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ARTICLE INFO ABSTRACT

Editorial handling by Dr. Z Zimeng Wang 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 (Gdant,) to the ocean. Based on this synoptic study and on
the conservative behavior of Gdan, 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%-14% of the Coc6 River discharge and 1.4%-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 for Gdan, behavior within salinity gradients and apply it to revisit
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previous studies.

1. Introduction

Rare earth elements (REE) form a group of elements of similar
physical-chemical properties due to the gradual filling of their 4f elec-
tronic 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
et al. 1994; Coppin et al., 2002; Luo and Byrne 2004; Kohler et al.,
2005), being therefore suitable geochemical tracers of sources and
processes for rocks and aqueous media. In contrast with strictly trivalent
REE, cerium and europium exist in tetravalent and bivalent state
respectively. Thus, they can fractionate substantially compared to their
neighbors forming a naturally occurring anomaly (Elderfield 1988).

Anomalous gadolinium concentrations were first observed in sam-
ples 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
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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 Gd* in the bloodstream is
toxic, Gd-CAs consist of chelate molecules resistant to rupture by
metabolic processes and being rapidly eliminated through renal excre-
tion (Oksendal and Hals 1993; Kiimmerer 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 (Moller 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 that Gd ligands have a high complexation capacity
with Gd and shall be non-reactive with surfaces and suspended sedi-
ments, refractory to pH variation range of different media (blood,
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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 waste-
waters and levels of Gd may depend on population density, the numbers
of MRI exams which are growing worldwide and wastewaters dilution
by natural waters (Moller 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; Fujita 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 Sal-
vador 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 (Fig. 1). Fortaleza is the fifth Brazilian city in population
size and has 35 magnetic resonance facilities, i.e., 1.3 equipment per
100,000 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 149,000 km?, has 55 magnetic resonance facilities, 0.3
equipment per 100,000 inhabitants.

Fortaleza discharges its wastewaters primarily by a submarine
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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-derived sources of contamination and to refine earlier mass
balance calculations.

2. Materials and methods
2.1. 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 pre-
cipitation (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 Fig. 1a.

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
Macei6 Stream (Fig. 1b). A high-capacity preliminary WWTP collects
and treats 49% of the wastewaters produced by Fortaleza and discharges
the effluents through a marine outfall built in the seventies. It is 3.2 km
long, has a 1.5 m diameter and operates a 2.2 m® s~ discharge at a 12m
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Fig. 1. 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: Coco 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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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 Coc6 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).

2.2. Sampling

A total of 19 nearshore surface water samples were collected in April
and May 2018 in areas under the influence of the Cocé and Ceara rivers,
the Maceié Stream and the submarine outfall of Fortaleza (Fig. 1).
Sampling points were chosen considering prevailing winds, water cir-
culation and the subsequent urban water dispersion. Two bottom sam-
ples were also obtained at 12m in the outfall discharge area. Samples
within the Coc6 and Ceara rivers were also collected. Van Dorn bottles
were used for sample collection and HCI cleaned 1L high-density poly-
ethylene (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).

2.3. Analytical procedures

C18 solid-phase extraction cartridges (Sep-Pak, Waters), loaded with
2-ethylhexyl phosphate (HDMEP-H2DMEP), were used for REE pre-
concentration 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 car-
tridges 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.
L7! 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 HCl 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 induc-
tively 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 1*®Nd, 1°'Eu, and 72Yb spikes added to the samples before the
preconcentration step. In each individual sample the recoveries were
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 preconcen-
trated samples had Na and Ca concentrations 10° and 2.10? 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
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example, a recent study on tap waters and soda samples by Schmidt et al.
(2019) have shown good recoveries when adding a HoO, digestion step
prior to the acidification step.

3. 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 (Cocé
River estuary) to 36.0 for sample 15. Most of the coastal samples dis-
played 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).

