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ABSTRACT

The present study aimed to determine, via sequential extraction (method adapted from the Community Bureau of 
Reference), the different ways in which the elements Fe, As, Pb, Mn, Ba, Zn and Ni are associated with sediments 
of the alluvial terraces and cutbank from river Gualaxo do Norte Basin (east-southeast of the QuadriláteroFerrífero, 
Minas Gerais, Brazil). In order to complement data obtained by sequential extraction, were included sedimentolo-
gical description and interpretation of facies, as well as mineralogical and grain-size analysis of samples collected 
in each profile. The results show high concentrations of the elements Pb, As, Fe, Mn and Ba in soil samples. Howe-
ver, only a small percentage of these features are readily bioavailable by being associated with the exchangeable 
fraction. Special attention should be given to the elements Ba and Ni, which can be mobilized in case of reduction 
of pH, when the release of acid drainage from tailings from mining activities. Regarding the toxic elements As and 
Pb, these show up predominantly associated with the residual fraction (suggesting a geogenic source), although 
the analysis of stratigraphic profiles reveal that large concentrations of these elements appear to be associated with 
anthropogenic activities such as gold mining in the region studied. In these cases, stimulates the development or 
adaptation of extracting a specific protocol, considering the characteristics of samples (rich in iron, poor in organic 
matter, with or without the presence of sulfides).
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RESUMO

Fracionamento de elementos químicos dos terraços aluviais e da bacia do Gualaxo do Norte, leste-sudeste 
do Quadrilátero Ferrífero, MG, Brasil. O presente estudo objetivou determinar, via extração seqüencial (método 
adaptado a partir do Bureau de Referência de Romunidade), as diferentes maneiras em que os elementos Fe, As, 
Pb, Mn, Ba, Zn e Ni são associados com sedimentos dos terraços aluviais e da bacia do Rio Gualaxo Norte (leste-
sudeste da Quadrilátero Ferrífero, Minas Gerais, Brasil). A fim de complementar os dados obtidos por extração  
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seqüencial, foram incluídas descrição sedimentológica e interpretação de fácies, bem como, análise mineralógica e 
granulometria de amostras coletadas em cada perfil. Os resultados mostram altas concentrações dos elementos Pb, 
As, Fe, Mn e Ba em amostras de solo. No entanto, apenas uma pequena percentagem desses recursos são pronta-
mente biodisponíveis por estar associado com a fração trocável. Atenção especial deve ser dada aos elementos Ba 
e Ni, que podem ser mobilizados em caso de redução do pH, quando a liberação de drenagem ácida de rejeitos das 
atividades de mineração. Sobre os elementos tóxicos As e Pb, estes aparecem predominantemente associados com 
a fração residual (sugerindo uma origem geogenic), embora a análise dos perfis estratigráficos revelam que grandes 
concentrações desses elementos aparecem para ser associadas com atividades antropogênicas, tais como a minera-
ção de ouro na região estudada. Nesses casos, estimula o desenvolvimento ou adaptação de extrair um protocolo 
específico, considerando as características de amostras (ricos em ferro, pobre em matéria orgânica, com ou sem a 
presença de sulfetos).

Palavras-chave: metais pesados; sedimentos fluviais; mineração

INTRODUCTION

Environmental geochemistry, understood as the study ofthe inter-relationships betweennatural and 
artificial compounds/chemical elements and theenvironment, aims atassessing, predicting and controlling 
possible foci of soil, sediment, superficial water, underground water and atmospheric pollution (Eby, 
2004). In this context, an interesting research field has been thegeochemical analysis of fluvial sediments, 
once the contaminationof these sediments has been consideredan important environmental issue.

Förstner et al. (2004) stress out that the chemical analysis offluvial sedimentsisan important tool 
for assessing water quality, becausethese sedimentsplay important rules in theaquatic environment, such 
as: i) “memory effect”in depositionenvironments, because sediment layers are temporally and sequential-
ly accumulated; ii) support to life, because, besides representing an essential part of the aquaticecosys-
tem,which is composed ofa variety of habitats andenvironments, they supply nutrients for the aquatic or-
ganisms; iii) secondary source of contaminants, involving mobilizationof contaminated particles followed 
byliberation of contaminantsvianatural or artificial re-suspension of sediments, and iv) final contaminant 
reservoir, once they have the capacity to immobilize potentially dangerous elements, e.g. toxic metals.

