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Abstract In the city of Ouro Preto (MG), water catch-
ment for public supply originates from superficial drainage,
springs, old abandoned mines and some driven wells. In the
rocks of the region, As is originally found in gold-enriched
sulphide-bearing mineral deposits. The weathering process
introduces As into the hydrological system by dissolution
of this element into the leachate. Measurement of the As
content in the groundwater of some catchments was carried
out during 1 year and these measurements demonstrated
high As content—up to 224 ug L™ of As(V)—during the
rainy season (the maximum concentration limit according
to World Health Organization is 10 pg L™"). Lower values
were observed during the dry season and in some sampling
stations, As was not even detected. The As concentration
variability during 1 year shows a strict and direct rela-
tionship to seasonal and hydrological conditions. For city
authorities, responsible for public water supply, it is nec-
essary to perform a complete inventory of the water sour-
ces used and constantly monitor the As content in the
water.
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Introduction

Waters used for human consumption with arsenic con-
centrations above the limits established by the environ-
mental control agencies are considered dangerous for
human health (Hopenhayn-Rich et al. 1996; NRC 1999).
Arsenic is one of the main inorganic contaminants of
continental waters, responsible for dozens of millions of
casualties all over the globe. In many parts of the world,
health problems caused by the occurrence of As in
groundwater from wells and fountains have been recog-
nized and reported in the USA (Robertson 1989; Fuji and
Swain 1995; Welch and Lico 1998), Mexico (Del Razo
et al. 1990), Argentina (Nicolli et al. 1989), Chile (Caceres
et al. 1992), Mongolia (Smedley et al. 2001), India (Ach-
aryya et al. 2000), and Bangladesh (Bhattacharya et al.
1997; Nickson et al. 2000; McArthur et al. 2001).

Several As compounds are present in the environment
and in biological systems. This element is present in a long
list of minerals such as sulfides, arsenides and sulfo-arse-
nides, the latter being the most common. In natural waters,
As occurs in inorganic and organic compounds. In solution,
the inorganic compounds encountered in waters with high
to moderate Eh conditions are H;AsO,4, H,AsOy, HAsO;™
and AsO?f, whereas H3AsOj; predominates in reducing
conditions.

Arsenic is a toxic and carcinogenic element. Its toxicity
depends on the chemical species. The decreasing order of
toxicity of As compounds is: inorganic As(III) compounds
> inorganic As(V) compounds > organic As(III) com-
pounds > organic As(V) compounds (Anderson et al. 1986;
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Burguera and Burguera 1997; USEPA 2000). As(II) is
around 60 times more toxic than the pentavalent As(V)
oxidation form (Mabuchi et al. 1979).

The most common forms of human exposure to As are:
(1) consumption of contaminated water, (2) inhalation of
gases, and (3) ingestion of dust. Exposure to As causes sub-
acute, acute and even chronic toxic effects, involving the
respiratory, cardiovascular and nervous systems (WHO
1981; USEPA 2000). The main pathologies caused by
acute and chronic As intoxication are metabolic problems,
skin tumors, ulcers, gastritis, diarrhea, heart arrhythmia,
pancreatic and lung cancer, plus higher frequency of
spontaneous abortions, low-weight fetus, headaches, con-
fusion and anemia (Hutton 1987;Morton and Dunnette
1994;Chen and Lin 1994; USEPA 2000; WHO 2001).

The As concentration limits for potable waters cannot
exceed 0.05 mg L', as suggested by WHO (1993). Nev-
ertheless, these limits were reduced by WHO to
0.01 mg L™ in 1994, as a consequence of more recent
studies. In Australia, the National Health and Medical
Research Council recommends a maximum As limit in
consumption waters of 0.007 mg L™ (NHMRC 1996). In
Brazil, the National Health Foundation (Funasa 2001)
established 0.01 mg L' as a maximum limit.

