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The use of zinc isotopes to trace anthropogenic sources in coastal areas has been tested in this study. We deter-
mined the stable isotopic composition of zinc in sediment cores, suspended particulate matter (SPM) and rocks
collected at the Sepetiba Bay (southeastern Brazil), an estuarine lagoon heavily impacted by metallurgic activi-
ties. These isotopic signatures were compared with those fromwillemite ore, which represent the mainmineral
refined by themajor industrial source of zinc. The aimwas to test if this tracer system enables to identify sources
and sinks of anthropogenic zinc and to reconstruct the temporal and spatial evolution of zinc contamination. The
zinc isotopic compositions (expressed using the δ66Zn notation relative to the JMC 3-0749-L solution) showed
significant variations in the sediment cores, the SPM, and willemite ore minerals, ranging between −0.01 and
+1.15‰. Spatial and temporal analysis of sediments samples fit well in a model of mixing involving three
main end-members: i) Terrestrial background (δ66ZnJMC = +0.28 ± 0.12‰, 2σ); ii) marine detrital material
(δ66ZnJMC = +0.45 ± 0.03‰, 2σ); and iii) a major anthropogenic source associated with electroplating wastes
released into the bay (δ66ZnJMC = +0.86 ± 0.15‰, 2σ). Sediment cores collected in the mud flats showed
high correlation between δ66Zn and zinc enrichment factors, suggesting good preservation of the isotopic records
of natural and anthropogenic sources. The sediment core sampled from a mangrove wetland located in a zone
impacted by the metallurgy presented levels of zinc up to 4% (sediment dry weight) and preserved the isotopic
signatures of electroplating wastes, despite evidences that post depositional processes slightly changed the iso-
topic signatures in some layers from this core toward heavier δ66ZnJMC values (above+1.0‰). A two component
mixing model suggests contributions of this major anthropogenic Zn source up to nearly 80% during periods of
electroplating activities. Our work suggests that Zn isotope compositions of sediments are reliable tracers of an-
thropogenic sources and, therefore, can be useful to improve environmental monitoring efforts in coastal
systems.

© 2016 Published by Elsevier B.V.
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1. Introduction

Coastal areas worldwide are under strong pressure from anthropo-
genic metal contamination as most of the global population and of eco-
nomic activities are concentrated along the coasts and estuaries (Clark,
1996; Lewis et al., 2011). While numerous publications have associated
the increase of metal fluxes in the coastal environments as evidences of
human impacts, an accurate discrimination of natural and anthropogen-
ic sources and identification of contaminant pathways remains a major
stituto de Geociências, Campus
il.
aújo).
concern (Abrahim and Parker, 2007; Bhardwaj et al., 2009; Lewis et al.,
2011; Pan andWang, 2012; Alves et al., 2014; Bastami et al., 2015; Kim
et al., 2016; Marcovecchio et al., 2016), since the fate and mobility of
metals is controlled by multiple factors, such as biologically-mediated
changes in chemical speciation, sorption and desorption processes and
hydrodynamic features (Langston and Bebianno, 1998; Turner; 1996;
Bianchi, 2007; Du Laing et al., 2009; Mason, 2013).

In recent years,metal stable isotopes have been critically assessed as
a tool to obtain qualitative and quantitative integrated information
about sources, pathways and biogeochemical processes of these ele-
ments in the environment (Wiederhold, 2015). Of particular interest
is the zinc isotope system, since zinc is a ubiquitous trace metal in the
biosphere and geosphere, which is an essential micronutrient to
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organisms, but may be toxic in high concentrations (Adriano and
Adriano, 2001). It is widely used in alloys, pesticides, electroplating
and commonly associated to mining impacts due the economic impor-
tance of its ores (Hudson-Edwards et al., 2011; Gordon et al., 2003).

Previous work suggested that zinc isotopes fractionate duringmajor
anthropogenic process such as smelting (Shiel et al., 2010; Weiss et al.,
2007), combustion (Mattielli et al., 2009; Ochoa Gonzalez and Weiss,
2015) and electroplating (Kavner et al., 2008), generating anthropogen-
ic fingerprints isotopically distinct from natural isotopic compositions
(Yin et al., 2016). High-temperature processes involved during roasting
and smelting of ores tend to fractionate zinc isotopes in the gas phase,
with an enrichment of the lightest isotopes in air emissions and heavier
isotopes in slags and effluents (Sonke et al., 2008; Borrok et al., 2010;
Ochoa Gonzalez and Weiss, 2015; Ochoa Gonzalez et al., 2016; Yin et
al., 2016). In contrast to these anthropogenic high temperature process-
es, geological high temperature processes includingmagmatic differen-
tiation seems not produce significant isotopic fractionation resulting in
a homogeneous zinc isotopic composition of the bulk Earth (Chen et
al., 2013). The significant variation in the isotopic compositions derived
of anthropogenic sources compared to the natural background (soils
and rocks, for example) suggest that zinc isotopes are a powerful tracer
to discriminate and quantify several pollutant sources, such as vehicle
emissions and tire wear (Gioia et al., 2008; Thapalia et al., 2010;
Thapalia et al., 2015; Ochoa Gonzalez et al., 2016), wastewaters and
sewage (Chen et al., 2008, 2009), mining and metallurgy byproducts
(Dolgopolova et al., 2006; Mattielli et al., 2006; Weiss et al., 2007;
Sivry et al., 2008).

Critical appreciations of zinc isotopes as potential tracer of biogeo-
chemical processes and sources in coastal environments remain scarce
to date. In the Gironde fluvial-estuarine system (France), the isotopic
composition of suspended particulate matter (SPM) did not distinguish
anthropogenic and natural sources, possibly due to on-site remediation
of the contamination source and themixture with natural Zn in the flu-
vial-estuarine continuum (Petit et al., 2015). In the dissolved phase, the
large isotopic variation observedwas attributed to adsorption processes
in the estuary gradient andmaximum turbidity zone (MTZ) (Petit et al.,
2015). Therefore, the applicability of Zn as tracer of metallurgical
sources in coastal areas remains not conclusive, requiring additional
investigations.

