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As distribuições de Al, Cu, Co, Cr, Fe, Mn, Ni, Pb e Zn foram investigadas em dois sítios 
de sedimentos do reservatório Macela, Nordeste do Brasil. A análise de componentes principais 
(PCA) separou nitidamente os sítios de sedimentos coletados e as suas diferentes seções. Cu, 
Cr, Mn e Zn apresentaram as maiores concentrações nas seções do topo (0-20 cm) e mostraram 
correlações significativas com o conteúdo de carbono orgânico total (Corg). As concentrações de 
Co, Pb e Ni foram maiores nas seções do fundo (25-45 cm) e mostraram fortes correlações com 
alumínio. Cu, Cr, Mn e Zn foram provenientes do aporte antropogênico, enquanto que Co, Ni 
e Pb foram de origem natural. As toxicidades avaliadas com base nos valores do nível limiar de 
efeitos (TEL) e nível provável de efeitos (PEL) listados no Sediment Quality Guidelines (SQG) 
canadense mostraram que Cu, Pb e Zn raramente exercem efeitos adversos aos organismos, 
enquanto que para o Ni, esses efeitos biológicos ocorrem frequentemente à biota do reservatório. 
A toxicidade do Cr foi incerta.

The distributions of Al, Cu, Co, Cr, Fe, Mn, Ni, Pb and Zn were measured in two sediment 
cores obtained from the Macela Reservoir in Northeast Brazil. Principal component analysis 
(PCA) clearly separated both the cores and the sections corresponding to different depths. The 
concentrations of Cu, Cr, Mn and Zn were highest in the upper sections (0-20 cm), and were 
significantly correlated with the total organic carbon (Corg) content. The concentrations of Co, 
Pb and Ni were highest in the lower sections (25-45 cm), and showed strong correlations with 
aluminum. Cu, Cr, Mn and Zn were derived from anthropogenic sources, while Co, Ni and Pb 
were of natural origin. Toxicity assessment based on the threshold effect level (TEL) and probable 
effect level (PEL) values listed in the Canadian Sediment Quality Guidelines (SQG) showed that 
Cu, Pb and Zn rarely cause any adverse effects, while Ni was likely to cause frequent effects in 
the biota of the reservoir. The toxicity of Cr was uncertain.
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Introduction

Lakes are stationary bodies of water occupying 
hydrographic basins that have no connection to the 
ocean, and their contents of dissolved ions are low compared 
to those found in seawater. These aquatic systems include 
artificial lakes (reservoirs), which are of considerable 
importance due to their multiplicity of uses. However, 
reservoirs can be adversely affected by discharges of 
domestic, industrial and agricultural wastes that can cause 
problems including eutrophication, increased sediment 
deposition and higher concentrations of metals and other 
potentially toxic species.1

In recent years, there has been an increase in the 
number of investigations of metals in sediments. These 
deposited materials are no longer considered only as 
stores of chemical substances, but rather as an active 
aquatic compartment that fulfills a fundamental role in 
redistributing these substances to biota.2-4

The assessment of the total concentrations of metals 
in sediments is insufficient to predict the capacity for 
mobilization of the elements.5-7 The bioavailability 
of a metal in the aquatic ecosystem is related to the 
physical and chemical forms of the element present in 
the water, suspended particulate matter and sediment. 
This depends on abiotic factors such as dissolved 
concentration, degree of partitioning between the 
dissolved and particulate phases, salinity, hardness, 
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temperature, pH and dissolved organic carbon content of  
the water.8,9

The question of availability (and consequently 
the toxicity) of metals in sediments has resulted in 
environmental control agencies worldwide that establish 
quality standards for these pollutants. In North America, the 
management of sediment quality is based on the Sediment 
Quality Guidelines (SQG) for freshwater and coastal 
marine ecosystems. These guidelines provide information 
concerning the relationships between the concentrations of 
pollutants in the sediment and any adverse effects resulting 
from exposure of biota to the contaminants.4,10,11

SQG serve as a basis for determining the quality 
of the sediment in terms of the presence of chemical 
substances that might be toxic to biota,10 and although 
they were originally developed for use in North America, 
the criteria set out in the SQG have been used to evaluate 
concentrations of contaminants in sediments in various 
regions of the world.12-17 These criteria use sediment as an 
indicator of pollution, and can aid in understanding the 
quality of sediments in regions where measurements are 
scarce.12,15,18-20

The present work presents the vertical distributions 
of the metals Al, Cu, Co, Cr, Fe, Mn, Ni, Pb and Zn in 
two sediment cores from the Macela Reservoir, located 
in Sergipe State in Northeast Brazil. Principal component 
analysis (PCA) was applied to the profiles of the measured 
chemical parameters in order to identify groupings between 
the parameters and/or the core sections. Potential factors 
that might control the distribution and mobility of the metals 
in the sediments were also investigated. Possible toxicity 
associated with the presence of metals in the sediments was 
evaluated by comparison of measured concentrations with 
the SQG reference values.