Specifically in the Quadrilatero Ferrifero (an important
Brazilian gold province), previous studies reported As
contamination in stream currents, surface and ground-
water. In the Rio de Carmo stream sediments, Eleutério
(1997) found an As content of 620.0 ug g”' in summer
and 1,268 pg g”' in winter. In the Nova Lima and Santa
Barbara municipalities of the Quadrilatero Ferrifero,
Mattschullat et al. (2000), studying the As contamination
of 7- to 12-year-old children, found concentrations be-
tween 2 and 106 pg L' in their urine; 22% of the
concentration values were higher than 40 pg L™
Pimentel et al. (2003) analyzed waters coming from old
gold mines and springs in Ouro Preto, observing As
concentrations from 0.07 to 2.30 mg L', Borba (2002),
carrying out studies in gold districts located in the
Carmo, Concei¢do and das Velhas river basins, found As
concentrations up to 4,000 mg kg”' in sediments. In
surface waters, As concentrations reached 350 pg L,
whereas, in the groundwater of Ouro Preto and Mariana
mines, the total As concentrations were as high as
2,800 pg L7

In the Ouro Preto municipality, the water supply for
both domestic use and public fountains found in the streets
and squares is furnished by the catchment and distribution
of surface waters and springs, and groundwater drawn from
tubular wells and old gold mines. The possibility of water
contamination by As, due to the rock types that constitute
the aquifers, could make this water inappropriate for
human consumption.
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This work presents a hydrogeochemical study of the
waters supplied to the Ouro Preto population, by means of
periodical monitoring of the As temporal behavior, from
January 2003 to January 2004.

The study area

In the Quadrilatero Ferrifero gold deposits, such as Morro
Velho and Passagem de Mariana, as well as a large number
of smaller deposits, exemplify the mesothermal gold
deposit model in shear zones affecting Upper Archean
terrains.

The Quadrilatero Ferrifero gold mineralizations occur
either in the metasedimentary and metavolcanic rocks of
the Upper Archean Nova Lima Group or in contact with the
Paleoproterozoic Minas Supergroup iron formations, which
are sheared and hydrothermally altered, and host the gold
deposits of the Ouro Preto and Mariana regions (Ladeira
1988). Gold occurs associated with pyrite, pyrrhotite and
arsenopyrite, which are the most abundant ore phases,
whereas base-metal (Cu, Zn and Pb) sulfides appear as
subordinated phases.

Geographically, As is distributed in the Quadrilatero
Ferrifero rocks in close association with sulfide-rich, gold-
bearing rocks. The origin of As in waters, soils and sedi-
ments is due to a natural anomaly of this element in the
region. Such an anomaly is related to the genesis of the
gold deposits. Weathering of the rocks with anomalous As
contents promotes the liberation of the metal to the envi-
ronment. The highest As and heavy metal concentrations in
sediments and sometimes surface and groundwater in the
Quadrilatero Ferrifero are always related to the presence of
contaminated soils, and effluents from mines or industrial
plants.

Studies related to effluents of old gold mines, soils and
river sediments in the Ouro Preto and Mariana by Eleutério
(1997), Rawlins et al. (1997), Deschamps et al. (2002),
Pimentel (2003) and Borba et al. (2002) attested for the
punctual As presence in these municipalities.

Figure 1 presents the geological features of the study
area according to Barbosa (1969) and a geologic profile
modified from Zendbio (2000). It is located in the south-
eastern portion of the Quadrilatero Ferrifero, which covers
an area of 7,200 km? in the central-southern portion of the
state of Minas Gerais State. Due to the area’s major iron,
gold, and manganese deposits and its special geological
characteristics, several geological studies have been carried
out in this region since the 18th century.

According to the Koeppen classification (Strahler and
Strahler 1987), the climate of Ouro Preto corresponds to
the Cwb type. The pluviometry is typical of a tropical re-
gime, presenting an average of 1,723 mm.year . The rainy
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season (from October to March) represents 89.6% of the
annual precipitation, while the dry season (from April to
September) represents 10.4% of total precipitation. The
average annual temperature is 18.5°C. January is the hot-
test month, with a maximum average annual temperature of
21.2°C, and July the coldest, with a minimum average
annual temperature of 15.5°C (Coelho 1994).

According to Varajdo (1988), the main Quadrilatero
Ferrifero geomorphological characteristics are associated
with variations in altitude, resulting from lithostructural
diversity and controls and also differential erosion. A large
part of the urban area of Ouro Preto city is located in a
valley formed between the Itacolomi and Ouro Preto rid-
ges, with elevations varying from 1060 to 1420 m (Fig. 1).

Hydrogeology

The geological constitution of the Ouro Preto region
(Fig. 1) encompasses a group of metasedimentary and
metavolcanic rocks of the Minas and Rio das Velhas Su-
pergroups, which, in principle, characterize a predominant
fractured aquifer system. High compaction and foliation,
leading to a lack or very reduced amount of voids in these
rocks, explain their low primary permeability. In this
aquifer, water fills spaces represented by fissures or
fractures, joints or even faults.

