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RESUMO

A poluicdo difusa é gerada a partir da lavagem das superficies de uma bacia hidrografica em
decorréncia do escoamento superficial. O langamento da carga poluidora depende de iniUmeros
fatores dentre os quais o uso do solo, didmetro médio das particulas, fontes de poluentes e
caracteristicas dos eventos de chuva. Mensurar 0s impactos que as aguas pluviais podem
produzir na qualidade da agua e do sedimento em bacias com diferentes graus de ocupacéo
urbana é um desafio para a gestdo dos recursos hidricos. Esse desafio se reflete em aspectos
quali-quantitativos em relacdo aos processos hidrossedimentoldgicos nas bacias urbanizadas.
Deste modo, este trabalho teve por objetivos primeiramente analisar de que modo a qualidade
da &gua e do sedimento esta associada ao gradiente urbano, e se este pode propiciar toxicidade
a organismos aquéaticos. Em seguida verificar se as &guas pluviais estdo associadas a
contaminacdo da agua e do sedimento em um cdrrego urbano e as caracteristicas hidroldgicas
que mais influenciam no transporte de poluentes em uma variagdo sazonal e durante os eventos
de chuva. Para 0 monitoramento uma estacdo hidrossedimentolégica foi montada em uma bacia
de sedimentacdo no Ribeirdo das Antas, Anapolis-GO. Nesta foram monitorados a precipitacéo,
a vazdo, a granulometria dos sedimentos, os solidos suspensos totais (SST), sélidos totais
dissolvidos (TDS), a condutividade, turbidez, oxigénio dissolvido, pH, fosforo, nitrogénio
amoniacal, e metais (B, Ba, Ca, Cd, Cr, Fe, K, Ki, Mg, Mn, Mo, Ni, Pb, Ti e Zn). O
monitoramento se deu em duas vertentes, por coletas pontuais com sonda multiparamétrica e
medidor de vazao, e de modo continuado com uso de amostrador automatico para coleta de
amostras de agua do rio durante o evento de chuva e de sondas de qualidade de medicdo in loco.
Para o teste de toxicidade foi avaliado o dano ao DNA por meio do ensaio cometa em Astyanax
lacustris, um peixe muito comum em bacias de agua doce. Analises estatisticas multivariadas
foram utilizadas para entendimento das relacdes entre os parametros estudados. Dos resultados,
destaca-se a complexidade da analise multiparamétrica em um ambiente dindmico, no qual ha
diversos processos associados que ocorrem de modo simultdneo. Na bacia em estudo, foi
verificado que a 4gua e o sedimento apresentaram potencial genotdxico em A. lacustris, o qual
esteve associado ao gradiente de urbanizacdo. Os metais (Ba, Mn, Zn, Cr e Ni) adsorvidos no
sedimento estiveram significativamente associados ao dano genotoxico nos peixes. No
monitoramento temporal verificou-se através de indices geoquimicos que o grau de
contaminacdo do sedimento variou de moderado a muito alto para os elementos Cr, Cu e Ni.
Estes apresentaram maiores concentragdes nos meses de maior pluviosidade e quando houve a
dragagem da bacia de sedimentacdo. Observou-se forte correlacdo da turbidez e SST com os
metais Ba, Cr, Mn, Zn e fésforo. Do monitoramento durante os eventos de chuva nos momentos
do hidrograma, verificou-se que dos parametros pluviométricos que mais influenciaram a carga
de poluentes (SST e metais) foram a intensidade méxima e o volume precipitado. O diametro
médio das particulas nos eventos foi de 62.47 um indicando uma tendéncia ao transporte de
particulas de silte. A concentracdo dos metais ndo apresentou diferenca significativa entre os
momentos do hidrograma, ascenséo, pico e recessdo, mas em geral foram maiores na ascensdo
do hidrograma. Os resultados indicaram o potencial poluidor que as fontes difusas tém na
gualidade de um cdrrego em area urbana e suscita a importancia do monitoramento como
instrumento para a melhoria da gestdo das aguas pluviais e de técnicas que minimizem o
impacto destas no corpo receptor.

Palavras-chave: drenagem urbana; poluigdo urbana, qualidade da agua; gestdo de recursos
hidricos; hidrogramas; polutogramas



ABSTRACT

Diffuse pollution is generated from the washing of surfaces in a watershed because of runoff.
The release of the pollutant load depends on numerous factors including land use, average
diameter of particles, sources of pollutants, and rainfall characteristics. Measuring the impacts,
that stormwater can produce on water and sediment quality in watersheds with different degrees
of urban occupation is a challenge for the management of water resources. This challenge is
reflected in qualitative and quantitative aspects regarding hydrosedimentological processes in
urbanized watersheds. Thus, the objectives of this work were firstly to analyze how water and
sediment quality is associated with the urban gradient, and whether it can provide toxicity to
aquatic organisms. Then to verify if rainfall is associated with water and sediment
contamination in an urban stream and the hydrological characteristics that most influence the
transport of pollutants in a seasonal variation and during rainfall events. For the monitoring, a
hydrosedimentological station was set up in a sedimentation basin in Antas stream, Anapolis-
GO. Precipitation, flow, sediment granulometry, total suspended solids (TSS), total dissolved
solids (TDS), conductivity, turbidity, dissolved oxygen (DO), pH, phosphorus, ammoniacal
nitrogen, and metals (B, Ba, Ca, Cd, Cr, Fe, K, Ki, Mg, Mn, Mo, Ni, Pb, Ti, and Zn) were
monitored. The monitoring was done in two ways, by point collections with a multiparameter
probe and a flow meter, and continuously with the use of an automatic sampler to collect water
samples from the river during rainfall events and in situ measurement quality probes. For the
toxicity test, DNA damage was assessed using the comet assay in Astyanax lacustris, a very
common fish in freshwater basins. Multivariate statistical analyses were used to understand the
relationships between the parameters studied. The results highlight the complexity of the
multiparametric analysis in a dynamic environment, in which there are several associated
processes occurring simultaneously. In the basin under study, it was found that the water and
sediment presented genotoxic potential in A. lacustris, which was associated with the
urbanization gradient. The metals (Ba, Mn, Zn, Cr, and Ni) adsorbed in the sediment were
significantly associated with genotoxic damage in fish. In the temporal monitoring, it was
verified through geochemical indexes that the degree of contamination of the sediment varied
from moderate to very high for the elements Cr, Cu, and Ni. These elements presented higher
concentrations in the months with the heaviest rainfall and when the sedimentation basin was
dredged. Strong correlation of turbidity and TSS with the metals Ba, Cr, Mn, Zn and phosphorus
was observed. From the monitoring during the rainfall events at the hydrogram moments, it was
found that of the rainfall parameters that most influenced the pollutant load (TSS and metals)
were the maximum intensity and the rainfall amount. The average particle diameter in the
events was 62.47 pum indicating a tendency to transport silt particles. The concentration of
metals showed no significant difference between the moments of the hydrograph, rise, peak and
recession, but in general were higher in the rise of the hydrograph. The results indicated the
polluting potential that diffuse sources have on the quality of a stream, and raises the importance
of monitoring as a tool to improve stormwater management and techniques to minimize its
impact on the receptor body.

Keywords: urban drainage, urban pollution; water quality; water resources management;
hydrographs; polutograms.
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1. INTRODUGCAO GERAL

A expansdo urbana e populacional das Ultimas décadas trouxe grandes desafios a
modernidade em relacdo a sustentabilidade dos recursos hidricos (WANG et al., 2021). Isso
ocorre principalmente devido a conversdo das areas verdes em superficies impermedveis, que
ocasiona 0 aumento do volume escoado superficialmente, em detrimento da dos processos de
evaporacgdo, evapotranspiracdo e infiltracdo (EPA, 1999). Tais mudancas levam a varios
problemas relacionados a qualidade e quantidade de agua nas bacias urbanas (ZHANG et al.,
2021; YAZDI et al., 2021).

Ressalva-se que o aumento da populacdo em area urbana é uma tendéncia mundial
(UNDESA, 2018). No Brasil, 84% da populacdo reside em areas urbanas, e em 2030 este
montante sera de 95% (IBGE, 2010). Essa expansdo demografica requer grande infraestrutura
para abrigar estradas, construcdes residenciais e comerciais, e pressiona a demanda por bens de
consumo. Essa infraestrutura urbana, aliada ao advento das mudancas climaticas, tém efeito
significativo na frequéncia de alagamentos, enchentes, producéo de poluentes, deterioracdo da
qualidade da agua e do sedimento nas bacias urbanas (WIJESIRI et al., 2019; BALERNA et
al., 2021).

Dos impactos da urbanizacdo sob os processos hidroldgicos citam-se: a (i) diminuicéo
da infiltracdo e recarga subterranea em virtude do acréscimo das superficies impermeaveis; (ii)
0 aumento do volume e da velocidade do escoamento superficial e consequentemente das
vazbes maximas; (iii) o aumento da producdo de sedimentos devido a desprotecdo das
superficies e a producdo de residuos solidos (lixo); e (iv) deterioracdo da qualidade da dgua pela
contaminacdo dos sedimentos, altas descargas de efluentes domésticos e industriais, e poluicdo
difusa (LUO et al., 2020; ITSUKUSHIMA e OHTSUKI, 2021).

Com todos esses impactos em area urbana, as fontes difusas de poluicdo sdo pouco
consideradas nos estudos ambientais. Segundo Pitt e Burton, (2001) e Poleto e Martinez (2011),
a poluicdo dos cursos dagua urbanos esta diretamente relacionada com as aguas pluviais. O
escoamento superficial transporta atraves das estruturas de drenagem toda carga poluidora
acumulada na superficie (MERCHAN et al., 2014). Essa depende de caracteristica do tipo de
uso e ocupacdo do solo, de fatores como limpeza urbana, variaveis hidroldgicas e fontes viaveis
de sedimentos. Sendo que, 0os maiores poluentes das dguas pluviais séo as particulas suspensas
e metais (AL RUBAI et al., 2017).

Nesta conjuntura, as aguas pluviais sdo uma importante fonte de poluicdo dos rios

urbanos (COSTA et al., 2021), que se destacaram nas ultimas décadas em virtude dos problemas
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de cheia e polui¢do que as cidades vém enfrentando acentuados pelas mudancas climaticas
(DONG et al., 2021). Por isso, a gestdo das &guas pluviais no espaco urbano é essencial para
garantir a seguranca e subsisténcia de todos os usuarios da bacia. E essa, perpassa pela gestdo
da drenagem urbana, na qual € preciso medir os riscos para tracar medidas que garantam a
sustentabilidade dos recursos hidricos nas bacias (VALEO et al., 2021).

Nesta perspectiva, o estudo das fontes, caracteristicas e da dindmica de transporte de
sedimentos suspensos nos sistemas fluviais em area urbana, bem como dos contaminantes a
eles associados tem despertado o interesse de pesquisadores (HOROWITZ, 2008; KADHUM
etal., 2015; GALL etal., 2018; DASH et al., 2021), uma vez que os sedimentos sdo reflexo das
interacOes antropicas com o uso do solo, e podem ser usados como indicadores das alteragdes
e impactos gerados em uma bacia.

Segundo Vercruysse (2017), o sedimento € um componente basico do meio ambiente,
atua na formacdo da paisagem, habitats ecoldgicos sendo fonte de nutrientes e outras
substancias essenciais a vida aquética. Entretanto, a partir da alteracdo da dinamica natural da
area, os sedimentos podem se tornar fonte de poluicdo, degradacdo ecoldgica, inundacdes e
danos as infraestruturas urbanas. Yi et al. (2015) e Ho e Burgess (2013), demonstraram que 0s
sedimentos funcionam como ‘reservatério’ de diversos poluentes, pois possuem a capacidade
de adsorver e complexar compostos organicos, metais e nutrientes. Para Morales-Marin et al.,
(2017), eles facilitam o transporte destes compostos, alteram pardmetros da agua, como a
turbidez, reduzindo a luminosidade e as trocas de oxigénio, tendo assim implicac@es diretas no
ecossistema aquatico.

Os sedimentos sdo gerados a partir da desagregacao das particulas da crosta terrestre,
transportados pela acdo das chuvas e do vento por um declive até um rio, onde podem se
depositar no leito ou compor as planicies de inundacdo (KRAJEWSKI et al., 2018). A
mobilidade e a biodisponibilidade dos mesmos em uma bacia irdo depender das fontes viaveis,
da magnitude dos eventos hidroldgicos, de caracteristicas fisicas e mineraldgicas das particulas
e de processos fisicos e quimicos que atuam no sedimento e contaminantes (TAYLOR e
OWENS, 2009; VERCRUYSSE et al., 2017; KUMAR e SINGH, 2018).

Dentre 0 vasto nimero de compostos quimicos que sdo inseridos em altas concentracfes
nas bacias urbanas e transportados pelos sedimentos suspensos, os metais (Pb, Cu, Ni, Cd, Zn,
Cr) tem acentuada relevancia por estarem associados as atividades antropicas como trafego e
emissdes veiculares (BALL et al, 1998; ZHAO et al., 2011; GARCIA-GARCIA et al., 2019).
Os metais sdo elementos estaveis, bioacumulativos e dispersivos (facilmente complexados,

adsorvidos e transportados por longas distancias), podem se sedimentar e integrar a biota
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oferecendo diversos danos morfoldgicos, comportamentais, reprodutivos, danos ao DNA
(genotdxicos) e mutacbes que podem provocar a morte de diversos organismos,
comprometendo o ecossistema aquéatico (KAYEMBE et al., 2018; TURAN et al., 2020).

Os estudos de Beghelli et al., (2018) e Patel et al., (2017) demonstraram como espécies
de organismos bentdnicos e peixes foram afetados com a polui¢do por metais; 0s quais também
podem afetar a salde de pessoas que vivem em &reas propensas a inundagédo e tenham contato
direto e indireto com a agua contaminada. Desta forma, os sedimentos contaminados em area
urbana representam um impacto que tem reflexo nas trés esferas ambiental, social e econémica.
Neste cenario, 0 monitoramento dos sedimentos em suspensdo em bacias urbanas faz-se
necessario para verificar a situacdo ambiental atual em decorréncia do impacto das &guas
pluviais para os corpos d’agua quanto ao enriquecimento dos sedimentos fluviais por metais, e
as possiveis implicacgdes.

A tese esta estruturada em 4 capitulos, sendo o primeiro a parte introdutéria que
compreende o tema da pesquisa, a contextualizagdo do estudo, a justificativa, o objetivo geral
e especifico, bem como o referencial tedrico com apresentacdo de conceitos fundamentais e dos
critérios de selecdo da bacia em estudo. Os trés capitulos subsequentes sao constituidos pelos
artigos elaborados a partir dos resultados do estudo de forma a atender os objetivos propostos.
O quadro 1 apresenta a questéo central da tese e a estrutura dos artigos.

2. OBJETIVOS

2.1 Objetivo geral

Avaliar o impacto das aguas pluviais na qualidade da agua e do sedimento em uma bacia
de sedimentacdo em area urbana, quanto aos fluxos de metais, nutrientes, de material suspenso,
a partir dos niveis de contaminagdo geoquimicos e da relagdo dos poluentes com as

caracteristicas da chuva.

2.2 Objetivos especificos

1. Medir o grau de contaminagdo dos sedimentos depositados na bacia de sedimentacédo
por meio de indices geoquimicos de qualidade de sedimentos, e monitorar além do

sedimento a qualidade da agua;
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2. Auvaliar o potencial genotoxico em Astyanax lacustris do uso do solo urbano a partir da
andlise dos parametros fisico-quimicos, de metais e nutrientes contidos na agua e no
sedimento;

3. Quantificar a carga de metais nos sedimentos em suspensao durante eventos de chuva

analisando o efeito das caracteristicas hidroldgicas na mobilidade dos metais, dos

solidos em suspenséo e diametro médio das particulas.

Quadro 1: Matriz tedrica e metodoldgica dos estudos. Adaptado de Ramos et. al. (2019).

Questao Central da Pesquisa

As 4guas pluviais em uma bacia urbana provocam contaminagdo da agua e dos sedimentos em relacdo aos
fluxos de metais, nutrientes e material em suspensdo? Em caso de contaminagdo, qual o efeito dos fatores
hidrol6gicos na carga dos poluentes? O uso do solo urbano pode fornecer toxicidade as comunidades aquaticas?

Artigo ¥

Titulo

Genotoxic effect of heavy metals on Astyanax lacustris in an urban stream

Questéo problema

A genotoxicidade em uma bacia urbana estd associada ao gradiente de
urbanizagdo?

Objetivo

Avaliar os efeitos dos poluentes ambientais, como metais no DNA de Astyanax
lacustris em &rea urbana.

Coleta de dados

Coleta pontual de agua e sedimento (sedimento do leito e agua superficial) no
gradiente urbano;

Analise de parametros fisico-quimicos, metais e nutrientes;

Exposicdo in situ de peixes e realizacdo do Ensaio Cometa

Artigo %

Titulo

Temporal variation and risk assessment of heavy metals and nutrients from water
and sediment in a stormwater pond, Brazil

Questéo problema

Qual a influéncia chuva-vazdo na concentragdo de poluentes (metais, nutrientes
e parametros fisico-quimicos) ao longo do ano? Qual o nivel de contaminagdo
dos sedimentos?

Objetivo

Quantificar a concentragdo de metais (Cd, Cu, Cr, Pb, Mn e Zn) e nutrientes
(fésforo total e nitrogénio amoniacal) na bacia de sedimentacdo; verificar a
correlacdo dos pardmetros com a precipitacdo e avaliar a qualidade dos
sedimentos por meio de indices geoquimicos;

Coleta de dados

Coleta mensal de agua e sedimento na bacia de sedimentacdo (sedimento do leito
e agua superficial) por 12 meses;
Analise de parametros fisico-quimicos, metais e nutrientes;

Artigo "

Titulo

Efeito das caracteristicas da chuva no transporte de metais pesados em particulas
suspensas durante eventos de chuva em uma bacia urbana

Questéo problema

Quais os efeitos das variaveis hidrologicas na carga e mobilidade dos metais nas
particulas suspensas durante os eventos de chuva?

Objetivo

Quantificar a carga de metais (Co, Cr, Cu, Cd, Ni, Pb, Zn, Fe e Mn) nas particulas
suspensas durante o evento de chuva. Verificar o efeito das varidveis hidrol4gicas
na mobilidade dos metais e nas fases do hidrograma (ascensdo, pico e recessao).

Coleta de dados

Monitoramento continuo de chuva, vazdo, turbidez, temperatura e oxigénio
dissolvido;

Coleta de agua por amostrador automatico (ISCO) durante o evento de chuva;
Anaélise de s6lidos suspensos, granulometria e metais nas fases do hidrograma;
Quantificacdo dos metais nas particulas em suspensao (SST)

Revista Heliyon, v.6, 9, 2020. Doi: https://doi.org/10.1016/j.heliyon.2020.e05034
2" Revista Water supply, 2022. Doi: https://doi.org/10.2166/ws.2022.441

¥*Para analise da banca
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3. FUNDAMENTACAO TEORICA
3.1 Sedimentos e metais no ambiente urbano

Os sedimentos sdo particulas organicas e inorganicas oriundas da desagregacéo do solo
por agentes erosivos, chuva e vento, que sdo passiveis de se depositarem. Segundo Carvalho et
al. (2000), sdo o produto do ciclo sedimentar, o qual comega com a eroséo do solo, transporte
das particulas e a deposicdo do sedimento. A erosao € um processo natural de transformacéo
dos solos, associada a fatores geomorfologicos, como tipo de chuva, de solo, topografia,
cobertura vegetal e manejo do solo. Entretanto, a acdo antrépica pode acelerar as taxas de
erosdo, sendo que a andlise sistémica desses fatores demonstra a suscetibilidade a eroséo que
determinadas &reas possuem, em virtude de suas proprias caracteristicas (HAMID et al., 2020).

