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Abstract A three-step sequential extraction procedure,

which was based on the BCR method, was used to analyse

Guanabara Bay sediment samples to evaluate the potential

mobility of some metals and metalloids. Zn and Cd were

found to be the most labile metals because these were re-

covered in the first extraction stage and were associated with

the non-residual fraction of the sediment. In contrast, Cr, Cu,

Ni, and Hgwere the least labile metals, and 62 to 84 % of the

concentrations of these metals were found in the organic

residual fraction of the sediment samples. The spatial dis-

tribution of themetal concentrations inGuanabara Bay led to

the identification of various sources of contamination. The

continental sources, which were related to Fe and Al, were

distributed in the northern and central sectors, although

lower concentrations were found in the mouths of the rivers

that flow into the estuarine system of Guanabara Bay. The

urban emission sources are related to the discharges of the

São João de Meritı́ River, which exhibit significant levels of

Ba, Cd, Ni, Zn, and Hg. The São João de Meritı́ River and

harbour activities also show a predominance of Pb and Cu.

The system formed by the Iguaçu River and the Sarapuı́

River is mainly characterised by V and Cr. The metals as-

sociated with biogeochemical processes, such as As andMn,

were found in the central sector of Guanabara Bay.

Keywords Environmental factors � Sources � Metals and

semi-metal � BCR method � Sequential extraction �
Guanabara Bay

Introduction

Coastal sediments are the main accumulation compartment

of materials transported from continent to the marine envi-

ronment, as demonstrated by trace metals of anthropogenic

origin (Lacerda et al. 1992; Salomons and Förstner 1984).

Although the role of estuarine systems as biogeochemical

barriers in metal transport is evident, natural processes and

human activities cause variations in the efficiency of the

retention of these elements in coastal sediments (Machado

et al. 2002a, b). Thus, understanding the behaviour of trace

metals in sedimentary environments is necessary for the

establishment of preventive measures against the deleterious

effects of contamination by these potentially toxic elements,

in order to best manage and even restore contaminated areas,

particularly when seeking to prevent the remobilisation of

already withheld metals (Perin et al. 1997).
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Despite the development of pollution control plans, the

conditions of the water quality and sediments in the Bay have

worsened (JICA 1994). Large amounts of suspended solids,

organic matter from sewage, organotin compounds and hy-

drocarbon (Kjerfve et al. 1997; Fernandez et al. 2005; Wa-

gener et al. 2012), as well as metals (Pfeiffer et al. 1982;

Rebello et al. 1986; de Souza et al. 1986; Rego et al. 1993;

Perin et al. 1997; Wasserman et al. 2000; Machado et al.

2004;Kehrig et al. 2003;Kfouri et al. 2005;Vilela et al. 2004;

Monteiro et al. 2011) are released into the bay and accumulate

in the sediments (Table 1). Guanabara Bay has undergone an

occupational process characterised by low investments in

sewage treatment and industrial impact control.

In recent decades, a great variety of extraction schemes

has been developed, and although some have been widely

used, none has been unreservedly accepted by the scientific

community (Fuentes et al. 2008). Consequently, the

Community Bureau of Reference (BCR) began a pro-

gramme in 1987 to harmonise the methodology utilised in

the sequential extraction schemes used for the determina-

tion of metals in soils and sediments (Ure et al. 1993).

Sahuquillo et al. (1999) recommend a sequential extraction

protocol by using three fractions. The first fraction (F1) is

the acid-soluble fraction. This fraction exhibits the most

labile link to the sediment (Usero et al. 1998) and thus the

most dangerous from the ecotoxicological point of view.

The second fraction (F2) is the reducible fraction, which

theoretically represents the contents of each metal bound to

iron and manganese oxides that would be released if the

sediment were subjected to more reductive conditions

(Panda et al. 1995). The third fraction (F3), which is the

oxidable fraction, shows the amount of metal bound to

organic matter and sulphur that would be released into the

environment if conditions became oxidative.

In order to evaluate the retention processes for metals

Al, Ba, Cd, Cr, Cu, Mn, Ni, Pb, V, Zn, Hg, and arsenic

from estuarine sediments collected from Guanabara Bay,

the present study applies the BCR sequential extraction

procedure. The multivariate statistical approach (PCA

factor and cluster analyses) was adopted to assist the in-

terpretation of the geochemical and anthropogenic sources

of the studied elements. Combining geographical infor-

mation system using the distribution of the principal

components of the geochemical data permitted to integrate

and identify pollution sources and to distinguish natural vs.

anthropic contributions.

