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Resumo

Os estudrios sdo compartimentos-chave tanto para a dispersdao quanto para a
fragmentagdo de macroplasticos (> 25 mm) em mesoplasticos (5 mm - 25 mm) e
microplasticos (MPs: 1 ym - 5 mm), que por tanto sofrem mudangas em suas dimensodes
e densidades, alterando suas propriedades de flutuabilidade. No litoral sul do Brasil, a
Lagoa dos Patos € considerada um dos principais pontos de liberacao de plastico para
0 oceano na América do Sul. A hidrodindmica do estuario da Lagoa dos Patos é
modulada principalmente pelo regime de ventos e pelas descargas fluviais, com
variabilidade interanual relacionada a modos climaticos de oscilagdo, como o El Nifio
Southern Oscillation (ENSO). O sistema estuarino da Lagoa dos Patos é por tanto
crucial como fonte e sumidouro de residuos antropogénicos, que serao potencialmente
exportados para a regiao costeira por meio da pluma costeira. Nesse contexto, foi
utiizado o modelo hidrodinAmico TELEMAC-3D acoplado ao modelo TrackMPD
juntamente com dados de campo, para avaliar pela primeira vez a capacidade da pluma
costeira da Lagoa dos Patos de exportar MPs para a plataforma interna sob diferentes
condicbes hidrodinamicas. Dois levantamentos de campo foram realizados durante
eventos de pluma para validar o modelo e quantificar as concentragdes e cargas de
MPs, utilizando uma abordagem “bottom-up” de forma a estimar o potencial de
exportacdo de MPs do estuario em diregcao a plataforma interna. As concentragdes de
MPs na pluma superficial variaram de 0,20 itens.m?® a 1,37 itens.m3,
predominantemente compostos por polipropileno (PP) e polietilieno (PE) (73% dos
plasticos confirmados por FTIR). A taxa média estimada de exportagdo de MPs atingiu
9,0 milhdes de itens.dia” durante eventos de pluma moderados e 47,5 milhdes de
itens.dia” durante eventos de pluma de alta descarga. O padrao de concentragdo
observado no campo foi principalmente no sistema frontal da pluma, (com maior
concentragao de particulas) consistente com os resultados da simulagao. Segundo os
resultados simulados, eventos de descarga forte, juntamente com ventos intensos do
Nordeste, facilitaram a rapida exportacdo de MPs para o sudoeste na regido costeira.
Por outro lado, eventos de descarga moderados a fracos retiveram os MPs mais perto
da foz do estuario, permitindo trajetérias mais longas ou deposi¢gao mais precoce. Foram
identificados hotspots (pontos criticos) de acumulo de MPs no giro entre os Molhes da
Barra e a Praia de Cassino, bem como na frente salina dentro dos limites da pluma.
Essas zonas de acumulo podem funcionar como reservatorios de particulas de MPs, o

que pode representar uma ameacga aos ecossistemas locais.

Palavras-chave: Atlantico Sul, Hotspots, Modelagem Numérica, Pluma Costeira,

Transporte de Microplasticos.



Abstract

Estuaries are key compartments for both the dispersal and fragmentation of
macroplastics (> 25 mm) into mesoplastics (5 mm - 25 mm) and microplastics (MPs: 1
pum - 5 mm), which therefore undergo changes in their dimensions and densities, altering
their buoyancy properties. On the southern coast of Brazil, Lagoa dos Patos is
considered one of the main points of plastic release into the ocean in South America.
The hydrodynamics of the Lagoa dos Patos estuary are modulated mainly by the wind
regime and river discharges, with interannual variability related to climatic oscillation
modes, such as the El Nifio Southern Oscillation (ENSO). The Patos Lagoon estuarine
system is therefore crucial as a source and sink of anthropogenic waste, which will
potentially be exported to the coastal region via the coastal plume. In this context, the
TELEMAC-3D hydrodynamic model coupled with the TrackMPD model was used
together with field data to assess for the first time the capacity of the Patos Lagoon
coastal plume to export PMs to the inner shelf under different hydrodynamic conditions.
Two field surveys were carried out during plume events to validate the model and
quantify PM concentrations and loads, using a bottom-up approach in order to estimate
the potential for PM export from the estuary towards the inner shelf. The concentrations
of MPs in the surface plume ranged from 0.20 items.m to 1.37 items.m, predominantly
composed of polypropylene (PP) and polyethylene (PE) (73% of the plastics confirmed
by FTIR). The estimated average MP export rate reached 9.0 million items.day™" during
moderate plume events and 47.5 million items.day™" during high discharge plume events.
The accumulation pattern observed in the field was mainly in the frontal system of the
plume, (with a higher concentration of particles) consistent with the simulation results.
According to the simulated results, strong discharge events, together with intense winds
from the northeast, facilitated the rapid export of MPs to the southwest. On the other
hand, moderate to weak discharge events retained the MPs closer to the mouth of the
estuary, allowing for longer trajectories or earlier deposition. Significant accumulation
hotspots were identified in the gyre between the jetties and Cassino beach, as well as in
the salt front within the plume boundaries. These accumulation zones can act as

reservoirs for MPs particles, which can pose a threat to local ecosystems.

Keywords: Accumulation Hotspots, Coastal Plume, Microplastic Transport, Numerical
Modeling, South Atlantic.
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Capitulo I: Introducao

O ingresso de materiais antropogénicos como os plasticos, nos ambientes
aquaticos, tem sido uma das probleméticas ambientais mais discutidas nos
altimos anos. Nesse desafiante cenario atual, entender a disperséo de residuos
plasticos do continente para o oceano, considerando as variaveis ambientais
fisico-quimicas, € um dos grandes desafios cientificos [Alfonso et al., 2021] que

tem como foco principal os ambientes estuarinos.

1.1. Sistemas estuarinos - os hotspots de microplasticos

Os estuarios, por serem ambientes transicionais onde se encontram as
aguas de sistemas fluviais de baixa densidade com as aguas salinas de alta
densidade do oceano [Geyer & MacCready, 2014], atuam constantemente como
sistemas tampao das descargas continentais de sedimentos em suspenséao e
residuos antropogénicos, como os diversos poluentes, incluindo os plasticos

[Alfonso et al., 2021; Wang et al., 2022; Fig. 1].
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Figura 1. Representagao das principais fontes, rotas e destinos dos microplasticos dos continentes
para os reservatérios naturais. Fonte: Alfonso et al. [2021].

As cargas continentais de plastico, juntamente com insumos plasticos diretos
da pesca, das industrias offshore e de outras atividades maritimas [Boucher e
Friot, 2017; Boucher et al., 2020], passam por varios processos de degradagao
fisica, quimica e biolégica impulsionados por fatores ambientais externos, como
acao mecanica do vento e das ondas, radiagéo solar, disponibilidade de oxigénio
e interagdo com organismos (Fig. 2). Entretanto, no encontro das massas de
aguas de diferentes propriedades fisicas, se da a formagao de frentes onde se
posiciona a transi¢cdo entre densidades, gerando gradientes acentuados de
densidade horizontal e vertical. Consequentemente, nos estuarios, e
particularmente nos sistemas frontais, acontecem diferentes processos de

transformacgao dos plasticos (Fig. 2a), como transporte, agregacéo e formagao
2



de biofilme (Figs. 2b e 2d), afundamento, degradagéao e fragmentagéo (Fig. 2c).
Esses processos levam a formagéo de categorias de tamanhos menores desde
macroplasticos (> 25 mm) a mesoplasticos (5 mm - 25 mm) e micriplasticos
(MPs; 1 um - 5 mm), junto a mudangas dindmicas nas propriedades das
particulas ao longo do tempo [Verma et al., 2016; Chamas et al., 2020]. Todas
essas transformacdes levam os plasticos a experimentar mudangas nas suas
dimensdes e densidades, alterando suas propriedades de flutuabilidade, sua
posicdo na coluna e consequentemente sua disponibilidade para organismos

[Jalon-Rojas et al., 2019].

‘ Biotransport

-,
=°
“__ Air transport
Front j
=
L

b Microplastic
D
> 2
IS
N2 o)
g/ Z\%
/S 2%\ 2
$/-9 L 3 \@.
$)EE %\
X s;bé 2
Bacteria <
8 68g
a
Algae%""cﬁg . 365
EPS Aggregation a
Biotic particles Abiotic particles
¢ Fragmentation d Aggregation
Collision and Microplastics Particle size Eic(;’ﬁcl‘r’r:;’”a'
J ith
| abrasion : with cracks and EPS
8 i, 2E, b
5 @ D
Neutralization _
Shear Shear | g
stress stress -~ & - Attractive
Faster Higher 2 forces
Méhciierie Leaching Particle
Dirier e ‘wl rate abundance
Trimer eeo
Oligomer escose
Chemical additives ®

Figura 2. Processos que experimentam os plasticos nos sistemas frontais dos ambientes aquaticos
(a), como interagdo com outras particulas e organismos (b), transporte, aumento das forgas iénicas,
incidéncia da turbuléncia e afundamento, fragmentacéo e liberagdo de compostos quimicos (c) e
agregacao e formagao de biofilme (d). No processo de fragmentagdo (c) os plasticos mudam a
tamanhos progressivamente menores, liberando compostos quimicos associados. O grafico
apresenta a taxa de formagao de plasticos secundarios e a liberagdo de quimicos em fungéo do
decrescimento do tamanho inicial dos plasticos. Fonte: Wang et al., [2022].
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Uma vez que os plasticos interagem com os diferentes organismos, eles
ingressam nas redes tréficas aumentando o risco ecoldgico associado [Everaert
et al., 2018; Neto et al., 2020]. As interacbes se dao por exemplo através do
enredamento, da ingestdo e da transferéncia dos compostos quimicos
adsorvidos nas superficies e na composigéo original dos plasticos [Teuten et al.,
2009; Wright et al.,, 2013; Rodriguez et al., 2020]. Poluentes orgénicos
persistentes (POPs), metais pesados e outros compostos quimicos derivados de
atividades humanas foram evidenciados em altas propor¢des em estuarios ao
longo do mundo [Barletta et al., 2019]. Pelo carater hidrofobico dos plasticos, os
poluentes quimicos sdo rapidamente adsorvidos na superficie, logo atuando
como fonte e sumidouro destes compostos que posteriormente podem ser
acumulados nos tecidos adiposos dos organismos [Barletta et al., 2019]. A
importancia ambiental se da pelo fato de que além de persistir no ambiente por
muito tempo, varios desses poluentes sao considerados disruptores enddcrinos
(Stockholm Convention. http://www.pops.int/), modificando, portanto, o sistema
enddcrino dos individuos com as quais interagem, alterando os processos vitais
e de reproducéo e finalmente modificando a estrutura das populacoes e redes

troficas [Verma et al., 2016; Rochman et al., 2014].

Na figura 3 de Wang et al. [2022], se expdem os valores maximos dos
parametros fisicos principais que interagem com os comportamentos dos
plasticos e as concentra¢des de MPs em frentes estuarinas e em oceano aberto,
a partir da informacgao disponivel na literatura. Como pode se ver na figura 3,
nas frentes estuarinas ocorrem processos hidrodinamicos importantes de

convergéncia horizontal, velocidades verticais e mistura turbulenta forte (fig. 3a),



conformando a barreira fisica do sistema tamp&o que resulta em maiores
acumulagdes de organismos, sedimentos e residuos [Acha et al., 2003; Wang et

al., 2022; fig. 3b].
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Figura 3. Comparagéo entre as principais forgcantes fisicas no comportamento da fragmentagao, agregagéo e
afundamento dos plasticos nas frentes estuarinas e nas frentes oceanicas de submeso-escala (a). A taxa de
convergéncia (s), velocidade vertical (m.s™") e a taxa de dissipagdo de energia cinética turbulenta (TKE; m?.s
%) sd0 maiores nas frentes estuarinas quando comparados com os valores maximos reportados na literatura.
Os valores de concentragio de microplasticos reportados (items.m-3), quando comparados com o oceano aberto
(indicados em azul), também s&o maiores nos sistemas frontais dos ambientes estuarinos (b; indicados em
laranja). Fonte: Wang et al., 2022.

Vérios tipos de frentes podem coexistir ou se alternar nos sistemas
estuarinos (Fig. 4a). As frentes de superficie, diferente das frentes de
profundidade, podem ser mais facilmente visiveis por vista aérea ou satelital.
Dentre das frentes de superficie, as frentes de cisalhamento (Fig. 4b), formam-
se no sentido longitudinal do estuario, a partir das forgcas de cisalhamento entre
correntes superficiais longitudinais e gradientes verticais de profundidade,

frequentemente nas bordas internas dos bancos de areia ou sobre o canal
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principal [Wang et al., 2022]. As frentes de maré sao formadas pela intrusdo de
agua salobra de maior densidade sobre as aguas de menor densidade do
estuario (Fig. 4c), principalmente em ciclos de alta maré ou em condigbes de
baixa descarga dos rios afluentes. Logo, quando a descarga de agua doce dos
sistemas fluviais € maior, a agua doce se espalha para fora do canal estuarino
por sobre a agua oceénica em forma de pluma costeira, formando a frente de

pluma na borda exterior entre as massas de agua (Fig. 4d).

A regiao frontal da pluma é, portanto, sumamente variavel em tempo e
espaco. Nesse sentido, € uma regiao de grande importancia devido a ocorréncia
de diferentes espécies animais e vegetais, que juntamente com o material
organico, compostos quimicos e sedimentos em suspensao, ficam retidos na
dinamica do sistema frontal se transportando junto com a pluma para longe do
estuario. Nessas condi¢cdes se favorecem os processos de produgao primaria e
secundaria do sistema, aumentando as interagdes tréficas na coluna de agua e
portanto a possibilidade de interagdo com os plasticos [Acha et al., 2004; Barletta
et al., 2019; Pinheiro et al., 2021a] ou no caso dos materiais de maior densidade

sendo dirigidos para o fundo [Acha et al., 2003].
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Figura 4. Tipos principais de frentes que podem ser observados nos sistemas estuarinos (a): Frente de cisalhamento
longitudinal (b); frente de intrusdo de maré(c); e frente de pluma (d). Fonte: Wang et al. [2022].

1.2. Plumas costeiras

Nos sistemas estuarinos, a forga de empuxo positiva dada pelo escoamento
dos rios tributarios resulta em um gradiente de densidade horizontal que da
origem a um gradiente horizontal de presséo baroclinico [Geyer & MacCready,
2014]. A mistura turbulenta, dada principalmente pela incidéncia das marés e do
vento, atua redistribuindo as diferengas de densidade na coluna de agua e para
dentro do estuario. Consequentemente, o gradiente de pressao formado, gera o
transporte de agua doce para o exterior a partir da foz do estuario, na forma de
uma pluma costeira [Geyer & MacCready, 2014]. Tanto a geometria da
desembocadura do estuario, quanto a salinidade e densidade da agua,

influenciam o comportamento das plumas costeiras resultantes.



As plumas costeiras podem ser classificadas e caracterizadas em funcao de
diversos critérios. Segundo a origem, podem ser fluviais ou estuarinas, sendo as
plumas estuarinas as de maior dispersao [Mann & Lazier, 2005]. Podem ser de
empuxo, formadas pela dispersdo de agua menos densa sobre agua mais densa,
e/ou de turbidez, onde uma maior quantidade de sedimento em suspensao é
transportado. Segundo sua densidade em relacdo a agua onde serdo
transportadas, podem ser hipopicnais, homopicnais ou hiperpicnais (de menor,
igual ou maior densidade, respectivamente) [Bates, 1953]. As plumas
hipopicnais, sdo espalhadas horizontalmente pela sua flutuabilidade positiva, as
hipopicnais sdo igualmente misturadas na coluna de agua junto com as aguas
oceanicas, e as hiperpicnais se espalham pelo fundo devido ao afundamento
pela sua maior densidade. Logo, segundo a magnitude das forgantes ambientais
e o seu efeito no desenvolvimento offshore, suas regides se comportam de forma
dindmica no tempo e no espaco, podendo ser descritas pela distancia que
alcangam desde a boca do sistema tributario [Horner-Devine et al., 2009; Hetland

& Hsu, 2013; Fig. 5].

As plumas de campo proximo, ou de pequena escala, sao caracterizadas por
uma camada fina de agua doce que se dispersa rapidamente sobre a agua
salobra oceanica, de apenas poucos metros de espessura, e poucos quildbmetros
de alcance desde a boca do estuario. Sdo formadas durante descarga fluvial
moderada, influenciadas rapidamente pelo vento e pela dindmica das marés.
Apresentam, portanto, uma alta variabilidade no tempo e no espaco [Saldias et
al., 2016], onde o tempo de residéncia da agua doce sobre o oceano é de poucas

horas, sendo também onde ocorre a maior parte da sedimentagdo dos materiais



continentais carregados pela pluma devido a desaceleragdo pela mistura

[Garvine, 1982].

As plumas de campo médio sdo mais fortemente influenciadas pelo vento,
dando origem a uma corrente costeira de agua doce. Como uma continuidade
do campo médio, o campo distante da pluma transporta a agua doce a uma
distdncia maior desde a desembocadura, mas a sua dispersdo offshore se
encontra mais restrita a linea de costa. Em auséncia de vento, o campo distante
€ caracterizado por uma forte influéncia do efeito de rotacdo da terra na sua

dispersao, sendo para o hemisfério sul o sentido de deflexdo para a esquerda.
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Figura 5. Representacao da formagéo e dindmica da pluma hipopicnea no seu desenvolvimento.
Os aportes continentais carregam agua doce e sedimentos em forma de pluma de baixa
densidade superficialmente sobre a dgua salina de maior densidade que flui no sentido inverso
na camada profunda. Os distintos estagios podem ser classificados pela distancia desde a boca
do estuario, em plumas de campo préoximo, de campo médio e de campo distante (fora de escala).
Processos de mistura sdo evidenciados pela turbuléncia forgada pelo vento, pelas forgas de
cisalhamento com o fundo e entre massas de agua de diferentes densidades. Fonte: Hetland &
Hsu [2013].



O tempo de residéncia da agua doce sobre o oceano € de varios dias, mas
quando o campo distante & interrompido por eventos atmosféricos como a
passagem de frentes ou mudangas rapidas da diregdo do vento, células de agua
de baixa densidade podem ser desprendidas da pluma e continuar sua dispersao
na diregao da corrente costeira, podendo ser inclusive misturada com aguas de

plumas de rios ou estuarios préximos [Hetland & Hsu, 2013].

Estudos prévios demonstraram que eventos extremos e estagdes chuvosas
em bacias hidrograficas estao relacionados a um transporte e mobilizagcado mais
forte de MPs [Bertoldi et al., 2021; Emmerik et al., 2023a, b; Lima et al., 2023].
Como parte da regiao sudeste da América do Sul (SESA), a Lagoa dos Patos
esta sujeita ao impacto do El Nifio-Oscilagdo Sul (ENSO) [Bjerknes, 1969],
aumentando a precipitacdo e afetando o nivel do mar, o vento e os padrdes de
ondas [Barreiro, 2010; Schossler et al., 2018; Bitencourt et al., 2020b; Rehbein
& Ambrizzi, 2022]. Tavora et al., [2019] demonstraram um impacto positivo do
ENSO na descarga continental na parte norte da lagoa, associado a um aumento
no gradiente de pressao entre o estuario e o oceano, favorecendo assim a
formagao de plumas hipopicneas sobre a plataforma interna da costa sul de

Brasil.

Nesse contexto, as descargas continentais no Oceano Atlantico Sudoeste
(SWAO) durante esses eventos extremos representam 7% do volume total da
Lagoa dos Patos, resultando em plumas com areas de até 1.500 km2 que se
estendem por até 50 km da foz do estuario [Fernandes et al, 2002] sob um regime
de micromarés e dominancia de ventos NE-SW (22% e 12%, respectivamente),

onde a descarga do rio apresenta nao apenas variabilidade sazonal e interanual
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[Moller et al., 2001, Tavora et al., 2019; Bitencourt et al., 2020a], mas também
variabilidade interdecadal [Bortolin et al., 2022]. Portanto, uma combinacao de
fatores locais e n&o locais governa a dindmica da pluma costeira [Marques et al.,

2010b; Jung et al., 2020].