Some rock types, however, present good porosity and
function as granular or granular-fractured aquifers. This
results from the high density of fracture surfaces, allied to
the action of weathering and leaching processes on the
rocks. On the other hand, these aquifers still keep the
heterogeneity and anisotropy as fundamental characteris-
tics of the fractured media (Carvalho 1994).

Besides the aspects related to permeability, the aquifer
systems were grouped and individualized, considering the
geological environment of the study area as a function of
the predominant rock type (Table 1).

Three categories of aquifer systems were identified: a
granular medium, characterized by weathering mantles and
undivided detrital covers; a granular-fractured medium,
constituted by itabiritic rocks; and a fractured medium,
represented by schistose and quartzitic rocks.

Aquifers in weathering mantle and detrital covers This
system constitutes the superficial aquifers associated with
the weathering mantle (saprolites, colluvia, lateritic covers,
and canga) and detrital deposits of the Tertiary-Quaternary
cover. Its mineral composition and thickness are variable
and intimately related to the original rock type and the
prevailing climatic conditions.

In the study area, the aquifers of the weathering mantle
are not important in terms of availability of exploitable
water, due to the uneven relief and strong declivity. They

Fig. 1 a Geologic map of Ouro

Preto city modified from
Barbosa (1969) and Dorr
(1969). b Geologic profile A-A’
(Zendbio 2000)
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do not form a regional water table, assuming a local
expression in valleys and depressions. On the other hand,
they are very important in the recharge of the subjacent-
fissured rocks, because they act as a catchment for rain-
water throughout the permeable (or semi-permeable) sur-
face, reducing losses by runoff, minimizing evaporation
and contributing to the underground storage in the basin.

Aquifers in Itabiritic rocks This aquifer system is
represented by the Itabira Group, divided into the Caué
and Gandarela Formations and composed of chemical
sediments. These rocks occur north of Ouro Preto city and
the Veloso ridge. The Caué Formation is constituted by
finely-laminated itabirite, composed of alternating bands of
granular quartz and iron ore (hematite, magnetite and
martite), and dolomitic itabirite, where quartz is usually
substituted for dolomite (Carvalho 1994). From the
hydrogeologic point of view, this formation plays an
important role, due to its good porosity and permeability,
thick network of fractures, micro-fractures and foliation
planes, conferring characteristics for a granular or granular-
fractured aquifer. The thickness of the Caué Itabirite can
reach 200 m in the study area, according to available
information and sections (Dorr 1969). The Gandarela
Formation is composed of dolomitic and calcitic layers
with marble, dolomitic phyllite and dolomitic iron
formations.

Fractured medium

These are local, discontinuous, free and semi-confined
aquifers, restricted to joints and fractures, being covered by
deposits and undivided Tertiary-Quaternary detrital covers.
The groundwater circulation takes place in a network of
fractures, joints, diaclases and discontinuities associated
with weathering mantles, constituting a free aquifer system
where the topography is the main factor responsible for
water circulation. The superficial drainage network and
rainwater are the major contributors for the aquifer re-
charge, being more efficient in areas where the structural
control of the drainage is by means of fractures, allowing a
continuous recharge.

Agquifers in schistose rocks

These are represented by the Nova Lima Group and Fecho
do Funil, Barreiro and Sabara Formations. The Fecho do
Funil Formation is composed of dolomitic phyllite, phyl-
lite, and impure dolomite. The Barreiro Formation is
dominantly constituted by phyllite and graphitic phyllite.
The Sabara Formation is composed of mica- and chlorite-
schists with greywacke and sub-greywacke intercalations.

A basal conglomerate with rounded pebbles and blocks of
granite and dolomite with a phyllite or chlorite-schist
matrix is reported in the area.

The Nova Lima Group, cropping out north of Ouro
Preto, presents a great diversity of rock types, of which the
most conspicuous are: chlorite-phyllite and schist, quartz-
chlorite and quartz-chlorite-sericite phyllite, and sericitic
schist and quartzite.