Ademais desses fatores, as particulas sedimentares quando carreadas pela chuva, e
incorporadas aos sistemas fluviais, sdo transportadas de maneiras distintas a depender de
caracteristicas fisicas como mineralogia, tamanho, peso, velocidade da corrente, tipo de
escoamento e declividade do leito. Carvalho et al., (2000) demonstraram que conceitualmente
o transporte de sedimentos se da por carga em suspensao, de fundo e de sélidos dissolvidos.

Dentre esses, 0s sedimentos em suspensdo sao particulas de granulometria fina que séo
transportadas proxima a velocidade da &gua. Segundo Dawson e Macklin (1998), as
propriedades fisicas dessas particulas, principalmente silte e argila, permitem que elas
adsorvam e transportem poluentes por longas distancias com mais facilidade ao longo do curso
d"agua. Por isso, cerca de 90% do fluxo total de metais nas bacias hidrograficas sdo
transportados por essas particulas durante os eventos de cheia (BECK e BIRCH, 2012).

O termo ‘“sedimentos urbanos” esteve associado inicialmente aos sedimentos
depositados nas superficies impermeaveis e que eram transportados pelas estruturas de
drenagem. Desta forma, diversas pesquisas foram conduzidas para avaliar as caracteristicas
desses sedimentos e os principais poluentes a eles adsorvidos (GUNAWARDANA et al., 2012;
XHI et al., 2013). Atualmente os sedimentos urbanos sdo compreendidos como quaisquer
sedimentos que estejam no ambiente urbano, quer sejam oriundos das estradas, de areas de solo
descoberto, do canal e leito do rio, de particulas da deposicdo atmosférica, de esgotos industriais
e outros (TAYLOR e OWENS, 2009).

A quantidade e qualidade dos sedimentos produzidos em uma bacia variam
principalmente com o uso do solo (Yazdi et al. 2021). Na area urbana, as principais fontes de
poluentes estdo relacionadas a deposicdo atmosférica, emisséo de escape dos veiculos, eroséo

do solo, degradacéo das superficies asfalticas, dos pneus e revestimento dos freios, sistema de
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perda de lubrificantes do veiculo, transporte de residuos solidos urbanos, atividades industriais
(TUCCI, 2007; EGODAWATTA, 2007).

De acordo com Tucci e Collischonn, (1998) os impactos fisicos dos sedimentos podem
gerar custos para o poder publico da ordem de milhGes, os quais estdo relacionados com a
operacgdo e manutencao dos sistemas urbanos, como a necessidade de dragagem das estruturas,
de area para depositar o material, do desgaste das margens dos rios/canais, interrupcdes no
trénsito, danos as estruturas e riscos a vida de moradores. O quantitativo de sedimentos em
bacias urbanas, pode ser estimado pelo volume de material dragado de canais, avaliacdo de
assoreamento de lagos, valores tipicos de acordo com o tipo de urbanizacdo e equages
empiricas. Uma estimativa da producdo de sedimentos é apresentada na Tabela 1, na qual é

possivel tracar marcadores de gerenciamento das fontes de sedimentos.

Tabela 1: Producéo de sedimentos para diferentes usos de solo em &rea urbana

Uso do solo em area urbana Producdo de sedimento
(ton.km2 ano™)
Estradas/ Rodovias 50,2 50,2
Residencial baixa densidade 5,0 20,0
Residencial moderada densidade 32,2 32,2
Residencial alta densidade 35,0 43,3
Comercial/ Industrial 80,5 86,5

Fonte: Adaptado de Nelson e Booth (2002) e Ellin (1996), respectivamente

Contudo, a medida do aporte de sedimentos nos sistemas urbanos brasileiros ainda é
incipiente e traz consigo incertezas consideraveis, pois sdo estimadas por coletas pontuais,
esporadicas que ndo representam a complexidade do sistema. Todavia, a situacdo é mais
preocupante no que se refere a qualidade dos sedimentos, pois pouco se sabe sobre as
caracteristicas dos sedimentos gerados e transportados em areas urbanas pelos sistemas fluviais
e das implicagdes que as cargas de poluentes podem suscitar na qualidade da agua e nos
organismos aquaticos.

Os metais pesados, também denominados elementos traco (com a vantagem de abranger
outros metais que ndo possuem densidades maiores que 4 g/cm3), sdo em geral, micronutrientes
essenciais necessarios em pequenas doses aos organismos. Entretanto, a exposicdo além da dose
pode provocar doengas, mutacdes e até a morte. Estes, estdo entre os poluentes comumente
encontrados no ambiente urbano e usados como indicadores de polui¢do antropica, analisando-

se a concentracdo no ambiente e o valor de background da area de estudo (POLETO, 2008).
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Segundo a Environmental Protection Agency -EPA, (1999) o Pb, Zn, Cu, Cr, As, Cd e
Ni sdo recorrentes no escoamento superficial urbano. Islam et al. (2015), Patel et al. (2017) e
Kumar e Singh (2018) demonstraram que a contaminacdo em bacias hidrograficas por metais
pesados como Cd, Zn, Cu, Pb, Cr e Ni esta diretamente relacionada a alta taxa de descargas
antrépicas langadas no rio, que polui a agua e os sedimentos. Na Tabela 2, Poleto, (2007)
apresentou os principais metais e a origem destes em &rea urbana. Estes elementos traco, em

diferentes niveis, podem provocar danos ao meio ambiente, inclusive a saide humana.

Tabela 2: Grau de toxicidade e fonte de alguns metais e arsénio encontrados em areas urbanas

Metais e Toxicidade Origem
As

Chumbo S . . L

(Pb) Alta Soldas, baterias, tintas, gasolina, encanamentos e queima de combustiveis
fésseis.

Cadmio . . S -

(Cd) Média - Alta Baterias, pigmentos, galvanizacdes, plastico e desgaste de pneus.

Cobalto . - . . . .

(Co) Média - Alta Pigmentos, fertilizantes, tintas, porcelana, metais sanitarios, eletrodomésticos e
queima de carvao e 6leo.

Zinco . . . .. .

n) Baixa-Média Tintas especiais (anti-incrustantes), materiais galvanizados, derramamento de
6leo, fluidos hidraulicos e desgaste de pneus.

Cobre Tinas especiais (anti-incrustantes), fertilizantes em geral (liquidos e sélidos),

Cu Baixa algicidas, pigmentos, anodizacdo de aluminio, industrias ceramicas, e

¢

micronutrientes.

Cromo Alta (Cr*6)*

) Baixa(Cr*3)** Metallrgicas, indUstrias de produtos quimicas e curtumes.

Niquel . e . x -

(Ni) Média - Alta Asfaltenos, queima de combustiveis fosseis, uso em mineracéo e fundicéo de
metais.

Arsénio Alta Manufaturas de vidros, esmaltes, tintas, tecidos e couros, produtos agricolas

(As) como inseticidas, formicidas, herbicidas e preservativos de madeira.

*cromo hexavalente; ™ cromo trivalente; Fonte: Poleto (2007).

Os metais quando dissolvidos sdo absorvidos rapidamente pelos organismos (XIA et al.,
2018). Quando complexados as particulas podem ter distintas disponibilidades a depender dos
compartimentos geoquimicos que estdo ligados, e da influéncia do meio aquatico em tonar o
metal biodisponivel (POLETO, 2007). De acordo com Sestinova et al., (2017) muitos metais
como Cu, As, Sb e Hg possuem efeitos genotdxicos, provocam instabilidade do DNA, alteram

0 metabolismo e divisdo celular e os danos podem ser hereditarios (mutagdes) ou néo.
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O Tabela 3 apresenta pesquisas que avaliaram os metais no ambiente urbano. Estes

estudos, ressaltaram que as bacias urbanas tém apresentado altas concentracdes de elementos-

traco, e que a analise integrada destes € indispensavel para uma gestdo efetiva dos recursos

hidricos, na qual se avalie os reflexos do uso e ocupacao da area urbana sobre a qualidade dos

sedimentos, da &gua e consequentemente do ecossistema aquético.

Tabela 3: Pesquisas que abordam os metais no ambiente urbano

. . . Superficie Particulas . Agua ou
Autor Pais Metais analisados e Leito  escoamento
Asféltica  Suspensas
(total)
Zhao et al., . . X X
2011 China Cr, Cu, Ni, Pb, e Zn
Silva et al., . Fe, Mn, Cu, Pb, Zn, Cd e
20152 Brasil Cr X X
Pulley et al., Reino
2016 Unido Cu, Pb, Zne As X X
Patel et al., P Cd, Co, Cr, Cu, Fe, Mn,
2017 India Ni, Pb e Zn X X X
Lvchagin et Fe, Al, Mn, Zn, Cu, Mo,
ychag Russia V, Cr, As, Co, Ni, Pb e X X
al., 2017
Cd
Rastmanesh Iran Mn, Zn, Cr, Cu, Fe, Ni, X
etal., 2018 Pb e As
Ozonzeadi et .
al. 2018 Inglaterra Cd, Cu, Ni, Pb e Zn X X
Zeng et al., . V, Cr, Mn, Ni, Cu, Zn,
2019 China As, Cd e Pb X
Ming et al., . Cu, Co, Ni, Zn, Pb, Cr,
2019 China Cde As X X
Khan et al Sc, Cr, Co, Ni, Cu, Ga,
2020 " Bangladesh  Ge, Nb, Mo, Cd, In, Hf, X
Ta, W, Tl, Pb, Bi, Th,e U
Dash et al., india Cr, Cd, Fe, Mn, Cu, Pb, e X
2021 Mg
Zuliani et al., Eslovénia As, Cd, Cr, Cu, Pb, X
2022 Nie Zn

4. CRITERIOS PARA SELECAO DA BACIA DE ESTUDO
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A bacia em estudo compreende a porg¢do urbana do Ribeirdo das Antas, um afluente do
rio Corumba que nasce na cidade de Anépolis-GO (Figura 1). Esta foi escolhida por conter uma
bacia de sedimentacdo, sendo das Unicas do pais com esse tipo de instrumento de drenagem
inserida no canal do rio. E, por ser objeto de estudo do grupo de pesquisa do Laboratorio de
Hidraulicas/UFG (DIDONET, 2017; SILVA, 2018). Deste modo, ja continha uma estrutura

viavel para abrigar os equipamentos que ficam em campo ao longo da pesquisa.

Figura 1: Localizagdo da area de estudo no municipio de Anépolis e pontos de monitoramento
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Fonte: a autora

Quanto ao histérico de impactos do Ribeirdo das Antas, Santos (2017) aborda que a
bacia passou por intensa urbanizacgdo a partir da década de 1970. A conversdo do uso do solo
resultou em varios impactos como a canalizacdo de trechos do rio, rebaixamento do lencol
fredtico, incluso da &rea de nascente (construcdo da BR-153 em 1966), falta de mata ciliar,
construcgdes irregulares, deposicao de lixo, falta de saneamento e rede de drenagem ineficiente.
Tais problemas levaram a cidade a conviver com grandes processos erosivos, vogorocas e
enchentes que ocasionaram uma rapida mudanca morfolégica do canal, deterioracdo da

qualidade da &gua e do ecossistema aquatico. Desta forma, o ribeirdo se tornou uma fonte de
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dispersdo de doencas e de inseguranca, sobretudo para as populagdes que vivem nas areas
propensas a alagamentos.

O aporte de sedimento transportado na por¢do medio-superior do canal, aliado a
ocupacdo da calha de inundacgéo do Ribeirdo sdo os grandes responsaveis pelas inundacoes na
area urbana (SANTOS, 2017). Esse transporte de sedimentos € sentido no assoreamento do lago
de um parque que constantemente precisa ser dragado pelas equipes da prefeitura, como
observado na Figura 2. Para minimizar a situacdo adequacdes foram feitas na drenagem da
cidade para solucionar o problema, uma delas a construcdo de uma bacia de sedimentacédo a
montante do lago do Parque da Juventude Onofre Quinan. A bacia tem por finalidade propiciar
a sedimentacdo das particulas suspensas para evitar o assoreamento do canal e do lago,

minimizando inundacges a jusante.

Figura 2: (A) bacia de sedimentacdo assoreada; (B) bacia de sedimentacdo ap6s limpeza preventiva; (C) espelho
do lago do parque assoreado; (E) espelho do parque ap6s limpeza
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Fonte: a autora

Para 0 monitoramento hidrossedimentologico uma estagdo foi montada a montante da
bacia de sedimentacdo. Nesta foram instalados equipamentos de monitoramento de chuva,
vazdo e descarga solida. Para a coleta de dados de chuva, trés pluviografos do tipo bascula
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foram instalados na &rea da bacia para coleta de dados de precipitacdo durante a ocorréncia dos
eventos pluviométricos. Estes foram instalados em escolas pela seguranca oferecida com
autorizacdo da Secretaria de Educacdo do Municipio. As coordenadas dos pontos sdo
apresentadas na Tabela 5, bem como podem ser vistos na Figura 1.

Os dados descritivos de procedimentos de coleta, equipamentos utilizados, 0s
parametros utilizados, bem como os métodos analiticos empregados nas analises que foram
conduzidas para atender os objetivos estdo descritos em detalhes nos artigos subsequentes

apresentados.

Tabela 5. Localizagdo dos pluvidgrafos e da estacdo de monitoramento

Item Coordenadas Local

Pluviografo 1 16°23° 18.12” S48° 577 34.25” O Escola Municipal Professora Dinalva Lopes
Pluviografo 2 16°20° 44.61” S 48° 58’ 27.76” O Escola Municipal Maria Aparecida Gebrim
Pluvidgrafo 3 16°23° 06.41” S 48° 58 48.55” O Escola Municipal Cora Coralina
Monitoramento 16° 20'43.0" S 48° 58' 06.8" O Estacdo fluviométrica

4.1 Desafios da pesquisa de campo

Produzir uma pesquisa que depende integralmente dos dados de monitoramento durante
um evento de chuva é necessariamente um desafio. Foram feitas cerca de 50 visitas a area de
estudo, para reconhecimento, montagem/reforma da estrutura que abrigou 0s equipamentos,
programacao e coleta de dados dos eventos de chuva. Nessas visitas, além da disponibilidade
do carro e do técnico do laboratério, foi necessério o deslocamento de uma série de
equipamentos que demandaram tempo e forca. O esquecimento de um Gnico cabo ou um
notebook sem bateria, poderia levar a perda de todo o trabalho de campo. Isso depois de
percorrer cerca de 60 km de Goiania a Anépolis.

Ademais, trabalhar em area urbana, a vista de todos é se preparar para intercorréncias:
(1) visitas de ladrdes para evadir a estrutura e levar a bateria que liga o equipamento, (2) receber
a visita de policiais que acharam a movimentagéo suspeita, (3) de moradores que a toda hora
querem saber o que acontecendo, (4) de cavalos e uma série de outros animais. Além de uma
agua muito suja, e isso, sem lugar para lavar as médos ou se trocar, visto que 0s macacdes de
protecdo sempre estdo furados, e as luvas para quem tem que calibrar os equipamentos que
ficam submersos pouco funcionam como equipamento de protecao.

A respeito do monitoramento, por estar em uma bacia de sedimentagéo, por muitas vezes
foi preciso desenterrar os equipamentos que foram instalados na margem do canal, e que erram

constantemente soterrados pela descarga de sedimento ap0s um evento de chuva extremo, ou



22

até mesmo pelo servico da prefeitura que resolveu mudar a margem do fluxo do canal para
facilitar a dragagem do sedimento (mesmo sendo comunicada da pesquisa previamente).

Para utilizar o amostrador automatico (ISCO), que é programado para acionar quando o
evento de chuva comeca (nivel e duragédo), é preciso conhecer um pouco da dinamica dos
eventos de chuva da regido em estudo. Isso porque, é preciso prever o evento de chuva que se
pretende monitorar por inteiro (ascenséo, pico e recessao), pois este deve caber em 24 garrafas
(capacidade maxima do amostrador). Para isso, conhecer a duracdo média dos eventos da bacia
€ a resposta do canal a precipitagdo, ou seja, quanto tempo leva para subir o nivel d’agua apds
0 inicio do evento, é necessario para fazer uma programagao que ‘encaixe’ 0s eventos.

Se altura do nivel na programacdo for muito sensivel, qualquer subida da &gua aciona o
equipamento, e a coleta do evento pode ser cortada ao meio (por falta de garrafa). O oposto,
caso a altura inicial seja muito alta e o tempo de coleta longo, perde-se o inicio do evento.
Ainda, tem-se falhas na coleta como: equipamento ndo acionou, o evento foi extremo e o nivel
da &gua subiu no poco, o ISCO flutuou, tombou e comprometeu a coleta. Por isso, apesar das
cerca de 40 visitas campo para esse fim (setembro de 2019 a fevereiro de 2020), apenas 12

eventos foram coletados perfeitamente diante de todas as intercorréncias.

Figura 5: Vivéncia de campo: A) Aspecto da 4gua em setembro de 2019; B) Mudanca do fluxo do canal pela
prefeitura para acesso da retroescavadeira; C) Erosdo a montante da bacia de sedimentacdo; D) Subida do nivel da
agua que adentrou a estrutura da estacdo; E) Dimenséo da subida na area externa; F) Sedimento dragado depositado
ao longo do canal; G) Equipamento que tombou com a subida do nivel da 4gua

or ™

Fonte: a autora
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CAPITULO 2

Genotoxic effect of heavy metals on Astyanax lacustris in an urban stream

https://doi.org/10.1016/j.heliyon.2020.e05034
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(https://www.sciencedirect.com/science/article/pii/S2405844020318776)

Abstract: Uncontrolled urbanization growth contributes to the pollution of aquatic
environments. Heavy metals released by domestic and industrial effluents can negatively affect
aquatic organisms. This study aimed to evaluate the effect of environmental pollutants, such as
metals, on fish DNA damage, in stretches of an urban stream. Specimens of the Neotropical
fish, Astyanax lacustris, were exposed in situ for 96 h along the Antas stream, a Brazilian
aquatic system deteriorated by anthropogenic factors. Water and sediment samples were
collected simultaneously for physicochemical and heavy metal analyses. The comet assay was
performed as a biomarker of genotoxicity. Fish located downstream had a higher frequency of
DNA damage than in the reference site. We found concentrations of Cr and Ni above acceptable
levels in sediment samples. Generally, Ba, Mn, Mg, Zn, Cr, and Ni were the elements most
associated with genotoxic damage. Water and sediment of the Antas stream showed genotoxic
potential in A. lacustris according to the urbanization gradient, demonstrating the importance
to prevent the release of environmental pollutants, especially heavy metals in urban areas.

Keywords: Environmental science; Environmental analysis; Environmental chemistry;
Environmental pollution; Environmental toxicology; Fish; Heavy metals; DNA damage;
Pollution; Comet assay

1. Introduction

The management of water resources is a challenge for modern civilizations because of
urban growth. The increasing water demand occurs simultaneously with the reduction in this
resource qualitatively and quantitatively (Tucci, 2007; Dong et al., 2014). The water quality of
a drainage basin reflects the land use and occupation, which is an essential tool to analyze the
sources of contaminants in the aquatic system (Sposito et al., 2019). In urban areas, land use
includes removal of native vegetation, soil waterproofing, occupation of permanent protected
areas, punctual and diffuse discharges in high concentrations, and increased production of solid
waste (EPA, 1999; Herngren, 2005). Those factors lead to water quality deterioration and
contamination of sediments, which become a source of micro-contaminants boosting the
decline of aquatic species.

