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Abstract :   
 
An old electroplating plant in Sepetiba Bay discharged metal-enriched wastes into the surrounding 
mangroves for 30 years (from the 1960s to 1990s), resulting in a hotspot zone of legacy sediments highly 
concentrated in toxic trace metals. This study applies Cu and Pb isotope systems to investigate the 
contributions of past punctual sources relative to emerging modern diffuse sources. The electroplating 
activity imprinted particular isotopic signatures (average δ65CuSRM-976: 0.4 ‰ and 206Pb/207Pb: 1.14) 
distinct from the natural baseline and urban fluvial sediments. The isotopic compositions of tidal flat 
sediments show intermediate isotope compositions reflecting the mixing of Cu and Pb from the hotspot 
zone and terrigenous materials carried by rivers. Oyster isotope fingerprints match legacy sediments, 
attesting that anthropogenic Cu and Pb are bioavailable to the biota. These findings confirm the interest 
in combining two or more metal isotope systems to discriminate between modern and past metal source 
emissions in coastal environments. 
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Highlights 

► Electroplating wastes imprint particular metal isotope ratios in legacy sediments. ► Isotope analysis 
reveals the anthropogenic Cu and Pb dispersion across the bay. ► Tidal flat isotope ratios reflect mixing 
of legacy and fluvial sediment particles. ► Isotope fingerprints of Cu and Pb in oysters match legacy 
contaminated sediments. 
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   Pollution source identification and environmental policy enforcement are difficult or 

even unfeasible in anthropized coastal environments exposed to anthropogenic trace metals 

coming from multiple sources (Araújo et al., 2022; Barletta et al., 2019; de Souza Machado et 

al., 2016). These tasks are particularly challenging in coastal sites impacted by past pollutant 

activities, where legacy-contaminated sediments can act as non-negligible sources of 

anthropogenic metal for marine biota and indirectly for humans via diet (Araújo et al., 2018; 

Couture et al., 2010; Dang et al., 2015; Meng et al., 2020). Discriminating past and present-day 

anthropogenic contamination is a crucial step when developing emission control, remediation, 

and policy strategies (Nitzsche et al., 2021; Souto-Oliveira et al., 2019; Weiss et al., 2008). 

However, traditional approaches using elemental data tend to be limited to this end (Shiel et al., 

2013). Such outcomes make the development of new environmental forensic techniques 

mandatory (Brčeski and Vaseashta, 2021).   

    Over the last decade, the combination of traditional radiogenic and non-radiogenic 

stable isotopes of metals has opened new perspectives in environmental forensics (Aggarwal et 

al., 2008; Pontér et al., 2021). Radiogenic isotope ratios (e.g. Pb, Nd) reflect the geological ages 

of original rock and ore deposits and are not altered in biogeochemical processes (Deng et al., 

2021; Dickin, 2018; Ilina et al., 2013). For Pb, in general, anthropogenic sources tend to present 

less radiogenic isotope compositions, i.e. low 206Pb/207Pb ratios. Isotope ratios of non-

radiogenic systems (e.g. Cu, Zn, Cd), in turn, may change due to isotope effects (isotope 

fractionation) occurring throughout biogeochemical processes that control the distribution of 

these elements in natural compartments (e.g. weathering, Liu et al., 2022; Vance et al., 2016)  

and in anthropic materials (e.g. metallurgy and electroplating, Bigalke et al., 2010; Kavner et 

al., 2008; Klein and Rose, 2020; Kříbek et al., 2018; Mihaljevič et al., 2019; Šillerová et al., 

2017). Since anthropogenic sources typically display specific isotope fingerprints, isotope 

compositions can help to discriminate anthropogenic from natural origins. In successful cases, 

isotopes further quantify the relative contributions of different pollutant sources acting in spatial 

and temporal dimensions (Araújo et al., 2017b; Chen et al., 2009; Thapalia et al., 2015; Xia et 

al., 2020). Isotope ratios are also advantageous because they enable cross-checking abiotic or 

biotic samples, allowing the study of contaminant cycling in ecosystems (Araújo et al., 2021c, 

2021a). However, obtaining source information with non-radiogenic stable isotopes in 

biological tissues requires caution due to possible isotope fractionation in biological uptake and 

homeostatic processes (Araújo et al., 2021b; Caldelas et al., 2011; Jaouen et al., 2016; Mieiro 

et al., 2011).  
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    Sepetiba Bay is a densely urbanized coastal Brazilian lagoon bordering Rio de Janeiro's 

metropolitan region (Castelo et al., 2021; de Carvalho Gomes et al., 2009; Molisani et al., 2004; 

Pinto et al., 2019). It hosts a prominent national industrial park and strategic commercial ports 

in its watershed, often requiring dredging to permit navigation (Kütter et al., 2021; Trevisan et 

al., 2020). Metal-enriched wastes from an old Zn electroplating plant disposed directly into 

local mangroves from the 1960s to the 1990s resulted in contaminated sediments legacies 

(Barcellos et al., 1997; de Freitas Rebelo et al., 2003; Fonseca et al., 2013; Gonçalves et al., 

2020). Although anthropogenic Zn levels have decreased over time, it occurs weakly bound to 

particles favoring its transfer to local biota such as bivalve mollusks and mangrove trees (Araújo 

et al., 2017a; Araújo et al., 2018; Monte et al., 2015; Nascimento et al., 2016; Tonhá et al., 

2020). Conversely, the mechanisms of remobilization and transfer of Cu and Pb from 

contaminated sediment legacies to tidal flats and the local biosphere are unclear. Their 

concentrations are almost homogenous across the bay and the relative influence of external 

sources versus internal sources is not evident (Araújo et al., 2017c). Local mangrove forests 

naturally attenuate metal contaminant exports into the bay (Lacerda et al., 1988). However, their 

ongoing fast mangrove suppression processes in Sepetiba Bay over the last thirty years, c.a. 1% 

per year, risks compromising this service and yet, remobilizing these elements from sediment 

polluted legacies under bioavailable forms (Araújo et al., 2017c).  

    Sepetiba provides a unique scenario where natural geochemical processes and human-

induced disturbances occur antagonistically in the biogeochemical cycling of these two trace 

metal contaminants. It constitutes, therefore, a natural laboratory to test new forensics isotope 

techniques. Thus, this study isotope records in sediment and oyster samples to legacy 

contaminated sediments have been a significant source of Cu and Pb contamination in the past 

and present for the Sepetiba Bay system.  

    Sepetiba Bay is a lagoon-estuary of about 519 km2 with a mean surface area of 427 km2, 

and a mean depth of 6 m (Fig. 1, Rodrigues et al., 2012). Granite, gneiss and migmatite Pre-

Cambrian rocks compose the local geology and serve as the basement for the Quaternary 

alluvial sediments (Rodrigues et al., 2012). Seawater moving clockwise through the bay 

promotes preferential deposition of finer sediment particles in the tidal flat and in mangrove 

vegetation at the northeastern and southeastern areas of the bay (Fig. 1a, Rodrigues et al., 2012).  

