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ARSENIC IN WATER AND SEDIMENT IN THE IRON QUADRANGLE, STATE OF
MINAS GERAIS, BRAZIL
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ABSTRACT     Since the end of 17th century, the Iron Quadrangle in the State of Minas Gerais has been known as one of the most famous gold
producing regions in Brazil. Gold was initially produced from alluvial placers and oxidation zones and, finally from primary ores in modern
times. Total gold production must have exceeded 1300 t in all history. Only in the very famous Morro Velho mine around 600-t gold has been
produced since 1834. The gold ore is rich in arsenic with the As/Au ratios ranging from 300 to 3000 among the several deposits deposits. The
arsenic in rocks and ores (pyrite, pyrrhotite and arsenopyrite) undergo oxidation during the weathering processes and part of the arsenic is
naturally liberated into the environment. Since the tailings produced in the past were discharged directly into drainage until 1980, the amount
of arsenic that entered the drainage systems must have exceeded 390000 t in the whole region. In the Iron Quadrangle region, the highest arsenic
concentrations in water and sediment occur near the mining areas where the river sediments were contaminated by tailing discharge since co-
lonial times. In surface drainage water, the dissolved arsenic concentration ranges from <2 to >160 mg/L, and from <20 to >2830 mg/kg in the
stream sediments. Although the present mine operations do not contribute significantly to contamination of the rivers, there are a potential risk
for arsenic hazard in some areas induced by, for instance, dispersion of old tailings by flooding, occupation of polluted soils and consumption
of contaminated surface and underground water.
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INTRODUCTION     Occupying the southeast portion of the Cráton
do São Francisco, the Iron Quadrangle encompasses four main
lithostratigraphic units: granite-gneiss metamorphic complexes, the
Archean greenstone belt sequence, called Rio das Velhas Supergroup,
Paleoproterozoic metasediments and metavulcanics of the Minas
Supergroup, and metasediments of the Itacolomi Group (Dorr 1969).
The main gold deposits are found along shear zones that cut rocks of
the Nova Lima group, base of the Rio das Velhas Supergroup. Gold
deposits from Nova Lima and Santa Barbara, Morro Velho, Raposos,
Cuiabá and São Bento districts are mainly associated with pyrite,
pyrrhotite and arsenopyrite-bearing banded iron formations (Vieira
1988, Vieira 1991, Ribeiro-Rodrigues 1997). In the Ouro Preto-
Mariana district, the Passagem de Mariana deposit is located close to
the contact between the rocks of the Nova Lima Group and the Minas
Supergroup. The gold mining, very rich in arsenopyrite, occurs in
quartz and carbonate veins, hosted in BIF, tourmalinite, phyllite and
quartzite (Vial 1988, Oliveira 1998).

The presence of arsenic in primary gold ore in the Iron Quadrangle
is therefore conspicuous either as discrete minerals, such as
arsenopyrite and loellingite, or as the impurity in the remaining
sulfides, mainly in pyrite. The ratio As/Au in these ores can vary
considerably in the interval of 300 to 3.000. Geochemical studies
focusing on arsenic in the Iron Quadrangle have already been carried
out in the past, oriented towards mineral prospecting, including the one
carried out by the Research Company of Mineral Resources (Oliveira
et al. 1979), as well as for environmental evaluation (Eleutério 1997)
and human monitoring (Matschullat et al. 2000).

This paper aims to contribute to better understand the geochemical
distribution of arsenic in sediments and surface water, and discuss its
probable sources and potential risks of environmental contamination in
the three most important gold production regions in the Iron
Quadrangle (Fig. 1 a-e): the Nova Lima district (Das Velhas river
basin), the district of Ouro Preto-Mariana (Carmo river basin) and the
Santa Barbara district (Conceição river basin).

SAMPLE METHODOLOGIES AND ANALYTICAL
TECHNIQUES      The materials studied here consisted of samples of
water and sediment sampled in April 1997, June 1997 and April 1998
(Fig. 1 a-e). In addition, samples of oxidized ores, tailings and
underground water were studied with a view to support the discussions
on the sources of contamination and environmental risks.