To this end, we conducted an in depth study of zinc isotopes in
Sepetiba Bay, a lagoon-estuarine system located 60 km from Rio de
Janeiro City, southeastern Brazil. This bay offers an ideal environment
to apply zinc isotopes, since it presents well-known historical impacts
of zinc contamination associated to old electroplatingwastes.Moreover,
its watershed hosts several potential zinc diffuse sources which include
urban effluents, petrochemical, steelworks, plastic, rubber and food and
beverage industries, and port activities that include sediment remobili-
zation by dredging (Molisani et al., 2004). In this complex system, the
stable isotopic composition of zinc was determined in five sediment
cores, suspended particulate matter (SPM), rock and ore samples, with
Fig. 1.Map of the study area and location of sampling sites. On the left, it is shown the northeas
Bay and the sampling locations of sediments cores at the Saco do Engenhos' mangrove (T1),
Channel (T3).
the aim of to develop new constraints on the use of a novel tracer for
coastal areas to identify sources, pathways and sinks of anthropogenic
zinc and hence to reconstruct the temporal and spatial evolution of
zinc contamination.

2. Study area

Sepetiba Bay (Fig. 1) is a 519-km2, lagoon-estuarywater body,with a
wide intertidal area, including 40 km2 of mangroves forests. At 60 km
south of Rio de Janeiro City, this bay and its drainage basin host a large
population, an expressive industrial park and important harbor activity,
implying significant economic importance (Leal Neto et al., 2006;
Roncarati and Carelli, 2012).

The geology of the basin is composed of Quaternary sediments and
granite-gneisses rocks (Roncarati and Carelli, 2012). In the northern
and eastern parts of the bay, nine rivers drain an extensive watershed
of approximately 2654 km2. The three main watercourses (Guandu,
Guandu-Mirim and Guarda rivers) cross the industrial park by artificial
channels and contribute to N90% of watershed's total input of fresh
water to the bay (Molisani et al., 2004; Roncarati and Carelli, 2012).
The São Francisco channel, with an annual flow of 6.5 × 109 m3, is re-
sponsible for over 86% of the total freshwater runoff input (Molisani et
al., 2004). The extensive contribution of sediments to the bay coming
from the rivers result in awide range of sedimentation rates ranging be-
tween 0.12 and 1.3 cm per year (Smoak and Patchineelam, 1999;
Molisani et al., 2004; Marques et al., 2006; Gomes et al., 2009). Water
circulation in the bay is controlled by tides and the pattern of surface
currents tends to clock direction (Leal Neto et al., 2006; Roncarati and
Carelli, 2012). The lagoon hydrodynamics tend to deposit most part of
sediments in the tidal flats and mangroves along the northeastern
coastal area of the bay (Roncarati and Carelli, 2012; Montezuma, 2012).

The population of Sepetiba Bay drainage basin increased significant-
ly from 600,000 to up 1.34 million in the last five decades, and in most
part, under precarious conditions of basic sanitation (Leal Neto et al.,
2006). Between the 1960s and 1990s, an electroplating plant operated
close to the mangrove of Saco do Engenho (Fig. 1), representing one of
the main producers of zinc in Brazil, with a total capacity of
60.000 tons per year. The zinc purification process used silicate ores
(calamine andwillemite) acquired from Vazante deposit (Minas Gerais,
Brazil), one of the most important deposits of zinc in Brazil. The ores
were crushed and leached by sulfuric acid followed by filtration and pu-
rification of solution. The purified solution was then carried to electro-
lytic cells where the zinc plates were produced. After this, the plates
underwent smelting and casting processes (Barone, 1973). The lowpro-
duction efficiency (75–90%) of this process contributed for the high pro-
duction of wastes (Barcellos and Lacerda, 1994), that had inadequate
contention.

The stack of wastes (estimated to about 600,000 tons, and contain-
ing about 200 tons of cadmium and 50,000 tons of zinc) were exposed
to the open air and lixiviated by rainfall, reaching surrounding
tern shore where are located themain river and channels that discharges into the Sepetiba
inner bay area close the mouth of Saco do Engenho (T2) and the mouth of São Francisco
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mangroves and the bay through a tidal creek located in the Saco do
Engenho mangrove, which is the hot spot area (Fig. 1) (Molisani et al.,
2004). The amount of pollutants remobilized from the wastes are esti-
mated to about 24 t y−1 of cadmium and 3660 t y−1 for Zn (Molisani
et al., 2004). Zinc content in sediments of the bay (Pellegatti,
Figueiredo and Wasserman, 2001; Wasserman et al., 2001), oysters
(Rebelo et al., 2003; Lacerda and Molisani, 2006) and brown algas
(Amado Filho et al., 1999) often exceed 2000, 80,000 and 800 μg g−1, re-
spectively. Cadmium reaches concentrations in sediments that are com-
parable to concentrations found in soils of sites with the historical Itai-
itai disease outbreak (Kasuya et al., 1992). The stack of wastes was re-
moved in 2012.

3. Materials and methods

3.1. Sampling and sample preparation

Sediment cores were collected from five different locations within
the Sepetiba Bay (Fig. 1). Core T1was sampledwithin awhitemangrove
(Laguncularia racemosa) stand, located into the Saco do Engenho tidal
creek, representing the contamination hot spot due to the leaching pro-
cess of the electroplating wastes and deposition in this area. The other
cores were collected in subtidal or intertidal mud flats located along
the inner bay areas. Core T2 was collected near the Saco do Engenho
channel mouth, while core T3 was located near the mouth of the São
Francisco channel. Core T4 was collected in Enseada das Garças, in a
tidal flat located in the northeastern bay area, close to an ecological re-
serve with mangrove vegetation, but under the influence of anthropo-
genic activities, such as the discharge of untreated domestic sewage.
In contrast to the cores collected close to the northeastern shore, the
T5 corewas collected near theMarambaia sandbank and themain com-
munication of the baywith the open sea. All sediment cores were taken
using 6 cm-diameter, 60 cm-length acrylic tubes, and sectioned in the
field at 5 cm intervals. Each sub-sample was stored in polyethylene
bags and kept frozen in thermal boxes with ice packs. The samples
were dried at 40 °C, crushed and sieved at 63 μm. This grain size fraction
(b63 μm) was used for elemental and isotopic analyses.

