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“As aguas vao e voltam, nunca correm so
numa diregao [como num rio]. Ele € como
0 sangue do nosso corpo, que pulsa sem

parar. Por isso o mar deve ter um coragao

também, que nem a gente”. lamaxi Myky.



RESUMO

Os Elementos Terras-Raras (ETR) sdo um grupo de elementos com caracteristicas
fisico-quimicas muito préximas e utilizados como tragadores eficientes de processos
geoquimicos em diversos ambientes como rios e estuarios. O gadolinio (Gd), um dos
ETR, pode entrar no ambiente aquatico a partir de fontes antropogénicas como
agentes de contraste usados em ressonancia magnética e permite tragar a presencga
de esgotos. Os objetivos desse estudo foram: 1) caracterizar o comportamento dos
ETRs na zona costeira de Fortaleza e no Delta do Parnaiba e, dessa forma, obter
informagdes sobre a influéncia dessas regides no fluxo fluvial destes elementos para
0 oceano e 2) avaliar se esgotos sao rastreaveis nessas regides. Foram observadas
anomalias positivas de Gd na area do emissario submarino e em dois estuarios de
Fortaleza, indicando que a cidade é uma fonte significativa deste contaminante para
o oceano. O Delta do Parnaiba, por sua vez, nao apresentou anomalias positivas de

Gd, o que indica que esta € uma regiao ainda nao contaminada por esgotos.

Palavras-chave: Elementos Terras-Raras. Tracadores. Efluentes. Estuario.



ABSTRACT

Rare Earth Elements (REE) are a group of elements with very close physical-chemical
characteristics and used as efficient tracers of geochemical processes in various
environments such as rivers and estuaries. Gadolinium (Gd), one of the REE, can enter
the aquatic environment from anthropogenic sources such as contrast agents used in
magnetic resonance and allows to trace the presence of sewage. The objectives of
this study were: 1) to characterize the behavior of REE in the coastal zone of Fortaleza
and in the Parnaiba River Delta and, in this way, to obtain information on the influence
of these regions on the fluvial flow of these elements to the ocean and 2) to assess
whether sewage is traceable in these regions. Positive anomalies of Gd were observed
in the area of the submarine outfall and in two estuaries of Fortaleza, indicating that
the city is a significant source of this contaminant to the ocean. The Parnaiba River
Delta, in turn, did not present positive Gd anomalies, which indicates that this is a

region not yet contaminated by sewage.

Keywords: Rare Earth Elements. Tracers. Effluents. Estuary.
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1 INTRODUGAO E ANTECEDENTES

Os Elementos Terras-Raras (ETRs, em inglés REE: Rare Earth Elements)
sdo: lantanio (La), cério (Ce), praseodimio (Pr), neodimio (Nd), promécio (Pm),
samario (Sm), eurépio (Eu), gadolinio (Gd), térbio (Tb), disprésio (Dy), holmio (Ho),
erbio (Er), tulio (Tm), itérbio (Yb) e lutécio (Lu). Esses 15 elementos possuem numero
atbmico que varia do 57 (La) ao 71 (Lu), e apenas o Pm (Z = 61) ndo ocorre
naturalmente e por isso ndo é quantificado em estudos ambientais de ETRs
(HENDERSON, 1983). Podem ser classificados como Elementos Terras-Raras Leves
(LREE-Light Rare Earth Elements, do La ao Nd), Elementos Terras-Raras Médios
(MREE-Middle Rare Earth Elements, do Sm ao Tb) e Elementos Terras-Raras
Pesados (HREE-Heavy Rare Earth Elements, do Dy ao Lu) (DEBERDT, VIERS;
DUPRE, 2002).

Esses elementos se apresentam no estado de oxidacao trivalente (3+), com
excecao do Cério e do Eurdpio que podem se apresentar também no estado de
oxidagao tetravalente (4+) e bivalente (2+), respectivamente. Os ETRs possuem
propriedades quimicas muito préximas devido ao preenchimento gradual da camada
de elétrons 4f (DUBININ, 2004). Isso leva a uma diminui¢ao do raio iénico conforme
aumento do numero atdmico que é denominada de contracdo dos lantanideos
(HENDERSON, 1983). Essas caracteristicas especificas dos ETRs ocasionam uma
variagao gradual de sua reatividade e isso permite que eles sejam utilizados como
tragadores eficientes de processos geoquimicos em diversos ambientes como rios e
estuarios (GAILLARDET:; VIERS; DUPRE, 2003; SHOLKOVITZ, 1995).

Em ambientes aquaticos os Elementos Terras-Raras se comportam
conforme a regra de Oddo-Harkins. Nesta, elementos de numero atdmico par sao
mais abundantes que os de numero atémico impar. Dessa forma, quando plota-se as
concentragcdes dos ETRs versus o numero atbmico o que se observa sao padrdes
serrilhados (Fig. 1a) (PIPER; BAU, 2013). Para facilitar a comparacgao visual desses
elementos em diferentes amostras, inclusive de diferentes matrizes, recorre-se a
normalizag&o. Nesse procedimento utiliza-se padrbes como o Post Archean Australian
Shale (PAAS) (MCLENNAN, 1989). O PAAS apresenta um valor médio de medidas
de cada ETR, sendo considerado um bom analogo a concentragao relativa desses
elementos na crosta. Os teores normalizados geram os padrdes de distribuicdo dos
ETRs (Fig. 1b).
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Figura 1 — Exemplo de a) padrao serrilhado e b) ETRs normalizados
10 ~ a 1.00 -+ b
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Fonte: adaptado de Deng et al. (2017).

1.1 Elementos Terras-Raras em ambientes aquaticos

A principal fonte de elementos tragos para sistemas hidrologicos € a crosta
continental. A introdugao se da por meio do intemperismo das rochas, da deposicao
atmosférica e de atividades antropicas. Em aguas continentais os ETRs sdo metais
tracos com concentragdes variando de parte por trilhdo (ppt) a parte por bilhdao (ppb)
para a fase dissolvida (GAILLARDET: VIERS; DUPRE, 2003). Os ETRs em &agua de
rios podem ser associados a particulas em suspensao, associados a coloides ou
verdadeiramente dissolvidos, conforme a qualidade desses materiais e a
disponibilidade em abundancia dos ETRs. A fragao particulada é a correspondente ao
material retido em filtros de 0,45 um. A fracdo dissolvida € a que passa através desse
filtro e pode ser separada nas fracdes verdadeiramente dissolvida e coloidal por meio
de técnicas de ultrafiltracao.

A fragdo verdadeiramente dissolvida é composta por ETR livre (ETR3%) e
por pequenos complexos de um ETR com carbonato. Os ETRs sdo muito reativos e
tendem a formar quelatos e se associar a anions ou a coloides minerais como oxi-
hidroxidos de Fe e Mn, e organicos como substancias humicas (LEYBOURNE;
JOHANNESSON, 2008; SONKE; SALTERS, 2006). Técnicas operacionais como a
filtracao/ultrafiltracdo permitem estimar essa especiacdo e modelos termodinadmicos
tém papel fundamental para essa especiagdo de ETRs (TANG; JOHANNESSON,
2003).

A especiacdo dos ETRs varia em fungdo de cada elemento e o
comportamento geoquimico € distinto. Alguns elementos tendem a sofrer remogéao do

sistema aquoso em relagao a outros e como consequéncia os ETRs apresentam uma
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particdo geoquimica diferenciada na fragdo aquosa. A fragao dissolvida muitas vezes
€ enriquecida em HREE e as particulas em suspensao sao enriquecidas em LREE. O
mesmo ocorre para as fragdes verdadeiramente dissolvida e a coloidal. Isso é devido
a retengao preferencial de LREE em fases sélidas, sendo os coloides os principais
carreadores desses elementos (GAILLARDET: VIERS; DUPRE, 2003; MERSCHEL,
2015; SHOLKOVITZ, 1992, 1995).

O pH é a variavel principal no controle das concentragdes e fracionamento
dos ETRs em ambientes aquaticos. Ha uma relacado inversa entre o pH e a
concentragdo de ETRs dissolvidos em rios (Fig. 2), pois rios com baixo pH tém altas
concentracdes de ETRs, enquanto rios com pH alto apresentam baixas concentragdes
de ETRs e s&o enriquecidos em HREE. Além disso, as maiores anomalias de Ce s&o
encontradas também em rios com altos valores de pH (GOLDSTEIN; JACOBSEN,
1988; SHOLKOVITZ, 1992).

Figura 2 — Compilagédo da concentragcdo de Nd em fungao
de valores de pH em diferentes rios do mundo

10~1

1072

Concentracdo de Nd em agua de rio (ppb)

10_3 T T ] ] 7 ! ! !
3 4 5 6 7 8 9 10
pH
Fonte: adaptado de Deberdt; Viers; Dupré (2002).

Além do pH, salinidade, potencial redox e variagdes na precipitacao
atmosférica sdo variaveis que também podem influenciar na abundancia e
fracionamento dos ETRs dissolvidos em aguas de rios (GARCIA et al., 2007; MORA
et al., 2020). O rio Orinoco, por exemplo, tem alta variabilidade de descarga e isso

leva a variacdes consideraveis no seu pH que, por sua vez, leva a variagdes sazonais



18

nas concentragdes dos ETRs. Durante periodos de baixa descarga em que o pH varia
de basico a circum-neutro sdo observadas as menores concentracdes de ETRs. Ja as
maiores concentragdes sdo observadas durante periodos de alta descarga em que o
pH é acido naquela regiao (MORA et al., 2020).

