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Abstract

This study evaluated the potential mobility of metallic contaminants (Cd, Cr, Cu, Ni, Pb and Zn) present in sediments at the
mouth of Sdo Francisco Channel (Sepetiba Bay, RJ), using resuspension tests. Fourteen surface sediment and superficial
water samples were collected along a salinity gradient from the river mouth into the bay. The resuspension tests consisted
in the mechanical agitation of humid sediment aliquots in local unfiltered water, in a ratio of 7.5 g:100 mL, during 1 h and
24 h.The determination of the metals in the bioavailable fraction was performed in ICP-OES, after extraction in 1 mol L™
HCI. Significant differences were observed between the central and external sectors for Cd (p=0.009), Cr (p=0.017), Ni
(p=0.047) and Zn (p=0.007) concentrations (Kruskal-Wallis). The water’s temperature (p <0.001), pH (p < 0.05) and dis-
solved oxygen (p <0.001) decreased in both time intervals in comparison to the initial measures before resuspension. The
concentrations of Zn in the sediment increased from 222 to 316.2 mg kg™ after 24 h agitation (Kruskal-Wallis; p < 0.05)
at the external sector, possibly because this region has stronger oxidizing conditions. In general, a significant increase
in the metals’ concentrations was observed after resuspension, especially for the samples from the central sector that
showed more than 90% of increase in metals concentrations after 24 h of agitation. These increases could lead to higher
ecological risks to the local biota, especially during dredging activities.
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1 Introduction

Metals occur naturally in the environment, with their ori-
gin on the weathering process of rocks, gasification and
volcanic activities. However, anthropogenic sources such
as emissions from industrial effluents, domestic sewage,
solid wastes and mining tailings have led to an increase in
the concentration of these elements in aquatic ecosystems
[51]. Contamination by metals has become an environ-
mental problem of particular interest given the potential

for bioaccumulation and toxicity. All metals, both essential
and nonessential, may be toxic to animals and humans if
the doses to which they are exposed are sufficiently high
[39].

Once in the aquatic ecosystem, metals may be bounded
to the suspended matter or sediment, as well as to be in
the dissolved phase in surface or interstitial water. The
removal of metals from the water column and their dep-
osition in sediments depends on the physicochemical
conditions (pH, oxi-reduction potential, salinity, among

>4 Alexandre Rafael de Freitas, freitas.ar23@gmail.com | 'Post Graduation Program in Ocean and Earth Dynamics, Fluminense Federal
University — UFF, Campus Praia Vermelha, Av. Gen. Milton Tavares de Souza s/n°, Niterdi, RJ CEP: 24210-346, Brazil. 2Marine Biology
Department, Centre of Health Sciences, Federal University of Rio de Janeiro — UFRJ, Block A, 1° floor, Rio de Janeiro, RJ CEP: 21941-570,
Brazil. 3Geology Department, Federal University of West Para - UFOPA, Campus Tapajos, R. Vera Paz, s/n, Santarém, PA CEP: 68040-255,
Brazil. “Chemistry Institute, Federal University of Rio de Janeiro — UFRJ, Av. Pedro Calmon, 550, Rio de Janeiro, RJ CEP: 21941-901,
Brazil. *Geochemistry Department, Fluminense Federal University — UFF, Campus Valonguinho, Outeiro Sdo Joao Batista, s/n, Niterdi,

RJ CEP: 24020-005, Brazil.

®

Check for
updates

SN Applied Sciences (2019) 1:1288 | https://doi.org/10.1007/542452-019-1276-8

Received: 5 July 2019 / Accepted: 12 September 2019 / Published online: 26 September 2019

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1276-8&domain=pdf
http://orcid.org/0000-0003-2262-4140

Research Article

SN Applied Sciences (2019) 1:1288 | https://doi.org/10.1007/542452-019-1276-8

others), as well as on the interaction between particles
and dissolved organic and inorganic substances [4]. These
factors in conjunction with several processes like biotur-
bation, adsorption, desorption, flocculation, diffusion and
mobilization will define the dynamics of these metals in
the environment, especially in relation to metal exchange
between solid and dissolved phases [8]. These processes
are observed in estuarine environments, especially due to
the accentuated changes in the physicochemical charac-
teristics of water, such as the increase in salinity. Seawater
is rich in CI7, a high electronegativity anion, capable of
forming metal complexes. According to Eckert and Sholko-
vitz [15] and Dropo and Ongley [14], salinities from 1 to 5
are already capable to start flocculation processes, which
allows the removal of metals from the dissolved phase by
complexation in the solid phase.

In addition to the dose, the toxicity of a chemical ele-
ment depends on the chemical form in which it is found
in the environment [31, 32]. Metals in the sediment can
be in different chemical forms, called geochemical phases
(exchangeable, oxidable, carbonate, reducible and resid-
ual), due to the environmental conditions of the sediment
itself and also of the water column (such as grain size, pH,
salinity, organic matter content and oxidation conditions).
Besides the release in the dissolved form, a change in this
partitioning can alter the bioavailability of metals [31]. It
is considered as a bioavailable geochemical phase, a sub-
stance that is found in forms that are weakly bounded
to the sediment, capable of being absorbed by aquatic
organisms [31, 36, 42].

