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A acumulação de Hg foi investigada em testemunhos sedimentares da Baía de Guanabara, 
Rio de Janeiro, Brasil, amostrados ao longo de um gradiente de eutrofização, que se refletiu na 
qualidade física dos sedimentos e na distribuição de carbono orgânico total (COT). Sedimentos 
da área oeste da baía foram fortemente afetados por aportes de efluentes domésticos e 
industriais, apresentando concentrações de Hg de até 7500 ng g-1 e inventários de Hg de até 
786 mg m-2, em contraste com valores próximos aos de background encontrados na área nordeste  
(≤ 65 ng g-1 e 10,6 mg m-2). Uma mudança de uma relação negativa para uma positiva entre Hg 
e COT ocorreu no estuário mais eutrofizado, no qual um aumento nos níveis de Hg no sentido 
do topo foi observado. Este aumento pode ser atribuído a (i) um crescente aporte fluvial de Hg e  
(ii) um impacto da eutrofização sobre a qualidade dos sedimentos, que pode aumentar a sua 
capacidade de acumular Hg associado à matéria orgânica.

The accumulation of Hg was investigated in sediment cores from Guanabara Bay, Rio de 
Janeiro, Brazil, sampled along an eutrophication gradient, which was reflected in the sediment 
physical quality and total organic carbon (TOC) distribution. Sediments from the western bay 
area are strongly affected by inputs of urban and industrial effluents, showing Hg concentrations 
up to 7500 ng g-1 and Hg inventories up to 786 mg m-2, in contrast with near-background values 
found in the northwestern bay area (≤ 65 ng g-1 and 10.6 mg m-2). A shift from a negative to a 
positive relationship between Hg and TOC occurred in the most eutrophicated estuary, in which 
an upward increase in the recorded Hg levels was observed. This increase may be attributed to  
(i) an increasing riverine Hg input and (ii) an impact of eutrophication on the sediment quality, 
which may enhance the sediment capacity to accumulate organic matter-bound Hg. 
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Introduction

There is much interest to elucidate the factors affecting 
the ability of coastal sediments to sequester or release Hg, 
due to the effects of these processes on the behavior of 
this metal of strong environmental concern in the coastal 
zone.1-3 Consequently, many studies dealing with the main 
pathways of Hg accumulation in coastal sediments have 
investigated the contributions of different contamination 
sources of this metal near the sediment-water interface.4-6

Sediment constituents potentially involved in binding 
Hg, and consequently in its burial efficiency within 
sediments, include Fe and Mn oxyhydroxides, organic 
matter and metal sulfides,7-9 besides the possible importance 
of grain size in determining the Hg adsorption capacity of 
sediments.10-11 Moreover, in evaluating the biogeochemical 
controls on Hg distribution in sediments it is important to 
note that upper sediment layers may develop vertical and 
lateral stratifications in the predominant physicochemical 
conditions that affect redox-sensitive Hg-binding 
phases.1,3,12 Therefore, the contribution of a given solid 
phase for the Hg retention by estuarine sediments may 
vary in space and time, particularly where anthropogenic 
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disturbances are shifting the overlaying water quality, as 
might be expected with the increasing input of urban and 
industrial effluents.

The present study investigated the recent evolution 
of Hg accumulation in sediments from contrasting 
environmental settings, evaluating the possible Hg 
associations with sediment composition, in Guanabara 
Bay (SE Brazil). It was hypothesized that with the different 
urban and industrial loadings between such settings the Hg 
associations with sediment constituents suffer substantial 
changes, reflecting spatial variabilities in the degree of 
estuarine water eutrophication.

Material and Methods

Study area and sediment sampling

Guanabara Bay is a 384  km2 eutrophic waterbody 
that receives the discharge from a drainage basin affected 
by over 7.8 million inhabitants,13 in which trace metal 
contamination of sediments has been evidenced in the 
last decades.14-16 In June 2005, four sediment cores were 
collected at Guapimirim River (core G), Estrela River (core 
E), Iguaçu River (core I) and São João de Merití River (core 
M) estuaries, using acid-cleaned acrylic tubes (5-6 cm i.d.). 
In order to ensure that sampling did not disturb top layers, 
short sediment profiles (with nearly 30 cm depth) were 
sampled by hand driving. Sampling stations (Figure 1; 
Table 1) were distributed from the environments receiving 
the greater inputs of urban and industrial effluents (in 
the western part) to the less impacted, northeastern area 
of the bay, within the Environmental Protection Area of 
Guapimirim (EPAG),13,14,17 in which core G was sampled. 
In order to facilitate sampling, sediments were collected 
from shallow waters (Table 1).