Environmental setting

The Guanabara Bay drainage system is inserted into the

Guanabara rift which is part of a tertiary series of depres-

sions in the south-eastern Brazilian coast, and its current

configuration is linked to the Holocene sea-level variations

(Suguio et al. 1985), which are conditioned by flooding of

an ancient Pleistocene river valley (Amador 1997). Gua-

nabara Bay is an eutrophic coastal bay with an area of

approximately 384 km2, with a narrow entrance that

measures 1.6 km, widening to 28 km in the inner bay (de

Melo et al. 2014) and a drainage basin of approximately

4,080 km2 (Kjerfve et al. 1997). The cities around the Bay

have approximately 11.7 million inhabitants and contain

approximately 6,000 industries. There are a total of 35

rivers and streams of which six accounts for 85 % of the

discharge into the bay. The net annual average discharge

into the Bay is approximately 100 ± 59 m3 s-1, which

values oscillating around 40 m3 s-1 in winter and

190 m3 s-1 in summer (Kjerfve et al. 1997). The

sedimentation rates in Guanabara Bay increased during the

last 500 year (Figueiredo et al. 2014), but particularly

during the last 40 years, and enhanced by anthropogenic

influence (Godoy et al. 1998; Figueiredo et al. 2014).

Methods

Sampling

Considering the environmental features of Guanabara Bay

ecosystem and taking into account its different areas,

twenty-eight sampling stations were chosen (Fig. 1). 2-cm

surface sediments were sampled with the help of scuba

divers (Wagener et al. 2012) using a 7.5 cm diameter

plexiglas core or using a specially designed van Veen

sampler to avoid losses during sample retrieval (Wagener

et al. 2012). Samples were stored in plastic bags, trans-

ported to the laboratory under refrigeration (ice bath), and

maintained at 4 �C until analysis. The sediment collection

was performed in two sampling campaigns (February 2006

and December 2006). The data sets from each sampling

campaigns were statistically compared, and the average

values for each station were used to obtain a more repre-

sentative and concise environmental characterisation.

Sequential extraction procedure

Measurements of the elements were made in dry weight

basis. In order to avoid volatilisation of susceptible ele-

ments, samples used for the extractions were dried at 40� C
until constant weight is obtained. A sequential extraction

procedure according to Sahuquillo et al. (1999) was used.

Ultra-pure water obtained by a Elix and Synergy system

(Millipore, Bedford, USA) was used throughout. All

reagents used were of analytical grade and were employed

without further purification. An aliquot of each sample was

weighted (0.1 mg) directly in the extraction flasks. The
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extractions were performed in pre-cleaned low-density

100-mL polypropylene centrifuge tubes using an end-over-

end mechanical shaker at room temperature (20–28 �C).
Twenty millilitres of a 0.11 mol L-1 acetic acid solution

was added to 1 g of the sediment sample in a 100-mL

centrifuge tube. The mixture was shaken for 16 h at room

temperature. The supernatant was separated from the solid

residue by centrifugation (2,500 rpm, 10 min). This su-

pernatant was stored in a polyethylene container at 4 �C
until analysis. The residue was washed by adding 20 mL of

water, shaken for 15 min, and centrifuged. The supernatant

was discharged carefully to ensure that no solid residue

was lost. The solid residue was submitted to a second ex-

traction step, in which 40 mL of hydroxylamine hy-

drochloride (0.1 mol L-1) solution was added, and the

extraction was performed as described above. The super-

natant (containing the elements extracted in the second

step) was separated and stored, and the residue was washed

with water and further treated with 10 mL of an

8.8 mol L-1 hydrogen peroxide solution, which was care-

fully added in small aliquots to avoid losses due to a

possibly violent reaction. The tube was covered with a

small watch glass, and its contents were digested at room

temperature for 1 h with occasional manual shaking. The

digestion was continued by heating the covered tube for

1 h at 85 �C in a water bath; the cover was then removed,

and the volume reduced to a few mL. An additional volume

(5 mL) of the hydrogen peroxide solution (8.8 mol L-1)

was then added. The tube was heated again (85 �C for 1 h)

until the volume was reduced to 1 mL. Then, 50 mL of an

ammonium acetate solution (1 mol L-1, pH 2) was added

to the cool residue, which was extracted as described

above. After that, the supernatant was separated and used

by the determination of elements concentration extracted in

the third step. Blank extractions using the same reagents

were conducted throughout the complete procedure for

each set of analyses.