No entanto, no desafiador cenario atual de poluicdo marinha global por
plasticos, os impactos de diferentes intensidades do ENSO na exportacédo e
distribuicdo de plasticos através de plumas costeiras ainda permanecem pouco

explorados [Morishige et al., 2007; Doyle e Gilfillan, 2016; Lima et al., 2023].

1.3 Fluxos de microplasticos continente-oceano

Nessa linha de estudo, a estimativa dos fluxos de MPs (do continente para o
oceano) tem sido um dos objetivos mais perseguidos [Jambeck et al., 2015].
Metodologias desenvolvidas para estimar as quantidades de plasticos que
ingressam nos ambientes aquéticos a cada ano foram baseadas principalmente
em duas abordagens: top-down e bottom-up. Segundo Boucher et al. [2019] a
primeira desenvolve-se a partir da utilizacdo de modelos matematicos que
estimam os fluxos de plasticos a partir dos dados socioecondmicos da populacao
na éarea de influéncia em funcdo das quantidades mal gerenciadas
(Missmanaged Plastic Waste, MPW) [Boucher et al., 2019; Lebreton et al., 2017;
Meijer et al., 2021; Dos Santos et al.,, 2023] ou em funcdo do indice de
desenvolvimento humano (IDH) [Mai et al., 2020]. A segunda, € baseada na
extrapolacédo das quantidades de plasticos medidas em campo, em funcédo da
vazao de agua entre ambientes [Boucher et al., 2019; Zhao et al., 2019; Queiroz

et al., 2020; Emmerik et al., 2023c, Lima et al., 2023].
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A metodologia top-down vém sendo amplamente utilizada por representar
uma ferramenta de menor custo e por ser mais abrangente geograficamente,
permitindo estimar fluxos em nivel mundial [Jambeck et al., 2015]. Neste sentido,
estima-se que o gerenciamento inadequado de residuos plasticos em areas
continentais contribua com 4 x108 a 12x10° toneladas métricas por ano (TM) de
plasticos para o oceano, variando em funcéo do indice de desenvolvimento de
cada pais [Alfonso et al., 2021]. O Brasil, que ocupa o quarto lugar no ranking
global de geracdo de residuos plasticos, produz 11,3x10® TM por ano
(equivalente a 1 kg por pessoa por semana), sendo que apenas 1,28% (145x103
toneladas) sdo efetivamente reciclados e reintroduzidos na cadeia de producao
[Zamora et al., 2020]. Os residuos plasticos mal gerenciados acabam em aterros
sanitarios e lixdes a céu aberto, de onde podem ser transportados principalmente
para corpos d'agua maiores por meio da descarga de agua doce e do vento
[Lozoya et al., 2015; Alencar et al., 2023], com os rios contribuindo com 80% do
total de residuos marinhos [Meijer et al., 2021]. Isso implica que a probabilidade
de emissao de um pais depende de sua extensdo costeira e do regime de
precipitacdo, sendo o Brasil responsavel por cerca de 37.799 TM anuais de

vazamento de residuos plasticos no oceano [Meijer et al., 2021].

Entretanto, a proximidade desses valores com a realidade depende
principalmente da validade dos dados disponiveis, o0 que segundo o
desenvolvimento do pais pode ser mais ou menos acessivel e/ou atualizado.
Inclusive Mai et al., [2020] na sua aproximacao top-down por meio do IDH,
acharam valores menores aos estimados pela utilizacdo do MPW, propondo a

utilizag&o do primeiro como uma abordagem mais bem ajustada a realidade. Pelo
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contrario, a metodologia bottom-up apresenta um alto custo de amostragem e
pds-processamento, mas permite uma estimativa mais préxima da realidade,
com base no que € encontrado nos compartimentos ambientais [Boucher et al.,
2019]. Entre as duas aproximacdes, existem diferengas de até duas ordens de
magnitude nas quantidades estimadas de ingresso global de plasticos para os
oceanos. Boucher et al., [2019] propbe essa diferenca como consequéncia: a)
do transporte de parte destes plasticos para o fundo, b) do ingresso dentro das
redes troficas e c¢) das limitacbes das metodologias de campo em coletar
particulas de tamanhos muito pequenos, o que poderia levar a uma

subestimacéo na metodologia bottom-up.

Embora o estudo da contaminagao por plasticos em ambientes aquaticos
tenha recebido inumeras contribuigdes cientificas globais [por exemplo,
Abalansa et al., 2020; Alfonso et al., 2021 e suas referéncias), os estudos
abrangentes e multidimensionais no SWAO, sdo limitados [Rodriguez et al.,
2020; Pazos et al., 2021; Pinheiro et al., 2021b; Lacerda et al., 2022; Schicchi et
al., 2024]. A Lagoa dos Patos, a maior lagoa costeira do tipo estrangulada do
mundo [Kjerfve, 1986], localizada no SWAO, é considerada o sexto hotspot de
vazamento de plastico para o oceano na América do Sul, apenas depois do Rio
da Prata, da Baia de Guanabara e dos rios Amazonas, Sdo Francisco e Tocantins
[Alencar et al., 2023]. Entre 2010 e 2017, a Lagoa dos Patos recebeu entre
21.670 e 107.190 TM de residuos plasticos anualmente, o que equivale a 6,54 a
32,35 g.dia' por pessoa, segundo dos Santos [2023]. Os polimeros
predominantes nesses residuos foram polietilieno (PE), polipropileno (PP) e

policloreto de vinila (PVC). O impacto do Antropoceno e das atividades
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industriais na historia sedimentar local foi evidenciado por Alves et al. [2022]
quando identificaram MPs (principalmente fibras) como marcadores
cronoldgicos, com a primeira apari¢do datando de 1970 EC, em depocentros de
sedimentos lamosos no estuario da Lagoa dos Patos e na Lagoa Mirim. Lacerda
et al., [2022] também identificaram as maiores concentra¢cdes de MPs em aguas
oceanicas superficiais no sul do Brasil, particularmente em duas esta¢des do Rio
Grande do Sul, perto da area de influéncia da pluma costeira. Essas descobertas
sublinham a relevéancia da Lagoa dos Patos como potencial fonte e sumidouro
de residuos antropogénicos e posterior exportacado para a regido costeira (Fig.

1), tornando o seu estuario um hotspot de poluigdo marinha [Pazos et al., 2021].
1.4. Ferramentas de analise — Modelagem numérica

As caracteristicas que distinguem os MPs das particulas finas de sedimentos
em suspenséo justificam a necessidade de ferramentas analiticas especificas
para entender seu comportamento e tendéncias de transporte em diferentes
compartimentos marinhos [Jalén-Rojas et al., 2019; Shiravani et al., 2023]. As
ferramentas atuais de modelagem numérica oferecem uma alternativa de baixo
custo, com vantagens operacionais em termos de integracdo de dados e altas
resolucdes espaciais e temporais [Critchell e Lambrechts, 2016; Hardesty et al.,
2017; Jalén-Rojas et al., 2019]. Entretanto, a precisdo dessas ferramentas
numeéricas depende em grande medida de dados experimentais e de campo que
consigam estimar coeficientes, validar os resultados modelados e alimentar
novas simulagdes com dados realisticos, aumentando a confiangca do modelo
[lwasaki et al., 2017; Atwood et al., 2019, Gorman et al., 2020, Lopez et al., 2021;
Kim et al., 2023].
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As abordagens numéricas para o estudo dos plasticos usam modelos
Eulerianos, a partir de uma referéncia espacial fixa, e/ou Lagrangianos, em
funcéo de coordenadas espaciais moveis [Van Sebille et al.,2018; Van Utenhove,
2019]. Dentro dos diferentes modelos utilizados no estudo do comportamento
dos plasticos nos ambientes naturais, os modelos Lagrangianos, conhecidos
como modelos de rastreamento de particulas, tém sido os mais utilizados [Bigdeli
et al., 2022]. Eles funcionam acoplados a modelos hidrodindmicos (eulerianos),
a partir dos quais interpolam a informacdo espaco-temporal dos processos
hidrolégicos forgcantes e resolvem as equag¢des do movimento das particulas
para nos especificos das malhas [Jalon-Rojas et al., 2019; Bigdeli et al., 2022]
de forma a calcular o comportamento e o destino das particulas a serem

simuladas.

Recentemente, Uzun et al. [2022] propuseram uma classificagao
metodologica a partir da revisdo dos modelos de rastreamento de plasticos
publicados entre 2012 e 2020. Os autores classificam os modelos como:
hidrodinamicos; estatisticos; de balan¢o de massa; baseados em processos ou
hibridos, onde se agrupam as aproximagdes que misturam modelos
hidrodinamicos junto com estatisticos, ou modelos hidrodinamicos junto com os
baseados em processos [Uzun et al., 2022]. Nos modelos hidrodinamicos o
rastreamento das particulas parte do estudo do movimento da agua e das
forcantes fisicas envolvidas [Zang et al., 2020], geralmente a partir de modelos
numeéricos alimentados de grandes bases de dados. Os modelos estatisticos
utilizam a probabilidade de ocorréncia das particulas para sua analise [Sieber et

al., 2020] sendo amplamente utilizados no estudo das areas de maior acumulo
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(hotspot) ou como ferramentas para analises rapidas. Os modelos de balango de
massa se baseiam no estudo das entradas e as saidas dos plasticos dos
ambientes [Schmidt et al., 2020]. Os baseados em processos ja adicionam ao
estudo os processos que modificam o comportamento dos plasticos no ambiente
e no tempo, como fragmentagdo, bioincrustacdo, sedimentagdo etc [van
Melkebeke et al., 2020]. Logo, os modelos hibridos que acoplam modelos
hidrodindmicos a modelos estatisticos conseguem incorporar aos fatores
ambientais os dados histéricos de fluxos de plasticos utilizando informacdes de
fontes e quantidades [Lebreton et al., 2017]. Ja os trabalhos que misturam
modelos hidrodindmicos com modelos baseados em processos, se apresentam
como 0s mais realisticos, ja que conseguem modelar o comportamento e o
destino das particulas nos ambientes de forma muito precisa e considerando as
variagoes espaco-temporais e os processos envolvidos [Critchell & Lambrechts

2016; Jalén-Rojas et al., 2019].

Nesse ultimo grupo encontra-se o modelo TrackMPD, um modelo
Lagrangiano expandido desenvolvido por Jalon-Rojas et al. [2019] como uma
ferramenta de codigo aberto de modelagem numérica para o rastreamento de
particulas plasticas em ambientes naturais. Como metodologia hibrida
desenvolvida no estudo dos plasticos, o TrackMPD se destaca dos outros por
possibilitar a utilizacdo de uma ampla base de modelos hidrodinamicos, junto
com o uso de equacdes para representar 0s processos aos quais os plasticos
sao expostos em condi¢des reais [Jalon-Rojas et al., 2019; Uzun et al., 2022].
Por esses motivos, dentre outros, o TrackMPD tem sido aplicado nos ultimos

anos em diferentes regides do mundo. Dentro da sua publicagéo para uso livre
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por Jalon-Rojas et al. [2019], os autores expdem uma série de analises de
sensitividade do modelo, onde testam 44 cenarios com diferentes parametros,
na Bahia de Jervis, na costa sudeste de Australia. Consecutivamente, o
TrackMPD foi aplicado no Estuario do Rio Yalu (YE), na China [Cheng et al.,
2020], no Complexo Estuarino de Paranagua, no Brasil [Mengatto, 2021], no Mar
Mediterraneo [Baudena et al., 2022; 2023], no sudeste australiano na previsao e
rastreamento das perdidas de residuos por navios [Liao et al., 2023], na enseada
de Marian Cove, na Bahia de Maxwell da Isla Rey Jorge, da Antartica [Kim et al.,
2023], no Rio da Prata [Schicchi et al., 2023], na Lagoa dos Patos [Doto, 2023],

entre outros.

Nessa mesma linha, no presente estudo foi utilizado o modelo hidrodindmico
TELEMAC-3D (http://www.opentelemac.org) junto com o modelo de dispersao

de MPs TrackMPD (https://isabeljalonrojas.com) para modelar o transporte e o

comportamento de MPs no ambiente costeiro e marinho da Lagoa dos Patos.
Para avaliar a concentracdo atual de MPs e validar de forma qualitativa os
resultados do TrackMPD, foram realizadas duas campanhas de amostragem de
campo na area de influéncia da pluma costeira. Esses resultados de campo
também foram usados como base para uma abordagem bottom-up para estimar
o fluxo de exportacao de MPs do estuario da Lagoa dos Patos para a plataforma
interna. Por meio desta abordagem foi possivel elucidar o papel da pluma
costeira na dinamica de dispersdo de MPs de origem continental, avaliando a

magnitude, a distribuicdo e o destino da exportacéo para o SWAO.
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Capitulo Il: Objetivos

O objetivo geral desse trabalho foi avaliar a exportagdo de microplasticos
(MPs) pela pluma costeira da Lagoa dos Patos para a plataforma interna do

Oceano Atlantico Sudoeste, sob diferentes intensidades de descarga.
Os obijetivos especificos foram os seguintes:

i.  Modelar a dispersdao de MPs através da pluma da Lagoa dos Patos

sob diferentes condi¢cbes de descarga;

ii. Caracterizar e quantificar a magnitude de exportacdo de MPs pela
pluma da Lagoa dos Patos para a plataforma interna em diferentes

condigdes de descarga continental,

iii.  Identificar os hotspots de acumulo de MPs na regido costeira em

funcado das diferentes configuragdes da pluma.

18



Capitulo lll: Area de estudo

A Lagoa dos Patos (30-32°S; 50-52°W, Fig. 6a) € considerada a maior lagoa
costeira estrangulada do mundo [Kjerfve, 1986], com 10.360 km?, 240 km de
extensdo e profundidade média de 5 m (Fig. 6b), drenando uma bacia
hidrografica de aproximadamente 200.000 km2. E conectada ao Oceano
Atlantico por um canal longo e estreito (500 m de largura na foz) delimitado por
um par de molhes de 4 km de extensdo [Franzen et al., 2023], onde a
profundidade varia de 16 a 20 m na parte dragada para fins de navegacao (Fig.
6¢). Os rios Guaiba e Camaqua, e o Canal Sao Gongalo (conexao com a Lagoa
Mirim) sdo os principais tributarios da Lagoa dos Patos, que juntos produzem
uma descarga média anual de 2.400 m3.s', carregando uma contribuigdo
significativa de sedimentos em suspensao de aproximadamente 5,1x108 ton.ano
" [Jung et al., 2020] (Fig. 6). O rio Guaiba é responsavel por aproximadamente
metade da descarga continental para a Lagoa (vazdo média de 1.253 m3.s') e
carrega descargas médias anuais de 2,99x10° ton.ano' de sedimentos em

suspensdo de uma bacia de sub drenagem de cerca de 84.763 km?. O Rio
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Camaqua contribui de forma semelhante com 0,24x108 ton.ano' e drena uma
bacia de cerca de 21.657 km?, enquanto o Canal Sdo Gongalo contribui com

1,88x108 ton.ano™! [Jung et al., 2020] de uma bacia de 28.499 km? (Fig. 6).

Os eventos de descarga extrema dos afluentes do rio na regido norte do
sistema estao relacionados a variabilidade interanual impulsionada pela
incidéncia de fendmenos climaticos de interagao oceano-atmosfera, como as
oscilagdes do El Nifio [Tavora et al., 2020, Bortolin et al., 2022]. O tempo de
residéncia das particulas no sistema foi calculado em aproximadamente 1,5 ano
(para uma descarga média de 1.000 m3.s™, [Moller et al., 1996]), e foi estimado
em 68 dias para descargas maximas (10.000 m3.s™ [Fernandes et al., 2002]),
mostrando uma diminuicdo do tempo de residéncia em fungdo do aumento da
descarga do Rio Guaiba na bacia. A concentracdo de materiais em suspensao
diminui da extremidade norte da Lagoa (38 g.m™) para a extremidade sul na area
estuarina (10 g.m™), demonstrando, assim, sua capacidade de retencédo e
filtracdo, que induz a formagdo de depocentros de lama nas zonas centrais
siltosas onde as velocidades de corrente sdo menores que 0,1 m.s’' e a
profundidade é > 5 m [Bortolin et al., 2022]. Da mesma forma, as zonas arenosas
litoraneas sao dominadas pela ressuspensao de sedimentos, uma vez que as
velocidades de corrente s&o superiores a 0,2 m.s™' e a profundidade é <5 m. O
regime de ventos é determinado principalmente pelo vento NE (22% do tempo)
interrompido pela passagem de sistemas frontais do SW (12% do tempo) em
intervalos de tempo de 3 a 16 dias (Fig. 7) [Moller et al., 2001]. Quando ocorrem
eventos de precipitagdo mais alta sobre a bacia hidrografica, juntamente com

ventos de NE, a formagao da pluma de descarga continental sobre o Oceano
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Atlantico demonstrou transportar uma concentracdo de sedimentos suspensos

de até 12 g.m™ [Jung et al., 2020].
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Figura 7. Efeitos dos ventos dominantes no estuario da Lagoa dos Patos. (a) Ventos do quadrante
Sudoeste (SW) diminuem o nivel da dgua na zona intermediaria do estuario, permitindo um ingresso de
agua salobra desde o canal na boca dos Molhes da Barra para dentro do sistema estuarino. (b) Ventos
do sector Nordeste (NE) aumentam o nivel de agua no estuario, levando a uma saida de agua doce
para fora do canal pela forga gradiente de presséo. Fonte: Moller et al., [2001].

A pluma costeira da Lagoa dos Patos € uma pluma de pequena escala, e sua
variabilidade de superficie é explicada por Marques et al. [2009] como o
resultado de dois modos principais. O primeiro, associado ao deslocamento
sudoeste e sudeste da pluma, é forgado por ventos de nordeste, explicando 70%
da variabilidade da pluma e as velocidades ascendentes no campo préoximo, os
processos de estratificacdo e as anomalias de energia potencial [Marques et al.,
2010a]. O segundo explica 19% da variabilidade da pluma costeira e esta
relacionado a migracao da pluma para norte e leste devido ao vento do
quadrante sul durante a passagem de sistemas frontais, promovendo
velocidades descendentes e condi¢gdes de mistura no campo proximo [Marques
et al., 2010a]. As marés tém uma amplitude média de 0,3 m, sendo
caracterizadas como micromarés, com regime predominantemente diurno

[Moller et al., 2001]. O efeito das marés e a rotacdo da Terra desempenham um
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papel secundario no comportamento da pluma, afetando principalmente o
formato da pluma, o processo de mistura e a penetragdo na costa [Monteiro et
al.,, 2011]. O mesmo ocorre com o impacto do atrito com o fundo, que afeta
principalmente a direcdo ao longo da costa na regido costeira [Marques et al.,
2010a]. Nesse sentido, a adveccao e a deformacédo dos campos de densidade
dominantes no controle da mistura e da estratificagdo da pluma costeira da
Lagoa dos Patos consideram escalas de tempo associadas a influéncia dos

ventos (processos de 5 e 15 dias) e a influéncia da descarga do rio (processos

de 30 dias) (Fig. 8) [Marques et al., 2009].

Figura 8. Adveccdo e deformagdo dos
campos de densidade dominantes no
controle de mistura e estratificagdo da pluma
costeira da Lagoa dos Patos, considerando
escalas de tempo associadas a influéncia
dos ventos (processos de 5 e 15 dias) e a
influéncia da descarga fluvial (processos de
30 dias). Fonte: Marques et al. [2009].
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Capitulo IV: Material e métodos

4.1. Modelagem hidrodinamica

O modelo TELEMAC-3D (www.opentelemac.org) tem sido amplamente
empregado para estudar a dindmica da prépria Lagoa dos Patos [Fernandes et
al., 2002], seu estuario [Fernandes et al., 2004] e a pluma costeira resultante
[Marques et al. 2009; 2010a; Monteiro et al. 2011, Fernandes et al, 2021]. O
TELEMAC-3D resolve as Equacgdes de Navier-Stokes 3D com média de
Reynolds, considerando as aproximagdes de Boussinesq e Hidrostatica, com
base no Método das Caracteristicas e no Método dos Elementos Finitos
[Hervouet, 2007; Villaret et al., 2013]. O modelo TELEMAC-3D também resolve
a equacao de conservacao de massa, que simula a variagao temporal e espacial

de tracadores ativos, como salinidade, temperatura e sedimentos em suspensao,

23



incorporando o processo de floculacdo. O dominio do modelo foi discretizado
com uma malha de elementos finitos ndo estruturada de acordo com Fernandes
et al. [2021] e da Silva et al., [2022] (Fig. 9a), com base em cartas nauticas
digitalizadas de dados batimétricos obtidos da Marinha do Brasil e dados
complementares fornecidos pela Autoridade Portuaria de Rio Grande (Portos
RS). O dominio abrange de 29° e 36°S a 48° e 54°W (Fig. 9b) e atinge a isobata
de 3700 m de profundidade. A malha numérica consiste em aproximadamente
33.000 elementos, 50.000 nos e sete niveis sigma na vertical, com resultados

armazenados a cada 6 horas.

