s1) than during the flood phase (5505 m3.s). The maximum current velocity was 0.84
m.s™ and 0.93 m.s! during the ebb and flood phases, respectively (Figure 4b).

Vertical (surface—bottom) variations of salinity and SSC were observed in both seasons
with greater values near the bottom for both variables. As expected, the salinity level was
consistently greater during the dry season. At the transect locations, thew salinity values were
close to zero during the rainy season and reached 14.5 during the dry season. For the dry season,
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variations along the tidal cycle follow the expected pattern of higher values during the flood, in
comparison with the ebb phase (Figure 5b). For the rainy season, there was a small peak of
salinity (i.e., 1.09) during the beginning of the ebb, which is associated with the flushing of
large mangrove areas with salt-rich sediments (Figure 5a). Further, surface—bottom variations
were noticeable, especially during the dry season, when differences reach up to five between
the saltier bottom waters and the surface, during the onset of the ebb phase.

In contrast, the SSC was substantially greater during the dry season in comparison with
the rainy season, considering both cross-sectional and longitudinal measurements. The SSC
values were about 0.11 g.L™ at the surface and 0.24 g.L! at the bottom during the rainy season.
During the dry season, the SSC values were 0.20 g.L™* and 0.24 g.L* at the surface and bottom,
respectively (Figure 5).
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Figure 5: Hydrodynamics in the cross-sectional area comparing the salinity and SSC data during the rainy (a) and
dry (b) seasons. The blue line shows the salinity level at the water surface (solid line) and bottom (dashed line).
The red line shows the SSC data at the water surface (solid line) and at the bottom (dashed line).

4.4. Estuary Fluxes
4.4.1. Net Water and Sediment Fluxes

The net residual water and sediment discharges differed significantly between the
seasons. The ratio of river discharge (Q) (m®)/tidal cycle was 0.007 m®.s* (seaward) and —0.027
m3.s? (landward) during the rainy and dry seasons, respectively. The mean water flux led to a
positive flux gradient during the rainy season. However, during the dry season, the Gurupi

estuary showed a higher flux peak during the flood phase with a net landward flux (Figure 6).
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Figure 6: Water (blue line) and sediment (red line) fluxes for the Gurupi estuary during the rainy season (a) and
dry season (b).

The sediment flux for the rainy season ranged from —0.06 t.s™ to 0.21 t.s%, indicating
processes of importation and exportation, respectively. The mean sediment flux was 0.07 t.s*,
indicating net sediment export to the estuary. The sediment flux during the dry season ranged
from —0.49 ts? (import) to 0.46 t.s? (export). The mean sediment flux was —0.07 t.s,

indicating net sediment import to the estuary.

4.4.2. Sediment Flux Decomposition

The sediment flux decomposition shifted seasonally by one order of magnitude. During
the rainy season, the river advection (Fg), estuarine exchange (Fg), and residual tidal (Fr)
processes all led to an export of sediment. In contrast, during the dry season, the fluvial and
tidal processes drove the importation of sediments (Figure 7). The flux decomposition showed

that the estuarine exchange was the primary mechanism of transport for both seasons.
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Figure 7: Sediment flux decomposition for Gurupi estuary during the rainy (a) and dry (b) seasons. The first column
(black) represents the total sediment flux (F). FR, FE, and FT represent river flux, estuarine exchange, and tidal
residual flux, respectively.

4.5. Tidal Propagation

In the lower area of the Gurupi estuary, the tidal range increased as the estuary became
narrower toward its head. At the mouth, the maximum measured tidal range was 5.6 m and 5.1
m, during the rainy and dry seasons, respectively (Figure 8a,b). In the lowermost section of the
estuary, the water level and current velocities were relatively synchronous. With the tidal
propagation at the estuarine funnel, some amplification was observed during the dry season
(Figure 8b). Upstream of the Gurupi estuary, the river discharge becomes dominant, and the
tidal range was damped (Figure 8a,b), mainly due to frictional effects from the narrowing cross-
section (see tidal gauge T5—Figure 1). However, the river discharge is an important frictional
factor in the tidal propagation upstream, especially during the rainy season, resulting in a
stronger tidal attenuation (Figure 8a), in comparison to the dry season (Figure 8b).

The Gurupi estuary also presents an asymmetric pattern regarding the tidal phase
duration, with the ebb longer than the flood phase during both seasons (Figure 8c,d). However,
during the rainy season, the phase asymmetry is increased, due to the increased fluvial
discharge.
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Figure 8: Water level oscillation along the Gurupi estuary. Panels (a,b) show the oscillation during rainy and dry
seasons, respectively. Panels (c,d) show the longitudinal variation of tidal range and tidal phase duration during
rainy and dry seasons.

5. Discussion

Overall, the results place the Gurupi as a tidal-dominated estuary, where estuarine
exchange dominates sediment transport processes. The local fluvial discharge and ARP impact
the seasonal variations of flow and stratification, which control sediment import and export.

These competing tidal and fluvial processes are especially apparent during the rainy season.

5.1. ETM Formation and Implications for Sediment Dynamics
In tidal-dominated estuaries, fluvial suspended sediment transport and tidal processes
tend to form a zone referred to as Estuarine Turbidity Maximum (ETM), where the SSC is

greater [47,48]. The location, concentration, and size of the ETM will vary with the estuarine
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conditions. In the Gurupi, an ETM zone was observed in both seasons. During the dry season,
the ETM zone was located between 20-35 km from the mouth and the SSC was significantly
elevated, reaching up to 0.335 g.L* at the surface. However, during the rainy season, the ETM
zone shifted to 15-25 km from the mouth and the maximum SSC only reached 0.101 g.L* at
the surface. This compression of the ETM can be explained by the increase in river discharge
during the rainy season. The interaction between the tidal wave and the strong river discharge
compressed the ETM into the estuary. Similar behavior was observed in the Gironde estuary
[11,49], Colombia river estuary [11,50], Humber estuary [51], and Caeté estuary [6].

During this rainy season, low amounts of suspended sediment were being transported by
the Gurupi River, despite the large river discharge. In addition, the increased river flow and the
ebb-phase dominance inhibited the entry of sediments from offshore sources, especially the
ARP. Consequently, the SSC was generally lesser throughout the estuary during the rainy
season. The net transport of sediment through the Gurupi estuary remains unclear. The data
indicate that the Gurupi estuary could be importing suspended sediments during this period;
however, the concentrations and magnitude of the values observed were very low and are
therefore, within the margin of error.