As discussed by Rezende et al. (2011) and shared by other authors (Hakanson, 1992; Altug e Balkis 
2009), sediments are matrixes composed of detrital, inorganic or organic particles, which are relative-
ly heterogeneous in terms ofphysical, chemical and biological characteristics. Frequently sediments are 
composed of fine-grained particles, which are in contact with the bottom of natural water bodies, such as 
lakes, rivers and oceans. Because of their capacity to accumulate pollutants, the determination of toxic ele-
ments in sedimentshelps assess the pollutant geochemical cycle (Rezende et al., 2011). Besides, sediments 
constitute a temporarystore and can act as metal sinks or sources by means of adsorption/desorption and 
precipitation/dissolution reactions (Lindell et al., 2010).

Sediments can liberatetoxic elements to the environmentdepending on variations of certain factors, 
such as pH, dissolved oxygen, salinity, redox potential, ionic strength, complexing agents and bacterial 
decomposition. Several studieshave indicated that thesevariations can break some links between metals 
and sediments, making these metals available to the water column (Alves et al., 2001; Kwon e Lee, 2001; 
Lima et al., 2001; Jordão et al., 2002; Zabetoglou et al., 2002; Pardo et al., 2004; Corbi et al., 2006). In 
this sense, as stressed out by Quináia et al. (2009), the total concentration of a certain metal in sedimentsis 
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not information enough on contamination. To know how metals are linked to sediments can help obtain 
information on how much the waters around these sediments are prone tocontamination that can happen 
with changes in the environment (Zimmerman e Weindorf, 2010, Castillo et al., 2011; Nemati et al., 2011; 
Passos et al., 2011; Seddique et al., 2011; Sharif et al., 2011).

In this context, the objective of the presentstudy is to determine, via sequential extraction, the differ-
ent forms in which the elements Fe, As, Pb, Mn, Ba, Zn and Ni can be associated with cutbank sediments 
and alluvial terraces of the Gualaxo do Norte River basin(Minas Gerais, Brazil). This basin is located in 
the eastern-southeastern portion of the Quadrilátero Ferrífero, well-knownfor encompassing some of the 
largest mineral deposits of the world (Deschamps et al., 2002; Roeser e Roeser, 2010).

MATERIAL AND METHODS

Sediment samples were collected from four sections located in alluvial terraces (T01, T02 and T03) 
and a cutbank (B01) of the Gualaxo do Norte River basin. These sectionswerechosenbecause the study 
area has been historically exploited for gold and for iron and manganese ores in the last decades.

The Gualaxo do Norte River headwaters are located northeast of Ouro Preto and northwest of Mar-
iana (Figure 1). The four sections were described andthe facies were characterized according to Miall 
(1978, 1985, 1996), taking into consideration the sedimentary structures, grain size, textures, mineralog-
ical composition, and any possible anthropogenic contribution. Faciesinterpretation was useful to the un-
derstanding of the dynamics of the elements along the geological time.

Figure 1. Location of the Gualaxo do Norte River Basin in Minas Gerais (Brazil) and of the sampling points.

Samples from all facies identified during the description of the sections were collected (n=25). Ali-
quots from these samples, of grain size smaller than 63 µm, were partly digested with aqua regia, adopting 
a method modified after López-Sánchez et al. (2002). To the 1 to 1.0005 galiquots, 7 mL HCl (12 mol/L) 
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and 2.3 mL HNO3 (15.8 mol/L) were added.The solutions were kept in 100 mL beakers covered with 
watch glasses, firstly at room temperature for 16 hoursand then at 70-80 ºC for two hours. The solutions 
were filtered using 0.045 µm cellulose membranes andtransferred to 50 mL flasks. The analyses performed 
with a SPECTRO CIROS CCD optical emission spectrometer at theEnvironmental Geochemistry Labo-
ratory (DEGEO, UFOP).