    The Guandu River catchment is the main fresh water source of Sepetiba Bay and it 

represents almost 90% of the total freshwater runoff input (Fig. 1a). Since the 1950s, waters 

from the neighboring Paraíba do Sul watershed (PSW) have been diverted to the Guandu River  

to supply drinking water for about 10 million inhabitants of the metropolitan region of Rio de 
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Janeiro and to furnish raw water to industries (Molisani et al., 2006). The PSW hosts several 

industries, metallurgical activities, and two gas-fired power plants. Previous studies attributed 

an anthropogenic influence on Pb, Cu, Hg and Zn concentrations in the dissolved, particulate 

and sediment phases (Azcue et al., 1987; Lacerda et al., 1993; Tonhá et al., 2021) 

    In the 1960s, a large industrial park began to be implanted, inducing unstructured 

sprawling urbanization, drastic landscape alterations, sewage release into the environment, and 

metal contamination by metallurgical activities (Molisani et al., 2004). Between 1960 and 1990, 

an electroplating plant operated there, accumulating approximately a tailing pile about 600,000 

tons directly exposed to the open air (Fig. 1, de Freitas Rebelo et al., 2003). Without suitable 

management and with continuous rainfall, waste materials and effluents were transported and 

deposited in the surrounding mangroves and, finally, remobilized into the bay through a small 

marine channel (Lacerda and Molisani, 2006; Tonhá et al., 2020). The plant was Brazil's third 

leading Zn producer when it stopped activities in 1998 due to a bankruptcy triggered by 

environmental lawsuits. In 2012, remediation actions concluded the removal of the pile wastes 

and effluents from the electroplating plant area. 

    A total of five sediment cores and thirteen surface sediments were collected to represent 

the distinct zones of Sepetiba bay (Table 1). The description of sediment sampling and 

respective stations can be found in the supplementary information. Cação surface sediment was 

taken to represent the local natural background. It displays Cu and Pb concentrations close to 

14 and 24 µg/g (Table 1), which are very close to the geochemical baseline for these elements 

in Sepetiba bay, estimated in a previous study (Pinto et al., 2019). 

All sediment cores were collected using acrylic tubes (6 cm in diameter and 60 cm in 

length) and sectioned in the field between 1 and 5 cm intervals. Each sub-sample was stored in 

a polyethylene bag and kept frozen in thermal boxes with ice packs. The “T6” and “G” cores 

were collected during two campaigns in 2016 and 2017, respectively, while all others were 

collected in 2014. For this study, the sedimentary layers of T1, T3 and T4 were pooled to obtain 

a continuous isotope profile (Table 1). For the “T6” and “G” cores, target layers were analyzed 

yielding a discrete isotope profile (Table 1).  

    Oyster samples (Crassostrea brasiliana) were obtained in 2014 through an transect 

between the hotspot zone and the western side of Sepetiba bay (Fig. 1b). Oysters were removed 

from their rocky subtract and kept under 48 h in local water for depuration. Soft tissues were 

then extracted, rinsed with distillated water, frozen and then lyophilized. Each sample is a 

composite of about twenty individuals.  
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    Dried and sieved (<63 µm) aliquots of sediments weighting around 200 mg were 

digested in Teflon® vessels on a coated graphite block using multiple-step acid procedure with 

6 ml HF ml, 1ml HCl and 0.5 ml HNO3 0.5 ml. Aliquots of freeze-dried bivalve tissues (~200 

mg) were digested with acid nitric solution (3 ml HNO3 + 3 ml H2O) in closed vessels under 

microwave energy. All reagents and labware acid-cleaning and dilution solutions for elemental 

and isotope analyses were prepared with 18.2 MΩ cm H2O (Nanop System) and ultrapure acids 

(MerckSuprapur® and NORMATOM®).  

Elemental concentrations and Pb isotopes were determined in the final extract solutions 

by quadrupole inductively coupled plasma mass spectrometry (Q-ICP-MS, iCAP Qc, Thermo 

Fisher Scientific). Pb isotope ratios (206Pb/207Pb and 208Pb/206Pb) were determined using a 

standard bracketing method with the NIST SRM-981 isotope standard reference material. 

Another aliquot from the same solution containing 500 ng of Cu was purified through a 

chromatographic purification and determined for Cu isotopes by multicollector ICP-MS 

(Neptune, Thermo Scientific) at the Pôle Spectrométrie Océan (PSO) laboratory (Ifremer, 

France).  

    Reference materials (RMs) of sediments (MESS-3 and MESS-4 - NRC-CNRC®) and 

animal tissues (oyster SRM 1566b-NIST®, dogfish liver DOLT 5) and procedural blanks were 

included in each sample batch for analytical control. The extraction yields for RMs were always 

within ±10% of certificated values. The Pb precision analysis for unknown samples and RMs 

corresponded to 0.2% and 0.5% for 206Pb/207Pb and 208Pb/206Pb, respectively. Our 206Pb/207Pb 

ratio reproducibility for RM MESS-4 aliquots were of 1.226±0.005 (1s, n=4), which agree with 

the reported value analyzed with a high-resolution multi-collector mass spectrometer 

(1.2263±0.0005, 1s, n=4; Jeong et al., 2021, using Neptune, Thermo Scientific). For two 

aliquots of RM DOLT-5, the obtained 206Pb/207Pb Pb isotope ratio average was 1.185±0.004 

(1s, n=2). Blanks were lower than 1% of Pb analyte and therefore effects on Pb isotope ratios 

were negligible. 

The precision (2s) mean for Cu isotope analysis was ±0.4‰. The corresponding long-

term δ65CuSRM-976 average value for MESS-3 was of +0.03±0.10‰ (2s, n=9) agreeing with 

available published data for this RM (−0.12±0.10‰, 2s, n=3, Yang et al., 2020). The δ65CuSRM-

976 values obtained for the SRM1566b replicates prepared from separate aliquots and treated 

along the entire procedure (digestion, chromatography, and isotope analysis) is +0.23±0.06‰ 

(2s, n=13, Araújo et al., 2021b). This value is close to the value of +0.30±0.01‰ (2s, n=4) 

reported by other laboratory (Jeong et al., 2021). 
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    The contamination factor (Cf) is an index used to determine the contamination status of a 

given element in sediment (Hakanson, 1980). It is defined as the ratio between the measured content 

in the sample (Csample) and the background concentration for a given element (Cbackground), following 

the formula (Williams and Antoine, 2020; Zhai et al., 2021): 

𝐶𝐶𝐶𝐶 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
   (𝑒𝑒𝑒𝑒. 1)          

             Low contamination has a CF value ≤ 1, while moderate and considerable contamination 

ranges from 1 < CF < 3 and 3 < CF < 6 respectively. High contamination is considered with a CF 

> 6. The Cu (14 µg/g) and Pb (24 µg/g) natural background values of Sepetiba Bay was estimated 

by (Pinto et al., 2019). The pristine Cação sample (Table 1) have background values and was used 

to represent it in our study. 

    The dataset is available in Table 1 and associated data plots are expressed in Fig. 2.  

The metal contamination hotspot in Sepetiba Bay has high Pb and Cu contamination levels in 

sediments, far more elevated than other sediments from in the inner bay, and fluvial systems 

(Fig. 2a). Indeed, legacy contaminated sediments also display the lowest 206Pb/207Pb ratios, 

averaging around 1.14, overlapping with ores from the Pb-Zn Vazante deposit (Fig. 2b). The 

Vazante silicate Zn ores were the main Zn source used for refining in the electroplating plant 

of Sepetiba Bay (Araújo et al., 2018; Barone, 1973; Cunha et al., 2009). The corresponding 

δ65CuSRM-976 center around 0.4±0.2‰ (Fig. 2c) and is within the range of metallurgic slags  

reported elsewhere (Bigalke et al., 2010; Kříbek et al., 2018) (Fig. 3). Two outliers with 

negative values appear in the “G” core profile (−0.04 and −0.02‰, Table 1). The electroplating 

byproducts are chemically heterogenous and very different Zn isotope compositions were found 

in their refractory and labile phases, with the former being enriched in light isotopes (Tonhá et 

al., 2020). The two outliers correspond to reddish layers found in the profile, probably indicating 

the dominance of the refractory phases. Overall, the binary isotope plot (Fig. 2d) demonstrates 

that electroplating activity stamped particular isotope signatures in associated sediment 

legacies, making them distinguishable from all other zones and useful for Cu source tracking.  

