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Abstract

Bottom sediment quality from the Niter6i harbor at Guanabara Bay (Rio de Janeiro, Brazil) was evaluated based on concentra-
tions of organic phosphorus (OP) and inorganic phosphorus (IP) and bioavailability of trace metals through BCR fractionation
analysis (Zn, Cu, Pb, Cr, Ni, Cd). The study area revealed elevated concentrations of fine sediments and organic matter (TOC:
2.26-7.31%). OP presented extremely elevated concentrations between 0.57 and 47.04 umol/g, whereas IP reached a maximum
concentration of 4.99 pmol/g. The anoxic bottom at the study area was confirmed by high TOC/OP values in most stations.
Phosphorus enrichment index (PEI) varied between 0.07 and 2.57, pointing to ecological risk at some stations. Trace metals were
mostly bonded to the bioavailable fractions (exchangeable, reducible, oxidizable), and decreasing order of mobility was Zn > Cu
> Pb > Cr > Ni > Cd. The Risk Assessment Code (RAC) suggested a high risk of bioavailability for Zinc and a medium risk for
the other metals. Overall, the Niter6i harbor revealed poor sediment quality suggesting a strong anthropogenic pressure in the

area.
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Introduction

Urbanization of coastal areas usually comes along with strong
anthropogenic pressure that reduces water and sediment qual-
ity and threatens pelagic and benthic communities (Birch
2017). Large inputs of domestic and industrial effluents, con-
taining raw sewage and all kinds of pollutants, such as organic
contaminants and trace metals, arrive at coastal waters sur-
rounding big cities worldwide. Regarding anthropogenic in-
puts, macronutrients and trace metals are often among the
substances released in coastal urbanized environments.
Nitrogen and phosphorus have a crucial role in primary pro-
duction, and the excess of these substances in coastal waters,
lagoons, and lakes drives eutrophication (Zhou et al. 2020). In
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urbanized areas, these nutrients usually reach coastal bays and
estuaries through the release of untreated sewage, and some of
the effects caused by eutrophication include hypoxia/anoxia,
the increase of turbidity, phytoplankton blooms, and the de-
crease of biota diversity, among others (Alexander et al. 2017,
Peyman et al. 2017; Wurtsbaugh et al. 2019). Trace metals are
often present in industrial effluents, and contamination of es-
tuaries and coastal bays by these elements has been reported
for decades (Chen et al., 2016; Cukrov et al., 2011; Hamdoun
et al., 2015; Karydis and Kitsiou, 2012; Qian et al., 2018;
Sundararajan et al., 2017).

Harbors and shipyards are commonly located in confined
environments, favoring the accumulation of fine sediments
that act as sinks for contaminants (Kalnejais et al. 2010), and
geochemical evaluation of sediment compartment can unveil
the levels of contamination by different substances as well as
ecological risks to local biota and, consequently, to the human
population that lives in the surroundings. Phosphorus is the
most important macronutrient limiting primary production on
long time scales and the release of this element from bottom
sediments affects nutrient ratios increasing eutrophication and
playing a key role in the development of bottom hypoxia in
marine environments (Edlund and Carman 2001; Dijkstra
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etal. 2016; Dan et al. 2020a). Sediments are important carriers
for trace metals and can act as sources or sinks for these ele-
ments. Trace metal contamination in bottom sediments is a
major concern, due to their toxicity and persistence in the
environment and also bio-accumulation along the trophic
chain (Saleem et al. 2015). Remobilization of metals from
bottom sediments can occur due to physical factors, such as
dredging, wave action, tidal movement, and biogeochemical
changes, such as bioturbation, mineralization of organic

matter, pH, and salinity variations (Eggleton and Thomas
2004; Duran et al. 2012). Regarding trace metals, sediment
quality guidelines usually approach total metal content that
does not reveal metal bioavailability or mobility. The use of
the BCR technique to analyze trace metals allows the assess-
ment of metal concentrations in bioavailable fraction and eval-
uation of ecological risk through the Risk Assessment Code
(RAC) (Passos et al. 2010; Aguiar et al. 2018; Caraballo et al.
2018).
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Table 1  BCR three-step sequential extraction and residual fraction extraction by USEPA 3051 (USEPA 2007)

