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Abstract. A set of sediment cores was sampled at Sepetiba bay and Ribeira bay, in the Rio de Janeiro State, 
Brazil. Sedimentation rates were determined by geochronological evaluation of sediments by Pb-210. In Ribeira 
Bay, the sedimentation rate increases from the sampling point RB1 (0.15 cm y-1), in the inner part of the bay, 
towards the sampling point RB4, close to its entrance (0.34 cm y-1). For Sepetiba Bay, two well-defined 
sedimentation rates were observed, a lower value of 0.3 cm y-1 for the period before the 1960s, and a more recent 
rate of 0.75 cm y-1. These measurements are consistent to the construction of the Santa Cecília impoundment in 
1955, which brings water from the Paraíba do Sul Basin into the Guandu River, increasing the river flow from 20 
m3 s-1 to 160 m3 s-1. The metal concentrations were determined by ICP-MS. It could be seen that the reliability of 
Ribeira bay as a reference database for metal concentrations in the neighboring Sepetiba Bay is valid for a specific 
set of elements, such as K, Ti, Mn, Zn, Ga, Rb and Sr, but not for V, Cr and Cd. Applying to the mean elemental 
concentration, of the upper contaminated 45 cm sediment layer, and to the elemental concentration of the deepest 
analysed sediment layer a normalization to iron, a double ratio was calculated and it was concluded that the 
Sepetiba Bay sediments are, particularly, contaminated with Cr, may be, from a leather tanning plant existing in 
this region and Cd and Zn from the former Ingá Metais. The overall results can be used to confirm the reliability 
of the utilization of Ribeira bay as a reference database to the evaluation of metal pollution profile of Sepetiba bay, 
by an intercomparison methodology.  
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1. Introduction 
 
The widespread occurrence of metals as pollutants of marine environment as a side effect of industrial 
outgrowth has been lately a matter of concern. As a consequence, extensive studies have been carried 
out, focusing the environmental impact related to the presence of these elements in the ocean medium, 
being taken into account the property of the sediments in displaying the ecosystem profile regarding 
metal pollution levels, to a specific region [1].  
 
The technique of geochronological evaluation of sediments by Pb-210 is supported by specific 
analytical methodologies and comprises a high relevance parameter in the evaluation of the 
anthropogenic effect on marine environments, including short term planning and environmental 
management issues. Moreover, it provides reliable data about occurrence levels and distribution patterns 
of the metallic pollutants [2]. Two models for Pb-210 geochronology are traditionally adopted: the 
Constant Rate of Supply (CRS) model and the Constant Initial Concentration (CIC) model [3-5], being 
also known, respectively, as Constant Flux and Constant Specific Activity models [6-7]. The former is 
employed in non-preserved areas, being the second related to areas supposed to have undergone 
anthropogenic interventions. According to the CRS, the unsupported Pb-210 is supplied at a constant 
rate to sediments, which means that the initial Pb-210 concentration in the sediment is variable. On the 
other hand, the CIC model takes for granted the invariability of the initial unsupported Pb-210 
concentration in the sediment. In normal practice, the CRS model is preferred, since its principles 
display a better agreement to reality, being the CIC use restricted to only a support to the CRS model 
results. 
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From this standpoint, the availability of a database is a prerequisite for the achievement of coherent 
results, that is, it’s essential to gather referential information about the metal dispersal profile into the 
sediment substrate in preserved areas in the surroundings of those in study. The incidence of ascertained 
higher environmental hazards onshore in countries like Brazil is supported by the correlation between 
seaport activity and industrial pollution, metallic moreover [8].  
 
Sepetiba bay – which became an industrial estate even before environmental preservation issues come 
out a matter of concern - presents a contamination profile focused mainly in cadmium and zinc, due 
mainly to local metallurgical industries discharges. However, there is not an industrial pollution record 
available. Originally, Ribeira bay, a preserved area located in Angra dos Reis / RJ region, is conceived 
to be a natural reference in the process of intercomparison of metal distribution levels amongst the most 
polluted bays in the surroundings, including Sepetiba bay (Figure 1) – from which it is only 25 miles 
away -, an intensively impacted area with high flux rivers that receive the wastes from over 400 
industrial facilities, including Verolme shipyard, Angra dos Reis seaport, the TEBIG-Petrobrás oil 
processing unit and a metallurgical plant (Ingá Metais), presently under decommissioning process [9]. 
However, there’s still a lack of reliable analytical data to support this capableness of Ribeira bay yet 
[10]. 
 
Figure 1: Sepetiba and Ilha Grande Bays system (a). Squares indicate the locations in Ribeira Bay and 
Sepetiba where samples were collected (see detailed maps b and c). Sediment profile sampling stations 
in Ribeira Bay (b) and Sediment profile sampling stations in Sepetiba Bay (c). 
 

