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This study proposes a new methodology to study contamination, bioavailability and mobility of metals
(Cd, Cu, Ni, Pb, and Zn) using chemical and geostatistics approaches in marine sediments of Sepetiba
Bay (SE Brazil). The chemical model of SEM (simultaneously extracted metals)/AVS (acid volatile sulfides)
ratio uses a technique of cold acid extraction of metals to evaluate their bioavailability, and the geosta-
tistical model of attenuation of concentrations estimates the mobility of metals. By coupling the two it
was observed that Sepetiba Port, the urban area of Sepetiba and the riverine discharges may constitute

potential sources of metals to Sepetiba Bay. The metals are concentrated in the NE area of the bay, where
they tend to have their lowest mobility, as shown by the attenuation model, and are not bioavailable, as
they tend to associate with sulfide and organic matter originated in the mangrove forests of nearby Gua-

ratiba area.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Inorganic and organic chemicals produced by various anthropic
activities are one of the main contributors to the degradation of
coastal environments (Cesar et al., 2006). These regions are prom-
inently susceptible to human impacts as urbanization and industri-
alization affect the complex structure and dynamic characteristics
of marine ecosystems (Celino et al., 2008; Raj and Jayaprakash,
2008).

Sediments are considered to be the main reservoir of metallic
and organic pollutants for the marine environment (Chapman
et al., 1999; Fukumoto, 2007; Ridgway and Shimmield, 2002). In
human-impacted area, due to the fact that sediments constitute
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a significant storage compartment of pollutants from the water
column, they can also be a potential source of these contaminants
whenever they release it back to the free environment through
wind resuspension, dredging, bioturbation or diffusion (Audry
et al,, 2004; Luiz-Silva et al., 2006).

As the sediment storages contaminants, benthic flora and fauna
constitute an important link for the coastal marine food web
(Wolff, 1980). Contaminants from the sediments absorbed by ben-
thic organisms bioaccumulate and biomagnificate as they escalate
the food chain, reaching fishes, birds, and eventually humans
(Bargagli et al., 1998; Lawson and Mason, 1998; Silvério, 2003).

Knowledge regarding the chemical composition of sediments is
of great relevance when studying environmental pollution, as it
mirrors the historical inputs to the environment (Li et al., 2000;
Ribeiro, 2006; Turner, 2000). Therefore, the contamination of
coastal sediments became a focal study point to the world scien-
tific community, as it is a major source of ecosystem health stress
(Caeiro et al., 2005).

Since 1980s, these studies became more sophisticated, passing
from the initial researches on causes and patterns of contamina-
tion, toward behavior, mobility and bioavailability evaluation of
metallic elements (Zhigang and Pu, 2007). There is a large number
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Fig. 1. Sampling sites at Sepetiba Bay (a), located in Rio de Janeiro state coast (b), and Southeast Brazil (c).

of environmental quality indicators and indices to assist the study
and evaluation of contaminants present in environmental matrices
such as sediments (Caeiro et al., 2005) that are based only in these
elements concentrations, for example: concentration factor,
enrichment factor and geochemical index (Laluraj and Nair,
2006; Mahiques et al., 2009; Ribeiro et al., 2011; Zhang et al.,
2007).

In aquatic systems, metals undergo partition between water
and suspended matter, ultimately reaching the sedimentary com-
partment. Di Toro et al. (1992) improved the understanding about
partitioning of metals in sediments when noticing that their con-
trolling agents in sediments are the acid volatile sulfides (AVS).
AVS correspond to the solid phase of sulfides that are soluble in
cold hydrochloric acid and are available for binding metals (TVA,
2009), consisting primarily of Fe and Mn sulfides (Di Toro et al.,
1990; Mozeto, 2001; Ribeiro, 2006).

During extraction with cold hydrochloric acid, besides volatili-
zation of the sulfides, a fraction of labile metals is extracted that
is known as simultaneously extracted metals (SEM; Ribeiro,
2006). This fraction is an indicator of metals toxicity that can be
estimated by simultaneously analyzing the SEM and the AVS,
which is their main complexing agent in sediments (Allen et al.,
1993; De Jonge et al., 2010; Teuchies et al., 2012).

The toxicity of metals capable of forming insoluble sulfides can
be predicted by the ratio SEM/AVS (Di Toro et al., 1992). If this ratio
is greater than one, that is, SEM > AVS, the excess metal can possi-
bly be liberated to the interstitial water, where it can become toxic.
Therefore, this ratio is used to evaluate the bioavailability and
mobility of metals in sediments and has been applied to a variety
of studies throughout the world (Brix et al., 2010; Machado et al,,
2004; Vasconcelos et al., 2010).