Studies have shown that urbanization has deteriorated aquatic ecosystems, changed
hydro-sedimentological dynamics of rivers, and introduced many contaminants, such as heavy

metals, metalloids, and hydrocarbons that cause genotoxic damage to different organisms
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(Taylor and Owens, 2009; Yi et al., 2015; Sestinova et al., 2017). Among the many chemical
elements introduced into drainage basins, metals have an accentuated relevance because of their
association with human activities, such as vehicle emissions (Ball et al., 1998; Zhao et al., 2011)
and release of domestic and industrial wastewater. For example, elements such as Pb, Cr, Zn,
Cu, Cd, and Ni are typical potential contaminants of water and sediments of urban areas (Patel
etal., 2017; Kumar and Singh, 2018).

The concern with those elements grows worldwide because they are persistent,
bioaccumulative, and toxic (Ali et al., 2019). Besides promoting several morphological,
behavioral, reproductive, genotoxic, and mutagenic damages to the aquatic biota (Pulley et al.,
2016), they also affect human health. In this sense, biomonitoring is a crucial tool to assess the
consequences of aquatic fauna exposure to xenobiotics. In bioassays, many organisms can be
used, ranging from bacteria, plants (Kracun-Kolarevi¢ et al., 2016), mollusks (Khan et al.,
2018), insects (Beghelli et al., 2018), to fish (Souza et al., 2019). Among those groups, fish is
the most used model to estimate the risks to the aquatic environment. They are considered
suitable indicators of bioavailability and biomagnification in the environment because they are
in the highest trophic level of aquatic ecosystems (Francisco et al., 2019).

In this study, the comet assay was used as a genotoxicity biomarker. It is known as a
sensitive and fast method, capable of evaluating repairable and non-repairable DNA lesions in
individual cells (Rocha et al., 2009). Astyanax lacustris was used as a species model because
of its useful characteristics for biomonitoring, such as adequate body size and adaptation in
experiments as a test organism (Disner et al., 2017; Stevanato and Ostrensky, 2018; Viana et al.,
2018). Furthermore, this species is native to the study basin and widespread in rivers, lakes, and
ponds of South America. A. lacustris belongs to the family Characidae (Characiformes), which
includes small fish called lambaris (Britski et al., 1999). This species has a highly visible
humeral point, oval-shaped body, and yellow caudal fin (Botelho et al., 2019). Therefore, this
study aimed to evaluate the fish genotoxic response to chemical elements in water and sediment
samples in different stretches of an urban stream. Besides, we aim to assess what elements are

associated with DNA damage and whether they follow the urban gradient or not.

2. Material and methods
2.1. Study area
The study area was located in the urban portion of the Antas stream basin, in the

municipality of Anapolis, State of Goiés, Brazil. This municipality plays an important industrial
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and logistics role in the Central-West region of the country. As a consequence, the stream is
under direct pressure from the urban center in the last decades. The basin's area is 73.3 km?,
and the main stream's length is 15.7 km. The distance between the sampling points SP1 and
SP2 is 6.0 km, SP2 and SP3 is 4.2 km, and SP3 and SP4 is 4.8 km. The land use and cover of
the drainage basin correspond to 79.9% of the urban area, 11.9% of native vegetation, 7.9% of
pasture, and 1.3% of agriculture.

The sampling point 1 (SP1), 16°23'42.3” S and 48°58'28.2” W, is located in an area
close to the stream source, which is the only point with remnants of native vegetation of medium
and large sizes. SP1 is our reference site because it is the area with the least anthropic
interference, which provides background conditions for the parameters analyzed subsequently.
SP2 (16°20743.0" S and 48°58'6.8” W) is located upstream of a sedimentation basin, and it is
subject to erosion, irregular effluent discharge, besides having no riparian forest. SP3
(16°19'12.4" S and 48°56'33.3" W) is located after the canalization of the Antas stream, in the
most urbanized area of the city, nearby residences and commercial buildings. SP3 has hardly
any riparian forest contaminated with plastic materials accumulated in the channel, such as
bottles and bags. SP4 (16°1724.4" S and 48°55'0.2" W) is located at the end of the urban area,
receiving all upstream garbage. SP4 is close to pasture and agriculture areas, besides having
hardly any riparian forest, circulation of animals, and erosion processes on the margins. The

monitoring point's location is shown in Figure 1.
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Figure 1. Map of land use and land cover of the Antas basin and location of the sampling points (SP), municipality
of Andpolis, State of Goias, Brazil.

2.2. Sampling and physicochemical analysis of water and sediment

Duplicate samples of water and sediment were collected along the Antas stream in June
2019. Collection, preservation, and analysis followed protocols of the Standard Methods for the
Examination of Water and Wastewater (APHA, 2005). The physicochemical parameters of
temperature (T °C), pH, total dissolved solids (TDS), dissolved oxygen (DO), electrical
conductivity (EC), turbidity, and oxidation-reduction potential (ORP) were measured in the
field using a multiparameter probe (HANNA-HI 9829). In the laboratory, we analyzed the total
suspended solids (TSS), ammonia nitrogen (NH4"), total phosphorus (TF), and chemical
elements (B, Ba, Ca, Cd, Cr, Cu, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Ti, and Zn).

Sediment samples were obtained using a stainless-steel Peterson dredge, stored in
plastic packages, and conditioned in a thermal box. In the lab, they were dried in an oven at 50
°C for three days. Then, they were disaggregated and sieved through a 2 mm sieve to remove
leaves and rough stones. The sieved material was then subjected to analysis of pH, NH4", and
FT. The fractions of sediments smaller than 63 pm were used for chemical elements analysis.
The sample digestion process followed the protocols 3015A for water and 3051A for sediment
(USEPA, 20074, b), using the combination of HNOz and HCL in a microwave digester (ETHOS
UP by Milestone). The methods used are summarized in Table 1.
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Table 1. TSS, NH.*, and FT methods of analysis.

Parameter Sample Method Standard

TSS Water Gravimetric/filtration in a 0.45pm membrane APHA (2005) in 2540D

NHs* Water/Sediment Titrimetric APHA (2005) in 4500C

TF Water Colorimetric/digestion with potassium persulfate/ascorbic acid APHA (2005) in 4050E
Sediment Ignition at 550 °C for 4 h; in 0.5 g, add 25 mL of IM HCL on  Aspila et al. (1976)

pH

a shaking table for 16h, filtration. The extract follows 4050E.

Sediment Water potentiometric APHA (2005)

The quantification of chemical elements was performed using an ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy) from Thermo Fisher Scientific (model iCAP
6300 Duo). Sample readings were performed using the axial settings. The parameters used
were: pump rotation at 50 RPM, auxiliary (argon) gas flow rate at 0.5 L min-1, argon nebulizer
gas pressure at 0.16 Mpa, and power source of 1250 Watts. After optimization, quantification
limits were calculated by multiplying by ten the standard deviation of the results of 10 blank
analyses divided by the slope of the respective calibration curve. The analysis reading of

patterns and samples were performed in triplicate.

2.3. Fish sampling

Forty adult individuals of A. lacustris were purchased from a local fish farm and used
for the tests in situ carried out in June 2019. The tests were performed for 96 h at the sites (SP1,
SP2, SP3, and SP4) along the Antas stream. In each location, a fishpond with ten fishes was
installed. The physicochemical parameters of water and sediments were measured on the days
of installation and removal of the ponds. The experimental ponds of 54 x 27 cm were covered
with a 5 mm mesh, which allowed water to circulate while submerged. The fish were not fed
during the test. At the end of the exposure, the surviving fish were weighed, measured, and
anesthetized within an ice bath to collect biological material (blood). The average + standard
derivation of weight and length of the animals were respectively 10.0 g £ 1.06 and 6.98 cm £
4.46. In addition, 69.7 % of the individuals were male. The death frequency was one individual
in SP2 and SP3, and four individuals in SP4. The project was approved by the Ethics Committee
on Animal Use (CEUA) of the State University of Goias, number 006/2018.

2.4. Comet assay
Blood samples (5 uL) of A. lacustris were obtained through a cervical cut. The blood

was diluted in a microtube containing 1mL of PBS and one drop of heparin. The material was
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stored in a thermal box and sent to the laboratory where the protocol proposed by Singh et al.
(1988) was followed with some modifications. The samples were then homogenized, where 15
uL of the suspension was pipetted and mixed with 120 uL of low-melting agarose (0.1 g of low-
melting agarose and 20 mL of PBS), kept in a thermoblock at 40 °C. The mixture was placed
on 1.5% normal melting agarose pre-coated slides (1.5 g of agarose and 100mL of PBS) and
covered with coverslips. Then, they were placed in the refrigerator for 5 min to solidify the
material. After removing the coverslips, the slides were immersed in a lysis solution (1 mL
Triton X-100, 10 mL DMSO, and 89 mL stock lysis solution; pH 10.0) for 24 h in a refrigerator.
In the second step, the slides were immersed in electrophoresis buffer (2.5M NaCl, 100mM
EDTA, 10mMTris, pH 10; ImL Triton X-100 and 10mL DMSOQO) in the refrigerator. The
electrophoretic run was performed for 30 min at 1V/cm (vat) and 250 mA. Then, the slides were
washed with a neutralization buffer three times at 5-minute intervals, washed twice with
distilled water, dried at room temperature, and then fixed with absolute alcohol for ten minutes.
For staining, 100 uL of SYBR Green diluted in buffer was used. Then, the slides dried for 30
min at room temperature, followed by immersion in distilled water twice for five minutes, and
left for complete drying. All the steps of the test were performed in darkness. The slides were
examined using a ZEISS fluorescence microscope at 20x magnification. Fifty nucleoids were
analyzed per slide, totaling 100 cells per fish sample. Comet images were measured using the
Comet Image 2.2 software, and the parameters Olive tail moment (OTM), percentage of DNA
in the tail (% DNA), and tail length (TL) (um) were used as measures of genotoxic damage.
The OTM is the % DNA multiplied by TL.

2.5. Statistical analysis

Genotoxicity data were analyzed using the Shapiro-Wilk and Levene tests to check for
normality and homoscedasticity. Since they were not normally distributed, Olive tail moment
and tail length data were log-transformed and then tested using a one-way ANOVA, followed
by Fisher's LSD post-hoc test using a 5% significance. Data were presented as their mean and
standard error values. The chemical elements of water and sediment were analyzed using a
Principal Component Analysis (PCA) to verify the correlation of chemical elements and DNA
damage among sampling points. All analyses were performed using STATISTICA version 7
and PAST software.
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3.1 Chemical analysis of water and sediment
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The water physicochemical characterization is summarized in Table 2. The pH ranged

from 5.98 to 7.36 and was below the limit permissible by Brazilian legislation in SP1,

considered an acidic spring area (CONAMA, 2005). Slightly acidic values in spring areas are

associated with the type of soil, the source of groundwater, and decomposition of organic matter

from the riparian vegetation. The highest values of turbidity, TDS, and EC were found in SP3.

DO was in non-compliance with the legislation in SP1 and SP3, with the lowest concentration

(3.46 mg/L) in SP3, the most urbanized area. For phosphorus, only SP1 complied with the

legislation, and the highest level was found in SP3. For ammoniacal nitrogen, all locations had

levels below the permissible limit, with the highest concentration also found in SP3 (1.2 mg/L).

Table 2. Comparison of chemical analysis of water from sampling points along the Antas stream, Brazil.

CONAMA 357/2005

Parameters Mean + standard deviation (SD) in sampling points Class 2
SP1(Ref) SP2 SP3 SP4

Temperature (°C) 21.9+0.78 22.1 +0.66 23.0+0.63 21.3+3.61 -

pH 5.98 + 0.42¢ 7.36 £0.35 6.88 £ 0.34 7.11+0.24 6-9

Turbidity (UNT) 1.45 £ 0.07 6.70 + 1.27 18.9 £4.03 8.65 +0.92 <100

EC (uS/cm) 7.00+1.41 63.5+0.71 162 +0.00 121 +1.40 -

TDS (mg/L) 350+0.71 31.5+0.71 81.0% 0.00 60.5+0.71 <500

TSS (mg/L) 3.85+0.14 8.25+0.35 8.10+0.14 8.20+0.28 -

DO (mg/L) 4.73 + 0.55° 5.43 +0.88 3.46 £ 0.14° 6.69 + 0.36 >5

ORP (mV) 113+25.0 45.3+7.40 108 +29.4 94.1+0.20 -

TF (mg/L) 0.15+0.50 0.35 + 0.80° 1.23 £ 0.60° 0.55 + 0.40° 0,1

NHs* (mg/L) 0.98 +0.90 0.30 £ 0.80 1.12+£0.50 0.84 £0.70 3.7

Metals Concentrations (mg/L)

B <LQ’ <LQ’ <LQ’ <LQ" 0.5

Ba 0.007 £0.001 0.072+0.001 0.059+0.000 0.043 +0.000 0.7

Ca <LQ" 5.79+0.18 11.6 £0.41 9.82+0.25 -

Cd <LQ" <LQ" <LQ" <LQ" 0.001

Cr 0.004 +0.000 0.007 +£0.000 <LQ" <LQ’ 0.05

Cu <LQ’ 0.004 +0.000 <LQ" <LQ’ 0.009

K 1.60 £0.00 0.90 + 0.06 1.87 £0.01 1.16 £0.02 -

Li <LQ" <LQ" <LQ" <LQ" 2.5

Mg 0.08 £ 0.00 1.13+0.01 2.33+0.02 2.10+0.01 -

Mn 0.01 £0.00 0.16 + 0.00? 0.04 £0.00 0.05+0.00 0.1

Mo <LQ’ <LQ’ 0.004 + 0.00 <LQ® -

Na 2.02+0.01 4.28 +0.02 11.2+£0.08 8.47 £ 0.05 -

Ni 0.004 £0.000 0.010+0.000 0.008+0.000 0.007 +0.001 0.025

Pb <LQ" <LQ" <LQ" <LQ" 0.010

Ti <LQ" 0.008 £ 0.001 0.006 + 0.000 0.008+ 0.001 -

Zn 0.015+£0.000 0.057 £0.000 0.060+0.002 0.058 +0.001 0.180

@ Values above the limit of Brazilian law;

b LQ - limits of quantification for chemical elements on ICP-OES; Ref = reference site
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The general pattern of metals in the water samples were major cations (Ca > Na > Mg
> K) and heavy metals (Mn > Ba > Zn > Ni > Ti > Cr > Cu). All chemical elements were within
the limit permissible by the legislation. However, even exposure to low concentrations of some
environmental pollutants can cause DNA damage and disruption of cellular functions. Some
studies show that assessing the individual concentration of chemical elements, even in low
concentrations or under the permissible limits, does not represent the actual ecological risk of
these elements in water bodies (Altenburger et al., 2015; Pellegri et al., 2020). That is because
the mixture of several elements can produce a combined effect that may enhance the toxicity in
the environment, causing damage to the aquatic biota (Enserink et al., 1991).

For Mn > Ba > Ni > Ti > Cr > Cu, the highest concentrations were found in SP2, with
Cu found only in this location. We found the lowest redox potential at this site, indicating a
reducing environment in comparison to the other sampling points. Lower ORP values facilitate
metal solubilization, and this condition is associated with the sediment pH (Table 3). Low pH
values cause the release of H" ions that compete with metal ions and weaken the metal-sediment
association (Ali et al., 2019). For Ca > Na > Mg > K > Zn > Mo, the highest concentrations
were found in SP3. High concentrations of Ca and Mg corroborate with EC values in this
location, and such ions are associated with water hardness and availability of mineral salts. The
water properties influence the mobility of heavy metals in the sediment, and thus, their toxicity
in the environment (Kang et al., 2019). Turbidity, TSS, TDS, and EC were associated with the
concentration of suspended and dissolved particles. In the water system, the discharge of heavy
metals correlates with the transport of suspended particulate material. That release acts as a
vehicle of pollutants, which accumulate through decantation in the river bed (Kelderman and
Osman, 2007; Rigner et al., 2019). For nutrients, the increase tends to contribute to metals
enrichment in sediments. However, this relationship is not direct, and it is associated with other
factors, such as the availability of oxygen since aerobic conditions provide for the
decomposition of organic compounds and the release of metals.

The sediment parameters analyzed are shown in Table 3. The pH was acidic in SP1 and
SP2. TF concentrations were above permissible limits in SP2, SP3, and SP4 (CONAMA, 2012).
Cr and Ni were also high in these sites, where, in some cases, the limit exceeded up to 5 times.
The concentrations of Mn, Cr, Zn, Ni, Pb, and Ba were at least twice higher in downstream sites
than in SP1, reference site. Of these elements, Cr, Zn, Ni, and Pb are among the anthropogenic
heavy metals most dangerous to the environment (Ali et al., 2019). In an urban stream in South
Korea, Moon et al. (2020) detected Zn, Pb, Cu, and Ni in sediment samples associated with

significant DNA damage in the studied fish. Khan et al. (2018), analyzing heavy metals in the
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River Kabul, found that Zn, Cr, Ni, Mn, Pb, and Cu were the elements with the highest
concentrations. Both studies evaluated the metals in urban gradients and reported that
downstream regions had higher levels of pollutants than the reference sites. That is attributed
to wastewater release, which affects the levels of nutrients, organic matter, TSS, and metals.
Regarding the implications of the metals found at sampling points and the genotoxic
effects, elements such as Cu, Pb, and Ni represent moderate to high ecological hazards (Kumar
and Singh, 2018). Haile et al. (2016) emphasize that compounds such as Ba and Ti in water and
sediment are not regulated and the effect is unknown. However, Carmo et al. (2019) found that
fish exposed to Np-TiO2 had a significant accumulation of Ti in their brains and muscles. Once
the element is in the blood, it can cause genotoxic damage to erythrocytes. Delmond et al.
(2019) also reported that fish exposed to TiO: particles may suffer oxidative stress due to the
generation of reactive oxygen species (ROS). For Jadoon and Malik (2017), metals act in the
organism producing ROS that causes changes in the DNA repair mechanisms. In this case, the
mutation occurs during failures in the repair system, which is an inherited change in the genetic

material.

Table 3. Comparison of chemical analysis of sediment from sampling points along the Antas stream, Brazil.

Parameter Mean * standard deviation (SD) in sampling points ESIEIIA&MA 454/2012
SP1(Ref) SP2 SP3 SP4

pH 4.73+£0.20 5.53+0.30 6.73£0.10 6.80£040 -

TF(mg/Kg) 974 +450 3716 + 4.00° 4078 £ 13.7* 2070+ 1.30* 2000

NHs* (mg/Kg) 140 +1.00 84.0+0.70 140+ 1.20 112 + 1.50 -

Metal Concentrations (mg/Kg)

B 50.1£0.05 90.0£0.02 91.0 £ 0.08 67.3£0.02 -

Ba 20.4+£0.02 90.9+0.00 1135+0.11 1252+0.03 -

Ca 227 +0.67 1525+0.51 1772 +0.18 2075+1.64 -

Cd <LQ" <LQ’ <LQ’ <LQ’ 0.6

Cr 122 £0.12° 208 + 0.03" 217 +0.20° 186 £ 0.22°  37.3

Cu 16.2+0.01 28.7+0.03 31.2£0.05 226+0.01 357

K 127 +0.49 423+0.21 660 + 0.65 1171+ 0.07 -

Li 1.80+0.00 2.20+0.00 2.50+0.00 3.10+£0.0 -

Mg 153+0.30 1064 +0.01 1321 +1.03 2247 +0.63 -

Mn 35.0+£0.08 238+0.03 354 +0.35 590 + 0.07 -

Mo 3.20£0.00 2.30+0.00 1.80 £ 0.00 150+0.00 -

Na 374+0.81 215+0.03 308 +1.34 327 +1.61 -

Ni 10.2+0.02 42.0+0.18% 39.5+£0.04° 38.2+£0.01° 18.0

Pb 520+£0.01 11.4+0.00 11.1+0.01 990+£0.14 35.0

Ti 379+0.87 399+0.23 472 +0.36 553 + 0.24 -

Zn 159+0.02 66.4+0.00 68.2 £ 0.04 53.4+0.03 123

2 Values above the limit of Brazilian law; ® LQ - limits of quantification for chemical elements on ICP-OES; Ref =

reference site
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3.2. Genotoxicity

DNA damage in A. lacustris was associated with the levels of environmental pollutants
in the Antas stream. Fish located in sampling points farther from the reference site showed a
higher frequency of DNA damage for all parameters of the comet assay % DNA in the tail
(F (3, 26) = 2.9250, p = 0.05, Figure 2A), tail length (F (3, 26) = 9.4256, p = 0.0002, Figure 2B),
Olive moment tail (F (3, 26) = 3.0149, p = 0.0480, Figure 2C). Those results showed that DNA
damage on the fish increased according to the urbanization gradient. This fact can be seen
in Figure 2D, which shows the comet tails observed in the erythrocyte cells of A. lacustris at

each sampling point.
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Figure 2. Comet assay parameters of A. lacustris, exposed for 96 h in the Antas stream, Brazil. Data are represented
as mean = standard error. Similar letters indicate statistical similarity, while different letters indicate statistical
difference (One-way ANOVA Test, LSD). SP = sampling points, Ref = reference site.