Estuarine conditions were significantly different during the dry season, when the river
flow is ~7 times lower than during the rainy season. There was a greater contribution of
freshwater and sediment from offshore sources. Consequently, higher values of SSCs and an
expansion of about ~5 km of the ETM zone were observed, with a shift landward. We note that
in this period, the SSC peak of the ETM zone was landward of the point where the cross-
sectional profile was performed. There was a strong, net import of sediment, including a tidally
invariant landward flux (Fr in Figure 7b). Generally, this Fr term is associated with the net,
near-surface fluvial discharge [2,36]. However, in the Gurupi, this term demonstrates the
importance of the persistent supply of sediment from the ARP.

Overall, the seasonal patterns of SSCs were consistent with the ARP role in the SSC
dynamics and ETM formation. The ARP expands to the southeast shelf due to the prevailing
winds and the ITCZ seasonal migration [52]. Consequently, the SSC from the Amazon River
is carried into estuaries along the southeastern Amazon coast [6,18]. The data presented here
demonstrate that the ARP is also important for the Gurupi estuary. However, since the Gurupi
estuary is more than 400 km away from the Amazon River mouth, the seasonal ARP
fluctuations are less dramatic than those observed in estuaries nearer the Amazon River mouth,
such as the Mocajuba and even the Caeté [6,18,53].
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5.2. Estuarine Circulation

Estuaries can be classified based on the geomorphological aspects as fjords (deep
estuaries), drowned river valleys, bar-built estuaries, and rias, among others. However, the
shape of the along-estuary salinity gradient is an important driver of estuarine processes, and
this structure can also be used to classify estuaries [54]. The salinity and vertical stratification
are determined by the geomorphology, freshwater flow, and tides [55]. In this context, estuaries
can be classified as a salt wedge, weakly stratified or partially mixed, heavily stratified, and
well-mixed, based on the relative strength of tidal mixing versus freshwater discharge [56].

The Gurupi estuary is classified as partially mixed (Figure 9), which is consistent with
the observed structures. During the rainy season, the Mixing number (M) was 0.84 and the
freshwater Froude number (Frf) was 0.01. During the dry season, the values were 0.91 and 0.02
for the Mixing number (M) and freshwater Froude number (Frf), respectively. However, a well-
mixed classification would be expected for tide-dominated estuaries. In partially mixed
estuaries, the salinity is higher at the mouth and decreases upstream. Additionally, the vertical
layers of water mix at all depths, although the bottom layer is saltier than the top [57], as
observed in the Gurupi estuary (Figures 3 and 5). Although the estuarine circulation is partially
mixed based on the cross-sectional measurements (Figure 5), the salinity difference between
the bottom and surface is only apparent during the ebb. During the flood tide, the estuary is

rather well-mixed (Figure 3).
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Figure 9: The Gurupi estuary in estuarine parameter space (diagram following the classification of [15]). The blue
point represents the rainy season and the red point represents the dry season.

5.3. Comparison to Other Amazonian Estuaries

This investigation of the Gurupi estuary emphasizes the variability in estuaries within the
SACZ. The Gurupi estuary is one of the largest Amazon estuaries [58], and because of its
funnel-shape morphology, the presence of a W-shaped channel, and a rather wide and shallow
basin, the Gurupi estuary is comparable with the Caeté and Urumajo estuaries [6,18,25]. From
a morphologic perspective, the Gurupi is a typical tide-dominated estuary. However, the
hydrodynamics do not uniformly match those in other tide-dominated estuaries.

A comparison with other typical tide-dominated estuaries (equilibrium estuaries) along
the eastern sector of the Amazon coast was used to try to categorize estuaries along the Amazon
coast based on the relative tidal prism (tidal prism/total estuarine volume) versus the fluvial
discharge into the system (Figure 10). Based on recent investigations [6,18,24], it is considered
that typical tide-dominated estuaries (equilibrium estuaries) along the eastern sector of the
Amazon coast have tidal prisms between half and two-thirds of the total estuarine water volume.
For the SACZ, three estuaries have been considered as representative of equilibrium estuaries,
which include the Gurupi, Urumajé, and Caeté estuaries [18]. Using a linear relationship to fit
the data of river discharge and relative tidal prism (y = —0.0002x + 0.6738), an R-squared value
of 0.98 was obtained. It shows that during the rainy season, the channel (residual) estuarine
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volume of the Gurupi estuary overcomes the tidal prism, and during that period, the Gurupi
estuary is not a typical tide-dominated estuary. Globally, these findings show that large river
estuaries are subject to a critical balance between tidal prism and fluvial discharge, which
determine if the estuary is either importing or exporting sediments, whereas slight changes in
fluvial discharge, due to, for instance, climate changes or water uses, might change the balance

substantially.
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Figure 10: Correlation of relative tidal prism and fluvial discharge of the Gurupi estuary based on the seasonal
variations of fluvial discharge, in comparison to the Caeté and Urumajé estuaries (data from [18]). The red circles
represent the dry season, the blue circles represent the rainy season, and the black circles represent the mean river
discharge values. River discharge is represented in a logarithmic scale.

The dominant provenance (fluvial or marine) of sediments accumulated in macrotidal
estuaries can also be used to classify an estuary. When the accumulating sediment is primarily
sourced from the river the estuary is classified as a bypassing type, usually corresponding to a
river-dominated estuary. When the accumulating sediment is primarily sourced offshore the
estuary is classified a starve type, typically corresponding to a tide-dominated estuary [59]. The
Gurupi River provides a small amount of sediment, and therefore, it could not be referred to as
a river-dominated estuary. Instead, we refer to the Gurupi as a large river estuary. It was also
considered that with a similar physical setting, a fluvial discharge of ~2115 m®.s* would imply
a relative tidal prism as small as one-quarter of the total estuarine volume (Figure 10). In this
case, it was assumed that such a system would be classified as a tidal river.

The tidal propagation can also be used to compare and classify estuaries. When the tidal
wave propagates landward without significant changes in amplitude, the estuary is classified as

synchronous, for example, the Mocajuba estuary [18]. When the tidal wave attenuates
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landward, the estuary is classified as hyposynchronous, and an example is the Taperagu estuary
[18]. In the Gurupi estuary an effect of tidal amplification is observed, indicating
hypersynchronous behavior (Figure 5). The same effect was also observed in the Caeté [6,18]
and Urumajo estuaries [18,24]. This landward tidal amplification likely contributes to the
import of sediment in all of these ARP-influenced systems.

Another important aspect of tidal properties is phase asymmetry. Ebb—flood duration or
magnitude asymmetries are caused by the tidal wave distortion [60,61]. Shorter phases would
normally result in higher velocities and therefore, a higher sediment transport in that phase.
This is the case for the Gurupi estuary during the dry season, which exhibits an ebb dominance.
However, during the rainy season, current velocities were higher during the (longer) ebb phase,
reinforcing the large impact of the fluvial discharge. This pattern has not been documented for
other estuaries of the region, with smaller fluvial discharges. The morphology has a large impact
on the flood/ebb tidal asymmetry. Bottom friction promotes the tidal flood duration asymmetry,
while the accumulation of sediments promotes the tidal ebb duration asymmetry [61-64]. The
Gurupi morphology, which does not substantially change seasonally, promotes shorter flood

phases in both seasons.