Sampling locations for suspended particulate matter (SPM) were
chosen with the aim to characterize: 1) fluvial material, which includes
crustal materials and potential contaminants brought to the bay by the
San Francisco and Guandu channels (R1 and R2 samples, Fig. 1); 2)
electroplating wastes transported by the creek that cross the Saco do
Engenho's mangrove (SE samples, Fig. 1); and 3) ocean detrital particu-
late matter that enters the bay to the west (B samples, Fig. 1). The SPM
samples from the rivers were collected 6 km upstream during the low
tide to represent best the fluvial inputs. Conductivity was controlled to
guarantee the sampling in the fresh waters. Bottles for sampling were
washed overnight in sub-boiling HCl and rinsed three times with pure
water prior to using in the field. Following sample collection, between
150 and 500 ml of water was filtered using a through an acid cleaned
0.45 μm acetate cellulose membrane previously dried and weighted.
Back in the laboratory, SPM samples were dried and weighed to calcu-
late the mass of the suspended material.

Granite rock samples were collected around a quarry located at
north of the Saco do Engenho mangrove. The rocks were split in two
group and crushed. The two groups were pulverized separately, consti-
tuting two aliquots representative for the geology of the study area.
Three willemite ores from the hypogene non-sulfide zinc deposit of
Vazante Mine (Minas Gerais, Brazil) were used to represent the main
mineral refined during the industrial electroplating process (Barone,
1973).

3.2. Sample treatment and elemental analysis

All reagents used for the samples digestion were prepared using
N18.2 MΩ H2O (Nanop System®) and ultra-pure acids (Merck®)
distillated by sub-boiling in Teflon stills. The chemical procedures for
trace elements were performed under clean-air conditions and evapo-
rations were conducted in clean boxes. The samples were weighed in
Savillex® Teflon beakers with sample masses ranging from 20 to
100 mg (sediments, rocks and certified reference materials, i.e. BCR-2
and BHVO-2, USGS) and 5 to 10 mg for willemite ores were digested
on a hot plate using a multiple-step acid procedure with HF, HNO3,

HCl. Suprapur H2O2 30% (Merck®) was used to oxidize organic matter
in some sediment samples. Subsequently, the samples were evaporated
to dryness on a hot plate and 1 ml of concentrated HNO3 was added to
drive off the remainingHF. After, the sampleswere dissolved in 6MHCl
evaporated to dryness again and re-dissolved in 2MHCl. This final solu-
tion was split in two aliquots for chemical separation of zinc and trace
elements analysis, respectively. For major elements analysis, ca 20 mg
of sediment and rock samples were weighted in platinum crucible and
digested by alkaline fusion with lithium metaborate followed by disso-
lution in 2 M HCl.

Major geochemical carriers (Al, Fe, Mn) were analyzed using ICP-
OES (ICP Spectro Ciros Vision, Spectro). Multi-element standard solu-
tions (Merck®) were used to produce external calibration curves. Certi-
fied reference materials (BHVO-2 and BCR-2 basalts from USGS and
1646a estuarine sediment) and an internal basalt standard were used
to assess the accuracy of analysis. The accuracy expressed as percentage
relative error were always within 10% of the certified values for all the
elements studied.

3.3. Zinc isotope ratio analysis

Prior to themass spectrometry, Zn was separated frommatrix com-
ponents by anion exchange chromatography (Araújo et al., 2016). Bio-
Rad PolyPrep columns were filled with 2 ml of the anion exchange
resin AG-MP1 (100–200 mesh size) and 2–4 μg of zinc were loaded in
2 M HCl. Once the sample is loaded, matrix elements are eluted with
20ml of 2 MHCl. Then zinc is elutedwith 12ml of 0.5 MHNO3. The pu-
rified zinc fractions were evaporated to dryness and re-dissolved in
0.05 MHNO3. To test for the complete recovery aliquots of zinc purified
samples were measured by ICP-MS. The yield was 99 ± 7%. The blanks
from digestion and chromatography were b10 and 15 ng, respectively.
The total procedural blanks were below 40 ng, which represents b1%
of zinc content of samples.

Zinc isotope ratios were measured using the Thermo Finnigan Nep-
tune MC-ICP-MS at the Laboratório de Geocronologia of the University
of Brasília and at the Laboratorio de Geocronologia of the University of
Sao Paulo. The introduction interface consisted of quartz glass spray
chamber (cyclone + standard Scott double pass) coupled with a low
flow PFA nebulizer (50 μl min−1). After a minimum of two hours of
warm up and tuning to achieve the best sensibility, the analytical
sequences ran automatically using a Cetac ASX-100 autosampler
and low mass resolution collector slits. Masses 62 (Ni), 63 (Cu), 64
(Zn/Ni), 65 (Cu), 66 (Zn), 67 (Zn) and 68 (Zn) were detected simulta-
neously. A copper standard (NIST 976) was added to all samples and
matched in the proportion 1:1 (300 μg/ml in 0.05 M HNO3).

The zinc isotopes ratios were measured relative to the in-house sin-
gle element standard MERCK Lot #9953 labeled henceforward as ZnUnB
standard. The standard-sample bracketing techniquewas used, i.e., each
sample was bracketed by standard solution mixture (ZnUnB and CuNIST-
976) with rinses between sample and standard analyses with 3% (v/v)
HNO3. Instrument blanks were analyzed after each sample and each
bracketing standard and on-line subtracted. Typical sample and stan-
dard signals were 3 V to 64Zn and 65Cu masses. Blank measurements
consisted of 1 block of 10 cycles (8 s) while samples and standards
weremeasured in 2 blocks of 20 cycles of 8 s each. For a singlemeasure-
ment (40 cycles), internal precision ranged from 3 to 8 ppm (2σ). The
raw ratios were corrected for instrumental mass fractionation using
the exponential law based and the certified ratio (0.4456) for Cu of
the NIST SRM 976 standard.