3.1. Rare earth elements

The sum of all REE concentration (> REE) varied from 90.3 pmol
kg™! (coastal sample 6) to 1644 pmol kg~! (sample 21). The highest
>"REE concentration were observed for Cocé 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 Fig. 2. Samples 1, 20 and 21, which presented the highest
>"REE levels, also showed REE distribution patterns with a substantial
offset compared to the other samples (Fig. 2a and d). All REE distribu-
tion patterns displayed a gradual fractionation, from depleted LREE to
enriched HREE. Atlantic Ocean waters usually display such typical
fractionated behavior. Therefore, Lag,/Ybs, ratios presented in Table 2
were systematically inferior to 1, varying from 0.09 for sample 1; with
the lowest salinity sampled for Coc6 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
(Fig. 2b) with a Lag,/Ndg, ratio of 2 (Table 2). Cerium anomaly (Ce/Ce*)
was calculated following equation (1):

Lo Com Eq 1
Ce’  (Lag, x Pry,)”

where Ce* is the estimated non anomalous cerium concentration, Cegy,
Lag, and Prg,, are the PAAS normalized REE concentrations. Ce/Ce* were
on average 0.97 + 0.16 and varied from 0.61 for Coc6 River (sample 2)
to 1.18 for sample 128 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).

3.2. Gd anomaly

REE patterns presented an anomalous Gd behavior in many samples
as it is offset from the smooth increasing trend in REE patterns
(Fig. 2a—d). Several methods allow the numerical evaluation of the Gd
anomaly by estimating the background shale normalized concentration
(Gdgy*) of this element (Hatje et al., 2016). Gdg,* 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
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Table 2

Post Archean Australian Shale (PAAS) normalized REE ratios, Ce and Gd
anomalies, and anthropogenic Gd concentration (Gd,n) expressed in pmol.
kgt

Area Sample Lag, Lay, Ceg, Gdy, Gdanin
Yb,, Nd, Ce;, Gd.,

Coco River 1 0.09 0.59 0.63 5.4 125.37
2 0.21 0.96 0.61 1.3 1.77
3 0.32 1.02 0.96 1.2 0.76
4 0.32 1.05 0.99 1.2 0.84
5 0.23 0.96 0.99 1.7 3.88
6 0.36 1.22 1.06 1.2 0.50

Macei6 Stream 7 0.29 1.14 0.85 1.3 1.36
8 0.29 1.00 0.83 1.3 1.46
9 0.28 1.09 0.85 1.2 1.20
10 0.34 1.14 0.95 1.2 0.57

Fortaleza Outfall 118 0.31 0.87 1.06 4.1 13.18
11D 0.59 1.99 1.12 1.3 1.01
128 0.23 0.58 1.18 4.7 18.94
12D 0.30 0.97 1.03 1.3 1.27
13 0.23 0.66 1.11 3.7 12.28
14 0.35 0.94 1.13 3.4 10.53

Ceara River 15 0.33 1.15 0.97 1.2 1.11
16 0.43 1.3 1.07 1.2 0.72
17 0.36 1.14 0.97 1.5 3.14
18 0.34 0.97 0.93 1.7 3.47
19 0.26 0.94 0.74 1.5 3.73
20 0.42 0.82 1.14 1.6 22.04
21 0.42 0.82 1.13 1.6 25.58

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 Gdsp/Gds* between 1.3 and 1.5 is usually chosen arbi-
trarily to attribute the anomaly to anthropogenic activities (Pedreira
etal., 2018; Andrade et al., 2020). In our study considering Gds,/Gdgsp*>
1.3, 16 samples presented a Gd anomaly and considering Gdg,/Gdg,*>
1.4, 11 samples presented this anomaly (Table 2). The sample from the
Coc6 River presenting the lowest salinity (sample 1) also displayed the
highest Gd/Gd* anomaly. In the coastal area influenced by the Cocd
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 Maceié 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.

3.3. 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 Lagp/Prg, (1.10 + 0.27). The only sample showing a
contrasted La behavior was sample 11D (Fig. 2c), which presented a
Lagp/Prg, ratio of 2 and a slightly anomalous Gd/Gd* ratio of 1.3. If we
fit a polynomial for this sample using a hypothetical Lag, value using the
average Lag,/Prg, 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
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et al., 2020).
4. Discussion
4.1. 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 Sal-
vador (Gd/Gd* ranging from 1 to 3.4; Pedreira et al., 2018) but sub-
stantially 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 Cocé 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 For-
taleza and this medical care activity has been the most suitable candi-
date 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 Coco 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 compar-
isons 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; Johan-
nesson et al., 2017).