Water quality data compilated by Kjerfve et al.13 showed 
that for the 1980–1993 period the mean nutrient (e.g., 
ammonium and phosphate) concentrations in Guanabara Bay 
waters increased from the EPAG to the estuary of São João 
de Merití River by 1–2 orders of magnitude, due to a greater 
sewage runoff and less efficient water renewal in the western 
margin. Carreira et al.18 demonstrated that the isotopic 
composition (δ13C and δ15N) of particulate matter collected 
in several rivers (including the Guapimirim, Iguaçu and São 
João de Merití) support the assumption that EPAG present the 
least sewage-impacted rivers, while Iguaçu and São João de 
Merití Rivers presented sewage-enriched particulate organic 
matter. Data from the environmental protection agency of 
Rio de Janeiro State (FEEMA) and Japan International 
Cooperation Agency (JICA) on the riverine organic loading 
to Guanabara Bay indicated relative riverine inputs in the 

order Guapimirim < Estrela < São João de Merití < Iguaçu 
(Table 1), as evaluated by biochemical oxygen demands 
(BOD).19 The greater eutrophication in western estuaries 
is supported by field observations, with the darker, sulfidic 
waters of São João de Merití River estuary contrasting even 
with those from Iguaçu River estuary, although both rivers 
are eutrophic waterways.20,21 

Mercury contamination in Guanabara Bay sediments is 
characterized by a large input from a chlor-alkali plant at 
the São João de Merití River drainage basin, which began 
in the 1950’s with the use of Hg amalgam and suffered a 
drastic decrease in the 1970’s due to a change to the Hg free 
membrane production process.22 Machado et al.23 reported 

Figure 1. Location of the estuaries of Guapimirim River (GUA), Estrela 
River (EST), Iguaçu River (IG) and São João de Merití River (SJM) in 
Guanabara Bay (SE Brazil), in which the sediment cores (G, E, I and 
M) were sampled.

Table 1. Location and depth of overlaying water of sampled sediment 
cores and relative contributions from rivers discharging into each site of 
core sampling for the total riverine organic loading to Guanabara Bay 

Core Latitude/longitude
Overlaying water 

depth / (cm) 
Riverine organic 
loading / (%) a

G
22º42.03′S, 
43º02.46′W 52 3.8

E
22º43.93′S, 
43º12.41′W 37 12.8

I
22º44.95′S, 
43º14.46′W 35 24.4

M
22º48.12′S, 
43º16.20′W 58 18.2

a Estimated as the percent contributions for the total riverine BOD 
loading.19
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that a lower, but significant degree of contamination is 
expected for the Iguaçu River estuary, while Rebello et al.14  
reported a low degree of contamination in sediments from 
EPAG and Estrela River estuaries. 

Sediment analyses

Sediments were visually examined, subsampled in 
0−2, 2−4, 4−6, 6−9, 9−12, 12−15, 15−20, and 20−25 cm 
depth intervals and frozen until analysis. Bulk sediment 
subsamples were dried (50 °C for 48 h) and ground for 
homogenization before chemical analyses. Total organic 
carbon (TOC) contents were determined on a Perkin Elmer 
CHN analyser, after carbonate removal by acidification. 
Total Hg concentrations were determined in duplicates, 
after the digestion of 1.0 g sediment subsamples in a 50% 
aqua regia solution (4H

2
O:3HCl:1HNO

3
) at 70 °C for 1 h,2 

by cold vapor atomic absorption spectrometry. In the same 
extracts, Fe and Mn concentrations were determined by 
inductively coupled plasma atomic emission spectrometry. 
For these two metals, this is a partial digestion that should 
extract metals associated with carbonates, organic matter, 
sulfides, oxides and clay minerals. The precision of metal 
determinations (relative percent differences from duplicate 
analyses of all samples) was within 14%. Mercury 
determination accuracy was evaluated by a simultaneous 
analysis of a reference material (PACS-2, National Research 
Council of Canada). The results of reference material 
analysis (3.12 ± 0.12 µg g−1) differed by approximately 
3% from the certified value (3.04 ± 0.20  µg  g−1),  
and presented a precision of 4%, as indicated by the relative 
standard deviation of three replicates. The Hg detection 
limit (3σ of reagent blanks) was 8 ng g−1. 