Para as condicfes de contorno oceanicas (Fig. 9b), os dados de elevacao
do nivel do mar e os campos regionais de velocidade de maré foram obtidos do
OSU Tidal Inversion System- OTIS [Egbert e Erofeeva, 2002], um acoplamento
interno ao TELEMAC (TPXO). Os campos de temperatura e salinidade foram
derivados do projeto HYCOM + NCODA Global (Hybrid Coordinate Ocean
Model, https://hycom.org/), com uma resolucdo temporal e espacial de 3 h e
0,08°, respectivamente. No limite superficial, foram aplicados dados do ECMWF
ERA-Interim e ERA5 (European Centre for Medium-Range Weather Forecast,
http://mwww.ecmwf.int/) com uma resolucéo temporal e espacial de 6 h e 0,75°,
respectivamente. Todos esses dados foram interpolados no tempo e no espaco
para cada ponto da malha numérica. Os dados diarios de descarga dos rios dos
principais afluentes (Guaiba e Camaqud) fornecidos pela Agéncia Nacional de
Aguas (ANA, www.hidroweb.ana.gov.br) foram usados para as fronteiras
continentais. Os dados de descarga do Canal Sado Gongalo foram obtidos como

dados de nivel de agua da Agéncia da Lagoa Mirim (ALM,

24



https://wp.ufpel.edu.br/alm/) e transformados em dados de vaz&o usando o

Método da Curva Chave [Oliveira et al., 2015].
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Figura 9. Batimetria da Lagoa dos Patos para o dominio numérico e malha numérica (a) das simulagoes.
As condigbes de contorno usadas para forgar o modelo séo representadas por linhas sélidas pretas. A
localizagédo dos Molhes da Barra (b) representa a conexdao com o SWAO e a area de maior influéncia da
pluma costeira de sedimentos suspensos e detritos organicos/inorgéanicos.
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O modelo hidrodinamico TELEMAC-3D foi calibrado e validado para a regido
de estudo por varios autores [Fernandes et al., 2001; 2002; 2005; 2007; Marques
et al., 2010a; Bitencourt et al., 2020a; Lisboa et al., 2022], sempre com valores
bons a excelentes da Raiz do Erro Médio Absoluto (RMAE) e da Raiz do Erro
Médio Quadréatico (RMSE). A calibracdo e a validacdo detalhadas da malha
numérica usada deste estudo estdo em da Silva et al. [2022], com base em
dados medidos durante os anos de 2006, 2016 e 2017 pelo Projeto Cassino
[Collins & Sternberg, 2009], Projeto Rede Ondas membro do Programa Global
de Observacdo Oceanica (GOOS) (https: // redeondas.furg.br/pt/), e dados do
Projeto PELD (Pesquisa Ecolégica de Longa Duracédo no Estuério da Lagoa dos

Patos e Costa Marinha Adjacente; https://peld.furg.br/) (Fig. 10)
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Figura 10. Estagdes de medi¢do de dados de campo (a) e batimetria para a validagéo e calibragdo do Modelo
TELEMAC-3D. Comparagao entre dados observados (linha vermelha) e modelados (linha azul) de velocidade
da corrente superficial (b), aos 12 m (c) e salinidade aos 4 m (d). Fonte: da Silva et al., [2022].
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Como pode-se observar na figura 10b;c, as tendéncias de aumento e
diminuicdo das intensidades da velocidade da corrente estdo bem representadas

pelo modelo. O RMAE calculado foi de 0,29 na superficie e 0,13 nos 12m de

26



profundidade e o RMSE de 0,26 m.s*e 0,11 m.s* respectivamente, classificando
a reproducao do modelo como excelente [da Silva et al., 2022]. A comparagéo
da evolucéo temporal da salinidade (Fig. 10d) apresentou um valor calculado de
RMSE de7,37 psu (em um faixa de 0 - 35) e um RMAE de 0.23, que significou

uma reproducdo boa do modelo [da Silva et al., 2022].

Séries temporais de velocidade de corrente, salinidade, intensidade e
direcdo do vento foram extraidas para a area dos Molhes da Barra com resolucao
de 6 horas para alimentar a discussao dos resultados do modelo de transporte
de microplasticos (MPs). Nesse sentido, a posicdo média do campo de
salinidade foi analisada e usada para calcular a duracdo de cada pluma,
juntamente com o perfil vertical da se¢éo transversal da dispersdao média das
plumas. Foram realizados testes de correlacédo de Pearson para avaliar a relacéo
entre essas variaveis no comportamento da pluma, seguidos de regressao linear

para inferir o tipo dessa relacéo.

4.2. Modelagem de transporte de microplasticos

O modelo TrackMPD [Jalén-Rojas et al.,, 2019] foi desenvolvido
especificamente para analisar o transporte de residuos plasticos em sistemas
marinhos e costeiros. O TrackMPD consiste em um modelo numérico
Lagrangiano estendido em 3D desenvolvido em Matlab e com acesso aberto. O
modelo interpola a malha hidrodinamica néo estruturada do TELEMAC-3D para
produzir uma malha estruturada. Para obter uma boa resolugdo na éarea de
interesse (ou seja, nos Molhes da Barra, Fig. 9b) sem comprometer o tempo

computacional, o tamanho do dominio foi reduzido, abrangendo o subespaco
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entre 52,38°-51,63°W e 32,89°-31,81°S, com um refinamento diferencial

subsequente para uma melhor definigcdo na regido de interessess (Fig. 11).
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Figura 11. Se¢ado do dominio com refinamento diferencial (52,38°-51,63°W e 32,89°-31,81°S) da
malha hidrodindmica interpolada pelo Modelo TrackMPD. O refinamento especifico na area de
interesse permite uma melhor resolugéo na regido dos Molhes da Barra de forma de assegurar uma
boa representagdo dos processos de transporte dos microplasticos pela pluma costeira da Lagoa
dos Patos.



O TrackMPD difere dos modelos tradicionais de rastreamento de particulas
Lagrangianas, modificando as caracteristicas das particulas ao longo do tempo
e atribuindo comportamentos especificos. Ele consiste em mdédulos interativos e
independentes que possibilitam a incorporacdo de todos os processos fisicos
(como adveccao, dispersao vertical e horizontal, afundamento, ressuspenséao,
encalhe, lavagem e transporte edlico) juntamente com as propriedades fisicas
dos materiais (tamanho, densidade e forma) e seus comportamentos (por
exemplo, degradagéo e bioincrustacéo, modificando as caracteristicas acima no

periodo indicado).

4.2.1. Equacgoes gerais para calculos do TrackMPD

Adaptado e traduzido do Anexo | do Material Suplementar [Rodriguez et al.,

2024, em reviséao].

Para calcular a trajetéria das particulas em 3 dimensdes devido a adveccao,
o TrackMPD resolve as seguintes equacgfes primarias para cada intervalo de

tempo, comecando pela posi¢cdo de cada particula:
xn+1 = xn + Atiu (1)
yn+1 = yn + Ativ (2)
zn+1 = zn + Atiw (3)

em gue u, v e w sao 0s componentes da velocidade U e correspondem ao campo
de velocidade fornecido pelo TELEMAC-3D. Devido a falta de resolucdo dos
processos turbulentos no modelo hidrodindmico, o TrackMPD simula o efeito da
difusdo turbulenta horizontalmente (x,y) e verticalmente (z) na trajetéria dos

plasticos, usando as seguintes equacdes:
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xn+1 = xn + R[2KhAti]ii/? (4)

zn+1 = zn + R[2KvAti]ii/? (5)

em gue a disperséo horizontal é calculada para x e y, e a disperséo vertical para
z, a partir de um modelo de trajetéria aleatoria usando o valor R, com uma média
de zero e desvio padréo r=1. As constantes de difusdo horizontal e vertical séo
incorporadas por meio dos valores de Kh e Kv, respectivamente. Os valores
destes coeficientes foram obtidos de Bogucki et al., [2005]; Diez et al. [2008];

Jalén-Rojas et al., [2019].

O processo de deposicéo no eixo vertical € calculado para cada particula no
intervalo de tempo escolhido e representado para particulas com flutuabilidade
negativa (pode ser positiva para particulas com densidades menores que a da

agua) de acordo com a equacao:
zn+1 = zn — Ws(ti)Ati (6)

onde, Ws corresponde ao valor da velocidade de deposicao vertical e pode ser
incorporado ao modelo por meio de um valor fixo, por meio de uma taxa de
velocidade que aumenta com o tempo (devido ao aumento do biofilme e
consequente aumento da densidade), ou por meio de uma formulacéo incluida
no modelo por Jalon-Rojas et al, (2019], dada principalmente pelas equacdes
propostas por Waldeschlager & Schuttrumpf [2019], para fibras e fragmentos,
Zhiyao et al, [2008] e Dellino et al. [2005] para fibras e filmes. Quando a particula
atinge o fundo, ela é considerada depositada. Para esse processo, 0 modelo usa
o calculo da tensdo de cisalhamento (r,) para definir o comportamento da

particula apés o afundamento:
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Ubot
To = pwky A_;) (7)

em gue pw € a densidade da &gua, Ubot é a velocidade da corrente da camada
mais préoxima do fundo e Az é a distancia entre as camadas. Nesse contexto, o
modelo assume duas tensdes de cisalhamento criticas que limitam o destino da
particula; ela sera mantida no fundo se o valor de 7, for menor que t(cr,1) e sera
ressuspendida se atingir ou exceder t(cr,2). Quando € ressuspendida, ela
retorna a sua posi¢ao anterior na coluna de agua. Os valores das tensdes de
cisalhamento criticas sdo calculados pelo modelo seguindo a formulacéo
proposta por Soulsby [1997] e a formulacdo de Waldschlager & Schuttrumpf

[2019], levando em conta também o efeito do sedimento.

4.3. Selecao dos parametros para simulagao

Os periodos simulados foram escolhidos com base nos valores do indice
Ocean Nifio (ONI] (https://ggweather.com/enso/oni.htm). O ONI foi desenvolvido
pela Administracdo Nacional Oceéanica e Atmosférica (NOAA) para identificar
eventos positivos ou negativos de El Nifo (La Nifia) no Pacifico Tropical usando
a anomalia da temperatura média da superficie (SST) de trés meses para a
regido do Nifo 3.4 (5°N-5°S, 120°-170°W). A classificacao ONI permite identificar
a intensidade dos eventos por pelo menos trés periodos consecutivos de trés
meses sobrepostos, entre eventos "fracos" (com uma anomalia de 0,5 a 0,9
SST), "moderados” (1,0 a 1,4), "fortes" (1,5 a 1,9) e "muito fortes" (= 2,0). Nesse
sentido, selecionamos as fases neutra (margo/2014-outubro/2014), fraca
(outubro/2014-maio/2015) e muito forte (agosto/2015-margo/2016) do El Nifio

como periodos de simulagdo. Como se apresenta na figura 12, durante o
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periodo selecionado foram registradas anomalias positivas de chuvas sobre a
grande area da bacia de drenagem que escoa sobre o sistema da Lagoa dos
Patos (Fig. 12). Logo, a figura 13 apresenta a hidrologia do sistema por meio da
analise das séries temporais de descarga dos rios Guaiba (como a somatéria
dos rios Jacui, Taquari, Cai e Sinos) e Camaqua, junto com o indice ONI, para
esses periodos (Fig. 13). Os dados de vazao foram obtidos da Agéncia Nacional

de Aguas (https://www.snirh.gov.br/hidroweb) e as anomalias da vaz&o foram

calculadas a partir dos dados disponiveis entre os anos 1939 e 2021 para o

Guaiba, e entre os anos 1970 e 2021 para o Camaqua.
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Figura 12. Anomalia da precipitagdo (mm.més") na area de estudo, calculada para periodos trimestrais com base no desvio
das normais entre os anos de 1951 e 2000. Fonte: Global Precipitation Climate Center.
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River Discharge vs. ONI
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Figura 13. Hidrologia de longo prazo dos principais tributarios da Lagoa dos Patos em relagdo ao indice Oceanico El Nifio “ONI”
(https://ggweather.com/enso/oni.htm). A descarga do Guaiba foi calculada como a soma da vazao de seus rios tributarios: Jacui,
Taquari, Sinos e Cai (https://www.snirh.gov.br/hidroweb) entre 1939 e 2021, e a descarga do Camaqua a partir dos dados
disponiveis entre 1970 e 2021. O componente sazonal foi removido para obter um sinal de variabilidade do El Nifio limpo. A média
climatologica foi calculada e, em seguida, a anomalia de descarga relacionada a ela.

Para cada periodo de intensidade do ONI, trés plumas bem representadas
foram escolhidas a partir do campo de salinidade e velocidade da corrente,
considerando uma escala de tempo de horas a alguns dias para cada simulagao,
em que os processos de formagao de plumas costeiras sdo mais importantes.
Os periodos selecionados de simulacéo e outras estatisticas sao fornecidos na

secao 3.3 dos resultados no artigo cientifico (Capitulo V).

Foram realizados testes de sensibilidade para identificar as configuragbes
numeéricas que representavam com mais precisdo os processos de simulagao.
Para cada parametro, foi realizada a ativacdo dentro do cenario de controle
(envolvendo particulas passivas no campo advectivo fornecido pelo campo de
velocidade TELEMAC), com o objetivo de selecionar valores que se
assemelhassem muito aos das simulagdes de controle. Nesse sentido, os
coeficientes de dispersao vertical e horizontal foram testados, juntamente com o
tempo computacional para calculo interno e liberagdo de saida, o numero de

particulas e o ponto de liberagdo. Os coeficientes de disperséo horizontal (Kh) e
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vertical (Kv) foram configurados com valores tipicos de sistemas costeiros: 0,25
para Kh e 10 para Kv [Bogucki et al., 2005; Diez et al. 2008; Jalén-Rojas et al.,
2019], pois pequenas variagdes nesses parametros ndo mostraram mudancas
significativas. O passo de tempo computacional também foi testado, variando de
2 segundos, 30 segundos, 1 minuto, 5 minutos, 10 minutos e 15 minutos. O
intervalo de tempo de 10 minutos foi selecionado por apresentar a melhor
resolucdo nas trajetorias das particulas, sem ser tdo dispendioso do ponto de
vista computacional, como foi observado nos tempos mais curtos. A quantidade
de particulas foi otimizada por meio de testes com 240 particulas para garantir
uma representacdo abrangente e facilitar a distribuicdo uniforme entre os
processadores légicos disponiveis para simulagdes eficientes. Por fim, o ponto
de liberacéo foi selecionado considerando inicialmente os locais de amostragem
e, posteriormente, determinando o local onde o comportamento de exportagao
da pluma costeira através dos Molhes da Barra poderia ser observado com mais
eficiéncia.

Como a escala de tempo foi usada para se concentrar no comportamento da
pluma, os efeitos da degradacéo e da bioincrustagao foram desconsiderados nas
simulagdes, e somente os modulos de deposicdo e ressuspensdo foram
ativados. Em seguida, para cada evento de pluma simulado, usamos duas
configuragcbes do TrackMPD: (1) cenario somente com advecgao e dispersao
(incorporando os valores das constantes de dispersao horizontal e vertical Kh e
Kv, respectivamente) e (2) cenario deposicional com advecgao, dispersao e com
0s modulos de ressuspensao e deposicao ativados. A Tabela 1 resume os

principais parametros escolhidos para cada cenario.
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Tabela 1. Resumo dos parametros de particulas, como tamanho, tipo de polimero, densidade e velocidade
de assentamento, e as configuracdes selecionadas para as simulagbes, como intervalo de tempo para os
calculos e para os resultados, constantes de dispersao e selecédo de moédulos de comportamento de
particulas para ativagao.

Parametros Gerais

Cores TimeStep TimeStep # Dias Forma da Polimero Densidade Tamanho Diametro
Calc Out particula (mm) Equivalente
8 10 10 Duracéo da Fibra Polyester 1380* 1,5 1,2
pluma

Parametros TrackMPD

Cenario Kh Kv Ws Empraiamento Re- Deposicéo Re- Bio-
- flutuaca a i taca
inicial utuacao ssuspensédo incrustacédo
1.PASSIVO: 0.25 10° 0 N&o N&o Nao N&o N&o
(Adveccao+
Disperséo)
2.DEPOSICIONAL: 0.25 10° 0,1 Nao Nao Sim Sim N&o
(Adveccao+ mm
Dispersao+ sl*
Deposi¢éo)

*Nguyen et al, [2022].

A caracterizagao das particulas foi definida a partir de um dos itens mais
representados na amostragem de campo (ver seg¢ao 3.1, Fig. 2 do artigo
cientifico) em termos de tipo de MP e tamanho médio, 0 mesmo referido em
outros ambientes costeiros e oceanicos da literatura [Zhao et al., 2019]. As fibras
de poliéster, altamente produzidas na industria [Geyer et al. 2017], foram

relatadas como uma importante contribuicido de fonte terrestre de maquinas de
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lavar industriais e urbanas, que ndo estdo sendo retidas por estagdes de
tratamento de efluentes [Napper e Thompson, 2016]. Assim, a fibra de poliéster
foi selecionada para as simulagbes com o Modelo TrackMPD e o valor de
referéncia da densidade de acordo com o tipo de particula foi usado como 1380
kg.m3 [Tabela 2; Nguyen et al., 2022]. O comportamento de afundamento foi
configurado adicionando o valor de velocidade de assentamento constante (Ws)
de 0,1 mm.s™! proposto como o valor mais baixo encontrado experimentalmente
por Nguyen et al. [2022] para fibras de poliéster e referenciado por Jalon-Rojas
et al. [2022] como um valor relativamente baixo caracteristico de fibras

pequenas.

Tabela 2. Trabalhos de referéncia sobre a densidade de microplasticos, calculada principalmente a partir
de experimentos de laboratorio.

Referéncia Particula/Polimero Salinidade Densidade Ws
[g.cm7] [mm.s?]
Waldschlager et al, Macroplasticos e MPs Agua doce 1,001-1,5 1,6 to 35
2020 PE, PP, PS, PVC, PET
Jalén-Rojas et al, 2022 Fibras de Polyester Agua doce 1,14 - 1,60 2+0,45
Nguyen et al, 2022 Fibras (1 —4mm) Agua doce 1,38 0,1e0,55
Mendrik et al, 2023 Fibras de Nylon e Polyester 0, 18, 30 1,01-2,30 4-12,5

4.4. Pés-processamento dos resultados do Modelo TrackMPD

Para cada simulagdo, os deslocamentos totais das particulas foram

calculados como a distancia resultante do ponto de liberagéo até a posigao final,
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e as trajetorias totais foram determinadas como a soma das distancias
percorridas pelas particulas em cada passo de tempo. A analise estatistica
incluiu uma ANOVA unidirecional com analise posthoc Tukey HSD para avaliar
as diferencas estatisticas no deslocamento total e na trajetoria. Além da ANOVA,
uma regressao linear e a analise de componentes principais (PCA) foram
aplicadas para reduzir a dimensionalidade e caracterizar a relagdo entre as
distdncias das particulas, a descarga de agua, a duragdo da pluma e a

intensidade do vento (ver em resultados do artigo cientifico).