    The Guandu River surface sediments have relatively low Cu and Pb contamination 

degrees and contrast with legacies sediments displaying lighter Cu isotope compositions 

(~0.1‰) and a more extensive Pb isotope range (Fig. 2). The 206Pb/206Pb vs. 208Pb/206Pb plot 

suggest that Guandu river is predominantly composed of lithogenic sources and clearly 

distinguish from common Pb anthropogenic sources, such as Pb ingot foundry, road dust, and 

urban aerosols (Fig. 4). This river covers a large surface, crossing different geological settings 

and potentially receiving anthropogenic metals from punctual and diffuse sources. 
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Nevertheless, a previous characterization of the geochemical partition (BCR protocol) of Cu 

and Pb in the studied samples revealed their prevalence in solid crystal lattices structures, 

suggesting a dominantly lithogenic origin (Tonhá et al., 2021). Thus, weathering processes and 

the release of Pb from rocks of different ages are likely to explain the Pb isotope variability 

(Komárek et al., 2008). At the same time, Cu homogenous isotope compositions result from 

common isotope fractionation mechanisms involving an uneven partition of heavy and light Cu 

isotopes between dissolved ligands and binding functional groups on solid surfaces (Little et 

al., 2018), including clay minerals and amorphous oxyhydroxides of particulate phases 

(Komárek et al., 2021). The present isotope dataset does not allow a precise explanation for the 

punctual outlier with negative isotope composition (GD2 sample, Fig. 2c), but it seems 

unrelated to an anthropogenic influence.  

     In the urban channel, the Pb isotope compositions of sediments gradually increase 

toward Sepetiba bay. The two upstream samples display anthropogenic Pb signatures 

(206Pb/207Pb: ~1.13; Fig. 2a, b), despite their low Pb concentrations. The third sample 

downstream fell in the range of the tidal flat, evidencing a mixing process between continental 

and marine Pb during tidal cycles. Analogous mixing for Zn has been noticed with Zn isotopes 

(Araújo et al., 2017b). The upstream samples have an anthropogenic component related to the 

disposal of untreated domestic wastewater. The voluminous organic matter inputs associated 

with these releases probably dilute Cu and Pb contents and could explain the observed low 

concentrations for these elements. The isotope analysis of the Guandu River and one of the 

urban channels of Sepetiba demonstrate that fluvial inputs of sedimentary materials contribute 

with a particulate Cu material relatively light, close to the isotope baseline of other marine 

coastal systems, between 0−0.2‰.  

     Metal-enriched particles remobilized from the hotspot to the inner bay affect less 

significantly the northern bay (Silva-Filho et al., 2011), close to Coroa Grande (Fig. 1d) Then, 

sediments located there should be geochemically closer to the natural baseline. Coherently, the 

sediment profile collected there (T6) displays mostly low Cu and Pb contamination factors 

(Table 1), while Pb isotope signatures are homogenous, around 1.9, being the most radiogenic 

(and probably natural) among sediments collected in the inner bay. The T6 sediments show 

more positive 208Pb/206Pb ratios differing from the Guandu river and falling close to sediments 

from the western marine sector of Sepetiba Bay (Fig. 1b). The enrichment in the 208Pb isotope 

in these areas is possibly associated with local pre-Cambrian granite relatively enriched in Th, 

which can decay forming 208Pb. These isotope patterns suggest, therefore, influences of a natural 

Pb.   



8 
 

     Differently, tidal sediments bordering the northeastern shore are more susceptible to the 

deposition of particles carrying metal contaminants from the hotspot zone, and also from fluvial 

discharges (Araújo et al., 2017b; Pellegatti et al., 2001; Wasserman et al., 2001). The Pb isotope 

signals of the tidal flat stamped at the midpoint of urban rivers, legacy sediments (hotspot), and 

Guandu river prove that they are affected by mixing processes between natural and 

anthropogenic sources (Fig. 2b). Furthermore, the 206Pb/207Pb signature of the northern bay and 

tidal flat samples are also comparable to signatures from Guanabara Bay (1.15 to 1.17; Geraldes 

et al., 2006), a region highly contaminated by multiple anthropogenic sources, including 

metallurgy and sewage.  

Clockwise hydrodynamic current patterns spread legacy sediment particles and fluvial 

sediments along tidal flats, mixing sedimentary materials from different origins, and with 

varying metal contamination levels, and geochemical compositions. This mixing process 

explains the moderate contamination levels and a very homogenous isotope range intermediate 

between the hotspot and northeastern bay. As noted in Fig. 2d, Pb and Cu isotope compositions 

for tidal flat sediments are uniforms, around 1.18 and 0.3‰, respectively. A qualitative analysis 

of isotope tendencies indicates undoubtedly that legacy sediments from electroplating activity 

contribute to Cu and Pb inputs in the tidal flat of Sepetiba Bay.  

    An outlier observed in the dispersion plot (Fig. 2a, gray square) corresponds to the basal 

layer of the T3 core profile. It displays Pb concentrations tenfold higher than upper profile data 

and contrasting Pb and Cu isotope ratios of 1.14 and 0.13‰ (Table 1), which suggests a 

different metal pollution origin. This profile depth would correspond to the 50’s, therefore 

before the begin of the electroplating activity. Previous studies observed similar Pb isotope 

markers for this period and associated them with channel and dam building and the beginning 

of industrial activities. 

    Oyster Pb concentrations decrease with the distance of the hotspot zone, accompanied 

by slight increases on 206Pb/207Pb ratios (Table 2). Dissimilar Pb uptake efficiencies from 

various sources by organisms can lead to different Pb isotopic compositions (Ip et al., 2005). 

Pb isotopes are relatively robust in regard of metallurgical processes because they do not 

fractionate at high temperatures, and are physically and geologically coherent (Albarede et al., 

2020). Pb showed analogous isotopic ratios despite the difference in concentration, which is 

consistent with previous findings (Shiel et al., 2012). Pb isotopic signal can demonstrate the 

large contribution from anthropogenic origins in spite of their low concentration, and their Pb 

isotopic composition in bivalves accounted for the mixing of modern anthropogenic Pb 

emissions with natural endmembers (Shiel et al., 2012). In this study, Pb isotopes in oysters 
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overlap partially with tidal flat sediments (Fig. 2d), suggesting that these organisms accumulate 

a mixing of Pb from different natural and anthropic sources from the bay. 

    The respective δ65CuSRM-976 values do not correlate with Cu concentrations or trends 

with geographical distance to the hotspot zone, and unexpectedly, the lowest Cu concentrations, 

about 17 µg/g, occur in those presumed to be more exposed to legacy sediment particles (“S1” 

sampling station, Table 1). The positive Cu isotope compositions of oysters match well with 

the legacy sediments (Fig. 2d), indicating them as the primary Cu source for bioaccumulation, 

at least for the two more internal sampling stations, “S1” and “M1”, respectively. In general, 

anthropogenic metals weakly bound to particles ingested by bivalves can be desorbed by 

enzymes and non-enzymatic ligands in the gastrointestinal tract (Birch and Hogg, 2011; 

Griscom and Fisher, 2004; Snape et al., 2004). Thus, isotope systematic in oysters seems results 

from the preferential bioaccumulation of anthropogenic Cu related to prompt desorption during 

digestion. Free Cu2+ ion is the most bioavailable species and identifying their isotopic 

fractionation processes is important to understand the uptake mechanisms by organisms using 

Cu isotopes (Ryan et al., 2014). Isotope compositions of Cu and Zn recorded in oysters' soft 

tissues seem conservative, not being altered by isotope fractionation during homeostasis 

processes. Therefore, biomonitoring anthropogenic Cu tendencies in Sepetiba using this isotope 

information in these organisms is feasible and desirable to further environmental management.    