Esse comportamento natural dos ETRs pode ser alterado no ambiente
aquatico a partir de fontes antropogénicas. Esse € o caso do Gd que tem ganhado
destaque atualmente por seu comportamento anémalo em corpos hidricos e ja é
considerado como um contaminante emergente (KULAKSIZ; BAU, 2013). Anomalias
positivas de Gd séo devido ao uso de agentes de contraste a base de Gd (Gd-BCAs)
em ressonancia magnética (BAU; DULSKI, 1996). O Gd livre (Gd3*) na corrente
sanguinea €& toxico, por isso os Gd-BCAs sao compostos formados pelo Gd
complexado a um quelato, resistentes a ruptura por processos metabdlicos e que sao
rapidamente eliminados por meio da excrec¢éo renal (KUMMERER; HELMERS, 2000).
Como consequéncia, muitos corpos hidricos que séo receptores de aguas residuais
ja apresentam um excedente de Gd denominado como Gd antropogénico (MOLLER
et al., 2000). Anomalias positivas de Gd permitem tragar a presenca de esgotos e ja
foram observadas em rios do Brasil (DE CAMPOS; ENZWEILER, 2016). Dessa forma,
o Gd antropogénico € uma ferramenta adequada para determinagao da poluigéo por
efluentes.

Os ETRs dos estuarios sao provenientes dos rios, portanto, em geral, a
fracao coloidal é enriquecida em LREE e a fragao dissolvida enriquecida em HREE.
Nos estuarios, a presenga de gradientes geoquimicos como o pH, a salinidade e forga
ibnica alteram o equilibrio e a estabilidade dos compostos carreados pelos rios. Os
coloides sofrem coagulagao e floculagcéo, e sdo removidos da coluna d’agua gerando
fracionamento dos ETRs (SHOLKOVITZ, 1993, 1995). Esse processo de remocgao
ocorre em zona de baixa salinidade dos estuarios. Porém, em zona de alta salinidade
€ possivel observar um aumento nas concentracbées de um LREE (Fig. 3). Isso é
atribuido a uma liberagdo desses elementos de sedimentos e de particulas em
suspensao (ROUSSEAU et al., 2015; SHOLKOVITZ, 1993) devido a competigdo das
adsorgoes entre os ETRs e os cations abundantes nas aguas salinas. Essa liberagéo,
no entanto, é logo neutralizada. Dessa forma, os processos que ocorrem em zona de
mistura estuarina reduzem consideravelmente o fluxo fluvial desses elementos na fase
dissolvida para o oceano (NOZAKI, 2001).
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Figura 3 — Aumento de concentragdo de Nd em zona de alta
salinidade do estuario do Rio Amazonas
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Fonte: adaptado de Rousseau et al. (2015).

Nos estuarios o Ce apresenta uma alta taxa de remocado. Nesses
ambientes esse elemento sofre remogao por meio da adsorgcédo aos oxi-hidréxidos de
Fe e Mn e é mais fortemente afetado pelos processos estuarinos que outros ETRs
trivalentes (MERSCHEL, 2015).

Dessa forma, os estuarios sdo responsaveis por uma remogao em larga
escala de ETRs dissolvidos que adentram nos oceanos por meio do fluxo fluvial, seja
por mudangas da hidroquimica, ou por processos de diluicdo das aguas fluviais pela
agua do mar. Estudos de ETRs nesses ambientes de transicdo contribuem para o
entendimento da interagc&o continente-oceano e de como 0s processos que ocorrem
durante essa interacao afetam o aporte de elementos para o ambiente marinho.

A maior fonte de ETRs para o oceano sao os rios. O tempo de residéncia
dos ETRs no oceano é relativamente curto e para o Nd é estimado entre 200 e 1000
anos, por exemplo (TACHIKAWA; JEANDEL; ROY-BARMAN, 1999). O curto tempo
de residéncia € ocasionado pela forte reatividade dos ETRs e pela presenca de
processos € mecanismos que contribuem em retirar os ETRs da coluna d’agua
mantendo seus teores baixos. A concentracao dissolvida na agua do mar de um perfil
coletado no Pacifico Norte oeste € de 7.3 pmol/kg para o La e 0.3 pmol/kg para o Lu
em superficie, e de 39 pmol/kg para o La e 1.5 pmol/kg para o Lu no fundo. O perfil
de concentragao dos ETRs é de tipo nutriente com uma leve deplecéo na superficie e
um suave aumento com a profundidade (Fig. 4), demonstrando que estes elementos
possuem uma intima relagdo com o processo de produgao/mineralizacdo da matéria

organica. Esta distribui¢ao vertical ndo é observada para o Eu e o Ce (ALIBO; NOZAKI,
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1999; SMRZKA et al., 2019). Devido a alta concentragédo de carbonato, a maior fragao
dos ETRs na agua do mar esta presente como complexos de carbonato
(SHOLKOVITZ; LANDING; LEWIS, 1994).

O padrao de distribuigdo dos ETRs tipico da agua do mar € marcado pela
presengca de anomalias negativas de Ce (Fig. 5 elipse) e pelo enriquecimento nos
HREE (Fig. 5 quadrado). As anomalias negativas de Ce ocorrem quando na agua do
mar em condi¢cdes oxicas o Ce (lll) é oxidado para Ce (IV) insoluvel e retirado da
fracao dissolvida levando ao fracionamento. Os HREE acabam se tornando mais
concentrados devido a remocao preferencial dos LREE por scavenging que € um
processo de remogao por associagao as particulas em suspensdo que ocorre em
aguas superficiais (ALIBO; NOZAKI, 1999; SHOLKOVITZ; SHEN, 1995; SMRZKA et
al., 2019).

Figura 4 — Perfis de ETR na agua do mar para os elementos
lantanio, lutécio, eurdpio e cério
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Fonte: adaptado de Alibo; Nozaki (1999).

Figura 5 — Padrdes de distribuicdo de ETRs em agua do mar
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2 HIPOTESE

Os Elementos Terras-Raras dissolvidos aportados para o oceano pelo fluxo
fluvial tém sua mobilidade influenciada pelos diferentes processos estuarinos. Os
coloides sédo os principais carreadores desses elementos. O Gd servira como

indicador da contaminagao por langamento de esgotos nos corpos hidricos.
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3 OBJETIVOS

3.1 Objetivo geral

Caracterizar a distribuicdo e o fracionamento geoquimico dos Elementos
Terras-Raras na interface continente-oceano em Fortaleza e no sistema aquoso do

Delta do Parnaiba.

3.2 Objetivos especificos

¢ Avaliar a influéncia do gradiente estuarino sobre a particao dos ETRs;

e Comparar o comportamento dos ETRs no rio Cocé, no riacho Macei6,
no rio Ceara e na regiao de descarga do emissario submarino em Fortaleza;
e Comparar o comportamento dos ETRs no canal principal, no sistema de
canais de maré e baias, em relacdo a variabilidade hidroquimica ao longo
do Delta do Parnaiba;

e Determinar se ja ha presenca de anomalias positivas de Gd que

indiguem contaminacgéo antrépica.
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4 RESULTADOS E DISCUSSAO

4.1 Anthropogenic gadolinium in estuaries and tropical Atlantic coastal waters

from Fortaleza, Northeast Brazil
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4.1.1 Abstract

Gadolinium-based contrast agents are worldly used for medical magnetic
resonance imaging and are an emerging contaminant in natural waters. We
investigated the dissolved fraction of Gd in coastal waters from Fortaleza city and
observe positive Gd anomalies in the wastewater outfall area as well as in two local
river estuaries indicating that the city is a significant source of anthropogenic Gd (Gdanth)
to the ocean. Based on this synoptic study and on the conservative behavior of Gdanth
we trace a highly concentrated sewage-based source which accounts for 2200
pmol.kg™! and to an annual discharge of 25 kg of Gd to the ocean. We also trace minor
sources from the two rivers and estimate that the levels of wastewater dilution within
freshwater prior to mixing with seawater accounted for 4.8% to 14% of the Cocd River
discharge and 1.4% to 3.9% of the Ceara River discharge at the time of the sampling.
Gd is consequently a suitable and promising tracer for water management and forensic
purposes in Fortaleza. In order to guide the application of this method to other coastal

waters impacted by metropolitan areas in the world, we propose a conceptual model


https://www.sciencedirect.com/science/article/pii/S0883292721000408?casa_token=NsCXgcS79dwAAAAA:-1FuG3_zreJpu0YmSFK6eREMSDf5c-JEdMhH6fyOtO-dquMG3EPflKj3RjlADyy9dHpeaDTWyw#!
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for Gdanth behavior within salinity gradients and apply it to revisit previous studies.

Keywords: Rare earth elements; Anthropogenic Gd; Emerging contaminant;

Sewage outfall; Coastal waters; Source tracer

4.1.2 Introduction

Rare earth elements (REE) form a group of elements of similar physical-
chemical properties due to the gradual filling of their 4f electronic shell. Their increase
in atomic number is associated with a decrease in ionic radii (Henderson 1984) leading
to coherent behavior with subtle variations in reactivity and relative abundance
(Sholkovitz, Landing, and Lewis 1994, Coppin et al. 2002; Luo and Byrne 2004; Kéhler
et al. 2005), being therefore, suitable geochemical tracers of sources and processes
in rocks and aqueous media. In contrast with strictly trivalent REE, cerium and
europium exist in tetravalent and bivalent respectively, in aquatic solution. Thus, they
can fractionate substantially compared to their neighbors forming a naturally occurring
anomaly (Elderfield 1988).

Anomalous gadolinium concentrations were first observed in samples from
the Rhine River (Bau and Dulski 1996) and have since been reported in several aquatic
environments located in densely populated areas around the world (Nozaki et al. 2000;
Bau et al. 2006; Lawrence 2010; Hatje et al. 2016; Mortatti and Enzweiler 2019). Such
anomalies can reach several orders of magnitude higher than the background Gd
concentrations and are linked to anthropogenic sources related to medical activities.
Gd-based contrast agents (Gd-CAs) are extensively used for magnetic resonance
imaging (MRI) exams since their first approval in 1988 (Zhou and Lu 2013). As free
Gd3* in the bloodstream is toxic, Gd-CAs consist of chelate molecules resistant to
rupture by metabolic processes and being rapidly eliminated through renal excretion
(Oksendal and Hals 1993; Kimmerer and Helmers 2000; Patasz and Czekaj 2000;
Shellock 2000; Feng et al. 2010; Xia et al. 2011). Natural levels of Gd in several water
bodies, used as wastewater receptors, have been exceeded (Mdller et al. 2000)
leading, in some regions, to contamination of soils and adjacent aquifers used as
drinking water sources (Schmidt et al. 2019).