Several studies have shown that aquatic organisms exposed to water and sediments
contaminated by heavy metals can exhibit genotoxic effects (Turan et al., 2020; Kontas and
Bostanci, 2020). Besides, Viana et al. (2018) reported that A. lacustris from impacted sites had
higher concentrations of Pb, Cu, Fe, Zn, and Ni in muscle tissue and higher frequency of
micronucleus. Geophagus brasiliensis, in a Brazilian River, had an increase of DNA damage
associated with Fe, Mn, Cd, Cu, and Pb (Gomes et al., 2019). Ghisi et al. (2017) found a higher
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frequency of DNA damage in Astyanax aff. paranae located in a site downstream of the urban
area, which received a mix of pollutants, including industrial and municipal wastewater. Higher
levels of DNA damage in Astyanax spp. have also been documented at points disturbed by
artificial beaches that received surface runoff, in addition to urban and industrial wastewater
(Barros etal., 2017). Thus, it is evident that regions polluted by metals favor genetic instability,
leading to DNA damage on the wild fauna, such as on the genus Astyanax.

3.3. Multivariate analysis

Chemical elements were analyzed using a Principal Component Analysis (PCA). For
water (Figure 3A), components 1 and 2 explained 70.7 % and 22.1% of data variance,
respectively. The heavy metals Zn, Ba, Ni, and major cations Ca and Mg showed a strong
positive correlation (>0.93) with component 1. Besides, they were the most important elements
associated with DNA damage and other parameters of the comet assay. The elements Ti, K,
Mo, and Cu showed negative correlations. For sediments (Figure 3B), components 1 and 2
explained 82.7% and 14.4% of data variation, respectively. The negative correlation of Mo with
component 1 remained, and a strong positive correlation (> 0.95) was observed with Ba, Mn,
Ni, Pb, Zn, Ca, and Mg. Component 2 showed a positive correlation with both Na and Ti only.
The two analyses showed that SP1, reference site, is quite different from the other sampling
points. SP1 was not associated with component 1, which comprises most parameters of water
and sediment. In both analyses, all parameters of the comet assay were strongly associated with
component 1. That result corroborates the literature regarding polluted locations and genotoxic

effects in aquatic organisms.
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Figure 3. Principal Component Analysis (PCA) of chemical elements in (A) water and (B) sediment samples, in

different sampling points (SP), Ref = reference site.
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Regarding the chemical elements associated with genetic damage in A. lacustris, Ba can
cause multiple harmful effects on the renal and respiratory systems of animals (Lu et al., 2019).
That element has been associated with rapid urbanization and, together with Mg, is one of the
most common elements in pharmaceutical industrial effluents (Forsido et al., 2020). Ca and Mg
cations are essential for fish development. They are associated with water hardness and can
reduce the toxicity of other metals, such as Zn and Cu, due to permeability and preferential
adsorption. However, Mg can be toxic to some species of Neotropical fish, as addressed by Van
Dam et al. (2010). Ni acts as a mutagen on the physiology and behavior of fish (Viana et al.,
2018). In P. Lineatus, it caused genotoxic effects by accumulating and inducing changes in the
tissues that interfered in antioxidant enzymes (Palermo et al., 2015). Pb can interfere with the
DNA repair system by inhibiting enzyme activity (Zhang et al., 2019). Despite the individual
effects of those elements on the genetic level, we highlight that combined metals, associated
with the ambient condition, can increase toxic effects when compared to isolated chemicals
(Stankevicitté et al., 2017). However, we recognize that this study evaluated acute toxicity
responses, requiring additional work to understand the prolonged effects on the water bodies.
In this sense, we also agree with Singh et al. (2019) on the importance of an integrative
approach, using a battery of tests to determine environmental health risks in ecotoxicological
studies.

4. Conclusion

The comet assay in A. lacustris showed that water and sediments of the Antas stream
exhibited genotoxic effects following the urbanization gradient. The DNA damage correlated
with several physicochemical factors that act on the mobility of pollutants in the drainage basin
and on the sediment-water interface. A high concentration of Cr and Ni found in sediment
samples was above the permissible Brazilian limits. Moreover, we found high values of Mn,
Ti, and Mg, which are not regulated, and their genotoxic damage to organisms is yet unknown.
Ba, Mn, Zn, Ni, Pb, Ca, and Mg were the elements most associated with genotoxic damage in
tested organisms. The difference in DNA damage observed among the sampling points
indicates that the urban land use, even at short distances, is detrimental to water and sediment
quality and, therefore, may interfere in aquatic species. Furthermore, even in urban areas, some
management, such as the maintenance of riparian forest and removal of effluents and garbage,

can protect water systems and guarantee the ecology of species.
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ANEXO |

Figure 4: Landscape of sampling points: SP1, SP2, SP3, and SP4, respectively

Figure 5: (A) Fishpond used at sampling points along of Antas stream, (B) water physicochemical analysis in situ,
(C)-Peterson dredge used for sampling sediment, (D) - Astyanax lacustris specimen




Table 4: Condition of analyses and limits of quantification for chemical elements on ICP- OES

Element Wavelength Coefficient Limit of Limit of
(nm) Correlation detection quantification
(mg/L) (mg/L)
B 249.773 0.99997 0.00236 0.00778
Ba 455.403 0.99901 0.00088 0.00264
Ca 396.847 0.99682 0.00617 0.01851
Cd 228.802 0.99925 0.00072 0.00217
Cr 283.563 0.99988 0.00067 0.00202
Cu 324.754 0.99985 0.00062 0.00185
K 766.490 0.99845 0.00009 0.02301
Li 670.784 0.99956 0.00009 0.00028
Mg 279.553 0.99920 0.00812 0.02436
Mn 257.610 0.99994 0.00047 0.02436
Mo 204.598 0.99998 0.00145 0.00435
Na 588.995 0.99990 0.16964 0.50891
Ni 213.618 0.99982 0.00091 0.00273
P 213.618 0.99988 0.02899 0.08697
Pb 220.353 0.99986 0.00280 0.00840
Ti 334.941 0.99988 0.00143 0.00429
Zn 213.856 0.99947 0.99947 0.01115
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Table 5: PC1 and PC2 correlations in PCA for water and sediment to chemical elements and comet assay

parameters
Water Sediment
Parameter PC1 PC2 Parameter PC1 PC2
Ba 0.9662 -0.1307 B 0.8072 -0.5556
Ca 0.9755 0.2194 Ba 0.9994 0.00865
Cr 0.6802 0.6837 Ca 0.9998 -0.0157
Cu -0.2741 0.8794 Cr 0.9296 -0.3386
K -0.3409 0.9138 Cu 0.8191 -0.5159
Mg 0.9878 0.1553 K 0.9522 0.3050
Mn 0.8419 -0.5232 Li 0.8621 0.5049
Mo -0.3294 -0.7407 Mg 0.9912 0.1251
Na 0.8732 0.4871 Mn 0.9874 0.1579
Ni 0.9323 -0.2747 Mo -0.8991 -0.3996
Ti -0.9951 0.0038 Na -0.5114 0.7452
Zn 0.9967 -0.0165 Ni 0.9804 -0.1957
% DNA 0.9428 0.03467 Pb 0.9553 -0.2954
TL 0.8807 -0.1436 Ti 0.7241 0.6822
OMT 0.9979 -0.0124 Zn 0.9607 -0.2722
% DNA 0.9649 0.2127
TL 0.8837 0.2995
OMT 0.9986 -0.0193

Table 6: Average and standard error of comet assay parameters in Astyanax lacustris

Average * Standard Error

Comet Assay

SP1 SP2 SP3 SP4
% DNA intail 17.88+0.75a 24.42+1.05a 24.75%+1.85a 29.16+6.19b
TL 1255+0.37a 17.94+1.57bc 16.35+1.21bd 21.66 = 1.86¢C
OTM 243+0.13a 3.77+0.21b 3.80+0.43b 4.03+0.75b

Similar letters indicate statistical similarity, while different letters correspond to the statistical difference (One-
way ANOVA Test, LSD). SP: sampling points. % DNA: Tail DNA Percentage; TL: Tail lengt and OTM: Olive

Tail Moment
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CAPITULO 3

Temporal variation and risk assessment of heavy metals and nutrients from water
and sediment in a stormwater pond, Brazil

https://doi.org/10.2166/ws.2022.441

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY
4.0), which permits copying, adaptation and redistribution, provided the original work is properly cited
(http://creativecommons.org/licenses/by/4.0/).

Abstract: Urban watercourses are under pressure owing to the inflow of environmental
pollutants from stormwater and effluent. The concentrations of heavy metals, ammoniacal
nitrogen, total phosphorus (TP), and physicochemical parameters were monitored in a sediment
pond in the Brazilian Midwest. The correlation between the variables and the degree of
sediment contamination was verified using the Geoaccumulation Index (Igeo), Contamination
Factor (CF), and Pollutant Load Index (PLI). The general concentrations of the metals were in
the order Mn> B> Ba> Zn> Cu> Cr> Pb> Ni in the water and Mn> Cr> Ba > B> Zn> Cu> Ni>
Pb in the sediment. The concentrations of Ba, Cr, Cu, Mn, Ni, Pb, and TP in the water exceeded
the regulatory limits at least one time. The mean concentrations of Cr, Cu, and Ni in the
sediment samples were 6.32, 1.63, and 2.61 uppers than the background values. The applied
geochemical indices indicated a moderate to a very high degree of sediment contamination,
suggesting the anthropogenic origin of Cr, Cu, and Ni. Significant Pearson correlations were
observed between turbidity and total suspended solids (TSS), Ba, Cr, Mn, Zn, and TP. Ponds
and urban lakes require maintenance or may become a source of environmental pollutants.

Keywords: heavy metals, risk assessment, sediment ponds, sediment quality, stormwater,
urban river basins

1. Introduction

Urban growth is a global trend that causes changes to hydro-sedimentology processes
that challenge water resource management (Taylor & Owens 2009; Wijesiri et al. 2019).
Typical effects of urbanization are the decrease in vegetation space and water infiltration. The
urban land use given by paved surfaces also induce the increase of surface runoff, erosive
processes, effluent discharge, and river channeling. These factors cause flood control and
pollution problems in urban basins (House et al. 1993; Islam et al. 2015; Wang et al. 2021).

The quality of watercourses is affected by natural and anthropogenic sources, such as
atmospheric deposition, stormwater runoff, geological processes, land use, distribution of
precipitation, and discharge of industrial effluents and domestic sewage (Sakson et al. 2018;
Hamid et al. 2020; Charters et al. 2021). In the urban area, stormwater runoff is appointed as
the main source of suspended solids and heavy metal (HM) pollution (Merchan et al. 2014;
Behbahani et al. 2022) because most of the pollutants are washed off from the catchment and

transported to the rivers during floods (Rugner et al. 2019; Costa et al.2021). These pollutants
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came mostly from traffic vehicles (e.g. exhaust emissions, tire wear and motor oil), industrial
activities and surface degradations (Egodawatta 2007; Jeong et al. 2020).

The suspended sediments are an important index in stormwater. They accumulate in
water channels and lakes, reduce the water storage capacity contributing to flooding (Morales-
Marin et al. 2017), and adsorb various pollutants (Ho & Burgess 2013; Yi et al. 2015). The land
use (commercial, residential or industrial) and the proximity of those sources to rivers interfere
with the nature and concentration of the pollutants (Aryal et al. 2010; Pulley et al. 2016; Yazdi
et al. 2021). HMs like Co, Cu, Cd, Cr, Pb, Ni, and Zn were elements most documented in the
urban environment (Nawrot et al. 2020). This group has attracted attention due to persistence,
toxicity, and bioaccumulation (Kumar & Singh 2018; Pulley et al. 2016). Nutrients such as
phosphorus and nitrogen are mainly associated with sewage (Aryal et al. 2010). They provoke
the eutrophication of rivers, and the reduction of dissolved oxygen (DO), which causes the
death of some aquatic organisms and the loss of biodiversity (Yang et al. 2021).

To manage the quality and flooding issues of urban rivers sustainable drainage systems
(SuDS) have been developed to reduce the effects of urbanization and improve the quality of
stormwater runoff (Flanagan et al. 2021). In this context, sediment ponds decrease sediment
loads by decanting suspended particles and minimizing flooding (Merchan et al. 2014).
However, these structures require specific maintenance and management, such as dredging and
proper waste management. Hence, it is essential to know the qualitative properties, especially
the concentrations of heavy metals (German & Svensson 2005). It is because accumulated
sediments can be resuspended during flooding, making the pollutants viable again for entering
the receiving body of water (Lusk & Chapman 2021).

Some studies analyzed the quality of sediment by geochemistry index in rivers, lakes,
and stormwater ponds (Patel et al. 2018; Liu et al. 2022; Waara & Johansson 2022).
Geochemical information on sediment is essential to evaluate environmental pollution and
distingue the natural by anthropogenic sources (Yap and Pang 2011; Kayembe et al. 2018).
However, more than indicating the pollution level, it is necessary to understand the
spatiotemporal factors that imply the entry of pollutants into rivers (Yang et al. 2021). In this
context, seasonality and rainfall are the main variables in environmental analysis (Taka et al.
2022). They may help assess the sources and the mobility of the pollutants underwater to
sediment (Ouyang et al. 2006). Therefore, continuous time monitoring is important to
understand the exchanges and shades of the pollutants in a sediment pond. In addition, few

studies analyzed the integral quality of these settings, including dissolve fractions and bound in
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sediment. The concentrations of the pollutants, such as MHs are dynamic and are influenced by
physicochemical and hydrologic conditions.

Therefore, this study aims to: (1) determine the concentration of heavy metals, TP,
ammoniacal nitrogen, and physicochemical parameters in water and sediment from a sediment
pond; (2) verify the correlation between pollutants with hydrologic conditions (flow and
precipitation); and (3) assess the environmental risk associated with (Cr, Cu, Ni, Pb, and Zn)
using geochemical indexes such as Igeo, CF, and PLI. The correlation between the variables
with precipitation can provide an indication of the main source of pollution (runoff or sewage),
given by seasonality (dry and wet). Even simultaneous analysis of water and sediment may
indicate the release of the HMs stored in the bed sediment into overlying waters under favorable
conditions. In addition, it is one of the first studies on a stormwater pond in Brazil which heavy

different climatic conditions of the other studies which are published in Europe and USA.

2. Material and methods
2.1. Description of the study area

The study area was a sediment pond on the Antas River, city of Anapolis (Central-West
Brazil). The monitoring point was the output of the pond at the geographical coordinates
(16°20043"S and 48°58006.8"N), an altitude of 1,000 m (Figure 1). The municipality functions
as relevant agro-industrial production and logistics hub for Brazil and houses several
pharmaceutical industries. The Antas River originates in the urban area and runs through the
entire city in a north-south direction. It is affected by the waterproofing of its basin area, which
results in advanced erosive processes and siltation. The sediment pond studied is on the stream
and has the function of retaining suspended sediments and minimizing channel silting and
downstream flooding. The catchment area of the basin is 13.3 km?, with a perimeter of 18.2 km
and a length of 5.5 km. The regional climate is humid and tropical, with two distinct seasons:
dry (May—September) and wet (October—April). The average annual rainfall is 1,586 mm. Soil
use and cover data show that 35.5% of the basin area is impermeable, 27.7% pasture, 20.2%
exposed soil, and 16.1% vegetation. Data were obtained through the Geocentric Reference
System of the Americas/SIRGAS 2000, which are images from Google Earth Pro, with a spatial
resolution of 2 m, obtained free of charge. The images were processed using the ArcMap SIG.
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Figure 1 Study area: A) photograph of the
land use and occupation of the Antas River Basin, Andpolis-GO, Brazil.

2.2. Collection of rain-flow, water, and sediment data

To rainfall data, three rain gauges (Onset) were installed in the basin area (pluviographs,
Figure 1). The precipitation was measured every 1 minute. The average rainfall was done by
interpolating the data rainfall by the basin area. Flow measurements were determined monthly
by the Acoustic Speed Doppler method using a portable Flow Tracker (SonTek) in the inlet of
the basin. Water and sediment samples were collected on the output of the pond (at monitoring,
Figure 1). In this section, duplicate samples were collected and mixed through, so subsequent
analyses were done for one composite sample for each month. So twelve samples were sampled
between February 2019 and January 2020 in the sediment pond. The water samples were
collected directly from the river surface in polyethylene bottles (10-20 cm depth) and sent to
the laboratory under refrigeration conditions. Sediment samples were obtained using a Peterson

dredger and stored in plastic packaging.

2.3. Physicochemical analyses

Water samples were analyzed in situ for physicochemical parameters such as
temperature (°C), pH, total dissolved solids (TDS), DO, electrical conductivity (EC), turbidity,
and oxidation-reduction potential (ORP) using the HANNA multiparametric probe (HI 9829).
Three readings were made. Total suspended solids (TSS), ammoniacal nitrogen (NH4"), and
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total phosphorus (TP) were measured in the laboratory. To TSS, 250 mL of samples were
filtered through pre-weighed cellulose membranes (Whatman, 0.45 pum), dried at 105 °C, and
reweighed (Method 2540-D). Nitrogen ammoniacal was done by a titrimetric method where the
samples were distilled in boric acid and titled with de H2SO4 0.02N. The concentration of NH4*
is directly proportional to the volume of acid spent in the titration (Method 4500 C). TP was
done by the colorimetric method: digestion with K,S2Os followed by a reaction of mist reagent
of ascorbic acid (Method 4050-P E).

Sediment samples were dried in an oven at 50 °C for 3 days. They were then
disaggregated into grade and pistil, passed through a 2 mm sieve, and subjected to nutrients,
pH, and organic matter (OM) analyses. To NH4", titrimetric method was also applied by
dissolution of 1 g of sediment in 250 mL of water. For TP the ignition method was used (550
°C for 1 hour) followed by acid dissolution (in 0.5 g add 25 mL of HCL 1N) boiling in a thermal
plate for 10 min (Aspila et al.1976). The filtered extract follows the ascorbic acid method. To
measure pH a suspension was prepared. A proportion of 10 g of sediment to 25 mL of water
was mixed, left resting for 1 h, and then the reading was performed. Further, 2 g of sediment
was calcined in a muffle at 550 °C for 4 h, and the weight difference between the dry material
and the final residue corresponded to the organic matter contented in the sample. All the
methods of analysis followed the protocols of the Standard Methods of Water and Wastewater
(APHA 2005).