Fraction Extraction reagents Extraction procedure

Fl1 40 ml acetic acid 0.11 M Mechanical agitation

Exchangeable and carbonates

F2 40 ml hydroxylammonium chloride 0.5 M Mechanical agitation

Oxides Fe/Mn

F3 20 ml hydrogen peroxide 8.8 M Water bath (85 °C) and mechanical agitation

Organic matter
F4 9 ml nitric acid
Residual 3 ml hydrochloric acid

50 ml ammonium acetate 1 M

Microwave digestion

The health status of an aquatic system can be assessed
through proper environmental monitoring, assessing the im-
pacts caused by anthropogenic pressures to develop public
policies to protect the environment as well as the economic
activities that take place in coastal areas. This study aims to
evaluate the quality of bottom sediments from Niter6i harbor,
located in an extremely polluted estuary, Guanabara Bay
(Neto et al. 2006; Cordeiro et al. 2008; Abreu et al. 2016;
Soares-gomes et al. 2016), and subjected to strong anthropo-
genic pressure through inputs of domestic effluents and from
the shipyard industry in its surroundings.

Material and methods

Niter6i harbor is located in the east margin of Guanabara Bay
(Rio de Janeiro), one of the most polluted coastal areas in
southeast Brazil (Kjerfve et al. 1997; Baptista Neto et al.
2006; Aguiar et al. 2016; Soares-gomes et al. 2016; Fries
et al. 2019). The Niter6i Harbor has a mean depth of 7.6 m
in the main channel and 9.1 m in the cargo pier with a mean
tide of 1.21 m. The area is surrounded by shipyards and is
known for intense naval activity (Vilela et al. 2004; Baptista
Neto et al. 2005)

Bottom sediments of Niteroi harbor were sampled at 11
stations in the winter of 2015 with a stainless steel Van
Veen grab (Fig. 1). The samples were stored in plastic bags
properly identified and immediately stored on ice until arrival
at the laboratory where they were frozen at —20 °C.

Table 2 Risk ) _ )
classification according RAC Risk classification
to Risk Assessment
Code (RAC) <1% No risk
1-10% Low risk
11-30% Medium risk
31-50% High risk
>50% Very high risk

@ Springer

In the laboratory, samples were freeze-dried and aliquots
were taken for determination of grain size, total organic car-
bon (TOC), total nitrogen (TN), organic phosphorus (OP),
inorganic phosphorus (IP), and trace metals. Samples for grain
size analysis were pre-treated for the elimination of organic
matter with H,O, and carbonates with HCI 10% (Suguio
1073). Samples were then analyzed through laser scattering
with the aid of a particle analyzer Malvern-series 2000, with a
Hydro G dispersion unit with HC1 10%.

Samples for determination of TOC and TN were processed
in an elemental analyzer Perkin Elmer® after elimination of
carbonate with HCI 10% (v/v), and acetanilide was used as a
standard.

Following the method described by Aspila et al. (1976),
total phosphorus (TP) was extracted with HCI 1M in previ-
ously calcinated samples (550 °C) with mechanical agitation
for 16 h. The extraction of inorganic phosphorus (IP) followed
the same procedure without the calcination step. Organic
phosphorus (OP) was obtained through the difference be-
tween total and inorganic phosphorus.

The phosphorus enrichment index (PEI) was used to esti-
mate ecological risk concerning sedimentary P concentra-
tions.

PEI = g
Cs

C; is the sedimentary TP concentration for each sample,
and C, is the standard TP concentration (~19.4 pumol/g)
established by the Department of Environmental and Energy
(DOEE) above which ecological risks are expected (Mudroch
and Azcue 1995, Riba et al. 2002). Total phosphorus concen-
trations are expected to cause ecological risks if PEI is >1.

Samples for the determination of trace metals were homog-
enized with a mortar and pestle and followed the BCR
protocol established by Ure et al. (1993) and Rauret et al.
(1999). The residual fraction was determined following the
method by USEPA 3051. The determined metals (Zn, Pb,
Cd, Cr, Ni, Cu) were extracted from 1.0 g of sediment accord-
ing to Table 1.
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Fig. 2 Grain size and calcium carbonate in bottom sediments from Niter6i harbor

The evaluation of the ecological risk was made using the
Risk Assessment Code (RAC) commonly along with BCR
determination (Nemati et al. 2011; Canuto et al. 2013;
Sungur et al. 2014; Aguiar et al. 2020). The index considers
the percentage of metal in the exchangeable fraction and clas-
sification varies from no risk to very high risk (Table 2).