Experimental

Study region

The Macela Reservoir is located in the municipality of 
Itabaiana City in Sergipe State, Northeast Brazil (latitude 
10º40’08” S, longitude 37º24’35” W, altitude ca. 222 m). The 
reservoir is a shallow body of water, with a maximum depth 
of around 7 m, constructed during 1953-1957 by damming 
the Fuzil Creek in the hydrographic basin of the Sergipe 
River. The area and water storage capacity of the reservoir 
are 14 km2 and 2.7 × 106 m3, respectively, and the local 
population is 76813 inhabitants. The reservoir was projected 
to supply water to irrigate 156 ha of agricultural land.21

The economic activities in the region surrounding the 
reservoir include small food, footwear, drink, ceramics and 

furniture industries, as well as agricultural cultivation and 
cattle ranching. Most residences have no sewage treatment 
systems, and some have no supply of treated water or other 
basic services. For this reason, the Macela Reservoir is 
highly eutrophicated, and the main point source discharges 
of N and P into the reservoir are domestic sewage and the 
effluents from a variety of small industries.21

Sampling and sample preparation

Collection of the sediment samples was undertaken in 
November 2008 at two locations, one upstream (core 1; 
10º40’20.06” S, 37º25’19.31” W), at the mouth of the 
Fuzil Creek, and the other downstream (core 2; 10º40’9.11” S,  
37º24’76.77” W), close to the reservoir dam (Figure S1 in 
the Supplementary Information (SI) section).

Two sediment cores, each to a depth of approximately 
45 cm, were collected using a core sampler consisting 
of a cellulose acetate-butyrate tube. In the field, each 
core was divided into 5 cm sections, which were placed 
into previously decontaminated plastic containers and 
stored in ice in insulated polystyrene foam boxes during 
transport to the laboratory. All equipment used during 
sampling was non-metallic in order to avoid any possibility 
of contamination of the samples. In the laboratory, the 
sediments were dried to a constant mass at 50 oC for 72 h 
in a forced air circulation oven. They were then carefully 
broken up and sieved (< 2.0 mm) to separate out fragments 
of wood and gravel, and transferred to decontaminated 
flasks for storage prior to analysis.

Reagents

All reagents used were high purity grade (obtained 
from Merck). Ultrapure water (18.2 MW cm) was used 
throughout. Stock 1000 mg L-1 standard solutions of Al, Cu, 
Co, Cr, Fe, Mn, Ni, Pb and Zn were prepared from ampoules 
of Tritisol metal standards (Merck). The dilute solutions 
used to construct the analytical curves were prepared from 
the stock solutions at the time of analysis. The LKSD-1/
CCRPM/Canada lake sediment standard reference material 
(SRM) was used to evaluate the extraction recoveries 
achieved for the metals and organic carbon.

Instrumentation

Determination of the metals employed flame atomic 
absorption spectroscopy (FAAS), using a Shimadzu 
AA6800 instrument equipped with deuterium background 
correction and an autosampler. The spectrometer was 
operated as recommended by the manufacturer, and all 
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absorbance readings were made in triplicate. The organic 
carbon contents of the samples were measured using an 
elemental analyzer (Flash ES 1112). The sediment samples 
were digested using a digester block (Tecnal TE007A) 
equipped with polytetrafluoroethylene (PTFE) reaction 
vessels.

Extraction procedure for determination of total metal 
concentrations

Approximately 0.6 g portions of each dry sediment 
sample were transferred to the PTFE reaction vessels. 
A combination of acids (HCl + HNO3 + HF) was then 
added, and the mixture was heated at 140 ºC for 2 h. The 
extract obtained was filtered prior to determination of the 
metals using FAAS.22

The efficiency of the extraction technique was measured 
by analysis of three replicates of the lake sediment SRM. 
The measured metal concentrations varied between 
92 ± 8 (Fe) and 117 ± 12% (Co) of the certified values, with 
no significant differences (at the 95% confidence level). 
The accuracy of the technique was therefore considered 
to be satisfactory, especially considering the complexity of 
the matrix. The limits of detection (LOD) were calculated 
from ten readings of the blank solution, made on different 
days, and varied between 0.04 ± 0.01 (Cr and Mn) and 
0.32 ± 0.04 µg g-1 (Al), showing that there was no significant 
contamination.