   This work showed that isotope records of Cu and Pb in sediments help identify the 

dispersion of anthropogenic Cu and Pb from electroplating wastes across Sepetiba Bay. The Cu 

and Pb isotopic signatures of legacy sediments allow distinguishing particle issues from natural 

marine and terrigenous materials. While concentrations can be homogenous between different 

zones of coastal environments, isotope ratios vary geographically and consistently with source 

balance between natural and anthropogenic sources. Indeed, isotopic compositions of oysters 

indicate that legacy sediments continue to contribute as vectors to transfer metals into biota. 

The application of non-traditional isotope systems, like Cu, to track Cu sources in marine 

environments is promising but still in its infancy. Subsequent studies are expected to improve 

anthropogenic source traceability and understand internal isotopic fractionation via 

organotropism and its relation with toxic effects in marine organisms.  

 

Acknowledges  

The authors thank the technician team from the CCEM-IFREMER unit, in special Sandrine 

Bruzac and Teddy Sireau for support in ICP-MS analysis. We are also deeply grateful for the 

technical and friendly support of Myller Tonhá in field campaigns.   



10 
 

References 

Aggarwal, J., Habicht-Mauche, J., Juarez, C., 2008. Application of heavy stable isotopes in forensic 
isotope geochemistry: A review. Appl. Geochem. 23, 2658–2666. 
https://doi.org/10.1016/j.apgeochem.2008.05.016 

Aily, C., 2001. Caracterização isotópica de Pb na atmosfera: um exemplo da cidade de São Paulo. 
2001. MsD Thesis, Universidade Federal de São Paulo, São Paulo, 76 p. 

Albarede, F., Blichert-Toft, J., Gentelli, L., Milot, J., Vaxevanopoulos, M., Klein, S., Westner, K., Birch, 
T., Davis, G., de Callataÿ, F., 2020. A miner’s perspective on Pb isotope provenances in the 
Western and Central Mediterranean. J. Archaeol. Sci. 121, 105194. 
https://doi.org/10.1016/j.jas.2020.105194 

Araújo, D., Machado, W., Weiss, D., Mulholland, D.S., Boaventura, G.R., Viers, J., Garnier, J., Dantas, 
E.L., Babinski, M., 2017a. A critical examination of the possible application of zinc stable 
isotope ratios in bivalve mollusks and suspended particulate matter to trace zinc pollution in 
a tropical estuary. Environ. Pollut. 226, 41–47. https://doi.org/10.1016/j.envpol.2017.04.011 

Araújo, Daniel F., Boaventura, G.R., Machado, W., Viers, J., Weiss, D., Patchineelam, S.R., Ruiz, I., 
Rodrigues, A.P.C., Babinski, M., Dantas, E., 2017b. Tracing of anthropogenic zinc sources in 
coastal environments using stable isotope composition. Chem. Geol. 449, 226–235. 
https://doi.org/10.1016/j.chemgeo.2016.12.004 

Araújo, D.F., Knoery, J., Briant, N., Ponzevera, E., Chouvelon, T., Auby, I., Yepez, S., Bruzac, S., Sireau, 
T., Pellouin-Grouhel, A., Akcha, F., 2021a. Metal stable isotopes in transplanted oysters as a 
new tool for monitoring anthropogenic metal bioaccumulation in marine environments: The 
case for copper. Environ. Pollut. 290, 118012. https://doi.org/10.1016/j.envpol.2021.118012 

Araújo, D.F., Knoery, J., Briant, N., Vigier, N., Ponzevera, E., 2022. “Non-traditional” stable isotopes 
applied to the study of trace metal contaminants in anthropized marine environments. Mar. 
Pollut. Bull. 175, 113398. https://doi.org/10.1016/j.marpolbul.2022.113398 

Araújo, D.F., Machado, W., Weiss, D., Mulholland, D.S., Garnier, J., Souto-Oliveira, C.E., Babinski, M., 
2018. Zinc isotopes as tracers of anthropogenic sources and biogeochemical processes in 
contaminated mangroves. Appl. Geochem. 95, 25–32. 
https://doi.org/10.1016/j.apgeochem.2018.05.008 

Araújo, Daniel Ferreira, Peres, L.G.M., Yepez, S., Mulholland, D.S., Machado, W., Tonhá, M., Garnier, 
J., 2017c. Assessing man-induced environmental changes in the Sepetiba Bay (Southeastern 
Brazil) with geochemical and satellite data. C. R. Geosci. 349, 290–298. 
https://doi.org/10.1016/j.crte.2017.09.007 

Araújo, D.F., Ponzevera, E., Briant, N., Knoery, J., Bruzac, S., Sireau, T., Pellouin-Grouhel, A., Brach-
Papa, C., 2021b. Differences in Copper Isotope Fractionation Between Mussels (Regulators) 
and Oysters (Hyperaccumulators): Insights from a Ten-Year Biomonitoring Study. Environ. 
Sci. Technol. 55, 324–330. https://doi.org/10.1021/acs.est.0c04691 

Araújo, D.F., Ponzevera, E., Weiss, D.J., Knoery, J., Briant, N., Yepez, S., Bruzac, S., Sireau, T., Brach-
Papa, C., 2021c. Application of Zn Isotope Compositions in Oysters to Monitor and Quantify 
Anthropogenic Zn Bioaccumulation in Marine Environments over Four Decades: A “Mussel 
Watch Program” Upgrade. ACS EST Water 1, 1035–1046. 
https://doi.org/10.1021/acsestwater.1c00010 

Azcue, J.M., Pfeiffer, W.C., Fiszman, M., Malm, O., 1987. Heavy Metals in Drinking Waters from the 
Paraiba Do Sul – Guandu River System, Rio De Janeiro State, Brazil. Water Sci. Technol. 19, 
1181–1183. https://doi.org/10.2166/wst.1987.0006 

Barcellos, C., de Lacerda, L.D., Ceradini, S., 1997. Sediment origin and budget in Sepetiba Bay (Brazil) - 
an approach based on multielemental analysis. Environ. Geol. 32, 203–209. 
https://doi.org/10.1007/s002540050208 

Barletta, M., Lima, A.R.A., Costa, M.F., 2019. Distribution, sources and consequences of nutrients, 
persistent organic pollutants, metals and microplastics in South American estuaries. Sci. Total 
Environ. 651, 1199–1218. https://doi.org/10.1016/j.scitotenv.2018.09.276 



11 
 

Barone, R.H.T., 1973. Perfil analítico do zinco. Ministério das Minas e Energia. Departamento 
Nacional da Produçao Mineral. Bolteim n°26, Rio de Janeiro, Brasil. 