Events such as storms, navigation or dredging may
lead to resuspension of sediments into the water column,
exposing them to different oxy-reduction conditions,
which may result in the release of metals in the dissolved
form [10]. When metals are released into the solution, the
bioavailability of these metals increases, and the risk to
aquatic life is expected to be intensified [31, 36, 46, 48,
49]. Up to now, the processes involved in the control of
the metals and persistent organic pollutants release dur-
ing sediment resuspension events are not completely
understood [9]. Maddock et al. [32] suggest that the com-
bination of the characterization of the contributions and
retention mechanisms of trace metals with the evaluation
of the remobilization potential of these metals may allow a
better understanding of (1) the processes that determine
the partitioning of metals between solid phases and (2)
the risk of remobilization due to disturbances that imply
loss of stability of the chemical forms in which the metals
are associated with the sediments and (3) how to predict
the changes in superficial water quality due to the behav-
ior of the metals.

There is a relatively small number of studies that con-
ducted resuspension tests in order to understand the
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consequences of the resuspension of contaminants to the
local biota. Cotou et al. [10], in a study in the northeast and
northwest of the Mediterranean Sea, observed that sedi-
ment resuspension events are capable of influencing the
chemical forms of micropollutants, thus increasing their
bioavailability and toxicity (evaluated using the Micro-
tox test with marine bacteria). Kim et al. [26], in Maryland
(USA), using sediment, zooplankton and mollusk samples,
have demonstrated that resuspension may play an impor-
tant role in the transference of methylmercury from sedi-
ments to organisms. Cantwell et al. [9] used resuspension
assays to understand the resuspension behavior of pol-
lutants using sediments with previously known physical
and chemical properties from Narragansett Town Beach
(Rhode Island, USA) and observed a low release of met-
als in the dissolved phase in a short time scale. Kalnejais
et al. [25] studied the release of nutrients and metals in
resuspension events using an erosion chamber in Boston
Harbor (Massachusetts, USA) and observed that sediment
resuspension increased the release of nutrients and metals
to the dissolved phase. Similarly, Fathollahzadeh et al. [16],
studying the potential mobility of metals through resus-
pension tests of contaminated sediments under pseudo-
dredging conditions in the port of Oskarshamn, Sweden,
observed a potential release of Cu, Pb, Zn, Mn and Ni to
the environment.

In Brazil, Machado et al. [31] studying the potential
mobility of Cu in surface sediments of Guanabara Bay,
Rio de Janeiro State, Monte et al. [36] studying the bio-
availability of Zn and Cd in contaminated sediments and
Monte et al. [37] studying on the bioavailability of poten-
tially toxic trace metals (Cu, Ni and Pb), both from the
Engenho Creek, Sepetiba Bay, RJ, through resuspension
tests, verified an increase in the concentrations of these
metals in the bioavailable fraction in the sediments after
the test. Rodrigues et al. [46, 48, 49], in a study with sedi-
ment profiles from Sepetiba Bay, RJ, verified that indepen-
dently of the depth, there was a significant change in the
physical-chemical conditions of the water and in the total
organic carbon contents of the sediments after resuspen-
sion, which influenced the increase in the bioavailability of
the Cd. Therefore, the present study aimed to evaluate the
mobility of metallic contaminants (Cd, Cr, Cu, Ni, Pb and
Zn) in sediments of the Sao Francisco Channel (Sepetiba
Bay, RJ), by resuspension tests in an estuarine gradient and
its relation with the physical-chemical characteristics, dis-
solved nutrients present in water and with the sediment
characteristics (grain size, organic carbon content, Fe and
Mn concentrations). As hypothesis, it is believed that an
increase in the geochemical mobility of the metals in the
sediment after resuspension occurs, as well as their rela-
tionship with the physical-chemical and nutrient concen-
trations on these compartments.
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2 Methods
2.1 Study area

The Sepetiba Bay is a semi-enclosed water body, located
about 60 km south of Rio de Janeiro city, Brazil. It pre-
sents a typical hot-humid tropical climate, with an aver-
age annual rainfall of 1400 mm, and a mean evapora-
tion of 960 mm [21]. With a surface area of 520 km?, its
dimensions are approximately 12.5 km (north-south)
and 25 km (east-west), a volume of 3.5 x 10° m>. Approxi-
mately 50% of its area has less than 6 m of depth, varying
from 2 to 12 m, except in the three channels in the west-
ern sector, used for the port activities, being 24-31 m
deep. According to Rocha et al. [45], its communication
with the Atlantic Ocean occurs through two passages,
one between the islands (ltacuru¢a, Jaguanum and
Pompeba) and the tip of Restinga da Marambaia, and
another, the channel that flows into Barra de Guaratiba.
Its tide is semi-diurnal, with diurnal inequality, and 99%
of the bay’s waves are less than 0.75 m [34].

Its drainage basin extends for 2710 km? and covers
15 municipalities. It has a total population of about
7,851,139 according to the 2010 census of the Brazilian
Institute of Geography and Statistics (IBGE [24]). In the
1960s, the federal government implemented an indus-
trial development program in the Sepetiba Bay drainage
basin that led to the installation of more than 400 indus-
tries [27]. Among them, Mercantil Ingd Company (which
went into bankruptcy in 1998) used to produce Zn and
Cd of high purity from the calamine and willemite ore.
Due to the low efficiency of the process, much of the
metal originally contained in the ore remained in solid
waste, which was stored in open-air yards and leached
directly to the Engenho Creek region in Sepetiba Bay
[46, 48, 49]. Even after 20 years, metals’ concentrations
in surface sediments are three to four orders of magni-
tude higher than the safety limits adopted by Brazilian
legislation [7]. These thresholds are based on the Cana-
dian Sediment Quality Guideline (SQG) that defined
the limits of effects range low (ERL) and effects range
median (ERM), which are representative of the probabil-
ity of toxicity to biota. The Port of Itaguai is one of the
responsibles for the actual pollution scenario of Sepetiba
Bay, because in addition to the great traffic of ships and
constant dredging for the maintenance of its navigation
channels, its location encouraged the installation of sev-
eral industries.

