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Abstract

Instrumental neutron activation analysis (INAA) and inductively coupled plasma - mass spectrometry (ICP-MS) were used to
analyse water and sediment samples of the Paraopeba and the Das V elhas Riversin the state of Minas Gerais, Brazil to assessthe
impact of mining activities on the water environment. Elemental concentrations of Cr, Fe, Co, Ni, Cu, As, Cs, Ba, Laand Cewere
measured in water and sediment samples collected in different parts of the Paraopeba River, the Betim River, one of itstributaries,
and in the lake near the confluence of these two rivers. Results indicate an increase in the concentration of these polluting metals
in an area of industrial discharge. Elemental concentrations of Cr, Fe, Co, As and Au were also measured in water and sediment
samplesintheDasVelhasRiver. It hasbeen clearly demonstrated that the polution of the DasV el hasRiver i sassoci ated with mining
exploitation. One of itstributaries, theltabiraRiver, carrieslarge concentrations of Feand Cr, and the Agua Sujatributary ishighly
contaminated with As from a 20-year-old deposit known as Morro do Galo, and Au from the waste of a 160-year-old gold mine,

owned by the Morro Velho Company.

Introduction

Minas Gerais is the fourth largest state of Brazil and the
world’s second largest producer of Fe mineral, having produced
199x 10°tin1998. Brazil hastheworld’ s6thlargest reservesof this
mineral containing 60.0 to 67.0% hematites and 50.0 to 60.0%
itabirite. Seventy per cent of these reserves are found in Minas
Gerais State (Quaresma, 1999).

MinasGerais' freshwater sourcescontribute, by hydro-electric
generation, nearly 20% of the electricity produced in Brazil. The
Paraopeba and the Das V elhas Rivers run through an “I1ron Quad-
rangle” region rich in Fe, Au, Mn ores, and flow into the Sao
Francisco River whichiscalled, “The National Integration River”
because it runs through four states and is used for navigation,
recreation and sources of electricity production (COMIG, 1994).

The Paraopeba River receives wastes from about 70 large
industries and mining companies. One of itstributaries alone, the
Betim River, receives wastes from 57 industries (FEAM, 1996a).

Intensiveiron-oreminingiscarriedoutintheDasV el hasRiver
region, and approximately 58 companies are involved in gold-
mining and precious and semi-precious stone mining (FEAM,
1996h).

While environmental management is practised by the bigger
mining companies, the smaller minesrel ease significant quantities
of mineral waste in geological and aquatic environments. The
accumulation and the dissolution of metal elements cause serious
river pollution, a critical problem for Minas Gerais Government.
Studies of freshwater ecosystems in Minas Gerais are just begin-
ning and ecological problems have been identified in rivers, lakes
and reservoirs (Coelho and Giani, 1994, Jorddo et a., 1999). The
Foundation for the Environment of the state of Minas Gerais
(Fundac&o Estadual do Meio Ambiente -FEAM) isresponsiblefor
water quality control and monitoring the Paraopeba and the Das
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Velhas Rivers. The graphite furnace atomic absorption spectro-
photometry (GFAAS) hasbeen used asamethod of metal analysis
in these river waters.

In this paper two other more sensitive analytical methods are
proposed in water and sediment samples: Instrumental neutron
activation analysis (INAA) and inductively coupled plasma mass
spectroscopy (ICP-MS). INAA is avery accurate method for the
analysis of solid samples. It has also been widely used for river
pollution studies (Ambulkar et al., 1992, Revel, 1999, Dupré et
a.,1996). ICP-MSisavery rapid method for the analysis of liquid
samplesand it cananalysemorethan 100 samplesdaily. It hasbeen
recently used to determine the composition of river water and
sediment for routine trace analysis (Jarvis et al.,1992, Date and
Hutchison, 1987). These two methods are multi-elementary and
alow high-sensitivity determination of traces of several metal
elements (Vandecasteele and Block, 1993, Pinte et al., 1998).

Experimental procedures

Water and sediment samples were collected along the Paraopeba
River, fromtheregionclosetothesourceuptoadistanceof 170km.
IntheDasVelhasRiver, thesameprocedurewascarried out within
80 km. Sampling areas are indicated in Fig. 1.