Table 1
Data set of sediment cores, granite rocks and willemite ores samples.

Sample δ66Zn Zn
EF

Zn
(μg·g−1)

Fe
(%)

Al
(%)

Mn
(μg·g−1)

Fe/Mn ∗ 100

T1 core- Saco do Engenho
T1 0–5 0.77 362 21,960 5.1 12.4 369 1.39
T1 5–10 1.00 663 31,410 5.7 9.7 471 1.21
T1 10–15 0.88 394 12,560 6.1 6.5 210 2.90
T1 15–20 208 5330 1.8 5.3 321 0.57
T1 20–25 1.03 778 39,330 5.9 10.4 677 0.88
T1 25–30 0.82 574 28,980 5.6 10.3 578 0.96
T1 30–35 0.84 118 6970 5.0 12.1 394 1.27
T1 35–40 204 9000 12.5 9.0 388 3.21
T1 40–45 0.72 480 28,370 6.6 12.1 632 1.05
T1 45–50 434 22,640 5.6 10.7 659 0.85
T1 50–55 0.76 759 37,540 5.0 10.1 521 0.95
T1 55–60 775 40,400 5.9 10.7 427 1.38
T1 60–65 0.84 264 16,350 5.5 12.7 581 0.95
T1 65–70 789 42,620 5.4 11.1 546 0.99
T1 75–80 1.09 340 18,830 5.5 11.4 463 1.19
T1 80–85 1.15 394 20,470 5.0 10.6 447 1.11

T2 core- Saco do Engenho mouth
T2 0–5 0.83 700 26,410 4.4 7.7 654 0.67
T2 5–10 0.76 492 22,360 5.1 9.3 502 1.02
T2 10–15 0.75 549 24,790 4.3 9.3 363 1.18
T2 15–20 0.76 175 8990 4.6 10.5 364 1.28
T2 20–25 0.68 68 3610 4.7 10.8 372 1.26
T2 25–30 0.65 68 3630 4.4 10.9 360 1.21
T2 30–35 0.68 184 9500 4.7 10.6 362 1.30

T3 core- São Francisco
T3 0–5 0.46 4 181 4.2 9.7 706 0.60
T3 5–10 0.58 4 189 4.1 9.8 452 0.92
T3 10–15 0.64 5 278 4.8 11.2 402 1.19
T3 15–20 0.75 8 381 4.1 9.5 416 0.98
T3 20–25 0.72 8 397 4.4 10.7 387 1.13
T3 25–30 0.45 2 122 3.4 10.5 328 1.05
T3 30–35 0.46 3 146 3.9 11.8 309 1.27
T3 35–40 0.41 3 155 4.4 11.3 329 1.35
T3 40–45 0.40 4 207 4.7 12.0 341 1.36
T3 45–50 0.33 2 111 4.3 11.0 512 0.84
T3 50–55 0.30 2 105 5.2 12.4 694 0.75

T4 core- Enseada das Garças
T4 0–5 0.67 12 639 4.7 10.9 924 0.51
T4 5–10 0.68 13 758 4.9 11.7 814 0.60
T4 10–15 0.69 13 747 5.0 11.4 601 0.83
T4 15–20 0.72 16 888 5.2 11.3 788 0.66
T4 20–25 0.74 17 904 5.0 10.6 897 0.55
T4 25–30 0.71 17 852 4.5 10.3 953 0.48
T4 30–35 0.72 18 986 4.7 11.0 839 0.56

T5 core- Marambaia
T5 0–5 0.36 7 298 3.8 8.8 1904 0.20
T5 5–10 0.43 6 288 4.1 9.2 1056 0.38
T5 10–15 0.44 9 356 3.7 8.3 1409 0.27
T5 15–20 0.50 10 418 4.1 8.6 1486 0.27
T5 20–25 0.58 10 467 4.2 9.4 1339 0.31
T5 25–30 0.54 11 501 4.5 9.6 1215 0.37
T5 30–35 0.71 14 632 4.1 9.1 1387 0.29
T5 35–40 0.71 13 578 4.2 9.0 1210 0.34
T5 40–45 0.60 11 442 4.0 8.6 1221 0.32

Granite 0.21 1 56 4.3 11.5 1071 0.40

Willemite ores
Willemite 1 −0.10
Willemite 2 0.05
Willemite 3 0.14
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3.4. Zinc isotopic data presentation, reproducibility and accuracy

The δ66Zn was calculated as the deviation of the mass bias corrected
isotope ratio of the samples from the mean of the mass bias-corrected
isotopes ratios of the bracketing standards:

δ66Zn ‰ð Þ ¼ δ66Zn=δ64Znsample

δ66Zn=δ64Znstandard
−1

 !
� 1000 ð1Þ

Zinc isotopic data reported in this study are expressed relative to the
Johnson Matthey Company 3-0749-L (JMC3-0749-L) reference standard
calibrated against our ZnUnB standard (ΔZnJMC-UnB = +0.17‰). Error
propagations were used to calculate the error (expressed as 2σ) of
δ66ZnJMC values. The calibration is based in a total of n = 30 analysis
(±0.05, 2σ).