This exceeding Gd behaves conservatively and is rarely removed in

wastewater treatment plants (Rabiet et al. 2014). This behavior is ascribed to the fact
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that Gd ligands have a high complexation capacity with Gd and shall be non-reactive
with surfaces and suspended sediments, refractory to pH variation range of different
media (blood, continental water and seawater) and to bacterial activity (Schijf and
Christy 2018). The conservative behavior of Gd complexes allows to trace pollution
sources associated with treated and untreated wastewaters and levels of Gd may
depend on population density, the numbers of MRl exams which are growing worldwide
and wastewaters dilution by natural waters (Mdller et al. 2000; Bau et al. 2006; Kulaksiz
and Bau 2007; Lerat-Hardy et al. 2019). This behavior contrasts with natural Gd and
other REE which are highly reactive and tend to associate with organic and mineral
colloidal ligands removed from the water column in estuaries (Sholkovitz 1993;
Rousseau et al. 2015). To date, the toxicity of this emerging contaminant and its long-
term lability are still poorly known (Henriques et al. 2019; Fuijita et al. 2020) and its
levels have shown a significant increase over short periods of time in some locations
(Tepe et al. 2014; Hatje et al. 2016).

In a recent study, Pedreira et al. (2018) observed the presence of Gd
anomalies in coastal waters near the outfalls of two WWTP from Salvador city,
northeast Brazil. The authors measured the anthropogenic Gd concentration within
these WWTPs and used national wastewaters discharges data to perform a mass
balance of its load exported annually by Brazilian coastal cities outfalls. The present
work was developed in Fortaleza city, the capital of Ceara state located in the northeast
region of the country (Figure 6). Fortaleza is the fifth Brazilian city in population size
and has 35 magnetic resonance facilities, i.e., 1.3 equipment per 100000 inhabitants
(Datasus 2019), which is close to the 1.6 average ratio observed for the Organization
for Economic Co-operation and Development countries (OECD 2020). Serving as a
regional medical pole, Fortaleza receives patients from distant areas and faces a high
demand on these equipments, since the entire Ceara state, with an area of nearly
149000 km?, has 55 magnetic resonance facilities, 0.3 equipment per 100000
inhabitants.

Fortaleza discharges its wastewaters primarily by a submarine outfall
located 3.2 km from the shoreline and secondly in two small rivers which cross the city
which are under pressure of distinct human activities such as navigation, fishing and
recreational activities. Here we investigated the concentrations of dissolved REE in
Fortaleza estuaries and coastal waters in order to check whether Fortaleza medical

activities lead to detectable anthropogenic Gd, to investigate potential wastewater-
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derived sources of contamination and to refine earlier mass balance calculations.

4.1.3 Materials and methods

4.1.3.1 Study area

Fortaleza climate is influenced by the Intertropical Convergence Zone (ITCZ)
experiencing contrasted seasonal trade winds and rainfall regimes (Ferreira and da
Silva Mello 2005). According to the national institute of meteorology (INMET 2019), 90%
of the average total precipitation (1432 mm/year) occurs between January and June
when the winds are relatively weak. Contrastingly, the period from July to December is
dry and the winds are stronger. The prevailing winds are oriented WNW and generate
average coastal currents parallel to the coast (Pereira et al. 2015). This circulation
pattern has a relatively constant direction throughout the year as shown in Figure 6a.

The city has approximately 2.7 million inhabitants (IBGE 2019) of which 61%
have their wastewaters collected and treated (ANA 2017). Three water bodies cross
the urban zone and receive treated and raw wastewaters discharges (Nilin et al. 2013):
Coco River, Ceara River and Maceio Stream (Figure 6b). A high-capacity preliminary
WWTP collects and treats 49% of the wastewaters produced by Fortaleza and
discharges the effluents through a submarine outfall built in the seventies. It is 3.2 km
long, has a 1.5 m diameter and operates a 2.2 m3.s™! discharge at a 12m depth
(CAGECE 2014). The coastal circulation maintains the wastewater plume distant from
the shoreline and advects it parallel to the coast. In contrast, the waters from the Coco
and Ceara rivers, the Macei6 Stream and the 32 storm sewers distributed alongside
the city seafront are advected westwards but relatively close to the coast (Pereira et
al. 2015).
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Figure 6 — Study area and sampling stations: a) Ceara state localization and Fortaleza coastal circulation scheme
(current direction adapted from Pereira et al. 2015) b) Four areas were covered in this study: Cocé River (samples 1 to 6), Maceio
Stream (samples 7 to 10), Fortaleza outfall (sample 11 to 14) and Ceara River (Sample 15 to 21). The dashed line represents the

localization and extension of Fortaleza submarine outfall and the star the localization of the mmajor WWTP
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4.1.3.2 Sampling

A total of 19 nearshore surface water samples were collected in April and
May 2018 in areas under the influence of the Coc6é and Ceara rivers, the Macei6
Stream and the submarine outfall of Fortaleza (Figure 6). Sampling points were chosen
considering prevailing winds, water circulation and the subsequent urban water
dispersion. Two bottom samples were also obtained at 12m in the outfall discharge
area. Samples within the Cocé and Ceara rivers were also collected. Van Dorn bottles
were used for sample collection and HCI cleaned 1L high-density polyethylene (HDPE)
bottles were used for sample storage. Samples were filtered with pre-cleaned 0.45 pm
cellulose ester mixed membranes (Millipore, Merck) and acidified with doubly distilled
HCI (Quartz Sub-boiling distiller) to pH 2. Temperature and salinity data were acquired

with an in situ multiparametric probe (EXO2, Ysi).

4.1.3.3 Analytical procedures

C18 solid-phase extraction cartridges (Sep-Pak, Waters), loaded with 2-
ethylhexyl phosphate (HDMEP-H2DMEP), were used for REE preconcentration and
salts removal (Shabani et al. 1992; Merschel et al. 2015; Amorim et al. 2019). Briefly
samples were acidified, spiked and kept for a two months and a half period at ambient
air conditioning lab temperature. Subsequently samples were loaded through the C18
cartridges with a peristaltic pump at a flow rate of 9 mL min-'. Prior to the REE elution,
the cartridges were washed with 10 mL of HCI 0.01 mol.L" at a flow rate of 3 mL min-
' to remove some major elements including the interfering Ba. Then, the analytes were
eluted with 40 mL of HCI 5.6 mol.L"', at a flow rate of 3 mL min™'. The eluate was
evaporated in pre-cleaned 60-mL PFA vials on a heating plate until dryness and the
remaining material was dissolved back in 5 mL of a 0.32 mol.L-" HNOs. All acids used
in this extraction procedure were double-distilled.

Quantification of REE was carried out in an Agilent 7500ce inductively
coupled plasma mass spectrometer (ICP-MS) according to analytical procedure for
data treatment and interference monitoring/corrections proposed elsewhere
(Rousseau et al. 2013; Amorim et al. 2019). REE concentrations were determined by
isotopic dilution using a mix of 6Nd, "*'Eu, and '72Yb spikes added to the samples

before the preconcentration step. In each individual sample the recoveries were
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monitored and corrected for Nd, Eu and Yb and interpolated for non-spiked REE. On
average, Nd, Eu and Yb showed recoveries of 83%, 88%, and 86%, respectively.
Blanks were inferior to 6% for heavy REE (HREE) and 3% for middle REE (MREE).
For light REE (LREE) such as La, Ce, and Pr, blank correction reached about 10% of
the signal in some samples. The methods for sample preparation and analyses used
in this study were successfully applied the analyses of the SLRS-6 river water
reference material (Amorim et al. 2019; Yeghicheyan et al. 2019). Considering the
higher salinity of the samples investigated in the present study compared to SLRS-6,
the matrix separation efficiency was checked by analyzing Na and Ca by Inductively
Coupled Plasma Optical Emission Spectrometry (Thermo iCAP 6000 Series) and
showed that preconcentrated samples had Na and Ca concentrations 108 and 2.102
times lower than seawater respectively. As discussed by de Campos and Enzweiler
(2016) chelated Gd used as contrast agents can have low retention in C18 cartridges.
Since our samples were kept acidified for a long period before preconcentration we
assume good recoveries for this element. More analytical developments are however
necessary in the field and specially to insure fully quantitative Gd recoveries for sea
water. For example, a recent study on tap waters and soda samples by Schmidt et al.
(2019) have shown good recoveries when adding a H202 digestion step prior to the

acidification step.

4.1.4 Results

Table 1 shows the salinity, temperature and REE concentrations for the
samples collected within the scope of this study. Temperature varied between 28.9 and
30.0 °C, salinity ranged from 0.3 for sample 1 (Coco6 River estuary) to 36.0 for sample
15. Most of the coastal samples displayed salinities between 35.6 and 36 except for
station 5 (32.8) which is influenced by the Coco River plume. The saltiest samples
presented values between 35.9 and 36.0 and can be considered as the marine
endmember. Slightly fresher waters were observed for samples 11 and 12 (35.7 and
35.7, respectively) which are surface water samples located in the sewage outfall
region characterized by a wastewater plume. Lower salinities were observed in Ceara

River estuary (samples 19, 20 and 21; salinity 6.1, 7.8, and 19.2, respectively).