Water sampleswere collected near theriver bank at adepth of
15 cm, put into 125 m¢ bottles (Nalgene) stored at 4°C. Tempera-
ture, pH and electrical conductivity were measured on site. There
wereno significant differencesinthevarioussamples. Theaverage
valueswere: temperature25°C, pH: 7.2, electrical conductivity: 30
pS/em. Thesampleswereacidified on sitewith 5dropsof ultrapure
nitric acid (pH~2). This acidification is believed to reduce any
sorption onthebottlewalls(Mart, 1979). Nofiltration processwas
used in this study because it was tested and verified that filtration
can be an important source of contamination (Veado et al., 1997a,
Veado, 1997b). Before the analysis, all samples were centrifuged
at 4 300 r-min? for 10 min to remove al suspended materials
(Bailey et al., 1981; Laxen and Harrison, 1981; Veado et d.,
19974).
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Figure 1

Area of study and sample sites in the Paraopeba and the
Das Velhas Rivers

Sediment sampleswere collected in a20 m¢ polyethylene tube
and also stored at atemperature of 4°C. They were dried for aday
at atemperature of 80°C prior to analysis. One sediment sample
was collected for each water sample at each sampling site.

Instrumental neutron activation analysis (INAA)

The samples were irradiated in an OSIRIS nuclear reactor,
Laboratoire Pierre Sle — Comissariat a I'Energie Atomique,
Saclay, France.

It is not possible to irradiate water in the liquid form in an
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OSIRISnuclear reactor, because of theradiolysiseffect induced by
neutronirradiation. Therefore, 10 m¢ sampleswereconcentratedin
ultrapure-quartz ampoules (Suprasil), at 80°C for 24 h and heat-
sealed. The samples and the standards were irradiated with a
neutronflux of 1.4x10*ncm?s*for 17 h. Thegammaraysemitted
subsequently were measured for 8 h, with a100 cm3coaxial high-
purity germanium (HPGe) detector coupled to a4 096 pulse height
analyser after adecay time of 10 and 20 d. The computational KO
method was used to determine the concentration of the metal
elements studied (Piccot et a., 1997, De Corte et al., 1986).

A representative sediment sample of each site (150 mg) was
irradiated in the OSIRIS nuclear reactor for 2 h and measured for
4 h under the same conditions as the water samples.

In order to compare INAA and |CP-M S measurements, 20 n¢
of a 3:1 mixture of HCI and HNO, was added to the irradiated
sediment samples. The mixture was evaporated at 80°C, diluted
with 20 m¢ of 5% nitric acid and centrifuged. The liquid samples
were measured for 4 h (Veado, 1997b).

Inductively coupled plasma spectrometry (ICP-MS)

The ICP-M S used in this study was a PlasmaQuad, PQ2+, with a
Meinhard ultrasonic nebuliser, Laboratoire Pierre Sie —
Comissariat a I’ Energie Atomique, Saclay, France.

A representative sediment sample from each sampling site
(250 mg) was digested with asol ution of HNO,, HCl and HF under
pressure at 110°C for 12 h, followed by another sequence of acid
digestion, as demonstrated by Veado (1997b).

To determine major elements (concentration higher than 50 g/
{) the centrifuged river water was diluted twenty times using
ultrapurewater (Millipore). Nodilutionwasmadefor traceel ement
analysis.

The internal standards for water and sediment samples were
10 ug/¢ solution of In, Re, and Be.

Results and discussion

Theanalytical methodswere used to monitor elemental lossesand
contamination during analysiswithinternational referencemateri-
als. The reference materials used were Riverine Water, SLRS-3
(National Research Council of Canada) and Soils-7 (International
Atomic Energy, Vienna, Austria.). Theresults obtained using both
methods for metal elements in this study were in agreement with
certified values as shown in Tables 1 and 2.

Detection limits are shown in Table 3 for water and sediment
samples. INAA limitsfor water analysiswere blank quartz-irradi-
ated ampoules. Background measurements were the detection
limits for sediment samples. ICP-MS limits were ultrapure water
and acid solutions for water and sediment samples, respectively.
The concentration values of acid solutions are the same as those
found for ultrapure water.

More than 40 elements could be determined by the ICP-MS
analytical method and 20 of them could be determined by INAA
(Veado, 1997b).