The software Statistica 7.0® was used to perform principal
component analysis (PCA) on sediment data.

Results and discussion

Coastal bays usually present a textural range that goes from
the mixing of sand, silt, and clay or well-sorted sand
representing the reworking of sediments by tidal and wave
actions. In the inner portion of coastal bays, hydrodynamics
is usually weaker, favoring the deposition of finer sediments
(Vilela et al. 2004). The study area is located in an inner part of
Guanabara Bay, with a restricted circulation that receives an
anthropogenic contribution from the naval industry and do-
mestic input especially in the proximities of station P3, where
small watercourses discharge untreated sewage from Nitero6i

city. The grain size results reflect hydrodynamic conditions
with the predominance of fine fraction (silt + clay) in most
stations (Fig. 2), except for P9, where sand predominated
(54%). With regards to the fine fraction, silt varied from 44
to 76%, whereas clay reached a maximum of 4% at P13.
Maximum concentrations of silt were registered in the most
inner stations of the study area, P1, P2, P4, P6, and also P8
(Fig. 2). Grain size results corroborated the ones found by
Vilela et al. (2004) and Baptista Neto et al. (2005) in the
Nitero6i harbor and characterize a very favorable environment
for the accumulation of pollutants, which are easily adsorbed
by fine particles. Calcium carbonate varied from 17.76 to
26.48% (Fig. 2) being classified as litoclastic (Larssouner
et al. 1982). The total organic carbon was considered elevated
all over the study area, suggesting anthropogenic input (Fig.
3). The highest TOC concentration, 7.31%, was registered in
station P3, and the elevated content is probably derived from
the material discharged from small streams that cross part of
Niteroi city and discharge untreated sewage in this location.
The smallest TOC concentration was found at station P13,
2.26%, still a very elevated content of organic carbon for a
marine area, which usually presents concentrations of
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Fig. 3 Total organic carbon and total nitrogen in bottom sediments from Niter6i harbor

sedimentary organic matter around 0.5% (Libes 2009). Total
nitrogen varied from 0.19 to 0.66%, with the highest concen-
tration at station P3 like TOC (Fig. 2). C/N ratio varied from
10 to 12 suggesting organic matter of mixed origin tending to
marine according to the classification proposed by Bader
(1955). TOC concentrations corroborated the values regis-
tered in Guanabara Bay in previous studies from Vilela et al.
(2003) and Carreira et al. (2004) who found values between
3.23 and 4.2 and 3.23 and 3.77%, respectively. In a study also
conducted in Guanabara Bay, Carreira et al. (2002) found C/N
ratios between 10.1 and 13.3, indicating organic matter of
mixed origin as the results of the present study.

Being a major nutrient in marine biogeochemical cycles,
phosphorus has a key role in primary production. The sources
of phosphorus to the ocean are restricted to continental
weathering and fluvial discharges, being the only macronutri-
ent limited by these processes (Anderson et al. 2001). Fluvial
discharges in coastal urbanized areas are usually loaded with
untreated sewage causing nutrient enrichment in marine wa-
ters and eventually leading to the eutrophication process.
Guanabara Bay long suffers from eutrophication caused by a
severe and continuous input of domestic and industrial load,

@ Springer

where phosphorus stands out as one of the main causes of this
deleterious process (Borges et al. 2009; Aguiar et al. 2011,
2013). The predominance of fine grain sizes in the most shel-
tered areas of the bay favors the retention of phosphorus, and
Niterdi harbor is one of these sites. Total phosphorus (IP +
OP) concentrations varied from 1.32 to 48.71 umol/g, with
the highest value registered at station P4, followed by P3
(38.11 pumol/g). Concentrations of IP varied between 1.09
and 4.99 umol/g with higher concentrations as stations P7
and P13 (Fig. 4). Organic phosphorus presented much higher
concentrations than IP, and the highest values were registered
in the most inner stations, P4 and P3 (Fig. 4).