Determination of major and trace element concentration

in the extracts were performed by using an Ultima 2 se-

quential and radial view inductively coupled plasma optical

emission spectrometer (ICP OES, Horiba Jobin–Yvon,

Longjumeau, France), equipped with a cyclonic spray

chamber and a MiraMist parallel path nebuliser (Mira Mist

CE, Burgener Research Inc., Ontario, Canada). To arsenic

and mercury determinations, the cyclonic spray chamber

was replaced by Concomitant Metals Analyser (CMA,

Horiba Jobin–Yvon, Longjumeau, France) for the gen-

eration of arsenic volatile hydride and to reduce the ionic

mercury to Hg0, also volatile. For the generation of these

volatile species, solutions of NaBH4 1 % w/v in NaOH

Fig. 1 Image of the sampling stations at Guanabara Bay
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0.5 mol L-1 and HCl 6 mol L-1 were used. The certified

reference material BCR-701� (Freshwater Lake Sediment)

was used to validate the methodology and for quality

control (Table 2).

Statistical analyses procedures

The software Statistica for Windows, version 8.0 (StatSoft,

Inc., 2007) was utilised for the multivariate statistical

analysis, and for descriptive and correlation analyses. The

comparison of results between the two campaigns as inter-

annual comparison was performed using the t test between

groups. The probability used in the tests was p\ 0.05. The

correlation index data were calculated from the Pearson,

considering the normality of the data employed.

Multivariate analysis was performed using the values of

the sum of the concentrations of the elements in the three

analysed fractions. As the metal concentrations exhibit

different magnitudes, was performed standardization of the

data [Standard value = (measured value - average value)/

standard deviation values)]. This is important when using

statistical analysis based on criteria of distance in order to

minimise the influence values of different orders of mag-

nitude. To the cluster analyses, grouping method employed

was the method of Ward using the Euclidean distances. To

make the results more easily interpretable, the PCA with

Varimax normalised rotation was applied, maximising the

variances of the factor loadings across variables for each

factor. The maps of the four-principal factors were made

based on the loading of principal components factorial

analyses related to the (Varimax normalised).

Results

The statistics of the concentration results obtained for each

extraction step and
P

F1 - F3 are shown in Table 3. The

analysis of thèe average distributions of the metals in the

different extraction fractions showed that the elements

exhibit different behaviours.

Temporal changes in the distribution of the elements

The distribution of each element between the two sampling

campaigns exhibited the same tendencies, with a high and

statistically significant correlation coefficient (Table 4). No

significant differences are found when comparing the av-

erage concentration of each element in the two different

sampling campaigns. Low correlation values found in

cadmium concentrations can be attributed to the differen-

tial distribution of this metal and can be explained by

changes in the retention capacity and release of metals that

may occur due to the sensitivity of cadmium compounds to

redox conditions, seasonal changes, physical disturbances

and the resuspension of sediments (Cooper and Morse

1998). Wagener et al. (2012) interpreted polycyclic aro-

matic hydrocarbon (PAH) concentrations in Guanabara

Bay sediments as a variable in space and time. This random

temporal variability was hypothesised to derive from the

combined effect of constant inputs of different magnitudes,

the weathering of light PAH, and the remobilisation by

tidal currents, bioturbation and other mechanisms that fa-

cilitate sediment drift. Because cadmium is mainly linked

to the more labile fraction, the mechanisms described by

Wagener et al. (2012) likely promoted the high cadmium

concentrations variability between the two sampling cam-

paigns. Fonseca et al. (2013) observed that heavy metal

concentration and fractionation in rainy and dry seasons

present high seasonal influence on the heavy metal frac-

tionation within the sediments of Guanabara Bay.

Behaviour and spatial distribution of elements

The results shown in Fig. 2 are obtained from the eval-

uation of the similarities in the distributions of the different

elements in the different extraction fractions. These results

Table 2 Comparison considering the values of results found in BCR-701 certified reference material with the values of certificate of mea-

surement and it respective recovery percentage

Fraction BCR-701 certified reference material Cd Cr Cu Ni Pb Zn

F1 Results obtained (lg/g) 7.18 2.10 48.3 14.4 3.47 205

Certificate (lg/g) 7.34 2.26 49.3 15.4 3.18 205

Recovery (%) 97.8 92.9 98.0 93.5 109.1 100

F2 Results obtained (lg/g) 3.52 39.8 107 23.3 134 104

Certificate (lg/g) 3.77 45.7 124 26.6 126 114

Recovery (%) 93.4 87.1 86.3 87.6 106.3 91.2

F3 Results obtained (lg/g) 0.28 141 68.3 19.4 11.2 50.3

Certificate (lg/g) 0.27 143 55.2 15.3 9.3 45.7

Recovery (%) 104 98.6 124 127 120 110

Environ Earth Sci (2015) 74:1363–1378 1367
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show the various trends in the distributions of the elements

according to different sources and processes that affect

sediment scattering in the environment.

