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Abstract

The Sepetiba Bay (Southeast Brazil) is a known Cd- and Zn-contaminated site that received spills of a large slag pile leachate
from a Zn smelter. With important harbors, Sepetiba Bay demands periodic dredging operations which affect the mobility
of the metals. The main goal of this work was to assess metal mobility in sediments and its associated toxicity in a fictive
dredging area, to evaluate the risks of the operation. To achieve this goal, 18 superficial sediment samples were collected and
characterized for pH and Eh. Sediments were analyzed for grain size, organic carbon, and total nitrogen, and metal mobility
was evaluated with a sequential extraction procedure, proposed by the European Community Bureau of Reference (BCR). The
results demonstrate that Cd and Zn are mainly associated with the exchangeable fraction (mean concentrations 1.4 mg kg™
and 149.4 mg kg~!, respectively) and reducible fractions (mean concentrations 0.3 mg kg™' and 65.5 mg kg™, respectively),
while Fe, Cr, Cu, Ni, and Al were associated with the residual fraction. Metals in the residual fraction are probably associ-
ated with the mineral lattice of the sediment and should not represent an environmental risk for the biota. The application of
the enrichment factor and three risk assessment indexes (Risk Assessment Code, Risky Pollution Index, and Bioavailability
Risk Assessment Index) show that the sediments are considerably enriched in metals that constitute a relevant risk for the
sediment biota. In the case of dredging operations, Cd and Zn should be released to the overlying waters and be available
to organisms, threatening the whole ecosystem. The proposed approach was shown to be much more precise than what is
frequently presented in the Environmental Impact Assessments that only consider the threshold limits of the legislation.

Keywords Trace elements - Contaminants - Risk indicator - Sequential extraction - Dredging - Coastal management -
Sepetiba Bay - Brazil

Introduction

Coastal areas are the most populated places in the world;
however, human activities have been changing these areas
into important receptacles of all sorts of pollutants (Feliz-
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Trace metals persist in the sediment in different forms
and mobilities. The residence time of metals in sediments
is linked with the bonding with other compounds (Céceres-
Choque et al. 2013), determining geochemical fractions in
the sediment in distinct physicochemical conditions. In other
words, the strength of bonds in these fractions determines
the potential mobility of the metal. When associated with
mobile fractions, metals can be considered of large con-
cern, because any change in physical-chemical conditions
may increase bioavailability to organisms, leading them to
reach higher levels of the trophic chain, severely threatening
the environment and generating health problems in human
groups (Ali et al. 2019). These bioavailable metals can be
remobilized to the interstitial water and to the water column
under many conditions, including resuspension of the sedi-
ments due to the incidence of wind in shallow water bod-
ies (Dang et al. 2020). However, more intense resuspension
processes like dredging operations can release large quanti-
ties of metals to the water, threatening organisms which can
bioconcentrate or biomagnify contaminants (Yu et al. 2019).

The impacts of dredging operations on metal bioavailabil-
ity in sediments can be estimated with sequential extraction
methods (Wasserman et al. 2013), in which their geochemical
fractions are sequentially separated according to their mobility
(Chifflet et al. 2019; Hamdoun et al. 2015; Yu et al. 2019).
After Wasserman et al. (2016), the procedure allowed to pre-
dict the amount of metals released to the water column during
the operation. The authors considered the bioavailable metal
fraction in the sediment (obtained from partial extractions)
to predict concentrations in the water column. Although dur-
ing dredging all geochemical fractions are resuspended in the
water column, only those metals which are loosely bound or
sensitive to oxidation processes can be considered harmful
because they are going to be released in the water column.

The development of risk indexes for metals (Cesar et al.
2015; Nasrabadi 2015; Zheng et al. 2010) constituted a
significant evolution for the management of the ecosystem
impact of metals because total concentrations alone give
a distorted idea of their hazard that must be based on the
toxicity and bioavailability. When analyzing the impact of
resuspension of dredging operations, besides total concen-
trations of the sediments (as established in dredging regu-
lations all over the world), a consistent risk assessment
should be applied, considering geochemical fractionation
and toxicity of the metals (Ferronato et al. 2015).

In the present research, a fictive dredging area was simu-
lated in the metal-contaminated Sepetiba Bay, where surface
sediment samples were collected and analyzed. The aim of
the procedure was to analyze geochemical fractionation
(BCR method) of Al, Cd, Cr, Cu, Fe, Ni, Pb, and Zn in the
sediments, together with the results of a risk assessment that
allowed a comparison with current environmental control of
dredging operation, applying local and global legislations.

Materials and methods
Study area

The Sepetiba Bay is located approximately 60 km south
of Rio de Janeiro City (Fig. 1). It is a strategic region for
sea trade and economic development in Brazil. The drain-
age basin of the bay possesses a relevant industrial activ-
ity accounting over 600 industrial plants and three ports
(Itaguai, Sudeste, and CSA Maritime Terminal). The
industrial complex contributes with many industrial diffuse
sources of contaminants, including from metal smelting,
paper and pulp, chemicals, plastics, and rubbers. Domestic
and commercial sewage, domestic wastes, harbor, and navi-
gation contaminations also constitute relevant sources (Tre-
visan et al. 2020). Since the 1980s, this region is subject to
environmental concern, mainly because of the identification
of Cd and Zn contamination in the sediments (Lacerda and
Molisani 2006), originated from a metal smelting industry
(Inga Metais) which disposed large amounts of these con-
taminants every year in the Sepetiba Bay (Molisani et al.
2004).

