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RESUMO 

Estudar bacias de drenagem é crucial para monitorar os impactos das atividades 

antrópicas e fornecer informações relevantes para uma gestão eficiente dos 

ecossistemas aquáticos. O objetivo do estudo foi avaliar o fluxo de elementos traço em 

duas bacias de drenagem: (i) a bacia do rio Doce (Minas Gerais) e a bacia do rio 

Serinhaém (Bahia); e a exportação dos mesmos para o Oceano Atlântico. Para a bacia 

do rio Doce, foi montado um banco de dados com as concentrações de arsênio (As) e 

chumbo (Pb) dissolvidos presentes em estudos de 2009 a 2019, enquanto na bacia do 

rio Serinhaém foram avaliados a partição de elementos traço na coluna d’água e seus 

respectivos fluxos ao longo do estuário no ano de 2019. Os resultados mostram que a 

contaminação existente na bacia do rio Doce é proveniente das atividades de mineração 

existentes na região, e que existe uma forte ligação entre As e Pb e as concentrações de 

Fe e Mn. Ainda, o acidente com a barragem de Fundão em 2015 maximizou a dispersão 

desses dois elementos ao longo da bacia, levando-os até o estuário em Regência 

(Espirito Santo). No estuário do rio Serinhaém, além do fluxo de elementos traço, foi 

realizado um estudo complementar para analisar a série temporal de 53 anos de vazão 

do rio, para avaliar se se a seca do ano de teria influência na vazão e, com isso, estimar 

os valores de vazão do estuário, devido à falta dessas informações na literatura. De fato, 

foi observado que a seca de 2012 não influenciou nos valores de vazão e que o fluxo de 

todos os elementos analisados ocorre de forma constante em direção ao Oceano 

Atlântico. Além disso, o transporte dos elementos traço foi majoritariamente relacionado 

à fração particulada, e também que há uma clara relação entre os processos de remoção 

e liberação de elementos (floculação, dessorção, adsorção) com os parâmetros físico-

químicos e os elementos analisados. Por fim, todos os elementos apresentaram 

concentrações mais baixas do que as preconizadas por órgão ambientais, confirmando 

a hipótese inicial de que realmente se trata de uma área conservada. Esse estudo fornece 

informações relevantes sobre o uso de ferramentas específicas para o monitoramento de 

elementos traço ao longo de bacias de drenagem e apresenta informações sobre as 

concentrações dos mesmos. 

Palavras-Chave: bacias de drenagem; rio Doce; estuário de Serinhaém; elementos 

traço; Oceano Atlântico; fluxo de elementos.
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ABSTRACT 

Studying drainage basins is crucial to monitor the impacts of human activities and provide 

relevant information for an efficient management of aquatic ecosystems. The objective of 

the study was to evaluate the flow of trace elements in two drainage basins: (i) the Doce 

River basin (Minas Gerais) and the Serinhaém River basin (Bahia); and exporting them to 

the Atlantic Ocean. For the Doce river basin, a database was set up with the dissolved 

arsenic (As) and lead (Pb) concentrations present in studies from 2009 to 2019, while in 

the Serinhaém river basin the partition of trace elements in the column was evaluated. of 

water and its respective flows along the estuary in 2019. The results show that the 

contamination in the Doce River basin comes from the mining activities in the region, and 

that there is a strong link between As and Pb and the concentrations of Fe and Mn. Also, 

the accident with the Fundão dam in 2015 maximized the dispersion of these two elements 

along the basin, taking them to the estuary in Regência (Espirito Santo). In the estuary of 

the Serinhaém River, in addition to the flow of trace elements, a complementary study 

was carried out to analyze the time series of 53 years of river flow, to assess whether the 

drought in the year of would have an influence on the flow and, with that, estimate estuary 

flow values, due to the lack of this information in the literature. In fact, it was observed that 

the 2012 drought did not influence the flow values and that the flow of all analyzed 

elements occurs constantly towards the Atlantic Ocean. In addition, the transport of trace 

elements was mostly related to the particulate fraction, and also that there is a clear 

relationship between the processes of removal and release of elements (flocculation, 

desorption, adsorption) with the physicochemical parameters and the analyzed elements. 

Finally, all the elements showed lower concentrations than those recommended by 

environmental agencies, confirming the initial hypothesis that it really is a conserved area. 

This study provides relevant information on the use of specific tools for monitoring trace 

elements along drainage basins and presents information on their concentrations. 

Keywords: drainage basins; Doce River; estuary of Serinhaém; trace elements; Atlantic 

Ocean; elements flow.
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ESTRUTURA DA TESE 

Essa tese é dividida em: 

1- Introdução geral - na qual é abordada a escassez de água e os cuidados 

necessários que devem ser tomados nas bacias de drenagem, além da 

especiação dos elementos traço ocorridas nos ecossistemas aquáticos e algumas 

ferramentas que podem ser utilizadas para o monitoramento eficiente dos recursos 

hídricos; 

 

2- Três capítulos em formatos de artigos científicos - onde são apresentados os 

dados de elementos traços em duas bacias de drenagem diferentes e métodos 

estatísticos para estimar esses dados, quando houve a indisponibilidade dos 

mesmos. Todos os três capítulos apresentam resumo, introdução, resultados, 

discussão, conclusão e referencias próprios.  

 

3- Uma discussão geral - que apresenta uma sumarização dos resultados 

encontrados nos três capítulos anteriores, abordando-os de forma mais ampla e 

geral;  

 

4- Uma conclusão geral -   em que são expostas as lacunas existentes e soluções 

para estudos futuros que abordem o mesmo tema.
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Introdução Geral 

Nas últimas décadas, a escassez de água se tornou um tema recorrente na política 

mundial, devido a urbanização desenfreada e o aumento do despejo de efluentes 

domésticos e industriais nos corpos d’água (Gleick & Cooley, 2021). As bacias de 

drenagem representam uma área continental no qual toda água contida nela escoa para 

o mesmo destino. A manutenção das bacias de drenagem é vista como um fator 

importante para a conservação dos recursos hídricos. Entretanto, os programas de 

gestão das bacias de drenagem são complexos por demandar uma união dos objetivos 

econômicos, sociais e ambientais e demandam apoio político e articulação entre os 

tomadores de decisão (Santos et al., 2020). 

 Assim, a conservação dos recursos hídricos exige uma abordagem que seja 

eficiente na gestão dos recursos naturais nas bacias de drenagem. No Brasil a partir da 

Política Nacional de Recursos Hídricos, houve a necessidade de uma gestão integrada 

dos recursos das bacias de drenagem, realizada por meio dos Planos de Bacia 

Hidrográfica, que são importantes instrumentos de planejamento e funcionam com um 

procedimento similar aos planos conhecidos por “abordagem da bacia de drenagem” 

(Cohen & Davidson, 2011; Santos et al., 2020).    

A “abordagem da bacia de drenagem” para governança dos recursos hídricos é 

apontada como uma das mais eficientes - nela são definidas estruturas políticas que 

usam as bacias de drenagem como unidades de governança (Cohen & Davidson, 2011b). 

Para isso, os setores públicos e privados são envolvidos em conjunto numa estrutura de 

manejo ambiental que inclui a definição de áreas geográficas com enfoque em priorizar 

majoritariamente os problemas hidrológicos levando em consideração os sistemas 

naturais e socioeconômicos (Gönenc et al., 2007).  

Uma forma de realizar essa gestão integralizada é unir também as ferramentas 

utilizadas de forma interativa, para proporcionar resultados atrativos para os tomadores 

de decisões, estimulando a colaboração entre a população, setores públicos e privados 

e, consequentemente, aumentando a disseminação de conhecimento, dados e métodos 

com o intuito do uso sustentável dos recursos hídricos (Gönenc et al., 2007). 
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A disponibilidade de água potável reflete na economia mundial, tamanha sua 

relevância para a manutenção da vida. As atividades agrícolas, industriais, urbanas e 

recreativas dependem de uma fonte segura de água não contaminada, ironicamente, a 

maior parte das contaminações por elementos traço são oriundas dessas atividades 

(Chowdhary et al., 2020). O crescimento mundial e o avanço nas tecnologias têm 

ameaçado as fontes naturais de água potável. De acordo com (Elimelech, 2006), um 

sexto da população mundial sofre com escassez de água própria pra consumo. A 

disponibilidade de elementos traço pode ser proveniente de fontes tanto naturais, quanto 

antropogênicas e podem ser denominadas como pontuais e/ou não pontuais partindo dos 

rios para os oceanos.  

A qualidade das águas fluviais reflete todas as alterações exercidas ao longo da 

extensão das bacias de drenagem, essas alterações influenciam na qualidade das águas 

estuarinas e, consequentemente, no aumento da exportação de elementos traço para os 

oceanos. Dessa forma, o uso da terra nas bacias de drenagem (e.g., agricultura, 

urbanização, industrialização e mineração) altera as propriedades geoquímicas (e.g., 

elementos dissolvidos, matéria orgânica, complexação) dos elementos traço, podendo 

levar a algum tipo de contaminação (Das et al., 2009). O escoamento superficial e a 

deposição seca são fontes importantes de elementos para os ecossistemas aquáticos 

inseridos nas bacias de drenagem. Em conjunto com a precipitação, esses processos 

são relevantes no transporte de elementos através do continente para os ecossistemas 

aquáticos (Li et al., 2009).  

Dentre os ecossistemas aquáticos, os estuários agem como o principal elo de 

transporte de todo o material lixiviado e erodido nas bacias de drenagem para os 

oceanos, através de mudanças graduais nas propriedades da coluna d’água que criam 

um ambiente único (Bianchi, 2007; Samanta et al., 2018). Os elementos traço dissolvidos, 

presentes em estuários poluídos, originam complexos orgânicos e inorgânicos, enquanto 

que na forma particulada os elementos traço estão contidos, principalmente, adsorvidos 

nas partículas de argila, coloides e nanopartículas naturais, servindo como principal 

suporte geoquímico para o transporte de elementos traço (Kretzschmar & Schafer, 2005; 

Plathe et al., 2013; Tepe & Bau, 2014). Já em estuários não poluídos a maior parte dos 



 

3 
 

elementos traço estará associada à fração detrítica e pouco móvel das partículas 

(Salomons & Förstner, 1980). 

Em locais de clima quente e úmido, como as regiões tropicais, a erosão dos solos 

é maximizada devido ao aumento das chuvas  (Goudie & Viles, 2012; Macdonald et al., 

2019). Nesse contexto, os rios tropicais contribuem de forma relevante com 

contaminantes para os oceanos, em razão do aumento das condições energéticas que 

diminuem o tempo de residência das partículas na coluna d’água (Prabakaran et al., 

2020; Sultan et al., 2011). A presença de orgânicos dissolvidos torna as águas fluviais 

mais ácidas, aumentando a erosão e resultando na criação de dissolvidos, particulados 

e complexos orgânicos contendo contaminantes. (Gaillardet et al., 2014; Oliver et al., 

1983; Walther, 1996).  

A especiação de alguns elementos traço, como mercúrio, arsênio e chumbo, 

regula sua destinação e grau de toxicidade para os organismos. Essa especiação é 

altamente dependente dos parâmetros físico-químicos e biológicos da água, que são 

controlados de forma natural (e.g., precipitação, geologia local) e de forma antrópica 

através das interações humanas e suas atividades. Atividades agrícolas são conhecidas 

por aumentarem as concentrações de nutrientes como fósforo (P) e nitrogênio (N) nos 

solos e, consequentemente, nos corpos d’água adjacentes em decorrência do uso 

desenfreado de fertilizantes (Kim et al., 2006; Yan et al., 2017). Além disso, atividades 

agrícolas aceleram o desmatamento local, aumentando a carga de solutos que atingem 

os rios. As atividades industriais e mineradoras são conhecidas por intensificar a 

quantidade de elementos traço (como arsênio (As), bário (Ba), cádmio (Cd) e chumbo 

(Pb)) nos ecossistemas terrestres e aquáticos, através da produção de seus respectivos 

resíduos (Chen et al., 2019; Yang et al., 2015). 

A falta de fiscalização dessas atividades faz com que resíduos sejam despejados 

de forma incorreta no meio ambiente. Esses resíduos, quando sólidos, aumentam a 

quantidade de partículas transportadas para os rios e, consequentemente, alteram 

parâmetros como a turbidez, temperatura e a carga de material particulado em suspensão 

(MPS). A depender da origem desses resíduos, as partículas oriundas podem alterar o 

pH da água e aumentar a disponibilidade de elementos traço para a biota. A diminuição 

no valor do pH, ocasiona em uma acidificação da coluna d’água, levando a uma liberação 
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dos elementos que estão fracamente ligados às partículas, aumentando o potencial 

desses elementos de se tornarem biodisponíveis (Gäbler, 1997; Riba et al., 2004). O 

aumento no aporte de partículas ocasiona o assoreamento dos rios, diminuindo sua 

profundidade e acarretando na diminuição do habitat de organismos dependentes dessa 

característica. Além disso, o assoreamento dos rios pode levar a formação de locais de 

deposição e diminuição do fluxo fluvial. Uma das maneiras de resolver esse problema é 

através da dragagem, que também leva a consequências graves, como a ressuspensão 

de sedimentos contaminados, e a redisponibilização de elementos contaminantes que se 

encontravam imobilizados nos sedimentos para a coluna d’água (Ip et al., 2007; Jia et al., 

2021; Machado et al., 2016). 

Os elementos traço são transportados majoritariamente ligados ao MPS, quer seja 

associado aos minerais na fração detrítica ou ainda através de processos como 

floculação, adsorção e/ou complexação (Fan et al., 2021; Sinclair et al., 1989). As 

partículas em suspensão podem ser divididas em quatro componentes que controlam 

suas composições: i) a composição litogênica que é formada pelo material inorgânico 

originado da erosão dos minerais que compõem a geologia local (e.g., quarzo, feldspatos 

e minerais silicatos); ii) o componente hidrogenado, proveniente dos processos químicos 

que ocorrem ligados ao material de origem mineral ou materiais em fases discretas (e.g., 

óxidos de Fe e Mn, carbonatos, sulfetos e agregados húmicos); iii) o componente 

biológico o qual é originado por processos locais ou externos realizados por 

microorganismos, plânctons, restos orgânicos, matéria fecal e restos de origem vegetal, 

esse componente também tem origem bioquímica oriundos das proteínas, carboidratos, 

lipídios e pigmentos; iv) o componente antrópico, esse abrange os efluentes domésticos 

e industriais, plásticos, solventes, surfactantes, rejeitos minerais, entre outros. Esse 

componente pode se originar como partículas discretas, ou em fases liquidas não 

aquosas aderidas na matriz particular (Fettweis & Lee, 2017; Ho et al., 2022; Turner & 

Millward, 2002). 

No ecossistema aquático, existem dois tipos em geral de partículas: as entidades 

biogênicas, formadas por organismos (e.g., plânctons, bactérias e invertebrados), que 

são partículas que fornecem a principal fonte alimentar dos organismos em suspensão, 

são de baixa mobilidade e sua densidade é próxima à da água, o que faz com que sua 



 

5 
 

abundância e distribuição seja controlada pela produtividade primária e com a 

sazonalidade local; e os sedimentos em suspensão, formadas por um agregado 

complexo de materiais minerais, biológicos e antrópicos, com densidade  maior que a da 

água e essas partículas estão sujeitas aos ciclos constantes de deposição e 

ressuspensão. Essas partículas propiciam uma linha relevante e regular de químicos 

entre a fase liquida, de suspensão e deposição (Bibi et al., 2021; Hecky & Kilham, 1988; 

Turner & Millward, 2002). 

Sendo assim, a reatividade das partículas é dependente das fases e organismos 

a que estão submetidas (e.g., filme orgânico, microrganismos e material das fases 

hidrogênica e biológica). Dentre as partículas, os óxidos de Fe e Mn apresentam 

reatividade a íons inorgânicos, ocasionado pela grande área superficial e sítios reativos 

de hidroxila. Já a matéria orgânica, é um eficiente solvente para os componentes 

químicos orgânicos hidrofóbicos. Por último, os microrganismos são ferramentas 

importantes na especiação e disponibilidade dos elementos traço adsorvidos às 

partículas, devido ao controle que exercem na quebra da matéria orgânica particulada e 

também na sua habilidade em catalisar as reações redox (Perret et al., 2000; Turner & 

Millward, 2002). 

Um fator determinante para o tempo de residência e as características de 

deposição das partículas são suas propriedades físicas, propriedades que também 

determinam os impactos das mesmas nos ciclos biológicos e químicos. As interações 

ocorridas entre as partículas em suspensão e os constituintes químicos resultam de 

vários processos, como: físico-químicos e biológicos. Dentre os quais estão a agregação 

coloidal, troca iônica, adsorção-dessorção, absorção, precipitação-dissolução, ligação 

hidrofóbica, atividade microbiológica e degradação da matéria orgânica particulada 

(Mosley & Liss, 2020; Turner & Millward, 2002). 

Existem vários processos que controlam as concentrações e mobilidade dos 

elementos traço nos ecossistemas aquáticos, os principais envolvem a oxidação, 

redução, sulfato-redução, alcalinos e sorção (G. Lee et al., 2002; M. K. Lee & Saunders, 

2003; Upping et al., 1986). Os processos de sorção, mais comuns em solos e sedimentos, 

são a adsorção, quimissorção e a troca iônica (Almeida et al., 2018; S. Lee et al., 2019). 

Quando há adsorção física, as ligações que acontecem nas superfícies das partículas 
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são de Van Der Walls, que conhecidamente são ligações relativamente fracas. A 

adsorção química ocorre com as associações entre íons e/ou moléculas em suspensão 

e a superfície das partículas. A troca iônica se inclui nesse tipo, e ocorre quando as 

cargas presentes na estrutura mineral (e.g., positivas ou negativas) são neutralizadas por 

íons de cargas opostas. Os íons presentes nas camadas internas das estruturas minerais 

são então trocados por íons presentes no meio (Salomons & Förstner, 1984).  

Os parâmetros físico-químicos, além dos processos físicos, controlam os 

processos de remoção e liberação de contaminantes relativos às partículas em 

suspensão (Turner & Millward, 2002; Violante et al., 2010). A variação do pH influencia 

as interações entre as partículas sólidas e os complexos orgânicos metálicos, a 

especiação e também altera as características superficiais das partículas (Eg. carga das 

superfícies e o potencial) (Salomons & Förstner, 1984; Shimizu et al., 1992).  As 

partículas em suspensão são então a forma majoritária de transporte de elementos nos 

ecossistemas aquáticos.  

A floculação é um dos processos mais importantes que acontecem nos estuários. 

Esse processo controla a modificação dos elementos traço da fase dissolvida para a 

particulada (Boyle et al., 1977; Manning et al., 2010; Thill et al., 2001). Assim, a floculação 

altera o balanço de massas químico entre os rios e oceanos (Millward, 1995). A floculação 

é diretamente afetada por parâmetros como estabilidade coloidal, condutividade elétrica, 

pH, carbono orgânico dissolvido, oxigênio dissolvido, salinidade, ácidos húmicos e 

características superficiais os quais influenciam diretamente nas características físicas 

das partículas como, velocidade, densidade, área superficial e taxa de deposição 

(Salomons & Förstner, 1984). Durante a mistura estuarina, uma parte dos elementos 

presentes na fração dissolvida passa para a fase particulada (Karbassi & Ayaz, 2007; 

Sholkovitz, 1976; Thill et al., 2001). 

Existem vários tipos ferramentas usados no estudo dos ecossistemas aquáticos, 

a depender do objetivo do estudo em questão. Pougnet et al., (2022), usou o cálculo de 

balanço de massas e outras ferramentas para estudar o transporte e retenção de Cd 

através da transição continente/oceano do estuário de Gironde na França. Os autores 

usaram dados de Cd dissolvido e particulado disponíveis desde de 1990, para afirmar 

que as médias dos fluxos anuais desse elemento se comparam às estimativas globais 
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feitas anteriormente, através de sensoriamento remoto e estudos de sedimentação, e que 

desde os anos 2000, o estuário de Gironde encontra-se em um equilíbrio sedimentar. No 

estuário de Gironde o teor de Cd biodisponível vem decaindo ao longo dos anos. 

Contudo, os sedimentos locais funcionam tanto como fontes, quanto como sumidouros 

desse elemento para a coluna d’água, dependendo da quantidade de Cd fornecida pela 

bacia de drenagem. Além disso, os autores também observaram que os fluxos de Cd 

particulado representam aproximadamente 20% do total dos fluxos desse elemento.  

Rani et al., (2021) usou técnicas de interpolação (Krigagem Ordinária) e 

estatísticas multivariadas (PCA e Análise de Cluster) para inferir acerca das 

contaminações de elementos traço existentes na região costeira de Bangladesh, Índia. 

Os autores observaram concentrações acima das permitidas pela legislação local (Cr, 

Pb, As e Zn); provavelmente, ocasionadas pelas atividades antrópicas exercidas em cada 

local de coleta, e recomendaram um monitoramento constante dessas concentrações. 

González-Ortegón et al., (2019) estudaram a composição elementar na bacia do Golfo 

de Cádiz, Espanha, utilizando técnicas de cálculo de balanço de massas e análises 

estatísticas (regressão linear e correlação de Pearson), além de análises de interpolação. 

Essa região possui evidente histórico de impactos provocados pela mineração e 

atividades agrícolas ali presentes. Através desse estudo, com o uso dos fluxos 

dissolvidos e as outras ferramentas, o autor constatou contribuições relevantes de 

elementos traço fluviais para o Mar Mediterrâneo. 

Nos últimos anos ferramentas de inteligência artificial vêm sendo muito utilizadas 

para o estudo de parâmetros ambientais (pH, alcalinidade, vazão, condutividade e MPS), 

concentrações de contaminantes, nutrientes (DOC, TN) e etc. Essas ferramentas 

apresentam um poder grande na avaliação ambiental, por utilizarem anos de dados já 

produzidos de anos anteriores (Guillou & Chapalain, 2021; Kang et al., 2020). Uma 

dessas ferramentas são as redes neurais artificiais que modelam sistemas complexos e 

incertos. A vantagem dessas ferramentas é que elas não precisam de modelos 

anteriores, elas são “treinadas” utilizando os próprios dados (Guillou & Chapalain, 2021; 

Kang et al., 2020; Yaseen, 2021). Além disso, essas ferramentas levam em consideração 

a sazonalidade local ao fazer as inferências (Guillou & Chapalain, 2021; Kang et al., 2020; 

Yaseen, 2021). 
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Dentro dessa perspectiva, o objetivo geral dessa tese foi o de avaliar os fluxos de 

elementos em duas bacias de drenagem brasileiras. Com esse propósito, a tese foi 

dividida em três capítulos, apresentados no formato de artigos científicos.  

O primeiro capitulo teve como objetivo estimar os fluxos dissolvidos de As e Pb na 

bacia do rio Doce, MG; com a criação de um banco de dados contendo todas as 

informações encontradas em trabalhos publicados nos últimos anos e por fim inferir sobre 

as variações sazonais e a relação das concentrações de ambos os elementos e os 

parâmetros ambientais coletados nesses trabalhos. A hipótese desse capitulo foi que (I) 

a bacia do rio Doce, MG é fortemente impactada pelas atividades antrópicas exercidas 

na região, principalmente a mineração, que promove um incremento nas concentrações 

de elementos traço e pela variação sazonal da região. Esse último fator gera uma maior 

dispersão dos elementos ao longo de toda bacia durante os meses de maior pluviosidade, 

promovendo contaminações em regiões onde não há a presença de atividades com 

potencial poluidor.  

 O capitulo dois objetivou a utilização dos dados hidrológicos (vazão e 

precipitação) do estuário de Serinhaém, BA, com o intuito de comparar os métodos de 

inteligência artificial (ARIMA, SARIMA e ANN) para inferir acerca da eficiência de cada 

método para a predição dos valores de vazão dessa região, além de comparar duas 

divisões de subset, com o intuito de compreender se ocorre uma melhora no desempenho 

dos modelos. A principal hipótese desse capitulo foi de que o método de rede neural seria 

o mais eficiente para predizer a vazão da região de estudo, como já foi observado em 

outros trabalhos que utilizaram os mesmos métodos (Wagena et al., 2020). 

O capitulo três teve como objetivo o estudo do fluxo dissolvido e particulado de 

elementos traço no Estuário de Serinhaém, BA com o intuito de avaliar o impacto das 

atividades existentes dentro da APA do Pratigi, BA. A principal hipótese desse capitulo 

(III) era de que os anos de atividades antrópicas presentes na região como, a pecuária e 

a agricultura, realizadas na bacia de drenagem dos rios que desembocam no estuário, 

além das diferenças causadas pelas estações de seca e de chuva, promovem uma 

contaminação ambiental difusa no estuário do rio Serinhaém, BA.  
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Abstract 

The Doce River Basin suffers from mining and its consequences, in addition to 

being a very urbanized region with many industries. In this review we have built 

a database with information about As and Pb Doce River contamination found in 

the literature, with the objective of observing how the flows of both elements occur 

in the entire extension of the basin, how they behaved along the seasonal 

variations, and which parameters control their concentrations. For this, statistical 

techniques were performed, such as interpolations of flows through the rivers of 

the basin, ANOVA to differentiate these flows during the different seasonal 

seasons and multivariate statistics (regression and PCR) to infer about the 

controlling parameters of the concentrations of both elements. As and Pb fluxes 

showed a clear seasonal difference, with the highest fluxes found in the wettest 

season, related to soil leaching, rock erosion and sediment resuspension. An 

important change that took place in the Doce River Basin was caused by the 

accident that occurred in 2015, with the rupture of the Fundão dam, which stored 

iron mining tailings. This fact increased both the fluxes of the elements, their 

concentrations present in the basin and promoted a greater export of As and Pb 

to the Atlantic Ocean. The concentrations of both elements are much more 

related to the presence of iron and manganese oxides and hydroxides, and the 

presence of sulfates, than to precipitation. Because this region presents a great 

mineral wealth, and is very much used, it is necessary to have constant 

monitoring programs, so that accidents like the one in 2015, which generates 

consequences until today, are avoided. Furthermore, it was observed that the 

Doce River presents a great potential for exporting contaminants in general to the 

Atlantic Ocean, becoming a source of pollution for other ecosystems. 

Keywords: Doce River Basin; Drainage basin; River flow; Anthropic activities; 

Arsenic, Lead 

 

1. Introduction 

The water quality of rivers and their physical-chemical and biological 

characteristics are controlled by processes that occur in the drainage basin, such 

as dams, anthropic emissions and unrestrained urbanization, promoting increase 
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in the transport of trace elements by surface and underground runoff (Chang, 

2008; Valle Junior et al., 2015). These trace elements are originated, in most 

cases, by the dissolution of rocks through natural weathering in the drainage 

basin (Gardes et al., 2020; Siwek et al., 2009). 

An important parameter that acts in the regulation of the dissolved element 

concentrations is precipitation, which acts directly on the erosion and leaking of 

minerals from rocks and hence the release and transport elements contained in 

these rocks into rivers (Heinen De Carlo and Anthony, 2002; Rumsey et al., 2017; 

Wu et al., 2018). Besides acting on the erosion process, the precipitation is 

responsible for the transport of chemical elements in aerosol form to the continent 

through the wet deposition (Khatri and Tyagi, 2015; Négrel and Roy, 1998; 

Rastegari Mehr et al., 2019). 

The changes in the concentrations of trace elements are given by 

variations in physical-chemical and biological parameters, in addition to 

anthropogenic inputs. The solubility of the trace elements is related to parameters 

such as pH, temperature and redox potential. Decreases in pH may lead to the 

release of elements that are adsorbed onto surfaces of the particles (Hong et al., 

2011; Tipping, 1984). The decrease in pH can also result in a dissolution of the 

metal-carbonate complexes, causing release of metal ions into the water column 

(Papafilippaki et al., 2008). 

The redox processes (oxidation and reduction) are known for their 

importance in the composition and chemical reactivity of the elements, by 

influencing chemical speciation, mobility, availability and biogeochemical cycles, 

in addition to altering their toxicity and the behavior of sulfates and oxy-

hydroxides of Fe and Mn (Borch et al., 2010; Lee et al., 2019; Violante et al., 

2010). In anoxia conditions, the redox potential presents low values, leading to 

changes in the composition of the metal complexes and, consequently, releasing 

ions into the water column (Iwashita and Shimamura, 2003; Papafilippaki et al., 

2008; Shiller, 1997). 

Changes in water temperature directly affect aquatic metabolism, leading 

to changes in photosynthetic rate, in the growth of aquatic organisms, microbial 

activity, in oxygen solubility and also make organisms more sensitive to diseases, 
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parasites and contaminants. In situations of high temperatures, there is an 

increase in the speed of growth and death of plants, resulting in a higher content 

of organic matter to be decomposed and there is a consequent release of trace 

elements to the water column (Huang et al., 2017; Iwashita and Shimamura, 

2003).  

The river flows affect the concentration of trace elements in aquatic 

environments by seasonal variation (Iwashita and Shimamura, 2003; Neal et al., 

2000; Olías et al., 2004). When surface runoff occurs, the pH tends to increase 

and the concentrations of sulphates and trace elements decrease. On the other 

hand, in dry season runoff decreases and the concentrations of trace elements 

return to the values observed before the dilution, reaching maximum values due 

to the oxidation of sulfides through the increase in the activity of bacteria. In these 

conditions the concentrations of elements are affected due to evaporation (Olías 

et al., 2004). 

The transport and concentration of trace elements in drainage basins are 

regulated by a combination of natural factors (rainfall, physical-chemical 

interactions and erosion) and anthropogenic factors (burning of fossil fuels, urban 

and industrial effluents) (Dean et al., 2005; Germer et al., 2009; Mouri et al., 

2011). The combination of these factors is known to be an important agent in the 

regulation of the quality of river waters and also to govern the seasonal variation 

of the concentrations of the elements found in several studies carried out in 

drainage basins (Huang et al., 2014; Kerr et al., 2008). 