Table 1 — Sampling localization, hydrographic data and rare earth elements concentrations (pmol.kg™")
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Area Sample Date Latitude Longitude Temp. Salinity La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE
gﬁ/‘;? 1 04/05/18 -3.75516 -38.48132 ND 0.31 1184 176.8 355 171.7 422 109 1540 590 37.8 10.7 457 8.86 76.3 15.6 910.3
2 04/05/18 -3.77969 -38.43835 ND 35.34 2587 31.23 543 23.05 470 129 7.79 114 8.06 2.02 6.85 1.06 7.17 1.26 126.9

3 09/04/18 -3.75789 -38.41856 29.5 35.65 23.25 4475 4.97 1941 393 096 534 085 576 140 451 0.70 4.28 0.77 120.9

4 09/04/18 -3.76393 -38.43086 294 3574 21.71 4207 441 1764 3.66 1.00 5.10 0.80 538 121 426 0.65 4.00 0.64 1125

5 09/04/18 -3.75514 -38.43750 30.0 32.76 27.96 53.87 569 2480 532 137 932 101 711 175 6.17 0.98 7.20 1.29 153.8

6 09/04/18 -3.74932 -38.42572 293 3584 18.12 36.19 346 1273 286 0.75 3.61 057 4.02 095 3.10 046 299 0.51 90.3

gﬂt?é:::r? 7 13/04/18 -3.72134 -38.49077 294 3594 26.03 4111 483 1952 391 1.05 6.12 089 6.30 153 525 081 541 0.89 123.6
8 13/04/18 -3.71116 -38.48806 29.1 3594 2469 3946 485 2113 411 1.05 6.58 094 6.64 1.60 529 0.79 510 0.83 123.0

9 13/04/18 -3.70299 -38.48577 28.9 36.01 2499 4025 4.82 1953 4.02 1.06 6.14 092 6.48 155 519 0.78 530 0.83 121.9

10 13/04/18 -3.68866 -38.48196 28.9 3595 19.31 3470 3.67 1449 3.15 0.77 411 065 448 1.06 3.44 055 3.39 0.56 94.31

F%r:latfl:ﬁa 11S 12/04/18 -3.68622 -38.53176 29.0 35.71 18.80 43.61 4.83 1854 3.74 095 1740 0.78 5.08 1.21 3.82 0.55 3.56 0.61 123.5
11D 12/04/18 -3.68622 -38.53176 28.9 3591 37.28 5997 4.09 16.01 3.33 097 4.77 077 493 123 399 060 3.77 0.64 1423

128 11/04/18 -3.68485 -38.53512 28.9 35.69 16.95 50.21 575 2489 486 121 24.08 089 6.02 144 441 0.68 429 0.76 146.4

12D 11/04/18 -3.68485 -38.53512 28.9 3595 1844 39.37 422 16.33 346 084 520 0.70 497 113 3.81 056 3.58 0.58 103.2

13 11/04/18 -3.68327 -38.54216 29.1 3575 16.08 42.28 4.82 2095 4.18 1.10 16.88 0.83 540 1.28 4.22 065 4.13 0.67 123.5

14 11/04/18 -3.68152 -38.54915 29.1 3579 2298 53.83 529 2090 4.13 1.12 1495 082 520 1.26 3.98 0.58 3.84 0.65 139.5

%?\?gf 15 10/04/18 -3.69215 -38.58816 29.6 36.02 31.07 5583 572 23.07 490 137 6.75 1.07 7.07 176 568 087 558 093 151.7
16 10/04/18 -3.66790 -38.58555 29.3 3598 2196 4245 3.83 1439 3.06 0.81 4.04 062 4.14 099 3.19 049 3.00 0.50 103.5

17 10/04/18 -3.68684 -38.60349 29.6 3571 36.35 6546 6.74 27.32 552 135 9.09 110 7,55 182 595 088 598 1.03 176.1

18 10/04/18 -3.66395 -38.59563 29.34 3560 26.47 4944 576 23.27 473 130 8.61 1.04 6.09 150 467 081 465 090 139.3

19 08/05/18 -3.69718 -38.58772 ND 19.22 39.65 5891 844 3593 7.30 193 11.02 138 9.27 223 796 130 911 1.71 196.1

20 08/05/18 -3.70418 -38.59700 ND 7.79 2723 6639 67.1 2828 534 1297 62.10 7.31 41.85 9.21 30.68 5.07 38.29 7.50 1555

21 08/05/18 -3.70399 -38.61369 ND 6.06 287.7 697.6 714 298.8 58.0 13.51 68.59 7.89 44.61 9.88 32.59 545 40.89 8.04 1645
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4.1.4.1 Rare earth elements

The sum of all REE concentration (Y REE) varied from 90.3 pmol.kg™
(coastal sample 6) to 1644 pmol.kg™" (sample 21). The highest Y REE concentration
were observed for Coc6 and Ceara River estuaries which also presented low salinity
(samples 1, 20 and 21). Post-Archean Australian Shale (PAAS) normalized REE
diagrams (McLennan 1989) are reported in Figure 7. Samples 1, 20 and 21, which
presented the highest Y REE levels, also showed REE distribution patterns with a
substantial offset compared to the other samples (Figure 7a, 7d). All REE distribution
patterns displayed a gradual fractionation, from depleted LREE to enriched HREE.
Atlantic Ocean waters usually display such typical fractionated behavior. Therefore,
Lasn/Ybsn ratios presented in Table 2 were systematically inferior to 1, varying from 0.09
for sample 1; with the lowest salinity sampled for Coco River; to 0.59 for sample 11D
located nearby the submarine outfall. Looking into detail, for most samples, however,
REE patterns were rather flat from La to Nd and then increased from Nd to HREE.
Sample 11D presented an enrichment in La (Figure 7b) with a Lasn/Ndsn ratio of 2 (Table

2). Cerium anomaly (Ce/Ce’) was calculated following equation 1:

Ce Cesn
Ce*  (LagnXPrsy)%s

Eqg. 1

where Ce’is the estimated non anomalous cerium concentration, Cesn , Lasn
and Prsn are the PAAS normalized REE concentrations. Ce/Ce” were on average 0.97
1 0.16 and varied from 0.61 for Cocé River (sample 2) to 1.18 for sample 12S in the
outfall area (Table 2). Samples 10 and 6 presented the lowest REE concentrations,
with distribution patterns close to a sample collected by Rousseau et al. (2015) over
the same continental margin further west at 90 m depth close to the Amazonian shelf
break (Latitude: 2,26 °S e Longitude: -47,50 °W) (Figure S1). Despite this similarity in
REE patterns, Ce displays a different behavior and while samples 6 and 10 indicate
the absence of Ce anomaly (1.06 and 0.95, respectively) the sample reported for

comparison displayed a large negative anomaly (0.5).



Figure 7 — PAAS normalized rare earth elements patterns in the areas
investigated in this study: a) Coco river, b) Macei6 stream,
c) Fortaleza submarine outfall, d) Ceara River
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Table 2 — Post Archean Australian Shale (PAAS) normalized REE ratios, Ce and Gd
anomalies, and anthropogenic Gd concentration (Gdantn) expressed in pmol.kg™"
Lasn Lasn Cesn Gdsn

Area Sample Yb,, Nd,, Ce, Gd, Gd
Cocé River 1 009 059 063 54 12537
2 021 09 061 1.3 1.77
3 032 1.02 096 1.2 0.76
4 032 1.05 099 1.2 0.84
5 023 096 099 17 3.88
6 036 122 106 1.2 0.50
Macei6 Stream 7 029 114 085 13 1.36
8 029 1.00 083 1.3 1.46
9 028 1.09 085 1.2 1.20
10 034 114 095 1.2 0.57

Fortaleza Outfall 11S 0.31 087 1.06 4.1 13.18
1MD 059 199 112 13 1.01

128 023 058 118 47 1894

12D 0.30 097 1.03 13 1.27

13 023 066 111 3.7 1228

14 035 094 113 34 10.53

Ceara River 15 033 1.15 097 1.2 1.1
16 043 13 1.07 1.2 0.72

17 036 1.14 097 1.5 3.14

18 0.34 097 093 17 3.47

19 026 094 074 15 3.73

20 042 082 114 16 2204

21 042 082 113 1.6 2558

4.1.4.2 Gd anomaly

REE patterns presented an anomalous Gd behavior in many samples as it
is offset from the smooth increasing trend in REE patterns (Figure 7a-d). Several
methods allow the numerical evaluation of the Gd anomaly by estimating the
background shale normalized concentration (Gdsn’) of this element (Hatje et al. 2016).
Gdsn” can be estimated by fitting, for each sample, a third-order polynomial of PAAS
normalized REE values against their discrete ranking (from one to fifteen) and solving
the equation for the Gd position (Figure S2). This multiple regression method
disregards potentially anomalous elements (Gd, Ce, and Eu). It is advantageous for
not considering Gd as LREE nor HREE and thus more appropriated when comparing
the range of REE patterns found between freshwater and seawater (Mdller et al. 2002;

Hatje et al. 2016). Gd anomaly (Gdsn/Gdsn’y was calculated following equation 2:
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Gdgn _ Gdgn
Gdsn,  (B3x3+B2x2+B1x+B)

Eq. 2

where Gdsn is the PAAS normalized gadolinium concentration and Gdsn’ is
calculated by solving each fitted third-order polynomial of Bo, 1, B2 and Bz parameters
for x=8 (gadolinium position). For low Gdsn/Gdsn™ values the anomaly can sometimes
be hardly distinguishable from natural Gd levels as this REE is located between LREE
and HREE which may have contrasted reactivity and fractionation patterns and
because of possible analytical uncertainties in REE determination. As a result, it is
important to consider low positive Gd anomalies with caution and a threshold for
Gdsn/Gdsn” between 1.3 and 1.5 is usually chosen arbitrarily to attribute the anomaly to
anthropogenic activities (Pedreira et al. 2018; Andrade et al. 2020). In our study
considering Gdsn/Gdsn2 1.3, 16 samples presented a Gd anomaly and considering
Gdsn/Gdsn= 1.4, 11 samples presented this anomaly (Table 2). The sample from the
Cocd River presenting the lowest salinity (sample 1) also displayed the highest Gd/Gd”
anomaly. In the coastal area influenced by the Cocdo River estuary, only sample 5
displayed an anomalous behavior. In the Ceara River, estuarine samples 19, 20 and
21 and coastal samples 17 and 18 displayed a positive anomaly. In the Maceid Stream
coastal area, samples 7 and 8 showed a slight positive anomaly. All the surface
samples in the outfall area presented a significant positive anomaly ranging from 3.4
to 4.1, it is comparable with the value of 3.4 found by Pedreira et al. (2018) for the

outfall plume of Salvador city.