Bigalke, M., Weyer, S., Kobza, J., Wilcke, W., 2010. Stable Cu and Zn isotope ratios as tracers of 
sources and transport of Cu and Zn in contaminated soil. Geochim. Cosmochim. Acta 74, 
6801–6813. https://doi.org/10.1016/j.gca.2010.08.044 

Birch, G.F., Hogg, T.D., 2011. Sediment quality guidelines for copper and zinc for filter-feeding 
estuarine oysters? Environ. Pollut. 159, 108–115. 
https://doi.org/10.1016/j.envpol.2010.09.015 

Brčeski, I., Vaseashta, A., 2021. Environmental Forensic Tools for Water Resources, in: Vaseashta, A., 
Maftei, C. (Eds.), Water Safety, Security and Sustainability, Advanced Sciences and 
Technologies for Security Applications. Springer International Publishing, Cham, pp. 333–370. 
https://doi.org/10.1007/978-3-030-76008-3_15 

Caldelas, C., Dong, S., Araus, J.L., Jakob Weiss, D., 2011. Zinc isotopic fractionation in Phragmites 
australis in response to toxic levels of zinc. J. Exp. Bot. 62, 2169–2178. 
https://doi.org/10.1093/jxb/erq414 

Castelo, W.F.L., Martins, M.V.A., Martínez-Colón, M., Guerra, J.V., Dadalto, T.P., Terroso, D., Soares, 
M.F., Frontalini, F., Duleba, W., Socorro, O.A.A., Geraldes, M.C., Rocha, F., Bergamaschi, S., 
2021. Disentangling natural vs. anthropogenic induced environmental variability during the 
Holocene: Marambaia Cove, SW sector of the Sepetiba Bay (SE Brazil). Environ. Sci. Pollut. 
Res. 28, 22612–22640. https://doi.org/10.1007/s11356-020-12179-9 

Chen, J., Gaillardet, J., Louvat, P., Huon, S., 2009. Zn isotopes in the suspended load of the Seine 
River, France: Isotopic variations and source determination. Geochim. Cosmochim. Acta 73, 
4060–4076. https://doi.org/10.1016/j.gca.2009.04.017 

Couture, R.-M., Chiffoleau, J.-F., Auger, D., Claisse, D., Gobeil, C., Cossa, D., 2010. Seasonal and 
Decadal Variations in Lead Sources to Eastern North Atlantic Mussels. Environ. Sci. Technol. 
44, 1211–1216. https://doi.org/10.1021/es902352z 

Cunha, B.C.A., Rocha, D., Geraldes, M.C., Pereira, S.D., Almeida, A.C., 2009. Pb isotopic signatures in 
sediments of a sub-tropical coastal lagoon: Anthropogenic sources for metal contamination 
in the Sepetiba Bay (SE — Brazil). J. Coast. Res. 797–801. 

Cunha, I.A., Misi, A., Babinski, M., Sankara, S.I., 2007. Lead isotope constraints on the genesis of Pb–
Zn deposits in the Neoproterozoic Vazante Group, Minas Gerais, Brazil. Gondwana Res. 11, 
382–395. https://doi.org/10.1016/j.gr.2006.02.008 

Dang, D.H., Schäfer, J., Brach-Papa, C., Lenoble, V., Durrieu, G., Dutruch, L., Chiffoleau, J.-F., Gonzalez, 
J.-L., Blanc, G., Mullot, J.-U., Mounier, S., Garnier, C., 2015. Evidencing the Impact of Coastal 
Contaminated Sediments on Mussels Through Pb Stable Isotopes Composition. Environ. Sci. 
Technol. 49, 11438–11448. https://doi.org/10.1021/acs.est.5b01893 

de Carvalho Gomes, F., Godoy, J.M., Godoy, M.L.D.P., Lara de Carvalho, Z., Tadeu Lopes, R., Sanchez-
Cabeza, J.A., Drude de Lacerda, L., Cesar Wasserman, J., 2009. Metal concentrations, fluxes, 
inventories and chronologies in sediments from Sepetiba and Ribeira Bays: A comparative 
study. Mar. Pollut. Bull. 59, 123–133. https://doi.org/10.1016/j.marpolbul.2009.03.015 

de Freitas Rebelo, M., Clara Rebouças do Amaral, M., Chritstian Pfeiffer, W., 2003. High Zn and Cd 
accumulation in the oyster Crassostrea rhizophorae, and its relevance as a sentinel species. 
Mar. Pollut. Bull. 46, 1354–1358. https://doi.org/10.1016/S0025-326X(03)00244-3 

de Souza Machado, A.A., Spencer, K., Kloas, W., Toffolon, M., Zarfl, C., 2016. Metal fate and effects in 
estuaries: A review and conceptual model for better understanding of toxicity. Sci. Total 
Environ. 541, 268–281. https://doi.org/10.1016/j.scitotenv.2015.09.045 

Deng, F., Hellmann, S., Zimmermann, T., Pröfrock, D., 2021. Using Sr-Nd-Pb isotope systems to trace 
sources of sediment and trace metals to the Weser River system (Germany) and assessment 
of input to the North Sea. Sci. Total Environ. 791, 148127. 
https://doi.org/10.1016/j.scitotenv.2021.148127 

Dickin, A.P., 2018. Radiogenic isotope geology, Third edition. ed. Cambridge University Press, 
Cambridge New York, NY Melbourne New Delhi Singapore. 

https://doi.org/10.1016/j.gr.2006.02.008


12 
 

Fonseca, E.F., Baptista Neto, J.A., Silva, C.G., 2013. Heavy metal accumulation in mangrove sediments 
surrounding a large waste reservoir of a local metallurgical plant, Sepetiba Bay, SE, Brazil. 
Environ. Earth Sci. 70, 643–650. https://doi.org/10.1007/s12665-012-2148-3 

Geraldes, M.C., Paula, A.H., Godoy, J.M., Valeriano, C.M., 2006. Pb iosotope signatures of sediments 
from Guanabara Bay, SE Brazil: Evidence for multiple anthropogenic sources. J. Geochem. 
Explor. 88, 384–388. https://doi.org/10.1016/j.gexplo.2005.08.081 

Gonçalves, R., Oliveira, D., Rezende, C.E., Almeida, P., Lacerda, L., da Gama, B., Godoy, J.M., 2020. 
Spatial and Temporal Effects of Decommissioning a Zinc Smelter on the Sediment Quality of 
an Estuary System: Sepetiba Bay, Rio de Janeiro, Brazil. J. Braz. Chem. Soc. 
https://doi.org/10.21577/0103-5053.20190232 

Griscom, S.B., Fisher, N.S., 2004. Bioavailability of sediment-bound metals to marine bivalve 
molluscs: An overview. Estuaries 27, 826–838. https://doi.org/10.1007/BF02912044 

Hakanson, L., 1980. An ecological risk index for aquatic pollution control.a sedimentological 
approach. Water Res. 14, 975–1001. https://doi.org/10.1016/0043-1354(80)90143-8 

Ilina, S.M., Viers, J., Lapitsky, S.A., Mialle, S., Mavromatis, V., Chmeleff, J., Brunet, P., Alekhin, Y.V., 
Isnard, H., Pokrovsky, O.S., 2013. Stable (Cu, Mg) and radiogenic (Sr, Nd) isotope 
fractionation in colloids of boreal organic-rich waters. Chem. Geol. 342, 63–75. 
https://doi.org/10.1016/j.chemgeo.2013.01.019 

Ip, C.C.M., Li, X.D., Zhang, G., Wong, C.S.C., Zhang, W.L., 2005. Heavy metal and Pb isotopic 
compositions of aquatic organisms in the Pearl River Estuary, South China. Environ. Pollut. 
138. 494-504. https://doi.org/10.1016/j.envpol.2005.04.016 

Jaouen, K., Szpak, P., Richards, M.P., 2016. Zinc Isotope Ratios as Indicators of Diet and Trophic Level 
in Arctic Marine Mammals. PLOS ONE 11, e0152299. 
https://doi.org/10.1371/journal.pone.0152299 

Jeong, H., Ra, K., Choi, J.Y., 2021. Copper, Zinc and Lead Isotopic Delta Values and Isotope Ratios of 
Various Geological and Biological Reference Materials. Geostand. Geoanal. Res. 45, 551–563. 
https://doi.org/10.1111/ggr.12379 