Sepetiba Bay (Fig. 1), located 60 km from Rio de Janeiro metro-
politan region (SE Brazil), suffered a considerable urban and indus-
trial development in the last decades. Its basin presents about 400
industries, most of which metallurgic plants, releasing wastes rich
in metals and other potentially toxic substances directly in the bay
and in its waters (Cunha et al., 2009; Gomes et al., 2009; Paraquetti
et al., 2004).

Itaguai Harbor is located in Sepetiba Bay, occupying an area of
over 10 million m? that can receive large vessels (Pellegatti et al.,
2001). These portuary facilities brought intense economic develop-
ment to the region, but also negative consequences to the sur-
rounding environment, with direct contamination of the water or
from the atmosphere (Pedlowsky et al., 1991; Silva-Filho et al.,
1999; Wasserman et al., 2000).

This paper presents a new methodology to evaluate contamina-
tion, bioavailability and mobility of Cd, Cu, Ni, Pb and Zn by cou-
pling a model of cold acid extraction of metals (SEM/AVS) and a
geostatistical model (model of attenuation of concentrations)
based on the spatial distribution of the metals in bottom sediments
of Sepetiba Bay. Granulometry and organic carbon contents were
determined to allow a better interpretation of the levels of metals
and their mobility in the study area.

2. Materials and methods
2.1. Sampling

Sediment samples were collected with a stainless steel Van
Veen bottom grab in 65 different sites distributed throughout

Sepetiba Bay in 2003 (Fig. 1). These samples were frozen, lyophi-
lized, weighted and transferred to plastic containers.
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2.2. Granulometric and organic carbon contents determination

Granulometry and organic carbon content were determined in
order to allow a better interpretation of the availability and mobil-
ity of metals, as the presence of metals in sediments depends
strongly on its particle-size distribution and its relationship with
organic matter (Fernandes et al., 2011). Granulometry was as-
sessed using the sieving methodology proposed by Suguio
(1973), and organic carbon was measured in a CHN analyzer (Per-
kin-Elmer, model 2400 CHN).

2.3. Total concentration of metals

The total concentrations of metals were determined via total
digestion procedure with a mixture of strong acids in a microwave
oven, as recommended by US-EPA (United States Environmental
Protection Agency; US-EPA, 2003). Cd, Cu, Ni, Pb and Zn concentra-
tions were determined by ICP-OES (induced coupled plasma - optical
emission spectrophotometry; Spectro, model Spectro Flame
M120E). All metal analyses were replicated and presented relative
standard deviation (ratio between the mean and the standard devi-
ation of the replicated measurements) lower than 10%.

The precision and the accuracy of the methodology was evalu-
ated through the determination of Cd, Cu, Ni, Pb and Zn in certified
reference materials NIST-SRM 2704 (National Institute of Stan-
dards and Technology, riverine sediment), MESS2 (National Re-
search Council of Canada, estuarine sediment) and IAEA-Soil-7
(International Atomic Energy Agency, soil). The precision was
checked using the relative standard deviation (RSD) and the accu-
racy was checked using the relative error (RE) of the data gener-
ated in these measurements.

2.4. SEM/AVS model

The acid extraction of metals from sediment to determine AVS
and SEM was performed based on the technique adopted by the
US-EPA (Allen et al., 1991, 1993; Machado et al., 2004).

In this methodology, the sulfides in the sample are converted
into hydrogen sulfide (H,S) by reaction with cold hydrochloric acid
(HCI). The produced sulfide then reacts with DMPD (N,N-dimethyl-
phenyl-p-diamine) in the presence of ferric chloride (FeCls) and is
quantified with a UV-visible spectrophotometry. The remaining
solution after the removal of sulfides is filtered and the targeted
dissolved metals (Cd, Cu, Ni, Pb and Zn) are determined by ICP-
OES (induced coupled plasma - optical emission spectrophotome-
try) (Spectro, model Spectro Flame M120E). From the molar con-
centrations of the sulfides (AVS) and the sum of the molar
concentrations of the target metals (SEM), the ratio SEM/AVS is
calculated.