Previous studies in Guanabara Bay had registered IP and
OP concentrations in different locations from the study area of
the present study. Borges et al. (2009) have studied the evo-
lution of sedimentary phosphorus concentrations in a core in a
sheltered area in the northwestern portion of Guanabara Bay.
The authors have found low levels of TP, around 9.3 umol/g,
in a period before human intervention in the drainage basin,
with over 60% of total phosphorus corresponding to IP. The
mentioned authors found a marked increase in TP concentra-
tions in the core after the middle 1990s, around 38 pmol/g,
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Fig. 4 Inorganic (IP) and organic (OP) phosphorus in bottom sediments from Niter6i harbor

where inorganic phosphorus accounted for over 90% of total
phosphorus. Concentrations of TP from the present study cor-
roborate the findings of Borges et al. (2009) in terms of total
phosphorus concentrations; however, results showed contrast
due to the predominance of OP over IP in the surface sedi-
ments from Nitero6i harbor.

Aguiar et al. (2013) found concentrations of IP in Jurujuba
Sound (Nitero6i) varying from 1.61 to 15.80 umol/g, a much
higher maximum value than the maximum value in the present
study (4.99 umol/g). The mentioned authors registered OP
concentrations between 0.21 and 10.06 pmol/g, much lower
than the results registered in the Niter6i harbor area. Carreira
and Wagener (1998) found concentrations of IP and OP vary-
ing from 7.84 to 58.51 and 4.11 to 27.08 umol/g, respectively,
in the coastal area adjacent to Guanabara Bay.

Other studies concerning sedimentary phosphorus in coast-
al areas also presented higher contents of IP over OP such as
the one from Dan et al. (2020a), who found up to 9.76 and
7.48 umol/g of IP and OP in the South China Sea, and from
Dan et al. (2020b) who registered maximum concentrations of
16.00 and 2.88 pumol/g of IP and OP, respectively, in south-
east Nigeria.

Concentrations of sedimentary phosphorus in Niter6i har-
bor contrasted with results from previous studies in different
sites inside Guanabara Bay and other coastal areas regarding
the predominance of OP over IP in the present study. Organic
phosphorus surpassed 90% of the TP pool in several stations,
especially in the most inner ones, such as P2, P3, P4, P6, and
also in P8.

Bottom sediments are considered natural depositories for
phosphorus and organic carbon. Usually, almost all the types
of sedimentary organic matter in the aquatic environment are
due to primary production in the terrestrial and marine envi-
ronments. Organic phosphorus is one of the most important
phases buried in sediments and directly affects the levels of
dissolved inorganic phosphorus available for primary produc-
tion (Anderson et al. 2001; Edlund and Carman 2001). The
removal of phosphorus from the water columns is driven by
primary production, and the products of this process reach
bottom sediments and are incorporated into organic matter.
The molar ratio TOC/OP from marine phytoplankton is close
to the C/P ratio (106:1) proposed by Redfield et al. (1963).
Therefore, most of the organic matter that reaches the interface
water-sediment should present a C/P molar ratio close to
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Fig. 5 TOC/OP molar ratios and
PEI for bottom sediments at
Nitero6i harbor area

5000
4500
4000
3500
3000

TOC/OP
(3]
N
(=3
(=)

1500
1000
500
0

r
Pl P2

P3 P4 PS5 P6 P7 P8 P9 PIO PI3

o
S

PEI

o
v

0.0
Pl P2 1

3 - : P7 P8 P9 P10 PI3

P P4 PS5 P6

106:1. In this sense, TOC/OP molar ratio is a proxy that helps
to understand the origin, decomposition, and preservation of
sedimentary organic matter and phosphorus transformation in
sediments, as well as redox conditions of sediments and inter-
stitial waters in aquatic ecosystems. It has been reported that
TOC/OP molar ratios smaller than the Redfield C/P ratio were
registered in well-oxygenated environments, due to the min-
eralization of organic matter, whereas higher values of this
ratio were found under anoxic conditions. Elevated TOC/OP
usually point to terrestrial organic matter with values around
300-1300 for higher plants with soft tissues, whereas TOC/
OP higher than 1300 indicates terrestrial plants with woody
tissues (Dan et al. 2020b). The molar ratio TOC/OP can also
be used to evaluate redox conditions from sediments and in-
terstitial waters in aquatic environments since the burial of
TOC in marine sediments is more efficient than the burial of
OP under low oxygenation (Dan et al., 2020b). Despite the
many uses of this proxy, TOC/OP molar ratios may present
some ambiguity due to phosphorus early diagenesis. Some
studies have shown that organic phosphorus is transformed
and adsorbed into authigenic phosphorus compounds in