Aquifers in quartzitic rocks

These aquifers are represented by rock formations
predominantly constituted by quartzites, encompassing the
Moeda and Cercadinho Formations of the Minas Super-
group and the Itacolomi Group. The Moeda Formation
constitutes the basal unit of the Minas Supergroup and is
separated from the Rio das Velhas Supergroup by an
angular and erosional unconformity. It is in normal contact
with the Upper Batatal Formation (Dorr 1969). A coarse-
grained (quartzite, conglomerate and phyllite) and a fine-
grained (phyllite) facies, both essentially quartz-rich,
constitute the Moeda Formation. The Cercadinho Forma-
tion is formed by ferruginous quartzite, quartzite and
phyllite. The Itacolomi Group is constituted predominantly
by conglomeratic quartzite with conglomerate lenses.

Materials and methods

From the various superficial and groundwater catchments
that supply the Ouro Preto city population, 17 sampling
points (SP) were chosen for this study. Samples of the natural
superficial and groundwater were collected throughout 2004,
in six sampling campaigns, i.e. January, March, May, July,
September and November. In each collecting point, in situ
measurements of pH, Eh, temperature, total dissolved solids
and electric conductivity were taken.

Two samples of filtered water were collected by means
of a 0.45 pm cellulose acetate membrane (Milipore®),
acidulated with 0.2% HNO; P.A., kept under refrigeration
at 4°C, for cation analysis by ICP-OES. Other non-filtered
water samples, acidulated with 0.2% HCI were collected
for the analysis of As speciation and analyzed immediately
after sampling. Since the time interval between sampling
and analysis of the As speciation is fundamental, the
maximum interval between both procedures was 6 h
(Borba 2002).

The analysis method for As speciation was by square
wave voltammetry The experiments were carried out using
a Metrohm polarograph, model 757 VA Computrace,
equipped with a working el dropping mercury electrode, a
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reference electrode Ag/AgCI/KCI 3 mol L™ and an aux-
iliary platinum electrode.

The reagents used were all of P.A. purity (Merck). The
conductivity of the ultrapurified water used was of the
order of 0.05 uS. The standard solutions of 5-500 pug L™
in As(III) and 2.5-150 ng L' in As(V) were obtained from
a storage solution containing 1,000 mg L™ of the respec-
tive species. The support medium was HCI 1 mol L™' and
45 mg L™' Cu(Il) for As (IIl) or 400 mg L™" Cu(Il) for
As(V). Since As(V) is not polarographically active, it was
reduced (before each measurement) to As(IlI) by adding
500 pL of a 0.032 mol L' sodium thiosulfate solution to
25 mL of the standard solution or natural sample, as sug-
gested by Ferreira and Barros (2002). The room tempera-
ture was kept around 22°C.

Each measurement was carried out three times, using
potential stripping from —0.50 to —0.90 volts, with square
wave pulses. Before each stripping, a stage of superficial
deposition of an As compound, which effectively is the
electroactive species, was performed according to Li and
Smart (1996). This stage lasted for 3 min, under agitation.
After each deposition stage followed a rest time (equilib-
rium time), and the potential stripping was carried out
without the agitation.

Results and discussions

Arsenic was detected only in four localities (Fig. la),
As(V) was found in concentrations varying between 9 and
224 pg L™ while As(III) was not detected in any of the
water samples analyzed. Samples that yielded As concen-
trations unsuitable for human consumption corresponded to
sampling points P1 (Mina do Chiquinho), P2 (Chafariz —
Rua do Bardo), P3 (Piedade-Tassara) and P4 (Biquinha da
Rua Santa Rita—Mina Velha).

The direct and close relation between the pluviometric
regime and As(V) concentration values observed in these
four points, is shown in Fig. 2. In all these points, the
curves that represent rainfall indexes (2a) and As(V) con-
centration values (2b) show the same trend, i.e., in periods
of higher rainfall, from December to March, higher As(V)
concentration values are found in the waters analyzed. On
the other hand, from June to September (acute period of
dryness), the lowest values of As(V) concentration were
found and at points P1 and P3, no As was detected. For all
points where As(V) was detected, the maximum and min-
imum As contents coincided with the maximum and min-
imum rainfall indexes. The leaching process is
demonstrated by the presence of Na, K, Ca, Mg, Al, Ba and
Sr in the water, probably associated to the weathering of
minerals.
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Fig. 2 a Graphic representation of the rainfall index of Ouro Preto,
and b As(V)content in the waters, covering the period from December
2003 and November 2004

Two hydrogeochemical conditions can lead to variations
in the quality of the waters (Rose et al. 1991): (1) lowering
of water levels after the rainy season initializes oxidation
processes in the aquifer systems and (2) in the rainy peri-
ods, the salts formed in the oxidation zones during the dry
period are dissolved and transported.