As mentioned above, Sepetiba Bay has three large mari-
time terminals that are subject to frequent dredging opera-
tions, remobilizing sediments to the water column and dis-
tributing contaminated materials. For this research, an area
close to the mouth of the Sdo Francisco Canal was chosen
and delimited to simulate a fictive environmental impact
assessment (EIA) of a dredging operation. Like in an EIA,
a large number of stations were defined, with a density of 1
station per 3 ha. Considering it was a mere simulation, dif-
ferently from EIAs, only surface sediments were collected.

Sampling

The fictive dredging polygon was defined in the mouth of
the Sdo Francisco Canal in a contaminated region of the
Sepetiba Bay. Eighteen representative (of the simulated area)
surface sediment samples (a layer of 10-cm depth) were col-
lected with a Van Veen grab. The sediment samples were
placed in air-sealed bags and arranged in a cooler, main-
tained at—4 °C during transportion to the laboratory, and
stored in the freezer at — 20 °C until further analyses.

Physical and chemical characterization

For each sampling station, pH and redox potential of the
interstitial water were directly measured in the freshly sam-
pled sediment using a multiparameter Hanna probe. Total
organic carbon and total nitrogen elementary concentrations
were determined using a flash combustion organic elemental
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analyzer from thermo scientific. Carbon and nitrogen analy-
ses were carried out after the removal of carbonates from
sediment subsamples (0.1 g) by acidification with HCI
0.1 mol L™!. For grain size analysis, the sample preparation
included three steps: freeze-drying, loss on ignition (550 C).
Acidification with hydrochloric acid (HCl) was carried out
with the aim of removing carbonate shells that are abundant
in this type of environment and because they are autochtho-
nous, they interfere with granulometry results. After those
steps, the samples were three times washed with Milli-Q
water and lyophilized for 24 h. A 15 mL of hexametaphos-
phate deflocculant was added and agitated in centrifuge
tubes for 16 h, and particle-size distribution was determined
in a laser analyzer (Malvern Instruments Mastersizer 2000)
for samples < 1 mm.

Sequential extraction procedure

The BCR sequential extraction procedure was adopted, a
widely used method for geochemical fractionation for eight
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metals (Al, Cd, Cr, Cu, Fe, Ni, Pb, and Zn). Four geochemi-
cal fractions could be identified, which are exchangeable
(fraction 1), reducible (fraction 2), oxidizable (fraction 3),
and residual (fraction 4). The fractions indicate availabil-
ity, therefore metals’ mobility decreases in the following
sequence F'1>F2>F3 > F4 (Yang et al. 2021).

Approximately 1 g of lyophilized sample was used in the
sequential extraction procedure (methods steps are described
in Supplementary Material — SM 1), and the extracts were
analyzed by optical emission spectrometry with induced
coupled plasma in a Varian 720 ES ICP-OES.

All materials used in the sequential extraction were thor-
oughly washed and soaked in dilute HCI (3%) for 3 days and
rinsed with Milli-Q water (Millipore). The reagents used
were ultrapure grade. Duplicates of samples BCR reference
material and triplicates of blanks were analyzed simultane-
ously. For each extraction step, recoveries of each element
were calculated as percentages of the measure, related to
the certified concentration values (BCR-701 reference mate-
rial was used). The recovery concentration of each metal in
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each fraction varied between 81.48 and 115.45% (details are
shown in Supplementary Material — SM 2). Detection (3
times standard deviation) and quantification (5 times stand-
ard deviation) limits were also calculated based on the val-
ues of at least three blanks for each fraction (SM 2).

The sum of the four geochemical fractions were con-
sidered for the total metal contents, corresponding to the
pseudo-total concentrations of metals, as established by US-
EPA (2007).

Enrichment factor and ecological risk assessment

The pollution extent and the risk-associated were assessed
through widely used indexes. Enrichment factor (EF; Salo-
mons and Forstner (1984)) was applied to distinguishing
natural from anthropogenic pollution. The Risk Assessment
Code (RAC; Nasrabadi (2015)) and Risky Pollution Index
(Ir) were applied to assess the ecological risk (Perin et al.
1985). EF represents the relative trace metal concentration
abundance, normalized by a conservative metal, normally Fe
and Al, which act as a “proxy” for the clay content (Abrahim
and Parker 2008; Windom et al. 1989). In this work, Al was
chosen as the proxy for clay mineral contents. The EF was
determined by Eq. (1).