After partial digestion, aliquots of 0.5 g ± 0.0003 g from the 25 samples (grain size <63 μm) un-
derwent sequential extraction, procedure basedon López-Sánchez et al. (2002). The method adopted is an 
adaptation of the procedure proposed by the Community Bureau of Reference (BCR). In general lines, the 
procedure consisted in successive extractions that helped determine and certify the metals in four stages: 
exchangeable, reducible, oxidizable and residual. The results of the sequential extractionwere validatedby 
means of duplicate analysis of LKSD-2 reference material (CANMET, 2011). Table 1 lists the reagents 
and experimental conditions under which the sequential extraction took place.

RESULTS AND DISCUSSION

The stratigraphic description of cutbank andalluvial terracesections helped identify five sedimentary 
facies, namely A, As, Ar, Ct and G. Contrarily to facies As and G, no sedimentary structures were identi-
fied in facies A, As and Ct. Chart 1 presents the description and interpretation of the five facies.
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Chart 1. Description and interpretation of the facies identified in the cutbank and alluvial terrace sections.

Facies Description/interpretation

Ct

Characterized by the presence of gravels and stratigraphically disordered boulders. The predomi-
nant minerals are quartz, magnetite, hematite, feldspar, gibbsite, kyanite and tourmaline. This fa-
cies is interpreted as a channel with direct or indirect interference of mining activities as panning 
or dragging.

A

Characterized by very fine-to medium-grained sands. The predominant minerals are quartz (whi-
ch occurs in granitic pegmatites and hydrothermal veins), muscovite (KAl2(Si3Al)O10(OH,F)2), 
hematite (Fe2O3), and clay minerals. This facies is interpreted as part of the succession of point 
bar deposits, probably generated under a lower flow regime. According to Christofoletti (1981), 
point bar deposits areformed by the erosion of concave margins, which are deposited by lateral 
accretion in the convex margins of the following meanders.

As
Characterized by medium-to coarse-grained sand, with evidence of pebbles and gravels. This 
facies is interpreted as an active channel environment deposit. The predominant minerals are 
quartz and clay minerals.

Ar
Characterized by fine-to very fine-grained sand with ripple cross lamination. The predominant 
minerals are quartz, muscovite, magnetite and clay minerals. This facies can be interpreted as bar-
top and levee/low velocity deposit.

G
Characterized by clay. This facies is interpreted as a flood plain or flood lagoon. Suspended 
sediments are deposited after flooding. Quartz, muscovite and clay minerals predominate in this 
facies. Lamination is sometimes identified.

The sections are represented in figure 2.

Figure 2. Description of cutbank (B01) and alluvial terrace (T01, T02 and T03) sections along the Gualaxo do Norte  
River basin, Minas Gerais, Brazil.

Table 2 presents the results of the recovery rates (RR) obtained for the certified elements.For the 
majority of elements, RR was satisfactory (>80%). As a control of the analytical method, two samples 
were randomly chosen for a triplicate sequential extraction. The results show good reproducibility of the 
data obtained separately in all extraction steps. The coefficients of variation (CV) for the majority of the 
samples were less than 10% (Table 3).
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The following tables (3-7) present the concentrations obtained in each step of the sequential extrac-
tion, the results obtained from the aqua regia digestion (ARD), and RR for each sample. For the majority 
of these samples, RR was satisfactory (80%<RR< 120%).
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Only a small percentage of the elements is associated with the exchangeable fraction, e.g. Zn insec-
tions B01 and T01, and Ba, Zn and Mn in sections T02 and T03. SectionT03 presents the highest percenta-
ges associated with this fraction (ca. 55% for Ba and 53% for Mn). These results show that these elements 
are bioavailable in natural conditions and are susceptible to remobilization.