@ Springer

shallow environments of high productivity since anaerobic
bacteria cannot retain the inorganic phosphorus released
(Anderson et al. 2001; Dan et al. 2020b). In the present study,
results of TOC/OP exhibited a large range, from 73 to 4931
(Fig. 5), suggesting the predominance of anoxic conditions in
bottom sediments in most of the stations in the Niter6i harbor
area, which presented values much higher than the Redfield
ratio. Station P4 presented a TOC/OP molar ratio <106, sug-
gesting an oxygenated bottom (Fig. 5); however, OP
corresponded to 97% of the composition of the TP pool at this
point. Some authors have found the predominance of organic
phosphorus in TP pool especially in surface sediments from
environments with anoxic/hypoxic bottom waters (Jilbert
et al. 2011; Dijkstra et al. 2016), contradicting the results
found in P4. P4 not only is one of the most inner stations,
but also presents a low depth (<8 m) that might not allow
mineralization of all organic matter present in the water col-
umn. It should also be considered that P4 receives the direct
anthropogenic contribution of the Fonseca River, and in fact,
P4 exhibited the highest concentration of OP, 47.04 umol/g,
which might have contributed to the lowering of the TOC/OP
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ratio, despite the elevated concentration of organic carbon
(4.1%). Although the TOC/OP at P4 suggests an oxygenated
bottom, it seems that the dissolved oxygen concentrations are
not enough to mineralize such a large amount of organic
matter.

Phosphorus enrichment index (PEI) was >1 at P3 and P4
(Fig. 5), pointing to ecological risks at the most inner stations,
probably due to the heavy anthropogenic contribution of the
Fonseca River that discharges in the proximities of P3 carry-
ing untreated domestic sewage.

The concentrations of trace metals in bottom sediments
from the Niter6i harbor were quite elevated (Table 3). The
percentage of zinc in the bioavailable fractions (% F1-F3)
surpassed 90% in every sample, varying between 252.14 and
536.69 pg/g. Zn was mostly bonded to the first fraction (F1),
which is the one that corresponds to weak associations with
carbonates. Metals weakly bonded to carbonates could be
displaced by ions such as Ca, K, Mg, and ammonium (Diaz-
de-Alba et al. 2011; Fathollahzadeh et al. 2014), the last one,
commonly present in contaminated areas by domestic efflu-
ents, through the hydrolysis of urea. Changes in salinity and
pH are among the factors that can favor the release of metals
bonded in the soluble fraction (F1) increasing their mobility.
The most inner stations presented the higher concentrations of

Table 3  Trace metal concentrations (jg/g) in bottom sediments from
Niter6i harbor in the bioavailable (F1-F3) and residual (R) fractions, sum
of'the 4 fractions, and percentage of bioavailable fraction (F1 + F2 + F3),

Zn in the soluble fraction (F1), especially P1-P6. Zinc con-
centrations were higher in the reducible fraction from in sta-
tions P7-P13 (Fig. 6). Oxidizable and residual fractions were
the ones with lower zinc concentrations. Among the metals
analyzed, Zn was the one less bonded to the residual fraction.
Maximum concentrations of Zn were registered in the soluble
fraction of stations P1-P3 and varied between 305.31 and
357.20 ng/g, surpassing the probable effect level (PEL) and
effect range low (ERL) (Table 3).

According to Masoud et al. (2010), during deposition pro-
cesses, zinc is usually bonded to oxy-hydroxides. Salem et al.
(2014), on the other hand, stated that zinc can be precipitated
as ZnCOs, and this hypothesis corroborates the results of the
present study that revealed Zn mostly bonded to the soluble
fraction, which includes carbonates. However, zinc associated
with oxy-hydroxides was the second most predominant frac-
tion. Apart from P9 and P10, the concentrations of Zn in the
soluble fraction in the remaining stations were over the thresh-
old effect value (TEL), varying between 130.10 and 232.76
pg/g. Some stations also surpassed ERL concerning Zn in F1.
In the reducible fractions, most of the stations presented Zn
concentrations higher than TEL and ERL, with values
between 137.50 and 234.85 ug/g. Historically, high levels of
zinc in bottom sediments from Guanabara Bay have been