_ My XAl

EF =
My x Aly M

where M, and Al, are the trace metal and Al, concentra-
tions in the sediment sample, while M and Al are the trace
metal and A/ concentrations in the background material. The
background values used in EF formula were obtained from
bottom layers (4-m depth) of a core next to Sdo Francisco
Canal and Sepetiba shore (Pinto et al. 2019). EF values are
classified according to enrichment levels given in Table 1.
The Risk Assessment Code (RAC) considers only the
exchangeable and carbonate-bound metal fractions of the
sediment as proxies. In this geochemical fraction (F1 from
the BCR sequential extraction), the trace metal bindings are
weak and tend to diffuse from sediment to the pore water and
them to the overlying water, constituting a possible risk for
the benthonic community (Céceres-Choque et al. 2013). On
the other hand, the Risky Pollution Index (Ir) is based on the

Table 1 EF classification levels

EF class Designation of sediment quality
>40 Extremely high enrichment
20<EF<40 High enrichment

5<EF<20 Significant enrichment

2<EF<5 Moderate enrichment

EF<2 Non-existent or very low enrichment

Igeo (Miiller 1979) principle and additionally, considers the
first three geochemical fractions (exchangeable, reducible,
and oxidizable), attributing weights, according to the potential
metal mobility for each extraction phase. The RAC and Ir are
defined, respectively, as Eq. (2) and (3):

Fl

RAC = ((ZFI —F4d)

) X 100 )

where F1 is the concentration of the metals in the fraction 1
(exchangeable); F4 is the metal concentration in the fraction
4 (residual).

Ir = log,[(R + aAs + bRe + cOx) /R)] 3)

where R, As, Re, and Ox are residual, exchangeable, reduc-
ible, and oxidizable fractions, respectively. The constants a,
b, and ¢ intend to enhance the role of metal release potential
of each fraction and were set as 6, 3.5, and 2.5, respectively
(after the work of Nasrabadi (2015)). The ecological risk
assessement indexes (RAC and Ir) are also interpretated
according to different contamination levels (Table 2).

Bioavailability Risk Assessment Index

The Bioavailability Risk Assessment Index (BRAI) was devel-
oped by Jamshidi-Zanjani et al. (2015) and constitute an index
that evaluates the bioavailability, associated with toxicity of
a certain number of metals in the sediment. In the original
research, the BRAI was applied with a single extraction with
EDTA, corresponding to water soluble metals, exchangeable
metals, and metals associated with carbonates (Gismera et al.
2004). In the present research, instead of an EDTA extraction,
the fraction 1 of the BCR extraction was used. Alan and Kara
(2019) showed that the first fraction of the BCR procedure
corresponds to soluble metals, exchangeable metals, and met-
als associated with carbonates. The calculation can be done
after Eq. (4).

Z?:] Bdi

BRAI = ==
Zi=1 TEi

“

Table 2 Risk Assessment Code (RAC) and Pollution Risk Index (Ir)
levels

RAC value Pollution risk level Ir value Pollution risk level
<1% No risk 0-1 Negligible
1-10% Low 1-2 Low to medium
11-30% Medium 2-3 Considerable
31-50% High 34 High
>50% Very high 4-5 Very high

5-9.23 Severe
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Table 3 Source effect (SE;)
categories and their assigned
values

SE’s categories SE’s values

0<SE<10
10<SE<20
20<SE<30
30<SE<40
40<SE<50
50<SE<60
60<SE<T70
70<SE<80
80<SE<90
SE>90

O 00 N N Lt AW N =

—
(=]

Table 4 Classification levels of the BRAI as a function of the values
of the index

BRAI value BRAI levels

BRAIL1 Low risk of bioavailability
1<BRAIL3 Medium risk of bioavailability
3<BRAILS High risk of bioavailability
BRAI>S Very high risk of bioavailability

where B, is a source effect (SE;), which is the potential
release of the bioaccessible fraction (percent of fraction 1
of the total concentration) expressed as a categorized value
(see Table 3), divided by the individual effect range median
(ERM) of the metals Cd, Cr, Cu, Ni, Pb, and Zn (Long et al.
1995). TE; is the summation of ERMs of the considered
metals.

Table 4 indicates the BRAI values and their levels of risk.
Although the BRAI can also be calculated as a human bioac-
cessibility risk assessment index, in the present work we did
not apply this variation of the index.

Results and discussion

The physical and chemical characteristics
of the sediment

The Sao Francisco Canal mouth is a low energy system,
resulting in reduced wind, tide currents, and small wave
energy (Carvalho et al. 2021). Nonetheless, the Sao Fran-
cisco Canal is the outlet of an industrial and populated drain-
age basin and may carry a considerable load of organic mat-
ter discharging into the bay (Trevisan et al. 2020). These
characteristics promote the settling of large amounts of
organic matter and the accumulation of metals. The accu-
mulation of the organic matter associated with a limited
oxygen provisions favors the organic matter preservation,
resulting in sediments with severely reduced conditions.

@ Springer

The redox potential observed in the sediment samples varied
between — 115 and — 385 mV (Table 5), which is an expected
range for these environmental conditions.

The sediment samples presented a very low variation
in the pH because the high ionic potential exerts a strong
buffering effect (Jiang et al. 2019). The pH was nearly neu-
tral, varying between 7.33 and 7.88, and the temperature
varied between 22.6 and 25.2 °C. The carbon and nitrogen
concentrations indicate that organic matter is preserved in
the reducing sediment, possibly related to the Sao Francisco
canal inputs settling and anaerobic respiration conditions
(Wang et al. 2018).