From the 1950s and 1960s, after the transposition of
water of the Paraiba do Sul River, the main freshwater
inflow into the Sepetiba Bay started to be the Sao Fran-
cisco Channel, with a volume of 6538 x 10° m* year™' and

flow of 207.3 m3 s~' [50]. This has led to the increase in
solid inputs to the bay [35]. The San Francisco Channel is
the final course of Guandu River and extends for 15 km
until it drains into Sepetiba Bay. Its mouth is a delta in
formation, with the presence of mangroves. The influ-
ence of the salt intrusion on the San Francisco Channel
can extend up to 7 km from its mouth, depending on the
river flow and the tide [22].

2.2 Sampling procedures

The campaign was conducted on May 3, 2012, after a week
of intense rainfall, with an average rainfall of 8.6 mm (maxi-
mum of 42 mm). The sample stations were located at the
mouth of the Sdo Francisco Channel and the sampling
was carried out during the ebb tide. The surface sediment
was sampled in fourteen stations, subdivided into three
sectors: two stations in the internal sector, six in the cen-
tral sector and six in the external sector (Fig. 1). As at the
mouth of the channel, there is an island (Urubu Island),
the river has its route divided, having a silted area due to
the influence of the island in the hydrodynamics of that
region. Therefore, for this work, it was chosen to sample
in a transect from the innermost area (before the Urubu
Island) toward the bay, on the left margin of the channel.
The proposal is to verify along the transect possible differ-
ences in the geochemical mobility of metals according to
the physical and chemical changes in sediments and water
along a small-scale saline gradient.

The sediment was obtained using a Van Veen grab,
being packed in plastic bags and kept under refrigeration
until arriving in the laboratory. An aliquot of each sedi-
ment sample was used for the resuspension test and the
remaining material frozen until chemical analysis. The
physical-chemical parameters of the superficial water
(pH, dissolved oxygen, temperature, salinity and con-
ductivity) were measured at the sampling stations, using
a multiparameter YSI model 85 probe. At each sampling
station, surface water samples were also collected for total
nitrogen and carbon analysis in 50-m| amber glass bot-
tles, previously decontaminated in 10% HCl and calcined
at450°Cfor4h.

2.3 Resuspension test

For the resuspension test, about 6 L of sub-superficial
water was sampled at the outermost sampling station
(point 01) in 1-L amber glass bottle, previously decontami-
nated in 10% HCl and calcined. It was carried out at room
temperature (25 °C). Wet sediment subsamples (7.5 g)
were transferred to 125-mL Erlenmeyer flask and were
shaken in 100 mL of unfiltered estuarine water in contact
with atmosphere. The sediment:water proportion was

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2019) 1:1288 | https://doi.org/10.1007/542452-019-1276-8

Fig. 1 Localization of Sepetiba
Bay and the mouth of Séao
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based on the study of Morse [38], adapted by Machado
et al.[31]. The experiments compared short (1 h) and long
(24 h) time periods of resuspension. Then, for each sam-
pling station, four Erlenmeyer flasks were prepared, being
two of them mechanically shaken during 1 h (T1) and the
other two during 24 h (T2). Additionally, four Erlenmeyer
flasks containing only water were used as blank (two
for each time interval of agitation). The choice of these
intervals was based on the previous studies, which dem-
onstrated that in the first hour (T1) most bioavailability
changes occur [31]. The second interval (T2: 24 h) has been
also previously adopted [38] and was used to evaluate the
stability of the contaminant response, simulating longer
resuspension events, since dredging resuspension of sedi-
ments may occur during many hours. The initial condition
of all sediment samples and of the water used for the test
was evaluated (TO0).

After the resuspension test, the physical-chemical
parameters of the water were measured (temperature,
salinity, dissolved oxygen-OD and pH). An aliquot of the
water (about 50 mL) was vacuum filtered using a decon-
taminated glass kit and a calcined glass fiber filter with a
porosity of 0.22 um. These filtered water samples were des-
tined to total carbon and nitrogen analyzes, being stored
in amber glass bottles of 50 mL, acidified with boric acid
and kept under refrigeration. For sediment separation, the
remaining aliquot (mix of sediment and 50 mL of water)
was transferred to a 50-ml Falcon tube and centrifuged
at 3000 rpm for 5 min. The supernatant was discarded,
and the sediment was dried under <40 °C for subsequent
homogenization.
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2.4 Chemical analysis
2.4.1 Nutrients

The total carbon (TC) and total nitrogen (NT) in the water
samples were obtained by catalytic oxidation under high
temperature with a Shimadzu TOC Vcph. For the analy-
sis of the total organic carbon in sediments, previously
the carbonate content was removed by acidification
(shaken in 1 mol L™" HCI for 16 h). The determination
was performed on the Shimadzu TOC-V analyzer using
the SSM-5000A module for solids analysis. To certify the
equipment calibration, the certified material of potas-
sium hydrogen phthalate (certified concentration of
47.1%) was used, obtaining a mean concentration of
51.17 £0.02%, corresponding to a recovery of 108.6%.
The concentrations of total phosphorus were
determined in 0.5 g of dry sediment after calcination
(450 °C/4 h). These calcined samples were transferred
to Falcon tubes with addition of 10 mL of 1 mol L™" HCl,
being subsequently shaken for 16 h. After stirring, the
samples were centrifuged for 20 min at 2500 rpm. After
this procedure, the methodology followed the colori-
metric method used to determine dissolved orthophos-
phate (Grasshoff et al. 1983), in a spectrophotometer
(Thermo Scientific, model Genesys 10S). In order to
obtain inorganic phosphorus, the procedure was per-
formed with non-calcined samples. Organic phospho-
rus is obtained by the difference of total phosphorus
by inorganic phosphorus. At the same time, total phos-
phorus certified material (PACS-3; 937 ug g“) was used,
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obtaining a mean concentration of 907.1+74.7 ug g™’
corresponding to 96.8% of recovery.