Kavner, A., John, S.G., Sass, S., Boyle, E.A., 2008. Redox-driven stable isotope fractionation in 
transition metals: Application to Zn electroplating. Geochim. Cosmochim. Acta 72, 1731–
1741. https://doi.org/10.1016/j.gca.2008.01.023 

Klein, S., Rose, T., 2020. Evaluating copper isotope fractionation in the metallurgical operational 
chain: An experimental approach. Archaeometry 62, 134–155. 
https://doi.org/10.1111/arcm.12564 

Komárek, M., Ettler, V., Chrastný, V., Mihaljevič, M., 2008. Lead isotopes in environmental sciences: A 
review. Environ. Int. 34, 562–577. https://doi.org/10.1016/j.envint.2007.10.005 

Komárek, M., Ratié, G., Vaňková, Z., Šípková, A., Chrastný, V., 2021. Metal isotope complexation with 
environmentally relevant surfaces: Opening the isotope fractionation black box. Crit. Rev. 
Environ. Sci. Technol. 52, 3573–3603. https://doi.org/10.1080/10643389.2021.1955601 

Kříbek, B., Šípková, A., Ettler, V., Mihaljevič, M., Majer, V., Knésl, I., Mapani, B., Penížek, V., Vaněk, A., 
Sracek, O., 2018. Variability of the copper isotopic composition in soil and grass affected by 
mining and smelting in Tsumeb, Namibia. Chem. Geol. 493, 121–135. 
https://doi.org/10.1016/j.chemgeo.2018.05.035 

Kütter, V.T., Moreira, V.A., Kütter, M.T., Silva-Filho, E.V., Marques, E.D., Garnier, J., Bidone, E.D., 
2021. METAL BIOAVAILABILITY AND DISTRIBUTION IN THE FISH COMMUNITY IN A TROPICAL 
ESTUARY, SEPETIBA BAY, RIO DE JANEIRO, BRAZIL. Geochim. Bras. 35, 17–38. 
https://doi.org/10.21715/GB2358-2812.2021351017 

Lacerda, L.D., Carvalho, C.E.V., Rezende, C.E., Pfeiffer, W.C., 1993. Mercury in sediments from the 
Paraíba do Sul River continental shelf, S.E. Brazil. Mar. Pollut. Bull. 26, 220–222. 
https://doi.org/10.1016/0025-326X(93)90626-U 

Lacerda, L.D., Martinelli, L.A., Rezende, C.E., Mozeto, A.A., Ovalle, A.R.C., Victoria, R.L., Silva, C.A.R., 
Nogueira, F.B., 1988. The fate of trace metals in suspended matter in a mangrove creek 

https://doi.org/10.1016/j.gexplo.2005.08.081


13 
 

during a tidal cycle. Sci. Total Environ. 75, 169–180. https://doi.org/10.1016/0048-
9697(88)90030-7 

Lacerda, L.D., Molisani, M.M., 2006. Three decades of Cd and Zn contamination in Sepetiba Bay, SE 
Brazil: Evidence from the mangrove oyster Crassostraea rhizophorae. Mar. Pollut. Bull. 52, 
974–977. https://doi.org/10.1016/j.marpolbul.2006.04.007 

Little, S.H., Archer, C., Milne, A., Schlosser, C., Achterberg, E.P., Lohan, M.C., Vance, D., 2018. Paired 
dissolved and particulate phase Cu isotope distributions in the South Atlantic. Chem. Geol. 
502, 29–43. https://doi.org/10.1016/j.chemgeo.2018.07.022 

Liu, J.-H., Cheng, J., Zhou, L., Feng, L.-P., Hu, Y.-T., Algeo, T.J., 2022. Copper and gallium isotopic 
behavior in highly weathered soils. Chem. Geol. 594, 120757. 
https://doi.org/10.1016/j.chemgeo.2022.120757 

Meng, M., Sun, R., Liu, H., Yu, B., Yin, Y., Hu, L., Chen, J., Shi, J., Jiang, G., 2020. Mercury isotope 
variations within the marine food web of Chinese Bohai Sea: Implications for mercury 
sources and biogeochemical cycling. J. Hazard. Mater. 384, 121379. 
https://doi.org/10.1016/j.jhazmat.2019.121379 

Mieiro, C.L., Pacheco, M., Pereira, M.E., Duarte, A.C., 2011. Mercury Organotropism in Feral 
European Sea Bass (Dicentrarchus labrax). Arch. Environ. Contam. Toxicol. 61, 135–143. 
https://doi.org/10.1007/s00244-010-9591-5 

Mihaljevič, M., Baieta, R., Ettler, V., Vaněk, A., Kříbek, B., Penížek, V., Drahota, P., Trubač, J., Sracek, 
O., Chrastný, V., Mapani, B.S., 2019. Tracing the metal dynamics in semi-arid soils near mine 
tailings using stable Cu and Pb isotopes. Chem. Geol. 515, 61–76. 
https://doi.org/10.1016/j.chemgeo.2019.03.026 

Molisani, M.M., Kjerfve, B., Silva, A.P., Lacerda, L.D., 2006. Water discharge and sediment load to 
Sepetiba Bay from an anthropogenically-altered drainage basin, SE Brazil. J. Hydrol. 331, 
425–433. https://doi.org/10.1016/j.jhydrol.2006.05.038 

Molisani, M.M., Marins, R.V., Machado, W., Paraquetti, H.H.M., Bidone, E.D., Lacerda, L.D., 2004. 
Environmental changes in Sepetiba Bay, SE Brazil. Reg. Environ. Change 4, 17–27. 
https://doi.org/10.1007/s10113-003-0060-9 

Monte, C.N., Rodrigues, A.P.C., Cordeiro, R.C., Freire, A.S., Santelli, R.E., Machado, W., 2015. Changes 
in Cd and Zn bioavailability upon an experimental resuspension of highly contaminated 
coastal sediments from a tropical estuary. Sustain. Water Resour. Manag. 1, 335–342. 
https://doi.org/10.1007/s40899-015-0034-3 

Morales, S.J.D., Guerra, J.V., Nunes, M.A.D.S., Martins, M.V.A., Souza, A.M.D., Gerales, M.C., 2019. 
Anthropogenic impacts on the western sector of Sepetiba Bay (SE Brazil) assessed by the Pb 
isotopic composition of surface sediment. J. Sediment. Environ. 4, 291–311. 
https://doi.org/10.12957/jse.2019.45269 

Mulholland, D.S., Garnier, J., Araújo, D.F., Duarte, W.C., Monvoisin, G., Quantin, C., Freydier, R., 
Seyler, P., 2022. New insights into metal(loid) dynamics in the Doce River estuary (Brazil) 
after a massive iron ore‑processing tailing dam collapse. Environ. Sci. Pollut. Res. 29, 43072–
43088. https://doi.org/10.1007/s11356-021-18101-1 

Nascimento, J.R., Bidone, E.D., Rolão-Araripe, D., Keunecke, K.A., Sabadini-Santos, E., 2016. Trace 
metal distribution in white shrimp (Litopenaeus schmitti) tissues from a Brazilian coastal 
area. Environ. Earth Sci. 75, 990. https://doi.org/10.1007/s12665-016-5798-8 

Nitzsche, K.N., Yoshimura, T., Ishikawa, N.F., Ogawa, N.O., Suzuki, K., Ohkouchi, N., 2021. Trace metal 
geochemical and Zn stable isotope data as tracers for anthropogenic metal contributions in a 
sediment core from Lake Biwa, Japan. Appl. Geochem. 134, 105107. 
https://doi.org/10.1016/j.apgeochem.2021.105107 