 
Herein, the Ribeira bay is implemented as a reference database to the evaluation of metal pollution 
profile of Sepetiba bay, in a more statically consistent ground, by intercomparison methodology.  Being 
this planned undertaking fulfilled; reliable data will be available to support a chronological systematic 
analysis of the environmental impact in vicinal non-preserved areas. 
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2. Methodology 
 
The adopted methodology comprised the sediment systematic dating based upon the surplus Pb-210 
activity determination by total beta counting technique. Previously, a broad body of potential 
contaminants was laid down, being their concentration levels determined by inductively coupled 
plasma mass spectrometry (ICP-MS), with aluminium as reference element.  
 
In both bays, it was used a 20 kg gravitational collector to sample sediment profiles, comprising 100 
cm length and 5 cm inner diameter PVC tubes. Later, the profiles were sliced in 3 cm segments, 
identified and stored. Still misted, the slices were homogenized, weighted and dried to constant weight 
at 40°C. Following, they were smashed and homogenized in agate mortars. Finally, 5 gram aliquots 
were taken for Pb-210 determination following the procedure described by GODOY [11]. 
 
The analytical procedure adopted in the metal concentration achievement was described by GODOY 
[12], by which 0.25 g of sediment is fully digested by the addiction of HNO3 and HF, followed by 
HClO4, in a Teflon digestion vessel at varying temperatures and time intervals. All reagents were 
suprapur grade, and the purified deionized water obtained by a Millipore system. The obtained 
solution was then dried, being the residue re-dissolved by HNO3 2%, producing this step a 40 ml final 
solution.  
Finally, the elemental concentrations were determined by ICP-MS (Perkin and Elmer SCIEX ELAN 
6000 model), right after a 1:10 dilution with 2% HNO3. Blank and reference samples (NIST-SRM-
2709 San Joaquin soil sample) were included in every sample lot.  

 
3. Results and Discussion 
 
The fluctuation in Pb-210 concentration levels within sediment cores from Ribeira Bay is presented in 
Figs 2a-2d. Despite the presence of a superficial mixing zone in cores 1, 2 and 3, - which might cause 
difficulties in the decision making about the model to be used - the superficial Pb-210 concentration 
levels remained fairly constant and an exponential behaviour could be observed in all four cores. 
Those features are in accordance with the CIC model. The mixing zone is most intense at the point 
RB1, obtained from the inner part of the bay, and tends to disappear toward point RB4, close to its 
entrance. The sedimentation rate shows, as expected, a reverse behaviour, increasing from 0.15 cm y-1 
at the sampling point RB1 to 0.34 cm y-1 in the sampling point RB4, being this value in full 
accordance to BARBOSA [13]. Since there’s an absence of a relevant river discharge in Ribeira Bay, 
the main sediment source comprises the water volume supplied by Ilha Grande Bay during high tides. 
Therefore, a decreasing gradient is observed from the entrance to the inner part of the bay, which is 
responsible for the occurrence of a higher compactness of bottom sediments at RB1 and RB2 than 
RB3 and RB4.  
 
The fluctuation in Pb-210 concentration levels within sediment cores from Sepetiba Bay is presented 
in Figs 3a-3c. In this case, it can be seen the influence of several local anthropogenic contributions - 
comprising harbors, construction and dredging - in the results, which led to the occurrence of fully 
mixed useless cores. At SB1, the most superficial 20 cm layer proved to be a mixing layer. The 
adjacent layer showed an anomalous behaviour, presenting a very low Pb-210 concentration level, 
besides a diverse chemical composition from the other layers. Then, a sudden growth in the Pb-210 
concentration was observed in the next adjacent layer below. Taking these facts into account, a 
correlation may be achieved, linking the results to some event that happened back in the past, 
responsible for both remarkable variations in the Pb-210 concentration in the sediment. Three different 
approaches were considered in the geochronological analysis in the Sepetiba Bay. In the first one, no 
changes were applied to the CRS model; in the second approach, a 20 cm mixing sediment layer was 
conceived. Its intrinsical chemical differences demanded the employment of a modified CRS equation 
[14], by which an age of 11 years was assigned to this layer. By this assumption, both the general 
chemical and the Pb-210 concentration gradients are supposed to be due to the Ingá Metais waste dam 
breakage event in 1996. In the third and final approach, the CIC model was followed with no 
adjustments. 
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Figure 2: Excess 210Pb profiles with the sediment layer depth for Ribeira Bay sampling points 1-4 
 

Though the difference between the two CRS models ranged two years and proved to be nearly 
constant, the results obtained in the second CRS model and the third approach showed a remarkable 
disagreement. One reliable alternative to validate these models comprises the use of Sepetiba bay’s 
industrial development info records, mainly the data related to the zinc and cadmium profiles in this 
sediment core, which are typical of a contaminated area by metallurgical industries. In this case, lower 
concentrations near the bottom; higher concentrations near the top, and a transition zone in the middle 
is expected to be found.  
 