The highest total organic carbon and total nitrogen con-
centrations were found in the S-8 (2.07 and 0.23, respec-
tively; Table 5), the neighbor samples of the S-8 presented
similar values, however, slightly lower. The sampling points
near the coasts apparently tend to present lower levels of
carbon and nitrogen due to aerobic degradation associated
with wave energy (Scofield et al. 2015). This trend could be
confirmed through the values of samples S-2, S-3, and S-4
(located close to the littoral); however, S-1 presents higher
values and S-15/S16 similar values. The N/C ratio varied
between 0.09 and 0.11, indicating a preferred algal source
(authigenic) for the organic matter in this region (Bernardes
et al. 2004). In a more recent work, Carvalho et al. (2020)
observed slightly lower values of N/C ratios (0.02-0.11), but
their stations were closer to the littoral and probably receiv-
ing a more intense influence of the continent.

The grain size followed the expected pattern for a low-
energy system associated with the canal mouth (Farhat and
Aly 2018). In this case, coarse grains and flocculated col-
loidal particles tend to settle in higher energy areas before it
reaches the low energy systems. In deeper areas, farther from
the canal mouth, the sediment tends to present an increase
of silt and clay particles. In Fig. 2, the triangular diagram
of Folk (1954) shows that samples are organized in three
distinct groups of grain size, a proximal area with sediments
classified as silty-sand, associated with a shallower sedi-
ment, closer to the shore and subject to higher wave energy.
Transitional area sediments are classified as sandy-silt, in an
intermediary environment, and a distal area, classified as silt,
is subject to less energy, deeper, and farther from the shore.

Total metal concentration in the sediment

The metal concentration (Table 6) demonstrated large spatial
variability and a trend of more intense accumulation in the
center of the fictive dredging area. This area could represent
a preferable condition for particle settling, related with the
Sao Francisco Canal input of materials, like organic matter
and colloidal particles, enriched with metals (Felizardo et al.
2021). As expected, Fe and Al presented elevated concentra-
tions because these elements are important rock constituent
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Table 5 Physicochemical and

: . Samples Depth (m) pH Eh (mV) Temp (°C) OrgC (%) Total N (%)
organic matter characteristics of
the sampling sites S-1 0.9 733 —115 24.9 1.37 0.12
S-2 1.1 7.72 —130 23.8 0.69 0.07
S-3 1.0 7.60 —250 23.6 0.71 0.09
S-4 1.1 7.80 —345 232 0.49 0.06
S-5 1.0 7.88 —106 23.8 1.20 0.10
S-6 1.1 7.71 —236 23.5 1.47 0.11
S-7 1.1 7.68 —150 25.0 1.21 0.11
S-8 1.7 7.76 —320 21.8 2.07 0.23
S-9 1.5 7.68 -275 22.3 1.12 0.09
S-10 1.7 7.57 —253 25.1 1.38 0.10
S-11 2.5 7.63 —358 25.1 1.38 0.13
S-12 2.0 7.75 —320 25.1 1.40 0.11
S-13 29 7.70 —-323 25.1 1.18 0.09
S-14 35 7.60 —-323 25.1 1.05 0.09
S-15 5.0 7.57 -316 25.1 0.47 0.05
S-16 4.0 7.61 —-303 25.1 0.76 0.07
S-17 5.2 7.52 -310 25.1 1.51 0.15
S-18 6.5 7.47 —350 25.1 1.67 0.17
Mean 2.4 7.64 —266 243 1.17 0.11
Standard deviation 14 0.10 69 1.1 0.33 0.03
Maximum 6.5 7.88 —106 25.1 2.07 0.23
Minimum 0.9 7.33 —358 21.8 0.47 0.05
Fig.2 The samples’ grain size Sand
in a triangular diagram (Folk
1954) 00 /Sand\ 10
s 4
> s | %
.%§ o z
S
s 50
&
¢ &)
¢
| Transitional Area
Sandy Clay Sandy Mud S:md_\* Silt g
\
o e
Clay / Mud \ S gq5¥817 518
Clay 2:1 1:2 Distal Silt
Clay:Silt Ratio Area

and in tropical environment weathering induces their =~ The other metals’ present concentrations are quite close to
enrichment in the sediments and waters (Wasserman et al.  their background levels, showing a similar spatial distribu-
2019). Zinc and cadmium are reported as the metals deserv- tion within the simulation area. Stations S-11, S-12, and
ing attention, with concentrations varying between 125.9  S-13 presented particularly high total concentrations for
and 604.9 mg kg~! and 1.0 and 3.9 mg kg~!, respectively. Cd, Cu, Ni, and Zn, which can be partially explained by
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Table 6 Total concentration

Samples Elements
of elements (sum of the four
geochemical fractions) (mgg™h (mg kg™h
Fe Al Cd Cr Cu Ni Pb Zn

S-1 21 59 1.6 80.5 15.7 14.9 25.2 177.2
S-2 14 15 1.0 22.3 8.4 8.9 8.7 125.9
S-3 32 25 1.6 41.5 15.4 17.5 153 272.7
S-4 29 50 1.6 36.4 133 15.7 14.1 2479
S-5 32 27 1.9 44.5 18.6 17.0 18.5 323.7
S-6 33 35 2.3 51.4 224 18.6 21.6 305.6
S-7 24 80 2.5 58.0 18.9 14.2 41.0 310.1
S-8 21 26 23 354 13.2 11.4 224 291.0
S-9 27 70 1.2 78.5 17.2 21.7 322 183.3
S-10 35 99 2.1 57.2 23.7 23.5 16.9 265.5
S-11 38 67 39 69.6 323 27.8 322 605.0
S-12 26 58 33 61.0 21.1 18.5 51.0 485.6
S-13 33 84 3.1 55.2 274 23.7 26.5 471.9
S-14 24 31 1.9 38.3 18.3 15.5 26.9 244.1
S-15 23 23 1.2 30.0 11.0 12.3 11.8 176.0
S-16 28 36 1.6 39.2 14.0 16.2 12.2 224.2
S-17 35 52 2.2 58.7 23.1 22.8 20.3 325.7
S-18 21 37 24 36.8 13.5 12.9 21.2 273.7
Mean 28 49 2.1 49.7 18.2 17.4 232 295.0
Standard deviation 5 20 0.6 13.6 4.7 39 8.1 84.8
Maximum 38 99 39 80.5 323 27.8 51.0 605.0
Minimum 14 15 1.0 223 8.4 8.9 8.7 125.9
454, level 1 - - 1.2¢ 81% 342 20.9* 46.7* 150*
454, level 2 - - 7.2° 370* 270* 51,6 218* 410?