Extraction procedure for determination of partial metal 
concentrations

Partial metal extractions were performed using EPA 
method 200.8. Around 1 g of dry sediment was transferred 
to a PTFE reactor and treated with an acidic solution 
containing dilute HNO3 and HCl. The mixture was heated 
on the digester block for 30 min at 95º C, and the extract 
obtained was then filtered prior to determination of the 
metal concentrations using FAAS.9 The lake sediment SRM 
was analyzed together with the samples in order to ensure 
the quality of the partial metal extraction. The agreement 
between measured and certified values varied between 
89 ± 8 (Zn) and 99 ± 3% (Pb). The LOD values varied 
between 0.03 (Cr and Mn) and 0.30 µg g-1 (Al).

Organic carbon determination

The total carbon contents of the samples were 
determined by combustion at 900 oC, using an elemental 
analyzer. The organic carbon content was then calculated 
from the difference between the values obtained before and 

after sample calcination at 550 oC for 1 h.22 Quality control 
of the carbon analyses was achieved by analyzing the lake 
sediment SRM alongside the samples, and 96.3 ± 4.2% 
agreement between measured and certified values was 
achieved (using 3 replicates).

Statistical analysis of the data

Analysis of variance (one-way ANOVA) was applied to 
the data using Tukey’s multiple comparison test (p < 0.05). 
Correlation calculations and PCA were performed using 
Statistica software for Windows version 6.0 (StatSoft Inc., 
USA). In all the tests, the critical value of α corresponded 
to a confidence level of 95%.

Results and Discussion

Chemical characteristics of the sediments

The concentrations of the trace metals and organic 
carbon in the sediments are provided in Table 1. PCA 
was applied to these data in order to identify trends in 
the vertical distributions of the different variables in the 
two sediment cores, as well as groupings between the 
variables and/or the sections. The PCA technique has 
previously been successfully applied to aquatic sediment 
data for this purpose.4,9,22-25

The data matrix was composed of 18 measurements 
(lines) and 10 variables (columns). The measurements 
were the concentrations of the different parameters in 
each section of the two sediment cores (9 sections for each 
core), and the variables were the measured parameters (Cu, 
Cr, Co, Mn, Ni, Pb, Zn, Al, Fe and total organic carbon (Corg) 
content). In order to ensure that the relative influences of 
the different variables in the model were independent of the 
units used, the columns of the data matrix were auto-scaled, 
so that the new variable had a mean of zero and a variance 
of 1. Only values with weightings above 0.60 and with a 
confidence level of 95% were considered to be significant.

Two principal components were extracted, representing 
together 79.47% (PC1 42.40%; PC2 37.07%) of the 
information contained in the initial variables. Based on the 
weighting of the contribution of each variable (Table 2), it 
can be seen that Co, Pb and Ni (negative weightings) and 
Corg (positive weighting) were strongly associated with 
the first component (PC1), and that Cr, Cu, Mn and Zn 
(negative weightings) and Ni and Pb (positive weightings) 
were associated with the second component (PC2).

The locations of the cores and their sections in the 
plane of coordinates formed by the two new components 
(PC1 and PC2) are shown in Figure 1. This procedure 
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using only two variables enabled clearer visualization of 
the groupings. PCA separated the cores into two groups. In 
PC1, cores I and II were located in the positive and negative 
regions, respectively, demonstrating that the two cores were 
statistically different. The main distinguishing features 

were the lower concentrations of Co, Pb and Ni, and higher 
concentration of Corg, in core I compared to core II (Table 2). 
PC2 separated the upper sediment sections (in the negative 
region of PC2) from the lower sections (positive region of 
PC2). This separation was due to greater concentrations 
of Cu, Cr, Mn and Zn in the upper sections (0-20 cm), and 

Table 1. Total metal concentrations and organic carbon (Corg) contents in the sediment cores from the Macela Reservoir (n = 3, mean ± standard deviation)

Section Depth / cm Cu / (mg g-1) Co / (mg g-1) Cr / (mg g-1) Pb / (mg g-1) Ni / (mg g-1) Mn / (mg g-1) Zn / (mg g-1) Al / % Fe / % Corg / %