Accuracy and reproducibility of the isotope ratio determination over
the study period was assessed by measuring a Zn IRMM 3702 solution
two or three times during an analytical session yielding an overall
δ66ZnJMC value of −0.27 ± 0.06‰ (n = 30, 2σ), comparable to values
published previously (Moeller et al., 2012). Certified referencematerials
were prepared in replicates (full protocol including digestion, ion-ex-
change chromatography and replicated isotopic analyses) to assess pro-
cedural accuracy including the basalts BHVO-2 and BCR-2 (n= 5), and
the estuarine sediment NIST 1646a (n = 2). The andesite AGV-2 was
prepared in a single replicate (n = 1). The δ66ZnJMC values obtained
for BHVO-2 and BCR-2 were +0.25 ± 0.10‰ (2σ) and +0.25 ±
0.08‰ (2σ) respectively. The δ66ZnJMC value obtained for AGV-2 was
+0.29± 007 (2σ). These results agree well with reported in the litera-
ture (Archer and Vance, 2004; Chapman et al., 2006; Sonke et al., 2008;
Moynier et al., 2010; Chen et al., 2013). The δ66ZnJMC value for NIST
1646a was +0.32 ± 0.07‰, 2σ, n = 8), close to values typically found
for silicate rocks and marine sediments (+0.23 ± 0.08‰, 2σ, n = 20
Maréchal et al., 2000) and for sapropels (+0.28 ± 0.02‰, 2σ, n = 3,
Maréchal et al., 2000). Average reproducibility of certified referencema-
terials Zn IRMM and unknown samples was 0.06‰ (2σ). This value is
quoted as external reproducibility of themethod and applied to all sam-
ples in all tables and graphs of this work.

4. Results

4.1. Zinc isotopic compositions and enrichment factors of sediment cores

Zinc concentrations, zinc enrichment factors (EF) and δ66ZnJMC

values of the sediment cores are shown in Table 1 and Fig. 2. The Al-nor-
malized EF was used to avoid dilution effects related to grain size and
mineralogical heterogeneities (e.g., Salomons and Förstner, 1984) on
the estimates of anthropogenic zinc inputs. It was calculated normaliz-
ing the ratio Zn/Al of samples against the corresponding ratio of granite
rocks collected near the Sepetiba bay.

The δ66ZnJMC values of sediment cores varied from +0.30 to +
1.15‰. Core T1, sampled within the mangrove of the Saco do Engenho
creek, the hot spot of electroplating waste contamination, showed the
heaviest δ66ZnJMC values, ranging between +0.72 and +1.15‰. Zinc
concentrations were extremely elevated (up to 4% sediment dry
weight) and Zn EF values ranged between 117 and 784. From the core
base to the 40 cm depth, the isotopic signatures changed toward lighter
values, reaching+0.72‰. From 40 cm depth to upper layers, the isoto-
pic signatures also show large variations, with peaks of +1.03 and
+1.00‰ at 25 and 10 cm depth, respectively. Core T2 located near to
the Saco do Engenho creek mouth, has also very high Zn EF, varying be-
tween 68 and 697, and heavier isotopic compositions, though with a
smaller range of δ66ZnJMC values (+0.65 to +0.83‰) than core T1. A
slight upward shift to heavier isotopic composition occurs in this core,
although most isotopic signatures are statistically not differentiable
(taking the error bars into account, ±0.06‰). Core T3 (São Francisco
channel mouth) displays Zn EF values between 1.7 and 8.2 and the
δ66ZnJMC values range between +0.30 and +0.75‰. This profile
shows a progressive increase of δ66ZnJMC values and Zn EF from bottom
to the middle, with a salient peak at 20 cm depth corresponding to the
heaviest δ66ZnJMC value (+0.75‰) and highest Zn EF value (8.2). Fol-
lowing this peak, δ66ZnJMC and Zn EF values decrease to +0.46‰ and
3.8 in the core top. Core T4 (Enseada das Garças) displays higher Zn EF



Fig. 2. Depth profiles of the δ66ZnJMC values and Zn enrichment factor (Zn EF) of sediment cores.
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than T3 core (ranging between 11.9 and 18.2). The δ66ZnJMC values from
this core show isotopically heavy zinc (+0.67 to+0.74‰), comparable
to T1 and T2 cores collected near the old wastes of the metallurgical re-
fining. From the base to the top, δ66ZnJMC and Zn EF values decrease
slightly (Fig. 2). Core T5 (Marambaia) shows δ66ZnJMC values compara-
ble to core T3. From the base (45 cm) to 35 cm depth, Zn EF and δ66Zn
values increase from10.5 and+0.60‰ to 14.2 and+0.71‰, respective-
ly. Above 35 cm depth, Zn EF and δ66Zn values decreased continuously
until the values of 6.9 and +0.36‰, respectively (Fig. 2).

4.2. Zinc isotope compositions of SPM, rocks and ores

The results for the SPMare presented in the Table 2. The samples col-
lected close to the mouth of Saco do Engenho channel show δ66ZnJMC

values ranging from+0.83 to +0.88‰ and high average Zn concentra-
tions of 1242 ± 198 μg g−1 (1σ, n= 3). The SPM from the rivers show
an average concentrations of 99 ± 13 μg g−1 (1σ, n = 2) and isotope
signatures of +0.27 ± 0.11‰ (2σ, n = 3). The SPM samples collected
at the west side of the bay, being strongly influenced by the marine
source (B1, B2, B3 samples), display δ66ZnJMC values around +0.45 ±
0.03‰ (2σ, n = 3) and low zinc concentrations ranging around 45 ±
3 μg g−1 (1σ, n = 3). The granites have average δ66ZnJMC value of
+0.21± 0.01‰ (2σ, n=2), while willemite ores have δ66ZnJMC values
Table 2
Data set of suspended particulate matter (SPM) samples.

δ66Zn Zn
(μg·g−1)

Conductivity
mS/cm

pH SPM
mg·l−1

SE1 0.88 1,207 67.24 8.06 411
SE2 0.82 1,455 60.31 8.68 413
SE3 0.83 1,063 56. 20 8.33 407
B1 0.43 43 67.38 7.02 177
B2 0.45 48 67.45 8.27 177
B3 0.46 42 67.52 8.20 179
R1 0.31 108 0.08 7.25 278
R2 0.23 90 0.27 6.65 275
ranging between−0.1 and +0.14‰ (average of 0.03 ± 0.24‰, n= 3)
(Table 1).

4.3. Major geochemical carriers profiles

The concentrations of the major elements Al, Fe and Mn, and Fe/Mn
ratios are shown in Table 1. The profiles of Fe/Mn ratios are shown in
Fig. 3. These rations were included to constrain possible redox process-
es, since these metals present different mobility in response to redox
gradients. Under reducing conditions, while manganese tends to be
more remobilized, iron tend to remain retained in the solid phase as sta-
ble iron sulfides (Burdige, 1993). The cycling of Mn and Fe influence the
diffusion of dissolved trace elements across the sediment–water inter-
face and the remobilization and repartitioning along redox gradients
within the sediments (Shaw et al., 1990; Tribovillard et al., 2006).