“Limits of the Brazilian dredging legislation for saline and brackish waters, CONAMA 454/2012, based on
Long et al. (1995); associated with low adverse effects
PLimits of the Brazilian dredging legislation for saline and brackish waters, CONAMA 454/2012, based
on Environment Canada and Ministére du Développement durable, de 1’Environnement et des Parcs du
Québec (2007); associated with significant biological effects

granulometry (but not fully explained). Further discussion
on the relationship between samples and parameters will be
done farther with the results of the statistical analyses.

As it can be observed from Table 6, Cd concentrations
exceed the limit of level 1 (associated with low adverse
effects) of the Brazilian regulation in all stations except S-2.
No concentrations exceed level 2. For Zn, the situation is
closely the same with values exceeding level 1 in all sta-
tions except S-2. Stations S-11, S-12, and S-13 also exceed
level 2 concentrations for Zn, which is associated with sig-
nificant biological effects. These stations were mentioned
above, located in the center of the fictive dredging area. Ni
and Pb also display a few samples with concentrations above
level 1 of the legislation, but no value above level 2. This
discussion is important because as far as sediment quality
criteria (for dredging operations) is considered, only stations
S-11, S-12, and S-13 would be considered associated with
significant biological effect.

@ Springer

Geochemical fractionation of metals
in the sediments

Table 7 presents the average and standard deviation (n=18)
values for the metal concentrations in each fraction of the
sequential extraction for all sampling stations (raw data was
presented in Supplementary Materials SM 3a—d). Figure 3
shows stacked bar graphs with the percentages of metals in
each of the 4 fractions.

Fraction 1 is assumed as representing the amounts of met-
als readily available for the benthonic fauna uptake, which is
immediately susceptible to be released to the water column
during dredging operations (Di Nanno et al. 2007). There-
fore, the metals accumulated in this geochemical fraction
tend to be highly toxic (Salazar et al. 2013). In the sediments
of the dredging simulation area, Cd and Zn were shown to
be rather present in fraction 1 (average 64.8% and 48.9%,
respectively; Fig. 3), which are probably associated with
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Table 7 Metal concentration in 4 geochemical fractions

F1 fraction F2 fraction F3 fraction F4 fraction

Mean +SD Min-Max Mean +SD Min-Max Mean +SD Min-Max Mean +SD Min-Max
Fe (mg g™ 0.7+0.2 0.3-1.1 53+1.6 3.0-7.6 129+3.4 6.2-18.8 8.7+2.8 4-13.2
Al (mg g™ 0.3+0.1 0.1-0.5 27+1.1 1.0-4.6 43.6+23.7 12.8-92.1 2.0+0.7 0.6-3.3
Cd (mg kg™ 14+0.2 0.5-29 0.2+0.1 0.1-0.4 0.3+0.1 0.1-0.4 0.3+0.1 0.1-0.4
Cr (mgkg™) 0.6+0.2 0.2-1.0 14.4+3.7 6.8-24.5 30.4+9.2 13.6-61.8 44+14 1.6-8.8
Cu (mg kg™ 0.8+0.3 0.3-1.4 3.0+0.8 1.2-4.38 11.2+3.3 4.7-21.6 32+1.3 0.9-5.8
Ni (mg kg™") 0.8+0.3 0.4-1.5 33+1.1 1.3-4.9 12.6 +4.3 6.0-22.1 0.7+0.2 0.2-1.0
Pb (mgkg™") 0.5+0.3 0.1-1.4 2.0+0.6 0.7-3.6 9.0+44 2.9-25.9 11.8+4.7 4.1-33.2
Zn (mg kg™ 149.4+81.4 35.2-369.2 14.6+6.2 5.2-30.5 65.4+25.3 29.3-139.9 65.5+28.4 20.1-137.8