Core I

1A 00-05 41.9 ± 0.4 22.5 ± 0.1 286.9 ± 0.6 37.4 ± 0.3 145.9 ± 0.1 659.9 ± 3.0 83.9 ± 0.2 2.9±0.1 2.8 ± 0.1 14.2 ± 0.2

1B 05-10 42.5 ± 0.1 24.0 ± 0.1 289.6 ± 0.6 38.1 ± 0.2 153.9 ± 0.8 684.1 ± 7.9 85.9 ± 0.5 2.7 ± 0.1 2.6 ± 0.1 15.3 ± 0.2

1C 10-15 43.7±0.2 23.2 ± 0.1 298.6 ± 2.5 38.5±0.1 157.7 ± 0.4 660.0 ± 3.0 78.1 ± 0.3 3.1 ± 0.0 2.4 ± 0.2 10.8 ± 0.2

1D 15-20 41.1 ± 0.3 23.3 ± 0.1 274.2 ± 0.5 39.7 ± 0.2 151.6 ± 0.6 651.7±3.6 76.3 ± 0.4 3.6 ± 0.1 2.8 ± 0.0 12.3 ± 0.2

1E 20-25 38.1 ± 0.2 25.4 ± 0.1 273.2 ± 0.4 40.2 ± 0.4 156.9 ± 0.4 641.6 ± 13 74.3 ± 0.4 2.9 ± 0.2 2.4 ± 0.0 6.3 ± 0.1

1F 25-30 38.0 ± 0.6 26.2 ± 0.4 269.8 ± 0.4 40.9 ± 0.1 160.7 ± 0.4 633.5 ± 11 71.1 ± 0.2 3.9 ± 0.1 2.7 ± 0.1 6.4 ± 0.1

1G 30-35 36.1 ± 0.1 27.3 ± 0.3 262.4 ± 1.3 41.2 ± 0.1 161.2 ± 1.3 627.9 ± 4.9 69.4 ± 0.2 3.8 ± 0.1 2.8 ± 0.1 6.0 ± 0.1

1H 35-40 37.9 ± 0.1 25.8 ± 0.1 259.7 ± 0.5 42.3 ± 0.1 163.3 ± 3.9 627.7 ± 3.3 68.2 ± 0.3 4.1 ± 0.1 3.0 ± 0.2 7.1 ± 0.1

1I 40-45 37.7 ± 0.4 26.4 ± 0.2 257.2 ± 0.6 44.1 ± 0.4 175.0 ± 0.1 614.2 ± 5.6 67.5 ± 0.1 4.2 ± 0.1 2.9 ± 0.1 6.1 ± 0.1

Mean ± standard deviation 39.7 ± 2.7 24.9 ± 1.7 274.6 ± 14.4 49.3 ± 2.1 158.5 ± 8.2 644.5 ± 21.5 74.9 ± 6.7 3.5 ± 0.6 2.7 ± 0.2 9.4 ± 3.8