The core T1, collected in the mangrove of Saco do Engenho, shows
the highest average values (1.3 ± 0.72) and the largest variations for
Fe/Mn ratios (from 0.57 to 3.21), with positive peaks at 15 and 40 cm
depth. The ratios along the profiles of mud flat cores were lower than
1.4 for T2 and T3 cores and 0.9 for T4 and T5 cores. The profiles also
are less variable, generally with major changes in the first 10 cm from
the top (Fig. 3).

5. Discussion

5.1. Identifying sources, pathways and sinks of zinc in the coastal system
using the stable isotope composition

The chemical composition of the sediments at Sepetiba bay is con-
trolled by the mixture of continental, marine, autochthonous and an-
thropogenic materials (Barcellos et al., 1997). The zinc isotopic
signatures of sediment cores and SPM samples indicate that contribu-
tions of these major sources varied spatially and temporally (Fig. 2).
The SPM collected in the fluvial system of São Francisco channel and
Gandu river represent the continental material brought to the bay,
showing δ66ZnJMC values of +0.27 ± 0.11‰ (2σ) (Fig. 4A). It is



Fig. 3. Depth profiles of Fe/Mn ratios from sediment cores.

Fig. 4. (A) Plot of δ66ZnJMC values against Zn concentrations of granite rocks, sediment samples, SPM andwillemite ores. The dashed squares and the grey rectangles (highlighting the Earth
crust) indicate δ66ZnJMC values of natural and anthropogenic materials reported in the literature for: (i) Earth crust (+0.28 ± 0.05‰, 2σ; Chen et al., 2013); (ii) marine carbonates (from
+0.04 to+1.34‰; Kunzmann et al., 2012; Pichat et al., 2003); (iii) sewage andwastewater (from+0.08 to+0.31‰; Chen et al., 2009); (iv)metallurgicwastes (generally from+0.59 to
+0.81; Sivry et al., 2008); (v) ZnS ores (+0.16 ± 0.20‰, 2σ; Sonke et al., 2008); (vi) Zn refined materials (from +0.1 to +0.3; John et al., 2007). (B) The plots of δ66ZnJMC against
enrichment factor (EF) of the core samples and the respective correlation coefficients (R2).
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suspected that these materials encompass natural terrigenous zinc
mixed with anthropogenic zinc derived of industrial and urban diffuse
sources from the bay watershed. However, the low zinc concentrations
of R1 and R2 samples (90 and 108 μg g−1, respectively; Table 2), similar
to pre-industrial values derived from dated Sepetiba Bay sediments (69
to 103 μg g−1; Marques et al., 2006), suggest a large dominance of nat-
ural terrigenous materials. The oceanic detrital material that enters the
bay from the west is characterized by δ66ZnJMC values of +0.45 ±
0.03‰ (2σ). These δ66ZnJMC values are slightly above the range of
+0.2 to +0.4‰ commonly reported for silicate rocks (Fig. 4A;
Cloquet et al., 2007; Chen et al. 2013). However, cases of geological set-
tings with heavier δ66Zn values have been reported (e.g., Taiwan
orogen; Bentahila et al., 2008). This oceanic material may be associated
to weathered rocks of adjacent coastal zones.

The highly contaminated T1 and T2 cores, located within the old
metallurgic zone, have δ66ZnJMC values ranging from +0.68 to +
1.15‰, which are similar to those reported for wastes and slags of met-
allurgy industry, ranging from +0.59 to +1.49‰ (Fig. 4A). Based on
these impacted sediments, we calculate an average of δ66ZnJMC values
of +0.86 ± 0.15‰ as the best estimate for the isotopic signature of
the original electroplating wastes. These isotopic signatures indicate a
large fractionation factor induced by high temperature processes
employed during the roasting step in the electroplating plant. According
to Rayleigh's law, lighter zinc isotopes enter the vapor phase leaving the
residual material (e.g., fly ash particles and slags) enriched with the
heavier isotopes (Sivry et al., 2008; Borrok et al., 2010; Yin et al.,
2016; Ochoa Gonzalez et al., 2016). In the case of ores refining, the ad-
ditional electroplating step seems also to affect the zinc isotope fraction-
ation, as demonstrated in controlled electrochemical experiments
(Kavner et al., 2008; Black et al., 2011; Black et al., 2014). The exact con-
tribution of roasting and electroplating steps on the overall zinc isotope
fractionation of ores and wastes is difficult to determine.

As expected, the SPM collected near the mouth of Saco do Engenho
creek displayed an average δ66ZnJMC value similar to T1 and T2 cores,
i.e. +0.84 ± 0.07‰, 2σ (Fig. 4A). The SPM dispersion is controlled by
tides and surface currents and tends to be deposited in the mud and
tidal flats and mangroves forests along the northeastern coastal area
of the bay (Lacerda et al., 1988; Roncarati and Carelli, 2012;
Montezuma, 2012). In the tidal flat area, represented by T4 core,
δ66ZnJMC valueswere about+0.67 to+0.74‰, and therefore, compara-
ble to the heavy isotopic signatures of T1 and T2 cores and SPM samples
from the Saco do Engenho (Fig. 4A). In the mud flat located in the
southeastern bay, the core T5 shows lighter δ66ZnJMC values and lower
Zn concentrations than T1, T2 and T4 cores, but also shows evidence
of a strong influence of anthropogenic zinc coming from the
electroplating wastes (Fig. 4A). All these results clearly show that the
anthropogenic zinc derived from this source is dispersed in the inner
bay and dominate over the continental and oceanic sources in the
mud and tidal flat areas.