These trends differ from the same profile of Ribeira bay, where zinc and cadmium occurrences are 
quite constant along the sediment layers (Zn: bottom = 99 mg kg-1 and top = 106 mg kg–1; Cd: bottom 
= 0.20 mg kg-1 and top = 0.25 mg kg–1). Although similar to the zinc baseline value proposed for 
Sepetiba Bay by a number of authors [2-7], the zinc concentration in the deepest layer (54 mg kg-1) is 
lower than the average crustal concentration proposed by WEDEPOHL [15] (100 mg kg-1), as well as 
the mean zinc concentration in Ribeira bay sediments.  
 
Otherwise, the cadmium concentration in the deepest layer (0.34 mgkg-1) is higher than the average 
crustal concentration proposed by WEDEPOHL [15] (0.10 mg kg-1). However, falls are in the range of 
values observed in Ribeira Bay (mean = 0.21 and range 0.32 - 0.14 mg kg-1) [9]. Cadmium in Sepetiba 
Bay sediment is less studied than zinc, and only one reference to a baseline concentration appears in 
the literature (< 0.2 mg kg-1) [15]. 
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Figure 3: The caption should appear before the figure 
 

Focusing the second CRS model only, Figure 4 considers the initial mixing layer and, therefore, is 
able to indicate only the ages related to the beginning and to the end of this layer. Since a transition 
zone between the non-contaminated bottom layers and the contaminated upper layers is clearly 
delimited, the recognition of the very beginning of either zinc or cadmium contamination realms was 
unfeasible, making impossible also a further correlation to the consequences of the set up and 
operation start of the local zinc metallurgic plant (Ingá Metais, Figure 1) in 1958. Nevertheless, it is 
clearly evident that zinc and cadmium concentrations reached a higher level after 1960 (46 cm 
sediment layer), in accordance to LACERDA and MOLISANI [17]. Figure 4 provides also that, even 
after the zinc plant shutdown (1997) [17] both zinc and cadmium anthropogenic sources to Sepetiba 
Bay remained raised, probably due to new industrial facilities and growing urban waste production. 
 
About core SB1, two well-defined sedimentation rates were observed, a lower value of 0.3 cm y-1 for 
the period before the 1960s, and a more recent rate of 0.75 cm y-1. These measurements are consistent 
to the construction of the Santa Cecília impoundment in 1955, which brings water from the Paraíba do 
Sul Basin into the Guandu River, increasing the river flow from 20 m3 s-1 to 160 m3 s-1. According to 
MOLISANI [18], this additional input is presently responsible to, at least, 30% of the total suspended 
matter entering the bay, having doubled the mass sedimentation rate in the Northeastern shore of 
Sepetiba Bay over the past 50 years.  
 
A much deeper mixing layer was observed in the core SB2, at about 50 cm. Since only three sampling 
layers below this mixing layer were analytically feasible and corresponded to a period in which no 
anthropogenic activity was supposed to have taken place – that is, the area can be regarded as a 
preserved site - a rough estimate of the sedimentation rate could be achieved from the CIC model.  
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Figure 4: Zinc and cadmium concentration profile with the sediment layer age at Sepetiba Bay 
sampling point 1 
 

 
The calculated value of 0.75 cm y-1 is consistent with values presented by WASSERMAN [19] and 
MARQUES Jr. [16] as well as the core SB1. In order to determine the total Pb-210 inventory for core 
SB2, CIC model was used in the calculation of the residual Pb-210 concentration, corresponding to the 
Pb-210 concentration in the sediment layers below those where the available samples were taken from.  
Next, SB1 and SB2 Pb-210 fluxes were obtained by direct calculation (49 mBq cm-2 y-1 and 54 mBq 
cm-2 y-1, respectively). It may be seen that an additional level of confidence is conferred upon the 
obtained Pb-210 results, since these values are equivalent and coherent to earlier references [14]. 
Nevertheless, these values are significantly greater than those from Ribeira Bay’s core RB4 Pb-210 
flux (38 mBq cm-2 y-1), which agrees with the average value, of 37 mBq cm-2 y-1, obtained by means of 
a three sediment cores analysis by BARBOSA [13] and sampled at Bracuy Cove (Figure 1). These 
Sepetiba Bay higher values can be due to the presence of an additional sediment supply from the 
nearby São Francisco and São Fernando channels, as well as from the Guandu River (Figure 1). For 
core SB3, the Pb-210 concentration gradient with depth supports an intrinsic highly unconventional 
profile, in such a way that no further attempt to determine the Pb-210 ages was considered. 
 