sediment guidelines, and obtained values for certificate material BCR
701®

Zn Cu Pb Cr Ni Cd
Fl1 24.68-357.20 0.68-51.87 2.55-14.03 1.39-7.84 2.55-891 0.40-1.43
F2 89.80-234.85 32.64-127.40 12.60-153.35 3.06-9.80 4.30-8.50 0.60-2.47
F3 1.39-23.0 35.68-192.56 8.70-39.05 7.81-19.06 3.03-9.95 0.20-1.94
R 6.13-23.67 7.61-39.20 22.34-44.58 6.31-28.49 6.49-19.85 2.16-5.99
>FI-R 275.20-560.36 91.15-311.46 58.47-247.32 21.65-57.74 22.28-43.18 4.91-10.49
%y F1-F3 91.62-98.19 75.70-96.22 54.05-86.49 50.65-78.35 49.61-77.89 37.23-57.86
*TEL 124 18.7 30.2 52.3 15.9 0.7
*PEL 271 108 112 160 42.8 42
**ERL 150 34 46.7 81 20.9 1.2
**ERM 410 270 218 370 51.6 9.6
F1-BCR 701 205 49.3 3.18 2.26 15.4 7.3
F1 obtained 198 455 2.59 2.50 14.6 72
F2-BCR 701 114 124 126 45.7 26.6 3.77
F2 obtained 112 127 128 44.5 27.0 3.65
F3-BCR 701 46 55 9.3 143 153 0.27
F3 obtained 45 54 8.9 141 15.1 0.28

*Canadian Sediment Quality Guidelines (MacDonald et al. 2000)
*TEL, threshold effect value

*PEL, probable effect value

**Sediment quality guidelines (NOAA 2012)

**ERL, effect range low

**ERM, effect range medium

@ Springer



62300

Environ Sci Pollut Res (2021) 28:62292-62305

Cu
100
80

60

40

BRIt |
ST e

e |
RIS |

AT EEEEREeEeEeEeeee:
I e

1)
—_
J
S
1]
[
av]
~
1]
[
1]
=N
J
N
1]
7]
1]
el

w
o
I
o
gl
L=
!
(9%)
]
=

L= |
=== |

H
o0 (=1
o (=]
AT

d
dJ
]
J
.
o~
=
J
u\
J
[N
dJ
1
T
o0
g
o]

Fig. 6 BCR distribution of zinc, copper, and lead at bottom sediments
from Niterdi harbor

reported in the last decades. The very elevated concentrations
of Zn, especially in the soluble fraction was already observed
in other parts of Guanabara Bay, most precisely in the west
portion, including Rio de Janeiro Harbor, where Aguiar et al.
(2018) registered concentrations as high as 220.40 ug/g in F1,
however, still lower than the maximum value found in the
present study, 357.20 pg/g. Cordeiro et al. (2015) also found
elevated concentrations of Zn in the soluble fraction in
Guanabara Bay, with a maximum value of 479 w/g. A very
high total concentration of Zn was also reported in Guanabara
Bay by Aguiar et al. (2016) who found Zn concentrations up
to 755 ug/g. Considering harbor areas around the world,
Fathollahzadeh et al. (2014) registered high concentrations
of Zn in Oskarshamn harbor (Sweden) sediments, reaching a
maximum concentration of 1794 ng/g regarding the sum of
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the four BCR fractions (F1-F4), and 42-58% of Zn was bond-
ed to the soluble fraction (F1), suggesting that harbor areas are
prone to accumulate zinc in bottom sediments. Risk
Assessment Code for Zn showed a very high risk of bioavail-
ability in stations P1 to P6, and high risk in P7, P8, and P13
(Fig. 8). Results suggest strong anthropogenic sources in the
surroundings of the study area, since this metal is usually
confined close to the emission sources and widely detected
in industrial and mining wastes, as well as associated with
municipal wastewater, corrosion of ship hulls, and tire parti-
cles, among others (Callender and Rice 2000; Dong et al.
2012; Aguiar et al. 2016). The higher risk in the inner stations
is probably due to higher contents of fine sediments and more
restricted circulation. The study site, besides being a harbor
area, is home to several shipyards, which certainly contributes
to anthropogenic inputs of zinc and other metals.