Core II

2A 00-05 52.5 ± 0.1 29.0 ± 0.2 301.7 ± 1.3 40.1 ± 0.4 172.2 ± 0.4 676.5 ± 0.8 97.1 ± 0.4 3.0 ± 0.1 2.9 ± 0.1 7.2 ± 0.1

2B 05-10 53.1 ± 0.3 31.0 ± 0.2 326.9 ± 3.5 40.6 ± 0.4 181.2 ± 1.6 701.0 ± 1.4 100.8 ± 0.8 2.7 ± 0.1 2.7 ± 0.1 7.2 ± 0.1

2C 10-15 53.2 ± 0.1 32.0 ± 0.0 289.3 ± 0.6 40.7 ± 0.1 190.5 ± 1.3 694.3 ± 6.8 108.4 ± 0.3 2.9 ± 0.1 2.4 ± 0.1 7.5 ± 0.1

2D 15-20 52.2 ± 0.2 33.3 ± 0.1 288.4 ± 1.4 41.3 ± 0.5 195.8 ± 0.4 689.9 ± 6.0 93.8 ± 0.4 3.2 ± 0.1 2.3 ± 0.1 6.7 ± 0.1

2E 20-25 49.5 ± 0.6 33.2 ± 0.6 270.4 ± 0.8 42.1 ± 0.2 186.7 ± 1.2 685.5 ± 2.8 89.4 ± 0.4 2.9 ± 0.1 2.9 ± 0.1 4.8 ± 0.1

2F 25-30 45.0 ± 0.2 32.7 ± 0.0 267.9 ± 3.6 45.0 ± 0.1 208.3 ± 2.7 677.8 ± 3.2 88.8 ± 0.3 3.4 ± 0.2 2.6 ± 0.0 4.8 ± 0.1

2G 30-35 43.0 ± 0.3 33.8 ± 0.3 262.8 ± 3.0 46.7 ± 0.4 219.8 ± 0.4 670.0 ± 4.5 88.0 ± 0.1 3.8 ± 0.1 2.9 ± 0.1 4.6 ± 0.1

2H 35-40 40.3 ± 0.2 35.0 ± 0.4 260.5 ± 1.3 48.0 ± 0.1 207.9 ± 2.8 651.9 ± 3.0 85.8 ± 0.1 4.0 ± 0.1 2.7 ± 0.1 4.7 ± 0.1

2I 40-45 39.9 ± 0.3 34.9 ± 0.0 258.0 ± 0.3 49.2 ± 1.1 224.2 ± 1.2 637.7 ± 2.8 84.9 ± 0.0 3.9 ± 0.1 3.0 ± 0.1 3.8 ± 0.1

Mean ± standard deviation 47.6 ± 5.6 32.8 ± 1.9 280.7 ± 22.9 43.8 ± 3.5 198.5 ± 17.7 676.1 ± 20.4 93.0 ± 7.8 3.3 ± 0.4 2.7 ± 0.2 5.7 ± 1.4

Table 2. Principal component loadings obtained for the metals and total 
organic carbon (Corg) content

Variable PC1 PC2

Cu -0.58 -0.79

Co -0.97 0.09

Cr -0.04 -0.90

Pb -0.66 0.65

Ni -0.93 0.81

Mn -0.51 -0.83

Zn -0.58 -0.68

Al -0.36 0.52

Fe -0.58 0.34

Corg 0.69 -0.55

Total variance / % 42.40 37.07

Cumulative variance / % 42.40 79.47

Figure 1. Score graphs of PC1 × PC2 applied to Co, Cr, Cu, Ni, Pb, Zn, 
Fe, Al and organic carbon concentrations in sediments from the Macela 
Reservoir. The groups identified by the analysis are circled.
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greater concentrations of Pb and Ni in the lower sections 
(25-45 cm).

It can therefore be concluded from the PCA results 
that the distributions of the trace metals differed between 
sediment sections. Higher concentrations of Cu, Cr, Mn and 
Zn were found in the upper sections, while concentrations 
of Co, Pb and Ni were higher in the lower sections. The 
metals Al and Fe were present at elevated concentrations 
that varied little with depth, as expected for elements that 
are major components of sediments.

Profiles of the distributions of metals in the sediment cores

Copper, chromium, manganese and zinc
Figure 2 illustrates the distribution profiles of Cu (a), 

Cr (b), Mn (c) and Zn (d) in the cores. The ranges  
of concentrations found were (in µg g-1) 36.1-53.2 (Cu), 
257.2-326.9 (Cr), 614.2-701.0 (Mn) and 67.5-108.4 (Zn). 
The profiles were similar, with concentrations increasing 
from the bottom to the top of the cores. The highest 
concentrations were obtained in the region 0-20 cm, with 
a maximum at around 10-15 cm. This trend was confirmed 
using one-way ANOVA (p < 0.05), which showed that 
there was a significant variation of metal concentration 
according to the depth. The similarities between the 
profiles, together with the occurrence of the maximum 
concentrations at the same depth, suggested that the metals 
were co-deposited simultaneously. Similar enrichments 
of these metals in the upper sediment layers have been 
reported previously.23,26-30

The highest metal concentrations were measured in 
core II (Figure 2a-2d). This core was collected in a region 
surrounded mainly by plantations, and was therefore 
affected by discharges of agricultural effluents, as well as 
by the effluent from a ceramics factory. Core I was obtained 
in a region directly affected by discharges of domestic 
sewage as well as the effluent from a tannery that closed in 
September 2008, resulting in high inputs of organic matter. 
These effluents were probably the main sources of Cu, Cr, 
Mn and Zn in the region studied.

According to Mendil and Uluozlu,31 Cu, Mn and Zn are 
marker elements for domestic effluents. Ramalho et al.32 
reported that the use of agrochemicals in regions of 
intensive agricultural activity contributes significantly to 
increased concentrations of metals in soils and sediments, 
especially in the case of Cu, Mn and Zn, which are present 
in fertilizers, insecticides, fungicides and herbicides. 
According to Brito et al.,33 one of the main anthropogenic 
sources of chromium is the leather industry, which 
generates solid wastes containing trivalent chromium and 
high levels of organic matter.