The river flow of dissolved trace elements suffers strong contribution of the 

elements from the runoff of drainage basins and is one of the main processes in 

the global cycle of these elements (Dowling et al., 2003). The flow can be used 

to assist in the planning of environmental protection policies within the drainage 

basins so that there is a sustainable use of the area. However, estimating the 

flow of trace elements from drainage basins to the oceans is a costly and complex 

process, due to the large sampling effort and the size of most of the basins 

(Chichakly et al., 2013; Costanza et al., 2002; Lu et al., 2020). 

Drainage basins are commonly defined by topographically delimited areas 

in which all the water that falls migrates towards a river. This water has chemical 
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changes in its composition resulting from the path taken to the rivers. Therefore, 

it can be said that drainage basins act as complex biogeochemical reactors and, 

consequently, are important in controlling the cycling of the elements (Lane et al., 

2018). The Doce River Basin has been impacted since the end of the 17th century 

by different anthropic activities (e.g., mining, industry and agriculture) and has 

suffered over the years with the consequences by these processes, such as the 

dumping of waste, the degradation of soils adjacent to rivers and the removal of 

riparian forest (ANA, 2013; Oliveira and Quaresma, 2017a; Rhodes, 2010).  

The higher concentrations of trace elements in the basin have been 

observed in the last years by several studies and the release of elements is 

directly associated with the dumping of tailings from mining activity and by 

industrial activities (Oliveira, 2016; Silva et al., 2018; Varejão et al., 2011). The 

aims of this study are to (1) analyze the seasonal variation of As an Pb along the 

basin, (2) assess the processes involving in the release of As and Pb in the Doce 

River Basin, (3) estimate the mass balance of those two elements and their 

exportation to the Atlantic Ocean and (4) analyze the changes caused by the 

accident with the Fundão dam in 2015 in the concentrations of As and Pb. 

2. Data processing and analysis 

2.1 Study Area 

The Doce River Basin is located in the Southeast region Brazil, in the 

states of Minas Gerais and Espírito Santo (19º 38 ′ to 19º 45 ′ S, 39º 45 ′ to 39º 

55 ′ W) and has a drainage area of 86.715 km² (Figure 1). According to Köppen's 

climatological classification, the predominant climates in the basin are Aw—

tropical monsoon zone and Cwa—humid subtropical zone, which is characterized 

by a dry winter and hot summer, and Cwb – humid subtropical zone, which is 

characterized by a dry winter and temperate summer (Alvares et al., 2013), with 

average annual precipitation around 1200 mm (Lima et al., 2019). The average 

annual temperature ranges from 24ºC to 26ºC and the average annual rainfall is 

around 145 mm (Bernardino et al., 2019). 

The Doce River is formed by the meeting of the waters of the Piranga and 

Carmo rivers, whose springs are located on the slopes of the mountains of 

Mantiqueira and Espinhaço, with altitudes reaching around 1,200 m. The Doce 
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River has a length of 853 km and its main tributaries are: the left bank of the 

Piracicaba, Santo Antonio and Suaçuí Grande, in Minas Gerais, Pancas and São 

José, in Espírito Santo; on the right bank of the Casca, Matipó, Caratinga-Cuieté 

and Manhuaçu Rivers, in Minas Gerais, and Guandu, in Espírito Santo (Euclydes, 

2021). 

The Doce River basin is subdivided into 6 administrative planning and 

management units, to facilitate the management of local water resources, called 

Water Resources Management Units (UGRHs). The units are known as, to 

UGRH1 Piranga, UGRH2 Piracicaba, UGRH3 Santo Antônio, UGRH4 Suaçuí, 

UGRH5 Caratinga, and UGRH6 Manhuaçu (ANA, 2013). In order to facilitate, the 

part of the Rio Doce located in Espirito Santo was named ES01 (Figure 1). 

2.2 Database used 

Bibliographic searches were carried out in three databases, Google 

Scholar, Science Direct and Web of Science, using the keywords: "Metals", "Doce 

River Basin" and "Brazil". A total of 31 articles were found, 5 reports from Mining 

Institute of Water Management (IGAM), 4 reports from the Renova Foundation 

(ES) and 4 reports from Mineral Resources Research Company (CPRM), in 

addition to an Excel file from the database data, 3 monographs, 22 dissertations 

and 7 theses (Supplementary Figure S1). The information extracted from these 

documents were: concentrations of As and Pb in the dissolved fraction of the 

water, from studies that used cellulose acetate filters with 0.45 µm porosity, 

geographical coordinates and date of collection. Subsequently, information was 

extracted from the Hydro software of the National Water Agency (ANA), used to 

extract the flow and rainfall values for each point. The rain gauges and 

fluviometers closest to the sampled points were selected, with the help of Google 

Earth and using the map of the ANA at the link:  

http://www.snirh.gov.br/hidroweb/mapa. 

2.2.1 Analysis methods used 

 Information from 28 pluviometric stations was used to calculate average 

rainfall and 31 fluviometric stations to extract the flow data used in the flow 

calculations (Supplementary Table S1). The coordinates found in maps were 

extracted using the MapInfo software and the concentrations entered in graphs 
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extracted with the aid of the WebDigitalizer software. To carry out the calculation 

of the average rainfall in the catchment area of each subregion of the Doce River 

Basin, the Thiessen polygon (Voronoi diagram) method was used. To avoid 

overestimation in rainfall, 4 stations were used in each subregion. 

2.2.2 Average rainfall 

The method of the Thiessen polygon uses the rainfall observed in the 

available rain gauges and assigns a weight to each available station according to 

the area of influence exerted. Then polygons are drawn defining the area of 

influence of the rain gauge in relation to the basin, thus, the average precipitation 

is calculated by weighting the values obtained at each station and their areas of 

influence (da Paz, 2004; Pruski et al., 2004). Average rainfall can be expressed 

by: 

Where:  

 

Pm - average rainfall in the basin (mm); 

Pi - rainfall in each season (mm); 

Ai - area of influence of Pi (km²); 

n - number of rain gauges considered. 

2.2.3 Flow estimation 

The concentrations of As and Pb were organized by year in Excel together 

with the geographic coordinates, flow rate of the nearest point and sampling date. 

Subsequently, the flows of As and Pb in the water were calculated using the 

following formula: 

 

Where:  𝐹 = [𝑀] 𝑥 𝑉 (𝑚𝑔 · 𝑠−1) 

M - Element concentration (mg L); 

V – River Flow (m³ s). 
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2.2.4 Preparation of geochemical maps 

Interpolation maps were made to estimate the points close to those 

sampled and to facilitate the visualization of data over the years studied (2009 to 

2019). The maps were made using interpolation methods according to the 

interpolation premises (mean and standard deviation within normality). The 

Kriging method was used when the data needed to be adjusted in order to attend 

the premises, being transformed to a logarithmic scale. When there was no need 

to adjust the data, the maps were made using IDW (Inverse Distance Weighting) 

(Ahrens, 1954; Albanese et al., 2007; Bai et al., 2010; Yamamoto and Landim, 

2013). The data were evaluated using semiovariograms, histograms and 

normality graphs, using the ArcGis ® 10.5 software. 

2.3 Statistical analyses 

Statistical analyzes were performed using R software (R Core Team, 

2020). To differentiate seasonality and spatial heterogeneity, ANOVA tests were 

performed (aov function, base package, R Core Team 2020), followed by the 

Tukey test. The transformations were indicated in the figure’s legends. For the 

purpose of analyze the relationship between flow and precipitation with As and 

Pb concentrations, linear regressions were made to investigate whether these 

parameters influenced the concentrations of these elements. In addition, principal 

component analyzes (PCA) were performed to ascertain the associations 

between the elements and the environmental parameters (Kassambara, Alboukadel 

Mundt, 2020; Lê and J & Husson, 2008). To handle missing values were used the 

function imputePCA of the package missMDA in the software R (Josse and 

Husson, 2016). The data used in the general linear models were transformed, 

when necessary, in order to achieve the assumptions of the models (linearity, 

normality and homoscedasticity of the residues) through the maximum likelihood 

function (boxcox function, MASS package, (Venables and Ripley, 2002). error 

assumed a priori was type 1 (α), 0.05 for the hypothesis in all tests. 

3. Results and Discussion 

3.1 – Seasonal variation of As an Pb along the Doce River Basin 

In general, the flows of As and Pb were higher in the rainy season, except 

in 2010, probably relatedly to a historical drought that happens between August 
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to October of this year (Figures 2 and 3) (Climanálise, 2010) . Since 2015, 

environmental contamination by toxic elements was associated with the accident 

with the Fundão dam, which caused a disturbance in the sedimentary 

compartment of rivers, already known to have high concentrations of As and Pb 

derived from the historical mining and presence industrial and agricultural 

activities (Maia, 2017; Reis, 2020; Renova, 2017). Much of the mud tailings from 

the accident was retained in the drainage basin soils and whenever there is a 

precipitation event, there is leaching of these soils. This process makes available 

elements contained in this tailings mud to the adjacent rivers (Mahiques et al., 

2016; Queiroz et al., 2018; Renova, 2018a). 

Only the years of 2012, 2015, 2016 and 2018 showed statistical difference 

for both elements. From 2015 there is an increase in the numbers of surveys 

carried out in the region due to the accident with the Fundão dam (Figures 2 and 

3). According to the study of (Oliveira and Quaresma, 2017), the year of 2012 

exhibit a higher streamflow when compared with others years (2011 and 2013), 

which could explain the statistical differences observed. In both seasons, Pb 

concentrations were higher in the HPP Risoleta Neves dam, explained by the fact 

that dams are preferred areas of sedimentation and known to alter the flow of 

sediments, in addition to concentrating elements by deposition (Gao et al., 2018; 

Guo et al., 2020; Queiroz, 2017). 

The chemical analysis of the waters of the Piranga River (DO1) indicated 

lower concentrations of the elements analyzed in dry season, being attributed to 

the seasonal differences found such as the association of rainfall with the supply 

of elements to the river water. However, Goulart, (2008) found higher values of 

As and Pb in sediments in the dry season, showing that precipitation is not the 

only mechanism responsible for releasing elements associated with sediments in 

this region. This release may be related to local characteristics, such as point 

sources of contamination and the reduction of the river's dilution (Bancon-

Montigny et al., 2019; Oliveira and Quaresma, 2017b). In addition, the DO1 

region has the presence of hydroelectric power plants, responsible for the river 

dam (ANA, 2013).  

The report by the Renova Foundation of May 2017 confirms the results 

found Figures 2 and 3. In which, in most years, the concentrations of As and Pb 
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were higher in the rainy season, showing the increase in transport of trace 

elements, the presence of non-point sources, thus demonstrating a drop in water 

quality in this season, caused by the resuspension of sediments and by greater 

runoff. Additionally, according to this report, the deterioration in the water quality 

of the Doce River is not only caused by the rupture of the Fundão dam, but also 

by the influence of seasonal factors observed in the basin, such as the flow 

(Renova, 2017). 

3.2 - Controlling parameters of As and Pb concentrations in the Doce 
River Basin 

Based on the knowledge that precipitation and river flow control erosion 

and others process driving the removal or release of elements, it was 

hypothesized whether there was a relationship between the concentrations of As 

and Pb in the drainage basin of the Doce River with precipitation and river flow 

(Supplementary Figures S2 and S3). There were no influences of precipitation 

and river discharge on As concentrations in the Doce River Basin, based on the 

low R² found in the models (R² = 0.025, p = 0.00019, R² = 0.045, p = 5e-07, 

respectively) (Supplementary Figure S2). Probably the concentrations found in 

this basin are linked directly to the Fe and Au mining activities as previously 

discussed, besides As concentration relies mostly on the local geochemical 

conditions as the presence of iron hydroxides (Battistel et al., 2021; Smedley and 

Kinniburgh, 2002). These results are different from those found by Sankar et al., 

(2019), who observed an increase in As concentrations with increasing 

precipitation. 

Analyzing the relationship between Pb concentrations with discharge and 

rainfall, it was observed that there is a small influence caused by both parameters 

on the concentrations of this element (R² = 0.13, p = 3e-16 and R² = 0.23, p < 2, 

2e-16) (Supplementary Figure S2). Concentrations of Pb usually are related to 

domestic and/or industrial waste, in addition to, the use of fungicides and 

pesticides in agricultural areas (Islam et al., 2020; Mil-Homens et al., 2013).  

Moodley et al., (2016), when analyzing three hydrographic basins, observed a 

clear relationship between precipitation and river discharge with increasing 

concentrations of elements in the water column. 
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Elements immobilized in the sedimentary compartment can be remobilized 

to the water column through various processes. Change in ionic composition with 

decreased pH leads to ionic exchange processes in the sediment grains, where 

electrostatic forces are weak and in elements co-precipitated with carbonates 

(Kim et al., 2020; Marin et al., 1997). The discharge of urban-industrial effluents 

can also result in the release of elements, as a result of changes in physical-

chemical parameters (Kim et al., 2018). Elements linked to oxide-hydroxides of 

Fe and Mn undergo remobilization when the environment becomes more 

reducing (Shaike et al., 2014). Finally, environments where physical 

resuspension of sediments occurs by dredging, heavy rains and winds, there is 

also the remobilization of elements present in the sedimentary compartment to 

the water column (Morgan et al., 2012). 

When dealing with multivariate data, the PCA is very important as it helps 

to reduce the size of data and simplify the understanding of the factors that control 

them (Kumar et al., 2019; Shil and Singh, 2019; Wang et al., 2017). For PCA to 

be performed, two tests must be performed, the Kaiser-Meyer-Olkin Sampling 

Adequacy Measure (KMO) and the Bartlett Sphericity Test. The objective of both 

is to understand if the count variable and the sample size allow the application of 

PCA or not. If the sphericity test shows high significance, it indicates that at least 

one correlation between the variables is significant. The recommended value for 

the KMO test is greater than 0.50. The values found in both tests are shown in 

Table 1.  

The data matrix used in the PCA of As from 2009 to 2014 (1) was 

composed of 18 variables and 112 observations, while the data matrix of As from 

2015 to 2019 (2) was composed of 18 variables and 440 observations. The size 

of the Pb data matrix from 2009 to 2014 (3) was 18 variables and 146 

observations, whereas the PCA composed of the Pb from 2015 to 2019 (4) had 

18 variables and 324 observations. In this study, only the first three principal 

components (PCs) were considered to describe 56.26% of the total variance of 

data in PCA 1 and 64.79% of the total variance of data in PCA 2. For PCA's 

referring to Pb, they were also considered the first three PCs to describe 57.22% 

of the total variation of data in PCA 3 and 62.70% of the total variation of data in 

PCA 4 (Supplementary Table S2). 
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In PCA 1 28.65% of the total data variance was explained by PC1,17.25% 

by PC2 and 10.36% by PC3. In PCA 2 41.8% of the total variation of the data 

was explained by PC1, 16.90 by PC2 and 6.08 by PC3. In PCA 3 31.12% of the 

data was explained by PC1, 16.08 by PC2 and 10.03 by PC3. In PCA 4 37.53% 

of the total data variation was explained by PC1, 18.49 by PC2 and 6.68 by PC3. 

In this study, only the first two PCs of each PCA were explained. PCA 1 

considered the first two PCs whose data variance was 45.90% and in PCA 2 the 

data variance analyzed on the first two PCs was 58.71%. PCA’s 3 and 4 showed 

variances in the first two PCs of 47.20% and 56.03%, respectively. 

The PCA 1 performed between the As concentrations and the parameters 

found in the various studies used in this review showed a relationship between 

the As concentrations and Mn (r² = 0.26, p = 5.61e-03). The association of As with 

Mn is related to Mn oxides and hydroxides, which have strong attraction for trace 

elements and are known to promote the removal of ions from the dissolved 

fraction of the water column (Lafferty et al., 2011) (Figure 4). This association is 

reported on several studies as responsible for element immobilization on 

sediments, however, episodes of sediment resuspension, changes in pH and the 

action of bacteria can mobilize these elements to the water column (Du Laing et 

al., 2009; Salomons et al., 1987). Mn oxides and hydroxides have a negatively 

charged surface and large surface area, which increases the affinity for metals 

(Hem, 1978; Lee et al., 2002; Sánchez-España and Yusta, 2019; Xu et al., 2013). 

In addition, As showed a strong relationship with the flux (r² = 0.52, p = 3.32e-09), 

which is probably related to the greater transport of this element when there is a 

higher flux. 

PCA 2 exhibited an association of As with sulphates (SO4
-2), DO, Fe and 

Mn (r² = 0.60, p = 4.44e-16; r² = -0.52, p = 4.44e-16; r²= 0.51, p = 8.88e-16) (Figure 

4). The observed association is related to the processes of Fe and Mn 

oxide/hydroxyl formation, As(III) oxidation and redox reactions (Gorny et al., 

2015). Under redox conditions, the oxyanions of As tend to experience an 

increase in mobility, especially in reducing conditions, and become a relevant 

environmental problem (Du Laing et al., 2009). Thus, the main controlling factors 

of As speciation in aquatic environments are pH and redox potential. Studies 

report that reducing acidic conditions favor the precipitation of some minerals and 
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co-precipitation of minerals containing As, and in situations where reduced sulfur 

concentration occurs, the dissolved arsenic sulfide species can be significant. 

Therefore, it is not expected that there will be high concentrations of As in places 

where there are concentrations of free sulfides (Moore et al., 1988; Smedley and 

Kinniburgh, 2002). Although redox conditions are determinant in speciation of As, 

these processes occur slowly. Thus, many times the two forms are found in 

aquatic ecosystems occurring together, As (III) and As (V) in oxidizing conditions 

or reducing (Masscheleyn et al., 1991). The coexistence of the two As species 

affects its effect and behavior (Sarkar et al., 2008).  

In PCA 3 Pb exhibited an association with Prec, Total Dissolved Solids 

(TDS), Fe, pH e Mg+2 (r² = 0.41, p = 3.69e-07; r² = 0.27, p = 9.16e-04; r² = 0.27, p 

= 1.05e-03; r² = -0.30, p = 2.27e-04; r² = -0.31, p = 1.06e-04, respectively) (Figure 

5). Studies show that Pb has a strong association with the solid phase, and has 

a low solubility in waters in pH above 8.0, furthermore, Pb has a tendence to form 

stable complexes with organic matter (Bubb et al., 1991; Guéguen et al., 2011). 

Pb association with iron may be related to the formation of iron oxides and 

hydroxides (Schaider et al., 2014). The positive correlation between Pb and 

rainfall can be explained by the transport of this element by rain from non-point 

sources of contamination, as the leaching of agricultural soils. PCA 4 shows an 

association between Pb, pH, Precipitation (Prec) and Mg+2, as seen before (r² = 

-0.36, p = 2.44e-11; r² = 0.27, p = 8.09e-07; r² = 0.11, p = 4.60e-02), and also with 

alkalinity, Cl- and K (r² = -0.33, p = 7.35e-10; r² = 0.19, p = 4.72e-04; r² = 0.38, p = 

2.29e-12) (Figure 5). The fact that Pb maintains the same associations before and 

after the Samarco’s accident shows that the sources of this element have not 

changed and are related to the release of sewage (Cheung et al., 2003), industrial 

effluents (Nyamangara et al., 2008) and even natural sources (Karar and Gupta, 

2007), which were not directly impacted by the tailings plume. 

3.3 – As and Pb Fluxes along the Doce River Basin and export to the 

Atlantic Ocean  

In the years before the accident, As concentrations were attributed to 

natural sources (geological and soil leaching) and to the processing of Au, which 

contributed to its availability in the environment (Nascimento et al., 2018; Neto et 

al., 2016; Rhodes, 2010) (Figure 6). It is evident from Figure 6 that the largest 
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As fluxes were found in the mining-related subregions of the Rio Doce basin (DO1 

and DO2). The years 2012 and 2013 show a small dispersion of the flows of both 

elements. This can be explained by hydrological factors that occurred in these 

two years. In 2012, the flow of the Doce River was higher than in 2013, in contrast 

to 2013, which had higher rainfall (Oliveira and Quaresma, 2017c). These two 

hydrological factors contribute to soil leaching and As transport. From 2015, with 

the Fundão accident, the As flows showed higher values close to the estuary in 

Regência, ES, probably related to the passage of tailings mud, which transported 

many contaminants towards the Atlantic Ocean (Hatje et al., 2017). 

In order to assess the impacts resulted by the accident with the Fundão 

dam, Hatje (2017) analyzed sediment and water samples from the Doce River 

Basin. The concentrations of As observed by the author at points not impacted 

by the tailings, show the contamination that occurred in these areas, which are 

directly related to the years of gold mining carried out in the DO1 region (Figure 

1). The concentrations of elements found in the portion of the basin affected by 

the accident show contamination directly associated with what happened. 

However, the patterns observed in the study in question demonstrate the 

contribution exerted by the anthropic activities present in the basin (e.g., dumping 

of domestic and industrial effluents and agricultural activities) corroborating with 

past studies (Costa et al., 2015; Queiroz, 2017).  

The concentrations of Pb were related to the steel industries present in the 

Doce River Basin and agricultural activities through the use of fertilizers and 

insecticides in the years of 2009, 2011 and 2014 (IGAM, 2009) (Figure 7). 

However, Pb concentrations already gone associated with mining activities due 

to the high positive correlation found between iron (Fe) and Pb (Rodrigues et al., 

2015). In addition, Pb can be found in calcophilic minerals related to gold mining, 

may also be responsible for the presence of this element in aquatic ecosystems 

(Costa et al., 2003; Hatje et al., 2017). In 2010 Pb fluxes showed higher values 

near the estuary in Regência, ES. There was a drought that year during the 

months of August and October, this fact probably led to the opening of the 

floodgates of the hydroelectric plants along the Doce River, thus increasing the 

transport of this element towards the Atlantic Ocean. Figure 7 shows a 

concentration of Pb fluxes in the same region observed in Figure 6 for As, in 
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addition to the hydrological factors discussed above, this is a region that has the 

presence of many hydroelectric plants and the water dams in these regions, 

causes the concentration of elements (ANA, 2013). After 2015 the Pb fluxes 

exhibited the expected behavior, with higher flows being observed near the 

estuary in Regência, ES. 

One of the consequences of the Samarco’s accident was the release of a 

large amount of Fe in the basin (Viana et al., 2020). The increase of Fe 

concentration can lead to a increment in As toxicity leading to a higher risk of 

contamination by organisms in aquatic ecosystems, especially in environments 

that are naturally enriched by Fe, as is the case of the rivers present in the Iron 

Quadrilateral (Sales, 2013). Despite the detectable concentrations of As found in 

the dissolved fraction in the Doce River Basin, there is no risk of contamination 

by ingestion of contaminated aquatic organisms due to the low concentrations 

found in drinking water in areas close to the Au mining area (Bidone et al., 2016). 

Another risk to increased iron concentrations is the formation of oxides and 

hydroxides, which are known to remove trace elements from the water column. 

This may have increased Pb transport along the Rio Doce towards the Atlantic 

Ocean (Ram et al., 2021). 

Along the Doce River Basin most studies have observed that As 

concentrations are related to years of gold mining (Costa et al., 2010). 

Furthermore, there is a high association between clay particles and high 

concentrations of As. Clay particles are transported in suspension through river 

and are deposited in the floodplains. The sediments in these areas can therefore 

exhibit a history of contamination over the years. In these flood areas, As is 

probably adsorbed to oxide-hydroxides of Fe and clay minerals after the oxidation 

of arsenopyrite minerals, and can be carried for long distances downstream from 

the points of contamination (Costa et al., 2010). in addition, clay particles are 

known to bind to the most varied trace elements, including Pb, transporting them 

over long distances and/or depositing them in sediments (Ip et al., 2007).  

The distribution of total and reactive As in the coastal area of the mouth of 

the Doce River demonstrated that its contribution comes from continental 

sediments, indicated by sedimentation rates, attributed to an increase in As 

concentrations at depths between 120 cm and 40 cm. The concentrations found 
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at depths above 40 cm showed a decrease, related to the decrease in Au mining 

in the 19th century. On the other hand, the As concentrations in the first 20 cm of 

depth were attributed to the mining of Fe in the Doce River Basin in the last 60 

years, due to the fact that As is present in sulfides, arsenic sulfides and 

arsenates, which occur together with rich rocks in Fe ore (Cagnin et al., 2017). 

High concentrations of As were also found by (Mirlean et al., 2013) in points along 

the coast of Espírito Santo, showing a exportation of As to the coastal areas and 

to the Atlantic Ocean. 

The Pb concentrations present in sediment cores collected at the mouth 

of the Doce River, near the city of Linhares, were related to anthropogenic 

activities occurring in the watershed, related the deepest and oldest part of the 

sedimentary testimony (Licínio et al., 2015). The concentrations of this element 

found in the portion of the sediment relative to the time between the years 2008 

and 2013 were attributed to the construction of a hydroelectric plant along the 

course of the Doce River, and may also be related to the discharge of domestic 

and industrial effluents from the city of Linhares (Licínio et al., 2015). 

Studies have investigated the dispersion of the sediment load caused by 

the tailings mud from the accident with the Fundão dam, from the mouth of the 

Doce River to the Atlantic Ocean, through satellite images measuring the turbidity 

of the river water (Magris et al., 2019; Marta-Almeida et al., 2016; Rudorff et al., 

2018). Despite the increase in the sediment load from the Doce River after the 

accident, during 2015 a severe drought in this region had direct influence on the 

river discharge, decreasing the dispersion of sediments in the Atlantic Ocean 

(Supplementary Table S1) (Jesus et al., 2020). In precipitation events, 

sediments deposited in the basin are carried to the river, producing a new supply 

of elements immobilized in that compartment. In addition, winds are an important 

dispersing agent in the Doce River, especially in spring and summer (Magris et 

al., 2019b; Marta-Almeida et al., 2016; Rudorff et al., 2018). 

The increase in the load and the change in the composition of the 

sediments after the accident resulted in a change in the flocculation process, 

modifying the deposition behavior of the particles and increasing their residence 

time in the water column, making them more prone to dispersion by current and 

waves through the water column (Grilo et al., 2018). Corroborating the finding of 
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the presence of As and Pb fluxes along the entire length of the Doce River Basin 

after 2015 found in this review, which can also cause possible long-term changes 

in the sediments of the continental shelf. 

The impacts generated by the accident caused the contamination of water 

and sediments in the Doce River Basin, with potential ecological risks for the biota 

associated with the sediment and for the populations that use this water. 

According to several authors, due to the large quantity of materials transported 

along the basin to the Atlantic Ocean, the need to carry out monitoring with 

greater frequency in the Doce River Basin is reiterated  (Bernardino et al., 2019; 

de Carvalho et al., 2018; Gabriel et al., 2020). 

IGAM has been monitoring water quality in the Doce River Basin since 

1977 and reports indicate that for the period from 2009 to 2018 there is a 

relationship between the concentrations of As in the Carmo River (DO1 region) 

and the mining activities that took place in that area (Figure 1). The Pb 

concentrations shown in the reports have always been attributed to industrial 

steel and textile effluents, the use of agrochemicals and diffuse loads present 

throughout the basin. Despite the reports showing the presence of toxic elements 

in the Doce River Basin, according to IGAM these concentrations were not of 

concern to the population and local biota as they are within the values 

recommended by Brazilian legislation (IGAM, 2018, 2015). 

However, several studies carried out from 2009 to 2019 cited throughout 

this review, made in the waters and sediments of the Doce River Basin after the 

year 2015 show that the concentrations of As and Pb even though linked to these 

anthropic activities and the local geology must be considered due to the high 

toxicity presented by these two elements, as well as their possible release, if 

changes occur in the physical-chemical parameters of the waters (Renova, 2019, 

2018b). The monitoring of pH values and redox potential in these regions allows 

that if occur changes in these parameters, mitigation measures to be carried out 

and, thus, public health problems related to the ingestion of these elements are 

avoided. In these areas, there is the discharge of domestic and industrial 

effluents, whose release in natura can lead to changes in the physical-chemical 

parameters of the water (Costa et al., 2015). 
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4. Further considerations and suggestions for future studies 

The rainy season presented higher flows of As and Pb along the basin, 

showing that the rains exert a certain control on the concentrations of elements 

in the basin, related only to the resuspension of sediments, due to the lack of 

relationship observed between these parameters. The seasonal variation in the 

Doce River Basin was already relevant for the increase and transport of elements, 

after the 2015 accident, this relevance increased due to the retention of a large 

part of the tailings in the soils of the Doce River Basin, which are carried to the 

rivers when there are episodes of rain. 

Seasonal variations can lead to greater contamination and greater supply 

of trace elements to the Atlantic Ocean, making it necessary to create monitoring 

programs that take into account all the characteristics of the basin, including the 

physical ones. Most studies do not take into account the other factors that affect 

the availability of elements, such as winds, tides, the construction of hydroelectric 

plants and rainfall. 

The PCA's clearly showed that the concentrations of As and Pb in the Doce 

River Basin are influenced by the physical-chemical parameters and the 

presence of other elements in the water column. Knowing that the anthropic 

activities carried out in this basin alter both the physical-chemical parameters and 

the availability of elements, it is essential to inspect and monitor these activities, 

so that future environmental disasters in this region can be avoided. 

As and Pb concentrations in the Doce River Basin have always been 

associated with human activities present in the region, especially mining. The 

2015 accident showed this direct relationship between the increase in the 

concentrations of elements in the region and the activities present in the basin. 