4.1.4.3 Robustness of the polynomial method for Gd* estimates

Since La can eventually present an anomalous behavior compared to other
LREE (Kulaksiz and Bau 2011; Garcia-Solsona et al. 2014; Klaver et al. 2014; Amorim
et al. 2019) we made a sensitivity test in order to evaluate any possible influence of La
variations on Gd" estimations (Figure S3a). For sample 3, a -50% and +50% variation
of La value leads to a 3.5% variation of Gd" in the opposite direction (Figure S3b).
Consequently, this third order polynomial method can be applied thoroughly for Gd*
estimations except in the presence of very high La anomalies (i. e., more than 10-fold
the non anomalous concentration). In our study, La behavior was quite constant for

most of the samples with narrow variations of Lasn/Prsn (1.10 £0.27). The only sample
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showing a contrasted La behavior was sample 11D (Figure 7c), which presented a
Lasn/Prsn ratio of 2 and a slightly anomalous Gd/Gd* ratio of 1.3. If we fit a polynomial
for this sample using a hypothetical Lasn value using the average Lasn/Prsn value of
1.05 we find a different Gd/Gd* of 1.6. Beside this exception where the Gd anomaly
could be slightly underestimated, the polynomial method is suitable and allows us to
compare our data with other studies (Hatje et al. 2016; Pedreira et al. 2018; Andrade
et al. 2020).

4.1.5 Discussion

4.1.5.1 Fortaleza as a traceable source of anthropogenic Gd

The Gd/Gd* values we observe ranged from 1.2 to 5.4 and are comparable
with previously reported values in coastal waters near Salvador (Gd/Gd* ranging from
1 to 3.4; Pedreira et al. 2018) but substantially lower than values observed in
continental waters near other Brazilian metrocities like Campinas city in fluvial
environment (Gd/Gd* ranging from 0.8 to 86.7; De Campos and Enzweiler et al. 2016)
and Brasilia’s lake (Gd/Gd* ranging from 1.1 to 68.4; Merschell et al 2015, Amorim et
al 2019). Considering that the highest ratios were observed in Coc6 and Ceara rivers
and in the WWTP outfall region, Fortaleza unequivocally provides a traceable source
of anthropogenic Gd to the ocean. Several magnetic resonance equipments are
implanted in Fortaleza and this medical care activity has been the most suitable
candidate to explain Gd anomalies in the waterbodies draining densely populated
areas. Thus, it is likely that Gd anomalies are linked to the use of Gd-CAs.

We also observe significant Gd anomalies in samples collected westwards
of the Cocd River (sample 5), the Ceara River (sample 17) and the outfall region
(samples 12, 13 and 14), suggesting a Gd mobility and dispersion patterns in
agreement with the ones modelled by Pereira et al. (2015). It is important to point out
that as Gd/Gd* ratios relate to the background Gd concentrations they are not fully
adequate for comparisons between continental waters and seawaters which display
large variations in REE levels. Additionally, these elements are reactive and can be
removed from the dissolved phase by scavenging and colloids flocculation or added to
the system through release from sediments and suspended particles (Sholkovitz 1993;

Rousseau et al. 2015; Johannesson et al. 2017).
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4.1.5.2 Anthropogenic Gadolinium quantification

To overcome the effect of potentially high natural REE variation on
Gd/Gd*ratios, for example between riverwater and seawater, we estimate the absolute

anthropogenic gadolinium concentration (Gdanth) using equation 3:

Gdapen = Gd — (GdPAAS X Gd;n) Eq- 3

where Gd is the measured concentration, Gdraas is the PAAS normalized
Gd concentration, as proposed by McLennan (1989), and Gdsn™ stands for the PAAS
normalized natural Gd estimated by the polynomial fit. As shown in Figure 8 Gdanth
decreases as salinity increases in the outfall region (samples 10, 11S, 11D, 12S, 12D,
13, and 14) reflecting the dilution of a concentrated freshwater endmember by
seawater. In the Cocé River area (samples 1, 2, and 5) and in the Ceara River area
(samples 19, 20, and 21) the same dilution pattern is observed (figure S4). A
remarkably linear and conservative estuarine Gdanth behavior was previously reported
for the entire salinity gradient in the Weser estuary (Kulaksiz and Bau 2007). This is in
agreement with our results in the outfall region where there was a significant negative
correlation between salinity and Gdanth (r(5)=0.97, p<.001). Assuming a conservative
Gdanth behavior over the whole salinity gradient one can infer that the wastewater
endmember concentration (Gdanthwwtp) is the interception of the linear regression with
the Y axis at O salinity (i. e., the b parameter). The standard deviation (s,) of the

intercept b is the square root of its variance (Equation 4):

=2
sE="2 (24— Eq. 4

n—-2 \n SSxx

where SSk is sum of squared estimate of errors, SSx« is sum of squares of
x observations. According to Eq. 4, s, allows us to give a 95% confidence interval for
b following the t-distribution with n-2 degrees of freedom. As a result, we calculate a
source concentration for the Gdanth signal measured in the outfall area of 2240 £ 470
pmol.kg'. This result is in agreement with the value obtained by Pedreira et al. (2018)
in Salvador city, where the authors reported Gdanth values measured directly in the

WWTPs and varying between 900 and 2605 pmol.kg'. These values were used as
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reference to estimate Gdanth exported from the Brazilian coastal cities. Considering the
average discharge of the submarine outfall of Fortaleza, approximately 24.6 £ 5.2 kg
of anthropogenic Gd are launched to the ocean every year. It corresponds to nearly
22400 MRI exams if an average of 1.1 g of Gd is administered during each analysis in
Brazil (Telgmann et al. 2013; Merschel et al. 2015; Pedreira et al. 2018). Our estimate
is based on a synoptic observation and shall be considered more as an order of
magnitude, indeed substantial variations in Gd concentrations can occur in WWTP

within a few days according to the daily number of MRI exams (Pedreira et al. 2018).

Figure 8 — Anthropogenic gadolinium (Gdanth) as function of salinity in
Fortaleza submarine outfall area

25 -
* Fortaleza outfall area
20 : - Linear regression
_ o i g
=] T,
= e
o 15 - e
E *® R?‘"Lx
£10 - !
] y=-62.31dx + 22404
R* =0.9476 8
5 4 n=7 ey
p=.001 ‘MH
ﬂ T T T T . H\M“"’ 1
35.6 3587 35.8 35.9 36

Salinity

For the estuaries of Cocé and Ceara rivers, the Gdanth values extrapolated
to the freshwater endmember (Gdanth,s=0) were of 126 + 5 pmol.kg™ and 35.2 + 1.2
pmol.kg™',respectively. Despite higher Gd/Gd* ratios and Gdantn values within the
estuary, these Gdanth(0) levels are inferior to the one calculated for the submarine
outfall and support the hypothesis that wastewater discharges are firstly diluted by the
river waters prior to seawater/river mixing. According to the Brazilian National Water
Agency (ANA 2017) Cocd and Ceara rivers receive, respectively, a total of 352 L s
and 104 L s of treated and non-treated wastewaters. These effluents are distributed
in several punctual canalizations along the watercourses. To our knowledge, yearly
hydrological data are not available for both rivers and the only data accessible from

the water agency is their minimum reference discharge (76.5 L s™' for Cocd River and
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116.6 L s for Ceara River). As a result, during the dry season, it is estimated that
wastewaters shall account for 75% and 40% of Coc6 and Ceara rivers discharge. As
sampling was carried out during the rainy season (April and May) both rivers shall
display a substantially higher discharge than during the dry season. In this case, a
simple mass balance can be applied here to estimate the river water and wastewater

(%WW) proportions during the sampling period using equation 5:

YWW = _Gdanth s=0 Eq.5

Gdanth, wwTP

where Gd g, s=o IS the anthropogenic Gd estimated for the freshwater endmember
and Gdgenwwrp 1S the anthropogenic Gd concentration within the wastewater
treatment plant.

Based on equation 5 and considering the minimum and maximum values
for Gd gnen wwrp @s observed by Pedreira et al. (2018), i. e., 900 to 2600 pmol.kg™', we
suggest that wastewaters accounts for 4.8% to 14% of the discharge of Cocd River
and for 1.4% to 3.9% of the Ceara River during the study period. Therefore, Gdanth is a
suitable tracer to monitor the dilution of wastewaters within rivers as it is minimally
influenced by wastewater treatment processes compared to other usual parameters
such as biologic oxygen demand and nutrients. In addition, Gdanth might closely follow
the fate of other conservative emerging contaminants. The submarine outfall delivers
high Gdanth concentrations rapidly diluted by seawater. Contrastingly, for river systems,
even if conservative contaminants are previously diluted within freshwater prior mixing
with seawater, they might be more harmful to the biota in estuaries given their longer

residence time and higher absolute concentrations.
4.1.5.3 Potential applications using Gdantn @s a conservative tracer

In this section we develop a simple conceptual vision of Gdanth in salinity
gradients and revisit earlier studies based on this approach. Considering the
conservative behavior of Gdanth during freshwater/seawater mixing, three scenarios
can possibly occur. In the first scenario (Figure 9a), a concentrated Gdanth, s=0 source
is diluted by seawater. This high Gdanth content is characteristic of wastewater outfalls

and can be applied to evaluate endmember concentrations and fluxes or to attribute
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confidently eventual slight salinity fluctuations due to the presence of diluted sewage
plumes. Samples collected in the present study in the Fortaleza outfall area and in

Salvador city outfall area by Pedreira et al. (2018) can be associated with this scenario.

Figure 9 — Conceptual cases illustrating the conservative behavior of anthropogenic
Gd during freshwater/seawater mixing: a) highly concentrated Gdanth SOurce scenario;
b) diluted Gdanth SOurce scenario and; c) two distinct sources scenarios
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In scenario two (Figure 9b), a freshwater source with lower and
homogeneous Gdanth levels mixes with seawater. In this scenario, any concentrated
source is mixed and diluted by freshwaters (i.e. 0 salinity) prior to mixing with seawater.
This scenario is observable for river samples collected in Cocé and Ceara rivers in the
present study and allows to calculate water balances. This type of estuarine mixing
was also observed for the Weser estuary where seasonal variations of wastewater
dilution in the freshwater endmember are observable between March 2005 (Gdanth =86
+4 pmol.kg™') and November 2005 (Gdanth =137+1 pmol.kg™") as shown in Figure 10a
(Kulaksiz and Bau 2007).