2.4. Metal analysis

Elements such as Boron (B), Barium (Ba), Cadmium (Cd), Chrome (Cr), Cooper (Cu),
Manganese (Mn), Nickel (Ni), Lead (Pb), and Zinc (Zn) were analyzed in the water and
sediment samples, following the digestion protocols 3015A and 3051A (USEPA 2007a,
2007b). They use a combination of nitric acid (HNO3) and hydrochloric acid (HCI) to extract
environmentally available metals. For water, 45 ml of the sample was added to 4 mL of HNO3
and 1 mL of HCI. Digestion vessels were placed in a microwave system (Milestone ETHOS
UP) at a temperature of 170 £ 5 °C for approximately 20 min. Sediment fractions, 63 um were
used because they contain the highest concentrations of metals. To 0.5 g of dry sediment, 9:1
mL (HNO3: HCI) was added at a temperature of 175 =5 °C for 10 min in a microwave. Finally,
the samples were filtered through white band filter paper until a volume of 50 mL was reached.
Quantification was performed using inductively coupled plasma optical emission spectroscopy
— ICP-OES (iCAP 6300 Duo, Thermo Fisher Scientific). The limits of detection of the method
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are as follows (mg/L): 0.002 for B, 0.001 for Ba, 0.001 for Cd, 0.002 for Cr, 0.001 for Cu, 0.001
for Mn, 0.001 for Ni, 0.003 for Pb, and 0.004 for Zn. Standards and sample were analyzed in

triplicate.

2.5. Assessment of sediment contamination

Indexes are important analysis tools when evaluating sediment quality to measure metal
contamination and anthropogenic and geogenic effects (Kayembe et al. 2018; Kulbat &
Sokotowska 2019). In these studies, the background values depend on regional geochemical
factors and therefore should be considered. The background values adopted in this study were
recommended by CONAMA 454 (2012) which establishes guidelines for the evaluation of the
quality of materials dredged from Brazilian river systems. There are two levels of
contamination: the threshold effect level (TEL), a concentration below which adverse effects
are expected to occur rarely, and the probable effect level (PEL), a concentration that is
expected to occur frequently (MacDonald et al. 2000).

The Geoaccumulation Index (lIgeo) was used to evaluate the degree of contamination by
metals in sediments and to compare anthropogenic and geogenic effects (Xia et al. 2018;
Siddiqui & Pandey 2019). They were calculated by Equation (1) and classified into six levels
according to the intensity of metal enrichment. The Contamination Factor (CF) is estimated as
the ratio between the concentration of the metal in the sample and its reference value (Equation
(2)) (Islam et al. 2015; Dash et al. 2021). The Pollution Load Index (PLI) is estimated by
Equation (3) and provides an overview of the overall pollution at a given site (Kulbat &
Sokotowska 2019; Dash et al. 2021). All equations mentioned and the classifications of the

indices analyzed are shown in Table 1.

Table 1 Equations and contamination classes of Igeo, CF, and PLI

Equation Index Class Pollution intensity
<0 Unpolluted
_ () 0-1 Lightly polluted
I‘ge_o Logz 15 [(Bn)] (Ea.1) ) ) ) 1-2  Moderately polluted
Cn is the concentration of metal in sediment; B, the concentration of Igeo 2-3  Moderately polluted
metal in the geochemical background and 1.5 the lithological 3-4  Moderately to heavily polluted
variability constant. >5 Heavily polluted
_G <1 Low
CF= /Co .(Eq.2) ) ) o 1-3  Moderate
Ci concentration of metal in sediment; Co metal concentration in CF 3_6 Considerable
background >6 Very high
0-1 Unpolluted
PLI(site) = CF1 x CF2 x CF,, (Eq. 3) 1-2  Moderately to unpolluted
CF is the contamination factor; n is the number of metals at the site PLI 2—-3  Moderately polluted
3-4  Moderately to highly polluted
4-5  Highly polluted
>5 Very highly polluted
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2.6. Statistical analyses

The distribution data of metals in water and sediment throughout the year were plotted
using Excel Microsoft Office 2013. Statistical analysis was performed using a Pearson’s
correlation analysis and hierarchical cluster analysis (HCA) using Euclidean distance. These
methods were applied to verify the similarity between the parameters and their potential
common sources. For a cluster analysis, data were normalized. All analyses were performed

using Library GGally functions using the R package version 1.66.0.

3. Results
3.1. Temporal description of physicochemical parameters

The physicochemical parameters of water samples are summarized in Table 2. The
temperature ranged from 20.9 to 27.8 °C. The pH range of 5.2-7.4 characterizes an acidic to a
neutral environment. The OD ranged from 3.9 to 8.0 mg/L, being below the limit recommended
by the legislation in May, October, and November. The TDS (23-71 mg/L) were higher in
January and May at 71 mg/L, as well as the EC (46-142 uS/cm). TSS concentration ranged
from 6.4 to 1,071 mg/L, and turbidity ranged from 2 to 949. The values were higher in January
than those in other months, because the collection was carried out during the rain event.
Regarding ORP, July was the month in which the water presented the highest oxidizing
potential (100 mV) and November had the lowest (4.2 mV).

Table 2 Temporal variation of physicochemical and hydrologic parameters in the water of sediment pond of Antas
River, Anapolis-GO

Parameters

Months T pH DO TDS EC ORP TSS Turb NHs TP Q Pec
Units °C - mg/L mg/L pS/em mV  mg/L UNT mg/L mg/L m3s mm
Jan 23.3 6.9 7.1 71 142 45 1071 949 0.3 4.2 025 384
Feb 234 6.5 6.7 38 77 67 4.4 8.3 0.6 0.3 0.22 168
Mar 26.2 6.5 5.6 37 74 52 6.8 13 11 0.5 029 333
Apr 23.6 6.5 5.3 40 80 - 21 58 0.8 0.2 032 125
May 25.2 7.1 3.9 71 135 25 40 15 0.7 0.3 025 45
Jun 22.1 7.4 5.4 31 64 45 8.0 6.7 0.3 0.4 025 O
Jul 20.9 5.2 6.5 23 46 100 4.8 2.0 0.3 0.5 013 O
Aug 21.6 6.8 8.0 30 59 62 11 2.1 ND™ 0.2 013 O
Sep 25.1 7.1 5.6 40 81 53 21 28 3.6 0.8 011 94
Oct 27.8 6.1 4.8 45 90 65 6.8 38 1.4 0.2 0.08 146
Nov 24.7 7.3 4.4 63 126 4.2 6.4 23 2.0 0.5 011 197
Dec 26.2 7.3 5.2 54 108 88 58 65 2.0 0.5 0.20 190
Average 24.2 6.7 5.7 45 90 55 105 101 1.2 0.7 019 -
SD 2.0 0.6 11. 15 25 30 292 257 1.0 1.1 0.08

CONAMA"™ NR™ 6-9 >5 <500 NR NR NR <100 3.7 <0.1 NR NR

“Resolution of the do Conselho Nacional do Meio Ambiente (CONAMA) Number 357/2005 Class 2; ™
Unregulated; ™ Not detected; bold values above the legislative limit
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Ammoniacal nitrogen concentrations were higher at the end of the dry season and the
beginning of the rainy season (September). For total phosphorus, concentrations ranged from
0.2 to 4.2 mg/L, and over the whole year, values were higher than that recommended for
freshwater (CONAMA 2005). Regarding the flow rate, the variation was minimal because of
the small size of the basin. However, during flood, the average flow was more than ten times
higher than the regular flow. The months with the most rainfall were January, March,
November, and December.

The physicochemical parameters of the sediment are presented in Table 3. The pH
ranged from 5.5 to 7.4, with acid to neutral ambient. Nitrogen ranged from 28 to 420 mg/kg,
with March and April being the highest concentrations. The TP ranged from 198 to 4,693
mg/kg. The highest concentrations were in the months of lower rainfall (Jun, Jul, Aug, and Set),
which the values exceeded an average 1.73 of legislative limit for sediment quality of river
systems (CONAMA 2012). Organic matter ranged from 5.91 to 33.4%, and the highest
percentages were observed in December and March, respectively. Values upper than 6% are

considered as contaminate sediments to freshwater systems (Kayembe et al. 2018).

Table 3 Temporal variation of the physicochemical parameters of the sediment of sediment pond of Antas River,
Anéapolis-GO

Parameters

Months pH NH4" (mg/Kg) TP (mg/Kg) OM (%)
Jan 6.9 112 1980 19,2
Feb 6.9 84 450 11,1
Mar 6.5 140 505 33,4
Apr 6.5 420 198 20,3
May 7.4 28 280 6,95
Jun 5.5 84 3716 19,8
ul 5.6 56 2240 5,91
Aug 6.1 56 4693 25,6
Sep 6.2 112 3212 22,2
Oct 6.2 28 624 26,6
Nov 6.9 28 1481 24,5
Dec 5.9 364 518 35,6
Average 6,4 126 1658 20,9
SD 0.6 130 15% 9.3
CONAMA* NR™ NR 2000 NR

“Resolution of the National Council of the Environment (CONAMA) Number 454/2012; ™ Unregulated

3.2. Distribution of heavy metals in water and sediment samples
Tables 4 and 5 shows a variation over the year of heavy metals concentration in water
and sediment samples. Cd was the only element not detected in the water or sediment samples.

B was detected only in the water sample collected in January (0.124 mg/L) during rainfall. For
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all metals, the highest concentrations were observed in January 2020. This month the collection
was done during the rainfall event. In some months, all metals were presented above the
recommended limit from Brazilian freshwater (CONAMA 2005). Cu and Mn concentrations
were at odds virtually every month. In August and September, there was a jump in the
concentration of metals, particularly Cu, Ni, Zn, and Mn. These months precede the rain season
and dredging of the pond is performed. The changes on heavy metals concentrations can be
attributed to release of HMs presents in mobile fractions of the sediment under to water (Friese
et al. 2010; Al-Rubaei et al. 2017). The concentration order for metals in the water samples
were as follows: Mn > B >Ba > Zn >Cu > Cr > Pb > Ni. Moreover, the mean concentrations
(mg/L) were as follows: Ba, 0.088 + 0.06; Cr, 0.036 + 0.08; Cu, 0.056 £ 0.06; Mn, 0.231 £
0.17; Ni, 0.023 £ 0.03; Pb, 0.026 + 0.02; and Zn, 0.073 + 0.05 (supplementary, Figure 7 and 8).

Table 4 Concentration of heavy metals in (mg/L) at water phase from sediment pond

Months B Ba Cr Cu Mn Ni Pb Zn

Jan 0.124 0.268 0.283 0.146 0.703 0.030 0.049 0.182
Feb <LQ" 0.078 0.011 0.005 0.276 0.012 0.009 0.041
Mar <LQ 0.077 0.01 0.015 0.15 0.009 0.019 0.041
Apr <LQ 0.088 0.019 0.039 0.234 0.014 0.038 0.066
May <LQ 0.086 0.009 0.036 0.231 0.011 0.013 0.063
June <LQ 0.072 0.007 0.004 0.159 0.010 <LQ 0.057
Jul <LQ 0.054 <LQ <LQ 0.059 0.006 <LQ 0.026
Aug <LQ 0.067 0.007 0.183 0.125 0.082 <LQ 0.017
Sept <LQ 0.079 0.014 0.079 0.286 <LQ <LQ 0.146
Oct <LQ 0.067 0.008 0.058 0.073 <LQ <LQ 0.074
Nov <LQ 0.047 0.008 0.04 0.191 <LQ <LQ 0.099
Dec <LQ 0.075 0.02 0.014 0.281 <LQ <LQ 0.065
Avarege 0.124 0.088 0.036 0.056 0.231 0.023 0.023 0.073
SD - 0.058 0.082 0.059 0.168 0.026 0.048
CONAMA" 0.5 0.7 0.05 0.009 0.1 0.025 0.01 0.18

“Resolution of the do Conselho Nacional do Meio Ambiente (CONAMA) Number 357/2005 Class 2; LQ: “below
of limit quantification

For the sediment samples, the general order of concentration was Mn > Cr > Ba > B >
Zn > Cu > Ni > Pb. The mean concentrations (mg/kg) were as follows: B, 116.6 = 22.8; Ba,
117.3 £ 30.8; Cr, 235.6 £ 30.0; Cu, 58.1 + 22.9; Mn, 376.0 + 97.9; Ni, 46.9 + 10.5; Pb, 10.4 +
2.4; and Zn, 80.5 + 24.4 (supplementary, Figure 7 and 8). Of the metals analyzed, Pb was the
only element within the limit from quality of dredged sediments (CONAMA 2012) followed

by Zn, which only exceeded the limit in November. For Cr, the concentrations were above level
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2 of contamination (PEL). Adverse effects are expected to occur frequently at this level. For
Cu, only levels in April, June, and July met the limit, and for Ni, this was only in the months of
April and July. These months corresponded to dry season. The inlet of these pollutants may be

associated with runoff of the catchment.

Table 5 Concentration of heavy metals in (mg/Kg) at upper sediment from sediment pond

Months B Ba Cr Cu Mn Ni Pb Zn

Jan 124.5 105.6 2495 69.3 350.4 45.3 124 86.7
Feb 116.6 141.7 279.4 56.9 545.3 51.1 13.1 79.4
Mar 109.0 160.9 244.4 61.5 477.1 50.0 13.7 83.1
Apr 72.5 68.5 172.0 325 187.0 28.0 7.9 50.5
May 88.6 88.1 227.9 35.9 418.3 39.7 10.8 54.2
June 90.0 90.9 207.9 28.7 237.7 42.0 114 66.4
Jul 83.0 76.2 221.9 19.9 372.7 345 12.7 38.7
Aug 123.6 133.7 227.1 76.5 327.8 61.7 7.2 88.5
Sept 145.0 143.6 2775 84.8 364.4 66.0 7.6 99.1
Oct 124.2 126.9 241.6 73.1 367.3 51.4 7.4 95.9
Nov 130.3 150.4 220.1 81.8 447.3 47.0 94 125.0
Dec 131.7 121.3 258.3 76.6 416.4 46.3 11.0 99.0
TEL - - 37.3 35.7 - 18.0 35.0 123.0
PEL - - 90.0 197.0 - 35.9 91.3 315.0
Average 111.6 117.3 235.6 58.1 376.0 46.9 10.4 80.5
SD 22.8 30.8 30.0 22.9 97.9 10.5 2.4 24.4

TEL: threshold effect level; PEL: probable effect level

Data on heavy metal contamination in sediments from stormwater systems in Brazil are
too narrow. The elements analyzed on sediment samples were compared with data from other
studies at urban lakes and stormwater (Table 6). The heavy metals mainly searched in urban
areas are Cd, Cr, Cu, Ni, Pb, Zn, and Mn. In this study, Cd was not detected; Cr was the metal

with highest concentration among all studies; and Zn one of the lowest levels.

3.3. Assessment of sediment contamination

Figure 2 presents an evaluation of the geological and anthropogenic influences and the
degree of contamination of the sediment pond of the Antas River. Through the application of
CF (Figure 2(a)), Cr contamination was at a very high degree (> 6), which was associated with
months of higher rainfall. For Pb and Zn, the CF was low (< 1), whereas for Cu, it was between
1 and 2, indicating moderate contamination. The PLI of the pond ranged from highly polluted
to heavily polluted. Igeo values (Figure 2(c)) showed that Cr presented high values, ranging

from moderately polluted to heavily polluted. It indicates sediment enrichment and evidence of
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contamination by anthropogenic activities. Regarding Cu and Ni, sediment samples were

classified from unpolluted to moderately polluted. Pb and Ni were not enriched. In general,

rainiest months exhibited an increase of metals levels. Other studies had been reported

significant correlation by rainfall and export of heavy metals; and the seasonality with heavy
metals (Cu, Cr, Pb, Mn, and Zn) (Yang et al. 2021; Taka et al. 2022).

Table 6 Comparation of heavy metals concentration in sediment samples in mg/Kg (dry weigh) of stormwater

ponds or urban lakes to previous studies

Reference B Ba Cr Cu Mn Ni Pb Zn

This study? 72.5-45  68.5-160.9 172-279.4 19.9-84.8 187-545.3  28.0-66.0  7.2-13.7 38.7-125.0
German and Svensson (2005)° n.a 285+ 29 40-118 114-424 513+29 26-102 127-231 478-2153
Friese et al., (2010)° n.a 271-720 81.9-210 30.2-71 364-1,878 34.7-66.0  40.7-46.8  242-522
Merchan et al. (2014)¢ n.a n.a 113-158 213-280 n.a 60-97 135-325 1508-1,766
Abreu et al. (2016)® n.a n.a 24.6-157 n.a 141-1,363 1.1-15.9 14.6-107 89.9-456
Araljo et al. (2017)F n.a n.a 55-76 20-76 369-1904  18-26 33-118 181-21,960
De Andrade et al. (2019)9 n.a 139-1,448 5.7-72.7 13.8-132.1 n.a 7.8-43.4 7.9-53 32-261
Kulbat and Sokotowska (2019) n.a n.a 14.4-260.9 2.3-256 n.a 0.3-26.1 1.3-49.2 14.7-92.5
Xia et al. (2020) n.a n.a 94.4-111.3 46.6-93.7 590-710 40.5-454  354-62.8 115.4-166.7
Waara and Johansson (2022)i n.a 39-194 9.0-45.6 20.9-126.0 n.a 6.4-34.9 6.5-87.6 78.6-1,190

n.a — not available

@ Stormwater pond, Brazil

b Stormwater pond, Sweden
¢ Pampulha Lake, Brazil
dDetention basin, France

¢ Guanabara Bay, Brazil

f Sepetiba Bay, Brazil

9 Guaiba Lake, Brazil

h Straszyn Lake, Poland
Urban Lakes, Chine

J Stormwater ponds, Sweden
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3.4 Pearson correlation and Cluster Analysis between the parameters

The Pearson correlation values for water and sediment samples are shown in Figures 3
and 4, respectively. For water, heavy metal concentrations were positively correlated with TSS
and turbidity, with correlation coefficients higher than 0.715 (p, < 0.01), except for Cu.
Ammonia was not associated with any other variable. TP showed a strong correlation with
turbidity (0.986, p < 0.001), TSS (0.988, p < 0.001), Ba (0.982, p < 0.001), Cr (0.999, p <
0.001), Mn (0.899, p < 0.001), and Zn (0.771 p < 0.01) (Figure 4). The precipitation acted
moderately on the mobility of Cr (0.610, p < 0.05), Ba (0,599, < 0.05) and Mn (0.587, p < 0.05)
into water, and Cu and Zn were not correlated. A strong association of Cu-Zn has already been
observed, as well as similar seasonal distribution indicating shared sources and pathways (Taka
et al. 2022). Still copper was the only element that had a positive correlation with DO (0.655,
p, 0.01). For the sediment, the OM (%) was moderately associated with Cu (0.648, p < 0.05)
and Zn (0.645, p < 0.05). Precipitation, pH, ammoniacal nitrogen, TP, and Pb showed no
correlation with any other variable. The other metals showed a strong correlation with each
other, especially B with Cu, Zn, Ni, Ba, and Cr, with correlation coefficients higher than 0.642
(p < 0.05) (Figure 5).
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Figure 3 Pearson correlation analysis between physicochemical parameters and heavy metals in the water of the
sediment pond, Antas River, Brazil. Temp, temperature; DO, dissolved oxygen; TDS, dissolved total solids; ORP,
oxidation redox potential; Turb, turbidity; EC, electrical conductivity; NH4*, ammoniacal nitrogen; TP, total
phosphorus; Prec, precipitation; "p < 0.05, “p < 0.01, "p < 0.001.
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Figure 4 Pearson correlation analysis between the physicochemical parameters and heavy metals in sediment of

the sediment pond, Antas River, Brazil. NH,*, ammoniacal nitrogen; TP, total phosphorus; OM, organic matter;
Prec, precipitation; "p < 0.05, “p < 0.01, "™"p < 0.001

Cluster analysis of water and sediment parameters is shown in Figure 5. For water,
January parameters were outside the curve due to turbidity and TSS concentrations that were
higher than observed in other months (Figure 5(a)). It is because sampling during a flood event
causes an increase in the concentration of particulate matter in the water. This effect is evident
in the color gradient, where warmer colors indicate higher values. The grouping of months into
two seasons was clear. May—September is the dry season, and October—April is the rainy
season. As for the parameters, three clusters were observed that showed the similarity of the
variables: (1) TSS and turbidity; (2) precipitation, EC, NH4*, Mn, Cr, Cu, and Zn; and (3)
metals. In sediment samples, the TP showed no similarity with any variable. The metals Cr and
Mn showed strong grouping, as well as Zn, Ni, Cu, B, Ba, OM (%), and Pb (Figure 5(b)). To
sediment, the two seasons were not well clear, and other factors may affect the concentration
of the sediments. August and September samples (8 and 9) showed high similarity, followed by
June. During these months, upper values of TP, Cu, and Ni were observed. Another cluster was
composed of January, April, May, July, and November samples (1, 4, 5, 7, and 11). In addition,
the last cluster grouped the rainiest months.
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Figure 5 Hierarchical cluster analysis by Euclidean distance for physicochemical parameters, metals, and nutrients
over a year A) in water and B) in the sediment from a sediment pond of the Antas River. The numbers on the right
correspond to the months. Turb, turbidity; TSS, total suspended solids, Prec, precipitation; EC, electrical
conductivity; NH4*, ammoniacal nitrogen; TP, total phosphorus; DO, dissolved oxygen; Temp, temperature; TDS,
total dissolved solids; OM, organic matter. More intense colors (red to orange) indicate higher values, while less
intense colors (yellow to white) indicate lower values.