Al, Fe, V: metals linked to lithogenic source

The concentrations of aluminium, iron and vanadium are

highly correlated, and their distribution patterns are related

to their deposition in low-energy environments far from

both the mouths of rivers and marine influences. The

geochemical fractionation of aluminium showed a low

contribution to the F1-exchangeable fraction with an av-

erage of approximately 4.85 ± 6.57 % and a maximum of

28.4 % in São João do Meriti river mouth (BG-36 station)

(see Table 3; Fig. 3). The average contribution of Al in F2

fraction was approximately 31.8 %, and F3 fraction ex-

hibited an average contribution of 63.4 %. The average

sum of the three analysed fractions in the 28 sampling

stations resulted in an average value of 2,581 ±

1,468 lg/g. The highest concentrations (5,200 and

4,685 lg g-1) were found in northwest sector, BG-31 and

the BG-32 sampling stations, respectively, located in a low

hydrodynamic area with low water circulation and high

input of untreated sewage.

The prevalence of iron was also found to exhibit a high

variability between the F2 and F3 fractions (oxide and organic

fractions). The contribution of F1 was always low, with a

relative average of 3.28 %. This relative value is significantly

smaller than the average contributions obtained from F2 and

F3, which were 50.8 and 45.9 %, respectively (Fig. 3). The

sum of the three analysed fractions in the 28 sampling stations

studied gave an average value of 12,660 ± 6,940 lg g-1. As

observed with aluminium, the highest values (26,600 and

22,800 lg g-1) were found in the BG-31 and the BG-32

sampling stations, respectively (Fig. 3).

The geochemical fractionation of V has predominance

observed in F2 fraction, which showed an average relative

contribution of 78.8 %. The average contribution of F1

fraction was also low (5.78 %). The average V contribution

of F3 fraction was 15.4 %. The sum of the three analysed

fractions in the 28 sampling stations gave an average

concentration of 14.8 ± 8.3 lg.g-1. As observed with Al,

the highest concentrations (29.0 and 29.3 lg g-1) were

obtained in the BG-37 sampling station in the mouth of the

São João de Meriti River and the BG-19 sampling station

in the central sector of Guanabara Bay, respectively

(Fig. 3). De Melo et al. (2015) also observed high

Table 4 Comparative mean value between the two campaign (C2 campaign realised in Februrary, 2006 and C4 is the campaign realised in

December, 2006) with the results of Pearson correlation coefficient

Test T (n = 25) Mean C2 Mean C4 t value p F ratio variances P variances Pearson correlation

Al 3701 ± 1592 3945 ± 2513 -0.41 0.68 2 0.029 0.73

Ba 42.96 ± 47.65 21.3 ± 20.4 2.09 0.04 5 0.000 0.65

Cd 0.413 ± 0.304 0.351 ± 0.244 0.79 0.43 2 0.293 0.45

Cr 47.1 ± 46.3 40.3 ± 47.1 0.52 0.61 1 0.936 0.90

Cu 29.1 ± 26.2 25.6 ± 22.6 0.51 0.61 1 0.477 0.84

Fe 13,406 ± 6011 12,947 ± 8176 0.23 0.82 2 0.139 0.75

Mn 307 ± 329 347 ± 327 -0.44 0.67 1 0.983 0.86

Ni 8.21 ± 3.70 7.44 ± 4.77 0.64 0.53 2 0.218 0.76

Pb 38.4 ± 26.5 32.8 ± 29.3 0.70 0.48 1 0.624 0.86

V 15.7 ± 6.98 14.1 ± 8.66 0.78 0.44 2 0.297 0.79

Zn 151 ± 105 109 ± 74.4 1.65 0.10 2 0.098 0.70

As 2.22 ± 1.38 3.02 ± 2.016 -1.64 0.11 2 0.068 0.69

Hg 0.549 ± 0.657 0.662 ± 1.515 -0.34 0.73 5 0.000 0.92

Fig. 2 Hierarchical dendogram for 14 elements obtained by Ward’s

clustering method based on Euclidean distance considering the sum of

the fractions obtained from the 25 sampling stations in Guanabara

Bay
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correlation between V and Fe in suspended sediments ob-

served in central sector of Guanabara Bay.

Cr and Ba: metals linked to multiple sources

The distribution of Cr in Guanabara Bay appears to show

multiple sources in different sectors of the bay mainly at

the mouth of the Iguaçu river, with the exception of the

north-eastern sector, which receives inputs from rivers with

low anthropogenic impact that drain the Guapimirim con-

servation area and the area that communicates with the

external bay sector. The fractionation of Cr was also dif-

ferent in different sedimentary environments, and the

greater contribution, which exhibited less variability, was

obtained from the F3 fraction. In contrast to the frac-

tionation of Cd, the contribution of the F1 fraction to the Cr

concentration showed a low average of 2.05 %. The F2

fraction exhibited a relatively high contribution of 31.8 %,

and the F3 fraction presented the highest average value of

69.3 %. The largest sum of all of the fractions was ob-

served at the following stations in the northwest sector of

Guanabara Bay (BG-27, BG-28, BG-30, BG-31 and BG-

32). The average Cr concentration distribution in the bot-

tom sediment was 44.6 ± 46.1 lg g-1, and the maximum

sum of the fractions (156 lg g-1) was observed at the BG-

32 sampling station (Fig. 4).