A distribuicao espacial dos MPs foi representada pelo calculo dos mapas de
densidade de probabilidade para dispersao superficial e vertical. Para isso, foram
computadas a longitude, a latitude e a profundidade de cada particula em cada
intervalo de tempo, o numero de particulas foi quantificado na malha e, em
seguida, normalizado em relagcdo ao numero total de pontos de dados nas
matrizes especificadas para obter uma distribuicdo de probabilidade no dominio
do estudo. As figuras de densidade vertical (Dados suplementares, Fig. S8, S12,
entre outras do artigo cientifico) representam os resultados como probabilidade

de profundidade versus tempo, mostrando as etapas de tempo até o destino final.

4.5. Validagao do modelo com dados de campo

As tendéncias de transporte de MPs foram validadas por meio da realizagao
de duas campanhas amostrais de campo com um total de sete coletas de aguas
superficiais na area de estudo no contexto do Projeto PLUMPLAS [Zavialov et

al., 2020]. Os resultados de densidade de acumulo de MPs foram comparados
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aos resultados das simulagées do Modelo TrackMPD (igual configuragdo a

descrita acima) realizadas para os mesmos dias das coletas de campo.

As amostragens foram realizadas durante dois eventos de formagao de
plumas, correspondentes a 3 de junho e 21 de julho de 2022, usando uma rede
de arrasto de superficie do tipo "Manta" de 300 um, com boca de 30 x 60 cm e 2
m de comprimento (Fig. 14) [Zheng et al., 2021]. O material suspenso da camada
superficial foi coletado por aproximadamente 15 minutos em cada transecto (Fig.
3). As medicdes in-situ foram sincronas com o perfilador acustico de corrente
(ADCP) e leituras de condutividade, temperatura e profundidade (CTD),
adquiridas em intervalos de 0,1 m. Essas medi¢des forneceram informagoes
sobre a velocidade da corrente e o fluxo de agua filtrado pela rede, juntamente
com a caracterizagao fisica da massa de agua, conforme recomendado

recentemente por Defontaine & Jalén-Rojas [2024].

As amostras foram armazenadas em frascos de vidro e levadas para pos-
processamento no laboratério, seguindo a metodologia sugerida por Zheng et al.
[2021] e adaptada para o nosso estudo de caso. Todas as etapas foram
realizadas com cuidado especial para evitar a contaminagao cruzada ambiental
e sistémica, usando jalecos de algodao, capela acrilica de manipulagao,
materiais de vidro, como placas de Petri, sistema de filtragem e recipientes, e
ferramentas de metal, como espatulas e pingas, todos limpos previamente com
agua destilada e filtrada [Bogdanowicz et al. 2021]. As amostras foram
processadas com 30 mL de H202 a 35%, previamente filtradas e digeridas em
uma estufa a 40 °C por pelo menos 48 h até a remogao da matéria organica

[Pfeiffer & Fisher 2020]. Posteriormente, as amostras foram filtradas em um
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sistema de vacuo, dentro de uma capela acrilica fechada para evitar
contaminagao ambiental, em filtros de nitrocelulose de 95 mm com porosidade
de 300 ym e armazenadas em placas de Petri de vidro. Os filtros secos foram
analisados em um estereoscoépio tri-ocular (COLEMAN, modelo NSZ 606T)
acoplado a uma camera e ao software Opticam Microscopy OPTHD (versao
3.7.11443.20180326) também dentro de uma capela acrilica de protegéo
fechada, e os itens identificados como possiveis plasticos foram caracterizados
com aumento de 10x de acordo com o tamanho, a forma e a cor (Fig. 14). Um
8% de essas particulas identificadas incialmente como detritos plasticos foram
seleccionadas de forma randémica para serem caracterizadas quimicamente por
meio de analise de espectroscopia de infravermelho por transformada de Fourier
(FTIR) (Bruker's Alpha P) no modo ATR usando um cristal de seleneto de zinco
(ZnSe) na regido de 4000-600 cm” com uma resolugdo de 4 cm’ e 128
varreduras. Os espectros de particulas foram processados e identificados
usando a biblioteca Open Specy (https://openanalysis.org/openspecy/) [Cowger

et al., 2021].

Finalmente, a concentracao total de MPs em cada transecto sera corrigida
considerando o resultado da analise FTIR, a partir do porcentagem de particulas

verificadas como sintéticas no total de potenciais MPs observados.
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Figura 14. Representacéo grafica do processamento de amostras de microplasticos em campo (superior)
e em laboratorio (inferior) seguindo a metodologia proposta por Zheng et al., [2021].

Os brancos foram usados para avaliar a contaminagdo do proprio
procedimento laboratorial e do ambiente [Bogdanowicz et al., 2021]. Nesse
sentido, cada amostra foi acompanhada por uma placa de Petri em branco com
um filtro limpo umedecido durante todo o procedimento, que foi tratado da
mesma forma que as amostras. Para avaliar a contaminacao de todo o sistema
de filtragem, foi realizado um branco extra usando o mesmo procedimento que
as amostras, mas sem uma amostra. Quando plasticos foram detectados nos

brancos, os mesmos itens foram finalmente removidos da contabilizagdo da
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referida amostra e os registrados no branco do sistema também foram removidos

de todas as amostras.

Os resultados da concentracdo de MPs também foram utilizados para
extrapolar a taxa de exportagao de MPs da camada superior da boca do estuario,
por meio de uma abordagem bottom-up [Boucher et al., 2019]. Para isso foi
considerada a concentragdo superficial observada de MPs no ponto de
amostragem proximo a boca dos Molhes da Barra. Esse local corresponde ao
ponto em que o fluxo de agua foi estimado para cada amostragem e onde foi
registrada a menor concentracdo de MPs, assumindo o calculo mais
conservador possivel. A descarga de agua na camada superior de 1 m foi
calculada extraindo os campos de velocidade da corrente de agua dos resultados
da modelagem e multiplicando-os pela area de superficie, estimada em 700 m?2.
Isso permitiu calcular a exportagao total de MPs pela camada superficial das
plumas sob condi¢des diferenciais de descarga de agua da forma mais préxima

a realidade.

4.6. Apresentagao dos resultados

Os resultados sao apresentados em forma de artigo cientifico no capitulo
seguinte. O material suplementar do artigo cientifico apresenta os resultados em
extenso para uma melhor analises. As caracterizacdes hidrodinamicas de cada
evento de pluma sao apresentados no anexo Il do material suplementar. No
anexo lll sdo apresentadas as analises estatisticas de Correlacdo de Pearson
(Fig. S4), os testes de ANOVA e Post-hoc Tukey HSD entre plumas (Fig. S5).

Logo no anexo IV sao apresentados os resultados das simulagoes em extenso
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para cada pluma (PL1-PL9) e para ambos os cenarios (com advecgao e
disperséo, e com advecgao, dispersao e deposig¢ao). Nas subfiguras 1 e 5, as
trajetérias 2D superficiais foram plotadas sobre a salinidade média para cada
pluma em cada cenario, respectivamente, onde o destino final da particula de
microplastico é indicado com simbolos: AguaA, FundoV¥, Praia< e Fora do
Dominiox. Nas subfiguras 3 e 7 s&o mostradas as trajetorias 3D, onde € possivel
ver com mais detalhes a dispersao vertical e a profundidade final de cada
particula. Em 2 e 6 sdo mostrados os mapas de densidade para a dispersao
superficial, e nas subfiguras 4 e 8 sdo mostradas as densidades verticais ao

longo do tempo.
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Capitulo V: Artigo Cientifico

Para a obtencao do titulo de Mestre pelo Programa de Pos-Graduacao em
Oceanologia, € requerido que o discente realize a submisséo de pelo menos um
artigo cientifico como primeiro autor em periédico com corpo indexado. Desse
modo, os resultados da pesquisa desenvolvida durante o periodo de mestrado e
a discussdo dos resultados serdo apresentados em forma de artigo neste
Capitulo. O manuscrito, de autoria de Carolina Rodriguez, Pablo Silva, Laura
Moreira, Larissa Zacher, Andreia Fernandes, Remi Bouyssou, Isabel Jalén-
Rojas, Osmar Moller, Felipe Garcia-Rodriguez, Grasiela L. L. Pinho, Elisa
Fernandes, € intitulado “Trajectory, fate, and magnitude of continental
microplastic loads to the inner shelf: a case study of the world's largest

coastal shallow lagoon” e foi submetido para publicagéo no periddico “Science

of the Total Environment”, estando este em processo de reviséao.
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Abstract

The Patos Lagoon estuary is a highly significant ecosystem where freshwater from a
vast and densely populated area continuously flows into the Atlantic Ocean by coastal
plumes, exporting not only freshwater but also sediment, nutrients, plastics, and other
contaminants. In this work, numerical modeling tools together with field data were used
to assess for the first time the capacity of the coastal plume to export microplastics (MPs)
to the inner shelf under different hydrodynamic conditions. Two field surveys were
conducted during plume events to quantify MP concentrations and validate the model
approach. A bottom-up approach was employed to estimate the potential MP export from
the estuary’s domain to the Atlantic Ocean. MP concentration in surface plume waters
ranged from 0.20 items m~ to 1.37 items m~, confirmed by FTIR as synthetic polymers
in a 90%, being Polypropylene (PP) and Polyethylene (PE) the most abundant in a 73%.
The accumulation pattern was observed on the plume’s frontal system, consistent with
simulation results. The estimated average MP potential export rate attained 9.0 million
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items day™ during moderate plume events and 47.5 million items day™ during high
discharge plume events. Strong discharge events, coupled with intense northeast winds,
facilitated rapid southwestward export of MPs. Conversely, moderate to weak discharge
events retained MPs closer to the estuary’s mouth, enabling either longer trajectories or
earlier deposition. Significant MP accumulation hotspots were identified in the gyre
between the jetties and Cassino beach, as well as in the saline front within the plume
boundaries. These accumulation zones may function as reservoirs for MP particles,
potentially posing threats to local ecosystems. Understanding these dynamics is crucial

for ongoing monitoring efforts to assess potential harmful interactions over time.

1. Introduction

Understanding the dispersion of plastic waste from the continent to the ocean,
considering the physicochemical environmental variables, is one of the foremost current
scientific challenges (Alfonso et al., 2021). Estimating MP fluxes have been one of the
most pursued but still unattained objectives in this research field (Jambeck et al., 2015).
It is estimated that inadequate management of plastic waste in continental areas
contributes from 4 to 12x10° metric tons yr*(MT) of plastics to the ocean, varying as a
function of the development index of each country (Alfonso et al., 2021). Brazil, ranking
fourth globally in plastic waste generation, produces 11.3x10% MT yr* (equivalent to 1
kg per person per week), with only 1.28% (145x10° MT) effectively recycled and
reintroduced into the production chain (Zamora et al., 2020). Mismanaged plastic waste
ends up in landfills and open dumps, from where it can be primarily transported to larger
water bodies through freshwater discharge and wind (Lozoya et al., 2015; Alencar et al.,
2023), with rivers contributing to 80% of the total marine waste (Meijer et al., 2021). This
implies that the emission probability of a country depends on its coastal extension and
precipitation regime, with Brazil responsible for around 37,799 MT yr? of plastic waste

leakage into the ocean (Meijer et al., 2021).

Patos Lagoon, the world’s largest coastal lagoon located in the Southwestern Atlantic
Ocean (SWAOQ), is considered the sixth hotspot of plastic leakage to the ocean in South

America, only after La Plata River, Guanabara Bay, Amazon, S& Francisco, and
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Tocantins Rivers (Alencar et al., 2023). As part of the Southeast South America (SESA)
region, Patos Lagoon is subject to the impact of El Nifio-Southern Oscillation (ENSO)
(Bjerknes, 1969), increasing precipitation and affecting sea level, wind, and wave patterns
(Barreiro, 2010; Schossler et al., 2018; Bitencourt et al., 2020b; Rehbein & Ambrizzi,
2022). Previous studies have demonstrated a positive impact of ENSO on continental
discharge in the Northern part of the lagoon associated with an increase in pressure
gradient between the estuary and the ocean, thus favoring plume formation (Tavora et al.,
2019). However, in the current challenging scenario of global marine plastic pollution,
the impacts of different intensities of ENSO on plastics export and distribution still remain
surprisingly unexplored (Morishige et al., 2007; Doyle and Gilfillan, 2016). Earlier
investigations have demonstrated that extreme events and rainfall seasons over river
basins are related to stronger MP transport and mobilization (Bertoldi et al., 2021;
Emmerik et al., 2023a, b; Lima et al., 2023). In this context, continental discharges into
the SWAO during such extreme events account for 7% of the Patos Lagoon’s total
volume, resulting in plumes with areas of up to 1,500 km?2 extending up to 50 km off the
estuary mouth (Fernandes et al., 2002) under a microtidal regime and dominance of NE-
SW winds (22% and 12%, respectively), where river discharge displays not only seasonal
and interannual variability (Moller et al., 2001, Tavora et al., 2019; Bitencourt et al.,
2020a) but also interdecadal variability (Bortolin et al., 2022). Therefore, a combination
of local and non-local factors governs the dynamics of the coastal plume (Marques et al.,
2010b; Jung et al., 2020).

While the study of plastic contamination in aquatic environments has received
numerous global scientific contributions (e.g., Abalansa et al., 2020; Alfonso et al., 2021,
and references therein), comprehensive and multidimensional studies in the SWAO are
limited (Rodriguez et al., 2020; Pazos et al., 2021; Pinheiro et al., 2021; Lacerda et al.,
2022; Schicchi et al., 2024). According to dos Santos (2023), Patos Lagoon received
plastic waste inputs ranging from 21,670 MT to 107,190 MT yr! (equivalent to 6.54 to
32.35 g day! per person) between 2010 and 2017, composed of polyethylene (PE),
polypropylene (PP), and polyvinyl chloride (PVC) as the main polymers. Alves et al.
(2022) identified MPs (mainly fibers) as chronological markers in sediment cores within
the Patos Lagoon estuary and Mirim Lagoon (Fig. 1), with the first appearance dating
back to 1970 CE. This finding highlights the impact of the Anthropocene and industrial

47



activities on the local sedimentary history. Recent studies have also identified MPs in
oceanic waters in South Brazil, where the highest concentrations of MPs in surface water
at two Rio Grande do Sul stations, near the coastal plume influence area (Lacerda et al.,
2022). In this context, the Patos Lagoon is potentially crucial as both a source and sink of
anthropogenic waste, and ulterior export to the coastal region, making the estuary a

"hotspot” of marine pollution (Pazos et al., 2021).

Continental plastic loads, together with direct plastic inputs from fisheries, offshore
industries, and other maritime activities (Boucher and Friot, 2017; Boucher et al., 2020),
undergo various physical, chemical, and biological degradation processes driven by
external environmental factors, such as mechanical action from wind and waves, solar
radiation, oxygen availability and interaction with organisms. These processes lead to the
formation of smaller size categories and dynamic changes in particle properties over time
(Verma et al., 2016; Chamas et al., 2020). Consequently, estuaries are key compartments
for both dispersion and fragmentation of macroplastics (>25 mm) into mesoplastics (5
mm — 25 mm) and MPs (1 um - 5 mm), experiencing changes in dimensions and densities
and altering their buoyancy properties (Jalon-Rojas et al., 2019). These characteristics
distinguish them from fine sediment particles, thus justifying the need for specific
analytical tools to understand their behavior and transport trends in different marine

compartments (Jalon-Rojas et al., 2019).

Numerical modeling has proven to be an essential tool for studying the behavior and
dispersion of MPs in marine environments, because of the need for specific approaches
due to the unique characteristics of MPs compared to suspended sediment particles
(Critchell and Lambrechts, 2016; Jalén-Rojas et al., 2019). Current numerical modeling
tools, complemented with field validation, offer a low-cost methodology with high spatial
and temporal resolution and integration of both experimental and field data to achieve
high model accuracy (Hardesty et al., 2017). Hybrid models combining hydrodynamics
with Lagrangian process-based approaches and statistical data have been widely used to
predict areas of high MP accumulation (Uzun et al., 2022). In this regard, the TrackMPD
model, developed by Jalon-Rojas et al. (2019) as an extended Lagrangian-based open-
source tool, integrates hydrodynamic models and real-world process equations for

tracking plastic particles in natural environments (Jalon-Rojas et al., 2019). TrackMPD
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applications have been worldwide demonstrated in recent years in various coastal and
estuarine environments (Cheng et al., 2020; Baudena et al., 2022; 2023; Liao et al., 2023;
Kim et al., 2023; Schicchi et al., 2023).

In this sense, this approach was used with the objective of understanding the role of
coastal plumes in the dispersion dynamics of MPs in aquatic ecosystems, under the
hypothesis that different discharge intensities would determine different patterns in the
magnitude of export, distribution and fate of MPs to the SWAO. The transport of MPs
was assessed for weak (2014-2015) and very strong (2015-2016) El Nifio intensities to
identify different "hotspots™ of MP accumulation in the export region as a function of
plume intensity. Two field sampling surveys validated the model and provided the basis
for estimating MP export flux, thus elucidating the coastal plume role in the dispersion of
continental MP export to the SWAO.

2. Methods
2.1. Study area

Patos Lagoon (30-32°S; 50-52°W, Fig. 1) is the world’s largest choked coastal lagoon
(Kjerfve, 1986), with an area of 10,360 kmz2, a maximum length of 240 km, and a mean
depth of 5 m. Draining a watershed of approximately 200,000 km?, it is connected to the
SWADO through a long and narrow channel (700 m wide at the mouth) delimited by a pair
of 4 km long jetties (Fig.1c, Franzen et al., 2022). The channel’s dredged portion,
designed for navigation purposes, maintains depths varying from 16 to 20 m. The lagoon
receives continental inputs from very turbid tributaries, i.e., Guaiba and Camaquéa River,
and S&o Gongalo Channel (connection with Mirim Lagoon, Fig. 1). These tributaries
together yield an average annual discharge of 2,400 m® s, carrying a significant
contribution of suspended sediments of approximately 5.1x10° t yr! (Jung et al., 2020).
Guaiba River is the main tributary, accounting for approximately half of the fluvial
discharge into the lagoon (average flow of 1,253 m3 s!) and carrying mean annual
discharges of 2.99 x 10¢ ton yr? of suspended sediments from a sub-drainage basin of
about 84,763 km?. Camaqua River contributes 0.24 x 10¢ ton yr?, and drains a basin of
about 21,657 km?, while Sdo Gongalo Channel contributes 1.88 x 10¢ ton yr-! (Jung et
al., 2020) from a basin area of 28.499 km?. Extreme discharge events from the tributaries
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over the north region of the system are related to the inter-annual variability driven by
ENSO oscillations (Tavora et al., 2020, Bortolin et al, 2022).

The residence time of particles within the system was calculated at approximately 1.5
yr (for an average discharge of 1,000 m3 s, Moller et al., 1996), and was estimated at 68
days for maximum discharges (10,000 m® s, Fernandes et al., 2002), showing a decrease
inversely related to river discharge. The concentration of suspended solids decreases from
the Northern end of the lagoon (38 g m) to the Southern end in the estuarine area (10 g
m-3), which highlights the retention and filtration capacity of the lagoon. Mud depocenters
form in the central silty zones where current velocities are smaller than 0.1 m s™* and depth
is higher than 5 m (Bortolin et al., 2022). Littoral sandy zones are dominated by sediment
resuspension when current velocities are higher than 0.2 m s** and depth is lower than 5

m.

The wind regime is mainly determined by NE wind (22%) interrupted by the passage
of frontal systems from SW (12%) in time intervals of 3 — 16 days (Moller et al., 2001).
Under conditions of high discharge (i.e., > 3,000 m3 s*) combined with NE winds,
hypopycnic plumes holding strong salinity stratification off the lagoon's mouth are
observed as less dense freshwater from the river discharge flows over the denser saline
water (Calliari et al., 2009). The formation of the continental discharge plume over the
SWAO carries a suspended sediment concentration of up to 12 g m (Jung et al., 2020).
The Patos Lagoon coastal plume is a small-scale plume that exhibits surface variability
resulting from two principal modes. The first one, associated with the southwest and
southeast plume displacement, forced by northeasterly winds, accounts for 70% of the
plume variability, the upward velocities in the near field, the stratification processes, and
potential energy anomalies (Marques et al., 2009, 2010a). The second one, related to the
north and east plume migration due to south quadrant wind during the passage of frontal
systems, accounts for the remaining 19% of coastal variability, promoting downward

velocities and mixing conditions in the near field (Marques et al., 2010a).