2.4.2 Bioavailable metals

To obtain the bioavailable fraction, about 1 g of dry sedi-
ment sample was weighed directly into a 50-mL polypro-
pylene tube (Falcon), where 40 mL of 1 mol L™ HCl solu-
tion was added. The mixture was stirred for 16 h. Then,
the sample was centrifuged (3000 rpm/5 min) and the
supernatant filtered (slow filtration, 0.45 um) and stored
in 30-mL acrylic tubes for metals determination (Cd, Cr
Cu, Fe, Mn, Ni, Pb and Zn). The extraction was performed
for both non-resuspended sediments (TO) and those from
the resuspension tests (T1 and T2). According to Morse
[38], the extraction in HCl 1 mol L™ comprises the reac-
tive phase of the metals, that is, the potentially more bio-
available. Huerta-Diaz and Morse [23], Townsend et al. [52],
Hatje et al. [20], Machado et al. [31], Pefia-Icart et al. [42]
and Monte et al. [36] also mention that this extraction is
widely used in the determination of the bioavailability of
metals in sediments.

The metals determination was performed by induc-
tively coupled plasma optical emission spectrometry (ICP
OES) with radial vision, Horiba Jobin Yvon brand, Ultima
2 model (Longjumeau, France), equipped with a cyclonic
nebulization chamber, MiraMist nebulizer (Mira Mist CE,
Burgener Research Inc., Ontario, Canada), automatic sam-
pler model AS 421 and operational software Analyst 5.4 for
data acquisition. For the calibration, solutions of Cd, Cu, Fe,
Mn, Ni, Pb and Zn were prepared from the dilution of stock
solutions SpecSol of concentration 1000 mg L™' (Quim-
lab Chemical, Metrologia’, Jardim California, Jacarei, Sdo
Paulo, Brazil), until obtaining the desired concentrations
using ultrapure water obtained from an Elga system, PURE-
LAB Ultra Analytic model (Elga, High Wycombe, Bucks, UK).
The detection limits were in mg kg™': 0.01 for Cd, Cu and
Ni; 13.0 for Fe; 0.18 for Mn; 0.02 for Pb and Zn.

2.5 Grainsize

The grain size of the sediment samples was characterized
using a particle size analyzer CILAS model 1064, after shak-
ing about 1 g of wet sample in a dispersing agent (sodium
hexametaphosphate 40 g L™') for 24 h. The results were
analyzed by GRADISTAT 1.0 program.

2.6 Data treatment

The statistical treatment of the results was performed on
STATISTICA 10.0 (2007 Statsoft Inc.). The Kruskal-Wallis and
Mann-Whitney U tests were applied to verify possible dif-
ferences between groups (between sectors and between

resuspension times), in addition to the Spearman correla-
tion (p <0.05), to identify possible relationships between
the water and sediment characterization with the geo-
chemical mobility of metals.

3 Results and discussion
3.1 Geochemical characterization

The mean values of pH, salinity and temperature showed
a tendency of increase from the river mouth to the bay
(Table 1), ranging from 7.03, 0.76 and 23.7 °C in the inter-
nal sector to 8.01, 6,26 and 25.1 °C in the external sector,
respectively, showing the influence of the water of the
bay in the transect. However, only temperature showed
significant differences between the external sector and
the internal and central sectors (Kruskal-Wallis, p <0.05),
and pH only showed significant differences between the
internal and external sectors (Kruskal-Wallis, p < 0.05). The
three sectors showed salinity between 0.5 and 30, allow-
ing to classify the region’s water as estuarine (Brazil 2012).
Mean values of dissolved oxygen (OD) presented a nonsig-
nificant decrease in the internal sector (7.2 mg L") for the
external sector (5.4 mg L™". The values of pH (between 6.5
and 8.5) and OD (higher than 5 mg L") also are within the
limits established for estuarine water by CONAMA Resolu-
tion 454/12 (Brazil 2012). The mean values of total carbon
in water (TC) were 5.5 mg L™ in the internal sector and
increased not significantly up to 6.2 mg L™' in the exter-
nal sector. Total nitrogen in water (TN) showed the oppo-
site behavior, higher concentrations in the internal sector
(1.1 mg L") and lower in the external sector (0.9 mg LN
(Kruskal-Wallis, p < 0.05). This behavior was also observed
by Rodrigues et al. [47] in the same area of the present
study and by Brandini et al. [6] in the estuarine area of
Iguacu River, in Guanabara Bay-RJ, Brazil. These authors
suggested that the decrease in NT concentration along
the saline gradient is related to the increase in primary
productivity, where part of the TN is assimilated by biota.