Regarding there ducible fraction, for all sections (B01, T01, T02 and T03) Mn, Ba and Ni were the 
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elements that yielded the highest percentages extracted in thisfraction, attesting the association of these 
elements with amorphous Mn and Feoxides-hydroxides. It seems that the retention of these metals by 
Mn and Feoxides-hydroxides in the sediments analyzedoccurs both by deposition of sediments originally 
enriched in these metals and by remobilization of these metals in eachsection. As stressed out by Gerrard 
(1992), remobilization can result from variations ofredox conditions as a function of water level fluctua-
tions. The author explains that whenthe water level rises, Fe and Mnin oxides-hydroxidesare reduced, Fe 
(III) to Fe (II) and Mn (III, IV) to Mn (II), causing the release of metals to superficial and/or underground 
waters. When the water level falls, the mobilized species are oxidized and reprecipitate as amorphous Fe 
and Mn oxides-hydroxides, which can adsorb or co-precipitate contaminating metals (Hudson-Edwards 
et al. 1998).

Barium is a hazardous element for biota and human health. High Ba concentrations were found 
insection B01 (especiallyat 0-30 cm – 1.171 mg.kg-1,and at 38-63 cm – 1.765 mg.kg-1). Infacies Ct, these 
concentrations are predominantly associated with the reducible fraction. In these intervals, more than 90% 
of the extracted percentage is in this fraction. Accidental decreases in pH can occur in these sediments, 
caused, for example, by discharge of acid drainage coming from mining tailings. Barium could be freed 
from there ducible fraction, and be mobilized by a more bioavailable form.

The sections that presented the highest Ni concentrations were not necessarily those with high per-
centages in there ducible fraction. Sediments from sections T01, T02 and T03 presented the highest Ni 
concentrations. For section T01 (0-18 cm, facies G, 43.6 mg.kg-1 Ni), less than 40% Ni were extracted 
from the reducible fraction.For sections T02 (188-215 cm, facies A, 46.4 mg.kg-1 Ni) and T03 (32-61 cm, 
facies As, 47,4 mg.kg-1 Ni), the percentages of Ni extracted were less than 20% in the reducible fraction.

The highest Mn concentrations were found in sections B01 (30-38 cm, facies Ar, 26.850 mg.kg-1 
Mn; 63-73 cm, facies G, 18.864 mg.kg-1 Mn) and T01(83-103 cm, facies G, 24.170 mg.kg-1 Mn; 25-35 cm, 
facies G, 23.693 mg.kg-1 Mn; 0-18 cm, facies G, 18.858 mg.kg-1 Mn). More than 75% of the extracted Mn 
is in the reducible fraction. It is worth mentioning that the availability of Mn is possibly affected by the 
mining activities in the study area.

Only a small percentage of elements were found associated with the oxidizable fraction. The highest 
percentages of Ni (7.4 to 12.4%) were associated with this fraction in section B01, and both of Ni (9.1 to 
20.9%) and Zn (2.2 to 8.4%) were associated with this fraction in section T01. The highest percentages of 
Zn (1.5 to 2.6%) were associated with the oxidizable fraction insections T02 and T03.

It is interesting to note that the residual fraction seems to be an important repository of several ele-
ments. In section B01 the contribution of this fraction to the individual Fe and As fractions was significant 
(94.6 to 98.3% and 100% respectively), which can indicate that in the sections analyzed there is a tendency 
of elements to assume non-bioavailable forms. Besides, a high percentage of Zn, Pb and Ni were associa-
ted with the residual fraction in facies of section B01. Similar behavior was observed insections T01, T02 
and T03.

Especially in relation to the last results, it is worth to stress out that Pb and As are highly toxic to 
humans and that Zn in excess is considered toxic. According to Garlipp et al. (2008), Zn concentrations 
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in sediments can vary a lot. Coarser-grained sandy sediments can contain lower Zn concentrations, as 
observed in the 0-30 cm and 38-63 cm intervals in section B01, 25-150 cm insection T02, and 0-32 cm in 
section T03, in all cases in facies Ct. Clayey sediments, as in 0-18 cm, 25-35 cm and 83-103 cm intervals 
in section T01 (allfaciesG), can contain high Zn concentrations, as described by Larsen and Gaudette 
(1995). In terms of fractionation, residual Zn is generally associated with clay latticesand a variety of 
minerals, including ilmenite (FeTiO3) and magnetite (Fe3O4 or FeO.Fe2O3), which were identified in some 
samples. Non-residual Zn is mainly found associated with theFe and Mn oxide-hydroxide fractions of 
many oxidized sediments. In contrast, in reduced sediments most of the element is associated with sulfides 
and organic matter (Garlipp et al. 2008).