2.5. Model of attenuation

The model of attenuation is a modified procedure that followed
the study proposed by Wasserman and Queiroz (2004), and is
based in the principle of the Fick diffusion law, assuming that
the concentration of an element decays spatially from theoretical
punctual sources (maximum concentrations, or hot spots). The
attenuation of concentration can be determined with the following
equation

A = grad F = (OE/0x) + (9E/dy) (1)

In which A is the attenuation of concentration of an element E
(in mgkg 'm™'); E is the concentration of an element E (in
mg kg~ 1); grad F is the gradient of the concentration of an element

E (in mg kg~! m~"). 0E/ox is the longitudinal derivative of the con-
centration of an element E (in mg kg~' m~'); 8E/dy is the latitudi-
nal derivative of the concentration of an element E (in
mgkg ' m1).

With the values of A, a distribution map can be created to eval-
uate how a given element behaves spatially and its range from its
hot spot(s), information that is essential when assessing its mobil-
ity. According to this model, the generated maps can inform re-
gions where metals retention is higher (higher values of A). For
this purpose, softwares Excel (Microsoft, version 2010) and Surfer
(Golden Software, version 9) were used to make the necessary
calculations.

3. Results and discussion
3.1. Quality control

The quality control of the analytical data obtained for Cd, Cu, Ni,
Pb and Zn was accomplished by analyzing the selected certified
reference materials. The mean values and standard deviations ob-
tained for replicated analyses of the certified reference materials
are presented in Table 1.

The results of Table 1 shows an adequate precision with relative
standard deviations ranging from 2.5% for Zn to 9.0% for Pb. Also,
for all analyzed elements, the results were in good agreement with
certified values, with relative errors never greater than 10%.

3.2. Granulometry and organic carbon content distribution in Sepetiba
Bay

Granulometry is recognized as an important factor controlling
metallic contents in sediments due to the fact that specific surface
in fine grained sediments is larger than in coarse sediments (Forst-
ner and Salomons, 1980). Therefore, these fine grained fractions
tend to be more reactive than coarser sediments. The granulomet-
ric control drove some researchers to assume that a correction
based on grain size percentage, normally the fraction smaller than
63 um (fine grained sediments), would be necessary to interpret
metallic concentrations (Clark et al.,, 1998; Loring and Rantala,
1992). Based on this concept, some authors carried out metal anal-
yses on the <63 pum fraction, ignoring the other fractions (Kehrig
et al,, 2003; Wasserman et al., 2001).

Fig. 2 shows the granulometric distribution of fine grained sed-
iments in Sepetiba Bay. This result showed that fine grained sedi-
ments are predominant in Sepetiba Bay, mainly in the eastern
area. On the other hand, in the seaward side of the bay (west
and southwest), there are higher amounts of coarse grained

Table 1
Concentrations of Cd, Cu, Ni, Pb and Zn (in mg kg™') in standard reference materials.
Quality control through the evaluation of precision and accuracy of the methodology.

Metal Reference Certified Measured Precision Accuracy
concentration concentration (RSD) (%) (RE) (%)

material (mg kg~ 1) (mg kg~1)°

Cd  NIST-SRM 2704 3.45 +0.22 3.60+0.26 (n=14) 7.2 4.3
IAEA-Soil-7 104°¢ 100 d 3.8

Cu  MESS2 39.2+2.0 355+29 (n=7) 82 9.4

Ni MESS2 493+1.8 456+40(n=7) 88 7.5

Pb  MESS2 219+1.2 199+1.8(n=7) 9.0 9.1

Zn  NIST-SRM 2704 438 +12 475+12 (n=14) 25 8.4

@ Concentration values represented in the form (median + confidence interval).
b Concentration values represented in the form (mean * standard deviation).

¢ Value of information.

94 Value not determined.
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Fig. 2. Spatial distribution of fine-grained sediments (grain fraction smaller than 63 pm) (in %) in Sepetiba Bay (SE Brazil).

sediments. This area is subject to more intensive hydrodynamics
(Molisani et al., 2006). Furthermore, the clockwise currents are
predominant in Sepetiba Bay (Signorini, 1980). Therefore, less
deposition and accumulation of metals are expected in the western
portion of the bay.

The organic matter has a significant role in the destination of
metal ions in the environment as it provides sorption or reaction
sites, retaining these pollutants in the sediments or forming the
more toxic organo-metallic complexes. Earlier studies showed that
Cu?* presents stronger affinity to organic matter compared with
other heavy metals (Reimann and De Caritat, 1998). Therefore, in
an organic rich environment, Cu may be less mobile than other
metals. Also, in the presence of organic matter, the development
of microorganisms may affect the chemical speciation of metal
ions and control metal bioavailability and/or toxicity in aquatic
systems (Wasserman et al., 2000).