The sediments were classified, mainly, as silty, with more
than 90% of mud (Table 1). The same predominance of the
fine fraction was reported previously in Sepetiba Bay by
Firmino et al. [18] in the same study area (>70%), by Rod-
rigues et al. [46, 48, 49] in Madeira Island (>70%), Monte
et al. [36] in Engenho Creek (>80%) and Ribeiro et al. [44]
in the inner part of the bay. Fine grain sizes such as silt
and clay tend to be more reactive due to the higher spe-
cific surface, adsorbing metals [51]. In the present study,
the silt fraction showed a positive correlation (Spearman,
Cd=0.62,Cr=0.75,Cu=0.80, Fe=0.79, Mn=0.64, Ni=0.84,
Pb=0.79, Zn=0.63, p <0.05) with all metals, indicating this
potential of metal retention in fine sediments.
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Table 1 Average +standard

o a9 Internal Central External
deviation (minimum-
maximum) of all studied Water
"agab'efs " S”"O’I,erﬁc'i' Wfa;ef Temperature (°C) 237400 23.8+0.2 25.1%0.2
and surtace sediments of 5ao (23.7-237) (23.7-24.1) (24.8-25.4)
Francisco Channel, along a »
small-scale saline gradient Salinity 0.8+0.1 1.6+0.5 6.3+6.9
(Sepetiba Bay, RJ, Brazil) (0.7-0.8) (0,8-2.1) (0.8-19.7)
pH 7.0£0.2 74%03 8.0+0.3
(6.9-7.2) (7.1-7.9) (7.6-8.4)
DO (mg L™ 7.2+0.6 6.8+0.2 54+13
(6.8-7.7) (6.5-7.0) (3.8-7.2)
TC(mgL™) 55+1.8 57+1.1 6.2+1.6
(4.3-6.8) (4.2-6.7) (3.2-7.6)
TN (mg L™ 1.1£0.0 1.0+£0.0 0.9+0.2
(1.1-1.1) (1.0-1.0) (0.6-1.1)
Sediment
Clay (%) 13.46+0.13 31.31+£19.63 18.09+24.63
(13.37-13.55) (16.22-69.86) (0.00-65.23)
Silt (%) 81.72+0.12 63.75+£17.94 73.09+20.54
(81.63-81.80) (28.52-77.60) (32.35-87.48)
Sand (%) 4.82+0.01 4.94+1.77 8.81£6.65
(4.81-4.83) (1.62-6.18) (2.42-17.60)
TOC (%) 2707 1.0£06 16+0.6
(2.3-3.2) (0.4-1.8) (0.6-2.6)
TP (gg™") 4749+1387 189.5+67.7 328.1+131.7
(376.8-573.0) (130.1-282.6) (135.9-513.3)
OP (ugg™ 170.4+44.9 83.2+31.9 149.3+50.4
(138.6-202.1) (49.3-134.5) (70.7-218.1)
IP(ugg™") 304.6+93.8 106.3+39.3 178.9+81.5
(238.2-370.9) (63.5-150.9) (65.2-295.2)
Cd (mgkg™) 032+0.08 0.1740.08 0.57+0.26
(0.27-0.38) (0.13-0.30) (0.22-1.02)
Cr(mgkg™) 5.97+1.54 2.81+0.90 6.37+2.00
(4.88-7.06) (1.99-4.51) (2.81-8.27)
Cu(mgkg™ 8.99+2.3 343+1.6 7.20+2.5
(7.36-10.61) (2.15-6.37) (2.60-10.20)
Ni (mg kg™ 239404 10719 2.06+0.6
(2.07-2.71) (0.35-1.75) (1.03-2.80)
Fe (mgkg™) 12,597.5£3124.5 60133+1278.3 9189.1£2379.7
(10,388.17-14,806.83) (4836.92-8380.92) (5233.91-12,336.31)
Mn (mg kg™ 200.9+34.2 89.1+£19.5 95.8+24.9
(176.67-225.10) (60.52-117.09) (46.09-111.29)
Pb (mg kg™ 15.2+3.1 70+1.9 127436
(13.02-17.39) (5.53-10.67) (5.59-15.66)
Zn (mg kg™ 114.6+23.8 6324216 222.0+169.0
(97.76-131.45) (27.08-94.36) (85.66-559.11)

DO dissolved oxygen, TC total carbon, TN total nitrogen, TOC total organic carbon, TP total phosphorus,
OP organic phosphorus, IP inorganic phosphorus

The mean TOC content in sediments (Table 1) was
1.8+0.7%. Monte et al. [36] and Rodrigues et al. [46, 48,
49], in studies carried out in Engenho Creek (near the
Sao Francisco Channel), observed TOC contents between
1.7-4.2%, 2.4-3.6% and 1.5-4, 3%, respectively, being simi-
lar to the present study. Ribeiro et al. [44] also found TOC
values similar to the present study (between 2 and 3%) in
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Sepetiba Bay and associated this concentration with the
presence of large mangrove extension in the inner portion
of the bay, suggesting that these are one important natu-
ral source of organic matter. All metals presented positive
and significant correlations with TOC (Spearman, p <0.05),
which is widely observed in both recent [11, 33] and clas-
sical studies [51], where the organic matter is indicated as
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an important mechanism of metals complexation in the
sediment.