Tides display a mean range of 0.3 m and characterize the lagoon as microtidal, mainly
of diurnal regime (Moller et al., 2001). Tidal effects and Earth rotation play a secondary
role in the plume behavior, mainly affecting its shape, mixing process, and offshore

penetration (Monteiro et al., 2011). Additionally, bed friction impacts mainly the
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alongshore direction in the coastal region (Marques et al., 2010b). In this sense, the
advection and deformation of the dominant density fields control the mixing and
stratification of the Patos Lagoon coastal plume, considering time scales associated with
the influences of winds (5- and 15-day processes) and river discharge (30-day processes)
(Marques et al., 2009).
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Fig. 1. Patos Lagoon (a) bathymetry for the numerical domain and numerical mesh (b) for the simulations,
where the main tributaries, i.e., Guaiba River, Camaqua River, and Sdo Gongalo Channel are indicated.
Boundary conditions used to force the model are depicted with black solid lines. The location of the jetties
(c) represents the connection with the SWAQ and the area of strongest influence of the coastal plume of

suspended sediments and organic/inorganic debris.
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2.2. Hydrodynamic modeling

The TELEMAC-3D model (www.opentelemac.org) has been widely employed to
study the dynamics of Patos Lagoon itself (Fernandes et al., 2002), its estuary (Fernandes
et al., 2004) and the resulting coastal plume (Marques et al. 2009; 2010a; Monteiro et al.
2011, Fernandes et al, 2021). TELEMAC-3D solves the 3D Reynolds-Averaged Navier-
Stokes Equations, considering the Boussinesq and Hydrostatic approximations, based on
the Characteristics Method and Finite Element Method (Hervouet, 2007; Villaret et al.,
2013). The TELEMAC-3D model also solves the mass conservation equation, which
simulates the temporal and spatial variation of active tracers such as salinity, temperature,
and suspended sediments, incorporating the flocculation process. The model domain was
discretized with an unstructured finite element mesh according to Fernandes et al. (2021)
(Fig. 1b), based on digitalized nautical charts of bathymetric data obtained from the
Brazilian Navy and complementary data provided by the Rio Grande Port Authority
(Portos RS). The domain covers from 29- and 36S to 48 and 54°W (Fig. 1b) and reaches
the 3700 m depth isobath. The numerical mesh consists of approximately 33,000
elements, 50,000 nodes, and seven sigma levels in the vertical, with results output every
6 h.

For the oceanic boundary conditions (Fig. 1b), sea level data and regional tidal
velocity fields were obtained from the OSU Tidal Inversion System (OTIS — Egbert and
Erofeeva, 2002), an internal coupling to TELEMAC (TPXO). Temperature and salinity
fields were derived from the HYCOM + NCODA Global project (Hybrid Coordinate
Ocean Model, https://hycom.org/), with a temporal and spatial resolution of 3 h and 0.08°,
respectively. At the surface boundary, data from ECMWF ERA-Interim and ERA5

(European Centre for Medium-Range Weather Forecast, http://www.ecmwf.int/) were

applied with a temporal and spatial resolution of 6 h and 0.75°, respectively. All these
data were interpolated in time and space for each numerical grid point. Daily river
discharge data from the main tributaries (Guaiba and Camaqua) provided by the National
Water Agency (ANA, www.hidroweb.ana.gov.br) were used for continental boundaries.
Discharge data for the Sdo Gongalo Channel were obtained as water level data from the
Mirim Lagoon Agency (ALM, https://wp.ufpel.edu.br/alm/), and transformed into flow
data using the Rating Curve Method (Oliveira et al., 2015).
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The hydrodynamic output of TELEMAC was calibrated and validated for the study
region by several authors (Fernandes et al., 2001, 2002, 2005, 2007; Marques et al.,
2010a; Bitencourt et al, 2020a; Lisboa et al., 2022), always yielding from good to
excellent values of both RMSE and RMAE. The detailed calibration and validation of the

numerical mesh used in this study have already been published in Fernandes et al. (2021).

Time series of current velocities, salinity, wind intensity, and direction were extracted
for the jetties area at 6 h resolution to feed discussion of the microplastic transport model
results. In this sense, the mean position of the salinity field was analyzed and used to
calculate each plume duration, together with the cross-sectional vertical profile of the
mean dispersion of the plumes. Pearson correlation tests were performed to evaluate the
relationship between these variables in the plume's behavior, followed by linear

regression to infer the type of such relationship.
2.3. Microplastic transport modeling

The TrackMPD model (Jalon-Rojas et al., 2019) simulates MP transport. TrackMPD
consists of a 3D, extended Lagrangian numerical model developed in Matlab as an ad hoc
open-access source to analyze the transport of plastic waste in marine and coastal systems.
The model interpolates the hydrodynamic unstructured mesh from TELEMAC-3D to
produce a structured mesh. To achieve a good resolution at the area of interest (i.e., jetties,
Fig. 1c) without compromising computational time, the domain size was reduced,
covering the sub-space between 52.38°-51.63°W and 32.89°-31.81°S, with a subsequent
differential refinement for a better definition on the jetty’s region.

TrackMPD differs from traditional Lagrangian particle tracking models by modifying
particle characteristics over time and attributing specific behaviors. It consists of
interactive and independent modules, which make it possible to incorporate all physical
processes (such as advection, vertical and horizontal dispersion, sinking, resuspension,
stranding, washing-off, and wind transport) together with the physical properties of the
materials (size, density, and shape) and their behaviors (e.g., degradation and biofouling,
modifying the above characteristics in the indicated time frame). For further details on
TrackMPD calculations, readers can refer to Jalon-Rojas et al., (2019), Jalon-Rojas &

Marieu (2023), and the Supplementary Data (Annex ).
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2.4. Selection of simulation parameters for TrackMPD

The simulated periods were chosen based on the Ocean Nifio Index (ONI) values
(https://ggweather.com/enso/oni.htm). NOAA developed ONI to identify positive or
negative El Nifio (La Nifia) events in the Tropical Pacific using the three-month average
surface temperature (SST) anomaly for the Nifio 3.4 region (5°N-5°S, 120°-170°W). The
ONI classification allows identifying the intensity of events for at least three consecutive
overlapping three-month periods, between "Weak" (with an anomaly of 0.5 to 0.9 SST),
"Moderate” (1.0 to 1.4), "Strong™ (1.5 to 1.9) and "Very Strong" (> 2.0) events. In this
sense, we selected neutral (Mar/2014-Oct/2014), weak (Oct/2014-May/2015), and very
strong (Aug/2015-Mar/2016) El Nifio phases as simulation periods. For each period, three
well-represented plumes were chosen from the salinity and current velocity field,
considering a time scale from hours to a few days for each simulation, where the processes
of coastal plume formation are more important. The selected periods of simulation and

further statistics are provided in results section 3.3.

Sensitivity tests were conducted to identify numerical configurations that most
accurately represented the simulation processes. For each parameter, activation within the
control scenario (involving passive particles in the advective field provided by the
TELEMAC velocity field) was carried out, with the aim of selecting values that closely
resembled those of the control simulations. In this sense, vertical and horizontal
dispersion coefficients were tested, together with the computational time for internal
calculation and output liberation, the number of particles, and the release point.
Horizontal (Kh) and vertical (Kv) dispersion coefficients were set up to typical values
from coastal systems: 0.25 for Kh and 107 for Kv (Bogucki et al., 2005; Diez et al. 2008;
Jalon-Rojas et al., 2019), as the small variations in these parameters didn’t show
significant changes. The computational time was also tested, varying from 2 sec, 30 sec,
1 min, 5 min, 10 min, and 15 min. The 10 minutes timestep was selected since it showed
the best resolution in the particle’s trajectories, without being as computationally
expensive, as was observed for the shorter times. The particle amount was optimized by
testing with 240 particles to ensure a comprehensive representation and facilitate even
distribution across the available logical processors for efficient simulations. Finally, the

release point was selected by initially considering the sampling sites and subsequently

54



determining the location where the export behavior of the coastal plume through the

jetties could be most effectively observed.

Because the time scale was used to focus on plume behavior, the effects of
degradation and biofouling were disregarded for the simulations, and only the deposition
and resuspension modules were activated. Then, for each plume event simulated, we use
two configurations of TrackMPD: (1) passive scenario only with advection and dispersion
(incorporating the values of the horizontal and vertical dispersion constants Kh and Kv,
respectively) and (2) sinking scenario with advection, dispersion together with the
deposition resuspension modules activated. Table 1 resumes the main parameters chosen

for each scenario.

The characterization of the particles was defined from one of the most represented
items in field sampling (Section 3.1, Fig. 2) in terms of MPs type and average size, the
same as referred to in other coastal and ocean environments from the literature (Zhao et
al., 2019). Polyester fibers, highly produced in the industry (Geyer et al. 2017), were
reported as a land source important contribution from industrial and urban washing
machines, that are not being retained by effluent treatment plants (Napper and Thompson,
2016). Thus, polyester fiber was selected for the TrackMPD simulations and the reference
value of density according to the type of particle was used as 1380 kg m® (Nguyen et al.
2022). The sinking behavior was set up by adding the constant settling velocity value
(Ws) of 0.1 mm s proposed as the lowest value experimentally found by Nguyen et al.
(2022) for polyester fibers and referenced by Jalén-Rojas et al. (2021) as a relatively low

value characteristic of small fibers.
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Table 1. Summary of the particle parameters such as size, polymer type, density, and settling velocity, and the configurations selected for the
simulations, such as timestep for the calculations and for the outputs, dispersion constants, and particle behaviors modules selection for
activation.

GENERAL PARAMETERS

Cores  TimeStep Cale  TimeStep Out # days Particle Shape  Particle Polymer Particle Particle Size Particle Dequi
Density
8 10 10 Plume Fiber Polyester 1380% 0.0015 0.0012

duration

TRACKMPD SIMULATION CONDITIONS

Kh Kv Initial W's Beaching Refloating Deposition Resuspension Biofouling
Option

1. PASSIVE: 0.25 107 0 No No No No No
(Advection +

Dispersion)

2. SINKING: 0.25 10 0.1 mms'* No No Yes Yes No
(Advection +

Dispersion +

Deposition)

*Nguyen et al, 2022.

2.5. Model results postprocessing

For each simulation, total particle displacements were calculated as the resulting
distance from the liberation point to the final position, and total trajectories were
determined as the sum of distances covered by particles at each timestep. Statistical
analysis included a one-way ANOVA with posthoc Tukey HSD analysis to assess the
statistical differences in total displacement and trajectory. In addition to the ANOVA, a
linear regression, and Principal Component Analysis (PCA) were applied to reduce
dimensionality and characterize the relationship between particle distances, water

discharge, plume duration, and wind intensity.

The spatial distribution of MPs was represented by calculating the density probability
maps for surface and vertical dispersion. For this purpose, the longitude, latitude, and
depth of each particle at each time step was computed, the number of particles was
quantified in the grid, and then normalized with respect to the total number of data points
in the specified arrays to obtain a probability distribution in the study domain. Vertical
density figures (Supplementary Data, Fig. S8, S12, among others) represent results as

depth versus time probability, showing the time steps until final fate.
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2.6. Model validation with field data

The transport trends of MPs were validated by undertaking two field surveys with a
total of seven surface water collections within the study area in the context of the
PLUMPLAS Project (Zavialov et al., 2020). MP density accumulation results were
compared to TrackMPD simulations results (similar configuration to those described

above) performed for the same data of field collections.

Sampling was carried out during plume formation events, corresponding to June 3rd
and July 21st, 2022, using a 300 um "Manta" type surface trawl, 30 x 60 cm mouth and
2 m long (Zheng et al., 2021). Surface layer suspended material was collected for
approximately 15 min at each transect (Fig. 3). The in-situ measurements were
synchronic with Acoustic Doppler Current Profiler (ADCP) and conductivity,
temperature, and depth (CTD) readings, acquired at 0.1 m intervals. These measurements
provided information on current velocity and water flow filtered by the net, along with
the physical characterization of the water mass (Table 2) as recently recommended by
Defontaine and Jalon-Rojas (2023).

Samples were stored in glass jars and taken for post-processing in the laboratory,
following the methodology suggested by Zheng et al. (2021) and adapted for our case
study. All steps were performed with special care to avoid environmental and systemic
cross-contamination, using cotton lab coats, manipulation bell, glass materials such as
Petri dishes, filtration system and containers, and metal tools such as spatulas and
tweezers, all cleaned with distilled-filtered water beforehand (Bogdanowicz et al. 2021).
Samples were processed with 30 mL of 35% H2O- previously filtered and digested in an
oven at 40°C for at least 48 h until organic matter was removed (Pfeiffer & Fisher 2020).
Subsequently, samples were filtered in a vacuum system, inside a closed hood to avoid
environmental contamination, on 95 mm nitrocellulose filters with 300 um porosity, and
stored in glass petri dishes. The dry filters were analyzed under a tri-ocular stereoscope
(COLEMAN, model NSZ 606T) coupled to a camera and the Opticam Microscopy
OPTHD software (version 3.7.11443.20180326) inside a closed protective hood, and
items identified as potential plastic were characterized at 10x magnification according to
size, shape, and color. These debris particles were chemically characterized using

Fourier-transform infrared (FTIR) spectroscopy analysis (Bruker's Alpha P) in ATR
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mode using a zinc selenide (ZnSe) crystal in the region of 4000-600 cm™ with a resolution
of 4 cm™ and 128 scans. The particle spectra were processed and identified using the
Open Specy library (https://openanalysis.org/openspecy/) (Cowger et al., 2021) and then
the total MP concentration was corrected incorporating the percentage of synthetic

particles observed by the FTIR analysis.

Blanks were used to assess contamination of both the lab procedure itself and the
environment (Bogdanowicz et al., 2021). In this sense, each sample was accompanied by
a blank Petri dish with a clean filter throughout the procedure, which was treated the same
as the samples were. To evaluate the contamination of the whole filtration system, an
extra blank was performed using the same procedure as the samples, but without a sample.
When plastics were detected in the blanks, the same items were finally removed from the

sample and those recorded in the system blank were also removed for all samples.

The concentration results of MPs were also utilized to extrapolate the MP export rate
of the upper layer of the estuary mouth, by employing a bottom-up approach (Boucher et
al., 2019). This involved considering the observed surface concentration of MPs at the
sampling point near the mouth of the jetties. This place corresponds to where the water
flow was estimated for each survey, and where the lowest concentration of MPs was
recorded. The water discharge on the upper 1 m layer was calculated by extracting the
water current velocity fields from the modeling results and by multiplying them by the
surface area, estimated at 700 m2. This allowed us to calculate the total export of MPs by
the surface layer of the plumes under differential conditions of water discharge, in a

conservative way.

3. Results

3.1. Field data for model validation
3.1.1. Observed MPs

MPs were detected in all seven surface water samples (Table 2). A total of 2564
potential plastic particles were counted and identified, ranging from 93 to 725 items per
transect (Fig. 2), with an average of 0.85 items m= (SE = 0.48 items m™). Length ranged
from 0.04 to 98.97 mm, categorizing most of the particles as MPs (i.e., 1 pum - 5 mm)

where the highest size frequencies were detected (92%). Mesoplastics (5 mm - 25 mm)
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were detected with lower abundance (8%), and finally, just a few macroplastics were
observed (> 25 mm) (Fig. 2). Fibers represented 47% of the total MPs observed, being
the rest 53% fragments (including films and spheres).

The relative percentage of polymeric composition per sampling station in each field
survey is presented, as analyzed by FTIR spectroscopy is shown in Fig. 2. A total of 209
items was processed, constituting 8% of the total particles, with 189 items (90%)
identified as synthetic polymers. Eight different polymeric types were identified, where
Polypropylene (PP) and polyethylene (PE) accounted for 76% of confirmed plastic
particles, being the most representative polymers from recovered items. In the analysis of
June-MPs, polypropylene (PP) was the dominant polymer, i.e., 36%, followed by
polyethylene (PE) 30%, alkyd varnish from polyester resin paints 20%, polyester (PES)
11%, and polystyrene (PS) at 2%. In July-MPs, a higher polymeric diversity was
observed, especially in sampling station 1. Polyethylene was the most representative type
with 55%, followed by polypropylene 24%, polystyrene 9.66%, polyester 6%, epoxy
resin 2%, rubber 2%, alkyd varnish 1%, and ethylene-vinyl acetate (EVA) 1%.
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Table 2. Field sampling characteristics and MPs concentration for modelling validation.

Station Transect Filtered Water Plastic Plastic Total Plastic
distance Volume Discharge” Fragments Fibers Plastics concentration
(m) (m?) (m* s (items m™)

June 1 2037 366.7 5900 59 114 174 0.47
-03-
2022

2 2408 4334 102 138 239 0.55

3 2315 416.7 50 33 83 0.20
July- 1 2100 378.0 10576 177 121 298 0.79
21-
2022

2 1716 308.9 11472 124 107 231 0.75

3 2554 459.7 11087 427 204 632 1.37

4 2890 5202 7418 283 368 652 1.25

*Water discharge through the lagoon outlet, estimated using fixed ADCP located at Pilot Station (Fig. 1c), multiplied by the current speed by the
section area for the high level (10,000 m?) by the flow period (estimated in 12 hours).
MPs concentration was corrected according to the results of the FTIR analysis in a 90% of the observed potential MPs.

Fig. 2 shows the characterization of analyzed particles for both field samplings (June
3rd to the left, July 21st to the right of the plot), where the number of items per sample
(top) and the size distribution frequency (middle) are shown, together with the FTIR
results (bottom). During the June 3rd field survey (Fig. 2 - left), the mean concentration
of all transects was 0.40 items m™ (SE = 0.19 items m™). In the first transect, outside the
jetties, a total of 174 plastic items were identified (0.47 items m™), including 114 plastic
fibers (0.31 items m3) with an average length of 1.82 mm and 59 plastic fragments (0.16
items m3) with an average length of 0.52 mm. The second transect, set perpendicular to
the first, yielded 239 plastic items (0.55 items m™), comprising 138 plastic fibers (0.31
items m) with an average length of 0.19 mm, and 102 plastic fragments (0.23 items m-
%) with an average length of 0.55 mm. The third transect, conducted next to the jetties’

mouth, showed a total of 83 potential plastic items (0.20 items m), which consisted of
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33 plastic fibers (0.08 items m) with an average length of 5.29 mm, and 50 plastic

fragments (0.12 items m®) with an average length of 2.08 mm.

During the July 21st field survey (Fig. 2 - left), the samples attained a mean
concentration of 1.04 items m= (SE = 0.31 items m™3). The first transect was located next
to the jetties’ mouth, where a total of 298 plastic items (0.79 items m) was observed,
including 121 plastic fibers (0.32 items m) with an average length of 5.39 mm, and 177
plastic fragments (0.47 items m™3) with an average length of 1.95 mm. The second transect
was conducted within the jetty’s channel, resulting in a total abundance of 231 plastic
particles (0.75 items m™), consisting of 107 plastic fibers (0.34 items m™) with an average
length of 1.21 mm, and 124 plastic fragments (0.40 items m=) with an average length of
1.22 mm. The third transect, located outside the jetties where the plume front was
observed, exhibited a total abundance of 632 items (1.37 items m), including 204 plastic
fibers (0.44 items m™®) with an average length of 2.16 mm and 427 plastic fragments (0.93
items m~) with an average length of 0.94 mm. The fourth transect, was conducted in the
Pilot Station area transversely set to the channel and recorded a total abundance of 652
plastic items (1.25 items m™), consisting of 368 plastic fibers (0.71 items m=) with an
average length of 3.13 mm and 283 plastic fragments (0.54 item m) with an average
length of 1.28 mm.
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fibers and dotted lines correspond to fragments. The lowermost plots show the relative polymeric

composition of identified MPs by FTIR spectroscopy, according to the color references described below.