Fractionation of Ba exhibited an average participation of

the F1 fraction of 18.2 %. Contributions higher than 50 %

were observed at the Guanabara Bay entrance sector (BG-

02 and BG-03 sampling stations). The highest relative

contribution (76.5 %) was observed in station in the mouth

of the São João de Meritı́ River (BG-37). This element was

predominantly found in the F2 fraction, with an average

contribution of 53.5 % and a maximum contribution of

86.2 % in the BG-08 sampling station. The F3 fraction

showed a mean relative contribution of 28.2 %. The

maximum relative value of 72.5 % was observed in the

BG-14 station. The station with the highest sum of the

three fractions (116 lg g-1) was the BG-06 at the Niterói

Harbour sampling station, and the average values of barium

considering the sum of the fractions were

24.8 ± 25.9 lg g-1 (Fig. 4).

As and Mn: elements linked to oxyhydroxides precipitation

The sum of the concentrations of As in the three analysed

fractions from all of the sampling stations revealed an

average value of 2.43 ± 1.59 lg g-1, and the highest

Fig. 3 Distribution of the sum of the average concentrations of Al, Fe and V in the three analysed fractions of the sediments of Guanabara Bay.

The data show the average of the two sampling campaigns
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value of 5.65 lg g-1 was found in the BG-16 station

(Fig. 5). In addition, the As distribution exhibited an

elevated and significant correlation coefficient with the Mn

distribution (R = 0.76, n = 28, p\ 0.05). The association

is higher (R = 0.86, n = 26, p\ 0.05) when the As values

obtained in harbour areas that are high in As and low in Mn

were subtracted. These observations show that there is a

secondary source of As in harbour areas. In general, the

geochemical fractionation of As was dominated by the F2

fraction, as was the case in the fractionations of V and Pb,

with a relative average of 57.2 %. The relative contribution

of the F1 fraction was 14.4 %, whereas the average relative

contribution of F3 to the As concentration was 26.7 %

(Fig. 5).

Mn exhibited a geochemical fractionation that was char-

acterised by its predominance in the F1 fraction with an

average relative contribution of 31.5 %. The highest relative

contribution of this fraction was observed in the BG-27

station, which exhibited a maximum value of 58.3 %. The

average relative contributions of the F2 and F3 fractions

were 29.9 and 38.7 %, respectively. The highest concen-

tration (1,309 lg g-1) of Mn was observed in the central

sector (BG-27), which is most likely a sector with a high

primary productivity that favours a high oxidative environ-

ment with an intense Mn precipitation. As observed in the

Mn distribution, As was found in high concentrations in the

central-north sector of Guanabara Bay.

These results demonstrate an association between As

and Mn in the oxyhydroxide phase (F2 fraction), which

supports the hypothesis that the distribution of As is cor-

related with the distribution of Mn in the central sector of

Guanabara Bay. Moore et al. (1988) showed that the

arsenic solid phase was predominantly controlled by

manganese oxyhydroxide in oxidised zones. In Lake Biwa

sediments (Japan), As is present at high concentrations in

the upper layer and exhibits a depth profile similar to that

of Mn. Adsorption experiments of As onto synthetic hy-

drous Mn oxide (HMO) in the presence of Mn2? and the

speciation of Mn in the sediment cores suggest that one of

the most important factors that determine the accumulation

of As at the sediment surface is its adsorption onto Mn2?-

rich HMO (Takamatsu et al. 1985). This finding demon-

strates the highly dependent biogeochemical processes that

occur in the central sector of Guanabara Bay.

Cd, Zn, Ni and Hg: metals associated with the São João de

Meriti River mouth

The fractionation of Cd exhibited a large relative contribu-

tion to the F1 fraction with an average value of 54.6 % and a

Fig. 4 Distribution of the sum

of the average concentrations of

Cr and Ba in the three analysed

fraction of the sediments of

Guanabara Bay. The data show

the average of the two sampling

campaigns
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mean concentration of 0.234 lg g-1 (Fig. 6). This result

implies that this metal exhibits a general tendency for higher

bioavailability compared with other metals. The concentra-

tion of Cd in the F1 fraction generally exceeded that in the F3

fraction. In addition, the highest relative value of 80.3 %

(which corresponded to the highest absolute value of

0.375 lg g-1) in the F1 fraction was observed in the BG-10

sampling station in Governador Island. The BG-37 station at

the mouth of the São João de Meriti River presented the

highest concentration value of 0.869 lg g-1. The F2 fraction

showed a mean of Cd concentration of 0.131 lg g-1 with a

mean relative value of 31.8 % and was thus the second most

important fraction for cadmium.The F3 fraction exhibited an

average concentration of 13.7 % with an average absolute

value of 0.054 lg g-1. The average value of the sum of the

three fractions analysed was 0.419 ± 0.362 lg g-1, and the

highest value (1.82 lg g-1) was found in the BG-37 sam-

pling station located in the mouth of the São João de Meriti

River (Fig. 6).