Borges et al. [5] cite that phosphorus concentrations
can be used as an indication of the contribution of domes-
tic effluents. The mean values of total phosphorus (TP),
organic phosphorus (OP) and inorganic phosphorus (IP)
in sediment were 330.9+143.2 ugg™', 1343+54 ug g™’
and 196.6+92.2 ug g~', respectively, and did not show sig-
nificant differences among the sectors, except for the PO,
which was twice less in the central sector (Kruskal-Wallis,
p<0.05). TP, OP and IP values showed a similar trend, with
higher concentrations in the internal sector and lower in
the central sector (Table 1). Brandini et al. [6] observed the
same behavior in a saline gradient on Guanabara Bay and
suggested that phosphorus could suffer remineralization
by the bacterial community activity along the gradient.
Dias (2006) pointed out that in this region of Sepetiba Bay,
organic phosphorus could be transformed in exchange-
able phosphorus and this geochemical phase can be
adsorbed on the surface of oxy-hydroxides of iron (form-
ing the geochemical phase of phosphorus linked to iron
compounds—ferric phosphorus). In anoxic conditions,
ferric phosphorus is released to interstitial water, when it
could be biologically assimilated, precipitated as an authi-
genic mineral or transported by diffusion or advection. Fir-
mino et al. [18], also in Sepetiba Bay, found much higher TP
and IP values in surface sediments (0-5 cm, ~ 1100 pg g*1
of IP.and 1200 ug g~' TP). Phosphorus concentrations also
showed a positive correlation with all metals (Spearman,
p <0.05), with the exception of Pl with Cd and Zn. Usually,
the increase in nutrients in the estuarine area is related to
the existence of anthropic activities, such as domestic sew-
age and industrial effluents, on the drainage basin. This
way, phosphorus concentrations are also used as a chemi-
cal indicator of domestic sewage input [5]. According to
Barcellos and Lacerda [2], the phosphorus has great impor-
tance in the biogeochemical cycling of organic matter, and
then, the correlations of the bioavailable metals with both
TOC and TP reinforce the influence of the organic matter
cycle on metals partitioning.

Significant differences were observed between the cen-
tral and external sectors for Cd (p=0.009), Cr (p=0.017), Ni
(p=0.047) and Zn (p=0.007) concentrations (Kruskal-Wal-
lis). Although the concentrations of Fe, Mn, Pb and Cu pre-
sented the same trend of decrease in the central sector,
there was no significant difference between the sectors.
Comparing the concentrations of all metals with the safety
limits established by CONAMA Resolution 454/12, Zn was
the only metal that exceeded the level 1 limit of this reso-
lution in the external sector with 222 mg kg™' (CONAMA
level 1,Zn=150 mg kg™"). It is necessary to emphasize the
importance of this fact, since these concentrations are only
a fraction of the total zinc in the sample, evidencing the

problem of zinc contamination in Sepetiba Bay. Several
studies [1-3, 27, 36, 41] associated the high concentrations
of Zn and Cd in the sediment, mainly, to the solid resi-
dues disposed by Inga Mercantil Company in the region of
Engenho Creek. The influence of this point source could be
seen in other areas of the bay, such as our study area, since
part of this material could be carried to the Sao Francisco
Channel region through marine currents. This fact could
explain the highest concentrations in the external sector.
Machado et al. [30], as well as the present study, found
a positive correlation between the Cd and Zn concentra-
tions (Spearman, 0.94, p <0.05), which suggests similar
source for both metals. However, other sources should be
considered. Dornelles [13] observed high concentrations
of Zn, Cd, Pb, Cr and Fe to the south of the S&o Francisco
and Guandu channels and associated the high values to
the effluents from the industrial park located between
these channels. Gomes et al. [19] suggest that the high
concentrations of Zn are also related to the effluents from
the Atlantic Steelworks Company (CSA) located on the Sao
Francisco Channel.

Cu and Pb presented the highest concentrations in
the internal sector, corroborating with that reported by
Rodrigues et al. [46, 48, 49], who mention that these met-
als can be found in metallurgical waste that reaches this
area. A strong correlation between Cu and Pb (Spearman,
0.96, p <0.05) was found, as also observed by Rodrigues
et al. [46, 48, 49], reinforcing the idea of similar sources.
Loureiro et al. [29] mention that part of the Pb concentra-
tions would be related to the zinc ore processing, since
Cd and Pb usually occur in lower proportion in structures
of minerals rich in Zn. Ferreira et al. [17] observed that
Pb concentrations in Sepetiba Bay vary according to the
tide, increasing from the Engenho Creek region to Sao
Francisco Channel. And finally, the inflow of the Guarda
River into Sepetiba Bay is considered in the literature as
an important source of Cu and Pb, due to the industrial
activities on its drainage basin [13, 40, 45].

For Cr and Ni, the highest concentrations were observed
in the internal and external sectors (Table 1), with no
significant differences between them. Significant differ-
ences for these metals were observed only between the
central and external sectors (Kruskal-Wallis, p <0.05). In
comparison with the previous works, the bioavailable con-
centrations of Ni are higher than the range described by
Monte et al. [37] (0.63-1.48 mg kg‘1)—that used the same
methodology as the present study—for Engenho Creek;
and lower than the described by Rodrigues et al. [46, 48,
49] (2.43-3.54 mg kg‘1), that used a stronger extraction
(6 mol L' HCl extraction), for Itaguai Harbor, both in the
Sepetiba Bay. However, according to these authors, the
occurrence of Ni at the region appears to be natural, being
similar to background concentrations. On the other hand,
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the occurrence of high Cr concentrations at Sepetiba Bay
was reported by Dornelles [13], near Sdo Francisco Chan-
nel, probably linked to industrial activities in the drainage
basin of both Sao Francisco and Guandu channels.

Fe and Mn, under oxidizing conditions, tend to pre-
cipitate in the forms of oxides/hydroxides. This process is
known as a metal retention mechanism in contaminated
sediments [51]. In the present study, both had higher con-
centrations in the internal sector (Fe, 12,597.5 mg kg™'; Mn,
200.9 mg kg™") and did not present significant differences
among the sectors. Positive correlations between Fe, Mn
and all trace metals were found (Spearman, p <0.05). The
exception was for Mn concentrations, which did not show
significant correlation with Zn or Cd. These positive cor-
relations suggest that the bioavailable metals were also
related to the Fe and Mn oxides and hydroxides dynamics,
as previously observed by Monte et al. [36] in the Engenho
Creek.