In the mud flat close the São Francisco Channel, the core T3 has
δ66ZnJMC values encompassing those found in granite rocks samples
and in old electroplating wastes (Fig. 4A). The base of the T3 core (i.e.,
45–55 cm depth) has low zinc concentrations (105 to 111 μg g−1)
that likely represent deposition from the pre-industrial period
(Marques et al., 2006), with δ66ZnJMC signatures (+0.30 to +0.33‰)
close to those from SPM sampled at stations R1 and R2 (+0.27 ±
0.11‰). The average δ66ZnJMC value for granite rock and the base profile
samples of T3 core have a value of +0.28 ± 0.12‰ (2σ, n = 3). This
value is considered the best estimate of the local terrestrial background
source.

The relationship between zinc isotope compositions and concentra-
tions of sediments indicate a mixing source process. Using enrichment
factors values rather than zinc concentrations, the mixing trends be-
come more noticeable with strong positive correlation with δ66Zn and
Zn EF values in cores T2, T3, T4 and T5 (R2 = 0.90, 0.87, 0.84 and 0.74,
p b 0.01, respectively; Fig. 4B).
Themud flat results indicate that anthropogenic zinc isotopic signa-
tures remain nearly unaltered during transport associated to SPM and
by post depositional processes. The Fe/Mn ratios in the mud flat cores
(T2, T3, T4, T5 cores; Fig. 2) suggest moderate variations of redox pro-
cesses (e.g., triggered by bioturbation), suggesting a relatively low po-
tential to affect the geochemical records of trace metals. The 210Pb
profiles of dated sediments of Sepetiba bay and their consistence with
temporal changes of zinc and cadmium concentrations during the be-
ginning of industrialization andmetallurgic impacts of the bay, are addi-
tional evidences of geochemical records preservation in the mud flats
(Molisani et al., 2004; Marques et al., 2006; Gomes et al., 2009;
Patchineelam et al., 2011). Moreover, the sediment pool account for
N99% of total zinc budget (Lacerda et al., 1987; Costa et al., 2005) and
a simple mass balance between the sediment and dissolved phase sug-
gest that biogeochemical processes typically operating in this estuary
probably are not enough to change the isotope compositions of zinc in
the sediments.

In the mangrove core (T1), differing from mud flat cores, the δ66Zn
values and Zn EF (Fig. 4B) are not significantly correlated. Moreover, it
presents some outliers with heavier δ66Zn values in the base of the pro-
file (1.09 and 1.15‰ at the 75–80 and 80–85 cm depth intervals). This
core shows larger variations in the Zn EF and Fe/Mn values (Figs. 2
and 3), which suggest possible remobilization of zinc within the sedi-
ments due to redox processes. Mangrove sediments can develop these
gradients due to tidal water oscillations, diagenesis, rhizosphere reac-
tions (e.g., O2 inputs by the roots) and bioturbation (Clark et al., 1998;
Marchand et al., 2006; Machado et al., 2014). In turn, zinc remobiliza-
tion and significant changes in the Zn isotopic record in sediments due
to plant uptake are not expected, since mangrove vegetation show
low bioaccumulation of metals (Marchand et al., 2006; Lewis et al.,
2011). In Sepetiba bay, Rhizophoramangle (redmangrove) biomass con-
tain b1% of zinc compared to sedimentary reservoir (Silva et al., 1990).

This impacted mangrove site presents anomalously high zinc con-
centrations (from 0.5% to 4%) and a high load of zinc bound to labile
geochemical fractions of sediments (Lacerda and Molisani, 2006),
which can be partly be released to porewaters during post-depositional
biogeochemical processes. Radiotracer experiments have evidenced
that trace metal vertical diffusion within mangrove sediments from
Sepetiba Bay is largely controlled by biological activity such as bioturba-
tion (Suzuki et al., 2012, 2013). Thus, we suspect that zinc isotopic sig-
natures within the mangrove sediments are more susceptible to
alterations by post-depositional fractionation processes than expected
for the unvegetated mud flat sediments.

We are not able to develop an isotope mechanism in the water-sed-
iment interface due the lack of information of dissolved phase. Howev-
er, we hypothesize that processes of release and immobilization of zinc
(e.g., in the different Fe-minerals phases within mangrove rhizo-
spheres; Clark et al., 1998; Marchand et al., 2006) could result in signif-
icant isotopic fractionation within mangrove sediments. During anoxic
conditions (e.g, during high tides), Fe-oxyhydroxides are partially re-
duced and the insoluble iron and trace elements sulfides are formed,
as driven by microbial activity (Huerta-Diaz and Morse, 1992;
Andrade et al., 2012). In turn, insoluble sulfide phases are partly oxi-
dized during oxic conditions (e.g., during low tides), resulting in the
partial release of trace metals to pore water or in the immobilization
of these elements in Fe-oxyhydroxides (Lacerda et al., 1993; Otte et
al., 1995; Purnobasuki and Suzuki, 2005; Marchand et al., 2011;
Machado et al., 2014).

While experimental work reported zinc isotopic fractionation at the
surface of iron oxides with respect to the coexisting solution, with
Δ66Znsolid-solution of +0.29 ± 0.07‰ and +0.53 ± 0.07‰ (Balistrieri et
al., 2008; Juillot et al., 2008), other studies have shown that the light iso-
topes likely became enriched in the sulfidic phases (John et al., 2008;
Kelley et al., 2009; Veeramani et al., 2015). Therefore, it is plausible
that the cycling of zinc within sedimentary mangrove environments,
coupled to well-known intense redox reactions, experience significant



Fig. 5.Mixing model estimates of the influence of electroplating wastes to determine the
zinc concentrations in sediment cores collected at the inner bay. The representative δ66Zn
values of end members are +0.86 ± 0.15‰ (2σ) and +0.28 ± 0.12‰ (2σ), for
electroplating wastes and continental source (terrigenous materials brought by the
rivers), respectively.
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isotopic fractionation. However, the δ66Zn outlier values near the base of
the profile does not limit the identification of themetallurgic zinc signa-
ture, since these heavier values slightly exceed (by less than +0.16‰)
the average δ66Zn value from the whole core (+0.90‰).