In regions not affected by the accident, As and Pb concentrations were related to 

years of mining, whereas concentrations in regions affected by the accident were 

directly associated with it and also with anthropic activities, like dumping of urban 

and industrial effluents. 
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Figure 1 - Division of the watershed of the Doce River in sub-regions. The ES01 region was assigned by the author due to the lack of an official nomenclature. 
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Figure 2 - Seasonal differences in the flows of As. Asterisks indicate statistical difference. 
Values of p: 2012 p = 0.0009765, 2015 p = 2.401e-10, 2016 p < 2.2e-16, 2018 p = 0.012399. 
The y-axis is logarithmic to facilitate understanding. The values were transformed to meet the 
assumptions of ANOVA. N: number of samples. 
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Figure 3 - Seasonal differences in Pb flows. The year 2017 only presented data on the rainy 
season. Asterisks indicate statistical difference. Values of p: 2012 p = 0.000542, 2015 p = 2.401e-
10, 2016 p < 2.261e-16, 2018 p = 0.0578667, 2019 p = 0.0145725. The y-axis is logarithmic to 
facilitate understanding. The values were transformed to meet the assumptions of ANOVA. N: 
number of samples. 
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Table 1 - The Kaiser-Meyer-Olkin and Bartlett’s Test Result. 41 

 42 

    
As   

(2009 - 2014) 

As  

(2015-2019) 

Pb  

(2009 - 2014) 

Pb  

(2015-2019) 

Kaiser-Meyer-Olkin Measure of Sampling 

Adequacy 
 0.70485 0.85594 0.77507 0.79547 

Bartlett's Test of Sphericity 

Approx. ChiSquare 1168.2 6931.3 1542.6 4986.6 

df 153 153 153 153 

Sig. 8,26E-156 0,000 5,39E-224 0,000 
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Figure 4 - PCA between As concentrations and environmental parameters found in the reviewed studies. Mg- Magnesium, Fe - Iron, K 

- Potassium, Cl- - Chlorides, STD - Total Dissolved Solids, T - Temperature, Mn - Manganese, Alc - Alkalinity, EC - Electrical Conductivity, 

Ca+2 - Calcium, Na + - Sodium, SO4
- 2 - Sulfates, As - Arsenic, Alt - Altitude, OD - Dissolved Oxygen and pH - Hydrogenionic Potential. 
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60 

Figure 5 - PCA between Pb concentrations and environmental parameters found in the reviewed studies. Mg - Magnesium, Fe - Iron, K 
- Potassium, Cl- - Chlorides, STD - Total Dissolved Solids, T - Temperature, Mn - Manganese, , Alc - Alkalinity, EC - Electrical Conductivity, 
Ca+2 - Calcium, Na + - Sodium, SO4- 2 - Sulfates, As - Arsenic, Alt - Altitude, OD - Dissolved Oxygen and pH - Hydrogenionic Potential. 



 

45 
 

 

 

Figure 6 - As flow in the dissolved fraction of the water column (mg s-1) calculated for the years 
2009 to 2019. The maps were plotted by Kriging interpolation, except for the year 2014. 
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Figure 7 - Pb flow in the dissolved fraction of the water column (mg s-1) calculated for the 
years 2009 to. The maps were plotted by Kriging interpolation, except for the years 2011, 
2012, 2013, 2014 and 2018. 
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Supplementary Material 

Table S1 - Flow and average rainfall values in each sub-region of the Doce River Basin. 

Sub-

Region 
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

  

DO1 1488 1254 1662 1142 1278 717 990 1294 964 1213 861 

Rainfall 

(mm) 

DO2 1899 1247 1650 1036 1630 2917 990 1409 988 1443 992 

DO3 1534 1310 1529 1044 1310 889 939 1431 1119 1541 1035 

DO4 1342 1052 1179 940 1360 599 667 1119 777 1093 641 

DO5 1308 1176 1115 760 1406 642 628 1022 810 1140 675 

DO6 1377 1123 1309 873 1521 651 700 1139 903 1292 816 

ES01 1356 1168 1294 582 1498 918 549 1012 921 1277 704 

Sub-

Region 
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 

  

DO1 1182 757 986 953 657 380 393 516 331 514 403 

Flow 

(m³ s) 

DO2 3238 1828 2696 2391 1995 1164 935 1591 1048 1891 1382 

DO3 828 536 746 727 535 299 255 370 231 407 201 

DO4 524 212 301 296 270 215 102 135 123 203 106 

DO5 727 531 674 549 482 281 167 244 250 376 180 

DO6 1005 659 971 689 661 395 192 312 307 540 252 

ES01 764 403 638 480 478 359 92 178 215 395 239 
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Figure S1 – Linear regression analyzing the relationship between As concentrations and precipitation and flow. 
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Figure S2 – Linear regression analyzing the relationship between Pb concentrations and precipitation and flow. 
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Table S2 – Principal components (PCs) statistics for the parameters used in this study. 

 

Variance PCA 1 Loading PCA 1 

  eigenvalue 
percentage 
of variance 

cumulative 
percentage 
of variance 

name Dim.1 Dim.2 coord cos2 contrib 

comp 1 5.16 28.65 28.65 As -0.29 -0.20 0.12 0.12 1.45 

comp 2 3.11 17.25 45.9 FluxoAs -0.55 -0.11 0.32 0.32 3.84 

comp 3 1.87 10.36 56.26 VazÃ.o -0.33 -0.08 0.11 0.11 1.36 

comp 4 1.34 7.43 63.7 Prec -0.46 0.46 0.42 0.42 5.10 

comp 5 1.18 6.57 70.27 pH 0.31 0.23 0.15 0.15 1.86 

comp 6 1 5.57 75.84 Cond 0.11 0.67 0.46 0.46 5.53 

comp 7 0.75 4.18 80.02 Temp 0.11 -0.15 0.03 0.03 0.40 

comp 8 0.65 3.6 83.62 STD 0.67 -0.15 0.47 0.47 5.69 

comp 9 0.6 3.32 86.94 Alcalinidade 0.83 0.16 0.72 0.72 8.72 

comp 
10 

0.55 3.04 89.98 OD -0.45 0.33 0.31 0.31 3.76 

comp 
11 

0.41 2.28 92.26 Sulfatos 0.65 -0.36 0.55 0.55 6.66 

comp 
12 

0.34 1.89 94.15 cloretos 0.22 0.85 0.77 0.77 9.26 

comp 
13 

0.31 1.75 95.9 Ca 0.89 -0.12 0.81 0.81 9.85 

comp 
14 

0.28 1.56 97.46 Mg 0.81 0.00 0.65 0.65 7.90 

comp 
15 

0.17 0.92 98.38 Fe -0.01 0.45 0.20 0.20 2.43 

comp 
16 

0.12 0.66 99.04 potassio 0.52 0.77 0.87 0.87 10.56 

comp 
17 

0.1 0.55 99.59 sodio 0.88 -0.10 0.78 0.78 9.44 

comp 
18 

0.07 0.41 100 Mn 0.15 -0.70 0.51 0.51 6.20 

 

 

 

 

 

 

 

 



 

51 
 

 

Variance PCA 2 Loading PCA 2 

  eigenvalue 
percentage 
of variance 

cumulative 
percentage 
of variance 

name Dim.1 Dim.2 coord cos2 contrib 

comp 1 7.52 41.8 41.8 As 0.63 0.19 0.44 0.44 4.15 

comp 2 3.04 16.9 58.71 AsFlux -0.08 0.87 0.77 0.77 7.30 

comp 3 1.09 6.08 64.79 Discharge -0.24 0.86 0.81 0.81 7.63 

comp 4 0.98 5.46 70.25 Prec -0.22 0.57 0.37 0.37 3.54 

comp 5 0.85 4.73 74.98 pH -0.18 -0.36 0.16 0.16 1.54 

comp 6 0.8 4.43 79.41 Cond -0.87 0.15 0.78 0.78 7.43 

comp 7 0.7 3.87 83.29 Temp -0.44 0.47 0.42 0.42 3.94 

comp 8 0.65 3.62 86.9 STD -0.87 0.13 0.77 0.77 7.31 

comp 9 0.56 3.11 90.01 Alcalinity -0.71 -0.24 0.55 0.55 5.25 

comp 
10 

0.49 2.7 92.71 OD -0.73 -0.34 0.65 0.65 6.14 

comp 
11 

0.31 1.73 94.44 SO4-2 0.89 -0.19 0.83 0.83 7.88 

comp 
12 

0.27 1.5 95.94 Cl 0.63 0.20 0.43 0.43 4.10 

comp 
13 

0.23 1.26 97.2 Ca 0.87 -0.10 0.76 0.76 7.19 

comp 
14 

0.22 1.2 98.4 Mg 0.84 -0.03 0.71 0.71 6.76 

comp 
15 

0.11 0.63 99.03 Fe -0.44 0.25 0.26 0.26 2.44 

comp 
16 

0.08 0.45 99.49 K 0.49 0.62 0.62 0.62 5.88 

comp 
17 

0.07 0.41 99.9 Na 0.88 0.08 0.79 0.79 7.47 

comp 
18 

0.02 0.1 100 Mn 0.61 0.25 0.43 0.43 4.07 

 

 

 

 

 

 

 

 

 

 

 



 

52 
 

 

Variance PCA 3 Loading PCA 3 

  eigenvalue 
percentage of 

variance 

cumulative 
percentage of 

variance 
name Dim.1 Dim.2 coord cos2 contrib 

comp 1 5.6 31.12 31.12 Discharge -0.005 0.507 0.257 0.257 2.551 

comp 2 2.89 16.08 47.2 Pb 0.005 0.752 0.565 0.565 5.606 

comp 3 1.8 10.03 57.22 PbFlux 0.006 0.791 0.625 0.625 6.200 

comp 4 1.29 7.17 64.39 Prec -0.086 0.526 0.284 0.284 2.813 

comp 5 1.03 5.74 70.13 pH 0.070 -0.513 0.268 0.268 2.662 

comp 6 0.91 5.04 75.18 Cond 0.899 0.047 0.811 0.811 8.037 

comp 7 0.8 4.43 79.61 Temp -0.359 0.116 0.143 0.143 1.414 

comp 8 0.63 3.5 83.11 STD 0.919 0.048 0.847 0.847 8.400 

comp 9 0.59 3.28 86.4 Alcalinity 0.407 -0.485 0.401 0.401 3.971 

comp 10 0.55 3.03 89.43 OD -0.934 0.012 0.872 0.872 8.643 

comp 11 0.51 2.81 92.24 SO4-2 0.905 -0.281 0.899 0.899 8.910 

comp 12 0.4 2.25 94.48 Cl 0.715 0.315 0.610 0.610 6.053 

comp 13 0.3 1.64 96.12 Ca 0.894 -0.006 0.799 0.799 7.923 

comp 14 0.21 1.17 97.3 Mg 0.873 0.073 0.767 0.767 7.603 

comp 15 0.15 0.85 98.15 Fe -0.625 0.106 0.402 0.402 3.990 

comp 16 0.14 0.77 98.92 K 0.149 0.683 0.488 0.488 4.840 

comp 17 0.12 0.64 99.56 Na 0.784 0.162 0.641 0.641 6.354 

comp 18 0.08 0.44 100 Mn 0.076 0.633 0.406 0.406 4.030 
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Variance PCA 4 Loading PCA 4 

  eigenvalue 
percentage 
of variance 

cumulative 
percentage 
of variance 

name Dim.1 Dim.2 coord cos2 contrib 

comp 1 6.76 37.53 37.53 Discharge -0.19 0.55 0.33 0.33 3.92 

comp 2 3.33 18.49 56.03 Pb -0.15 0.78 0.63 0.63 7.44 

comp 3 1.2 6.68 62.7 PbFlux -0.17 0.65 0.45 0.45 5.35 

comp 4 1.16 6.46 69.16 Prec -0.12 0.64 0.42 0.42 4.98 

comp 5 1.04 5.79 74.95 pH 0.39 -0.29 0.24 0.24 2.77 

comp 6 0.81 4.48 79.43 Cond 0.93 0.06 0.87 0.87 10.22 

comp 7 0.75 4.16 83.59 Temp 0.22 0.37 0.19 0.19 2.22 

comp 8 0.58 3.21 86.8 STD 0.37 0.56 0.44 0.44 5.23 

comp 9 0.51 2.81 89.61 Alcalinity 0.90 0.09 0.82 0.82 9.63 

comp 
10 

0.39 2.15 91.76 OD -0.10 -0.18 0.04 0.04 0.49 

comp 
11 

0.37 2.03 93.79 SO4-2 0.81 0.00 0.66 0.66 7.76 

comp 
12 

0.35 1.93 95.71 Cl 0.36 -0.15 0.15 0.15 1.77 

comp 
13 

0.24 1.32 97.04 Ca 0.76 -0.13 0.59 0.59 6.93 

comp 
14 

0.18 1 98.03 Mg 0.73 -0.30 0.62 0.62 7.28 

comp 
15 

0.15 0.84 98.88 Fe 0.29 0.50 0.33 0.33 3.88 

comp 
16 

0.12 0.64 99.52 K 0.80 0.33 0.75 0.75 8.87 

comp 
17 

0.08 0.43 99.95 Na 0.91 0.09 0.84 0.84 9.94 

comp 
18 

0.01 0.05 100 Mn -0.15 0.30 0.11 0.11 1.33 
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Variance PCA 3 Loading PCA 3 

  eigenvalue 
percentage of 

variance 

cumulative 
percentage of 

variance 
name Dim.1 Dim.2 coord cos2 contrib 

comp 1 5.6 31.12 31.12 Discharge -0.005 0.507 0.257 0.257 2.551 

comp 2 2.89 16.08 47.2 Pb 0.005 0.752 0.565 0.565 5.606 

comp 3 1.8 10.03 57.22 PbFlux 0.006 0.791 0.625 0.625 6.200 

comp 4 1.29 7.17 64.39 Prec -0.086 0.526 0.284 0.284 2.813 

comp 5 1.03 5.74 70.13 pH 0.070 -0.513 0.268 0.268 2.662 

comp 6 0.91 5.04 75.18 Cond 0.899 0.047 0.811 0.811 8.037 

comp 7 0.8 4.43 79.61 Temp -0.359 0.116 0.143 0.143 1.414 

comp 8 0.63 3.5 83.11 STD 0.919 0.048 0.847 0.847 8.400 

comp 9 0.59 3.28 86.4 Alcalinity 0.407 -0.485 0.401 0.401 3.971 

comp 10 0.55 3.03 89.43 OD -0.934 0.012 0.872 0.872 8.643 

comp 11 0.51 2.81 92.24 SO4-2 0.905 -0.281 0.899 0.899 8.910 

comp 12 0.4 2.25 94.48 Cl 0.715 0.315 0.610 0.610 6.053 

comp 13 0.3 1.64 96.12 Ca 0.894 -0.006 0.799 0.799 7.923 

comp 14 0.21 1.17 97.3 Mg 0.873 0.073 0.767 0.767 7.603 

comp 15 0.15 0.85 98.15 Fe -0.625 0.106 0.402 0.402 3.990 

comp 16 0.14 0.77 98.92 K 0.149 0.683 0.488 0.488 4.840 

comp 17 0.12 0.64 99.56 Na 0.784 0.162 0.641 0.641 6.354 

comp 18 0.08 0.44 100 Mn 0.076 0.633 0.406 0.406 4.030 
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Variance PCA 4 Loading PCA 4 

  eigenvalue 
percentage 
of variance 

cumulative 
percentage 
of variance 

name Dim.1 Dim.2 coord cos2 contrib 

comp 1 6.76 37.53 37.53 Discharge -0.19 0.55 0.33 0.33 3.92 

comp 2 3.33 18.49 56.03 Pb -0.15 0.78 0.63 0.63 7.44 

comp 3 1.2 6.68 62.7 PbFlux -0.17 0.65 0.45 0.45 5.35 

comp 4 1.16 6.46 69.16 Prec -0.12 0.64 0.42 0.42 4.98 

comp 5 1.04 5.79 74.95 pH 0.39 -0.29 0.24 0.24 2.77 

comp 6 0.81 4.48 79.43 Cond 0.93 0.06 0.87 0.87 10.22 

comp 7 0.75 4.16 83.59 Temp 0.22 0.37 0.19 0.19 2.22 

comp 8 0.58 3.21 86.8 STD 0.37 0.56 0.44 0.44 5.23 

comp 9 0.51 2.81 89.61 Alcalinity 0.90 0.09 0.82 0.82 9.63 

comp 
10 

0.39 2.15 91.76 OD -0.10 -0.18 0.04 0.04 0.49 

comp 
11 

0.37 2.03 93.79 SO4-2 0.81 0.00 0.66 0.66 7.76 

comp 
12 

0.35 1.93 95.71 Cl 0.36 -0.15 0.15 0.15 1.77 

comp 
13 

0.24 1.32 97.04 Ca 0.76 -0.13 0.59 0.59 6.93 

comp 
14 

0.18 1 98.03 Mg 0.73 -0.30 0.62 0.62 7.28 

comp 
15 

0.15 0.84 98.88 Fe 0.29 0.50 0.33 0.33 3.88 

comp 
16 

0.12 0.64 99.52 K 0.80 0.33 0.75 0.75 8.87 

comp 
17 

0.08 0.43 99.95 Na 0.91 0.09 0.84 0.84 9.94 

comp 
18 

0.01 0.05 100 Mn -0.15 0.30 0.11 0.11 1.33 
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Comparison of stochastic and machine learning models in streamflow 

forecasting of a small basin in northeast Brazil 
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Abstract 

Brazil has a great abundance of aquatic ecosystems, although, it does not 

have many monitoring programs, causing failures to produce basic information 

such as flow and precipitation values. Thus, the objective of this study was to 

compare prediction methods and choose the one that best fits two temporal 

situations, establishing a path for future studies that run into the same difficulties. 

The time series of flow and precipitation of the estuary of Serinhaém, BA, whose 

flowmeter was discontinued by ANA, were used and from there, the linear 

regression models, ARMA, ARIMA, SARIMA and MLP were tested and 

compared. The series were separated into T1 and T2 to observe which dataset 

subdivision was sufficient to promote differences in the flow forecast. The linear 

regression models presented the worst performances for the prediction of flow 

values in both time intervals. Among the autoregressive models, it was observed 

that the SARIMA models for the T1 interval presented the most reliable results. 

For the MLP models, the interval with the highest reliability in the prediction was 

also T1, indicating that for this region increasing the amount of data in the training 

subset did not cause differences for the prediction of the data. Among the 

autoregressive models and the MLP models, the last ones were the ones that 

presented the best performances during the prediction of the flow values, being 

therefore, the indicated in this study for presenting more robustness and 

reliability. 

Keywords: Stochastic models, Neural network, Linear models, Estuary, 

Hydrological variables. 

1. Introduction 

Water resources are part of a multitude of essential processes for 

civilizations, both for survival and for carrying out various activities (e.g., irrigation 

of agricultural areas, energy generation and navigation). Therefore, proper 

planning for the use and conservation of these resources becomes of paramount 

importance (Adamowski et al., 2012; Vieira et al., 2020). 

A planned management of water resources needs information about 

environmental variables of aquatic ecosystems, such as precipitation, water 

temperature, indices that measure water quality and flow (Alkasassbeh, 2013; 
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Biswas, 2004). The forecast of these parameters and the scenarios derived from 

these forecasts plays an important role in the greater efficiency of resource 

management, with a plan about which measures should be taken for each 

foreseen scenario. Therefore, estimating the flow values of river systems serves 

to predict and mitigate possible damage in flood events, water shortages and also 

assist in planning food production and animal husbandry (Alsmadi, 2017). 

Therefore, the use of techniques to estimate the variables related to water 

quality has been widely used in recent years. In addition to reducing the costs of 

proper management of water resources, the modeling techniques of 

environmental parameters are reliable and efficient, capable of determining the 

future values of variables related to water quality (Martin-Ortega et al., 2011; 

Rajaee et al., 2020).  

Data-driven models are less complex as they depend only on a historical 

series of the variable used, aiming to produce results that can estimate the 

variable of interest. Examples of these types of models are Linear Regression 

(LR) and Autoregressive Integrated Moving Average Models (ARIMA). Because 

they are models that use linear approaches end up failing to capture non-linear 

dynamics of the data (Nourani and Komasi, 2013; Nur Adli Zakaria et al., 2021).  

From this perspective, in the last two decades, machine learning models 

have been extensively studied because they have the advantage of dealing with 

large amounts of data and the ability to model nonlinear dynamics (Nayak et al., 

2005). An important example of this type of model is artificial neural networks 

(ANN), models inspired by human neural networks, that have an adaptive 

capacity to produce the expected result when enough training samples are used 

(Mosavi et al., 2018; Rajaee et al., 2020). The comparison of the accuracy of 

linear models with non-linear models is well studied in the literature, and it is 

observed that the ANN have greater precision to estimate the parameters of 

water quality (Danandeh Mehr et al., 2015; Khairuddin et al., 2019; Rajaee et al., 

2020; Yaseen et al., 2016). 

LR models are generally expressed by a simple linear function of a 

response variable being predicted by one or more predictor variables and an error 

term (Eq.1) (Hyndman and Athanasopoulos, 2018). When more than one 
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predictor is present, the regression is called Multiple Linear Regression (MLR) 

(Bangdiwala, 2018). Making use of metrics to compare the accuracy of tested 

models is one of the main advantages of these methods of predicting values, as 

they are easy and simple to implement (Adamowski and Karapataki, 2010). 

𝑌 = 𝛼0 + 𝛼𝑖𝑋 + 𝜀     (Eq.1) 

In which: 

𝛼0: 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡; 

𝑎𝑖: 𝑠𝑙𝑜𝑝𝑒; 

𝜀: 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑟𝑟𝑜𝑟 𝑡𝑒𝑟𝑚; 

𝑋: 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒; 

            𝑌: 𝑣𝑎𝑙𝑢𝑒 𝑡𝑜 𝑏𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑. 

The ANN models are based on artificial intelligence and when comparing 

them with the LR it was observed, in most studies, that the ANN have greater 

accuracy for predicting water quality variables (Alp and Cigizoglu, 2007). 

However, the major obstacle in the prediction of hydrological and environmental 

processes lies in the non-linear relationship between these processes in aquatic 

ecosystems, making the accuracy of these estimates difficult (Rajaee et al., 

2020).  

1.1 Autoregressive Moving Average Models 

Autoregressive moving average models (ARMA) are used to model 

univariate and stationary time series, being more effective in linear time series 

(Box et al., 1977). These models are derived from autoregressive models and 

pure moving average models (Adamowski and Karapataki, 2010; Zhang and 

Moore, 2015) and its main limitation is assuming that the series are linear and 

follow a normal distribution (Irvine and Eberhardt, 1992; Zhang, 2003).  

The composition of ARMA models has two components, the 

autoregressive (AR) and the moving averages (MA). The AR component 

estimates values for the dependent variable based on previous values using the 

regression function (Irvine and Eberhardt, 1992; Tealab, 2018), while the MA 
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component is related to past random fluctuations which are contained in the time 

series (Tealab, 2018). The junction of the two components in the ARMA model 

statistically represents the time series in a parsimonious model, whose objective 

is to estimate fewer parameters. Furthermore, the combination of these models 

provides the necessary flexibility to predict the results from the interaction 

between seasonal components and random fluctuations, which are contained in 

the time series of hydrological variables (Irvine and Eberhardt, 1992). 

1.1 Autoregressive Integrated Moving Average Models 

ARIMA models are extremely flexible and can be used to model a wide 

range of univariate time series, such as series that contain seasonal components, 

unlike ARMA models (Zhang, 2003). The major disadvantage of ARIMA models 

is the impossibility of dealing with non-linear patterns. Thus, in these models it is 

assumed that the values to be predicted are a linear function of the previous 

observations together with random errors (Mehrmolaei and Keyvanpour, 2016; 

Zhang, 2003).  

These models are expressed as ARIMA (p,d,q), in which “p” is the 

parameter of the AR component, the “q” is the parameter of the MA component 

and the parameter “d” is the degree of differentiation involved (Wang et al., 2015). 

According to the methodology proposed by Box-Jenkins, there are three steps to 

correctly identify the model, to predict the parameters and to check the residuals. 

Furthermore, it is known that time series from ARIMA processes contain 

theoretical autocorrelation properties (Zhang, 2003). 

Thus, to identify the probable models for the time series, the 

autocorrelation and partial autocorrelation functions are used. However, before 

that, it is necessary that the data be transformed if they are not stationary. In this 

case, power and differentiation transformations are performed to remove the 

trend and make the data homoscedastic to fit the model (Adamowski and 

Karapataki, 2010). 

A stationary time series is one whose mean and autocorrelation remain 

constant over time, this characteristic is extremely important to estimate future 

values in time series. Finally, errors are checked to assess whether the model is 

correctly fitted, using diagnostic statistics and residual plots. To choose the model 
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that best fits, a comparison is usually performed between the statistics that 

measure the model's accuracy, and the one with the lowest value of the used 

statistic is chosen to estimate the unknown values (Mehrmolaei and Keyvanpour, 

2016; Zhang, 2003).   

1.2 Artificial Neural Network 

ANN are flexible statistical models that have the ability to identify non-

linear relationships and patterns between input data and output data, with the 

ability to estimate output values from training and learning processes 

(Antanasijević et al., 2013; Heddam, 2014). These models were based on the 

structures of biological neurons, their connections and the transmission of 

information, presenting three components: (1) nodes or neurons, (2) weights 

(connection strength) and (3) an activation function (transfer) (Damian, 2019; 

Dogan et al., 2009).  ANNs can be organized in several architectures, the 

simplest are composed of two layers, one for input (predictors) and one for output 

(predictions), other architectures contain an intermediate layer called hidden 

neurons, such as MLP networks (multilayer perceptron) (Damian, 2019; 

Hyndman and Athanasopoulos, 2018). Each predictor is accompanied by a 

coefficient known as a weight and these weights are selected through a learning 

algorithm whose objective is to minimize the costs of the function (Hyndman and 

Athanasopoulos, 2018). 

MLP networks are formed by a simple input layer of neurons (perceptron), 

one or several hidden layers and an output layer, are the most used for 

hydrological modeling (Oyebode and Stretch, 2019; Zadeh et al., 2010). There 

are several types of activation functions, linear or not (linear, gaussian, logistic, 

sigmoid), and they depend on the type of network, the learning algorithm and the 

method used (Bennett et al., 2013). In most studies of hydrological data, the 

activation function commonly used is the sigmoid, which is a feedforward 

function, that is, it presents positive propagation (Maier and Dandy, 2000). 

1.3 Statistical comparison 

There are a variety of precision measures to compare statistical methods 

of time series analysis (e.g., RMSE, MSE, MAE, MAPE, MASE, AIC and BIC). 

To be a good accuracy validator, the measurement used must be informative and 
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clearly summarize the distribution of errors (Chen et al., 2017). In addition, it must 

also validate the construction, include computational complexity, be scale 

independent, be sensitive to change and interpretability (Chen et al., 2017). 

Absolute error measures are known as dependent scale, so they can only 

be used for data of the same scale. In addition, they are very sensitive to outliers, 

providing conservative values. The RMSE and MSE measurements may present 

different results depending on the fraction of the data used, thus being unreliable 

(Hyndman and Koehler, 2006; Koutsandreas et al., 2021; Shcherbakov et al., 

2013). 

Measurements based on error percentages have some disadvantages 

such as apparent division by zero when the value is less than the actual value. 

Outliers influence the results, especially when they are greater than the maximum 

value of the expected cases. In this way, these error measures become biased, 

which can lead to incorrect evaluations of the performance of the models 

(Hyndman and Koehler, 2006; Koutsandreas et al., 2021; Shcherbakov et al., 

2013). 

The scale error measures are symmetric and little influenced by outliers, 

containing only two disadvantages, division by zero can happen in specific cases, 

such as when the horizon of real values to be predicted are equal to each other 

and in analogous experiments, in which it is possible to observe a weak bias 

(Hyndman and Koehler, 2006; Koutsandreas et al., 2021; Shcherbakov et al., 

2013). 

In this way, choosing only one precision measure to evaluate the 

performance of the models is almost impossible, since all of them have some 

disadvantages, requiring a combination of precision measures to reduce the 

chance of error when choosing the best prediction model (Chen et al., 2017; 

Hyndman and Koehler, 2006; Koutsandreas et al., 2021; Shcherbakov et al., 

2013).  

1.4 Case Study  

The data used in the statistical models were applied in a case study, in 

order to compare the accuracy of the stochastic, linear regression and neural 
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network models, to evaluate which would be the best to predict the flow values of 

the study region. In addition, two percentages of dataset division were tested to 

assess which would be the most effective in adjusting the data, given that many 

studies point to an increase in accuracy when there is an increase in the amount 

of data used in the training dataset. Monthly monitoring was carried out by the 

National Water Agency (ANA), with the aid of a flowmeter installed in the city of 

Ituberá, BA (-13.78, -39.17), which was discontinued in April 2019. The beginning 

of flow data is from 1966 and data validation is guaranteed by periodic calibration 

of the equipment. 

The estuary of the Serinhaém River is part of the Pratigi Environmental 

Protection Area (EPA), forming part of the Camamu Bay, the second largest basin 

present in the state of Bahia (Figure 1). This area has great tourist potential and, 

as it is an estuarine system, it is characterized by being a very rich environment, 

with remnants of forests, mangroves and sandbanks, making it prone to suffering 

anthropogenic impacts related to tourism. This aquatic ecosystem presents a 

huge gap in information, since it is a poorly studied area. Another characteristic 

that should be highlighted in this environment is the absence of a marked 

seasonality, with the presence of rain throughout the year. Despite this, the month 

of July is pointed out as the wettest and the month of September as the driest 

(Carneiro et al., 2021; Da Silva Santos and Nolasco, 2017; de Amorim et al., 

2015). 

2. Methodology 

  The rainfall samples used for the linear regression were extracted 

from the rain gauge located in Camamu, BA (-13.93, -39.16). The total number 

of samples is 660, from 1966 to 2020, however, only data from 1966 to 2019 

(637) were used in this study, to be equal to the fluviometric data range. 