3.1.2. Model validation

For model validation purposes, Fig. 3 shows the concentration (items m™) of field-
sampled MPs on the left side of the plot together with the TrackMPD simulation results
displayed as a probability density map for each field survey (June 3 at the top, July 21 at
the bottom) to the right of the panel. TrackMPD results revealed a good agreement
between observed and simulated data. While a direct quantitative comparison of these
variables is not feasible, a qualitative assessment reveals a consistent concentration
pattern in both observed and simulated scenarios. Notably, both situations exhibit a
similar trend of higher MPs concentration near the saline front adjacent to the jetties’
mouth. This consistent replication of observed patterns strongly indicates the model's

reliability for reproducing the transport features of MPs.
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Fig. 3. Field experiment composition for model validation. Comparison between observed versus simulated

distribution of MPs in the coastal plume. The left section of the plot shows the spatial abundance
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distribution together with the wind rose characterization, where black lines refer to the location of each
sampling station. Right plots show the TrackMPD results, simulated for the same day, expressed as a
density map. Note the similar accumulation pattern on the convergence areas of the coastal plume for both

observed and simulated data.

3.2. Estimation of MP export trough observed coastal plume events — a bottom-up

approach

During the June 2022 plume event, the mean water discharge value was lower than
the second event of July 2022, which exhibited a strong mean discharge. The mean water
discharge calculated at the surface layer (1 m) represented, on average, 7% of the mean
water discharge out of the entire water column between the jetties on the analyzed plumes.
For the June 2022 survey, by extrapolating the MP concentration observed in transect 3
(0.20 items m™3; Fig. 2), the water discharge restricted to the surface layer (413 m® s?),
resulted in 83 particles exported per second. This means a total export of approximately
7.1 x 10° items per day. Similarly, for the July 2022 survey, considering the MP
concentration in transect 2 (0.75 items m™3; Fig. 2) and a water discharge value of 803 m®
s1, the number of MPs being exported per second attained 602 items. Thus, a total export

of 52 x 10° items per day was calculated.
3.3.Coastal plume hydrodynamics

The time series of modeled water discharge between from the lagoon to the ocean,
from January 2014 to May 2016, is reported in Fig. 4, where positive (negative) values
indicate ebb (flood) flows. The mean discharge at the mouth was 2,566 m® s, within
well-represented plume events selected based on the ONI index. Table 3 shows the
descriptive statistics for each of the nine simulated plumes, where the ONI condition,
duration, direction of deflection, and mean discharge were described. The first three
plumes (i.e., PL1, PL2, PL3) formed under an ENSO neutral period, the fourth, fifth and
sixth plume (PL4, PL5, PL6) developed under weak ENSO events, while the last three
plumes (PL7, PL8, PL9) formed during very strong ENSO events.

Results suggest that there was no significant relationship in terms of water discharge
at the mouth and the ONI index, but there was a significant positive relationship between
the water discharge and the wind intensity (r = 0.74; p < 0.05). The linear regression for
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these variables showed a y-axis intercept value of 620.3 and the coefficient for wind
intensity was 1,112.7, with an R? of 0.54 (Fig. S4).
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Fig. 4. Modeled water exchange at the cross-sectional area of the jetties. Positive values refer to the
discharge outflow (ebb - red), and negative values refer to the inflow (flood - blue). Each plume selected

for further investigation is indicated above the discharge peaks (i.e., PL1 through PL9).

Plumes PL1, PL3, PL8, and PL9 were classified as high-discharge events at the
mouth, with mean discharge values of 10,497 m3s?, 12,555 m®s?, 12,139 m®s?, 11,167
m?3 s respectively (Table 3). Similarly, PL2, PL4, PL5, PL6, and PL7 were classified as
either low or intermediate discharge events with mean water discharge of 6,121 m® s,
6,956 m3s?, 6,601 m3s? 7,439 m®s?, 6,308 m®s?, respectively. All events showed the
predominance of northerly winds with different combinations of east and west wind
components. Fig. 5 shows three out of the nine plumes (PL1, PL5, and PL8) to depict the
common hydrodynamic trends of the plumes. The supplementary material reports the

remaining plumes (Fig. S1, S2, S3).
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Table. 3. Mean discharge, wind intensity, plume duration, and ONI condition for each simulated
plume. High discharge events of PL1, PL3, PL8 and PL9 are depicted with bold.

El Nino PERIOD Mean Mean Wind
REF Condition Initial date  Final date  Duration  Discharge Intensity
(ONI) (days) (m?.s) (m.s)

PL1 Neutral 2014/06/10  2014/06/13 3 10,497 8.2
PL2 Neutral 2014/07/29  2014/08/03 6 6,121 4.7
PL3 Neutral 2014/09/02  2014/09/06 5 12,555 10.5
PL4 Weak 2014/10/22  2014/10/29 8 6,956 5.3
PL5 Weak 2014/11/16  2014/11/22 6 6,601 6.1
PL6 Weak 2015/02/01  2015/02/06 5 7,439 8.1
PL7 Very Strong ~ 2015/09/19  2015/09/24 5 6,308 7.9
PL8 Very Strong ~ 2015/10/24  2015/10/31 7 12,139 7.7
PL9 Very Strong ~ 2016/01/20  2016/01/25 5 11,167 8.3

As shown in Fig. 5, the onset of each plume event was observed under the sustained

incidence of northeasterly winds. This wind condition modulated the water level

difference between the upper and lower reaches of the estuary, thus generating the

necessary barotropic pressure gradient for the freshwater export as a coastal plume to the

ocean. The highest peak of discharge from the jetties’ mouth (i.e., PL1), attained a

maximum discharge value of 20,509 m® s and a mean discharge of 10,497 m® s during

the three-day plume event. During PL5, the maximum discharge value was 12,807 m® s’

! (Fig. 4), while the mean discharge during the six-day plume event was 6,601 m®s?, The

wind incidence was predominantly from the northeast, but as the wind direction shifted

to the south, the water flux was quickly reversed (Fig. 4), and the plume broke up and

ceased to disperse freshwater to the ocean. For PL8, the maximum discharge value was

16,246 m® st and mean discharge of 11,167 m® s* for the seven-day plume event.
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Fig. 5. Wind intensity and direction, water level (upper and lower estuary) and water discharge at the
jetties mouth for the high discharge plumes PL1, PL5 and PL8. The time series extraction for this analysis
started three days before each plume formation. The black arrows indicate the moment of plume formation
and the time of particle release for the TRACKMPD simulations.
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3.4. MP dynamics simulations
3.4.1. Passive scenario: Advection — Dispersion simulations

The results of the first configuration are presented in Fig. 6 as surface trajectories over
the mean salinity and density maps for surface probability for all nine plumes. Such
figures also show the density probability map and the wind rose characterization for a
complete understanding of both MP and plume behavior. For this first set of simulations
(Fig. 6), the particles were not only affected by advection, but also for the turbulent
dispersive process. Under this configuration, the MP dynamics in the coastal plume area

of influence was mainly controlled by the water discharge and wind direction.

As a general trend, all simulated particles of all nine plumes remained on the surface,
with a south-west displacement trend, where 69% of them were transported out of the
domain (Table S2), and vertically most of them reached the 5 m isobath. By the end of
the simulations, particles were transported out of the domain through the south-west
ocean boundary, about 49 and 86 km from the liberation point. The particle trajectories
to the southwesterly direction parallel to the coastline represent the north-easterly wind
response, characteristic during such plume events. When the surface trajectory was
analyzed together with the mean salinity field (Fig. 6), particle trajectories followed the
freshwater dispersion and were more likely to occur on the plume boundary, over the 25
isohalines approximately, where the saline front was located. Following this pattern, the
particles accumulated rather on the small gyre generated between the west side of the

jetties and Cassino beach, and on the north-easterly region of the jetties (Fig. 6).

Plumes events PL1, PL3, PL6, PL7, PL8 and PL9 exhibited the same accumulation
pattern mainly in the gyre region and in the southwest pathway contouring the saline front
about 9 km offshore. On PL1, approximately 20% of the particles showed a final fate
inside the domain, and the remaining 80% was transported to the offshore region, out of
domain after the 4 days of plume duration, with a tendency of accumulation in two
regions. Firstly, in the gyre southwest of the jetties” mouth, and secondly along the east
side of the jetties, showing first an accumulation spot in the northeast region, but then
being transported to the southwest following the parallel pathway to the coastline,

contouring the freshwater plume (Fig. 6 PL1). The maximum depth attained by the
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Salinity (psu)

particles during this event was 5 m (Fig. S8), lasting for 3 days after the liberation, but

most of the particles were accumulated between the surface and 2 m depth (Fig. S9).

Trajectory
vs. salinity

Longitude x 10

3.7 3.8 39 40 41 4243

PL2

Probability density map

Final type: /\ Water \/ Bottom <| Beached X Out of domain

Fig. 6. Simulated MP trajectories for advection and dispersion conditions for all nine plumes. For each
plume (subplots 1-9), yellow figures are the surface 2D trajectories plotted in relation to the mean salinity,
where the symbols indicate the final fate of particles, as referenced in the legend (Water A, BottomV,
Beached < and Out of Domainx). Blue figures show the density maps for the surface dispersion. Wind
roses are also plotted for each plume to complement the understanding of the MP behavior.

PL3 (Fig. 6 PL3) had only 3% of the MP particles inside the domain at the end of the

simulation, and the remaining 97% were recorded out of domain. During this 5-day event,
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particles showed a vertical dispersion between the 2 m depth, reaching a maximum depth
of 4 m in the gyre region south of the jetties and Cassino beach (Fig. S12) after the fourth
day (Fig. S13). PL6 lasted 5 days and a total of 3% of the particles remained inside the
domain with the remaining 97% out of domain. Vertically, they reached a maximum
depth of 6 m in the gyre accumulation spot, at the end of the simulation period (Fig. S16,
S17). PL7 also lasted 5 days. The final fate of the particles showed that 60% stayed inside
the domain and 40% were transported out of domain by the end of the simulation. Same
as the behavior observed for PL1, the particles showed a dispersion firstly to the north,
where they first accumulated and then were transported to the southwest quadrant.
Vertically, the densest depth was observed between surface and 1 m depth, but the
maximum depth was 4 m during the second day of simulation (Fig. S20). PL8 event
lasted 7 days, with almost all particles transported out of the domain also in the south-
west boundary. The vertical distribution was on average between the surface and the 3 m
depth during the fourth day, with only a few particles reaching a maximum depth of 5 m
(Fig. S24, Fig. S25). PL9 lasted 5 days and at the end of the simulation, only 1% of
particles remained in the domain (and 99% out). Such a 1% consisted only of 3 particles
located between the jetties and Cassino beach. Most of the particles displayed a vertical
dispersion between the surface and 2 m depth. After the second day of simulation a depth
of 4 m was attained (Fig. S29).

PL2, PL4 and PL5 also showed MP dispersion patterns to an offshore direction. PL2
lasted 6 days and the expelled particles by the coastal plume were transported firstly to
the south-west, and then shifted to a north-east trajectory. In this case, the dispersion of
all the particles was completely maintained inside the domain (except for only one MP
particle) during the plume simulation. The densest areas were mainly located along the
westerly jetty outside the channel, in the saline frontline and in an offshore area to the
south direction. The vertical dispersion for this event was concentrated between the
surface and the 2 m depth, although the maximum depth in this area was 7 m at the fourth
day of simulation (Fig. S33). PL4 lasted 8 days and 75% of the particles remained in the
domain by the end of the simulation (and 25% out). The surface dispersion pattern for
this event showed northeasterly trajectories, where the densest regions were observed,
that ended up in an offshore area on the south quadrant of the domain, reaching a
maximum depth of 6 m (Fig. S36), after the fifth day of simulation (Fig. S37). The second
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densest region for this event was also located in the gyre between the westerly jetty and
Cassino beach. PL5 consisted of a 6-day event where 17% of the MP particles stayed in
the domain, following an eastward trajectory, and the remaining 83% was transported
outside of domain by the sixth day of simulation. The densest areas were identified close
to the saline front to the northeast of the jetties. On the vertical axis they reached a
maximum depth of 4.5 m (Fig. S40), with a higher accumulation until 2 m depth, during
the three-day simulation (Fig. S41).

3.4.2. Sinking scenario: Advection — Dispersion — Deposition simulations

Fig. 7 shows the results for the second set of simulations, where the deposition process
was activated as an input to the analysis of MP trajectories to represent the sinking
behavior in synthetic MP fiber. For all nine plumes, the main area of deposition followed
the freshwater dispersion with a southwest direction, parallel to the coast. Thus, 100% of
the particles were deposited at the bottom within the domain during the 48-hour plume

simulation for all the events.

In PL1, PL5 and PL7, two main areas of accumulation and deposition were detected,
the first one on the backside of the eastern jetty and the second one in the gyre region
between the western jetty and Cassino beach. During this dispersion pattern, particles
being expelled from the middle of the jetties mouth, followed first a trajectory to the east
and then shifted to the west during the deposition. Particles being expelled from the west
region, entered the gyre and deposited, whereas the remaining fraction was transported
southwest parallel to the coast. Particularly, plastic fibers in PL1 reached a maximum
depth of 13 m (Fig. S44), after 36 hours of simulation (Fig. S45). In PL5 they deposited
at a maximum depth of 16 m (Fig. S48) by the 48 hours of simulation (Fig. S49). PL7
also showed a deposition area both inside and outside the jetties” mouth, reaching 8 to 12
m depth, but in the southwest coastal region, the 12 m depth isobath was similarly attained
(Fig. S52).

For PL2, PL3 and PL6 there were two main areas of fiber deposition, one between
the jetties and Cassino beach, and the other in the southwest portion of the domain, just
off the freshwater boundary. The highest probability of occurrence of these MP fibers

under such event conditions was observed in the saline front and in the gyre. Thus, the
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vertical trajectory plots for these events indicate that particle dynamics during the
deposition process, formed a loop until reaching a depth of 10 to 12 m in the gyre next to
the jetties in less than 24 hours. However, for PL2, the deepest deposition point was
recorded in the southwest portion of the domain, i.e., at 14 m depth after 30 hours of
simulation (Fig. S56, S57), where a maximum horizontal displacement of 61.1 km was
measured (Section 3.4.3, Table 4). Similarly, for PL3 and PL6, fibers reached a maximum
depth of 15 m in the southwest deposition area within 42 and 48 hours of simulation (Fig.
S60 and Fig. S64 respectively).

Finally, for plumes PL4, PL8 and PL9, most of the deposition occurred in the gyre
between Cassino beach and the jetties, and in the southwest coastal region, following the
freshwater dispersion. PL8 also showed deposition areas inside the jetties. Accordingly,
for these simulations, the densest areas were observed within the gyre and in the eastern
side of the saline front just next to the jetties” mouth. In PL4 fibers reached a maximum
distance of 38.5 km away from the jetties’ mouth in the southwest direction parallel to
the coast. Particles attained a depth of 10 to 12 m (Fig. S68) within 24 hours of simulation,
but a deepest localization of nearly 15 m was detected in the southwest coastal region
within less than 40 hours of simulation (Fig. S69). In PL8, the fibers reached the 11 m
depth isobath in the gyre region (Fig. S72), by the first 30 hours of simulation, whereas
the maximum depth of 16 m was reached at the 48 hours of simulation (Fig. S73). In PL9,
the maximum displacement distance of the fibers attained 39.6 km, and they deposited at
16 m depth (Fig. S76) within 48 hours of simulation (Fig. S77).
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Fig. 7. Simulated MP transport and accumulation for PL1 through PL9 considering advection, dispersion,
and deposition processes. For each plume, yellow figures show the surface 2D trajectories plotted over the
mean salinity, where the symbols indicate the final fate of the particles, as referenced in the legend
(Water A, BottomV , Beached < and Out of Domainx). Blue figures show the density maps for the surface

dispersion. Wind rose plots are also reported for each case.
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3.4.3. MP particles displacement and trajectories

Table 4 shows the mean, maximum and minimum horizontal displacement and
trajectories traveled by the simulated MPs in the proposed scenarios, combining the nine
plume events and two model configurations: (1) Passive: advection + dispersion + sinking
and (2) Sinking: advection + dispersion + sinking + deposition). We observed differences
in the distances attained by the particles in each plume depending on the scenario
simulated and the environmental conditions forcing the MP behavior. In this sense, to
understand the significance of these physical drivers, they were statistically analyzed
together with the resulting distances. Under the passive configuration, the particle
displacements showed a stronger positive relationship with the water discharge (r = 0.34;
p < 0.001) than that of the wind intensity (r = 0.18; p < 0.001). However, when the
trajectory was added to the analysis, the relationship was inverted, showing negative
correlations with the wind intensity (r = -0.48; p < 0.001) and the water discharge (r = -
0.16; p < 0.001). An ANOVA test showed differences in the total distance between
plumes (F = 207.1; p < 0.001, Fig. S5). Also, the PCA diagram (Fig. 8), showed that the
MP mean displacement was rather related to the mean discharge whereas the trajectory

was related to the event duration.

Under the second configuration of sinking behavior, the displacements attained by the
particles characterized as fibers, from the liberation point until bottom deposit, showed a
weak positive relationship with water discharge (r = 0.13; p < 0.001), and wind intensity
(r=0.11; p<0.001). Similarly, the particle trajectories showed a low positive correlation
coefficient with water discharge (r = 0.19; p < 0.001), and with wind intensity (r = 0.12;
p < 0.001), differing from the previous scenario where this relationship was negative.
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Table. 4. Swnmary of the stmulated surface displacement and trajectory aftained by MPs particles in
each TrackMPD simulation.

Plome Event Scenario Distance Mean o rx(m)  Mingmy — oendard
Dewviation

()

Passive displacement 68,365 85,264 13,381 22,062

PL1 trajectory 81,012 89,574 32,289 10,342

Smking displacement 17,551 50,236 991 16,822
trajectory 24151 60,361 1003 15,541
Passive displacement 38,534 60,733 316 14,080
trajectory 109,857 131260 21251 24,753
PL2 — -
Smking displacement 43,362 61,008 2022 18,664
trajectory 49319 63274 3260 13371
Passive displacement 59,372 78,6290 856 13,605
trajectory 64995 82272 24645 10,743
PL3 — -
Smking displacement 43204 83,602 1530 27.914
trajectory 48936 87,237 1532 25,314
Passive displacement 56,834 83,390 5211 10,620
trajectory 83,560 114378 41,643 12,610
PL4 — - :
Simking displacement 11,772 33,338 802 10,494
trajectory 18424 40,361 803 0336
Passive displacement 73,754 85,394 20,624 16,168
) trajectory 99724 145827 46,594 10,678
PL3 — - p—
Smbing displacement 5993 34,691 509 6382
trajectory 12905  37.666 897 6047
Passive displacement 72,398 85,383 4115 17272
trajectory 79016 87534 37389 11,800
PL6 — - -
Sinking displacement 26,021 46,607 999 14,197
trajectory 30997 48,903 1002 13,130
Passive displacement 30,867 83,381 423 25837
trajectory 46,551 102,087 14,766 23 063
PL7 — - -
Smking displacement 7001 32,193 187 0884
trajectory 10981 34982 730 10,169
Passive displacement 74,531 85220 10,587 15,809
trajectory 84021 101,666 56250 15,290
PL3 — - - -
Smbang displacement 14,094 34,730 148 1684
trajectory 23806 42,026 667 10,796
Passive displacement 73,018 85,333 3150 16943
trajectory 80,772 58204 17,932 16,152
PLS — - -
Smhking displacement 14295 35,622 1015 2171
trajectory 24158 42542 1016 7825
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A Principal Component Analysis (PCA, Fig. 8) explained the variability of the system
in two principal dimensions. Dimension 1 accounted for nearly 50% of the variance and
was interpreted as wind intensity and water discharge gradient, together with the
displacement of the particles, on the left side of the axis, opposite to the plume duration
and trajectory. Dimension 2 accounted for 28.5% of the total variance and was interpreted
mainly as the displacement gradient. The plume events were separately grouped within
the ordination diagram, where PL1, PL3, PL8 and PL9 (red dots in Fig. 8), were
associated with higher discharge at the mouth and wind intensity. On the other hand, PL2,
PL4, PL5, PL6 and PL7 (light blue triangles in Fig. 8) were plotted to the left of the
diagram and associated to low water discharge plume event duration.
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2 -1 0 1 2
Dimension 1 - 49.9%

Fig. 8. PCA diagram for the advection and dispersion scenario for all nine simulated plumes. Note that

water discharge and wind intensity are negatively associated to the plume duration.
4. Discussion

4.1. MP export of the Patos Lagoon coastal plume

4.1.1. Observed data during the model validation
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This study introduces for the first-time data on the concentration of MPs exported
from the plume of the world’s largest choked coastal lagoon to the Southwestern Atlantic
Ocean (SWAO). The magnitude of export can be considered as large values, since the
lagoon hold large industrial cities and harbors. The observed accumulation patterns in the
field corroborated the pattern inferred from TrackMPD simulations (Fig. 2). Results
illustrated the tendency of the plume’s frontal system to accumulate MPs during the
outward displacement from the estuary. As observed for the higher MP concentration,
this pattern was observed not only in transects 1 and 2 during the June 3" survey, but also
in transect 3 during the July 21%. The higher concentration of MPs in the Pilot Station of
Rio Grande, observed for transect 4 during the July 21% survey, could be related to the
high traffic of daily vessels, which is also supported by the presence of paint fragments
in the net samples. Fortunately, both sets of results validate the use of TrackMPD model

for MP surface transport.