6. Conclusions

This work demonstrates the complexity of estuarine morphology and hydrodynamics,
especially in a region dominated by the Amazon River Plume. The Gurupi is a shallow, coastal
plain estuary, with a typical tide-controlled morphology, which results in substantial
deformation of the tidal wave as it propagates upstream. Despite a macrotidal regime, the
Gurupi is classified as a partially mixed estuary due to estuarine stratification analysis [15].

Seasonal variation had a great influence on the dynamics of the Gurupi estuary. Al-
though an ETM occurred during both seasons, its location and concentration changed
significantly. During the dry season, the ETM moved landward, and the SSC was substantially
higher in comparison to the rainy season. The salinity and SSCs were substantially higher
throughout the estuary during the dry season, and as a result, reduced fluvial discharge resulted
in the concentration/accumulation of suspended sediments.

The large fluvial discharge associated with the estuarine morphology affected the current
velocities and the tidal phase duration. In both seasons, the Gurupi morphology promoted
shorter flood phases. However, the fluvial discharge during the rainy season resulted in higher

current velocities during the (longer) ebb phase. The estuarine exchange was the dominant
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driver of the net sediment flux in both seasons. The estuary imported suspended sediments,
though the net sediment fluxes were difficult to establish during the rainy season.

Overall, the results showed that the combination of sediment supply, hydrodynamics, and
morphology placed the Gurupi in a peculiar situation between river and tidal domination.
Although the high fluvial discharge affects the estuarine dynamics, it does not result in
substantial fluvial sediment input, whereas we suggest the term large river, tide-dominated
estuary. The partial stratification and seasonal ebb dominance of the flow are directly related to
the increased fluvial discharge and highlight the importance of freshwater input along the

Amazon coast and its large mangrove areas.
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Abstract

The mangroves, estuaries and inner continental shelf along the southeast Amazonian coastal
zone are interconnected by the Amazon River plume, resulting in large amounts of terrestrial
organic matter (i.e., carbon) mixing with those from marine sources. In this study, we aimed to
analyze the sedimentary and carbon dynamics in order to better understand the sources and
processes influencing the organic matter and carbon flux on the Amazon coastal zone, where
the most important river and the longest mangrove belt in the world are located. Surface bottom
sediment samples from three Amazonian estuaries and from the continental inner shelf were
collected and, the contents of total and organic carbon and nitrogen, including their isotope
ratios were analyzed. The estuarine samples are mostly muddy, poorly sorted, with more
negative 813C values as a result of the mangrove and terrestrial contribution. However, the
shelf samples are majority sandy, well sorted, presenting less negative 613C values, resulted of
the mangrove and marine planktonic carbon sources. The study area sectorization highlighted
the ARP contribution on the shelf samples, but also, pointed the geological and
geomorphological influence on the estuarine samples, especially considering the size of the
drainage basin and the morphological features. This study is only a first effort and future work
is needed to characterize the sedimentary organic matter and to better understand the carbon

dynamics in the Amazon coastal zone.

Key-words: Amazon River plume; mangroves; estuaries; continental inner shelf; surface

bottom sediment; carbon.
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1 Introduction

Estuaries acts as sediment and organic matter (OM) trapping from marine and terrestrial
sources, including the dissolved, colloidal, and particulate material (Thornton and McManus,
1994). In estuaries, the processes of inputs, exchanges, filtering, and processing of OM are
complex, selective, and dependent of the elements’ composition, but have great relevance to
understand the estuarine functioning and connectivity with marine and terrestrial ecosystems
(Allen 2017, Bouillon et al., 2012).

The carbon is one of the most abundant elements related to organic matter. Understanding
carbon dynamics is fundamental for the functional and structural comprehension of the
ecosystem (Martinelli et al., 1994). Thus, carbon isotopic ratios (C) are useful for identifying
the different sources of OM and the type of terrestrial plant (Meyers 1994). Cs plants have a
lighter isotopic composition (more negative), with 5'3C values between -24 to -38%.. C4 plants
have a heavier (less negative) isotopic composition, with §*3C values between -11 to -15%o.
Finally, CAM plants present similar values between Cs and C4 plants, with a wide range of
variation (Ferraz et al., 2009). In mangroves, §*3C values vary between -25 to 28%o (Bouillon
et al., 2008; Corréa et al., 2019; Lacerda et al., 1986).

In the marine environment, the OM produced by phytoplankton has §'*C values ranging
from -22 to -18%o (Meyers 1997). Furthermore, the mix between the marine and terrestrial
sources present a range of §*3C from -22 to -25%. (Pancost and Boot, 2004).

The 6N composition helps to identify the biogeochemical processes associated with the
formation of OM (Kumar et al., 2004). However, since the proportion of **N varies according
to the isotope fractionation during the processes of N> fixation, denitrification, nitrification and
nitrate assimilation, the identification of the sources based on §'°N is difficult in comparison to
the 513C method.

The carbon/nitrogen atomic ratio (C/N) a is also used to identify whether the sedimentary
OM present in coastal environments have a marine or terrestrial source (Guo et al., 2004; Usui
et al., 2006). The difference between sources is justified by the cellulose present in terrestrial
plants and absent in algae (Hedges et al., 1986; Meyers, 1994).

Investigating the provenance and distribution of the sedimentary OM in the Amazon
coastal area is particularly interesting because of the Amazon River, within the largest single-
source discharge of freshwater (206 x 10 m3.st) and sediments (1.2 x 10° t.yr?) into the Ocean
(Callede et al., 2010; Cohen et al., 2005; Meade et al., 1979; Milliman and Farnsworth, 2011).
Besides, the coastal setting includes the longest continuous mangrove belt in the world and

several tide-dominated estuaries (Asp et al., 2018; Souza-Filho et al., 2023, 2009) and large
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areas of mesophotic reefs along the outer continental shelf (Francini-Filho et al., 2018;
Mahiques et al., 2019; Moura et al., 2016).

The Amazon Forest, the mangrove-estuarine coast and the mesophotic reefs are
interconnected by the Amazon River plume (ARP), including large amounts of OM (i.e.,
carbon) and inorganic nutrients from terrestrial origin(Asp et al., 2022; Nittrouer et al., 2021,
Showers and Angle, 1986). The understanding of carbon sources and dynamics at this area is
fundamental for global assessment of carbon sequestration potential and global carbon stock
take.