the inputs from a disactivated zinc melting industry (Inga
Metais) that was closed in the early 1990s, but left a slag
pile of several meters tall, highly enriched with these met-
als (Ribeiro et al. 2013). Cu and Ni presented average per-
centages of 4.5% and 5.0%, respectively, in the F1, which
could be linked to diffuse sources in the watershed, mainly
domestic wastes, land-filling, and various industries. How-
ever, these contributions are insignificant, when compared
with the contamination of Zn and Cd. The metals Al, Cr, Fe,
and Pb presented the lowest concentration proportions in
the F1 fraction. It is noteworthy that Zn and Cd, with such a
high percentage in the F'1 probably constitute a higher risk of
contamination during dredging operations than states regula-
tions (as shown in the discussion of the previous item).
The association of metals with Fe and Mn oxi-hydroxides
corresponds to the F2 fraction (also known as reducible
fraction), which can be easily dissolved in reducing condi-
tions (Kumari and Paul 2017). Despite the severe negative
potential redox in the fictive dredging area (Table 5), it is
possible to observe a relevant role of the F2, especially for
Pb and expectedly for Fe (average 31.2%), a particularly
redox-sensitive element (Chifflet et al. 2019; Guo et al.
2006). The fictive dredging area is located a few hundred
meters away from the Port of Itaguai that exports large
quantities of iron ore. Although the boarding process is
presently improved, a few years ago, a brownish cloud of
ore powder could be periodically seen. The inputs of iron
oxi-hydroxides, as described by Araujo et al. (2017), may
be reflected in the sequential extraction of the sediment. Pb
presented the higher percentage in F2 (average 50.3%), and
the highest values were observed in S-14, where Pb associa-
tion with iron ore or in the Fe and Mn oxy-hydroxides medi-
ated by bacterial activity could be adequate explanations
(Hnatukova 2011). Fe and Mn oxi-hydroxides were shown
to be a more important binding and adsorption sites for Zn
than organic matter in the sediment (Guo et al. 2006), so it
also presented a high concentration in F2 (average 22.8%).
Cadmium and copper also presented relevant amounts asso-
ciated in F2 (averages of 13.7% and 17.4%, respectively).

The aluminum, chromium, and nickel presented the lower
associations with F2. As shown in in situ experiments, it is
not expected that metals strongly associated with reducible
fraction are released in the solution during dredging opera-
tions (Yu et al. 2019).

The anaerobic bacterial metabolism is responsible for
organic matter degradation in a reducing environment,
promoting reduction of sulfates to sulfides and preserving
the bulk organic matter (Bernardes et al. 2004; Mora et al.
2014; Sabadini-Santos et al. 2014). In these conditions,
metals associate with organic matter or sulfur through the
formation of mono and bisulfides (Machado et al. 2010).
The metals associated with the organic matter and sulfides
represent fraction 3, also known as oxidizable fraction (He
et al. 2017). The percentages of metals associated in frac-
tion 3 are relatively small with averages for Cr, Fe, Ni, and
Cu 0of 29.2%, 19.4%, 19.4%, and 17.0%, respectively. While
Cr can be associated with organic matter, the formation of
FeS, NiS, and CuS are probably the main reasons for these
percentages (Machado et al. 2010). Al, Pb, Zn, and Cd pre-
sented percentages below 10% in F3. Therefore, the oxida-
tion process that is intense on dredging operation probably
does not significantly affect the release of metals to the water
column. Furthermore, regardless of various studies reporting
in vitro oxidation experiments (e.g., Cappuyns and Swennen
(2005)), their kinetics in dredging operations is still poorly
known.

An interesting comparison of the results of the present
research with those of Ribeiro et al. (2013), who applied the
AVS/SEM model (Allen et al. 1993) to this same Sepetiba
Bay is unavoidable, because it was carried out to preview the
behavior of metals during a real dredging operation. Total
metal concentrations were in the same order of magnitude,
showing elevated levels of contamination for zinc and cad-
mium (twice as much as we found in average in the present
study). Regardless of the fact that redox potential was also
reducing in those authors’ work, concentrations of acid vola-
tile sulfides were low in the dredging simulation area, and
the percentages of metals associated with sulfides (SEM)
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Fig. 3 Fractionation of Fe, Al, Cd, Cr, Cu, Ni, Pb, and Zn in sediments from the Sao Francisco Canal mouth — Sepetiba Bay
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Ft 1 (40.45%)

Ft 2 (21.70%)

Fig.4 Principal component analyses performed with sediment sam-
ples (n=18), mode R (Klovan 1975)

were also low, corroborating the low availability of the oxi-
dizable (F3) observed in the present study.

Al is a refractory element originated from continental
weathering process, presented most of the total concentra-
tion in F4, probably associated with clay mineral crystal-
line structures (Kluczka et al. 2017). This finding shows the
reliability of the application of aluminum as a normalizing
element. Cr, Ni, and Cu concentrations were mostly asso-
ciated with F4, followed by Fe. Cd and Zn, also Pb in F4
presented the lowest concentrations in average, indicating
that the geologic influence on these elements is relatively
small when compared to their anthropogenic proportion. It
must be underlined that pseudo-total extractions (applied in
F4 extraction procedure) do not attain metals associated with
stronger lattice in the sediment. None of the metals present
in F4 are intended to be made available to the organisms
during dredging operations.