All themetal sstudied were determinedin each sample, both by
INAA and | CP-M S methods, except Cu becauseit requires chemi-
cal separation after irradiation for analysisby INAA. However, a
particul ar study method wasroutinely sel ected: | CP-M Sfor Ni, Cu,
and Ba, and INAA for Cr, Fe, Co, As, Au, Cs, La, and Ce. More
detailed method selection criteria are given by Veado (1997b).

Results for the Paraopeba River

Analytical results obtained for the Paraopeba River are shown in
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ResuLTs OBTAINED (Ug/g) BY INAA AND ICP-MS For Soi.
REFERENCE - SoIL 7

Element Concentration measured Certified values
+ standard deviation + confidence
limits
INAA (6) ICP-MS(9)
Cr 63+6 63+2 60
Fe 25700 25000 25700*
+2000 +1000 (25200-26300)
Co 8.6+0.8 105+1.0 | 8.9(8.4-10.1)
Ni - 38+8 26* (21-37)
Cu - 13+2 11 (9-13)
As 13.3+1.3 14.8+1.2 134 (12.5-14.2)
Cs 5.5+0.5 5.7+0.1 5.4 (4.9-6.4)
Ba 141420 138+2 159* (131-196)
La 28+3 28+1 28 (27-29)
Ce 58+6 55+1 61 (50-63)

() Number of analyses; * Non-certified value

TABLE 1 TABLE 3
ResuLts OBTAINED (Hg/¢) BY INAA AND ICP-MS FOR RIVERINE DetecTioN LimiTs FOR THE DETERMINATION OF METAL
WATER REFERENCE — SLRS 3 ELEMENTS IN WATER AND SEDIMENT SAMPLES
Element Concentration measured Certified values ICP-MS Element INAA
+ standard deviation + confidence
limits Water and Water Sediment
Sediment(pg/t) (Hg/) (H9/9)
INAA (6) ICP-MS(9)
Cr 0.50 0.40 0.90
Cr 0.38+0.04 0.38+0.04 0.30£0.04 Fe 50 8.0 47
Fe 110+10 103+20 1002 Co 0.01 0.05 0.08
Co 0.042+0.004 0.04+0.03 0.027+0.003 Ni 0.36 2.0 17
Ni - 1.03+0.06 0.83+0.08 Cu 0.15 - -
Cu - 1.5+0.1 1.35+0.07 As 0.40 0.01 0.7
As 0.67+£0.07 0.67+£0.06 0.72+0.05 Cs 0.01 0.01 0.1
Cs 0.010+£0.003 <0.01 - Ba 0.20 2.6 20
Ba 14+2 12.6+0.2 13.4+0.6 Au 0.04 0.01 0.003
La 0.26+0.03 0.26+0.02 - La 0.01 0.03 0.04
Ce 0.33+0.03 0.30+£0.03 - Ce 0.01 0.05 0.30
() Number of analyses
TABLE 4
METAL CONCENTRATIONS OF THE LAKE (7) NEAR THE
TABLE 2 CONFLUENCE OF THE PARAOPEBA AND BETIM RIVERS

Figs. 2 to 5. Sampling sites P2 to P4 were located in the “Iron
Quadrangle” (Quaresma, 1999). The concentration of metal ele-
mentsvariesa ong the course of theriver depending onthe number
of mining companies.

Sampling site P3 was a strategic point at a large mining
company, which dischargesitswaste directly onto theriver banks.
The impact of thisdischargeis clearly shown in the high concen-
trations of Fe, Cu, As, Ni, Ba, Cs, Laand Ceobserved inthewater
and sediment samples of this site.

Theincreasein concentration of Fe, Ni, As, Baand Csinwater
samples of the Betim River, P5 tributary, is caused by severa
industries and the discharge of the domestic sewage from Betim, a
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Element Water samples, pg/t
Cr <0.5 <0.5 <0.5
Fe 1000+100 1200+100 1000+100
Co 0.25+0.02 0.32+0.03 0.24+0.02
Ni 0.50+0.05 0.50+0.05 0.50+0.05
Cu 0.46+0.05 0.53+0.05 0.75+0.07
As 0.70+£0.07 0.70+0.07 0.70+0.07
Cs <0.02 <0.02 <0.02
Ba 41+4 54+5 49+5
La 0.70+0.07 0.80+0.08 0.70+0.07
Ce 1.40+0.01 1.70+0.02 1.40+0.01

town with 100 000 inhabitants. The Betim River has a dissolved
oxygen concentration of 0.2 mg/¢, avalue much lower than that of
the ParaopebaRiver, with an average of 7.2 mg/t (FEAM, 1996a).
Severa metals arein the soluble form as aresult of the formation
of FeS, (Minear and Keith, 1982).