The total number of samples extracted from the fluviometer was 637, 

totaling 53 years (1966-2019) of sampling. The dataset was divided into two 

subsets, calibration and validation. In addition, two-time intervals were used in 

the data set, the first (T1) refers to 75% of the data set, as is usually done in most 

studies - totaling 476 samples (1966 to 2005). In the validation set of the models, 

the remaining 166 samples were used, corresponding to 25% of the data set 
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(2005 to 2019). The second time interval (T2) (1966 to 2011) is related to 85% of 

the data set, totaling 589 data in the calibration set and 53 in the validation set 

that refers to the last 4 years of samples. The data were normalized according to 

the minimum and maximum method (Eq.2), which linearizes the original data to 

improve the training convergence rate (Han et al., 2012; Wang et al., 2021).   

𝑋𝑖
′=(𝑥𝑖−min(𝑥))

(max(𝑥)−min (𝑥))
         (Eq. 2) 

The models were compared with each other, and the one whose error 

statistic was the lowest was chosen. Table S1 presents the descriptive statistics 

values of the data. 

2.1 Stationarity 

Stationarity must be measured to assess the effect of seasonality and 

trend in the time series, whose presence affects the mean and variance of the 

series over time. Traditional methods of time series analysis require some kind 

of stationarity to work, so stationarity must be measured before choosing method 

structures. There are several methods for measuring stationarity, also known as 

the unit root test. Two tests were used in this study: the augmented Dickey Fuller 

test (ADF) and the Kwiatkowski–Phillips–Schmidt–Shin test (KPSS). The ADF 

has the null hypothesis of the existence of a unit root, therefore, non-stationary, 

and the alternative hypothesis that it is stationary (Eq.3) (Adamowski and 

Karapataki, 2010). 

𝐻0 : 𝜋 = 0, 𝑛𝑜𝑛 − 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑠𝑒𝑟𝑖𝑒𝑠;          (Eq.3) 

                         𝐻1 : 𝜋 < 0, 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑠𝑒𝑟𝑖𝑒𝑠. 

The KPSS test assumes the premise that the null hypothesis predicts that 

the series is stationary, that is, that there is no unit root (Eq.4) (Dickey and Fuller, 

1979; Hyndman and Athanasopoulos, 2018; Kwiatkowski et al., 1992; Mocanu-

Vargancsik and Tudor, 2020).     

              𝐻0 : 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑠𝑒𝑟𝑖𝑒𝑠;          (Eq.4) 

             𝐻1 :  𝑛𝑜𝑛 − 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑠𝑒𝑟𝑖𝑒𝑠. 
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2.2 Development of ARMA and ARIMA models 

The structural hyperparameters (p, d, q) and (P, D, Q) of the ARMA and 

ARIMA models were determined before training, as described above, with the 

help of graphs of autocorrelation function (ACF) and partial autocorrelation 

function. (PACF) which are shown in Figure 2. The presence of seasonality is 

observed with a 12-month cycle. The lags of the ACF graph decay exponentially 

indicating that there is no trend in the data (Figure 2). 

Altogether, 28 ARMA models, 44 ARIMA models and 325 autoregressive 

seasonal moving averages (SARIMA) models were performed for the T1 interval 

and 27 ARMA, 55 ARIMA and 299 SARIMA models for the T2 interval. The 

models were optimized by the least square algorithm and the residuals tested for 

normality and independence. The performance of the models was evaluated by 

the AICc in both training and test datasets. And they were used for comparison 

with other statistical methods (ANN and Regression) and prediction of flow 

values. 

The ACF plot shows high and significant lag at seasonal 12 (Figure 2) and 

non-significant after these. Therefore, the value of the hyperparameter “q” was 

tested and specified in {0,1,3}. The values of parameters “p” and “P” according to 

the PACF graph were tested and specified in {1,2,3}. 

2.3 Development of ANN models 

The feedforward neural network had its parameters determined and 

trained to choose the model. 96 models were tested, for both time intervals (T1 

and T2), with the hidden layer (hidden nodes) ranging from 1 to 16. The tested 

lags were from 1 to 24, the learning rate was from 0.001 to 0.03 and the activation 

functions for the Logistic Sigmoid and Hyperbolic Tangent (tahn) and the one 

whose MSE presented the lowest value was chosen (Table S2). 

3. Results and Discussion 

 

3.1 Performance evaluation of ARMA, ARIMA and SARIMA models 

The models were tested by trial and error after defining the maximum 

hyperparameter value shown in the ACF and PACF graphs (Figure 2). When 
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evaluating the first-time interval (T1), the model that best fitted was ARMA (2,0,2) 

(RMSE 1.4554; NRMSE 0.6731; MAE 1.0677; MASE 0.4622). For the second 

time interval (T2), the ARMA model that best fitted the data was ARMA (3,0,3) 

(RMSE 1.5503; NRMSE 0.5104; MAE 1.2138; MASE 0.4325). When comparing 

both models, it is possible to observe that the errors in the validation periods are 

close, but in some error measures (NRMSE and MASE) the second temporal 

approach seems to fit better in the data adjustment (Table 1). 

However, a large difference in errors is not observed, as previously found 

in other studies that also compare temporal approaches (Aghelpour and 

Varshavian, 2020). According to Sun et al., (2019), despite the wide use of 

traditional ARMA models for the prediction of hydrological models, they present 

flaws in their performance in areas where there is a weak correlation between 

river flow data and where the frequency of extreme events is high, as is the case 

in the study region. 

Regarding the ARIMA models, the model that presented the lowest 

statistics in the T1 approach was ARIMA (5,1,3) (RMSE 1.4387; NRMSE 0.6654; 

MAE 1.0618; MASE 0.4596). When comparing this model with the ARMA model 

(2,0,2), chosen for the same time interval, the ARIMA model presented the lowest 

error statistics, except for the value of MASE and NRMSE, demonstrating that 

the presence of the parameter (d), whose objective is to make the series 

stationary, not promoting a great improvement in the fit of the data, as expected 

(Valipour et al., 2012).  

Among the models of the second approach (T2), the one that presented 

the lowest statistics was the ARIMA model (0.1.0) (RMSE 1.5955; NRMSE 

0.5253; MAE 1.2203; MASE 0.4348) (Table 2). Analyzing the error measures of 

the T2 approach for both statistical models (ARMA and ARIMA), an increase in 

the performance of the models was also not observed, indicating that perhaps 

splitting the data set by 85% did not cause a difference in the modeling of the 

data of the study area.  

ARIMA models with seasonal differentiation, that is, SARIMA models, 

when compared for both temporal approaches (T1 and T2), exhibited the 

statistical behavior already observed in previous models, with the T1 model, 
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SARIMA (1,1,2) (1.0.0) (RMSE 1.4666; NRMSE 0.5762; MAE 1.0927; MASE 

0.4730) showing at least one error statistic lower than those of the T2 SARIMA 

model (2,1,1) (0,0,2) (RMSE 1.6910; NRMSE 0.5567; MAE 1.2721; MASE 

0.4533) (Table 3). Despite small differences between the two temporal 

approaches, there was no significant gain in the performance of the models in 

the fit of the data, as seen in the previous models. However, previous studies 

pointed to the reliability of SARIMA models to predict long periods of time. Thus, 

among the stochastic models, the one that would bring more reliable flow results 

would be the SARIMA model of the T1 temporal approach (Alonso Brito et al., 

2021). Furthermore, Yarar, (2014), found similar results when using SARIMA 

models to estimate flow values in the Sakarya basin, Turkey. 

Bazrafshan et al., (2015), tested the ARIMA and SARIMA models to 

discuss a probable difference between monthly flow values and at different 

seasonal times. The authors observed that for the studied area (Karkheh Basin 

in west of the Iran), the seasonal models did not present a good performance 

when compared to the monthly prediction models, as observed in this study. 

Unlike other studies, the increase in the autoregressive parameters and moving 

average did not provide a decrease in the errors of the ARMA and SARIMA 

models (Aghelpour et al., 2021; Valipour et al., 2013, 2012). In this study, an 

opposite behavior was observed, with an increase in the error measurements of 

these two models along with the increase in the parameters (Aghelpour et al., 

2021; Valipour et al., 2013, 2012). 

When comparing the stochastic models (ARMA, ARIMA and SARIMA) for 

the time interval T1, the ARIMA model (5,1,3) presented the best performance. 

On the other hand, for the T2 interval, the best performance was that of the ARMA 

model (2,0,2), however, without a significant gain in performance. Errors did not 

show very different values. 

3.2 Performance evaluation of MLP models 

The structure of the MLP models was chosen through trial and error. When 

comparing the T1 models, the best fit was the 5-5-1 with the tangential activation 

function and the learning rate of 0.01 (RMSE 0.08328; MAE 0.05741; MASE 

0.02424). For the T2 models, the structure that best fitted the data was the 5-5-
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1, with a tangential activation function and a learning rate of 0.001 (RMSE 1.0054; 

NRMSE 0.3950; MAE 0.9046; MASE 0.3340) (Table 4). Contrary to the models 

seen previously, in the case of MLP, the model of the time interval T2 presented 

all the error statistics greater than those of the interval T1, showing that increasing 

the amount of data in the training dataset did not lead to big differences for the 

prediction of the data. Contrary to the findings of other studies, which claim that 

increasing the amount of data used for calibration and validation of models helps 

to increase their performance in the forecasting phase (Mourad et al., 2005). 

3.3 Performance evaluation of Linear Regression models 

Linear regression models were made with the actual values of precipitation 

and flow for both time intervals (T1 and T2). Comparing both temporal intervals, 

it is observed that the T1 interval presented a better performance than the T2. 

This behavior was seen in previous models, corroborating the fact that for the 

study area, the increase in the amount of data with the division by 85% did not 

influence the statistical models used to predict the flow values. When observing 

the error statistics referring to the data validation dataset, it is clear that 

regression is not the ideal statistical approach to predict flow values, despite 

presenting similar statistics with the other models (Table 5). However, linear 

regression performed well in predicting future data on variables in other studies, 

such as for water temperature (Graf et al., 2019), river flow (Patel et al., 2016) 

and precipitation (Swain et al., 2017).  

Rezaeianzadeh et al., (2014), compared linear regression models and 

neural networks with different selections of data used to predict river flow from 

Khosrow Shirin watershed, located in the Fars Province of Iran. The authors 

observed values similar to those obtained in this study, in models in which the 

data used were the real precipitation data, showing that tests with other data 

intervals should perhaps be performed. However, other factors influence the 

performance of linear regressions, such as the correlations between variables 

and time interval (Wang, 2006), which may be responsible for the low accuracy 

of the model. In addition, the study area does not have well-demarcated seasonal 

seasons, which may have caused this low performance of the model. 
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4. Statistical comparison between the performance of the approached 
models 

The performances of the models in relation to the coefficient of 

determination (R²) are shown in the scatter plots (Figure 3). The R² value 

confirms that the linear regression presented the worst performances for the flow 

prediction for both time intervals (R²= 6.33%; R²= 20.69%, respectively). The low 

performance of linear regression models may be related to the fact that in this 

basin, in particular, the precipitation values are not enough to describe the flow 

phenomena and that, probably, the inclusion of other variables would increase 

the accuracy of the models (Swain et al., 2017; Tabari et al., 2010).   

The ARMA autoregressive models (R²= 54.49%; R²= 58.13%), ARIMA 

(R²= 59.07%; R²= 58.94%) and SARIMA (R²= 54.02%; R²= 49, 28%) showed 

similar performances to predict future flow values for both temporal approaches, 

T1 and T2, respectively, according to the values of R2. However, the R2 values 

for T1 were slightly higher than the T2 values, except for the ARMA model, 

demonstrating that the models of the first temporal approach fit better than those 

of the second, probably related to the increase in variance and bias, which may 

have occurred in the T2 interval  (Šafránková et al., 2010). Unlike the other 

models, the two MLP exhibited a different performance in relation to the two-time 

intervals, with the model of the second temporal approach (T2) presenting a 

better fit than the T1 model. In addition, the values found are higher than the 

values considered optimal for these models (R² ≥ 60%), (R²= 81,36%; R²= 

96,41%, respectively) (Aghelpour and Varshavian, 2020).   

Time series plots display the relationship between observed values and 

predicted values for both time intervals (Figure 4). When analyzing the figure, it 

is evident that the fit of the linear regression models is poor for both intervals (T1 

and T2). These models were not able to represent all time series variations in any 

of the time intervals, showing a low overlap, with the highest predicted values 

being 8.79 m³∙s and 6.97m³∙s and the lowest 3.33 m³∙s and 3.67 m³∙s for T1 and 

T2, respectively. These values are different from the observed data, in which the 

highest value was 13.92 m³∙s and the lowest was 0.48 m³∙s, corroborated by the 

scatter plots and the low R² value (Figure 4). 
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The stochastic models (ARMA, ARIMA and SARIMA) showed a good fit, 

with the predicted series almost overlapping the observed series. However, the 

MLP models showed an almost perfect fit for the T2 interval, while for the T1 

interval the overlap seems perfect, which may be related to the fact that the 

coefficient of variation of the T1 interval is smaller than the coefficient of variation 

of the T2 interval. It is known that the lower the coefficient of variation, the greater 

the uniformity of the data, causing an increase in the accuracy of the prediction 

(Figure 4, Table S1) (Abyaneh, 2014). Therefore, these four models seem to 

efficiently record the existing variations in river flow, with flow peaks and 

minimums, in addition to dependence on previous values, as observed in other 

studies (Londhe and Charhate, 2010). 

Most studies that approach stochastic models observe a good 

performance to estimate future values of short time scales (e.g., one month 

ahead). However, for longer scales, these models begin to show a decrease in 

the accuracy in estimating the values (Bazrafshan et al., 2015; Mishra and Desai, 

2006). Despite this, studies involving some type of prediction model (ARIMA, LR, 

SARIMA) report that when comparing the final results, the models that present 

the best performances are the MLP models, as observed in this study 

(Adamowski and Karapataki, 2010; Ghorbani et al., 2016; Graf et al., 2019).  

Although the scatter plots and the flow series plots show that the stochastic 

models would be as good as the MLP models for estimating the flow values of 

the Serinhaém River estuary, the error statistics show that the MLP model for the 

interval T1 is the one that best fits the data and the one that presents the best 

performance in estimating the values (Table 4). In addition, the data prove that 

the division of the data, whose interval T2 refers, does not cause significant 

alterations in the estimated flow values. Thus, the suggested interval to estimate 

the flow values in this area would be T1, whose period of values encompasses 

the largest amount of data. 

5. Conclusion 

The prediction models must take into account the factors that influence the 

parameter to be estimated. In the case of the Serinhaém River estuary, BA, the 

flow time series, as it is extremely uniform, does not seem to be influenced by 
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other environmental factors in the region. The division of the data in the interval 

T2, of 85%, did not cause differences in the hydrological data of the study area 

and therefore, the complete time series presented greater robustness and 

explanation in the prediction of the data. Thus, only the linear regression did not 

present a good fit of the data. 

Although some studies point out great differences in the error measures when 

comparing temporal approaches, this was not observed in this study, probably 

related to the few changes suffered in the physical characteristics of the basin in 

question. The lack of sudden changes that could alter the stationarity of the model 

demonstrated that the addition of the parameter “d” did not promote an 

improvement in the fit of the data. In addition, it was also observed that the 

increase in autoregressive parameters and moving averages did not improve the 

performance of the model. 

The stochastic models presented a good performance and fit in the data and 

can be used to predict the flow values of the area. However, the MLP models 

exhibited a greater robustness in the fit of the data and smaller errors associated 

with the model. Thus, although stochastic models are simpler and easier to use, 

MLP neural networks are the most suitable for predicting the flow in this region 

because they provide greater data reliability. 
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Figure 1 – Study area.  
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Figure 2 – A) Time series of the flow of the Serinhaém estuary, BA from 1966 to 2019; B) ACF 
and C) PACF graphics. 
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Table 1 – Accuracy statistics of ARMA models. 

                     Calibration                                   Validation 

Models (T1) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 ARMA (1,0,2)   0.3992 5.5211 2.3497 0.7735 1.5395 0.5398 0.5437 2.13 1.46 0.67 1.07 0.46 

 ARMA (3,0,0)   0.3987 5.4999 2.3452 0.7721 1.5320 0.5372 0.5423 2.12 1.46 0.67 1.07 0.46 

 ARMA (1,0,1)   0.3808 5.6753 2.3823 0.7843 1.5539 0.5449 0.5351 2.16 1.47 0.68 1.09 0.47 

 ARMA (2,0,1)   0.3882 5.6206 2.3708 0.7805 1.5359 0.5386 0.5390 2.14 1.46 0.68 1.08 0.47 

 ARMA (2,0,2)   0.3988 5.4996 2.3451 0.7720 1.5302 0.5366 0.5436 2.12 1.46 0.67 1.07 0.46 

 ARMA (1,0,3)   0.3983 5.5295 2.3515 0.7741 1.5401 0.5400 0.5436 2.13 1.46 0.68 1.07 0.47 

 ARMA (3,0,1)   0.3980 5.5066 2.3466 0.7725 1.5304 0.5366 0.5419 2.12 1.46 0.67 1.07 0.46 

 ARMA (1,0,0)   0.3809 5.6731 2.3818 0.7841 1.5552 0.5453 0.5274 2.19 1.48 0.68 1.09 0.47 

 ARMA (4,0,0)   0.3977 5.4965 2.3445 0.7718 1.5248 0.5347 0.5415 2.13 1.46 0.67 1.07 0.46 

 ARMA (2,0,0)   0.3809 5.6715 2.3815 0.7840 1.5479 0.5428 0.5324 2.16 1.47 0.68 1.08 0.47 

    Calibration    Validation 

Models (T2) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 ARMA (2,0,0)   0.3905 5.1584 2.2712 0.7477 1.4770 0.5453 0.5736 2.5179 1.5868 0.5224 1.2456 0.4438 

 ARMA (1,0,1)   0.3905 5.1590 2.2713 0.7477 1.4770 0.5453 0.5781 2.4914 1.5784 0.5196 1.2300 0.4382 

 ARMA (1,0,0)   0.3905 5.1583 2.2712 0.7477 1.4768 0.5452 0.5709 2.5336 1.5917 0.5240 1.2439 0.4432 

 ARMA (0,0,3)   0.3670 5.3578 2.3147 0.7620 1.5144 0.5591 0.5700 2.5389 1.5934 0.5246 1.2411 0.4422 

 ARMA (3,0,0)   0.4097 4.9963 2.2352 0.7359 1.4591 0.5387 0.5774 2.4952 1.5796 0.5200 1.2301 0.4383 

 ARMA (2,0,1)   0.3978 5.0972 2.2577 0.7433 1.4680 0.5420 0.5782 2.4905 1.5781 0.5195 1.2296 0.4381 

 ARMA (1,0,2)   0.4100 4.9940 2.2347 0.7357 1.4579 0.5382 0.5782 2.4903 1.5781 0.5195 1.2296 0.4381 

 ARMA (0,0,4)   0.3820 5.2303 2.2870 0.7529 1.4852 0.5483 0.5765 2.5007 1.5814 0.5206 1.2473 0.4444 

 ARMA (1,0,3)   0.4085 5.0061 2.2374 0.7366 1.4605 0.5392 0.5785 2.4891 1.5777 0.5194 1.2297 0.4382 

 ARMA (3,0,3)   0.4057 5.0300 2.2428 0.7383 1.4632 0.5402 0.5930 2.4033 1.5503 0.5104 1.2138 0.4325 
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1 

Table 2 – Accuracy measures of ARIMA models for both temporal approaches. 

  Calibration Validation 

Models  (T1) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 ARIMA(1,1,2)   0.3933 5.5570 2.3573 0.7761 1.5596 0.5469 0.5369 2.1660 1.4717 0.6806 1.0922 0.4728 

 ARIMA(0,1,2)   0.3945 5.6050 2.3675 0.7794 1.5929 0.5586 0.5217 2.2210 1.4903 0.6892 1.1120 0.4813 

 ARIMA(0,1,3)   0.3987 5.5591 2.3578 0.7762 1.5688 0.5501 0.5283 2.1913 1.4803 0.6846 1.1085 0.4799 

 ARIMA(1,1,3)   0.4002 5.5553 2.3570 0.7759 1.5587 0.5466 0.5457 2.1681 1.4725 0.6810 1.0908 0.4722 

 ARIMA(0,1,4)   0.4000 5.5481 2.3554 0.7754 1.5543 0.5450 0.5291 2.1889 1.4795 0.6842 1.1096 0.4803 

 ARIMA(2,1,1)   0.3909 5.5907 2.3645 0.7784 1.5398 0.5399 0.5341 2.1602 1.4698 0.6797 1.0577 0.4579 

 ARIMA(2,1,2)   0.3987 5.5389 2.3535 0.7748 1.5341 0.5379 0.5408 2.2200 1.4900 0.6891 1.0618 0.4596 

 ARIMA(0,1,5)   0.3988 5.5535 2.3566 0.7758 1.5461 0.5421 0.5303 2.1881 1.4792 0.6841 1.1135 0.4820 

 ARIMA(1,1,4)   0.4008 5.5279 2.3512 0.7740 1.5476 0.5427 0.5460 2.2175 1.4891 0.6887 1.0569 0.4575 

 ARIMA(5,1,3)   0.4151 5.2699 2.2956 0.7557 1.4980 0.5253 0.5900 2.0698 1.4387 0.6654 1.0618 0.4596 

  Calibration Validation 

Models (T2) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 ARIMA(0,1,4)   0.4103 4.9911 2.2341 0.7355 1.4723 0.5436 0.5192 2.8392 1.6850 0.5547 1.2794 0.4559 

 ARIMA(0,1,6)   0.4153 4.9485 2.2245 0.7323 1.4600 0.5390 0.5107 2.8891 1.6997 0.5596 1.3075 0.4659 

 ARIMA(0,1,3)   0.4102 4.9915 2.2342 0.7355 1.4857 0.5485 0.5008 2.9476 1.7169 0.5652 1.2944 0.4612 

 ARIMA(2,1,1)   0.4002 5.0762 2.2530 0.7417 1.4680 0.5420 0.5131 2.8752 1.6956 0.5582 1.2708 0.4528 

 ARIMA(1,1,6)   0.4136 4.9632 2.2278 0.7334 1.4605 0.5392 0.5171 2.8515 1.6887 0.5559 1.3036 0.4645 

 ARIMA(3,1,1)   0.4111 4.9844 2.2326 0.7350 1.4580 0.5383 0.5153 2.8619 1.6917 0.5569 1.2761 0.4547 

 ARIMA(0,1,0)   0.2490 6.3561 2.5211 0.8300 1.6377 0.6046 0.5689 2.5458 1.5955 0.5253 1.2203 0.4348 

 ARIMA(0,1,2)   0.4066 5.7045 2.3884 0.7863 1.5928 0.5881 0.4868 2.5302 1.5907 0.5237 1.2001 0.4276 

 ARIMA(4,1,0)   0.3812 5.2377 2.2886 0.7534 1.5354 0.5668 0.5434 2.6959 1.6419 0.5405 1.2306 0.4385 

 ARIMA(4,1,3)   0.4109 4.9860 2.2329 0.7351 1.4595 0.5388 0.5258 2.8000 1.6733 0.5509 1.3011 0.4636 
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Table 5 - SARIMA accuracy measures 

  Calibration Validation 

Models (T1) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 SARIMA 
(1,1,2)(1,0,0) 

0.393 5.5938 2.3651 0.7786 1.5399 0.5399 0.538 2.1509 1.4666 0.5762 1.0927 0.473 

 SARIMA 
(1,1,2)(0,0,1) 

0.393 5.592 2.3647 0.7785 1.5403 0.5401 0.538 2.1517 1.4669 0.5763 1.0927 0.473 

 SARIMA 
(0,1,2)(1,0,0) 

0.394 5.5778 2.3617 0.7775 1.5874 0.5566 0.521 2.2245 1.4915 0.586 1.1118 0.4813 

 SARIMA 
(0,1,2)(0,0,1) 

0.394 5.5773 2.3616 0.7775 1.5876 0.5567 0.521 2.225 1.4916 0.5861 1.1118 0.4813 

 SARIMA 
(0,1,3)(1,0,0) 

0.399 5.5361 2.3529 0.7746 1.5662 0.5492 0.528 2.1924 1.4807 0.5818 1.1101 0.4805 

 SARIMA 
(0,1,3)(0,0,1) 

0.399 5.5361 2.3529 0.7746 1.5663 0.5492 0.528 2.1929 1.4808 0.5818 1.1101 0.4806 

 SARIMA 
(2,1,1)(1,0,0) 

0.391 5.6118 2.3689 0.7799 1.5401 0.54 0.535 2.1609 1.47 0.5776 1.0966 0.4747 

 SARIMA 
(2,1,1)(0,0,1) 

0.391 5.6103 2.3686 0.7798 1.5395 0.5398 0.535 2.1618 1.4703 0.5777 1.0964 0.4746 

 SARIMA 
(1,1,2)(1,0,1) 

0.394 5.5758 2.3613 0.7774 1.5339 0.5378 0.538 2.1528 1.4673 0.5765 1.0931 0.4732 

 SARIMA 
(1,1,2)(0,0,2) 

0.39 5.6184 2.3703 0.7803 1.5385 0.5395 0.538 2.1532 1.4674 0.5765 1.0931 0.4732 

  Calibration Validation 

Models (T2) R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

 SARIMA 
(0,1,4)(1,0,0)  

0.41 4.9936 2.2346 0.7357 1.4697 0.5426 0.519 2.8423 1.6859 0.555 1.2765 0.4548 

 SARIMA 
(0,1,4)(0,0,1)  

0.41 4.993 2.2345 0.7356 1.4699 0.5427 0.519 2.842 1.6858 0.555 1.2771 0.455 

 SARIMA 
(0,1,4)(2,0,0)  

0.409 5.0013 2.2364 0.7362 1.4714 0.5432 0.409 2.8652 1.6927 0.5573 1.2628 0.4499 

 SARIMA 
(0,1,4)(0,0,2)  

0.409 5.0025 2.2366 0.7363 1.4716 0.5433 0.514 2.8698 1.694 0.5577 1.2633 0.4501 

 SARIMA 
(2,1,1)(0,0,2)  

0.397 5.1074 2.26 0.744 1.4623 0.5399 0.516 2.8595 1.691 0.5567 1.2721 0.4533 

 SARIMA 
(2,1,1)(2,0,0)  

0.431 4.8184 2.1951 0.7226 1.3983 0.5162 0.516 2.1948 1.4815 0.4877 0.8973 0.3197 

 SARIMA 
(0,1,4)(1,0,1)  

0.417 4.9367 2.2219 0.7315 1.4535 0.5366 0.519 2.84 1.6852 0.5548 1.28 0.4561 

 SARIMA 
(4,1,0)(2,0,0)  

0.38 5.2451 2.2902 0.754 1.5344 0.5665 0.498 2.9631 1.7214 0.5667 1.2737 0.4538 

 SARIMA 
(4,1,3)(1,0,0)  

0.409 5.0049 2.2372 0.7365 1.4442 0.5332 0.581 2.4762 1.5736 0.518 1.236 0.4404 

 SARIMA 
(4,1,0)(0,0,2)  

0.38 5.2473 2.2907 0.7541 1.5345 0.5665 0.498 2.9641 1.7217 0.5668 1.2713 0.453 
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Table 3 – MLP accuracy measures. 

 

        Calibration Validation 

Models 

(T1) 
Structure Function 

Learning 

Rate 
R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

1 (5-5-1) Logistic 0.001 0.7927 0.5219 0.7224 0.2378 0.8529 0.1813 0.7987 0.0176 0.1326 0.0521 0.0954 0.0403 

2 (5-5-1) Tanh 0.001 0.7458 0.7723 0.8788 0.2893 1.0898 0.2114 0.7673 0.0100 0.1003 0.0394 0.0695 0.0293 

3 (5-5-1) Logistic 0.003 0.7949 0.5783 0.7605 0.2504 0.7479 0.1935 0.7624 0.0146 0.1208 0.0475 0.0861 0.0364 

4 (5-5-1) Tanh 0.003 0.7753 0.7083 0.8416 0.2771 1.1200 0.2039 0.7610 0.0146 0.1208 0.0475 0.0861 0.0364 

5 (5-5-1) Logistic 0.010 0.8057 0.5491 0.7410 0.2439 0.8497 0.1933 0.7809 0.0217 0.1472 0.0578 0.1046 0.0442 

6 (5-5-1) Tanh 0.010 0.7722 0.6956 0.8340 0.2746 1.0898 0.2109 0.8136 0.0069 0.0833 0.0327 0.0574 0.0242 

7 (5-5-1) Logistic 0.030 0.6565 0.6136 0.7833 0.2579 0.6442 0.1978 0.7732 0.0140 0.1181 0.0464 0.0837 0.0354 

8 (5-5-1) Tanh 0.030 0.7713 0.7067 0.8407 0.2768 0.9144 0.2174 0.7620 0.0075 0.0865 0.0340 0.0612 0.0258 

        Calibration Validation 

Models 

(T2) 
Structure Funtion 

Learning 

Rate 
R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE 

1 (5-1) Logistic 0.001 0.5211 2.9809 1.7265 0.6026 1.1670 0.4192 0.8351 0.0002 1.6147 0.6344 1.4835 0.5477 

2 (5-5-1) Tanh 0.001 0.7080 2.4813 1.5752 0.5498 1.0950 0.3988 0.9641 0.0002 1.0054 0.3950 0.9046 0.3340 

3 (5-1) Logistic 0.003 0.6199 3.0863 1.7568 0.6132 1.1950 0.4292 0.8437 0.0003 1.8089 0.7107 1.6536 0.6105 

4 (5-4-1) Tanh 0.003 0.7108 2.6342 1.6230 0.5665 1.1366 0.4140 0.8994 0.0002 1.2845 0.5047 1.1215 0.4141 

5 (5-1) Logistic 0.010 0.6226 3.1522 1.7754 0.6197 1.2027 0.4320 0.8570 0.0004 1.9274 0.7573 1.7932 0.6621 

6 (5-3-1) Tanh 0.010 0.6744 2.1125 1.4535 0.5073 1.0483 0.3765 0.8797 0.0003 1.3161 0.5171 1.1744 0.4336 

7 (5-1) Logistic 0.030 0.6139 3.0670 1.7513 0.6113 1.1875 0.4265 0.8457 0.0004 1.7511 0.6880 1.5418 0.5692 

8 (4-5-1) Tanh 0.030 0.5436 2.7837 1.6685 0.5824 1.1596 0.4165 0.8649 0.0002 1.5017 0.5900 1.3552 0.5003 
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Table4 – Accuracy measures linear regression. 