In a third scenario (Figure 9c), two distinct freshwater sources with different
Gdanth concentrations are mixed with seawater, this can lead in two distinct Gdanth vs
Salinity behavior within the same area. It is the case for the San Francisco Bay study
by Hatje et al. (2016). Indeed, by representing the concentrations of Gdanth using their
dataset (Figure 10b), it is possible to observe two distinct freshwater/seawater
conservative mixing patterns. In the northern part of the Bay, by extrapolating Gdanth to
part the 0 salinity we obtain 35.1+2.5 pmol.kg™', which is likely to represent Sacramento
River Gdanth concentration at the time of sampling. On the other hand, in the southern
part of the Bay, we estimate a substantially higher freshwater source of Gdanth (853 *
83 pmol.kg™). This higher level shall correspond to the contribution of WWTP, as four
cities located around the southern part of the Bay contributes with WWTP discharges
(Palo Alto, San José, Redwood and San Leandro).

Finally, the conservative behavior of Gdanth during estuarine
freshwater/seawater mixing can help us identify sources and fate of wastewater and
its compounds. The recent study by Andrade et al. (2020) in the Todos os Santos Bay
of Salvador showed minor to negligible Gdanth values within the bay except in its eastern
portion where a 12h time station was made (Figure 10c). Two relations between Gdanth
and salinity appear: from the high to the low tide, the white diamonds indicate a
freshwater endmember with highly concentrated Gdanth values of 350 + 46 pmol.kg™'.
In contrast, during the rising tide, a mixing between salty and Gdanth rich waters occurs
(black triangles). It is likely that these salty Gdanth-rich waters were originated outside
the bay by mixing of waste water from the outfalls of Salvador (located outside the bay,
near its entrance) with Atlantic waters. If we perform a mass balance using Pedreira et
al. (2018) data for the marine endmember (S=36.8) and WWTP Gdanth concentrations
(900-2600 pmol.kg™), waters having 36.15 + 0.3 salinity and 25 + 6 pmol.kg™" of Gdantn
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(i.e. waters containing 1-2% waste waters) entered the bay to mix with fresher inner

bay waters.

Figure 10 — Anthropogenic gadolinium (Gdanth) in: a) the Weser estuary
(Kulaksiz and Bau 2007); b) the San Francisco Bay (Hatje et al. 2016)
and c) the Todos os Santos Bay (Andrade et al. 2020)
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4.1.6 Conclusions

We observed positive Gd anomalies at the WWTP submarine outfall of the
city of Fortaleza. This excess of Gd has an anthropogenic origin and is mostly
associated with renal excretion of chelated Gd used as a contrasting agent in magnetic
resonance imaging. We calculated the absolute concentration of Gdanth and,
considering its conservative behavior, we estimated that wastewaters from the WWTP
have a Gdanth concentration of 2.2 + 0.5 nmol.kg™" and delivers annually approximately
25 kg of Gd to the Atlantic Ocean. This load represents roughly half of city’s total Gd
disposal since the submarine outfall transports 49.1% of Fortaleza wastewaters. A
large part of the other half of the Gd disposal reaches two rivers which receive
wastewater discharges from the city of Fortaleza and diluting Gd prior to the
freshwater/seawater mixing. Using a simple mass balance, we observed that Gdanth is
a suitable tool to trace and monitor wastewaters dynamics and dilution in Fortaleza,
being potentially helpful for decision and policies making in water management.
Further studies are however necessary for such purpose in order to refine the
quantitative estimates of source concentration and hydrological variability and
thoroughly calibrate this tracer. Moreover, one can infer that the number of MRI
analyses have been drastically reduced worldwide during the COVID-19 Pandemic
Regarding conservative contaminants, sewage shall present substantially higher
threats to biota if launched in river and estuaries than by submarine outfalls as even if
diluted, they show higher spatial confinement, longer residence time and higher
absolute levels in estuaries. The conservative behavior of both salinity and Gdanth
allowed us to classify the mixing of urban water/seawater in three distinct scenarios,
this systematic shall be useful for applications in several other coastal cities and
estuaries with upstream anthropic impact Increasing the monitoring of this contaminant
of emerging concern is important as MRI analyses are facing a constant grow, and little
is known regarding its toxicity and the processes that may act as a sink for Gdanth.
Finally, this tracer could also be applied as a forensic tool to monitor anthropogenic
contamination of source and groundwater polluted by leaking of raw sewage pipes or

to detect clandestine wastewater connections to storm sewers in Brazilian cities.
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4.1.8 Supplementary data

Figure S1 — PAAS normalized Rare Earth elements patterns of sample 6,
sample 10 (this study) and AM3 90m (Rousseau et al., 2015)
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Figure S2 — PAAS normalized Rare Earth Element pattern of sample 11S and its
associated third order polynomial fit. The elements represented in orange are used
for the regression, the blank space at REE number 5 relates to Pm and the blue

triangle is the estimated value for the natural Gd
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Figure S4 — Anthropogenic Gadolinium (Gdanth) as function of salinity in Cocé river (a)
and Ceara river (b) estuaries
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4.2 Elementos Terras-Raras dissolvidos no Delta do Parnaiba

Artigo em preparacao.

4.2.1 Introdugao

A foz do rio Parnaiba é composta por um sistema deltaico que cobre uma
area de 270.000 hectares. O Delta do rio Parnaiba é o unico delta de mar aberto das
Américas e é o foco deste estudo. Em 1996 passou a integrar uma Area de Protecéo
Ambiental (APA) que abrange os estados do Maranh&o, Ceara e Piaui, e percorre todo
litoral deste ultimo. Em 2000 foi criada a Reserva Extrativista (RESEX) Delta do
Parnaiba que possui uma area de aproximadamente 27.022 hectares e esta inserida
na APA Delta do Parnaiba (LACERDA, 2018; MINISTERIO DO MEIO AMBIENTE,
2006).

O Delta do Parnaiba é marcado pela presenga de baias, canais de maré
com caracteristicas estuarinas e inumeras ilhas de mangue. As espécies de mangue
dominantes sdo Rhizophora mangle, Avicennia germinans e Laguncularia racemosa.
As arvores podem atingir mais de 20 metros de altura e a extensdo das florestas de
mangue, por sua vez, pode atingir mais de 150.000 ha. O delta também possui amplos
campos de dunas méveis que ja avangam sobre o mangue no setor leste (LACERDA,
2018). Além disso, o complexo deltaico da foz do rio Parnaiba abriga importantes
comunidades animais e merece atencdo especial para a sua conservacao
(MINISTERIO DO MEIO AMBIENTE, 2006).

As caracteristicas geomorfolégicas indicam que o Delta do Parnaiba é
assimétrico e dominado por ondas e marés. O rio Parnaiba é o maior fornecedor de
sedimentos para o Delta (AQUINO DA SILVA et al., 2015a, 2019). Aquino da Silva et
al. (2015b) verificaram que apesar da relagéo entre a precipitagcdo e a concentragéo
de sedimentos em suspensdo nao ser linear, a primeira € o principal fator que
influencia a sazonalidade da segunda no rio Parnaiba.

O Delta do Parnaiba possui uma ampla zona estuarina marcada pelo fluxo
significativo de sedimentos para a costa e presenga de mangues densos, baias e
campos de dunas. Por sua extensdo e diversidade de ambientes esta regiao deve ter
papel significante na transferéncia de materiais na interface continente-oceano. Porém,

apesar da importancia geoquimica, o Delta ainda é pouco estudado.



52

Os Elementos Terras-Raras (ETRs) s&o um grupo de elementos com
propriedades quimicas muito préximas devido ao preenchimento gradual da camada
de elétrons 4f. Isso leva a uma diminui¢ao do raio idbnico conforme aumento do niumero
atbmico que é denominada de contragdo dos lantanideos (HENDERSON, 1983).
Essas caracteristicas ocasionam uma variagdo gradual de reatividade desses
elementos em processos geoquimicos. E isso permite que eles sejam utilizados como
tracadores eficientes desses processos em diversos ambientes como rios e estuarios
(GAILLARDET:; VIERS; DUPRE, 2003; SHOLKOVITZ, 1995).

Os ETRs, no entanto, sdo tracos em ambientes aquaticos apresentando
concentragdes na ordem de parte por trilhdo (ppt) e por isso o emprego de métodos
de extragao se fazem necessarios. A pré-concentracao dos Elementos Terras-Raras
tem sido realizada por meio de extracdo em fase sdlida, seguindo protocolo adaptado
de Shabani; Akagi; Masuda (1992), Merschel et al. (2015), Amorim et al. (2019) e Da
Costa et al. (2021).

Este estudo inédito dos Elementos Terras-Raras em aguas superficiais do
Delta do Parnaiba devera contribuir para a caracterizagdo dos processos
controladores da distribuicdo geoquimica desses elementos na fase dissolvida, além

da verificacédo da influéncia das diferentes fontes de ETRs na regido.

4.2.2 Material e Métodos

4.2.2.1 Area de estudo

O clima na regiao do Delta do rio Parnaiba sofre influéncia da Zona de
Convergéncia Intertropical (ZCIT) e das Linhas de Instabilidade Tropical (LIT) oriundas
da Amazoénia Oriental. Além disso, os fendbmenos El Nifio e La Nifia sdo responsaveis
por mudancas nas condi¢cdes climaticas, provocando diminuicdo ou aumento nos
totais de chuva, respectivamente (MINISTERIO DO MEIO AMBIENTE, 2006). O
regime pluviométrico € caracterizado por uma estagao chuvosa que dura de janeiro a
maio e uma estagao seca que ocorre de junho a dezembro (AQUINO DA SILVA et al.,
2015a).