In addition to the climatic conditions and operating
concomitantly, the trajectory of the rainfall, both by
superficial runoff and infiltrated waters, finds, in the geo-
morphology and in the abrupt relief of the area (Fig. 1b),
the proper conditions for rapid flows, enabling interactions
between water and rock, causing dissolution and transport
of higher quantities of substances and elements.

The existing aquifer systems also contribute signifi-
cantly to the dissolution and liberation of As to the envi-
ronment. Phyllites and ferruginous quatzites, Cercadinho
Formation rocks (fractured aquifer), and mainly the Caué
Formation itabirites and dolomitic itabirites, Gandarela
Formation dolomitic phyllites and dolomitic iron forma-
tions, schistose rocks (granular-fractured aquifer) present
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good porosity and permeability conditions, a dense net-
work of fractures, micro-fractures and foliation planes. In
these formations, which correspond to the points where As
was detected in groundwater, oxidized sulfide minerals and
secondary minerals are exposed in the surface.

The oxidation of sulfide mineral bodies starts with the
reduction of water inflow at the end of the rainy period,
extending throughout the dry period, producing a consid-
erable amount of soluble salts. These first reactions occur
mainly in the recharge areas of the groundwater and slopes,
where the weathering processes in the non-saturated zone,
rich in free O,, cause the oxidation of sulfide minerals, in
special arsenopyrite. The arsenopyrite oxidation reaction,
according to Plumlee (1999) is

FeAsS + 3.250, + 1.5H,0 — Fe*"
+2H" + HAsO;™ + SO; ™.

Under these acid conditions, As is highly mobile (Mok
et al. 1988), being released from the mineralized rocks by
means of inorganic or biotic processes (Nordstron and
Southam 1997). Bacterial oxidation of arsenopyrite is 2.5
times more intense than abiotic oxidation, due to the
transformation of Fe** in Fe®* by catalyzing processes.

In experiments involving the inorganic and biotic oxi-
dation of arsenopyrite, Richardson and Vaughan (1989),
Nesbitt et al. (1995), and McGuire et al. (2001) observed
the formation of a superficial oxidized layer, where As(IIT)
and As(V) oxyanions, iron and sulfur arsenate and Fe*
oxides were found. From these As oxyanions, arsenic
acid—H3AsO, and its deprotonated species (H,AsOyq,
HAsOﬁ_, ASOZ_), and arsenious acid—H3AsO5; and its
deprotonated species (H,AsOs3, HAsO%‘, AsO%‘) originate.
From the oxidation of arsenopyrite, it is possible that most
of the arsenate comes from scorodite (FeAsO4.H,0), a
secondary mineral formed by weathering, according to
Alpers et al. (1994). Borba (2002) attributes the presence of
As in the groundwater, some Ouro Preto mines and in the
Passagem de Mariana mine, to this mineral and to its
incongruent dissolution, due to the pH increase. In the
Zimapam Valley in Mexico, Armienta et al. (2001) report
groundwater contamination by As resulting from the oxi-
dation of arsenopyrite and dissolution of the scorodite
present in sulfide mineralizations hosted by carbonaceous
rocks.

Conclusions

The method used allows a quick quantification of the
inorganic species As(III) and As(V) in natural waters at a
relatively low cost and with high sensitivity. Contents
above 5 pg L' can be easily determined, covering an

ample range of concentrations. The answers for real sample
analyses are perfectly similar to those of the standards,
with no detrimental interference from the matrices.

A characteristic of the areas in which groundwater
presents a high As content in relation to the permitted
human consumption values, is the degree of spatial vari-
ability of As concentrations (Smedley et al. 2001). Thus, to
predict the As concentration in a spring, well or mine from
the results found in the neighboring springs or wells may
be difficult or impossible. Aquifers contaminated by As
may be restricted to certain environments, show an erratic
spatial behavior and seem to be the exception rather than
the rule.

The variations in As concentrations in the study area
groundwater, during a year-long period, are seasonal. In the
dry season, the lowering of the water level in the aquifers
favors oxidation of sulfide minerals. In the rainy season,
these minerals will dissolve, mobilizing and leaching As
(Banks et al. 1997, Freeze and Cherry 1979) to the envi-
ronment, increasing As concentrations in the groundwater,
at the same time that the original concentrations are di-
luted. The As concentration values found in the water
samples are representative of the time of sampling and the
season, varying to higher or lower values along time.