4. Discussion

The advance of this article is the wealth of data about water and sediment quality, such
as heavy metals in urban stormwater. Water and sediment contamination in urban areas were
influenced by the modification in land use/land cover (Hamid et al. 2019). As reported,
stormwater is one of the largest sources of pollutants, including suspended solids and metals,
which pollute water bodies (Aryal et al. 2010). Knowledge and control of urban runoff and
interfering factors are essential for management measures (Valeo et al. 2021). There are few
studies about stormwater ponds especially in tropical countries. The inlet of higher levels of
heavy metals and other pollutants can be dangerous to the ecosystem and the communities that
live in the surroundings (Xia et al. 2020).

In this study, the water samples in the sediment pond in the Antas River had
concentrations above the Brazilian law for Cu, Mn, Pb, and TP (CONAMA 2005). The levels
of these elements are much higher than described by Friese et al. (2010) in Pampulha Lake in
Brazil and by Xia et al. (2020) in urban lakes of China. The sediment had high concentrations
of Cr, Cu, and Ni, with mean values exceeding 6.32, 1.63, and 2.61, respectively, the TEL
value. TP concentrations during the dry season exceeded the permissible limit by an average of

1.73 times. These results had similar findings in previous studies performed in Brazil in
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Pampulha Lake, Belo Horizonte (Friese et al. 2010), Guanabara Bay, Rio de Janeiro (Abreu et
al.2016), and Lake Guaiba, Porto Alegre (De Andrade et al. 2019).

These studies address that the proximity to large residential, commercial, and industrial
areas raises the levels of heavy metals. De Andrade et al. (2019) evaluating the quality of
sediments found that Cr, Cu, Ni, and Zn had higher concentrations near Porto Alegre, a large
urban center compared to other sites. German & Svensson (2005) characterized stormwater
pond sediments in Sweden and found concentrations twice higher from Cr, Ni, and Zn in a pond
which receives the discharge from an industrial area. However, Cu was the most critical metal
in the ponds in general. Al-Rubaei et al. (2017) studied 12 sediment ponds in Sweden and
reported that these basins have the potential to reduce metal concentrations. However, dredged
sediment can be dangerous, and its disposal can increase the mobility and transport of pollutants
downstream. They found that 40% of the ponds were contaminated with Cr, Cu, Ni, and Zn.
Kayembe et al. (2018) reported these elements at higher levels in an urban river in the
Democratic Republic of the Congo. They concluded that metal pollution in the urban basin is a
global problem that is associated with urban runoff.

In this study, Zn was an exception compared to the reported studies. Sediment samples
were not polluted by Zn (Table 6). The levels of Zn (38.7-125 mg/kg) was similar to those
detected by Kulbat & Sokotowska (2019) in Straszyn Lake, Poland. On the other hand, in the
present study, the concentration of Cr was higher (maximum of 279.4 mg/kg) as compared
reported by Merchan et al. (2014) from the stormwater pond in France (158 mg/kg); Abreu et
al. (2016) from Guaiba Lake (157 mg/kg), and by Waara & Johansson (2022) from stormwater
ponds, Sweden (45 mg/kg). An Earlier study has also shown high concentration of Cr (210
mg/kg) in Brazil (Friese et al. 2010).

Elements such as Mn and Cu are essential but, in excess, could be toxic (Devi¢ et al.
2016). However, Cr, Ni, and Pb represent high ecological hazards (Kumar & Singh 2018). Silva
et al. (2020), in this study area, found that the elements Ba, Mn, Zn, Cr, and Ni were strongly
associated with genotoxic damage in native fish species. In addition, the association of these
metals can raise toxicity in the aquatic environment. TP in urban areas originates from domestic
and industrial wastewater and surface runoff (Hamid et al. 2019). Higher concentrations can
lead to eutrophication, oxygen depletion, and a change in metal mobility.

Aryal et al. (2010) reported that the concentrations of Cr, Cu, Pb, and Zn are related to
the intensity of traffic vehicles, and levels are affected by seasonality. Charters et al. (2021)
studied the effect of the type of urban surface on stormwater quality and found that the

contribution of metals is related to the surroundings of the urban area, atmospheric deposition,
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and rainfall/ seasonality. Elements such as Cu, Ni, Zn, and Pb were strongly influenced by
anthropogenic sources (Luo et al. 2022). Cr was most connected to industry sources, solid
waste, and sewage. Such can explain the high concentrations of Cr found in this study. The city
of Anépolis is the second largest pharmaceutical pole in Brazil and shelters about 17 industries
in the chemical sector (DAIA —Agroindustrial District of Anépolis).

The concentration of metals in water or sediment is influenced by physicochemical
variables related to the availability and mobility of metals. Precipitation was correlated with
turbidity and SST, which was strongly associated with TP, Ba, Cr, Mn, and Zn, as discussed in
the correlation and cluster analyses. Such was earlier reported by (Friese et al. 2010) mainly to
Zn and Cr. Kayembe et al. (2018) and Khan et al. (2020) corroborate that the correlation
between the variables indicates that they probably come from a common source and are
controlled by the same factors. In this respect, suspended particles are extremely important for
the mobility of heavy metals and nutrients in rainwater, as observed in other studies (Liu et al.
2019; Yazdi et al. 2021).

Based on the mobility of metals, Cr concentrations were low in water and high in
sediments. This phenomenon is explained by the fact that Cr is associated with reducible and
oxidizable fractions in the sediment and therefore has a lower ability to dissolve in water, so
resuspension occurs only in anoxic, dredging, or flooding conditions (Patel et al. 2018; Dash et
al. 2021). The same phenomenon was observed for Cu, and according to de Castro-Catala et al.
(2016), this metal is strongly attracted to the organic matter of the sediment, forming strong
metal complexes. Such corroborates our results (Figure 4(b)), in which Cu was positively
correlated with OM (%). Xia et al. (2018) also reported a significant correlation between Cu,
Zn, and organic materials.

The applied quality indices (CF, PLI, and Igeo) showed that the sediment accumulated
in the sediment pond of the Antas River was enriched in the order Cr > Ni > Cu, suggesting the
anthropic origin of these contaminants because the mean values were higher than the
geochemical standards. Kulbat & Sokotowska (2019) observed similar results, where Cr was
also the metal that had the higher effect on the pollution of sediments in a lake in Poland. Dash
et al. (2021), applying CF and PLI, found a moderate level (1-3) of contamination in the
sediment of a lake in India, where Cr, Mn, Cu, and Pb were the dominant metals associated
with anthropogenic sources. Furthermore, the months with higher rainfall, except for
September, showed higher pollution rates (Figure 2 (a) and 2 (b)). A possible explanation for

the increase in metal concentrations in September was dredging carried out in the sediment
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pond at the beginning of the rainy season to reestablish the retention capacity for the first rains,
which bring a large load of sediment and pollution.

5. Conclusion

The analysis of heavy metals and nutrients in the water and upper sediment of the
sediment pond from the Antas River showed that precipitation acts in the mobility of suspended
particles (turbidity and TSS). Such particles are positively correlated with TP, Ba, Cr, Mn, and
Zn. This study appointed that in a static land use condition, the main sources of HMs came from
runoff of the catchment area. The wet months showed a high concentration of HMs, less for
Cu. The values of sediment quality indices Igeo, CF, and PLI indicated that sediment pollution
varied from moderate too strong for Cr, Ni, and Cu, suggesting that these elements have an
anthropic origin. Correlation and cluster analyses showed the similarity of the elements, which
may indicate a common source. Therefore, seasonality and physicochemical parameters affect
the mobility and availability of heavy metals in water and sediment. This study draws attention
to the importance of understanding and monitoring the levels of pollutants in urban basins for
the construction of stormwater management measures to ensure the safety of water resources
as well as the neighborhood. Our data highlight that finding heavy metals in high concentrations
may be very dangerous for the environment. The stormwater ponds must have a risk assessment
and management plan so that the basin does not become a waste pond in the future. As
suggestion remedies, it is necessary to decrease the areas of exposed soil near the pond by
increasing green space. It may reduce the velocity of the water, erosion process, and transport
of sediments to the pond. Also, disposal of the dredged sediment in an appropriate area,
observing the risk assessment. The shortcomings explain how rainfall increases the
concentration of HMs in sediment ponds. In future research, we plan to focus on the viability
of the variation of these metals during rainfall events. Analyze variables such as duration and
intensity of precipitation to understand how rainfall acts on wash-off the HMs in the hygrogram

moments (rise, peak and recession).
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ANEXO II

HIGHLIGHTS

* We assessed annual water and sediment quality of stormwater ponds.

» Water, TF showed a strong correlation with turbidity, TSS, Ba, Cr, Mn, and Zn.

* Sediment, Cr, Cu, and Ni were 6.32, 1.63, and 2.61 higher than the background values.

* Sediment, TF concentrations during the dry season exceeded legislative limits by an average
of 1.73 times.

 Cu and Zn were not correlated with precipitation
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Figure S1: Variation of heavy metal concentrations over 1 year at (A) water (mg/L), and B) sediment (mg/kg)
from sediment pond, Antas River, Brazil; dark line at in water graphs is the Brazilian limit from freshwater; in
sediment graphs dark line: TEL - threshold effect level; and red line: PEC - probable effect level

(A)
080 200 0%
- 0.60 -~ Ba 00
; .:J o
g 040 200 Eﬁ
2 o \ 100 E "
oo .—“t‘:. ' i 0.00
AEIR5ERTRESE
o1 - 300 0.50
= =Ni _
';‘bom » ‘;‘ 0%
8 00 E o
oo ) , w f
\V‘HJ x
0% 5 oo oo M 0.00
BEZR3RIREL
(B)
0 400 )
5 oBs ~=Mn =R
g0 g
2 00 %
100
zm M w :
g o .. et > 0
BE355395F55%
" 400 120
N1
0 /fA-\ w
o -
Hx '/\ o PEL, w0 B
- Y = -
Z. IEL w0 £ “
 Sho A 0 0
AE355133F53&

\

LO“% e

REAR51R5RE5

B

ot

EFRTI LR

5k

Mar

00

g
Cu (mg'k

<

H
Zn (mg'kg)

100

g § §

)
¥ s

g

E £ B

g

:

1
)

lw§

<

3 ¢ & $
Rain (o)

=

=

PEL

E 8 8

Jan
Feb

M

Apt
Moy

hine
hul
Aug

3
Rain (mm)

<

Ot
Nov
Dee

e

Figure S2: Boxplot present the median concentration of heavy metals at (A) water samples in mg/L and (B)
sediment samples in mg/kg from sediment pond

0.8 : 600 1—
07/™ § 525
0.6- 450
051 5 arsd
0.4 - ‘ 300 -
0.3- 2254
0.2- 150 -
0.1 75.
0.0- 0




69

Figure S3: Percentage of average concentration of heavy metals (A) at water and (B) at sediment samples from
sediment pond

A




70

CAPITULO 4

Efeito das caracteristicas da chuva no transporte de metais pesados em particulas
suspensas durante eventos de chuva em uma bacia urbana

Resumo: As aguas pluviais transportam significativas cargas de poluentes para as bacias
hidrogréficas deteriorando a qualidade da &gua dos rios. A carga depende de inimeros fatores
como uso do solo e as caracteristicas das chuvas. O objetivo deste estudo foi quantificar a carga
de metais transportada nas particulas em suspensdo durante o evento de chuva e o efeito das
caracteristicas da chuva no carreamento de poluentes. Para isso, uma abordagem quali-
quantitativa foi empregada para monitorar a precipitacdo, a vazao e parametros de qualidade de
agua em um corrego. Quatorze parametros de qualidade de dgua foram medidos em onze
eventos de chuva. Analises multivariadas foram utilizadas para verificar a correlacdo entre 0s
parametros. Os eventos foram classificados em trés grupos segundo suas caracteristicas. Destes,
0s eventos de precipitacdo moderada a alta e picos intensos apresentaram as maiores cargas de
metais (Fe, Zn, Mn, Cr, Cu, Ni, Co e Pb) e solidos suspensos totais (SST). A intensidade
maxima e o volume precipitado foram as varidveis que mais influenciaram no transporte metais.
N&o houve diferenca significativa na concentracdo dos metais ao longo dos momentos do
hidrograma. O estudo evidéncia que as maiores cargas de poluentes nas bacias se ddo em
eventos de alta descarga, e que estratégias de gestao das dguas pluviais podem corroborar com
a diminuicéo das vazdes e assim, minimizar os impactos aos rios.

Palavras-chave: drenagem urbana; polutogramas; escoamento urbano; qualidade de agua

1. Introducéo

As atividades antrépicas modificaram significativamente os ciclos biogeoquimicos
globais alterando a descarga d’4gua, o carreamento de sedimentos e de elementos trago para os
rios (Crawford et al. 2022; Ming et al. 2019). A conversdo das areas verdes em superficies
impermeéveis modificou caracteristicas fisicas das bacias (Yazdi et al., 2021), provocou o
aumento do volume e da velocidade do escoamento superficial, das vazdes de pico (Al Ali et
al. 2017; Taka et al. 2022) potencializou processos erosivos elevando a carga de sedimentos e
poluentes para os rios (Luo et al. 2020; Siddiqui and Pandey 2019).

As mudancas de temperatura, nas taxas de infiltracdo e evapotranspiracdo também
contribuiram para a alteracdo do balanco hidrico das bacias. Estes fatores aliados as mudancas
climaticas tem se mostrado um desafio para gestdo dos recursos hidricos (Dong et al. 2021). E
cada vez mais frequente as bacias urbanas sofrerem com eventos extremos de seca e enchentes
(Trenberth 2011). Por isso, 0 monitoramento da &gua nas bacias urbanas € importante para
garantir o uso adequado do recurso.

Estudos abordam que a qualidade da &gua em uma bacia € afetada por fatores naturais e

antropogénicos (exemplo: erosdo do solo e rochas, deposicdo atmosférica, a descarga de
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efluentes domésticos e industriais e 4guas pluviais) (Charters, Cochrane, and O’Sullivan 2020;
Hamid, Ullah, and Arshid 2020). No ambiente urbano, as &guas pluviais sdo apontadas como
uma das maiores fontes de poluicdo para os rios (Aryal et al. 2010), sobretudo em relacéo as
particulas suspensas e metais (Al-Rubaei et al. 2017). Sao dificeis de serem monitoradas e tem
se tornado uma preocupacao global (Itsukushima and Ohtsuki 2021; Schliemann, Grevstad, and
Brazeau 2021).

Nessas aguas, os solidos suspensos (SS) sdo considerados o principal vetor de poluicéo
(Merchan et al. 2014). SS adsorvem e transportam outros poluentes como metais, nutrientes e
hidrocarbonetos rio abaixo (Behbahani, McKenzie, and Ryan 2022). Dentre estes, 0s metais
pesados tem recebido enorme atencdo devido a sua toxicidade, persisténcia e natureza
bioacumulativa (Khan et al. 2020; Liu et al. 2022; Zhang et al. 2018). Os elementos mais
pesquisados na area urbana sdo Pb, Ni, Zn, Co, Cu, Cr, Cd (Kumar and Singh 2018; Nawrot et
al. 2020). Eles sdo comumente associados ao trafego e emissdes veiculares, degaste dos pneus,
6leo do motor, corrosdo de superficies (Aryal et al. 2010; Egodawatta, Thomas, and
Goonetilleke 2007; Jeong et al. 2020).

Os poluentes sdo acumulados nas superficies impermeaveis durante os dias secos e
lixiviados de diferentes formas durante os eventos de chuva (Al Ali et al. 2017). Estudos
reportam que cerca de 90% das particulas sdo transportadas em suspensdo durante o evento de
chuva (Matsunaga et al. 2014; Rugner et al. 2019; Zeng et al. 2019). O carreamento de poluentes
depende de inimeros fatores, como volume do escoamento (Szelaga et al. 2021), intensidade e
duracdo da chuva, dias secos antecedentes (Liu et al., 2013; Xia et al., 2018), diametro da
particula do sedimento (Zuliani et al. 2022), geologia, uso e ocupac¢do do solo (Gunawardana
et al. 2011; Herngren, Goonetilleke, and Ayoko 2006).

No entendimento da dindmica das aguas pluviais ha varios estudos que focam no tipo
de superficie e impactos na qualidade da agua (Charters et al. 2020; Jeong et al. 2020), e
comparacao entre 0s usos do solo (Flanagan et al. 2021; Merchan et al. 2014). Entretanto, ha
poucos estudos sobre o carreamento de poluentes durante os eventos de chuva, e da correlacdo
dos parametros com as variaveis hidroldgicas nos corpos receptores (Taka et al. 2022),
sobretudo no Brasil.

Deste modo, o monitoramento continuo da carga de sedimentos e dos poluentes
transportados durante os eventos de chuva é uma ferramenta importante para entender a
dindmica de transporte dos poluentes nas bacias (Le Gall et al. 2018; De Girolamo, Pappagallo,

and Lo Porto 2015). Compreender como as caracteristicas hidrolgicas atuam na mobilidade
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dos poluentes é essencial para subsidiar a implementacdo de técnicas compensatérias de
drenagem urbana que garantam a sustentabilidade do meio ambiente.

Diante do exposto, este trabalho tem por objetivo: (1) quantificar a carga de metais
pesados (Co, Cr, Cu, Cd, Ni, Pb, Zn, Fe e Mn) nas particulas suspensas durante o evento de
chuva em um cdrrego urbano; (2) analisar o efeito das variaveis hidrologicas nas cargas de
metais, sélidos suspensos totais (SST) e didmetro das particulas; (3) e verificar as diferencas
das variaveis nos trés momentos do hidrograma (ascensdo, pico e recessdo). Essa avaliacao
podera contribuir para o entendimento de como ocorre o carreamento de metais e particulas de

menor didmetro frente as respostas hidroldgicas.