A maré é semidiurna e atinge amplitudes de 3.06 e 1.7 metros durante a
preamar de sizigia e de quadratura, respectivamente. Os ventos predominantes na

regido sao os alisios de NE. As ondas apresentam a diregdo SW como dominante e
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junto a agdo dos ventos produzem uma corrente longitudinal leste-oeste. Em sua parte
oeste o Delta do rio Parnaiba possui um sistema de canal de maré que é conectado
ao canal principal/rio Parnaiba por meio de um canal artificial aberto na década de
1960 (AQUINO DA SILVA et al., 2015a) e ativo até hoje, por onde navegam barcos de
meédio porte.

Na costa os sedimentos provenientes do rio Parnaiba sao transportados e
distribuidos pela corrente de deriva litoranea, fazendo com que os sedimentos finos
existentes nos canais de maré no lado ocidental do Delta sejam oriundos da pluma do
rio Parnaiba. Esse fluxo de sedimentos para a costa contribui para a estabilidade da
mesma na regido do Delta do rio Parnaiba. Mas além disso, fatores como a pouca
ocupacdo humana e a interferéncia minima ao longo do curso do rio também
contribuem para que a linha de costa nessa regiao seja estavel (AQUINO DA SILVA
et al., 2019).

Os sedimentos do sistema deltaico do rio Parnaiba ainda ndo apresentam
concentragcdes de metais pesados em niveis que indiguem contaminagao (DE PAULA
FILHO et al., 2015). Além disso, insumos urbanos oferecem pouca contribuicdo na
emissado de nitrogénio (N) e fosforo (P) para a regido. Porém, as atividades humanas
tipicamente rurais como agricultura, pecuaria e carcinicultura, ja se mostram ser uma
importante fonte antropica de N e P para o estuario do rio Parnaiba (DE PAULA FILHO;
MARINS; DE LACERDA, 2015).

Quanto a hidroquimica, no canal principal/Rio Parnaiba durante a estagao
seca é possivel verificar a formagao de gradiente de salinidade, apesar de restrito a
regido mais externa onde o rio se conecta com o mar. Porém, com o aumento do fluxo
fluvial durante a estagao chuvosa todo o canal passa a apresentar salinidade de valor
zero. O pH também muda entre as estacgodes, variando de 7.2 a 7.9 na seca e de 7.4
a 8.5 na chuvosa (PAULA FILHO et al., 2020).

A Bacia Hidrografica do Parnaiba drena 223 municipios piauienses, 35
maranhenses e 19 cearenses, e tem cerca de 5 milhdes de habitantes (AGENCIA
NACIONAL DE AGUAS E SANEMENTO BASICO, 2020). H& poucas informacdes
sobre a qualidade das aguas superficiais da bacia, mas o maior problema enfrentado
€ o lancamento de esgoto in natura nos corpos hidricos. Isso ocorre, por exemplo, na
area de maior contingente populacional onde ficam localizadas as cidades de
Teresina-Pl e Timon-MA distantes aproximadamente 270km do Delta, onde vivem

quase 1 milh&o de habitantes e a agua € utilizada para despejo de esgotos sanitarios.
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A carga poluidora doméstica lancada na regido hidrografica é estimada em 122 t
DBOso/dia (AGENCIA NACIONAL DE AGUAS, 2005; MINISTERIO DO MEIO
AMBIENTE, 2006).

4.2.2.2 Amostragem

A malha amostral consistiu em 18 pontos, 3 dos quais localizados no canal
principal e o restante distribuidos nos canais de maré e nas baias no lado Oeste do
Delta (Fig. 11). A tabela 3 contém as coordenadas de cada ponto, a data da coleta e
dados hidroquimicos, os quais salinidade e temperatura foram medidos com sonda
multiparamétrica portatil YSI (modelo professional plus), e pH com pHmetro portatil
(Metrohm). Em todos os pontos foram coletadas amostras de agua superficial com
garrafas de polietileno de alta densidade (PEAD) de 1L. Essas amostras foram
filtradas com filtros de acetato de celulose de 0,45 ym usando suportes de filtros de
policarbonato (Millipore), logo apds a coleta e estocadas para posterior pré-

concentracéo e determinacao dos ETRs em laboratdrio.

Tabela 3 — Localizagao e dados hidroquimicos dos pontos amostrais

Ponto Latitude S Longitude W Salinidade T (°C) pH Data
1 2° 50,145 41° 51,081 0 29.7 7.41 13/12/2020
2 2° 46,969 41° 50,834 17.4 29.5 8.04 13/12/2020
3 2° 45,445 41° 49,417 36.2 29.3 8.1 13/12/2020
4 2°50,3618 41° 53,9584 2.3 29.2 6.78 12/12/2020
5 2° 49,6905 41° 54,0491 0.5 - - 13/12/2020
6 2°49,2971 41° 54,4421 1.6 - - 13/12/2020
7 2° 48,9739 41° 54,5777 2.4 - - 13/12/2020
8 2° 48,1734 41° 54,4187 6.4 - - 13/12/2020
9 2° 47,794 41° 55,484 11.7 29.6 6.98 12/12/2020
10 2° 48,3709 41° 56,6338 20.1 - - 13/12/2020
11 2° 48,3330 41° 56,8433 15.3 29.9 7.18 12/12/2020
12 2° 48,1712 41° 57,1725 23.8 - - 13/12/2020
13 2° 46,0590 41° 59,8672 34.7 29.1 8.02 12/12/2020
14 2° 45,084 42° 00,907 35 29.5 8.12 12/12/2020
15 2° 48,095 42° 04,142 33.3 29.6 7.71 13/12/2020
16 2° 46,583 42° 05,017 35.07 29.4 7.99 12/12/2020
17 2° 44,4388 42°7,1931 36.3 29 8.06 13/12/2020
18 2° 43,950 42° 15,929 36.5 29.2 8.09 13/12/2020
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4.2.2.3 Procedimentos analiticos

Em laboratério, todas as amostras foram acidificadas até um pH préximo a
2. Isso garante que os metais nas amostras figuem na forma dissolvida evitando
adsorcado na parede do frasco, além de uma boa recuperagao no procedimento de
pré-concentracdo (BAU; DULSKI, 1996). Apdés a acidificagao, foi adicionada as
amostras uma mistura de spike enriquecida nos isétopos “6Nd, "S'Eu e '72Yb (DA
COSTA et al., 2021; ROUSSEAU et al., 2013).

Acidos cloridrico (Merck, PA) e nitrico (Merck) utilizados na pré-
concentragéo e na limpeza do material foram bidestilados em destilador de Quartz e
posteriormente padronizados. As garrafas PEAD, utilizadas para a estocagem das
amostras, foram limpas com HCI 0,5M (NEON, PA). Filtros de acetato de celulose de
0,45 um e suportes de policarbonato (Millipore) foram limpos em banho de HNOs3
bidestilado 0,35M e com HCI 0,35M, respectivamente. Além disso, agua Milli-Q foi
utilizada em todos os procedimentos.

Os cartuchos C18 (Waters, Sep-Pak) utilizados para a pré-concentragao
foram limpos passando-se 20 mL de HCI 2M a uma vazao de cerca de 3,4 mL/min. Os
cartuchos ficaram, entao, 24 horas em banho de HCI 2M e foram limpos passando-se
100 mL de agua Milli-Q a uma vazéo de cerca de 8,5 mL/min. Apds essa limpeza
inicial, os cartuchos foram carregados aspirando-se com uma seringa o agente
complexante fosfato de 2-etilhexilo (HDMEP-H2DMEP) até cerca de dois tergcos de
cada cartucho e limpos com 10 mL de HClI 6M em uma vazao de cerca de 3,4 mL/min.
e com 40 mL de agua Milli-Q em uma vazao de cerca de 8,5 mL/min.

As amostras foram pré-concentradas passando-se as mesmas através dos
cartuchos C18 previamente tratados, a uma vazdo média de cerca de 9,8 mL/min.
Antes da eluicao dos ETRs passou-se pelos cartuchos 10 mL de HCI 0,01M a uma
vazao média de cerca de 3,3 mL/min para retirada do Ba interferente e a eluigao final
dos ETRs foi feita usando-se 40 mL de HCI 6M, a uma vazao de 3,3 mL/min.

O produto da eluicdo de cada amostra foi recolhido em tubos de Teflon que
foram aquecidos a cerca de 160 °C para a evaporacao total do HCI 6M. Apds a
evaporacgao, dissolveu-se os residuos com 5 mL de HNOs3 0,32M que se tornou a
matriz final.

As analises dos ETRs foram realizadas em um espectrdmetro de massa

com plasma indutivamente acoplado (ICPMS) quadrupolo iCAP RQ (Thermo). As
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concentracdes dos ETRs foram obtidas por diluicdo isotopica a partir da mistura de
spike adicionada as amostras antes da pré-concentragao e por calibragao externa de

um ponto.

4.2.3 Resultados

A salinidade (Tabela 3) variou de 0 a 36.2 no canal principal e de 0.5 a 36.5
no lado Oeste do Delta. A temperatura variou de 29 a 29.9 °C (Tabela 3). A variagao
do pH (Tabela 3) foi de 7.41 a 8.10 para o canal principal e de 6.78 a 8.12 para o lado
Oeste.

A tabela 4 apresenta as concentragdes e o somatorio das concentragdes
dos ETRs. As maiores concentragdes dos Elementos Terras-Raras do estudo foram
observadas para o ponto zero de salinidade (Ponto 1) com Y ETRs 3417.4 pmol/kg,
seguido do ponto 0.5 de salinidade (Ponto 5) com Y ETRs 2906.4 pmol/kg e do ponto
2.3 de salinidade (Ponto 4) com Y ETRs 1679.5 pmol/kg. Ja as menores concentragdes

foram para o Ponto 8 com salinidade 6.4 e > ETRs 156.4 pmol/kg.