As previously shown for Cd, the Zn fractionation also

exhibited a high concentration in the F1 fraction with an

average relative contribution of 40.6 %, which indicates the

high potential bioavailability of this metal. The oxide frac-

tion (F2) exhibited an average relative contribution of

41.7 %. The average relative contribution of F3 (the organic

fraction) was 17.7 %. The average sum of the three fractions

was 145 ± 136 lg g-1, and the highest value of 691 lg g-1

was observed in the BG-37 sampling station (Fig. 6).

The analysis of the fractionation of Ni revealed that this

metal was predominantly found in F3 with an average of

62.6 %. The contribution from the oxide fraction (F2) was

low with a relative average of 21.2 %. It is noteworthy that

the contribution of the F1 fraction, which corresponds to

the phase that exhibits the greatest potential bioavailability,

was more significant with a mean value of 18.4 % at the

BG-37 site in the mouth of the São João de Meriti River.

The sum of these fractions gave a value of 38.9 lg g-1.

The average value of the sum of the three fractions in the

28 sampling stations was 8.61 ± 7.23 lg g-1 (Fig. 6).

The distribution of Hg is linked principally to the large

contaminant entrance from northwest sector. The frac-

tionation ofHg showed a dominance of the F3 fraction, which

exhibited an average contribution of 83.7 % in all of the

sampling stations. The contribution of the exchangeable

weak-acid-soluble fraction (F1)was generally negligible with

a mean value of 5.42 %. The contribution of the F2 fraction

reached a relative mean value of 10.9 %. As observed by

Baptista Neto et al. (2000) and Wasserman et al. (2000), the

distribution of Hg in Guanabara Bay is mainly linked to the

mouth of the João de Meriti River, which exhibits the highest

Fig. 5 Distribution of the sum

of the average concentrations of

As and Mn in the three analysed

fractions of the sediments of

Guanabara Bay. The data show

the average of the two sampling

campaigns
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value of 7.79 lg g-1 for the sum of the fractions (Fig. 7). The

spatial distribution trends showed an increasing concentration

at themouth of the São João deMeriti River and high values in

the Rio de Janeiro harbour area (BG-05 site) as observed by

Baptista Neto et al. (2005, 2006). The sum of these three

fractions (approximately 1.68 lg g-1) extends to the BG-08

station, which exhibited a high value of 1.33 lg g-1. The

Niterói harbour presented high Hg concentrations with a

maximum of 1.02 lg g-1. The distribution of Hg obtained in

the present study shows concentrations that are similar to

those obtainedbyCovelli et al. (2012) in the surface sediments

of Guanabara Bay, which ranged from 0.10 to 3.22 lg g-1

(average of 0.917 ± 0.79 lg g-1, n = 47). However, the

configuration obtained by Covelli et al. (2012) differs from

that obtained in the present study, which used sampling sta-

tions closer to the mouth of the São João de Meriti River in

Guanabara Bay (Fig. 7).

Cu and Pb: metals linked to the São João de Meriti River

mouth and harbour areas

The geochemical fractionation of copper is highly vari-

able with a predominance of the F3 fraction in most of

the sampling sites. The mean contribution of F3 fraction

to the Cu concentration was 62.5 %. An important ex-

ception was found in the BG-22 sampling station in

Guapimirim protection area. In this station, a large

contribution from the F1 fraction was observed (ap-

proximately 69.5 %). The sum of the three fractions

reached the maximum values of 62.7 and 90.2 lg/g at

the BG-32 and the BG-37 sampling stations, respec-

tively, at the mouth of the São João de Meriti River. In

the harbour area, sampling stations BG-05 and BG-06

exhibited maximum values of 77.4 and 72.1 lg g-1, re-

spectively (Fig. 7).

Fractionation of Pb was usually dominated by the F2

fraction with mean values of approximately 81.2 %. The

averaged relative contribution of the F1 fraction was very

low (approximately 3.2 %), and the F3 fraction presented

an average contribution of 15.6 %. Analysis of the sum of

the concentrations of Pb in the three fractions shows that

higher concentrations of this metal are found in the harbour

sectors: 107 lg g-1 in the harbour of Rio de Janeiro (BG-

05), 92.6 lg/g in the harbour of Niterói (BG-06) and

76.0 lg g-1 in the mouth of the São João de Meriti River

(Fig. 7).