Pellegatti, F., Figueiredo, A.M.G., Wasserman, J.C., 2001. Neutron Activation Analysis Applied to the 
Determination of Heavy Metals and Other Trace Elements in Sediments from Sepetiba Bay 
(RJ), Brazil. Geostand. Newsl. 25, 307–315. https://doi.org/10.1111/j.1751-
908X.2001.tb00607.x 

https://doi.org/10.1007/s11356-021-18101-1


14 
 

Pinto, A.F.S., Ramalho, J.C.M., Borghi, L., Carelli, T.G., Plantz, J.B., Pereira, E., Terroso, D., Santos, 
W.H. dos, Geraldes, M.C., Rocha, F., Rodrigues, M.A. da C., Laut, L., Martins, M.V.A., 2019. 
BACKGROUND CONCENTRATIONS OF CHEMICAL ELEMENTS IN SEPETIBA BAY (SE BRAZIL). J. 
Sediment. Environ. 4, 108–123. https://doi.org/10.12957/jse.2019.40992 

Pontér, S., Sutliff-Johansson, S., Engström, E., Widerlund, A., Mäki, A., Rodushkina, K., Paulukat, C., 
Rodushkin, I., 2021. Evaluation of a Multi-Isotope Approach as a Complement to 
Concentration Data within Environmental Forensics. Minerals 11, 37. 
https://doi.org/10.3390/min11010037 

Rodrigues, M.A.C., Pereira, S.D., Santos, S.B. dos (Eds.), 2012. Baía de Sepetiba: estado da arte. 
Presented at the Baía de Sepetiba - Estado da Arte (Seminar), Corbã, Rio de Janeiro. 

Ryan, B.M., Kirby, J.K., Degryse, F., Scheiderich, K., McLaughlin, M.J., 2014. Copper isotope 
fractionation during equilibration with natural and synthetic ligands. Environ. Sci. Technol. 
48, 8620–8626. https://doi.org/10.1021/es500764x 

Shiel, A.E., Weis, D., Orians, K.J., 2012. Tracing cadmuium, zinc and lead sources in bivalves from the 
coasts of western Canada and the USA using isotopes. Geochim. Cosmochim. Acta 76, 175–
190. https://doi.org/10.1016/j.gca.2011.10.005 

Shiel, A.E., Weis, D., Cossa, D., Orians, K.J., 2013. Determining provenance of marine metal pollution 
in French bivalves using Cd, Zn and Pb isotopes. Geochim. Cosmochim. Acta 121, 155–167. 
https://doi.org/10.1016/j.gca.2013.07.005 

Šillerová, H., Chrastný, V., Vítková, M., Francová, A., Jehlička, J., Gutsch, M.R., Kocourková, J., 
Aspholm, P.E., Nilsson, L.O., Berglen, T.F., Jensen, H.K.B., Komárek, M., 2017. Stable isotope 
tracing of Ni and Cu pollution in North-East Norway: Potentials and drawbacks. Environ. 
Pollut. 228, 149–157. https://doi.org/10.1016/j.envpol.2017.05.030 

Silva-Filho, E.V., Sanders, C.J., Bernat, M., Figueiredo, A.M.G., Sella, S.M., Wasserman, J., 2011. Origin 
of rare earth element anomalies in mangrove sediments, Sepetiba Bay, SE Brazil: used as 
geochemical tracers of sediment sources. Environ. Earth Sci. 64, 1257–1267. 
https://doi.org/10.1007/s12665-011-0942-y 

Snape, I., Scouller, R.C., Stark, S.C., Stark, J., Riddle, M.J., Gore, D.B., 2004. Characterisation of the 
dilute HCl extraction method for the identification of metal contamination in Antarctic 
marine sediments. Chemosphere 57, 491–504. 
https://doi.org/10.1016/j.chemosphere.2004.05.042 

Souto-Oliveira, C.E., Babinski, M., Araújo, D.F., Andrade, M.F., 2018. Multi-isotopic fingerprints (Pb, 
Zn, Cu) applied for urban aerosol source apportionment and discrimination. Sci. Total 
Environ. 626, 1350–1366. https://doi.org/10.1016/j.scitotenv.2018.01.192 

Souto-Oliveira, C.E., Babinski, M., Araújo, D.F., Weiss, D.J., Ruiz, I.R., 2019. Multi-isotope approach of 
Pb, Cu and Zn in urban aerosols and anthropogenic sources improves tracing of the 
atmospheric pollutant sources in megacities. Atmos. Environ. 198, 427–437. 
https://doi.org/10.1016/j.atmosenv.2018.11.007 

Sun, S.S., 1980. Lead isotopic study of young volcanic rocks from mid-ocean ridges, ocean islands and 
island arcs. Phil. Trans. R. Soc. Lond. A297, 409–445. https://doi.org/10.1098/rsta.1980.0224 

Thapalia, A., Borrok, D.M., Van Metre, P.C., Wilson, J., 2015. Zinc Isotopic Signatures in Eight Lake 
Sediment Cores from Across the United States. Environ. Sci. Technol. 49, 132–140. 
https://doi.org/10.1021/es5036893 

Tonhá, M.S., Araújo, D.F., Araújo, R., Cunha, B.C.A., Machado, W., Portela, J.F., PR Souza, J., Carvalho, 
H.K., Dantas, E.L., Roig, H.L., Seyler, P., Garnier, J., 2021. Trace metal dynamics in an 
industrialized Brazilian river: A combined application of Zn isotopes, geochemical 
partitioning, and multivariate statistics. J. Environ. Sci. 101, 313–325. 
https://doi.org/10.1016/j.jes.2020.08.027 

Tonhá, M.S., Garnier, J., Araújo, D.F., Cunha, B.C.A., Machado, W., Dantas, E., Araújo, R., Kutter, V.T., 
Bonnet, M.-P., Seyler, P., 2020. Behavior of metallurgical zinc contamination in coastal 
environments: A survey of Zn from electroplating wastes and partitioning in sediments. Sci. 
Total Environ. 140610. https://doi.org/10.1016/j.scitotenv.2020.140610 

https://doi.org/10.1098/rsta.1980.0224


15 
 

Trevisan, C.L., Vicente, M.C., Rocha, B.C.S., Wasserman, J.C., 2020. Development of a Dredging 
Sensitivity Index, applied to an industrialized coastal environment in Brazil. Sci. Total Environ. 
748, 141294. https://doi.org/10.1016/j.scitotenv.2020.141294 

Vance, D., Matthews, A., Keech, A., Archer, C., Hudson, G., Pett-Ridge, J., Chadwick, O.A., 2016. The 
behaviour of Cu and Zn isotopes during soil development: Controls on the dissolved load of 
rivers. Chem. Geol. 445, 36–53. https://doi.org/10.1016/j.chemgeo.2016.06.002 

Wasserman, J.C., Figueiredo, A.M.G., Pellegatti, F., Silva-Filho, E.V., 2001. Elemental composition of 
sediment cores from a mangrove environment using neutron activation analysis. J. Geochem. 
Explor. 72, 129–146. https://doi.org/10.1016/S0375-6742(01)00158-3 

Weiss, D.J., Rehkdmper, M., Schoenberg, R., McLaughlin, M., Kirby, J., Campbell, P.G.C., Arnold, T., 
Chapman, J., Peel, K., Gioia,  and S., 2008. Application of Nontraditional Stable-Isotope 
Systems to the Study of Sources and Fate of Metals in the Environment. Environ. Sci. Technol. 
42, 655–664. https://doi.org/10.1021/es0870855 

Williams, J.A., Antoine, J., 2020. Evaluation of the elemental pollution status of Jamaican surface 
sediments using enrichment factor, geoaccumulation index, ecological risk and potential 
ecological risk index. Mar. Pollut. Bull. 157, 111288. 
https://doi.org/10.1016/j.marpolbul.2020.111288 