3.2 Resuspension tests

The physical-chemical characteristics varied after the
experiment (Fig. 2), between the TO (before resuspension)
and the two agitation time intervals (T1-1 h and T2-24 h).
The temperature decreased (Kruskal-Wallis, p <0.001) due
to the laboratory’s internal temperature. The pH (p < 0.05)
and dissolved oxygen (p <0.001) decreased in both time
intervals in relation to TO. Machado et al. [31] also observed
a decrease in pH after resuspension assays, suggesting
that the sulfide oxidation processes upon sediment resus-
pension can release acidity and consume oxygen, which
may contribute to determine these results. Additionally,
it is probable that the behavior of these parameters is
related to the bacterial action in the organic matter deg-
radation or to the chemical reactions with iron and man-
ganese oxides and hydroxides, which release H* ions into
the solution [51].

Despite the decreasing tendency, TOC contents in
the sediment and TC concentrations in the water were

2z Temperature (°C) 9

*

26

pH 12

not significantly different from TO (Fig. 3). This behavior
may also be related to the action of the bacteria in the
degradation of organic matter. The concentrations of
total nitrogen in water oscillated after resuspension, but
they were not significantly different from T0. The total
phosphorus (Kruskal-Wallis, p < 0.05), organic phospho-
rus (Kruskal-Wallis, p <0.01) and inorganic phosphorus
(Kruskal-Wallis, p <0.005) increased after both resuspen-
sion intervals, suggesting that the organic matter degrada-
tion induced by the sediment resuspension would be able
to release nutrients such as phosphorus and nitrogen to
the water.

Initially, when comparing all the sectors (internal, cen-
tral and external) with the time intervals (TO, T1 and T2),
one can observe significant differences in Cr, Fe, Mn, Ni
and Pb inT1 in relation to TO and in the Cr, Cu Fe Mn, Ni,
Pb and Zn in T2 (Mann-Whitney U test; p <0.05). Few dif-
ferences on the bioavailability of metals behavior after
resuspension were found, considering the sectors individ-
ually. For example, interval T1 in relation to TO, significant
differences were also observed in temperature and Zn in
the external sector and in temperature, Zn and Cd in the
central sector. And in the interval T2 in relation to TO, only
the Cd showed significant differences in the central sector.

The average values for the concentrations of all met-
als (mg kg") before resuspension (T0) and after 1 h (T1)
and 24 (T2) resuspension were below the lower limit of
resolution CONAMA 454/2012 to sediments of saline/
estuarine areas, with the exception of zinc (Zn) in the
external sector (> 150 mg kg™") (Fig. 4). It is emphasized
that the concentrations of the present study metals were
determined by a weaker extraction method (HCI 1 mol L™
than the suggested in CONAMA 454/2012 for dredged
sediments (3051A USEPA); consequently, the described
concentrations represent an even greater risk to biota.
After resuspension, the Zn concentration increased from
222 to 316.2 mg kg ~1 at T2 (Kruskal-Wallis, p<0.05) in
the external sector, possibly because this sector presents
the most oxidizing condition. The Zn concentrations are

DO (mg L-l) HTO

10 1

INTERNAL CENTRAL EXTERNAL INTERNAL

Fig.2 Averagetstandard deviation of the water physical-chemi-
cal parameters (temperature, pH and dissolved oxygen-DO) before
resuspension (T0) and after 1 h (T1) and 24 h (T2) of resuspension
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correlated with Cd (T1-0.94;T2-0.90), Pb (T1-0.78 T2-0.66),
Ni (T1-0.78,T2-0.67), Cr (T1-0.89, T2-0.89) and Cu (T1-0.66),
suggesting that these metals presented similar behavior
after resuspension. Besides correlations among metals, the
Zn contents in bioavailable phase were correlated to OP
(0.56, p<0.05), temperature (0.62, p <0.05) and TN (- 0.66,
p <0.05). Similarly to Zn, Cd concentrations were also
greater in the external sector but there were no significant
differences between the time intervals. In addition, the Cd
presented the same correlations with the physical-chemi-
cal characteristics and the metals as the Zn, what corrobo-
rate the hypothesis of the influence of the geochemical
characteristics on metals mobility.

Cu and Pb presented the same behavior, an increase in
the mean concentrations of both in T1 and even higher in
T2 when compared to TO (Kruskal-Wallis, p <0.001). There
was a strong correlation between these metals at the two
intervals (Spearman, 0.95 at T1 and 0.82 at T2, p < 0.05).
With the physical-chemical characteristics, both presented
correlations with TOC (Cu: 0.86; Pb: 0.76, p < 0.05) and with

OP (Cu: 0.96; Pb: 0.87, p<0.05) inT1.In T2, both had nega-
tive correlation with TN in water (Cu: —0.78; Pb: —0.90,
p <0.05) and with pH (Cu: —0.80 and Pb: —0.68; < 0.05).
In general, metals are more bioavailable in lower pH
conditions [31]. The Ni concentrations increased in T1
(Kruskal-Wallis, p <0.01) and T2 (Kruskal-Wallis, p < 0.05).
On the other hand, Cr concentrations were similar along
the experiment. Both metals were correlated to OP (Cr:
0.67 and Ni: 0.78). Also, Ni presented correlation with TOC
(0.55)inT1 and Cr with pH (—0.59) and TN (- 0.84) in T2.
The behavior of iron (Fe) and manganese (Mn) was
similar across sectors, where both metals had the highest
average concentrations in the internal sector in the three
time intervals (TO, T1 and T2); it was observed that there
was an increase in the mean concentrations after 1 h of
agitation and, even more after 24 h of agitation in rela-
tion to the TO (Kruskal-Wallis, p <0.001). The positive cor-
relations of Fe with all metals in the interval T1 (Cd=0.59,
Cr=0.74, Cu=0.88, Mn=0.55, Ni=0.83, Pb=0.82 and
Zn=0.54, p<0.05), together with the decrease in pH and
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DO, could increase Fe in solution, releasing trace metals
to a bioavailable phase. Mn only showed Cu correlation in
the T1 interval (0.59; p <0.05).