2. Material e Métodos
2.1. Area de estudo

A érea em estudo abrange a porcdo urbana da alta bacia do Ribeirdo das Antas (13.3
km?), localizada na porcdo sudoeste da cidade de Anapolis, Goiés, regido central do Brasil
(Figura 1). O curso principal do rio até a estacdo de monitoramento € de 5.5 km de extensdo e

perimetro da bacia de 18.2 km. A estacdo de monitoramento esta situada na secao do rio a

montante de uma bacia de sedimentacdo, coordenas geograficas (16° 20'43.0 'S e 48° 58' 06.8"
0).
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Figura 1: Localizagdo da area de estudo no municipio de Anapolis-Goids, Brasil e pontos de monitoramento
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O clima na regido é tropical umido, com duas estacdes distintas, uma seca (maio a
setembro) e outra chuvosa (outubro a abril). A precipitacdo média anual é de 1586 mm. Os
dados de uso e cobertura do solo mostram que 35.5% da area da bacia é de superficies
impermedveis, 27.7% de pastagem, 20.2 % solo exposto e 16.1% de vegetacdo. Os dados foram
obtidos através do Sistema de Referéncia Geocéntrico das Américas/ SIRGAS 2000. A
classificacdo foi a partir de uma imagem do Google Earth Pro, com resolucdo espacial de 2
metros obtida gratuitamente. Os dados foram tratados no SIG ArcMap.

A qualidade da agua a montante da estacdo de monitoramento é principalmente afetada
pelo escoamento das &reas urbanizadas durante os eventos de chuva e langamentos irregulares
de efluentes. A area também sofre com intenso processo de conversao do uso do solo, que
resulta em processos erosivos, vogorocas e enchentes. Devido ao grande aporte de sedimentos
transportados nessa por¢ao meédio superior da bacia, uma bacia de sedimentacao foi instalada

no curso do rio para minimizar o assoreamento e as inundagoes a jusante.

2.2. Monitoramento durante os eventos de chuva

Onze eventos de chuva foram monitorados entre novembro de 2019 a fevereiro de 2020,
quanto a precipitacdo (P), vazdo (Q), oxigénio dissolvido (OD), temperatura (T°C), turbidez,
solidos suspensos totais (SST), granulometria (Dso) e metais (Co, Cd, Cr, Cu, Pb, Zn, Mn e Fe).
Um total de 288 amostras foram coletadas. Para isso, uma estacdo de monitoramento foi
instalada a montante da bacia de sedimentacdo, no canal principal do Ribeirdo das Antas. A
Figura 2 apresenta a estacdo, bem como os equipamentos que foram instalados para o
monitoramento. Esta foi equipada com:

1) Um amostrador automatico (modelo 6712; Teledyne-ISCO) para coleta de amostras de
agua durante o evento de chuva. Este com 24 garrafas de 1 L e foi programado para
coletar amostras em intervalos de 15-20 min. O inicio e fim da coleta dos eventos de
chuva foram definidos a partir da vazao de base do canal e quando o nimero de garrafas
foi insuficiente para cobrir o evento.

2) Dois sensores data logger de nivel transdutor de pressdo (modelo U20, HOBO) para
registro da vazéo. O sensor realizou medicdes de pressdo a cada 2 mim. A diferenca
entre as pressdes atmosférica e da dgua foi convertida em coluna d’agua. Em seguida
utilizando a férmula de Francis para vertedores retangulares para calcular a vazdo. O
calculo foi empregado devido a presenca de um vertedor no exutorio da bacia de

sedimentacdo. MedicOes de vazdo foram determinadas mensalmente pelo método
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doppler acustico de velocidade através do medidor portatil Flow-tracker (Son Teck)
para validar os dados.

3) Duas sondas de qualidade de agua data logger de medi¢do continua analisaram 0s
parametros de turbidez, temperatura e oxigénio dissolvido (DO2 e Turbo, Seametrics)
a cada 10 min. Devido ao tempo em que permaneceram in loco essas sondas foram
mensalmente calibradas a partir de medi¢fes pontuais da sonda multiparamétrica
(HANNA-HI 9829).

4) Trés pluvidgrafos (modelo RG3-M, ONSET) para medicéo de precipitacdo na area da
bacia. Os dados coletados tiveram resolucdo de 0.2 mm e foram medidos a cada 1min.
A precipitacdo média foi calculada através da interpolagdo dos dados pela area da bacia.
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Flgura 2: Estagao h|drossed|mentolog|ca S|tuada na Bacia do Ribeirdo das Antas, A) Vista g panoramica, B) Vista
interna, C) amostrador automatico, D) instalacdo das sondas de qualidade e linigrafos, E) sondas Turb, DO2 e
linigrafo, F) pluviégrafos

2.3. Procedimento para Analises

No laboratério as amostras de dgua de cada evento foram separadas de acordo com as
fases do hidrograma: (1) ascensdo, (2) pico e (3) recessdo em bombonas de 10L. Sendo
considerado pico as amostras que corresponderam a 75% da vazdo maxima de cada evento. De
cada bombona foram retiradas uma parcela homogeneizada de 250 mL para analise de SST e
cerca de 1L para analise granulométrica. Os SST foram analisados de acordo com Standard
Methods (APHA, 1990). Onde, cerca de 250 mL das amostras foram filtradas em membrana de
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fibra de vidro 47 mm (Whatman GF/C) pré-pesadas, secas em estufa (2h a 100°C), e pesadas
novamente.

Os solidos retidos no filtro foram digeridos usando sistema de micro-ondas (ETHOS
UP) para liberar os metais ligados as particulas para a solucao. Cada filtro foi pesado no vaso
de digestéo e entdo adicionados 9 mL de HNOs e 1 ml de HCI. Com os vasos selados o programa
do sistema de micro-ondas EPA 3051 A foi selecionado (USEPA, 2007). Nesse, as amostras
sdo aquecidas a 170 + 5°C por 10 min, sendo o tempo de aquecimento do aparelho de 5 mim e
de resfriamento 5 min, totalizando 20 min no sistema. Apds o resfriamento, o digerido das
amostras foi filtrado, diluido a 50 mL e analisado por espectroscopia de Emissdo Optica por
Plasma acoplado indutivamente ICP-OES (Thermo Fisher Scientific, modelo iCAP 6300 Duo).
Os limites de quantificacdo do método foram em mg/L de: Cd (0,012), Cr (0,005), Cu (0,006),
Mn (0,004), Ni (0,019), Pb (0,008) e Zn (0,002).

Para mensurar a granulometria das particulas nos eventos, cerca de um litro da amostra
foi analisada por difracdo a laser no analisador de particulas Mastersizer (modelo HYDRO
2000MU, Malvern). A faixa de leitura foi de 0.02 pm a 2000 pm.

2.4. Calculo da carga de SST e metais durante os eventos
A carga que passa pela secdo transversal de um rio durante um intervalo de tempo pode

ser expressa pela equacéo:

Onde: Qté vazdo (m?3/s) no tempo t, Cté a concentracdo dos solidos suspensos totais (mg/L) no

tempo t (s), e L é a carga (mQ)

2.5. Andlises estatisticas

As analises estatisticas e os graficos foram feitos utilizando o OriginPro. Primeiramente
o0 teste Shapiro-Wilk foi empregado para testar a normalidade dos dados. Por ndo apresentar
distribuicdo normal, mesmo apos a conversdo na forma logaritmica (p < 0.05), a analise de
correlacdo de Spearman foi empregada para identificar as correlacfes entre as cargas de metais
nas particulas suspensao e as caracteristicas dos eventos de chuva. A matriz de correlagéo foi
gerada com os dados das cargas totais carreadas nos eventos. A Analise Hierarquica de Cluster
(AHC) associada ao heatmap e a Andlise de Componentes Principais (ACP) também foram

conduzidas para verificar a similaridade dos eventos com os parametros por agrupamentos nos
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eixos. Para verificar a diferenga entre os momentos do hidrograma, o teste Kuskall-Wallis foi
empregado, quando este foi significativo o pos-hoc Dunn foi analisado para verificar onde

ocorreram as diferencas.

3. Resultados e Discussao

3.1. Caracteristicas da Chuva-vazao durante 0 monitoramento durante os eventos
As caracteristicas hidrologicas dos eventos, bem como os respectivos periodos de

amostragem e numero de amostras coletadas sao apresentadas na Tabela 1.

Tabela 1: Caracteristicas da chuva e descarga monitoradas durante 12 eventos no Ribeirdo das Antas

o N° de
N Data PT Dur Imed Imax Qméd Qmax Vv DSA PA amostras
Unidade (mm) (h)  (mm/h) (mm/h) (m3/s) (m?3/s) (m3) (dias) (mm)
EO1 21.11.19 5.3 2.2 2.4 17.0 2.25 6.44 15141 2 14.0 18
E02 04.1219 25.0 6.2 4.0 34.5 17.76 30.87 368604 0 25.2 24
EO3 11.1219 15.0 6.3 2.4 34.5 5.56 12.70 116117 0 14.6 24
E04 251219 216 4.0 5.4 50.1 6.02 22.24 163216 1 10.8 24
EO5 17.01.20 15.7 2.0 7.9 46.9 4.15 9.83 27442 6 4.0 9
EO6 18.01.20 5.1 2.1 2.4 21.3 2.63 4.14 9922 0 4.0 5
EO7 21.01.20 25.5 3.0 8.5 41.2 17.74 26.38 114995 2 3.9 8
E08 22.01.20 147 3.3 4.5 374 5.28 9.25 52543 0 3.9 10
E09 29.01.20 9.0 3.9 2.3 12.1 2.95 5.40 22714 1 3.8 14
E10 31.01.20 9.1 2.0 4.7 38.1 5.37 10.49 44367 1 9.6 10
E11 06.02.20 43.0 139 3.1 36.6 8.42 15.14 153556 1 4.0 20

PT: precipitacéo total; Dur: Duracéo do evento de chuva; Imeq: intensidade média; Imax: intensidade maxima; Qmed:
Vazdo média; Qma: vazdo maxima; V: Volume total escoado; DD: dias secos antecedentes; PA: precipitacdo
anterior

O volume precipitado durante os eventos variou de 5.1 a 43.0 mm, a duracédo de 2.0 a
13.9 horas, a intensidade média de 2.3 e 8.5 mm/h e a intensidade maxima de 12.1 e 50.1 mm/h.
A vazdes medias variaram de 2.25 a 17.74 m3/s e as maximas de 4.14 a 30.87 md/s. O evento
E5 apresentou 0 maior periodo seco antecedente, seguido do evento E7, respectivamente 6 e 2
dias. Os eventos foram coletados em plena estacdo chuvosa, na qual € comum chover todos 0s
dias na area estudada e por isso baixos DD foram observados. O E02 apresentou a maior
precipitacdo antecedente 25.2 mm.

Da magnitude dos eventos observou-se que eventos E11 e EQ7 apresentaram 0s maiores
volumes precipitados, respectivamente 43.0 e 25.5 mm. Os eventos E02 e EQ7 apresentaram as
maiores vazfes médias (17.76 e 17.74 m?/s) e maximas (30.87 e 26.38 m?/s). Os eventos E4,
E5 e E7, apresentaram as maiores intensidades maximas, com valores superiores a 41.2 mm/h.

Os eventos E11, E2 e E3 apresentaram as maiores duragdes, acima de 6.2 horas.
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Considerando os aspectos pluviométricos, que analisam o volume precipitado, a duragdo
e a intensidade da chuva, os eventos podem ser classificados por faixas de intensidades (WHO,
2008). Utilizando dessa premissa ha trés tipos de eventos, os de chuva fraca (I < 2.5 mm/h)
constituido pelos eventos (E1, E3, E6 e E9), 0s de chuva moderada (> 2.5 | <10 mm/h) com os
eventos (E2, E4, E5, E7, E8, E10 e E11), e nenhum evento pode ser classificado como forte (>
I 10 mm/h).

Entretanto utilizar somente a intensidade da chuva para classificar os eventos é uma
ferramenta inadequada, pois a magnitude dos eventos pode variar dependendo da localidade e
de um pais para outro (Llasat 2001). Por isso, alguns estudos classificam os eventos de chuva a
partir da correlacdo entre as varidveis PT, Dur e Ima, levando-se em consideragdo o
comportamento destas durante o hidrograma (Chen et al., 2020; Kozak et al., 2019; Xue et al.,
2020).

Neste estudo, os eventos foram classificados pelo método estatistico de Anélise
Hierdrquica de Cluster, utilizando o meétodo das distancias Euclidiana para avaliar as
caracteristicas hidrologicas mais relevantes de acordo com as similaridades dos parametros pelo
método da vizinhanca. A Figura 3 apresenta o dendograma associado ao mapa de calor das
caracteristicas hidroldgicas dos eventos. A utilizacdo de técnicas multivariadas para
classificacdo de eventos chuvosos também foi empregada por Yazdi et al.(2021) e Yan et al.(
2023) e se mostraram uma boa ferramenta para analise de dados.

Da AHC, observa-se que 0s parametros que mais influenciaram a composi¢do dos
eventos foram a intensidade maxima, a precipitacdo total e a vazdo maxima. Os principais
clusters observados formaram o Grupo 1 (E1, E6 e E9), eventos de baixo volume precipitado
(<9 mm), baixa intensidade média (< 2.4 mm/h) e de curta duracéo (< 3.9 h); Grupo 2 (E2, E7
e E11) eventos de precipitacdo alta (> 25 mm) e em geral com as maiores duragdes; e Grupo 3
(E3, E4, E5, E8 e E10) eventos de chuva moderada (9.1 a 21.6 mm), com picos intensos (Imax).

De acordo Chen et al. (2020), a intensidade da chuva tem o potencial de provocar eroséo
e mobilizar a entrada de poluentes no escoamento urbano. O volume precipitado e a intensidade
da chuva séo fatores determinantes para a descarga de poluentes no escoamento (Yuan, Guerra,
and Kim 2017). Segundo Kozak (2020), eventos intensos contribuem para a lavagem dos
poluentes nos primeiros instantes da chuva, enquanto que eventos longos favorecem a diluicao

das concentracOes de poluentes transportados.
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Figura 3: Dendograma associado ao heatmap das caracteristicas hidrologicas dos eventos de chuva

3.2. Carga total de SST, metais e granulometria transportadas nos eventos de chuva

A Tabela 2 apresenta a massa total carreada de SST e metais em cada episodio de chuva.
A carga de SST transportada nos eventos seguiram a ordem geral: E4 < E2 < E11 < EQ7 <E3
<E10 <E8 <E5<E9 < E6 <EL Os eventos E4 e E2 foram 0s que apresentaram as maiores
cargas, respectivamente 680.3 e 664.7 toneladas. Para os metais ndo houve uma ordem geral
predominante, entretanto, os eventos E2 e E4, também, tiveram as maiores cargas carreadas
para o Fe, Zn, Cr, Cu e Ni dentre os eventos, seguido dos eventos E11, E3 e E7.

As menores cargas carreadas foram observadas nos eventos EQ1, E06 e E9. Eventos do
grupo 1, baixa precipitacdo e intensidade média. Chen et al. (2020) observaram que nos eventos
de baixa intensidade, a concentracdo de poluentes tende a ser limitada devido a baixa
capacidade de carreamento dos poluentes pelo escoamento. Yan et al. (2023) também
observaram que eventos de baixa precipitacdo s6 conseguem lavar uma parcela inicial dos
poluentes apresentando as menores cargas. Cada evento de chuva produz um comportamento
diferente na qualidade e quantidade da dgua (Kozak et al. 2019) e, por isso, a distribuicdo dos

poluentes pode variar. Para Zuliani et al. (2022), o transporte de material particulado e
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dissolvido durante um evento de chuvoso depende da distribuicdo espacial e temporal da
precipitacdo, bem como da distribui¢do das particulas do sedimento.

Tabela 2: Massa total de SST (ton), metais pesados (kg) e Dso (um) carreadas durante os eventos de chuva

Evento SST Co Cr Cu Ni Pb Zn Fe Mn D50

El 1.42 0.01 0.43 0.21 0.04 0.03 9470 12786 1.86 240.60
E2 664.69 18.77  189.21 107.49 80.41  8.88 4952.86 4489.86 410.76 7.77

E3 171.11 2.10 3275 15625 7.86 0.00 1796.77 9237.34 5892 11.72
E4 680.29 7.74 96.46 4456 38.06 1.10 2071.74 19460.17 184.80 56.86
E5 40.58 0.74 9.36 4.05 2.80 0.18 487.70 2532.77 19.69  41.47
E6 14.22 0.26 3.67 1.42 0.97 0.00 178,50 827.12 7.88 36.33
E7 347.49 2.03 2235 1030 3.99 1.12 38.80 5469.18 78.93  37.08
E8 125.42 1.28 1510 6.62 2.50 1.15 23.46  3787.13 47.43  27.29
E9 19.51 0.23 2.51 1.03 0.41 0.17 2.24 26231 7.11 81.67
E10 137.04 1.71 14.48 6.44 2.30 1.27 7.94 2163.08 58.79 121.26
E1l 363.58 2.58 3356 1514 8.76 1.04 1990.98 747355 87.15  30.70
Min 1.42 0.01 0.43 0.21 0.04 0.00 2.24 127.86  1.86 7.77

Max  680.29 18.77 189.21 107.49 80.41 8.88 4952.86 19460.17 410.76 240.60
Méd 233.21 3.40 38.17 1932 1346 1.36 1058.71 5075.49 87.58  62.98
DP 250.06 5.52 56.85 31.79 2469 255 1548.12 5592.77 119.17 67.21

*Valor médio durante do evento; ND: N&o detectado

Neste estudo, o diametro médio das particulas variou de 7.77 a 240. 60 um, sendo que
em cerca de 60% dos eventos 0 Dso resultou em um didmetro menor que 30 pm. O mesmo
tamanho foi verificado como sendo predominante no escoamento superficial em rodovias por
Yuan et al. (2017). A distribuicdo do tamanho das particulas nas aguas pluviais é de extrema
importancia no que tange a adsorcao de poluentes e definicdo das técnicas de tratamento (Yazdi
etal., 2021; Wang et al., 2018).

Para complementar a analise, a Figura 4 apresenta a Analise de Componentes Principais
(ACP) para verificar a associacdo dos parametros pluviométricos com as cargas de metais
transportadas durante os eventos. A componente 1 representa 69.7% dos dados e a componente
2 representa 11.9%. Observou-se que 0s SST estiveram significativamente correlacionados ao
volume (r = 0.89), as vazbes médias (r = 0.85) e méximas (r = 0.81) e a precipitagéo total (r =
0.84), e os metais. Yazdi et al. (2021) utilizaram a mesma técnica de andlise e verificaram forte
correlacdo do SST com o volume e a intensidade da chuva. Borris et al. (2014) concluiram que
a PT foi o pardmetro que mais influenciou na carga de poluentes carreada.

Os metais estiveram associados a PC1 na ordem: Co > Cr > Cu > Ni > Mn > Pb > Fe >

Zn. Zhang et al. (2018) realizaram uma analise semelhante na caracterizagéo fluvial de metais
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pesados durante eventos de chuva e encontraram altas correlagdes dos metais Cr, Zn, Ba, Pb e

Cr com a componente 1 e com volume precipitado.
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Figura 4: Analise de Componentes Principais entre parametro pluviométricos e fisico-quimicos durante os eventos
de chuva; seta azul: a carga, e circulo: 95% de confianga dos dados.

O didmetro médio das particulas esteve correlacionado aos dias secos antecedentes e a
PC2. Neste aspecto, salienta-se que evento E02 apresentou a segunda maior carga de SST dentre
0s eventos, e 0 menor Dso (7.77 um). Este fato esteve associado a PA (25.5 mm), que removeu
as fracOes de sedimento de maior diametro, deste modo, a carga de particulas grosseiras para
um evento subsequente foi reduzida. Este efeito foi estudado detalhadamente por Vaze & Chiew
(2002) que constataram o aumento das particulas finas apds sucessivos eventos de chuva. Eles
ainda ressaltaram que nestas particulas estdo as maiores concentracfes de metais.