In each sampling site pH-values, Eh, conductivity, DO, turbidity,
and the water temperature were measured electrochemically in situ.
Filtered (0,45 mm) and non-filtered water samples were collected in
the Das Velhas and Do Carmo rivers. The total alkalinity of the
bicarbonate of the water samples was determined by titration briefly
after sampling. Filtered water samples were analyzed by ICP-AES
(cations) and by ion chromatography (anions) in the British Geological
Survey laboratories, and the concentration of dissolved arsenic was

determined by atomic fluorescence in the same lab. The concentrations
of total arsenic in samples of unfiltered water were determined by AAS
with a coupled hydride generator (HG-AAS) in the Institute of
Geoscience at Unicamp University.

The sediment samples were dried naturally and passed through
nylon sieves. Only the fraction lower than 63 mm of the samples was
analyzed by ICP-AES in GEOSOL Lab after partial digestion (HCl +
HNO3; 1:3). This fraction of the sediments was also analyzed by XRD
at Department of Geology (UFOP).

In addition, slides and polished sections of samples of primary and
oxidized ore were examined under the petrographic microscope and
the scanning electronic microscope of the Unicamp Institute of
Geoscience. Other random samples of soil, residues and underground
water were analyzed by the methods described above.

RESULTS OF HYDROGEOCHEMISTRY AND
GEOCHEMISTRY OF SEDIMENTS     Velhas River basin In the
Rio das Velhas basin (Fig. 1 a-c) the water are neutral and oxidized
with minimum pH of 6.5 (EGA 1) and Eh varying between 115 mV
(EGA 1) and 230 mV (ERV 1). The conductivity varied between 70
and 150 mS/cm in Rio das Velhas and in the Ribeirão do Cardoso
(EGA 1 and ERV 1), and went up to 1.400 mS/cm (ERQ 1) in the Ri-
beirão do Queirós. In the water samples, the anion HCO3

-

predominates, followed by SO4
2 however, in the Ribeirão do Queirós

(ERQ 1), the opposite situation occurs with SO4
2>HCO3

-. In these
samples, Ca is the predominant cation, followed by Mg, Na and K.
Among the analyzed trace elements, only As exceeds the limit of 50
mg/L established by CONAMA (1986) for water courses with aquatic
life, reaching 160 mg/L in the Ribeirão do Cardoso (EGA 1). In
samples of unfiltered water, total As contents were two to ten times
higher than the concentration of dissolved As of the filtered samples,
e.g., for Ribeirão do Cardoso, a content of 1.445 mg/L was found for
total As.

Sediments of the Rio das Velhas basin showed high As
concentration, exceeding 1,000 mg/kg (EGA1 and ERQ1), Cd (18 mg/
kg, EGA1S), Pb (38 mg/kg, ERV1) and Zn (193 mg/kg, ECB1). In
these sediment samples the minerals kaolinite, illite and goethite were
identified through X-ray diffractometry.

Carmo River basin     The water samples from Rio do Carmo (Fig.
1d) presented oxidizing (Eh=170-240 mV) and neutral characteristic,
with pH>7.2. The conductivity in the water samples varied from 120
mS/cm (ERC7) up to 360 mS/cm (ERC1). At these water sampling
stations the main cation were Ca or Na whereas the main anions were
HCO3

- and SO4
2-.

Oxidizing waters from the Passagem de Mariana gold mine
(EPM1) and from the lateral mine adit (EPM2), with Eh between 180-
250 mV, presented pH values of 7.8-8.3 and 4.8-7.7 respectively. The
conductivity of these samples oscillated between 230-310 mS/cm in
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Figure 1 – Location map of samling stations in the studied area: (a) Velhas river basin, (d) Carmo river basin, (e) Conceição river basin. In (b) and (c) details
of the Velhas river basin showing the Cuiabá and Raposos mines and Queiroz Ore Dressing Facility.
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the EPM1 station, and 130-430 mS/cm in the mine adit (EPM2) as
well. At the EPM1 station, the cation concentrations showed the
following distribution: Ca>Mg>Na>K. The water expelled by the la-
teral mine adit (station EPM2) presented higher concentrations of Ca,
Mg and K than water inside the mine in the sequence: Ca>Mg>K>Na.
The anionic composition of the groundwater was more random than
the cationic composition. The water samples of the EPM1 and EPM2
stations have either HCO3

- or SO4
2- as predominating anions followed

by NO3
- and Cl-.