Previous investigations on the presence/abundance of MPs in this region were
conducted across different natural compartments, including the salt marshes of Patos
Lagoon (Pinheiro et al., 2021), Cassino Beach (Wetzel et al., 2004; de Ramos et al., 2021),
and in offshore areas of the SWAO (Lacerda et al., 2022). However, because of the
absence of standardization of procedures due to variations in environmental matrices,
sampling methods, and reported result units, comparisons must be interpreted with

caution (Pasquier et al., 2022).

According to our results, the concentration of MPs observed in surface waters of Patos
Lagoon coastal plume ranged from 0.20 items m™ (~59,611 items km) to 1.37 items m
3 (~412,294 items km) for all seven transects. When comparing our findings to those of
Lacerda et al. (2022), where they detected 19,267 items km™ in the oceanic offshore
station, close to our study area, our results were approximately one order of magnitude
higher because of the inherent dilution processes of the ocean. Compared to similar
studies in the Guaiba River, the main lagoon tributary, Bertoldi et al. (2021) reported
average concentrations ranging from 11.9 + 0.6 to 61.2 + 6.1 items m™, our results
indicate concentrations approximately one order of magnitude lower, as Guaiba River is
located very close to a large urban contamination source. This gradient in MP

concentrations, from the primary tributary to the open ocean via the estuary, underscores
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the important role of Patos Lagoon as a buffering system prior to MP export from land to
sea (Lopez et al., 2021, Meijer et al., 2021) but also de dilution oceanic process. A recent
work from Queiroz et al., (2022) showed comparisons of MP abundance in surface waters
of the Western Atlantic Ocean, to assess the MP fluxes from freshwater systems to open
ocean in South America (Queiroz et al., 2022). Using a 64-um mesh, they reported for
the Amazon basin a mean abundance of MPs ranging from 2672 + 1167 items m™ to 4772
+ 2761 items m™ during the dry and rainy seasons, respectively. Such a high abundance
may be attributable not only to the basin dimension, but also to the methodology used,
since almost 50% of the plastics corresponded to fractions smaller than 300 um (the mesh
size used in the present work) (Queiroz et al., 2022). Also from Brazilian waters, in the
Goiana River estuary, a mean concentration of 0.26 items m= (300-um mesh) was
reported (Lima et al., 2014). In the Tamandaré Bay, Lima et al., (2023) reported a range
of MP concentration of 7.8 + 3.5 to 3.7 + 0.6 items m™ (using a 64-um mesh plankton
net), while in the Tamandaré coastal plume, the authors reported a range of 4.0 + 0.2 to
44,6 + 55.5 items m™ during low — high rainfall respectively (Lima et al., 2023). The
FTIR polymeric characterization also showed consistency with similar regional studies
where PP, and PE are the most abundant type of MPs (Rodriguez et al., 2020, Bertoldi et
al., 2021). These are the most manufactured and lightest plastics, thus they are more easily
found in surface water samples worldwide (Geyer et al., 2017, Zamora et al., 2020).

4.1.2. Estimation on export rate.

Table 5 shows the detailed MP export estimations calculated for all nine simulated
plumes, based on this distinction according to the water discharge as identified by the
PCA (Fig. 8). July-2022 presented a mean discharge in the same order of magnitude as
the simulated plumes PL1, PL3, PL8 and PL9, grouped as high discharge events by the
PCA (Fig. 8). By considering the estimated MP flow for both the lower and higher water
discharge conditions during the June and July 2022 surveys, it would be possible to
extrapolate the number of MPs being exported in each of the nine simulated plume events.
As an approximate estimation, the MP export during the low-moderate water discharge
simulated events ranged from 8.3 x 108 items day™ to 10.5 x 108 items day™* (mean: 9.0 x
108 items day™), while the export during the high-water discharge simulated events
ranged from 42.4 x 10° items day™* to 56.6 x 10° items day™* (mean: 47.5 x 10° items day”
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1. In this sense, the potential export magnitude of simulated plumes encompasses a wide

range between 42 and 297 million of microplastic items per event.

Table 5. Estimation of total MP export per day and per plume event based on the observed
surface data obtained from the field survey and extrapolated to the mean water discharge of the

surface layer and the duration of each simulated/observed plume.

Plume event Duration Surface water MP flux (items  Total MP flux
(days) discharge (m? ) * day1)
Low June — 2022 6 413 7.1 x 106 42.8 x 106
discharge
PL2 6 519 8.9 x 108 53.8 x 106
events
PL4 8 609 10.5 x 108 84.2 x 106
PL5 6 516 8.9x 108 53.5x 106
PL6 5 482 8.3x 108 41.7 x 106
PL7 5 491 8.5x 108 42.5x 106
High July - 2022 5 803 52.0 x 106 260 x 106
discharge
PL1 3 684 443 x 106 133 x 106
events
PL3 5 717 46.4 x 106 232 x 106
PL8 7 655 42.4 x 106 207 x 106
PLO 5 874 56.6 x 109 283 x 10¢

* Calculated for the surface layer of 700 m?

The MP export values estimated in the present study for all nine plume events were
calculated as a function of the mean water discharge restricted to the surface layer. Due
to the inherent water column heterogeneity, the MP concentration estimated here cannot
be unfortunately extrapolated to the entire water column. The calculations were
consequently limited to the surface layer, confined to of the uppermost 1 m layer. These

values ranged from millions to tens of millions of plastics items being exported
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throughout the coastal plume. However, these values serve as an approximation to the
potential MP export of the system only under these conditions. In this context, we
assumed that during such discharge events, the surface layer exports MPs at comparable
rate during simulations. As also pointed out by Zhao et al., (2019), the extrapolations for
the MP fluxes through the estuary mouth must be therefore approached cautiously, by

only recognizing them as potential exportation rate.

The estimated potential export rate of MPs revealed significant findings. On average,
during low to moderate simulated plume events, the export rate was approximately 9.0
million items day?, while during high water discharge simulated plume events, it
increased to 47.5 million items day. Similarly, Zhao et al., (2019), estimated for the
Changjiang Estuary (China) an export rate of 16 - 20 x 10® items yr? (utilizing a pump
with a 60 um size methodology). The potentially comparable values between different
papers, however, are only comparable in terms of abundance instead of export rates, and
abundances were measured using different mesh size (Queiroz et al., 2022). Other recent
studies on plastic riverine transport during high river flood conditions focused on the
visual sorting of macroplastics for the export calculations, making it difficult to compare
to our results (Emmerik et al., 2023, Lima et al., 2023). Our findings underscore the key
role of coastal plumes as transport vehicles of a substantial volume of anthropogenic

materials from expansive, urbanized basins to coastal and oceanic environments.

4.2. Hydrodynamic conditions

Despite the temporal co-variation between discharge tributary anomalies of the Patos
Lagoon, and the ENSO phases as indicated by the ONI index (Tavora et al., 2019,
Bitencourt et al., 2020b), the absence of a statistical relationship between the water
discharge and the ONI index can be attributed to the inherent complexity of the coastal
system. Notably, during the ENSO neutral phase, we observed the most extreme
discharge events throughout the jetties’ mouth, which surpassed the peaks observed
during both weak and very strong El Nifio events. In this regard, previous studies on
suspended sediment contributions from the Patos Lagoon plume demonstrated that the
ENSO cycles did not significantly modify the spatial variability of inner shelf suspended
sediments (Lisboa et al., 2022). This could be related to the influence of other mechanisms

of ocean-atmosphere interaction exerting hierarchically more important roles than the

81



precipitation anomalies, such as the Southern Annular Mode (SAM), associated with the
ENSO phases (Schossler et al., 2018). Moreover, various authors have demonstrated that
the Patos Lagoon coastal plume is primarily modulated by the wind influence at synoptic
time scale, changing its direction in less than 24 h (Marques et al., 2009) in the alongshore
direction (Marques et al., 2010a). In this regard, water discharge over the north portion
of the lagoon is related to time scales of around 30 days (Marques et al., 2009) and plays

a secondary role in the plume hydrodynamics.

The aforementioned evidence not only supports the statistical relationships between
water discharge at the mouth and the wind intensity in the estuary mouth, but also
corroborates that the wind influence is the main hydrodynamic modulator at this area.
Similarly, PCA showed a close relationship between wind and water discharge, grouping
together specific plume events under such characteristics (Fig. 8). We detected three
groups of plumes. PL6 and PL7 were grouped in the middle section of the horizontal axis
and represented events of low water discharge but high wind intensity. PL1, PL3, PL8
and PL9 represented events of high-water discharge and high wind intensity. Finally,
PL2, PL4 and PL5 were characterized by low water discharge and low wind intensity. In
addition to synoptic data, climate modes of variability also play an important role as
northeasterly winds reported as typical for El Nifio events (Marques et al., 2010a, 2011,
Bitencourt et al., 2020b), which intensify the plume displacement to the southwest

quadrant as observed in this study for PL1 through PL9.

4.3. Simulated MP dispersion patterns under coastal plume dynamics
4.3.1. Considerations for advection-dispersion scenarios

In response to the influence of northeasterly winds, the primary direction of particle
dispersion of all plume events was towards the southwest of the domain. However, when
comparing the particles displacements and trajectories between plume events for
advection and dispersion scenarios, we observed differences in terms of main physical

variables.

The particle displacements (trajectories) exhibited a positive (negative) correlation
with water discharge and wind intensity. In plume events of high-water discharge, such
as PL1, PL3, PL8, and PL9, the particles reached longer displacements quickly, traveling
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shorter but straight trajectories. These events showed a high percentage of particles out
of the domain (80%, 98%, 100%, 99% respectively). The dispersion pattern in this group
of events followed a direct southwest path, being the particles trapped in an alongshore
circulation. Areas of highest particle density were observed along the coast, thus
delineating the front of the saline plume, and within the gyre between the west jetties and
Cassino beach. During such transport process, the particles formed a loop in this gyre.
These areas of accumulation located to the south of the jetties mouth were previously
reported by Marques et al. (2009; 2010b) and Fernandes et al. (2021) as recirculation
zones where vertical velocities are intensified, and sediment deposition is promoted.
Hence, it appears to be the same pattern as observed in the vertical particle trajectories
where they converge downward while performing this loop, supporting the occurrence of

a potential depocenter of these anthropogenic particles.

In contrast, the other group of plume events exhibited lower discharge values. Despite
this fact, PL6 and PL7 also experienced strong wind intensities, resulting in particle
transport patterns comparable to those of high discharge events. Such events displayed
high-density areas in the plume front and within the gyre. In the case of PL7, there was

also a high-density region to the northeast behind the jetties.

On the other hand, PL2, PL4, and PL5 shared lower values of water discharge and
wind intensities and displayed lower percentages of particles being transported out of
domain (0%, 25%, and 83% respectively). This is evident by the longer trajectories
traveled by the particles during the simulation periods, performing more offshore
transport patterns. In this sense, PL2 showed a hotspot of accumulation at the farthest
point of the inner shelf, being susceptible to a wider redistribution by oceanic currents.
Both PL5 and PL7, exhibited the accumulation pattern behind the jetties front of Sdo José
do Norte.

4.3.2. Study limitations: considerations for sinking scenarios

As the simulated vertical behavior of MPs within the plume was based only in one
Ws value, there is a limitation for inferring all the MP potential scenarios in the study
area considering the variability of this parameter over different water conditions and
biofilm growth (Mendrik et al., 2023). Also, this validation process based on surface

sampling conducted and reported also as a validation method elsewhere (Atwood et al.,
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2019, Gorman et al., 2020, Lopez et al., 2021), does not allow to properly validate the
vertical transport of MPs. Ad hoc field surveys with this specific objective should be
conducted to provide a comprehensive understanding of the vertical behavior of MPs on

coastal plumes.

Another limitation arises from the use of a constant value of Kv, knowing that this
can also change over time and space. TrackMPD can read spatio-temporal values of Kv
from TELEMAC. In that case if Kv is not well estimated in TELEMAC, it can be a
limitation for TrackMPD.

To enhance our understanding of this complex issue, future studies should build upon
this work by exploring different periods, considering a range of climatic conditions, and
examining materials with varying characteristics, including differences in density and
shape. For more accurate calibration of numerical models, additional field experiments
are essential to evaluate in-situ characteristics and parameters such as specific coefficients
of diffusion, settling velocities and the evolution of plastic density in real estuarine
conditions. Moreover, more field surveys should be conducted, specifically targeting
different gradients and accumulation hotspots, and determining the MP concentration in
the whole water column. This comprehensive approach will contribute significantly to

the scientific understanding of the multifaceted nature of this problem.
4.4. Ecological consequences for observed and simulated findings

The inferred patches where MPs accumulated represent areas of elevated ecological
risk. These areas are characterized by the coexistence of diverse groups of organisms with
both natural and human significance (Lemos et al., 2022), and they might potentially

interact with the accumulated MPs.

The increased accumulation observed in the plume fronts, located between the
freshwater-marine interface, is a recurring phenomenon observed for most simulations.
These areas are prone to high levels of instability, driven by shearing stress (Pritchard,
2000), which triggers mixing processes contributing to the degradation and fragmentation
of MPs (Wang et al., 2022). Moreover, these frontal regions are impacted by the
accumulation of MPs, which can disrupt nutrient capture and biogeochemical cycles

associated with frontal systems (Galgani et al., 2021; Wang et al., 2022). This suggests
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that numerous processes are likely increasing the bioavailability of MPs to a wide range
of organisms in the food webs (Wang et al., 2022), specially during high discharge events
(Lima et al., 2023). Lima et al., (2023) reported MP intense inputs from river to coastal
region, during high discharge plume periods, where almost 70% of them ranged in the
same size of zooplankton communities, thus demonstrating the elevated risk for
zooplanctivorous organisms to ingest MPs for food (Lima et al., 2023). Supporting this,
previous research in the study area has reported eight marine fish species, highly valued
for commercial purposes, having ingested MPs (Neto et al., 2020). Similar findings have
been documented for five species of sea turtles (Rizzi et al., 2019), procellariiform birds
(Colabuono et al., 2009), fur seals (Denuncio et al., 2017; Lima et al., 2023), and sperm
whales (Brentano et al., 2020). These relevant reports, together with our findings, denote
the importance of this underestimated problem for the environmental quality and health

of the marine ecosystem influenced by Patos Lagoon coastal plume.

5. Conclusion

The present study represents the first attempt to understand the presence, abundance,
and distribution of MPs in the surface waters off Patos Lagoon estuary, which is set in a
large urban conglomerate holding one of the largest harbors of Brazil. This is also the
first report on coastal plume potential export rate of MPs and the dispersal mechanisms
influenced by hydrodynamics. The potential utility of the TrackMPD model as a tool for
assessing and mitigating this anthropogenic pressure on the local environment under
varying ambient conditions is explored. The combination of numerical modeling tools
with field observations, was shown to be invaluable and cost-effective for simulating a

wide range of natural conditions and identifying microplastic hotspots in the area.

The coastal plume showed surface MP concentrations ranging from 0.20 to 1.37 items
m3, thus identifying this region of South America as a hot spot of transport and export of
MP to the inner shelf, potentially exporting values of 9.0 - 47.5 million items day™. This
conclusion is supported by the condition that the mouth of the estuary is as permanently-
open system. There is a strong relationship between the discharge flow and the wind

intensity as main hydrodynamic modulator for dispersion of the plume.
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ANNEX I - General equations for TrackMPD calculations.

To calculate the trajectory of the particles in 3 dimensions due to advection,

TrackMPD solves the following primer equations for each timestep, starting from the
position of each particle:

xn+1 = xn + Atiu
yn+1 = yn + Ativ

zn+1 = zn + Atiw

where u, v and w are the components of the velocity U, and correspond to the velocity
field given by TELEMAC-3D. Due to the lack of resolution of turbulent processes in the
hydrodynamic model, TrackMPD simulates the effect of turbulent diffusion horizontally

(x,y) and vertically (z) on the trajectory of the plastics, using the following equations:

where the horizontal dispersion is calculated for x and y, and the vertical dispersion
for z, from a random-walk model using the R value, with a mean of zero and standard
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deviation r=1. The horizontal and vertical diffusion constants are incorporated through
the Kh and Kv values respectively, which were obtained for the study area through the

validation experiment.

The deposition process on the vertical axis is calculated for each particle in the chosen
time interval and represented for particles with negative buoyancy (it can be positive for

particles with densities lower than that of water) according to the equation:

zn+1 = zn — ws(ti)Ati

where, Ws corresponds to the vertical deposition velocity value, and can be
incorporated into the model by means of a fixed value, by means of a velocity rate that
increases over time (due to the increase in biofilm and consequent increase in density) or
by means of a formulation included within the model by Jalon-Rojas et al, (2019), given
mainly by the equations proposed by Waldeschlager & Schuttrumpf (2019), for fibers and
fragments, Zhiyao et al., (2008) and Dellino et al. (2005) for fibers and films. When the
particle reaches the bottom, it is considered deposited. For this process, the model uses

the shear stress calculation (z,) to define the behavior of the particle after sinking:

Ubot
7o = pwky Az
where p_w is the density of the water, Ubot is the current velocity of the layer closest
to the bottom, and Az is the distance between layers. In this context, the model assumes
two critical shear stresses that limit the destination of the particle; it will be kept at the
bottom if the value of t 0 is less than t_(cr,1), and it will be resuspended if it reaches or
exceeds t_(cr,2). When it is resuspended, it returns to its previous position in the water
column. The values of the critical shear stresses are calculated by the model following
the formulation proposed by Soulsby (1997) and the formulation by Waldschlager &
Schuttrumpf (2019, b), also taking into account the effect of the sediment.

98



ANNEX Il — Hydrodynamic characterization of the analyzed plumes.
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Fig. S1. wind intensity and direction, water level (upper and lower estuary) and water discharge (on the

jetties mouth) for PL1, PL2 and PL3
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the jetties mouth) for PL4, PL5 and PL6.
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Fig. S3. Wind intensity and direction, water level (upper and lower estuary) and water discharge (on the

jetties mouth) for PL7, PL8 and PL9.
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ANNEX |11 — Statistics and other references.

Table S1. Reference works on the density of microplastics, mainly calculated from

laboratory experiments.

Reference Plastic / material Salinity Density [g/cm3] Ws [mm/s]
Waldschléger et al, 2020 Macro & microplastics PE, PP, freshwater 1.001-1.5 1.6 to 35
PS, PVC, PET
Jalén-Rojas et al, 2022 Polyester PES fibers freshwater 1.14-1.60 21045
Nguyen et al, 2022 Fibers (1 - 4 mm) freshwater 1.38 0.1 and 0.55
Mendrik et al, 2023 Nylon & Polyester fibers 0, 18, 30 1.01-2.30 4-12.5
> Statistical results:
LB
g . . '
@8 ¢
T
E .
BE
5.
< g
S
=
58 P<0.05
i . R2: 54.2%
= & . ’

6000
1

Wd=620.27 + 1112.70 * Wi
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T
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Fig. S4. Pearson correlation between Water discharge and Wind intensity on the jetties
mouth. There was a significant positive relationship between them (Pearson correlation:
r=0.74; p<0.05). The linear regression for these variables showed a relationship where
the intercept value was 620.3 and the coefficient for wind intensity was 1112.7, with a R2

of 54.2%
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Fig. S5. ANOVA test and Post-hoc Tukey HSD between plumes, showing the differences
between the total distances reached by the particles simulated from the liberation point
until the last position in each simulation scenario: Top > under advection-dispersion
conditions, Bottom > under advection-dispersion-deposition scenarios.
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ANNEX IV- TrackMPD Simulation results.