Although the depth of the Macela Reservoir was 
similar at both sampling sites, and there was no clear 
evidence of progressive transformation from the lotic 
(river) environment to the lentic (lake) environment, there 
was a preferential flow of water towards the dam, resulting 
in greater metal deposition at the second site (core II). 
Concentrations of the elements therefore increased in the 
upstream-to-downstream direction.

From Figure 2b, it can be seen that chromium presented 
behavior different to that of the other metals of the group, 
with similar concentrations in the two cores at depths below 
25 cm. This was confirmed by ANOVA, which found that 
there were significant differences between the two cores 
for Cu, Mn and Zn, but no difference for Cr. The dynamics 
of the incorporation of chromium into the sediments was 
therefore different compared to the other elements.

Strong correlations were obtained between the metals 
Cu, Cr, Mnn and Zn, as well as Corg (r > 0.76 and r > 0.78 
for cores I and II, respectively), indicating that Corg was 
the main carrier of the metals in the sediment. The strong 
correlations indicate that transport of these metals derived 
from effluents discharged into the reservoir contributed 
to enrichment of the elements in the sediments. Similar 
findings were reported by Loska and Wiechuła34 for 
sediments of the Rybnik Reservoir (Poland), which received 
inputs of contaminants associated with domestic and 
industrial discharges.

Strong correlations were also observed between the 
pairs Cu-Cr (r = 0.92), Cu-Mn (r = 0.86), Cu-Zn (r = 0.84), 
Cr-Mn (r = 0.89), Cr-Zn (r = 0.86) and Mn-Zn (r = 0.96) 
for core I, and between the pairs Cu-Cr (r = 0.81), Cu-Mn 
(r = 0.91), Cu-Zn (r = 0.84), Cr-Mn (r = 0.66), Cr-Zn 
(r = 0.73) and Mn-Zn (r = 0.73) for core II. According 
to Avila-Pérez et al.,35 strong correlations between these 
metals are indicative of common anthropogenic sources and 
similar processes of deposition.

Cobalt, lead and nickel
The distribution profiles of Co, Ni and Pb in the 

sediment cores from the Macela Reservoir are shown in 
Figures 2e-2g. The ranges of concentrations found were (in 
µg g-1) 22.5-35.0 (Co), 145.9-224.2 (Ni) and 37.4-49.3 (Pb). 
The profiles were similar, with gradual increases in 
concentrations with depth, and highest concentrations 
below 25 cm. This distribution was confirmed by ANOVA, 
which revealed significant differences between metal 
concentrations along the profile. The ANOVA analysis also 
showed that there were significant differences between the 
two cores, in terms of the concentrations of Co, Ni and Pb. 
These findings suggested that the three elements had been 
transferred to the sediments by the same mechanism.
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Figure 2. Vertical distributions of (a) Cu, (b) Cr, (c) Mn, (d) Zn, (e) Co, (f) Pb, (g) Ni, (h) Al and (i) Fe in the sediment cores from the Macela Reservoir, 
() core I and () core II.
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Lower concentrations of Co, Ni and Pb in the upper 
sections suggest that the metals were of natural origin, 
with concentrations being diminished by dilution with 
anthropogenic material that was probably poor in these 
elements. This type of behavior was also observed by 
Boyle et al.,36 in sediments from Lake Baikal (Russia).

Strong correlat ions were obtained between 
aluminum and the metals Co, Pb and Ni (r > 0.70 and 
r > 0.88 for cores I and II, respectively), indicating that 
aluminum acted as an effective carrier, as reported earlier 
by Roach13 for sediments from Lake Macquarie (Australia).

There were also strong correlations between the pairs 
Co-Pb (r = 0.82), Co-Ni (r = 0.76) and Ni-Pb (r = 0.89) 
for core I, and between the pairs Co-Pb (r = 0.81), Co-Ni 
(r = 0.67) and Ni-Pb (r = 0.92) for core II, indicative of 
similar origins and the same mechanism of enrichment.37

Aluminum and iron
The distribution profiles of Al and Fe were similar 

for both sediment cores (Figures 2h-2i), with high 
concentrations and little variation along the profile. This 
was confirmed by ANOVA, which found no significant 
differences in concentrations of the two metals, either 
between the cores or according to depth. The ranges 
of concentrations found were (in %) 2.7-4.2 (Al) and 
2.3-3.0 (Fe). The high concentrations of Fe and Al 
reflected the lithogenic composition of the hydrographic 
basin, with the formation of terrigenous sediments rich in 
aluminosilicates and iron oxyhydroxides.38