Sucessivos eventos também sdo capazes de reduzir a carga de SST e metais disponivel
para um novo evento, isso pode ser visto analisando os eventos (E5 e E6; E7 e E8). A reducdo
da carga varia em relagdo aos parametros podendo chegar a cerca de 65%.

A matriz de correlacdo de Spearmam foi empregada para complementar a analise dos
pardmetros e é apresentada na Figura 5. Os coeficientes de correlagdo do SST com V, Qmax €
Qmed foram respectivamente r = 0.95, 0.95 e 0.88 (p < 0.05). Todos os metais apresentaram
correlag@es significativas com TSS, com excecdo do Zn. A alta associagdo entre estes metais
pode indicar que eles vem de fontes comuns e estdo sujeitos aos mesmos processos de transporte

(Peraza-castro et al. 2016).
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Figura 5: Correlacdo de Spearman entre as massas totais dos parametros fisico-quimicos (TSS, Co, Cr, Cu, Ni,
Pb, Zn, Fe, Mn e Ds) e caracteristicas dos eventos de chuva monitorados (PT, Dur, Imed, Imax, DD, PA, Qmax, Qméd
evV)

Os dias secos antecedentes ndo apresentaram correlagdo com 0s parametros
pluviométricos. Esta mesma tendéncia foi observada por (Yan et al. 2023; Zhang et al., 2015),
que sugeriram que os DD atuam como um parametro independente. O Dso foi 0 Unico parametro
que apresentou correlagdo moderada com DD. Vaze & Chiew (2002) observaram que as
particulas tendem a se tornar mais finas ao longo dos dias secos a medida que sofrem influéncia
de fatores como trafego de veiculos, varricdo e outros. Desta forma, o DD é um pardmetro que

afeta a distribui¢do do tamanho das particulas.

3.3. Concentracéo dos poluentes nos momentos do Hidrograma

A Tabela 3 apresenta um resumo dos dados de média e desvio padrdo dos parametros
analisados nos momentos do hidrograma (ascensdo, pico e recessdo). Os hidrogramas e
polutogramas sé@o apresentados por grupos de eventos de chuva nas Figuras 6, 7 e 8.

Da analise dos dados observou-se que as vazBes no pico do hidrograma tiveram um
aumento em relagdo a ascensdo de cerca de 51%. As concentracdes de OD subiram rapidamente
a partir do inicio da chuva, sendo os maiores valores encontrados no pico, e depois decresceram
novamente. O range de concentracdo variou de 1.66 a 17.86 mg/L. Zuliani et al. (2022),

também, observaram a correlacdo do OD com a descarga. Isso devido ao aumento da descarga,
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que gera turbuléncia do meio promovendo a dissolucao do oxigénio. A variagdo da temperatura

deu-se a em movimento inverso, sendo o decaimento de cerca de 2°C (Figuras 6, 7 e 8).

Figura 6: Hidrogramas e polutogramas de SST, turbidez, temperatura e oxigénio dissolvido dos eventos de chuva
do Grupo 1 (EO1, E6 e E9), eventos de baixa precipitacdo e intensidade média
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A turbidez da agua foi altera drasticamente a partir dos primeiros minutos de chuva. 1sso
devido a turbuléncia, que viabiliza a ressuspensdo do material de fundo, erosdo de borda do
canal e carreamento dos sedimentos das areas impermeaveis (Figuras 6, 7 e 8). Em um
monitoramento anual, a média de turbidez do rio foi de 56.0 NTU, durante os eventos de chuva
esta foi cerca de 15 vezes superior, ou seja, de 867,6 NTU. Observou-se que de modo geral,
gue os maiores valores de turbidez e SST ocorreram no pico e que estes demoram para retornar

ao patamar anterior.
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Tabela 3: Concentragdo média e desvio padrao dos parametros monitorados nos eventos de chuva nos momentos

do hidrograma

Momento do hidrograma (Média £ DP)

Parémetros Ascensao Pico Recessao Total
Qméd (m3/s) 5.68 £4.25 11.64 +7.31™ 5.44 £ 4.18 7.59+£6.04
V (m3) 16193.3 £22594.5 35575.6 £ 45047,6 44472.7 +46972.0 32080.5 + 40435.5
Temp (min) 39.8+325 36.4 + 26.75 120.9 + 94.32 -
OD (mg/L) 6.67 £ 4.61 8.03+4,41 7.24+4.74 7.31+4.48
Temp (°C) 24.65+1.76 23.94 +1,87 23.90+£1.74 24.16 £ 1.77
Turb (UNT) 789.29 + 359.29 958.06 + 216,98 855.58 + 352.71 867.64 +312.23
SST (mg/L) 1107.08 £539.03 2377.81 £2024.54 1867,58 + 1521.08 1784.16 + 1545.01
D50 (um) 65.13 + 55.69 33.39 £19.80 88,89 + 149,58 62,47 £ 93,07
Co (mg/Kg) 16.64 £5.48 12.93+6.45 14,58 £ 6,19 14.7 £6.05
Cr (mg/Kg) 214.43 £85.27 179.62 + 85.25 178,04 + 83,62 190.70 + 84.01
Cu (mg/kg) 94.17 + 37.64 80.47 + 41.48 90,07 + 56,49 88.24 + 44.97
Ni (mg/kg) 50.98 + 32.49 4421 +32.08 41.70 £ 31.03 45.63 £ 31,20
Pb (mg/Kg) 13.35 £ 6.80 8.96 + 3.58 10.35+ 2,73 10.94 £ 5.03
Zn (mg/Kg) 7823.2+8908.6 11079.3+23872.8 20318.4+40837.1 13073.7 £ 27513.5
Fe (mg/Kg) 43127.4 + 24200.3 35488.2 +26980.4 40579,7 + 28520,8 39634.8 + 26101.0
Mn (mg/Kg) 634.4 £ 479.9 466.1 £ 4325 626.8 + 641.0 575.8 + 516.2

Legenda: Q: vazdo, Temp: temperatura, Turb: turbidez; OD: oxigénio dissolvido; SST: solidos totais dissolvidos;
D50: diametros médio das particulas; “"Kruskal-Wallis (p = 0.011)

Do Dso verificou-se que, na média geral dos eventos, os menores diametros foram

encontrados no pico (Tabela 3), entretanto ressalta-se que para alguns eventos a diferenca do
tamanho das particulas entre os momentos do hidrograma foi quase nula e, por isso, tal
parametro ndo pbde ser analisado isoladamente, pois depende de outras vaiaveis como os dias
Secos e a precipitacdo anterior.

Das concentracBes dos metais, nos momentos do hidrograma, ndo foram verificadas
diferencas significativas entre as concentragdes, mas essas diferencas ocorreram entre 0s
eventos. Deste modo, as concentracfes dos poluentes durante os eventos de chuva estiveram
associadas as caracteristicas dos eventos, e ndo aos momentos do hidrograma. O oposto foi
verificado por Xue et al. (2020), que encontraram diferenca na concentracdo dos metais nos
estagios da chuva.

Ressalta-se que os autores estudaram o escoamento urbano em uma rua, deste modo, as
duas fontes de metais viaveis sdo a deposicdo atmosférica e o material acumulado no
pavimento. Analisando as fontes de metais em um rio, além das fontes citadas, outras entradas
gue devem ser consideradas, como a ressuspensdo do material de fundo, eroséo do material de
borda, a descargas trazidas pela corrente do fluxo, isso pode justificar porque neste estudo nao

foram evidenciadas diferencas significativas entre a ascensdo, pico e recessao do hidrograma.
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Figura 7: Hidrogramas e polutogramas de SST, turbidez, temperatura e oxigénio dissolvido dos eventos de chuva
do Grupo 2 (E02, EQO7 e E11), eventos de precipitacdo alta e longa duragéo
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Os metais encontrados em maiores concentragdes foram Fe, Zn, Mn, Cr, Ni e Pb. Destes,

Peraza-Castro et al. (2016), comentam que 0 Fe e Mn sdo elementos abundantes na crosta

terrestre e predominantes na fase particulada. Ja o Cr € comumente relacionado com atividades

industriais e trafego de veiculos (Zhang et al., 2018). A mesma origem relativa as atividades

veiculares urbanas ¢ atribuida em outros estudos as concentragdes de Cu, Pb e Zn (Aryal et al.

2010).

Ainda, (Dang et al., 2023) reportaram que na bacia de aguas pluviais, na Franca, 0s

metais dominantes no escoamento superficial durante os eventos de chuva foram Cu e Zn, que

eles relatam serem os elementos traco mais representativos relacionados ao trafego de veiculos.

Neste estudo, depois do Fe as maiores concentra¢des foram encontradas para Zn e Cr.
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Figura 8: Hidrogramas e polutogramas de SST, turbidez, temperatura e oxigénio dissolvido dos eventos de chuva
do Grupo 3 (E3, E4, E5, E08, e E10), eventos de precipitacdo moderada com picos intensos
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4. Concluséo

Considerando a complexidade no levantamento de dados e da anélise no monitoramento
quali-quantitativo em uma bacia durante eventos de chuva, essa pesquisa trouxe dados que
podem contribuir com informaces referentes a dindmica de poluentes durante os eventos de
chuva e os efeitos das caracteristicas pluviométricas sobre o transporte de poluentes. Os dados
podem subsidiar e corroborar com a gestdo das aguas pluviais nas bacias urbanas, pois a analise
aponta que a carga de poluentes transportada no rio em estudo esteve diretamente associada as
carateristicas da chuva. Nos eventos de baixo volume e intensidade, a variacdo da carga de SST
e metais pesados transportada foi pequena. O oposto foi verificado para os eventos de chuva
moderada e picos intensos, 0s quais carrearam as maiores concentracdes de metais. As variaveis
gue mais influenciaram o transporte de SST foram o volume escoado, Qmax € Qmed, € @ PT. Para
além destas, a Imax € Imed apresentaram correlacées significativas com as cargas de metais nas
particulas em suspensdo. Os dias secos antecedentes atuaram com um parametro independente
em relacéo as caracteristicas da chuva, mas influenciaram o didmetro médio das particulas. Nao
houve diferenca significativa na concentracdo dos poluentes entre ascensao, pico e recessao.
Mas de modo geral as concentracdes de metais na ascensdo foram levemente superiores em
relacdo aos outros estagios do hidrograma. Ja para os SST e OD, os maiores valores foram
encontrados no pico. E importante conhecer a distribuicio dos poluentes ao longo da chuva e
as varaveis que interferem na mobilidade e dispersdo para tracar medidas de captacdo, melhoria

das aguas pluviais e, assim, dos corpos d"agua receptores.
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ANEXO 111

Figura 9: Curvas de distribuicdo granulométrica do E1 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 10: Curvas de distribuicdo granulométrica do E2 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 11: Curvas de distribuicao granulométrica do E3 (A) — Ascensdo, (P) Pico e (R) Recessao
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Figura 12: Curvas de distribuicdo granulométrica do E4 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 13: Curvas de distribuicdo granulométrica do E5 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 14: Curvas de distribuicdo granulométrica do E6 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 15: Curvas de distribuicao granulométrica do E7 (A) — Ascensdo, (P) Pico e (R) Recessao
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Figura 16: Curvas de distribuicdo granulométrica do E8 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 17: Curvas de distribuicdo granulométrica do E9 (A) — Ascensao, (P) Pico e (R) Recessao
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Figura 18: Curvas de distribuicdo granulométrica do E10 (A) — Ascensdo, (P) Pico e (R) Recessdo

d(0.1): 12.415 um d(0.5): 118.250 um d(0.9): 675227 um
——— Particle Size Distribution ______ _ ______ —_—
45
4
35
& 3
A °E; 25
E 2
1.5
1
0.5
0
0.1 1 10 100 1000
Particle Size (um)
d(0.1): 6.778 um d(0.5):  60.076 um d(0.9): 328787 um
Particle Sge Distribution
45 wiice
2
@
B | |5
o
>
0
0.1 1 10 100 1000
Particle Size (um)
&0.1): 11.159 um d(0.5): 66.666 um d(0.8); 290256 um
Particle Size Distribution
£
£
C |3
>

00. 1 1 10 100 1000
Particle Size (um)




101

Figura 19: Curvas de distribuicdo granulométrica do E11 (A) — Ascensdo, (P) Pico e (R) Recessdo
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Figura 20: Curvas de distribuicdo granulométrica do E12 (A) — Ascensdo, (P) Pico e (R) Recessdo
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Figura 21: Boxplot da concentracdo de metais, em mg/kg, ao longo dos eventos monitorados
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Figura 22: Boxplot da concentragdo de turbidez, solidos totais suspensos, oxigénio dissolvido, diametro médio
das particulas, temperatura e vazdo ao longo dos eventos monitorados
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7. CONSIDERACOES FINAIS

Essa pesquisa teve por objetivo contribuir para o entendimento dos processos de
transporte de poluentes em bacias urbanas durante os eventos de chuva. Questdes foram
elencadas para nortear o estudo como: O uso do solo urbano impacta na qualidade da 4gua e do
sedimento? Quais pardmetros variam no corpo d’agua em funcgdo da precipitacdo? Qual a
qualidade da &gua e do sedimento? A condicdo de qualidade da 4gua e do sedimento apresenta
toxicidade a organismos aquéaticos? As caracteristicas da chuva influenciam no transporte de
poluentes?

O enfoque foi verificar o impacto das aguas pluviais na qualidade da agua e do
sedimento avaliando a correlacdo dos poluentes (metais, fosforo total, nitrogénio amoniacal,
solidos em suspensdo, diametro médio das particulas e parametros fisico-quimicos) com as
caracteristicas hidroldgicas (chuva-vazao).

O monitoramento ocorreu entre janeiro de 2019 a fevereiro de 2020. Esse se deu em trés
etapas. Na primeira buscou-se correlacionar o uso do solo com a qualidade da agua e do
sedimento ao longo do gradiente urbano no Ribeirdo das Antas, Anapolis-GO. Neste estudo foi
realizado um teste genotdxico, o ensaio comenta, com o intuito de verificar o grau de
contaminacdo da agua e do sedimento no que se refere a toxicidade de organismos aquéticos.
As amostras de agua e sedimento e a exposicao in situ de uma espécie de peixe no local foram
realizadas em quatro pontos. A area de referéncia foi um ponto dentro da area da bacia que
contém area de preservacdo permanente, com acesso restrito as margens e relativamente
preservado com espécies vegetais de grande porte.

Na segunda etapa foi analisado pontualmente na bacia de sedimentagdo qual a
variabilidade anual da qualidade da agua e do sedimento em funcio da precipitacdo. Indices
geoquimicos foram usados para medir o grau de contaminacdo dos sedimentos. Buscou-se
verificar neste ponto também o efeito da dragagem na ressuspensdo dos metais no sedimento
acumulado.

Na terceira etapa as cargas dos poluentes foram aferidas durante os eventos de chuva e
0 monitoramento de metais foi conduzido nas particulas em suspensdo na ascensdo, pico e
recessdo do hidrograma, assim como, o diametro médio das particulas e parametros fisico-
quimicos. Buscou-se verificar quais caracteristicas da chuva estiveram associadas a dispersédo
de poluentes.

Da analise dos resultados procurando responder as questdes elencadas faz-se as

seguintes reflexdes:
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1. O uso do solo, mesmo em curtas distancias, é capaz de alterar a qualidade da &gua e do
sedimento. Essa qualidade decresce em fungdo do aumento do gradiente urbano, de
modo que regides a jusante do ponto de referéncia apresentaram indices superiores de
contaminacdo. Neste ponto, salienta-se que as concentra¢es de Mn, Cr, Zn, Ni, Pb e
Ba foram ao menos duas vezes maiores nos pontos a jusante em relacdo a area de
referéncia.

2. A 4agua e o sedimento apresentaram efeito genotdxico a espécie estudada, A. lacustris,
a qual seguiu o gradiente de urbanizacdo. Os metais Ba, Mn, Zn, Ni, Pb, Ca e Mg foram
0s elementos que estiveram associados ao dano ao DNA nos individuos.

3. A 4gua na bacia de sedimentacdo no Ribeirdo das Antas esteve contaminada com altas
concentracdes de Ba, Cu, Mn, Pb e FT, e o sedimento com Cr, Cu e Ni. Os indices
geoquimicos Igeo, CF e PLI indicaram que a poluicao variou de moderada a muito alta
para o Cr, Ni e Cu, sugerindo que estes elementos tém origem antrépica.

4. A precipitacdo atua na entrada de poluentes no corpo hidrico. Dos parametros analisados
apenas o nitrogénio amoniacal ndo apresentou correlacdo com precipitacdo, indicando
que este poluente estd associado a fontes pontuais de langamento, como esgoto
domeéstico. Altas correlages foram encontradas entre a precipitacdo, os SST e turbidez,
e destes com a maioria dos metais estudados. Isso confirma que os sélidos em suspensao
€ um importante parametro de analise na drenagem urbana, pois sdo veiculos de
transporte de metais e fosforo ao longo dos rios.

5. As caracteristicas da chuva influenciam diretamente a carga de poluentes passivel de
ser transportada. Eventos com precipitacdo de moderada a alta, com picos intensos,
foram os que transportaram as maiores cargas de SST e metais. Deste modo, o total
precipitado e a intensidade maxima foram os parametros que mais influenciaram no
carreamento de poluentes. A precipitacdo anterior e os dias secos antecedentes atuaram
na diminui¢do do tamanho médio das particulas. Os eventos sucessivos atuaram na
reducdo das cargas de SST e metais na ordem de 65% a depender das caracteristicas dos
eventos.

Como recomendacao para proximos estudos, vé-se a necessidade de um nimero maior de
amostras para as analises de metais nas fases do hidrograma (ascensdo, pico e recessdo) para
uma maior na discretizacdo dos dados. Este ponto foi uma limitacdo do estudo em funcéo da
previsao orgcamentaria.

Para a gestdo dos recursos hidricos em area urbana, a partir da analise do ponto de

referéncia, observa-se que pequenos remanescentes de vegetacdo sdo capazes de proteger 0s
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corpos d’agua de parte carga poluidora escoada superficialmente. Deste modo, a manutengéo,
a preservacao e a criacdo de areas verdes e de técnicas de recuperacdo das areas degradas e de
cobertura de areas de solo exposto, podem ajudar a minimizar as fontes geradoras ao longo da
bacia e ainda conter parte da poluicdo, preservando assim, a qualidade do recurso hidrico a qual
é importante para manutencdo do ecossistema e maximizagdo dos usos multiplos do recurso
hidrico nas bacias urbanas.

A respeito dos sedimentos acumulados em bacias de sedimentacdo, salienta-se que o
volume dragado de sedimentos representa um custo para a administragédo publica, e que a gestédo
deste deve considerar a minimizacdo das fontes geradores e a disposi¢cdo adequada dos
sedimentos de forma a obedecer as diretrizes do CONAMA 454, de 2012. No que se refere as
concentracdes de fosforo e de Cr, Cu e Ni o material dragado esteve em desacordo com a
resolucdo e apresenta ecotoxicidade, ndo podendo assim, ser disposto de qualquer forma.

Diante do exposto, em resposta a questdo central o trabalho verificamos que as aguas
pluviais ocasiona impacto consideravel na qualidade da &dgua e do sedimento nos rios urbanos.
Estratégias de contengdo da agua precipitada, como medidas de retencdo da agua na fonte de
geracdo e reducdo da vazdo podem minimizar o aporte de poluentes para 0s rios e preservar a

qualidade dos mesmos.