Except for therare earth elementsLaand Ce, anincreaseinthe
concentration of all other elementsanal ysed was observed in water
samplesfrom P4 and P6. Thisoccurred despitethefact that P4 and
P6 sampling pointswere located upstream and downstream of the
CentraisEletricasdeMinasGerais(CEMIG) dam providing water
for athermal power plant. This is explained by the fact that P6
receives polluted waters from the Betim River (P5). However, for
sediment samples a decrease in concentration is observed for Cr,
Fe, Ni, Cu, As, Csand Ba. Thiscould beexplained by theretention
of sediments by the dam.

Thevaluesof thewater samplesshowninTable4refertoalake
near the confluence of the Paraopeba and the Betim Rivers. The
lake is about 2 km from their banks. Water and sediment samples
were collected at three pointsin atriangular conformation. These
valuesweretaken ascontrol parametersfor the resultsobtained for
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theriver samplesbecausethelakeisnot
affected by any waste. Thiscomparison
allowsustoeva uatethepollutionintro-
duced by theindustriesalong thecourse
of these rivers. The results obtained at
these three points are similar and much
closer to valuesin aclean region. This
fact reinforces the significant differ-
encesof themetal concentration values
inthelakeandtheother polluted sample
Sites.

Results of the Das Velhas River

Concentration values of Fe, Cr, Co, As
and Aufor water and sediment samples
from the Das Velhas River and its two
tributaries are shown in Fig. 6 and 7.

The increase in Fe concentration
beginning in S3 confirms an industrial
mining area near Itabirito City as a
major pollution source. An increasing
concentration of Fe Cr and Co in water
samplesfrom theDasV elhasRiver, $4,
S5, and S7, iscaused by thelargenumber
of iron-ore mines.

The high Cr concentration in sedi-
ment samples from Sl is probably due
to some clandestine leather tanning
plants.

Thedrasticrisein Asconcentration
of water and sediment samplesfrom S6
is caused by an old arsenic deposit,
MorrodoGalo, situated afew kilometers
from S6. A considerable level of As
pollution, awell-known toxic index el-
ement (Merian,1991) is clearly notice-
able at this point. Recently, Figueiredo
et a. (1999), has aso found abnormal
arsenic concentrationsin plants and in
children’s urine samples collected in
this area.

Theabnormal concentrationsof Au
found inwater and sediment samplesat
S6 aredueto theintensive gold explo-
ration and exploitation by the Morro
Velho company. The mine has been
active for the last 160 years and is a
major sourceof water and soil pollution
in the metropolitan regions of Belo
Horizonte, Nova Lima and ltabirito.
The government of Minas Gerais has
shown a specia interest in this part of
the Das Velhas River because it is the
main source of water for the metropoli-
tan area.

Conclusion
The association of multi-elementary
analysis methods, INAA and ICP-MS

has permitted a precise investigation of
the concentrations of the elements Fe,
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Cr, Co, Cu, As,Ni, Ba, Cs, Laand Ceinwater
and sediment samples from the Paraopeba
and Das Velhas Rivers, Brazil. Theserivers
have been receiving the wastes from indus-
tries and mining companies for more than a
century. The methods are complementary
and theresultshave evidenced the concentra-
tions of industrial and mining pollutants.
Resultsindicate anincreasein the concentra-
tion of polluting metalsinanareaof industrial
dischargeof the Parapopebaand Betim Rivers.

DasVelhasRiver water pollutionisasso-
ciated with mining exploration and exploita-
tion. One of its tributaries, the Itabira River,
carrieslarge concentrationsof Feand Cr, and
the Agua Suja tributary is heavily contami-
nated with As from a 20-year-old deposit
known as Morro do Galo, and Au from the
waste of a160-year-old gold mine, owned by
the Morro Velho Company.
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