Possible toxicity of the metals in the sediments

Assessment of sediment quality is an important 
tool for monitoring the quality of aquatic ecosystems.10 
Nonetheless, regulation of Brazilian hydric resources 
has not considered the use of sediment analysis for 
monitoring aquatic environments. At present, legislation 
only contemplates the minimum procedures required for 
dredging, in an attempt to manage this activity in waters 
under Brazilian jurisdiction.39 Meanwhile, there have been 
many studies that have evaluated the quality of sediments 
using the SQG indices.4,9,17,20,40-43

Hence, in the absence of any reference values laid out 
in Brazilian legislation, or the existence of any relevant 
ecotoxicological studies, the SQG indices developed for 
Canadian freshwater ecosystems were used to evaluate the 
metals in the sediments from the Macela Reservoir, and 
provide evidence of any possible effects that might be 
damaging to aquatic organisms.

The Canadian SQG references are based on a 
chemical and biological database elaborated in North 

America, under the responsibility of the Canadian Council 
of Ministers of the Environment (CCME) in order to derive 
a protocol designed to protect aquatic life. This protocol 
provides criteria to evaluate the quality of sediments in 
terms of the toxicological effects of different substances 
on aquatic organisms.44 The criteria employ concentrations 
that represent a lower threshold effect level (TEL), below 
which adverse effects are rarely expected in aquatic biota 
following exposure, and a probable effect level (PEL) above 
which adverse effects are expected to be frequent. Between 
TEL and PEL, there is a transition zone in which biological 
toxicity effects are uncertain.11

Table 3 presents the partial concentrations of the metals 
Cr, Cu, Ni, Pb and Zn measured in the sediments, together 
with the TEL-PEL values listed in the Canadian SQG.11 
Since the extraction was performed using a mixture of dilute 
nitric and hydrochloric acids, the results are compatible 
with the Canadian SQG, enabling use of the latter to 
interpret the data.

The concentrations of Cr measured in the sediment 
cores were higher than TEL and lower than PEL, and were 
therefore in the transition zone where toxicity effects on 
biota cannot be reliably predicted. The concentration of Cu 
was higher than TEL and lower than PEL for the sections 
in the regions 10-25 cm (core I) and 0-10 cm (core II), so 
that according to the classification proposed in the SQG 
reference, it was not possible to predict any effects on the 
biota of the reservoir. Concentrations of Ni in the sediment 
cores exceeded the PEL values, and were therefore above 
the threshold at which adverse effects on biota are probable. 
Zn and Pb concentrations were below TEL in both cores, 
indicating that toxic effects on organisms in the reservoir 
were unlikely to occur.

Work by Zhigang et al.12 at Lake Dongting (China) 
revealed concentrations of Cr, Cu, Pb and Zn that exceeded 
TEL but were lower than PEL, indicating that evaluation 
of the toxicity of these elements was uncertain. It was also 
found that the concentration of Ni exceeded PEL, indicating 
that frequent adverse effects could be expected in the biota 
of Lake Dongting. In work on the Rio Grande Reservoir 
(Brazil), concentrations of Cr, Cu, Ni, Pb and Zn were found 
to exceed PEL,45 suggesting not only that the environment 
was contaminated by these metals, but also that impacts 
on the biota might be expected.

It must be stressed that the SQG reference values should 
be used with caution since there is no guarantee of absence 
of toxicity at concentrations lower than TEL, or of toxicity 
at concentrations exceeding PEL, especially considering 
that the SQG reference values were not specifically 
developed for the biogeochemistry of the region studied. 
For greater confidence, it is therefore recommended that 
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the results obtained here should be validated using toxicity 
tests.

Conclusions

The distributions and geochemical associations of Al, 
Cu, Co, Cr, Fe, Mn, Ni, Pb and Zn were investigated using 
two sediment cores from the Macela Reservoir in Northeast 
Brazil. Application of PCA clearly distinguished between 
the two cores and their sections. The main differences 
between the cores were the higher content of organic 
carbon and lower contents of Cu, Co, Ni and Zn in core I. 
Different mechanisms of deposition of the metals into 
the sediments separated the upper core sections from the 
deeper layers.

Higher concentrations of Cu, Cr, Zn and Mn were 
measured in the upper core sections, while concentrations of 
Co, Ni and Pb were higher in the lower sections. Fe and Al 
showed uniform distributions. Higher concentrations of the 
metals analyzed were generally found in core II, which could 
be explained by the preferential water flow towards the dam.