For copper, the sum of bioavailable fractions (F1-F3)
surpassed 90% in approximately 54% of the samples (Fig.
6). The oxidizable fraction (F3) was the one retaining higher
concentrations of copper, corroborating the hypothesis of the
high affinity of this element with organic matter (Diamond
2012). Living organisms, detritus, and coatings on mineral
particles are among organic materials that can form metal
complexes. Mineralization of organic material can mobilize
metallic elements retained in the sediments and release soluble
forms of the metals (Filgueiras et al. 2002). The soluble frac-
tion was the one that presented the lowest concentrations of
Cu; nevertheless, the TEL value was overcome in some sta-
tions (P1, P2, P4, P6), with values between 21.17 and 51.87
ug/g for F1. P1 and P4 also presented Cu concentrations
higher than ERL in F1. The probable effect level (PEL) for
Cu was overcome in some stations in the reducible (112.93—
127.40 pg/g) and oxidizable fractions (111.94-192.56 ug/g).
Stations that did not overcame PEL values in the reducible and
oxidizable fractions were higher than the TEL value for cop-
per. Effect range low (ERL) for Cu was also surpassed in
every station for F2 and F3 concentrations. Elevated Cu
concentrations in bottom sediments have been described at
Guanabara Bay through fractionation studies by Cordeiro
et al. (2015) and Aguiar et al. (2018), who found much lower
values concerning BCR fractions (0.01-99.9 and 0.55-53.82
ug/g, respectively) than the results of the present study, re-
vealing that Niterdi harbor can be a hot spot of Cu contami-
nation within Guanabara Bay.

Urban anthropogenic sources of Cu are often associated
with urban runoffs, anti-fouling coatings, and diesel and fuel
combustion (Warnken et al. 2004). Besides urban effluents,
anti-fouling coatings could be one of the strongest sources of
Cu and also Zn in the study area, due to the presence of the
harbor and several shipyards. Despite presenting concentra-
tions above the sediment guidelines (Table 3), the risk of
bioavailability for Cu was considered medium for some of
the most internal stations (Fig. 8), P1, P2, P4, and P5. The rest
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Fig. 7 BCR distribution of chromium, nickel, and cadmium at bottom
sediments from Niterdi harbor

of the stations presented RAC <10% suggesting a low risk of
bioavailability for Cu.

The concentration of Pb in the bioavailable fractions (F1—
F3) was over 70% in every station, except for P2, which pre-
sented 54% of concentrations distributed in the bioavailable
fractions (Fig. 6). Concerning fractionation, Pb was the least
available element in the soluble fraction (Fig. 6). Higher con-
centrations of Pb were found in the reducible fraction, i.e.,
associated with Fe and Mn oxy-hydroxides. These secondary
oxides are often found as coatings of mineral surfaces or fine
particles and are known to scavenge trace metals through sev-
eral mechanisms, such as adsorption, ion exchange,
coprecipitation, and surface complex formation (Diaz-de-

Alba et al. 2011). Under anoxic conditions, the reduction of
iron and manganese can release adsorbed trace metals.

Fractionation of Pb of the present study corroborates the
ones found in previous studies in Guanabara Bay by Cordeiro
et al. (2015), who registered over 80% of Pb bonded to F2,
and Aguiar et al. (2018), who found approximately 45% of Pb
in the same fraction. In the reducible fraction (F2), stations P4
and P8 surpassed the PEL value, with concentrations of
152.21 and 153.35 pg/g respectively. Still in the reducible
fraction, all the other stations, except for P2, presented values
higher than TEL and ERL, varying between 51.11 and 95.37
ng/g. The concentrations of Pb in the oxidizable fraction were
higher than TEL in stations P5 to P13, with values between
32.99 and 39.05 pg/g. Despite overcoming some of the sedi-
ment guidelines, the risk of bioavailability for Pb was consid-
ered low, since RAC <10% in every sample (Fig. 8).

Approximately half of the samples presented over 60% of
Cr concentrations distributed in the first three fractions (Fig.
7), concerning bioavailability. Chromium presented the low-
est concentrations in the soluble fraction and the maximum
values in the oxidizable one (Fig. 7). All the concentrations
concerning the four fractions were below the TEL value for Cr
(Table 3). The residual fraction retained most of the Cr con-
centrations, after the oxidizable one. Nickel also presented
concentrations below the TEL value in every station and frac-
tions (Table 3). The lowest concentrations of Ni were regis-
tered in the soluble fraction and the highest in the residual
fraction (Fig. 7). Both Cr and Ni results were lower than the
ones registered in Guanabara Bay in previous studies by
Cordeiro et al. (2015) and Aguiar et al. (2018). Considering
bioavailability, RAC suggested medium risk for Cr in every
station. For Ni, the risk of bioavailability was considered low,
except for P1 with RAC suggesting high risk (Fig. 8).