Contents of fine (silt and clay) particles were estimated 
after wet-sieving of other subsamples of fresh sediments 
through a 63-µm mesh and drying. Water content and dry 
density of sediments were estimated by weighing a known 
volume of sediments, before and after drying (50 °C for 
48 h).

Mercury enrichment factors (Hg EF) and inventories 
of total Hg (IHg

T
), excess Hg (IHg

xs
), and background Hg 

(IHg
Bg

) concentrations were estimated to evaluate the Hg 
degree of contamination and storage within sediments. The 
Hg EF was calculated by the ratio between Hg concentration 
in a sample and a background value estimated for the studied 
estuaries, while the Hg inventories for a core were the sums 
of Hg inventories within each depth interval, calculated as 
the product of (1) sediment dry density, (2) the depth interval 
thickness and (3) the Hg total concentration (to yield IHg

T
), or 

Hg background-subtracted concentration (to yield IHg
xs
), or 

Hg background concentration (to yield IHg
Bg

). An enrichment 

factor of the IHg
T
 in relation to IHg

Bg
 was calculated as the 

ratio between these inventories (IHg
T
 EF). 

The adopted background value (43 ng g−1) was the mean 
of background levels found in deeper layers of sediment 
cores from the estuaries of São João de Merití River 
(50 ng g−1),24 Iguaçu River (35 ng g−1)23 and Guapimirim 
River (44 ng g−1, estimated as the mean concentration in 
the three deepest layers of core G). This estimate is within 
the Hg background range reported for sediments from 
other coastal areas in southeastern and southern Brazil  
(10–60 ng g−1).25-29

Results and Discussion

The sampled cores appear to reflect a gradient of 
anaerobic conditions accentuation (G < E < I < M) along 
the study area. Cores G and E presented brown hues 
(indicative of Fe hydroxides) in the upper 6 and 2 cm depth, 
respectively. Grey sediments (indicative of Fe sulfides) 
were found below such depths. The other cores showed 
only grey hues, with very dark grey, clayey sediments 
composing the upper 2 and 4 cm depth of cores I and M, 
respectively. An FeS accumulation in the upper 20 cm of 
sediments from the Iguaçu River estuary was previously 
indicated by elevated levels of acid-volatile sulfides  
(110–245 µmol g–1).30-31 Coarser sediments were observed in 
core E, while cores G and I presented intermediate contents 
of fine particles, and core M showed the greater contents of 
these particles (Table 2). These differences were reflected 
in the lower water content and greater density values of 
cores E and G (Table 2). 

Cores I and M showed the greater TOC levels (Table 
3), which was attributed to an elevated sewage loading in 
western bay area, while cores G and E data are influenced 
by autocthonous organic matter deposition and dissipation 
of sewage in the bay.18,32 A downward decrease was found 
in the upper layers of core I, while an upward increase 
was recorded in core M for TOC, which lack general 
vertical trends in cores G and E. Concentrations of Fe and 
Mn (Table 3) showed pronounced oscillations in core G, 
enrichments with increasing depth in core E, and inverse 

Table 2. Main physical characteristics of sampled sediment cores 

Core Water content/(%) Dry density/(g cm–3)
Fine (< 63 µm) 
particles/(%)

G 57 (51−60) 0.85 (0.43−1.49)  51 (40−62)

E 46 (42−50) 1.13 (0.62−1.93)  32 (24−37)

I 66 (57−79) 0.69 (0.26−0.98)  60 (54−63)

M 65 (60−70) 0.70 (0.33−1.20)  75 (70−79)

Values are means followed by ranges between parentheses.
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trends in surface layers of cores I (upward enrichment) and 
M (upward depletion). 

Few significant correlations were found between these 
variables in each core (Table 4). Cores E and M presented 
negative correlations between TOC and Fe, probably due 
to source differences between Fe and TOC, with the TOC 
input causing a dilution of Fe minerals. Cores E and I 
showed positive correlations between Fe and Mn, and fine 
sediment contents presented significant correlation with 
Fe in Core I. The correlations between Fe and Mn suggest 
a source similarity, if no post-depositional mobilization 
occurred. Contrasting remobilizations of Fe and Mn are 
well-known,9,33 which may contribute to explain the lack 
of correlation between these metals in cores G and M, 
and the depletions in the 4–6 cm depth interval of core 
G (since depletions were not found for other sediment 
characteristics). The lack of correlation between TOC 

and Mn may be a result of the expected Mn behavior in 
anaerobic, sulfidic sediments, in which Mn oxides are 
depleted due to microbial respiration34 and in reaction 
with FeS.35 Fine sediment contents correlated with Fe, 
but uncorrelated with Mn, have been observed in other 
environments (e.g., Soto-Jiménez and Paéz-Osuna36), since 
fine particles are rich in Fe-bearing minerals37 and Mn may 
be more susceptible to diagenetic mobilization than Fe.38 