Fig. 6 Distribution of the sum of the average concentrations of Cd, Zn and Ni in the three analysed fractions of the sediments of Guanabara Bay.

The data show the average of the two sampling campaigns
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Discussion

The trace element contamination of Guanabara Bay has

been widely recognised. It is therefore necessary to con-

sider the mechanisms that are involved in the retention of

these elements by the sediments to predict their behaviour

and ultimately prevent their remobilisation. The sediments

of this bay, such as those found in the mouth of the Iguaçu

River (De Souza et al. 1986) and the São João de Meriti

River (Rego et al. 1993), originate from a eutrophic water

column that is influenced by the inflow of sewage effluents

that favour the predominance of anaerobic conditions

(Kjerfve et al. 1997; Carreira et al. 2002) and are associated

with the massive inflow of materials from sources located

at the urban and industrial watersheds of these areas. This

process, which predominantly occurs in the northwest

sector of the bay, represents the first factor obtained

through the principal components analysis (PCA; Table 5;

Figs. 8, 9). The first factor map represents the association

of elements primarily at the mouth of the rivers of the

northwest sector (São João de Meriti and Iguaçu/Sarapuı́

River system). The association between Cd, Zn, Ni

was linked principally to the São João do Meriti River

(Figs. 2, 6, 9); Hg and principally Cu, Pb also present a

strong source in the Harbour areas (Figs. 2, 7, 9); Cr linked

also to the mouth of Iguaçu River; V present a good cor-

relation with a lithogenic elements, however, with high

Fig. 7 Distribution of the sum of the average concentrations of Hg, Cu and Pb in the three analysed fractions of the sediments of Guanabara Bay.

The data show the average of the two sampling campaigns

Table 5 Four factor loading (Varimax normalized) considering the

metals and semimetals in the 32 stations from Guanabara Bay

Factor 1 Factor 2 Factor 3 Factor 4

Al -0.045 0.904 0.341 0.105

Ba 0.117 0.113 -0.089 0.920

Cd 0.930 0.316 0.130 -0.009

Cr 0.484 0.705 -0.120 -0.028

Cu 0.776 0.336 0.090 0.366

Fe 0.181 0.919 0.161 0.098

Mn -0.007 0.251 0.882 -0.195

Ni 0.913 0.250 0.189 0.003

Pb 0.634 0.112 0.432 0.514

V 0.441 0.748 0.267 0.126

Zn 0.942 0.274 0.018 0.140

As 0.168 0.141 0.928 0.121

Hg 0.942 -0.116 -0.059 0.094
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concentration in São João do Meriti mouth. The sources

associated with these elements are the following: the mouth

of the São João de Meriti River, harbours of Rio de Janeiro

and Niterói, and the mouth of the Iguaçu/Sarapuı́ River

system. These areas can be considered the most polluted

with Cd, Zn, Ni and Hg (Fig. 6, 7) and thus became a hot

spot of metal contamination due to the low amount of

government investments for sewage treatment in the area.

The São João de Meriti River and the Iguaçu River drain an

area that is densely populated and exhibits reduced

Fig. 8 Distribution of the four principle factors that affect the sum of the concentrations of inorganic elements in the three analysed fractions of

the sediments of Guanabara Bay. The data show the average of the two sampling campaigns
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domestic sewage treatment, and the samplings station at

the mouth of these rivers exhibited increased relative val-

ues for these metals, particularly in the most labile fraction.

In contrast, mainly Cu, and Pb exhibited two main sources:

the São João de Meriti River and the harbour areas of Rio

de Janeiro and Niterói (Fig. 7). The very high concentra-

tions of these elements in sewage sludge show that the lack

of basic sanitation, in addition to the consequent discharge

of ‘‘in natura’’ domestic sewage, may be an important

source of Zn, Cu, and Hg in this environment (Pereira and

Kuch 2005).

The Fe and Al concentrations measured at the sampling

stations near the mouths of rivers presented low values,

likely due to the dilution of quartz-rich sedimentary ma-

terial from rivers that drain into Guanabara Bay because

the large output regime of these rivers can transport quartz

and coarse material. High factor loadings were observed

for Al, Fe, Cr, and V and thus reveal an important asso-

ciation between these metals. This process is represented

by the second factor obtained from the principal compo-

nents analysis (Fig. 8; Table 5). The highest factor load-

ings obtained from the PCA can be attributed to the Fe

input from the mouth of the Iguaçu River and Guapimirim

River (Table 5). The third factor demonstrate an asso-

ciation between As and the oxides and hydroxides of

manganese (F2), which reinforces the hypothesis that the

As distribution is correlated with the manganese distribu-

tion in the middle sector of Baia de Guanabara Bay. In

areas far from the mouths of the rivers with low hydro-

dynamics, the biological oxygen demand (generated by the

decomposition of the large biomass in domestic sewage)