Linear Regression   Calibration Validation 

 

  R² MSE RMSE NRMSE MAE MASE R² MSE RMSE NRMSE MAE MASE  

T1 0.2092  6.9551 2.6372 1.0362 1.9908 0.6043 0.0633 4.7403 2.1772 1.0069 1.6763 1.3858  

T2 0.2168  6.8253 2.6125 0.9119 1.9235 0.6026 0.2069 7.6299 2.7622 0.9093 2.043 1.5632  
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Figure 3 – Scatter plot of model regressions in both time intervals (T1 and T2). 
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Figure 4 – Flow series predicted by the models used. 
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Supplementary Material 

 

Table S1 (Page 10). 

Table S5 – Descriptive statistics of the data.    

* Descriptive statistics for intervals T1 (September 2005 to April 2019) and T2 (January 2012 to 

April 2019) refer to the validation time interval. 

  Precipitation  Flow T1 T2 

Mean 156.5  5.4 4.76 4.57 

Median 143.2  4.8 4.57 4.08 

Standard 

deviation 
90.1 

 
2.9 2.16 2.44 

Minimum 0.0  0.5 0.48 0.48 

Maximum 654.5  22.2  13.92 13.92 

Coefficient of 

variation 
0.57 

 
0.53 0.45 0.53 
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Table S2 (Page 12). 

Table S6 – Hyperparameters used in the testing of neural networks. 

 

Hyperparameters Implications Tested Value 

frequency 
Time series 
frequency 

12 

hidden nodes hidden layers 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16 

difforder 
Degree of 

differentiation 
in Lags 

1 

act.funct 
Activation 
Function 

sigmóide logística e tanh, reLU 

lags 
Lags used as 

inputs 
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23 e 

24 

learning rate 
Learning 

Rate 
0,003, 0,001, 0,03 e 0,01 
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Seasonal variation, contribution and dynamics of trace elements in the 

drainage basin and estuary of the Serinhaém river, BA
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Abstract 

In this study, the mass balance calculation was used to quantify the fluxes of trace 

elements (Al, Ba, Cd, Cr, Cu, Fe, Mn, Pb, Ti, V e Zn) in the particulate and dissolved 

fractions of the water column, which are exported from the estuary of the Serinhaém - 

BA river to the Atlantic Ocean. The export of the elements in the dissolved fraction 

followed a uniform distribution in both campaigns, while in the particulate fraction all 

elements showed higher fluxes in the sampling campaign 1 towards the estuarine 

mouth, showing a greater export of these to the Atlantic Ocean at this season. The 

physical-chemical parameters varied according to the collections, with the first 

sampling campaign showing the highest values. This variation resulted in different 

behaviors of trace elements in fluvial and estuarine ecosystems, which underwent 

processes of removal and addition of the water column, causing changes in the 

distribution coefficient and in flows to the Atlantic Ocean. Thus, the trace elements 

present in the EPA of Pratigi, BA are controlled by the variation of environmental 

parameters (physical-chemical, flow and precipitation), however, despite this, the 

aquatic ecosystems present in the EPA, exhibit a water quality in compliance with the 

legislation Brazilian. As it is an Environmental Protection Area (EPA), which has the 

presence of economic activities and increasing urbanization, it is necessary that 

management and monitoring programs are constantly carried out in these areas in 

order to avoid contamination and an increase in exports of contaminants to the Atlantic 

Ocean. 

Keywords: Estuary; Trace elements; Atlantic Ocean; Environmental Protection Area; 

Brazil. 
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1. Introduction 

Rivers play a key role in continental erosion, as well as being the main 

responsible for transporting materials from the continent to the oceans (Araujo et al., 

2014; Carvalho et al., 2002; Horan et al., 2019). Erosion products, both solid and liquid, 

are transported from drainage basins to the oceans through estuaries, and can arrive 

in their original forms and/or altered by natural and anthropic processes (e.g. soil 

erosion, urbanization and industrial effluents) (E. Boyle et al., 1974; Kara et al., 2017). 

In recent years, geochemical studies that evaluated the changes suffered by trace 

elements on the way to the oceans have been the focus of lots of research, in order to 

understand the consequences for aquatic ecosystems on a regional and global scale 

(Kara et al., 2017). 

Through studies carried out in fluvial areas, it is known that the chemistry of the 

waters in these was related, for the most part, to compounds from the erosion of the 

rocks in the drainage basins, being considered of natural origin (Azam et al., 2018; 

Friedrich et al., 2006). However, current studies show that the origin of chemical 

elements is directly related to human activities carried out in drainage basins, which 

alter the point and non-point sources of these elements (Azam et al., 2018; Cidu and 

Biddau, 2007). 

In aquatic ecosystems, the particulate fraction is considered the most important 

tool to assess the transport of trace elements in the water column, while the dissolved 

fraction is relevant to analyze the bioavailability of these elements for aquatic 

organisms (Burger et al., 2002; Constantino et al., 2019; Constantino et al., 2022; 

Eggleton and Thomas, 2004). The particulate fraction presents a great binding affinity 

between the trace elements and the suspended particles, which are considered one of 

the main geochemical supports in the transport of these elements (Constantino et al., 

2019; Constantino et al., 2022). In this way, each fraction provides relevant information 

about the geochemical signatures, transport, deposition and origin of trace elements 

(Friedrich et al., 2006; Lindsay et al., 1996). Also, that evaluating environmental 

parameters along with contaminants in both fractions (dissolved and particulate) 

increases the understanding of the factors influencing water quality and the 

interference caused by human activities in the aquatic ecosystem in question (Azam 

et al., 2018; V. Hatje et al., 2003a; Mosley and Liss, 2020; Richards et al., 2018). 
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Several tools have been used to study drainage basins over the last few years 

(Boongaling et al., 2018; Liu et al., 2019; Srinivas et al., 2020). However, many of them 

come up against the lack of hydrological information on the regions and the lack of 

financial stimulus, in addition to the difficulty of sampling in very large basins. 

Monitoring aquatic ecosystems has been much discussed in recent years, given the 

growing concern about the lack of water on the planet (Bunke et al., 2019; Jones and 

van Vliet, 2018; Ma et al., 2020). Therefore, monitoring becomes relevant for the 

sustainable use of ecological services. 

The Mass Balance Calculation (MBC) has been used to infer about trace 

elements fluxes along the drainage basins in order to assist the water quality 

monitoring programs in region of Pratigi EPA, BA (Bidone et al., 2018; González-

ortegón et al., 2019).  Thus, this work aims to evaluate the partitioning of trace 

elements in two fractions of the water column (dissolved and particulate fractions) and 

the effects of physicochemical parameters on their concentrations. In addition, the 

fluxes of trace elements in both fractions and their exports to the Atlantic Ocean were 

calculated. We predicted that trace element partitioning in the Pratigi EPA would be 

controlled by environmental variations, mainly in the estuarine region, with transport 

and retention dependent on higher SPM concentration and salinity. However, we 

expected that the concentrations would be low or non-existent because it is an 

environmental protection area. 

 

2. Materials e Methods 

2.1. Study Area 

The Pratigi Environmental Protection Area (EPA) is located in the south center 

of the state of Bahia and is part of five cities, with a total area of 859km². The 

hydrography of the EPA is composed mainly by the Juliana River, which flows into the 

Serinhaém estuary and has a drainage area of approximately 473.68 km² (MMA, 

2004). The Serinhaém River estuary (Figure 1) has two types of tidal regime: syzygy 

tides with very high and low high tides; and quadrature tides with very low high tides 

and higher low tides. In the region, the climate is classified as Tropical Rainy Forest, 

with no well-demarcated sampling campaign 2, with average monthly rainfall greater 

than 60 mm and annual rainfall greater than 1500 mm (CRA, 2004). Pratigi EPA is part 

of the Central Corridor of the Atlantic Forest and has a great diversity of species of 
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birds, mammals, reptiles, invertebrates and amphibians. The EPA area presents a 

great anthropogenic pressure and, therefore, is inserted in the regions of maximum 

priority of biodiversity conservation (CRA, 2004). 

2.2. Sampling 

Two collection campaigns were carried out, one in April/2019 and one in 

September/2019 to incorporate the climatic variability of the region. In the region, there 

is no well-defined dry and flood season, it rains all year round, due to this samplings 

campaigns were called sampling 1 and sampling 2. According to, the information 

extracted from the rain gauge located in Camamu - BA (-13.93, -39.16), precipitation 

annual averages varying from 126 mm (February to July) to 80 mm (August to 

January). The flow values were calculated from a time series of 53 years of flow data 

from the fluviometer located in the city of Ituberá - BA (-13.78, -39.18), using a 

multilayer perceptron (5-5-1), with 0.01 learning rate and tanh activation function 

(Viana et al., in preparation) (4.40 and 4.84 m³. s-1, respectively). Samplings were 

carried out during high tide. 

In total, 12 samples of surface water (40 cm) were collected, with the aid of a 

bucket where the sample was rinsed and then collected at each point, in a previously 

demarcated transect, which covers two areas of this EPA: one in a fluvial area (Juliana, 

Serinhaém Rivers and Nascente) and one in the Serinhaém river estuary (Figure 1). 

The samples collected were stored in 5L polyethylene bottles, previously rinsed with 

the sample, identified and taken to the laboratory. The physicochemical parameters of 

the water column (pH, electrical conductivity, dissolved oxygen and salinity) were 

determined in situ using a multiparameter probe (U-50 series, Horiba, Japan).  

2.3. Analytical procedures 

2.3.1. Sampling filtration 

Cellulose acetate filters were used for trace elements analysis and SPM and 

GF/F filters were used to DOC and TN analysis, both filters were dried in an oven at 

60 °C for approximately 48 hours and weighed on a digital scale accurate to four 

decimal places. Of the raw samples, 120 mL were vacuum filtered through glass fiber 

filters (Whatman® GF/F) with a porosity of 0.7 µm, and 40 mL aliquots taken in triplicate 

were used for analysis of dissolved organic carbon (DOC) and stored in amber flasks 

with 0.40 mL of phosphoric acid (H3PO4).  
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Another 600 mL of the raw sample was filtered using cellulose acetate 

membranes with 0.45 μm porosity, and 200 mL aliquots taken in triplicate were used 

for metal analysis, where later the average concentration of SPM was determined 

gravimetrically, according to the equation 1. Each aliquot was acidified to pH = 1 with 

nitric acid (HNO3) suprapur and kept under refrigeration until chemical determinations 

were carried out. Water analyzes were performed in accordance with USEPA 3015a. 

(1)  
𝑆𝑃𝑀=(𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑤𝑖𝑡ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛 𝑚𝑔)−(𝑓𝑖𝑙𝑡𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚𝑔)

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝐿
 

 2.3.2. Trace Elements Fluxes 

(2) The gross fluxes of trace elements in the dissolved and particulate 

fractions were calculated using the following formulas (Equation 2 and 3). 

The distribution of river and estuarine loads was calculated from the sum of 

the total loads of each ecosystem.𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑓𝑙𝑢𝑥(µ𝑔/𝑑𝑎𝑦)  = [𝑀] (µ𝑔∙𝐿−1) ×

𝑅𝑖𝑣𝑒𝑟 𝑓𝑙𝑜𝑤(𝑚3∙𝑠−1) 

(3) 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝑓𝑙𝑢𝑥(𝜇𝑔/𝑑𝑎𝑦) = [𝑀] (𝜇𝑔∙𝑔−1) × 𝑅𝑖𝑣𝑒𝑟 𝑓𝑙𝑜𝑤(𝑚3∙𝑠−1)  × [𝑆𝑃𝑀](𝑚𝑔∙𝐿−1) 

 

2.4. Analytical procedures 

2.4.1. Determination of Dissolved Organic Carbon (DOC) and Total Nitrogen (TN) 

DOC and TN concentrations were determined on a TOC – VCPH analyzer 

(Shimadzu, Japan) by catalytic oxidation at high temperature, after acidification and 

purging with ultrapure air. 

2.4.2. Sample solubilization 

The total concentrations of aluminum (Al), cadmium (Cd), chromium (Cr), 

copper (Co), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), vanadium (V) and zinc 

(Zn) were determined in the particulate (SPM) and dissolved fractions. The extraction 

of the elements (pseudo-total) in the SPM for determination was performed after drying 

in an oven at 60º C, weighing and digestion of the filters (0.45 µm). The filters were 

placed in teflon tubes with 8 mL of aqua regia (HCl: HNO3 – 3:1 (v/v)) and taken to 

microwave digestion (Mars Xpress, CEM, model 907501, United States). Digestion 

time was 80 min under the following conditions: ramp time 10 min, digestion 40 min at 
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180°C and cooling for 30 min. After cooling, the final extracts were filtered through 

Whatman® 40 paper and brought to a final volume of 20 mL in a volumetric flask. 

2.4.3. Determination of trace elements and quality control 

The determination of trace elements was performed in the ICP-OES equipment 

(Varian Liberty Series II, Australia). All analyzes were performed using three analytical 

blanks. The dissolved samples were analyzed in triplicate, whereas the particulate 

samples were analyzed using a composite sample of the filters, due to lack of sufficient 

weight (0.05g). Recovery values that validate the method are available in the 

supplement material (Table S2). The ICP-OES detection limits, for both matrices, are 

presented in the Table S1.  

2.5. Statistical analysis 

Statistical analyzes were performed in the R program (R Core Team, 2022). An 

ANOVA was used to compare the mean concentrations of trace elements between 

river and estuarine points, followed by a Tukey test. An ANOVA was also used to 

evaluate the influence of seasonality on the concentrations of trace elements and on 

the flow. Data were adjusted using a maximum likelihood function, when necessary, to 

meet the basic assumptions of ANOVA (normality, homoscedasticity and linearity). In 

addition, Principal Component Analysis (PCA) and Pearson Correlation were 

performed to investigate the associations between the elements and environmental 

parameters (Harrel Jr, 2022; Kassambara, Alboukadel Mundt, 2020; Lê and J & Husson, 2008; Wei 

and Simko, 2021). The tests were finally validated from the analysis of diagnostic graphs 

(Altman and Krzywinski, 2016). In all cases, an a priori type 1 error of 5% (α = 0.05) 

was assumed. Interpolated maps were made by Kriging in Arcgis 10.5 software. 

3. Results and Discussion 

3.1. Environmental parameters 

The physical-chemical parameters varied with distance to point 1 (Nascente) 

and also between seasons (Figure 2). Seasonally, pH, salinity, electrical conductivity 

and temperature were higher in the sampling campaign 1 (April) (Figure 2). The 

highest temperature values observed in the sampling campaign 1 are probably related 

to a greater inflow of warm water from the tributaries present in the drainage basin 

(Fatema et al., 2014). In addition, in tropical aquatic ecosystems, temperature has a 

proportional relationship with salinity, referring to the intensification of evaporation, 
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caused by the increase in temperature, which raises salinity levels (Fatema et al., 

2014; Wolanski, 1986). From the third point (Serinhaém), there is a gradient of increase 

in salinity and electrical conductivity in both sampling periods, due to the greater marine 

influence (Rathnayake et al., 2017; I. V. Telesh and Khlebovich, 2010). 

The SPM load was higher at estuarine points when compared to river points in 

both collections (Figure 2). SPM values ranged from 2.2 mg L-1 to 35.6 mg L-1 and 8.7 

mg L-1 to 21.5 mg L-1 in the wet and sampling campaign 2s, respectively. The higher 

SPM load observed at the estuarine points may be related to the resuspension of 

sediments caused by the entry of denser saline water, since the collection was carried 

out at high tide. In addition, the intense turbidity near the estuarine mouth can also 

intensify the process of resuspension of the surface layer of sediments (Suzumura, 

2004). When comparing the SPM concentrations of the two collections, a decrease in 

the values in the estuarine points is observed, being mainly related to the lower amount 

of rainfall in the sampling campaign 2, leading to a lower drag of particles from adjacent 

soils into the bodies of water (Dias et al., 2016). 

Spatially, DO values were always higher at river points when compared to 

estuarine points, probably related to different types of metabolism in these 

ecosystems. At river points, there is the presence of agricultural areas, which can 

intensify photosynthetic rates (Wang et al., 2003). At estuarine points, low DO 

concentrations may be related to mangrove metabolism, which is known to promote a 

high respiratory rate, decreasing DO concentrations (Mattone and Sheaves, 2017). 

Another factor that influences DO concentrations are high temperatures, which reduce 

DO solubility, leading to decreased DO concentrations (Caccia and Boyer, 2005).  

Seasonally, DO concentrations were higher in the sampling campaign 2 (Figure 

2) (p = 0,000032640), being mainly influenced by an increase in primary productivity, 

facilitated by the decrease in turbidity and increase in water transparency in periods 

with less rainfall and, with this, there is a greater range of luminosity in the water 

column, favoring greater photosynthetic activity (Almeida et al., 2007; Constantino et 

al., 2019). The lowest DO values were found at points 1 and 6 (Nascente and E3) (4.1 

mg L-1 and 4.7 mg L-1, respectively) of the sampling campaign 1. These low values can 

be explained by the greater input of effluents, from point sources, richer in organic 

matter, whose consequence is to increase the depletion of dissolved oxygen (O’Boyle 

et al., 2009; Radwan et al., 2003). In addition, environments with high temperatures 
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decrease the solubility of dissolved oxygen, as observed in these two sampling points 

(Bello et al., 2017). According to CONAMA resolution 357/2005, DO values must not 

be less than 6 mg L-1 for freshwater ecosystems. Thus, the water quality at these two 

points can be considered as low (CONAMA, 2005).  

Following the same direction, DOC concentrations showed the same trends as 

DO concentrations, with the highest values found in the sampling campaign 2 (p = 

0.00000208), and were lower than those found in other locations in Brazil, for example: 

Caeté River - PA (Dittmar et al., 2001) e Sepetiba Bay - RJ (Rezende et al., 2007). 

Seasonal differences occur due to increased dilution in periods of higher flow in the 

sampling campaign 1, which carries a greater proportion of river water poorer in DOC 

and a lower period of residence of the waters in the estuary (Ray et al., 2018). The 

spatial oscillations found in the concentrations between the river and estuarine points 

showed an increase in relation to the transect – River Source → Serinhaém River. 

According to CONAMA, DOC values for saline waters should be below 3 mg L-1 and, 

thus, the concentrations measured in the estuary of the Serinhaém River are within the 

recommended range (Figure 2) (CONAMA, 2005). 

The oscillations in DOC concentrations may be related to the proximity of the 

points to the mangrove, as this is more evident in the estuary. In addition, this behavior 

has already been observed by other authors in estuarine regions with the presence of 

mangroves (Bouillon et al., 2007; Dittmar et al., 2001; Ray et al., 2018; Romigh et al., 

2006). The increase in DOC in points close to the mangrove is probably due to its 

production from the mangrove vegetation, known to increase these concentrations 

from the production of humic substances and the leaching of sediments from these 

regions (Ray et al., 2018; Richard et al., 2000). Furthermore, this variation 

demonstrates that under these conditions, DOC entry is directly related to the 

metabolism of mangroves, which are known to export large amounts of DOC to 

adjacent oceans (Kristensen et al., 2008). 

For TN, the concentrations showed significant differences between sampling 

campaigns (p = 0.02713). The third point (Serinhaém) presented the highest 

concentration in the sampling campaign 1 (0.59 mg L-1). The seasonal differences 

observed in TN concentrations can be explained by the increased capture of this 

element in aquatic ecosystems, through photosynthetic assimilation by 

phytoplanktonic organisms (Damashek and Francis, 2018) and by the increase in 
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denitrification rates observed during the sampling campaign 1 (Alexander et al., 2009; 

Mulholland et al., 2008; Peterson et al., 2001). In addition to these, soil leaching and 

seasonal biochemical changes that occur in vegetation and through soil 

microorganisms associated with certain water sources, such as riparian zones and 

mangroves, are factors that influence TN concentrations (Arheimer et al., 1996; Burns 

et al., 2009; Holloway and Dahlgren, 2001; Molenat et al., 2008; Ocampo et al., 2006). 

3.2. Trace elements 

3.2.1 - Essentials trace elements 

The essential trace elements are those whose presents importance to 

physiological process, mostly in cells functioning, having a crucial role as cofactors or 

mediator of enzymes in biochemical processes and in the production of proteins and 

enzymes (Shayganfard, 2022).   

In this study, Fe (p = 0.4961), V (p = 0.000000195) and Cr (p = 

0.0000000000193) showed different behavior in the dissolved fraction of the water 

column with the higher concentration being found in the sampling campaign 2, unlike 

Zn (p = 0.0056) and Cu (p = 0.4279) that exhibit higher concentrations in the sampling 

campaign 1. Mn concentrations were high in sampling campaign 2 in almost every 

sampling point as the others elements, excepting the river points Nascente and 

Juliana. In the particulate fraction, all trace elements showed higher concentrations in 

the sampling campaign 1 (Figure 4). In this fraction, Al (p = 0.000000003), Ba (p = 

0.000001), Cr (p = 0.000004), Fe (p = 0.00001), Mn (p = 0.000001), Ti (p = 

0.000000004), V (p = 0.00065) and Zn (p = 0.00042) exhibited significant differences 

between the different collection campaigns. 

1. Iron (Fe) 

Iron plays a crucial role in metabolic processes (e.g. photosynthesis, electron 

transfer, nitrogen fixation, nitrate reduction) and is thus an essential element that 

regulates the growth of all organisms. The higher concentration of Fe in the dissolved 

fraction was observed in the sampling campaign 2, which may be related to a low 

dilution power of the river observed during the period of lower discharge (Saputro et 

al., 2014; Shiller and Boyle, 1987) (Figure 3). According to, (Laglera and van den Berg, 

2009) most of the dissolved iron in rivers is complexed with humic substances (humic 

acids and fulvic acids) and transported through them.  
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The lack of dissolved iron from E2 point in the sampling campaign 1 can be 

explained for the formation of precipitates, since salinity values were higher at this 

seasonal time (Figure 3). In estuaries, most of the Fe in the dissolved fraction usually 

precipitates and coagulated in brackish zones occasioned by high salinities, that 

neutralize surface charges on colloidal particles. Although this happens, some of the 

Fe in this fraction remains available to phytoplankton in the form of organic complexes 

(Gustafsson et al., 2000; Kendall et al., 2012; Krachler et al., 2010; Kranzler et al., 

2011; Morrissey and Bowler, 2012). 

The oceans are poor in Fe and therefore biological productivity is limited. The 

majority of Fe that is transported to the oceans from the continents is usually in the 

form of oxyhidroxides, that are known as more stable forms (Kappler et al., 2021; 

Kendall et al., 2012). The variability exhibit in the river points (Nascente, Juliana and 

Serinhaém) on the sampling campaign 2, can be related to the removal of the dissolved 

iron from the solution to the particulate form, by precipitated in oxyhydroxide forms 

(Figures 3 and 4) (Kappler et al., 2021). Besides that, the non-conservative behavior 

of dissolved iron in the estuaries are well documented, mostly in estuarine mixing 

(Boyle et al., 1974; Boyle et al., 1977; Mayer, 1982; Edward R. Sholkovitz, 1978). As 

expected, was observed a removal process of dissolved Fe to the particulate fraction, 

mostly in the sampling campaign 1, intermediated by high salinity (Sholkovitz, 1978) 

(Figures 3 and 4).  

Finally, Fe colloids originated from the fluvial waters suffers aggregations in the 

estuarine region due to interaction with cations as Mg2+ and Ca2+ from seawater. 

Furthermore, the distribution of dissolved Fe in estuaries suffers influences of the 

physical-chemical parameters and of adsorption and desorption process. A part of this 

dissolved iron is deposited in the sediments of the continental shelf, becoming 

unavailable (Raiswell, 2011). In the sampling campaign 2, the constant presence of 

iron was observed in both fractions (dissolved and particulate), probably related to the 

processes of removal (adsorption, flocculation, complexation and aggregation) and 

addition (desorption, dissolution and resuspension) of this element in the column of 

water, caused by the variation of physical-chemical parameters, as salinity, DOC and 

pH (Daneshvar, 2015). 
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1. Vanadium (V) 

Vanadium (V) plays an important role in various metabolic processes such as 

chlorophyll synthesis (Wilhelm and Wild, 1984), cell division (Meisch and 

Benzschawel, 1978) and cell motility and photosynthesis(Gilmour et al., 1985) . It is an 

essential element for prokaryote biochemistry (Schlesinger et al., 2017), macroalgae 

(Johnson et al., 2015; Wever et al., 1991) and other organisms (Wang and Sañudo 

Wilhelmy, 2009). In addition to being present in enzymes (Wever et al., 1991), and 

nitrogen fixation on plants (Bellenger et al., 2014; Darnajoux et al., 2017; Zhang et al., 

2016). Despite being essential for some organisms, V is toxic for humans and others 

organisms (Gummow, 2011; Schiffer and Liber, 2017).  

At this study V concentrations was higher in the sampling campaign 2 (Figures 

3 and 4) in both the dissolved and particulate fractions, probably related to low dilution 

power with the lower water discharge. The presence of V in the dissolved fraction at 

points in the river may be related to the types of rocks being weathering or the nature 

of the weathering process, oil combustion or pollution and could be related to inputs 

from reducing sources in the drainage area (Biwa and Sugiyama, 1989; Shiller, 1997; 

Shiller and Mao, 2000). 

The behavior of V in the estuaries are known to be conservative, but some 

studies point to a deviation of conservative during estuary mixing, caused by 

adsorption and desorption process with particulate matter and Fe and Mn 

oxyhydroxides (Dellwig et al., 2007; Joung and Shiller, 2016; Strady et al., 2009). V 

concentration in both fractions suffers process of removal in the estuary, since 

concentrations at some sampled points (E1 to E5) in the sampling campaign 1 was 

below detection limit, demonstrated biological uptake (Figures 3 and 4) (Shiller and 

Boyle, 1987). After point E5, the concentrations of V showed a desorption process in 

both seasons, caused by the increase in salinity, as observed by Strady et al., (2009) 

in Girond estuary, France. 

2. Chromium (Cr) 

Animals and plants need chromium (Cr) to carry out essential metabolic 

processes (e.g. glucose metabolism and cholesterol and fatty acid metabolism) 

(Richard and Bourg, 1991). In high levels, Cr becomes toxic and can cause serious 

disease as, lung cancer, skin ulcerations and nausea (Richard and Bourg, 1991; 

Saputro et al., 2014). Cr occurs naturally in rocks and sediments and its solubility in 
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water depends on the redox conditions (Gurumurthy et al., 2014; Saputro et al., 2014). 

The Cr concentrations observed in the dissolved fraction in the sampling campaign 1 

were lower than in the sampling campaign 2, due to changes in pH range. In the 

sampling campaign 1, the pH values were alkaline, while in the sampling campaign 2 

the values were neutral (Figures 3 and 4). Also, it is also related to the low dilution 

power of the rivers observed during the period of lower discharge (Saputro et al., 2014; 

Sherrell and Boyle, 1988). 

According to Richard and Bourg, (1991) Cr dissolved in alkaline pH undergoes 

precipitation, being removed from the dissolved fraction to the particulate fraction, 

although, some species of Cr can be oxidized by dissolved oxygen and manganese 

oxides. Furthermore, Saputro et al., (2014) observed a maximum rate of adsorption in 

pH range of 6 to 9, as seen in this study in the river points, with dissolved 

concentrations decreasing while concentrations in the particulate fraction increase 

(Figures 3 and 4). 

 The speciation of Cr in waters, especially redox reactions, is highly 

dependent of pH (Gorny et al., 2016), dissolved oxygen (Goring-Harford et al., 2020), 

particulate organic matter (Wittbrodt and Palmer, 1997), phytoplankton (Semeniuk et 

al., 2016) and the concentrations of Fe and Mn (Gorny et al., 2016). According to 

Campbell and Yeats, (1984) constant dissociated Cr concentrations in the St. 

Lawrence estuary (Canadá) as was seen in this study, and a decrease in concentration 

caused by turbidity maximum zone together with an increase in the concentrations of 

SPM and salinity as seen in point E7 (Figures 3 and 4). 

The increases in Cr concentrations in the particulate fraction in the estuary 

(Figures 3 and 4) could be related to removal from dissolved fraction by phytoplankton 

activities, also plankton and organic matter can influence the presence and reduction 

of Cr forms in SPM. Moreover, Cr concentrations in SPM are also be related to 

anthropogenic disturbances and natural processes (Forero López et al., 2021). 

3. Zinc (Zn) 

 Zinc (Zn) is an essential element for being part of a variety of 

metalloenzymes in organisms and is a cofactor in enzymes as carbonic anhydrase, 

responsible for regulating the activity of specific zinc-dependent enzymes involved in 

crustaceans ecdysis (Gerpe et al., 2002). Zn concentrations are mostly related to the 
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erosion of the rocks in the drainage area, as observed in this study in which the highest 

concentrations were found in the fluvial area, mainly in the sampling campaign 1 

(Elderfield et al., 1979). In more alkaline waters Zn suffers removal from precipitation 

or sorption reactions, corroborating the highest concentrations observed in the estuary 

in the particulate fraction (Figures 3 and 4) (Elderfield et al., 1979).   