5.2. A mixing model for zinc

A plot of δ66Zn against Zn concentrations and EF (Fig. 4A and B),
using all available data, reveals different trends. The core T3 samples
(São Francisco estuary) plot on a straight line between granite rocks
and themetallurgic impacted sediments of Saco do Engenho, suggesting
binary mixture between the anthropogenic and terrestrial end mem-
bers, respectively (Fig. 4A and B). However, the isotope signatures
found in cores T4 and T5 (located in the southeastern and southwestern
areas of the bay, respectively; Fig. 1) do not aligning with granite rock
isotope compositions or marine SPM (Fig. 4A and B). This deviation
may be explained by the influence of additional sources on the isotopic
compositions in the region south of the bay, linked to the intense urban
expansion and industrial development in thewatershed of Sepetiba bay
after the 1970's (Molisani et al., 2004). The δ66ZnJMC values of the most
common urban anthropogenic sources tend to be lower than the aver-
age of silicate rocks (+0.28 ± 0.05‰, Chen et al., 2013), such as tire
wear (+0.04 ± 0.2‰, Thapalia et al., 2010), vehicle emission (−0.87
to +0.07, Gioia et al., 2008), urban runoff (from +0.13 to +0.15‰,
Chen et al., 2009) and wastewaters and sludge (~0.1‰; Chen et al.,
2009). These source differences may explain the lighter isotopic signa-
tures in the T4 and T5 cores in comparison with T3 core for similar EF
values (Fig. 4B).

In this way, we suggest that zinc isotopic signatures of sediments in
the northeastern area of the bay are derived from binary mixing of
metallurgic and natural terrestrial sources, while sediments in the
southern areas of the bay are influence by a third endmember, associat-
ed to diffuse contamination from industrial and urban sources.

Despite somedeviations, the isotopic signatures of most samples are
dominated by the terrestrial background and the major anthropogenic
zinc source (Fig. 4A e B). This allows the application of a simple binary
mixture model to quantify the relative contribution from the major an-
thropogenic Zn source (Znanth.%), according to the equation below:

Znanth:% ¼ δsample−δcontinental
δanthropogenic−δcontinental

� �
� 100 ð2Þ

The Fig. 5 shows the Znanth.% estimated for cores T3, T4 and T5. Since
cores T1 and T2 represent the isotopic composition essentially from the
anthropogenic end member, they were not considered in the mixing
model. We find a clear evolution from a period without significant con-
tribution from electroplating wastes discharge into the bay (with low
Znanth.% values at the base of profile; b10%) to periods of dominant con-
tributions from this source were observed in the profile T3. In core T4,
however, only high contributions from the major anthropogenic Zn
source were found (Znanth.% ≥ 70%), which suggests that only the post-
industrialization period was recorded. In the core T5, the Znanth.% varied
high values at deeper layers (between 50% and 70% below 35 cmdepth)
and a tendency of decreasing above 25 cm depth, reaching the lowest
Znanth.% value of 14%. As diffuse sourcesmayhave contributed for the ac-
cumulation of zinc, which would lead to lighter isotope compositions
than that from the electroplating waste endmember, it is important to
note that the percentage of anthropogenic zinc related to electroplating
wastes may be minimal estimates.

Previous work using dated cores from Sepetiba Bay confirmed that
the significant changes in zinc concentrations in the cores relate to the
beginning of the electroplating plant in the 1960 (Molisani et al.,
2004; Marques et al., 2006; Gomes et al., 2009; Patchineelam et al.,
2011). The Znanth.% peaks found in the core T3 and T5 corroborate
these previous observations, as attested by the isotopic source signature
assessment. Another important feature of cores T3 and T5 is that the
observed Zn EF in uppermost layers (Fig. 2) is associated to a smaller
contribution from major industrial source. While the wastes removal
tends to attenuate the Zn electroplating contamination in the bay, an in-
crease in the relative importance of other anthropogenic sources may
occur (Molisani et al., 2004). Therefore, further characterization of dif-
fuse sources contributions to determine the Zn loading to the bay will
be useful for monitoring input of these zinc sources to the bay. This Zn
isotopic model could benefit coastal areas worldwide with analogous
contexts of Zn contamination.

6. Conclusions

The zinc isotopic compositions of sediment samples and SPM col-
lected in the Sepetiba Bay, Rio de Janeiro, Brazil, and of willemite ores,
show significant variation of δ66ZnJMC values (−0.01 to +1.15‰). The
main conclusions derived from these results are:

1. The Zn isotope composition of sediments are well explained by a
mixing model, including three sources, i.e. terrestrial background
(+0.28 ± 0.12‰, 2σ), marine (+0.45 ± 0.03‰, 2σ) and the major
anthropogenic (+086 ± 0.15‰, 2σ) endmembers, this last corre-
sponding to electroplating wastes. Additional sources such as diffuse
pollution associated to sewage and other industrial effluents are
suspected and require future investigations.

2. The sediment cores collected in the mud flat of the bay show good
correlation between δ66Zn values and Zn enrichment factors, indicat-
ing that the source record is well preserved in the sediments.

3. It is suspected that the isotopic signature of the electroplatingwastes
in the mangrove core is slightly modified at some layers due to bio-
geochemical processes triggered by tidal cycles, bioturbation and rhi-
zospheres. However, these processes do not compromise the isotopic
identification of the anthropogenic Zn source.

4. Negligible contributions ofmarine sources and the dominance of ter-
restrial and major anthropogenic sources in the inner bay, allowed
the application of a binary mixing model to quantify relative contri-
butions from these sources. The calculations suggest contributions
of anthropogenic Zn ranging from negligible values, during the pre-
industrial period, up to 80% during the industrial period. The relative
contribution of the major anthropogenic source of Zn has decreased
in some specific regions of the bay, after the end of metallurgical ac-
tivities in 1998.

5. Zinc isotopes successfully trace spatial and temporal variations in
source contributions of metallurgical wastes in a complex ecosystem
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such as a coastal area, confirming previous finding that Zn isotopes
are an effecting tracer of anthropogenic sources in the environment,
and therefore, can be useful to support prevention andmonitoring in
coastal sites.
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