Large variabilities in Hg concentrations occurred 
(Table 3), ranging from values close to background level 
(maximum Hg EF in core G = 1.5) to values 2 orders of 
magnitude above this level (maximum Hg EF in core M = 
175). The IHg

T
 followed the same trend of Hg concentration 

between cores (G < E < I < M), with IHg
T
 EFs ranging 

in 3.5–90 for cores E, I and M (Table 5). Core G showed 
a IHg

T
 only 10% above the IHg

Bg
, a variation within the 

analytical uncertainty of Hg determination, indicating 

Table 3. Concentration depth distribution of studied sedimentary contituents and mercury enrichment factors (Hg EF) in the sediment cores

Core Depth/(cm) TOC/(mg g−1) Fe/(mg g−1) Mn/(µg g−1) Hg/(ng g−1) Hg EF a

G

0−2 24.7 17.7 130 61 1.4

2−4 24.0 18.5 121 65 1.5

4−6 23.1 11.5 85 59 1.4

6−9 20.8 16.1 124 47 1.1

9−12 24.1 10.8 94 51 1.2

12−15 18.3 15.8 126 46 1.1

15−20 20.2 16.4 123 42 1.0

20−25 24.5 15.6 119 45 1.0

E

0−2 18.0 11.4 95 128 3.0

2−4 16.7 12.1 101 135 3.1

4−6 16.4 12.0 103 152 3.5

6−9 20.1 13.2 112 139 3.2

9−12 15.7 13.1 119 123 2.9

12−15 16.5 12.2 113 133 3.1

15−20 26.3 13.1 116 148 3.4

20−25 15.5 13.8 125 184 4.3

I

0−2 50.8 23.5 184 716 17

2−4 47.5 17.0 120 713 17

4−6 38.6 14.1 102 540 13

6−9 36.0 15.4 140 680 16

9−12 35.5 16.5 154 828 19

12−15 50.9 18.2 186 1142 27

15−20 44.2 18.7 184 1023 24

20−25 44.2 16.7 158 1123 26

M

0−2 84.1 13.6 110 7506 175

2−4 50.9 13.8 154 5012 117

4−6 46.8 15.7 179 3653 85

6−9 42.4 15.5 165 3315 77

9−12 41.6 16.3 146 2762 64

12−15 36.5 15.4 162 3236 75

15−20 27.7 16.0 162 3855 90

20−25 19.1 17.8 147 4096 95

a Hg EF = sample concentration / mean background concentration (43 ng g−1). 
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no significant anthropogenic storage. Although EFs and 
inventories may be affected by spatial and temporal changes 
in sediment composition and diagenesis,23,39 the results 
suggest that the studied sediments may be Hg sinks in the 
western bay area.

Godoy et al.22 determined sedimentation rates in 
Guapimirim, Estrela and São João de Merití Rivers 
estuarine areas by 210Pb dating, which ranged in 0.86–2.2 
cm yr−1 after the 1950s. Bidone et al.40 reported a 
sedimentation rate of 1.1 cm yr−1 for a 210Pb-dated sediment 
core from Iguaçu River estuary. Considering these rates, 
the studied sediments reflect a very recent evolution of 
Hg accumulation (Table 3), corresponding to the last 1–3 
decades. The upward Hg concentration increase in core M 
indicates no recent environmental quality improvement, 
whereas the Hg concentration increase in the upper layers 

of core G do not suggest a substantial environmental 
quality degradation. Cores E and I presented a slightly 
decreased Hg accumulation in surface layers, as may be 
expected due to contamination control policies,22,23 but a 
substantial degree of contamination is still observed in its 
top layers (Hg EF = 3 and 17, respectively). While a recent 
Hg concentration increase in core G may be a result of Hg 
dispersion from diffuse sources, the transport of the Hg 
stored within São João de Merití River catchment appears 
to have promoted a greater contamination in the last few 
years, considering a sedimentation rate of 2.2 cm yr–1.22 
However, further research is necessary to evaluate the 
possible contribution of methylation to determine these Hg 
enrichments in upper layers of estuarine sediments.