 According to some authors, the behavior of Zn in the estuaries is 

conservatively during much of the estuarine mixing process (Chiffoleau et al., 1994a; 

Elderfield et al., 1979). However, studies point to a reactivity of Zn, related to the 

association with Fe and Mn in estuaries, demonstrating the occurrence of removal of 

this element from the dissolved fraction to the particulate, as observed in our results. 

In addition, the increase in Zn concentrations in the particulate fraction is indicated by 

several studies to occur due to the resuspension of surface sediments (Chiffoleau et 

al., 1994a; V Hatje et al., 2003). Thus, the increase in Zn concentrations, observed in 

the sampling campaign 1, may be related to the higher concentrations of SPM.  

In addition, Zn may undergo desorption processes from suspended particles in 

saline environments, caused by the increase in inorganic complexation with marine 

anions (Cl-) and by the increase in the charge of particles in the water column, due to 

events of resuspension of sediments caused by higher river discharges in times of high 

water and also by tides (Ackroyd et al., 1986; Araújo et al., 2019; Pearson et al., 2017; 

Schäfer et al., 2009). Elements such as Zn and Cu are generally related to freshwater 

environments, as they undergo complexation when in the presence of ligands (organic 

matter and chlorides) that have the ability to complex these two divalent cations 

(Luoma and Davis, 1983). 

4. Cooper (Cu) 

Copper (Cu) is an element capable of changing its oxidation states, which 

makes it relevant for eukaryotic cells, because it is able to act as an electron donor or 

acceptor (Cruces-Sande et al., 2019; Stern, 2010). Like other essential elements, Cu 

acts as a cofactor for important enzymes and as a structural component of various 

proteins (Cruces-Sande et al., 2019). However, at high concentrations, Cu has the 

potential to interact with hydrogen peroxides and form reactive and unstable radicals, 

which cause negative effects on macromolecules (Cruces-Sande et al., 2019; Montes 

et al., 2014). 
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Cu is extremely toxic to aquatic organisms and, therefore, its release in the river 

systems is a concern (Apte, 2008; Lee et al., 2010). Cu speciation depends mainly on 

physical-chemical properties of the water, leading to Cu complexation on inorganic 

ligands or organic ligands (Waeles et al., 2005). The concentrations of Cu in the 

dissolved fraction were higher in the sampling campaign 1, mostly in the river points, 

that exhibit the higher concentrations in both seasons. Cu is generally related to 

effluent releases, surface runoff and atmospheric deposition. Therefore, a greater 

concentration of it is expected at the time of greater fluvial discharge and precipitation, 

as observed in this study (Wang et al., 2012; Zhang et al., 2014) (Figures 3 and 4). 

In the estuary, Cu concentrations in the dissolved fraction were constant in 

several points (E1 to E4), showing a peak from point E5 to E9, in both seasons. The 

increase in Cu concentrations from point E5 to E9 could be related to release by 

phytoplankton, resuspension of sediments and desorption from suspended particles 

caused by salinity (Waeles et al., 2005). According to several authors, Cu behavior 

varies depending on the estuary. (Boyle et al., 1982), observed a conservatively 

behavior of Cu in the mixing zone of Amazon Estuary. Release behavior from 

suspended particles was seen in southeastern of U.S. estuaries by Windom et al, 1983, 

and a removal from solution in the estuaries of Rhine and San Francisco by Duinker 

and Nolting, (1976) and Eaton, (1979). 

Unlike Monbet, (2004), who studied the seasonal behavior of Cu in the Morlaix 

river estuary in Brittany (FRA) no strong seasonal variation of Cu was observed in the 

Serinhaém river estuary (BA). Particulate Cu concentrations was not observed in this 

study in any season, probably caused by an increase in desorption process. According 

to Monbet, (2004), the particulate Cu concentration in the estuary is controlled by 

desorption and adsorption process complexation in organic ligands, can also be the 

cause of the lack of Cu in the particulate, since this element has a great complexation 

capacity (van den Berg et al., 1987). 

5. Manganese (Mn) 

Manganese (Mn) is an importante trace element in aquatic ecosystem and in 

organisms. In humans Mn is responsible for various process, as syntheses and 

activation of enzymes, metabolism of glucose and lipids, improve of immune system 

and others (Li and Yang, 2018). In aquatic ecosystems Mn is highly biogeochemically 

active, responds to changes in environmental conditions quickly, undergoing transfer 
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between the fractions of the water column and the sediment (Evans et al., 1977). 

Concentrations of Mn in the dissolved fraction were higher in the river points in both 

seasons. The control of Mn concentrations in this fraction is related to reductive 

processes, which may be biologically mediated or photochemically induced processes. 

In addition, Mn concentrations can also be controlled by physical-chemical parameters, 

mainly by pH, which can lead to desorption and adsorption processes. Bourg et al., 

(2000) observed the same trend in dissolved Mn concentrations in the Lot River in 

southwestern France. The author observed that as the pH increased, Mn 

concentrations decreased, as seen in this study at river points, during the sampling 

campaign 2. Also, the behavior Mn in river points, can be explained by the formation 

of oxides and hydroxides, since the soils in this region have high concentrations of 

these compounds (Complementary Material 1) (Gurumurthy et al., 2014; 

Mascarenhas, 2018) . 

 In the particulate fraction, Mn concentrations were higher in the sampling 

campaign 2 when compared to the sampling campaign 1 in the river points. Mn exhibits 

a non-conservative behavior, the lower salinity observed in the sampling campaign 2 

in the initial points of the estuary (E1, E2 and E3) does not leads to a removal process 

of these element from the dissolved fraction to the particulate as expected. Instead, 

we observed high concentrations of these element on those points  (Morris et al., 1982; 

Yan et al., 1990). Sediments can be a source of Mn to the water column, if reducing 

conditions occur, the manganese oxides, present in the particles, undergo reduction 

and release the soluble ion Mn2+ (Evans et al., 1977; Klinkhammer and Mcmanus, 

2001). Also, in the initial points of the estuary (E1 to E4) a desorption process seems 

to occur, with the concentration in the particulate concentration decreasing and the 

concentration in the dissolved fraction increasing, contrary to what happens from point 

E5, where an adsorption process seems to occur, since the opposite process succeeds 

(Yang and Sañudo-Wilhelmy, 1998). The Mn removed from suspended particles 

through exchanges with the cations present in seawater (Mg+2, Ca+2, Na+) (Wilke and 

Dayal, 1982). 

3.2.2 Non-Essentials trace elements 
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6. Lead (Pb) 

Non-essentials trace elements have no recognized role in organisms and even 

in lower concentrations are toxic (Lockitch, 1993; Papanikolaou et al., 2005). Lead (Pb) 

is a toxic persistent trace element in environment and their concentrations can 

progressively increase in water, sediments and biological tissues (Fernández Severini 

et al., 2011). The bioavailability of Pb is controlled mainly by pH decrease (Stouthart 

et al., 1994) and its main to the aquatic environment are related to anthropogenic 

activities, such as industrial emissions (Monbet, 2006). 

Pb concentrations were higher in the sampling campaign 2 and were related to 

DOC (Complementary Material 1). According to Samani et al., (2014), there is a 

relationship between Pb, DOC and salinity, that promotes flocculation, explaining the 

decrease in concentrations of this element in the sampling campaign 1, which despite 

having the highest salinities exhibited lower DOC values than the seen in the sampling 

campaign 2. The elements in the dissolved fraction that present a positive relationship 

with DOC (Al, Cr, Pb and V), demonstrate a probable connection with the complexation 

of organic compounds (Complementary Material 1) (Gurumurthy et al., 2014). In 

addition, some authors discuss the role of DOC in flocculation processes in estuarine 

environments along with salinity, DO, and electrical conductivity (Chenar et al., 2013; 

Samani et al., 2014). 

Many estuaries in the world have Pb concentrations above what is considered 

acceptable and these ecosystems are considered polluted. In contrast to this, the 

Serinhaém River estuary has concentrations in the dissolved fraction below acceptable 

levels by Brazilian legislation and no concentration in the particulate fraction (Fianko 

et al., 2007; Monbet, 2006; Udechukwu et al., 2015; Yan et al., 2020).  

7. Aluminum (Al) 

 Aluminum (Al) is a non-essential trace element for organisms, however, 

is the third most abundant element in the Earth’s crust (Jones and Ryan, 2016). 

Despite that, Al accumulates in humans and animal organisms, but without any role in 

metabolism (Exley, 2003). Al in plants exhibit toxicity for roots growth, becoming a 

challenge for farmers, since at low pH values mineral dissolution in soils increase and 

Al becomes soluble (Jones and Ryan, 2016). Human recent studies point to Al toxicity 

in the central nervous system, causing neurotoxicity and possibly inducing neurological 

disorders, such as dementia and cognitive impairment (Alasfar and Isaifan, 2021; 
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Exley and House, 2011; Niu, 2018). In the natural environment, Al is release from 

weathering of rocks in soils to aquatic ecosystems (Bezak-Mazur et al., 2001). The 

anthropic sources of Al are related to industrial and mineral activities (Botté et al., 

2022). Al concentrations in the dissolved fraction were higher in the sampling 

campaign 2, mostly in river points, probably relates to the weathering of rocks in the 

drainage area and to the low power of dilution of the river (Rotteveel and Sterling, 

2020) (Rotteveel and Sterling, 2019; Botté et al., 2022). According to studies, Al in 

alkaline environments is found in anionic forms, in neutral Al occurs in the form of 

inactive aluminum hydroxide and in acidic environments in cationic forms season 

(Igbokwe et al., 2020; Krupińska, 2020). In this study, Al probably was found in the 

form of aluminum hydroxide in the sampling campaign 2 and in anionic forms in the 

rainy (Figures 3 and 4). In the particulate fraction, Al concentrations vary according to 

point sample, but despite that, the higher concentrations are found mainly in the river 

points (Figures 3 and 4). Senze et al., (2021) observed that the highest concentrations 

of Al were related to the highest surface runoff, which occurred after the season with 

the highest river discharge caused by the rains. 

 In the estuary, Al behaves non-conservatively depending on pH and 

salinity (Hydes’ and Liss, 1977; Upadhyay, 2008), and it sources are mainly related to 

resuspension of the sediments, fluvial input and effluent discharges (Takayanagi and 

Gobeil, 2000; Wang et al., 2013; Zhou et al., 2018). The variation observed in the 

particulate fraction are related to the resuspension of the sediments, at the points 

where there is addition of Al in the solution and removal by biological uptake at the 

points where there is a decrease in concentrations (Brown and Bruland, 2009; Hydes’ 

and Liss, 1977; Mackin and Aller, 1984). According to Wei-Wang et al., 2015, the 

process of Al adsorption to the dissolved fraction is influenced by high turbidity and 

salinity, which may lead to an increase in its removal from this fraction. Despite that, 

the high removals by salinity-induced flocculation and adsorption to SPM, observed by 

the author in the Huanghe Estuary in China, was not observed in this study 

8. Cadmium (Cd)  

 Cadmium (Cd) presents toxicity to plant growth, can cause the formation 

of reaction oxygen species in the human organism (Benavides et al., 2005), renal 

damage (Rani et al., 2014), problems in the cardiovascular system (Fagerberg et al., 

2012) and others, being so a non-essential trace element. Sources of Cd are related 



 

110 
 

to anthropogenic activities such as industries, domestic effluent and atmospheric 

deposition, it has a high solubility in water and a high toxicity for organisms (Benavides 

et al., 2005; Pinto et al., 2004). 

 The concentration of in the dissolved fraction were higher in the sampling 

campaign 1 of the Serinhaém Estuary, probably related to the increase in discharge in 

this season (Audry et al., 2004). Also, the higher concentrations were found in the river 

points, possible related to the input from agricultural activities present in this region 

(Monbet, 2004). Bourg et al., (2000) observed a inversely relation between Cd and pH 

and high concentrations of Cd in the sampling campaign 2, related to an increase in 

runoff in the Lot River in France, these trends were not observed in this study. Metzger 

et al., (2007) studied the dynamics of Cd dissolved in the Lagoon of Thau in the south 

of France. The authors noted that sediments can act as a sink for particulate Cd from 

the water column. This process probably occurred at river points in the study area, 

explaining the lack of Cd concentrations in the particulate fraction in this study. 

Cd concentrations were not observed in the particulate fraction (Figures 3 and 

4). Cd in estuaries behavior mostly non-conservatively with addition and removal 

process to the solution (Waeles et al., 2008). The lack of Cd concentrations in this 

fraction could be related to release of Cd from clay surfaces in the estuaries caused 

by higher ionic strength, formation of metal sulfides (Hao et al., 2020) and also Cd can 

be adsorbed in Fe- and Mn oxides and undergo deposition in sediments (Turner et al., 

2008; Wen et al., 2008). Particulate Cd in the Serinhaém Estuary probably was 

adsorbed in Fe- Mn oxides and immobilized in the estuary induced by salinity (Turner 

et al., 2008).  

Also, according to Waeles et al., (2004), Cd can be rapidly be desorbed from 

particles and be remobilized in the water column. Moreover, as it is an extremely active 

element during estuarine mixing, Cd is most often released from the particulate fraction 

and/or the colloidal phase (Dai Ap’ et al., 1995; Guieu et al., 1998). Finally, Cd in the 

dissolved fraction can be absorbed by filtering organisms, such as oysters, since 

according to some studies the main source of Cd for these organisms is the dissolved 

fraction, and is thus removed from the water column (Denton and Burdon-Jones, 1981; 

Frazier’, n.d.; Lekhi et al., 2008). 
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9. Barium (Ba) 

Barium (Ba) sources to aquatic environmental are the weathering of rocks and 

minerals and from anthropogenic releases. Ba is a non-essential element, very toxic 

to animals, humans and plants and its toxicity depends on their solubility. On humans 

Ba free ions are absorbed by the lung or the gastrointestinal tract, and can cause renal 

intoxication, hypertension and cardiac malfunction (Bhoelan et al., 2014; Kravchenko 

et al., 2014; Oskarsson, 2015). In plants Ba can inhibit potassium uptake, 

photosynthetic activity and plant growth (Raghu, 2001; Sleimi et al., 2021). 

In the river points, Ba concentrations in the dissolved fraction were in the 

sampling campaign 1, unlike the estuarine points whose highest concentrations were 

in the sampling campaign 2 (Figures 3 and 4). In the particulate fraction, concentrations 

varied according to the sample points in both seasons (Figures 3 and 4). In the 

Ganges-Brahmaputra River, India, Moore, (1997), observed high concentrations of Ba 

in the dissolved fraction occurring in the low discharge season in the mixing zone of 

the river, related to desorption of Ba from the sediments, contrary to this study. The 

concentrations of Ba may be associated with the presence of barite ore in the soils of 

this region and in the Camamu Bay, to which the Serinhaém estuary belongs, which 

can lead to high concentrations of this element in the water column due to higher drag 

of particles enriched by this element from adjacent soils in rainy periods (Carneiro et 

al., 2021; de Oliveira et al., 2009; Hatje et al., 2008).  

In the estuary points, Ba concentrations in the dissolved fraction was higher in 

the sampling campaign 2, showing that the desorption expected induced by salinity it 

is not the main process responsible for the variation in Ba concentrations in the estuary 

of the Serinhaém River (Coffey et al., 1997). The behavior observed usually for barium 

in estuaries is non-conservative, with desorption from clays, however, the behavior 

depends on seasonality (Jeffrey S Hanor and Chan, 1977; Joung and Shiller, 2014). 

The distribution of Ba in this ecosystem could be affect by other process, as such, 

seasonal productivity-related depletion and removal by co-precipitation in Fe 

oxyhydroxides with subsequent flocculation (Coffey et al., 1997a; Guay and Kenison 

Falkner, 1998; Hilmar A Stecher and Kogut, 1999). Also, benthic inputs are extremely 

important in the distribution of Ba in the estuaries, by dissolution of marine barite or 

from desorption of the river sediments deposited in high discharge on mangroves 

(Carroll et al., 1993; Colbert and McManus, 2005; Dehairs et al., 1980; Falkner et al., 

1993 
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The concentrations in the dissolved fraction in the sampling campaign 2, could 

be related to a kinetic/hydrodynamic mechanism. According to (Dion, 1983), at low 

discharge the suspended particle has the ability to be transported across the salinity 

gradient for greater distances until it has caused desorption, resulting in a greater 

maximum desorption gradient. This fact can explain the higher concentrations of 

dissolved Ba in estuarine points at sampling campaign 2 in the Serinhaém estuary 

(Figures 3 and 4). The variation observed in the particulate fraction of Ba in the estuary 

is related to sedimentation occurring in the mixture of river water with saltwater and to 

the desorption process of Ba (Bridgestock et al., 2021; Colbert and McManus, 2005). 

Most of the trace elements present in suspended particles can be released 

through degradation of organic matter and/or diagenesis of Fe and Mn 

oxides/hydroxides at times of low flow (Duan et al., 2019; Thibault de Chanvalon et al., 

2016). These compounds are also crucial components in the removal of trace elements 

from the dissolved fraction of the water column to the particulate fraction, through the 

sorption processes of transition metals (Turner et al., 2004; Young and Harvey, 1992). 

The distribution coefficient (Kd) is widely used to describe the affinity of trace 

elements between particulate and dissolved phases (Table S9). The common 

calculation used is: Kd (L/Kg) = trace element concentration in the particulate fraction 

(mg/kg) / trace element concentration in the dissolved fraction (mg/L) (Boyer et al., 

2018; Chiffoleau et al., 1994; Tomczak et al., 2019). Kd was calculated for each 

element in both collections and in each ecosystem. For the river points in the sampling 

campaign 1, the distribution was Al>Cr>Fe>V>Mn>Ba>Zn and in the sampling 

campaign 2 Al>Fe>Zn>Cr>V>Mn>Ba. The estuarine points exhibited the follow 

distribution, rainy: Fe>Al>Mn>Cr>Ba>Zn>V and dry: Fe>Al>Zn>Mn>Cr>Ba>V.  

The distribution of estuarine points followed that observed in other studies 

according to the increase in the saline gradient (V. Hatje et al., 2003b; Koukina et al., 

2021). The Kd of the river points evidenced the formation processes of Fe and Mn 

oxides in the MPS, in the complexation by the organic matter and in the formation of 

colloids from the variation of the environmental parameters (Barreto et al., 2011; 

Veselyâ et al., n.d.). 

Al, Zn, V and Cr exhibited the highest Kd values in the sampling campaign 1, 

corroborating the greater affinity of the elements for the particulate fraction during the 

period of greater river discharge (Benoit and Rozan, 1999; Prabakaran et al., 2020; 
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Salomão et al., 2001). Fe and Mn showed the highest Kd values in the river points for 

the sampling campaign 2 and in the estuarine points in the sampling campaign 1. This 

behavior during the period of lower river flow, indicates a greater formation of Fe and 

Mn oxyhydroxides in this region, since the behavior observed in the estuarine points is 

related to the greater transport of particles in the period of greater precipitation and 

river discharge (Benoit and Rozan, 1999; Duc et al., 2013).  

Ba exhibited a higher Kd at river points and lower at estuarine points during the 

sampling campaign 1, a behavior explained by the desorption processes that Ba 

undergoes with the increase in salinity in estuarine environments, being removed from 

the particulate fraction to the dissolved fraction (Coffey et al., 1997a). This behavior is 

corroborated by the fact that the Kd of Ba at the estuarine points is higher in the 

sampling campaign 2, when the salinity is lower, than in the flood season. 

3.3. Relationship between physical-chemical parameters and trace elements 

 

The data matrix used in the PCA (Figure 5) was composed of 25 variables and 

24 observations. In this study, only the first three principal components (PCs) were 

considered to describe 81.51% of the total variance of the data in the PCA. In total, 

44.49% of the total variance of the data was explained by PC1, 29.71% by PC2 and 

7.31% by PC3. Only the first two PCs are shown, whose data variance was 74.20%.  

The PCA performed between the concentrations of trace elements and the 

physical-chemical parameters showed a separation between the two components, 

PC1 related to the physical-chemical parameters and PC2 related to the different 

sources.  The PCA shows that the river points varied between seasons with a direct 

relation to the behavior of the trace elements in those periods, while the estuarine 

points were more influenced by the physical-chemical parameters (Figure 5). Al, Cr, 

Pb and V in the dissolved fraction and the DO and DOC correlated among themselves, 

and also with the campaign of the sampling campaign 2 (all elements presented values 

of p < 0.05, except Pb x V (p = 0.16), and positive correlations above 42%) (Tables S6 

and SY). Cu and Cd in the dissolved fraction, all trace elements found in the particulate 

fraction of the water column and all environmental parameter, except DOC and DO, 

were related to the sampling campaign 1 campaign (all with p values < 0.05, except 

Zn x Cu (dissolved); TN x Zn (particulate) and TN x Cr (particulate), and positive 
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correlations above 40%, except for Cd and Pb, which showed inverse correlations) 

(Tables S6 and S7). 

 The behavior of trace elements largely depends on the source of these 

elements and on what parameters govern their speciation across aquatic ecosystems. 

the fact that river points vary between seasons according to the behavior of trace 

elements corroborates this. The trace elements that presented greater relationships 

with the sampling campaign 2 and the river points, demonstrate that their sources are 

related to the erosion of the rocks of the drainage basin, anthropic emissions and are 

elements, whose speciation is influenced by the variation of DOC, pH and redox 

conditions (Botté et al., 2022; Monbet, 2006; Shiller and Mao, 2000; Stouthart et al., 

1994). All these factors were correlated with each other according to the PCA (Figure 

5, Tables S6 and S7). 

The relationship observed between the physicochemical parameters and the 

estuarine points was expected, due to the formation of the saline gradient when salt 

water mixes with river water (Telesh and Khlebovich, 2010). The formation of this 

gradient is known to influence the conservative or non-conservative behavior of trace 

elements within estuarine ecosystems and which processes they are more likely to 

undergo (addition or removal) (de Souza Machado et al., 2016). Consequently, this 

gradient directly influences the speciation and transport of most trace elements within 

estuaries (de Souza Machado et al., 2016; Millward, 1995). 

Salinity and SPM load were correlated with each other, this is explained by the 

increase in flocculation caused by the increase in salinity, which leads to a change in 

hydrodynamic conditions and an increase in ionic strength (Thill et al., 2001). In 

addition, the entry of saline water, with different density from the river water, promotes 

the occurrence of zones of maximum turbidity, due to the resuspension of surface 

sediments (Eisma, 1986; Jiang et al., 2013). Suspended particles generally have a 

negatively charged surface and the change in ionic strength leads to a reduction in the 

repulsion existing between the particles. These, which when in contact with the salts 

in suspension, usually positive, brought by the entrance of sea water (Na+, Mg+2), form 

larger flocs (salt-induced flocculation) (Eisma, 1986). In addition to generating more 

particles, this phenomenon is also known to cause an increase in their deposition near 

the mouths of rivers (Thill et al., 2001). 
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The correlation between the trace elements in the particulate fraction and the 

SPM load with the campaign of the sampling campaign 1 was expected due to the 

higher amount of rainfall and river flow in this period. In addition, SPM is the major 

carrier of trace elements along aquatic ecosystems. Elements bind to SPM through a 

variety of processes (e.g., flocculation, adsorption, complexation) and can be 

transported over long distances to the oceans (Eckert and Sholkovitz, 1976). Also, they 

can also be inserted into the food chain through ingestion by the biota (Kolarova and 

Napiórkowski, 2021) and, finally, they can suffer deposition in surface sediments, 

contaminating this other compartment (Thill et al., 2001). 

PCA also shows that there is a direct relationship between the concentrations 

of Ba, Fe and Mn in the dissolved fraction, which is probably related to the 

oxides/hydroxides of Fe and Mn. The Fe and Mn flocculation processes that occur in 

the first portions of the estuaries, whose salinity is low, provide a favorable surface for 

the reversible adsorption of Ba, which, when in contact with salinities ≥ 24 and with 

concentrations of Mg+2 and Ca2+ undergo desorption (Samanta and Dalai, 2016; Hilmar 

A. Stecher and Kogut, 1999). On the other hand, as observed in PCA, the correlation 

of Fe with Ba and Mn is weak and did not present significant p values (r2 = 0.45 and 

0.39; p = 0.06 and 0.12, respectively).  

In the estuary of the Serinhaém River, the Ba was probably removed from Mn 

oxides/hydroxides, since these two elements showed a significant correlation above 

50% (r2 = 0.62; p = 0.001). Some studies point to the relationship between these two 

compounds and the removal of Ba in estuaries (Coffey et al., 1997b; Samanta and 

Dalai, 2016). When analyzing the Hooghly estuary (India), Samanta e Dalai, (2016) 

also observed a positive correlation between Ba and Mn which, according to the 

authors, points to the probable cycling of Ba with the oxides/hydroxides of Fe and Mn. 

3.4. Export of trace elements to the Atlantic Ocean 

3.4.1. Export via dissolved flux 

The flow of trace elements in the dissolved fraction (mg s-1) is illustrated in 

Figures 6 and 7. Seasonally, all elements analyzed exhibited a similar behavior in both 

campaigns, except Al, which presented a flux present throughout the transect in the 

sampling campaign 1 and the highest flux values in the final portion estuary in the 

sampling campaign 2 (Figure 6). Cr, Pb and V presented higher flow values from the 



 

116 
 

middle portion of the estuary towards the Atlantic Ocean, while Ba, Cd, Cu, Mn, Fe and 

Zn presented flows very close to the minimum values shown on the scale. 

During the sampling campaign 1 90.87% of the dissolved Al load is of estuarine 

origin, and 9.13% of fluvial origin. In the sampling campaign 2, however, the 

discrepancy between loads decreases, 30.36% of the Al load is of river origin and 

69.64% of estuarine origin. This behavior is observed in Figures 6 and 7 and in Table 

S8. in the dissolved Al fluxes at river points during the sampling campaign 1 were 

related to rock erosion, mainly at the Nascent point. From the Serinhaém point, fluxes 

exhibited an increase, showing an export of dissolved Al to the Atlantic Ocean. Al 

suffers influences from pH and salinity, probably this element underwent processes of 

desorption of particles, corroborated by the decrease in particulate concentrations 

(Figures 3 and 4) (Wang et al., 2016).  

In the sampling campaign 2, Al fluxes in the river points is probably related to 

rock erosion. Contrary to the sampling campaign 1, in the sampling campaign 2, there 

was probably a greater absorption of Al by the biota, thus reducing the export of this 

element to the Atlantic Ocean, consequently, decreasing the estuarine source of the 

dissolved Al load (Chou and Wollast, 1997; Stoffyn and Mackenzie, 1982) (Figure 6).  

Dissolved Ba loads during the sampling campaign 1 showed a fluvial origin of 

40% and 60% of estuarine origin, evidenced by the flow distribution shown in Figure 6 

and table S8, whose dissolved Ba flow presents a higher concentration in the initial 

portion of the estuary. This Ba load is probably related to the desorption of the rocks 

of the local geology, the Pratigi APA, presents barite in the composition of the rocks of 

the basin (Carneiro et al., 2021). Dissolved Ba loads during the sampling campaign 2 

presented the highest percentage from the estuary (29.05% and 70.95%, respectively). 

The low flow of the rivers leads to a greater inflow of saline water, explaining the high 

concentration of dissolved Ba flows in the initial portions of the estuary at this time, in 

the same way as observed during the sampling campaign 1. An increase in the 

concentrations of dissolved Ba is expected from the removal processes, which 

occurred in the particles of fluvial origin, induced by the increase in salinity caused by 

the entry of saline water. 

 Most of the Ba found in coastal waters comes from this source (Shaw et al., 

1998). Colbert and McManus, (2005), when studying the estuary of Tillamook Bay, 

USA, observed that Ba flows are directly related to the increase in river flow, and that 
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the greatest Ba exportation occurs during the period of greatest flow. In addition, the 

authors found that most of the particles exported during this period are reduced by 

sedimentation, reducing the amount of Ba exported to the adjacent ocean. The same 

trends were observed for the Serinhaém River estuary in relation to the Ba flow.  Gou 

et al., (2020), observed the same trend for flows from Ba into the Yellow River, China, 

with most of the export taking place at the time of greatest discharge.  

Dissolved Mn flux showed mineral loads of fluvial origin during the sampling 

campaign 1 (78.09% and 21.91%, respectively) and a decrease in the load distribution 

during the sampling campaign 2 (54.59% and 45.41%, respectively) (Table S8). The 

higher fluvial contribution observed during the sampling campaign 1 in the dissolved 

flows of Mn, is related to the formation of particles of oxyhydroxides of Mn and to the 

greater transport in this way associated with the particles in suspension, as observed 

in figure 7, whose concentration of the flow of Mn is higher at the beginning of the 

estuary (Gurumurthy et al., 2014). Fluvial loads are related to the resuspension of 

fluvial sediments, resulting in the mobilization of Mn present in the interstitial water of 

the sediments (Figure 7 and Table S2) (Chiffoleau et al., 1994; Yeats, 1993). In 

addition, Mn oxides are more susceptible to solubilization from natural factors such as 

luminosity, pH, surface reactivity and organic matter (Briant et al., 2021). The decrease 

in fluvial contribution during the sampling campaign 2 is related to the removal and 

addition processes that occur with dissolved Mn in the estuarine ecosystem with the 

variation of physical-chemical parameters and salinity (Bourg et al., 2000). Despite the 

decrease in fluvial contributions, the highest fluxes of dissolved Mn in the sampling 

campaign 2 are observed in the initial points of the estuary, related to sediment 

resuspension and showing a retention of this dissolved element in the estuary (Figure 

7). 