In this study, we measured total and organic C, total N contents and their isotope ratios
in the surface bottom sediment from three Amazonian estuaries and the adjacent continental
inner shelf to understand the sources and processes that affect the dynamics of the sedimentary
organic matter on the Amazonian coastal zone, where several estuaries and enormous mangrove

areas are essential for the biodiversity, productivity, and carbon sequestration.

2 Material and Methods
2.1 Study area

The Amazon Coastal Zone (Figure 1) is a complex and highly energetic environment,
influenced by the association of trade winds, waves, currents, macrotidal regime and the
Amazon River, the largest freshwater discharge in the world (Asp et al., 2022; Beardsley et al.,
1995). The Southeastern Amazon Coastal Zone (SACZ) stretches along ~480 km, with a

mangrove area covering 7,600 km? (Souza-Filho et al., 2009).
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Figure 1: Study area location showing the samples location, the mangrove area, the Mocajuba, Caeté and Gurupi
drainage basins and some geological aspects of the area. The blue symbols represent the samples collected along
the shelf and the estuaries. The letter “S” means “shelf”, the “M” means “Mocajuba estuary”, the “C” means
“Caeté estuary” and the “G” means “Gurupi estuary”.

The SACZ has low relief, with an irregular coastline protruding seaward. The coastal
evolution in this region is a result of the sea-level changes during the Quaternary, the large
supply and reworking of fluvial sediments on the continental shelf (Souza-Filho et al., 2009).
Furthermore, this sector includes more than 20 estuaries and 30 catchment areas (Asp et al.,
2018; Souza-Filho et al., 2009), including the Mocajuba, Caeté and Gurupi estuaries,
approached within this study.

The Mocajuba estuary is located at 225 km from the Amazon mouth (Gomes et al., 2021,
Silva et al., 2023a). Its main characteristics are the peculiar morphology with rectilinear and
deep areas at the middle sector, and the estuarine circulation pattern resembling tectonic or fjord
systems (Silva et al., 2023a). The Mocajuba River has a drainage basin of 323 km?, with a mean
river discharge of 11 m®.s™ and estuarine length of 53 km (Gomes et al., 2021). During the
spring tides, the tidal range reaches more than 5 m (Asp et al., 2013; Gomes et al., 2021; Silva
et al., 2023a).

The Caeté estuary is a typical coastal-plain estuary, located at 369 km from the Amazon

mouth (Asp et al., 2018; Gomes et al., 2021), characterized by the funnel-shape morphology
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and tidal meanders at the middle sector (Asp et al., 2018). The drainage basin is 2,236 km?,
with a mean river discharge of 41.5 m®.s™® (Gomes et al., 2021).

The Gurupi estuary is located at 433 km from the Amazon mouth, being the largest and
furthest from the Amazon River mouth, in comparison to those previously described. The
drainage basin is 35,053 km?, with the estuarine length of 57.7 km and mean river discharge of
472 m3.s1 (Gomes et al., 2021). Although the Gurupi estuary is a coastal-plain, tide-dominated
estuary, its estuarine circulation showed a partially-mixed regime due to the high fluvial
discharge (Silva et al., 2023).

The area of the Amazonian inner continental shelf adjacent to the estuaries described
above was also investigated to compare the signatures of the local rivers (i.e., Mocajuba, Caeté
and Gurupi Rivers) with the marine sources, which include the load from the Amazon River, in
this case. This area is characterized by the massive water and sediment loads from the Amazon
and Paré Rivers, the action of trade winds, currents and macrotidal regime (Asp et al., 2022;
Castro & Miranda, 1998; Geyer et al., 1996; Nittrouer et al., 2021; Oltman, 1968).

In general, the region’s climate is hot and humid equatorial. The rainfall is strongly
influenced by the intertropical convergence zone (ITCZ), which, associated with the wind
pattern, also contributes to the Amazon River plume seasonal shift (Geyer et al., 1996; Nittrouer
et al., 1995). Nevertheless, from the west to the east, a dry season is progressively intensifying.
Whereas The Mocajuba River is located there is no dry season, a noticeable four months long
dry season is observed at the Gurupi River estuary area, where the rainy season occurs from

January to June, and the dry season from September to December (Moraes et al., 2005).

2.2 Methodology

The survey in the inner continental shelf was carried out using the Ciéncias do Mar 1l
research and education vessel from the Brazilian Ministry of Education, in February of 2022,
March of 2022, November of 2022 and May of 2023. In these occasions, a total of 22 bottom-
sediment samples were collected using a Shipek grabber (4 L internal volume), beside water
samples and vertical profiles of physic-chemical parameters of the water column. In the
estuaries, the surveys occurred in November 2022 (in the Mocajuba and Gurupi estuaries) and
December 2022 (in the Caeté estuary), totalizing 10 samples. In these cases, a vessel was not
required, as the access to the stations was facilitated by bridges and roads. The bottom-sediment
samples were collected using a stainless-steel Petersen grab sampler (5 L internal volume), at
the mouth, the convergence zone of transport and the head of each estuary, to check the

contribution of fluvial/continental and marine sources.
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In the laboratory, the sediment samples were desalinized, and treated with hydrogen
peroxide for oxidation and quantification of the OM. Afterward, the samples were analyzed
using a laser granulometer for grain-size distribution analyses. The particle size classification
included the textural patterns of sediments in terms of statistical parameters, i.e. mean, sorting
and skewness (Folk and Ward, 1957). The analysis was carried out using the Gradistat v9.1
software (Blott and Pye, 2001).

Sediment samples were dried by lyophilization (L101 Liotop ®). A fraction of each
sample was analyzed using a laser granulometer (Shimadzu SALD-3101) and the remainder
was sieved (steel mesh sieves with openings between <2.0 mm and <63um) for isotopic
analysis. The lyophilized sediment samples were added to granulometry, with a grain
absorbance limit of 0.05 (for sandy samples) for six minutes, being properly decontaminated
between each sample.

For total carbon (Ciota) and total nitrogen (Nwta) analyses, 10 mg of samples were
weighed in a tin capsule. To determine organic carbon, 10 mg of sample was weighed into silver
capsules and subsequently decarbonated with five additions of 25 pL of hydrochloric acid (2M
HCI). The additions were alternated with heating in an oven at 60°C for 30 minutes. Finally,
the samples were heated at 110°C for four hours to evaporate the HCI in a muffle furnace.

The analyzes of elemental (C and N) and isotopic (8*3C and §*°N) compositions were
carried out using the Flash 2000 Elemental Analyzer (Organic Elemental Analyzer - Thermo
Scientific), attached to the Conflo IV and Delta V Advantage interface (Isotope Ratio Mass
Spectrometer Thermo Scientific). Carbon and nitrogen isotopic compositions were determined
by conventional delta notation (8) in parts per thousand (%) according to the reference standard
material Pee Dee Belemnite (PDB) and atmospheric nitrogen, with detection limits of 0.05%
for carbon and 0.02% for nitrogen. The isotope ratio is obtained as described below:

Rsample

0/ — -
ONE %o [(Rstandard

> - 1])( 1000

where N is the heaviest isotope of element E (carbon and nitrogen) and R is the ratio of the
heaviest isotope to the lightest (**C/*2C and **N/**N) of these elements.