Statistical analyses

The geochemical fractionation of the metals was further
assessed applying a principal component analysis (PCA)
multivariate test (Fig. 4; individual loadings of each variable
were presented in Supplementary Material SM 4). In order
to evaluate the influence of natural conditions over metal
accumulation, the statistical calculations were performed
with the labile fraction concentration (F1+ F2+ F3). The
most relevant factor (Ft 1) accounted for 40.45% of the total
variance. The main feature related to Ft 1 is a significant

0,2542796
0,3542796 +
0,4542796 +

0,5542796

0,6542796 +

Similarity

0,7542796 + |

0,8542796 +

0,9542796 +

. —

T £z 852 338 3

Fig.5 Result of the hierarchical cluster analysis for labile fraction of
studied metals in the sediments of Sepetiba Bay — RJ

approximation between Cd, Cr, Cu, Pb, Zn, organic carbon,
and a separated group gathering grain size (clay +silt), Fe,
Ni and total nitrogen. Although organic matter and fine sedi-
ment are relevant factors for retention of contaminants, the
first group seems to be submitted to a closer control from
organic matter, while the second group was rather controlled
by granulometry. It is interesting to note that Fe is not con-
trolled by Eh, regardless of the fact it is a redox sensitive
element (Eggleton and Thomas 2004). Probably most of
this element is rather geogenic (as discussed in the results
of sequential extractions). Therefore, Ft 1 is substantially
controlled by the environmental energy and the associated
processes, generating smaller grain-size and accumulation
of organic matter associated with metals.

Considering the conspicuous separation of the variable
redox potential (Eh), the Barletts sphericity test, together
with Kaiser—Meyer—Olkin test were applied to verify the
validity of the PCA. It was observed that although values of
correlation between Eh and other elements are frequently
low (except silt—clay), the results show that they do not sig-
nificantly differ from zero (chi-square 190.434; p <0.0001;
a=0.05). Considering that the calculated p is smaller than
the assumed significance level (0.05), it is concluded that
at least one of the correlations is different from zero and
the PCA is valid. The calculated Kaiser—Meyer—Olkin value
was 0.525.

The second factor (Ft 2) contributing with a further
21.70% variation out of the total provides information con-
cerning metals without relation with anthropic contributions.
The principal feature related to the first factor showed sig-
nificant separation between the group pH, Al, Fe, and Ni,
corroborating the reduced influence of the physico-chemical
variable over the considered lithogenic metals. On the other
hand, other metals Cd, Cr, Cu, Pb, and Zn seem to have
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Table 8 The range of EF
calculations for 18 collected

Trace elements

Enrichment factor (EF)

samples EF range Sediment quality

Cd 2.77 Moderate to significant enrichment
9.20

Zn 1.89 Non-existent or very low to significant enrichment

10.50

Pb 0.67 Non-existent or very low to moderate enrichment
2.50

Cu 0.77 Non-existent or very low to moderate enrichment
2.06

Cr 0.29 Non-existent or very low enrichment
1.35

Ni 0.66 Non-existent or very low enrichment
1.51

a consistent contribution from anthropogenic sources and
although organic matter and granulometry (smaller extent)
showed to control their behavior in Factor 1, in Factor 2
these metals were rather associated with redox potential.
Loadings of each variable in components 1 and 2 (Ft 1 and
Ft 2) are presented in the SM 4.

The cluster analysis further corroborates the formation of
two distinct groups based on sediment variables and metal
accumulation (Fig. 5) observed in principal component anal-
yses (PCA). These groups could be divided in metals with
and without anthropogenic relation. Al, Fe, and Ni would be
associated with a lithogenic origin, while the other metals
represent an anthropogenic pollution in different levels for
each metal. Clearly, this separation of metals may determine
the risk of dredging operations.

Assessment of sediment contamination

Cd and Zn presented EF values above 2 (SM 5), constituting
evidence of anthropogenic sources (Caceres-Choque et al.
2013). EF values demonstrated absent or very low enrich-
ments for Cr and Ni, which can be considered natural. None-
theless, Pb reaches moderate values in S-8, S-12, and S14,
while Cu is moderately enriched in S-5 (Table 8). The index
indicates relevant enrichment of Cd and Zn in the fictive
dredging sediments in Sepetiba Bay. In areas with such con-
centrations, regardless of the fact that many stations do not
overcome the threshold limits of the legislation, resuspen-
sion and release of metals constitute a hazard for the envi-
ronment. In these areas dredging should apply techniques
that reduce resuspension or oxidation of the sediments.

Ecological risk assessment of trace metal pollution

The Risk Assessment Code (RAC) results presented very low
risk for Cu, Cr, Ni, and Pb in all sampling stations (Fig. 6A).

@ Springer

However, the risk of Cd is significant, varying between
medium and very high, reaching more than 70% in seven
stations. Zn presented low to very high risk, however more
frequent in high risk, reaching 72% at the S-11. Cd and Zn
constitute significant risks, mainly for the benthonic com-
munity, as well as in dredging operations, where sediments
are resuspended. Furthermore, in complex estuarine eco-
system, where trophic chains are composed of many levels,
there is a strong risk that dredging promotes intensification
of the biomagnification in the top consumers (Dong et al.
2019). It is noteworthy from Fig. 6A that the RAC was able
to steeply differentiate Cd and Zn from other metals, which
can be considered a consistent statement, based on the previ-
ous approaches.