Table S2. General simulation conditions and results, in percentage, for all the

simulations per scenario.

SIMULATION CONDITIONS

RESULTS

(final fate % / total simulations)

Initial

. . . . Out of
SCENARIO Kh Kv Ws Beaching Refloating Deposition  Resuspension | Water Beached Bottom Domain
Option
1. ADVECTION + .
DISPERSION 0.265 10n-5 0 No No No No 31 0 0 69
2. ADVECTION +
DISPERSION  + | 0.265 10°5  0.1* No No Yes Yes 0 0 100 0

DEPOSITION

Next are shown results for both scenarios; with advection and dispersion (1-

4), and with advection, dispersion, and deposition (5-8) for each plume (PL1-PL9).

In the sub-figures 1 and 5, superficial 2D trajectories were plotted over the mean

salinity for each plume in each scenario respectively, where the final fate of the

microplastic particle is indicated with symbols: Water A, Bottom ¥, Beached <

and Out of Domainx. In sub-figures 3 and 7 are shown the 3D trajectories where

it's possible to see with more detail the vertical dispersion and the final depth of

each particle. In 2 and 6 are shown the density maps for the superficial dispersion,

and in sub-figures 4 and 8 the vertical densities over the time are shown.
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ADVECTION — DISPERSION SCENARIOS
PL1: Advection & Dispersion - 4 days
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Fig. S6. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. Mps final fate is indicated as follow: Water A,
Bottom' V¥V, Beached € and Out of Domainx.
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108 PL1: Advection & Dispersion - 4 days «10®
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Fig. S7. Superficial MPs density map for TrackMPD simulation under advection-

dispersion scenario.
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PL 1 - Advection & Dispersion

Depth
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Fig. S8. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario.

PL1: Advection & Dispersion

Fig. S9. Density map for vertical trajectories over the time (depth over time in hours),
for TrackMPD simulation under advection-dispersion scenario.
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PL3: Advection & Dispersion - 5 days
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Fig. S10. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom' V¥V, Beached € and Out of Domainx.
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Fig. S11. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario
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PL 3 - Advection & Dispersion
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Fig. S12. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario
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Fig. S13. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion scenario
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PL6: Advection & Dispersion - 5 days
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Fig. S14. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom V¥, Beached < and Out of Domainx.
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«10° PL6: Advection & Dispersion - 5 days
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Fig. S15. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario.
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PL 6 - Advection & Dispersion
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Fig. S16. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario

PL6: Advection & Dispersion
I

Fig. S17. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion scenario
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PL7: Advection & Dispersion - 5 days
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Fig. S18. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom V¥, Beached < and Out of Domainx.
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Fig. S19. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario
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Fig. S20. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario
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Fig. S21. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion scenario
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PL8: Advection & Dispersion - 7 days
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Fig. S22. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom' V¥V, Beached € and Out of Domainx.
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Fig. S23 Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario
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PL 8 - Advection & Dispersion
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Fig. S24. MPs 3D trajectories for TrackMPD simulation under advection-dispersion

scenario
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Fig. S25. Density map for vertical trajectories over the time (depth over time in hours),

for TrackMPD simulation under advection-dispersion scenario
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PL9: Advection & Dispersion - 5 days
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Fig. S26. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom V¥, Beached < and Out of Domainx.
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Fig. S27. Superficial MPs density map for TrackMPD simulation under advection-

dispersion scenario
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PL 9 - Advection & Dispersion

Fig. S28. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario

PL9: Advection & Dispersion
| | I

Fig. S29. Density map for vertical trajectories over the time (depth over time in hours),
for TrackMPD simulation under advection-dispersion scenario
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PL2: Advection & Dispersion - 6 days
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Fig. S30. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom V¥, Beached < and Out of Domainx.
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Fig. S31. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario
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Fig. S32. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario.
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Fig. S33. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion scenario.
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PL4: Advection & Dispersion - 7 days
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Fig. S34. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom V¥, Beached < and Out of Domainx.
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Fig. S35. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario
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PL 4 - Advection & Dispersion

Fig. S36. MPs 3D trajectories for TrackMPD simulation under advection-dispersion
scenario
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Fig. S37. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion scenario.
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PL5: Advection & Dispersion - 6 days
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Fig. S38. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion scenario. MPs final fate is indicated as follow: Water A,
Bottom' V¥V, Beached € and Out of Domainx.
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Fig. S39. Superficial MPs density map for TrackMPD simulation under advection-
dispersion scenario.
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PL 5 - Advection & Dispersion
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Fig. S40. MPs 3D trajectories for TrackMPD simulation under advection-dispersion

scenario

PL5: Advection & Dispersion

Fig. S41. Density map for vertical trajectories over the time (depth over time in hours),
for TrackMPD simulation under advection-dispersion scenario.
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ADVECTION - DISPERSION — DEPOSITION SCENARIOS
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Fig. S42. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached <« and Out of Domainx.

132



Latitude

%108 PL1: Advection & Dispersion & Deposition - 4 days x10°

— 4
6.44
— 35
6.43
3
2.5
6.42
2
6.41
15
6.4
1
6.39 0.5

3.75 38 3.85 3.9 3.95 4 4.05
Longitude «10°

Fig. S43. Superficial MPs density map for TrackMPD simulation under advection-
dispersion and deposition scenario.
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PL 1 - Advection & Dispersion & Deposition
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Fig. S44. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.
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Fig. S45. Density map for vertical trajectories over the time (depth over time in
hours),for TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S46. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S47. Superficial MPs density map for TrackMPD simulation under advection-

dispersion and deposition scenario.
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PL 5 - Advection & Dispersion & Deposition
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Fig. S48. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.

PL5: Advection & Dispersion & Deposition

o0 06 12 18 00 06 12 18 00 06 12 18 00 O06 12 18 00 06 12 18 00 06 12 18 00

N

~

@

10

=]

Fig. S49. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S50. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S51. Superficial MPs density map for TrackMPD simulation under advection-
dispersion and deposition scenario
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PL 7 - Advection & Dispersion & Deposition

Fig. S52. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario
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Fig. S53. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S54. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S55. Superficial MPs density map for TrackMPD simulation under advection-

dispersion and deposition scenario.
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PL 2 - Advection & Dispersion & Deposition
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Fig. S56. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.
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Fig. S57. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S58. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation

under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S59. Superficial MPs density map for TrackMPD simulation under advection-

dispersion and deposition scenario

3.85
Longitude

145

PL3: Advection & Dispersion & Deposition - 5 days

3.9

3.95

4

%10°

%10
4

3.5




PL 3 - Advection & Dispersion & Deposition

R e
—

Depth

Fig. S60. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.
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Fig. S61. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S62. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S63. Superficial MPs density map for TrackMPD simulation under advection-

dispersion and deposition scenario.
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Fig. S64. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.
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Fig. S65. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S66. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S67. Superficial MPs density map for TrackMPD simulation under advection-

dispersion and deposition scenario
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Fig. S68. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario.
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Fig. S69. Density map for vertical trajectories over the time (depth over time in hours),for
TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S70. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx.
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Fig. S71. Superficial MPs density map for TrackMPD simulation under advection-
dispersion and deposition scenario
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Fig. S72. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario
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Fig. S73. Density map for vertical trajectories over the time (depth over time in hours),
for TrackMPD simulation under advection-dispersion and deposition scenario.
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Fig. S74. Superficial trajectory over mean salinity (color bar) for TrackMPD simulation
under advection-dispersion and deposition scenario. MPs final fate is indicated as follow:
Water A, Bottom V¥, Beached < and Out of Domainx

156



Latitude

%108 PL9: Advection & Dispersion & Deposition - 5 days x410“5

6.44

6.435

6.43

6.425

6.42

6.415

6.41

6.405

6.4

3.8 3.85 3.9 3.95 4 4.05
Longitude «10°

Fig. S75. Superficial MPs density map for TrackMPD simulation under advection-
dispersion and deposition scenario
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Fig. S76. MPs 3D trajectories for TrackMPD simulation under advection-dispersion and
deposition scenario
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Fig. S77. Density map for vertical trajectories over the time (depth over time in hours),
for TrackMPD simulation under advection-dispersion and deposition scenario.
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Capitulo VI: Sintese da Discussao

O presente trabalho traz pela primeira vez a utilizacdo de uma
metodologia hibrida de modelagem numérica e validacdo de campo para a
analise da contaminacao por microplasticos (MPs) na pluma costeira da Lagoa
dos Patos, onde foram analisados o0s principais hotspots de acumulo e
calculados os fluxos de MPs para a plataforma interna do Oceano Atlantico

Sudoeste (SWAO) sob diferentes condi¢cdes ambientais.

Segundo o primeiro dos objetivos especificos propostos, foi analizado o
transporte de MPs em diferentes condi¢cdes de descarga continental modulados
pelas diferentes fases do El Nifio. Embora exista uma co-variagao temporal entre
as anomalias da descarga de agua continental dos afluentes principais sobre a
Lagoa dos Patos e as fases do ENSO conforme indicado pelo indice ONI (Fig.
13) [Tavora et al., 2019, Bitencourt et al., 2020b], a complexidade do sistema
costeiro explica a auséncia de uma relagao estatistica clara entre a descarga de
agua e o indice ONI. Os eventos mais extremos de descarga na boca dos molhes

foram observados durante a fase neutra do ENSO, ultrapassando os picos
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observados durante os eventos El Nifio fracos e muito fortes. Em relacéo a isso,
ja tinha sido evidenciado por Lisboa et al., [2022] que os ciclos do ENSO néao
modificaram significativamente as contribuigdes da pluma da Lagoa dos Patos
na variabilidade espacial dos sedimentos suspensos da plataforma interna
[Lisboa et al., 2022]. Nesse sentido, outros mecanismos de interagdo oceano-
atmosfera como o Modo Anular do Sul (SAM) associado as fases do ENSO,
poderiam estar exercendo papéis mais importantes do que as anomalias de
precipitagdo [Schossler et al., 2018]. Além disso, varios autores demonstraram
que a pluma costeira da Lagoa dos Patos é modulada principalmente pela
influéncia do vento em escala de tempo sindptica, mudando sua direcdo em
menos de 24 horas [Marques et al., 2009] na dire¢cédo ao longo da costa [Marques
et al.,, 2010a]. A descarga de agua sobre a por¢cdo norte da lagoa esta
relacionada a escalas de tempo de cerca de 30 dias [Marques et al., 2009] e

desempenha um papel secundario na hidrodinamica da pluma.

Trés grupos de plumas foram detectados. Eventos de baixa descarga de
agua, mas com alta intensidade de vento (PL6 e PL7); eventos de alta descarga
de agua e alta intensidade de vento (PL1, PL3, PL8 e PL9); e eventos
caracterizados por baixa descarga de agua e baixa intensidade de vento (PL2,
PL4 e PL5). Nesse contexto, os resultados da modelagem numérica acoplada
entre os Modelos TELEMAC-3D e TrackMPD, descritos neste trabalho,

demostraram diferentes comportamentos da pluma na dispersao dos MPs.

No primeiro cenario de simulagao (cenario passivo), eventos de descarga
fortes, juntamente com intensidades fortes de vento do nordeste, estabeleceram

as condigbes para a formagdo da pluma e exportacdo destes materiais
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rapidamente para a direcdo sudoeste. Eventos de descarga fracos
potencialmente os manterdao mais proximos da boca do estuario, percorrerao
trajetérias mais longas ou serdo depositados mais cedo em fungéo da densidade
do material. Os pontos criticos mais importantes foram observados no giro
situado entre os Molhes da Barra e a praia de Cassino e na frente salina, nos

limites da pluma.

Ao adicionar na caracterizacdo das particulas a densidade (cenario
deposicional), neste caso como fibra de poliéster com densidades maiores que
a densidade da agua, os deslocamentos resultantes mudaram abruptamente.
Com essas caracteristicas e incluindo o processo de deposicdo, todas as
particulas foram parar no fundo da area costeira na plataforma interna, perto da
boca dos Molhes da Barra, em poucas horas ap0s sua liberacdo no dominio. Um
comportamento semelhante foi observado por Jalon-Rojas et al., [2019] usando
o Modelo TrackMPD quando essa condicao foi ativada. Esse comportamento foi
observado mesmo sem a ativacao de outras condicdes reais, como o biofilme,
gue aumentaria ainda mais a densidade e a velocidade vertical, conforme
observado em outros lugares [Mendrik et al., 2023]. Assim, nossos resultados
sugerem que ha um numero importante de plasticos sendo exportado para o
fundo nos compartimentos costeiros e oceanicos, que nao esta sendo
contadobilizada durante a maioria das amostragens de campo com base em
observagtes de superficie [Kane & Clare, 2019]. Isso também € apoiado por uma
vasta literatura que estima que quase 94% dos residuos plasticos que entram no

oceano séo depositados no sedimento [van Sebille et al., 2020].
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Em fungdo do segundo objetivo especifico, foi estimada a magnitude de
exportacdo de MPs a partir dos resultados de concentragcdo obtidos nas
amostragens de campo. As concentragdes de MPs na pluma superficial variaram
de 0,20 itens.m?® a 1,37 itens.m3, predominantemente compostos por
polipropileno (PP) e polietileno (PE) (confirmados por FTIR em 73% do total
analisado). Nossos resultados foram valores intermediarios quando comparados
com os publicados por Bertoldi et al., [2021] de concentragcdes maiores no
Guaiba, e com os publicados por Lacerda et al., [2022] de concentragdes
menores na regido oceanica adjacente. Assim, é possivel observar um gradiente
de concentragao de MPs, do tributario primario para o oceano aberto por meio
do estuario. Esse comportamento observado ressalta o importante papel da
Lagoa dos Patos como um sistema de amortecimento antes da exportagéo de
MPs do continente para o mar [Lopez et al., 2021, Meijer et al., 2021], mas

também como um processo oceanico de diluigao.

Ataxa de exportacao potencial de MPs, estimada e calculada para a camada
superficial de 1m, revelou descobertas significativas. Em média, durante eventos
moderados de pluma, a taxa de exportagao foi de aproximadamente 9,0 milhdes
de itens.dia”!, enquanto durante eventos de pluma de alta descarga, ela
aumentou para 47,5 milhdes de itens.dia'. Essas descobertas ressaltam
também o papel fundamental das plumas costeiras como veiculos de transporte
de um volume substancial de materiais antropogénicos de grandes bacias

urbanizadas para ambientes costeiros e oceanicos.

Finalmente, como parte do terceiro objetivo especifico, foram observados

patrdes de dispersao que indicam a formagao de hotspots de MPs na regiao de
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influéncia da pluma costeira da Lagoa dos Patos. O padrao de concentragéo
observado no campo foi principalmente no sistema frontal da pluma, consistente
com os resultados da simulagéo, validando os resultados da modelagem. As
areas de maior densidade de particulas foram observadas ao longo da costa,
delineando a frente da pluma salina, e dentro do giro formado entre o molhe
oeste e a praia de Cassino onde as particulas formam um loop. Quando foram
analisadas a trajetorias verticais das particulas, a partir dos resultados da
modelagem com densidade e deposigdo ativa, foram observados pontos de
deposigao proximos ao giro e em areas costeiras durante seu deslocamento ao
longo da costa na direcdo sul. Essas areas de maior densidade localizadas ao
sul da boca dos molhes foram relatadas anteriormente por Marques et al. [2009;
2010b] e Fernandes et al. [2021] como zonas de recirculacdo onde as
velocidades verticais sao intensificadas e a deposicdo de sedimentos é
promovida. Portanto, parece ser o mesmo padrdo observado nas trajetorias
verticais das particulas, onde elas convergem para baixo enquanto realizam
esse loop, apoiando a ocorréncia de um potencial depocentro dessas particulas

antropogénicas.

Esses hotspots de acumulo podem estar agindo como um reservatorio para
essas particulas, o que pode levar ao seu transporte para a praia ou a ingestao
por organismos que entram nas redes alimentares locais. Esses resultados
suportam a ideia de que nesses hotspot de concentragao e deposi¢cdo os MPs
seriam potencialmente ingeridos por organismos com diversos comportamentos

na coluna de agua, ampliando ainda mais sua gama de interacéao.
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Capitulo VIlI: Conclusoes

O estuario da Lagoa dos Patos € um ecossistema altamente significativo,
no qual a agua doce de uma grande area densamente povoada, que abriga

diversas atividades comerciais, flui continuamente para o oceano aberto.

Com base no acima exposto, a conclusdo geral do presente trabalho é
qgue a pluma costeira da Lagoa dos Patos desempenha um papel relevante a
nivel global e regional no transporte e exportacao de microplasticos (MPs) para

a plataforma interna do Oceano Atlantico Sudoeste (SWAO).

Essa conclusdo é apoiada pela evidéncia de que a boca do estuario
exporta constantemente ndo apenas agua doce, sedimentos em suspensao e
nutrientes, mas também grandes quantidades de MPs por meio da pluma, cuja
magnitude de exportacdo depende da quantidade de &gua doce sendo

exportada pelo sistema.

E possivel concluir também que existe uma forte relacio entre a descarga

de agua na boca do estuario e a intensidade do vento, corroborando que a
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influéncia do vento € o principal modulador hidrodindmico nessa &rea e por tanto

o principal fator atuando na disperséo da pluma.

Consequentemente os MPs s&o transportados principalmente pelo vento

e pelas correntes costeiras para areas distantes da boca do estuario.

Zonas de maior acumulo s&o identificadas como hotspots, principalmente
na regido do giro entre os molhes e a praia do cassino, e na regiao da frente

salina da pluma costeira.
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Capitulo VIII: Perspectivas

Segundo diversos autores, uma das necessidades do campo de estudo é
avancgar no desenvolvimento de trabalhos multidisciplinares onde ferramentas de
modelagem numérica de baixo custo sejam acompanhadas de estudos de
campo, nao somente para validagado, mas também para estimativas de fluxos e
balancos de massa mais proximos da realidade [Uzun et al., 2022; van Emmerik
et al.,, 2023]. Nesse sentido, o monitoramento continuo e ajustado as
metodologias sugeridas globalmente também visam alcancar valores de
concentracdes e fluxos de plasticos mais perto do real [Gonzalez-Fernandez &
Hanke, 2017]. A geragao de informagao basica em nivel regional e local de
concentragdes e fluxos de microplasticos (MPs) entre sistemas ambientais, tanto
quanto o seu comportamento e destino, logo serdo insumos fundamentais para
futuras aproximacgdes realisticas de modelagem a outros niveis e escalas globais

[Boucher & Billard, 2019].

A principal perspectiva é continuar com este tipo de aproximagéo, que

surgem como uma necessidade para o desenvolvimento do conhecimento sobre
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o transporte e os fluxos de MPs na regido. Baixo essa premissa, e a partir do
presente estudo, surge o interesse em ampliar os limites dos dominios
estudados, variar as condicdes ambientais e as for¢cantes fisicas predominantes,
adicionar diferentes propriedades das particulas plasticas analisadas e
incorporar processos realisticos como bioincrustagdo, fragmentacédo e

consequente variacdo da densidade no tempo.

Dado que a area influenciada pela pluma costeira da Lagoa dos Patos no
Oceano Atlantico Sul é frequentada por uma alta biodiversidade, incluindo muitas
rotas migratérias, areas de alimentagcido e reproducao [Lemos et al., 2022], ha
um imperativo cada vez maior de compreender como os plasticos sao
transportados e acumulados na regido. Esse entendimento é crucial para aplicar

medidas de mitigacao e predigao de risco.

Um melhor entendimento no tempo e no espago da problematica ambiental,
assim como o desenvolvimento de metodologias hibridas ajustadas a cada caso
de estudo particular, permite a geragao de informacgao indispensavel para novas
abordagens de predicdo e mitigagcado do impacto da contaminagao por plasticos

nos ecossistemas marinos.
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