Due to the presence of As in groundwater used by the
population of some neighborhoods of Ouro Preto city,
measures must be taken by the municipal agencies
responsible for the water supply. An effective and efficient
water supply system must contemplate the identification
and characterization of contaminated areas, an inventory of
all water catchments, and the preparation of a control
system that includes a constant monitoring plan of these
waters.

Acknowledgments The present work was possible thanks to the
logistic support of the Ouro Preto Bourough Council. The authors
would also like to thank the Laboratory of Environmental Geo-
chemistry (LGqA) and the Laboratory of Microbiology of Univer-
sidade Federal de Ouro Preto. The first author thanks to CAPES-MEC
(Coordenadoria de Aperfeicoamewnto do Pessoal do Ensino Supe-
rior—Brazilian Ministry of Education) for his Ph.D. scholarship.

References

Acharyya SK, Lahiri S, Raymahashay BC, Bhowmik A (2000)
Arsenic toxicity of groundwater in parts of the Bengal Basin in
India and Bangladesh: the role of Quaternary stratigraph and
Holocene sea-level fluctuation. Environm Geol 39:1127-1137

Alpers CN, Blowes DW, Nordstron DK, Jambor JL (1994) Secondary
minerals and acid mine-water chemistry. In: Jambor JL, Blowes
DW (eds) The environmental geochemistry of sulfide mine-
water. Mineralogical Association of Canada, Short Course
Handbook, vol 22, pp 247-270

Anderson RK, Thompson M, Cuibard E (1986) Selective reduction of
arsenic species by continuous hydride generation, Part 1.
Reaction Media. Analyst 111:1143-1152

@ Springer



Environ Geol

Armienta MA, Villasendr G, Rodrigues R, Ongley LK, Mango H
(2001) The role of arsenic-bering rocks in groundwater pollution
at Zimapan Valley, Mexico. Environ Geol 40:571-581

Banks D, Younger P, Arsenen R, Iversen E, Banks S (1997) Mine-
water chemistry: the good, the bad and the uhly. Environ Geol
32:157-174

Barbosa ALM (1969) Geologic map of the Ouro Preto, Mariana,
Antonio Pereira and Sdo Bartolomeu quadrangles, Minas Gerais,
Brazil. Washington, DNPM/USGS, U.S. Geological Survey
Professional Paper, 641. Plates 7,8,9 and 10

Bhattacharia P, Chatterjee D, Jacks G (1997) Occurrence of
arsenic-contaminated groundwater in alluvial aquifers from
Delta Plain, Eastern India: options for a safe drinking water
supply. Water Res Dev 13:79-92

Borba RP (2002) Arsénio em ambiente superficial: processos
geoquimicos naturais e antropogénicos em uma area de miner-
acdo aurifera. Ph.D Thesis. Instituto de Geociéncias, Universid-
ade Estadual de Campinas, Campinas, Sao Paulo, p 113

Burguera M, Burguera JL (1997) Analytical methodology for
speciation of arsenic in environmental and biological samples.
Talanta 44:1581-1604

Caceres L, Gruttner E, Contreras R (1992) Water recycling in arid
regions-Chilean case. Ambio 21:138-144

Carvalho ET (1994) Geologia. In: Alvim PRJ (Coord) Desenvolvi-
mento Ambiental de Ouro Preto—Microbacia do Ribeirdo do
Funil, MG. CETEC/IGA-SAE/PR. Belo Horizonte

Chen C, Lin L (1994) Human carcinogenity and atherogenicity
induced by chronic exposure to inorganic arsenic. In: Nriagu JO
(eds) Arsenic in environmental. Part II: Human health and
ecosystem effects. Wiley, New York pp 109-132

Coelho IGD (1994) Clima. In: Alvim PRJ (Coord) Desenvolvimento
Ambiental de Ouro Preto—Microbacia do Ribeirdo do Funil,
MG. CETEC/IGA-SAE/PR, Belo Horizonte

Del Razo LM, Arellano MA, Cebrian MA (1990) The oxidation states
of arsenic in well water from a Chronic Arsenicism area of
Northern Mexico. Environ Pollut 64:143-153