Significant correlations between Corg and the metals 

Cu, Cr, Mn and Zn indicated that organic matter acted 
as an effective carrier of these elements to the aquatic 
environment. Co, Ni and Pb showed strong correlations 
with Al, suggesting that aluminum was one of the main 
factors controlling levels of the metals in the reservoir 
sediment. The results indicated that Co, Ni and Pb were 
mainly derived from natural sources, while Cu, Cr, Mn and 
Zn mainly originated from anthropogenic discharges.

Evaluation of toxicity, based on the SQG reference 
values, showed that concentrations of Cu, Pb and Zn in 
the sediment cores were close to TEL, at which toxic 
effects should rarely occur to organisms in the reservoir. 
The concentrations of Cr were higher than TEL and 
lower than PEL, so that toxic effects of the metal could 
not be predicted. The concentration of Ni exceeded PEL, 
indicating that adverse effects could be expected in the 
aquatic biota of the Macela Reservoir.

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.

Table 3. Partial metal concentrations in the sediment cores from the Macela Reservoir (n = 3, mean ± standard deviation) and Canadian sediment quality 
guideline values11

Depth / cm Cu / (mg g-1) Cr / (mg g-1) Ni / (mg g-1) Pb / (mg g-1) Zn / (mg g-1)

Core I 00-05 34.9 ± 0.4c 58.1 ± 0.1 75.4 ± 0.1c 25.9 ± 0.1 75.4 ± 0.3

05-10 34.4 ± 0.2c 68.5 ± 0.1 74.8 ± 0.1c 29.7 ± 0.1 95.4 ± 0.8

10-15 39.2 ± 0.3c 58.9 ± 0.1 78.6 ± 0.2c 29.3 ± 0.1 74.1 ± 0.1

15-20 36.5 ± 0.1c 58.1 ± 0.1 77.7 ± 0.3c 30.7 ± 0.1 74.6 ± 0.1

20-25 37.6 ± 0.1c 54.9 ± 0.1 80.2 ± 0.6c 31.3 ± 0.1 61.9 ± 0.3

25-30 31.9 ± 0.2 57.3 ± 0.1 78.8 ± 0.1c 31.1 ± 0.1 64.8 ± 0.3

30-35 29.3 ± 0.1 57.6 ± 0.1 78.7 ± 0.2c 32.4 ± 0.1 64.3 ± 0.8

35-40 27.6 ± 0.2 55.9 ± 0.1 80.9 ± 0.2c 31.4 ± 0.1 55.2 ± 0.2

40-45 26.8 ± 0.2 56.2 ± 0.1 80.0 ± 0.3c 31.9 ± 0.1 57.6 ± 0.3

Mean ± standard deviation 33.2 ± 4.4 58.0 ± 3.1 78.4 ± 2.1c 30.4 ± 1.9 69.3 ± 12.2

Core II 00-05 39.0 ± 0.3 c 79.1 ± 0.1 74.3 ± 0.1c 27.9 ± 0.1 50.4 ± 0.2

05-10 41.8 ± 0.3 c 81.9 ± 0.1 74.9 ± 0.2c 27.7 ± 0.1 47.5 ± 0.1

10-15 30.5 ± 0.1 66.7 ± 0.1 71.1 ± 0.1c 30.9 ± 0.2 42.0 ± 0.1

15-20 30.7 ± 0.1 72.0 ± 0.1 74.4 ± 0.2c 31.6 ± 0.1 41.4 ± 0.2

20-25 29.1 ± 0.2 55.1 ± 0.1 73.6 ± 0.1c 31.9 ± 0.1 38.9 ± 0.1

25-30 28.4 ± 0.1 52.1 ± 0.1 68.3 ± 0.2c 33.9 ± 0.2 33.0 ± 0.1

30-35 28.1 ± 0.2 52.8 ± 0.1 70.3 ± 0.1c 34.3 ± 0.1 32.5 ± 0.1

35-40 26.6 ± 0.1 57.1 ± 0.1 75.4 ± 0.3c 33.5 ± 0.1 29.9 ± 0.1

40-45 26.0 ± 0.2 50.8 ± 0.1 80.2 ± 0.2c 33.9 ± 0.1 26.9 ± 0.1

Mean ± standard deviation 31.1 ± 5.5 63.1 ± 12.1 74.4 ± 5.4c 31.7 ± 2.5 75.0 ± 13.8

TELa 35.7 37.3 18 35 123

PELb 197 90 36 91.3 315
aTEL: threshold effect level; bPEL: probable effect level; cpossible toxicity.
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