4.2. Anthropogenic gadolinium quantification

To overcome the effect of potentially high natural REE variation on
Gd/Gd*ratios, for example between riverwater and seawater, we esti-
mate the absolute anthropogenic gadolinium concentration (Gdant)
using equation (3):

Gdaun = Gd — (Gdpass x Gdy,) Eq. 3
where Gd is the measured concentration, Gdpaas is the PAAS normalized
Gd concentration, as proposed by McLennan (1989), and Gds,* stands
for the PAAS normalized natural Gd estimated by the polynomial fit. As
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Fig. 3. Anthropogenic gadolinium (Gdane) as function of salinity in Fortaleza
submarine outfall area.
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shown in Fig. 3 Gdan, 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 Coco 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 Gduny, behavior was previously re-
ported 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 7)) = 0.95, p < .001). Assuming a conservative Gdap, behavior
over the entire salinity gradient, one can infer that the wastewater
endmember concentration (Gdanth, wwtp) 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 bisthe square root of its variance
(Equation (4)):

sy (1 ®
= - Eq 4
() (nJrss”) q

where SSg is sum of squared estimate of errors, SSyx 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 Gdane, 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 Gdan, values measured directly in the
WWTPs and varying between 900 and 2605 pmol kg~'. These values
were used as reference to estimate Gdan, 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 22,400
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 vari-
ations in Gd concentrations can occur in WWTP within a few days ac-
cording to the daily number of MRI exams (Pedreira et al., 2018).

For the estuaries of Cocé and Ceara rivers, the Gdanm values
extrapolated to the freshwater endmember (Gdaneh,s—0) were of 126 £ 5
pmol kg! and 35.2 + 1.2 pmol kg, respectively. Despite higher Gd/
Gd* ratios and Gdane, values within the estuary, these Gdanm(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 Na-
tional Water Agency (ANA 2017) Cocé and Ceard rivers receive,
respectively, a total of 352 Ls~* and 104 L s ! of treated and non-treated
wastewaters. These effluents are distributed in several punctual canali-
zations 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
Cocé River and 116.6 L s~ ! for Ceard 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):

_ Gdaun 50

Gd{mth, Wwrp

%WW Eq. 5

where Gdg,n s—o is the anthropogenic Gd estimated for the freshwater
endmember and Gdg,smwwrp is the anthropogenic Gd concentration
within the wastewater treatment plant.

Based on equation (5) and considering the minimum and maximum
values for Gdgmwwrp as observed by Pedreira et al. (2018), i. e,
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900-2600 pmol kg !, we suggest that wastewaters accounts for 4.8%—
14% of the discharge of Cocé River and for 1.4%-3.9% of the Ceara
River during the study period. Therefore, Gdan, 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 marine outfall delivers high Gdanth concentrations
rapidly diluted by seawater. Contrastingly, for river systems, even-
though conservative contaminants are previously diluted within fresh-
water prior mixing with seawater, they might be more harmful to the
biota in estuaries given their longer residence time and higher absolute
concentrations.

4.3. Potential applications using Gdgn, as a conservative tracer

In this section we develop a simple conceptual vision of Gdap, in
salinity gradients and revisit earlier studies based on this approach.
Considering the conservative behavior of Gdany during freshwater/
seawater mixing, three scenarios can possibly occur. In the first scenario
(Fig. 4a), a concentrated Gdanh, s—o source is diluted by seawater. This
high Gdanm content is characteristic of wastewater outfalls and can be
applied to evaluate endmember concentrations and fluxes or to attribute
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.

In scenario two (Fig. 4b), a freshwater source with lower and ho-
mogeneous Gdane, levels mixes with seawater. In this scenario, any
concentrated source is mixed and diluted by freshwaters (i.e. O salinity)
prior to mixing with seawater. This scenario is observable for river
samples collected in Coco and Ceara rivers in the present study and al-
lows 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 (Gdgpeh = 86 + 4 pmol kg’l) and November 2005 (Gdan = 137 +
1 pmol kg™?) as shown in Fig. 5a (Kulaksiz and Bau 2007).