Regarding Pb, we believe that most of it, in sections B01, T01, T02 and T03, is concentrated in the 
mineral matrix of the particles, being one part associated with aluminosilicates (residual fraction) and 
another part with Fe and Mn oxides-hydroxides, especially Fe (reducible fraction). The mineralogical 
analyses, both by optical stereoscopy and x-ray diffractometry, revealed the predominance of silicate 
mineralssuch as quartz, muscovite, kaolinite and talc in the samples analyzed, and minor Fe oxides, such 
as hematite, goethite and magnetite, and lack of sulfide minerals (either arsenopyriteor pyrite). Consi-
dering that the elements present in the residual fraction are those mainly linked to silicates, the mineral 
composition of the samples corroborates with the hypothesis of Pb being associated with these minerals. 
The mineral analysis shows the predominance of clay minerals, followed by Feoxides. It seems that Pb, 
identified in the reducible fraction, is, in fact, associated with Fe oxides-hydroxides that cover clay parti-
cles, as indicated by the strong correlation between Al concentrations (not shown) and Pb (aluminosilicate 
clayparticles). On the other hand, the lack of sulfideminerals explains the absence of Pb associated with 
the oxidizablefraction.

A similar reasoning can be applied to As. Our results corroborate with other studies developed in 
the Quadrilátero Ferrífero, which also stressed out that most of As seems to be associated with the resi-
dual fraction (Guimarães, 2005; Pereira et al., 2007; Varejão et al., 2011). Guimarães (2005) carried out a 
chemical characterization of the water and bottom sediments of the Cachoeira River Dam, located in the 
southeastern portion of the Quadrilátero Ferrífero and observed, by means of sediment fractionation, that 
not only As, but also Cd, Cr, Cu, Ni and Zn are predominantly associated with the residual fraction of the 
sediments. Pereira et al. (2007), studying the distribution of some metals in superficial sediments of the 
upper Velhas River basin (SW part of the Quadrilátero Ferrífero) and the mobility of these elements, found 
that As and Cr have similar behavior, being preferentially found associated with the residual fractionand 
are, consequently, less mobile in all sites analyzed. More recently, Varejão et al. (2011), also studying the 
southeastern part of the Quadrilátero Ferrífero, between Ouro Preto and Mariana, detected high As con-
centrations, which are related to the historical gold mining activities in the region.

High As percentages are associated with the residual fraction in all sections analyzed, the mobiliza-
tion to the aquatic environment not being probable in natural conditions. In this case, similarly to Pb, the 
lack of sulfide minerals in the samples analyzed (B01, T01, T02 and T03), attested by the mineralogical 
analysis explain arsenic has not been identified associated with the lattice, for example, the arsenopyrite 
or pyrite enriched element.
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CONCLUSIONS

Based on the exposed above, it can be concluded that:

•	 The fluvial sediments analyzed in this study present high concentrations of elements of impor-
tance under the environmental and public health points of view, such as Pb, As, Fe, Ba and Mn. 
However, only a few are promptly bioavailable, as these elements are associated with the ex-
changeable fraction. Special attention should be given to Ba and Ni, because they can be mobile 
under decreasing pH conditions, such as acid drainage generated by mining tailings.

•	 High Fe, As and Pb concentrations were detected in sedimentary facies interpreted as channels 
with direct or indirect interference of mining activities, such as panning or dragging (suggesting 
anthropogenic contributions of elements to the environment). However, these concentrations 
are predominantly associated with the residual fraction, corroborating to the hypothesis that 
these elements should be non-bioavailable (geological origin). In these cases, considering the 
difficulty to clearly define the origin of these elements (anthropogenic, geogenic or geogenic 
with anthropic contribution), it seems plausible to adapt or create a specific protocol for some of 
these elements, such as As and Pb. Certainly the characteristics of the samples to be analyzed by 
a certain sequential extraction protocol should be taken into consideration, in particular samples 
similar to many of this study, which are very rich in Fe, poor in organic matter, having or lacking 
sulfides.
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