To estimate the contribution of the terrestrial influence on the sediment samples, we use
a linear two-source mixing model based on Corréa et al. (2019), Marques et al. (2017) and

Rezende et al. (1990), by assuming the following:

13 13
6 Csample -6 Cmarine
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where 53Csample is the isotopic composition in a given sample, §**Cmarine is the marine end-
member (-19.5%o) and the 8*Crerrestrial is the terrestrial end-member (-27.3%o), according to
Sommerfield et al. (1996) and Showers & Angle (1986). An underlying assumption of our
calculations is that there are only two main sources of sedimentary carbon: (1) the marine
source, controlled by the phytoplankton influence, and (2) the terrestrial source, controlled by
the rivers and mangroves influence.

The end-member analysis was performed by using the end-member unmixing algorithms
according to the BasEMMA method (Zhang et al., 2020, 2016). We assumed two to five end-
members, following the ¥4 phi grain size distribution, ranging from -1 to 14.75.

3. Results
3.1 Bottom sediment analysis

The samples collected in the adjacent inner continental shelf had substantially higher
percentages of sand, reaching 100% in most of them. However, four of the twenty-two samples
had a different composition, showing higher mud content instead (more than 50%). From the
location of the samples, it was possible to notice that the four samples were situated in areas
under the direct of the ARP influence, which justifies the higher mud content (Figure 2). Mean
grain size varied from coarse sand to silt.

Muddy sediments were predominant in the estuarine samples, with values above 50%,

except for two samples: 24M (from the Mocajuba estuary) and 32G (from the Gurupi estuary).
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Figure 2: Results of particle size analysis of the samples. The black, gray, and light blue columns represent the
percentage of sand, silt, and clay, respectively.

Skewness values varied from -0.66 to +0.50 in the samples shelf and from -0.65 to +0.58

at the estuaries (Figure 3a). Despite the large range of calculated skewness, most samples were
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classified as nearly symmetrical in relation to the grain-size distribution. Negative skewness
(Towards coarser grain sizes) showed the influence of high energetic conditions, as most of the
shelf samples, and samples located at (or near) the estuarine mouths. Positive skewness
(towards finer grain sizes) would indicate low-energy environments, within depositional trend.
However, the mixture of coarse-medium sand from the local rivers, fine to very-fine send from
the shelf, the additional contribution of mud from the ARP, and the trend of mud accumulation
in the middle sector of the estuaries due to transport convergence (Dalrymple et al., 1992; Asp
et al., 2018), produced an almost random pattern of skewness.

Sorting ranged between 0.35 and 2.13 for the shelf (Figure 3b), varying from very poorly
sorted (only one sample) to well sorted (most of the samples), highlighting the dominance of
sandy sediments in the area. For the estuarine samples, sorting values ranged from 0.51 to 2.08
(Figure 3b), varying from very poorly sorted (most of the samples were classified as poorly
sorted) to moderately well sorted (only one sample), showing the mixing between different
grains populations. This encouraged further investigation, including end-member analysis.

Scatter plots combining mean grain size, skewness and sorting are also useful to
understand the sediment dynamic. Samples that present fine skewness (positive) were also

classified as poorly sorted, while coarse skewness (negative) were related to well sorted

samples.
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Figure 3: Plots showing the textural parameters of sediment. Scatter plots of (a) mean grain size versus skewness,
(b) mean grain size versus sorting and (c) skewness versus sorting.

3.1.1 End-member analysis of bottom sediments
Results from the end-member analysis showed three populations of grains (Figure 4d),
with modes at 1.5 ® (end-member 1), 2.25 ® (end-member 2) and 5.75 @ (end-member 3). First
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end-member population represented the medium sand class (Figure 4a), evidencing the
influence of sand waves in the most offshore station, but also the influence of the rocky outcrops
at the Para Platform (especially at the 12S sample). Additionally, the Gurupi River estuary
samples are also representative of this population. For this case, it is important to remark that
the Gurupi River does not transport large quantities of suspended sediment (fine sediments),
and is located far from the Amazon River mouth. Besides, its mighty discharge during the rainy
season (over 2,000 m3.s) and the presence of cratonic portions in the distal portion of its basin
(Figure 1) can certainly provide the estuarine area with some coarse sand.

The end-member 2 represents the fine sand class (Figure 4b), expected to most of the
shelf samples. Posteriorly, as a result of the currents and waves reworking, very-fine sand will
be winnowed from these sediments and transported from the shelf to the estuaries. Estuarine
samples collected at the superior portions of each estuary also presented a high content of fine
sand, which could be associated to the low-gradient local rivers.

The end-member 3 is a representative of the medium silt class (Figure 4c). Samples
located near the Marajo Island, under the ARP influence, presented the higher mud content and
a transition from fine sand to medium silt was noted between the shelf samples (from the 1S to
7S). The estuarine samples located between the middle and the low portions also presented
higher mud content, due to the transport convergence, resulting in turbidity maximum zones’

formation (Asp et al., 2018; Gomes et al., 2020).
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Figure 4: Results of the end-member analysis. Plots (a), (b) and (c) evidence the contribution of the end-member
on each sample. Plot (d) show the relative contribution of the three identified end-member populations.

3.2 Total carbon, organic carbon and total nitrogen concentrations

Total carbon concentration varied from 0.07% to 4.04%, considering all samples from
the shelf to the estuaries. Even though the higher concentrations were located at the middle and
lower portions of the estuaries, the sample 11S, located at the shelf, presented the highest total
carbon concentration (4.04%). Regarding the organic carbon concentration, the values ranged
from 0.03% to 2.69%, however, in this parameter, the Mocajuba estuary (26M sample)
presented the highest concentration (Figure 5).

Total nitrogen varied between <0.02% to 0.28% considering all samples collected.
Similar to the total carbon concentration, the highest total nitrogen concentrations occurred in

estuaries, more specific at the Caeté estuary (27C sample).
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Figure 5: Correlation between the Corg (%) and the Ntotal (%). The blue and green points represent the shelf and
estuarine samples.