In a third scenario (Fig. 4c), two distinct freshwater sources with
different Gd.n, concentrations are mixed with seawater, this can lead in
two distinct Gdane, 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 Gdan, using their dataset (Fig. 5b), 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 Gdan concentration at the time of sam-
pling. On the other hand, in the southern part of the Bay, we estimate a
substantially higher freshwater source of Gdanh (853 =+ 83 pmol kg™ 1).
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 Gdan during estuarine fresh-
water/seawater mixing can help us identify sources and fate of waste-
water and its compounds. The recent study by Andrade et al. (2020) in
the Todos os Santos Bay of Salvador showed minor to negligible Gdanh
values within the bay except in its eastern portion where a 12h time
station was made (Fig. 5¢). Two relations between Gdann and salinity
appear: from the high to the low tide, the white diamonds indicate a
freshwater endmember with highly concentrated Gdan, values of 350 +
46 pmol kg L. In contrast, during the rising tide, a mixing with 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 Gdun, concentrations (900-2600 pmol kg’l), waters having



A.R.B. da Costa et al.

a Punctual Gd
1500 - source
F}
. 1000 -
g Salinity gradient
< 500 -
(O]
0 : |
0 20 40
Punctual Gd
" source
150
a > .
= 100 N | T
g 5 Salinity gradient
=
£ 50
°
(O]
0 1
40
€ 1500 -
>
= 1000 -
° . e
g- Punctual G Sah(l;ltyt
= C source 2 ; graaien
£ 500 - Onse
© m .
8 ing 1 azl,e
—
0 . .

0 20 40
Salinity

Fig. 4. Conceptual cases illustrating the conservative behavior of anthropo-
genic Gd during freshwater/seawater mixing: a) highly concentrated Gdanwm
source scenario; b) diluted Gd,n, source scenario and; c¢) two distinct sour-
ces scenarios.

36.15 + 0.3 salinity and 25 + 6 pmol kg_l of Gdan (i.e. waters con-
taining 1-2% waste waters) entered the bay to mix with fresher inner
bay waters.

5. 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 Gd.y and, considering its conservative
behavior, we estimated that wastewaters from the WWTP have a Gdanm
concentration of 2.2 + 0.5 nmol kg™! and delivers annually approxi-
mately 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

Applied Geochemistry 127 (2021) 104908

a  140.00 -
' y = -4.0393x + 136.71 Weser Estuary
120.00 1 R? = 0.9952 Kulaksiz and Bau 2007
. ONovember 2005
g 100.00 & August 2005
g 80.00 -
=
£ 60.00 -
s -
o -
® 40.00 1 y=-25502x +85.832
R? = 0.9255
20.00 -
0.00 T T T r T r )
0 5 10 15 20 25 30 35
Salinity
b 140 -
San Francisco Bay
120 1 Hatje et al. 2016
S 100 { m South side
= A North side
] 80 y = -26.096x + 853.24\ W
E_ R2=0.9788
TE 60 -
H
8 40 1 y =-0.8782x + 35.07
R2=0.9715
7 A\A—Aﬂ_ﬂ
0 T T ,
18 23 Salinity 28 33
Cc 6.00 - y=7.4294x - 24366  33.8 4
R? = 0.9092 .
500{ < £
— s
(=] =
= 4.00 - -
£
25 00 0 2 4 6 8 10 12
-.E Hours
= 2.00 A
o y =-10.363x + 349.65 Todos os Santos Bay
1.00 R? = 0.9058 Andrade et al. 2020
ARising Tide
000 ' ' - " o Ebbing Tide
33.20 33.30 33.40 33.50 33.60
Salinity

Fig. 5. Anthropogenic gadolinium (Gdanm) 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).

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 Gdan, 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 concen-
tration 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 substan-
tially higher threats to biota if launched in river and estuaries than by
marine outfalls as even if diluted, they show higher spatial confinement,
longer residence time and higher absolute levels in estuaries. The con-
servative behavior of both salinity and Gdanth allowed us to classify the
mixing of urban water/seawater in three distinct scenarios, this sys-
tematic 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
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detect clandestine wastewater connections to storm sewers in Brazilian
cities.
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