Dissolved Cd loads were mostly of estuarine origin in both collection seasons 

(wet: 34.49% and 65.51%; dry: 25.45% and 74.55%, respectively) (Figure 6, Table 

S3, Table S8). Higher flux values of this element with salinity ≥ 22 in periods of high 

flow are attributed to the desorption process of this element that, previously, was 

adsorbed to the surface of suspended particles, caused in the mixing zone, due to the 

complexation of free Cd+2 ions in solution by Cl- ions from seawater, concomitantly 

increasing the ionic strength (Comans and van Dijk, 1988; Shiller and Boyle, 1991).  
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The labile Cd forms are generally formed with salinity values between 0 and 12, 

suffering a decrease in Cd concentrations with increasing salinity (Waeles et al., 

2004b). This corroborates the behavior observed in the Cd flow in the Serinhaém river 

estuary, in which there are no concentrations of this element with salinity values 

between 5 and 15, however, there is an increase in concentrations when salinity values 

exceed 22. In addition, the increase in Cd concentrations in these two parts of the 

estuary may also be associated with resuspension of the sediment, since the 

suspended particles are known to exchange among themselves when influenced by 

the mixing of water caused by the tides (Allen et al., 1977; Kraepiel et al., 1997). 

Dissolved Cr fluxes showed higher estuarine loads than those of fluvial origin in 

both seasons (rainy: 26.86% and 73.14%; dry: 32.85% and 67.15%) (Table S8). The 

dissolved Cr flux exhibits higher values at the initial points of the estuary, indicating a 

possible retention of this element in this environment (Figure 6). Cr speciation is 

influenced by redox conditions and mainly by pH, but also by phytoplankton, particulate 

organic matter and salinity, these factors caused this difference in load distribution, 

due to the variation that occurs in these factors when there is a mixture of river and 

saline waters, leading to desorption processes (Campbell and Yeats, 1984; Gorny et 

al., 2016). 

Dissolved Cu flux exhibited a higher load distribution for river points (54.37%) 

during the sampling campaign 1, related to effluent discharge and surface runoff, due 

to the proximity of these points to urban and agricultural areas (Wang et al., 2012; 

Zhang et al., 2014) (Table S8). During the sampling campaign 2, the distribution of Cu 

flux loads showed a source inversion, with estuarine loads being higher than fluvial 

loads (56.48%) (Table S8). This fact occurs due to the release of Cu by resuspension 

of sediments, phytoplankton and also by desorption of particles in suspension with the 

increase in salinity, corroborated by figure 6, which shows an increasing Cu flux along 

the estuary with increasing salinity (Waeles et al., 2005).  

In both collection stations the flow of dissolved Fe presented a greater load, 

coming from fluvial origin (rainy: 99.07% and 0.93%; dry: 95.14% and 4.86%) (Table 

S8). Dissolved Fe of fluvial origin comes from complexes of humic substances and in 

the form of Fe oxides and hydroxides and is transported along rivers. This transport is 

evident in the sampling campaign 1, whose Fe flow exhibits a similar flow gradient 

along the entire estuary until it reaches the Atlantic Ocean (Figure 7). Part of this Fe is 
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immobilized in estuarine sediments and is not transported to the Ocean (Kappler et al., 

2021; Laglera and van den Berg, 2009; Raiswell, 2011). This immobilization is clear in 

the Fe fluxes during the sampling campaign 2, whose concentration occurs in different 

ways along the estuary, with points showing low Fe fluxes (Figure 7). 

At the two collection seasons, only Pb concentrations were observed in the 

dissolved fraction and in the estuarine points. When evaluating the flow and origin of 

the Pb loads, a majority origin was observed for the estuarine points (rainy: 6.37% and 

93.63%; dry: 0 and 100%) (Table S8). Pb has a tendency to associate with Fe and Mn 

oxides, therefore, the presence of this element in estuarine points is due to the 

desorption of these oxides with the consequent release of this element in estuarine 

waters (Abdel-Moati, 1990). Furthermore, sediments resuspension is also a source of 

this element to the water column. Also, the concentration of Pb dissolved in the initial 

points of the estuary in the sampling campaign 1 may be related to the discharge of 

effluents, due to the proximity of these points to urbanized areas (Figure 7, Table S2). 

Dissolved V fluxes showed a majority distribution of loads of estuarine origin (rainy: 

24.17% and 75.83%; dry: 25.53% and 74.47%) in the two collection campaigns, 

indicating an increase in dissolved V from the desorption processes caused by the 

salinity (Shiller and Boyle, 1987; Strady et al., 2009) (Table S8). Dissolved V fluxes 

show a clear export of this element to the Atlantic Ocean in both campaigns with the 

increase of salinity gradient (Figure 7, Table S2). Dissolved Zn fluxes exhibit a fluvial 

contribution (70.22% and 29.73%) in the sampling campaign 1, with the highest 

dissolved fluxes being presented in the initial portion of the estuary (Figure 6, Table 

S8). In contrast to the sampling campaign 2, in which the highest flows were shown 

from the middle portion of the estuary, thus presenting a greater estuarine contribution 

(31,885 and 68.12%) (Figure 6, Table S8). The highest fluvial contributions in the 

sampling campaign 1 are related to Zn sources, which are geological, that is, from the 

erosion of rocks and the greater surface runoff occurring at that time (Elderfield et al., 

1979). In saline environments, Zn undergoes desorption processes caused by 

complexation in marine anions, corroborating what was observed in figure 6, with the 

increase in the estuarine contribution to Zn fluxes (Araújo et al., 2019). 

3.4.2 – Export via particulate fraction (SPM) 

The flow of trace elements in the particulate fraction (µg s-1) is illustrated in 

Figures 8 and 9. The trace elements in the particulate fraction of the water column 
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exhibited a behavior different from that observed in the dissolved fraction, as expected. 

Seasonally, all elements showed different behavior between collection campaigns 

(Figures 8 and 9). The flow values of all elements analyzed were higher in the 

sampling campaign 1, increasing towards the estuarine mouth, showing a possible 

export of these to the Atlantic Ocean. On the other hand, although the flow values were 

lower in the sampling campaign 2, which was expected due to the lower export capacity 

of the rivers in less rainy periods, the first points of the estuary (E1, E2 and E3) 

presented flow values higher, indicating that there is a storage of these elements in 

estuarine sediments during periods of low flow (Supplementary Material 1) (Alyazichi 

et al., 2017). 

Particulate Al loads exhibit a contrary origin between collection stations. During 

the sampling campaign 2, the loads of particulate Al were mostly of estuarine origin 

(83.04%), indicating a transport of particles from the resuspension of surface 

sediments (Figure 8, Table S8). In the sampling campaign 2, 69.96% of the Al load 

came from the river points, while 30.04% of the particulate Al load came from the 

estuary, demonstrating that the decrease in the diluting power of the rivers at that time 

may be more relevant for the export of Al river (Figure 8, Table S8). Furthermore, at 

that time, rock erosion, surface runoff and the discharge of industrial effluents could be 

sources of Al into the Atlantic Ocean (Bezak-Mazur et al., 2001; Botté et al., 2022). 

The Al fluxes in both samplings show a retention of this element in the estuary through 

the deposition of particles. In the sampling campaign 2 this deposition occurs close to 

the mouth of the estuary and in the sampling campaign 1 the transport of particulate 

Al is reduced from the initial portions of the estuary (Figure 8). 

The loads of particulate Ba during the sampling campaign 1 were mainly of 

estuarine origin (91.73%), related to the remobilization of Ba deposited in the 

sediments (Figure 8, Table S8). In the sampling campaign 2, the distribution of 

particulate Ba loads followed that observed in the dissolved fraction during the 

sampling campaign 1 (42.92% and 57.06%, respectively), due to the seasonality 

already observed by other authors for the behavior of Ba in estuaries and the gradient 

maximum desorption in times of lower river discharge (Colbert and McManus, 2005; 

Dion, 1983) (Table S8). In the Bay of Bengal, exported Ba is usually in the form of 

deposited particles, which undergo remobilization and consequently release Ba to the 

dissolved phase, becoming an important source of Ba for the Indian Ocean (Singh et 
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al., 2013). This process of remineralization of particulate Ba may be an important 

process for exporting Ba to the Atlantic Ocean from the Serinhaém estuary. Making it 

necessary to carry out future studies in the three compartments of the aquatic 

ecosystem (dissolved, particulate and sedimentary), so that this process of the Ba 

cycle can be corroborated.  

According to Guo et al., (2020), the Ba particulate fluxes in the Yellow River, 

China, come from fluvial Ba adsorption in the SPM and the Ba isotopes exhibit strong 

seasonality, directly related to the higher SPM input during the highest river discharge. 

Contrary to what was observed in the Serinhaém estuary, where the greatest Ba flows 

occurred during the sampling campaign 2. However, the study area is located in a 

region where seasonality is not well defined and it rains all year round. Thus, it is 

necessary to carry out studies throughout the year, in order to confirm the greater 

exportation of Ba during the sampling campaign 2. 

The Mn fluxes of the particulate fraction exhibited a load distribution mainly of 

estuarine origin during the sampling campaign 1 (13.86% and 86.14%, respectively) 

and an opposite distribution in the sampling campaign 2, with the loads of fluvial origin 

greater than those of estuarine origin (72.73% and 27.27%, respectively) (Table S8). 

The speciation of Mn is controlled by redox processes, and physical-chemical 

parameters, the variation of these factors can lead to the release of Mn from the 

sediments and to processes of adsorption and desorption of this element in the water 

column, causing a variation in the concentrations of the fractions dissolved and 

particulate and, consequently, a variation in the fluxes of this element (Evans et al., 

1977; Klinkhammer and Mcmanus, 2001). This variation is observed in figure 9, whose 

Mn particulate flux is greater at the beginning of the estuary in the sampling campaign 

2, related to the greater transport of fluvial Mn particles. And it presents peaks of high 

flows in the middle and end of the estuary, related to the increase of the estuarine 

contribution through the resuspending of the sediments and processes of removal of 

this element from the dissolved fraction. 

The particulate Cr fluxes during the sampling campaign 1 (52.49% and 47.51%) 

and sampling campaign 2 (72.11% and 27.89%) showed a greater fluvial than 

estuarine origin (Table S8). The greater fluvial contribution of Cr flows is evident when 

observing Figure 8, in which, in the sampling campaign 2, the largest Cr flows are 

concentrated in the first points of the estuary. According to some authors, dissolved Cr 
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can precipitate in alkaline waters, thus increasing the concentration of particulate Cr 

(Richard and Bourg, 1991; Saputro et al., 2014). In addition, Cr can also be removed 

from the dissolved fraction through biological activity and is related to both local 

geology and anthropogenic sources (Forero López et al., 2021). The distribution of the 

Cr flux in the sampling campaign 1 shown in figure 8, corroborates the greater transport 

of this element through the suspended particles and the decrease in the distribution of 

contribution loads, corroborates the processes involved in the speciation of Cr in the 

estuaries. 

Fe in the particulate fraction, exhibited a flow with higher loads of estuarine 

origin during the sampling campaign 1 (18.09% and 81.91%) and an opposite 

distribution during the sampling campaign 2 (88.45% and 11.95%) (Table S8). The 

variation observed in the fluxes of particulate Fe comes from the precipitation 

processes of Fe in oxyhydroxides at river points and removal and addition processes 

at estuarine points (Daneshvar, 2015; Kappler et al., 2021). The inversion of the 

distribution of particulate Fe loads is observed in figure 8. The flows of the sampling 

campaign 2, of greater fluvial origin are concentrated in the first estuarine points and 

the flows of the sampling campaign 1 from the middle of the estuary, related to the 

formation of the zone of maximum turbidity with the resuspension of the sediments. 

The V fluxes in the particulate fraction exhibited an inverse charge distribution 

in the two collections. During the sampling campaign 1, the greater contribution was 

made by estuarine particles (37.09% and 62.91%), whereas during the sampling 

campaign 2, fluvial particles exhibited a greater contribution (77.61% and 22.39%) 

(Table S8). This distribution is evident when observing Figure 9, whose V input during 

the sampling campaign 2 is more prominent at the beginning of the estuary, as 

opposed to the sampling campaign 1, where the V distributions are displayed along 

the entire estuary.  

This distinct behavior is related to the processes that V undergoes in aquatic 

ecosystems. During the period of lower river discharge, the low polluting power of rivers 

promotes an increase in dissolved concentrations of this element in river points (Shiller 

and Mao, 2000). Upon entering the estuaries, the V undergoes processes of particle 

desorption and also biological absorption, which explains the decrease in flow in the 

middle portion of the estuary (Figure 9) (Joung and Shiller, 2016; Shiller and Boyle, 
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1987). V undergoes adsorption processes of Fe and Mn oxyhydroxide particles, and 

thus is transported to the Atlantic Ocean, as observed in Figure 9 (Dellwig et al., 2007). 

The Zn particulate fluxes presented a greater estuarine contribution than the 

fluvial one in the sampling campaign 1 (92.82% and 7.18%) (Table S8). During the 

sampling campaign 2, the greatest contribution became fluvial, however, with a close 

distribution between the two environments (50.11% and 49.89%) (Table S8). Zn can 

undergo processes of adsorption to particles in estuarine environments, and sediment 

resuspension can also occur by increasing concentrations in the particulate fraction 

(Chiffoleau et al., 1994a; V Hatje et al., 2003). Figure 9 shows an export of particulate 

Zn to the Atlantic Ocean, related to the transport of this element together with 

particulate matter in suspension. 

The seasonal differences observed for Fe flow are probably related to the 

difference in river flow between the wet and sampling campaign 2s (Fu et al., 2013). 

In addition, in some estuaries around the world, Fe exhibits a non-conservative 

removal behavior through colloid aggregation mechanisms (E. Boyle et al., 1974; Fu 

et al., 2013; Hunter and Leonard, 1988; Sholkovitz, 1978b). The Fe concentrations in 

the dissolved fraction of the sampling campaign 1, which were below the detection limit 

of the device (Figure 3), are probably related to the Fe removal mechanisms from this 

fraction, since this element was found in the particulate fraction of the water column in 

the estuarine region in both collections. According to (Sanders et al., 2015), although 

much of the Fe that is adsorbed to the surface of suspended particles suffer deposition 

in estuaries, there is still a part that is exported to the oceans. 

A relevant control for speciation and Fe flux in aquatic environments is the redox 

state of the water column (Mosley and Liss, 2020). It is known that the formation of Fe 

oxides/hydroxides promotes the removal of a wide variety of trace elements from the 

fraction dissolved under oxidizing conditions, in which the formation of sulfides occurs 

(Duan et al., 2019). However, the resuspension of sediments, which present iron 

sulfides (FeS), can cause the release of Fe and other trace elements, if it occurs under 

oxidizing conditions (Richards et al., 2018). Therefore, isotopic techniques that help in 

tracking the distribution of fluvial elements in estuarine sediments become relevant for 

future studies that address both the quality of estuarine water and the export of trace 

elements to the oceans (Reese et al., 2019). 
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All trace elements showed similar flux values in the particulate fraction, except 

Ba, which is known to have a close association with salinity, corroborated by PCA, 

whose inverse relationship between the element in the dissolved fraction and some 

physicochemical parameters (e.g., salinity and electrical conductivity) are shown in 

Figure 5. The salinity in the sampling campaign 2 exhibited higher values from point 6 

(E3), together with this increase, the concentrations of Ba also increased, 

consequently also the flux. On the other hand, in the sampling campaign 1 the salinity 

ranged from 30.5 to 37, showing similar values in the last points (E8: 34.1 and E9: 

34.7), where it presented a slight decrease, when compared to point E7, which could 

also be observed in the Ba flow from this campaign. Ba can be removed from particles 

through ion exchanges with most of the larger ions (e.g., magnesium [Mg] and 

potassium [K]) during the early mixing phases of fresh and salt water (Hanor & Chan, 

1977; Samanta & Dalai, 2016). 

The flux of trace elements in the sampling campaign 1 showed an increase from 

the middle portion of the estuary towards the Atlantic Ocean, probably related to the 

inflow of the tides, due to the resuspension of sediments in zones of maximum turbidity 

(Briant et al., 2021). The sedimentary compartment is extremely important in studies 

that address environmental contamination by pollutants in aquatic ecosystems, due to 

the fact that, ultimately, these pollutants settle and are trapped in this compartment, 

which can act as a secondary source of these pollutants by the resuspension of the 

particles to which these contaminants are adsorbed (Premier et al., 2019).   

According to Salomão et al., 2001, the highest loads of trace elements are 

related to times of higher discharges and precipitation, that is, sampling campaign 1s 

and consequently to higher concentrations of PMS. This study corroborates what was 

observed in the Serinhaém estuary, with the highest element fluxes being found in the 

April/19 collection, whose SPM concentration was also higher, reinforcing that the 

transport of elements along aquatic ecosystems is done through the suspended 

particles. 

4. Conclusions   

The concentrations of all trace elements analyzed, in both fractions of the water 

column, were below the limits recommended by the current Brazilian legislation 

(CONAMA), providing an understanding of good water quality in this region, which 

presents little or no risk to human and wildlife. 
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The physical-chemical parameters, when analyzed together with the trace 

elements, demonstrate the clear relationship between the removal and release 

processes (flocculation, adsorption, desorption and deposition) with the trace elements 

of the water column. The behavior of these elements in the estuary in both fractions 

(dissolved and particulate) is governed by the salinity and also by the resuspension of 

the sediments, leading to the occurrence of mechanisms of release and/or removal of 

these elements from the water column. 

The estuary of the Serinhaém river presents constant flows of all elements 

analyzed to the Atlantic Ocean. All these elements showed a higher transport affinity 

for the particulate fraction when compared to the same in the dissolved fraction, 

indicating a more efficient transport by the first matrix. The dissolved fluxes were mostly 

controlled by the seasonal variation of precipitation and flow and by the variation of the 

tides, which cause the resuspension of the surface layer of the sediments and, 

consequently, a higher contribution of these elements to the water column. On the 

other hand, the fluxes of elements present in the particulate fraction showed a different 

behavior, being more dependent of the concentrations of SPM. 

The results presented here make clear the close association between trace 

elements and environmental parameters (physical-chemical, rain and tide). Thus, the 

behavior of these elements was governed, in most cases, by one or more of these 

parameters. Despite this, because it is an Environmental Protection Area that has the 

presence of economic activities and increasing urbanization, it is necessary that 

management and monitoring programs are constantly carried out in these 

environments in order to avoid future contamination of water and local biota. 
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    Figure  1 – Map of the Pratigi Environmental Protection Area (EPA), sampling points and 

main tributaries. The cities are represented by the black dots and the numbers refer to 

the sampling points. 
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Figure  2 – Physico-chemical parameters of the water column in both campaigns. 
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Figure  3 – Concentrations of trace elements (Al, Ba, Cd, Cr, Cu, Fe, Mn, Pb, V, Zn) in the dissolved fraction of the 

water column in the two collection campaigns. Missing values refer to concentrations below the limit of detection 
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Figure  4 - Concentrations of trace elements (Al, Ba, Cr, Fe, Mn, Ti, V, Zn) in the particulate 

fraction of the water column in the two collection campaigns. 
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Figure 5 – Principal component analysis (PCA) between the trace elements and the 

physicochemical parameters determined in this study and its relationship with the two 

collection campaigns. 
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Figura 6 – Flow of trace elements (Al, Ba, Cd, Cr, Cu and Zn) in the dissolved fraction of the 

water column in both collection campaigns. 
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Figura 7 – Flow of trace elements (Mn, Pb, Fe and V) in the dissolved fraction of the water column in 

both collection campaigns. 
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Figure 8 – Flow of trace elements (Al, Ba, Cr and Fe) in the particulate fraction of the water column 

in both collection campaigns. 
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Figure 9 - Flow of trace elements (Mn, Ti, V and Zn) in the particulate fraction in the 

water column in both collection campaigns. 
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Supplementary Material 

Table S7 - Analytical procedure validation using Nist Standard Reference Material® 1646a from estuarine sediments (mg kg -1 dry 

weight), N = 3. Data are presented as mean ± SD. 

  Al Fe Ba Mn Cr Zn Cd Cu Ni Pb 

Obtained 

concentrations  

16979.0 ± 

3086.28 

19302.9 ± 

132.56 

145.9 ± 

7.58 

171.3 ± 

1.35 

28.0 ± 

0.4 

35.3 ± 

0.69 

0.74 ± 

0.2 

7.4 ± 

0.62 

15.2 ± 

0.03 

7.6 ± 

0.69 

Certified concentrations  22970 20080 210 234.5 40.9 48.9 0.817 10 23 11.7 

Recovery (%) 74±13 96±1 69±4 73±1 69±1 72±1 90±1 74±6 66±1 65±5 
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Table S8 - Dissolved flows – Rainy. 

Rainy (µg·L-1) 

Samples Al Ba  Cd  Cr  Cu  Fe  Mn  Pb  V  Zn  

Discharge 

(m³·s-1) 

Nacente 4.00 24.78 1.76 0.60 5.51 106.19 69.87 2.26 1.99 6.86 4.4 

Juliana 1.90 26.69 1.68 0.58 8.58 204.22 34.06 <LOD 1.86 37.21   

Serinhaem 10.20 22.41 1.72 0.63 6.63 103.90 8.42 <LOD 1.90 13.27   

E1 14.70 12.84 1.00 0.79 1.53 1.94 7.45 4.82 1.87 7.53   

E2 16.16 14.21 1.00 0.58 1.16 1.95 7.05 4.36 1.86 <LOD   

E3 12.88 13.41 0.99 0.56 1.12 <LOD 4.52 4.24 1.81 <LOD   

E4 15.89 12.79 1.04 0.54 1.23 <LOD 5.95 4.49 1.86 <LOD   

E5 17.30 12.12 1.10 0.54 1.44 <LOD 2.28 3.68 1.88 4.89   

E6 18.64 12.73 1.12 0.54 1.88 <LOD 1.43 <LOD 2.18 6.80   

E7 19.59 12.17 1.12 0.41 2.01 <LOD 0.87 3.67 2.19 <LOD   

E8 21.79 10.23 1.17 0.47 2.56 <LOD 1.19 4.80 2.25 <LOD   

E9 23.30 10.31 1.26 0.48 4.48 <LOD 0.79 3.20 2.13 5.04   

Fluxes (µg·day -1)   

Samples  Al Ba Cd Cr Cu Fe Mn Pb V Zn   

Nacente 17.60 109.05 7.76 2.62 24.25 467.25 307.45 9.96 8.77 30.18   

Juliana 8.36 117.42 7.38 2.55 37.75 898.59 149.85 <LOD 8.18 ####   

Serinhaem 44.88 98.62 7.55 2.77 29.18 457.16 37.03 <LOD 8.35 58.38   

E1 64.68 56.49 4.41 3.49 6.71 8.52 32.78 21.21 8.22 33.11   

E2 71.10 62.51 4.38 2.56 5.12 8.57 31.03 19.17 8.16 <LOD   

E3 56.66 59.02 4.34 2.47 4.91 <LOD 19.88 18.64 7.96 <LOD   

E4 69.91 56.28 4.58 2.37 5.40 <LOD 26.19 19.78 8.19 <LOD   

E5 76.11 53.32 4.83 2.36 6.33 <LOD 10.01 16.20 8.28 21.51   

E6 82.00 56.01 4.92 2.36 8.27 <LOD 6.29 <LOD 9.60 29.94   

E7 86.21 53.54 4.92 1.81 8.85 <LOD 3.82 16.16 9.63 <LOD   

E8 95.89 45.00 5.15 2.09 11.25 <LOD 5.22 21.10 9.92 <LOD   

E9 102.53 45.37 5.56 2.12 19.69 <LOD 3.49 14.06 9.37 22.17   
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Table S9 – Dissolved Flows – Dry. 

Dry (µg·L-1) 

Samples Al  Ba  Cd  Cr  Cu  Fe  Mn  Pb  V  Zn  
Discharge 

(m³·s-1) 

Nascente 64.29 21.97 0.77 1.61 3.80 300.86 12.92 <LOD 2.62 6.17 4.84 

Juliana 68.18 21.03 0.79 1.90 3.72 488.36 16.62 <LOD 2.69 5.66   

Serinhaém 34.51 10.42 0.75 1.76 3.06 292.80 34.68 <LOD 2.53 <LOD   

E1 31.93 17.33 0.78 1.28 1.31 16.98 11.52 6.54 2.39 3.32   

E2 31.97 17.60 0.74 1.18 1.34 16.40 12.68 5.92 2.41 3.33   

E3 34.34 15.70 0.75 1.19 0.91 13.05 11.82 6.40 2.34 <LOD   

E4 37.38 15.94 0.74 1.21 1.35 2.31 4.59 4.67 2.36 5.00   

E5 34.97 11.75 0.75 1.19 1.93 1.06 4.50 5.46 2.31 2.17   

E6 45.95 13.30 0.74 1.17 1.55 1.51 2.60 6.96 2.53 2.53   

E7 55.44 14.65 0.73 1.21 1.84 2.05 2.26 6.38 2.63 5.08   

E8 53.61 11.70 0.79 1.20 1.76 0.96 1.74 4.44 2.87 <LOD   

E9 57.43 12.47 0.75 1.14 1.73 0.95 1.71 4.47 3.00 3.83   

Fluxes (µg·day -1) 

Samples Al Ba Cd Cr Cu Fe Mn Pb V Zn   

Nascente 311.14 106.33 3.74 7.77 18.40 1456.14 62.54 <LOD 12.70 29.84   

Juliana 329.97 101.76 3.81 9.18 17.99 2363.67 80.43 <LOD 13.00 27.41   

Serinhaém 167.02 50.43 3.63 8.53 14.80 1417.13 167.84 <LOD 12.22 <LOD 

E1 154.56 83.85 3.80 6.20 6.36 82.19 55.77 31.63 11.59 16.08   

E2 154.75 85.18 3.59 5.70 6.48 79.39 61.35 28.64 11.66 16.10   

E3 166.22 76.00 3.61 5.75 4.40 63.15 57.20 30.98 11.31 <LOD 

E4 180.92 77.16 3.58 5.86 6.54 11.17 22.22 22.60 11.44 24.22   

E5 169.27 56.89 3.64 5.74 9.33 5.14 21.80 26.40 11.18 10.52   

E6 222.40 64.39 3.57 5.67 7.52 7.32 12.59 33.66 12.24 12.24   

E7 268.32 70.92 3.55 5.86 8.92 9.90 10.94 30.90 12.75 24.60   

E8 259.46 56.63 3.81 5.81 8.53 4.65 8.44 21.51 13.91 <LOD 

E9 277.95 60.34 3.62 5.51 8.37 4.60 8.26 21.63 14.52 18.56   
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Table S10 – Particulate Flows – Rainy. 

Rainy (µg·g-1) 

Samples Al  Fe Ti Mn Zn Ba V Pb Cr 
Discharge 

(m³·s-1) 

Nascente 15258.05 9385.29 388.56 <LOD <LOD 22.60 <LOD <LOD 233.26 4.4 

Juliana 28490.53 11947.68 776.80 103.79 27.55 200.90 <LOD <LOD 52.90   

Serinhaém 24393.56 21676.60 1398.84 107.92 112.07 224.09 56.48 66.46 88.70   

E1 43095.04 1005.62 74.81 19.29 <LOD 8.53 <LOD <LOD 4.62   

E2 2888.95 2971.72 253.07 48.73 42.45 77.93 <LOD <LOD 12.79   

E3 8108.62 1425.06 123.90 14.93 46.12 91.65 <LOD <LOD 5.49   

E4 3707.87 806.44 72.17 <LOD 5.44 23.70 <LOD <LOD 3.03   

E5 2056.46 1120.74 75.18 <LOD 15.44 41.89 <LOD <LOD 2.76   

E6 3313.94 10660.52 113.27 70.99 4.61 616.42 6.00 <LOD 14.74   

E7 5565.25 7721.75 55.27 17.73 40.30 53.28 <LOD 4.11 5.76   

E8 2196.02 8144.88 242.38 74.28 180.34 58.99 9.57 5.33 16.74   

E9 4791.06 9182.98 153.37 44.16 78.80 55.22 5.52 <LOD 14.18   

Fluxes (µg·day-1) 

Samples Al Fe Ti Mn Zn Ba V Pb Cr SPM (mg·L-1) 

Nascente 449.81 276.68 11.45 <LOD <LOD 0.67 <LOD <LOD 6.88 0.0067 

Juliana 752.15 315.42 20.51 2.74 0.73 5.30 <LOD <LOD 1.40 0.0060 

Serinhaém 654.72 581.80 37.54 2.90 3.01 6.01 1.52 1.78 2.38 0.0061 

E1 5088.09 118.73 8.83 2.28 <LOD 1.01 <LOD <LOD 0.55 0.0268 

E2 309.31 318.17 27.09 5.22 4.54 8.34 <LOD <LOD 1.37 0.0243 

E3 981.14 172.43 14.99 1.81 5.58 11.09 <LOD <LOD 0.66 0.0275 

E4 493.52 107.34 9.61 <LOD 0.72 3.15 <LOD <LOD 0.40 0.0303 

E5 226.21 123.28 8.27 <LOD 1.70 4.61 <LOD <LOD 0.30 0.0250 

E6 454.45 1461.91 15.53 9.73 0.63 84.53 0.82 <LOD 2.02 0.0312 

E7 714.21 990.96 7.09 2.27 5.17 6.84 <LOD 0.53 0.74 0.0292 

E8 249.61 925.80 27.55 8.44 20.50 6.70 1.09 0.61 1.90 0.0258 

E9 572.69 1097.67 18.33 5.28 9.42 6.60 0.66 <LOD 1.69 0.0272 
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Table S11 - Particulate Flows – Dry. 