The metal contents (Cu, Cd, Pb and Zn) in the filtered samples of
surface water and mine drainage were lower than the concentrations
permitted by the CONAMA decision (1986) for drinking water. Along
the Rio do Carmo, an increase in the As concentration in water up to
a maximum of 30 mg/L was observed. In the unfiltered water samples,
the concentrations of total arsenic were up to nine times higher than
those of dissolved As and reached a maximum of 70 mg/L (ERC3).
Within the Passagem mine (EPM1) and in the lateral adit (EPM2), As
concentrations of up to 1700 mg/L and 740 mg/L, respectively, were
found.

The sediments of the Rio do Carmo presented high concentrations
of As (860 mg/kg, ERC3), Cd (37 mg/kg, ERC6), Cu (70 mg/kg,
ERC5), Pb (45 mg/kg, ERC5) and Zn (80 mg/kg, ERC5). In these
samples, goethite, kaolinite and illite were identified through X-ray
diffractometry.

Conceição River basin     The water of the Rio da Conceição
(stations EBR3-7, Fig. 1-e) present pH> 6, Eh and conductivity
between 230-280 mV and 70-110 mS/cm, respectively. In Rio do
Caraça, close to its spring (ECAR1), the water presented a low pH of
4.6, and also a low conductivity with 8 mS/cm. This low pH may be
related to the production of organic acids in an area rich in vegetation
(Drever 1997), and low buffer capacity of quartzites of the region.
Concentrations of total As in unfiltered water, collected in the Concei-
ção and Caraça rivers, were lower than 8 mg/L.

In sediments of the Rio da Conceição basin the maximum
concentrations found of As, Cd, Cu, Pb and Zn were 85 mg/kg
(EBR2), 48 mg/kg (EBR4), 54 mg/kg (EBR2), 48 mg/kg (EBR4) 95
mg/kg (EBR4), respectively. In the prospecting area of Brumal
(EBR1), the concentration of arsenic found was 135 mg/kg. The high
concentration of cadmium found in these sediments could be related to
the presence of sphalerite in the gold ore and also to the presence of
iron mineralization associated with the rocks of the Minas Supergroup
in the region.

DISCUSSION     In Archean greenstone belts with mesothermal
gold deposits, the enrichment of the mineralized rocks in As and other
elements such as Ag, Sb, B, Cu, Pb and Zn is common, as observed in
the Rio das Velhas supergroup. As contents of up to 4800 mg/kg were
found in BIF with gold mineralization of the Nova Lima Group,
exceeding by about 40 times the As contents in non-mineralized iron
formations (Raposo & Ladeira 1995). These rocks can form soils
enriched in arsenic and constitute natural anomalies. For example, in
north of Europe, in the Barents region, natural anomalies of As were
identified in soil close to greenstone belt gold mineralization (Reimann
et al 1998).

The As discharged through oxidation/hydration of the ore minerals
can reach the surface and take part in the formation of new minerals or
carried in solution in the form of arsenite oxianion (AsO3

-3) or arsenate
(AsO4

-3), depending on the pH-Eh conditions. Part of the arsenic
discharged, mainly the arsenate, can be retained through absorption on
Fe-Mn oxyhydroxides present in the altered rocks, as observed in the
oxidized ore of the Raposos mine, or even in clay minerals of the soil,
as in the Barents region (Reimann et al. 1998). The arsenic that is not
retained by the Fe-Mn oxyhydroxides, mainly arsenite, can be carried
by the superficial drainage to the watercourses or even leached to the
phreatic water table.

Besides the natural discharge of As from the rocks brought about
by the weathering processes, the high concentrations of As currently
found in the sediments of the Iron Quadrangle can also indicate a
contribution of the residues discharged into the drainage throughout
the 300 years of mining and the current re-workings of the old tailing
deposited along the rivers. Since no arsenic minerals were identified in
the sediments, the arsenic found in sediments could be adsorbed on
goethite, kaolinite and illite, minerals that are good scavengers of
dissolved arsenic anions.