Tabela 4 — Concentragbes dos ETRs na fragéo dissolvida, em pmol/kg

Amostra La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ETR
604.4 13352 185.3 737.2 152.8 34.7 1395 18.8 97.9 186 47.6 59 346 4.9 34174
1283 912 223 985 198 54 290 44 286 74 218 2.8 159 25 478.0
947 845 233 1011 226 6.2 321 5.0 338 83 249 33 189 29 4616
289.4 668.9 833 349.7 734 172 681 9.3 524 102 285 3.7 220 3.4 16795
486.5 1182.2 147.3 6164 1259 28.0 1175 158 84.6 16.3 435 56 322 4.6 29064
46.0 576 128 607 148 40 181 24 150 32 96 13 82 14 2553
392 399 91 432 104 32 137 17 17 26 82 11 7.0 11 1920
415 279 68 319 75 24 106 14 96 22 6.7 09 59 10 1564
782 371 90 414 82 23 127 16 108 27 83 1.1 6.8 11 2214
10 883 482 114 528 109 30 170 26 175 43 135 19 11.0 1.8 2842
1 817 495 115 519 104 28 159 21 148 36 113 15 90 14 2675
12 1277 1416 211 914 195 53 287 42 286 7.2 219 3.0 171 2.7 520.0
13 88.3 100.1 185 851 192 52 284 49 326 82 255 34 203 3.2 4430
14 88.1 1262 20.0 880 191 55 272 42 293 7.0 219 29 16.8 2.7 4587
15 116.9 1501 232 1002 218 6.3 328 50 349 86 264 35 20.1 3.2 5528
16 856 107.9 18.0 805 188 54 279 48 326 82 254 35 208 34 4427
17 631 856 153 66.8 156 44 232 37 267 67 210 28 166 26 354.2
18 626 841 143 675 158 45 244 42 288 72 227 31 189 31 3614

-

© 0 N o g b~ 0N
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A variacdo dos ETRs na fragdo dissolvida em relag&o a salinidade (Fig. 12)
indica que os teores diminuem no intervalo de 0 a 6.4, seguido de um aumento no
intervalo de 11.7 a 33.3 de salinidade. Para o Nd, representante dos LREE, a
diminuicao é de 737.2 pmol/kg para 31.9 pmol/kg e o aumento de 41.4 pmol/kg para
100.2 pmol/kg. Para o Gd, representante dos MREE, a diminui¢ao é de 139.5 pmol/kg
para 10.6 pmol/kg e o aumento de 12.7 pmol/kg para 32.8 pmol/kg. Finalmente, para
o Yb, representante dos HREE, a diminui¢cédo é de 34.6 pmol/kg para 5.9 pmol/kg e o
aumento de 6.8 pmol/kg para 20.1 pmol/kg. Destaque para o Ce que teve as maiores
variagbes com a diminui¢ao de 1335.2 pmol/kg para 27.9 pmol/kg e aumento de 37.1

pmol/kg para 150.1 pmol/kg.

Figura 12 — Dados do lado Oeste do Delta e zero de salinidade
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A figura 13 contém os padrdes de distribuicdo dos ETRs. Nenhum padréo
apresentou anomalias positivas de gadolinio. No canal principal (Fig. 13a) o padréo
de distribuigdo para o ponto com salinidade zero (Ponto 1) apresentou as maiores
concentracdes relativas do estudo e um enriquecimento de MREE. Ja os padrdes dos
pontos 2 e 3 apresentaram anomalia negativa de Ce e enriquecimento de HREE.

Para o lado Oeste do Delta (Fig. 13b), os padrbes de distribuicdo dos ETRs
dos pontos 4 e 5 tiveram comportamento semelhante ao ponto 1 do canal principal
com enriquecimento de MREE e altas concentragdes relativas. Ja nos padrbes de
distribuicdo dos pontos 6 ao 18 € possivel observar a presenca de anomalias

negativas de Ce e enriquecimento de HREE que sdo marcas de aguas mais salinas.

Figura 13 — Padrdes de distribuicdo dos ETRs para a) Canal principal e b)
Lado Oeste do Delta
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As anomalias de Ce foram calculadas a partir da equacédo 6 onde Ce* é
concentracdo estimada deste elemento sem anomalia, e Cesn, Lasn € Prsn séo as

concentragcbes de ETRs normalizadas pelo PAAS.

Ce/Ce* = Cesn/(Lasn x Prsn)0'5 Eq. 6

Os maiores valores (0.92, 1.00 e 1.02) foram observados para as amostras
de menor salinidade (Pontos 1, 4 e 5) que, portanto, ndo apresentaram anomalia.
Todos os demais pontos, no entanto, apresentaram anomalia negativa deste elemento
com valores de Ce/Ce* variando de 0.32 (Ponto 9) a 0.70 (Ponto 14) e com valor
médio de 0.52 + 0.13. Dessa forma, o gradiente estuarino influenciou de modo
diferenciado com a remocao do Ce nas amostras mais salinas atestada pela presenca

de anomalia negativa do mesmo.

4.2.4 Referéncias

AGENCIA NACIONAL DE AGUAS. Panorama da qualidade das aguas
superficiais no Brasil. Brasilia: ANA, SPR, 2005.

AGENCIA NACIONAL DE AGUAS E SANEMENTO BASICO. CBH Parnaiba.
Disponivel em: <https://www.ana.gov.br/aguas-no-brasil/sistema-de-gerenciamento-
de-recursos-hidricos/cbh-parnaiba/cbh-parnaiba-texto>. Acesso em: 14 set. 2020.

AMORIM, A. M. et al. Assessing rare-earth elements and anthropogenic gadolinium
in water samples from an urban artificial lake and its tributaries in the Brazilian
Federal District. Microchemical Journal, v. 148, n. April, p. 27-34, 2019.

AQUINO DA SILVA, A. G. et al. The Influence of Climatic Variations on River Delta
Hydrodynamics and Morphodynamics in the Parnaiba Delta, Brazil. Journal of
Coastal Research, v. 31, n. 4, p. 930-940, 2015a.

AQUINO DA SILVA, A. G. et al. Spectral calibration of CBERS 2B multispectral
satellite images to assess suspended sediment concentration. ISPRS Journal of
Photogrammetry and Remote Sensing, v. 104, p. 53—-62, 2015b.

AQUINO DA SILVA, A. G. et al. Coastline change and offshore suspended sediment
dynamics in a naturally developing delta (Parnaiba Delta, NE Brazil). Marine
Geology, v. 410, n. December 2018, p. 1-15, 2019.

BAU, M.; DULSKI, P. Anthropogenic origin of positive gadolinium anomalies in river
waters. Earth and Planetary Science Letters, v. 143, n. 1—4, p. 245-255, 1996.



61

DA COSTA, A. R. B. et al. Anthropogenic gadolinium in estuaries and tropical Atlantic
coastal waters from Fortaleza, Northeast Brazil. Applied Geochemistry, v. 127, n.
February, 2021.

DE PAULA FILHO, F. J. et al. Background values for evaluation of heavy metal
contamination in sediments in the Parnaiba River Delta estuary, NE/Brazil. Marine
Pollution Bulletin, v. 91, n. 2, p. 424-428, 2015.

DE PAULAFILHO, F. J.; MARINS, R. V.; DE LACERDA, L. D. Natural and
anthropogenic emissions of N and P to the Parnaiba River Delta in NE Brazil.
Estuarine, Coastal and Shelf Science, v. 166, p. 34—44, 2015.

GAILLARDET, J.: VIERS, J.: DUPRE, B. Trace Elements in River Waters. Treatise
on Geochemistry, v. 5-9, p. 225-272, 2003.

HENDERSON, P. General geochemical properties and abundances of the rare earth
elements. Rare Earth Element Geochemistry, p. 1-32, 1983.

LACERDA, L. D. DE. Burial of mangroves by mobile dunes : a climate change threat
in semiarid coasts. ISME/GLOMIS Electronic Journal, v. 16, n. 2, p. 6-10, 2018.

MERSCHEL, G. et al. Tracing and tracking wastewater-derived substances in
freshwater lakes and reservoirs: Anthropogenic gadolinium and geogenic REEs in
Lake Paranoa, Brasilia. Comptes Rendus - Geoscience, v. 347, n. 5-6, p. 284—-293,
2015.

MINISTERIO DO MEIO AMBIENTE. Caderno da Regiao Hidrografica do
Parnaiba. Brasilia: MMA, 2006.

PAULA FILHO, F. J. et al. Evaluation of water quality and trophic state in the
Parnaiba River Delta, northeast Brazil. Regional Studies in Marine Science, v. 34,
p. 101025, 2020.

SHABANI, M. B.; AKAGI, T.; MASUDA, A. Preconcentration of Trace Rare-Earth
Elements in Seawater by Complexation with Bis(2-ethylhexyl) Hydrogen Phosphate
and 2-Ethylhexyl Dihydrogen Phosphate Adsorbed on a C18 Cartridge and
Determination by Inductively Coupled Plasma Mass Spectrometry. Analytical
Chemistry, v. 64, n. 7, p. 737-743, 1992.

SHOLKOVITZ, E. R. The aquatic chemistry of rare earth elements in rivers and
estuaries. Aquatic Geochemistry, v. 1, n. 1, p. 1-34, 1995.

ROUSSEAU, T. C. C. et al. Rare earth element analysis in natural waters by multiple
isotope dilution-sector field ICP-MS. Journal of Analytical Atomic Spectrometry, v.
28, n. 4, p. 573-584, 2013.



62

5 CONCLUSAO GERAL

Anomalias positivas de Gd foram observadas para a regidao costeira de
Fortaleza. O gadolinio antropogénico tem origem na excreg¢ao renal de agentes de
contraste a base de gadolinio utilizados em exames de ressonancia magnética. A
cidade ja é fonte deste contaminante emergente para o oceano com seu emissario
submarino descarregando aproximadamente 25 kg de Gd por ano.

Ao contrario do observado para Fortaleza, a regido do Delta do Parnaiba
nao apresentou anomalias positivas de Gd, sugerindo que nela ainda ndo existem
fontes antropicas através da contaminagao por esgotos.

Ha uma remocao consideravel dos ETRs dissolvidos nas salinidades de 0
a 6.4, comportamento semelhante ao ja observado em outros estuarios como o do Rio

Amazonas.
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