In general, the resuspension experiment indicated an
increase in bioavailable metals’ concentrations (Table 2)
in the first hour at the three sectors. Slightly changes were
found for Mn in the internal sector (increase of 4.5%), while
for Ni in the central sector the increase was of 76.4%. This
increase in Ni in the central sector seemed to be linked to
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the decrease in DO (Spearman, p <0.05) and the fine grain
content (Spearman, p <0.05). After 24 h of resuspension,
the samples from the external sector showed the same
tendency of increase, with an increment of 30-60% on
metals’ concentrations in the bioavailable fraction. How-
ever, the internal sector, continued to have unexpressive
changes (- 0.8 to 19.9%).

At the central sector, all metals’ concentrations
were at least twice higher in comparison to the initial
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Table 2 The percentage of

Internal Central External
gains (+) and losses (-) of Cd,
Cr, Cu, Fe, Mn, Ni, Pb and Zn % 1h %24h %1h %24h % 1h % 24 h
on bioavailable geochemical
phase after 1 h and 24 h Internal Central External
of resuspension of surface Cd 1.3 10.1 48.8 96.3 35.7 45.9
sediments from Sdo Francisco ¢ 149 -08 629 1020 382 306
Channel, Sepetiba Bay-RJ
Cu 133 17.0 51.8 170.2 29.0 63.1
Fe 17.1 13.5 514 116.1 40.4 441
Mn 4.5 8.5 48.3 1344 32.2 444
Ni 219 -0.2 764 97.2 40.5 274
Pb 16.4 19.9 525 138.4 37.1 58.0
Zn 10.3 16.7 53.6 137.7 25.2 424
Scale Increase in bioavailability Decrease in bioavailability

0-15%=none or low
15-50% = moderate
50-100% = considerable
>100% =very high

0to —15%=none or low
—15to —50%=moderate
—50 to — 100% = considerable
<—100%=very high

concentrations (T0). These samples presented the most
important differences on the bioavailability of metals
after resuspension, may be due to their physical-chemi-
cal characteristics, since before resuspension, all metals
were correlated to TOC and/or phosphorus and/or Fe con-
tents (Spearman, p < 0.05). Another characteristic that may
influence on metals dynamics on the central sector is the
contents of sulfides, known as complexing agents, binding
metals on anoxic sediments. Acid volatile sulfides (AVS)
concentrations described by different authors vary from
455 mg kg™" at 2003 [43] to 1.6-5116.0 mg kg™ at 2012
[46, 48, 49]. Even with high AVS concentrations in some
sampling stations, the potential ecological risks associated
with metals exposure in sediment of this region are classi-
fied as unsure, considering the AVS modeling [46, 48, 49],
which means that the sum of metals’ concentrations are
higher than the AVS content in the sediment. After resus-
pension, the oxidation of sulfides could release metals to
dissolved phase, as observed by Di Toro et al. [12]. Addi-
tionally, the dynamics of Fe and Mn oxides and hydrox-
ides seemed to be an important regulator of bioavailable
metals for this area. Monte et al. [36] described strong
positive correlations between Fe, Cd and Zn after 1 h and
24 h of resuspension of surface sediments from Saco do
Engenho Creek, at Sepetiba Bay. Saco do Engenho Creek is
only 3.5 km far from S&o Francisco Channel, the object of
the present study and they presented the same tendency.

The Cu concentrations increased 170.2%, and this
expressive change could be related to the lower pH after
24 h of resuspension (Spearman, p <0.05). This increase is
in agreement with another findings described by Machado
and coworkers [31], which evaluated the geochemi-
cal behavior of Cu in sediments from Guanabara Bay-RJ
(Brazil), by Monte and coworkers [37], for sediments from

Sepetiba Bay-RJ (Brazil) and by Morse [38], in experiments
with sediments from Galveston Bay (Texas, USA), where
the oxidative process of authigenic sedimentary pyrite was
responsible for As, Hg and Cu release.

4 Conclusion

It was verified that all the studied metals (Cd, Cu, Fe, Mn,
Pb and Zn) presented higher concentrations in the bio-
available phase after being submitted to the resuspension
tests, indicating that they have high potential bioavailabil-
ity, causing possible damages to local biota during dredg-
ing activities. The mobility seemed to be more expressive
on the samples from the central sector, where TOC and
phosphorus contents are lower on the sediments. Also the
expressive changes on Fe and Mn dynamics after resus-
pension could be responsible for the release of toxic met-
als to the bioavailable phase at this sector. Changes on
mobility were observed since the first hour of experiment,
which is important information to environmental manage-
ment of risks associated with anthropogenic activities that
cause resuspension of sediments. These changes on bio-
available metals’ concentrations are able to increase eco-
logical risks, especially for Zn, which overcome the safety
criteria for aquatic biota. Studies on the potential mobility
of metals in coastal regions should be intensified as they
contribute to the creation/improvement of environmental
policies and, consequently, improvements in the environ-
mental quality of the ecosystem.
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