Mercury presented significant correlations with fine 
particles in core M, and with Mn in Core I (Table 4), 
indicating that Hg distribution in such sediments may be 
partially explained by associations with fine particles and 
Mn compounds. Redox stratifications in upper layers of 
cores G and E probably produce variable Hg chemical 
associations with sediment phases, possibly causing a lack 
of general correlations trends. On the other hand, there was 
a shift from a upward Hg concentration decrease in layers 
below 9–12 cm depth to a tendency, above this layer, of 
upward concentration increase in core M (Table 3). This 
promoted a peculiar Hg relationship with TOC, which 
showed an inverse trend within layers below minimum 
concentration (at 9–12 cm depth), while the opposite was 
found above it, resulting in a no significant correlation 
between the whole Hg and TOC datasets. This shift in 
the Hg-TOC relationship may be explained by a coupling 
among recent changes in the Hg input and an accentuation 
in the sediment capacity to retain Hg due to a greater 
organic matter accumulation in upper layers (Table 3), 
since there are evidences that Hg is mainly (> 95%) bound 
to organic matter in surface sediments from São João de 
Merití River estuary.41 

Carreira et al.18 reported that eutrophication influenced 
the TOC levels in three sediment cores from Guanabara 
Bay, although these cores represent areas less eutrophicated 
(consequently less enriched in TOC) than that of core M. 
Considering eutrophication as a main factor determining 
the TOC accumulation in core M, the change in the Hg-
TOC relationship in this core seems to be associated with a 
recent increase in the impact of eutrophication on sediment 
quality. 

Previous studies of sediments from the whole 
Guanabara Bay area have showed correlations of other 
trace metals (e.g., Cu, Cr, Ni and Pb) with simultaneously-
extracted concentrations of Fe and/or Mn, as well as with 
the contents of fine particles and TOC. 17,42 It is interesting 

Table 4. Spearman correlation coefficients for data from each sediment 
core (n = 8) and pooled data of all cores (n = 32) a

Fines TOC Fe Mn 

Core G

TOC −0.52

Fe 0.62 0.00

Mn 0.21 −0.14 0.64

Hg 0.21 0.45 0.29 −0.05

Core E

TOC −0.24

Fe −0.38 −0.76

Mn −0.43 −0.48 0.81

Hg 0.17 −0.50 0.43 0.26

Core I

TOC 0.53

Fe 0.90 0.59

Mn 0.54 0.61 0.76

Hg 0.43 0.57 0.55 0.86

Core M

TOC 0.38

Fe −0.36 −0.79

Mn −0.26 −0.12 0.10

Hg 0.90 0.38 −0.40 −0.31

All cores

TOC 0.73

Fe 0.55 0.47

Mn 0.63 0.55 0.74

Hg 0.74 0.63 0.24 0.57
a Significant values are in bold (α = 0.05).

Table 5. Inventories of background Hg (IHg
Bg

), excess Hg (IHg
xs

) and 
total Hg (IHg

T
) concentrations, and IHg

T
 enrichment factors (IHg

T
 EF) 

in the sediment cores

Core IHg
Bg

/(mg m−2) IHg
xs

/(mg m−2) IHg
T
/(mg m−2) IHg

T
 EF a

G 10.6 1.05 11.6 1.10

E 13.6 34.5 48.1 3.5

I 8.2 169 177 22

M 8.8 777 786 90
a IHg

T
 EF = IHg

T
 / IHg

Bg
. 
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to note that, with the exception of Hg and Fe data, all 
pooled data from the studied estuaries presented significant 
positive correlations (Table 4), probably due to a concurrent 
influence of sediment grain size and TOC on the distribution 
of metals. 

Conclusions

An evaluation of the recent Hg accumulation in 
Guanabara Bay estuarine sediments was carried out along 
an eutrophication gradient, indicated by data reported in 
previous studies and reflected in the sediment physical 
quality and TOC distributions. Within this gradient, 
near-background Hg concentrations were recorded in 
Guapimirim River estuary and slight attenuations in the 
degree of Hg contamination were found in the estuaries 
from Estrela and Iguaçu Rivers, while an upward Hg 
concentration increase occurred in the chlor-alkali plant-
affected sediments from São João de Merití River estuary. In 
this later estuary, Hg concentrations as high as 7500 ng g−1 
and Hg inventories as high as 786 mg m−2 (175 and 90  times 
above the estimated background values, respectively) were 
recorded, and a recent shift from a negative to a positive 
relationship between Hg and TOC was observed. This shift 
may be possibly explained by a coupling of an increased 
riverine Hg input and an enhanced sediment capacity to 
accumulate organic matter-bound Hg due to an incresing 
TOC input, as an impact of eutrophication. 
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