Deschamps E, Ciminelli VST, Lange FT, Matschullat J, Raul B,
Schmidt H (2002) Soil and sediment geochemistry of the Iron
Quadrangle, Brazil: the case of arsenic. J Soils Sediments 2:216—
222

Dorr JVN (1969) Phisiographic, stratigraphic and structural develop-
ment of the QF, Brazil. Profisional Paper 641-A. Washington,
DNPM/USGS, p 109

Eleutério L (1997) Diagndstico da situagdo ambiental da cabeceira
da bacia do rio Doce, no ambito das contaminagdes por metais
pesados em sedimentos de fundo. Departamento de Geologia,
Escola de Minas, Universidade Federal de Ouro Preto, Ouro
Preto, Dissertacdo de Mestrado, p 163

Ferreira MA, Barros AA (2002) Determination of As(II) and
As(V) in natural waters by cathodic stripping voltametry at a
hanging mercury drop electrode. Anal Chim Acta 459:151-
159

Freeze AR, Cherry JA (1979) Groundwater. Prentice Hall Inc.,
Englewood Cliffs

Fujii R, Swain WC (1995) Areal distribution of selected trace
elements, salinity, and major ions in shallow groundwater,
Tulare Basin, Southern San Joaquim Valley, California. US Geol
Survey Water-Resources Investigation, report 95-4048

Funasa (2001) Portaria n° 1469/2000, de 29 de dezembro de 2000:
aprova o controle e vigilancia da qualidade da 4agua para
consumo humano e seu padrio de potabilidade. Fundacdo
Nacional de Saude, Brasilia, p 32

Hopenhayn-Rich C, Biggs ML, Smith AH, Kalman DA, Moore LE.
(1996) Methylation study in a population environmentally
exposed to high arsenic drinking water. Environ Health Perspect
104:620-628

@ Springer

Hutton M (1987) Human health concercs of lead, mercury, cadmium
and arsenic. In: Huthinson TC, Meema K (eds) Lead, mercury,
cadmium and arsenic in the environmental. Wiley, New York pp
53-68

Ladeira EA (1988) Metalogenia dos depoésitos de ouro do Quadrild-
tero Ferrifero, Minas Gerais, Brasil. In: Schobbenhaus C, Coelho
CES (eds) Principais Depdsitos Minerais do Brasil. DNPM/
CVRD, Brasilia, vol 3, pp 301-375

Li H, Smart RB (1996) Determination of sub-nanomolar concentra-
tion of arsenic (III) in natural waters by square wave cathodic
striping voltametry. Analit Chim Acta 325:25-32

Mabuchi K, Lilienfeld AM, Snell LM (1979) Lung-cancer among
pesticide workers exposed to inorganic arsenicals. Arch Environ
Health 34:312-320

Matschullat J, Borba RP, Deschamps E, Figueiredo BF, Gabrio T,
Schwenk M (2000) Human and environmental contamination in
the Iron Quadrangle, Brazil. Appl Geochem 15:181-190

McArthur JW, Ravenscroft P, Safiullah S, Thirlwall MF (2001)
Arsenic in groundwater: testing pollution mechanisms for
sedimentary aquifers in Bangladesh. Water Resour Res
37:109-117

Mcguire MM, Edwards KJ, Banfield JF, Hamers RJ (2001) Kinetics,
surface chemistry, and structural evolution of microbially
mediated sulfide mineral dissolution. Geochimica et Cosmochi-
mica Acta 65:1243-1258

Mok WM, Rileg J, Wai CM (1988) Mobilization of arsenic in
contaminated rivers waters. Water Res 22:769-774

Morton WE, Dunnette DA (1994) Health effects environmental
arsenic. In: Nriagu JO (Ed) Arsenic in the environment. Part II:
Human health and ecosystem effects. Wiley, New York pp 17—
34

Nesbitt HW, Muir 1J, Pratt AR (1995) Oxidation of arsenopyryte by
air and air-satured, distillide water, and implications for mech-
anism of oxidation. Geochemica et Cosmochimica Acta
59:1773-1786

NHMRC (1996) National Health and Medical Council and Agricul-
ture and Resource Management Council of Australia and New
Zealand—Australian Drinking Water Guidelines. National
Water Quality Management Strategy, Canberra

Nickson RT, Mcarthur JM, Ravenscroft P, Burgess WG, Ahmed KM
(2000) Mechanism of arsenic release to groundwater, Bangla-
desh and West Bengal. Appl Geochem 15:403—413