Since they proved to have the best Pb-210 profiles, RB4 and SB1 sediment cores were used in the 
evaluation of metal concentrations, being the results applied in the validation of CARDOSO’s 
hypothesis, which states that Ribeira Bay could comprise a reference database for metal concentrations 
in the neighboring Sepetiba Bay. The core RB4 mean elemental concentration was plotted against the 
elemental concentration in the core SB1deepest layer, taken as the background level (Figure 5). From 
the results, it can be seen that, in spite of its settled validness for several elements as K, Ti, Mn, Zn, 
Ga, Rb and Sr , this hypothesis is valid for several elements as K, Ti, Mn, Zn, Ga, Rb and Sr, it can be 
put away for V, Cr and Cd. 
 
Another approach was tried out for heavy metals determination in the Sepetiba Bay samples, by which 
the upper 45 cm sediment layer is regarded as contaminated, and a mean value for each element is 
calculated. Every mean value was then normalized by the mean iron concentration as well as the 
results of the deepest layer, which was taken as non-contaminated [20]. The iron normalized ratios for 
the upper layer were divided by the corresponding normalized values of the bottom layer and, when 
the result of this double ratio was higher than one then this upper 45 cm layer was taken as 
contaminated by this element. By applying this methodology, the upper 45 cm layer was reported to be 
contaminated by Sb (1.16), Cu (1.38), Bi (1.69), Cr (2.51), Cd (3.38) and Zn (3.76). The occurrences 
of Cd and Zn as Sepetiba Bay’s major contaminants are closely related to the presence of the former 
Ingá Metais. Analogously, the relevant presence of Cr is probably due to leather tanning facility 
existing in this area. 
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Figure 1: Mean elemental concentration for the core RB4 and the bottom layer of the core SB1. 
Values in g kg-1 for Mg, Al, K, Ti, V, Cr, Mn, Fe, Zn, Sr and Ba, for the others the values are in mg 
kg-1 
 

 
The Fe/Al ratio remained constant throughout the Ribeira Bay profile, being the mean value (0.63) 
similar to the result (0.54) for the continental crust (WEDEPOHL) [14]. A similar result is also 
obtained for Sepetiba Bay, but in a more random base. The ultimate peaks displayed higher Fe/Al 
ratios, which may be linked to an event related to the activities of the local steel industry (Cosigua). 
Though similar in every other aspect, SB1 and RB4 Ti/Fe and Fe/Al ratio profiles differ by the 
indication of existence of two end-members by the former, one at the bottom and the other belonging 
to the layer formed after the period of construction of the Santa Cecília impoundment in 1955. A peak 
in both Fe/Al and Ti/Fe ratios was observed in Ribeira Bay sediments at a depth of 7.5 cm, 
corresponding to the year 1985, when the previously achieved sedimentation rate of 0.34 cm y-1 is 
applied. It can be explained by an accident which took place on February 27, 1985, when a large 
amount of soil slid down from the hills opposite to Piraquara de Fora Cove, destroying the road and 
the Nuclear Power Plant environmental monitoring laboratory. This event served to validate the 
application of the CIC method in this sediment core. 
 
4. Conclusions 
 
The evaluation of both present and previous metal inputs to Sepetiba and Ribeira Bays point out that, 
although both systems are connected at some extent, only a slight contamination transfer has been 
recorded over the past 100 years. Moreover, it could be seen that the CARDOSO’s hypothesis – which 
states the reliability of Ribeira bay as a reference database for metal concentrations in the neighboring 
Sepetiba Bay – is valid for a specific set of elements, such as K, Ti, Mn, Zn, Ga, Rb and Sr, but not for 
V, Cr and Cd. The Pb-210-dating tool proved its efficacy in the determination of a very precise 
sediment contamination time record, besides allowing the direct identification of the impact derived 
from historical events. In Ribeira Bay, the sedimentation rate increases from the sampling point RB1 
(0.15 cm y-1), in the inner part of the bay, towards the sampling point RB4, close to its entrance (0.34 
cm y-1).  For Sepetiba Bay, two well-defined sedimentation rates were observed, a lower value of 0.3 
cm y-1 for the period before the 1960s, and a more recent rate of 0.75 cm y-1. These measurements are 
consistent to the construction of the Santa Cecília impoundment in 1955, which brings water from the 
Paraíba do Sul Basin into the Guandu River, increasing the river flow from 20 m3 s-1 to 160 m3 s-1. 
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