probably maintains the manganese in solution, which limits

its precipitation to the sediment. However, in the central

sector of Guanabara Bay, the high water circulation and

high productivity increase the amount of dissolved oxygen,

which promotes the precipitation of manganese principally

in the second sediment fraction. In a transect through a

gradient between river stations and estuarine area, Fonseca

et al. (2014) observed the highest concentrations of As in

the estuarine area, while more elevated concentrations of

the metals Cu, Pb, Cd, Zn, and Ni were found in the river

stations (continental source). Many studies show asso-

ciation between As and Mn. In the lakes of Saskatchewan,

which is a prairie province in Canada, Oscarson et al.

(1981) found evidence that indicates that Mn is the primary

sediment component responsible for the oxidation of dif-

ferent arsenic forms. In major French rivers/estuaries (the

Rhône, Gironde, and Loire), Seyler and Martin (1990) in-

terpreted that reduction and solubilisation of hydrous iron

and manganese oxides that occur in the sediment/water

interface and vice versa process can mobilise As and

transport between these compartments through repeated

cycles of deposition and resuspension. In a complex system

as Guanabara Bay, biogeochemical process can be a major

factor in the distribution of As.

The fourth factor, which is related to Ba, shows an in-

crease in two distinct areas: in the mouth of the

Guapimirim River and in the sector that is influenced by

the harbour and shipyard region of Niterói. A decreasing

gradient from these regions to the central sector, which

corresponds to sampling stations BG-06, BG-35, and BG-

08 was observed.

The identification of various pollution sources is in

agreement with previous published study where different

Pb isotope compositions were observed in two important

tributaries, Iriri and Surui rivers, resulting from two active

pollutants which are transported to the Guanabara Bay

(Geraldes et al. 2006).

Conclusions

The results obtained in the present study verify that the

distribution of the sum of the three extraction phases

generally indicated a lack of enrichment of elements of

environmental concern in the central sector of the Guana-

bara Bay. This result is in agreement with the literature and

indicates that the trace element contamination is deter-

mined by river inflows. In addition to the contributions of

the main contaminated rivers, the obtained results con-

firmed the trend that was previously observed and that the

harbour areas of Guanabara Bay exhibit an increased level

of various metals, such as Pb and Cu.

Various sources of contamination were identified from

the spatial distribution of the metal concentrations in

Fig. 9 Distribution of the three principle factors that affect the sum

of the concentrations of inorganic elements considering the three

analysed fractions of the sediments of Guanabara Bay. The data show

the average of the two sampling campaigns
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Guanabara Bay. The continental sources, which are related

to Fe and Al, are distributed in the mouth of Macacu and

mainly Iguaçu River in northern sector, although lower

concentrations were found in the mouths of the rivers that

flow into the estuarine system of Guanabara Bay. The

sources from urban emissions are related to the river dis-

charges mainly the São João de Meriti River, which ex-

hibits significant levels of Ba, Cd, Ni, Zn, and Hg. The Pb

and Cu levels in Guanabara Bay are attributable to urban

emissions, which are associated with discharges from the

São João de Meritı́ River and harbour activities. The V and

Cr sources were related to the Iguaçu/Sarapuı́ River sys-

tem. The elements associated with biogeochemical pro-

cesses in the central sector of Guanabara Bay, such as

arsenic and manganese, appear to be conditioned by phy-

sicochemical processes. The precipitation of Mn may be

associated with a high primary productivity, and this metal

is likely co-precipitated with As.

Cd and Zn were predominantly found in the most labile

fraction of the samples obtained from the mouth of the São

João de Meritı́ River and, consequently, the northwest

sector of Guanabara Bay. This finding shows the high toxic

potential of these metals. The amounts of Ba, Pb, V, and As

in the F2 fraction, which is bound to oxides and hydroxides

of iron and manganese, denote higher potential for toxicity

when the sediment becomes reduced. In addition, Al, Cr,

Cu, Ni, and Hg are linked to the more refractory fraction.
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the Irajá River estuary. Environ Pollut 4:193–205

Rebello AL, Haekel W, Moreira I, Santelli R, Schroeder F (1986) The

fate of heavy metals in an estuarine tropical system. Mar Chem

18:215–225

Rego VS, Pfeiffer WC, Barcellos CC, Rezende CE, Malm O, Souza

CMM (1993) Heavy metal transport in the Acarı́-São João de

Meritı́ river system, Brazil. Environ Technol 14:167–174
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