Nicolli HB, Suriano JM, Peral MAG, Ferpozzi LH, Bleani OA (1989)
Groundwater contamination with arsenic and other trace-ele-
ments in an area of the Pampa, province of Cordoba, Argentina.
Environ Geol Water Sci 14:3-16

Nordstron DK, Southam G (1997) Geomicrobiology of sulfide
mineral oxidation. In: Banfield JF, Nealson K (eds) Geomicro-
biology: Interactions between microbes and minerals. Reviews
in Mineralogy, Mineralogical Society of America, vol 35, pp
361-390

NRC (1999) National Research Council—Arsenic in drinking water.
National Academic Press, Washington p 310

Pimentel HS, Lena JC, Nalini HA Jr (2003) Studies of water quality
in the Ouro Preto region, Minas Gerais, Brazil: the release of
arsenic to the hydrological system. Environ Geol 43:725-730

Plumlee GS (1999) The environmental geology of mineral deposits.
In: Plumlee GS, Logsdon MJ (Eds) The environmental geo-
chemistry of mineral deposits. Part A: Processes, techniques, and
health issues. Society of Economic Geologists, Reviews in
Economic Geology, vol 6A, pp 71-116

Rawlins BG, Willians TM, Breward N, Ferpozzi L, Figueiredo BF,
Borba RP (1997) Preliminary investigation of mining-related
arsenic contamination in the provinces of Mendoza and San Juan
(Argentina) and Minas Gerais State (Brazil). British Geological
Survey. Technical Report W/C/97/60, p 25



Environ Geol

Richardson S, Vaughan DJ (1989) Arsenopyrite: a spectroscopic
investigation of altered surfaces. Mineral Mag 53:223-229
Robertson FN (1989) Arsenic in groundwater under oxidizing
conditions, south-west United States. Environ Geochem Health
11:171-185

Rose A, Hawkes H, Webb YJ (1991) Geochemistry in mineral
exploration, 2nd edn Academic, New York

Smedley PL, Kinniburgh DG (2002) A review of the source,
behaviour and distribution of arsenic in natural waters. Appl
Geochem 17:517-568

Smedley PL, Zhang M, Zhang G, Luo Z (2001) Arsenic and other
redox-sensitive elements in groundwater fron the Huhhot Basin,
Inner Mongolia. In: Cidu R (ed) Water-rock interactions, Swets
and Zeitlinger, Lisse, vol 1, pp 581-584

Strahler AN, Strahler AH (1987) Modern physical geography, 3rd
edn.Wiley, New York p 544

USEPA (2000) National Primary Drinking Water Regulations; Arsenic
and Clarifications to Compliance and New Source Contaminants
Monitoring; Proposed Rule. Fed Regist 65(121):38888-38983

Varajao CAC (1988) Estudo comparativo das jazidas de bauxita do
Quadrilatero Ferrifero. M.Sc. Work, MG. Instituto de Geocién-
cias, Universidade de Sao Paulo. Sao Paulo, p 213

Welch AH, Lico MS (1998) Factors controlling As and U in shallow
groundwater, southern Carson Desert, Nevada. Appl Geochem
13:521-539

WHO -World Health Organization (1981) Arsenic: environmental
health criteria criteria. International programme on chemical
safety, Geneva, vol 18, p 174

WHO -World Health Organization (1993) Guidelines for drinking
water quality. Revision of the 1984 guidelines. Final task group
meeting, Geneva, p 188

WHO -World Health Organization (2001) United Nations Synthesis
Report on Arsenic in Drinking Water. World Health Organiza-
tion, Geneva

Zendbio AA (2000) Avaliacdo Geoldgica-Geotécnica de Encostas
Naturais Rochosas por meio de Classificagdes Geomecanicas:
Area urbana de Ouro Preto (MG) Escala 1:5000. Escola de
Engenharia de Sdo Carlos, Universidade de Sao Paulo. Disser-
tacdo de Mestrado, p 130

@ Springer



	Arsenic in the groundwater of Ouro Preto (Brazil): its temporal behavior as influenced by the hydric regime and hydrogeology
	Abstract
	Introduction
	The study area
	Hydrogeology
	Fractured medium
	Aquifers in schistose rocks
	Aquifers in quartzitic rocks

	Materials and methods
	Results and discussions
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