Values of Cd were higher in the residual fraction, and ap-
proximately 27% of the samples presented over 50% of Cd
concentrations distributed in the bioavailable fractions (Fig.
7). Cadmium concentrations, however, were more elevated
in the residual fraction.

The most concerning issue regarding Cd was that all con-
centrations of every fraction surpassed the probable effect
level (Table 3). Concentrations of Cd were also higher than
ERL, mostly in the reducible fraction, which presented con-
centrations between 0.60 and 2.47 pg/g. The higher
concentration of Cd among the bioavailable fractions was
registered in the oxidizable fraction of P1, 33.01 pg/g.
Compared to Cd results obtained through BCR by Cordeiro
et al. (2015) in Guanabara Bay (0.005-80.3 pg/g), the results
of the present study were much lower. The Risk Assessment
Code suggested a medium risk of bioavailability for Cd in
most of the stations (Fig. 8).

Based on the bioavailable fractions (F1-F3), the decreasing
order of mobility of the studied elements in Niter6i harbor
bottom sediments is Zn > Cu > Pb > Cr > Ni > Cd.

@ Springer
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Fig. 8 The Risk Assessment Code (RAC) for zinc, copper, lead, chromium,

Principal component analysis (PCA) was made using the
sum of the four fractions for each metal and revealed a total
variance of 54.84% for two factors (Fig. 9). The first factor
corresponded to 37.96% suggesting that TOC was the most
significant component influencing the variance (Table 4) and
showing direct correlation with Zn, Cu, Ni, and OP. Direct
correlation between Zn and Cu suggests a common origin,
which is probably anti-fouling paints from ships. The second
axis showed clay as the most significant component, showing
its direct correlation with Cr and Pb. Station P3 appeared
detached from the others (Fig. 9), probably reflecting the
highest content of TOC (7.31%), which may be related to
the proximity with the mouth of the Fonseca River in the study

Table 4 Factor loadings

for two principal Factor 1 Factor 2

component analyses for

sediment data from CaCO; 0.5921 0.4542

Niterdi harbor area TOC 0.8736 0.2139
N 0.8269 0.1463
Sand —0.5696 0.7960
Silt 0.6046 —0.7645
Clay —0.3555 —0.8124
1P —0.6225 0.1366
OP 0.6838 —0.1290
Zn 0.8306 0.0591
Cu 0.7203 0.2787
Pb -0.0122 —0.2826
Cr —0.1540 —0.0045
Ni 0.1952 0.1037
Cd —0.7581 0.0674
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nickel, and cadmium in bottom sediments from Niterdi Harbor

area. Stations P7, P9, and P10 were the ones with the lowest
concentrations of clay, whereas P5 and P13 were the ones
with the lowest content of carbonates (Fig. 9). The last group
including most of the inner stations (P1, P2, P4, P6), and also
P8, presented very similar contents of silt and very high con-
centrations of organic phosphorus (except P1).

Conclusions

The evaluation of bottom sediments from Niterdi harbor re-
vealed a poor quality due to anthropogenic impact, not only
through the harbor operations, but also to the presence of
shipyards, in the surroundings of the study area, and domestic
inputs that arrive through the Fonseca River. Restricted circu-
lation leads to the accumulation of fine sediments that act as
sinks for all kinds of pollutants that arrive at the study area.
The predominance of organic phosphorus over the inorganic
form of the nutrient revealed the massive input of organic
matter, that along with restricted circulation, limits the miner-
alization processes, also reflected by the elevated concentra-
tions of total organic carbon. As for metal contamination,
most trace metal concentrations are bonded to the bioavailable
fractions that, under certain physicochemical changes, can
release the soluble form of the metals. Zn posed the highest
threat of bioavailability with RAC values above 30% at almost
every station. The other elements presented mostly medium
risk regarding the more immediate bioavailability through the
exchangeable fraction. The decreasing order of mobility based
on the bioavailable fractions was Zn > Cu > Pb > Cr > Ni >
Cd. Results corroborated the results of bottom sediment qual-
ity of Guanabara Bay reported in previous studies, suggesting
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Fig. 9 Principal component =
analysis for sediment data from
Niter6i harbor area 41

16 .88%

Factar 2:

an ecological risk to biota and its associated economic activ-
ities such as fishing and mariculture.
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