3.3 Isotopic composition and atomic ratio C/N(a)

The average §*3C value of shelf samples was equal to -25.03+1.4, ranging from -22.22%o
to -27.34%o, while for the estuarine samples the average §'3C value was -26.72+1.8, ranging
from -23.40%o to -30.09%o (Figure 6a). Regarding the *°N, for the shelf samples, the average
SN value was 3.38%0+0.6, varying from 1.94%o to 4.79%.. For the estuarine samples, the
average 8°N value was 3.46%020.8, varying from 2.12%. to 4.90%o (Figure 6a). The results of
the atomic ratio C/N(a) varied from 4.46 to 16.57 in the shelf samples. Regarding samples from
estuaries, the variation was 3.63 to 19.83 (Figure 6b).

Considering the data presented, the nitrogen isotopic composition and the atomic ratio
C/N(a) did not act as adequate indicators of sedimentary organic matter, however they are
useful to indicate the marine contribution in the bottom sediments of the data collected in all
areas. Accordingly, the 5'3C isotopic composition was the better indicator of the sedimentary

organic matter source.
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Figure 6: Relation between isotopic composition data and atomic ratio C/N(a) of surface bottom sediment samples
collected in the shelf and in the estuaries. (a) Plot of §'3C vs. C/N(a). (b) Plot of 5'3C vs. §'°N. The blue and green
points represent the shelf and estuarine samples collected. The red, green, yellow, and blue rectangles represent
the terrestrial, mangrove, mix and marine classification.

4. Discussion
4.1 Dynamics of terrigenous sediments

Considering the results of the inorganic fraction of sediments, the granulometry and
especially the end-member analysis, we noticed two important sedimentary contributions: one
from the continental inner shelf and one from the ARP. Both of them guaranteed relevant
insights to the sediment dynamics along the Amazon coast, including the adjacent shelf and
estuaries. Additionally, results showed that local rivers are, in general, not major sedimentary
contributors for the estuaries. On the other hand, size matters in this case, where a river as big
as the Gurupi is capable of influence the terrigenous and organic sedimentary provenance of
the estuary and contiguous inner shelf.

Fine sand is derived from the Amazon continental shelf, marked by sand waves (Milliman
et al., 1975). Additionally, it is known that the Amazon River discharges over one billion tons
of fine sediments per year on the continental shelf, so the medium silt found at the samples
reflects the ARP influence (Gibbs, 1976; Meade et al., 1985; Nittrouer and DeMaster, 1986).
Previous studies suggested that the sand and mud found in the Amazon shelf are relict,

deposited by the Amazon River during the low sea level (Milliman et al., 1975).

4.2 Correlation between carbon isotopic compositions and the geology of the SACZ
The SACZ is a highly energetic environment, presenting peculiar and complex

geological, geomorphological, and hydrological features which includes geological faults, large
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sediment supply, macrotidal regime, strong seasonal variations in rainfall and discharge
(Nittrouer et al., 2021; Asp et al., 2022, 2018). These aspects may vary as a result of the
combination of factors acting, which increases the complexity of the area. Based on the §'°C
data and considering the distance of the Amazon River mouth, the study area was divided into
three sectors/subsctors to better understand the '3C signature along the SACZ (Figure 7).

The sector one (1) was named “Plume” includes 8 of 22 shelf samples, all of them located
less than 280 km off the Amazon River mouth. The samples values of &3C ranged from -
23.56%0 to -27.34%o. Although these values are within the typical interval for mangroves
(Figure 7), they are in general more negative than inner shelf samples of sectors 2.1 and 2.2.,
which would be the result of a stronger terrestrial contribution to a marine area, as a result of
the input of fine sediments from the ARP.

There is a trend, as expected, of increase of 5'3C seawards, as a reduction of terrestrial
influence. However, the sample 2S had the less negative value of §!3C, overcoming the value
of sample 1S, which is even further seaward, and being classified as “mix source” since the
marine influence is more significative (Figure 7). This might be related to ecological aspects of
the area, where the occurrence of mesophotic reef organisms has been well-documented in the
area, especially in the outer shelf (Francini-Filho et al., 2018; Moura et al., 2016) and samples
2S and 1S are at the transition area of turbid waters of the ARP to the areas where mesophotic
organisms might thrive (Asp et al., 2022; Omachi et al., 2019). The eventual presence of
mesophotic reef organisms at sample 2S (but not at sample 1S), and the short to middle-term
shifts of the ARP edge in this area might explain the difference of sample 2S, in comparison to
1S.

This sector is under direct influence of the suspended sediment provided by the ARP. It
has been demonstrated that the ARP has a seasonal behavior directly related to the wind
direction and intensity. This seasonal variation affects the freshwater volume and the structure
of the plume, especially its direction of expansion. From January to May, the ARP expands to
northeast, since the winds are perpendicular to the coastline. However, from June to December,
the ARP is dislocated to northwest, and the winds direction are parallel to the coastline (Geyer
etal., 1996).

Sector two (2) is characterized by the longest continuous mangroves belt of the world.
Based on the geological and geomorphological aspects of the eastern sector of the Amazon
coast, this sector was divided into two subsectors: (2.1) Para Platform and (2.2) Braganca-Viseu
marginal sedimentary basin (Figure 7). This subdivision followed the sectorization of the
Macrotidal Mangrove Coast of Amazon (CMMA), proposed by (Souza-Filho, 2005).
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The subsector 2.1 correspond to the Para Platform and is characterized by the narrow
areas of coastal plain and mangroves (mangrove-fringed estuaries), the presence of cliffs
formed by Neogene sediments and sedimentary rocks from the Barreiras Group and Pirabas
Formation (Souza-Filho, 2005). Despite the relative tectonic stability, this sector includes the
reactivation of normal faults (Rossetti, 2001) that substantially affect the geomorphology and
therefore the hydrodynamics and sedimentology of the estuaries located in this area, especially
the Mocajuba River estuary (Gomes et al., 2021; Silva et al., 2023).

Recent studies have shown that the Mocajuba estuary has its morphology and
hydrodynamic controlled by neotectonics events since the Neogene (Silva et al., 2023; Soares
Junior et al., 2010). Following theses geological characteristics, the Mocajuba estuary samples
were the only estuarine ones grouped in the 2.1 subsector, as expected. Its geomorphology (i.e.,
deep channel, large accommaodation space) and the proximity to the Amazon River mouth result
in an efficient trapping of sediments from the ARP into the estuary. In turn, the adjacent inner
shelf is marked by slightly uplifted areas and Neogene outcrops, resulting in the practical
absence of accommodation space for ARP sediments, despite its influence in the water column.
These suspended sediments are actually sucked into the estuaries, such as the Mocajuba,
whereas at the inner shelf the 3C signal is quite marine (samples 11S and 12S).