The results obtained for organic carbon content in the sediment
samples showed contents varying between 2% and 3% for most of
the analyzed samples. As presented in Fig. 3, the highest values
were observed in the southeastern portion of the bay due to the
extensive mangrove forests in that region, which are considered
significant sources of organic matter (Neves et al., 2006).

3.3. Total concentration of metals

Fig. 4 presents the spatial distribution of the total concentration
of the analyzed metals in the sediments of Sepetiba Bay. The com-
parison with some reference and literature values for metal con-
centration in sediments indicates considerably high levels of Cd
and Zn (Table 2). Pb concentrations are also slightly above the lim-
its of the ISQG (Interim Sediment Quality Guidelines; CCME, 1999,
2002), that correspond to the threshold level effects below which
adverse biological effects are not expected, and the average shale
(Reimann and De Caritat, 1998). Also, the comparison with data
from the neighboring Guanabara Bay (Perin et al., 1997) indicates
similar concentrations except for Zn.

Zn can be considered a pollutant in Sepetiba Bay, as its concen-
trations exceed the PEL (Probable Effect Level) limit (Table 2). Its
contamination is the result of repeated accidental spillings of zinc
ore wastes in the bay, and although this liability exists since the
early 1980s, in 2005 the Federal Authorities began an environmen-
tal recovery program at the site (Pinto, 2005). Fig. 4e shows that
the highest Zn contents were observed close to the mouth of Sdo
Francisco Channel and Guarda River, where most of the industrial
wastes are dumped into the bay.
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Fig. 3. Spatial distribution of organic carbon content (in %) in sediments of Sepetiba Bay (SE Brazil).
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Fig. 4. Spatial distribution of the total concentration of metals (in mg kg~!) in sediments of Sepetiba Bay (SE Brazil). (a) Cd, (b) Cu, (c) Ni, (d) Pb, and (e) Zn.

Table 2

Comparisons of metals concentration (in mg kg~') in sediments of Sepetiba Bay (SE Brazil) with the Canadian Environmental Quality Guideline (CCME, 2002).

Element Concentration (mg kg™')

This study Canadian Environmental Quality Guideline

Minimum Mean Maximum ISQG PEL
Ccd 0.85 3.30 7.62 0.70 4.20
Cu 0.92 7.56 18.17 18.70 108.00
Ni* 1.35 20.67 49.93 18.00 36.00
Pb 0.26 24.62 48.83 30.20 112.00
Zn 13.14 317.93 612.43 124.00 271.00

" The Quality Guidelines for Ni were provide by CCME, 1999.

Cd behavior was similar to that of Zn (r=0.57, p <0.05), with
the highest concentrations in the NE region near Itaguai Harbor
and Flecha River, where the domestic wastes from Sepetiba sur-
roundings are dumped (Fig. 4a). For Ni, the results obtained were
presented in Fig. 4c which show a more homogeneous distribution
throughout the entire bay, apparently following the granulometric
distribution (Fig. 2) (r = 0.61, p < 0.05). Most of the sediment sam-
ples presented Cd and Ni (Table 2), indicating that, even though

adverse biological effects may be observed, their occurrence, nat-
ure and severity are difficult to predict, so, further investigation
is recommended (CCME, 1999, 2002).

Fig. 4b and d indicate Cu and Pb accumulation in the NE (near
the mouth of Sdo Francisco Channel and Guarda River) and SE por-
tions of the bay. The enrichment of the SE portion may be ex-
plained by the strong association of the metals with organic
matter (Fig. 3) (r=0.48, p <0.05 for Cu; r=0.44, p <0.05 for Pb).
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No predictable adverse biological effects to aquatic organisms can
be expected due to Cu and Pb levels that present concentrations
between ISQG and PEL limits (Table 2). These lower concentrations
of Cu and Pb also do not seem to be bioavailable, because measure-
ments in benthic organisms indicated values as low as those
observed in the neighboring and pristine Ribeira Bay for Cu (Karez
et al, 1994) and below the maximum permissible contents for
human consumption for Pb (Molisani et al., 2004).