Dry (µg·g-1) 

Samples Al Fe Ti Mn Zn Ba V Pb Cr 
Discharge 

(m³·s-1) 

Nascente 55866.17 141249.08 827.27 874.83 908.05 689.83 117.52 <LOD 106.74 4.84 

Juliana 5681.35 13260.61 104.20 151.46 62.72 8.02 13.03 <LOD 14.36   

Serinhaém 64631.89 84348.56 572.19 612.16 269.35 39.79 149.49 <LOD 149.51   

E1 4332.26 4342.32 535.72 37.74 106.87 83.07 10.78 <LOD 14.46   

E2 4808.19 4544.36 188.60 43.20 79.53 63.40 12.66 <LOD 11.62   

E3 3334.42 1647.67 316.09 58.38 71.34 66.14 4.89 <LOD 7.12   

E4 3846.78 3249.81 276.93 38.24 123.63 137.82 8.27 <LOD 11.25   

E5 4600.78 2238.49 86.86 47.24 44.85 54.19 6.93 <LOD 10.39   

E6 3079.39 1370.78 125.48 54.52 130.73 82.71 4.55 <LOD 3.12   

E7 2931.98 1287.88 114.47 40.78 80.63 50.75 4.20 <LOD 4.11   

E8 2782.90 1157.78 103.84 28.09 88.18 74.73 0.00 <LOD 3.84   

E9 3150.03 1450.05 362.53 36.56 102.49 76.63 0.00 0.40 0.00   

Fluxes (µg·day-1) 

Samples Al Fe Ti Mn Zn Ba V Pb Cr SPM (mg·L-1) 

Nascente 3316.81 8386.05 49.12 51.94 53.91 40.96 6.98 <LOD 6.34 0.012 

Juliana 399.63 932.77 7.33 10.65 4.41 0.56 0.92 <LOD 1.01 0.015 

Serinhaém 2731.95 3565.36 24.19 25.88 11.39 1.68 6.32 <LOD 6.32 0.009 

E1 281.32 281.98 34.79 2.45 6.94 5.39 0.70 <LOD 0.94 0.013 

E2 308.35 291.43 12.10 2.77 5.10 4.07 0.81 <LOD 0.74 0.013 

E3 309.32 152.85 29.32 5.42 6.62 6.14 0.45 <LOD 0.66 0.019 

E4 271.52 229.38 19.55 2.70 8.73 9.73 0.58 <LOD 0.79 0.015 

E5 478.76 232.94 9.04 4.92 4.67 5.64 0.72 <LOD 1.08 0.022 

E6 268.28 119.42 10.93 4.75 11.39 7.21 0.40 <LOD 0.27 0.018 

E7 302.74 132.98 11.82 4.21 8.33 5.24 0.43 <LOD 0.42 0.021 

E8 269.39 112.07 10.05 2.72 8.54 7.23 <LOD <LOD 0.37 0.020 

E9 279.51 128.67 32.17 3.24 9.09 6.80 <LOD 0.04 <LOD 0.018 

 



 

160 
 

 

 

 

Table S12 – Correlation values (r) and p from the April collection.  

Ald 

(µg·L-1
)

Alp 

(µg·g
-1

)

Bad 

(µg·L
-1

)

Bap 

(µg·g
-1

)

Cdd 

(µg·L
-1

)

Crd 

(µg·L
-1

)

Crp 

(µg·g
-1

)

Cud 

(µg·L
-1

)

Fed 

(µg·L
-1

)

Fep 

(µg·g
-1

)

Mnd 

(µg·L
-1

)

Mnp 

(µg·g
-1

)

Pbd 

(µg·L
-1

)

Vd 

(µg·L
-1

)

Vp 

(µg·g
-1

)

Znd 

(µg·L
-1

)

Znp 

(µg·g
-1

)

Tip 

(µg·g
-1

)
pH

Condutivity 

(µS·cm
-1

)

DO 

(mg·L
-1

)

Salinity 

(‰)

DOC 

(mg·L
-1

)

TN 

(mg·L
-1

)

SPM 

(mg·L
-1

)

Ald (µg·L-1
) -0.63 -0.94 -0.01 -0.71 -0.45 -0.67 -0.66 -0.93 -0.29 -0.80 -0.47 0.43 0.56 -0.94 -0.69 0.24 -0.56 0.15 0.90 -0.32 0.88 -0.77 -0.45 0.84

Alp (µg·g
-1

) 0.0293 0.79 0.23 0.82 0.28 0.51 0.80 0.62 0.83 0.36 0.79 -0.68 -0.26 1.00 0.51 0.26 0.99 -0.36 -0.86 0.82 -0.87 0.33 0.90 -0.86

Bad (µg·L
-1

) 4.20E-06 0.0021 0.11 0.88 0.32 0.74 0.83 0.95 0.56 0.79 0.70 -0.66 -0.37 0.97 0.69 -0.08 0.74 -0.28 -0.97 0.52 -0.97 0.58 0.56 -0.95

Bap (µg·g
-1

) 0.9708 0.4800 0.7371 0.10 -0.05 -0.06 0.13 0.65 0.46 -0.13 0.46 0.13 0.27 -0.07 0.11 -0.24 0.20 0.08 -0.02 0.05 -0.06 -0.10 0.14 0.01

Cdd (µg·L
-1

) 0.0099 0.0010 0.0002 0.7459 0.10 0.81 0.93 0.85 0.78 0.73 0.84 -0.84 -0.03 0.97 0.51 0.27 0.78 -0.41 -0.92 0.63 -0.94 0.18 0.55 -0.94

Crd (µg·L
-1

) 0.1404 0.3800 0.3065 0.8734 0.7481 0.19 0.09 -0.53 -0.07 0.24 0.01 0.24 -0.61 0.91 0.04 -0.13 0.25 -0.12 -0.33 0.17 -0.35 0.70 0.49 -0.30

Crp (µg·g
-1

) 0.0174 0.0912 0.0054 0.8566 0.0016 0.5594 0.58 0.38 0.44 0.91 0.84 -0.75 -0.04 1.00 0.03 0.34 0.44 -0.06 -0.77 0.15 -0.78 0.25 0.30 -0.76

Cud (µg·L
-1

) 0.0202 0.0018 0.0008 0.6882 1.01E-05 0.7786 0.0493 0.98 0.77 0.57 0.78 -0.81 -0.05 0.84 0.76 0.23 0.78 -0.62 -0.85 0.74 -0.87 0.16 0.51 -0.88

Fed (µg·L
-1

) 0.0225 0.2637 0.0144 0.2324 0.0711 0.3584 0.5267 0.0045 0.63 0.50 0.85 -0.99 0.17 NA 0.84 -0.16 0.58 -0.75 -0.88 0.58 -0.88 0.26 0.18 -0.88

Fep (µg·g
-1

) 0.3688 0.0008 0.0593 0.1331 0.0029 0.8231 0.1499 0.0036 0.2501 0.21 0.82 -0.59 0.29 0.97 0.35 0.42 0.84 -0.35 -0.61 0.70 -0.65 -0.18 0.66 -0.65

Mnd (µg·L
-1

) 0.0017 0.2525 0.0020 0.6787 0.0075 0.4511 3.31E-05 0.0518 0.3886 0.5072 0.52 -0.70 -0.19 1.00 0.27 -0.18 0.28 -0.10 -0.76 0.06 -0.76 0.44 0.11 -0.73

Mnp (µg·g
-1

) 0.2069 0.0114 0.0356 0.2149 0.0043 0.9714 0.0043 0.0131 0.1466 0.0068 0.1482 0.20 0.01 0.88 0.64 0.25 0.80 -0.36 -0.73 0.81 -0.77 0.13 0.59 -0.78

Pbd (µg·L
-1

) 0.2481 0.0440 0.0522 0.7342 0.0043 0.5318 0.0190 0.0088 0.1089 0.0926 0.0352 0.7009 -0.18 1.00 0.25 0.33 -0.47 0.21 0.68 0.19 0.67 0.18 0.36 0.72

Vd (µg·L
-1

) 0.0558 0.4141 0.2298 0.3901 0.9368 0.0341 0.9103 0.8890 0.7847 0.3594 0.5646 0.9898 0.6506 -0.92 -0.44 0.42 -0.23 0.14 0.38 -0.15 0.32 -0.88 -0.38 0.30

Vp (µg·g-1) 0.0620 0.0030 0.0293 0.9342 0.0312 0.0941 0.0009 0.1588 NA 0.0253 0.0040 0.1206 NA 0.0809 0.98 0.23 1.00 -0.07 -0.99 0.92 -1.00 0.87 1.00 -0.99

Znd (µg·L
-1

) 0.0881 0.2427 0.0837 0.8083 0.2383 0.9393 0.9494 0.0461 0.1609 0.4437 0.5527 0.2421 0.7511 0.3175 0.1255 -0.08 0.51 -0.39 -0.60 0.61 -0.60 0.59 0.28 -0.60

Znp (µg·g-1) 0.4970 0.4635 0.8359 0.5115 0.4441 0.7257 0.3344 0.5280 0.8974 0.2296 0.6139 0.5453 0.4685 0.2258 0.7734 0.9042 0.35 -0.11 -0.07 0.36 -0.14 -0.38 0.31 -0.23

Tip (µg·g
-1

) 0.0582 2.27E-10 0.0064 0.5231 0.0026 0.4361 0.1562 0.0027 0.3032 0.0007 0.3817 0.0092 0.2038 0.4667 0.0006 0.2374 0.3273 -0.38 -0.81 0.85 -0.82 0.29 0.91 -0.83

pH 0.6527 0.2466 0.3820 0.8012 0.1899 0.6995 0.8512 0.0306 0.1464 0.2682 0.7570 0.3426 0.5798 0.6693 0.9313 0.3882 0.7614 0.2178 0.34 -0.63 0.35 0.00 -0.22 0.35

Condutivity (µS·cm
-1

) 7.85E-05 0.0004 9.45E-08 0.9386 2.20E-05 0.2872 0.0033 0.0004 0.0496 0.0344 0.0042 0.0250 0.0426 0.2237 0.0054 0.1542 0.8484 0.0014 0.2765 -0.61 0.99 -0.53 -0.66 0.97

DO (mg·L
-1

) 0.3038 0.0012 0.0850 0.8678 0.0295 0.6007 0.6397 0.0059 0.3059 0.0106 0.8501 0.0088 0.6227 0.6355 0.0787 0.1477 0.3087 0.0004 0.0272 0.0335 -0.62 0.13 0.76 -0.63

  l   ty (‰) 0.0002 0.0003 1.26E-07 0.8626 7.56E-06 0.2588 0.0027 0.0002 0.0498 0.0218 0.0040 0.0149 0.0495 0.3101 0.0014 0.1519 0.6973 0.0010 0.2692 7.94E-11 0.0302 -0.50 -0.67 0.98

DOC (mg·L
-1

) 0.0031 0.2998 0.0472 0.7639 0.5830 0.0109 0.4366 0.6123 0.6756 0.5673 0.1512 0.7387 0.6344 0.0002 0.1329 0.1630 0.2789 0.3681 0.9906 0.0752 0.6940 0.0983 0.39 -0.45

TN (mg·L
-1

) 0.1378 5.81E-05 0.0558 0.6689 0.0642 0.1038 0.3430 0.0874 0.7772 0.0192 0.7395 0.0929 0.3397 0.2257 0.0016 0.5403 0.3775 3.45E-05 0.4875 0.0195 0.0044 0.0170 0.2124 -0.66

SPM (mg·L
-1

) 0.0007 0.0003 3.19E-06 0.9708 7.49E-06 0.3457 0.0039 0.0002 0.0474 0.0224 0.0065 0.0139 0.0296 0.3450 0.0142 0.1561 0.5313 0.0008 0.2612 1.96E-07 0.0286 1.41E-08 0.1462 0.0196

April (r)

April (p)
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Table S13 - Correlation values (r) and p from the September collection. 

 

Ald 

(µg·L-1
)

Alp 

(µg·g
-1

)

Bad 

(µg·L
-1

)

Bap 

(µg·g
-1

)

Cdd 

(µg·L
-1

)

Crd 

(µg·L
-1

)

Crp 

(µg·g
-1

)

Cud 

(µg·L
-1

)

Fed 

(µg·L
-1

)

Fep 

(µg·g
-1

)

Mnd 

(µg·L
-1

)

Mnp 

(µg·g
-1

)

Pbd 

(µg·L
-1

)

Vd 

(µg·L
-1

)

Vp 

(µg·g
-1

)

Znd 

(µg·L
-1

)

Znp 

(µg·g
-1

)

Tip 

(µg·g
-1

)
pH

Condutivity 

(µS·cm
-1

)

DO 

(mg·L
-1

)

Salinity 

(‰)

DOC 

(mg·L
-1

)

TN 

(mg·L
-1

)

SPM 

(mg·L
-1

)

Ald (µg·L-1
) -0.63 -0.94 -0.01 -0.71 -0.45 -0.67 -0.66 -0.93 -0.29 -0.80 -0.47 0.43 0.56 -0.94 -0.69 0.24 -0.56 0.15 0.90 -0.32 0.88 -0.77 -0.45 0.84

Alp (µg·g
-1

) 0.0293 0.79 0.23 0.82 0.28 0.51 0.80 0.62 0.83 0.36 0.79 -0.68 -0.26 1.00 0.51 0.26 0.99 -0.36 -0.86 0.82 -0.87 0.33 0.90 -0.86

Bad (µg·L
-1

) 4.20E-06 0.0021 0.11 0.88 0.32 0.74 0.83 0.95 0.56 0.79 0.70 -0.66 -0.37 0.97 0.69 -0.08 0.74 -0.28 -0.97 0.52 -0.97 0.58 0.56 -0.95

Bap (µg·g
-1

) 0.971 0.4800 0.7371 0.10 -0.05 -0.06 0.13 0.65 0.46 -0.13 0.46 0.13 0.27 -0.07 0.11 -0.24 0.20 0.08 -0.02 0.05 -0.06 -0.10 0.14 0.01

Cdd (µg·L
-1

) 0.010 0.0010 0.0002 0.7459 0.10 0.81 0.93 0.85 0.78 0.73 0.84 -0.84 -0.03 0.97 0.51 0.27 0.78 -0.41 -0.92 0.63 -0.94 0.18 0.55 -0.94

Crd (µg·L
-1

) 0.140 0.3800 0.3065 0.8734 0.7481 0.19 0.09 -0.53 -0.07 0.24 0.01 0.24 -0.61 0.91 0.04 -0.13 0.25 -0.12 -0.33 0.17 -0.35 0.70 0.49 -0.30

Crp (µg·g
-1

) 0.017 0.0912 0.0054 0.8566 0.0016 0.5594 0.58 0.38 0.44 0.91 0.84 -0.75 -0.04 1.00 0.03 0.34 0.44 -0.06 -0.77 0.15 -0.78 0.25 0.30 -0.76

Cud (µg·L
-1

) 0.020 0.0018 0.0008 0.6882 1.01E-05 0.7786 0.0493 0.98 0.77 0.57 0.78 -0.81 -0.05 0.84 0.76 0.23 0.78 -0.62 -0.85 0.74 -0.87 0.16 0.51 -0.88

Fed (µg·L
-1

) 0.022 0.2637 0.0144 0.2324 0.071 0.3584 0.5267 0.0045 0.63 0.50 0.85 -0.99 0.17 NA 0.84 -0.16 0.58 -0.75 -0.88 0.58 -0.88 0.26 0.18 -0.88

Fep (µg·g
-1

) 0.369 0.0008 0.0593 0.1331 0.003 0.8231 0.1499 0.0036 0.2501 0.21 0.82 -0.59 0.29 0.97 0.35 0.42 0.84 -0.35 -0.61 0.70 -0.65 -0.18 0.66 -0.65

Mnd (µg·L
-1

) 0.002 0.2525 0.0020 0.6787 0.008 0.4511 3.31E-05 0.0518 0.3886 0.5072 0.52 -0.70 -0.19 1.00 0.27 -0.18 0.28 -0.10 -0.76 0.06 -0.76 0.44 0.11 -0.73

Mnp (µg·g
-1

) 0.207 0.0114 0.0356 0.2149 0.004 0.9714 0.0043 0.0131 0.1466 0.0068 0.1482 0.20 0.01 0.88 0.64 0.25 0.80 -0.36 -0.73 0.81 -0.77 0.13 0.59 -0.78

Pbd (µg·L
-1

) 0.248 0.0440 0.0522 0.7342 0.004 0.5318 0.0190 0.0088 0.1089 0.0926 0.0352 0.7009 -0.18 1.00 0.25 0.33 -0.47 0.21 0.68 0.19 0.67 0.18 0.36 0.72

Vd (µg·L
-1

) 0.056 0.4141 0.2298 0.3901 0.937 0.0341 0.9103 0.8890 0.7847 0.3594 0.5646 0.9898 0.6506 -0.92 -0.44 0.42 -0.23 0.14 0.38 -0.15 0.32 -0.88 -0.38 0.30

Vp (µg·g
-1

) 0.062 0.0030 0.0293 0.9342 0.031 0.0941 0.0009 0.1588 NA 0.0253 0.0040 0.1206 NA 0.0809 0.98 0.23 1.00 -0.07 -0.99 0.92 -1.00 0.87 1.00 -0.99

Znd (µg·L
-1

) 0.088 0.2427 0.0837 0.8083 0.238 0.9393 0.9494 0.0461 0.1609 0.4437 0.5527 0.2421 0.7511 0.3175 0.1255 -0.08 0.51 -0.39 -0.60 0.61 -0.60 0.59 0.28 -0.60

Znp (µg·g
-1

) 0.497 0.4635 0.8359 0.5115 0.444 0.7257 0.3344 0.5280 0.8974 0.2296 0.6139 0.5453 0.4685 0.2258 0.7734 0.9042 0.35 -0.11 -0.07 0.36 -0.14 -0.38 0.31 -0.23

Tip (µg·g
-1

) 0.058 2.27E-10 0.0064 0.5231 0.003 0.4361 0.1562 0.0027 0.3032 0.0007 0.3817 0.0092 0.2038 0.4667 0.0006 0.2374 0.3273 -0.38 -0.81 0.85 -0.82 0.29 0.91 -0.83

pH 0.653 0.2466 0.3820 0.8012 0.190 0.6995 0.8512 0.0306 0.1464 0.2682 0.7570 0.3426 0.5798 0.6693 0.9313 0.3882 0.7614 0.2178 0.34 -0.63 0.35 0.00 -0.22 0.35

Condutivity (µS·cm
-1

) 7.85E-05 0.0004 9.45E-08 0.9386 2.20E-05 0.2872 0.0033 0.0004 0.0496 0.0344 0.0042 0.0250 0.0426 0.2237 0.0054 0.1542 0.8484 0.0014 0.2765 -0.61 0.99 -0.53 -0.66 0.97

DO (mg·L
-1

) 0.3038 0.0012 0.0850 0.8678 0.0295 0.6007 0.6397 0.0059 0.3059 0.0106 0.8501 0.0088 0.6227 0.6355 0.0787 0.1477 0.3087 0.0004 0.0272 0.0335 -0.62 0.13 0.76 -0.63

  l   ty (‰) 0.0002 0.0003 1.26E-07 0.8626 7.56E-06 0.2588 0.0027 0.0002 0.0498 0.0218 0.0040 0.0149 0.0495 0.3101 0.0014 0.1519 0.6973 0.0010 0.2692 7.94E-11 0.0302 -0.50 -0.67 0.98

DOC (mg·L
-1

) 0.0031 0.2998 0.0472 0.7639 0.5830 0.0109 0.4366 0.6123 0.6756 0.5673 0.1512 0.7387 0.6344 0.0002 0.1329 0.1630 0.2789 0.3681 0.9906 0.0752 0.6940 0.0983 0.39 -0.45

TN (mg·L
-1

) 0.1378 5.81E-05 0.0558 0.6689 0.0642 0.1038 0.3430 0.0874 0.7772 0.0192 0.7395 0.0929 0.3397 0.2257 0.0016 0.5403 0.3775 3.45E-05 0.4875 0.0195 0.0044 0.0170 0.2124 -0.66

SPM (mg·L
-1

) 0.0007 0.0003 3.19E-06 0.9708 7.49E-06 0.3457 0.0039 0.0002 0.0474 0.0224 0.0065 0.0139 0.0296 0.3450 0.0142 0.1561 0.5313 0.0008 0.2612 1.96E-07 0.0286 1.41E-08 0.1462 0.0196

September (r)

September (p)
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  Dissolved Loads (%) Particulate Loads (%)   

Element Rainy Dry Rainy Dry Ecossystem  

Al 9.13 30.36 16.96 69.96 River 

  90.87 69.64 83.04 30.04 Estuary 

Ba 40.00 29.05 8.27 42.92 River 

  60.00 70.95 91.73 57.08 Estuary 

Cd 34.49 25.45 - - River 

  65.51 74.55 - - Estuary 

Cr 26.86 32.85 52.48 72.11 River 

  73.14 67.15 47.52 27.89 Estuary 

Cu 54.37 43.52 - - River 

  45.63 56.48 - - Estuary 

Fe 99.07 95.14 18.09 88.45 River 

  0.93 4.86 81.91 11.55 Estuary 

Mn 78.09 54.59 13.86 72.73 River 

  21.91 45.41 86.14 27.27 Estuary 

Pb 6.37 0.00 - - River 

  93.63 100.00 - - Estuary 

V 24.17 25.53 37.09 77.61 River 

  75.83 74.47 62.91 22.39 Estuary 

Zn 70.27 31.88 7.18 50.11 River 

  29.73 68.12 92.82 49.89 Estuary 

Table S8 - Table of the distribution of river and estuarine loads. 
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Logkd Rainy Dry Ecosystem 

Al 
6.58 5.94 River 

5.44 4.94 Estuary 

Fe 
5.01 5.19 River 

5.95 5.83 Estuary 

Mn 
3.80 4.35 River 

4.19 3.98 Estuary 

Zn 
3.40 4.61 River 

3.51 4.42 Estuary 

Ba 
3.61 3.55 River 

3.67 3.71 Estuary 

V 
4.47 4.37 River 

3.49 3.45 Estuary 

Cr 
5.23 4.54 River 

4.13 3.77 Estuary 

Table S9 -Distribution coefficient (Kd). 
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Discussão geral 

A contribuição fluvial de elementos traço é a principal fonte de contaminantes 

para os Oceanos. Todas as alterações realizadas ao longo das bacias de drenagem 

afetam a concentração e tipo dos contaminantes exportados.  Os eventos naturais 

como a precipitação também influenciam nos contaminantes transportados através 

dos sistemas fluviais para os Oceanos. Os fluxos de As e Pb dentro da bacia do rio 

Doce são diretamente influenciados pelas atividades antrópicas, principalmente pela 

mineração e industrialização (Capítulo 1). Sofrem também influencia dos parâmetros 

naturais, como a precipitação e vazão, que atuam no transporte desses elementos ao 

longo da bacia. Sendo assim, a variação sazonal dessa região é bem marcante e por 

ser uma região muito impactada pela presença da mineração existe uma grande 

preocupação com os acidentes provenientes dessa atividade.  

Um exemplo foi o acidente de 2015, com o rompimento da barragem de Fundão 

em Mariana, MG, que causou grandes impactos nos ecossistemas aquáticos e 

continentais da região. O grande movimento gerado pela lama de rejeitos, liberada 

pelo rompimento da barragem, levou a um alto transporte de materiais, a um aumento 

das concentrações de As e Pb em áreas anteriormente não impactadas por essa 

atividade e em uma maior exportação desses elementos para o Oceano Atlântico. O 

monitoramento existente nessa região facilitou a constatação dos impactos 

provenientes desse acidente. Assim, monitoramentos físico-químicos, hidrológicos e 

de contaminantes se provam necessários para o controle das alterações antrópicas 

ocorridas nos ecossistemas aquáticos e para que sejam realizadas ações mitigatórias 

nesses locais quando for preciso. 

Os monitoramentos de bacias de drenagem devem incluir os dados 

hidrológicos (vazão e precipitação), uso da terra, concentrações de contaminantes, 

entre outros. Quando não há a disponibilidade desses dados os modelos de predição 

(Capitulo 2) se tornam de suma importância. Além de predizer dados hidrológicos 

essas ferramentas estatísticas vêm sendo muito utilizadas para usos variados como, 

prever concentrações de carbono, disseminação de doenças, concentração de 

nutrientes e etc. As regiões tropicais geralmente apresentam variações sazonais 

marcantes, entretanto, as mudanças climáticas que vêm ocorrendo nas últimas 

décadas têm ocasionando mudanças drásticas nas épocas sazonais de precipitação 

e seca (Konapala et al., 2020; Trenberth et al., 2014). Esse fato, acarreta em impactos 
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para a biota local e para o transporte de contaminantes ao longo dos ecossistemas 

aquáticos, fazendo com que ocorra uma maior concentração desses nos sedimentos 

superficiais. Essa maior concentração de elementos pode vir a causar contaminações 

mais expressivas para a biota e para as populações que utilizam essa água 

contaminada tanto para consumo, como para irrigação. 

Apesar disso, em algumas regiões, como é o caso do estuário de Serinhaém, 

BA, épocas mais longas de seca não afetaram diretamente nos dados hidrológicos da 

região, conforme foi observado no Capitulo 2. Esse fato, só ocorreu por essa ser uma 

região na qual a precipitação acontece durante o ano inteiro, sem uma época 

marcante de seca. Assim, o transporte de contaminantes ao longo da bacia de 

drenagem se torna constante ao longo dos anos, sendo influenciado diretamente pelo 

aumento das atividades antrópicas. No estuário de Serinhaém, BA, a presença das 

atividades humanas não gerou tantos impactos, provavelmente pelo fato do estuário 

ser inserido em uma área de proteção ambiental, onde as atividades devem ocorrer 

de forma sustentável (Capítulo 3). Contudo, essa região apresenta um transporte 

constante de elementos pra o Oceano Atlântico, mesmo que em concentrações dentro 

das estabelecidas pela legislação brasileira.  

No estuário de Serinhaém, BA, a concentração dos elementos traço são 

correlacionadas aos parâmetros físico-químicos, com processos de adsorção e 

floculação acontecendo ao mesmo tempo na fração dissolvida e na particulada. Além 

disso, ambas as frações (dissolvida e particulada) são influenciadas pelo metabolismo 

do manguezal existente nas margens do estuário. Outro fator relevante para o estudo 

de elementos traço nessa região é a composição da geologia local. Esse estuário 

pertence a Baía de Camamu, que é uma região rica em minério de barita, explicando 

as concentrações de Ba na região.  

Comparando os achados dos 3 capítulos, fica evidente a importância de 

estudos constantes de monitoramento das bacias de drenagem com a coleta de dados 

hidrológicos, químicos, físicos e biológicos da região estudada.  Falta de informações 

básicas afeta a tomada de decisões importantes que deveriam ser realizadas pelo 

poder público em prol da conservação dos recursos hídricos naturais e aumenta a 

probabilidade que ocorram grandes impactos negativos ocasionados pelas atividades 

antrópicas. Além disso, a falta de planejamento da conservação dos recursos naturais, 

leva a consequências negativas na economia local quando há a existência de uma 



 

166 
 

contaminação impactando a biota, que pertence ao ciclo alimentar humano e ao 

turismo que sustenta muitas populações regionais.  

Considerações Finais 

A bacia de drenagem do rio Doce, MG apresenta décadas de impactos por 

mineração e esse fato é evidenciado em todos os estudos realizados ao longo dos 

anos de 2009 a 2019, a partir dos contaminantes encontrados na coluna d’água e nos 

sedimentos de todos os ecossistemas aquáticos existentes na bacia. Outro fator 

relevante que deve ser levado em consideração dentro dessa bacia são os acidentes 

oriundos da mineração, cujo impacto de contaminação é substancial.  

O monitoramento constante da região do rio Doce, realizado pelo IGAM, é de 

extrema importância para averiguar todos os impactos antrópicos na área. Apesar 

disso, ficou evidente que o número de postos de monitoramento é ínfimo comparado 

ao tamanho da bacia de drenagem do rio Doce, tornando necessário que haja uma 

ampliação desses pontos de amostragem, para que sejam obtidos resultados mais 

detalhados em relação as concentrações de contaminantes existentes na área e para 

que medidas mitigatórias sejam tomadas pelo poder público alcançando um uso 

sustentável da região. Foi observado que a variação sazonal acarreta em um aumento 

da exportação de elementos traço dos ecossistemas continentais para os Oceanos na 

época chuvosa, consequentemente impactando outras regiões e também deve ser 

levada em consideração. 

A conjunção entre as ferramentas estatísticas, métodos de interpolação, 

métodos de mapeamento e as metodologias mais básicas de quantificação de 

contaminantes facilita a visualização de ambientes impactados por consequência de 

atividades antrópicas e   reduz a possibilidade de impedimento no uso de água para 

irrigação e consumo, além da ingestão da biota pelas comunidades. Essa 

harmonização de ferramentas facilita a realização de estudos em bacias de drenagem, 

que são áreas normalmente com grande território. 

Os parâmetros físico-químicos se relacionam com disponibilidade de 

contaminantes nos ecossistemas aquáticos ao controlarem processos de remoção e 

liberação, como floculação, adsorção e deposição dos elementos traço. No estuário 

de Serinhaém, BA o fluxo de elementos em direção ao Oceano Atlântico é constante, 
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diferente dos fluxos do rio Doce os quais apresentavam variação sazonal, e eram 

maiores na época de chuva, devido ao maior transporte das partículas.  

Por fim, fica clara a importância da coleta correta de informações ambientais 

nas regiões brasileiras e que devem ser realizados estudos constantes de 

monitoramento que englobem a maior porção possível da bacia de drenagem em 

questão, o maior número de informações ambientais e de postos de coleta de dados, 

hidrológicos e ambientais, que permita um uso responsável dos recursos naturais.   
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