The subsector 2.2 corresponds to the Braganga-Viseu marginal sedimentary basin. This
sector includes all the samples from the Caeté and Gurupi estuaries, and the shelf samples from
13S to 22S. Further, some remarkable results are observed for the Gurupi estuary, which is far
from the direct influence of the ARP. Samples 31G and especially 32G showed relevant
terrestrial input of carbon, which must be related to the Gurupi River itself. In fact, Silva et al.
(2023b) have demonstrated that the Gurupi River discharge during rainy season must be placed

in a distinct category, in comparison with Caeté and Mocajuba estuaries.
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Figure 7: Correlation between the §*3C data and the distance from the Amazon River mouth. The blue and green
points are the shelf and estuarine samples collected. The red, green, yellow, and blue rectangles represent the
terrestrial, mangrove, mix and marine ranges values.

4.3 The contribution and quantification of different sources of sedimentary carbon

In order to better understand the source and dynamics of the sedimentary carbon in the
Amazon costal area, the terrestrial influence was calculated using the two sources mixing model
(Figure 8). Based on the results, we also correlated the values with the classification proposed
by Bouillon et al. (2008), Martinelli et al. (1994), Meyers (1997) and Pancost & Boot (2004) .
The data varied into four classes: marine, mixed, mangrove and terrestrial sources, grouping all
samples collected from the shelf and estuaries.

The “mangrove” and “mixing of terrestrial and marine planktonic carbon” were the
mainly sources of the §*3C for the shelf samples. Sample 9S showed a more negative 5'3C value
(-27.34%o), resulting from the higher influence of the mangrove source. Besides, according to
the granulometric and end-member analyses, the percentage of mud in these samples is also
higher (~75%), which is unexpected since other samples from the near area are mostly sandy.
Furthermore, sample 11S was also consistently different, presenting the less negative §**C value
(-22.22%0) because of the more effective marine influence, increased by the mix between the

marine and terrestrial sources.
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The estuarine samples presented more negative values of 513C as a result of the mangrove
and terrestrial contribution. Although the mangrove influence was expected to be high, three
samples did not follow this pattern: 24M, 32G and 28C.

The samples 24M (from the Mocajuba estuary) and 32G (from the Gurupi estuary)
presented §*3C values of -30.09%o and -28.69%o, respectively. The terrestrial influence in both
samples reached 100% mainly because of their location, at the superior portion of the local
rivers, where the terrestrial/continental forcing is basically the only one influencing the
sedimentary composition.

The sample 28C (from the Caeté estuary) showed &!3C values of -23.40%o, characterizing
a “mix” source. For this case, the seasonal variation had a high influence on the §*3C data, since
the sample was collected during the dry season, when the Caeté river discharge was low,

increasing the marine forcing into the estuary.
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Figure 8: Terrestrial contribution based on the two source isotopic model. The blue and green points are the
samples collected. The red, green, yellow, and blue rectangles correspond to the terrestrial, mangrove, mix and
marine sources ranging values.

5 Conclusions

The present study analyzed the sediments sources and distribution in three Amazonian
estuaries and the adjacent continental inner shelf, by using carbon and nitrogen contents,
including their isotopic ration for the organic fraction. For the terrigenous fraction, we used
especially end-member analysis. Despite the challenges that must be overcome, the carbon

isotopic composition is a useful tool for the sediment dynamics comprehension.
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Our sedimentary study shows that samples collected in the inner shelf are mostly sandy,
fine skewness and well sorted. The estuarine samples presented higher mud content, even
though the sorting degree were mostly classified as poorly sorted. The end-member analysis
showed three populations of samples represented by medium sand, fine sand, and medium silt.

Samples values of 3'3C ranged between terrestrial, mangrove, and mixing of terrestrial
and marine planktonic carbon. The study area was divided into three sectors/subsectors
according to the carbon isotopic data and the geomorphological characteristics. Sector one is
under the ARP influence, while sector two is characterized by the large mangrove belt.
Mangrove and the mixing of terrestrial and marine planktonic carbon were the mainly sources
of the §'3C for the shelf samples. However, the estuarine samples presented more negative
values of 8'3C as a result of the mangrove and terrestrial contribution.

Furthermore, this study showed the relevance of the local geomorphology for the
accumulation of OM and deposition of terrigenous sediments. For one side, subsector 2.1
showed antagonic patterns for the estuaries, where deep channels contribute substantially for
accumulation of organic matter of terrestrial (ARP) origin, in relation to the inner shelf, where
the almost absence of accommodation space hinders the deposition of these fine-grained, OM
loaded sediments, including the ARP. On the other hand, it was showed that the Gurupi River
Is big enough to effectively contribute for both, organic and terrigenous sediments for the
associated estuary and even the contiguous inner shelf.

This study is only a first effort and future work is needed to characterize the provenance
of the sediment to better understand the Amazon coast and its large mangrove areas. This
certainly should include provenance studies of the terrigenous sediments, which is already in

curse by our research group.
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CAPITULO 7 CONSIDERACOES FINAIS

Nesse trabalho, os estuarios amazonicos foram investigados sob o ponto de vista
hidrodinamico, morfodindmico, sedimentoldgico e biogeoquimico. Mesmo compondo a zona
costeira amazonica e compartilnando similaridades entre si, especialmente o regime de
macromarés, cada um dos estuarios apresenta aspectos Unicos que os tornam singulares e
interessantes de serem estudados.

O estuario do rio Mocajuba, com menor bacia de drenagem e mais préximo da foz do rio
Amazonas, tem a hidrodindmica e morfologia fortemente influenciadas pela geologia local. O
estudrio estd inserido na Plataforma do Para, &rea caracterizada pelas estreitas areas de planalto
costeira e manguezais, falhas tectonicas reativadas como falhas normais durante o Neogeno. O
controle estrutural resulta em areas com elevadas profundidades (acima de 30 m), curso
retilineo nas por¢Ges média e inferior, propagacdo de maré simétrica e baixas velocidades de
correntes.

A influéncia da morfologia também foi observada nos resultados de circulagdo estuarina,
classificando o Mocajuba como um “estuario profundo”, com dindmica similar a um fiorde. A
classificacdo estuarina leva em consideracao tanto a morfologia quanto o regime de maré, desta
forma, mesmo sendo um estuario profundo, a turbuléncia causada pelo regime de macromarés
¢ intensa o suficiente para causar mistura na coluna d’agua.

Outra caracteristica importante deste estuario, é a auséncia da formacdo da ETM devido
as condi¢des hidrodindmicas e morfologicas estarem “desequilibradas”, como os elevados
valores de salinidade e profundidade, bem como, baixa concentracdo de sedimentos em
suspensdo na porcao média do estuario. A localizacéo geogréfica do estuario, proximo a foz do
rio Amazonas, garante que a foz do estuario do Mocajuba esteja constantemente sob direta
influéncia da ARP. A variacdo sazonal da ARP causou uma variacdo significativa na
concentracdo de sedimentos em suspensdo no estuario, especialmente na porcéo inferior.