3.4. SEM/AVS model

There is a strong association between the sediment granulome-
try and its AVS content (Ankley et al., 1996), suggesting that a high-
er concentration of sulfides is associated with a stronger ability to
retain metals in sediments. Nonetheless, it must be highlighted
that the absence of AVS does not imply its toxicity (Di Toro et al.,
1992). Fig. 5 represents the AVS content in the sediments of Sepet-
iba Bay, and it can be seen that the highest concentrations of sul-
fides are in the NE and SE regions near Reserva Bioldgica e
Arqueolégica de Guaratiba, with a broad mangrove forest (Neves
et al., 2006) which favors the action of sulfate-reducing anaerobic
bacteria (Casas and Crecelius, 1994), and also has finer sediments
(Fig. 2).

In Fig. 6, that shows the spatial distribution of SEM/AVS ratio
in Sepetiba Bay, it can be observed that the SW region of the
bay presented the higher values of SEM/AVS. In this region the
presence of sandy sediment dominates and AVS concentration is
low (Fig. 5). Therefore, the high SEM/AVS values in this region
indicated inexpressive metal retention in sulfides. Following the
concept of the model SEM/AVS, whenever the values of the rela-
tionship is higher than 1.0, the metals may be more or less mobile
as a function of their associations with organic matter (Casas and
Crecelius, 1994).

The NE and SE region of the bay are the areas where the SEM/
AVS ratio was the lowest, and the AVS content the highest, there-
fore indicating low toxicity in the region with an AVS concentra-
tion sufficient to immobilize the metals, as SEM/AVS ratio is
around 1.

The SEM/AVS model provides information regarding the possi-
ble bioavailability of metals to the benthos. The use of the SEM/
AVS model is attractive due to the faster and easier analysis than
procedures with similar objectives, such as sequential extraction.
Also, granulometry and organic carbon content are always impor-
tant parameters when assessing sediment toxicity, mainly in the
case of this methodology in which they are not considered in an
acid extraction technique.
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Fig. 6. Spatial distribution of the SEM/AVS ratio in sediments of Sepetiba Bay (SE Brazil).
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Ni, (d) Pb, and (e) Zn.

3.5. Model of attenuation of concentrations

Based on the data of total concentration of metals, the model of
attenuation of concentration was applied. It provides information
concerning metal mobility by the simulation of an element’s
behavior as it moves away from a hot spot (point of highest con-
centration). The maps made by this model show where metals
retention is most intense (corresponding to the greatest values of
A), and consequently with lowest availability.

According to Fig. 7, the greatest values of A for the metals are
around the mouths of Sdo Francisco Channel and Guarda River,
the Sepetiba Port, and near Guaratiba, Sepetiba and Itacuruca, coin-
cident with the highest values of total concentrations of metals.

This strong retention of metals is indicated by the elevated val-
ues of A, which in turn mean low mobility, can be associated with
their retention in the form of sulfides or organic matter. Therefore,
the lower values of SEM/AVS ratio in the NE region of the bay, near
Sdo Francisco Channel, Guarda River and Sepetiba Port, agree with
the high values of A, which means metal retention near their main
sources to the system.

The hydrodynamics of Sepetiba Bay functions as a geochemical
barrier to retain metals in the NE region (Wasserman et al., 2001),
so, the areas that could present risk of adverse biological effects are
the same one that presented high metal retention (according to the
attenuation of concentrations model) and lower bioavailability (as
shown by the SEM/AVS ratio).

4. Conclusions

The models of attenuation of concentrations and SEM/AVS ratio
produce results that agree with each other. The areas that pre-
sented low SEM/AVS ratios (lower than one, indicating no risk of
toxicity) has higher concentrations of metals because the metals
are retained in the form of sulfides, and therefore unavailable
and immobile. It is interesting to note the agreement between
the models indicate that organic matter association is not a signif-
icant factor that immobilizes metals in Sepetiba Bay.

Thus, the maps of the attenuation of concentrations model suc-
cessfully reproduce the behavior of metals in the acid extraction
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model, generating a mirror image of the maps from the SEM/AVS
model. It has to be underlined that the construction of the attenu-
ation of concentrations model demands only the total concentra-
tion of metals, while SEM/AVS is a more time consuming
procedure. Furthermore, SEM/AVS model does not consider the
retention of metals with organic matter and the association of both
procedures may be a good approach to metal mobility in sedimen-
tary environments.

On the other hand, it must be considered that, due to sediment’s
resuspension, the continuous release of industrial and urban
wastes and dredging activities, the metal mobility established in
both models may change, thereby allowing for their release in
the water column. So it can be concluded that the mobility may
also change in a short range time scale. It is advisable that these
models are periodically applied, in order to follow up the evolution
of the behavior of the metals in contaminated sedimentary
environments.
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