The Risky Pollution Index (Ir) considers the possibility of
trace metal release from exchangeable, reducible, and oxi-
dizable fractions, however, in variable proportions. The trace
metal release of these geochemical fractions demands rel-
evant physicochemical changes, in this case; only an intense
resuspension event (like dredging) could be capable to pro-
mote those changes (Fremion et al. 2016). In general, all
metals showed significantly higher risk comparing with the
RAC (Fig. 6B). Ni presented the lowest values, classified as
low to medium risk. Cr and Cu also displayed medium risk,
regardless of station S-8 that presented considerable risk. It
is interesting to note that in the /r risk analyses, Pb presented
a considerable risk in most of sampling sites, at the S-13,
and S-15 reached high range and at S-14 very high range. It
is interesting to note that EF for Pb shows low enrichment,
while Ir value is related mainly with the F2. Perhaps this
element hazard is being overestimated. Considering the RAC
and Ir risk analyses, the Zn is the most dangerous pollutant,
closely followed by Cd, reaching the highest /r values and
representing a severe risk for the biota.

Figure 7 shows the values of the BRAI calculated in
the sediments for the stations in the Sepetiba Bay fictive



Environmental Science and Pollution Research (2024) 31:14254-14269

14265

80

70

n
o

F1 (Exchangeable) - %
(5] -
(=} o

~
) )

n
|
|
I
I
I
I
I

-
I

Risky Pollution Index (Ir)
(=} — o w
| T T T '
s e |

S-2
S-3
S-6
S-8

S-7

60
L High Risk
Medium Risk
20 — —_ — — —— —
10 Low Risk
. ..|| IIII |I| II|I |I| ! |||| |I| I||| |I|I |I| |I| III |||
r'* v, v,
) -'. %) . I ?

A s Cr W Cu BEEE Ni BEEE Ph JSSN Zn EEEE Cd

Very High Risk

_—,_ l
I

S-18 |

)

Sl4.
S-16

U.‘ V} VJ

Severe
Very high
High
Considerable
Low to Medium
Negligible

— ﬁ : ]

7, v'z ) %) % % %) %)

Fig.6 A The Risk Assessment Code (RAC) and B Risky Pollution Index results for surface sediments of Sepetiba Bay — RJ

dredging area. Regardless of the fact that the conception
of the indexes applied in the present research, their results
did not differ considerably. High values were observed in
stations S-2, S-7, S-8, S-11, S-12, S-13, and S-18, while
station S-9 showed lower values. In fact, this last station is
the only one that presented medium risk of bioavailability.

The Index BRAI is differentiated from the others because
it integrates the cumulative risks of all metals (except Fe
and Al) in one overall index. Considering that the risks
are mainly associated to Cd and Zn (Fig. 6), regardless of
the different calculations, the responses of all indexes are
redundant.
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Fig. 7 Bioavailability Risk
Assessment Index (BRAI)
results for surface sediments of
Sepetiba Bay — RJ
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Conclusion

In the present work, the metallic contamination of a fic-
tive dredging area was presented, applying various tech-
niques to assess its hazard. Dredging control legislation
considers limiting total concentrations (sediment quality
criteria), disregarding chemical fractionation, an approach
that is not able to determine the real environmental risk.
The metals’ geochemical fractionation in the sediments
of the dredging simulation area (mouth of Sao Francisco
Canal in the Sepetiba Bay) demonstrated the influence of
anthropogenic sources in the sediment. Cd, Zn and to a
lesser extent Pb are the most prominent pollutants, with
a relevant part of their concentrations associated with the
exchangeable fraction, which can promptly release in the
environment. Pb concentrations were also important in the
reducible fraction (Pb), which is less important in dredg-
ing operations. The other metals (Al, Fe, Cr, Cu, and Ni)
presented low concentrations in the labile fractions (F1,
F2, and F3). Al, Fe, and Ni were related with lithogenic
(natural) sources and do not constitute any risk in dredg-
ing operations, while Cr, Pb, and Cu are originated from
mixed sources.

The oxidizable fraction is important in dredging because
the operation tends to promote an intensive oxidation of the
sediments. Regardless of the fact that the sediment in the
study area was a reducing environment, most of the metals
were not present in this fraction. The normal associations of
metals with sulfides in reducing environment were shown
not to be relevant in the study area. Therefore, dredging
operations would release the contaminants by desorption
(fraction 1), rather than by intense oxidation.

Enrichment factor indicates a significant enrichment in
Cd and Zn, but also a moderate enrichment in Pb and Cu.
The Risk Assessment Code (RAC) presented a negligible
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risk for Cu, Cr, Ni, and Pb. However, Cd and Zn could rep-
resent a very high risk to the biota, mainly during dredging
operations or in complex ecosystems (trophic chain with
numerous levels). The Risky Pollution Index (/r) demon-
strated that Zn and Pb represent in some samples a severe
risk for the environment and Cd a very high risk. There-
fore, Cd and Zn represent an eminent environmental risk,
although Pb could also represent a risk for the benthonic
community. On the other hand, Bioavailability Risk Assess-
ment Index (BRAI) is a cumulative index that integrates the
risks of each metal as a function of their toxicity and regard-
less of the significant different conceptions from the others,
it still provides similar information.

Dredging in the area delimited in the present research
demands the application of techniques like submarine-
confined disposal facilities, controlled dredging veloc-
ity procedures, and purposefully designed equipment to
reduce resuspension. It is finally noteworthy that many
of the evaluated sites presented concentrations below the
threshold limits of the legislation, however still presenting
severe risk; therefore, we conclude that the evaluation of
total (or pseudo-total) concentrations alone is not enough
to estimate the risk of a dredging operation. Although the
international literature shows that the establishment of
sediment quality criteria should be abandoned, the leg-
islations all over the world still consider this approach in
dredging operations.
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