O estuério do rio Caeté foi abordado no presente trabalho como um “estuario modelo”
devido a grande abrangéncia de estudos ja realizados, incluindo aspectos hidrodinamicos,
morfoldgicos, sedimentoldgicos e biogeoquimicos. O estuario do Caeté é um tipico estuario de
planicie costeira, dominado por marés, com tamanho intermediario de bacia de drenagem
(quando comparado com os demais estuarios da presente Tese), margeado por manguezais,

inserido na Bacia Braganca-Viseu.
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O estuério do rio Gurupi apresenta a maior bacia de drenagem e esta mais distante da foz
do rio Amazonas (em comparacdo aos estudrios descritos anteriormente). A morfologia
estuarina reflete as caracteristicas de um tipico estuario de planicie costeira, dominado por
maré, com formato afunilado na foz e meandros nas por¢6es meédia e superior. Contudo, a
elevada vazdo fluvial é principal forcante que controla os aspectos hidrodindmicos e
sedimentoldgicos do estuario.

Os principais reflexos da descarga fluvial na hidrodinamica do estuario foram observados
na circulacdo estuarina e na ETM. A circulacdo estuarina evidenciou a dominancia da descarga
fluvial em relacdo a mar¢, classificando o estudrio como “parcialmente misturado”. Quanto a
EMT, esta ocorreu tanto no periodo seco quanto no periodo chuvoso, porém, teve a
concentracdo e a localizacdo afetados pelo volume de 4gua doce saindo do estuério.

A associacdo entre a descarga fluvial e a morfologia do estuario resultou em uma sazonal
dominancia de vazante, contudo, em ambos os periodos sazonais, a duragdo das fases de maré
vazante foi mais longa (mesmo durante o periodo seco, quando houve dominéancia de enchente).
Além disso, os efeitos de propagacdo de maré também foram influenciados pela forcante
fluvial, com predominancia de efeitos hipersincronos.

A matéria organica sedimentar forneceu informacbes de grande relevancia para a
compreensdo da dindmica e, especialmente, do transporte dos sedimentos ao longo das areas
investigadas. Com base nos dados obtidos, verificou-se que os valores de 5'C das amostras
coletadas na plataforma e nos estuarios variaram entre as fontes terrestres, manguezais e mistura
entre terrestres e marinhas. Os valores de 6°N auxiliaram na compreensdo das fontes, porém,
foram mais significativos para indicar a mistura de fontes do que para discriminacgéo das fontes
terrestres e marinhas.

Amostras coletadas na plataforma apresentam valores de §'*C menos negativos como
resultado da mistura entre as fontes de carbono terrestre e marinha. Na setorizacdo proposta
nesse trabalho, as amostras da plataforma estiveram distribuidas tanto no setor “pluma” quanto
no setor “cinturdo de manguezais”. Considerando a area de plataforma, € importante destacar a
influéncia da pluma do Amazonas bem como a influéncia dos fatores ecoldgicos, especialmente
devido a contribuicdo de organismos dos recifes mesofoticos.

Os valores de §'3C mais negativos sdo pertencentes as amostras estuarinas. Nesse caso,
observou-se forte influéncia das fontes terrestres, especialmente dos manguezais. Alem disso,
as amostras estuarinas apresentaram intrinseca relacdo com o0s aspectos geologicos,

geomorfoldgicos e fluviais locais.
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Todas as amostras estuarinas foram agrupadas no setor “cinturdo de manguezais”, porém,
as particularidades de cada estuario subdividiram as amostras entre os dois subsetores referentes
a Plataforma do Para e a Bacia Braganca-Viseu. Além disso, outra observacdo importante foi
que de fato quanto maior o tamanho da bacia de drenagem do rio local, maior sera contribuicéo
de fontes terrigenas nas amostras estuarinas e da plataforma adjacente.

Em sumério, os resultados demonstraram que para o caso do rio Gurupi, o tamanho e
volume de descarga do rio sdo suficientes para influenciar efetivamente a sedimentologia
estuarina. Da mesma forma, os resultados demonstraram que mesmo na plataforma continental
interna, as caracteristicas diferenciadas do setor da Plataforma do Para influenciam
substancialmente o espagco de acomodacdo de sedimentos finos e organicos, da mesma forma
que altos topogréaficos e afloramentos atuam como fontes locais de sedimentos terrigenos mais
grossos.

Ainda, os dados estressam que nos ambientes estuarinos, o proprio manguezal é a fonte
principal da matéria orgénica. No conjunto dos resultados apresentados se apresenta um
panorama de que a regido costeira amazbnica como um todo, tem um papel relevante no
acumulo de sedimentos e em especial matéria organica, com grande potencial de sequestro de
carbono, mas também evidenciando que cada sistema de estudrio-manguezal tem suas

particularidades e necessitam estudos especificos como os aqui apresentados.
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PARECER

Sobre a Defesa Publica da Tese de Doutorado de
ARIANE MARIA MARQUES DA SILVA

A banca examinadora da Tese de Doutorado de ARIANE MARIA MARQUES
DA SILVA orientanda do Prof. Dr. Nils Edvin Asp Neto (UFPA), e composta pelos
professores doutores Eduardo Siegle (Membro-USP), José Francisco Berrédo Reis da
Silva (Membro-MPEG), Pedro Andrés Chira Oliva (Membro-UFPA), Pedro Walfir Martins
e Souza Filho (Membro-UFPA) apés apresentacéo da sua tese intitulada “PLUMA DO
RIO AMAZONAS: FONTE, DINAMICA E TRANSPORTE DE SEDIMENTOS
PARA ESTUARIOS E MANGUEZAIS DO LITORAL LESTE AMAZONICO’, emite
0 seguinte parecer:

A candidata realizou sua apresentagdo de forma clara, bem organizada e segura,
no tempo estipulado. Na arguigdo mostrou dominio da tematica abordada e respondeu as
perguntas formuladas pela banca. O trabalho escrito foi apresentado na forma de dois
artigos publicados em periddicos de impacto internacional, e um terceiro manuscrito a ser
submetido. Dessa forma, todos os artigos atendem as exigéncias béasicas para uma tese
de doutorado.

Por cumprir com todas as exigéncias, a banca examinadora decidiu por
unanimidade aprovar a tese de doutorado, com distingao.

‘ Belém, 14 de junho de 2024

Brof. Dr. Nils Edvnn Asp Neto (Orientador — UFPA)
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Prof. Dr. José Francisco Berrédo Reis da Silva (Membro-MPEG)
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Prof. Dr. Pedro Andrés Chira Oliva (Membro-UFPA)
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Prof. Dr. Pedro Walfir Mattins e Souza Filho (Membro-UFPA)