Xia, Y., Gao, T., Liu, Y., Wang, Z., Liu, C., Wu, Q., Qi, M., Lv, Y., Li, F., 2020. Zinc isotope revealing zinc’s 
sources and transport processes in karst region. Sci. Total Environ. 724, 138191. 
https://doi.org/10.1016/j.scitotenv.2020.138191 

Yang, S.-C., Hawco, N.J., Pinedo-Gonzalez, P., Bian, X., Huang, K.-F., Zhang, R., John, S.G., 2020. A new 
purification method for Ni and Cu stable isotopes in seawater provides evidence for 
widespread Ni isotope fractionation by phytoplankton in the North Pacific. Chem. Geol. 547, 
119662. https://doi.org/10.1016/j.chemgeo.2020.119662 

Zhai, B., Zhang, X., Wang, L., Zhang, Z., Zou, L., Sun, Z., Jiang, Y., 2021. Concentration distribution and 
assessment of heavy metals in surface sediments in the Zhoushan Islands coastal sea, East 
China Sea. Mar. Pollut. Bull. 164, 112096. https://doi.org/10.1016/j.marpolbul.2021.112096 



16 
 

 
Fig. 1. Site location and Sediment and oyster sampling in the Sepetiba Bay. Surface sediments were collected in: GD (Guandu river-a), UR (urban channel-c) 

and SE (Saco do Engenho-d) stations. Sediment cores (“T” and “G”) were sampled in the tidal flat (c), except T1, collected also in the hot spot zone (SE-Saco do 

Engenho, d). Sampling stations descriptions are available in the supplementary material.    
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Fig. 2. Plots of elemental and isotope data of sediments. Error bars for Pb isotope ratios are smaller than plot dots. Background refers to the local natural 
background represented by the sample “Cação” (Table 1). In 2b quadrant: Pb-Zn Vazante deposit from Cunha et al., 2007; Western sector of Sepetiba Bay from 
Morales et al., 2019. 
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Fig. 3. The δ65CuSRM-976 values in sediments (hotspot zone, Northern bay, tidal flat, Guandu 
River, urban channel) and oyster samples of this study and in various environmental samples 
(old flotation tailings, slag, particles from smelting and fuel gas cleaning processes, 
contaminated and uncontaminated soils) from Kříbek et al., 2018. 
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Fig. 4. The 206Pb/207Pb values in sediments (hotspot zone, Northern bay, tidal flat, Guandu River, 
urban channel) and oyster samples of this study and in various environmental samples (Pb-Zn 
deposit from Cunha et al., 2007; exhaust soot from Aily, 2001; Pb ingot foundry from Aily, 
2001; gasoline from Aily, 2001; road dust from Souto-Oliveira et al., 2018; urban aerosol from 
Souto-Oliveira et al., 2018; particulate matter (PM) of river water from Mulholland et al., 2022; 
Atlantic sediment from Sun et al., 1980). 
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Table 1. Pb and Cu isotope composition, concentration (µg/g) and contamination factor (Cf) 
of sediments. Sediment cores labelled as “T”, “G” and “ENS” have sample depth profile 
indicated. 
  Sample 206Pb/207Pb 208Pb/206Pb δ65Cu 

(‰)  2s  Pb Cf(Pb) Cu Cf(Cu) 

Natural 
background Cação 1.209 2.092 0.20 0.08 24 1 14 1 

H
ot

sp
ot

 z
on

e 

SE1 1.139 2.097 0.52 0.07 257 11 167 12 
SE2 1.165 2.073 0.22 0.02 58 2.4 24 1.6 
SE3 1.165 2.089 0.27 0.05 46 1.9 22 1.5 

T1 0_20 cm 1.148 2.097 0.39 0.01 77 3.2 60 4.1 
T1 20_40 cm 1.142 2.099 0.47 0.03 153 6 142 10 
T1 40_65 cm 1.136 2.108 0.51 0.01 190 8 215 15 
T1 65_85 cm 1.138 2.106 0.48 0.04 200 8 168 12 

G 4_6 cm 1.133 2.103 0.25 0.04 337 14 62 4.3 
G 29_31 cm 1.131 2.098 −0.04 0.09 3113 129 599 42 
G 34_36 cm 1.135 2.095 0.36 0.03 304 13 43 3.0 
G 69_71 cm 1.134 2.098 0.39 0.02 234 10 79 5.5 

G 104_106 cm 1.145 2.105 0.35 0.01 64 2.6 24 1.7 
G 114_116 cm 1.161 2.099 −0.02 0.02 41 1.7 14 1.0 

N
or

th
er

n 
ba

y T6 0_7 cm 1.194 2.100 0.15 0.09 32 1.3 16 1.1 
T6 7_13 cm 1.199 2.098 0.17 0.04 29 1.2 14 1.0 

T6 13_19 cm 1.197 2.098 0.15 0.07 22 0.9 10 0.7 
T6 19_31 cm 1.187 2.099 0.23 0.02 23 1.0 7 0.5 
T6 31_33 cm 1.195 2.096 0.04 0.03 19 0.8 5 0.3 

T
id

al
 fl

at
 

T3 0_15 cm 1.186 2.079 0.29 0.00 43 1.8 15 1.1 
T3 15_35 cm 1.175 2.103 0.33 0.02 33 1.4 10 0.7 
T3 35_45 cm 1.137 2.115 0.13 0.01 403 17 36 2.5 
ENS 0_15 cm 1.187 2.093 0.29 0.02 36 1.5 27 1.9 
ENS 15_25 cm 1.190 2.161 0.36 0.01 36 1.5 28 2.0 
ENS 25_35 cm 1.185 2.145 0.32 0.01 33 1.4 26 1.8 

ENS surface 1.186 2.086 0.29 0.00 29 1.2 18 1.3 

G
ua

nd
u 

R
iv

er
 GD1 1.252 2.032 0.10 0.03 40 1.7 29 2.0 

GD2 1.245 2.021 −0.30 0.05 42 1.7 32 2.2 
GD3 1.197 2.072 0.12 0.03 31 1.3 36 2.5 
GD4 1.219 2.045 0.04 0.04 45 1.8 30 2.1 
GD5 1.321 1.993 0.07 0.04 39 1.6 16 1.1 

U
rb

an
 

ch
an

ne
l  UR1 1.129 2.260 0.14 0.01 29 1.2 5 0.4 

UR3 1.125 2.194 −0.20 0.11 20 0.8 3 0.2 
UR6 1.180 2.096 −0.02 0.08 34 1.4 24 1.7 
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Table 2. Isotope compositions and concentrations (µg/g) of Cu and Pb in oysters (Crassostrea brasiliana). 

 Sampling station Species 206Pb/207Pb 208Pb/206Pb δ65Cu (‰)  2s  Pb Cu References 
S Crassostrea brasiliana 1.1699 2.0748 0.55 0.08 0.71 16.6 This study 
M Crassostrea brasiliana 1.1741 2.0894 0.66 0.05 0.39 32.3 This study 
J Crassostrea brasiliana 1.1731 2.0976 0.36 0.00 0.32 20.9 This study 

France (Atlantic Ocean) Crassostrea gigas   0.38 0.10  132 Araújo et al., 2021b 
Canada (North Pacific Ocean) Crassostrea gigas 1.1616 2.0929   0.12  Shiel et al., 2012 

USA (Atlantic Ocean) Crassostrea virginica 1.1995 2.0551   0.48  Shiel et al., 2012 
France (English channel) Crassostrea gigas 1.1753 2.0866   0.90  Shiel et al., 2013 
France (Atlantic Ocean) Crassostrea gigas 1.1775 2.0941   2.7  Shiel et al., 2013 

 