The highest concentrations of arsenic in the sediments of the Iron
Quadrangle were found close to the big mines in the districts of Nova
Lima, Passagem de Mariana and Santa Bárbara. However, even in

regions without mines and prospecting, As concentrations in sediments
were higher than 8 mg/kg (Oliveira et al. 1979), which reflects a
widespread distribution of arsenic in the Iron Quadrangle. These
values represent a potential of natural contamination of the
underground water by arsenic as occurred in certain regions of
Finland, where concentrations higher than 10 mg/L of As in water
samples, collected in the wells that supply the population are related to
contents of only 6 mg/kg As in samples of soil and sediment
(Tarvainen & Paukola 1998).

Petrographic studies of ores from Cuiabá and Raposos mines show
an occurrence of great quantities of pyrite and, to a lesser degree, of
arsenopyrite and pyrrhotite. In the ores from Passagem de Mariana and
São Bento deposits, arsenopyrite is the most abundant mineral among
the sulfides. Analyses with the scanning electron microscope showed
arsenic contents in pyrite. Mixtures of iron oxyhydroxides including
remains of magnetite and hematite in oxidized rocks from the surface
of the Raposos deposit also present arsenic contents above the
detection limit of the equipment (10000-ppm).

Samples from the pile of the Galo tailing (EGA1), an old deposit
located beside the Ribeirão do Cardoso, a tributary of Rio das Velhas,
were analyzed (Fig. 1c). Arsenic contents higher than 5000 mg/kg,
590-1070 mg/kg Cu, 120-145 mg/kg Zn, 50-60 mg/kg Pb and 36-40
mg/kg Cd were found in these samples.

The presence of all these arsenic sources in the region give rise to
potential environmental risk. It can be observed, for example, that in
the flood basins that form along the rivers of the Iron Quadrangle
during the wet season, the deposition of fine sediment and suspended
material rich in As takes place. After the water level goes down, many
of these sites are being used for agriculture, which may introduce As
into the biological and the food chain. The bacterial re-working of the
sediments and the pile of residue can reduce As+5 to As+3, thus turning
the arsenic more mobile and discharging it into percolating solutions,
surface and groundwater drainage, as observed by Ahmann et al.
(1994) in anoxic sediments and by Davis et al. (1996) in industrial
waste.

The literature contains a variety of case studies in which high As
concentrations were found in groundwater, as observed in the United
States (Peters et al. 1999), Canada (Boyle et al. 1998), Finland
(Tarvainen & Paukola 1998) and India (Chatterjee et al. 1995). The
contamination, which took place independently of the anthropogenic
activity, was related to the natural release of As contained in rock
materials to the aquifer, a situation similar to the one observed in the
Iron Quadrangle, for example, in the Passagem de Mariana mine.

CONCLUSIONS     The Iron Quadrangle has an extensive natural
anomaly of arsenic related to the mesothermal gold deposits found in
the Rio das Velhas greenstone belt. Weathering processes of the As-
rich rocks bring about the discharge of this element into the soil,
sediments and superficial and underground water.

It is estimated that during the three centuries of gold mining in the
Iron Quadrangle, at least 390,000 tons of arsenic was discharged into
the drainage system. Currently, the main sources of anthropogenic
arsenic contamination, local and regional, are related to environmental
heritage (contaminated soil, old tailings discharge, old mines), and to
the sediments present in the water courses; all sources resulting from
three centuries of mining activities in the region. The current ore-
dressing procedures of the main active mines in the Iron Quadrangle
have taken place in accordance with environmental regulations.

Potential risks of environmental accidents in the Iron Quadrangle
are related to As contaminated soils, which could be used for
agriculture, housing and leisure, and the As contaminated water for
domestic consumption and irrigation. It is necessary to carry out an
inventory of the local sources of pollution, give guidance to the local
population as to the hazards of certain habits and implement low cost
programs of environmental mitigation and countermeasures. Care must
be taken in relation to the consumption of underground water and of
treated surface water, since the toxic effects of arsenic can take many
years to become apparent and the conventional treatment of water does
not remove the dissolved arsenic.
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